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The colors on the map show temperature changes over the past 22 years (1991-2012) compared to the 1901-1960 average for the contiguous
U.S., and to the 1951-1980 average for Alaska and Hawaii. The bars on the graph show the average temperature changes for the U.S. by
decade for 1901-2012 (relative to the 1901-1960 average). The far right bar (2000s decade) includes 2011 and 2012. The period from 2001 to
2012 was warmer than any previous decade in every region. (Figure source: NOAA NCDC / CICS-NC).

Solar power use is increasing
and is part of the solution to climate change.
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May 2014
Members of Congress:
On behalf of the National Science and Technology Council and the U.S. Global Change Research Program, we are pleased
to transmit the report of the Third National Climate Assessment: Climate Change Impacts in the United States. As required by
the Global Change Research Act of 1990, this report has collected, evaluated, and integrated observations and research on
climate change in the United States. It focuses both on changes that are happening now and further changes that we can
expect to see throughout this century.
This report is the result of a three-year analytical effort by a team of over 300 experts, overseen by a broadly constituted Federal
Advisory Committee of 60 members. It was developed from information and analyses gathered in over 70 workshops and
listening sessions held across the country. It was subjected to extensive review by the public and by scientific experts in and
out of government, including a special panel of the National Research Council of the National Academy of Sciences. This
process of unprecedented rigor and transparency was undertaken so that the findings of the National Climate Assessment
would rest on the firmest possible base of expert judgment.
We gratefully acknowledge the authors, reviewers, and staff who have helped prepare this Third National Climate
Assessment. Their work in assessing the rapid advances in our knowledge of climate science over the past several years has
been outstanding. Their findings and key messages not only describe the current state of that science but also the current and
future impacts of climate change on major U.S. regions and key sectors of the U.S. economy. This information establishes
a strong base that government at all levels of U.S. society can use in responding to the twin challenges of changing our
policies to mitigate further climate change and preparing for the consequences of the climate changes that can no longer be
avoided. It is also an important scientific resource to empower communities, businesses, citizens, and decision makers with
information they need to prepare for and build resilience to the impacts of climate change.
When President Obama launched his Climate Action Plan last year, he made clear that the essential information contained
in this report would be used by the Executive Branch to underpin future policies and decisions to better understand and
manage the risks of climate change. We strongly and respectfully urge others to do the same.
			
			
			
Sincerely,

Dr. John P. Holdren					
Assistant to the President for Science and Technology
Director, Office of Science and Technology Policy
Executive Office of the President

Dr. Kathryn D. Sullivan
Under Secretary for Oceans and Atmosphere
NOAA Administrator
U.S. Department of Commerce
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About the

NATIONAL CLIMATE ASSESSMENT
The National Climate Assessment assesses the science of climate change
and its impacts across the United States, now and throughout this century.
It documents climate change related impacts and responses for various
sectors and regions, with the goal of better informing public and private
decision-making at all levels.
A team of more than 300 experts (see page 98), guided by a 60-member
National Climate Assessment and Development Advisory Committee
(listed on page vi) produced the full report – the largest and most diverse
team to produce a U.S. climate assessment. Stakeholders involved in the
development of the assessment included decision-makers from the public
and private sectors, resource and environmental managers, researchers,
representatives from businesses and non-governmental organizations, and
the general public. More than 70 workshops and listening sessions were
held, and thousands of public and expert comments on the draft report
provided additional input to the process.
The assessment draws from a large body of scientific peer-reviewed
research, technical input reports, and other publicly available sources; all
sources meet the standards of the Information Quality Act. The report was
extensively reviewed by the public and experts, including a panel of the
National Academy of Sciences, the 13 Federal agencies of the U.S. Global
Change Research Program, and the Federal Committee on Environment,
Natural Resources, and Sustainability.
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About the

HIGHLIGHTS
The Highlights presents the major findings and selected highlights
from Climate Change Impacts in the United States, the third National
Climate Assessment.
The Highlights report is organized around the National Climate
Assessment’s 12 Report Findings, which take an overarching view of
the entire report and its 30 chapters. All material in the Highlights
report is drawn from the full report. The Key Messages from each of
the 30 report chapters appear in boxes throughout this document.
A 20-page Overview booklet is available online.

Online at:

nca2014.globalchange.gov/highlights
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CLIMATE CHANGE

AND THE AMERICAN PEOPLE

C

limate change, once considered an issue for a distant future, has moved firmly into the present. Corn
producers in Iowa, oyster growers in Washington State, and maple syrup producers in Vermont are
all observing climate-related changes that are outside of recent experience. So, too, are coastal planners
in Florida, water managers in the arid Southwest, city dwellers from Phoenix to New York, and Native
Peoples on tribal lands from Louisiana to Alaska. This National Climate Assessment concludes that the
evidence of human-induced climate change continues to strengthen and that impacts are increasing
across the country.
Americans are noticing changes all around them. Summers are longer and hotter, and extended periods
of unusual heat last longer than any living American has ever experienced. Winters are generally shorter
and warmer. Rain comes in heavier downpours. People are seeing changes in the length and severity of
seasonal allergies, the plant varieties that thrive in their gardens, and the kinds of birds they see in any
particular month in their neighborhoods.
Other changes are even more dramatic. Residents of some coastal cities see their streets flood more
regularly during storms and high tides. Inland cities near large rivers also experience more flooding,
especially in the Midwest and Northeast. Insurance rates are rising in some vulnerable locations, and
insurance is no longer available in others. Hotter and drier weather and earlier snowmelt mean that
wildfires in the West start earlier in the spring, last later into the fall, and burn more acreage. In Arctic
Alaska, the summer sea ice that once protected the coasts has receded, and autumn storms now cause
more erosion, threatening many communities with relocation.

©Ted Wood Photography

Scientists who study climate change confirm that these observations are consistent with significant
changes in Earth’s climatic trends. Long-term, independent records from weather stations, satellites,
ocean buoys, tide gauges, and many other data sources all confirm that our nation, like the rest of the
world, is warming. Precipitation patterns are changing, sea level is rising, the oceans are becoming more
acidic, and the frequency and intensity of some extreme weather events are increasing. Many lines of
independent evidence demonstrate that the rapid warming of the past half-century is due primarily to
human activities.
The observed warming and other climatic changes are triggering wide-ranging
impacts in every region of our country and throughout our economy. Some of
these changes can be beneficial over the short run, such as a longer growing
season in some regions and a longer shipping season on the Great Lakes. But
many more are detrimental, largely because our society and its infrastructure
were designed for the climate that we have had, not the rapidly changing
climate we now have and can expect in the future. In addition, climate change
does not occur in isolation. Rather, it is superimposed on other stresses,
which combine to create new challenges.
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CLIMATE CHANGE AND THE AMERCIAN PEOPLE

This National Climate Assessment collects, integrates, and assesses
observations and research from around the country, helping us to see
what is actually happening and understand what it means for our lives,
our livelihoods, and our future. This report includes analyses of impacts on
seven sectors – human health, water, energy, transportation, agriculture,
forests, and ecosystems – and the interactions among sectors at the
national level. This report also assesses key impacts on all U.S. regions:
Northeast, Southeast and Caribbean, Midwest, Great Plains, Southwest,
Northwest, Alaska, Hawai‘i and the Pacific Islands, as well as the country’s
coastal areas, oceans, and marine resources.
Over recent decades, climate science has advanced significantly. Increased scrutiny has led to increased
certainty that we are now seeing impacts associated with human-induced climate change. With each
passing year, the accumulating evidence further expands our understanding and extends the record of
observed trends in temperature, precipitation, sea level, ice mass, and many other variables recorded
by a variety of measuring systems and analyzed by independent research groups from around the
world. It is notable that as these data records have grown longer and climate models have become
more comprehensive, earlier predictions have largely been confirmed. The only real surprises have been
that some changes, such as sea level rise and Arctic sea ice decline, have outpaced earlier projections.
What is new over the last decade is that we know with increasing certainty that climate change is
happening now. While scientists continue to refine projections of the future, observations unequivocally
show that climate is changing and that the warming of the past 50 years is primarily due to humaninduced emissions of heat-trapping gases. These emissions come mainly from burning coal, oil, and gas,
with additional contributions from forest clearing and some agricultural practices.
Global climate is projected to continue to change over this century and beyond, but there is still time to
act to limit the amount of change and the extent of damaging impacts.
This report documents the changes already
observed and those projected for the
future. It is important that these findings
and response options be shared broadly to
inform citizens and communities across our
nation. Climate change presents a major
challenge for society. This report advances
our understanding of that challenge and
the need for the American people to
prepare for and respond to its far-reaching
implications.
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ABOUT THIS REPORT
This report assesses the science of climate change and its impacts across the United States, now and throughout this century.
It integrates findings of the U.S. Global Change Research Program
a
(USGCRP) with the results of research and observations from
across the U.S. and around the world, including reports from the

U.S. National Research Council. This report documents climate
change related impacts and responses for various sectors and
regions, with the goal of better informing public and private decision-making at all levels.

REPORT REQUIREMENTS, PRODUCTION, AND APPROVAL
1

The Global Change Research Act requires that, every four years,
the USGCRP prepare and submit to the President and Congress
an assessment of the effects of global change in the United
States. As part of this assessment, more than 70 workshops were
held involving a wide range of stakeholders who identified issues
and information for inclusion (see Appendix 1: Process). A team
of more than 300 experts was involved in writing this report. Authors were appointed by the National Climate Assessment and
b
Development Advisory Committee (NCADAC), the federal ad-

visory committee assembled for the purpose of conducting this
assessment. The report was extensively reviewed and revised
based on comments from the public and experts, including a
panel of the National Academy of Sciences. The report was reviewed and approved by the USGCRP agencies and the federal
Committee on Environment, Natural Resources, and Sustainability (CENRS). This report meets all federal requirements associated
with the Information Quality Act (see Appendix 2: IQA), including
those pertaining to public comment and transparency.

REPORT SOURCES

The report draws from a large body of scientific, peer-reviewed
research, as well as a number of other publicly available sources.
Author teams carefully reviewed these sources to ensure a reliable assessment of the state of scientific understanding. Each
source of information was determined to meet the four parts of
the IQA Guidance provided to authors: 1) utility, 2) transparency
and traceability, 3) objectivity, and 4) integrity and security (see
Appendix 2: IQA). Report authors made use of technical input reports produced by federal agencies and other interested parties
2
in response to a request for information by the NCADAC; oth-

er peer-reviewed scientific assessments (including those of the
Intergovernmental Panel on Climate Change); the U.S. National
Climate Assessment’s 2009 report titled Global Climate Change
3
Impacts in the United States; the National Academy of Science’s
4
America’s Climate Choices reports; a variety of regional climate
impact assessments, conference proceedings, and government
statistics (such as population census and energy usage); and observational data. Case studies were also provided as illustrations
of climate impacts and adaptation programs.

a

The USGCRP is made up of 13 Federal departments and agencies that carry out research and support the nation’s response to global change The
USGCRP is overseen by the Subcommittee on Global Change Research (SGCR) of the National Science and Technology Council’s Committee on
Environment, Natural Resources and Sustainability (CENRS), which in turn is overseen by the White House Office of Science and Technology Policy
(OSTP). The agencies within USGCRP are: the Department of Agriculture, the Department of Commerce (NOAA), the Department of Defense, the
Department of Energy, the Department of Health and Human Services, the Department of the Interior, the Department of State, the Department
of Transportation, the Environmental Protection Agency, the National Aeronautics and Space Administration, the National Science Foundation, the
Smithsonian Institution, and the U.S. Agency for International Development.
b
The NCADAC is a federal advisory committee sponsored by the National Oceanic and Atmospheric Administration under the requirements of the
Federal Advisory Committee Act.
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A

guide to the report

The report has eight major sections, outlined below:
• Overview and Report Findings: gives a high-level perspective on the full National Climate Assessment and sets out
the report’s 12 key findings. The Overview synthesizes and summarizes the ideas that the authors consider to be
of greatest importance to the American people.
• Our Changing Climate: presents recent advances in climate change science, which includes discussions of
extreme weather events, observed and projected changes in temperature and precipitation, and the uncertainties
associated with these projections. Substantial additional material related to this chapter can be found in the
Appendices.
• Sectors: focuses on climate change impacts for seven societal and environmental sectors: human health, water,
energy, transportation, agriculture, forests, and ecosystems and biodiversity; six additional chapters consider the
interactions among sectors (such as energy, water, and land use) in the context of a changing climate.
• Regions: assesses key impacts on U.S. regions – Northeast, Southeast and Caribbean, Midwest, Great Plains,
Southwest, Northwest, Alaska, and Hawai‘i and the U.S. affiliated Pacific Islands – as well as coastal areas,
oceans, and marine resources.
• Responses: assesses the current state of responses to climate change, including adaptation, mitigation, and
decision support activities.
• Research Needs: highlights major gaps in science and research to improve future assessments. New research is
called for in climate science in support of assessments, climate impacts in regions and sectors, and adaptation,
mitigation, and decision support.
• Sustained Assessment Process: describes an initial vision for and components of an ongoing, long-term
assessment process.
• Appendices: Appendix 1 describes key aspects of the report process, with a focus on engagement; Appendix
2 describes the guidelines used in meeting the terms of the Federal Information Quality Act; Appendix 3
supplements the chapter on Our Changing Climate with an extended treatment of selected science issues;
Appendix 4 provides answers to Frequently Asked Questions about climate change; Appendix 5 describes
scenarios and models used in this assessment; and Appendix 6 describes possible topics for consideration in
future assessments.

OVERARCHING PERSPECTIVES

Four overarching perspectives, derived from decades of observations, analysis, and experience, have helped to shape
this report: 1) climate change is happening in the context of
other ongoing changes across the U.S. and the globe; 2) climate change impacts can either be amplified or reduced by
societal decisions; 3) climate change related impacts, vulner-

abilities, and opportunities in the U.S. are linked to impacts
and changes outside the United States, and vice versa; and 4)
climate change can lead to dramatic tipping points in natural
and social systems. These overarching perspectives are briefly
discussed below.

Global Change Context
Climate change is one of a number of global changes affecting
society, the environment, and the economy; others include
population growth, land-use change, air and water pollution,
and rising consumption of resources by a growing and wealthier
global population. This perspective has implications for assessments of climate change impacts and the design of research
questions at the national, regional, and local scales. This assessment explores some of the consequences of interacting factors
by focusing on sets of crosscutting issues in a series of six chap-

ters: Energy, Water, and Land Use; Biogeochemical Cycles; Indigenous Peoples, Lands, and Resources; Urban Systems, Infrastructure, and Vulnerability; Land Use and Land Cover Change;
and Rural Communities. The assessment also includes discussions of how climate change impacts cascade through different
sectors such as water and energy, and affect and are affected
by land-use decisions. These and other interconnections greatly stress society’s capacity to respond to climate-related crises
that occur simultaneously or in rapid sequence.
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Societal Choices
Because environmental, cultural, and socioeconomic systems
are tightly coupled, climate change impacts can either be amplified or reduced by cultural and socioeconomic decisions. In
many arenas, it is clear that societal decisions have substantial
influence on the vulnerability of valued resources to climate

change. For example, rapid population growth and development in coastal areas tends to amplify climate change related
impacts. Recognition of these couplings, together with recognition of multiple sources of vulnerability, helps identify what
information decision-makers need as they manage risks.

International Context
Climate change is a global phenomenon; the causes and the
impacts involve energy-use, economic, and risk-management
decisions across the globe. Impacts, vulnerabilities, and opportunities in the U.S. are related in complex and interactive
ways with changes outside the United States, and vice versa.
In order for U.S. concerns related to climate change to be addressed comprehensively, the international context must be

considered. Foreign assistance, health, environmental quality
objectives, and economic interests are all affected by climate
changes experienced in other parts of the world. Although
there is significantly more work to be done in this area, this
report identifies some initial implications of global and international trends that can be more fully investigated in future
assessments.

Thresholds, Tipping Points, and Surprises
While some climate changes will occur slowly and relatively
gradually, others could be rapid and dramatic, leading to unexpected breaking points in natural and social systems. Although
they have potentially large impacts, these breaking points or
tipping points are difficult to predict, as there are many uncertainties about future conditions. These uncertainties and
potential surprises come from a number of sources, including
insufficient data associated with low probability/high consequence events, models that are not yet able to represent all

the interactions of multiple stresses, incomplete understanding of physical climate mechanisms related to tipping points,
and a multitude of issues associated with human behavior,
risk management, and decision-making. Improving our ability
to anticipate thresholds and tipping points can be helpful in
developing effective climate change mitigation and adaptation strategies (Ch. 2: Our Changing Climate; Ch. 29: Research
Needs; and Appendices 3 and 4).

RISK MANAGEMENT FRAMEWORK

Authors were asked to consider the science and information
needs of decision-makers facing climate change risks to infrastructure, natural ecosystems, resources, communities, and
other things of societal value. They were also asked to consider opportunities that climate change might present. For each
region and sector, they were asked to assess a small number
of key climate-related vulnerabilities of concern based on
the risk (considering likelihood and consequence) of impacts.
They were also asked to address the most important information needs of stakeholders, and to consider the decisions

stakeholders are facing. The criteria provided for identifying
key vulnerabilities in each sector or region included magnitude, timing, persistence/reversibility, scale, and distribution
of impacts, likelihood whenever possible, importance of impacts (based on the perceptions of relevant parties), and the
potential for adaptation. Authors were encouraged to think
about these topics from both a quantitative and qualitative
perspective and to consider the influence of multiple stresses
whenever possible.

RESPONDING TO CLIMATE CHANGE

While the primary focus of this report is on the impacts of climate change in the United States, it also documents some of
the actions society is taking or can take to respond. Responses
to climate change fall into two broad categories. The first involves “mitigation” measures to reduce future climate change
by reducing emissions of heat-trapping gases and particles, or
increasing removal of carbon dioxide from the atmosphere.

The second involves “adaptation” measures to improve society’s ability to cope with or avoid harmful impacts and take
advantage of beneficial ones, now and in the future. At this
point, both of these response activities are necessary to limit
the magnitude and impacts of global climate change on the
United States.
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More effective mitigation measures can reduce the amount
of climate change, and therefore reduce the need for future
adaptation. This report underscores the effects of mitigation
measures by comparing impacts resulting from higher versus lower emissions scenarios. This shows that choices made
about emissions in the next few decades will have far-reaching consequences for climate change impacts throughout this
century. Lower emissions will reduce the rate and lessen the
magnitude of climate change and its impacts. Higher emissions
will do the opposite.

ficient production and use of energy, increased use of non-carbon-emitting energy sources such as wind and solar power,
and carbon capture and storage.
Adaptation actions are complementary to mitigation actions.
They are focused on moderating harmful impacts of current
and future climate variability and change and taking advantage
of possible opportunities. While this report assesses the current state of adaptation actions and planning across the country in a general way, the implementation of adaptive actions
is still nascent. A comprehensive assessment of actions taken,
and of their effectiveness, is not yet possible. This report documents some of the actions currently being pursued to address
impacts such as increased urban heat extremes and air pollution, and describes the challenges decision-makers face in
planning for and implementing adaptation responses.

While the report demonstrates the importance of mitigation
as an essential part of the nation’s climate change strategy, it
does not evaluate mitigation technologies or policies or undertake an analysis of the effectiveness of various approaches.
The range of mitigation responses being studied includes, but
is not limited to, policies and technologies that lead to more ef-

TRACEABLE ACCOUNTS: PROCESS AND CONFIDENCE

The “traceable accounts” that accompany each chapter: 1)
document the process the authors used to reach the conclusions in their key messages; 2) provide additional information
to reviewers and other readers about the quality of the information used; 3) allow traceability to resources; and 4) provide
the level of confidence the authors have in the main findings
of the chapters. The authors have assessed a wide range of
information in the scientific literature and various technical
reports. In assessing confidence, they have considered the
strength and consistency of the observed evidence, the skill,
range, and consistency of model projections, and insights from
peer-reviewed sources.

When it is considered scientifically justified to report the
likelihood of particular impacts within the range of possible
outcomes, this report takes a plain-language approach to expressing the expert judgment of the author team based on
the best available evidence. For example, an outcome termed
“likely” has at least a two-thirds chance of occurring; an outcome termed “very likely” has more than a 90% chance. Key
sources of information used to develop these characterizations
are referenced.
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OVERVIEW AND
REPORT FINDINGS

© Frans Lanting/Corbis

Climate change is already affecting the American people in farreaching ways. Certain types of extreme weather events with
links to climate change have become more frequent and/or intense, including prolonged periods of heat, heavy downpours,
and, in some regions, floods and droughts. In addition, warming is causing sea level to rise and glaciers and Arctic sea ice
to melt, and oceans are becoming more acidic as they absorb
carbon dioxide. These and other aspects of climate change are
disrupting people’s lives and damaging some sectors of our
economy.

Climate Change:
Present and Future

Coal-fired power plants emit heat-trapping carbon dioxide to the
atmosphere.

Evidence for climate change abounds, from the top of the
atmosphere to the depths of the oceans. Scientists and engineers from around the world have meticulously collected this
evidence, using satellites and networks of weather balloons,
thermometers, buoys, and other observing systems. Evidence
of climate change is also visible in the observed and measured
changes in location and behavior of species and functioning of
ecosystems. Taken together, this evidence tells an unambiguous story: the planet is warming, and over the last half century,
this warming has been driven primarily by human activity.

Multiple lines of independent evidence confirm that human
activities are the primary cause of the global warming of the
past 50 years. The burning of coal, oil, and gas, and clearing of
forests have increased the concentration of carbon dioxide in
the atmosphere by more than 40% since the Industrial Revolution, and it has been known for almost two centuries that this
carbon dioxide traps heat. Methane and nitrous oxide emissions from agriculture and other human activities add to the
atmospheric burden of heat-trapping gases. Data show that
natural factors like the sun and volcanoes cannot have caused
the warming observed over the past 50 years. Sensors on satellites have measured the sun’s
output with great accuracy and
Ten Indicators of a Warming World
found no overall increase during the past half century. Large
volcanic eruptions during this
period, such as Mount Pinatubo
in 1991, have exerted a shortterm cooling influence. In fact,
if not for human activities, global climate would actually have
cooled slightly over the past 50
years. The pattern of temperature change through the layers
of the atmosphere, with warming near the surface and cooling
higher up in the stratosphere,
further confirms that it is the
buildup of heat-trapping gases
(also known as “greenhouse
gases”) that has caused most
of the Earth’s warming over the
These are just some of the indicators measured globally over many decades that show that the
past half century.
Earth’s climate is warming. White arrows indicate increasing trends; black arrows indicate decreasing
trends. All the indicators expected to increase in a warming world are increasing, and all those
expected to decrease in a warming world are decreasing. (Figure source: NOAA NCDC, based on
data updated from Kennedy et al. 2010a).
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Because human-induced warming is superimposed on
a background of natural variations in climate, warming is not uniform over time. Short-term fluctuations
in the long-term upward trend are thus natural and
expected. For example, a recent slowing in the rate of
surface air temperature rise appears to be related to
cyclic changes in the oceans and in the sun’s energy
output, as well as a series of small volcanic eruptions
and other factors. Nonetheless, global temperatures
are still on the rise and are expected to rise further.
U.S. average temperature has increased by 1.3°F to
1.9°F since 1895, and most of this increase has occurred since 1970. The most recent decade was the
nation’s and the world’s hottest on record, and 2012
was the hottest year on record in the continental
United States. All U.S. regions have experienced warming in recent decades, but the extent of warming has
not been uniform. In general, temperatures are rising
more quickly in the north. Alaskans have experienced
some of the largest increases in temperature between
1970 and the present. People living in the Southeast
have experienced some of the smallest temperature
increases over this period.

Separating Human and Natural
Influences on Climate

The green band shows how global average temperature would have changed
over the last century due to natural forces alone, as simulated by climate
models. The blue band shows model simulations of the effects of human and
natural forces (including solar and volcanic activity) combined. The black line
shows the actual observed global average temperatures. Only with the inclusion of human influences can models reproduce the observed temperature
changes. (Figure source: adapted from Huber and Knutti 2012b).

Temperatures are projected to rise another 2°F to 4°F
in most areas of the United States over the next few decades.
Reductions in some short-lived human-induced emissions that
contribute to warming, such as black carbon (soot) and methane, could reduce some of the projected warming over the
next couple of decades, because, unlike carbon dioxide, these
gases and particles have relatively short atmospheric lifetimes.

Projected Global

The amount of warming projected beyond the next few decades is directly linked to the cumulative global emissions of
heat-trapping gases and particles. By the end of this century,
a roughly 3°F to 5°F rise is projected under a lower emissions
scenario, which would require substantial reductions in emissions (referred to as the “B1 scenario”), and a 5°F to 10°F rise
for a higher emissions scenario assuming continued increases
in emissions, predominantly from fossil fuel combustion (referred to as the “A2 scenario”). These
projections are based on results from
Temperature Change
16 climate models that used the two
emissions scenarios in a formal interDifferent amounts of heat-trapping gases remodel comparison study. The range of
leased into the atmosphere by human activimodel projections for each emissions
ties produce different projected increases in
scenario is the result of the differences
Earth’s temperature. The lines on the graph
in the ways the models represent key
represent a central estimate of global averfactors such as water vapor, ice and
age temperature rise (relative to the 1901snow reflectivity, and clouds, which can
1960 average) for the two main scenarios
either dampen or amplify the initial efused in this report. A2 assumes continued
increases in emissions throughout this cenfect of human influences on temperatury, and B1 assumes significant emissions
ture. The net effect of these feedbacks
reductions, though not due explicitly to cliis expected to amplify warming. More
mate change policies. Shading indicates the
information about the models and scerange (5th to 95th percentile) of results from
narios used in this report can be found
a suite of climate models. In both cases,
in Appendix 5 of the full report.1
temperatures are expected to rise, although
the difference between lower and higher
emissions pathways is substantial. (Figure
source: NOAA NCDC / CICS-NC).
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Prolonged periods of high temperatures and the persistence
of high nighttime temperatures have increased in many locations (especially in urban areas) over the past half century. High
nighttime temperatures have widespread impacts because
people, livestock, and wildlife get no respite from the heat. In
some regions, prolonged periods of high temperatures associated with droughts contribute to conditions that lead to larger
wildfires and longer fire seasons. As expected in a warming
climate, recent trends show that extreme heat is becoming
more common, while extreme cold is becoming less common.
Evidence indicates that the human influence on climate has already roughly doubled the probability of extreme heat events
such as the record-breaking summer heat experienced in 2011
in Texas and Oklahoma. The incidence of record-breaking high
temperatures is projected to rise.2

location can contribute to poor air quality in faraway regions,
and evidence suggests that particulate matter can affect atmospheric properties and therefore weather patterns. Major
storms and the higher storm surges exacerbated by sea level
rise that hit the Gulf Coast affect the entire country through
their cascading effects on oil and gas production and distribution.5

Human-induced climate change means much more than just
hotter weather. Increases in ocean and freshwater temperatures, frost-free days, and heavy downpours have all been
documented. Global sea level has risen, and there have been
large reductions in snow-cover extent, glaciers, and sea ice.
These changes and other climatic changes have affected and
will continue to affect human health, water supply, agriculture,
transportation, energy, coastal areas, and many other sectors
of society, with increasingly adverse
impacts on the American economy
and quality of life.3
Observed

Water expands as it warms, causing global sea levels to rise;
melting of land-based ice also raises sea level by adding water
to the oceans. Over the past century, global average sea level
has risen by about 8 inches. Since 1992, the rate of global sea
level rise measured by satellites has been roughly twice the
rate observed over the last century, providing evidence of acceleration. Sea level rise, combined with coastal storms, has
increased the risk of erosion, storm surge damage, and flooding for coastal communities, especially along the Gulf Coast,
the Atlantic seaboard, and in Alaska. Coastal infrastructure,
including roads, rail lines, energy infrastructure, airports, port
facilities, and military bases, are increasingly at risk from sea
level rise and damaging storm surges. Sea level is projected to
rise by another 1 to 4 feet in this century, although the rise in
sea level in specific regions is expected to vary from this global
average for a number of reasons. A wider range of scenarios,

Change in Very Heavy Precipitation

Some of the changes discussed in
this report are common to many regions. For example, large increases in
heavy precipitation have occurred in
the Northeast, Midwest, and Great
Plains, where heavy downpours have
frequently led to runoff that exceeded
the capacity of storm drains and levees, and caused flooding events and
accelerated erosion. Other impacts,
such as those associated with the
rapid thawing of permafrost in Alaska,
are unique to a particular U.S. region.
Permafrost thawing is causing extensive damage to infrastructure in our
nation’s largest state.4
Some impacts that occur in one region
ripple beyond that region. For example, the dramatic decline of summer
sea ice in the Arctic – a loss of ice cover
roughly equal to half the area of the
continental United States – exacerbates global warming by reducing the
reflectivity of Earth’s surface and increasing the amount of heat absorbed.
Similarly, smoke from wildfires in one

Percent changes in the amount of precipitation falling in very heavy events (the heaviest 1%)
from 1958 to 2012 for each region. There is a clear national trend toward a greater amount
of precipitation being concentrated in very heavy events, particularly in the Northeast and
c
Midwest. (Figure source: updated from Karl et al. 2009 ).
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from 8 inches to more than 6 feet by 2100, has
been used in risk-based analyses in this report.
In general, higher emissions scenarios that lead
to more warming would be expected to lead
to higher amounts of sea level rise. The stakes
are high, as nearly five million Americans and
hundreds of billions of dollars of property are
located in areas that are less than four feet
above the local high-tide level.6

Shells Dissolve in Acidified Ocean Water

In addition to causing changes in climate, increasing levels of carbon dioxide from the
burning of fossil fuels and other human activiPteropods, or “sea butterflies,” are eaten by a variety of marine species ranging from
ties have a direct effect on the world’s oceans.
tiny krill to salmon to whales. The photos show what happens to a pteropod’s shell
Carbon dioxide interacts with ocean water to
in seawater that is too acidic. On the left is a shell from a live pteropod from a region
form carbonic acid, increasing the ocean’s acidin the Southern Ocean where acidity is not too high. The shell on the right is from a
ity. Ocean surface waters have become 30%
pteropod in a region where the water is more acidic. (Figure source: (left) Bednaršek
more acidic over the last 250 years as they have
et al. 2012e (right) Nina Bednaršek).
absorbed large amounts of carbon dioxide
from the atmosphere. This ocean acidification
makes water more corrosive, reducing the capacity of marine (such as corals, krill, oysters, clams, and crabs) to survive, grow,
organisms with shells or skeletons made of calcium carbonate and reproduce, which in turn will affect the marine food chain.7

Widespread Impacts

Impacts related to climate change are already evident in many
regions and sectors and are expected to become increasingly
disruptive across the nation throughout this century and be-

yond. Climate changes interact with other environmental and
societal factors in ways that can either moderate or intensify
these impacts.

As Oceans Absorb CO2
They Become More Acidic

The correlation between rising levels of carbon dioxide in the atmosphere (red) with
rising carbon dioxide levels (blue) and falling pH in the ocean (green). As carbon
dioxide accumulates in the ocean, the water becomes more acidic (the pH declines).
(Figure source: modified from Feely et al. 2009d).
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Observed and projected climate change impacts vary across the regions of the United States. Selected impacts emphasized in the
regional chapters are shown below, and many more are explored in detail in this report.

Northeast

Communities are affected by heat waves, more extreme precipitation events, and
coastal flooding due to sea level rise and storm surge.

Southeast
and
Caribbean

Decreased water availability, exacerbated by population growth and land-use change,
causes increased competition for water. There are increased risks associated with
extreme events such as hurricanes.

Midwest

Longer growing seasons and rising carbon dioxide levels increase yields of some crops,
although these benefits have already been offset in some instances by occurrence of
extreme events such as heat waves, droughts, and floods.

Great Plains

Rising temperatures lead to increased demand for water and energy and impacts on
agricultural practices.

Southwest

Drought and increased warming foster wildfires and increased competition for scarce
water resources for people and ecosystems.

Northwest

Changes in the timing of streamflow related to earlier snowmelt reduce the supply of
water in summer, causing far-reaching ecological and socioeconomic consequences.

Alaska
Hawai‘i
and Pacific
Islands

Rapidly receding summer sea ice, shrinking glaciers, and thawing permafrost cause
damage to infrastructure and major changes to ecosystems. Impacts to Alaska Native
communities increase.

Increasingly constrained freshwater supplies, coupled with increased temperatures,
stress both people and ecosystems and decrease food and water security.

Coasts

Coastal lifelines, such as water supply infrastructure and evacuation routes, are
increasingly vulnerable to higher sea levels and storm surges, inland flooding, and
other climate-related changes.

Oceans

The oceans are currently absorbing about a quarter of human-caused carbon dioxide
emissions to the atmosphere and over 90% of the heat associated with global
warming, leading to ocean acidification and the alteration of marine ecosystems.
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Some climate changes currently have beneficial effects for
specific sectors or regions. For example, current benefits of
warming include longer growing seasons for agriculture and
longer ice-free periods for shipping on the Great Lakes. At the
same time, however, longer growing seasons, along with higher temperatures and carbon dioxide levels, can increase pollen
production, intensifying and lengthening the allergy season.
Longer ice-free periods on the Great Lakes can result in more
lake-effect snowfalls.

©National Geographic
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Sectors affected by climate changes include agriculture, water,
human health, energy, transportation, forests, and ecosystems.
Climate change poses a major challenge to U.S. agriculture
because of the critical dependence of agricultural systems on
climate. Climate change has the potential to both positively Climate change can exacerbate respiratory and asthma-related
and negatively affect the location, timing, and productivity of conditions through increases in pollen, ground-level ozone, and
crop, livestock, and fishery systems at local, national, and global wildfire smoke.
scales. The United States produces nearly $330 billion per year Water quality and quantity are being affected by climate
in agricultural commodities. This productivity is vulnerable to change. Changes in precipitation and runoff, combined with
direct impacts on crops and livestock from changing climate changes in consumption and withdrawal, have reduced surconditions and extreme weather events
face and groundwater supplies in many
and indirect impacts through increasing
areas. These trends are expected to
pressures from pests and pathogens.
continue, increasing the likelihood of
Climate change will also alter the stabilwater shortages for many uses. WaCertain groups of people are
ity of food supplies and create new food
ter quality is also diminishing in many
more vulnerable to the range of
security challenges for the United States
areas, particularly due to sediment
climate change related health
as the world seeks to feed nine billion
and contaminant concentrations afimpacts, including the elderly,
people by 2050. While the agriculture
ter heavy downpours. Sea level rise,
children, the poor, and the sick.
sector has proven to be adaptable to a
storms and storm surges, and changes
range of stresses, as evidenced by conin surface and groundwater use pattinued growth in production and effiterns are expected to compromise the
ciency across the United States, climate
sustainability of coastal freshwater
change poses a new set of challenges.8
aquifers and wetlands. In most U.S. regions, water resources managers and planners will encounter
new risks, vulnerabilities, and opportunities that may not be
properly managed with existing practices.9

©Ted Wood Photography

Climate change affects human health in many ways. For example, increasingly frequent and intense heat events lead to
more heat-related illnesses and deaths and, over time, worsen
drought and wildfire risks, and intensify air pollution. Increasingly frequent extreme precipitation and associated flooding
can lead to injuries and increases in waterborne disease. Rising sea surface temperatures have been linked with increasing
levels and ranges of diseases. Rising sea levels intensify coastal
flooding and storm surge, and thus exacerbate threats to public safety during storms. Certain groups of people are more vulnerable to the range of climate change related health impacts,
including the elderly, children, the poor, and the sick. Others
are vulnerable because of where they live, including those in
floodplains, coastal zones, and some urban areas. Improving
and properly supporting the public health infrastructure will
be critical to managing the potential health impacts of climate
change.10

Increasing air and water temperatures, more intense precipitation
and runoff, and intensifying droughts can decrease water quality
in many ways. Here, middle school students in Colorado test
water quality.
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Climate change also affects the living world, including people, es, reefs, mangrove forests, and barrier islands defend coastal
through changes in ecosystems and biodiversity. Ecosystems ecosystems and infrastructure, such as roads and buildings,
provide a rich array of benefits and services to humanity, in- against storm surges. The loss of these natural buffers due to
cluding habitat for fish and wildlife, drinking water storage coastal development, erosion, and sea level rise increases the
and filtration, fertile soils for growing crops, buffering against risk of catastrophic damage during or after extreme weather
a range of stressors including climate change impacts, and events. Although floodplain wetlands are greatly reduced
aesthetic and cultural values. These
from their historical extent, those that
benefits are not always easy to quanremain still absorb floodwaters and
tify, but they support jobs, economic
reduce the effects of high flows on
The amount of future climate
growth, health, and human well-being.
river-margin lands. Extreme weather
change will still largely be deterClimate change driven disruptions to
events that produce sudden increases
ecosystems have direct and indirect mined by choices society makes in water flow, often carrying debris
about emissions.
human impacts, including reduced waand pollutants, can decrease the natuter supply and quality, the loss of iconic
ral capacity of ecosystems to cleanse
species and landscapes, effects on food
contaminants.12
chains and the timing and success of
species migrations, and the potential for extreme weather and The climate change impacts being felt in the regions and secclimate events to destroy or degrade the ability of ecosystems tors of the United States are affected by global trends and
to provide societal benefits.11
economic decisions. In an increasingly interconnected world,
U.S. vulnerability is linked to impacts in other nations. It is thus
Human modifications of ecosystems and landscapes often difficult to fully evaluate the impacts of climate change on the
increase their vulnerability to damage from extreme weather United States without considering consequences of climate
events, while simultaneously reducing their natural capacity to change elsewhere.
moderate the impacts of such events. For example, salt marsh-

Response Options

As the impacts of climate change are becoming more prevalent, Americans face choices. Especially because of past emissions of long-lived heat-trapping gases, some additional climate change and related impacts are now unavoidable. This
is due to the long-lived nature of many of these gases, as well
as the amount of heat absorbed and retained by the oceans
and other responses within the climate system. The amount of
future climate change, however, will still largely be determined
by choices society makes about emissions. Lower emissions of
heat-trapping gases and particles mean less future warming
and less-severe impacts; higher emissions mean more warming
and more severe impacts. Efforts to limit emissions or increase
carbon uptake fall into a category of response options known
as “mitigation,” which refers to reducing the amount and speed
of future climate change by reducing emissions of heat-trapping gases or removing carbon dioxide from the atmosphere.13

The other major category of response options is known as “adaptation,” and refers to actions to prepare for and adjust to
new conditions, thereby reducing harm or taking advantage
of new opportunities. Mitigation and adaptation actions are
linked in multiple ways, including that effective mitigation reduces the need for adaptation in the future. Both are essential
parts of a comprehensive climate change response strategy.
The threat of irreversible impacts makes the timing of mitigation efforts particularly critical. This report includes chapters
on Mitigation, Adaptation, and Decision Support that offer
an overview of the options and activities being planned or
implemented around the country as local, state, federal, and

13

tribal governments, as well as businesses, organizations, and
individuals begin to respond to climate change. These chapters conclude that while response actions are under development, current implementation efforts are insufficient to avoid
increasingly negative social, environmental, and economic
consequences.14
Large reductions in global emissions of heat-trapping gases,
similar to the lower emissions scenario (B1) analyzed in this
assessment, would reduce the risks of some of the worst impacts of climate change. Some targets called for in international climate negotiations to date would require even larger
reductions than those outlined in the B1 scenario. Meanwhile,
global emissions are still rising and are on a path to be even
higher than the high emissions scenario (A2) analyzed in this
report. The recent U.S. contribution to annual global emissions
is about 18%, but the U.S. contribution to cumulative global
emissions over the last century is much higher. Carbon dioxide
lasts for a long time in the atmosphere, and it is the cumulative carbon emissions that determine the amount of global
climate change. After decades of increases, U.S. CO2 emissions
from energy use (which account for 97% of total U.S. emissions)
declined by around 9% between 2008 and 2012, largely due to
a shift from coal to less CO2-intensive natural gas for electricity
production. Governmental actions in city, state, regional, and
federal programs to promote energy efficiency have also contributed to reducing U.S. carbon emissions. Many, if not most
of these programs are motivated by other policy objectives,
but some are directed specifically at greenhouse gas emissions.
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With regard to adaptation, the pace and magnitude of observed and projected changes emphasize the need to be prepared for a wide variety and intensity of impacts. Because of
the growing influence of human activities, the climate of the
past is not a good basis for future planning. For example, building codes and landscaping ordinances could be updated to
improve energy efficiency, conserve water supplies, protect
against insects that spread disease (such as dengue fever),
reduce susceptibility to heat stress, and improve protection
against extreme events. The fact that climate change impacts
are increasing points to the urgent need to develop and refine
approaches that enable decision-making and increase flexibility and resilience in the face of ongoing and future impacts.
Reducing non-climate-related stresses that contribute to existing vulnerabilities can also be an effective approach to climate
change adaptation.16

There are a number of areas where improved scientific information or understanding would enhance the capacity to estimate future climate change impacts. For example, knowledge
of the mechanisms controlling the rate of ice loss in Greenland
and Antarctica is limited, making it difficult for scientists to
narrow the range of expected future sea level rise. Improved
understanding of ecological and social responses to climate
change is needed, as is understanding of how ecological and
social responses will interact.19
A sustained climate assessment process could more efficiently
collect and synthesize the rapidly evolving science and help
supply timely and relevant information to decision-makers.
Results from all of these efforts could continue to deepen our
understanding of the interactions of human and natural systems in the context of a changing climate, enabling society to
effectively respond and prepare for our future.20
The cumulative weight of the scientific evidence contained in
this report confirms that climate change is affecting the American people now, and that choices we make will affect our future and that of future generations.

©Proehl Studios/Corbis

©John Sebastian Russo/San Francisco Chronicle/Corbis

Adaptation can involve considering local, state, regional, national, and international jurisdictional objectives. For example,
in managing water supplies to adapt to a changing climate, the
implications of international treaties should be considered in
the context of managing the Great Lakes, the Columbia River,
and the Colorado River to deal with increased drought risk. Both
“bottom up” community planning and “top down” national
strategies may help regions deal with impacts such as increases
in electrical brownouts, heat stress, floods, and wildfires.17

Proactively preparing for climate change can reduce impacts
while also facilitating a more rapid and efficient response to
changes as they happen. Such efforts are beginning at the federal, regional, state, tribal, and local levels, and in the corporate and non-governmental sectors, to build adaptive capacity
and resilience to climate change impacts. Using scientific information to prepare for climate changes in advance can provide
economic opportunities, and proactively managing the risks
can reduce impacts and costs over time.18

FEMA

These U.S. actions and others that might be undertaken in the
future are described in the Mitigation chapter of this report.
Over the remainder of this century, aggressive and sustained
greenhouse gas emission reductions by the United States and
by other nations would be needed to reduce global emissions
to a level consistent with the lower scenario (B1) analyzed in
this assessment.15

Cities providing transportation options including bike lanes, buildings designed with energy saving features such as green roofs, and
houses elevated to allow storm surges to pass underneath are among the many response options being pursued around the country.
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Report Findings
These findings distill important results that arise from this National Climate Assessment. They do not represent a
full summary of all of the chapters’ findings, but rather a synthesis of particularly noteworthy conclusions.

1. Global climate is changing and this is apparent across the United States in a
wide range of observations. The global warming of the past 50 years is primarily
due to human activities, predominantly the burning of fossil fuels.
Many independent lines of evidence confirm that human activities are affecting climate in
unprecedented ways. U.S. average temperature has increased by 1.3°F to 1.9°F since record
keeping began in 1895; most of this increase has occurred since about 1970. The most recent
decade was the warmest on record. Because human-induced warming is superimposed on a
naturally varying climate, rising temperatures are not evenly distributed across the country or
over time.21

2. Some extreme weather and climate events have increased in recent decades,
and new and stronger evidence confirms that some of these increases are related
to human activities.
Changes in extreme weather events are the primary way that most people experience climate
change. Human-induced climate change has already increased the number and strength of
some of these extreme events. Over the last 50 years, much of the United States has seen an
increase in prolonged periods of excessively high temperatures, more heavy downpours, and
in some regions, more severe droughts.22

3. Human-induced climate change is projected to continue, and it will accelerate
significantly if global emissions of heat-trapping gases continue to increase.
Heat-trapping gases already in the atmosphere have committed us to a hotter future with
more climate-related impacts over the next few decades. The magnitude of climate change
beyond the next few decades depends primarily on the amount of heat-trapping gases that
human activities emit globally, now and in the future.23

4. Impacts related to climate change are already evident in many sectors and
are expected to become increasingly disruptive across the nation throughout this
century and beyond.
Climate change is already affecting societies and the natural world. Climate change interacts
with other environmental and societal factors in ways that can either moderate or intensify
these impacts. The types and magnitudes of impacts vary across the nation and through
time. Children, the elderly, the sick, and the poor are especially vulnerable. There is
mounting evidence that harm to the nation will increase substantially in the future unless
global emissions of heat-trapping gases are greatly reduced.24
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5. Climate change threatens human health and well-being in many ways, including
through more extreme weather events and wildfire, decreased air quality, and
diseases transmitted by insects, food, and water.
Climate change is increasing the risks of heat stress, respiratory stress from poor air quality,
and the spread of waterborne diseases. Extreme weather events often lead to fatalities and
a variety of health impacts on vulnerable populations, including impacts on mental health,
such as anxiety and post-traumatic stress disorder. Large-scale changes in the environment
due to climate change and extreme weather events are increasing the risk of the emergence
or reemergence of health threats that are currently uncommon in the United States, such as
dengue fever.25

6. Infrastructure is being damaged by sea level rise, heavy downpours, and
extreme heat; damages are projected to increase with continued climate change.
Sea level rise, storm surge, and heavy downpours, in combination with the pattern of continued
development in coastal areas, are increasing damage to U.S. infrastructure including roads,
buildings, and industrial facilities, and are also increasing risks to ports and coastal military
installations. Flooding along rivers, lakes, and in cities following heavy downpours, prolonged
rains, and rapid melting of snowpack is exceeding the limits of flood protection infrastructure
designed for historical conditions. Extreme heat is damaging transportation infrastructure such
as roads, rail lines, and airport runways.26

7. Water quality and water supply reliability are jeopardized by climate change in
a variety of ways that affect ecosystems and livelihoods.
Surface and groundwater supplies in some regions are already stressed by increasing demand
for water as well as declining runoff and groundwater recharge. In some regions, particularly
the southern part of the country and the Caribbean and Pacific Islands, climate change is
increasing the likelihood of water shortages and competition for water among its many
uses. Water quality is diminishing in many areas, particularly due to increasing sediment and
contaminant concentrations after heavy downpours.27

8. Climate disruptions to agriculture have been increasing and are projected to
become more severe over this century.
Some areas are already experiencing climate-related disruptions, particularly due to extreme
weather events. While some U.S. regions and some types of agricultural production will be
relatively resilient to climate change over the next 25 years or so, others will increasingly suffer
from stresses due to extreme heat, drought, disease, and heavy downpours. From mid-century
on, climate change is projected to have more negative impacts on crops and livestock across
the country – a trend that could diminish the security of our food supply.28
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9. Climate change poses particular threats to Indigenous Peoples’ health, wellbeing, and ways of life.
Chronic stresses such as extreme poverty are being exacerbated by climate change impacts
such as reduced access to traditional foods, decreased water quality, and increasing exposure
to health and safety hazards. In parts of Alaska, Louisiana, the Pacific Islands, and other
coastal locations, climate change impacts (through erosion and inundation) are so severe that
some communities are already relocating from historical homelands to which their traditions
and cultural identities are tied. Particularly in Alaska, the rapid pace of temperature rise, ice
and snow melt, and permafrost thaw are significantly affecting critical infrastructure and
traditional livelihoods.29

10. Ecosystems and the benefits they provide to society are being affected by
climate change. The capacity of ecosystems to buffer the impacts of extreme
events like fires, floods, and severe storms is being overwhelmed.
Climate change impacts on biodiversity are already being observed in alteration of the timing
of critical biological events such as spring bud burst and substantial range shifts of many
species. In the longer term, there is an increased risk of species extinction. These changes
have social, cultural, and economic effects. Events such as droughts, floods, wildfires, and
pest outbreaks associated with climate change (for example, bark beetles in the West) are
already disrupting ecosystems. These changes limit the capacity of ecosystems, such as
forests, barrier beaches, and wetlands, to continue to play important roles in reducing the
impacts of these extreme events on infrastructure, human communities, and other valued
resources.30

11. Ocean waters are becoming warmer and more acidic, broadly affecting ocean
circulation, chemistry, ecosystems, and marine life.
More acidic waters inhibit the formation of shells, skeletons, and coral reefs. Warmer waters
harm coral reefs and alter the distribution, abundance, and productivity of many marine
species. The rising temperature and changing chemistry of ocean water combine with other
stresses, such as overfishing and coastal and marine pollution, to alter marine-based food
production and harm fishing communities.31

12. Planning for adaptation (to address and prepare for impacts) and mitigation
(to reduce future climate change, for example by cutting emissions) is becoming
more widespread, but current implementation efforts are insufficient to avoid
increasingly negative social, environmental, and economic consequences.
Actions to reduce emissions, increase carbon uptake, adapt to a changing climate, and
increase resilience to impacts that are unavoidable can improve public health, economic
development, ecosystem protection, and quality of life.32
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Key Messages
1. Global climate is changing and this change is apparent across a wide range of observations. The
global warming of the past 50 years is primarily due to human activities.
2. Global climate is projected to continue to change over this century and beyond. The magnitude
of climate change beyond the next few decades depends primarily on the amount of heattrapping gases emitted globally, and how sensitive the Earth’s climate is to those emissions.
3. U.S. average temperature has increased by 1.3°F to 1.9°F since record keeping began in 1895;
most of this increase has occurred since about 1970. The most recent decade was the nation’s
warmest on record. Temperatures in the United States are expected to continue to rise. Because
human-induced warming is superimposed on a naturally varying climate, the temperature rise
has not been, and will not be, uniform or smooth across the country or over time.
4. The length of the frost-free season (and the corresponding growing season) has been increasing
nationally since the 1980s, with the largest increases occurring in the western United States,
affecting ecosystems and agriculture. Across the United States, the growing season is projected
to continue to lengthen.
5. Average U.S. precipitation has increased since 1900, but some areas have had increases
greater than the national average, and some areas have had decreases. More winter and spring
precipitation is projected for the northern United States, and less for the Southwest, over this
century.
6. Heavy downpours are increasing nationally, especially over the last three to five decades.
Largest increases are in the Midwest and Northeast. Increases in the frequency and intensity of
extreme precipitation events are projected for all U.S. regions.
7. There have been changes in some types of extreme weather events over the last several
decades. Heat waves have become more frequent and intense, especially in the West. Cold
waves have become less frequent and intense across the nation. There have been regional
trends in floods and droughts. Droughts in the Southwest and heat waves everywhere are
projected to become more intense, and cold waves less intense everywhere.
8. The intensity, frequency, and duration of North Atlantic hurricanes, as well as the frequency
of the strongest (Category 4 and 5) hurricanes, have all increased since the early 1980s.
The relative contributions of human and natural causes to these increases are still uncertain.
Hurricane-associated storm intensity and rainfall rates are projected to increase as the climate
continues to warm.
9. Winter storms have increased in frequency and intensity since the 1950s, and their tracks have
shifted northward over the United States. Other trends in severe storms, including the intensity
and frequency of tornadoes, hail, and damaging thunderstorm winds, are uncertain and are being
studied intensively.
Continued
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Key Messages (Continued)
10. Global sea level has risen by about 8 inches since reliable record keeping began in 1880. It is
projected to rise another 1 to 4 feet by 2100.
11. Rising temperatures are reducing ice volume and surface extent on land, lakes, and sea. This
loss of ice is expected to continue. The Arctic Ocean is expected to become essentially ice free
in summer before mid-century.
12. The oceans are currently absorbing about a quarter of the carbon dioxide emitted to the
atmosphere annually and are becoming more acidic as a result, leading to concerns about
intensifying impacts on marine ecosystems.
This chapter summarizes how climate is changing, why it is
changing, and what is projected for the future. While the focus
is on changes in the United States, the need to provide context
sometimes requires a broader geographical perspective. Additional geographic detail is presented in the regional chapters
of this report. Further details on the topics covered by this
chapter are provided in the Climate Science Supplement and
Frequently Asked Questions Appendices.
Since the second National Climate Assessment was published
1
in 2009, the climate has continued to change, with resulting

What’s

effects on the United States. The trends described in the 2009
report have continued, and our understanding of the data and
ability to model the many facets of the climate system have increased substantially. Several noteworthy advances are mentioned in the box below.
The 12 key messages presented above are repeated below,
together with supporting evidence for those messages. The
discussion of each key message begins with a summary of recent variations or trends, followed by projections of the corresponding changes for the future.

new?

•

Continued warming and an increased understanding of the U.S. temperature record, as well as multiple other
sources of evidence, have strengthened our confidence in the conclusions that the warming trend is clear and
primarily the result of human activities. For the contiguous United States, the last decade was the warmest on
record, and 2012 was the warmest year on record.

•

Heavy precipitation and extreme heat events are increasing in a manner consistent with model projections; the
risks of such extreme events will rise in the future.

•

The sharp decline in summer Arctic sea ice has continued, is unprecedented, and is consistent with humaninduced climate change. A new record for minimum area of Arctic sea ice was set in 2012.

•

A longer and better-quality history of sea level rise has increased confidence that recent trends are unusual and
human-induced. Limited knowledge of ice sheet dynamics leads to a broad range for projected sea level rise over
this century.

•

New approaches to building scenarios of the future have allowed for investigations of the implications of larger
reductions in heat trapping gas emissions than examined previously.
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Reference

periods for graphs

Many of the graphs in this report illustrate historical changes and future trends in climate compared to some reference period, with the choice of this period determined by the purpose of the graph and the availability of data. The
great majority of graphs are based on one of two reference periods. The period 1901-1960 is used for graphs that
illustrate past changes in climate conditions, whether in observations or in model simulations. The choice of 1960 as
the ending date of this period was based on past changes in human influences on the climate system. Human-induced
2
forcing exhibited a slow rise during the early part of the last century but then accelerated after 1960. Thus, these
graphs highlight observed changes in climate during the period of rapid increase in human-caused forcing and also
reveal how well climate models simulate these observed changes. The beginning date of 1901 was chosen because
earlier historical observations are less reliable and because many climate model simulations begin in 1900 or 1901.
The other commonly used reference period is 1971-2000, which is consistent with the World Meteorological Organization’s recommended use of 30-year periods for climate statistics. This is used for graphs that illustrate projected
future changes simulated by climate models. The purpose of these graphs is to show projected changes compared to
a period that people have recently experienced and can remember; thus, the most recent available 30-year period was
chosen (the historical period simulated by the CMIP3 models ends in 1999 or 2000).

Key Message 1: Observed Climate Change
Global climate is changing and this change is apparent across a wide range of
observations. The global warming of the past 50 years is primarily due to human activities.
Climate is defined as long-term
averages and variations in weather measured over a period of several decades. The Earth’s climate
system includes the land surface, atmosphere, oceans, and
ice. Many aspects of the global
climate are changing rapidly,
and the primary drivers of that
change are human in origin. Evidence for changes in the climate
system abounds, from the top of
the atmosphere to the depths of
3
the oceans (Figure 2.1). Scientists and engineers from around
the world have compiled this evidence using satellites, weather
balloons, thermometers at surface stations, and many other
types of observing systems that
monitor the Earth’s weather and
climate. The sum total of this
evidence tells an unambiguous
story: the planet is warming.

Ten Indicators of a Warming World

Figure 2.1. These are just some of the indicators measured globally over many decades
that show that the Earth’s climate is warming. White arrows indicate increasing trends,
and black arrows indicate decreasing trends. All the indicators expected to increase in a
warming world are, in fact, increasing, and all those expected to decrease in a warming
world are decreasing. (Figure source: NOAA NCDC based on data updated from Kennedy
3
et al. 2010 ).

Temperatures at the surface, in the troposphere (the active
weather layer extending up to about 5 to 10 miles above the
ground), and in the oceans have all increased over recent
decades (Figure 2.2). Consistent with our scientific understanding, the largest increases in temperature are occur-
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ring closer to the poles, especially in the Arctic. Snow and
ice cover have decreased in most areas. Atmospheric water vapor is increasing in the lower atmosphere, because a
warmer atmosphere can hold more water. Sea levels are also
increasing (see Key Message 10). Changes in other climateCLIMATE CHANGE IMPACTS IN THE UNITED STATES
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relevant indicators such as growing season
length have been observed in many areas.
Worldwide, the observed changes in average conditions have been accompanied by
increasing trends in extremes of heat and
heavy precipitation events, and decreases
4
in extreme cold.

Global Temperature and Carbon Dioxide

Natural drivers of climate cannot explain
the recent observed warming. Over the
last five decades, natural factors (solar
forcing and volcanoes) alone would actually have led to a slight cooling (see Figure
5
2.3).
The majority of the warming at the global
scale over the past 50 years can only be
explained by the effects of human influ5,6,7
ences,
especially the emissions from
burning fossil fuels (coal, oil, and natural
gas) and from deforestation. The emissions from human influences that are
affecting climate include heat-trapping
gases such as carbon dioxide (CO2), methane, and nitrous oxide, and particles such
as black carbon (soot), which has a warming influence, and sulfates, which have an
overall cooling influence (see Appendix 3:
Climate Science Supplement for further
8,9
discussion). In addition to human-induced global climate change, local climate
can also be affected by other human factors (such as crop irrigation) and natural
variability (for example, Ashley et al. 2012;
DeAngelis et al. 2010; Degu et al. 2011; Lo
10
and Famiglietti 2013 ).
The conclusion that human influences are
the primary driver of recent climate change
is based on multiple lines of independent
evidence. The first line of evidence is
our fundamental understanding of how
certain gases trap heat, how the climate
system responds to increases in these
gases, and how other human and natural
factors influence climate. The second line
of evidence is from reconstructions of past
climates using evidence such as tree rings,
ice cores, and corals. These show that
global surface temperatures over the last
several decades are clearly unusual, with
the last decade (2000-2009) warmer than
any time in at least the last 1300 years and
11
perhaps much longer.

Figure 2.2. Global annual average temperature (as measured over both land and
oceans) has increased by more than 1.5°F (0.8°C) since 1880 (through 2012). Red bars
show temperatures above the long-term average, and blue bars indicate temperatures
below the long-term average. The black line shows atmospheric carbon dioxide (CO2)
concentration in parts per million (ppm). While there is a clear long-term global warming
trend, some years do not show a temperature increase relative to the previous year,
and some years show greater changes than others. These year-to-year fluctuations in
temperature are due to natural processes, such as the effects of El Niños, La Niñas,
1
and volcanic eruptions. (Figure source: updated from Karl et al. 2009 ).

Separating Human and Natural Influences on Climate

Figure 2.3. Observed global average changes (black line), model simulations using
only changes in natural factors (solar and volcanic) in green, and model simulations
with the addition of human-induced emissions (blue). Climate changes since 1950
cannot be explained by natural factors or variability, and can only be explained by
29
human factors. (Figure source: adapted from Huber and Knutti ).
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The third line of evidence comes from using climate models to
simulate the climate of the past century, separating the human
and natural factors that influence climate. When the human
factors are removed, these models show that solar and volcanic activity would have tended to slightly cool the earth, and
other natural variations are too small to explain the amount
of warming. Only when the human influences are included do
the models reproduce the warming observed over the past 50
years (see Figure 2.3).
Another line of evidence involves so-called “fingerprint” studies that are able to attribute observed climate changes to particular causes. For example, the fact that the stratosphere (the
layer above the troposphere) is cooling while the Earth’s surface and lower atmosphere is warming is a fingerprint that the
warming is due to increases in heat-trapping gases. In contrast,
if the observed warming had been due to increases in solar
output, Earth’s atmosphere would have warmed throughout
6
its entire extent, including the stratosphere.
In addition to such temperature analyses, scientific attribution of observed changes to human influence extends to many
other aspects of climate, such as changing patterns in precipi12,13
14,15
16
tation,
increasing humidity,
changes in pressure, and
17
increasing ocean heat content. Further discussion of how we
know the recent changes in climate are caused by human activity is provided in Appendix 3: Climate Science Supplement.

Globally averaged surface air temperature has slowed its rate
of increase since the late 1990s. This is not in conflict with our
basic understanding of global warming and its primary cause.
The decade of 2000 to 2009 was still the warmest decade on
record. In addition, global surface air temperature does not always increase steadily. This time period is too short to signify a
change in the warming trend, as climate trends are measured
19,20,21,22
over periods of decades, not years.
Such decade-long
slowdowns or even reversals in trend have occurred before in
the global instrumental record (for example, 1900-1910 and
1940-1950; see Figure 2.2), including three decade-long peri23
ods since 1970, each followed by a sharp temperature rise.
Nonetheless, satellite and ocean observations indicate that the
Earth-atmosphere climate system has continued to gain heat
24
energy.
There are a number of possible contributions to the lower rate
of increase over the last 15 years. First, the solar output during
the latest 11-year solar cycle has been lower over the past 15
years than the past 60 years. Second, a series of mildly explosive volcanoes, which increased stratospheric particles, likely
25
had more of a cooling effect than previously recognized.
Third, the high incidence of La Niña events in the last 15 years
20,26
has played a role in the observed trends.
Re27
cent analyses suggest that more of the increase
in heat energy during this period has been transferred to the deep ocean than previously. While
this might temporarily slow the rate of increase in
surface air temperature, ultimately it will prolong
the effects of global warming because the oceans
hold heat for longer than the atmosphere does.

©Tom Mihalek/Reuters/Corbis

©U.S. Geological Survey Department of the Interior

Natural variations in climate include the effects of cycles such
as El Niño, La Niña and other ocean cycles; the 11-year sunspot
cycle and other changes in energy from the sun; and the effects of volcanic eruptions. Globally, natural variations can be

as large as human-induced climate change over timescales of
up to a few decades. However, changes in climate at the global
scale observed over the past 50 years are far larger than can be
accounted for by natural variability. Changes in climate at the
local to regional scale can be influenced by natural variability
18
for multiple decades. This can affect the interpretation of climate trends observed regionally across the U.S. (see Appendix
3: Climate Science Supplement).

Oil used for transportation and coal used for electricity generation are the
largest contributors to the rise in carbon dioxide that is the primary driver of
observed changes in climate over recent decades.

24

Climate models are not intended to match the
real-world timing of natural climate variations –
instead, models have their own internal timing
for such variations. Most modeling studies do
not yet account for the observed changes in solar
and volcanic forcing mentioned in the previous
paragraph. Therefore, it is not surprising that the
timing of such a slowdown in the rate of increase
in the models would be different than that observed, although it is important to note that such
periods have been simulated by climate models,
with the deep oceans absorbing the extra heat
28
during those decades.
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Models

used in the assessment

This report uses various projections from models of the physical processes affecting the Earth’s climate system, which
are discussed further in Appendix 3: Climate Science Supplement. Three distinct sets of model simulations for past
and projected changes in climate are used:
rd

•

Coupled Model Intercomparison Project, 3 phase (CMIP3): global model analyses done for the Fourth
Intergovernmental Panel on Climate Change (IPCC) assessment. Spatial resolutions typically vary from 125
to 187 miles (at mid-latitudes); approximately 25 representations of different models (not all are used in all
studies). CMIP3 findings are the foundation for most of the impact analyses included in this assessment.

•

Coupled Model Intercomparison Project, 5 phase (CMIP5): newer global model analyses done for the
Fifth IPCC assessment generally based on improved formulations of the CMIP3 models. Spatial resolutions
typically vary from 62 to 125 miles; about 30 representations of different models (not all are used in all
studies); this new information was not available in time to serve as the foundation for the impacts analyses
in this assessment, and information from CMIP5 is primarily provided for comparison purposes.

•

North American Regional Climate Change Assessment Program (NARCCAP): six regional climate model
analyses (and limited time-slice analyses from two global models) for the continental U.S. run at about 30mile horizontal resolution. The analyses were done for past (1971-2000) and projected (2041-2070) time
periods. Coarser resolution results from four of the CMIP3 models were used as the boundary conditions
for the NARCCAP regional climate model studies, with each of the regional models doing analyses with
boundary conditions from two of the CMIP3 models.

th

The scenarios for future human-related emissions of the relevant gases and particles used in these models are further
discussed in Appendix 3: Climate Science Supplement. The emissions in these scenarios depend on various assumptions about changes in global population, economic and technological development, and choices in transportation
and energy use.

Key Message 2: Future Climate Change
Global climate is projected to continue to change over this century and
beyond. The magnitude of climate change beyond the next few decades
depends primarily on the amount of heat-trapping gases emitted globally,
and how sensitive the Earth’s climate is to those emissions.
A certain amount of continued warming of the planet is projected to occur as a result of human-induced emissions to date;
another 0.5°F increase would be expected over the next few
decades even if all emissions from human activities suddenly
30
stopped, although natural variability could still play an im31
portant role over this time period. However, choices made
now and in the next few decades will determine the amount of
additional future warming. Beyond mid-century, lower levels
of heat-trapping gases in scenarios with reduced emissions will
lead to noticeably less future warming. Higher emissions levels
will result in more warming, and thus more severe impacts on
human society and the natural world.
Confidence in projections of future climate change has increased. The wider range of potential changes in global average temperature in the latest generation of climate model
32
simulations used in the Intergovernmental Panel on Climate

25

Change’s (IPCC) current assessment – versus those in the previ8
ous assessment – is simply a result of considering more options
for future human behavior. For example, one of the scenarios
included in the IPCC’s latest assessment assumes aggressive
emissions reductions designed to limit the global temperature
33
increase to 3.6°F (2°C) above pre-industrial levels. This path
would require rapid emissions reductions (more than 70%
reduction in human-related emissions by 2050, and net negative emissions by 2100 – see the Appendix 3: Climate Science,
Supplemental Message 5) sufficient to achieve heat-trapping
gas concentrations well below those of any of the scenarios
considered by the IPCC in its 2007 assessment. Such scenarios
enable the investigation of climate impacts that would be
avoided by deliberate, substantial reductions in heat-trapping
gas emissions.
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Projections of future changes in precipitation show small increases in the global average but substantial shifts in where
and how precipitation falls. Generally, areas closest to the
poles are projected to receive more precipitation, while the
dry subtropics (the region just outside the tropics, between
23° and 35° on either side of the equator) expand toward the
poles and receive less rain. Increases in tropical precipitation are projected during rainy seasons (such as monsoons),
especially over the tropical Pacific. Certain regions, including
1
the western U.S. (especially the Southwest ) and the Mediter-

ranean, are presently dry and are expected to become drier.
The widespread trend of increasing heavy downpours is expected to continue, with precipitation becoming less frequent
34
but more intense. The patterns of the projected changes of
precipitation do not contain the spatial details that characterize observed precipitation, especially in mountainous terrain,
because the projections are averages from multiple models
and because the effective resolution of global climate models
is roughly 100-200 miles.

Emissions Levels Determine Temperature Rises

Figure 2.4. Different amounts of heat-trapping gases released into the atmosphere by human activities produce different
projected increases in Earth’s temperature. In the figure, each line represents a central estimate of global average
th
temperature rise (relative to the 1901-1960 average) for a specific emissions pathway. Shading indicates the range (5
th
to 95 percentile) of results from a suite of climate models. Projections in 2099 for additional emissions pathways are
indicated by the bars to the right of each panel. In all cases, temperatures are expected to rise, although the difference
between lower and higher emissions pathways is substantial. (Left) The panel shows the two main scenarios (SRES –
Special Report on Emissions Scenarios) used in this report: A2 assumes continued increases in emissions throughout
this century, and B1 assumes much slower increases in emissions beginning now and significant emissions reductions
beginning around 2050, though not due explicitly to climate change policies. (Right) The panel shows newer analyses,
which are results from the most recent generation of climate models (CMIP5) using the most recent emissions pathways
(RCPs – Representative Concentration Pathways). Some of these new projections explicitly consider climate policies
35
that would result in emissions reductions, which the SRES set did not. The newest set includes both lower and higher
pathways than did the previous set. The lowest emissions pathway shown here, RCP 2.6, assumes immediate and rapid
reductions in emissions and would result in about 2.5°F of warming in this century. The highest pathway, RCP 8.5, roughly
similar to a continuation of the current path of global emissions increases, is projected to lead to more than 8°F warming
by 2100, with a high-end possibility of more than 11°F. (Data from CMIP3, CMIP5, and NOAA NCDC).
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Projected Change in Average Annual Temperature

Figure 2.5. Projected change in average annual temperature over the period 2071-2099 (compared to the period 1970-1999) under a
low scenario that assumes rapid reductions in emissions and concentrations of heat-trapping gases (RCP 2.6), and a higher scenario
that assumes continued increases in emissions (RCP 8.5). (Figure source: NOAA NCDC / CICS-NC).

Projected Change in Average Annual Precipitation

Figure 2.6. Projected change in average annual precipitation over the period 2071-2099 (compared to the period 1970-1999) under
a low scenario that assumes rapid reductions in emissions and concentrations of heat-trapping gasses (RCP 2.6), and a higher
scenario that assumes continued increases in emissions (RCP 8.5). Hatched areas indicate confidence that the projected changes
are significant and consistent among models. White areas indicate that the changes are not projected to be larger than could be
expected from natural variability. In general, northern parts of the U.S. (especially the Northeast and Alaska) are projected to receive
more precipitation, while southern parts (especially the Southwest) are projected to receive less. (Figure source: NOAA NCDC /
CICS-NC).
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Climate

sensitivity

“Climate sensitivity” is an important concept because it
helps us estimate how much warming might be expected
for a given increase in the amount of heat-trapping gases.
It is defined as the amount of warming expected if carbon
dioxide (CO2) concentrations doubled from pre-industrial
levels and then remained constant until Earth’s temperature reached a new equilibrium over timescales of centuries to millennia. Climate sensitivity accounts for feedbacks in the climate system that can either dampen or
amplify warming. The feedbacks primarily determining
that response are related to water vapor, ice and snow re8
flectivity, and clouds. Cloud feedbacks have the largest
uncertainty. The net effect of these feedbacks is expected
8
to amplify warming.
Climate sensitivity has long been estimated to be in the
range of 2.7°F to 8.1°F. As discussed in Appendix 3: Climate Science Supplement, recent evidence lends further
confidence in this range.

One important determinant of how much climate will
change is the effect of so-called “feedbacks” in the climate
system, which can either dampen or amplify the initial effect of human influences on temperature. One important
climate feedback is the loss of summer Arctic sea ice, allowing absorption of substantially more of the sun’s heat
in the Arctic, increasing warming, and possibly causing
changes in weather patterns over the United States.
The observed drastic reduction in sea ice can also lead to
a “tipping point” – a point beyond which an abrupt or irreversible transition to a different climatic state occurs. In
this case, the dramatic loss of sea ice could tip the Arctic
Ocean into a permanent, nearly ice-free state in summer,
with repercussions that may extend far beyond the Arctic.
Such potential “tipping points” have been identified in various components of the Earth’s climate system and could
have important effects on future climate. The extent and
magnitude of these potential effects are still unknown.
These are discussed further in the Appendix 4: Frequently
Asked Questions, under Question T.

Key Message 3: Recent U.S. Temperature Trends
U.S. average temperature has increased by 1.3°F to 1.9°F since record keeping
began in 1895; most of this increase has occurred since about 1970. The most
recent decade was the nation’s warmest on record. Temperatures in the United
States are expected to continue to rise. Because human-induced warming
is superimposed on a naturally varying climate, the temperature rise has not
been, and will not be, uniform or smooth across the country or over time.
There have been substantial advances in our understanding of the U.S. temperature record since the 2009
assessment (see Appendix 3: Climate Science, Supplemental Message 7 for more information). These advances confirm that the U.S. annually averaged temperature
1,36,37,38
has increased by 1.3°F to 1.9°F since 1895.
However, this increase was not constant over time. In particular, temperatures generally rose until about 1940,
declined slightly until about 1970, then increased rapidly
thereafter. The year 2012 was the warmest on record for
the contiguous United States. Over shorter time scales
(one to two decades), natural variability can reduce the
rate of warming or even create a temporary cooling (see
Appendix 3: Climate Science, Supplemental Message 3).
The cooling in mid-century that was especially prevalent
over the eastern half of the U.S. may have stemmed
partly from such natural variations and partly from human influences, in particular the cooling effects of sul39
fate particles from coal-burning power plants, before
these sulfur emissions were regulated to address health
and acid rain concerns.

Quantifying u.s.

temperature rise

Quantifying long-term increases of temperature in the U.S. in
a single number is challenging because the increase has not
been constant over time. The increase can be quantified in
a number of ways, but all of them show significant warming
over the U.S. since the instrumental record began in 1895.
For example, fitting a linear trend over the period 1895 to
2012 yields an increase in the range of 1.3 to 1.9°F. Another
approach, comparing the average temperature during the
first decade of record with the average during the last decade
of record, yields a 1.9°F increase. A third approach, calculating the difference between the 1901-1960 average and
the past decade average yields a change of 1.5°F. Thus, the
temperature increase cited in this assessment is described
as 1.3°F to 1.9°F since 1895. Notably, however, the rate of
rise in temperature over the past 4 to 5 decades has been
greater than the rate over earlier decades.
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Observed U.S. Temperature Change

Figure 2.7. The colors on the map show temperature changes over the past 22 years (1991-2012) compared to the 1901-1960
average, and compared to the 1951-1980 average for Alaska and Hawai‘i. The bars on the graphs show the average temperature
changes by decade for 1901-2012 (relative to the 1901-1960 average) for each region. The far right bar in each graph (2000s
decade) includes 2011 and 2012. The period from 2001 to 2012 was warmer than any previous decade in every region. (Figure
source: NOAA NCDC / CICS-NC).

Since 1991, temperatures have averaged 1°F to 1.5°F higher
than 1901-1960 over most of the United States, except for the
Southeast, where the warming has been less than 1°F. On a
seasonal basis, long-term warming has been greatest in winter
and spring.
Warming is ultimately projected for all parts of the nation during this century. In the next few decades, this warming will be
roughly 2°F to 4°F in most areas. By the end of the century,
U.S. warming is projected to correspond closely to the level
of global emissions: roughly 3°F to 5°F under lower emissions
scenarios (B1 or RCP 4.5) involving substantial reductions in
emissions, and 5°F to 10°F for higher emissions scenarios (A2
or RCP 8.5) that assume continued increases in emissions; the
largest temperature increases are projected for the upper Midwest and Alaska.
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Future human-induced warming depends on both past and future emissions of heat-trapping gases and changes in the amount
of particle pollution. The amount of climate change (aside from
natural variability) expected for the next two to three decades
is a combination of the warming already built into the climate
system by the past history of human emissions of heat-trapping
gases, and the expected ongoing increases in emissions of those
gases. However, the magnitude of temperature increases over
the second half of this century, both in the U.S. and globally, will
be primarily determined by the emissions produced now and
over the next few decades, and there are substantial differences
between higher, fossil-fuel intensive scenarios compared to scenarios in which emissions are reduced. The most recent model
projections of climate change due to human activities expand
the range of future scenarios considered (particularly at the lower end), but are entirely consistent with the older model results.
This consistency increases our confidence in the projections.
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Projected Temperature Change

Figure 2.8. Maps show projected change in average surface air temperature in the later part of this century (2071-2099) relative
to the later part of the last century (1970-1999) under a scenario that assumes substantial reductions in heat trapping gases (B1,
left) and a higher emissions scenario that assumes continued increases in global emissions (A2, right). (See Appendix 3: Climate
Science, Supplemental Message 5 for a discussion of temperature changes under a wider range of future scenarios for various
periods of this century). (Figure source: NOAA NCDC / CICS-NC).

Newer

simulations for projected temperature (cmip5 models)
Figure 2.9. The largest uncertainty in
projecting climate change beyond the
next few decades is the level of heattrapping gas emissions. The most recent
model projections (CMIP5) take into
account a wider range of options with
regard to human behavior, including a
lower scenario than has been considered
before (RCP 2.6). This scenario assumes
rapid reductions in emissions – more than
70% cuts from current levels by 2050 and
further large decreases by 2100 – and
the corresponding smaller amount of
warming. On the higher end, the scenarios
include one that assumes continued
increases in emissions (RCP 8.5) and the
corresponding greater amount of warming.
Also shown are temperature changes for
the intermediate scenarios RCP 4.5 (which
is most similar to B1) and RCP 6.0 (which
is most similar to A1B; see Appendix 3:
Climate Science Supplement). Projections
show change in average temperature in
the later part of this century (2071-2099)
relative to the late part of last century
(1970-1999). (Figure source: NOAA NCDC
/ CICS-NC).
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Key Message 4: Lengthening Frost-free Season
The length of the frost-free season (and the corresponding growing season) has
been increasing nationally since the 1980s, with the largest increases occurring
in the western United States, affecting ecosystems and agriculture. Across the
United States, the growing season is projected to continue to lengthen.
The length of the frost-free season (and the corresponding
growing season) is a major determinant of the types of plants
and crops that do well in a particular region. The frost-free sea40
son length has been gradually increasing since the 1980s. The
last occurrence of 32°F in the spring has been occurring earlier
in the year, and the first occurrence of 32°F in the fall has been
happening later. During 1991-2011, the average frost-free season was about 10 days longer than during 1901-1960. These
observed climate changes have been mirrored by changes in
41,42
the biosphere, including increases in forest productivity
and satellite-derived estimates of the length of the growing
43
season. A longer growing season provides a longer period
for plant growth and productivity and can slow the increase
in atmospheric CO2 concentrations through increased CO2
44
uptake by living things and their environment. The longer
growing season can increase the growth of beneficial plants
(such as crops and forests) as well as undesirable ones (such
45
as ragweed). In some cases where moisture is limited, the
greater evaporation and loss of moisture through plant transpiration (release of water from plant leaves) associated with a
longer growing season can mean less productivity because of
46
increased drying and earlier and longer fire seasons.
The lengthening of the frost-free season has been somewhat
1
greater in the western U.S. than the eastern United States,
increasing by 2 to 3 weeks in the Northwest and Southwest,

Projected Changes in Frost-Free

Observed Increase in Frost-Free Season Length

Figure 2.10. The frost-free season length, defined as the
period between the last occurrence of 32°F in the spring
and the first occurrence of 32°F in the fall, has increased in
each U.S. region during 1991-2012 relative to 1901-1960.
Increases in frost-free season length correspond to similar
increases in growing season length. (Figure source: NOAA
NCDC / CICS-NC).

1 to 2 weeks in the Midwest, Great Plains, and Northeast, and
slightly less than 1 week in the Southeast. These differences
mirror the overall trend of
more warming in the north
Season Length
and west and less warming
in the Southeast.

Figure 2.11. The maps show projected increases in frost-free season length for the last three
decades of this century (2070-2099 as compared to 1971-2000) under two emissions scenarios,
one in which heat-trapping gas emissions continue to grow (A2) and one in which emissions
peak in 2050 (B1). Increases in the frost-free season correspond to similar increases in the
growing season. White areas are projected to experience no freezes for 2070-2099, and gray
areas are projected to experience more than 10 frost-free years during the same period. (Figure
source: NOAA NCDC / CICS-NC).
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In a future in which heattrapping gas emissions
continue to grow, increases
of a month or more in the
lengths of the frost-free and
growing seasons are projected across most of the
U.S. by the end of the century, with slightly smaller
increases in the northern
Great Plains. The largest
increases in the frost-free
season (more than 8 weeks)
are projected for the western U.S., particularly in high
elevation and coastal areas.
The increases will be con-
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siderably smaller if heat-trapping gas emissions are reduced,
although still substantial. These increases are projected to be
much greater than the normal year-to-year variability experienced today. The projected changes also imply that the south-

ern boundary of the seasonal freeze zone will move northward, with increasing frequencies of years without subfreezing
temperatures in the most southern parts of the United States.

Key Message 5: U.S. Precipitation Change
Average U.S. precipitation has increased since 1900, but some areas have
had increases greater than the national average, and some areas have
had decreases. More winter and spring precipitation is projected for the
northern United States, and less for the Southwest, over this century.
Since 1900, average annual precipitation over the U.S. has increased by roughly 5%. This increase reflects, in part, the major
droughts of the 1930s and 1950s, which made the early half
of the record drier. There are important regional differences.
For instance, precipitation since 1991 (relative to 1901-1960)
increased the most in the Northeast (8%), Midwest (9%), and
southern Great Plains (8%), while much of the Southeast and
47,48
Southwest had a mix of areas of increases and decreases.

While significant trends in average precipitation have been
detected, the fraction of these trends attributable to human
activity is difficult to quantify at regional scales because the
range of natural variability in precipitation is large. Projected
changes are generally small for central portions of the United
States. However, if emissions of heat-trapping gases continue
their upward trend, certain global patterns of precipitation
change are projected to emerge that will affect northern and

Observed U.S. Precipitation Change

Figure 2.12. The colors on the map show annual total precipitation changes for 1991-2012 compared to the 1901-1960 average,
and show wetter conditions in most areas. The bars on the graphs show average precipitation differences by decade for 1901-2012
(relative to the 1901-1960 average) for each region. The far right bar in each graph is for 2001-2012. (Figure source: adapted from
48
Peterson et al. 2013 ).
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southwestern areas of the United States. The northern U.S.
is projected to experience more precipitation in the winter
and spring (except for the Northwest in the spring), while the
Southwest is projected to experience less, particularly in the
spring. The contrast between wet and dry areas will increase
both in the U.S. and globally – in other words, the wet areas
will get wetter and the dry areas will get drier. As discussed in

Uncertainties

the next section, there has been an increase in the amount of
49
precipitation falling in heavy events and this is projected to
continue.
The projected changes in the northern U.S. are a consequence
of both a warmer atmosphere (which can hold more moisture than a colder one) and associated changes in large-scale

in regional projections

On the global scale, climate model simulations show consistent projections of future conditions under a range of emissions
scenarios. For temperature, all models show warming by late this century that is much larger than historical variations
nearly everywhere. For precipitation, models are in complete agreement in showing decreases in precipitation in
the subtropics and increases in precipitation at higher
latitudes.
Models unequivocally project large and historically unprecedented future warming in every region of the U.S.
under all of the scenarios used in this assessment. The
amount of warming varies substantially between higher
versus lower scenarios, and moderately from model to
model, but the amount of projected warming is larger
than the model-to-model range.
The contiguous U.S. straddles the transition zone between
drier conditions in the sub-tropics (south) and wetter conditions at higher latitudes (north). Because the precise
location of this zone varies somewhat among models, projected changes in precipitation in central areas of the U.S.
range from small increases to small decreases. A clear direction of change only occurs in Alaska and the far north
of the contiguous U.S. where increases are projected and
in the far Southwest where decreases are projected.
Although this means that changes in overall precipitation
are uncertain in many U.S. areas, there is a high degree
of certainty that the heaviest precipitation events will increase everywhere, and by large amounts (Figure 2.13).
This consistent model projection is well understood and is
a direct outcome of the increase in atmospheric moisture
caused by warming. There is also more certainty regarding
dry spells. The annual maximum number of consecutive
dry days is projected to increase in most areas, especially
the southern and northwestern portions of the contiguous
United States. Thus, both extreme wetness and extreme
dryness are projected to increase in many areas.

Figure 2.13. Top panels show simulated changes in the average
amount of precipitation falling on the wettest day of the year for
the period 2070-2099 as compared to 1971-2000 under a scenario
that assumes rapid reductions in emissions (RCP 2.6) and one
that assumes continued emissions increases (RCP 8.5). Bottom
panels show simulated changes in the annual maximum number of
consecutive dry days (days receiving less than 0.04 inches (1 mm)
of precipitation) under the same two scenarios. Simulations are
from CMIP5 models. Stippling indicates areas where changes are
consistent among at least 80% of the models used in this analysis.
(Figure source: NOAA NCDC / CICS-NC).

Modeling methods that downscale (generate higher spatial resolution) climate projections from coarser global
model output can reduce the range of projections to the
extent that they incorporate better representation of certain physical processes (such as the influence of topography and
convection). However, a sizeable portion of the range is a result of the variations in large-scale patterns produced by the
global models and so downscaling methods do not change this.
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weather patterns (which affect where precipitation occurs).
The projected reduction in Southwest precipitation is a result of changes in large-scale weather patterns, including the
northward expansion of the belt of high pressure in the subtropics, which suppresses rainfall. Recent improvements in understanding these mechanisms of change increase confidence
50
in these projections. The patterns of the projected changes
of precipitation resulting from human alterations of the climate are geographically smoother in these maps than what
will actually be observed because: 1) the precise locations of

natural increases and decreases differ from model to model,
and averaging across models smooths these differences; and
2) the resolution of current climate models is too coarse to
capture fine topographic details, especially in mountainous
terrain. Hence, there is considerably more confidence in the
large-scale patterns of change than in local details.
In general, a comparison of the various sources of climate
model data used in this assessment provides a consistent
picture of the large-scale projected precipitation changes

Projected Precipitation Change by Season

Figure 2.14. Projected change in seasonal precipitation for 2071-2099 (compared to 1970-1999) under an emissions scenario that
assumes continued increases in emissions (A2). Hatched areas indicate that the projected changes are significant and consistent
among models. White areas indicate that the changes are not projected to be larger than could be expected from natural variability.
In general, the northern part of the U.S. is projected to see more winter and spring precipitation, while the southwestern U.S. is
projected to experience less precipitation in the spring. (Figure source: NOAA NCDC / CICS-NC).
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across the United States (see “Models Used in the Assessment”). Multi-model average changes in all three of these
sources show a general pattern of wetter future conditions in
the north and drier conditions in the south. The regional suite
generally shows conditions that are somewhat wetter overall
in the wet areas and not as dry in the dry areas. The general
pattern agreement among these three sources, with the wide
variations in their spatial resolution, provides confidence that
this pattern is robust and not sensitive to the limited spatial
resolution of the models. The slightly different conditions in
the North American NARCCAP regional analyses for the U.S.
appear to arise partially or wholly from the choice of the four
CMIP3 global climate models used to drive the regional simulations. These four global models, averaged together, project
average changes that are 2% wetter than the average of the
suite of global models used in CMIP3.

The patterns of precipitation change in the newer CMIP5 simulations are essentially the same as in the earlier CMIP3 and
NARCCAP simulations used in impact analyses throughout this
report, increasing confidence in our scientific understanding.
The subtle differences between these two sets of projections
are mostly due to the wider range of future scenarios considered in the more recent simulations. Thus, the overall picture
remains the same: wetter conditions in the north and drier conditions in the Southwest in winter and spring. Drier conditions
are projected for summer in most areas of the contiguous U.S.
but, outside of the Northwest and south-central region, there
is generally not high confidence that the changes will be large
compared to natural variability. In all models and scenarios,
a transition zone between drier (to the south) and wetter (to
the north) shifts northward from the southern U.S. in winter to
southern Canada in summer. Wetter conditions are projected
for Alaska and northern Canada in all seasons.

Newer simulations for projected precipitation change (cmip5 models)

Figure 2.15. Seasonal precipitation change for 2071-2099 (compared to 1970-1999) as projected by recent simulations that include
a wider range of scenarios. The maps on the left (RCP 2.6) assume rapid reductions in emissions – more than 70% cuts from current
levels by 2050 – and a corresponding much smaller amount of warming and far less precipitation change. On the right, RCP 8.5
assumes continued increases in emissions, with associated large increases in warming and major precipitation changes. These would
include, for example, large reductions in spring precipitation in the Southwest and large increases in the Northeast and Midwest.
Rapid emissions reductions would be required for the more modest changes in the maps on the left. Hatched areas indicate that the
projected changes are significant and consistent among models. White areas indicate that the changes are not projected to be larger
than could be expected from natural variability. (Figure source: NOAA NCDC / CICS-NC).
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Key Message 6: Heavy Downpours Increasing
Heavy downpours are increasing nationally, especially over the last three to five decades.
Largest increases are in the Midwest and Northeast. Increases in the frequency
and intensity of extreme precipitation events are projected for all U.S. regions.
Across most of the United States, the heaviest
rainfall events have become heavier and more frequent. The amount of rain falling on the heaviest
rain days has also increased over the past few decades. Since 1991, the amount of rain falling in very
heavy precipitation events has been significantly
above average. This increase has been greatest in
the Northeast, Midwest, and upper Great Plains
– more than 30% above the 1901-1960 average
(see Figure 2.18). There has also been an increase
in flooding events in the Midwest and Northeast
where the largest increases in heavy rain amounts
have occurred.

Observed U.S. Trend in Heavy Precipitation
Figure 2.16: One measure of
a heavy precipitation event is
a 2-day precipitation total that
is exceeded on average only
once in a five-year period,
also known as a once-in-fiveyear event. As this extreme
precipitation index for 19012012 shows, the occurrence
of such events has become
much more common in
recent decades. Changes are
compared to the period 19011960, and do not include Alaska or Hawai‘i. The 2000s decade (far right bar)
52
includes 2001-2012. (Figure source: adapted from Kunkel et al. 2013 ).

Observed Change in Very Heavy Precipitation

Figure 2.17. Percent changes in the annual amount of precipitation falling in very heavy events, defined as the heaviest 1% of all daily
events from 1901 to 2012 for each region. The far right bar is for 2001-2012. In recent decades there have been increases nationally,
with the largest increases in the Northeast, Great Plains, Midwest, and Southeast. Changes are compared to the 1901-1960 average
for all regions except Alaska and Hawai‘i, which are relative to the 1951-1980 average. (Figure source: NOAA NCDC / CICS-NC).

36

CLIMATE CHANGE IMPACTS IN THE UNITED STATES

2: OUR CHANGING CLIMATE
Warmer air can contain more water vapor than cooler air.
Global analyses show that the amount of water vapor in the at14,51
mosphere has in fact increased over both land and oceans.
Climate change also alters dynamical characteristics of the
atmosphere that in turn affect weather patterns and storms.
In the mid-latitudes, where most of the continental U.S. is located, there is an upward trend in extreme precipitation in the
52
vicinity of fronts associated with mid-latitude storms. Locally,
53
natural variations can also be important.

Observed Change in Very Heavy Precipitation

Projections of future climate over the U.S. suggest that the
recent trend towards increased heavy precipitation events
will continue. This is projected to occur even in regions where
total precipitation is projected to decrease, such as the South52,54,55
west.

Figure 2.18. The map shows percent increases in the amount
of precipitation falling in very heavy events (defined as the
heaviest 1% of all daily events) from 1958 to 2012 for each
region of the continental United States. These trends are larger
than natural variations for the Northeast, Midwest, Puerto Rico,
Southeast, Great Plains, and Alaska. The trends are not larger
than natural variations for the Southwest, Hawai‘i, and the
Northwest. The changes shown in this figure are calculated
from the beginning and end points of the trends for 1958 to
1
2012. (Figure source: updated from Karl et al. 2009 ).

Projected Change in Heavy Precipitation Events

Figure 2.19. Maps show the increase in frequency of extreme daily precipitation events (a daily amount that now occurs once in 20
years) by the later part of this century (2081-2100) compared to the later part of last century (1981-2000). Such extreme events are
projected to occur more frequently everywhere in the United States. Under the rapid emissions reduction scenario (RCP 2.6), these
events would occur nearly twice as often. For the scenario assuming continued increases in emissions (RCP 8.5), these events would
occur up to five times as often. (Figure source: NOAA NCDC / CICS-NC).
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Key Message 7: Extreme Weather

Many more high temperature records are being broken as
compared to low temperature records over the past three to
60
four decades – another indicator of a warming climate. The
number of record low monthly temperatures has declined to
the lowest levels since 1911, while the number of record high
monthly temperatures has increased to the highest level since
the 1930s. During this same period, there has been an increas1
ing trend in persistently high nighttime temperature. There
are various reasons why low temperatures have increased
61
more than high temperatures.
In some areas, prolonged periods of record high temperatures
associated with droughts contribute to dry conditions that are
62
driving wildfires. The meteorological situations that cause
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Heat waves are periods of abnormally hot weather lasting days
48
to weeks. Heat waves have generally become more frequent
across the U.S. in recent decades, with western regions (including Alaska) setting records for numbers of these events in the
2000s. Tree ring data suggests that the drought over the last
decade in the western U.S. represents the driest conditions in
1,56
800 years. Most other regions in the country had their highest number of short-duration heat waves in the 1930s, when
the multi-year severe drought of the Dust Bowl period, com57
bined with deleterious land-use practices, contributed to the
intense summer heat through depletion of soil moisture and
58
reduction of the moderating effects of evaporation. However, the recent prolonged (multi-month) extreme heat has been
unprecedented since the start of reliable instrumental records
in 1895. The recent heat waves and droughts in Texas (2011)
and the Midwest (2012) set records for highest monthly average temperatures, exceeding in some cases records set in the
1930s, including the highest monthly contiguous U.S. temperature on record (July 2012, breaking the July 1936 record) and
the hottest summers on record in several states (New Mexico,
Texas, Oklahoma, and Louisiana in 2011 and Colorado and
Wyoming in 2012). For the spring and summer months, 2012
had the second largest area of record-setting monthly average
temperatures, including a 26-state area from Wyoming to the
East Coast. The summer (June-August) temperatures of 2012
ranked in the hottest 10% of the 118-year period of record in
28 states covering the Rocky Mountain states, the Great Plains,
the Upper Midwest, and the Northeast. The new records included both hot daytime maximum temperatures and warm
59
nighttime minimum temperatures. Corresponding with this
increase in extreme heat, the number of extreme cold waves
has reached the lowest levels on record (since 1895).

©Bill Ross/Corbis

There have been changes in some types of extreme weather events over the last several
decades. Heat waves have become more frequent and intense, especially in the West. Cold
waves have become less frequent and intense across the nation. There have been regional
trends in floods and droughts. Droughts in the Southwest and heat waves everywhere
are projected to become more intense, and cold waves less intense everywhere.

heat waves are a natural part of the climate system. Thus
the timing and location of individual events may be largely a
natural phenomenon, although even these may be affected by
63
human-induced climate change. However, there is emerging
evidence that most of the increases of heat wave severity over
64
the U.S. are likely due to human activity, with a detectable
human influence in recent heat waves in the southern Great
1,65
7,62
60,66,67
Plains as well as in Europe and Russia.
The summer
2011 heat wave and drought in Texas was primarily driven by
precipitation deficits, but the human contribution to climate
change approximately doubled the probability that the heat
68
was record-breaking. So while an event such as this Texas
heat wave and drought could be triggered by a naturally occurring event such as a deficit in precipitation, the chances for
record-breaking temperature extremes has increased and will
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continue to increase as the global climate warms. Generally,
the changes in climate are increasing the likelihood for these
types of severe events.
The number of extremely hot days is projected to continue
to increase over much of the United States, especially by late
century. Summer temperatures are projected to continue rising, and a reduction of soil moisture, which exacerbates heat
waves, is projected for much of the western and central U.S. in
summer. Climate models project that the same summertime

temperatures that ranked among the hottest 5% in 1950-1979
will occur at least 70% of the time by 2035-2064 in the U.S. if
global emissions of heat-trapping gases continue to grow (as in
67
the A2 scenario). By the end of this century, what have previously been once-in-20-year extreme heat days (1-day events)
are projected to occur every two or three years over most of
69,70
the nation.
In other words, what now seems like an extremely hot day will become commonplace.

Projected Temperature Change of Hottest and Coldest Days

Figure 2.20. Change in surface air temperature at the end of this century (2081-2100) relative to the turn of the last century (1986-2005)
on the coldest and hottest days under a scenario that assumes a rapid reduction in heat trapping gases (RCP 2.6) and a scenario
that assumes continued increases in these gases (RCP 8.5). This figure shows estimated changes in the average temperature of
the hottest and coldest days in each 20-year period. In other words, the hottest days will get even hotter, and the coldest days will
be less cold. (Figure source: NOAA NCDC / CICS-NC).

39

CLIMATE CHANGE IMPACTS IN THE UNITED STATES

2: OUR CHANGING CLIMATE
There are significant trends
in the magnitude of river
flooding in many parts of the
United States. When averaged over the entire nation,
however, the increases and
decreases cancel each other
out and show no national
71
level trend. River flood
magnitudes have decreased
in the Southwest and increased in the eastern Great
Plains, parts of the Midwest,
and from the northern Appa48
lachians into New England.
Figure 2.21 shows increasing
trends in floods in green and
decreasing trends in brown.
The magnitude of these
trends is illustrated by the
size of the triangles.

Trends in Flood Magnitude

Figure 2.21. Trend magnitude (triangle size) and direction (green = increasing trend, brown =
decreasing trend) of annual flood magnitude from the 1920s through 2008. Local areas can be
affected by land-use change (such as dams). Most significant are the increasing trend for floods in
the Midwest and Northeast and the decreasing trend in the Southwest. (Figure source: Peterson
48
et al. 2013 ).

These regional river flood
trends are qualitatively consistent with trends in climate
conditions associated with
flooding. For example, average annual precipitation has increased in the Midwest and
48
Northeast and decreased in the Southwest (Figure 2.12). Recent soil moisture trends show general drying in the Southwest
and moistening in the Northeast and northern Great Plains and
Midwest (Ch 3: Water, Figure 3.2). These trends are in general
agreement with the flood trends. Although there is a strong
national upward trend in extreme precipitation and not in river
flooding, the regional variations are similar. Extreme precipitation has been increasing strongly in the Great Plains, Midwest,
and Northeast, where river flooding increases have been observed, and there is little trend in the Southwest, where river
flooding has decreased. An exact correspondence is not necessarily expected since the seasonal timing of precipitation
events makes a difference in whether river flooding occurs.
The increase in extreme precipitation events has been concen52
trated in the summer and fall when soil moisture is seasonally low and soils can absorb a greater fraction of rainfall. By
contrast, many of the annual flood events occur in the spring
when soil moisture is high. Thus, additional extreme rainfall
events in summer and fall may not create sufficient runoff for
the resulting streamflow to exceed spring flood magnitudes.
However, these extreme precipitation events are often associated with local flash floods, a leading cause of death due to
weather events (see “Flood Factors and Flood Types” in Ch. 3:
Water).
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Research into the effects of human-induced climate change on
flood events is relatively new. There is evidence of a detectable human influence in recent flooding events in England and
13
Wales and in other specific events around the globe during
48
2011. In general, heavier rains lead to a larger fraction of
rainfall running off and, depending on the surface conditions,
more potential for flooding.
Higher temperatures lead to increased rates of evaporation,
including more loss of moisture through plant leaves. Even in
areas where precipitation does not decrease, these increases
in surface evaporation and loss of water from plants lead to
more rapid drying of soils if the effects of higher temperatures
are not offset by other changes (such as in wind speed or hu72
midity). As soil dries out, a larger proportion of the incoming heat from the sun goes into heating the soil and adjacent
air rather than evaporating its moisture, resulting in hotter
73
summers under drier climatic conditions. Under higher emissions scenarios, widespread drought is projected to become
more common over most of the central and southern United
56,74,75,76,77
States.
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Projected Changes in Soil Moisture for the Western U.S.
Figure 2.22. Average change in
soil moisture compared to 19712000, as projected for the middle
of this century (2041-2070) and
late this century (2071-2100) under
two emissions scenarios, a lower
scenario (B1) and a higher scenario
75,77
(A2).
The future drying of soils
in most areas simulated by this
sophisticated hydrologic model
(Variable Infiltration Capacity or VIC
model) is consistent with the future
drought increases using the simpler
Palmer Drought Severity Index
(PDSI) metric. Only the western
U.S. is displayed because model
simulations were only run for this
area. (Figure source: NOAA NCDC
/ CICS-NC).

Key Message 8: Changes in Hurricanes
The intensity, frequency, and duration of North Atlantic hurricanes, as well as
the frequency of the strongest (Category 4 and 5) hurricanes, have all increased
since the early 1980s. The relative contributions of human and natural causes
to these increases are still uncertain. Hurricane-associated storm intensity and
rainfall rates are projected to increase as the climate continues to warm.
There has been a substantial increase in most measures of
Atlantic hurricane activity since the early 1980s, the period
78,79
during which high-quality satellite data are available.
These
include measures of intensity, frequency, and duration as well
as the number of strongest (Category 4 and 5) storms. The ability to assess longer-term trends in hurricane activity is limited
by the quality of available data. The historic record of Atlantic
hurricanes dates back to the mid-1800s, and indicates other
decades of high activity. However, there is considerable uncertainty in the record prior to the satellite era (early 1970s),
and the further back in time one goes, the more uncertain the
79
record becomes.
The recent increases in activity are linked, in part, to higher
sea surface temperatures in the region that Atlantic hurricanes
form in and move through. Numerous factors have been shown
to influence these local sea surface temperatures, including
natural variability, human-induced emissions of heat-trapping
gases, and particulate pollution. Quantifying the relative con-
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tributions of natural and human-caused factors is an active
focus of research. Some studies suggest that natural variability, which includes the Atlantic Multidecadal Oscillation, is the
dominant cause of the warming trend in the Atlantic since the
80,81
1970s,
while others argue that human-caused heat-trap82
ping gases and particulate pollution are more important.
Hurricane development, however, is influenced by more than
just sea surface temperature. How hurricanes develop also
depends on how the local atmosphere responds to changes
in local sea surface temperatures, and this atmospheric re83
sponse depends critically on the cause of the change. For
example, the atmosphere responds differently when local sea
surface temperatures increase due to a local decrease of particulate pollution that allows more sunlight through to warm
the ocean, versus when sea surface temperatures increase
more uniformly around the world due to increased amounts
80,84
of human-caused heat-trapping gases.
So the link between
hurricanes and ocean temperatures is complex. Improving our
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Observed Trends in Hurricane Power Dissipation

Figure 2.23. Recent variations of the Power Dissipation Index (PDI) in the North Atlantic and eastern North Pacific Oceans.
PDI is an aggregate of storm intensity, frequency, and duration and provides a measure of total hurricane power over
a hurricane season. There is a strong upward trend in Atlantic PDI, and a downward trend in the eastern North Pacific,
both of which are well-supported by the reanalysis. Separate analyses (not shown) indicate a significant increase in
the strength and in the number of the strongest hurricanes (Category 4 and 5) in the North Atlantic over this same time
92
period. The PDI is calculated from historical data (IBTrACS ) and from reanalyses using satellite data (UW/NCDC &
93,94
ADT-HURSAT
). IBTrACS is the International Best Track Archive for Climate Stewardship, UW/NCDC is the University
of Wisconsin/NOAA National Climatic Data Center satellite-derived hurricane intensity dataset, and ADT-HURSAT is the
93
Advanced Dvorak Technique–Hurricane Satellite dataset (Figure source: adapted from Kossin et al. 2007 ).

understanding of the relationships between warming tropical
oceans and tropical cyclones is another active area of research.

Other measures of Atlantic storm activity are projected to
87,90,91
change as well.
By late this century, models, on average, project a slight decrease in the annual number of tropical cyclones, but an increase in the number of
the strongest (Category 4 and 5) hurricanes.
These projected changes are based on an average of projections from a number of individual models, and they represent the most likely
outcome. There is some uncertainty in this as
the individual models do not always agree on
the amount of projected change, and some
models may project an increase where others
project a decrease. The models are in better
agreement when projecting changes in hurricane precipitation – almost all existing studies
project greater rainfall rates in hurricanes in
a warmer climate, with projected increases of
about 20% averaged near the center of hurricanes.
NOAA Environmental Visualization Lab

Changes in the average length and positions of Atlantic storm
85
tracks are also associated with regional climate variability.
The locations and frequency of storms striking land have been
argued to vary in opposing ways than basin-wide frequency.
For example, fewer storms have been observed to strike land
during warmer years even though overall activity is higher than

86

average, which may help to explain the lack of any clear trend
87,88
in landfall frequency along the U.S. eastern and Gulf coasts.
Climate models also project changes in hurricane tracks and
89
where they strike land. The specific characteristics of the
changes are being actively studied.

North Atlantic hurricanes have increased in intensity, frequency, and duration since
the early 1980s.
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Key Message 9: Changes in Storms
Winter storms have increased in frequency and intensity since the 1950s, and
their tracks have shifted northward over the United States. Other trends in severe
storms, including the intensity and frequency of tornadoes, hail, and damaging
thunderstorm winds, are uncertain and are being studied intensively.
Trends in the occurrences of storms, ranging from severe thunderstorms to winter storms to hurricanes, are subject to much
greater uncertainties than trends in temperature and variables
that are directly related to temperature (such as snow and ice
cover, ocean heat content, and sea level). Recognizing that the
impacts of changes in the frequency and intensity of these
storms can easily exceed the impacts of changes in average

temperature or precipitation, climate scientists are actively researching the connections between climate change and severe
storms. There has been a sizeable upward trend in the number
95
of storms causing large financial and other losses. However,
there are societal contributions to this trend, such as increases
52
in population and wealth.

Severe Convective Storms
Tornadoes and other severe thunderstorm phenomena frequently cause as much annual property damage in the U.S. as
do hurricanes, and often cause more deaths. Recent research
has yielded insights into the connections between global
warming and the factors that cause tornadoes and severe

thunderstorms (such as atmospheric instability and increases
96
in wind speed with altitude ). Although these relationships
are still being explored, a recent study suggests a projected
increase in the frequency of conditions favorable for severe
97
thunderstorms.

Winter Storms
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years, although the Northeast has been seeing a normal num105
ber of such winters. Heavier-than-normal snowfalls recently
observed in the Midwest and Northeast U.S. in some years,
with little snow in other years, are consistent with indications
of increased blocking (a large scale pressure pattern with little
or no movement) of the wintertime circulation of the Northern
106
Hemisphere. However, conclusions about trends in blocking
107
have been found to depend on the method of analysis, so
the assessment and attribution of trends in blocking remains
an active research area. Overall snow cover has decreased in
the Northern Hemisphere, due in part to higher temperatures
108
that shorten the time snow spends on the ground.

© John Zich/zrImages/Corbis

© Roger Hill/ /Science Photo Library/Corbis

For the entire Northern Hemisphere, there is evidence of an
increase in both storm frequency and intensity during the cold
98
season since 1950, with storm tracks having shifted slightly
99,100
towards the poles.
Extremely heavy snowstorms increased
in number during the last century in northern and eastern
parts of the United States, but have been less frequent since
52,101
2000.
Total seasonal snowfall has generally decreased in
102
southern and some western areas, increased in the northern
102,103
Great Plains and Great Lakes region,
and not changed in
other areas, such as the Sierra Nevada, although snow is melting earlier in the year and more precipitation is falling as rain
104
versus snow. Very snowy winters have generally been decreasing in frequency in most regions over the last 10 to 20
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Variation of Storm Frequency and Intensity
during the Cold Season (November – March)

Figure 2.24. Variation of winter storm frequency and intensity during the cold season (NovemberMarch) for high latitudes (60-90°N) and mid-latitudes (30-60°N) of the Northern Hemisphere over
the period 1949-2010. The bar for each decade represents the difference from the long-term
average. Storm frequencies have increased in middle and high latitudes, and storm intensities
109
have increased in middle latitudes. (Figure source: updated from CCSP 2008 ).

Key Message 10: Sea Level Rise
Global sea level has risen by about 8 inches since reliable record keeping
began in 1880. It is projected to rise another 1 to 4 feet by 2100.
The oceans are absorbing over 90% of the increased atmo110
spheric heat associated with emissions from human activity.
Like mercury in a thermometer, water expands as it warms up
(this is referred to as “thermal expansion”) causing sea levels
to rise. Melting of glaciers and ice sheets is also contributing to
111
sea level rise at increasing rates.
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Since the late 1800s, tide gauges throughout the world have
shown that global sea level has risen by about 8 inches. A
new data set (Figure 2.25) shows that this recent rise is much
112
greater than at any time in at least the past 2000 years. Since
1992, the rate of global sea level rise measured by satellites has
been roughly twice the rate observed over the last century,
113
providing evidence of additional acceleration.
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Projecting future rates of sea level rise is challenging. Even the most sophisticated climate models,
which explicitly represent Earth’s physical processes, cannot simulate rapid changes in ice sheet
dynamics, and thus are likely to underestimate
future sea level rise. In recent years, “semi-empirical” methods have been developed to project
future rates of sea level rise based on a simple statistical relationship between past rates of globally
averaged temperature change and sea level rise.
These models suggest a range of additional sea
level rise from about 2 feet to as much as 6 feet by
114,115,116,117
2100, depending on emissions scenario.
It is not clear, however, whether these statistical
relationships will hold in the future, or that they
118
fully explain historical behavior. Regardless of
the amount of change by 2100, however, sea level
rise is expected to continue well beyond this century as a result of both past and future emissions
from human activities.

North Atlantic Sea Level Change

Figure 2.25. Sea level change in the North Atlantic Ocean relative to the
112
year 2000 based on data collected from North Carolina (red line, pink
band shows the uncertainty range) compared with a reconstruction of global
127
sea level rise based on tide gauge data from 1750 to present (blue line).
112
(Figure source: Adapted from Kemp et al. 2011 ).

Scientists are working to narrow the range of sea level rise
projections for this century. Recent projections show that for
even the lowest emissions scenarios, thermal expansion of
119
120
ocean waters and the melting of small mountain glaciers
will result in 11 inches of sea level rise by 2100, even without
any contribution from the ice sheets in Greenland and Antarctica. This suggests that about 1 foot of global sea level rise
by 2100 is probably a realistic low end. On the high end, re22,115,121
cent work suggests that 4 feet is plausible.
In the context of risk-based analysis, some decision makers may wish to
use a wider range of scenarios, from 8 inches to 6.6 feet by
122,123
2100.
In particular, the high end of these scenarios may
be useful for decision makers with a low tolerance for risk (see
122,123
Figure 2.26 on global sea level rise).
Although scientists
cannot yet assign likelihood to any particular scenario, in gen-

eral, higher emissions scenarios that lead to more warming
would be expected to lead to higher amounts of sea level rise.
Nearly 5 million people in the U.S. live within 4 feet of the local high-tide level (also known as mean higher high water). In
the next several decades, storm surges and high tides could
combine with sea level rise and land subsidence to further in124
crease flooding in many of these regions. Sea level rise will
not stop in 2100 because the oceans take a very long time to
respond to warmer conditions at the Earth’s surface. Ocean
waters will therefore continue to warm and sea level will continue to rise for many centuries at rates equal to or higher
125
than that of the current century. In fact, recent research
has suggested that even present day carbon dioxide levels
are sufficient to cause Greenland to melt completely over the
126
next several thousand years.

Past and Projected Changes in Global Sea Level Rise
Figure 2.26. Estimated, observed, and possible future
amounts of global sea level rise from 1800 to 2100,
112
relative to the year 2000. Estimates from proxy data
(for example, based on sediment records) are shown
in red (1800-1890, pink band shows uncertainty), tide
113
gauge data are shown in blue for 1880-2009, and
satellite observations are shown in green from 1993 to
128
2012.
The future scenarios range from 0.66 feet to
123
6.6 feet in 2100. These scenarios are not based on
climate model simulations, but rather reflect the range of
possible scenarios based on other scientific studies. The
orange line at right shows the currently projected range
of sea level rise of 1 to 4 feet by 2100, which falls within
the larger risk-based scenario range. The large projected
range reflects uncertainty about how glaciers and ice
sheets will react to the warming ocean, the warming
atmosphere, and changing winds and currents. As seen
in the observations, there are year-to-year variations in the
123
trend. (Figure source: Adapted from Parris et al. 2012,
with contributions from NASA Jet Propulsion Laboratory).
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Key Message 11: Melting Ice
Rising temperatures are reducing ice volume and surface extent on land,
lakes, and sea. This loss of ice is expected to continue. The Arctic Ocean is
expected to become essentially ice free in summer before mid-century.
Rising temperatures across the U.S. have reduced lake ice,
sea ice, glaciers, and seasonal snow cover over the last few
111
decades. In the Great Lakes, for example, total winter ice
172
coverage has decreased by 63% since the early 1970s. This
includes the entire period since satellite data became available. When the record is extended back to 1963 using pre129
satellite data, the overall trend is less negative because the
Great Lakes region experienced several extremely cold winters
in the 1970s.
Sea ice in the Arctic has also decreased dramatically since the
late 1970s, particularly in summer and autumn. Since the satellite record began in 1978, minimum Arctic sea ice extent (which
occurs in early to mid-September) has decreased by more than
131
40%. This decline is unprecedented in the historical record,
and the reduction of ice volume and thickness is even greater.
Ice thickness decreased by more than 50% from 1958-1976 to
132
2003-2008, and the percentage of the March ice cover made
up of thicker ice (ice that has survived a summer melt season)
133
decreased from 75% in the mid-1980s to 45% in 2011. Recent
analyses indicate a decrease of 36% in autumn sea ice volume
134
over the past decade. The 2012 sea ice minimum broke the preceding record (set in 2007)
by more than 200,000 square miles. Ice loss
increases Arctic warming by replacing white,
reflective ice with dark water that absorbs
more energy from the sun. More open water
can also increase snowfall over northern land
135
areas and increase the north-south meanders of the jet stream, consistent with the occurrence of unusually cold and snowy winters
106,135
at mid-latitudes in several recent years.
Significant uncertainties remain at this time in
interpreting the effect of Arctic ice changes on
107
mid-latitudes.
The loss of sea ice has been greater in summer
than in winter. The Bering Sea, for example, has
sea ice only in the winter-spring portion of the
year, and shows no trend in surface area covered by ice over the past 30 years. However,
seasonal ice in the Bering Sea and elsewhere in
the Arctic is thin and susceptible to rapid melt
during the following summer.
The seasonal pattern of observed loss of Arctic
sea ice is generally consistent with simulations
by global climate models, in which the extent
of sea ice decreases more rapidly in summer

than in winter. However, the models tend to underestimate the
amount of decrease since 2007. Projections by these models
indicate that the Arctic Ocean is expected to become essentially ice-free in summer before mid-century under scenarios
that assume continued growth in global emissions, although
136,137
sea ice would still form in winter.
Models that best match
historical trends project a nearly sea ice-free Arctic in summer
138
by the 2030s, and extrapolation of the present observed
139
trend suggests an even earlier ice-free Arctic in summer.
However, even during a long-term decrease, occasional temporary increases in Arctic summer sea ice can be expected
over timescales of a decade or so because of natural variabil140
ity. The projected reduction of winter sea ice is only about
141
10% by 2030, indicating that the Arctic will shift to a more
seasonal sea ice pattern. While this ice will be thinner, it will
cover much of the same area now covered by sea ice in winter.
While the Arctic is an ocean surrounded by continents, Antarctica is a continent surrounded by ocean. Nearly all of the sea
ice in the Antarctic melts each summer, and changes there are
more complicated than in the Arctic. While Arctic sea ice has

Ice Cover in the Great Lakes

Figure 2.27. Bars show decade averages of annual maximum Great Lakes ice
coverage from the winter of 1962-1963, when reliable coverage of the entire
Great Lakes began, to the winter of 2012-2013. Bar labels indicate the end
year of the winter; for example, 1963-1972 indicates the winter of 1962-1963
through the winter of 1971-1972. Only the most recent period includes the
130
eleven years from 2003 to 2013. (Data updated from Bai and Wang, 2012 ).
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Decline in Arctic Sea Ice Extent

Figure 2.28. Summer Arctic sea ice has declined dramatically since satellites began measuring it in 1979. The extent of sea ice in
September 2012, shown in white in the top figure, was more than 40% below the median for 1979-2000. The graph on the bottom
left shows annual variations in September Arctic sea ice extent for 1979-2013. It is also notable that the ice has become much
111
thinner in recent years, so its total volume (bottom right) has declined even more rapidly than the extent. (Figure and data from
National Snow and Ice Data Center).

been strongly decreasing, there has been a slight increase in
142
sea ice in Antarctica. Explanations for this include changes
in winds that directly affect ice drift as well as the properties
143
of the surrounding ocean, and that winds around Antarctica
144
may have been affected by stratospheric ozone depletion.
Snow cover on land has decreased over the past several de145
146
cades, especially in late spring. Each of five recent years
(2008-2012) has set a new record for minimum snow extent
in June in Eurasia, as did three of those five years in North
America.
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The surface of the Greenland Ice Sheet has been experiencing
summer melting over increasingly large areas during the past
several decades. In the decade of the 2000s, the daily melt area
summed over the warm season was double the corresponding
147
amounts of the 1970s, culminating in summer surface melt
that was far greater (97% of the Greenland Ice Sheet area) in
2012 than in any year since the satellite record began in 1979.
More importantly, the rate of mass loss from the Greenland
Ice Sheet’s marine-terminating outlet glaciers has accelerated
in recent decades, leading to predictions that the proportion
of global sea level rise coming from Greenland will continue
148
to increase. Glaciers terminating on ice shelves and on land
are also losing mass, but the rate of loss has not accelerated
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over the past decade. As discussed in Key
Message 10, the dynamics of the Greenland
Ice Sheet are generally not included in present global climate models and sea level rise
projections.

Projected Arctic Sea Ice Decline

Glaciers are retreating and/or thinning in
Alaska and in the lower 48 states. In addition, permafrost temperatures are increasing over Alaska and much of the Arctic.
Regions of discontinuous permafrost in
interior Alaska (where annual average soil
temperatures are already close to 32°F) are
highly vulnerable to thaw. Thawing permafrost releases carbon dioxide and methane
– heat-trapping gases that contribute to
even more warming. Recent estimates suggest that the potential release of carbon
from permafrost soils could add as much
150
as 0.4ºF to 0.6ºF of warming by 2100.
Figure 2.29. Model simulations of Arctic sea ice extent for September (1900-2100)
Methane emissions have been detected
based on observed concentrations of heat-trapping gases and particles (through
from Alaskan lakes underlain by perma2005) and four scenarios. Colored lines for RCP scenarios are model averages
151
frost, and measurements suggest poten(CMIP5) and lighter shades of the line colors denote ranges among models for
tially even greater releases from thawing
each scenario. Dotted gray line and gray shading denotes average and range of
methane hydrates in the Arctic continental
the historical simulations through 2005. The thick black line shows observed data
152
for 1953-2012. These newer model (CMIP5) simulations project more rapid sea ice
shelf of the East Siberian Sea. However,
loss compared to the previous generation of models (CMIP3) under similar forcing
the response times of Arctic methane hyscenarios, although the simulated September ice losses under all scenarios still
drates to climate change are quite long
lag the observed loss of the past decade. Extrapolation of the present observed
139
relative to methane’s lifetime in the atmotrend suggests an essentially ice-free Arctic in summer before mid-century. The
153
sphere (about a decade). More generally,
Arctic is considered essentially ice-free when the areal extent of ice is less than
136
the importance of Arctic methane sources
one million square kilometers. (Figure source: adapted from Stroeve et al. 2012 ).
relative to other methane sources, such as
wetlands in warmer climates, is largely unknown. The potential for a self-reinforcing feedback between ing. The projections of future climate shown throughout this
permafrost thawing and additional warming contributes addi- report do not include the additional increase in temperature
tional uncertainty to the high end of the range of future warm- associated with this thawing.

Key Message 12: Ocean Acidification
The oceans are currently absorbing about a quarter of the carbon dioxide
emitted to the atmosphere annually and are becoming more acidic as a result,
leading to concerns about intensifying impacts on marine ecosystems.
As human-induced emissions of carbon dioxide (CO2) build up
in the atmosphere, excess CO2 is dissolving into the oceans
where it reacts with seawater to form carbonic acid, lowering
ocean pH levels (“acidification”) and threatening a number of
154
marine ecosystems. Currently, the oceans absorbs about a
155
quarter of the CO2 humans produce every year. Over the
last 250 years, the oceans have absorbed 560 billion tons of
156,157,158
CO2, increasing the acidity of surface waters by 30%.
Although the average oceanic pH can vary on interglacial tim156
escales, the current observed rate of change is roughly 50
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159,160

times faster than known historical change.
Regional fac161
tors such as coastal upwelling, changes in discharge rates
162
163
164
from rivers and glaciers, sea ice loss, and urbanization
have created “ocean acidification hotspots” where changes
are occurring at even faster rates.
The acidification of the oceans has already caused a suppression of carbonate ion concentrations that are critical for marine
calcifying animals such as corals, zooplankton, and shellfish.
Many of these animals form the foundation of the marine food
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web. Today, more than a billion people
worldwide rely on food from the ocean
as their primary source of protein. Ocean
acidification puts this important resource
at risk.

As Oceans Absorb CO2, They Become More Acidic

Observations have shown that the northeastern Pacific Ocean, including the Arctic
and sub-Arctic seas, is particularly susceptible to significant shifts in pH and calcium
carbonate saturation levels. Recent analyses show that large areas of the oceans
157,165
along the U.S. west coast,
the Bering
158,166
Sea, and the western Arctic Ocean
will become difficult for calcifying animals
within the next 50 years. In particular, animals that form calcium carbonate shells,
including corals, crabs, clams, oysters, and
tiny free-swimming snails called pteropods, could be particularly vulnerable,
167,168,169
especially during the larval stage.
Projections indicate that in higher emisFigure 2.30. The correlation between rising levels of CO2 in the atmosphere (red) at
sions pathways, such as SRES A2 or RCP
Mauna Loa and rising CO2 levels (blue) and falling pH (green) in the nearby ocean
at Station Aloha. As CO2 accumulates in the ocean, the water becomes more acidic
8.5, current pH could be reduced from the
157
(the pH declines). (Figure source: modified from Feely et al. 2009 ).
current level of 8.1 to as low as 7.8 by the
158
end of the century. Such large changes
in ocean pH have probably not been experienced on the planet for the past 100 million years, and it
is unclear whether and how quickly ocean life could adapt to
159
such rapid acidification.

Shells Dissolve in Acidified Ocean Water

Figure 2.31. Pteropods, or “sea butterflies,” are free-swimming sea snails about the size of a small pea. Pteropods
are eaten by marine species ranging in size from tiny krill to whales and are an important source of food for North
Pacific juvenile salmon. The photos above show what happens to a pteropod’s shell in seawater that is too acidic.
The left panel shows a shell collected from a live pteropod from a region in the Southern Ocean where acidity is
not too high. The shell on the right is from a pteropod collected in a region where the water is more acidic (Photo
168
credits: (left) Bednaršek et al. 2012; (right) Nina Bednaršek).
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SUPPLEMENTAL MATERIAL
TRACEABLE ACCOUNTS

Process for Developing Key Messages
Development of the key messages involved discussions of the lead
authors and accompanying analyses conducted via one in-person
meeting plus multiple teleconferences and email exchanges from
February thru September 2012. The authors reviewed 80 technical inputs provided by the public, as well as other published
literature, and applied their professional judgment.
Key message development also involved the findings from four special workshops that related to the latest scientific understanding
of climate extremes. Each workshop had a different theme related
to climate extremes, had approximately 30 attendees (the CMIP5
meeting had more than 100), and the workshops resulted in a pa55
per. The first workshop was held in July 2011, titled Monitoring
52
Changes in Extreme Storm Statistics: State of Knowledge. The
second was held in November 2011, titled Forum on Trends and
Causes of Observed Changes in Heatwaves, Coldwaves, Floods,
48
and Drought. The third was held in January 2012, titled Forum
on Trends in Extreme Winds, Waves, and Extratropical Storms
98
along the Coasts. The fourth, the CMIP5 results workshop, was
held in March 2012 in Hawai‘i, and resulted in an analysis of
55
CMIP5 results relative to climate extremes in the United States.
The Chapter Author Team’s discussions were supported by targeted consultation with additional experts. Professional expertise and
judgment led to determining “key vulnerabilities.” A consensusbased approach was used for final key message selection.

K ey message #1 Traceable Account
Global climate is changing and this change is apparent across a wide range of observations. The
global warming of the past 50 years is primarily due
to human activities.
Description of evidence base
The key message and supporting text summarizes extensive
evidence documented in the climate science literature. Technical
Input reports (82) on a wide range of topics were also reviewed;
they were received as part of the Federal Register Notice
solicitation for public input.

Evidence for changes in global climate arises from multiple
analyses of data from in-situ, satellite, and other records
3
undertaken by many groups over several decades. Changes
in the mean state have been accompanied by changes in the
4
frequency and nature of extreme events. A substantial body of
analysis comparing the observed changes to a broad range of
climate simulations consistently points to the necessity of invoking
human-caused changes to adequately explain the observed
5,7
climate system behavior. The influence of human impacts on the
climate system has also been observed in a number of individual
6,12,13,14,15,16,17
climate variables.
A discussion of the slowdown in
temperature increase with associated references (for example,
19,27
Balmaseda et al. 2013; Easterling and Wehner 2009
) is
included in the chapter.
The Climate Science Supplement Appendix provides further
discussion of types of emissions or heat-trapping gases and
particles, and future projections of human-related emissions.
Supplemental Message 4 of the Appendix provides further details
on attribution of observed climate changes to human influence.
New information and remaining uncertainties
Key remaining uncertainties relate to the precise magnitude and
nature of changes at global, and particularly regional, scales,
and especially for extreme events and our ability to simulate and
attribute such changes using climate models. Innovative new
approaches to climate data analysis, continued improvements in
climate modeling, and instigation and maintenance of reference
quality observation networks such as the U.S. Climate Reference
Network (http://www.ncdc.noaa.gov/crn/) all have the potential to
reduce uncertainties.
Assessment of confidence based on evidence
There is very high confidence that global climate is changing and
this change is apparent across a wide range of observations, given
the evidence base and remaining uncertainties. All observational
evidence is consistent with a warming climate since the late
1800s.
There is very high confidence that the global climate change of
the past 50 years is primarily due to human activities, given the
evidence base and remaining uncertainties. Recent changes have
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been consistently attributed in large part to human factors across
a very broad range of climate system characteristics.

Confidence Level
Very High

K ey message #2 Traceable Account

Strong evidence (established
theory, multiple sources, consistent
results, well documented and
accepted methods, etc.), high
consensus

Global climate is projected to continue to change
over this century and beyond. The magnitude of
climate change beyond the next few decades depends primarily on the amount of heat-trapping gases emitted globally, and how sensitive the Earth’s
climate is to those emissions.

High
Moderate evidence (several sources, some consistency, methods
vary and/or documentation limited,
etc.), medium consensus

Description of evidence base
The key message and supporting text summarizes extensive
evidence documented in the climate science peer-reviewed
literature. Technical Input reports (82) on a wide range of topics
were also reviewed; they were received as part of the Federal
Register Notice solicitation for public input.

Medium
Suggestive evidence (a few
sources, limited consistency, models incomplete, methods emerging,
etc.), competing schools of thought
Low

Evidence of continued global warming is based on past observations
of climate change and our knowledge of the climate system’s
response to heat-trapping gases. Models have projected increased
8,32,33
temperature under a number of different scenarios.

Inconclusive evidence (limited
sources, extrapolations, inconsistent findings, poor documentation
and/or methods not tested, etc.),
disagreement or lack of opinions
among experts

8

That the planet has warmed is “unequivocal,” and is corroborated
though multiple lines of evidence, as is the conclusion that the
causes are very likely human in origin (see also Appendices 3
and 4). The evidence for future warming is based on fundamental
understanding of the behavior of heat-trapping gases in the
atmosphere. Model simulations provide bounds on the estimates
of this warming.
New information and remaining uncertainties
1
The trends described in the 2009 report have continued, and our
understanding of the data and ability to model the many facets of
the climate system have increased substantially.
There are several major sources of uncertainty in making
projections of climate change. The relative importance of these
changes over time.
In the next few decades, the effects of natural variability will be
an important source of uncertainty for climate change projections.
Uncertainty in future human emissions becomes the largest
source of uncertainty by the end of this century.
Uncertainty in how sensitive the climate is to increased
concentrations of heat-trapping gases is especially important
beyond the next few decades. Recent evidence lends further
confidence about climate sensitivity (see Appendix 3: Climate
Science Supplement).

Uncertainty in natural climate drivers, for example how much solar
output will change over this century, also affects the accuracy of
projections.
Assessment of confidence based on evidence
Given the evidence base and remaining uncertainties, confidence
is very high that the global climate is projected to continue to
change over this century and beyond.
The statement on the magnitude of the effect also has very high
confidence.

K ey message #3 Traceable Account
U.S. average temperature has increased by 1.3°F
to 1.9°F since record keeping began in 1895; most
of this increase has occurred since about 1970.
The most recent decade was the nation’s warmest on record. Temperatures in the United States
are expected to continue to rise. Because humaninduced warming is superimposed on a naturally
varying climate, the temperature rise has not been,
and will not be, uniform or smooth across the country or over time.
Description of evidence base
The key message and supporting text summarizes extensive
evidence documented in the climate science peer-reviewed
literature. Technical Input reports (82) on a wide range of topics
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were also reviewed; they were received as part of the Federal
Register Notice solicitation for public input.
Evidence for the long-term increase in temperature is based on
analysis of daily maximum and minimum temperature observations
from the U.S. Cooperative Observer Network (http://www.nws.
noaa.gov/om/coop/). With the increasing understanding of U.S.
temperature measurements, a temperature increase has been
36,37,38
observed, and temperature is projected to continue rising.
Observations show that the last decade was the warmest in over a
century. A number of climate model simulations were performed
to assess past, and to forecast future, changes in climate;
temperatures are generally projected to increase across the United
States.
The section entitled “Quantifying U.S. Temperature Rise” explains
the rational for using the range 1.3°F to 1.9°F in the key message.
All peer-reviewed studies to date satisfying the assessment
process agree that the U.S. has warmed over the past century
and in the past several decades. Climate model simulations
consistently project future warming and bracket the range of
plausible increases.
New information and remaining uncertainties
1
Since the 2009 National Climate Assessment, there have been
substantial advances in our understanding of the U.S. temperature
record (Appendix 3: Climate Science, Supplemental Message
36,37,38
7).
A potential uncertainty is the sensitivity of temperature trends to
adjustments that account for historical changes in station location,
temperature instrumentation, observing practice, and siting
conditions. However, quality analyses of these uncertainties have
not found any major issues of concern affecting the conclusions
made in the key message (Appendix 3: Climate Science,
38
Supplemental Message 7). (for example, Williams et al. 2012 ).
While numerous studies (for example, Fall et al. 2011; Vose
37,38
et al. 2012; Williams et al. 2012 ) verify the efficacy of the
adjustments, the information base can be improved in the future
through continued refinements to the adjustment approach. Model
biases are subject to changes in physical effects on climate; for
example, model biases can be affected by snow cover and hence
are subject to change as a warming climate changes snow cover.
Assessment of confidence based on evidence
Given the evidence base and remaining uncertainties, confidence
is very high in the key message. Because human-induced warming
is superimposed on a naturally varying climate, the temperature
rise has not been, and will not be, uniform or smooth across the
country or over time.

K ey message #4 Traceable Account
The length of the frost-free season (and the corresponding growing season) has been increasing
nationally since the 1980s, with the largest increases occurring in the western United States, affecting ecosystems and agriculture. Across the United
States, the growing season is projected to continue
to lengthen.
Description of evidence base
The key message and supporting text summarizes extensive
evidence documented in the climate science peer-reviewed
literature. Technical Input reports (82) on a wide range of topics
were also reviewed; they were received as part of the Federal
Register Notice solicitation for public input.
Nearly all studies to date published in the peer-reviewed literature
(for example, Dragoni et al. 2011; EPA 2012; Jeong et al.
40,41,43
2011
) agree that the frost-free and growing seasons have
lengthened. This is most apparent in the western United States.
Peer-reviewed studies also indicate that continued lengthening
will occur if concentrations of heat-trapping gases continue to rise.
The magnitude of future changes based on model simulations is
large in the context of historical variations.
Evidence that the length of the frost-free season is lengthening
is based on extensive analysis of daily minimum temperature
observations from the U.S. Cooperative Observer Network. The
geographic variations in increasing number of frost-free days are
similar to the regional variations in mean temperature. Separate
analysis of surface data also indicates a trend towards an earlier
40,41,43,45
onset of spring.
New information and remaining uncertainties
A key issue (uncertainty) is the potential effect on observed trends
of climate monitoring station inhomogeneities (differences),
particularly those arising from instrumentation changes. A second
key issue is the extent to which observed regional variations (more
lengthening in the west/less in the east) will persist into the future.
Local temperature biases in climate models contribute to the
uncertainty in projections.
Viable avenues to improving the information base are to investigate
the sensitivity of observed trends to potential biases introduced by
station inhomogeneities and to investigate the causes of observed
regional variations.
Assessment of confidence based on evidence
Given the evidence base and remaining uncertainties, confidence
is very high that the length of the frost-free season (also referred
to as the growing season) has been increasing nationally since
the 1980s, with the largest increases occurring in the western
U.S, affecting ecosystems, gardening, and agriculture. Given the

62

CLIMATE CHANGE IMPACTS IN THE UNITED STATES

2: OUR CHANGING CLIMATE
Traceable Accounts
evidence base, confidence is very high that across the U.S., the
growing season is projected to continue to lengthen.

K ey message #5 Traceable Account
Average U.S. precipitation has increased since
1900, but some areas have had increases greater
than the national average, and some areas have had
decreases. More winter and spring precipitation is
projected for the northern United States, and less
for the Southwest, over this century.
Description of evidence base
The key message and supporting text summarizes extensive
evidence documented in the climate science peer-reviewed
literature. Technical Input reports (82) on a wide range of topics
were also reviewed; they were received as part of the Federal
Register Notice solicitation for public input.
Evidence of long-term change in precipitation is based on analysis
170
(for example, Kunkel et al. 2013 ) of daily observations from
the U.S. Cooperative Observer Network. Published work shows the
47,48
regional differences in precipitation.
Evidence of future change
is based on our knowledge of the climate system’s response to heattrapping gases and an understanding of the regional mechanisms
8
behind the projected changes (for example, IPCC 2007 ).
New information and remaining uncertainties
A key issue (uncertainty) is the sensitivity of observed precipitation
trends to historical changes in station location, rain gauges,
and observing practice. A second key issue is the ability of

climate models to simulate precipitation. This is one of the
more challenging aspects of modeling of the climate system,
because precipitation involves not only large-scale processes
that are well-resolved by models but small-scale process,
such as convection, that must be parameterized in the current
generation of global and regional climate models. However, our
understanding of the physical basis for these changes has solidified
and the newest set of climate model simulations (CMIP5) continues
to show high-latitude increases and subtropical decreases in
171
precipitation. For most of the contiguous U.S., studies indicate
that the models currently do not detect a robust anthropogenic
influence to observed changes, suggesting that observed changes
are principally of natural origins. Thus, confident projections of
precipitation changes are limited to the northern and southern
areas of the contiguous U.S. that are part of the global pattern
of observed and robust projected changes that can be related to
anthropogenic forcing. Furthermore, for the first time in the U.S.
National Climate Assessment, a confidence statement is made
that some projected precipitation changes are deemed small.
It is incorrect to attempt to validate or invalidate climate model
simulations of observed trends in these regions and/or seasons, as
such simulations are not designed to forecast the precise timing
of natural variations.

Shifts in precipitation patterns due to changes in other sources
of air pollution, such as sulfate aerosols, are uncertain and are an
active research topic.
Viable avenues to improving the information base are to investigate
the sensitivity of observed trends to potential biases introduced
by station changes, and to investigate the causes of observed
regional variations.
A number of peer-reviewed studies (for example, McRoberts and
47,48
Nielsen-Gammon 2011; Peterson et al. 2013 ) document
precipitation increases at the national scale as well as regionalscale increases and decreases. The variation in magnitude and
pattern of future changes from climate model simulations is large
relative to observed (and modeled) historical variations.
Assessment of confidence based on evidence
Given the evidence base and remaining uncertainties, confidence
is high that average U.S. precipitation has increased since 1900,
with some areas having had increases greater than the national
average, and some areas having had decreases.
Confidence is high, given the evidence base and uncertainties,
that more winter and spring precipitation is projected for the
northern U.S., and less for the Southwest, over this century in the
higher emissions scenarios. Confidence is medium that humaninduced precipitation changes will be small compared to natural
variations in all seasons over large portions of the U.S. in the lower
emissions scenarios. Confidence is medium that human-induced
precipitation changes will be small compared to natural variations
in the summer and fall over large portions of the U.S. in the higher
emissions scenarios.

K ey message #6 Traceable Account
Heavy downpours are increasing nationally, especially over the last three to five decades. Largest increases are in the Midwest and Northeast.
Increases in the frequency and intensity of extreme
precipitation events are projected for all U.S. regions.
Description of evidence base
The key message and supporting text summarizes extensive
evidence documented in the climate science peer-reviewed
literature. Technical Input reports (82) on a wide range of topics
were also reviewed; they were received as part of the Federal
Register Notice solicitation for public input.
Evidence that extreme precipitation is increasing is based primarily
52,55,170
on analysis
of hourly and daily precipitation observations
from the U.S. Cooperative Observer Network, and is supported
75
by observed increases in atmospheric water vapor. Recent
publications have projected an increase in extreme precipitation
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52,137

1

events,
with some areas getting larger increases and some
54,55
getting decreases.
Nearly all studies to date published in the peer-reviewed literature
agree that extreme precipitation event number and intensity
have risen, when averaged over the United States. The pattern
of change for the wettest day of the year is projected to roughly
follow that of the average precipitation, with both increases and
decreases across the U.S. Extreme hydrologic events are projected
to increase over most of the U.S.
New information and remaining uncertainties
A key issue (uncertainty) is the ability of climate models to
simulate precipitation. This is one of the more challenging aspects
of modeling of the climate system because precipitation involves
not only large-scale processes that are well-resolved by models
but also small-scale process, such as convection, that must be
parameterized in the current generation of global and regional
climate models.
Viable avenues to improving the information base are to perform
some long, very high-resolution simulations of this century’s
climate under different emissions scenarios.
Assessment of confidence based on evidence
Given the evidence base and uncertainties, confidence is high that
heavy downpours are increasing in most regions of the U.S., with
especially large increases in the Midwest and Northeast.
Confidence is high that further increases in the frequency and
intensity of extreme precipitation events are projected for most
U.S. areas, given the evidence base and uncertainties.

K ey message #7 Traceable Account
There have been changes in some types of extreme weather events over the last several decades. Heat waves have become more frequent
and intense, especially in the West. Cold waves
have become less frequent and intense across the
nation. There have been regional trends in floods
and droughts. Droughts in the Southwest and heat
waves everywhere are projected to become more
intense, and cold waves less intense everywhere.
Description of evidence base
The key message and supporting text summarizes extensive
evidence documented in the climate science peer-reviewed
literature. Technical Input reports (82) on a wide range of topics
were also reviewed; they were received as part of the Federal
Register Notice solicitation for public input.
Analysis of U.S. temperature records indicates that record cold
events are becoming progressively less frequent relative to

60,170

record high events.
There is evidence for the corresponding
7,66
trends in a global framework.
A number of publications have
7,62,69
explored the increasing trend of heat waves.
Additionally,
1
7,62
heat waves observed in the southern Great Plains, Europe, and
60,66,67
Russia
have now been shown to have a higher probability of
having occurred because of human-induced climate change.
Some parts of the U.S. have been seeing changing trends for
floods and droughts over the last 50 years, with some evidence for
13,48,62
human influence.
In the areas of increased flooding in parts
of the Great Plains, Midwest, and Northeast, increases in both
total precipitation and extreme precipitation have been observed
and may be contributing to the flooding increases. However, when
averaging over the entire contiguous U.S., there is no overall trend
71
in flood magnitudes. A number of publications project drought
as becoming a more normal condition over much of the southern
and central U.S. (most recent references: Dai 2012; Hoerling et
75,76
al. 2012; Wehner et al. 2011 ).
Analyses of U.S. daily temperature records indicate that low
records are being broken at a much smaller rate than high records,
60,170
and at the smallest rate in the historical record.
However,
in certain localized regions, natural variations can be as large or
larger than the human induced change.
New information and remaining uncertainties
The key uncertainty regarding projections of future drought is
how soil moisture responds to precipitation changes and potential
evaporation increases. Most studies indicate that many parts of
the U.S. will experience drier soil conditions but the amount of
that drying is uncertain.
Natural variability is also an uncertainty affecting projections of
extreme event occurrences in shorter timescales (several years
to decades), but the changes due to human influence become
larger relative to natural variability as the timescale lengthens.
Stakeholders should view the occurrence of extreme events in the
context of increasing probabilities due to climate change.
Continuation of long term temperature and precipitation
observations is critical to monitoring trends in extreme weather
events.
Assessment of confidence based on evidence
Given the evidence base and uncertainties, confidence is high for
the entire key message.
Heat waves have become more frequent and intense, and confidence is high that heat waves everywhere are projected to become
more intense in the future.
Confidence is high that cold waves have become less frequent and
intense across the nation.
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Confidence is high that there have been regional trends in floods
and droughts.
Confidence is high that droughts in the Southwest are projected
to become more intense.

K ey message #8 Traceable Account
The intensity, frequency, and duration of North
Atlantic hurricanes, as well as the frequency of the
strongest (Category 4 and 5) hurricanes, have all
increased since the early 1980s. The relative contributions of human and natural causes to these
increases are still uncertain. Hurricane-associated
storm intensity and rainfall rates are projected to
increase as the climate continues to warm.
Description of evidence base
The key message and supporting text summarize extensive
evidence documented in the climate science peer-reviewed
literature. Technical Input reports (82) on a wide range of topics
were also reviewed; they were received as part of the Federal
Register Notice solicitation for public input.
Recent studies suggest that the most intense Atlantic hurricanes
93
have become stronger since the early 1980s. While this is still the
90,91
subject of active research, this trend is projected to continue.
New information and remaining uncertainties
Detecting trends in Atlantic and eastern North Pacific hurricane
activity is challenged by a lack of consistent historical data and
limited understanding of all of the complex interactions between
87,88
the atmosphere and ocean that influence hurricanes.
87,91

While the best analyses to date
suggest an increase in
intensity and in the number of the most intense hurricanes over
this century, there remain significant uncertainties.
Assessment of confidence based on evidence
Given the evidence base and remaining uncertainties:
High confidence that the intensity, frequency, and duration of
North Atlantic hurricanes, as well as the frequency of the strongest
(Category 4 and 5) hurricanes, have increased substantially since
the early 1980s.

K ey message #9 Traceable Account
Winter storms have increased in frequency and
intensity since the 1950s, and their tracks have
shifted northward over the United States. Other
trends in severe storms, including the intensity and
frequency of tornadoes, hail, and damaging thunderstorm winds, are uncertain and are being studied intensively.
Description of evidence base
The key message and supporting text summarize extensive
evidence documented in the climate science peer-reviewed
literature. Technical Input reports (82) on a wide range of topics
were also reviewed; they were received as part of the Federal
Register Notice solicitation for public input.
98

Current work has provided evidence of the increase in frequency
and intensity of winter storms, with the storm tracks shifting
99,100
poleward,
but some areas have experienced a decrease in
1
winter storm frequency. Although there are some indications
of increased blocking (a large-scale pressure pattern with little
or no movement) of the wintertime circulation of the Northern
106
Hemisphere,
the assessment and attribution of trends in
107
blocking remain an active research area. Some recent research
has provided insight into the connection of global warming to
96
tornadoes and severe thunderstorms.
New information and remaining uncertainties
Winter storms and other types of severe storms have greater
uncertainties in their recent trends and projections, compared
to hurricanes (Key Message 8). The text for this key message
explicitly acknowledges the state of knowledge, pointing out “what
we don’t know.” There has been a sizeable upward trend in the
95
number of storm events causing large financial and other losses.
Assessment of confidence based on evidence
Given the evidence base and remaining uncertainties:
Confidence is medium that winter storms have increased slightly
in frequency and intensity, and that their tracks have shifted
northward over the U.S.
Confidence is low on other trends in severe storms, including the
intensity and frequency of tornadoes, hail, and damaging thunderstorm winds.

Low confidence in relative contributions of human and natural
causes in the increases.
Medium confidence that hurricane intensity and rainfall rates are
projected to increase as the climate continues to warm.
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K ey message #10 Traceable Account

K ey message #11 Traceable Account

Global sea level has risen by about 8 inches since
reliable record keeping began in 1880. It is projected to rise another 1 to 4 feet by 2100.

Rising temperatures are reducing ice volume and
surface extent on land, lakes, and sea. This loss of
ice is expected to continue. The Arctic Ocean is
expected to become essentially ice free in summer
before mid-century.

Description of evidence base
The key message and supporting text summarize extensive
evidence documented in the climate science peer-reviewed
literature. Technical Input reports (82) on a wide range of topics
were also reviewed; they were received as part of the Federal
Register Notice solicitation for public input.
Nearly all studies to date published in the peer-reviewed literature
agree that global sea level has risen during the past century, and
that it will continue to rise over the next century.
Tide gauges throughout the world have documented rising sea
levels during the last 130 years. This rise has been further
confirmed over the past 20 years by satellite observations, which
are highly accurate and have nearly global coverage. Recent
112,123
studies have shown current sea level rise rates are increasing
and project that future sea level rise over the rest of this century
will be faster than that of the last 100 years (Appendix 3: Climate
123
Science, Supplemental Message 12).
New information and remaining uncertainties
The key issue in predicting future rates of global sea level rise
is to understand and predict how ice sheets in Greenland and
Antarctica will react to a warming climate. Current projections of
global sea level rise do not account for the complicated behavior
of these giant ice slabs as they interact with the atmosphere, the
ocean and the land. Lack of knowledge about the ice sheets and
their behavior is the primary reason that projections of global sea
level rise includes such a wide range of plausible future conditions.
Early efforts at semi-empirical models suggested much higher
115,117
rates of sea level rise (as much as 6 feet by 2100).
More
recent work suggests that a high end of 3 to 4 feet is more
115,116,121
plausible.
It is not clear, however, whether these statistical
relationships will hold in the future or that they are appropriate in
118
modeling past behavior, thus calling their reliability into question.
Some decision-makers may wish to consider a broader range of
scenarios such as 8 inches or 6.6 feet by 2100 in the context of
122,123
risk-based analysis.
Assessment of confidence based on evidence
Given the evidence and uncertainties, confidence is very high that
global sea level has risen during the past century, and that it will
continue to rise over this century, with medium confidence that
global sea level rise will be in the range of 1 to 4 feet by 2100.

Description of evidence base
The key message and supporting text summarize extensive
evidence documented in the climate science peer-reviewed
literature. Technical Input reports (82) on a wide range of topics
were also reviewed; they were received as part of the Federal
Register Notice solicitation for public input.
There have been a number of publications reporting decreases in
147
ice on land and glacier recession. Evidence that winter lake ice
and summer sea ice are rapidly declining is based on satellite data
111,172
and is incontrovertible.
Nearly all studies to date published in the peer-reviewed literature
131
agree that summer Arctic sea ice extent is rapidly declining,
132,133
134
with even greater reductions in ice thickness
and volume,
and that if heat-trapping gas concentrations continue to rise, an
essentially ice-free Arctic ocean will be realized sometime during
136
this century (for example, Stroeve et al. 2012 ). September
2012 had the lowest levels of Arctic ice in recorded history. Great
Lakes ice should follow a similar trajectory. Glaciers will generally
retreat, except for a small percentage of glaciers that experience
111
dynamical surging. Snow cover on land has decreased over the
145
past several decades.
The rate of permafrost degradation is
complicated by changes in snow cover and vegetation.
New information and remaining uncertainties
The rate of sea ice loss through this century is a key issue
(uncertainty), which stems from a combination of large differences
in projections between different climate models, natural climate
variability and uncertainty about future rates of fossil fuel
emissions. This uncertainty is illustrated in Figure 2.29, showing
the CMIP5-based projections (adapted from Stroeve et al.
136
2012 ).
Viable avenues to improving the information base are determining
the primary causes of the range of different climate model
projections and determining which climate models exhibit the best
ability to reproduce the observed rate of sea-ice loss.
Assessment of confidence based on evidence
Given the evidence base and uncertainties, confidence is very
high that rising temperatures are reducing ice volume and extent
on land, lakes, and sea, and that this loss of ice is expected to
continue.
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Confidence is very high that the Arctic Ocean is projected to
become virtually ice-free in summer by mid-century.

K ey message #12 Traceable Account
The oceans are currently absorbing about a quarter of the carbon dioxide emitted to the atmosphere
annually and are becoming more acidic as a result,
leading to concerns about intensifying impacts on
marine ecosystems.

Description of evidence base
The key message and supporting text summarize extensive
evidence documented in the climate science peer-reviewed
literature. Technical Input reports (82) on a wide range of topics
were also reviewed; they were received as part of the Federal
Register Notice solicitation for public input.
The oceans currently absorb a quarter of the CO2 the caused by
155
human activities. Publications have shown that this absorption
causes the ocean to become more acidic (for example, Doney et
154
al. 2009 ). Recent publications demonstrate the adverse effects
158,165,169
further acidification will have on marine life.
New information and remaining uncertainties
Absorption of CO2 of human origin, reduced pH, and lower
calcium carbonate (CaCO3) saturation in surface waters, where
the bulk of oceanic production occurs, are well verified from
158
models, hydrographic surveys, and time series data. The key
issue (uncertainty) is how future levels of ocean acidity will affect
marine ecosystems.
Assessment of confidence based on evidence
Given the evidence base and uncertainties, confidence is very
high that oceans are absorbing about a quarter of emitted CO2.
Very high for trend of ocean acidification; low-to-medium
for intensifying impacts on marine ecosystems. Our present
understanding of projected ocean acidification impacts on marine
organisms stems largely from short-term laboratory and mesocosm
experiments, although there are also examples based on actual
ocean observations; consequently, the response of individual
organisms, populations, and communities of species to more
realistic, gradual changes still has large uncertainties.
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Cherry farmers in Michigan, insurance agents in Florida, and water managers in
Arizona are among the millions of Americans already living with – and adapting to – a
range of climate change impacts. Higher temperatures, rising sea levels, and more
extreme precipitation events are altering the work of first responders, city planners,
engineers, and others, influencing economic sectors from coast to coast. Agriculture,
energy, transportation, and more, are all affected by climate change in concrete ways.
American communities are contending with these changes now, and will be doing so
increasingly in the future.
Sectors of our economy do not exist in isolation. Forest management activities, for
example, affect and are affected by water supply, changing ecosystems, impacts
to biological diversity, and energy availability. Water supply and energy use are
completely intertwined, since water is used to generate energy, and energy is required
to pump, treat, and deliver water – which means that irrigation-dependent farmers
and urban dwellers are linked as well. Human health is affected by water supply,
agricultural practices, transportation systems, energy availability, and land use, among
other factors – touching the lives of patients, nurses, county health administrators,
and many others. Human social systems and communities are directly affected by
extreme weather events and changes in natural resources such as water availability
and quality; they are also affected both directly and indirectly by ecosystem health.
This report addresses some of these topics individually, focusing on the climaterelated risks and opportunities that occur within individual sectors, while others take a
cross-sector approach. Single-sector chapters focus on:
•
•
•
•

Water resources
Energy production and use
Transportation
Agriculture

•
•
•

Forests
Human health
Ecosystems and biodiversity

Six crosscutting chapters address how climate change interacts with multiple sectors.
These cover the following topics:
Energy, water, and land use
Urban infrastructure and vulnerability
Indigenous peoples, lands, and resources

•
•
•

Land use and land cover
Rural communities
Biogeochemical cycles

A common theme is that these sectors are interconnected in many ways. These
intricate connections mean that changes in one sector are often amplified or reduced
through links to other sectors. Another theme is how decisions can influence a
cascade of events that affect individual and national vulnerability and/or resiliency
to climate change across multiple sectors. This “systems approach” helps to reveal,
for example, how adaptation and mitigation strategies are part of dynamic and
interrelated systems. In this way, for example, adaptation plans for future coastal
infrastructure are connected with the kinds of mitigation strategies that are – or
are not – put into place today, since the amount of future sea level rise will differ
according to various societal decisions about current and future emissions. These
chapters also address the importance of underlying vulnerabilities and the ways they
may influence risks associated with climate change.
The chapters in the following section assess risks in the selected sectors, and include
both observations of existing impacts associated with climate change, as well as
projected impacts over the next several decades and beyond.
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Key Messages

1. Annual precipitation and river-flow increases are observed now in
the Midwest and the Northeast regions. Very heavy precipitation
events have increased nationally and are projected to increase in
all regions. The length of dry spells is projected to increase in most
areas, especially the southern and northwestern portions of the
contiguous United States.
2. Short-term (seasonal or shorter) droughts are expected to intensify in
most U.S. regions. Longer-term droughts are expected to intensify in
large areas of the Southwest, southern Great Plains, and Southeast.
3. Flooding may intensify in many U.S. regions, even in areas where
total precipitation is projected to decline.

© Dan Sherwood/Design Pics/Corbis

Climate Change Impacts on the Water Cycle

4. Climate change is expected to affect water demand, groundwater withdrawals, and aquifer
recharge, reducing groundwater availability in some areas.
5. Sea level rise, storms and storm surges, and changes in surface and groundwater use patterns
are expected to compromise the sustainability of coastal freshwater aquifers and wetlands.
6. Increasing air and water temperatures, more intense precipitation and runoff, and intensifying
droughts can decrease river and lake water quality in many ways, including increases in
sediment, nitrogen, and other pollutant loads.
Climate Change Impacts on Water Resources Use and Managment

7. Climate change affects water demand and the ways water is used within and across regions and
economic sectors. The Southwest, Great Plains, and Southeast are particularly vulnerable to
changes in water supply and demand.
8. Changes in precipitation and runoff, combined with changes in consumption and withdrawal,
have reduced surface and groundwater supplies in many areas. These trends are expected to
continue, increasing the likelihood of water shortages for many uses.
9. Increasing flooding risk affects human safety and health, property, infrastructure, economies,
and ecology in many basins across the United States.
Adaptation and Institutional Responses

10. In most U.S. regions, water resources managers and planners will encounter new risks,
vulnerabilities, and opportunities that may not be properly managed within existing practices.
11. Increasing resilience and enhancing adaptive capacity provide opportunities to strengthen water
resources management and plan for climate change impacts. Many institutional, scientific,
economic, and political barriers present challenges to implementing adaptive strategies.
This chapter contains three main sections: climate change impacts on the water cycle, climate change impacts on water resources
use and management, and adaptation and institutional responses. Key messages for each section are summarized above.

70

CLIMATE CHANGE IMPACTS IN THE UNITED STATES

3: WATER RESOURCES

The cycle of life is intricately joined with the cycle of water.
— Jacques-Yves Cousteau

Climate Change Impacts on the Water Cycle

Water cycles constantly from the atmosphere to the land and
the oceans (through precipitation and runoff) and back to the
atmosphere (through evaporation and the release of water
from plant leaves), setting the stage for all life to exist. The
water cycle is dynamic and naturally variable, and societies

and ecosystems are accustomed to functioning within this variability. However, climate change is altering the water cycle in
multiple ways over different time scales and geographic areas,
presenting unfamiliar risks and opportunities.

Key Message 1: Changing Rain, Snow, and Runoff
Annual precipitation and river-flow increases are observed now in the Midwest and the
Northeast regions. Very heavy precipitation events have increased nationally and are
projected to increase in all regions. The length of dry spells is projected to increase in most
areas, especially the southern and northwestern portions of the contiguous United States.
Annual average precipitation over the continental U.S. as
a whole increased by close to two inches (0.16 inches per
1,2
decade) between 1895 and 2011. In recent decades, annual average precipitation increases have been observed
across the Midwest, Great Plains, the Northeast, and
Alaska, while decreases have been observed in Hawai‘i
and parts of the Southeast and Southwest (Ch. 2: Our
Changing Climate, Figure 2.12). Average annual precipitation is projected to increase across the northern U.S., and
decrease in the southern U.S., especially the Southwest.
3
(Ch. 2: Our Changing Climate, Figures 2.14 and 2.15).
The number and intensity of very heavy precipitation
events (defined as the heaviest 1% of all daily events from
1901 to 2012) have been increasing significantly across
most of the United States. The amount of precipitation
falling in the heaviest daily events has also increased
in most areas of the United States (Ch. 2: Our Changing
Climate, Figure 2.17). For example, from 1950 to 2007,
daily precipitation totals with 2-, 5-, and 10-year average recurrence periods increased in the Northeast and
4
western Great Lakes. Very heavy precipitation events are
projected to increase everywhere (Ch. 2: Our Changing
5
Climate, Figure 2.19). Heavy precipitation events that historically occurred once in 20 years are projected to occur
6
as frequently as every 5 to 15 years by late this century.
The number and magnitude of the heaviest precipitation
events is projected to increase everywhere in the United
States (Ch. 2: Our Changing Climate, Figure 2.13).
Dry spells are also projected to increase in length in most
regions, especially in the southern and northwestern portions of the contiguous United States (Ch. 2: Our Changing
Climate, Figure 2.13). Projected changes in total average
annual precipitation are generally small in many areas, but
both wet and dry extremes (heavy precipitation events

Projected Changes in Snow, Runoff, and Soil Moisture

Figure 3.1. These projections, assuming continued increases in

heat-trapping gas emissions (A2 scenario; Ch. 2: Our Changing
Climate), illustrate: a) major losses in the water content of the
snowpack that fills western rivers (snow water equivalent, or
SWE); b) significant reductions in runoff in California, Arizona,
and the central Rocky Mountains; and c) reductions in soil
moisture across the Southwest. The changes shown are for
mid-century (2041-2070) as percentage changes from 197118
2000 conditions (Figure source: Cayan et al. 2013 ).
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Annual Surface Soil Moisture Trends

Figure 3.2. Changes in annual surface soil moisture per year over the period 1988 to 2010 based on multisatellite datasets. Surface soil moisture exhibits wetting trends in the Northeast, Florida, upper Midwest, and
35
Northwest, and drying trends almost everywhere else. (Images provided by W. Dorigo ).

and length of dry spells) are projected to increase substantially
almost everywhere.
The timing of peak river levels has changed in response to
warming trends. Snowpack and snowmelt-fed rivers in much
of the western U.S. have earlier peak flow trends since the middle of the last century, including the past decade (Ch. 2: Our
7,8
Changing Climate). This is related to declines in spring snowpack, earlier snowmelt-fed streamflow, and larger percentages
of precipitation falling as rain instead of snow. These changes
have taken place in the midst of considerable year-to-year
variability and long-term natural fluctuations of the western
U.S. climate, as well as other influences, such as the effects of
7,9
dust and soot on snowpacks. There are both natural and hu10,11
man influences on the observed trends.
However, in studies specifically designed to differentiate between natural and
human-induced causes, up to 60% of these changes have been
10
attributed to human-induced climate warming, but only
among variables that are more responsive to warming than to
precipitation variability, such as the effect of air temperature
12
on snowpack.
Other historical changes related to peak river-flow have been
observed in the northern Great Plains, Midwest, and North13,14
east,
along with striking reductions in lake ice cover (Ch. 2:
15,16
Our Changing Climate).
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Permafrost is thawing in many parts of Alaska, a trend that not
only affects habitats and infrastructure but also mobilizes subsurface water and reroutes surface water in ways not previ17
ously witnessed. Nationally, all of these trends are projected
to become even more pronounced as the climate continues to
warm (Figure 3.1).
Evapotranspiration (ET – the evaporation of moisture from soil,
on plants and trees, and from water bodies; and transpiration,
the use and release of water from plants), is the second largest
component of the water cycle after precipitation. ET responds
to temperature, solar energy, winds, atmospheric humidity,
and moisture availability at the land surface and regulates
19
amounts of soil moisture, groundwater recharge, and runoff.
Transpiration comprises between 80% and 90% of total ET
20
on land (Ch. 6: Agriculture). In snowy settings, sublimation
of snow and ice (loss of snow and ice directly into water vapor without passing through a liquid stage) can increase these
returns of water to the atmosphere, sometimes in significant
21
amounts. These interactions complicate estimation and projection of regional losses of water from the land surface to the
atmosphere.
Globally-averaged ET increased between 1982 and 1997 but
22
stopped increasing, or has decreased, since about 1998. In
North America, the observed ET decreases occurred in waterrich rather than water-limited areas. Factors contributing to
these ET decreases are thought to include decreasing wind
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Seasonal Surface Soil Moisture Trends

Figure 3.3. Changes in seasonal surface soil moisture per year over the period 1988 to 2010 based on multi-satellite
35

datasets. Seasonal drying is observed in central and lower Midwest and Southeast for most seasons (with the exception
of the Southeast summer), and in most of the Southwest and West (with the exception of the Northwest) for spring
and summer. Soil moisture in the upper Midwest, Northwest, and most of the Northeast is increasing in most seasons.
(Images provided by W. Dorigo).
23,24

speed,
decreasing solar energy at the land surface due to
increasing cloud cover and concentration of small particles
25
23
(aerosols), increasing humidity, and declining soil moisture
26
(Figure 3.2).
27,28,29,30

Evapotranspiration projections vary by region,
but the
atmospheric potential for ET is expected to increase; actual ET
will be affected by regional soil moisture changes. Much more
research is needed to confidently identify historical trends,
31
causes, and implications for future ET trends. This represents a critical uncertainty in projecting the impacts of climate
change on regional water cycles.
Soil moisture plays a major role in the water cycle, regulating the exchange of water, energy, and carbon between the
22
land surface and the atmosphere, the production of runoff,
and the recharge of groundwater aquifers. Soil moisture is
projected to decline with higher temperatures and attendant
increases in the potential for ET in much of the country, espe29
18,32,33
28,34
cially in the Great Plains, Southwest,
and Southeast.
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Runoff and streamflow at regional scales declined during the
36
last half-century in the Northwest. Runoff and streamflow
increased in the Mississippi Basin and Northeast, with no clear
37
trends in much of the rest of the continental U.S., although
a declining trend is emerging in annual runoff in the Colorado
38
River Basin. These changes need to be considered in the context of tree-ring studies in California’s Central Valley, the Colorado River and Wind River basins, and the southeastern U.S.
that indicate that these regions have experienced prolonged,
even drier and wetter conditions at various times in the past
8,39,40
two thousand years.
Human-caused climate change, when
superimposed on past natural variability, may amplify these
past extreme conditions. Projected changes in runoff for eight
basins in the Northwest, northern Great Plains, and Southwest
are illustrated in Figure 3.4.
Basins in the southwestern U.S. and southern Rockies (for example, the Rio Grande and Colorado River basins) are projected to experience gradual runoff declines during this century.
Basins in the Northwest to north-central U.S. (for example, the
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Streamflow Projections for River Basins in the Western U.S.

Figure 3.4. Annual and seasonal streamflow projections based on the B1 (with substantial emissions reductions), A1B (with gradual
reductions from current emission trends beginning around mid-century), and A2 (with continuation of current rising emissions trends)
CMIP3 scenarios for eight river basins in the western United States. The panels show percentage changes in average runoff, with
projected increases above the zero line and decreases below. Projections are for annual, cool, and warm seasons, for three future
41
decades (2020s, 2050s, and 2070s) relative to the 1990s. (Source: U.S. Department of the Interior – Bureau of Reclamation 2011;
Data provided by L. Brekke, S. Gangopadhyay, and T. Pruitt)

Columbia and the Missouri River basins) are projected to experience little change through the middle of this century, and
increases by late this century.
Projected changes in runoff differ by season, with cool season
runoff increasing over the west coast basins from California to
Washington and over the north-central U.S. (for example, the
San Joaquin, Sacramento, Klamath, Missouri, and Columbia
River basins). Basins in the southwestern U.S. and southern
Rockies are projected to see little change to slight decreases in
the winter months.
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Warm season runoff is projected to decrease substantially over
a region spanning southern Oregon, the southwestern U.S.,
and southern Rockies (for example, the Klamath, Sacramento,
San Joaquin, Rio Grande, and the Colorado River basins), and
change little or increase slightly north of this region (for example, the Columbia and Missouri River basins).
In most of these western basins, these projected streamflow
changes are outside the range of historical variability, especially by the 2050s and 2070s. The projected streamflow changes
and associated uncertainties have water management implications (discussed below).
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Key Message 2: Droughts Intensify
Short-term (seasonal or shorter) droughts are expected to intensify in most
U.S. regions. Longer-term droughts are expected to intensify in large areas of
the Southwest, southern Great Plains, and Southeast.
Annual runoff and related river-flow are projected to de42,43
34
cline in the Southwest
and Southeast, and to increase
in the Northeast, Alaska, Northwest, and upper Midwest re42,43,44,45
gions,
broadly mirroring projected precipitation pat46
47
terns. Observational studies have shown that decadal fluctuations in average temperature (up to 1.5°F) and precipitation
changes of 10% have occurred in most areas of the U.S. during
the last century. Fluctuations in river-flow indicate that effects
of temperature are dominated by fluctuations in precipitation.
Nevertheless, as warming affects water cycle processes, the
amount of runoff generated by a given amount of precipitation
37
is generally expected to decline.
Droughts occur on time scales ranging from season-to-season
to multiple years and even multiple decades. There has been
no universal trend in the overall extent of drought across the
continental U.S. since 1900. However, in the Southwest, wide-

spread drought in the past decade has reflected both precipi8
tation deficits and higher temperatures in ways that resemble
48
projected changes. Long-term (multi-seasonal) drought conditions are also projected to increase in parts of the Southeast
and possibly in Hawai‘i and the Pacific Islands (Ch. 23: Hawai‘i
and Pacific Islands). Except in the few areas where increases
in summer precipitation compensate, summer droughts (Ch.
2: Our Changing Climate) are expected to intensify almost ev49
erywhere in the continental U.S. due to longer periods of dry
33
weather and more extreme heat, leading to more moisture
loss from plants and earlier soil moisture depletion in basins
50,51
where snowmelt shifts to earlier in the year.
Basins watered
by glacial melt in the Sierra Nevada, Glacier National Park, and
Alaska may experience increased summer river-flow in the
next few decades, until the amounts of glacial ice become too
52,53
small to contribute to river-flow.

Key Message 3: Increased Risk of Flooding in Many Parts of the U.S.
Flooding may intensify in many U.S. regions, even in areas
where total precipitation is projected to decline.
There are various types of floods (see “Flood Factors and Flood
Types”), some of which are projected to increase with continued climate change. Floods that are closely tied to heavy precipitation events, such as flash floods and urban floods, as well
as coastal floods related to sea level rise and the resulting increase in storm surge height and inland impacts, are expected
to increase. Other types of floods result from a more complex
set of causes. For example, river floods are basin specific and
dependent not only on precipitation but also on pre-existing
soil moisture conditions, topography, and other factors, including important human-caused changes to watersheds and
54,55,56,57
river courses across the United States.
Significant changes in annual precipitation (Ch. 2: Our Changing
Climate) and soil moisture (Figures 3.2 and 3.3), among other
factors, are expected to affect annual flood magnitudes (Fig58
ure 3.5) in many regions. River floods have been increasing in
the Northeast and Midwest, and decreasing in the Southwest
56,57,58,59
and Southeast.
These decreases are not surprising, as
short duration very heavy precipitation events often occur
during the summer and autumn when rivers are generally low.
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However, these very heavy precipitation events can and do
lead to flash floods, often exacerbated in urban areas by the
effect of impervious surfaces on runoff.
Heavy rainfall events are projected to increase, which is expected to increase the potential for flash flooding. Land cover,
flow and water-supply management, soil moisture, and channel conditions are also important influences on flood genera55
tion and must be considered in projections of future flood
risks. Region-specific storm mechanisms and seasonality also
57
affect flood peaks. Because of this, and limited capacity to
project future very heavy events with confidence, evaluations
of the relative changes in various storm mechanisms may be
57,60,61
useful.
Warming is likely to directly affect flooding in
many mountain settings, as catchment areas receive increasingly more precipitation as rain rather than snow, or more
62
rain falling on existing snowpack. In some such settings, river
flooding may increase as a result – even where precipitation
and overall river flows decline (Ch. 2: Our Changing Climate).
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Trends in Flood Magnitude

Figure 3.5. Trend magnitude (triangle size) and direction (green = increasing trend, brown =
decreasing trend) of annual flood magnitude from the 1920s through 2008. Flooding in local
areas can be affected by multiple factors, including land-use change, dams, and diversions of
water for use. Most significant are increasing trends for floods in Midwest and Northeast, and
63
a decreasing trend in the Southwest. (Figure source: Peterson et al. 2013 ).

Key Message 4: Groundwater Availability
Climate change is expected to affect water demand, groundwater withdrawals,
and aquifer recharge, reducing groundwater availability in some areas.
Groundwater is the only perennial source of fresh water in
many regions and provides a buffer against climate extremes.
As such, it is essential to water supplies, food security, and ecosystems. Though groundwater occurs in most areas of the U.S.,
the capacity of aquifers to store water varies depending on the
geology of the region. (Figure 3.6b illustrates the importance
of groundwater aquifers.) In large regions of the Southwest,
Great Plains, Midwest, Florida, and some other coastal areas,
groundwater is the primary water supply. Groundwater aquifers in these areas are susceptible to the combined stresses
of climate and water-use changes. For example, during the
2006–2009 California drought, when the source of irrigation
shifted from surface water to predominantly groundwater,
groundwater storage in California’s Central Valley declined by
an amount roughly equivalent to the storage capacity of Lake
64
Mead, the largest reservoir in the United States.
Climate change impacts on groundwater storage are expected
to vary from place to place and aquifer to aquifer. Although
precise responses of groundwater storage and flow to climate
change are not well understood nor readily generalizable, re65,66,67,68
cent and ongoing studies
provide insights on various
underlying mechanisms:
1)

Precipitation is the key driver of aquifer recharge in waterlimited environments (like arid regions), while evapotrans-
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piration (ET) is the key driver in energy-limited environments (like swamps or marshlands).
2)

Climate change impacts on aquifer recharge depend on
several factors, including basin geology, frequency and
intensity of high-rainfall periods that drive recharge, seasonal timing of recharge events, and strength of groundwater-surface water interaction.

3)

Changes in recharge rates are amplified relative to changes in total precipitation, with greater amplification for
drier areas.

With these insights in mind, it is clear that certain groundwater-dependent regions are projected to incur significant climate change related challenges. In some portions of the country, groundwater provides nearly 100% of the water supply
(Figure 3.6b). Seasonal soil moisture changes are a key aquifer
recharge driver and may provide an early indication of general
aquifer recharge trends. Thus, the observed regional reductions in seasonal soil moisture for winter and spring (Figure
3.3) portend adverse recharge impacts for several U.S. regions,
especially the Great Plains, Southwest, and Southeast.
Despite their critical national importance as water supply
sources (see Figure 3.6), aquifers are not generally monitored
CLIMATE CHANGE IMPACTS IN THE UNITED STATES
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Principal U.S. Groundwater Aquifers and Use

Figure 3.6. (a) Groundwater aquifers are found throughout the U.S., but they vary widely in terms of ability to store and recharge
water. The colors on this map illustrate aquifer location and geology: blue colors indicate unconsolidated sand and gravel; yellow
is semi-consolidated sand; green is sandstone; blue or purple is sandstone and carbonate‐rock; browns are carbonate-rock; red
is igneous and metamorphic rock; and white is other aquifer types. (Figure source: USGS). (b) Ratio of groundwater withdrawals
to total water withdrawals from all surface and groundwater sources by county. The map illustrates that aquifers are the main
(and often exclusive) water supply source for many U.S. regions, especially in the Great Plains, Misssissippi Valley, east central
U.S., Great Lakes region, Florida, and other coastal areas. Groundwater aquifers in these regions are prone to impacts due to
combined climate and water-use change. (Data from USGS 2005).

in ways that allow for clear identification of climatic influences
on groundwater recharge, storage, flows, and discharge. Nearly all monitoring is focused in areas and aquifers where variations are dominated by groundwater pumping, which largely
69
masks climatic influences, highlighting the need for a national
70
framework for groundwater monitoring.
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Generally, impacts of changing demands on groundwater systems, whether due directly to climate changes or indirectly
through changes in land use or surface-water availability and
management, are likely to have the most immediate effects on
67,71
groundwater availability;
changes in recharge and storage
may be more subtle and take longer to emerge. Groundwater
models have only recently begun to include detailed represenCLIMATE CHANGE IMPACTS IN THE UNITED STATES
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tations of groundwater recharge and interactions with sur50
face-water and land-surface processes, with few projections
68,72
of groundwater responses to climate change.
However, surface water declines have already resulted in larger groundwater
withdrawals in some areas (for example, in the Central Valley
of California and in the Southeast) and may be aggravated by
73
climate change challenges. In many mountainous areas of the
U.S., groundwater recharge is disproportionately generated
from snowmelt infiltration, suggesting that the loss of snow50,51,66,74
pack will affect recharge rates and patterns.
Models do
not yet include dynamic representations of the groundwater
reservoir and its connections to streams, the soil-vegetation
system, and the atmosphere, limiting the understanding of the

potential climate change impacts on groundwater and ground75
water-reliant systems.
As the risk of drought increases, groundwater can play a key
role in enabling adaptation to climate variability and change.
For example, groundwater can be augmented by surface water during times of high flow through aquifer recharge strategies, such as infiltration basins and injection wells. In addition,
management strategies can be implemented that use surface
water for irrigation and water supply during wet periods, and
groundwater during drought, although these approaches face
practical limitations within current management and institu71,76
tional frameworks.

Key Message 5: Risks to Coastal Aquifers and Wetlands
Sea level rise, storms and storm surges, and changes in surface and groundwater
use patterns are expected to compromise the sustainability
of coastal freshwater aquifers and wetlands.
With more than 50% of the nation’s population concentrated
77
near coasts (Chapter 25: Coasts), coastal aquifers and wetlands are precious resources. These aquifers and wetlands,
which are extremely important from a biological/biodiversity perspective (see Ch. 8: Ecosystems; Ch. 25: Coasts), may
be particularly at risk due to the combined effects of inland
droughts and floods, increased surface water impoundments
and diversions, increased groundwater withdrawals, and ac78,79
celerating sea level rise and greater storm surges.
Estuaries
are particularly vulnerable to changes in freshwater inflow and
sea level rise by changing salinity and habitat of these areas.

Several coastal areas, including the Delaware, Susquehanna,
and Potomac River deltas on the Northeast seaboard, most
of Florida, the Apalachicola and Mobile River deltas and bays,
the Mississippi River delta in Louisiana, and the delta of the
Sacramento-San Joaquin rivers in northern California, are particularly vulnerable due to the combined effects of climate
change and other human-caused stresses. In response, some
coastal communities are among the nation’s most proactive in
adaptation planning (Chapter 25: Coasts).

Key Message 6: Water Quality Risks to Lakes and Rivers
Increasing air and water temperatures, more intense precipitation and runoff, and intensifying
droughts can decrease river and lake water quality in many ways, including increases in
sediment, nitrogen, and other pollutant loads.

Lower and more persistent low flows under drought conditions
as well as higher flows during floods can worsen water quality.
Increasing precipitation intensity, along with the effects of wildfires and fertilizer use, are increasing sediment, nutrient, and
contaminant loads in surface waters used by downstream wa84
ter users and ecosystems. Mineral weathering products, like
85
calcium, magnesium, sodium, and silicon and nitrogen loads
86
have been increasing with higher streamflows. Changing land
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cover, flood frequencies, and flood magnitudes are expected
87
to increase mobilization of sediments in large river basins.

© Ted Wood
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Water temperature has been increasing in some rivers. The
length of the season that lakes and reservoirs are thermally
stratified (with separate density layers) is increasing with in81,82
creased air and water temperatures.
In some cases, seasonal mixing may be eliminated in shallow lakes, decreasing
dissolved oxygen and leading to excess concentrations of
nutrients (nitrogen and phosphorous), heavy metals (such as
81,82
mercury), and other toxins in lake waters.

Increasing air and water temperatures, more intense precipitation and
runoff, and intensifying droughts can decrease water quality in many
ways. Here, middle school students in Colorado learn about water quality.
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Changes in sediment transport are expected to vary regionally
and by land-use type, with potentially large increases in some
88
areas, resulting in alterations to reservoir storage and river
channels, affecting flooding, navigation, water supply, and
dredging. Increased frequency and duration of droughts, and
associated low water levels, increase nutrient concentrations
and residence times in streams, potentially increasing the like-

89

lihood of harmful algal blooms and low oxygen conditions.
Concerns over such impacts and their potential link to climate
change are rising for many U.S. regions including the Great
90
91
85,86
Lakes, Chesapeake Bay, and the Gulf of Mexico.
Strategies aiming to reduce sediment, nutrient, and contaminant
loads at the source remain the most effective management
92
responses.

Observed Changes in Lake Stratification and Ice Covered Area

Figure 3.7. The length of the season in which differences in lake temperatures with depth cause stratification (separate density
layers) is increasing in many lakes. In this case, measurements show stratification has been increasing in Lake Tahoe (top left) since
the 1960s and in Lake Superior (top right) since the early 1900s in response to increasing air and surface water temperatures (see
also Ch. 18: Midwest). In Lake Tahoe, because of its large size (relative to inflow) and resulting long water-residence times, other
influences on stratification have been largely overwhelmed, and warming air and water temperatures have caused progressive
declines in near-surface density, leading to longer stratification seasons (by an average of 20 days), decreasing the opportunities
83
for deep lake mixing, reducing oxygen levels, and causing impacts to many species and numerous aspects of aquatic ecosytems.
16
Similar effects are observed in Lake Superior, where the stratification season is lengthening (top right) and annual ice-covered
area is declining (bottom); both observed changes are consistent with increasing air and water temperatures.

Relationship between Historical and Projected Water Cycle Changes
Natural climate variations occur on essentially all time scales
from days to millennia, and the water cycle varies in much the
same way. Observations of changes in the water cycle over
time include responses to natural hydroclimatic variability as
well as other, more local, human influences (like dam building or land-use changes), or combinations of these influences
with human-caused climate change. Some recent studies
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have attributed specific observed changes in the water cycle
to human-induced climate change (for example, Barnett et al.
10
2008 ). For many other water cycle variables and impacts, the
observed and projected responses are consistent with those
expected by human-induced climate change and other human influences. Research aiming to formally attribute these
responses to their underlying causes is ongoing.
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Flood

factors and flood types
93

A flood is defined as any high flow, overflow, or inundation by water that causes or threatens damage. Floods are
caused or amplified by both weather- and human-related factors. Major weather factors include heavy or prolonged
precipitation, snowmelt, thunderstorms, storm surges from hurricanes, and ice or debris jams. Human factors include structural failures of dams and levees, inadequate drainage, and land cover alterations (such as pavement or
deforestation) that reduce the capacity of the land surface to absorb water. Increasingly, humanity is also adding to
weather-related factors, as human-induced warming increases heavy downpours, causes more extensive storm surges
due to sea level rise, and leads to more rapid spring snowmelt.
Worldwide, from 1980 to 2009, floods caused more than 500,000 deaths and affected more than 2.8 billion
94
95
people. In the U.S., floods caused 4,586 deaths from 1959 to 2005 while property and crop damage averaged
93
nearly $8 billion per year (in 2011 dollars) over 1981 through 2011. The risks from future floods are significant,
given expanded development in coastal areas and floodplains, unabated urbanization, land-use changes, and human94
induced climate change.
Major flood types include flash, urban, riverine, and coastal flooding:
Flash floods occur in small and steep watersheds and waterways
and can be caused by short-duration intense precipitation, dam
or levee failure, or collapse of debris and ice jams. Snow cover
and frozen ground conditions can exacerbate flash flooding during winter and early spring by increasing the fraction of precipitation that runs off. Flash floods develop within minutes or hours
of the causative event, and can result in severe damage and loss
of life due to high water velocity, heavy debris load, and limited
warning. Most flood-related deaths in the U.S. are associated
with flash floods.
Urban flooding can be caused by short-duration very heavy precipitation. Urbanization creates large areas of impervious surfaces
(such as roads, pavement, parking lots, and buildings) and in- Flash Flooding: Cave Creek, Arizona
creases immediate runoff. Stormwater drainage removes excess (Photo credit: Tom McGuire).
surface water as quickly as possible, but heavy downpours can
exceed the capacity of drains and cause urban flooding.
Flash floods and urban
flooding are directly
linked to heavy precipitation and are expected
to increase as a result
of projected increases
in heavy precipitation
events. In mountainous
watersheds, such increases may be partially offset in winter and
spring due to projected
snowpack reduction.
Riverine flooding occurs
when surface water
drains from a watershed into a stream or
a river exceeds channel
capacity, overflows the

Riverine Flooding: In many regions, infrastructure is currently vulnerable to flooding, as demonstrated
in these photos. Left: The Fort Calhoun Nuclear Power Plant in eastern Nebraska was surrounded
by a Missouri River flood on June 8, 2011, that also affected Louisiana, Mississippi, Missouri, Illinois,
Kentucky, Tennessee, and Arkansas (photo credit: Larry Geiger). Right: The R.M. Clayton sewage
treatment plant in Atlanta, Georgia, September 23, 2009, was engulfed by floodwaters forcing it to
shut down and resulting in the discharge of raw sewage into the Chattahoochee River (photo credit:
Reuters/David Tulis). Flooding also disrupts road and rail transportation, and inland navigation.

Continued
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Flood

factors and flood types (continued)

banks, and inundates adjacent low lying areas. Riverine flooding is commonly associated with large watersheds and rivers, while flash and urban flooding occurs in smaller natural or urban watersheds. Because heavy precipitation is often
localized, riverine flooding typically results from multiple heavy precipitation events over periods of several days, weeks,
or even months. In large basins, existing soil moisture conditions and evapotranspiration rates also influence the onset
and severity of flooding, as runoff increases with wetter soil and/or lower evapotranspiration conditions. Snow cover and
frozen ground conditions can also exacerbate riverine flooding during winter and spring by increasing runoff associated
with rain-on-snow events and by snowmelt, although these effects may diminish in the long term as snow accumulation
decreases due to warming. Since riverine flooding depends on precipitation as well as many other factors, projections
about changes in frequency or intensity are more uncertain than with flash and urban flooding.
Coastal flooding is predominantly caused by storm surges that accompany hurricanes and other storms. Low storm
pressure creates strong winds that create and push large sea water domes, often many miles across, toward the shore.
The approaching domes can raise the water surface above normal tide levels (storm surge) by more than 25 feet, depending on various storm and shoreline factors.
Inundation, battering waves, and floating debris
associated with storm surge can cause deaths,
widespread infrastructure damage (to buildings,
roads, bridges, marinas, piers, boardwalks, and
sea walls), and severe beach erosion. Stormrelated rainfall can also cause inland flooding
(flash, urban, or riverine) if, after landfall, the
storm moves slowly or stalls over an area. Inland
flooding can occur close to the shore or hundreds of miles away and is responsible for more
than half of the deaths associated with tropical
93
storms. Climate change affects coastal flooding through sea level rise and storm surge, increases in heavy rainfall during hurricanes and Hurricane Sandy coastal flooding in Mantoloking, N.J.
other storms, and related increases in flooding in (Photo credit: New Jersey National Guard/Scott Anema).
coastal rivers.
In some locations, early warning systems have helped reduce deaths, although property damage remains considerable
(Ch. 28: Adaptation). Further improvements can be made by more effective communication strategies and better land94
use planning.

Climate Change Impacts on Water Resource Uses and Management

People use water for many different purposes and benefits.
Our water use falls into five main categories: 1) municipal use,
which includes domestic water for drinking and bathing; 2) agricultural use, which includes irrigation and cattle operations;
3) industrial use, which includes electricity production from
coal- or gas-fired power plants that require water to keep the
machinery cool; 4) providing ecosystem benefits, such as supporting the water needs of plants and animals we depend on;
and 5) recreational uses, such as boating and fishing.
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Water is supplied for these many uses from two main sources:
•

freshwater withdrawals (from streams, rivers, lakes,
and aquifers), which supply water for municipal, industrial, agricultural, and recirculating thermoelectric
plant cooling water supply;

•

instream surface water flows, which support hydropower production, once-through thermoelectric plant
cooling, navigation, recreation, and healthy ecosystems.
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Key Message 7: Changes to Water Demand and Use
Climate change affects water demand and the ways water is used within and across regions
and economic sectors. The Southwest, Great Plains, and Southeast are
particularly vulnerable to changes in water supply and demand.
Climate change, acting concurrently with demographic, landuse, energy generation and use, and socioeconomic changes, is
challenging existing water management practices by affecting
water availability and demand and by exacerbating competition among uses and users (see Ch. 4: Energy; Ch. 6: Agriculture;
Ch. 10: Energy, Water, and Land; Ch. 12: Indigenous Peoples;

and Ch. 13: Land Use & Land Cover Change). In some regions,
these current and expected impacts are hastening efficiency
improvements in water withdrawal and use, the deployment
of more proactive water management and adaptation approaches, and the reassessment of the water infrastructure
1
and institutional responses.

Water Withdrawals
Total freshwater withdrawals (including water that is withdrawn and consumed as well as water that returns to the original source) and consumptive uses have leveled off nationally

U.S. Freshwater Withdrawal, Consumptive Use,
and Population Trends

since 1980 at 350 billion gallons of withdrawn water and 100
billion gallons of consumptive water per day, despite the ad96
dition of 68 million people from 1980 to 2005 (Figure 3.8).
Irrigation and all electric power plant cooling withdrawals account for approximately 77% of total withdrawals, municipal
and industrial for 20%, and livestock and aquaculture for 3%.
Most thermoelectric withdrawals are returned back to rivers
after cooling, while most irrigation withdrawals are consumed
by the processes of evapotranspiration and plant growth.
Thus, consumptive water use is dominated by irrigation (81%)
followed distantly by municipal and industrial (8%) and the remaining water uses (5%). See Figure 3.9.
Water sector withdrawals and uses vary significantly by region.
There is a notable east-west water use pattern, with the largest regional withdrawals occurring in western states (where
the climate is drier) for agricultural irrigation (Figure 3.10a,d).
In the east, water withdrawals mainly serve municipal, industrial, and thermoelectric uses (Figure 3.10a,b,c). Irrigation is
also dominant along the Mississippi Valley, in Florida, and in
southeastern Texas. Groundwater withdrawals are especially
intense in parts of the Southwest, Southeast, Northwest, and

Figure 3.8. Trends in total freshwater withdrawal (equal

to the sum of consumptive use and return flows to rivers)
and population in the contiguous United States. This
graph illustrates the remarkable change in the relationship
between water use and population growth since about
1980. Reductions in per capita water withdrawals are
directly related to increases in irrigation efficiency for
agriculture, more efficient cooling processes in electrical
generation, and, in many areas, price signals, more
efficient indoor plumbing fixtures and appliances, and
reductions in exterior landscape watering, in addition to
97
shifts in land-use patterns in some areas. Efficiency
improvements have offset the demands of a growing
population and have resulted in more flexibility in meeting
water demand. In some cases these improvements
have also reduced the flexibility to scale back water use
in times of drought because some inefficiencies have
already been removed from the system. With drought
stress projected to increase in many U.S. regions, drought
1
vulnerability is also expected to rise.

Freshwater Withdrawals by Sector

Figure 3.9. Total water withdrawals (groundwater and surface
water) in the U.S. are dominated by agriculture and energy
production, though the primary use of water for thermoelectric
production is for cooling, where water is often returned to lakes
96
and rivers after use (return flows). (Data from Kenny et al. 2009 )
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U.S. Water Withdrawal Distribution

Figure 3.10. Based on the most recent USGS water withdrawal data (2005). This figure illustrates water withdrawals at the U.S.
county level: (a) total withdrawals (surface and groundwater) in thousands of gallons per day per square mile; (b) municipal and
industrial (including golf course irrigation) withdrawals as percent of total; (c) irrigation, livestock, and aquaculture withdrawals as
percent of total; (d) thermoelectric plant cooling withdrawals as percent of total; (e) counties with large surface water withdrawals;
and (f) counties with large groundwater withdrawals. The largest withdrawals occur in the drier western states for crop irrigation.
In the east, water withdrawals mainly serve municipal, industrial, and thermoelectric uses. Groundwater withdrawals are intense in
parts of the Southwest and Northwest, the Great Plains, Mississippi Valley, Florida and South Georgia, and near the Great Lakes
96
98
(Figure source: Georgia Water Resources Institute, Georgia Institute of Technology; Data from Kenny et al. 2009; USGS 2013 ).
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Great Plains, the Mississippi Valley, Florida and South Georgia,
and near the Great Lakes (Figure 3.10f). Surface waters are
most intensely used in all other U.S. regions.
Per capita water withdrawal and use are decreasing due to
99
many factors. These include demand management, new
plumbing codes, water-efficient appliances, efficiency improvement programs, and pricing strategies, especially in the
100
municipal sector. Other factors contributing to decreasing
per capita water use include changes from water-intensive
manufacturing and other heavy industrial activities to service101
oriented businesses, and enhanced water-use efficiencies in
response to environmental pollution legislation (in the industrial and commercial sector). In addition, replacement of older
once-through-cooling electric power plants by plants that recycle their cooling water, and switching from flood irrigation to
102
more efficient methods in the western United States have
also contributed to these trends.
Notwithstanding the overall national trends, regional water
103
withdrawal and use are strongly correlated with climate;
hotter and drier regions tend to have higher per capita usage,
and water demand is affected by both temperature and precipitation on a seasonal basis (see also Ch. 28: Adaptation).
Water demand is projected to increase as population grows,
and will increase substantially more in some regions as a result
of climate change. In the absence of climate change but in response to a projected population increase of 80% and a 245%
increase in total personal income from 2005 to 2060, simulations under the A1B scenario indicate that total water demand
99
in the U.S. would increase by 3%. Under these conditions,
approximately half of the U.S. regions would experience an
overall decrease in water demand, while the other half would
experience an increase (Figure 3.11a). If, however, climate
change projections based on the A1B emissions scenario (with
gradual reductions from current emission trends beginning
around mid-century) and three climate models are also factored in, the total water demand is projected to rise by an av99
erage of 26% over the same period (Figure 3.11b). Under the
population increase scenario that also includes climate change,
90% of the country is projected to experience a total demand
increase, with decreases projected only in parts of the Midwest, Northeast and Southeast. Compared to an 8% increase in
demand under a scenario without climate change, projections
under the A2 emissions scenario (which assumes continued
increases in global emissions) and three climate models over
the 2005 to 2060 period result in a 34% increase in total water
demand. By 2090, total water demand is projected to increase
by 42% over 2005 levels under the A1B scenario and 82% under
the higher A2 emissions scenario.
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Crop irrigation and landscape watering needs are directly affected by climate change, especially by projected changes in
temperature, potential evapotranspiration, and soil moisture.
Consequently, the projected climate change impacts on water
demand are larger in the western states, where irrigation dominates total water withdrawals (see Figure 3.10). Uncertainties
in the projections of these climate variables also affect water
99
demand projections. However, it is clear that the impacts of
projected population, socioeconomic, and climate changes
amplify the effects on water demand in the Southwest and
Southeast, where the observed and projected drying water cycle trends already make these regions particularly vulnerable.
This vulnerability will be exacerbated by physical and operational limitations of water storage and distribution systems.
River reservoirs and associated dams are usually designed to
handle larger-than-historical streamflow variability ranges.
Some operating rules and procedures reflect historical seasonal and interannual streamflow and water release patterns,
while others include information about current and near-term
conditions, such as snowpack depth and expected snowmelt
volume. Climate change threatens to alter both the streamflow
variability that these structures must accommodate and their
opportunities to recover after doing so (due to permanent
changes in average streamflow). Thus, as streamflow and demand patterns change, historically based operating rules and
procedures could become less effective in balancing water
104
supply with other uses.
Some of the highest water demand increases under climate
change are projected in U.S. regions where groundwater aquifers are the main water supply source (Figure 3.11b), including
the Great Plains and parts of the Southwest and Southeast.
The projected water demand increases combined with potentially declining recharge rates (see water cycle section) further
challenge the sustainability of the aquifers in these regions.
Power plant cooling is a critical national water use, because
nearly 90% of the U.S. electrical energy is produced by thermo105
electric power plants. Freshwater withdrawals per kilowatt
hour have been falling in recent years due to the gradual replacement of once-through cooling of power plant towers with
plants that recycle cooling water. Thermal plant cooling is principally supported by surface water withdrawals (Figure 3.10e,f)
and has already been affected by climate change in areas
where temperatures are increasing and surface water supplies
are diminishing, such as the southern United States. Higher
water temperatures affect the efficiency of electric generation
and cooling processes. It also limits the ability of utilities to
discharge heated water to streams from once-through cooled
power systems due to regulatory requirements and concerns
about how the release of warmer water into rivers and streams
106
affects ecosystems and biodiversity (see Ch. 4: Energy).

CLIMATE CHANGE IMPACTS IN THE UNITED STATES

3: WATER RESOURCES

Projected Changes in Water Withdrawals

Figure 3.11. The effects of climate change, primarily associated with increasing temperatures and potential
evapotranspiration, are projected to significantly increase water demand across most of the United States. Maps show
percent change from 2005 to 2060 in projected demand for water assuming (a) change in population and socioeconomic
conditions based on the underlying A1B emissions scenario, but with no change in climate, and (b) combined changes
in population, socioeconomic conditions, and climate according to the A1B emissions scenario (gradual reductions from
99
current emission trends beginning around mid-century). (Figure source: Brown et al. 2013 ).

Instream Water Uses
Hydropower contributes 7% of electricity generation nationwide, but provides up to 70% in the Northwest and 20% in Cali107
fornia, Alaska, and the Northeast. Climate change is expected to affect hydropower directly through changes in runoff
(average, extremes, and seasonality), and indirectly through
increased competition with other water uses. Based on runoff
projections, hydropower is expected to decline in the southern
U.S. (especially the Southwest) and increase in the Northeast
and Midwest (though actual gains or losses will depend on
facility size and changes in runoff volume and timing). Where
non-power water demands are expected to increase (as in the
southern U.S.), hydropower generation, dependable capacity,
and ancillary services are likely to decrease. Many hydropower
facilities nationwide, especially in the Southeast, Southwest,
and the Great Plains, are expected to face water availability
108
constraints. While some hydropower facilities may face water-related limitations, these could be offset to some degree
by the use of more efficient turbines as well as innovative new
hydropower technologies.
Inland navigation, most notably in the Great Lakes and the
Missouri, Mississippi, and Ohio River systems, is particularly
important for agricultural commodities (transported from the
Midwest to the Gulf Coast and on to global food markets), coal,
1,109
and iron ore.
Navigation is affected by ice cover and by
floods and droughts. Seasonal ice cover on the Great Lakes has
16
110
been decreasing which may allow increased shipping. However, lake level declines are also possible in the long term, decreasing vessel draft and cargo capacity. Future lake levels may
also depend on non-climate factors and are uncertain both in
direction and magnitude (see Ch. 2: Our Changing Climate; Ch.
5: Transportation; and Ch. 18: Midwest). Similarly, although
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the river ice cover period has been decreasing (extending
111,112
the inland navigation season), seasonal ice cover changes
112
could impede lock operations. Intensified floods are likely to
hinder shipping by causing waterway closures and damaging or
destroying ports and locks. Droughts have already been shown
to decrease reliability of flows or channel depth, adversely
impacting navigation (Ch. 5: Transportation). Both floods and
droughts can disrupt rail and road traffic and increase shipping
113
costs and result in commodity price volatility (Ch. 19: Great
Plains).
Recreational activities associated with water resources, including boating, fishing, swimming, skiing, camping, and wildlife
114
watching, are strong regional and national economic drivers.
115
Recreation is sensitive to weather and climate, and climate
116
change impacts to recreation can be difficult to project. Rising temperatures affect extent of snowcover and mountain
117
118
snowpack, with impacts on skiing and snowmobiling. As
the climate warms, changes in precipitation and runoff are
expected to result in both beneficial (in some regions) and ad115
verse impacts to water sports, with potential for consider118
able economic dislocation and job losses.
Changing climate conditions are projected to affect water and
wastewater treatment and disposal in ways that depend on
system-specific and interacting attributes. For example, elevated stream temperatures, combined with lower flows, may
require wastewater facilities to increase treatment to meet
119
stream water quality standards. More intense precipitation
and floods, combined with escalating urbanization and associated increasing impermeable surfaces, may amplify the likelihood of contaminated overland flow or combined sewer overCLIMATE CHANGE IMPACTS IN THE UNITED STATES
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flows. Moderate precipitation increases, however, could
result in increased stream flows, improving capacity to dilute
contaminants in some regions. Sea level rise and more frequent coastal flooding could damage wastewater utility infra121
structure and reduce treatment efficiency (Ch. 25: Coasts).
Changes in streamflow temperature and flow regimes can
affect aquatic ecosystem structure and function (see Ch. 8:
Ecosystems). Water temperature directly regulates the physiology, metabolism, and energy of individual aquatic organisms,
as well as entire ecosystems. Streamflow quantity influences
the extent of available aquatic habitats, and streamflow variability regulates species abundance and persistence. Flow also
influences water temperature, sediment, and nutrient con122
123
centrations. If the rate of climate change outpaces plant
and animal species’ ability to adjust to temperature change,

additional biodiversity loss may occur. Furthermore, climate
change induced water cycle alterations may exacerbate existing ecosystem vulnerability, especially in the western United
124
States where droughts and water shortages are likely to
increase. But areas projected to receive additional precipitation, such as the northern Great Plains, may benefit. Lastly, hydrologic alterations due to human interventions have without
doubt impaired riverine ecosystems in most U.S. regions and
125
globally. The projected escalation of water withdrawals and
uses (see Figure 3.11) threatens to deepen and widen ecosystem impairment, especially in southern states where climate
change induced water cycle alterations are pointing toward
drier conditions (see Ch. 8: Ecosystems). In these regions, balancing socioeconomic and environmental objectives will most
likely require more deliberate management and institutional
responses.

Major Water Resource Vulnerabilities and Challenges

Many U.S. regions are expected to face increased drought and flood vulnerabilities and exacerbated water management challenges. This section highlights regions where such issues are expected to be particularly intense.

Key Message 8: Drought is Affecting Water Supplies
Changes in precipitation and runoff, combined with changes in consumption and withdrawal,
have reduced surface and groundwater supplies in many areas. These trends are expected
to continue, increasing the likelihood of water shortages for many uses.
Many southwestern and western watersheds, including
38,43,126
the Colorado, Rio Grande,
and Sacramento-San Joa127,128
quin,
have recently experienced drier conditions. Even
larger runoff reductions (about 10% to 20%) are projected
48,129
over some of these watersheds in the next 50 years.
Increasing evaporative losses, declining runoff and groundwater
recharge, and changing groundwater pumpage are expected to
65,66,67,71
affect surface and groundwater supplies
and increase
the risk of water shortages for many water uses. Changes in

streamflow timing will exacerbate a growing mismatch between supply and demand (because peak flows are occurring
earlier in the spring, while demand is highest in mid-summer)
and will present challenges for the management of reservoirs,
130
aquifers, and other water infrastructure.
Rising stream
temperatures and longer low flow periods may make electric
power plant cooling water withdrawals unreliable, and may
affect aquatic and riparian ecosystems by degrading habitats
131
and favoring invasive, non-native species.

Key Message 9: Flood Effects on People and Communities
Increasing flooding risk affects human safety and health, property, infrastructure,
economies, and ecology in many basins across the U.S.
Flooding affects critical water, wastewater, power, transportation, and communications infrastructure in ways that are difficult to foresee and can result in interconnected and cascading failures (see “Flood Factors and Flood Types”). Very heavy
precipitation events have intensified in recent decades in most
U.S. regions, and this trend is projected to continue (Ch. 2: Our
Changing Climate). Increasing heavy precipitation is an important contributing factor, but flood magnitude changes also depend on specific watershed conditions (including soil moisture,
impervious area, and other human-caused alterations).
Projected changes in flood frequency based on climate projections and hydrologic models have recently begun to emerge
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132

(for example, Das et al. 2012; Brekke et al. 2009; Raff et
133
134
135
al. 2009; Shaw and Riha 2011; Walker et al. 2011 ), and
suggest that flood frequency and severity increases may occur
in the Northeast and Midwest (Ch. 16: Northeast; Ch. 18: Midwest). Flooding and sea water intrusion from sea level rise and
increasing storm surge threaten New York, Boston, Philadelphia, Virginia Beach, Wilmington, Charleston, Miami, Tampa,
Naples, Mobile, Houston, New Orleans, and many other cities
on U.S. coasts (Chapter 25: Coasts).
The devastating toll of large floods (human life, property, environment, and infrastructure) suggests that proactive management measures could minimize changing future flood risks and
CLIMATE CHANGE IMPACTS IN THE UNITED STATES
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consequences (Ch. 28: Adaptation). In coastal areas, sea level
rise may act in parallel with inland climate changes to intensify
water-use impacts and challenges (Ch. 12: Indigenous Peoples;
136
Ch. 17: Southeast). Increasing flooding risk, both coastal and
inland, could also exacerbate human health risks associated
137,138
with failure of critical infrastructure,
and an increase in
139
both waterborne diseases (Ch. 9: Human Health) and air140
borne diseases.
Changes in land use, land cover, development, and population
distribution can all affect flood frequency and intensity. The nature and extent of these projected changes results in increased
uncertainty and decreased accuracy of flood forecasting in
133
141
both the short term and long term. This lack of certainty
could hinder effective preparedness (such as evacuation planning) and the effectiveness of structural and non-structural
flood risk reduction measures. However, many climate change

projections are robust (Ch. 2: Our Changing Climate), and the
long lead time needed for the planning, design, and construction of critical infrastructure that provides resilience to floods
means that consideration of long-term changes is needed.
Effective climate change adaptation planning requires an in45,118,142
tegrated approach
that addresses public health and
143
safety issues (Ch. 28: Adaptation). Though numerous flood
risk reduction measures are possible, including levees, landuse zoning, flood insurance, and restoration of natural flood144
plain retention capacity, economic and institutional conditions may constrain implementation. The effective use of
these measures would require significant investment in many
145
cases, as well as updating policies and methods to account
42,146
for climate change
in the planning, design, operation, and
132,147
maintenance of flood risk reduction infrastructure.

Adaptation and Institutional Responses
Key Message 10: Water Resources Management
In most U.S. regions, water resources managers and planners will encounter new risks,
vulnerabilities, and opportunities that may not be properly managed within existing practices.
Water managers and planners strive to balance water supply
and demand across all water uses and users. The management
process involves complex tradeoffs among water-use benefits,
consequences, and risks. By altering water availability and
demand, climate change is likely to present additional management challenges. One example is in the Sacramento-San
Joaquin River Delta, where flooding, sea water intrusion, and
changing needs for environmental, municipal, and agricultural
water uses have created significant management challenges.
This California Bay-Delta experience suggests that managing risks and sharing benefits requires re-assessment of very
complex ecosystems, infrastructure systems, water rights,
stakeholder preferences, and reservoir operation strategies –
as well as significant investments. All of these considerations
54,148
are subject to large uncertainties.
To some extent, all U.S.
regions are susceptible, but the Southeast and Southwest
are highly vulnerable because climate change is projected to
reduce water availability, increase demand, and exacerbate
shortages (see “Water Management”).
Recent assessments illustrate water management challenges
127,129,149,150
130,151
facing California,
the Southwest,
Southeast (Ch.
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136,152

153

154

17: Southeast),
Northwest, Great Plains, and Great
155
Lakes. A number of these assessments demonstrate that
while expanding supplies and storage may still be possible
in some regions, effective climate adaptation strategies can
benefit from innovative management strategies. These strategies can include domestic water conservation programs that
use pricing incentives to curb use; more flexible, risk-based,
better-informed, and adaptive operating rules for reservoirs;
the integrated use of combined surface and groundwater resources; and better monitoring and assessment of statewide
129,149,156,157
water use.
Water management and planning would
benefit from better coordination among public sectors at the
national, state, and local levels (including regional partnerships
and agreements), and the private sector, with participation of
all relevant stakeholders in well-informed, fair, and equitable
decision-making processes. Better coordination among hydrologists and atmospheric scientists, and among these scientists and the professional water management community, is
also needed to facilitate more effective translation of knowledge from science to practice (Ch. 26: Decision Support; Ch.
158
28: Adaptation).
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Water

challenges in a southeast river basin

Figure 3.12. The Apalachicola-Chattahoochee-Flint (ACF) River Basin supports many water uses and users, including municipal,
industrial, and agricultural water supply; flood management; hydroelectric and thermoelectric energy generation; recreation;
navigation; fisheries; and a rich diversity of environmental and ecological resources. In recent decades, water demands have risen
rapidly in the Upper Chattahoochee River (due to urban growth) and Lower Chattahoochee and Flint Rivers (due to expansion
of irrigated agriculture). At the same time, basin precipitation, soil moisture, and runoff are declining, creating challenging water
159
sharing tradeoffs for the basin stakeholders. The historical water demand and supply trends are expected to continue in the
coming decades. Climate assessments for 50 historical (1960-2009) and future years (2050-2099) based on a scenario of
152
continued increases in emissions (A2) for the Seminole and all other ACF sub-basins show that soil moisture is projected to
continue to decline in all months, especially during the crop growing season from April to October (bottom right). Mean monthly
runoff decreases (up to 20%, not shown) are also projected throughout the year and especially during the wet season from
November to May. The projected soil moisture and runoff shifts are even more significant in the extreme values of the respective
distributions. In addition to reduced supplies, these projections imply higher water demands in the agricultural and other sectors,
exacerbating management challenges. These challenges are reflected in the projected response of Lake Lanier, the main ACF
regulation project, the levels of which are projected (for 2050-2099) to be lower, by as much as 15 feet, than its historical (19602009) levels, particularly during droughts (top right). Recognizing these critical management challenges, the ACF stakeholders
are earnestly working to develop a sustainable and equitable management plan that balances economic, ecological, and social
160
152
values. (Figure source: Georgia Water Resources Institute, Georgia Institute of Technology. ).
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Key Message 11: Adaptation Opportunities and Challenges
Increasing resilience and enhancing adaptive capacity provide opportunities to
strengthen water resources management and plan for climate change impacts.
Many institutional, scientific, economic, and political barriers present
challenges to implementing adaptive strategies.
Climate adaptation involves both addressing the risks and leveraging the opportunities that may arise as a result of the climate impacts on the water cycle and water resources. Efforts
to increase resiliency and enhance adaptive capacity may create opportunities for a wide-ranging public discussion of water
demands, improved collaboration around water use, increased
public support for scientific and economic information, and
the deployment of new technologies supporting adaptation. In
addition, adaptation can promote the achievement of multiple
water resource objectives through improved infrastructure
planning, integrated regulation, and planning and management approaches at regional, watershed, or ecosystem scales.
Pursuing these opportunities may require assessing how current institutional approaches support adaptation in light of the
161
anticipated impacts of climate change.
Climate change will stress the nation’s aging water infrastructure to varying degrees by location and over time. Much of
the country’s current drainage infrastructure is already overwhelmed during heavy precipitation and high runoff events,
an impact that is projected to be exacerbated as a result of
climate change, land-use change, and other factors. Large percentage increases in combined sewage overflow volumes, associated with increased intensity of precipitation events, have
been projected for selected watersheds by the end of this
106,162
century in the absence of adaptive measures.
Infrastructure planning, especially for the long planning and operation
horizons often associated with water resources infrastructure,
can be improved by incorporating climate change as a factor
in new design standards and in asset management and rehabilitation of critical and aging facilities, emphasizing flexibility,
106,132,163
redundancy, and resiliency.
Adaptation strategies for water infrastructure include structural and non-structural approaches. These may include changes
in system operations and/or demand management changes,
adopting water conserving plumbing codes, and improving
flood forecasts, telecommunications, and early warning sys164
tems that focus on both adapting physical structures and
106,132,165
innovative management.
Such strategies could take
advantage of conventional (“gray”) infrastructure upgrades
(like raising flood control levees); adjustments to reservoir operating rules; new demand management and incentive strategies; land-use management that enhances adaptive capacity;
protection and restoration at the scale of river basins, watersheds, and ecosystems; hybrid strategies that blend “green”
infrastructure with gray infrastructure; and pricing strate1,106,132,166,167
gies.
Green infrastructure approaches that are
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increasingly being implemented by municipalities across the
country include green roofs, rain gardens, roadside plantings,
porous pavement, and rainwater harvesting (Ch. 28: Adaptation). These techniques typically utilize soils and vegetation
in the built environment to absorb runoff close to where it
168
falls, limiting flooding and sewer backups. There are numerous non-infrastructure related adaptation strategies, some of
which could include promoting drought-resistant crops, flood
insurance reform, and building densely developed areas away
from highly vulnerable areas.
In addition to physical adaptation, capacity-building activities
can build knowledge and enhance communication and collabo1,167,169
ration within and across sectors.
In particular, building
networks, partnerships, and support systems has been identified as a major asset in building adaptive capacity (Ch. 26:
170
Decision Support; Ch. 28: Adaptation).
In addition to stressing the physical infrastructure of water
systems, future impacts of climate change may reveal the
weaknesses in existing water law regimes to accommodate
novel and dynamic water management conditions. The basic
paradigms of environmental and natural resources law are
preservation and restoration, both of which are based on the
assumption that natural systems fluctuate within an unchang171
ing envelope of variability (“stationarity”). However, climate
change is now projected to affect water supplies during the
multi-decade lifetime of major water infrastructure projects in
132
wide-ranging and pervasive ways. Under these circumstances, stationarity will no longer be reliable as the central assump42,171
tion in water-resource risk assessment and planning.
For
example, in the future, water rights administrators may find it
necessary to develop more flexible water rights systems con172
ditioned to address the uncertain impacts of climate change.
Agencies and courts may seek added flexibility in regulations
and laws to achieve the highest and best uses of limited water
resources and to enhance water management capacity in the
132,173
context of new and dynamic conditions.
In the past few years, many federal, state, and local agencies and tribal governments have begun to address climate
change adaptation, integrating it into existing decision-making, planning, or infrastructure-improvement processes (Ch.
43,174
28: Adaptation).
Drinking water utilities are increasingly
utilizing climate information to prepare assessments of their
175
supplies, and utility associations and alliances, such as the
Water Research Foundation and Water Utility Climate Alliance,
have undertaken original research to better understand the
CLIMATE CHANGE IMPACTS IN THE UNITED STATES
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implications of climate change on behalf of some of the largest
119,156,176
municipal water utilities in the United States.
The economic, social, and environmental implications of climate change induced water cycle changes are very significant,
as is the cost of inaction. Adaptation responses need to address
considerable uncertainties in the short-, medium-, and longterm; be proactive, integrated, and iterative; and be developed
through well-informed stakeholder decision processes functioning within a flexible institutional and legal environment.
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SUPPLEMENTAL MATERIAL
TRACEABLE ACCOUNTS

Process for Developing Key Messages:
The chapter author team engaged in multiple technical discussions
via teleconferences from March – June 2012. These discussions followed a thorough review of the literature, which included an inter1
agency prepared foundational document, over 500 technical inputs
provided by the public, as well as other published literature. The author team met in Seattle, Washington, in May 2012 for expert deliberation of draft key messages by the authors wherein each message
was defended before the entire author team before this key message
was selected for inclusion in the Chapter. These discussions were supported by targeted consultation with additional experts by the lead
author of each message, and they were based on criteria that help
define “key vulnerabilities.” Key messages were further refined following input from the NCADAC report integration team and authors
of Ch. 2: Our Changing Climate.

K ey message #1 Traceable Account
Annual precipitation and river-flow increases are
observed now in the Midwest and the Northeast
regions. Very heavy precipitation events have increased nationally and are projected to increase in
all regions. The length of dry spells is projected to
increase in most areas, especially the southern and
northwestern portions of the contiguous United
States.
Description of evidence base
The key message and supporting chapter text summarizes extensive
evidence documented in the inter-agency prepared foundational
1
document, Ch. 2: Our Changing Climate, Ch. 20: Southwest, other
2
technical input reports, and over 500 technical inputs on a wide
range of topics that were received as part of the Federal Register Notice solicitation for public input.
Numerous peer-reviewed publications describe precipitation trends
4,7,8,34
13,41
(Ch. 2: Our Changing Climate)
and river-flow trends.
As discussed in Chapter 2, the majority of projections available from cli3
mate models (for example, Orlowsky and Seneviratne 2012; Kharin
5
et al. 2013 ) indicate small projected changes in total average annual
6
precipitation in many areas, while heavy precipitation and the length
of dry spells are projected to increase across the entire country. Projected precipitation responses (such as changing extremes) to increasing greenhouse gases are robust in a wide variety of models and
depictions of climate.

The broad observed trends of precipitation and river-flow increases
have been identified by many long-term National Weather Service
(NWS)/National Climatic Data Center (NCDC) weather monitoring
networks, USGS streamflow monitoring networks, and analyses of
34,36,37
records therefrom (Ch. 2: Our Changing Climate;
). Ensembles
3,42
of climate models (see also Ch. 2: Our Changing Climate, Ch. 20:
Southwest) are the basis for the reported projections.
New information and remaining uncertainties
Important new evidence (cited above) confirmed many of the find177
ings from the 2009 National Climate Assessment.
Observed trends: Precipitation trends are generally embedded
amidst large year-to-year natural variations and thus trends may be
difficult to detect, may differ from site to site, and may be reflections
of multi-decadal variations rather than external (human) forcings.
Consequently, careful analyses of longest-term records from many
stations across the country and addressing multiple potential explanations are required and are cornerstones of the evidentiary studies
described above.
Efforts are underway to continually improve the stability, placement,
and numbers of weather observations needed to document trends;
scientists also regularly search for other previously unanalyzed data
sources for use in testing these findings.
Projected trends: The complexity of physical processes that result
in precipitation and runoff reduces abilities to represent or predict
them as accurately as would be desired and with the spatial and temporal resolution required for many applications; however, as noted,
the trends at the scale depicted in this message are very robust
among a wide variety of climate models and projections, which lends
confidence that the projections are appropriate lessons from current
climate (and streamflow) models. Nonetheless, other influences not
included in the climate change projections might influence future
patterns of precipitation and runoff, including changes in land cover,
water use (by humans and vegetation), and streamflow management.
Climate models used to make projections of future trends are continually increasing in number, resolution, and in the number of additional external and internal influences that might be confounding
current projections. For example, much more of all three of these
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directions for improvement are already evident in projection archives
for the next IPCC assessment.
Assessment of confidence based on evidence
Observed trends have been demonstrated by a broad range of methods over the past 20+ years based on best available data; projected
precipitation and river-flow responses to greenhouse gas increases
are robust across large majorities of available climate (and hydrologic) models from scientific teams around the world.
Confidence is therefore judged to be high that annual precipitation
and river-flow increases are observed now in the Midwest and the
Northeast regions.
Confidence is high that very heavy precipitation events have increased nationally and are projected to increase in all regions.
Confidence is high that the length of dry spells is projected to increase
in most areas, especially the southern and northwestern portions of
the contiguous United States.

Confidence Level
Very High
Strong evidence (established
theory, multiple sources, consistent
results, well documented and
accepted methods, etc.), high
consensus
High
Moderate evidence (several sources, some consistency, methods
vary and/or documentation limited,
etc.), medium consensus
Medium
Suggestive evidence (a few
sources, limited consistency, models incomplete, methods emerging,
etc.), competing schools of thought
Low
Inconclusive evidence (limited
sources, extrapolations, inconsistent findings, poor documentation
and/or methods not tested, etc.),
disagreement or lack of opinions
among experts

K ey message #2 Traceable Account
Short-term (seasonal or shorter) droughts are expected to intensify in most U.S. regions. Longerterm droughts are expected to intensify in large
areas of the Southwest, southern Great Plains, and
Southeast.
Description of evidence base
The key message and supporting chapter text summarizes extensive
evidence documented in the inter-agency prepared foundational
1
document, Ch. 16: Northeast, Ch 17: Southeast, Ch. 2: Our Changing Climate, Ch. 18: Midwest, Ch. 19: Great Plains, Ch. 20: Southwest,
Ch. 21: Northwest, Ch. 23: Hawai‘i and Pacific Islands, and over 500
technical inputs on a wide range of topics that were received as part
of the Federal Register Notice solicitation for public input.
Projected drought trends derive directly from climate models in some
8
30
studies (for example, Hoerling et al. 2012; Wehner et al. 2011; Gao
32
33
et al. 2012; Gao et al. 2011; ), from hydrologic models responding
to projected climate trends in others (for example, Georgakakos and
38
48
Zhang 2011; Cayan et al. 2010; ), from considerations of the interactions between precipitation deficits and either warmer or cooler
48
temperatures in historical (observed) droughts, and from combina49
tions of these approaches (for example, Trenberth et al. 2004 ) in
still other studies.
New information and remaining uncertainties
Important new evidence (cited above) confirmed many of the find177
ings from the 2009 National Climate Assessment.
Warmer temperatures are robustly projected by essentially all climate models, with what are generally expected to be directly attendant increases in the potentials for greater evapotranspiration, or ET
(although it is possible that current estimates of future ET are overly
influenced by temperatures at the expense of other climate variables,
like wind speed, humidity, net surface radiation, and soil moisture
that might change in ways that could partly ameliorate rising ET demands). As a consequence, there is a widespread expectation that
more water from precipitation will be evaporated or transpired in
the warmer future, so that except in regions where precipitation increases more than ET increases, less overall water will remain on the
landscape and droughts will intensify and become more common.
Another widespread expectation is that precipitation variability will
increase, which may result in larger swings in moisture availability,
with swings towards the deficit side resulting in increased frequencies and intensities of drought conditions on seasonal time scales
to times scales of multiple decades. An important remaining uncertainty, discussed in the supporting text for Key Message #1, is the
extent to which the types of models used to project future droughts
may be influencing results with a notable recent tendency for studies
with more complete, more resolved land-surface models, as well as
climate models, to yield more moderate projected changes.
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Other uncertainties derive from the possibility that changes in other
variables or influences of CO2-fertilization and/or land cover change
may also partly ameliorate drought intensification. Furthermore in
many parts of the country, El Niño-Southern Oscillation (and other
oceanic) influences on droughts and floods are large, and can overwhelm climate change effects during the next few decades. At present, however, the future of these oceanic climate influences remains
uncertain.
Assessment of confidence based on evidence
Given the evidence base and remaining uncertainties:
Confidence is judged to be medium-high that short-term (seasonal or
shorter) droughts are expected to intensify in most U.S. regions. Confidence is high that longer-term droughts are expected to intensify in
large areas of the Southwest, southern Great Plains, and Southeast.

K ey message #3 Traceable Account
Flooding may intensify in many U.S. regions, even
in areas where total precipitation is projected to decline.
Description of evidence base
The key message and supporting chapter text summarizes extensive
evidence documented in the inter-agency prepared foundational
1
document, Ch. 16: Northeast, Ch 17: Southeast, Ch. 2: Our Changing Climate, Ch. 18: Midwest, Ch. 19: Great Plains, Ch. 20: Southwest,
Ch. 21: Northwest, Ch. 23: Hawai‘i and Pacific Islands, and over 500
technical inputs on a wide range of topics that were received as part
of the Federal Register Notice solicitation for public input.
The principal observational bases for the key message are careful
58
national-scale flood-trend analyses based on annual peak-flow records from a selection of 200 USGS streamflow gaging stations measuring flows from catchments that are minimally influenced by upstream water uses, diversions, impoundments, or land-use changes
with more than 85 years of records, and analyses of two other subsets
of USGS gages with long records (including gages both impacted by
human activities and less so), including one analysis of 50 gages na56
tionwide and a second analysis of 572 gages in the eastern United
57
States. There is some correspondence among regions with significant changes in annual precipitation (Ch. 2: Our Changing Climate)
and soil moisture (Figures 3.2 and 3.3), and annual flood magnitudes
58
(Figure 3.5).
Projections of future flood-frequency changes result from de60
tailed hydrologic models (for example, Das et al. 2012; Raff et al.
133
135
2009; Walker et al. 2011 ) of rivers that simulate responses to
projected precipitation and temperature changes from climate models; such simulations have only recently begun to emerge in the peerreviewed literature.

New information and remaining uncertainties
Important new evidence (cited above) confirmed many of the find177
ings from the 2009 National Climate Assessment.
Large uncertainties remain in efforts to detect flood-statistic changes
attributable to climate change, because a wide range of local factors
(such as dams, land-use changes, river channelization) also affect
flood regimes and can mask, or proxy for, climate change induced
alterations. Furthermore, it is especially difficult to detect any kinds
of trends in what are, by definition, rare and extreme events. Finally,
the response of floods to climate changes are expected to be fairly
idiosyncratic from basin to basin, because of the strong influences
of within-storm variations and local, basin-scale topographic, soil
and vegetation, and river network characteristics that influence the
size and extent of flooding associated with any given storm or sea54,55,56,57
son.
Large uncertainties still exist as to how well climate models can represent and project future extremes of precipitation. This has – until
recently – limited attempts to make specific projections of future
flood frequencies by using climate model outputs directly or as direct
inputs to hydrologic models. However, precipitation extremes are expected to intensify as the atmosphere warms, and many floods result
from larger portions of catchment areas receiving rain as snowlines
recede upward. As rain runs off more quickly than snowfall this results in increased flood potential; furthermore, occasional rain-onsnow events exacerbates this effect. This trend is broadly expected to
increase in frequency under general warming trends, particularly in
62
mountainous catchments. Rising sea levels and projected increase
in hurricane-associated storm intensity and rainfall rates provide
first-principles bases for expecting intensified flood regimes in coastal settings (see Ch. 2: Our Changing Climate).
Assessment of confidence based on evidence
Future changes in flood frequencies and intensities will depend on a
complex combination of local to regional climatic influences, and the
details of complex surface-hydrologic conditions in each catchment
(for example, topography, land cover, and upstream management).
Consequently, flood frequency changes may be neither simple nor
regionally homogeneous, and basin by basin projections may need to
be developed. Early results now appearing in the literature have most
often projected intensifications of flood regimes, in large part as responses to projections of more intense storms and increasingly rainy
(rather than snowy) storms in previously snow-dominated settings.
Confidence in current estimates of future changes in flood frequencies and intensities is overall judged to be low.

K ey message #4 Traceable Account
Climate change is expected to affect water demand, groundwater withdrawals, and aquifer recharge, reducing groundwater availability in some
areas.
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Description of evidence base
The key message and supporting chapter text summarizes extensive
evidence documented in the inter-agency prepared foundational
1
document, regional chapters of the NCA, and over 500 technical
inputs on a wide range of topics that were received as part of the
Federal Register Notice solicitation for public input.
65,66,67,68,71,72

Several recent studies
have evaluated the potential impacts of changes in groundwater use and recharge under scenarios
including climate change, and generally they have illustrated the common-sense conclusion that changes in pumpage can have immediate
and significant effects in the nation’s aquifers. This has certainly been
the historical experience in most aquifers that have seen significant
development; pumpage variations usually tend to yield more immediate and often larger changes on many aquifers than do historical
climate variations on time scales from years to decades. Meanwhile,
for aquifers in the Southwest, there is a growing literature of geochemical studies that fingerprint various properties of groundwater
and that are demonstrating that most western groundwater derives
preferentially from snowmelt, rather than rainfall or other sourc50,51,66,74
es.
This finding suggests that much western recharge may be
at risk of changes and disruptions from projected losses of snowpack,
but as yet provides relatively little indication whether the net effects
will be recharge declines, increases, or simply spatial redistribution.
New information and remaining uncertainties
The precise responses of groundwater storage and flow to climate
change are not well understood, but recent and ongoing studies
65,66,67
provide insights on underlying mechanisms.
The observations
and modeling evidence to make projections of future responses of
groundwater recharge and discharge to climate change are thus far
very limited, primarily because of limitations in data availability and
in the models themselves. New forms and networks of observations
and new modeling approaches and tools are needed to provide projections of the likely influences of climate changes on groundwater
recharge and discharge. Despite the uncertainties about the specifics of climate change impacts on groundwater, impacts of reduced
groundwater supply and quality would likely be detrimental to the
nation.
Assessment of confidence based on evidence
Given the evidence base and remaining uncertainties, confidence
is judged to be high that climate change is expected to affect water
demand, groundwater withdrawals, and aquifer recharge, reducing
groundwater availability in some areas.

K ey message #5 Traceable Account
Sea level rise, storms and storm surges, and
changes in surface and groundwater use patterns
are expected to compromise the sustainability of
coastal freshwater aquifers and wetlands.
Description of evidence base
This message has a strong theoretical and observational basis, in-

cluding considerable historical experience with seawater intrusion
into many of the nation’s coastal aquifers and wetlands under the
influence of heavy pumpage, some experience with the influences
of droughts and storms on seawater intrusion, and experience with
seepage of seawater into shallow coastal aquifers under storm and
storm surge conditions that lead to coastal inundations with seawater. The likely influences of sea level rise on seawater intrusion into
coastal (and island) aquifers and wetlands are somewhat less certain,
as discussed below, although it is projected that sea level rise may
increase opportunities for saltwater intrusion (see Ch. 25: Coasts).
New information and remaining uncertainties
There are few published studies describing the kinds of groundwater
quality and flow modeling that are necessary to assess the real-world
78
potentials for sea level rise to affect seawater intrusion. Studies in
the literature and historical experience demonstrate the detrimental
impacts of alterations to the water budgets of the freshwater lenses
in coastal aquifers and wetlands around the world (most often by
groundwater development), but few evaluate the impacts of sea level
rise alone. More studies with real-world aquifer geometries and development regimes are needed to reduce the current uncertainty of
the potential interactions of sea level rise and seawater intrusion.
Assessment of confidence based on evidence
Confidence is high that sea level rise, storms and storm surges, and
changes in surface and groundwater use patterns are expected to
compromise the sustainability of coastal freshwater aquifers and
wetlands.

K ey message #6 Traceable Account
Increasing air and water temperatures, more intense precipitation and runoff, and intensifying
droughts can decrease river and lake water quality in many ways, including increases in sediment,
nitrogen, and other pollutant loads.
Description of evidence base
The key message and supporting chapter text summarizes extensive
evidence documented in the inter-agency prepared foundational doc1
ument, Ch. 8: Ecosystems, Ch. 15: Biogeochemical Cycles, and over
500 technical inputs on a wide range of topics that were reviewed as
part of the Federal Register Notice solicitation for public input.
Thermal stratification of deep lakes and reservoirs has been observed
1,81,82
to increase with increased air and water temperatures,
and may
be eliminated in shallow lakes. Increased stratification reduces mixing, resulting in reduced oxygen in bottom waters. Deeper set-up of
vertical thermal stratification in lakes and reservoirs may reduce or
eliminate a bottom cold water zone; this, coupled with lower oxygen
concentration, results in a degraded aquatic ecosystem.
Major precipitation events and resultant water flows increase wa84
tershed pollutant scour and thus increase pollutant loads. Fluxes
of mineral weathering products (for example, calcium, magnesium,
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sodium, and silicon) have also been shown to increase in response
86
to higher discharge. In the Mississippi drainage basin, increased
precipitation has resulted in increased nitrogen loads contributing
85
to hypoxia in the Gulf of Mexico. Models predict and observations
confirm that continued warming will have increasingly negative ef81
fects on lake water quality and ecosystem health.
Future re-mobilization of sediment stored in large river basins will be
influenced by changes in flood frequencies and magnitudes, as well as
on vegetation changes in the context of climate and other anthropo87
genic factors. Model projections suggest that changes in sediment
delivery will vary regionally and by land-use type, but on average
88
could increase by 25% to 55%.
New information and remaining uncertainties
It is unclear whether increasing floods and droughts cancel each
other out with respect to long-term pollutant loads.
It is also uncertain whether the absolute temperature differential
with depth will remain constant, even with overall lake and reservoir
water temperature increases. Further, it is uncertain if greater mixing
with depth will eliminate thermal stratification in shallow, previously
stratified lakes. Although recent studies of Lake Tahoe provide an ex83
ample of longer stratification seasons, lakes in other settings and
with other geometries may not exhibit the same response.
Many factors influence stream water temperature, including air temperature, forest canopy cover, and ratio of baseflow to streamflow.
Assessment of confidence based on evidence
Given the evidence base, confidence is medium that increasing air
and water temperatures, more intense precipitation and runoff, and
intensifying droughts can decrease river and lake water quality in
many ways, including increases in sediment, nitrogen, and pollutant
loads.

K ey message #7 Traceable Account
Climate change affects water demand and the
ways water is used within and across regions and
economic sectors. The Southwest, Great Plains,
and Southeast are particularly vulnerable to changes in water supply and demand.
Description of evidence base
The key message and supporting chapter text summarizes extensive
evidence documented in the inter-agency prepared foundational
1
document, Ch. 2: Our Changing Climate, Ch. 17: Southeast, Ch. 19:
Great Plains, Ch. 20: Southwest, Ch. 23: Hawai‘i and Pacific Islands,
and many technical inputs on a wide range of topics that were received and reviewed as part of the Federal Register Notice solicitation
for public input.

been monitored and documented by USGS for over 40 years and
represent a credible database to assess water-use trends, efficiencies, and underlying drivers. Water-use drivers principally include
population, personal income, electricity consumption, irrigated area,
mean annual temperature, growing season precipitation, and grow99
ing season potential evapotranspiration. Water-use efficiencies
are also affected by many non-climate factors, including demand
management, plumbing codes, water efficient appliances, efficiency
100
improvement programs, and pricing strategies; changes from water intensive manufacturing and other heavy industrial activities to
101
service-oriented businesses, and enhanced water-use efficiencies
in response to environmental pollution legislation; replacement of
older once-through-cooling electric power plants by plants that recycle their cooling water; and switching from flood irrigation to more
102
efficient methods in the western United States.
Projected Trends and Consequences: Future projections have been
carried out with and without climate change to first assess the water demand impacts of projected population and socioeconomic
increases, and subsequently combine them with climate change induced impacts. The main findings are that in the absence of climate
change total water withdrawals in the U.S. will increase by 3% in the
99
coming 50 years, with approximately half of the U.S. experiencing
a total water demand decrease and half an increase. If, however, climate change projections are also factored in, the demand for total
99
water withdrawals is projected to rise by an average of 26%, with
more than 90% of the U.S. projected to experience a total demand increase, and decreases projected only in parts of the Midwest, Northeast, and Southeast. When coupled with the observed and projected
drying water cycle trends (see key messages in “Climate Change Impacts on the Water Cycle” section), the water demand impacts of projected population, socioeconomic, and climate changes intensify and
compound in the Southwest and Southeast, rendering these regions
particularly vulnerable in the coming decades.
New information and remaining uncertainties
The studies of water demand in response to climate change and other
stressors are very recent and constitute new information on their
99
own merit. In addition, for the first time, these studies make it possible to piece together the regional implications of climate change induced water cycle alterations in combination with projected changes
in water demand. Such integrated assessments also constitute new
information and knowledge building.
Demand projections include various uncertain assumptions which
become increasingly important in longer term (multi-decadal) projections. Because irrigation demand is the largest water demand
component most sensitive to climate change, the most important
climate-related uncertainties are precipitation and potential evapotranspiration over the growing season. Non-climatic uncertainties
relate to future population distribution, socioeconomic changes, and
water-use efficiency improvements.

Observed Trends: Historical water withdrawals by sector (for example, municipal, industrial, agricultural, and thermoelectric) have
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Assessment of confidence based on evidence
Considering that (a) droughts are projected to intensify in large areas of the Southwest, Great Plains, and the Southeast, and (b) that
these same regions have experienced and are projected to experience continuing population and demand increases, confidence that
these regions will become increasingly vulnerable to climate change
is judged to be high.

K ey message #8 Traceable Account
Changes in precipitation and runoff, combined
with changes in consumption and withdrawal, have
reduced surface and groundwater supplies in many
areas. These trends are expected to continue, increasing the likelihood of water shortages for many
uses.
Description of evidence base
The key message and supporting chapter text summarizes extensive
evidence documented in the inter-agency prepared foundational
1
document, Ch. 2: Our Changing Climate, Ch. 17: Southeast, Ch. 19:
Great Plains, Ch. 20: Southwest, Ch. 23: Hawai‘i and Pacific Islands,
and over 500 technical inputs on a wide range of topics that were
received and reviewed as part of the Federal Register Notice solicitation for public input.
Observed Trends: Observations suggest that the water cycle in the
Southwest, Great Plains, and Southeast has been changing toward
130,151,152
drier conditions (Ch. 17: Southeast).
Furthermore, paleoclimate tree-ring reconstructions indicate that drought in previous centuries has been more intense and of longer duration than the most
th
st
40
extreme drought of the 20 and 21 centuries.
Projected Trends and Consequences: Global Climate Model (GCM)
projections indicate that this trend is likely to persist, with runoff
reductions (in the range of 10% to 20% over the next 50 years) and
48
intensifying droughts.
The drying water cycle is expected to affect all human and ecological water uses, especially in the Southwest. Decreasing precipitation,
rising temperatures, and drying soils are projected to increase irrigation and outdoor watering demand (which account for nearly 90%
of consumptive water use) by as much as 34% by 2060 under the A2
99
emissions scenario. Decreasing runoff and groundwater recharge
66
are expected to reduce surface and groundwater supplies, increas130
ing the annual risk of water shortages from 25% to 50% by 2060.
Changes in streamflow timing will increase the mismatch of supply
and demand. Earlier and declining streamflow and rising demands
will make it more difficult to manage reservoirs, aquifers, and other
130
water infrastructure.
Such impacts and consequences have been identified for several
38
southwestern and western river basins including the Colorado, Rio
126
127,128,129
Grande, and Sacramento-San Joaquin.

New information and remaining uncertainties
The drying climate trend observed in the Southwest and Southeast in
the last decades is consistent across all water cycle variables (precipitation, temperature, snow cover, runoff, streamflow, reservoir levels,
and soil moisture) and is not debatable. The debate is over whether
this trend is part of a multi-decadal climate cycle and whether it will
reverse direction at some future time. However, the rate of change
and the comparative GCM assessment results with and without historical CO2 forcing (Ch. 2: Our Changing Climate) support the view
that the observed trends are due to both factors acting concurrently.
GCMs continue to be uncertain with respect to precipitation, but they
are very consistent with respect to temperature. Runoff, streamflow,
and soil moisture depend on both variables and are thus less susceptible to GCM precipitation uncertainty. The observed trends and
the general GCM agreement that the southern states will continue
34,41
to experience streamflow and soil moisture reductions
provides
confidence that these projections are robust.
Assessment of confidence based on evidence
Given the evidence base and remaining uncertainties, confidence is
high that changes in precipitation and runoff, combined with changes
in consumption and withdrawal, have reduced surface and groundwater supplies in many areas. Confidence is high that these trends are
expected to continue, increasing the likelihood of water shortages for
many uses.

K ey message #9 Traceable Account
Increasing flooding risk affects human safety and
health, property, infrastructure, economies, and
ecology in many basins across the U.S.
Description of evidence base
The key message and supporting chapter text summarizes extensive
evidence documented in the inter-agency prepared foundational
1
document, Ch. 2: Our Changing Climate, Ch. 21: Northwest, Ch. 19:
Great Plains, Ch. 18: Midwest, Ch. 16: Northeast, and over 500 technical inputs on a wide range of topics that were received as part of the
Federal Register Notice solicitation for public input.
Observed Trends: Very heavy precipitation events have intensified
in recent decades in most U.S. regions, and this trend is projected to
continue (Ch. 2: Our Changing Climate). Increasing heavy precipitation is an important contributing factor for floods, but flood magnitude changes also depend on specific watershed conditions (including
soil moisture, impervious area, and other human-caused alterations).
There is, however, some correspondence among regions with significant changes in annual precipitation (Ch. 2: Our Changing Climate),
soil moisture (Figures 3.2 and 3.3), and annual flood magnitudes (Fig58
ure 3.5).
Flooding and seawater intrusion from sea level rise and increasing storm surge threaten New York, Boston, Philadelphia, Virginia
Beach, Wilmington, Charleston, Miami, Tampa, Naples, Mobile,
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Houston, New Orleans, and many other coastal cities (Chapter 25:
Coasts).
Projected Trends: Projections of future flood-frequency changes re60,133,135
sult from detailed hydrologic
and hydraulic models of rivers
that simulate responses to projected precipitation and temperature
changes from climate models.
Consequences: Floods already affect human health and safety and
result in substantial economic, ecological, and infrastructure damages. Many cities are located along coasts and, in some of these cities
(including New York, Boston, Miami, Savannah, and New Orleans), sea
level rise is expected to exacerbate coastal flooding issues by backing
up flood flows and impeding flood-management responses (see Ch.
136
16: Northeast and Ch. 25: Coasts).
Projected changes in flood frequency and severity can bring new
challenges in flood risk management. For urban areas in particular,
flooding impacts critical infrastructure in ways that are difficult to
foresee and can result in interconnected and cascading failures (for
example, failure of electrical generating lines can cause pump failure,
additional flooding, and failure of evacuation services). Increasing
likelihood of flooding also brings with it human health risks associ137
ated with failure of critical infrastructure (Ch. 11: Urban), from waterborne disease that can persist well beyond the occurrence of very
139
heavy precipitation (Ch. 9: Human Health), from water outages
associated with infrastructure failures that cause decreased sanitary
138
conditions, and from ecosystem changes that can affect airborne
140
diseases (Ch. 8: Ecosystems).
New information and remaining uncertainties
Large uncertainties still exist as to how well climate models can represent and project future precipitation extremes. However, precipitation extremes are expected to intensify as the atmosphere warms,
and many floods result from larger portions of catchment areas receiving rain as snowlines recede upward. As rain runs off more quickly
than snowfall, this results in increased flood potential; furthermore
occasional rain-on-snow events exacerbate this effect. This trend is
broadly expected to increase in frequency under general warming
62
trends, particularly in mountainous catchments.
Assessment of confidence based on evidence
Future changes in flood frequencies and intensities will depend on a
complex combination of local to regional climatic influences and on
the details of complex surface-hydrologic conditions in each catchment (for example, topography, land cover, and upstream managements). Consequently, flood frequency changes may be neither
simple nor regionally homogeneous, and basin by basin projections
may need to be developed. Nonetheless, early results now appearing
in the literature have most often projected intensifications of flood

regimes, in large part as responses to projections of more intense
storms and more rainfall runoff from previously snowbound catchments and settings.
Therefore, confidence is judged to be medium that increasing flooding risk affects human safety and health, property, infrastructure,
economies, and ecology in many basins across the U.S.

K ey message #10 Traceable Account
In most U.S. regions, water resources managers
and planners will encounter new risks, vulnerabilities, and opportunities that may not be properly
managed within existing practices.
Description of evidence base
The key message and supporting chapter text summarizes extensive
evidence documented in the inter-agency prepared foundational
1
document, other chapters of the NCA, and over 500 technical inputs
on a wide range of topics that were received as part of the Federal
Register Notice solicitation for public input.
Observed and Projected Trends: Many U.S. regions are facing critical
water management and planning challenges. Recent assessments il127,128,129,149
lustrate water management challenges facing California,
130,151
136,152
the Southwest,
Southeast (Ch. 17: Southeast),
North153
154
155
west, Great Plains, and Great Lakes.
The Sacramento-San Joaquin Bay Delta is already threatened by
flooding, seawater intrusion, and changing needs for environmental,
municipal, and agricultural water uses. Managing these risks and uses
requires reassessment of a very complex system of water rights, levees, stakeholder consensus processes, reservoir system operations,
and significant investments, all of which are subject to large uncer54,148
tainties.
Given the projected climate changes in the Sacramento-San Joaquin Bay Delta, adherence to historical management and
128,129
planning practices may not be a long-term viable option,
but the
42
supporting science is not yet fully actionable, and a flexible legal
and policy framework embracing change and uncertainty is lacking.
The Apalachicola-Chattahoochee-Flint (ACF) River basin in Georgia,
Alabama, and Florida supports a wide range of water uses and the
regional economy, creating challenging water-sharing tradeoffs for
the basin stakeholders. Climate change presents new stresses and
152
uncertainties. ACF stakeholders are working to develop a manage160
ment plan that balances economic, ecological, and social values.
New information and remaining uncertainties
Changes in climate, water demand, land use, and demography combine to challenge water management in unprecedented ways. This is
happening with a very high degree of certainty in most U.S. regions.
Regardless of its underlying causes, climate change poses difficult

111

CLIMATE CHANGE IMPACTS IN THE UNITED STATES

3: WATER RESOURCES
Traceable Accounts
challenges for water management because it invalidates stationarity
– the perception that climate varies around a predictable mean based
on the experience of the last century – and increases hydrologic variability and uncertainty. These conditions suggest that past management practices will become increasingly ineffective and that water
management can benefit by the adoption of iterative, risk-based, and
adaptive approaches.
Assessment of confidence based on evidence
The water resources literature is unanimous that water management
should rely less on historical practices and responses and more on
robust, risk-based, and adaptive decision approaches.
Therefore confidence is very high that in most U.S. regions, water
resources managers and planners will face new risks, vulnerabilities,
and opportunities that may not be properly managed with existing
practices.

K ey message #11 Traceable Account
Increasing resilience and enhancing adaptive capacity provide opportunities to strengthen water
resources management and plan for climate change
impacts. Many institutional, scientific, economic,
and political barriers present challenges to implementing adaptive strategies.
Description of evidence base
The key message and supporting chapter text summarizes extensive
evidence documented in the inter-agency prepared foundational
1
document and over 500 technical inputs on a wide range of topics
that were received as part of the Federal Register Notice solicitation
for public input.
There are many examples of adaptive strategies for water infra106,132,164,165
structure
as well as strategies for demand management,

land-use and watershed management, and use of “green” infrastruc1,106,132,166,167
ture.
Building adaptive capacity ultimately increases the ability to develop
and implement adaptation strategies and is considered a no-regrets
1,169
strategy.
Building networks, partnerships, and support systems
has been identified as a major asset in building adaptive capacity (Ch.
170
26: Decision Support; Ch. 28: Adaptation).
Water utility associations have undertaken original research to better
understand the implications of climate change on behalf of some of
119,156,176
the largest municipal water utilities in the United States.
Challenges include “stationarity” no longer being reliable as the cen171
tral assumption in water-resource planning, considerable uncertainties, insufficient actionable science ready for practical application,
the challenges of stakeholder engagement, and a lack of agreement
on “post-stationarity” paradigms on which to base water laws, regu42
lations, and policies. Water administrators may find it necessary to
132,172,173
develop more flexible water rights and regulations.
New information and remaining uncertainties
Jurisdictions at the state and local levels are addressing climate
change related legal and institutional issues on an individual basis.
An ongoing assessment of these efforts may show more practical applications.
Assessment of confidence based on evidence
Confidence is very high that increasing resilience and enhancing
adaptive capacity provide opportunities to strengthen water resources management and plan for climate change impacts.
Confidence is very high that many institutional, scientific, economic,
and political barriers present challenges to implementing adaptive
strategies.
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4

ENERGY

SUPPLY AND USE

Key Messages
1. Extreme weather events are affecting energy production and delivery facilities, causing supply
disruptions of varying lengths and magnitudes and affecting other infrastructure that depends
on energy supply. The frequency and intensity of certain types of extreme weather events are
expected to change.
2. Higher summer temperatures will increase electricity use, causing higher summer peak loads,
while warmer winters will decrease energy demands for heating. Net electricity use is projected
to increase.
3. Changes in water availability, both episodic and long-lasting, will constrain different forms of
energy production.
4. In the longer term, sea level rise, extreme storm surge events, and high tides will affect coastal
facilities and infrastructure on which many energy systems, markets, and consumers depend.
5. As new investments in energy technologies occur, future energy systems will differ from today’s
in uncertain ways. Depending on the character of changes in the energy mix, climate change will
introduce new risks as well as opportunities.

The U.S. energy supply system is diverse and robust in its ability to provide a secure supply of energy with only occasional interruptions. However, projected impacts of climate change will
increase energy use in the summer and pose additional risks
to reliable energy supply. Extreme weather events and water
shortages are already interrupting energy supply, and impacts
are expected to increase in the future. Most vulnerabilities and
risks to energy supply and use are unique to local situations;
others are national in scope.

©Gene Blevins

In addition to being vulnerable to the effects of climate change,
electricity generation is a major source of the heat-trapping

Energy infrastructure around the country has been
compromised by extreme weather events.

gases that contribute to climate change. Therefore, regulatory
or policy efforts aimed at reducing emissions would also affect the energy supply system. See Ch. 10: Energy, Water, and
Land, Key Message 2; and Ch. 27: Mitigation for more on this
topic. This chapter focuses on impacts of climate change to the
energy sector.
The impacts of climate change in other countries will also affect U.S. energy systems through global and regional crossborder markets and policies. Increased energy demand within
global markets due to industrialization, population growth,
and other factors will influence U.S. energy costs through
competition for imported and exported energy products. The
physical impacts of climate change on future energy systems
in the 25- to 100-year timeframe will depend on how those energy systems evolve. That evolution will be driven by multiple
factors, including technology innovations and carbon emission
constraints.
Adaptation actions can allow energy infrastructure to adjust
more readily to climate change. Many investments toward
adaptation provide short-term benefits because they address
current vulnerabilities as well as future risks, and thus entail
“no regrets.” Such actions can include a focus on increased efficiency of energy use as well as improvements in the reliability
of production and transmission of energy. The general concept
of adaptation is presented in Chapter 28: Adaptation.
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Key Message 1: Disruptions from Extreme Weather
Extreme weather events are affecting energy production and delivery facilities, causing
supply disruptions of varying lengths and magnitudes and affecting other infrastructure
that depends on energy supply. The frequency and intensity of certain types
of extreme weather events are expected to change.
Much of America’s energy infrastructure is vulnerable to extreme weather events. Because so many components of U.S.
energy supplies – like coal, oil, and electricity – move from
one area to another, extreme weather events affecting energy
infrastructure in one place can lead to supply consequences
elsewhere.
Climate change has begun to affect the frequency, intensity,
1,2,3
and length of certain types of extreme weather events.
What is considered an extreme weather or climate event varies from place to place. Observed changes across most of the
U.S. include increased frequency and intensity of extreme precipitation events, sustained summer heat, and in some regions,
droughts and winter storms. The frequency of cold waves has
decreased (Ch. 2: Our Changing Climate).
Projected climate changes include increases in various types
of extreme weather events, particularly heat waves, wildfire,
longer and more intense drought, more frequent and intense
very heavy precipitation events, and extreme coastal high water due to heavy-precipitation storm events coupled with sea
level rise. Extreme coastal high water will increasingly disrupt

4

infrastructure services in some locations. The frequency of
cold waves is expected to continue decreasing. Disruptions
in services in one infrastructure system (such as energy) will
lead to disruptions in one or more other infrastructures (such
as communications and transportation) that depend on other
affected systems. Infrastructure exposed to extreme weather
and also stressed by age or by demand that exceeds designed
levels is particularly vulnerable (see Ch. 11: Urban).
Like much of the nation’s infrastructure affected by major
weather events with estimated economic damages greater
5,6
than $1 billion, U.S. energy facilities and systems, especially
those located in coastal areas, are vulnerable to extreme
weather events. Wind and storm surge damage by hurricanes
already causes significant infrastructure losses on the Gulf
Coast.

In 2005, damage to oil and gas production and delivery infrastructure by Hurricanes Katrina and Rita affected natural gas,
4,7
oil, and electricity markets in most parts of the United States.
Market impacts were felt as far away as New York and New
8,9
England, highlighting the significant indirect economic impacts of climate-related events that
go well beyond the direct damages
Relative to
to energy infrastructure.

Paths of Hurricanes Katrina and Rita
Oil and Gas Production Facilities

Figure 4.1. A substantial portion of U.S. energy facilities is located on the Gulf Coast as
well as offshore in the Gulf of Mexico, where they are particularly vulnerable to hurricanes
and other storms and sea level rise. (Figure source: U.S. Government Accountability
Office 2006).

115

Various aspects of climate change
will affect and disrupt energy distribution and energy production systems. It is projected that wildfires
will affect extensive portions of
California’s electricity transmission
10
grid. Extreme storm surge events
at high tides are expected to in11
crease, raising the risk of inundating energy facilities such as power
plants, refineries, pipelines, and
transmission and distribution networks. Rail transportation lines that
carry coal to power plants, which
produced 42% of U.S. electricity in
2011, often follow riverbeds. More
intense rainstorms can lead to river
flooding that degrades or washes
out nearby railroads and roadbeds,
and increases in rainstorm intensity
have been observed and are projected to continue.
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By learning from previous events, offshore operations can be
made more resilient to the impacts of hurricanes. During Hurricane Isaac in August 2012, the U.S. Bureau of Safety and Environmental Enforcement reported that oil and gas production
12
was safely shut down and restarted within days of the event.

The geographical diversification of energy sources away from
hurricane-prone areas such as the Gulf of Mexico has reduced
vulnerability to hurricanes. The U.S. Energy Information Administration (EIA) reports that the percentage of natural gas
production from the Gulf of Mexico shifted from 20% in 2005
13
to 7% in 2012. This is due to the development of shale gas
production in other parts of the United States.

Key Message 2: Climate Change and Seasonal Energy Demands
Higher summer temperatures will increase electricity use, causing higher summer peak
loads, while warmer winters will decrease energy demands for heating. Net
electricity use is projected to increase.
Over the last 20 years, annual average temperatures typically
have been higher than the long-term average; nationally, temperatures were above average during 12 of the last 14 sum2
mers (Ch. 2: Our Changing Climate). These increased temperatures are already affecting the demand for energy needed to
cool buildings in the United States.
Average temperatures have increased in recent decades. In
response, the Energy Information Administration began using 10-year average weather data instead of 30-year average
weather data in order to estimate energy demands for heating
and cooling purposes. The shorter period is more consistent
14
with the observed trend of warmer winters and summers,
but is still not necessarily optimal for anticipating near-term
17
temperatures.

conditions, energy prices, consumer behavior, conservation
programs, and changes in energy-using equipment), increases
in temperature will result in increased energy use for cooling
and decreased energy use for heating. These impacts differ
among regions of the country and indicate a shift from predominantly heating to predominantly cooling in some regions
with moderate climates. For example, in the Northwest, energy demand for cooling is projected to increase over the next
century due to population growth, increased cooling degree
days, and increased use of air conditioners as people adapt to
19
higher temperatures. Population growth is also expected to
increase energy demand for heating. However, the projected
increase in energy demand for heating is about half as much
when the effects of a warming climate are considered along
19
with population growth.

While recognizing that many factors besides climate change affect energy demand (including population changes, economic

Demands for electricity for cooling are expected to increase
in every U.S. region as a result of increases in average temperatures and high temperature extremes.
Increase in Cooling Demand and Decrease in Heating Demand The electrical grid handles virtually the entire cooling load, while the heating load is
distributed among electricity, natural gas,
heating oil, passive solar, and biofuel. In
order to meet increased demands for peak
electricity, additional generation and distribution facilities will be needed, or demand
will have to be managed through a variety
of mechanisms. Electricity at peak demand
typically is more expensive to supply than
21
at average demand. Because the balance
between heating and cooling differs by location, the balance of energy use among
delivery forms and fuel types will likely
Figure 4.2. The amount of energy needed to cool (or warm) buildings is proportional
shift from natural gas and fuel oil used for
to cooling (or heating) degree days. The figure shows increases in population-weighted
heating to electricity used for air conditioncooling degree days, which result in increased air conditioning use, and decreases
ing. In hotter conditions, more fuel and enin population-weighted heating degree days, meaning less energy required to heat
ergy are required to generate and deliver
buildings in winter, compared to the average for 1970-2000. Cooling degree days are
electricity, so increases in air conditioning
defined as the number of degrees that a day’s average temperature is above 65ºF,
use and shifts from heating to cooling in rewhile heating degree days are the number of degrees a day’s average temperature
is below 65ºF. As shown, the increase in cooling needs is greater than the decrease
gions with moderate climates will increase
16
4
in heating needs (Data from NOAA NCDC 2012 ).
primary energy demands.
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Increase in Numbers of Cooling Degree Days

Figure 4.3. These maps show projected average changes in cooling degree days for two
future time periods: 2021-2050 and 2070-2099 (as compared to the period 1971-2000). The
top panel assumes climate change associated with continued increases in emissions of
heat-trapping gases (A2), while the bottom panel assumes significant reductions (B1). The
projections show significant regional variations, with the greatest increases in the southern
United States by the end of this century under the higher emissions scenario. Furthermore,
population projections suggest continued shifts toward areas that require air conditioning
in the summer, thereby increasing the impact of temperature changes on increased energy
18
demand. (Figure source: NOAA NCDC / CICS-NC).
Table 4.1. Hotter and longer summers will increase the amount of electricity necessary to run air conditioning,
especially in the Southeast and Southwest. Warmer winters will decrease the amount of natural gas required to
heat buildings, especially in the Northeast, Midwest, and Northwest. Table information is adapted from multi-model
means from 8 NARCCAP regional climate simulations for the higher emissions scenario (A2) considered in this
20
report and is weighted by population. (Source: adapted from Regional Climate Trends and Scenarios reports )

Changing Energy Use for Heating and Cooling Will Vary by Region
Consequences: Challenges and Opportunities
Region

Cooling

Heating

Hotter and Longer Summers
Number of additional extreme hot days
(> 95°F) and % increase in cooling degree days per year in 2041-2070 above
1971-2000 level

Warmer Winters
Number of fewer extreme cold
days (< 10°F) and % decrease in
heating degree days per year in
2041-2070 below 1971-2000 level

Northeast

+10 days, +77%

-12 days, -17%

Southeast

+23 days, +43%

-2 days, -19%

Midwest

+14 days, +64%

-14 days, -15%

Physical Impacts High Likelihood

Great Plains

+22 days, +37%

-4 days, -18%

Southwest

+20 days, +44%

-3 days, -20%

Northwest

+5 days, +89%

-7 days, -15%

Alaska

Not studied

Not studied

Pacific Islands

Not studied

Not studied
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Climate-related temperature shifts
are expected to cause a net increase
21,22
in residential electricity use.
Increased electricity demands for cooling will exceed electricity savings resulting from lower energy demands
for heating. One study examining
state-level energy consumption,
weather data, and high emission
scenarios (A2 and A1FI; Appendix 3:
Climate Science Supplement) found
a net increase of 11% in residential
23
energy demand. Another study
reported annual increases in net
energy expenditures for cooling and
heating of about 10% ($26 billion in
1990 U.S. dollars) by the end of this
century for 4.5°F of warming, and
22% ($57 billion in 1990 dollars) for
24
overall warming of about 9°F. New
energy-efficient technology could
help to offset growth in demand.
Several studies suggest that if substantial reductions in emissions of
heat-trapping gases were required,
the electricity generating sector
would switch to using alternative
(non-fossil) fuel sources first, given
the multiple options available to generate electricity from sources that do
not emit heat-trapping gases, such as
wind and solar power. Under these
circumstances, electricity would
displace direct use of fossil fuels for
some applications, such as heating,
to reduce overall emissions of heat25,26
trapping gases.
The implications
for peak electricity demand could be
significant. In California, for example,
the estimated increase in use of electricity for space heating would shift
the peak in electricity demand from
27
summer to winter. In addition, the
fact that electricity from wind and
solar is highly variable and may not
be available when needed has the
potential to decrease the reliability
of the electricity system. However,
some initial studies suggest that a
well-designed electricity system
with high penetration of renewable
sources of energy should not decrease reliability (for example, Hand
28
et al. 2012 ).
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Key Message 3: Implications of Less Water for Energy Production
Changes in water availability, both episodic and long-lasting,
will constrain different forms of energy production.
Producing energy from fossil fuels (coal, oil, and natural gas),
nuclear power, biofuels, hydropower, and some solar power
systems often requires adequate and sustainable supplies of
water. Issues relatableted to water, including availability and
restrictions on the temperature of cooling water returned to
streams, already pose challenges to production from existing power plants and the ability to obtain permits to build
21,29,30
new facilities (Ch. 10: Energy, Water, and Land).

production at existing facilities and permitting of new power
plants. Increases in water temperatures may reduce the efficiency of thermal power plant cooling technologies, potentially
leading to warmer water discharge from some power plants,
which in turn can affect aquatic life. Studies conducted during
2012 indicate that there is an increasing likelihood of water
shortages limiting power plant electricity production in many
21,33
regions.

In the future, long-term precipitation changes, drought, and Hydropower plants in the western United States depend
reduced snowpack are projected to alter water availability on the seasonal cycle of snowmelt to provide steady output
(Ch. 3: Water). Recent climate data indicate a national average throughout the year. Expected reductions in snowpack in parts
increase in annual precipitation, owing to significant increases of the western U.S. will reduce hydropower production. There
across the central and northeastern portions of the nation and will also be increases in energy (primarily electricity) demand
a mix of increases and decreases elsewhere (Ch. 2: Our Chang- in order to pump water for irrigated agriculture and to pump
21
ing Climate, Figure 2.12). Projected changes in precipitation are and treat water for municipal uses.
small in most areas of the United States, but vary both seasonally and regionally (Figure 4.4). The number of heavy downpours has generally increased and
is projected to increase for all reProjected Changes in Seasonal Precipitation
gions (Ch 2: Our Changing Climate,
Figures 2.16, 2.17, 2.18, and 2.19).
Different analyses of observed
changes in dry spell length do not
31
show clear trends, but longer dry
spells are projected in southern
regions and the Northwest (Ch. 2:
Our Changing Climate, Figure 2.13)
as a result of projected large-scale
changes in circulation patterns.
Regional or seasonal water constraints, particularly in the Southwest and Southeast, will result
from chronic or seasonal drought,
growing populations, and increasing demand for water for various
uses (Ch. 2: Our Changing Climate; Ch. 10: Energy, Water, and
29,32
Land).
Reduced availability of
water for cooling, for hydropower,
or for absorbing warm water discharges into water bodies without
exceeding temperature limits,
will continue to constrain power

Figure 4.4. Climate change affects precipitation patterns as well as temperature patterns. The
maps show projected changes in average precipitation by season for 2041–2070 compared to
1971–1999, assuming emissions of heat-trapping gases continue to rise (A2 scenario). Note
significantly drier conditions in the Southwest in spring and Northwest in summer, as well as
significantly more precipitation (some of which could fall as snow) projected for northern areas
in winter and spring. Hatched areas indicate that the projected changes are significant and
consistent among models. White areas indicate that the changes are not projected to be larger
than could be expected from natural variability. (Figure source: NOAA NCDC / CICS-NC).
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The Electric Power Research Institute’s (EPRI) scenario-based
technical projections of water demand in 2030 find that onequarter of existing power generation facilities (about 240,000
megawatts) nationwide are in counties that face some type

34

of water sustainability issue. Many regions face water sustainability concerns, with the most significant water-related
stresses in the Southeast, Southwest, and Great Plains regions
34
(Ch. 3: Water).

Key Message 4: Sea Level Rise and Infrastructure Damage
In the longer term, sea level rise, extreme storm surge events, and high tides will
affect coastal facilities and infrastructure on which many energy systems,
markets, and consumers depend.
Significant portions of the nation’s energy production and delivery infrastructure are in lowlying coastal areas; these facilities include oil and
natural gas production and delivery facilities,
refineries, power plants, and transmission lines.

California Power Plants Potentially at
Risk from Sea Level Rise

Global sea level has risen by about 8 inches since
reliable record keeping began in 1880, affecting
countries throughout the world, including the
United States. The rate of rise increased in recent
decades and is not expected to slow. Global average sea level is projected to rise 1 to 4 feet by
2100 and is expected to continue to rise well beyond this century (Ch. 2: Our Changing Climate).
Sea level change at any particular location can
deviate substantially from this global average
35
(Ch. 2: Our Changing Climate).
Rising sea levels, combined with normal and
potentially more intense coastal storms, an increase in very heavy precipitation events, and
local land subsidence, threaten coastal energy
equipment as a result of inundation, flooding,
and erosion. This can be compounded in areas
that are projected to receive more precipitation.
In particular, sea level rise and coastal storms
pose a danger to the dense network of Outer
Continental Shelf marine and coastal facilities in
36
the central Gulf Coast region. Many of California’s power plants are at risk from rising sea levels, which result in more extensive coastal storm
flooding, especially in the low-lying San Francisco
Bay area (Figure 4.5). Power plants and energy
infrastructure in coastal areas throughout the
United States face similar risks.

Figure 4.5. Rising sea levels will combine with storm surges and high tides to
threaten power-generating facilities located in California coastal communities
and around the San Francisco Bay. Sea level rise and more intense heavy
precipitation events increase the risk of coastal flooding and damages to
37
infrastructure (Ch. 3: Water). (Figure source: Sathaye et al. 2011 ).
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Key Message 5: Future Energy Systems
As new investments in energy technologies occur, future energy systems will differ from
today’s in uncertain ways. Depending on the character of changes in the energy mix,
climate change will introduce new risks as well as opportunities.
Countless aspects of the U.S. economy today are supported
by reliable, affordable, and accessible energy supplies. Electricity and other forms of energy are necessary for telecommunications, water and sewer systems, banking, public safety,
and more. Today’s energy systems vary significantly by region,
however, with differences in climate-related impacts also introducing considerable variation by locale. Table 4.3 shows
projected impacts of climate change on, and potential risks
to, energy systems as they currently exist in different regions.
Most vulnerabilities and risks for energy supply and use are
unique to local situations, but others are national in scope. For
example, biofuels production in three regions (Midwest, Great
Plains, and Southwest) could be affected by the projected decrease in precipitation during the critical growing season in
the summer months (Ch. 10: Energy, Water, and Land; Ch. 7:
Forests).

character of energy systems contributes another layer of complexity to understanding how climate change will affect energy
systems.

One certainty about future energy systems is that they will be
different than today’s, but in ways not yet known. Many uncertainties – financial, economic, regulatory, technological, and so
on – will affect private and public consumption and investment
decisions on energy fuels, infrastructure, and systems. Energy
systems will evolve over time, depending upon myriad choices
made by countless decision-makers responding to changing
conditions in markets, technologies, policies, consumer preferences, and climate. A key challenge to understanding the nature and intensity of climate change impacts on future energy
systems is the amount of uncertainty regarding future choices
about energy technologies and their deployment. An evolving
energy system is also an opportunity to develop an energy
system that is more resilient and less vulnerable to climate
change.

Because energy systems in the United States are not centrally
planned, they tend to reflect energy decisions shaped by law,
regulation, other policies, and economic, technological, and
other factors in markets. Trends in use patterns may continue
into the future; this is an opportunity to increase resilience but
also a major uncertainty for energy utilities and policy makers.
Energy infrastructure tends to be long-lived, so resiliency can
be enhanced by more deliberate applications of risk-management techniques and information about anticipated climate
38
impacts and trends.

Very different future energy supply portfolios are possible
depending upon key economic assumptions, including what
climate legislation may look like,14,25,34 and whether significant
changes in consumption patterns occur for a variety of other
reasons. Renewable energy sources, including solar, wind,
hydropower, biofuels, and geothermal are meeting a growing
portion of U.S. demand, and there is the opportunity for this
contribution to increase in the future (Ch. 6: Agriculture; Ch.
7: Forests). This fundamental uncertainty about the evolving

As they consider actions to enhance the resiliency of energy
systems, decision-makers confront issues with current energy
systems as well as possible future configurations. The systems
will evolve and will be more resilient over time if actions tied
to features of today’s systems do not make future systems less
resilient as a result. For example, if moving toward biomass as
an energy source involves more water-consumptive energy
supplies that could be constrained by drier future climate conditions, then decisions about energy choices should be made
with consideration of potential changes in climate conditions
and the risks these changes present (See Ch. 26: Decision Support).

For example, risk-management approaches informed by evolving climate conditions could be used to project the value of
research and development on, or investments in, construction
of dikes and barriers for coastal facilities or for dry-cooling
technologies for power plants in regions where water is already in short supply. Solar and wind electricity generation facilities could be sited in areas that are initially more expensive
(such as offshore areas) but less subject to large reductions in
power plant output resulting from climatic changes. Targets
for installed reserve margins for electric generating capacity
and capacity of power lines can be established using certain
temperature expectations, but adjusted as conditions unfold
over time.
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A range of climate change impacts will affect future energy production. This table shows possible ways to anticipate and respond to
these changes. Innovations in technologies may provide additional opportunities and benefits to these and other adaptation actions.
Behavioral change by consumers can also promote resiliency.
Table 4.2 summarizes actions that can be taken to increase the ease with which energy systems can adjust to climate change. Many
of these adaptation investments entail “no regrets” actions, providing short-term benefits because they address current vulnerabilities
as well as future risks.

Possible Climate Resilience and Adaptation Actions in Energy Sector
Key Challenges Addressed
Extreme
Weather
Events

Increase
in Peak
Energy
Loads

Water
Constraints
on Energy
Production

Sea
Level
Rise

Diversifying supply chains

X

X

X

X

Strengthening and coordinating emergency response plans

X

X

X

Providing remote/protected emergency-response coordination centers

X

Developing flood-management plans or improving stormwater management

X

Possible Actions
Supply: System and Operational Planning

X

Developing drought-management plans for reduced cooling flows

X

Developing hydropower management plans/policies addressing extremes

X

Supply: Existing Equipment Modifications
Hardening/building redundancy into facilities

X

X

Elevating water-sensitive equipment or redesigning elevation of intake structures

X

X

Building coastal barriers, dikes, or levees

X

X

Improving reliability of grid systems through back-up power supply, intelligent
controls, and distributed generation

X

Insulating equipment for temperature extremes

X

X

X

References to technical studies with case studies on many of these topics may be found in Wilbanks et al. 2012. 4

Implementing dry (air-cooled) or low-water hybrid (or recirculating) cooling
systems for power plants

X

Adding technologies/systems to pre-cool water discharges

X

Using non-fresh water supplies: municipal effluent, brackish or seawater

X

Relocating vulnerable facilities

X

X

X
X

Supply: New Equipment
Adding peak generation, power storage capacity, and distributed generation

X

X

X

Adding back-up power supply for grid interruptions

X

X

X

Increasing transmission capacity within and between regions

X

X

X

Improving building energy, cooling-system and manufacturing efficiencies,
and demand-response capabilities (for example, smart grid)

X

X

Setting higher ambient temperatures in buildings

X

X

X

Use: Reduce Energy Demand

Improving irrigation and water distribution/reuse efficiency

X

Allowing flexible work schedules to transfer energy use to off-peak hours

X
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Table 4.3. Increased temperatures, changing precipitation patterns, and sea level rise will affect many sectors and regions, including
energy production, agriculture yields, and infrastructure damage. Changes are also projected to affect hydropower, solar photovoltaic,
and wind power, but the projected impacts are not well defined at this time.

Energy Supply: Summary of National and Regional Impacts, Challenges, and Opportunities
a

Consequences : Challenges and Opportunities
Fuel Extraction, Production
and Refining
Hydrocarbons

b

Biofuels

Physical
Impacts –
High
Likelihood

Increased Ambient
Temperature of Air
and Water

Increased
Extremes in
Water
Availability

National
Trend
f
Summary
Consequence

Decreased
Production and
Refining Capacity

Key Indicator
(2071-2099 vs.
1971-2000)

Fuel
Distribution
Transport/
Pipelines

Electricity Generation
Thermal Power Generation

c

Electricity
Distribution

Coastal Erosion
and Sea Level
Rise

Increased
Ambient Temperature of Air
and Water

Increased
Extremes in
Water
Availability

Coastal
Erosion
and Sea
Level Rise

Hot Summer
Periods

Decreased
Agricultural
Yields

Damage to
Facilities

Reduced
Plant
Efficiency
and Cooling
Capacity

Interruptions
to Cooling
Systems

Damage to
Facilities

Reduced Capacity/Damage
to Lines

Mean Annual
d
Temperature

Summer
d
Precipitation

Sea level Rise
(2100)

Mean
Annual
d
Temperature

Summer
d
Precipitation

Sea Level
e
Rise
(2100)

# Days>90°F
(2055)

Northeast

+4°F to 9°F

-5% to +6%

+4°F to 9°F

-5% to +6%

+13 days

Southeast

+3°F to 8°F

-22% to +10%

+3°F to 8°F

-22% to +10%

+31 days

e

f,g

Midwest

+4°F to 10°F

-22% to +7%

+4°F to 10°F

-22% to +7%

+19 days

Great Plains

+3°F to 9°F

-27% to +5%

+3°F to 9°F

-27% to +5%

+20 days

Southwest

+4°F to 9°F

-13% to +3%

+4°F to 9°F

-13% to +3%

Northwest

+3°F to 8°F

-34% to -4%

+3°F to 8°F

-34% to -4%

Alaska

+4°F to 9°F

+10% to +25%

+4°F to 9°F

+10% to
+25%

No Projection

Pacific
Islands

+2°F to 5°F

Range from
little change to
increases

+2°F to 5°F

Range from
little change to
increases

No Projection

1.6–3.9 ft
(0.5–1.2m)

1.6–3.9 ft.
(0.5–1.2m)

+24 days
+4 days

Notes
a) Excludes extreme weather events.
b) Hydrocarbons include coal, oil, and gas including shales.
c) Thermal power generation includes power plants fired from nuclear, coal, gas, oil, biomass fuels, solar thermal, and geothermal energy.
d) CMIP3 15 GCM Models: 2070–2099 Combined Interquartile Ranges of SRES B1 and A2 (versus 1971–2000), incorporating uncertainties from both
differences in model climate sensitivity and differences between B1 and A2 in emissions trajectories
e) Range of sea level rise for 2100 is the Low Intermediate to High Intermediate Scenario from “Sea Level Change Scenarios for the U.S. National
35
Climate Assessment.” Range is similar to the 1 to 4 feet of sea level rise projected in Ch. 2: Our Changing Climate, Key Message 10. There will
be regional variations in sea level rise, and this category of impacts does not apply for the Midwest region.
f) 2055 NARCCAP
4,25
g) References:
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SUPPLEMENTAL MATERIAL
TRACEABLE ACCOUNTS

Process for Developing Key Messages:
The author team met bi-weekly by teleconference during the
months of March through July 2012. Early in the development
of key messages and a chapter outline, the authors reviewed all
of the four dozen relevant technical input reports that were received in response to the Federal Register solicitation for public input. Selected authors participated in a U.S. Department of
Energy (DOE) sponsored workshop on Energy Supply and Use,
December 29-30, 2011, in Washington, D.C. The workshop was
organized specifically to inform a DOE technical input report and
this National Climate Assessment and to engage stakeholders in
this process. The authors selected key messages based on the risk
and likelihood of impacts, associated consequences, and available
evidence. Relevance to decision support within the energy sector
was also an important criterion.
The U.S. maintains extensive data on energy supply and use. The
Energy Information Administration (EIA) of the U.S. Department
of Energy is a primary organization in this activity, and data with
quality control, quality assurance, and expert review are available
39
through EIA Web pages (for example, EIA 2012, EIA 2013 ).

K ey message #1 Traceable Account
Extreme weather events are affecting energy
production and delivery facilities, causing supply
disruptions of varying lengths and magnitudes and
affecting other infrastructure that depends on energy supply. The frequency and intensity of certain
types of extreme weather events are expected to
change.
Description of evidence base
A series of NCA workshops reviewed potential influences of climate
change thus far on the frequency and intensity of certain types
3
of extreme events. Numerous past extreme events demonstrate
damage to energy facilities and infrastructure. Data assembled
and reviewed by the Federal Government summarize typical costs
5
associated with damage to energy facilities by extreme events.
State and regional reports as well as data provided by public utili4,9,10,26
ties document specific examples.

Damage to Gulf Coast energy facilities and infrastructure by Hurricanes Katrina and Rita in 2005 provides excellent examples to
8,9
support this key message. Wildfire also damages transmission
10
grids.
The authors benefited from Agency-sponsored technical input reports summarizing relevant data and information on energy supply
4,21,25
and use as well as urban systems and infrastructure.
A number of other technical input reports were relevant as well. These
were reviewed carefully, particularly with regard to the identification of key messages.
New information and remaining uncertainties
The information provided through a series of NCA workshops provided new (and current) evidence for influences of climate change
on the frequency and intensity of extreme events. The summaries from those workshops provide succinct evidence that certain
extreme events that damage energy facilities and infrastructure
can be expected to increase in number and intensity with climate
3
change (for example, Peterson et al. 2012 ). Documentation of
damage to energy facilities and infrastructure continues to accu5,14
mulate, increasing confidence in this key message.
The regional and local character of extreme events varies substantially, and this variability is a source of significant uncertainty regarding the impacts of climate change and consequences in terms
of damage to energy facilities by extreme events. Additionally,
damage to energy infrastructure in a specific location can have
far-reaching consequences for energy production and distribution,
and synthesis of such indirect consequences for production and
distribution does not yet support detailed projections.
Assessment of confidence based on evidence
High. There is high consensus with moderate evidence that extreme weather events associated with climate change will increase
disruptions of energy infrastructure and services in some locations.
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New information and remaining uncertainties
While there is little uncertainty that peak electricity demands will
increase with warming by climate change, substantial regional
variability is expected. Climate change projections do not provide
sufficient spatial and temporal detail to fully analyze these consequences. Socioeconomic factors including population changes,
economic conditions, and energy prices, as well as technological
developments in electricity generation and industrial equipment,
will have a strong bearing on electricity demands, specific to each
region of the country.

Confidence Level
Very High
Strong evidence (established
theory, multiple sources, consistent results, well documented
and accepted methods, etc.),
high consensus

High
Moderate evidence (several
sources, some consistency,
methods vary and/or documentation limited, etc.), medium
consensus

Assessment of confidence based on evidence
High.Assuming specific climate change scenarios, the consequences for heating and cooling buildings are reasonably predictable, especially for the residential sector. With a shift to higher
summer demands for electricity, peak demands for electricity
can be confidently expected to increase.

Medium
Suggestive evidence (a few
sources, limited consistency,
models incomplete, methods
emerging, etc.), competing
schools of thought

K ey message #3 Traceable Account

Low

Changes in water availability, both episodic and
long-lasting, will constrain different forms of energy production.

Inconclusive evidence (limited sources, extrapolations,
inconsistent findings, poor documentation and/or methods not
tested, etc.), disagreement or
lack of opinions among experts

Description of evidence base
2
Climate scenarios prepared for the NCA describe decreases in
precipitation under the SRES A2 scenario, with the largest decreases across the Northwest and Southwest in the spring and
summer.

K ey message #2 Traceable Account
Higher summer temperatures will increase electricity use, causing higher summer peak loads, while
warmer winters will decrease energy demands for
heating. Net electricity use is projected to increase.
Description of evidence base
The key message and supporting text summarizes extensive evi4
dence documented in the energy supply and use technical input.
Global climate models simulate increases in summer tempera2,20
tures, and the NCA climate scenarios
describe this aspect of
climate change projections for use in preparing this report (Ch. 2:
2
Our Changing Climate). Data used by Kunkel et al. and Census
15
Bureau population data, synthesized by the EIA, were the basis
for calculating population-weighted heating and cooling degreedays over the historic period as well as projections assuming SRES
B1 and A2 scenarios.
2

The NCA climate scenarios project an increase in the number of
cooling days and decrease in heating days, with peak electricity
27
demand in some regions shifting from winter to summer and
shifting to electricity needs for cooling instead of fossil fuels for
25,26,27
heating.

4,21

Technical input reports (for example, Wilbanks et al. ) summarize data and studies show that changes in water availability will
33
affect energy production, and more specifically, that water shortages will constrain electricity production (Ch. 2: Our Changing Cli29,32
mate).
The impacts of drought in Texas during 2011 are an
example of the consequences of water shortages for energy production as well as other uses (Ch. 10: Energy, Water, and Land).
Electric utility industry reports document potential consequences
34
for operation of generating facilities. A number of power plants
across the country have experienced interruptions due to water
shortages.
New information and remaining uncertainties
An increasing number of documented incidents of interruptions in
energy production due to water shortages provide strong evidence
that decreased precipitation or drought will have consequences for
21
energy production.
There is little uncertainty that water shortages due to climate
change will affect energy production. But uncertainty about
changes in precipitation and moisture regimes simulated by global
climate models is significantly higher than for simulated warming. Additionally, climate change simulations lack the spatial and
temporal detail required to analyze the consequences for water
availability at finer scales (for example, local and regional). Finer-
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scale projections would be relevant to decisions about changes in
energy facilities to reduce risk or adapt to water shortages associated with climate change.
Assessment of confidence based on evidence
High. The evidence is compelling that insufficient water availability with climate change will affect energy production; however,
simulations of climate change lack the detail needed to provide
more specific information for decision support.

K ey message #4 Traceable Account
In the longer term, sea level rise, extreme storm
surge events, and high tides will affect coastal facilities and infrastructure on which many energy
systems, markets, and consumers depend.
Description of evidence base
The sea level change scenario report prepared for the NCA (see
35
also Ch. 2: Our Changing Climate) provides further information
about sea level change. Extreme surge events at high tides are ex11
pected to increase, raising the risk of inundating energy facilities
such as power plants, refineries, pipelines, and transmission and
10
distribution networks (for example, Sathaye et al. 2013 ) Data
15
available through the EIA (for example, EIA 2010 provide highquality information about the locations and distribution of energy
facilities.

Description of evidence base
A number of studies describe U.S. energy system configurations
in terms of supply and use assuming different scenarios of climate
14,25,34
change, including SRES B1 and A2.
A technical input report
4,21
to the NCA by DOE provides details and updates earlier studies.
The potential role of biofuels is described within chapters 6 and 7
of this report (Ch. 6: Agriculture; Ch. 7: Forests).
New information and remaining uncertainties
Understanding of options for future energy supply and use within
the U.S. improves, as the EIA and other organizations update data
and information about U.S. energy systems as well as projections
of the mix of primary energy under various assumptions about
demographic, economic, and other factors. With additional data
and better models, alternative energy mixes can be explored with
respect to climate change adaptation and mitigation. But numerous factors that are very difficult to predict – financial, economic,
regulatory, technological – affect the deployment of actual facilities and infrastructure.
Assessment of confidence based on evidence
High. Given the evidence about climate change impacts and remaining uncertainties associated with the future configuration of
energy systems and infrastructure, there is high confidence that
U.S. energy systems will evolve in ways that affect risk with respect to climate change and options for adaptation or mitigation.

A substantial portion of the nation’s energy facilities and infrastructure are located along coasts or offshore, and sea level rise
will affect these facilities (Ch. 25: Coasts; Ch. 17: Southeast; Ch.
4,10,21,36
5: Transportation).
New information and remaining uncertainties
Projections of sea level change are relatively uncertain compared
to other aspects of climate change. More importantly, there will
be substantial regional and local variability in sea level change,
and facilities in locations exposed to more frequent and intense
extreme wind and precipitation events will be at higher risk. Data
and analyses to understand regional and local sea level change
are improving, but substantial uncertainty remains and decision
support for adaptation is challenged by these limitations.
Assessment of confidence based on evidence
High. There is high confidence that increases in global mean sea
level, extreme surge events, and high tides will affect coastal energy facilities; however, regional and local details are less certain.

K ey message #5 Traceable Account
As new investments in energy technologies occur, future energy systems will differ from today’s
in uncertain ways. Depending on the character of
changes in the energy mix, climate change will introduce new risks as well as opportunities.
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TRANSPORTATION

Key Messages
1. The impacts from sea level rise and storm surge, extreme weather events, higher temperatures
and heat waves, precipitation changes, Arctic warming, and other climatic conditions are 		
affecting the reliability and capacity of the U.S. transportation system in many ways.
2. Sea level rise, coupled with storm surge, will continue to increase the risk of major coastal
impacts on transportation infrastructure, including both temporary and permanent flooding of
airports, ports and harbors, roads, rail lines, tunnels, and bridges.
3. Extreme weather events currently disrupt transportation networks in all areas of the country;
projections indicate that such disruptions will increase.
4. Climate change impacts will increase the total costs to the nation’s transportation systems and
their users, but these impacts can be reduced through rerouting, mode change, and a wide range
of adaptive actions.

•
•

•
•

fixed node infrastructure, such as ports, airports, and
rail terminals;
fixed route infrastructure, such as roads, bridges, pedestrian/bicycle trails and lanes, locks, canals/channels,
light rail, subways, freight and commuter railways, and
pipelines, with mixed public and private ownership and
management;
vehicles, such as cars, transit buses, and trucks; transit
and railcars and locomotives; ships and barges; and aircraft – many privately owned; and
the people, institutions, laws, policies, and information
systems that convert infrastructure and vehicles into
working transportation networks.

Besides being affected by climate changes, transportation
systems also contribute to changes in the climate through
emissions. In 2010, the U.S. transportation sector accounted
for 27% of total U.S. greenhouse gas emissions, with cars and
2
trucks accounting for 65% of that total. Petroleum accounts
2
for 93% of the nation’s transportation energy use. This means
that policies and behavioral changes aimed at reducing green-

house gas emissions will have significant implications for the
various components of the transportation sector.
Weather events influence the daily and seasonal operation
3,4,5
of transport systems.
Transportation systems are already
experiencing costly climate change related impacts. Many inland states – for example, Vermont, Tennessee, Iowa, and Missouri – have experienced severe precipitation events, hail, and
flooding during the past three years, damaging roads, bridges,
and rail systems and the vehicles that use them. Over the coming decades, all regions and modes of transportation will be
affected by increasing temperatures, more extreme weather
events, and changes in precipitation. Concentrated transportation impacts are likely in
Alaska and along seacoasts.
Climate trends affect the design of transport infrastructure, which is expensive and
designed for long life (typically
50 to 100 years). The estimated value of U.S. transportation
facilities in 2010 was $4.1 tril6
lion. As climatic conditions
shift, portions of this infrastructure will increasingly be
subject to climatic stresses
that will reduce the reliability
and capacity of transportation
7
systems. Transportation systems are also vulnerable to
interruptions in fuel and elec-
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The U.S. economy depends on the personal and freight mobility provided by the country’s transportation system. Essential
products and services like energy, food, manufacturing, and
trade all depend in interrelated ways on the reliable functioning of these transportation components. Disruptions to transportation systems, therefore, can cause large economic and
1
personal losses. The national transportation system is composed of four main components that are increasingly vulnerable to climate change impacts:
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tricity supply, as well as communications disruptions – which
7,8
are also subject to climatic stresses. For example, power outages resulting from Hurricane Katrina shut down three major
petroleum pipelines for two days, and the systems operated at
9
reduced capacities for two weeks.
Climate change will affect transportation systems directly,
through infrastructure damage, and indirectly, through changes in trade flows, agriculture, energy use, and settlement patterns. If, for instance, corn cultivation shifts northward in response to rising temperatures, U.S. agricultural products may
10
flow to markets from different origins by different routes. If
policy measures and technological changes reduce greenhouse
gas emissions by affecting fuel types, there will likely be significant impacts on the transportation of energy supplies (such as
pipelines and coal trains) and on the cost of transportation to
11
freight and passenger users.
Shifts in demographic trends, land-use patterns, and advances
in transportation technology over the next few decades will
have profound impacts on how the nation’s transportation system functions, its design, and its spatial extent. As transportation officials shape the future transportation system to address

new demands, future climate conditions should be considered
as part of the planning and decision-making process.
Disruptions to transportation system capacity and reliability
can be partially offset by adaptations. Transportation systems
as networks may use alternative routes around damaged elements or shift traffic to undamaged modes. Other adaptation
actions include new infrastructure designs for future climate
conditions, asset management programs, at-risk asset protection, operational changes, and abandoning/relocating infra12
structure assets that would be too expensive to protect. As
new and rehabilitated transportation systems are developed,
climate change impacts should be routinely incorporated into
the planning for these systems.
There will be challenges in adapting transportation systems
to climate related changes, particularly when factoring in projected growth in the transportation sector. A National Surface
Transportation Policy and Revenue Commission in 2007 forecast the following annual average growth rates: average annual tonnage growth rates of 2.1% for trucks, 1.9% for rail, and
1.2% for waterborne transportation, and an average annual
passenger vehicle miles traveled growth rate of 1.82% through
13
2035 and 1.72% through 2055.

Key Message 1: Reliability and Capacity at Risk
The impacts from sea level rise and storm surge, extreme weather events,
higher temperatures and heat waves, precipitation changes, Arctic warming,
and other climatic conditions are affecting the reliability and capacity
of the U.S. transportation system in many ways.
Global climate change has both gradual and extreme event im- (A2 scenario) would lead to an increase in average tempera17
plications. A gradually warming climate will accelerate asphalt tures ranging from 5°F in Florida to 9°F in the upper Midwest.
14
deterioration and cause buckling of pavements and rail lines.
Streamflows based on increasingly more frequent and intense The impact on transportation systems not designed for such
rainfall instead of slower snowmelt could increase the likeli- extreme temperatures would be severe. At higher tempera15
hood of bridge damage from faster-flowing streams. How- tures, expansion joints on bridges and highways are stressed
18
ever, less snow in some areas will reduce snow removal costs and some asphalt pavements deteriorate more rapidly. Rail
and extend construction seasons.
hawing alaska
Shifts in agricultural production
patterns will necessitate changes in
Permafrost – soil saturated with frozen water – is a key feature of the Alaskan land16
transportation routes and modes.
scape. Frozen permafrost is a suitable base for transportation infrastructure such
as roads and airfields. In rapidly warming Alaska, however, as permafrost thaws into
Climate models project that exmud, road shoulders slump, highway cuts slide, and runways sink. Alaska currently
treme heat and heat waves will
25
spends an extra $10 million per year repairing permafrost damage.
become more intense, longer lastA recent study, which examined potential climate damage to Alaskan public ining, and more frequent (Ch. 2: Our
26
frastructure using results from three different climate models, considered 253
Changing Climate). By 2080-2100,
airports, 853 bridges, 131 harbors, 819 miles of railroad, 4,576 miles of paved
average temperatures are exroad, and 5,000 miles of unpaved road that could be affected by climate change.
pected to increase by 3°F to 6°F for
The present value of additional public infrastructure costs due to climate change
the continental United States, asimpacts was estimated at $5.6 to $7.6 billion through 2080, or 10% to 12% of
suming emissions reductions from
total public infrastructure costs in Alaska. These costs might be reduced by 40%
current trends (B1 scenario), while
26
with strong adaptation actions.
continued increases in emissions

T
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14,19

track stresses and track buckling will increase.
High air
temperatures can affect aircraft performance; lift-off limits
at hot-weather and high-altitude airports will reduce aircraft
20
operations.
Construction crews may have to operate on altered time
schedules to avoid the heat of the day, with greater safety
21
risks for workers. The construction season may lengthen in
many localities. Similarly, higher temperatures (and precipitation changes) are likely to affect transit ridership, bicycling, and
14,22
walking.
Climate change is most pronounced at high northern latitudes.
Alaska has experienced a 3°F rise in average temperatures
23
since 1949, double the rest of the country. Winter tempera23
tures have risen by 6°F. On the North Slope, sea ice formerly

provided protection to the shoreline against strong fall/winter
winds and storms (see Ch. 12: Indigenous Peoples). Retreating ice reduces this protection, eroding the shoreline and
endangering coastal villages. Thawing permafrost is causing
pavement, runway, rail, and pipeline displacements, creating
problems for operation and maintenance, and requiring reconstruction of key facilities.
Arctic warming is also projected to allow the seasonal opening
24
of the Northwest Passage to freight shipment. Global climate
projections to 2100 show extensive open water areas during
the summer around the Arctic basin. Retreat of Arctic sea ice
has been observed in all seasons over the past five decades,
24
with the most prominent retreat in summer. This has allowed
a limited number of freighters, cruise ships, and smaller vessels
to traverse the Northwest Passage for several years.

Possible Future Flood Depths in Mobile, AL with Rising Sea Level
Figure 5.1. Many coastal areas in
the United States, including the Gulf
Coast, are especially vulnerable
to sea level rise impacts on
11,27,28
transportation systems.
This is
particularly true when one considers
the interaction among sea level rise,
29
wave action, and local geology.
This map shows that many parts of
Mobile, Alabama, including critical
roads, rail lines, and pipelines, would
be exposed to storm surge under a
scenario of a 30-inch sea level rise
combined with a storm similar to
Hurricane Katrina. Not all roads would
be flooded if they merely run through
low areas since some are built above
flood levels. A 30-inch sea level rise
scenario is within the range projected
for global sea level rise (Ch. 2: Our
Changing Climate, Key Message 10).
(Figure source: U.S. Department of
30
Transportation 2012 ).

133

CLIMATE CHANGE IMPACTS IN THE UNITED STATES

5: TRANSPORTATION

Key Message 2: Coastal Impacts
Sea level rise, coupled with storm surge, will continue to increase the risk of major coastal
impacts on transportation infrastructure, including both temporary and permanent flooding of
airports, ports and harbors, roads, rail lines, tunnels, and bridges.
The transportation impacts of rising global sea level, which is
expected to continue to rise by an additional 1 to 4 feet by
31
2100 (see also Ch. 2: Our Changing Climate, Key Message 10),
will vary widely by location and geography. When sea level
rise is coupled with intense storms, the resulting storm surges
will be greater, extend farther inland, and cause more extensive damage. Relative sea level rise will be greater along some
coasts (such as Louisiana, Texas, and parts of the Chesapeake
Bay), and this will have significant effects on transportation
infrastructure, even without the coupling with storms, due
to regional land subsidence (land sinking or settling) (Ch. 25:
Coasts). Ports and harbors will need to be reconfigured to accommodate higher seas. Many of the nation’s largest ports are
along the Gulf Coast, which is especially vulnerable due to a
combination of sea level rise, storm surges, erosion, and land
11
subsidence. Two additional impacts for ports include 1) as
sea level rises, bridge clearance may not be adequate to allow safe passage of large vessels; 2) even if the elevation of
port facilities is adequate, any main access road that is not elevated will become more frequently inundated, thus affecting
port operations. In 2011, the United States imported 45% of all

Airports Vulnerable to Storm

oil consumed, and 56% of those imports passed through Gulf
32
Coast ports.
More frequent disruptions and damage to roads, tracks, runways, and navigation channels are projected in coastal areas
beyond the Gulf Coast. Thirteen of the nation’s 47 largest airports have at least one runway with an elevation within 12 feet
33
of current sea levels. Most ocean-going ports are in low-lying
coastal areas, including three of the most important for imports and exports: Los Angeles/Long Beach (which handles 31%
of the U.S. port container movements) and the Port of South
Louisiana and the Port of Galveston/Houston (which combined
34
handle 25% of the tonnage handled by U.S. ports). Extreme
floods and storms associated with climate change will lead to
increased movement of sediment and buildup of sandy formations in channels. For example, many federally maintained
navigation channels have deteriorated in recent years to dimensions less than those authorized, in part due to floods and
storms, which resulted in reduced levels of service that affect
35
navigation safety and reliability. Channels that are not well
maintained and have less sedimentation storage volume will
thus be more vulnerable to
significant, abrupt losses in
navigation service levels.
Surge
Additional channel storage
capacity that may be created by sea level rise will
also increase water depths
and increase sedimentation
in some channels. (See Ch.
25: Coasts for additional
discussion of coastal transportation impacts.)

Figure 5.2. Thirteen of the nation’s 47 largest airports have at least one runway with an elevation
within the reach of moderate to high storm surge. Sea level rise will pose a threat to low-lying
33
infrastructure, such as the airports shown here. (Data from Federal Aviation Administration 2012 ).
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Key Message 3: Weather Disruptions
Extreme weather events currently disrupt transportation networks in all areas of the country;
projections indicate that such disruptions will increase.

© John Wark/ /AP/Corbis

Changes in precipitation patterns, particularly
more extreme precipitation events and drought,
will affect transportation systems across the
country. Delays caused by severe storms disrupt
almost all types of transportation. Storm drainage systems for highways, tunnels, airports, and
city streets could prove inadequate, resulting
in localized flooding. Bridge piers are subject to
scour as runoff increases stream and river flows,
potentially weakening bridge foundations. Severe storms will disrupt highway traffic, leading
to more accidents and delays. More airline traffic will be delayed or canceled.

Inland waterways may well experience greater
floods, with high flow velocities that are unsafe
for navigation and that cause channels to shut
down intermittently. Numerous studies indicate
Infrastructure around the country has been compromised by extreme weather
increasing severity and frequency of flooding
events such as heavy downpours. Road and bridge damage are among the
throughout much of the Mississippi and Missouri infrastructure failures that have occurred during these extreme events.
36
River Basins. Increases in flood risk reflect both
37
changing precipitation and changing land-use patterns. In the drafts on navigable rivers and associated lock and dam pools.
Upper Mississippi/Missouri Rivers, there have been two 300- On the other hand, less ice formation on navigable waterways
38
to 500-year floods over the past 20 years. Drought increases has the potential to increase seasonal windows for passage of
the probability of wildfires, which affect visibility severely navigation.
enough to close roads and airports. Drought can lower vessel
The frequency of the strongest
hurricanes (Category 4 and 5)
Gulf Coast Transportation Hubs at Risk
in the Atlantic is expected to
increase (see Ch. 2: Our Changing Climate, Key Message 8).
As hurricanes approach landfall, they create storm surge,
which carries water farther
inland. The resulting flooding,
wind damage, and bridge destruction disrupts virtually all
transportation systems in the
affected area. Many of the nation’s military installations are
in areas that are vulnerable to
extreme weather events, such
as naval bases located in hurricane-prone zones.
Figure 5.3. Within this century, 2,400 miles of major roadway are projected to be inundated by
sea level rise in the Gulf Coast region. The map shows roadways at risk in the event of a sea
level rise of about 4 feet, which is within the range of projections for this region in this century
(see also Ch. 2: Our Changing Climate, Key Message 10). In total, 24% of interstate highway
miles and 28% of secondary road miles in the Gulf Coast region are at elevations below 4 feet.
39
(Figure source: Kafalenos et al. 2008 ).
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Hurricane

sandy

On October 29, 2012, Hurricane Sandy
dealt the transportation systems of New Jersey and New York and environs a massive
blow (See also Ch.16: Northeast, “Hurricane Vulnerability”; Ch. 11: Urban “Hurricane Sandy”). The damages from Sandy are
indicative of what powerful tropical storms
and higher sea levels could bring on a more
frequent basis in the future and were very
much in line with vulnerability assessments
40,41,42
conducted over the past four years.
All
tunnels and most bridges leading into New
York City were closed during the storm. Storm
43
tides of up to 14 feet flooded the Queens
Midtown, Holland, and Carey (Brooklyn Battery) tunnels, which remained closed for at
least one week (two weeks for the Carey Tunnel) while floodwaters were being pumped
out and power restored. The three major
airports (Kennedy, Newark, and LaGuardia)
flooded, with LaGuardia absorbing the worst
44
impact and closing for three days.

Hurricane Sandy Causes Flooding in
New York City Subway Stations

Figure 5.4. The nation’s busiest subway system sustained the worst
damage in its 108 years of operation on October 29, 2012, as a result of
Hurricane Sandy. Millions of people were left without service for at least one
week after the storm, as the Metropolitan Transportation Authority rapidly
worked to repair extensive flood damage (Photo credit: William Vantuono,
46
Railway Age Magazine, 2012 ).

Almost 7.5 million passengers per day ride
45
the New York City subways and buses.
Much of the New York City subway system
th
below 34 Street was flooded, including
all seven tunnels under the East River to
Brooklyn and Queens. In addition to removing the floodwaters, all electrical signaling and power systems (the third rails) had to be cleaned, inspected, and
repaired. Service on most Lower Manhattan subways was
46
suspended for at least one week, as was the PATH system
47
to New Jersey. Commuter rail service to New Jersey, Long
Island, and northern suburbs, with more than 500,000
45
passengers per day, was similarly affected for days or
weeks with flooded tunnels, downed trees and large debris
48
on tracks, and loss of electrical power. In addition, miles
of local roads, streets, underpasses, parking garages, and
bridges flooded and/or were badly damaged in the region,
49
and an estimated 230,000 parked vehicles sustained
water damage. Flooded roadways prevented the New York
Fire Department from responding to a fire that destroyed
more than 100 homes in Brooklyn’s Breezy Point neigh50
borhood.
Hurricane Sandy’s storm surge produced nearly four feet
of floodwaters throughout the Port of New York and New
Jersey, damaging electrical systems, highways, rail track,
and port cargo; displacing hundreds of shipping contain51
ers; and causing ships to run aground. Floating debris,

wrecks, and obstructions in the channel had to be cleared
before the Port was able to reopen to incoming vessels
52
within a week. Pleasure boats were damaged at marinas
throughout the region. On a positive note, the vulnerability
analyses prepared by the metropolitan New York authorities and referenced above provided a framework for efforts
to control the damage and restore service more rapidly.
Noteworthy are the efforts of the Metropolitan Transportation Authority to protect vital electrical systems and restore
subway service to much of New York within four days.
The impacts of this extraordinary storm on one of the nation’s most important transportation nodes were felt across
the country. Airline schedules throughout the United States
and internationally were snarled; Amtrak rail service along
the East Coast and as far away as Buffalo and Montreal was
curtailed; and freight shipments in and out of the hurricane
impact zone were delayed. The resultant direct costs to the
community and indirect costs to the economy will undoubtedly rise into the tens of billions of dollars (See also Ch.
11: Urban, “Hurricane Sandy”).
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Table 5.1 relates to overall national expectations based on Angel and Kunkel
54
2010 and as postulated by chapter authors. This kind of matrix is likely to be
most valuable and accurate if used at the state/regional/local levels. (Source:
53
Matrix format adapted from McLaughlin et al. 2011 ).
Illustrative Risks of Climate-related Impacts

Medium

High

Virtually
Certain

High

Subway and
tunnel flooding

Increased
widespread
flooding of
transportation
facilities

Major localized flooding
disrupts
transportation
systems

Inundation of
coastal assets
due to storm
surge

Medium

Increased rock/
mud slides
blocking road
and rail facilities

Train
derailment due
to rail buckling

Increased
disruption of
barge traffic
due to flooding

Short-term
road flooding
and blocked
culverts due to
extreme events

Low

Lower visibility
from wildfires
due to drought
conditions

Northward shift
of agricultural production
places more
demand and
stress on roads
and systems
not prepared
for higher
volumes

Pavement
heaving and
reduced pavement life due to
high temperatures

Inundation of
local roads due
to sea level rise

Reduced flight
cancellations
due to fewer
blizzards

Reduced maintenance costs
for highways
and airports
due to warmer
winters

Reduced Great
Lakes freezing, leading to
longer shipping
season

Longer seasonal opening
of Northwest
Passage

Magnitude of Consequences

Low

Positive
(beneficial)

Likelihood of Occurrence

Risks and Consequences
Risk is a function of both likelihood of impact and
the consequences of that impact. Table 5.1 is an
illustrative application of a risk matrix adapted
from the Port Authority of New York and New Jersey. As shown, different types of climate-related
incidents/events can have associated with them a
likelihood of occurrence and a magnitude of the
consequences if the incident does occur.
In assessing consequences, the intensity of system
use, as well as the existence or lack of alternative
routes, must be taken into account. Disabling
a transportation facility can have ripple effects
across a network, with trunk (main) lines and hubs
53
having the most widespread impacts. Any comprehensive assessment of the consequences of climate change would need to encompass the broad
array of factors that influence the nation’s transportation system, and consider changes in population, society, technology, prices, regulation, and
the economy that eventually affect transportation
55
system performance. For example, the trend
in recent years in the U.S. economy of adopting
just-in-time logistics increases the vulnerability of
businesses to day-to-day disruptions caused by
weather and flooding.

Key Message 4: Costs and Adaptation Options
Climate change impacts will increase the total costs to the nation’s transportation systems
and their users, but these impacts can be reduced through rerouting, mode change,
and a wide range of adaptive actions.
•

Adaptation strategies can be employed to reduce the impact of
climate change related events and the resulting consequences
(see Ch. 28: Adaptation). Consideration of adaptation strategies in the transportation sector is especially important in the
following five areas:
•

•
•

Transportation and land-use planning: deciding what
infrastructure to build and where to build it, as well as
planning for vulnerable areas of the community and impacts on specific population groups.
Vulnerability and risk assessment: identifying existing
vulnerable facilities and systems, together with the expected consequences.
New infrastructure design: adapting new infrastructure
designs that anticipate changing environmental and operational conditions.

•

Asset management: adapting existing infrastructure
and operations that respond to current and anticipated
conditions, including changed maintenance practices
and retrofits.
Emergency response: anticipating expected disruptions
from extreme weather events, and developing emergency response capability.

Adaptation takes place at multiple levels, from individual
households and private businesses to federal, state, and local
governments. The impacts associated with climate change are
not new, since flooding, storm surge, and extreme heat have
long been challenges. What is new is the changing frequency,
intensity, and location/geography of impacts and hazards.
Responding effectively to present and future environmental
challenges enhances the resilience of communities. Examples
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Role of Adaptive Strategies and Tactics in Reducing Impacts and Consequences

Figure 5.5. Many projected climate change impacts and resulting consequences on transportation systems can be reduced through
a combination of infrastructure modifications, improved information systems, and policy changes.

include improvements in storm water management, coastal
zone management, and coastal evacuation plans.
At the national level, the transportation network has some
capability to adjust to climate-related disruptions due to the
presence of network redundancy – multiple routes are often
possible for long-distance travel, and more than one mode
of transportation may be used for travel. However, in some
cases, only one major route connects major destinations, such
as Interstate 5 between Seattle and San Francisco; movements
along such links are particularly vulnerable to disruption.

At the state and local level, there is less resilience to be gained
by alternative routing, and impacts may be more intense. For
example, significant local and regional disruption and economic costs could result from the flooding of assets as diverse
as New York’s subways, Iowa’s roads, San Francisco’s airports,
and Vermont’s bridges.
Climate change is one of many factors, and an increasingly important one, that many state, regional, and local agencies are
considering as they plan for new and rehabilitated facilities.
By incorporating climate change routinely into the planning
process, governments can reduce the vulnerability to climate
change impacts and take actions that enhance the resilience

Disruptions to the nation’s inland water system from floods or
droughts can, and has, totally disrupted barge traffic. Severe droughts throughout the upper Midwest
in 2012 reduced flows in the Missouri and Missisinter storm related closures of i 5 and
sippi Rivers to near record low levels, disrupting
i 90 in washington state 2007 2008
barge traffic. While alternative modes, such as rail
and truck, may alleviate some of these disruptions,
In December 2007, heavy rainfall west of I-5, combined with meltit is impractical to shift major product shipments
ing snow from the mountains, created extremely high floodwaters
such as Midwest grain to other modes of transpor57
in western Washington State. Six-hour rainfall amounts were near
tation – at least in the near term.
a 100-year event for areas in Southwest Washington. High winds,
heavy rains, mudslides, and falling trees made travel unsafe on highWhile extreme weather events will continue to
ways. Downed power lines blocked roads, and, in many urban areas,
cause flight cancellations and delays, many weather
rainwater overwhelmed drainage systems and flooded roadways.
delays from non-extreme events are compounded

W
-

by existing inadequacies in the current national air
58
traffic management system. Improvements in the
air traffic system, such as those anticipated in the
FAA’s NextGEN (www.faa.gov/nextgen/), should
reduce weather-related delays.

-

,

-

-

The combined economic impact in the I-5 and I-90 corridors was
estimated at almost $75 million, of which some $47 million was
associated with the I-5 disruption and $28 million with the I-90
corridor. Estimated highway damage from the winter storm was $18
million for state routes and another $39 million for city and county
56
roads.
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Planning

for climate change

Charlotte County exemplifies how local governments can incorporate aspects of climate change into transportation planning. The
Metropolitan Planning Organization in Charlotte County-Punta
Gorda, Florida conducted long-range scenario planning that in65
tegrated climate change projections. A “smart growth” scenario
that concentrated growth in urban centers was compared with a
“resilient growth” scenario that steered development away from
areas vulnerable to sea level rise. Planners evaluated the scenarios
based on projected transportation performance outcomes and selected a preferred scenario reflecting aspects of each alternative.
of the transportation system to adverse weather conditions.
Governments at various levels are already taking action, as described below.
Land-use planning can reduce risk by avoiding new development in flood-prone areas, conserving open space to enhance
drainage, and relocating or abandoning structures or roads
that have experienced repeated flooding. The National Flood
Insurance Program encourages buyouts of repetitive loss
structures and preservation of open space by reducing flood
insurance rates for communities that adopt these practices.

Tropical

An important step in devising an adaptation plan is
to assess vulnerabilities (Ch. 26: Decision Support;
Ch. 28: Adaptation). The Federal Highway Administration funded pilot projects in five coastal states to
59
test a conceptual framework for evaluating risk.
The framework identifies transportation assets,
evaluates the likelihood of impact on specific assets, and assesses the seriousness of such impacts.

Several state and local governments have conducted additional vulnerability assessments that identify potential impacts to transportation systems,
especially in coastal areas. Detailed assessment
40,42,60
work has been undertaken by New York City,
61
62
63
California, Massachusetts, Washington, Florida, and Bos64
ton.
Non-coastal states and regions have also begun to produce
vulnerability assessments. Midwestern states, including Wis66
67
68
consin Iowa, and Michigan, have addressed increasing risk
of flooded roadways and other impacts.
Transit systems are already implementing measures that reduce vulnerability to climate impacts, including rail buckling.
Portland, Oregon’s transit agency has been installing expansion joints at vulnerable locations, improving reliability of rail

storm irene devastates vermont transportation in august 2011

Tropical Storm Impact on Vermont Road

In August of 2011, Vermont was inundated with rain
and massive flooding from Tropical Storm Irene (see
also Ch.16: Northeast, “Hurricane Vulnerability”),
closing down 146 segments of the state road system along with more than 200 bridges, and costing
an estimated $175 to $200 million to rebuild state
highways and bridges. An additional 2,000 or more
municipal roads and nearly 1,000 culverts were damaged, and more than 200 miles of state-owned rail
75
required repair.

The volume of water was unprecedented, as was the
power of the water in the rivers running through the
state. Culverts and bridges were affected and slope Figure 5.6. Vermont Route 131, outside Cavendish, a week after Tropical
stability was threatened as a result of the immense Storm Irene unleashed severe precipitation and flooding that damaged
amount and power of water and subsequent flooding. many Vermont roads, bridges, and rail lines. (Photo credit: Vermont
Agency of Transportation).

When asked about the lessons learned, the Vermont Agency of Transportation (VTrans) indicated the importance of
good maintenance of riverbeds as well as roads. VTrans is
working with the Vermont Agency of Natural Resources,
looking upstream and downstream at the structure of the
rivers, recognizing that risk reduction may involve managing rivers as much as changing bridges or roadways.

Rich Tetreault of VTrans emphasized that “Certainly we will
be looking to right-size the bridges and culverts that need
to be replaced … Knowing that we do not have the funds to
begin wholesale rebuilding of the entire highway network to
withstand future flooding, we will also enhance our ability
74
to respond” when future flooding occurs.
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AP Photo/The Virginian-Pilot, Steve Earley

change. Planting street trees has been
shown to reduce the urban heat island effect
73
and reduce heat stress on pavement.
Effective stormwater and stream/river management can reduce the risk of flooding for
transportation infrastructure. Following
Tropical Storm Irene, Vermont state agencies
are working on stream and river management to reduce conditions that exacerbate
74
flooding impacts on transportation.

Effective asset management requires significant data and monitoring of transportation
assets. Improved weather and road-condition information systems enable transportation system managers to anticipate and
Storm surge on top of rising sea levels have damaged roads and other
detect problems better and faster – enabling
coastal infrastructure.
them to close systems if needed, alert mo14
service. In New York, ventilation grates are being elevated to torists, and dispatch maintenance and snow-removal crews.
40
reduce the risk of flooding.
As Michigan DOT has noted, an increase in lake-effect snows
means that existing models used for snow and ice removal
Transportation agencies are incorporating climate change into procedures are no longer reliable, requiring better monitoring
ongoing design activities. For example, the Alaska Department and new models, as well as better roadway condition detec68
of Transportation (DOT) spends more than $10 million annu- tion systems.
ally on shoreline protection, relocations, and permafrost pro25
tection for roadways (see “Thawing Alaska”). In May 2011, Similarly, regular maintenance and cleaning of urban levee and
the California Department of Transportation (Caltrans) issued culvert systems reduces the risk of roads and rails being inunguidance to their staff on whether and how to incorporate sea dated by flooding.
69
level rise into new project designs.
Extreme weather, such as hurricanes or intense storms, stressStates have begun to integrate climate impacts into Transpor- es transportation at precisely the time when smooth operatation Asset Management, a systematic process for monitoring tion is critical. Effective evacuation planning, including early
18,70
the conditions of roads and transit facilities.
Maryland is warning systems, coordination across jurisdictional boundarworking to prioritize assets taking sea level rise and increased ies, and creating multiple evacuation routes builds preparedstorm intensity into account and is developing a tool to track ness. Identifying areas with high concentrations of vulnerable
71
assets and assess vulnerability. Florida DOT continually moni- and special-needs populations (including elderly, disabled, and
tors conditions on roads and bridges and is developing a state- transit-dependent groups) enhances readiness, as does identi72
wide inventory and action plan for high-risk bridges. Among fying assets such as school buses or other transit vehicles that
inland states, Michigan DOT has identified a wide range of op- can be deployed for households that do not own vehicles.
erational and asset management changes to adjust to climate
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SUPPLEMENTAL MATERIAL
TRACEABLE ACCOUNTS

Process for Developing Key Messages
In developing key messages, the chapter author team engaged,
via teleconference, in multiple technical discussions from January
through May 2012 as they reviewed numerous peer reviewed publications. Technical input reports (21) on a wide range of topics
were also received and reviewed as part of the Federal Register
Notice solicitation for public input. The author team’s review included a foundational Technical Input Report for the National Cli57
mate Assessment, “Climate Impacts and U.S. Transportation.”
Other published literature and professional judgment were also
considered as the chapter key messages were developed. The
chapter author team met in St. Louis, MO, in April 2012 for expert
deliberation and finalization of key messages.

K ey Message #1 Traceable Account
The impacts from sea level rise and storm surge,
extreme weather events, higher temperatures and
heat waves, precipitation changes, Arctic warming,
and other climatic conditions are affecting the reliability and capacity of the U.S. transportation system in many ways.

Description of evidence base
Climate impacts in the form of sea level rise, changing frequency
of extreme weather events, heat waves, precipitation changes,
Arctic warming, and other climatic conditions are documented in
Ch. 2: Our Changing Climate of this report.
Climate can be described as the frequency distribution of weather
over time. Existing weather conditions, flooding, and storm surge
demonstrably affect U.S. transportation systems. By changing the
frequency of these weather conditions, climate change will inevitably affect the reliability and capacity of U.S. transportations systems. This view is supported by multiple studies of the impacts of
weather and climate change on particular transportation systems
or particular regions.
An aggregate summary of impacts of climate change on U.S.
7
transportation can be found in NRC 2008. A paper commissioned for NRC 2008 considers specific impacts of various forms
of climate change on infrastructure, for example, possible future

12

constraints on infrastructure. The effects of climate on transit
14
systems are summarized in Hodges 2011. The impact of heat
and other climate effects on rail systems are described by Hodges
14,19
2011 and Rossetti 2002.
Future impacts of sea level rise and other climatic effects on
transportation systems in the Gulf Coast were examined by CCSP
11
2008. The impacts of climate change on New York State, including its transportation system, were undertaken by Rosenzweig et
60
al. 2011. Impacts of sea level rise on transportation infrastructure for the mid-Atlantic were also discussed in CCSP 2009 SAP
27
4.1, Ch. 7.
Weather impacts on road systems are discussed in “Climate Im57
pacts and U.S. Transportation” and numerous other sources.
Weather impacts on aviation operations are discussed in Kulesa
200320 and numerous other sources.
In addition, the key message and supporting text summarize extensive evidence documented in “Climate Impacts and U.S. Trans57
portation.”
Additional peer-reviewed publications discuss the fact that Arctic
warming is affecting existing Alaskan transportation infrastructure
today, and is projected to allow the seasonal opening of the North24
west Passage to freight shipment.
New information and remaining uncertainties
Recent changes in global sea level rise estimates documented in
this report (Ch.2: Our Changing Climate, Key Message 10) have
not been incorporated into existing regional studies of coastal
areas. In addition, recent research by USGS on the interaction
between sea level rise, wave action, and local geology have been
29
incorporated in only a few studies.
Specific estimates of climate change impacts on transportation
are acutely sensitive to regional projections of climate change and,
in particular, to the scale, timing, and type of predicted precipitation. New (CMIP5-based) regional climate projections will therefore affect most existing specific estimates of climate change
impacts on transportation. Transportation planning in the face of
uncertainties about regional-scale climate impacts presents particular challenges.
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Traceable Accounts
Impacts of climate on transportation system operations, including
safety and congestion, both on road systems and in aviation, have
been little studied to date.

Description of evidence base
Estimates of global sea level rise are documented in Ch. 2: Our
Changing Climate, Key Message 10 of this report.

Future characteristics of society, such as land-use patterns, demographics, and the use of information technology to alter transportation patterns, and possible changes to the very nature of
future transportation systems themselves all create uncertainty
in evaluating climate impacts on the nation’s transportation networks. These societal changes will probably occur gradually, however, allowing the transportation systems to adapt. Adaptation can
significantly ameliorate impacts on the transportation sector; however, evaluation of adaptation costs and strategies for the transportation sector is at a relatively early stage.

The prospective impact of sea level rise and storm surge on transportation systems is illustrated by the impact of recent hurricanes
on U.S. coastlines. In addition, research on impacts of sea level
rise and storm surge on transportation assets in particular regions
of the United States demonstrate the potential for major coastal
impacts (for example, CCSP 2008, Rosenzweig et al. 2011, and
11,28,60
Suarez et al. 2005
). Note that most existing literature on
storm surge and sea level rise impacts on transportation systems
is based on a global sea level rise of less than one meter (about
3 feet). The most recent projections include a potentially greater
rise in global sea level (Ch. 2: Our Changing Climate, Key Message
10).

Assessment of confidence based on evidence
Confidence is high that transportation systems will be affected
by climate change, given current climate projections, particularly
regarding sea level rise and extreme weather events.

Confidence Level

In addition, the key message and supporting text summarize extensive evidence documented in “Climate Impacts and U.S. Trans57
portation.”
New information and remaining uncertainties
As noted above, new estimates of global sea level rise have overtaken most of the existing literature on transportation and sea
level rise in the United States. In addition, it is not clear that the
existing transportation literature reflects recent USGS work on in29
teractions between sea level rise, wave action, and local geology.

Very High
Strong evidence (established
theory, multiple sources, consistent results, well documented
and accepted methods, etc.),
high consensus

High

New global sea level rise estimates will enable the development
of new regional estimates, as well as revision of regional coastal
erosion and flood modeling. Such smaller scale estimates are important because transportation and other infrastructure impacts
must necessarily be studied in a local context.

Moderate evidence (several
sources, some consistency,
methods vary and/or documentation limited, etc.), medium
consensus

Medium

Generally speaking, modeling of sea level rise impacts using existing USGS National Elevation Dataset (NED) data has well-understood limitations. Since NED data is freely and easily available, it
is often used for preliminary modeling. More accurate and more
recent elevation data may be captured via LIDAR campaigns, and
this data collection effort will be necessary for accurate understanding of regional and local sea level rise and storm surge im27
pacts.

Suggestive evidence (a few
sources, limited consistency,
models incomplete, methods
emerging, etc.), competing
schools of thought

Low
Inconclusive evidence (limited sources, extrapolations,
inconsistent findings, poor documentation and/or methods not
tested, etc.), disagreement or
lack of opinions among experts

Key Message #2 Traceable Account
Sea level rise, coupled with storm surge, will continue to increase the risk of major coastal impacts
on transportation infrastructure, including both temporary and permanent flooding of airports, ports
and harbors, roads, rail lines, tunnels, and bridges.

Accurate understanding of transportation impacts is specific to
particular infrastructure elements, so detailed inventories of local
and regional infrastructure must be combined with detailed and
accurate elevation data and the best available predictions of local
sea level rise and storm surge. Therefore, national assessments
of sea level rise must be built on detailed local and regional assessments.
Improved modeling is needed on the interactions among sea level
rise, storm surge, tidal movement, and wave action to get a better
understanding of the dynamics of the phenomena.
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Traceable Accounts
Assessment of confidence based on evidence
The authors have high confidence sea levels are rising and storm
surge on top of these higher sea levels pose risks to coastal transportation infrastructure.

system may be affected by changing precipitation patterns, with
potential consequences for agriculture and industry, and, consequently for transportation systems. In addition, the Seattle area
63
may be affected by sea level rise.

K ey Message #3 Traceable Account

Many relevant and recent climate data and models predict more
intense precipitation events in much of the U.S., especially the
Great Plains, Midwest, Northeast, and Southeast, with decreased
precipitation in parts of the Southwest and Southeast (see Ch. 2:
Our Changing Climate, Key Message 5).

Extreme weather events currently disrupt transportation networks in all areas of the country; projections indicate that such disruptions will increase.
Description of evidence base
The key message and supporting text summarize extensive evidence documented in “Climate Impacts and U.S. Transporta57
tion.”
Specific regional climate impacts can be identified in each NCA
region of the country. Specific climate impacts on transportation
by region include:
In Alaska, rising temperatures cause permafrost to melt, causing
damage to roadbeds, airfields, pipelines, and other transportation
25
infrastructure.
In the Northeast, the Chesapeake region is likely to experience
particularly severe local sea level rise due to geologic subsid27
ence, and increased precipitation generally (see Ch. 2: Our
Changing Climate, Key Message 5, and Ch.16: Northeast), along
with an increased incidence of extreme weather events. The presence of large populations with associated transportation systems
in coastal areas increases the potential impacts of sea level rise,
storm surge, and precipitation-induced flooding.
The Southeast is subject to the interacting effects of sea level rise,
increased precipitation, and other extreme events. The Southeast
includes Virginia, so it shares the threat of regional sea level rise in
the Chesapeake. In Louisiana, climate change poses a significant
11
threat to transportation infrastructure of national significance.
Midwest transportation infrastructure is subject to changing wa54
ter levels on the Great Lakes. Barge traffic disruptions, due to
flooding or drought on the Mississippi/Missouri/Ohio river system,
might be induced by changes in precipitation patterns.
A major concern in the Southwest is that declining precipitation
(see Ch. 2: Our Changing Climate, Key Message 5) may induce
changes in the economy and society that will affect the transportation systems that serve this region. In the Southwest, rail and
highway systems may be exposed to increased heat damage from
the higher temperatures. San Francisco Bay, which encompasses
two major airports and numerous key transportation links, is at
61
risk for sea level rise and storm surge.
Much of the economy of the Northwest is built around electricity
and irrigation from a network of dams. The performance of this

New information and remaining uncertainties
Recent data clearly show – and climate models further substantiate – an increase in the intensity of precipitation events throughout much of the U.S.
There is a need for a better definition of the magnitude of increased storm intensity so that accurate return frequency curves
can be established.
New regional climate model data from CMIP5 will have a significant impact on regional impact assessments.
Climate and impact data desired by transportation planners may
be different from the projections generated by regional climate
models. This presents a number of challenges:
Regional scale transportation impacts are often determined by
flood risk and by water flows in rivers and streams. Flooding is, of
course, linked to precipitation, but the linkage between precipitation and hydrology is very complex. Precipitation, as projected by
climate models, is often difficult to convert into predictions of
future flooding, which is what infrastructure designers need.
Similarly, an ice storm would be an extreme event for a transportation planner, but the frequency of ice storms has not yet been derived from climate models. More generally, improved methods of
deriving the frequency of infrastructure-affecting weather events
from regional climate models may be helpful in assessing climate
impacts on transportation systems.
There are uncertainties associated with the correlation between a
warming climate and increased hurricane intensity.
In regions likely to see decreased precipitation, especially those
areas subject to drought, stronger correlations to fire threat and
lowered water levels in major waterways are needed as projections
of climate models.
Planning tools and models can present a step-by-step process
for connecting the risk of impact with specific planning strategies
such as assessing the vulnerability of existing and proposed infrastructure and then identifying key adaptation practices to address
the risk.
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Traceable Accounts
Assessment of confidence based on evidence
Given the evidence base and remaining uncertainties, confidence
is high that extreme weather events will affect transportation in all
areas of the country.

K ey Message #4 Traceable Account
Climate change impacts will increase the total
costs to the nation’s transportation systems and
their users, but these impacts can be reduced
through rerouting, mode change, and a wide range
of adaptive actions.
Description of evidence base
The economic cost of climate change to the transportation sector has been little studied. However, there is substantial evidence
that costs will be significant. A recent study of climate change
in New York indicated that a storm surge severe enough to flood
60
Manhattan tunnels might cost as much as $100 billion.
The
actual experience of Hurricane Sandy, where multiple tunnels
were flooded, attests to the scale of the costs and disruption that
attend an event of this magnitude (See also Ch. 11: Urban; Box
on Hurricane Sandy). A study of the risk to specific infrastructure
26
elements in Alaska estimated the net present value of the extra
cost from climate change at $2 to $4 billion through 2030, and
$4 to $8 billion through 2080.
The indirect evidence for significant costs from climate change
impacts begin with the consequences of recent hurricanes, particularly on the Eastern seaboard, where Hurricane Irene, a rather
minor storm, produced unexpectedly heavy infrastructure damage
75
from heavy rains. The economic cost of infrastructure damage is
often greater than the cost of repairing or replacing infrastructure.
In addition, a recent study of on-road congestion estimates the
5
annual cost of highway congestion at about $100 billion, and
the Federal Highway Administration estimates that weather ac4
counts for about 15% of total delay. Similarly, a recent study of
aviation congestion indicates that the annual cost of airline delay
3
is about $33 billion and that weather accounts for more than a
third of airline delays. There is a strong circumstantial case to be
made that increased frequency of extreme events (as defined by
climate scientists) will produce increased traffic and aviation delays. Given the scale of current costs, even small changes in delay
can have substantial economic costs.
There is little published material on transportation adaptation
costs and benefits in the literature, in part because “adaptation”
is an abstraction (see Ch. 28: Adaptation). Climate change is statistical weather, and manifests itself as a change in the frequency
of events that would still occur (but with lower frequency) in the
absence of climate change. Transportation agencies decide to protect (or not) specific pieces of infrastructure based on a range of
considerations, including age and condition, extent of current and
future usage, and cost of protection, as well as changing weather

patterns. The authors, however, are aware, that transportation
systems have always been required to adapt to changing conditions, and that, in general, it is almost always far less expensive
to protect useful infrastructure than to wait for it to collapse. This
professional experience, based on examination of multitudes of
individual engineering studies, is the basis for the conclusion in
this report (for example, Caltrans Climate Change Workshop 2011,
11,12,69
CCSP 2008, and Meyer 2008
).
There are numerous examples of actions taken by state and
local governments to enhance resilience and reduce climate
impact costs on transportation, including land-use planning to
discourage development in vulnerable areas, establishment of
design guidelines to reduce vulnerability to sea level rise, use of
effective stormwater management techniques, and coordinated
7,69
emergency response systems.
New information and remaining uncertainties
There is relatively little information on the costs of climate change
in the transportation sector, and less on the benefits of adaptation. Much of the available research is focused on the costs
of replacing assets that are affected by extreme weather events,
with far less effort devoted to both longer-term impacts of climate
change on transportation systems (such as inundation of coastal
roads due to sea level rise) and to the broader effects of disrupted
facilities on network operations or on the community, for example,
rerouting of traffic around bottlenecks or evacuation of sensitive
populations from vulnerable areas.
Calculating climate impact and adaptation costs and benefits is an
exceptionally complex problem, particularly at high levels of aggregation, since both costs and benefits accrue based on a multitude
of location-specific events. In addition, all of the methodological
issues that are confronted by any long-term forecasting exercise
are present. The forecasting problem may be more manageable at
the local and regional scales at which most transportation decisions are usually made.
Assessment of confidence based on evidence
The authors have high confidence that climate impacts will be
costly to the transportation sector, but are far less confident in
assessing the exact magnitude of costs, based on the available
evidence and their experience. The authors also have high confidence, based upon their experience, that costs may be significantly reduced by adaptation action, though, as noted, the magnitude
of such potential reductions on a national scale would be difficult
to determine.
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AGRICULTURE

Key Messages
1. Climate disruptions to agricultural production have increased in the past 40 years and are
projected to increase over the next 25 years. By mid-century and beyond, these impacts will be
increasingly negative on most crops and livestock.
2. Many agricultural regions will experience declines in crop and livestock production from
increased stress due to weeds, diseases, insect pests, and other climate change induced
stresses.
3. Current loss and degradation of critical agricultural soil and water assets due to increasing
extremes in precipitation will continue to challenge both rainfed and irrigated agriculture unless
innovative conservation methods are implemented.
4. The rising incidence of weather extremes will have increasingly negative impacts on crop and
livestock productivity because critical thresholds are already being exceeded.
5. Agriculture has been able to adapt to recent changes in climate; however, increased innovation
will be needed to ensure the rate of adaptation of agriculture and the associated socioeconomic
system can keep pace with climate change over the next 25 years.
6. Climate change effects on agriculture will have consequences for food security, both in the U.S.
and globally, through changes in crop yields and food prices and effects on food processing,
storage, transportation, and retailing. Adaptation measures can help delay and reduce some of
these impacts.

The United States produces nearly $330 billion per year in agricultural commodities, with contributions from livestock ac1
counting for roughly half of that value (Figure 6.1). Production
of all commodities will be vulnerable to direct impacts (from
changes in crop and livestock development and yield due to
changing climate conditions and extreme weather events) and
indirect impacts (through increasing pressures from pests and
pathogens that will benefit from a changing climate). The agricultural sector continually adapts to climate change through
changes in crop rotations, planting times, genetic selection,
fertilizer management, pest management, water management,
and shifts in areas of crop production. These have proven to be
effective strategies to allow previous agricultural production
to increase, as evidenced by the continued growth in production and efficiency across the United States.
Climate change poses a major challenge to U.S. agriculture
because of the critical dependence of the agricultural system
on climate and because of the complex role agriculture plays
in rural and national social and economic systems (Figure 6.2).
Climate change has the potential to both positively and nega-

tively affect the location, timing, and productivity of crop, livestock, and fishery systems at local, national, and global scales.
It will also alter the stability of food supplies and create new
food security challenges for the United States as the world
seeks to feed nine billion people by 2050. U.S. agriculture exists as part of the global economy and agricultural exports
have outpaced imports as part of the overall balance of trade.
However, climate change will affect the quantity of produce
available for export and import as well as prices (Figure 6.3).
The cumulative impacts of climate change will ultimately
depend on changing global market conditions as well as responses to local climate stressors, including farmers adjusting
planting patterns in response to altered crop yields and crop
species, seed producers investing in drought-tolerant varieties,
and nations restricting trade to protect food security. Adaptive
actions in the areas of consumption, production, education,
and research involve seizing opportunities to avoid economic
damages and decline in food quality, minimize threats posed
by climate stress, and in some cases increase profitability.
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Key Message 1: Increasing Impacts on Agriculture
Climate disruptions to agricultural production have increased in the past 40 years
and are projected to increase over the next 25 years. By mid-century and beyond,
these impacts will be increasingly negative on most crops and livestock.

Impacts on Crop Production
Producers have many available strategies for adapting to the
average temperature and precipitation changes projected (Ch.
2
2: Our Changing Climate) for the next 25 years. These strategies include continued technological advancements, expansion
of irrigated acreage, regional shifts in crop acreage and crop
species, other adjustments in inputs and outputs, and changes
in livestock management practices in response to changing cli3,4
mate patterns. However, crop production projections often
fail to consider the indirect impacts from weeds, insects, and
diseases that accompany changes in both average trends and
2,5
extreme events, which can increase losses significantly. By
mid-century, when temperature increases are projected to
be between 1.8°F and 5.4°F and precipitation extremes are

further intensified, yields of major U.S. crops and farm profits
6,7
are expected to decline. There have already been detect8
able impacts on production due to increasing temperatures.
Over time, climate change is expected to increase the annual
variation in crop and livestock production because of its effects on weather patterns and because of increases in some
9,10
types of extreme weather events. Overall implications for
production are for increased uncertainty in production totals,
which affects both domestic and international markets and
food prices. Recent analysis suggests that climate change has
an outsized influence on year-to-year swings in corn prices in
11
the United States.

U.S. Agriculture

©iStockPhoto.com/small_frog

Figure 6.1. U.S. agriculture includes
300 different commodities with
a nearly equal division between
crop and livestock products. This
chart shows a breakdown of the
monetary value of U.S. agriculture
products by category. (Data from
2007 Census of Agriculture, USDA
National Agricultural Statistics
12
Service 2008 ).
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Agricultural Distribution

Figure 6.2. Agricultural activity is distributed across the U.S. with market value and crop types varying by region. In 2010, the total
market value was nearly $330 billion. Wide variability in climate, commodities, and practices across the U.S. will likely result in
13
differing responses, both in terms of yield and management. (Figure source: USDA National Agricultural Statistics Service 2008 ).
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U.S. Agricultural Trade

Figure 6.3. U.S. agriculture exists in the context of global markets.
Climate is among the important factors that affect these markets.
For example, the increase in U.S. food exports in the 1970s is
attributed to a combination of rising incomes in other nations,
changes in national currency values and farm policies, and poor
harvests in many nations in which climate was a factor. Through
seasonal weather impacts on harvests and other impacts, climate
change will continue to be a factor in global markets. The graph
shows U.S. imports and exports for 1935-2011 in adjusted dollar
14
values. (Data from USDA Economic Research Service 2012 ).

Plant response to climate change is dictated by complex
interactions among carbon dioxide (CO2), temperature,
solar radiation, and precipitation. Each crop species has
a temperature range for growth, along with an optimum
9
temperature. Plants have specific temperature tolerances, and can only be grown in areas where their temperature thresholds are not exceeded. As temperatures
increase over this century, crop production areas may
shift to follow the temperature range for optimal growth
and yield of grain or fruit. Temperature effects on crop
production are only one component; production over
years in a given location is more affected by available soil
water during the growing season than by temperature,
and increased variation in seasonal precipitation, coupled
with shifting patterns of precipitation within the season,
9,15
will create more variation in soil water availability.
The use of a model to evaluate the effect of changing
temperatures in the absence of changes in water availability reveals that crops in California’s Central Valley will
respond differently to projected temperature increases,
as illustrated in Figure 6.4. This example demonstrates
one of the methods available for studying the potential
effects of climate change on agriculture.

Crop Yield Response to Warming in California’s Central Valley
Figure 6.4. Changes in climate through this
century will affect crops differently because
individual species respond differently to
warming. This figure is an example of the
potential impacts on different crops within
the same geographic region. Crop yield
responses for eight crops in the Central Valley
of California are projected under two emissions
scenarios, one in which heat-trapping gas
emissions are substantially reduced (B1) and
another in which these emissions continue to
grow (A2). This analysis assumes adequate
water supplies (soil moisture) and nutrients
are maintained while temperatures increase.
The lines show five-year moving averages for
the period from 2010 to 2094, with the yield
changes shown as differences from the year
2009. Yield response varies among crops,
with cotton, maize, wheat, and sunflower
showing yield declines early in the period.
Alfalfa and safflower showed no yield declines
during the period. Rice and tomato do not
show a yield response until the latter half of
the period, with the higher emissions scenario
resulting in a larger yield response. (Figure
16
source: adapted from Lee et al. 2011 ).
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One critical period in which temperatures are a major factor is
the pollination stage; pollen release is related to development
of fruit, grain, or fiber. Exposure to high temperatures during
this period can greatly reduce crop yields and increase the risk
of total crop failure. Plants exposed to high nighttime temperatures during the grain, fiber, or fruit production period experi15
ence lower productivity and reduced quality. These effects
have already begun to occur; high nighttime temperatures
affected corn yields in 2010 and 2012 across the Corn Belt.
With the number of nights with hot temperatures projected to
increase as much as 30%, yield reductions will become more
9
prevalent.

Projected Changes in Key Climate Variables
Affecting Agricultural Productivity

Figure 6.5. Many climate variables affect agriculture. The maps above show projected
changes in key climate variables affecting agricultural productivity for the end of the century
(2070-2099) compared to 1971-2000. Changes in climate parameters critical to agriculture
show lengthening of the frost-free or growing season and reductions in the number of frost
days (days with minimum temperatures below freezing), under an emissions scenario that
assumes continued increases in heat-trapping gases (A2). Changes in these two variables are
not identical, with the length of the growing season increasing across most of the United States
and more variation in the change in the number of frost days. Warmer-season crops, such as
melons, would grow better in warmer areas, while other crops, such as cereals, would grow
9
more quickly, meaning less time for the grain itself to mature, reducing productivity. Taking
advantage of the increasing length of the growing season and changing planting dates could
allow planting of more diverse crop rotations, which can be an effective adaptation strategy.
On the frost-free map, white areas are projected to experience no freezes for 2070-2099,
and gray areas are projected to experience more than 10 frost-free years during the same
period. In the lower left graph, consecutive dry days are defined as the annual maximum
number of consecutive days with less than 0.01 inches of precipitation. In the lower right
graph, hot nights are defined as nights with a minimum temperature higher than 98% of the
minimum temperatures between 1971 and 2000. (Figure source: NOAA NCDC / CICS-NC).
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Temperature and precipitation
changes will include an increase in
both the number of consecutive dry
days (days with less than 0.01 inches
of precipitation) and the number of
hot nights (Figure 6.5). The western
and southern parts of the nation
show the greatest projected increases in consecutive dry days, while the
number of hot nights is projected to
increase throughout the U.S. These
increases in consecutive dry days
and hot nights will have negative
impacts on crop and animal production. High nighttime temperatures
during the grain-filling period (the
period between the fertilization of
the ovule and the production of a
mature seed in a plant) increase the
rate of grain-filling and decrease the
length of the grain-filling period, resulting in reduced grain yields. Exposure to multiple hot nights increases
the degree of stress imposed on
animals resulting in reduced rates of
17
meat, milk, and egg production.
Though changes in temperature, CO2
concentrations, and solar radiation
may benefit plant growth rates, this
does not equate to increased production. Increasing temperatures cause
cultivated plants to grow and mature
more quickly. But because the soil
may not be able to supply nutrients
at required rates for faster growing
plants, plants may be smaller, reducing grain, forage, fruit, or fiber production. Reduction in solar radiation
in agricultural areas due to increased
clouds and humidity in the last 60
18
19
years is projected to continue and
may partially offset the acceleration
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of plant growth due to higher temperatures and CO2 levels,
depending on the crop. In vegetables, exposure to temperatures in the range of 1.8°F to 7.2°F above optimal moderately
reduces yield, and exposure to temperatures more than 9°F
to 12.6°F above optimal often leads to severe if not total production losses. Selective breeding and genetic engineering for
both plants and animals provides some opportunity for adapting to climate change; however, development of new varieties
in perennial specialty crops commonly requires 15 to 30 years
or more, greatly limiting adaptive opportunity, unless varieties
could be introduced from other areas. Additionally, perennial
crops require time to reach their production potential.

A warmer climate will affect growing conditions, and the lack
of cold temperatures may threaten perennial crop production
(Figure 6.6). Perennial specialty crops have a winter chilling
requirement (typically expressed as hours when temperatures
are between 32°F and 50°F) ranging from 200 to 2,000 cumulative hours. Yields decline if the chilling requirement is not
completely satisfied, because flower emergence and viability
20
is low. Projections show that chilling requirements for fruit
and nut trees in California will not be met by the middle to the
21
end of this century. For most of the Northeast, a 400-hour
chilling requirement for apples is projected to continue to be
met during this century, but crops with prolonged chilling re-

Reduced Winter Chilling Projected for California

Figure 6.6. Many perennial plants (such as fruit trees and grape vines) require exposure to particular numbers of
chilling hours (hours in which the temperatures are between 32°F and 50°F over the winter). This number varies
among species, and many trees require chilling hours before flowering and fruit production can occur. With rising
temperatures, chilling hours will be reduced. One example of this change is shown here for California’s Central Valley,
assuming that observed climate trends in that area continue through 2050 and 2090. Under such a scenario, a rapid
decrease in the number of chilling hours is projected to occur.
By 2000, the number of chilling hours in some regions was 30% lower than in 1950. Based on the A2 emissions
scenario that assumes continued increases in heat-trapping gases relative to 1950, the number of chilling hours is
projected to decline by 30% to 60% by 2050 and by up to 80% by 2100. These are very conservative estimates of
the reductions in chilling hours because climate models project not just simple continuations of observed trends (as
21
assumed here), but temperature trends rising at an increasing rate. To adapt to these kinds of changes, trees with
a lower chilling requirement would have to be planted and reach productive age.
Various trees and grape vines differ in their chilling requirements, with grapes requiring 90 hours, peaches 225,
21
apples 400, and cherries more than 1,000. Increasing temperatures are likely to shift grape production for premium
24
wines to different regions, but with a higher risk of extremely hot conditions that are detrimental to such varieties.
The area capable of consistently producing grapes required for the highest-quality wines is projected to decline by
24
21
more than 50% by late this century. (Figure source: adapted from Luedeling et al. 2009 ).
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quirements, such as plums and cherries (with chilling requirements of more than 700 hours), could be negatively affected,
21,22
particularly in southern parts of the Northeast.
Warmer
winters can lead to early bud burst or bloom of some perennial
plants, resulting in frost damage when cold conditions occur in
15
late spring , as was the case with cherries in Michigan in 2012,
leading to an economic impact of $220 million (Andresen 2012,
23
personal communication).

soybean and alfalfa, elevated CO2 has been associated with
reduced nitrogen and protein content, causing a reduction in
grain and forage quality and reducing the ability of pasture and
30
rangeland to support grazing livestock. The growth stimulation effect of increased atmospheric CO2 concentrations has
a disproportionately positive impact on several weed species.
This effect will contribute to increased risk of crop loss due to
28,31
weed pressure.

The effects of elevated CO2 on grain and fruit yield and quality
are mixed. Some experiments have documented that elevated
CO2 concentrations can increase plant growth while increasing
25,26
water use efficiency.
The magnitude of CO2 growth stimulation in the absence of other stressors has been extensively
27,28
analyzed for crop and tree species
and is relatively well
understood; however, the interaction with changing temperature, ozone, and water and nutrient constraints creates uncer29
tainty in the magnitude of these responses. In plants such as

The advantage of increased water-use efficiency due to elevated CO2 in areas with limited soil water supply may be offset by
other impacts from climate change. Rising average temperatures, for instance, will increase crop water demand, increasing
the rate of water use by the crop. Rising temperatures coupled
with more extreme wet and dry events, or seasonal shifts in
precipitation, will affect both crop water demand and plant
production.

Impacts on Animal Production from Temperature Extremes
Animal agriculture is a major component of the U.S. agriculture
system (Figure 6.1). Changing climatic conditions affect animal
agriculture in four primary ways: 1) feed-grain production,
availability, and price; 2) pastures and forage crop production
and quality; 3) animal health, growth, and reproduction; and
32
4) disease and pest distributions. The optimal environmental
conditions for livestock production include temperatures and
other conditions for which animals do not need to significantly
alter behavior or physiological functions to maintain relatively
constant core body temperature.
Optimum animal core body temperature is often maintained
within a 4°F to 5°F range, while deviations from this range can
cause animals to become stressed. This can disrupt performance, production, and fertility, limiting the animals’ ability
to produce meat, milk, or eggs. In many species, deviations in
core body temperature in excess of 4°F to 5°F cause significant reductions in productive performance, while deviations
33
of 9°F to 12.6°F often result in death. For cattle that breed
during spring and summer, exposure to high temperatures
reduces conception rates. Livestock and dairy production are
more affected by the number of days of extreme heat than by
34
increases in average temperature. Elevated humidity exacerbates the impact of high temperatures on animal health and
performance.

Animals respond to extreme temperature events (hot or cold)
by altering their metabolic rates and behavior. Increases in
extreme temperature events may become more likely for animals, placing them under conditions where their efficiency in
meat, milk, or egg production is affected. Projected increases
in extreme heat events (Ch. 2: Our Changing Climate, Key Message 7) will further increase the stress on animals, leading to
34
the potential for greater impacts on production. Meat animals are managed for a high rate of weight gain (high metabolic rate), which increases their potential risk when exposed to
high temperature conditions. Exposure to heat stress disrupts
metabolic functions in animals and alters their internal temperature when exposure occurs. Exposure to high temperature
events can be costly to producers, as was the case in 2011,
35
when heat-related production losses exceeded $1 billion.
Livestock production systems that provide partial or total shelter to reduce thermal environmental challenges can reduce
the risk and vulnerability associated with extreme heat. In
general, livestock such as poultry and swine are managed in
housed systems where airflow can be controlled and housing
temperature modified to minimize or buffer against adverse
environmental conditions. However, management and energy
costs associated with increased temperature regulation will
increase for confined production enterprises and may require
modification of shelter and increased water use for cooling.
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Key Message 2: Weeds, Diseases, and Pests
Many agricultural regions will experience declines in crop and
livestock production from increased stress due to weeds, diseases,
insect pests, and other climate change induced stresses.
Weeds, insects, and diseases already have large negative impacts on agricultural production, and climate change has the
potential to increase these impacts. Current estimates of losses in global crop production show that weeds cause the largest
36
losses (34%), followed by insects (18%), and diseases (16%).
Further increases in temperature and changes in precipitation
patterns will induce new conditions that will affect insect populations, incidence of pathogens, and the geographic distribu15,37
tion of insects and diseases.
Increasing CO2 boosts weed
growth, adding to the potential for increased competition be38
tween crops and weeds. Several weed species benefit more
28,31
than crops from higher temperatures and CO2 levels.
One concern involves the northward spread of invasive weeds
like privet and kudzu, which are already present in the south39
ern states. Changing climate and changing trade patterns are
likely to increase both the risks posed by, and the sources of,
40
invasive species. Controlling weeds costs the U.S. more than
$11 billion a year, with most of that spent on herbicides. Both
herbicide use and costs are expected to increase as tempera41
tures and CO2 levels rise. Also, the most widely used herbicide
in the United States, glyphosate (also known as RoundUp™ and
other brand names), loses its efficacy on weeds grown at CO2
42
levels projected to occur in the coming decades. Higher concentrations of the chemical and more frequent sprayings thus
will be needed, increasing economic and environmental costs
associated with chemical use.
Climate change effects on land-use patterns have the potential
37,43
to create interactions among climate, diseases, and crops.
How climate change affects crop diseases depends upon the
effect that a combination of climate changes has on both the
host and the pathogen. One example of the complexity of the
interactions among climate, host, and pathogen is aflatoxin
(Aspergillus flavus). Temperature and moisture availability are
crucial for the production of this toxin, and both pre-harvest
and post-harvest conditions are critical in understanding the
impacts of climate change. High temperatures and drought
stress increase aflatoxin production and at the same time
reduce the growth of host plants. The toxin’s impacts are
augmented by the presence of insects, creating a potential
for climate-toxin-insect-plant interactions that further affect

44

crop production. Earlier spring and warmer winter conditions
are also expected to increase the survival and proliferation of
disease-causing agents and parasites.
Insects are directly affected by temperature and synchronize
their development and reproduction with warm periods and
45
are dormant during cold periods. Higher winter temperatures increase insect populations due to overwinter survival
and, coupled with higher summer temperatures, increase
reproductive rates and allow for multiple generations each
46
year. An example of this has been observed in the European
corn borer (Ostrinia nubialis) which produces one generation
in the northern Corn Belt and two or more generations in the
47
southern Corn Belt. Changes in the number of reproductive
generations coupled with the shift in ranges of insects will alter
insect pressure in a given region.
Superimposed on these climate change related impacts on
weed and insect proliferation will be ongoing land-use and
land-cover changes (Ch. 13: Land Use & Land Cover Change).
For example, northward movement of non-migratory butterflies in Europe and changes in the range of insects were associ48
ated with land-use patterns and climate change.
Livestock production faces additional climate change related
impacts that can affect disease prevalence and range. Regional
warming and changes in rainfall distribution have the potential to change the distributions of diseases that are sensitive
to temperature and moisture, such as anthrax, blackleg, and
hemorrhagic septicemia, and lead to increased incidence of
33,49
ketosis, mastitis, and lameness in dairy cows.
These observations illustrate some of the interactions among
climate change, land-use patterns, and insect populations.
Weeds, insects, and diseases thus cause a range of direct and
indirect effects on plants and animals from climate change,
although there are no simple models to predict the potential
interactions. Given the economic impact of these pests and
the potential implications for food security, research is critical
to further understand these dynamics.
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Key Message 3: Extreme Precipitation and Soil Erosion
Current loss and degradation of critical agricultural soil and water assets due to
increasing extremes in precipitation will continue to challenge both rainfed and
irrigated agriculture unless innovative conservation methods are implemented.
Several processes act to degrade soils, including erosion, compaction, acidification, salinization, toxification, and net loss
of organic matter (Ch. 15: Biogeochemical Cycles). Several of
these processes, particularly erosion, will be directly affected
by climate change. Rainfall’s erosive power is expected to increase as a result of increases in rainfall amount in northern
portions of the United States (see Ch. 2: Our Changing Climate), accompanied by further increases in precipitation in50
tensity. Projected increases in rainfall intensity that include
more extreme events will increase soil erosion in the absence
51,52
of conservation practices.

It

Soil and water are essential resources for agricultural production, and both are subject to new conditions as climate changes. Precipitation and temperature affect the potential amount
of water available, but the actual amount of available water
also depends on soil type, soil water holding capacity, and the
rate at which water filters through the soil (Figure 6.7 and 6.8).
Such soil characteristics, however, are sensitive to changing
climate conditions; changes in soil carbon content and soil loss
will be affected by direct climate effects through changes in
soil temperature, soil water availability, and the amount of
53
organic matter input from plants.

is all about the water!

Soil is a critical component of agricultural systems, and the changing climate affects the amount, distribution,
and intensity of precipitation. Soil erosion occurs when the rate of precipitation exceeds the ability of the soil to
maintain an adequate infiltration rate. When this occurs, runoff from fields moves water and soil from the field
into nearby water bodies.

Figure 6.7

Figure 6.8

Water and soil that are lost from the field are no longer available to support crop growth. The increasing intensity
of storms and the shifting of rainfall patterns toward more spring precipitation in the Midwest may lead to more
scenes similar to this one (Figure 6.7). An analysis of the rainfall patterns across Iowa has shown there has not
been an increase in total annual precipitation; however, there has been a large increase in the number of days
with heavy rainfall (Figure 6.9). The increase in spring precipitation is evidenced by a decrease of three days
in the number of workable days in the April to May period during 2001 through 2011 in Iowa compared to the
15
period 1980-2000. To offset this increased precipitation, producers have been installing subsurface drainage to
remove more water from the fields at a cost of $500 per acre (Figure 6.8). These are elaborate systems designed
to move water from the landscape to allow agricultural operations to occur in the spring. Water erosion and runoff
is only one portion of the spectrum of extreme precipitation. Wind erosion could increase in areas with persistent
drought because of the reduction in vegetative cover. (Photo credit (left): USDA Natural Resources Conservation
Service; Figure source (right): NOAA NCDC / CICS-NC).
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Increasing Heavy Downpours in Iowa

Figure 6.9. Iowa is the nation’s top corn and soybean producing state. These crops are planted in the
spring. Heavy rain can delay planting and create problems in obtaining a good stand of plants, both
of which can reduce crop productivity. In Iowa soils with even modest slopes, rainfall of more than
1.25 inches in a single day leads to runoff that causes soil erosion and loss of nutrients and, under
some circumstances, can lead to flooding. The figure shows the number of days per year during
which more than 1.25 inches of rain fell in Des Moines, Iowa. Recent frequent occurrences of such
events are consistent with the significant upward trend of heavy precipitation events documented
51,55
56
in the Midwest.
(Figure source: adapted from Takle 2011 ).

Changes in production practices can have more effect than
climate change on soil erosion; however, changes in climate
will exacerbate the effects of management practices that do
not protect the soil surface from the forces of rainfall. Erosion
is managed through maintenance of cover on the soil surface
to reduce the effect of rainfall intensity. Studies have shown
that a reduction in projected crop biomass (and hence the
amount of crop residue that remains on the surface over the
57,58
winter) will increase soil loss.
Expected increases in soil erosion under climate change also will lead to increased off-site,

non-point-source pollution. Soil conservation practices will
therefore be an important element of agricultural adaptation
59
to climate change.
Rising temperatures and CO2 and shifting precipitation patterns will alter crop-water requirements, crop-water availability, crop productivity, and costs of water access across the
agricultural landscape. Higher temperatures are projected to
increase both evaporative losses from land and water surfaces
and transpiration losses (through plant leaves) from non-crop
land cover, potentially reducing annual runoff and streamflow
for a given amount of precipitation. The resulting shift in crop
health will, in turn, drive changes in cropland allocations and
production systems.
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A few of the many important ecosystem services provided by
soils include the provision of food, wood, fiber such as cotton, and raw materials; flood mitigation; recycling of wastes;
biological control of pests; regulation of carbon and other
heat-trapping gases; physical support for roads and buildings;
54
and cultural and aesthetic values. Productive soils are characterized by levels of nutrients necessary for the production
of healthy plants, moderately high levels of organic matter, a
soil structure with good binding of the primary soil particles,
moderate pH levels, thickness sufficient to store adequate water for plants, a healthy microbial community, and the absence
of elements or compounds in concentrations that are toxic for
plant, animal, and microbial life.
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Key Message 4: Heat and Drought Damage
The rising incidence of weather extremes will have increasingly negative impacts on crop
and livestock productivity because critical thresholds are already being exceeded.
rapidly changing or adverse weather events, however, often
results in catastrophic deaths in domestic livestock and losses
34
of productivity in surviving animals.

©iStockPhoto.com/shotbydave

Climate change projections suggest an increase in extreme
60
heat, severe drought, and heavy precipitation. Extreme climate conditions, such as dry spells, sustained droughts, and
heat waves all have large effects on crops and livestock. The
timing of extreme events will be critical because they may occur at sensitive stages in the life cycles of agricultural crops
or reproductive stages for animals, diseases, and insects. Extreme events at vulnerable times could result in major impacts
on growth or productivity, such as hot-temperature extreme
weather events on corn during pollination. By the end of this
century, the occurrence of very hot nights and the duration of
periods lacking agriculturally significant rainfall are projected
to increase. Recent studies suggest that increased average
temperatures and drier conditions will amplify future drought
6,61,62
severity and temperature extremes.
Crops and livestock
will be at increased risk of exposure to extreme heat events.
Projected increases in the occurrence of extreme heat events
will expose production systems to conditions exceeding maximum thresholds for given species more frequently. Goats,
sheep, beef cattle, and dairy cattle are the livestock species
most widely managed in extensive outdoor facilities. Within
physiological limits, animals can adapt to and cope with gradual thermal changes, though shifts in thermoregulation may
63
result in a loss of productivity. Lack of prior conditioning to

Key Message 5: Rate of Adaptation
Agriculture has been able to adapt to recent changes in climate; however, increased
innovation will be needed to ensure the rate of adaptation of agriculture and the associated
socioeconomic system can keep pace with climate change over the next 25 years.
There is emerging evidence about the economic impacts of
climate change on agriculture and the potential for adaptive
64
strategies. Much of the economic literature suggests that in
the short term, producers will continue to adapt to weather
changes and shocks as they always have, with changes in the
timing of field operations, shifts in crops grown, and changing
64
tillage or irrigation practices. In the longer term, however, existing adaptive technologies will likely not be sufficient to buffer the impacts of climate change without significant impacts
to domestic producers, consumers, or both. New strategies
for building long-term resilience include both new technologies and new institutions to facilitate appropriate, informed
producer response to a changing climate. Furthermore, there
are both public and private costs to adjusting agricultural production and infrastructure in a manner that enables adapta2
tion. Limits to public investment and constraints on private
investment could slow the speed of adaptation, yet potential
constraints and limits are not well understood or integrated
into economic impact assessments. The economic implications

of changing biotic pressures on crops and livestock, and on the
agricultural system as a whole, are not well understood, either
15
in the short or long term. Adaptation may also be limited
by the availability of inputs (such as land or water), changing
prices of other inputs with climate change (such as energy and
fertilizer), and by the environmental implications of intensifying or expanding agricultural production.
Adaptation strategies currently used by U.S. farmers to cope
with weather and climate changes include changing selection
of crops, the timing of field operations, and the increasing use
of pesticides to control increased pressure from pests. Technological innovation increases the tools available to farmers
in some agricultural sectors. Diversifying crop rotations, integrating livestock with crop production systems, improving soil
quality, minimizing off-farm flows of nutrients and pesticides,
and other practices typically associated with sustainable agriculture also increase the resiliency of the agricultural system
65,66
to productivity impacts of climate change.
In the Midwest,

161

CLIMATE CHANGE IMPACTS IN THE UNITED STATES

6: AGRICULTURE
there have been shifts in the distribution of crops and land-use
67
change partially related to the increased demand for biofuels
(see also Ch. 10: Energy, Water, and Land for more discussion
on biofuels). In California’s Central Valley, an adaptation plan
consisting of integrated changes in crop mix, irrigation methods, fertilization practices, tillage practices, and land manage68
ment may be an effective approach to managing climate risk.
These practices are available to all agricultural regions of the
United States as potential adaptation strategies.
Based on projected climate change impacts in some areas of
the United States, agricultural systems may have to undergo
more transformative changes to remain productive and profit65
able in the long term. Research and development of sustainable natural resource management strategies inform adaptation options for U.S. agriculture. More transformative adaptive
strategies, such as conversion to integrated crop-livestock
farming, may reduce environmental impacts, improve profitability and sustainability, and enhance ecological resilience to
69
climate change in U.S. livestock production systems.
There are many possible responses to climate change that will
allow agriculture to adapt over the next 25 years; however,
potential constraints to adaptation must be recognized and
addressed. In addition to regional constraints on the availability of critical basic resources such as land and water, there are
potential constraints related to farm financing and credit availability in the U.S. and elsewhere. Research suggests that such
constraints may be significant, especially for small family farms
22,64,70
with little available capital.
In addition to the technical

and financial ability to adapt to changing average conditions,
farm resilience to climate change is also a function of financial
capacity to withstand increasing variability in production and
71
returns, including catastrophic loss. As climate change intensifies, “climate risk” from more frequent and intense weather
events will add to the existing risks commonly managed by
producers, such as those related to production, marketing,
72
finances, regulation, and personal health and safety factors.
The role of innovative management techniques and government policies as well as research and insurance programs will
have a substantial impact on the degree to which the agricultural sector increases climate resilience in the longer term.
Modern agriculture has continually adapted to many changing
factors, both within and outside of agricultural systems. As a
result, agriculture in the U.S. over the past century has steadily
increased productivity and integration into world markets. Although agriculture has a long history of successful adaptation
to climate variability, the accelerating pace of climate change
and the intensity of projected climate change represent new
and unprecedented challenges to the sustainability of U.S. agriculture. In the short term, existing and evolving adaptation
strategies will provide substantial adaptive capacity, protecting domestic producers and consumers from many of the
impacts of climate change, except possibly the occurrence of
protracted extreme events. In the longer term, adaptation will
be more difficult and costly because the physiological limits
of plant and animal species will be exceeded more frequently,
and the productivity of crop and livestock systems will become
more variable.

Key Message 6: Food Security
Climate change effects on agriculture will have consequences for food
security, both in the U.S. and globally, through changes in crop yields and food
prices and effects on food processing, storage, transportation, and retailing.
Adaptation measures can help delay and reduce some of these impacts.

©iStockPhoto.com/ mycola

Climate change impacts on agriculture will have consequences
for food security both in the U.S. and globally. Food security
includes four components: availability, stability, access, and
73
utilization of food. Following this definition, in 2011, 14.9%
of U.S. households did not have secure food supplies at some
point during the year, with 5.7% of U.S. households experienc74
ing very low food security. Food security is affected by a variety of supply and demand-side pressures, including economic
conditions, globalization of markets, safety and quality of food,
land-use change, demographic change, and disease and pov75,76
erty.
Within the complex global food system, climate change is ex77
pected to affect food security in multiple ways. In addition
to altering agricultural yields, projected rising temperatures,
changing weather patterns, and increases in frequency of
extreme weather events will affect distribution of food- and
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water-borne diseases as well as food trade and distribution.
This means that U.S. food security depends not only on how
climate change affects crop yields at the local and national
level, but also on how climate change and changes in extreme
events affect food processing, storage, transportation, and
retailing, through the disruption of transportation as well as
the ability of consumers to purchase food. And because about
one-fifth of all food consumed in the U.S. is imported, our food
supply and security can be significantly affected by climate
variations and changes in other parts of the world. The import
share has increased over the last two decades, and the U.S.
now imports 13% of grains, 20% of vegetables (much higher in
winter months), almost 40% of fruit, 85% of fish and shellfish,
and almost all tropical products such as coffee, tea, and banan79
as (Figure 6.3). Climate extremes in regions that supply these
products to the U.S. can cause sharp reductions in production
and increases in prices.
In an increasingly globalized food system with volatile food
prices, climate events abroad may affect food security in the
U.S. while climate events in the U.S. may affect food security
globally. The globalized food system can buffer the local impacts of weather events on food security, but can also increase
the global vulnerability of food security by transmitting price
80
shocks globally.

The connections of U.S. agriculture and food security to global
conditions are clearly illustrated by the recent food price spikes
in 2008 and 2011 that highlighted the complex connections of
climate, land use, demand, and markets. The doubling of the
United Nations Food and Agriculture Organization (FAO) food
price index over just a few months in 2010 was caused partly
by weather conditions in food-exporting countries such as
Australia, Russia, and the United States, but was also driven by
increased demand for meat and dairy in Asia, increased energy
costs and demand for biofuels, and commodity speculation in
81
financial markets.
Adapting food systems to limit the impacts of climate extremes
and changes involves strategies to maintain supply and manage demand as well as an understanding of how other regions
of the world adapt their food systems in ways that might affect
U.S. agricultural competitiveness, imports, and prices. Supplies
can be maintained through adaptations such as reducing waste
in the food system, making food distribution systems more
resilient to climate risks, protecting food quality and safety in
higher temperatures, and policies to ensure food access for
disadvantaged populations and during extreme events (Ch. 28
15,75,76,80,81
Adaptation).
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SUPPLEMENTAL MATERIAL
TRACEABLE ACCOUNTS

Process for Developing Key Messages
A central component of the process was the development of a
foundational technical input report (TIR), “Climate Change and
Agriculture in the United States: An Assessment of Effects and
15
Potential for Adaptation”. A public session conducted as part
of the Tri-Societies (https://www.acsmeetings.org/home) meeting
held in San Antonio, Texas, on Oct. 16-19, 2011, provided input
to this report.
The report team engaged in multiple technical discussions via
teleconference, which included careful review of the foundational
15
TIR and of approximately 56 additional technical inputs provided
by the public, as well as other published literature and professional judgment. Discussions were followed by expert deliberation
of draft key messages by the authors and targeted consultation
with additional experts by the lead author of each message.

K ey message #1 Traceable Account
Climate disruptions to agricultural production
have increased in the past 40 years and are projected to increase over the next 25 years. By midcentury and beyond, these impacts will be increasingly negative on most crops and livestock.
Description of evidence base
The key message and supporting text summarize extensive evidence documented in the Agriculture TIR, “Climate Change and
Agriculture in the United States: An Assessment of Effects and
15
Potential for Adaptation. Additional Technical Input Reports (56)
on a wide range of topics were also received and reviewed as part
of the Federal Register Notice solicitation for public input.
Evidence that climate change has had and will have impacts on
crops and livestock is based on numerous studies and is incon6,7,8
trovertible.
The literature strongly suggests that carbon dioxide, temperature,
and precipitation affect livestock and crop production. Plants
have an optimal temperature range to which they are adapted,
and regional crop growth will be affected by shifts in that region’s
temperatures relative to each crop’s optimal range. Large shifts
in temperature can significantly affect seasonal biomass growth,

while changes in the timing and intensity of extreme temperature
effects are expected to negatively affect crop development during
critical windows such as pollination. Crop production will also be
affected by changing patterns of seasonal precipitation; extreme
precipitation events are expected to occur more frequently and
negatively affect production levels. Livestock production is directly
affected by extreme temperature as the animal makes metabolic
15
adjustments to cope with heat stress. Further, production costs
in confined systems markedly increase when climate regulation is
necessary.
New information and remaining uncertainties
Important new evidence (cited above) confirmed many of the findings in the past Synthesis and Assessment Product on agricul82
83
ture, which informed the 2009 National Climate Assessment.
There is insufficient understanding of the effects on crop production of rising carbon dioxide, changing temperatures and more
9
variable precipitation patterns. The combined effects on plant
water demand and soil water availability will be critical to understanding regional crop response. The role of increasing minimum
temperatures on water demand and growth and senescence rates
of plants is an important factor. There is insufficient understanding of how prolonged exposure of livestock to high or cold tem26
peratures affects metabolism and reproductive variables. For
grazing animals, climate conditions during the growing season are
critical in determining feed availability and quality on rangeland
69
and pastureland.
The information base can be enhanced by evaluating crop growth
and livestock production models. This evaluation would further
the understanding of the interactions of climate variables and
the biological system. Better understanding of projected changes
in precipitation will narrow uncertainty about future yield reduc9,69
tions.
Assessment of confidence based on evidence
There are a range of controlled environment and field studies that
provide the evidence for these findings. Confidence in this key
message is therefore judged to be high.
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Traceable Accounts
In addition to extant species already in the U.S., exotic weeds,
diseases, and pests have particular significance in that: 1) they
can often be invasive (that is, arrive without normal biological/
ecological controls) and highly damaging; 2) with increasing international trade, there are numerous high-threat, high-impact
species that will arrive on commodities from areas where some
species even now are barely known to modern science, but which
have the potential to emerge under a changed climate regime to
pose significant risk of establishment in the U.S. and economic
loss; and 3) can take advantage of “disturbances,” where climate
variability acts as an additional ecological disturbance. Improved
models and observational data related to how many agricultural
regions will experience declines in animal and plant production
from increased stress due to weeds, diseases, insect pests, and
other climate change induced stresses will need to be developed.

Confidence Level
Very High
Strong evidence (established
theory, multiple sources, consistent
results, well documented and
accepted methods, etc.), high
consensus
High
Moderate evidence (several sources, some consistency, methods
vary and/or documentation limited,
etc.), medium consensus
Medium
Suggestive evidence (a few
sources, limited consistency, models incomplete, methods emerging,
etc.), competing schools of thought

A key issue is the extent of the interaction between components
of the natural biological system (for example, pests) and the economic biological system (for example, crop or animal). For insects,
increased populations are a factor; however, their effect on the
plant may be dependent upon the phenological stage of the plant
15
when the insect is at specific phenological stages.

Low
Inconclusive evidence (limited
sources, extrapolations, inconsistent findings, poor documentation
and/or methods not tested, etc.),
disagreement or lack of opinions
among experts

K ey message #2 Traceable Account
Many agricultural regions will experience declines
in crop and livestock production from increased
stress due to weeds, diseases, insect pests, and
other climate change induced stresses.
Description of evidence base
The key message and supporting text summarizes extensive evidence documented in the Agriculture TIR, “Climate Change and
Agriculture in the United States: An Assessment of Effects and
15
Potential for Adaptation”. Additional Technical Input Reports
(56) on a wide range of topics were also received and reviewed
as part of the Federal Register Notice solicitation for public input.
Numerous peer-reviewed publications describe the direct effects
of climate on the ecological systems within which crop and livestock operations occur. Many weeds respond more strongly to CO2
than do crops, and it is believed that the range of many diseases
and pests (for both crop and livestock) will expand under warm28,31,40
ing conditions.
Pests may have increased overwinter survival
and fit more generations into a single year, which may also facilitate faster evolution of pesticide resistance. Changing patterns of
pressure from weeds, other pests, and disease can affect crop and
livestock production in ways that may be costly or challenging to
9,15
address.
New information and remaining uncertainties
Important new evidence (cited above) confirmed many of the findings in the past Synthesis and Assessment Product on agricul82
83
ture, which informed the 2009 National Climate Assessment.

To enhance our understanding of these issues will require a concerted effort to begin to quantify the interactions of pests and the
economic crop or livestock system and how each system and their
15
interactions are affected by climate.
Assessment of confidence based on evidence
The scientific literature is beginning to emerge; however, there are
still some unknowns about the effects of biotic stresses, and there
may well be emergent “surprises” resulting from departures from
past ecological equilibria. Confidence is therefore judged to be
medium that many agricultural regions will experience declines in
animal and plant production from increased stress due to weeds,
diseases, insect pests, and other climate change induced stresses.

K ey message #3 Traceable Account
Current loss and degradation of critical agricultural soil and water assets due to increasing extremes in precipitation will continue to challenge
both rainfed and irrigated agriculture unless innovative conservation methods are implemented.
Description of evidence base
The key message and supporting text summarizes extensive evidence documented in the Agriculture TIR, “Climate Change and
Agriculture in the United States: An Assessment of Effects and
15
Potential for Adaptation.” Additional Technical Input Reports
(56) on a wide range of topics were also received and reviewed
as part of the Federal Register Notice solicitation for public input.
Soil erosion is affected by rainfall intensity and there is evidence
of increasing intensity in rainfall events even where the annual

172

CLIMATE CHANGE IMPACTS IN THE UNITED STATES

6: AGRICULTURE
Traceable Accounts
53

mean is reduced. Unprotected soil surfaces will have increased
58,59
erosion and require more intense conservation practices.
Shifts in seasonality and type of precipitation will affect both timing and impact of water availability for both rainfed and irrigated
agriculture. Evidence is strong that in the future there will be more
precipitation globally, and that rain events will be more intense,
6
even if separated by longer periods without rain.
New information and remaining uncertainties
Important new evidence (cited above) confirmed many of the findings in the past Synthesis and Assessment Product on agricul82
83
ture, which informed the 2009 National Climate Assessment.
Both rainfed and irrigated agriculture will increasingly be challenged, based on improved models and observational data related
to the effects of increasing precipitation extremes on loss and
51,52
degradation of critical agricultural soil and water assets.
Precipitation shifts are the most difficult to project, and uncer61
tainty in regional projections increases with time into the future.
To improve these projections will require enhanced understanding of shifts in timing, intensity, and magnitude of precipitation
events. In the northern U.S., more frequent and severe winter and
spring storms are projected, while there is a projected reduction in
precipitation in the Southwest (see Ch. 2: Our Changing Climate).
Assessment of confidence based on evidence
The precipitation forecasts are the limiting factor in these assessments; the evidence of the impact of precipitation extremes on
soil water availability and soil erosion is well established. Confidence in this key message is therefore judged to be high.

K ey message #4 Traceable Account
The rising incidence of weather extremes will
have increasingly negative impacts on crop and
livestock productivity because critical thresholds
are already being exceeded.
Description of evidence base
The key message and supporting text summarizes extensive evidence documented in the Agriculture TIR, “Climate Change and
Agriculture in the United States: An Assessment of Effects and
15
Potential for Adaptation”. Additional Technical Input Reports
(56) on a wide range of topics were also received and reviewed
as part of the Federal Register Notice solicitation for public input.
6,61,62

Numerous peer-reviewed publications
provide evidence that
the occurrence of extreme events is increasing, and exposure
of plants or animals to temperatures and soil water conditions
(drought, water-logging, flood) outside of the biological range for
6,61,62
the given species will cause stress and reduce production.
The direct effects of an extreme event will depend upon the timing
of the event relative to the growth stage of the biological system.

New information and remaining uncertainties
Important new evidence (cited above) confirmed many of the
findings in the past Synthesis and Assessment Product on agricul82
83
ture, which informed the 2009 National Climate Assessment.
One key area of uncertainty is the timing of extreme events during the phenological stage of the plant or the growth stage of the
animal. For example, plants are more sensitive to extreme high
temperatures during the pollination stage compared to vegetative
9
growth stages. A parallel example for animals is relatively strong
34
sensitivity to high temperatures during the conception phase.
Milk and egg production are also vulnerable to temperature extremes. The effects of extreme combinations of weather variables
must be considered, such as elevated humidity in concert with
34
high temperatures.
Other key uncertainties include inadequate precision in simulations of the timing of extreme events relative to short time periods
of crop vulnerability, and temperatures close to key thresholds
22
such as freezing. The uncertainty is amplified by the rarity of
extreme events; this rarity means there are infrequent opportunities to study the impact of extreme events. In general, a shift
of the distribution of temperatures can increase the frequency of
15
threshold exceedance.
The information base can be enhanced by improving the forecast
of extreme events, given that the effect of extreme events on
3,61
plants or animals is known.
Assessment of confidence based on evidence
There is high confidence in the effects of extreme temperature
events on crops and livestock, and the agreement in the literature
is good.

K ey message #5 Traceable Account
Agriculture has been able to adapt to recent
changes in climate; however, increased innovation
will be needed to ensure the rate of adaptation of
agriculture and the associated socioeconomic system can keep pace with climate change over the
next 25 years.
Description of evidence base
There is emerging evidence about the economic impacts of climate
64
change on agriculture and the potential for adaptive strategies.
In the case of crop production, much of the economic literature
suggests that in the short term, producers will continue to adapt to
weather changes and shocks as they always have, with changes in
the timing of field operations, shifts in crops grown, and changing
64
tillage or irrigation practices. In the longer term, however, existing adaptive technologies will likely not be sufficient to buffer the
impacts of climate change without significant impacts to domestic
producers, consumers, or both.
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New strategies for building long-term resilience include both
new technologies and new institutions to facilitate appropriate,
informed producer response to a changing climate. Furthermore,
there are both public and private costs to adjusting agricultural
production and infrastructure in a manner that enables adapta2
tion.
New information and remaining uncertainties
Limits to public investment and constraints on private investment
could slow the speed of adaptation, yet potential constraints and
limits are not well-understood or integrated into economic impact
assessments. The economic implications of changing biotic pressures on crops and livestock, and on the agricultural system as a
15
whole, are not well-understood, either in the short or long term.
Adaptation may also be limited by availability of inputs (such as
land or water), changing prices of other inputs with climate change
(such as energy and fertilizer), and by the environmental implications of intensifying or expanding agricultural production.
It is difficult to fully represent the complex interactions of the
entire socio-ecological system within which agriculture operates,
to assess the relative effectiveness and feasibility of adaptation
strategies at various levels. Economic impact assessments require
improved understanding of adaptation capacity and agricultural
resilience at the system level, including the agri-ecosystem impacts related to diseases and pests. Economic impact assessments also require improved understanding of adaptation opportunities, economic resilience, and constraints to adaptation at the
2,64
producer level. The economic value of ecological services, such
as pollination services, is particularly difficult to quantify and in15
corporate into economic impact efforts.
Assessment of confidence based on evidence
Emerging evidence about adaptation of agricultural systems to
changing climate is beginning to be developed. The complex interactions among all of the system components present a limitation to a complete understanding, but do provide a comprehensive
framework for the assessment of agricultural responses to climate
change. Given the overall and remaining uncertainty, there is medium confidence in this message.

85

the U.S. Department of Agriculture, and the National Research
77
Council. There are many factors that affect food security, and
agricultural yields are only one of them. Climate change is also
expected to affect distribution of food- and waterborne diseases,
78
and food trade and distribution.
New information and remaining uncertainties
The components of food security derive from the intersection of
political, physical, economic, and social factors. In many ways the
impact of climate change on crop yields is the least complex of the
factors that affect the four components of food security (availability, stability, access, and utilization). As the globalized food system
is subject to conflicting pressures across scales, one approach
to reducing risk is a “cross-scale problem-driven” approach to
76
food security. This and other approaches to understanding and
responding to the complexities of the global food system need additional research. Climate change will have a direct impact on crop
and livestock production by increasing the variability in production
levels from year to year, with varying effects across different regions. Climate change will also affect the distribution of food supplies as a result of disruptions in transportation routes. Addressing
food security will require integration of multiple factors, including
the direct and indirect impacts of climate change.
Assessment of confidence based on evidence
Given the evidence base and remaining uncertainty, there is high
confidence that climate change impacts will have consequences
for food security both in the U.S. and globally through changes in
crop yields and food prices, and very high confidence that other
related factors, including food processing, storage, transportation,
and retailing will also be affected by climate change. There is high
confidence that adaptation measures will help delay and reduce
some of these impacts.

K ey message #6 Traceable Account
Climate change effects on agriculture will have
consequences for food security, both in the U.S.
and globally, through changes in crop yields and
food prices and effects on food processing, storage, transportation, and retailing. Adaptation measures can help delay and reduce some of these
impacts.
Description of evidence base
The relationships among agricultural productivity, climate change,
and food security have been documented through ongoing inves81,84
tigations by the Food and Agriculture Organization,
as well as
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7

FORESTS

Key Messages
1. Climate change is increasing the vulnerability of many forests to ecosystem changes and tree
mortality through fire, insect infestations, drought, and disease outbreaks.
2. U.S. forests and associated wood products currently absorb and store the equivalent of about
16% of all carbon dioxide (CO2) emitted by fossil fuel burning in the U.S. each year. Climate
change, combined with current societal trends in land use and forest management, is projected
to reduce this rate of forest CO2 uptake.
3. Bioenergy could emerge as a new market for wood and could aid in the restoration of forests
killed by drought, insects, and fire.
4. Forest management responses to climate change will be influenced by the changing nature of
private forestland ownership, globalization of forestry markets, emerging markets for bioenergy,
and U.S. climate change policy.

Forests occur within urban areas, at the interface between
urban and rural areas (wildland-urban interface), and in rural
areas. Urban forests contribute to clean air, cooling buildings,
aesthetics, and recreation in parks. Development in the
wildland-urban interface is increasing because of the appeal
of owning homes near or in the woods. In rural areas, market
factors drive land uses among commercial forestry and land
uses such as agriculture. Across this spectrum, forests provide
recreational opportunities, cultural resources, and social
1
values such as aesthetics.
Economic factors have historically influenced both the overall
area and use of private forestland. Private entities (such as
corporations, family forest owners, and tribes) own 56%
of the forestlands in the United States. The remaining 44%
of forests are on public lands: federal (33%), state (9%), and
2
county and municipal government (2%). Market factors can
influence management objectives for public lands, but societal
values also influence objectives by identifying benefits such
as environmental services not ordinarily provided through
markets, like watershed protection and wildlife habitat.
Different challenges and opportunities exist for public and for
private forest management decisions, especially when climaterelated issues are considered on a national scale. For example,
public forests typically carry higher levels of forest biomass,
are more remote, and tend not to be as intensively managed as
1
private forestlands.

Forests provide opportunities to reduce future climate change
by capturing and storing carbon, as well as by providing
resources for bioenergy production (the use of forest-derived
plant-based materials for energy production). The total
amount of carbon stored in U.S. forest ecosystems and wood
products (such as lumber and pulpwood) equals roughly 25
years of U.S. heat-trapping gas emissions at current rates of
emission, providing an important national “sink” that could
grow or shrink depending on the extent of climate change,
forest management practices, policy decisions, and other
3,4
factors. For example, in 2011, U.S. forest ecosystems and
the associated wood products industry captured and stored
roughly 16% of all carbon dioxide emitted by fossil fuel burning
3
in the United States.
Management choices for public, private, and tribal forests
all involve similar issues. For example, increases in wildfire,
disease, drought, and extreme events are projected for some
regions (see also Ch. 16: Northeast; Ch. 20: Southwest; Ch.
21: Northwest, Key Message 3; and Ch. 22: Alaska). At the
same time, there is growing awareness that forests may play
an expanded role in carbon management. Urban expansion
fragments forests and may limit forest management options.
Addressing climate change effects on forestlands requires
considering the interactions among land-use practices, energy
5
options, and climate change.
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Key Message 1: Increasing Forest Disturbances
Climate change is increasing the vulnerability of many forests to ecosystem changes
and tree mortality through fire, insect infestations, drought, and disease outbreaks.
Insect and pathogen outbreaks, invasive species, wildfires,
and extreme events such as droughts, high winds, ice
8
storms, hurricanes, and landslides induced by storms are all
disturbances that affect U.S. forests and their management
(Figure 7.1). These disturbances are part of forest dynamics,
are often interrelated, and can be amplified by underlying
trends – for example, decades of rising average temperatures
9
can increase damage to forests when a drought occurs.
Disturbances that affect large portions of forest ecosystems
occur relatively infrequently and in response to climate
extremes. Changes in climate in the absence of extreme climate
events (and the forest disturbances they trigger) may result in

increased forest productivity, but extreme climate events can
10
potentially overturn such patterns.
Factors affecting tree death – such as drought, physiological
water stress, higher temperatures, and/or pests and pathogens
– are often interrelated, which means that isolating a single
11,12,13
cause of mortality is rare.
However, in western forests
there have been recent large-scale die-off events due to one
14,15,16
or more of these factors,
and rates of tree mortality are
well correlated with both rising temperatures and associated
17
increases in evaporative water demand. In eastern forests,
tree mortality at large spatial scales was more sensitive

© Melanie Stetson Freeman/Getty Images

Forest Ecosystem Disturbances

Figure 7.1. An example of the variability and distribution of major ecosystem
disturbance types in North America, compiled from 2005 to 2009. Forest disturbance
varies by topography, vegetation, weather patterns, climate gradients, and proximity
to human settlement. Severity is mapped as a percent change in a satellite-derived
Disturbance Index. White areas represent natural annual variability, orange
6
represents moderate severity, and red represents high severity. Fire dominates
much of the western forest ecosystems, and storms affect the Gulf Coast. Insect
damage is widespread but currently concentrated in western regions, and timber
harvest is predominant in the Southeast. (Figure source: modified from Goetz et
7
al. 2012; Copyright 2012 American Geophysical Union).
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A Montana saw mill owner inspects a lodgepole
pine covered in pitch tubes that show the tree
trying, unsuccessfully, to defend itself against
the bark beetle. The bark beetle is killing
lodgepole pines throughout the western U.S.

Warmer winters allow more insects to survive
the cold season, and a longer summer allows
some insects to complete two life cycles in a
year instead of one. Drought stress reduces
trees’ ability to defend against boring insects.
Above, beetle-killed trees in Rocky Mountain
National Park in Colorado.
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to forest structure (age, tree size, and species composition) and
air pollutants than climate over recent decades. Nonetheless,
mortality of some eastern tree groups is related to rising
18
19
temperature and is expected to increase as climate warms.

Effectiveness of Forest Management
in Reducing Wildfire Risk

Future disturbance rates in forests will depend on changes
in the frequency of extreme events as well as the underlying
9,20
changes in average climate conditions. Of particular concern
is the potential for increased forest disturbance as the result
of drought accompanied with warmer temperatures, which
can cause both wildfire and tree death. Temperatures have
generally been increasing and are projected to increase in the
future (see Ch. 2: Our Changing Climate). Therefore, although
21
it is difficult to predict trends in future extreme events,
there is a high degree of confidence that future droughts will
be accompanied by generally warmer conditions. Trees die
faster when drought is accompanied by higher temperatures,
so short droughts can trigger mortality if temperatures are
22
higher. Short droughts occur more frequently than long
droughts. Consequently, a direct effect of rising temperatures
may be substantially greater tree mortality even with no
22
change in drought frequency.

Figure 7.2. Forest management that selectively removes trees
to reduce fire risk, among other objectives (a practice referred
to as “fuel treatments”), can maintain uneven-aged forest
structure and create small openings in the forest. Under some
conditions, this practice can help prevent large wildfires from
spreading. Photo shows the effectiveness of fuel treatments in
Arizona’s 2002 Rodeo-Chediski fire, which burned more than
400 square miles – at the time the worst fire in state history.
Unburned area (left) had been managed with a treatment that
removed commercial timber, thinned non-commercial-sized
trees, and followed with prescribed fire in 1999. The right side
of the photo shows burned area on the untreated slope below
Limestone Ridge. (Photo credit: Jim Youtz, U.S. Forest Service).

Rising temperatures and CO2 levels can increase growth or
1,27
alter migration of some tree species; however, the relationship between rising temperature and mortality is complex. For
example, most functional groups show a decrease in mortality with higher summer temperatures (with the exception of
northern groups), whereas warmer winters are correlated with
18
higher mortality for some functional groups. Tree mortality
is often the result of a combination of many factors; thus increases in pollutants, droughts, and wildfires will increase the
probability of a tree dying (Figure 7.3). Under projected climate
conditions, rising temperatures could work together with forest stand characteristics and these other stressors to increase
mortality. Recent die-offs have been more severe than pro11,14
jected.
As temperatures increase to levels projected for
mid-century and beyond, eastern forests may be at risk of die19
off. New evidence indicates that most tree species can en-

©Daryl Pederson/AlaskaStock/Corbis

Given strong relationships between climate and fire, even
when modified by land use and management, such as fuel
treatments (Figure 7.2), projected climate changes suggest
that western forests in the United States will be increasingly
affected by large and intense fires that occur more
16,23,24,25
frequently.
These impacts are compounded by a legacy
of fire suppression that has resulted in many U.S. forests
26
becoming increasingly dense. Eastern forests are less likely
to experience immediate increases in wildfire, unless a point is
reached at which rising temperatures combine with seasonal
dry periods, more protracted drought, and/or insect outbreaks
to trigger wildfires – conditions that have been seen in Florida
(see Ch. 17: Southeast).

Climate change is contributing to increases in wildfires across
the western U.S. and Alaska.

dure only limited abnormal water stress, reinforcing the idea
that trees in wetter as well as semiarid forests are vulnerable
28
to drought-induced mortality under warming climates.
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Forest Vulnerability to Changing Climate
Figure 7.3. The figure shows a conceptual
climate envelope analysis of forest vulnerability under current and projected future
ranges of variability in climate parameters
(temperature and precipitation, or alternatively drought duration and intensity).
Climate models project increasing temperatures across the U.S. in coming decades,
but a range of increasing or decreasing
precipitation depending on region. Episodic
droughts (where evaporation far exceeds
precipitation) are also expected to increase
in duration and/or intensity (see Ch. 2:
Our Changing Climate). The overall result
will be increased vulnerability of forests
to periodic widespread regional mortality
events resulting from trees exceeding their
11
physiological stress thresholds. (Figure
11
source: Allen et al. 2010 ).

Large-scale die-off and wildfire disturbance events could have
potential impacts occurring at local and regional scales for
timber production, flooding and erosion risks, other changes
in water budgets, biogeochemical changes including carbon
29,30,31
storage, and aesthetics.
Rising disturbance rates can
increase harvested wood output and potentially lower prices;
however, higher disturbance rates could make future forest

investments more risky (Figure 7.4). Western forests could
also lose substantial amounts of carbon storage capacity.
For example, an increase in wildfires, insect outbreaks, and
droughts that are severe enough to alter soil moisture and
nutrient contents can result in changes in tree density or
10
species composition.

Key Message 2: Changing Carbon Uptake
U.S. forests and associated wood products currently absorb and store the equivalent of
about 16% of all carbon dioxide (CO2) emitted by fossil fuel burning in the U.S. each year.
Climate change, combined with current societal trends in land use and forest
management, is projected to reduce this rate of forest CO2 uptake.

Climate-related Effects on Trees and Forest Productivity
Forests within the United States grow across a wide range of
latitudes and altitudes and occupy all but the driest regions.
Current forest cover has been shaped by climate, soils,
topography, disturbance frequency, and human activity.
Forest growth appears to be slowly accelerating (less than 1%
per decade) in regions where tree growth is limited by low
temperatures and short growing seasons that are gradually
being altered by climate change (for species shifts, see Ch. 8:
32
Ecosystems). Forest carbon storage appears to be increasing
33
both globally and within the United States. Continental-scale
satellite measurements document a lengthening growing

season in the last thirty years, yet earlier spring growth may be
34
negated by mid-summer drought.
By the end of the century, snowmelt may occur a month
earlier, but forest drought stress could increase by two
35
months in the Rocky Mountain forests. In the eastern United
States, elevated CO2 and temperature may increase forest
growth and potentially carbon storage if sufficient water
1,31,36
is available.
Despite recent increases in forest growth,
future net forest carbon storage is expected to decline due to
accelerating mortality and disturbance.
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Forests can be a Source – or a Sink – for Carbon
Figure 7.4. Relative vulnerability of different forest regions to
climate change is illustrated in this conceptual risk analysis
diagram. Forest carbon exchange is the difference between
carbon captured in photosynthesis and carbon released by
respiration of vegetation and soils. Both photosynthesis and
respiration are generally accelerated by higher temperatures,
and slowed by water deficits, but the relative strengths
of these controls are highly variable. Western forests are
inherently limited by evaporation that exceeds precipitation
during much of the growing season. Xeric (drier) eastern
forests grow on shallow, coarse textured soils and experience
water deficits during long periods without rain. Mesic (wetter)
eastern forests experience severe water deficits only for
relatively brief periods in abnormally dry years so the carbon
exchanges are more controlled by temperature fluctuations.
1
(Figure source: adapted from Vose et al. 2012 ).

Forest Carbon Sequestration and Carbon Management
From the onset of European settlement to the start of the
last century, changes in U.S. forest cover due to expansion
of agriculture, tree harvests, and settlements resulted in
37,38
net emissions of carbon.
More recently, with forests
reoccupying land previously used for agriculture, technological
advances in harvesting, and changes in forest management,
U.S. forests and associated wood products now serve as a
substantial carbon sink, capturing and storing more than 227.6

3

million tons of carbon per year. The amount of carbon taken
up by U.S. land is dominated by forests (Figure 7.5), which have
annually absorbed 7% to 24% of fossil fuel carbon dioxide (CO2)
emissions in the U.S. over the past two decades. The best
estimate is that forests and wood products stored about 16%
(833 teragrams, or 918.2 million short tons, of CO2 equivalent
in 2011) of all the CO2 emitted annually by fossil fuel burning in
the United States (see also “Estimating the U.S. Carbon Sink” in
3
Ch. 15: Biogeochemical Cycles).

Forest Growth Provides an Important Carbon Sink

Figure 7.5. Forests are the largest component of the U.S. carbon sink, but
growth rates of forests vary widely across the country. Well-watered forests
of the Pacific Coast and Southeast absorb considerably more than the arid
southwestern forests or the colder northeastern forests. Climate change
and disturbance rates, combined with current societal trends regarding
land use and forest management, are projected to reduce forest CO2
1
uptake in the coming decades. Figure shows average forest growth as
measured by net primary production from 2000 to 2006. (Figure source:
46
adapted from Running et al. 2004 ).

180

The future role of U.S. forests in the carbon cycle
will be affected by climate change through changes
in disturbances (see Figures 7.3 and 7.4), as well
as shifts in tree species, ranges, and productivity
19,38
(Figure 7.6).
Economic factors will affect any
future carbon cycle of forests, as the age class
and condition of forests are affected by the
39,40
acceleration of harvesting,
land-use changes
41
42
such as urbanization, changes in forest types, and
41,43,44,45
bioenergy development.
Efforts in forestry to reduce atmospheric CO2
levels have focused on forest management and
forest product use. Forest management strategies
include land-use change to increase forest area
(afforestation) and/or to avoid deforestation and
optimizing carbon management in existing forests.
Forest product-use strategies include the use of
wood wherever possible as a structural substitute
for steel and concrete, which require more carbon
38
emissions to produce. The carbon emissions offset
from using wood rather than alternate materials for
a range of applications can be two or more times the
47
carbon content of the product.
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In the U.S., afforestation (active establishment or planting of
forests) has the potential to capture and store a maximum of
225 million tons of additional carbon per year from 2010 to
39,48
2110
(an amount almost equivalent to the current annual
carbon storage in forests). Tree and shrub encroachment into
grasslands, rangelands, and savannas provides a large potential
carbon sink that could exceed half of what existing U.S. forests
48
capture and store annually.
Expansion of urban and suburban areas is responsible for much
of the current and expected loss of U.S. forestland, although
these human-dominated areas often have extensive tree cover
and potential carbon storage (see also Ch. 13: Land Use & Land
41
Cover Change). In addition, the increasing prevalence of
extreme conditions that encourage wildfires can convert some
25
forests to shrublands and meadows or permanently reduce

the amount of carbon stored in existing forests if fires occur
49
more frequently.
Carbon management on existing forests can include practices
that increase forest growth, such as fertilization, irrigation,
switching to fast-growing planting stock, shorter rotations,
50
and weed, disease, and insect control. In addition, forest
management can increase average forest carbon stocks by
increasing the interval between harvests, by decreasing harvest
4,51
intensity, or by focused density/species management. Since
1990, CO2 emissions from wildland forest fires in the lower 48
United States have averaged about 67 million tons of carbon
52,53
per year.
While forest management practices can reduce
on-site carbon stocks, they may also help reduce future
climate change by providing feedstock material for bioenergy
production and by possibly avoiding future, potentially larger,
1
wildfire emissions through fuel treatments (Figure 7.2).

Forests and Carbon
Figure 7.6. Historical, current,
and projected annual rates of
forest ecosystem and harvested
wood product CO2 net emissions/
sequestration in the U.S. from
1635 to 2055. In the top panel,
the change in the historical annual
carbon emissions (black line) in
the early 1900s corresponds to the
peak in the transformation of large
parts of the U.S. from forested land
to agricultural land uses. Green
shading shows this decline in forest
land area. In the bottom panel,
future projections shown under
higher (A2) and lower (B2 and
A1B) emissions scenarios show
forests as carbon sources (due to
loss of forest area and accelerating
disturbance rates) rather than sinks
in the latter half of this century.
The A1B scenario assumes similar
emissions to the A2 scenario used
in this report through 2050, and a
slow decline thereafter. (Data from
37
41
Birdsey 2006; USFS 2012; EPA
53
2013. )
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Key Message 3: Bioenergy Potential
Bioenergy could emerge as a new market for wood and could aid in the
restoration of forests killed by drought, insects, and fire.
Bioenergy refers to the use of plant-based material to produce
energy, and comprises about 28% of the U.S. renewable energy
supply (Ch. 10: Energy, Water, and Land). Forest resources
potentially could produce bioenergy from 504 million acres of
timberland and 91 million acres of other forested land (Figure
7.7). Bioenergy from all sources, including agricultural and
forests, could theoretically supply the equivalent of up to 30%
of current U.S. petroleum consumption, but only if all relevant
45
policies were optimized. The maximum projected potential
for forest bioenergy ranges from 3% to 5% of total current U.S.
54
energy consumption.

wood and forest residues have emerged in the southern and
northeastern United States, particularly in states that have
adopted renewable fuel standards. The economic viability of
using forests for bioenergy depends on regional context and
circumstances, such as species type and prior management,
land conditions, transport and storage logistics, conversion
58
processes used to produce energy, distribution, and use. The
environmental and socioeconomic consequences of bioenergy
production vary greatly with region and intensity of human
management.

The potential for biomass energy to increase timber harvests
has led to debates about whether forest biomass energy
44,59
leads to higher carbon emissions.
The debate on biogenic
emissions regulations revolves around how to account for
60
emissions related to biomass production and use. The forest
carbon balance naturally changes over time and also depends
on forest management scenarios. For
example, utilizing natural beetle-killed
Resources
forests will yield a different carbon
balance than growing and harvesting a
live, fast-growing plantation.

Forest biomass energy could be one component of an overall
bioenergy strategy to reduce emissions of carbon from fossil
55
56,57
fuels, while also improving water quality
and maintaining
lands for timber production as an alternative to other
socioeconomic options. Active biomass energy markets using

Location of Potential Forestry Biomass

Figure 7.7. Potential forestry bioenergy resources by 2030 at $80 per dry ton
of biomass based on current forest area, production rates based on aggressive
management for fast-growth, and short rotation bioenergy plantations. Units are
oven dry tons (ODT) per square mile at the county level, where an ODT is 2,000
pounds of biomass from which the moisture has been removed. Includes extensive
material from existing forestland, such as residues, simulated thinnings, and some
pulpwood for bioenergy, among other sources. (Figure source: adapted from U.S.
45
Department of Energy 2011 ).

182

Markets for energy from biomass
appear to be ready to grow in
response to energy pricing, policy,
44
and demand,
although recent
increases in the supply of natural gas
have reduced the perceived urgency
for new biomass projects. Further,
because energy facilities typically buy
the lowest quality wood at prices that
rarely pay much more than cutting
and hauling costs, they often require
a viable saw timber market nearby to
ensure an adequate, low-cost supply
61
of material. Where it is desirable to
remove dead wood after disturbances
to thin forests or to dispose of
residues, a viable bioenergy industry
could finance such activities. However,
the bioenergy market has yet to be
made a profitable enterprise in most
U.S. regions.
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Key Message 4: Influences on Management Choices
Forest management responses to climate change will be influenced by the changing
nature of private forestland ownership, globalization of forestry markets, emerging
markets for bioenergy, and U.S. climate change policy.
Climate change will affect trees and forests in urban areas,
the wildland-urban interface, and in rural areas. It will also
challenge forest landowners managing forests for commercial
products, energy development, environmental services such
as watershed protection, or the conversion of forestland to
developed and urban uses or agriculture. With increases in
urbanization, the value of forests in and around urban areas in
providing environmental services required by urban residents
41
will increase. Potentially the greatest shifts in goods and
environmental services produced from forests could occur
in rural areas where social and economic factors will interact
with the effects of climate change at landscape scales.
Owner objectives, markets for forest products, crops and
energy, the monetary value of private land, and policies
governing private and public forestland all influence the
actions taken to manage U.S. forestlands (56% privately
owned, 44% public) (Figure 7.8). Ownership changes can bring
changes in forest objectives. Among corporate owners (18%
of all forestland), ownership has shifted from forest industry
to investment management organizations that may or may not
have active forest management as a primary objective. Noncorporate private owners, an aging demographic, manage
38% of forestland. Their primary objectives are maintaining
aesthetics and the privacy that the land provides as well as
62
preserving the land as part of their family legacy.
A significant economic factor facing private forest owners is the
value of their forestlands for conversion to urban or developed
uses. Economic opportunities from forests include wood
products, non-timber forest products, recreation activities,
1,41
and in some cases, environmental services.
Less than
1% of the volume of commercial trees from U.S. forestlands
is harvested annually, and 92% of this harvest comes from
2
private forestlands. Markets for wood products in the United
States have been affected by increasingly competitive global
63
markets, and timber prices are not projected to increase
without substantial increases in wood energy consumption or
41
other new timber demands. Urban conversions of forestland
over the next 50 years could result in the loss of 16 to 31 million
41
acres. The willingness of private forest owners to actively

manage forests in the face of climate change will be affected
primarily by market and policy incentives, not climate change
itself.
The ability of public, private, and tribal forest managers to adapt
to future climate change will be enhanced by their capacity
to alter management regimes relatively rapidly in the face
of changing conditions. The response to climate change may
be greater on private forestlands where, in the past, owners
64
have been highly responsive to market and policy signals.
These landowners may be able to use existing or current
forest management practices to reduce disturbance effects,
increase the capture and storage of carbon, and modify plant
species distributions under climate change. In addition, policy
incentives, such as carbon pricing or cap and trade markets,
could influence landowner choices. For human communities
dependent upon forest resources, maintaining or enhancing
their current resilience to change will influence their ability to
65
respond to future stresses from climate change.
On public, private, and tribal lands, management practices
that can be used to reduce disturbance effects include
altering tree planting and harvest strategies through species
selection and timing; factoring in genetic variation; managing
for reduced stand densities, which could reduce wildfire
risk; reducing other stressors such as poor air quality; using
forest management practices to minimize drought stress;
and developing regional networks to mitigate impacts on
1,30,66
ecosystem goods and services.
Legally binding regulatory
requirements may constrain adaptive management where
plants, animals, ecosystems, and people are responding to
67
climate change.
Lack of fine-scale information about the possible effects of
climate changes on locally managed forests limits the ability
of managers to weigh these risks to their forests against the
economic risks of implementing forest management practices
such as adaptation and/or mitigation treatments. This
knowledge gap will impede the implementation of effective
management on public or private forestland in the face of
climate change.
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Public and Private Forestlands

41

Figure 7.8. The figure shows forestland by ownership category in the contiguous U.S. in 2007. Western forests
are most often located on public lands, while eastern forests, especially in Maine and in the Southeast, are more
41
often privately held. (Figure source: U.S. Forest Service 2012 ).
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SUPPLEMENTAL MATERIAL
TRACEABLE ACCOUNTS

Process for Developing Key Messages:
A central component of the process was a workshop held in July
2011 by the U.S. Department of Agriculture Forest Service to
guide the development of the technical input report (TIR). This
session, along with numerous teleconferences, led to the foundational TIR, “Effects of Climatic Variability and Change on Forest
Ecosystems: A Comprehensive Science Synthesis for the U.S. For1
est Sector.”
The chapter authors engaged in multiple technical discussions via
teleconference between January and June 2012, which included
careful review of the foundational TIR and of 58 additional technical inputs provided by the public, as well as other published
literature and professional judgment. Discussions were followed
by expert deliberation of draft key messages by the authors and
targeted consultation with additional experts by the lead author of
each message.

K ey message #1 Traceable Account
Climate change is increasing the vulnerability of many forests to ecosystem changes and
tree mortality through fire, insect infestations,
drought, and disease outbreaks.
Description of evidence base
The key message and supporting text summarizes extensive evidence documented in the TIR, “Effects of Climatic Variability and
Change on Forest Ecosystems: A Comprehensive Science Synthe1
sis for the U.S. Forest Sector.” Technical input reports (58) on a
wide range of topics were also received and reviewed as part of the
Federal Register Notice solicitation for public input.
8

Dale et al. addressed a number of climate change factors that will
affect U.S. forests and how they are managed. This is supported
by additional publications focused on effects of drought and by
11,22
16,23,25
more large-scale tree die-off events,
wildfire,
insects
11,22
and pathogens.
Other studies support the negative impact
of climate change by examining the tree mortality rate due to ris9,11,14,15,16,17,19,22
ing temperatures,
which is projected to increase in
22
some regions.

Although it is difficult to detect a trend in disturbances because
they are inherently infrequent and it is impossible to attribute an
individual disturbance event to changing climate, there is nonetheless much that past events, including recent ones, reveal about
17
expected forest changes due to future climate. Observational
22
and experimental studies show strong associations between forest disturbance and extreme climatic events and/or modifications
in atmospheric evaporative demand related to warmer temperature. Regarding eastern forests, there are fewer observational or
18
experimental studies, with Dietz and Moorcroft being the most
comprehensive.
Pollution and stand age are the most important factors in mortality. Tree survival increases with increased temperature in some
groups. However, for other tree groups survival decreases with
18
18
increased temperature. In addition, this study needs to be considered in the context that there have been fewer severe droughts
in this region. However, physiological relationships suggest that
trees will generally be more susceptible to mortality under an extreme drought, especially if it is accompanied by warmer tempera13,68
tures.
Consequently, it is misleading to assume that, because
eastern forests have not yet experienced the types of large-scale
die-off seen in the western forests, they are not vulnerable to such
events if an extreme enough drought occurs. Although the effect
of temperature on the rate of mortality during drought has only
22
been shown for one species, the basic physiological relationships for trees suggest that warmer temperatures will exacerbate
13,68
mortality for other species as well.
7

Figure 7.1: This figure uses a figure from Goetz et al. 2012 which
uses the MODIS Global Disturbance Index (MGDI) results from
2005 to 2009 to illustrate the geographic distribution of major
ecosystem disturbance types across North America (based on Mil6,69
drexler et al. 2007, 2009 ). The MGDI uses remotely sensed information to assess the intensity of the disturbance. Following the
occurrence of a major disturbance, there will be a reduction in Enhanced Vegetation Index (EVI) because of vegetation damage; in
contrast, Land Surface Temperature (LST) will increase because
more absorbed solar radiation will be converted into sensible heat
as a result of the reduction in evapotranspiration from less vegetation density. MGDI takes advantage of the contrast changes in
EVI and LST following a disturbance to enhance the signal to ef-

191

CLIMATE CHANGE IMPACTS IN THE UNITED STATES

7: FORESTS
Traceable Accounts
fectively detect the location and intensity of disturbances (http://
www.ntsg.umt.edu/project/mgdi). Moderate severity disturbance
is mapped in orange and represents a 65%-100% divergence of
the current-year MODIS Global Disturbance Index value from the
range of natural variability, High severity disturbance (in red) sig7
nals a divergence of over 100%.
New information and remaining uncertainties
Forest disturbances have large ecosystem effects, but high interannual variability in regional fire and insect activity makes detection
20,21,70
of trends more difficult than for changes in mean conditions.
Therefore, there is generally less confidence in assessment of future projections of disturbance events than for mean conditions
21
(for example, growth under slightly warmer conditions).
There are insufficient data on trends in windthrow, ice storms,
hurricanes, and landslide-inducing storms to infer that these types
of disturbance events are changing.
Factors affecting tree death, such as drought, warmer temperatures, and/or pests and pathogens are often interrelated, which
11,12,13,17,22,68
means that isolating a single cause of mortality is rare.
Assessment of confidence based on evidence
Very High. There is very high confidence that under projected
climate changes there is high risk (high risk = high probability
and high consequence) that western forests in the United States
will be affected increasingly by large and intense fires that occur

Confidence Level
Very High
Strong evidence (established
theory, multiple sources, consistent results, well documented
and accepted methods, etc.),
high consensus

High
Moderate evidence (several
sources, some consistency,
methods vary and/or documentation limited, etc.), medium
consensus

Medium
Suggestive evidence (a few
sources, limited consistency,
models incomplete, methods
emerging, etc.), competing
schools of thought

Low
Inconclusive evidence (limited sources, extrapolations,
inconsistent findings, poor documentation and/or methods not
tested, etc.), disagreement or
lack of opinions among experts

16,23,25

more frequently.
This is based on the strong relationships
17
between climate and forest response, shown observationally and
22
experimentally. Expected responses will increase substantially
to warming and also in conjunction with other changes such as
an increase in the frequency and/or severity of drought and amplification of pest and pathogen impacts. Eastern forests are less
likely to experience immediate increases in wildfire unless/until a
point is reached at which warmer temperatures, concurrent with
seasonal dry periods or more protracted drought, trigger wildfires.

K ey message #2 Traceable Account
U.S. forests and associated wood products currently absorb and store the equivalent of about
16% of all carbon dioxide (CO2) emitted by fossil
fuel burning in the U.S. each year. Climate change,
combined with current societal trends in land use
and forest management, is projected to reduce this
rate of forest CO2 uptake.
Description of evidence base
The key message and supporting text summarizes extensive evidence documented in the TIR, “Effects of Climatic Variability and
Change on Forest Ecosystems: A Comprehensive Science Synthe1
sis for the U.S. Forest Sector.” Technical input reports (58) on a
wide range of topics were also received and reviewed as part of the
Federal Register Notice solicitation for public input.
3

A recent study has shown that forests are a big sink of CO2 nationally. However, the permanence of this carbon sink is contingent on forest disturbance rates, which are changing, and on eco56
nomic conditions that may accelerate harvest of forest biomass.
Market response can cause changes in the carbon source/sink
39,40
dynamics through shifts in forest age,
land-use changes and
41
42
urbanization that reduce forested areas, forest type changes,
41,43,44,45
and bioenergy development changing forest management.
Additionally, publications have reported that fires can convert a
25
forest into a shrubland or meadow, with frequent fires perma49
nently reducing the carbon stock.
New information and remaining uncertainties
That economic factors and societal choices will affect future carbon
cycle of forests is known with certainty; the major uncertainties
come from the future economic picture, accelerating disturbance
rates, and societal responses to those dynamics.
Assessment of confidence based on evidence
Based on the evidence and uncertainties, confidence is high that
climate change, combined with current societal trends regarding
land use and forest management, is projected to reduce forest
CO2 uptake in the U.S. The U.S. has already seen large-scale
shifts in forest cover due to interactions between forestland use
and agriculture (for example, between the onset of European
settlement to the present). There are competing demands for how
forestland is used today. The future role of U.S. forests in the
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carbon cycle will be affected by climate change through changes
in disturbances (Key Message 1), growth rates, and harvest
demands.

K ey message #3 Traceable Account
Bioenergy could emerge as a new market for
wood and could aid in the restoration of forests
killed by drought, insects, and fire.
Description of evidence base
The key message and supporting text summarize extensive evidence documented in the TIR, “Effects of Climatic Variability and
Change on Forest Ecosystems: A Comprehensive Science Synthe1
sis for the U.S. Forest Sector.” Technical input reports (58) on a
wide range of topics were also received and reviewed as part of the
Federal Register Notice solicitation for public input.
Studies have shown that harvesting forest bioenergy can prevent
55
carbon emissions and replace a portion of U.S. energy consumption to help reduce future climate change. Some newer literature
has explored how use of forest bioenergy can replace a portion of
20,45
current U.S. energy production from oil.
Some more recent
publications have reported some environmental benefits, such
56,57
as improved water quality
and better management of timber
45
lands, that can result from forest bioenergy implementation.
New information and remaining uncertainties
The implications of forest product use for bioenergy depends on
regional context and circumstances, such as feedstock type and
prior management, land conditions, transport and storage logistics, conversion processes used to produce energy, distribution
58
and use.
The potential for biomass energy to increase forest harvests
has led to debates about whether biomass energy is net carbon
59
neutral. The debate on biogenic emissions regulations revolves
around how to account for emissions related to biomass produc60
tion and use. Deforestation contributes to atmospheric CO2 concentration, and that contribution has been declining over time.
The bioenergy contribution question is largely one of incentives
for appropriate management. When forests have no value, they
are burned or used inappropriately. Bioenergy can be produced
in a way that provides more benefits than costs or vice versa.
The market for energy from biomass appears to be ready to grow
in response to energy pricing, policy, and demand; however, this
industry is yet to be made a large-scale profitable enterprise in
most regions of the United States.
Assessment of confidence based on evidence
High. Forest growth substantially exceeds annual harvest for
normal wood and paper products, and much forest harvest residue
is now unutilized. Forest bioenergy will become viable if policy and
economic energy valuations make it competitive with fossil fuels.

K ey message #4 Traceable Account
Forest management responses to climate change
will be influenced by the changing nature of private
forestland ownership, globalization of forestry markets, emerging markets for bioenergy, and U.S. climate change policy.
Description of evidence base
The key message and supporting text summarizes extensive evidence documented in the TIR, “Effects of Climatic Variability and
Change on Forest Ecosystems: A Comprehensive Science Synthe1
sis for the U.S. Forest Sector.” Technical input reports (58) on a
wide range of topics were also received and reviewed as part of the
Federal Register Notice solicitation for public input.
The forest management response to climate change in urban areas, the wildland-urban interface, and in rural areas has been
studied from varying angles. The literature on urban forests identifies the value of those forests to clean air, aesthetics, and recreation and suggests that under a changing climate, urban communities will continue to enhance their environment with trees and
1,41
urban forests.
In the wildland-urban area and the rural areas,
the changing composition of private forest landowners will affect
the forest management response to climate change. Shifts in
corporate owners to include investment organizations that may or
may not have forest management as a primary objective has been
1,2
described nationally. Family forest owners are an aging demographic; one in five acres of forestland is owned by someone who
62
is at least 75 years of age. Multiple reasons for ownership are
given by family forest owners, including the most commonly cited
reasons of beauty/scenery, to pass land on to heirs, privacy, nature
protection, and part of home/cabin. Many family forest owners feel
it is necessary to keep the woods healthy but many are not familiar
62
with forest management practices. Long-term studies of the forest sector in the southern United States document the adaptive
response of forest landowners to market prices as they manage to
64
supply wood and associated products from their forests; however prices are less of an incentive in other parts of the United
1,41
States. Econometric approaches have been used to explore the
economic activities in the forest sector, including interactions with
other sectors such as agriculture, impact of climate change, and
43,44
the potential for new markets with bioenergy.
An earlier study
63
explored the effects of globalization on forest management and
67
a newer study looked at the effect of U.S. climate change policy.
One of the biggest challenges is the lack of climate change infor62
mation that results in inaction from many forest owners.
New information and remaining uncertainties
Human concerns regarding the effects of climate change on
forests and the role of adaptation and mitigation will be viewed
from the perspective of the values that forests provide to human
populations, including timber products, water, recreation, and
1
aesthetic and spiritual benefits. Many people, organizations, in-
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stitutions, and governments influence the management of U.S.
forests. Economic opportunities influence the amount and nature
of private forestland (and much is known quantitatively about this
dynamic) and societal values have a strong influence on how public forestland is managed. However, it remains challenging to project exactly how humans will respond to climate change in terms
of forest management.
Climate change will alter known environmental and economic risks
and add new risks to be addressed in the management of forests
in urban areas, the wildland-urban interface, and rural areas. The
capacity to manage risk varies greatly across landowners. While
adaptation strategies provide a means to manage risks associated
with climate change, a better understanding of risk perception
by forest landowners would enhance the development and implementation of these management strategies. Identification of appropriate monitoring information and associated tools to evaluate
monitoring data could facilitate risk assessment. Information and
tools to assess environmental and economic risks associated with
the impacts of climate change in light of specific management decisions would be informative to forestland managers and owners.
Assessment of confidence based on evidence
Given the evidence base and remaining uncertainty, there is
medium confidence in this key message. Climate change and
global and national economic events will have an integral impact
on forest management, but it is uncertain to what magnitude.
While forest landowners have shown the capacity to adapt to
new economic conditions, potential changes in the international
markets coincident with large-scale natural disturbances enhanced
by climate change (fire, insects) could challenge this adaptive
capacity. An important uncertainty is how people will respond to
climate change in terms of forest management.
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8

ECOSYSTEMS,

BIODIVERSITY, AND ECOSYSTEM SERVICES

Key Messages
1. Climate change impacts on ecosystems reduce their ability to improve water quality and regulate
water flows.
2. Climate change, combined with other stressors, is overwhelming the capacity of ecosystems to
buffer the impacts from extreme events like fires, floods, and storms.
3. Landscapes and seascapes are changing rapidly, and species, including many iconic species,
may disappear from regions where they have been prevalent or become extinct, altering some
regions so much that their mix of plant and animal life will become almost unrecognizable.
4. Timing of critical biological events, such as spring bud burst, emergence from overwintering, and
the start of migrations, has shifted, leading to important impacts on species and habitats.
5. Whole system management is often more effective than focusing on one species at a time,
and can help reduce the harm to wildlife, natural assets, and human well-being that climate
disruption might cause.

Climate change affects the living world, including people,
through changes in ecosystems, biodiversity, and ecosystem
services. Ecosystems entail all the living things in a particular
area as well as the non-living things with which they interact,
1
such as air, soil, water, and sunlight. Biodiversity refers to
the variety of life, including the number of species, life forms,
genetic types, and habitats and biomes (which are characteristic
groupings of plant and animal species found in a particular
climate). Biodiversity and ecosystems produce a rich array of
benefits that people depend on, including fisheries, drinking
water, fertile soils for growing crops, climate regulation,
2
inspiration, and aesthetic and cultural values. These benefits
are called “ecosystem services” – some of which, like
food, are more easily quantified than others, such as
climate regulation or cultural values. Changes in many
such services are often not obvious to those who
depend on them.

ecosystem impacts, it is often difficult to quantify human
vulnerability that results from shifts in ecosystem processes
and services. For example, although it is more straightforward
to predict how precipitation will change water flow, it is much
harder to pinpoint which farms, cities, and habitats will be at
risk of running out of water, and even more difficult to say how
people will be affected by the loss of a favorite fishing spot
or a wildflower that no longer blooms in the region. A better
understanding of how a range of ecosystem responses affects
people – from altered water flows to the loss of wildflowers
– will help to inform the management of ecosystems in a way
that promotes resilience to climate change.

© Michele Westmorland/Corbis

Ecosystem services contribute to jobs, economic
growth, health, and human well-being. Although
we interact with ecosystems and ecosystem
services every day, their linkage to climate change
can be elusive because they are influenced by so
3
many additional entangled factors. Ecosystem
perturbations driven by climate change have direct
human impacts, including reduced water supply and
quality, the loss of iconic species and landscapes,
distorted rhythms of nature, and the potential for
extreme events to overwhelm the regulating services Forests absorb carbon dioxide and provide many other ecosystem services,
of ecosystems. Even with these well-documented such as purifying water and providing recreational opportunities.
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Key Message 1: Water
Climate change impacts on ecosystems reduce their ability to
improve water quality and regulate water flows.
Climate-driven factors that control water availability and
quality are moderated by ecosystems. Land-based ecosystems
regulate the water cycle and are the source of sediment and
other materials that make their way to aquatic ecosystems
(streams, rivers, lakes, estuaries, oceans, groundwater). Aquatic
ecosystems provide the critically important services of storing
water, regulating water quality, supporting fisheries, providing
recreation, and carrying water and materials downstream
(Ch. 25: Coasts). Humans utilize, on average, the equivalent of
more than 40% of renewable supplies of freshwater in more
4
than 25% of all U.S. watersheds. Freshwater withdrawals are
even higher in the arid Southwest, where the equivalent of
5
76% of all renewable freshwater is appropriated by people.
In that region, climate change has likely decreased and altered
the timing of streamflow due to reduced snowpack and lower
precipitation in spring, although the precipitation trends are
weak due to large year-to-year variability, as well as geographic
6
variation in the patterns (Ch. 3: Water; Ch. 20: Southwest).
Depriving ecosystems of water reduces their ability to provide
water to people as well as for aquatic plant and animal habitat
(see Figure 8.1).
Habitat loss and local extinctions of fish and other aquatic
species are projected from the combined effects of increased
7
water withdrawal and climate change. In the U.S., 47% of
trout habitat in the interior West would be lost by 2080
under a scenario (A1B) that assumes similar emissions to the
A2 scenario used in this report (Ch. 1: Overview, Ch. 2: Our
8
Changing Climate) through 2050, and a slow decline thereafter.

Links between discharge and sediment transport are well
17
established, and cost estimates for in-stream and off-stream
damages from soil erosion range from $2.1 to $10 billion
18,19
per year.
These estimates include costs associated with
damages to, or losses of, recreation, water storage, navigation,
commercial fishing, and property, but do not include costs of
18
biological impacts. Sediment transport, with accompanying
nutrients, can play a positive role in the shoreline dynamics
of coastlines and the life cycles of coastal and marine plants
and animals. However, many commercially and recreationally
important fish species such as salmon and trout that lay their
eggs in the gravel at the edges of streams are especially sensitive
20
to elevated sediment fluxes in rivers. Sediment loading in
lakes has been shown to have substantial detrimental effects
on fish population sizes, community composition,
21
and biodiversity.

© Tim Fitzharris/Minden Pictures/Corbis

Across the entire U.S., precipitation amounts and intensity and
associated river discharge are major drivers of water pollution
in the form of excess nutrients, sediment, and dissolved organic

9

carbon (DOC) (Ch. 3: Water). At high concentrations, nutrients
that are required for life (such as nitrogen and phosphorus) can
become pollutants and can promote excessive phytoplankton
growth – a process known as eutrophication. Currently, many
U.S. lakes and rivers are polluted (have concentrations above
government standards) by excessive nitrogen, phosphorus, or
sediment. There are well-established links among fertilizer use,
nutrient pollution, and river discharge, and many studies show
that recent increases in rainfall in several regions of the United
States have led to higher nitrogen amounts carried by rivers
10,11
12
13,14
(Northeast,
California, and Mississippi Basin ). Over the
past 50 years, due to both climate and land-use change, the
Mississippi Basin is yielding an additional 32 million acre-feet
of water each year – equivalent to four Hudson Rivers – laden
15
with materials washed from its farmlands. This flows into the
Gulf of Mexico, which is the site of the nation’s largest hypoxic
4
(low oxygen) “dead” zone. The majority of U.S. estuaries are
16
moderately to highly eutrophic.
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Dissolved organic carbon (DOC) fluxes to rivers and
22
lakes are strongly driven by precipitation; thus
in many regions where precipitation is expected
to increase, DOC loading will also increase.
Dissolved organic carbon is the substance that
gives many rivers and lakes a brown, tea-colored
look. Precipitation-driven increases in DOC
concentration not only increase the cost of water
23
treatment for municipal use, but also alter
the ability of sunlight to act as nature’s water
treatment plant. For example, Cryptosporidium, a
pathogen potentially lethal to the elderly, babies,
and people with compromised immune systems, is
present in 17% of drinking water supplies sampled
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24

in the United States. This pathogen is inactivated by doses
of ultraviolet (UV) light equivalent to less than a day of sun
25
exposure. Similarly, UV exposures reduce fungal parasites
that infect Daphnia, a keystone aquatic grazer and food source
26
for fish. Increasing DOC concentrations may thus reduce the
ability of sunlight to regulate these UV-sensitive parasites.
Few studies have projected the impacts of climate change
on nitrogen, phosphorus, sediment, or DOC transport from
the land to rivers. However, given the tight link between
river discharge and all of these potential pollutants, areas
of the United States that are projected to see increases
in precipitation, and increases in intense rainfalls, like the
27
Northeast, Midwest, and mountainous West, will also see
increases in excess nutrients, DOC, and sediments transported
to rivers. One of the few future projections available suggests
that downstream and coastal impacts of increased nitrogen
inputs could be profound for the Mississippi Basin. Under
a scenario in which atmospheric CO2 reaches double preindustrial levels, a 20% increase in river discharge is expected

to lead to higher nitrogen loads and a 50% increase in algae
growth in the Gulf of Mexico, a 30% to 60% decrease in deepwater dissolved oxygen concentration, and an expansion of
28
10
the dead zone. A recent comprehensive assessment shows
that, while climate is an important driver, nitrogen carried by
rivers to the oceans is most strongly driven by fertilizer inputs
to the land. Therefore, in the highly productive agricultural
systems of the Mississippi Basin, the ultimate impact of more
precipitation on the expansion of the dead zone will depend on
14,29
agricultural management practices in the Basin.
Rising air temperatures can also lead to declines in water quality
through a different set of processes. Some large lakes, including
30
the Great Lakes, are warming rapidly. Warmer surface waters
can stimulate blooms of harmful algae in both lakes and
9
coastal oceans, which may include toxic cyanobacteria that
31
are favored at higher temperatures. Harmful algal blooms,
which are caused by many factors, including climate change,
exact a cost in freshwater degradation of approximately $2.2
32
billion annually in the United States alone.

Water Supplies Projected to Decline

Figure 8.1. Climate change is projected to reduce the ability of ecosystems to supply water in some parts of the country. This is true
in areas where precipitation is projected to decline, and even in some areas where precipitation is expected to increase. Compared
to 10% of counties today, by 2050, 32% of counties will be at high or extreme risk of water shortages. Projections assume continued
increases in greenhouse gas emissions through 2050 and a slow decline thereafter (A1B scenario). Numbers in parentheses indicate
27
number of counties in each category. (Reprinted with permission from Roy et al., 2012. Copyright 2012 American Chemical Society).
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The Aftermath of Hurricanes

Figure 8.2. Hurricanes illustrate the links among precipitation, discharge and nutrient loading to coastal
waters. Hurricanes bring intense rainfall to coastal regions, and ensuing runoff leads to blooms of algae.
These blooms contribute to dead zone formation after they die and decompose. Photo above shows
Pamlico Sound, North Carolina, after Hurricane Floyd. Note light green area off the coast, which is new
algae growth. The graph on the left shows a steep drop in salinity of ocean water due to the large influx
of freshwater from rain after a series of hurricanes. Red arrows indicate Hurricanes Dennis, Floyd, and
Irene, which hit sequentially during the 1999 hurricane season. The graph on the right shows a steep
rise in the amount of surface chlorophyll after these hurricanes, largely due to increased algae growth.
33
(Figure source: (top) NASA SeaWiFS; (bottom) Paerl et al. 2003 ).

Key Message 2: Extreme Events
Climate change, combined with other stressors, is overwhelming the capacity of
ecosystems to buffer the impacts from extreme events like fires, floods, and storms.
Ecosystems play an important role in “buffering” the effects
of extreme climate conditions (floods, wildfires, tornadoes,
hurricanes) on the movement of materials and the flow of en34
ergy through the environment. Climate change and human
modifications often increase the vulnerability of ecosystems
and landscapes to damage from extreme events while at the
same time reducing their natural capacity to modulate the impacts of such events. Salt marshes, reefs, mangrove forests,
and barrier islands provide an ecosystem service of defending
35
coastal ecosystems and infrastructure against storm surges.
Losses of these natural features – from coastal development,
erosion, and sea level rise – render coastal ecosystems and infrastructure more vulnerable to catastrophic damage during or
36
after extreme events (Ch. 25: Coasts). Floodplain wetlands,
although greatly reduced from their historical extent, provide
an ecosystem service of absorbing floodwaters and reducing
the impact of high flows on river-margin lands. In the Northeast, even a small sea level rise (1.6 feet) would dramatically

increase the numbers of people (47% increase) and property
loss (73% increase) affected by storm surge in Long Island com37
pared to present day storm surge impacts. Extreme weather
events that produce sudden increases in water flow and the
materials it carries can decrease the natural capacity of ecosystems to process pollutants, both by reducing the amount of
time water is in contact with reactive sites and by removing or
36
harming the plants and microbes that remove the pollutants.
Warming and, in some areas, decreased precipitation (along
with past forest fire suppression practices) have increased the
risk of fires exceeding historical size, resulting in unprecedented social and economic challenges. Large fires put people living in the wildland-urban interface at risk for health problems
and property loss. In 2011 alone, more than 8 million acres
burned in wildfires, causing 15 deaths and property losses
38
greater than $1.9 billion.

199

CLIMATE CHANGE IMPACTS IN THE UNITED STATES

8: ECOSYSTEMS, BIODIVERSITY, AND ECOSYSTEM SERVICES

Key Message 3: Plants and Animals
Landscapes and seascapes are changing rapidly, and species, including many iconic species,
may disappear from regions where they have been prevalent or become extinct, altering some
regions so much that their mix of plant and animal life will become almost unrecognizable.
Vegetation model projections suggest that much of the United
States will experience changes in the composition of species
characteristic of specific areas. Studies applying different
models for a range of future climates project biome changes
4,39
for about 5% to 20% of the land area of the U.S. by 2100.
Many major changes, particularly in the western states and
Alaska, will in part be driven by increases in fire frequency and
severity. For example, the average time between fires in the
Yellowstone National Park ecosystem is projected to decrease
from 100 to 300 years to less than 30 years, potentially
causing coniferous (pine, spruce, etc.) forests to be replaced
40
by woodlands and grasslands. Warming has also led to novel
wildfire occurrence in ecosystems where it has been absent
in recent history, such as arctic Alaska and the southwestern
deserts where new fires are fueled by non-native annual
grasses (Ch. 20: Southwest; Ch. 22: Alaska). Extreme weather
conditions linked to sea ice decline in 2007 led to the ignition
of the Anaktuvuk River Fire, which burned more than 380
square miles of arctic tundra that had not been disturbed by
41
fire for more than 3,000 years. This one fire (which burned
deeply into organic peat soils) released enough carbon to the
atmosphere to offset all of the carbon taken up by the entire
42
arctic tundra biome over the past quarter-century.
In addition to shifts in species assemblages, there will also be
changes in species distributions. In recent decades, in both land
and aquatic environments, plants and animals have moved to
higher elevations at a median rate of 36 feet (0.011 kilometers)
per decade, and to higher latitudes at a median rate of 10.5
43
miles (16.9 kilometers) per decade. As the climate continues
to change, models and long-term studies project even greater
44
shifts in species ranges. However, many species may not be
able to keep pace with climate change for several reasons, for
example because their seeds do not disperse widely or because
they have limited mobility, thus leading, in some places, to
local extinctions of both plants and animals. Both range shifts
and local extinctions will, in many places, lead to large changes
in the mix of plants and animals present in the local ecosystem,
resulting in new communities that bear little resemblance to
4,8,45,46
those of today.
Some of the most obvious changes in the landscape are
occurring at the boundaries between biomes. These include
shifts in the latitude and elevation of the boreal (northern)
47
forest/tundra boundary in Alaska; elevation shifts of the
boreal and subalpine forest/tundra boundary in the Sierra
48
Nevada, California; an elevation shift of the temperate
broadleaf/conifer boundary in the Green Mountains,
49
Vermont, the shift of temperate the shrubland/conifer forest

50

boundary in Bandelier National Monument, New Mexico, and
upslope shifts of the temperate mixed forest/conifer boundary
51
in Southern California. All of these are consistent with recent
climatic trends and represent visible changes, like tundra
switching to forest, or conifer forest switching to broadleaf
forest or even to shrubland.
As temperatures rise and precipitation patterns change, many
fish species (such as salmon, trout, whitefish, and char) will be
lost from lower-elevation streams, including a projected loss
of 47% of habitat for all trout species in the western U.S. by
8
2080. Similarly, in the oceans, transitions from cold-water fish
communities to warm-water communities have occurred in
52
commercially important harvest areas, with new industries
53
developing in response to the arrival of new species. Also,
warm surface waters are driving some fish species to deeper
54,55
waters.
Warming is likely to increase the ranges of several invasive
56
plant species in the United States, increase the probability
of establishment of invasive plant species in boreal forests
57
in south-central Alaska, including the Kenai Peninsula, and
expand the range of the hemlock wooly adelgid, an insect that
58
has killed many eastern hemlocks in recent years. Invasive
species costs to the U.S. economy are estimated at $120
59
billion per year, including substantial impacts on ecosystem
services. For instance, the yellow star-thistle, a wildland pest
60
which is predicted to thrive with increased atmospheric CO2,
currently costs California ranchers and farmers $17 million in
61
62
forage and control efforts and $75 million in water losses.
Iconic desert species such as saguaro cactus are damaged or
killed by fires fueled by non-native grasses, leading to a largescale transformation of desert shrubland into grassland in
63
many of the familiar landscapes of the American West. Bark
beetles have infested extensive areas of the western United
States and Canada, killing stands of temperate and boreal
conifer forest across areas greater than any other outbreak in
64
the last 125 years. Climate change has been a major causal
factor, with higher temperatures allowing more beetles to
survive winter, complete two life cycles in a season rather than
64,65
one, and to move to higher elevations and latitudes.
Bark
beetle outbreaks in the Greater Yellowstone Ecosystem are
occurring in habitats where outbreaks either did not previously
66
occur or were limited in scale.
It is important to realize that climate change is linked to far more
dramatic changes than simply altering species’ life cycles or
shifting their ranges. Several species have exhibited population
declines linked to climate change, with some declines so
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severe that species are threatened with extinction. Perhaps
the most striking impact of climate change is its effect on
iconic species such as the polar bear, the ringed seal, and coral
species (Ch. 22: Alaska; Ch. 24: Oceans). In 2008, the polar bear
(Ursus maritimus) was listed as a threatened species, with the

68

primary cause of its decline attributed to climate change. In
2012, NOAA determined that four subspecies of the ringed
seal (Phoca hispida) were threatened or endangered, with the
69
primary threat being climate change.    

Key Message 4: Seasonal Patterns
Timing of critical biological events, such as spring bud burst, emergence from overwintering,
and the start of migrations, has shifted, leading to important impacts on species and habitats.
The effect of climate change on phenology – the pattern of
seasonal life cycle events in plants and animals, such as timing
of leaf-out, blooming, hibernation, and migration – has been
called a “globally coherent fingerprint of climate change
70
impacts” on plants and animals. Observed long-term trends
towards shorter, milder winters and earlier spring thaws are
altering the timing of critical spring events such as bud burst
and emergence from overwintering. This can cause plants and
animals to be so out of phase with their natural phenology that
outbreaks of pests occur, or species cannot find food at the
time they emerge.

lengthening. A longer growing season will benefit some crops
and natural species, but there may be a timing mismatch
between the microbial activity that makes nutrients available
in the soil and the readiness of plants to take up those nutrients
78,79
for growth.
Where plant phenology is driven by day length,
an advance in spring may exacerbate this mismatch, causing
available nutrients to be leached out of the soil rather than
80
absorbed and recycled by plants. Longer growing seasons
also exacerbate human allergies. For example, a longer fall
allows for bigger ragweed plants that produce more pollen
81
later into the fall (see also Ch. 9: Health).

Recent studies have documented an advance in the timing
of springtime phenological events across species in response
71
to increased temperatures. Long-term observations of lilac
flowering indicate that the onset of spring has advanced
one day earlier per decade across the northern hemisphere
72
in response to increased winter and spring temperatures
and by 1.5 days per decade earlier in the western United
73
States. Other multi-decadal studies for plant species have
74,75
documented similar trends for early flowering.
In addition,
plant-pollinator relationships may be disrupted by changes in
nectar and pollen availability, as the timing of bloom shifts in
76,77
response to temperature and precipitation.

Changes in the timing of springtime bird migrations are wellrecognized biological responses to warming, and have been
82
83
documented in the western, midwestern, and eastern
84,85
United States.
Some migratory birds now arrive too late
for the peak of food resources at breeding grounds because
temperatures at wintering grounds are changing more slowly
86
than at spring breeding grounds.

As spring is advancing and fall is being delayed in response
78
to regional changes in climate, the growing season is

In a 34-year study of an Alaskan creek, young pink salmon
(Oncorhynchus gorbuscha) migrated to the sea increasingly
87
earlier over time. In Alaska, warmer springs have caused
earlier onset of plant emergence, and decreased spatial
variation in growth and availability of forage to breeding
caribou (Rangifer tarandus).

Key Message 5: Adaptation
Whole system management is often more effective than focusing on one species
at a time, and can help reduce the harm to wildlife, natural assets, and
human well-being that climate disruption might cause.
Adaptation in the context of biodiversity and natural resource
management is fundamentally about managing change,
4,88,89
which is an inherent property of natural ecosystems.
One strategy – adaptive management, which is a structured
process of flexible decision-making under uncertainty that
incorporates learning from management outcomes – has
received renewed attention as a tool for helping resource
managers make decisions relevant to whole systems in response
89,90
to climate change.
Other strategies tinclude assessments of
91
92
vulnerability and impacts, and scenario planning, that can

be assembled into a general planning process that is flexible
and iterative.
Guidance on adaptation planning for conservation has
92,93,94
95
proliferated at the federal
and state levels, and
often emphasizes cooperation between scientists and
94,96,97
98,99
managers.
Ecosystem-based adaptation
uses
“biodiversity and ecosystem services as part of an overall
adaptation strategy to help people adapt to the adverse
99
effects of climate change.” An example is the explicit use of
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storm-buffering coastal wetlands or mangroves rather than
built infrastructure like seawalls or levies to protect coastal
100
regions (Ch. 25: Coasts). An additional example is the use of
101
wildlife corridors to connect fragmented wildlife habitat.

preferred habitat and making vulnerability assessments. Often
it could be specific life history stages that are the weak point in
106
the species, and it is key to identify those weak links.

While there is considerable uncertainty about how climate
Adaptation strategies to protect biodiversity include: 1) habitat change will play out in particular locations, proactive measures
96,107
manipulation, 2) conserving populations with higher genetic can be taken to both plan for connectivity
and to identify
diversity or more flexible behaviors or morphologies, 3) re- places or habitats that may in the future become valuable
108
planting with species or ecotypes that are better suited for habitat as a result of climate change and vegetation shifts.
future climates, 4) managed relocation (sometimes referred to It is important to note that when the Endangered Species Act
as assisted migration) to help move species and populations (ESA) was passed in 1973, climate change was not a known
from current locations to those areas expected to become threat or factor and was not considered in setting recovery
109
more suitable in the future, and 5) offsite conservation such as goals or critical habitat designations. However, agencies are
92,94,96,97,102,103
seed banking, biobanking, and captive breeding.
actively working to include climate change considerations in
Additional approaches focus on identifying and protecting their ESA implementation activities.
features that are important for biodiversity and are less
likely to be altered by climate
change. The idea is to conserve
Adaptation Planning and Implementation Framework
the “stage” (the biophysical
conditions that contribute to
high levels of biodiversity) for
whatever “actors” (species and
populations) find those areas
104
suitable in the future.
One of the greatest challenges
for adaptation in the face of
climate change is the revision
of management goals in
fundamental ways. In particular,
not only will climate change
make it difficult to achieve
existing conservation goals, it will
demand that goals be critically
examined and potentially altered
102,105
in dramatic ways.
Climate
changes can also severely
diminish the effectiveness of
current strategies and require
fresh approaches. For example,
whereas establishing networks
of nature reserves has been a
standard approach to protecting
species, fixed networks of
reserve do not lend themselves
to adjustments for climate
105
change.
Finally, migratory
species and species with
complex life histories cannot be
simply addressed by defining

Figure 8.3. Iterative approaches to conservation planning require input and
communication among many players to ensure flexibility in response to climate
142
change. (Figure source: adapted from the National Wildlife Federation, 2013 ).
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Case

study of the 2011 las conchas, new mexico fire

In the midst of severe drought in the summer of 2011, Arizona and New Mexico suffered the largest wildfires in their
recorded history, affecting more than 694,000 acres. Some rare threatened and endangered species, like the Jemez
110
salamander, were damaged by this unusually severe fire. Fires are often part of the natural disturbance regime, but
if drought, poor management, and high temperatures combine, a fire can be so severe and widespread that species
are damaged that otherwise might even be considered to be fire tolerant (such as spotted owls). Following the fires,
heavy rainstorms led to major flooding and erosion, including at least ten debris flows. Popular recreation areas were
evacuated and floods damaged the newly renovated, multi-million dollar U.S. Park Service Visitor Center at Bandelier
National Monument. Sediment and ash eroded by the floods were washed downstream into the Rio Grande, which supplies 50% of the drinking water for Albuquerque, the largest city in New Mexico. Water withdrawals by the city from
the Rio Grande were stopped entirely for a week and reduced for several months due to the increased cost of treatment.
These fires provide an example of how forest ecosystems, biodiversity, and ecosystem services are affected by the impacts of climate change, other environmental stresses, and past management practices. Higher temperatures, reduced
111
snowpack, and earlier onset of springtime are leading to increases in wildfire in the western United States, while
112
extreme droughts are becoming more frequent. In addition, climate change is affecting naturally occurring bark
113,114
The dead trees
beetles: warmer winter conditions allow these pests to breed more frequently and successfully.
114,115
left behind by bark beetles may make crown fires more likely, at least until needles fall from killed trees.
Forest
management practices also have made the forests more vulnerable to catastrophic fires. In New Mexico, even-aged,
second-growth forests were hit hardest because they are much denser than naturally occurring forest and consequently
consume more water from the soil and increase the availability of dry above-ground fuel.

Biological

responses to climate change
Figure 8.4. Map of selected
obser ved and projected
biological responses to climate
change across the United
States. Case studies listed
below correspond to observed
responses (black icons on
map) and projected responses
(white icons on map, bold
it alic ized st atements). In
general, because future
climatic changes are projected
to exceed those experienced
in the recent past, projected
biological impacts tend to be
of greater magnitude than
recent obser ved changes.
Because the observations and
projections presented here
are not paired (that is, they
are not for the same species
or systems), that general
difference is not illustrated.
(Figure source: Staudinger et
4
al., 2012 ).
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responses to climate change (continued)

Mussel and barnacle beds have declined or disappeared along parts of the Northwest coast due to higher tempera116
tures and drier conditions that have compressed habitable intertidal space.
Northern flickers arrived at breeding sites earlier in the Northwest in response to temperature changes along migration routes, and egg laying advanced by 1.15 days for every degree increase in temperature, demonstrating that
117
this species has the capacity to adjust their phenology in response to climate change.
Conifers in many western forests have experienced mortality rates of up to 87% from warming-induced changes in
118
the prevalence of pests and pathogens and stress from drought.
Butterflies that have adapted to specific oak species have not been able to colonize new tree species when climate
119
change-induced tree migration changes local forest types, potentially hindering adaptation.
In response to climate-related habitat change, many small mammal species have altered their elevation ranges,
120
with lower-elevation species expanding their ranges and higher-elevation species contracting their ranges.
Northern spotted owl populations in Arizona and New Mexico are projected to decline during the next century and
are at high risk for extinction due to hotter, drier conditions, while the southern California population is not pro121
jected to be sensitive to future climatic changes.
Quaking aspen-dominated systems are experiencing declines in the western U.S. after stress due to climate122
induced drought conditions during the last decade.
Warmer and drier conditions during the early growing season in high-elevation habitats in Colorado are disrupting
77
the timing of various flowering patterns, with potential impacts on many important plant-pollinator relationships.
Population fragmentation of wolverines in the northern Cascades and Rocky Mountains is expected to increase as
123
spring snow cover retreats over the coming century.
Cutthroat trout populations in the western U.S. are projected to decline by up to 58%, and total trout habitat in the
same region is projected to decline by 47%, due to increasing temperatures, seasonal shifts in precipitation, and
8
negative interactions with non-native species.
Comparisons of historical and recent first flowering dates for 178 plant species from North Dakota showed significant shifts occurred in over 40% of species examined, with the greatest changes observed during the two warmest
75
years of the study.
Variation in the timing and magnitude of precipitation due to climate change was found to decrease the nutritional
quality of grasses, and consequently reduce weight gain of bison in the Konza Prairie in Kansas and the Tallgrass
124
Prairie Preserve in Oklahoma. Results provide insight into how climate change will affect grazer population dynamics in the future.
(a and b) Climatic fluctuations were found to influence mate selection and increase the probability of infidelity in
birds that are normally socially monogamous, increasing the gene exchange and the likelihood of offspring sur125
vival.
Migratory birds monitored in Minnesota over a 40-year period showed significantly earlier arrival dates, particularly
in short-distance migrants, indicating that some species are capable of responding to increasing winter tempera126
tures better than others.
Up to 50% turnover in amphibian species is projected in the eastern U.S. by 2100, including the northern leopard
frog, which is projected to experience poleward and elevational range shifts in response to climatic changes in the
127
latter quarter of the century.
Studies of black ratsnake (Elaphe obsoleta) populations at different latitudes in Canada, Illinois, and Texas suggest
that snake populations, particularly in the northern part of their range, could benefit from rising temperatures if
128
there are no negative impacts on their habitat and prey.
Warming-induced hybridization was detected between southern and northern flying squirrels in the Great Lakes
region of Ontario, Canada, and in Pennsylvania after a series of warm winters created more overlap in their habitat
129
range, potentially acting to increase population persistence under climate change.
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responses to climate change (continued)
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18. Some warm-water fishes have moved northwards, and some tropical and subtropical fishes in the northern Gulf of
130
Mexico have increased in temperate ocean habitat. Similar shifts and invasions have been documented in Long
131
Island Sound and Narragansett Bay in the Atlantic.
19. Global marine mammal diversity is projected to decline at lower latitudes and increase at higher latitudes due to
changes in temperatures and sea ice, with complete loss of optimal habitat for as many as 11 species by mid132
century; seal populations living in tropical and temperate waters are particularly at risk to future declines.
20. Higher nighttime temperatures and cumulative seasonal rainfalls were correlated with changes in the arrival times
133
of amphibians to wetland breeding sites in South Carolina over a 30-year time period (1978-2008).
21. Seedling survival of nearly 20 resident and migrant tree species decreased during years of lower rainfall in the
Southern Appalachians and the Piedmont areas, indicating that reductions in native species and limited replace134
ment by invading species were likely under climate change.
22. Widespread declines in body size of resident and migrant birds at a bird-banding station in western Pennsylvania
were documented over a 40-year period; body sizes of breeding adults were negatively correlated with mean re85
gional temperatures from the preceding year.
23. Over the last 130 years (1880-2010), native bees have advanced their spring arrival in the northeastern U.S. by an
average of 10 days, primarily due to increased warming. Plants have also showed a trend of earlier blooming, thus
135
helping preserve the synchrony in timing between plants and pollinators.
24. In the Northwest Atlantic, 24 out of 36 commercially exploited fish stocks showed significant range (latitudinal and
55
depth) shifts between 1968 and 2007 in response to increased sea surface and bottom temperatures.
25. Increases in maximum, and decreases in the annual variability of, sea surface temperatures in the North Atlantic
Ocean have promoted growth of small phytoplankton and led to a reorganization in the species composition of
136
primary (phytoplankton) and secondary (zooplankton) producers.
26. Changes in female polar bear reproductive success (decreased litter mass and numbers of yearlings) along the
north Alaska coast have been linked to changes in body size and/or body condition following years with lower avail137
ability of optimal sea ice habitat.
27. Water temperature data and observations of migration behaviors over a 34-year time period showed that adult pink
salmon migrated earlier into Alaskan creeks, and fry advanced the timing of migration out to sea. Shifts in migration timing may increase the potential for a mismatch in optimal environmental conditions for early life stages, and
87
continued warming trends will likely increase pre-spawning mortality and egg mortality rates.
28. Warmer springs in Alaska have caused earlier onset of plant emergence, and decreased spatial variation in growth
138
and availability of forage to breeding caribou. This ultimately reduced calving success in caribou populations.
29. Many Hawaiian mountain vegetation types were found to vary in their sensitivity to changes in moisture availability;
139
consequently, climate change will likely influence elevation-related vegetation patterns in this region.
30. Sea level is predicted to rise by 1.6 to 3.3 feet in Hawaiian waters by 2100, consistent with global projections of
1 to 4 feet of sea level rise (see Ch. 2: Our Changing Climate, Key Message 10). This is projected to increase wave
heights, the duration of turbidity, and the amount of re-suspended sediment in the water; consequently, this will
140
create potentially stressful conditions for coral reef communities.
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Process for Developing Key Messages
The key messages and supporting chapter text summarize extensive evidence documented in the Ecosystems Technical Input Report, Impacts of Climate Change on Biodiversity, Ecosystems, and
Ecosystem Services: Technical Input to the 2013 National Climate
4
Assessment. This foundational report evolved from a technical
workshop held at the Gordon and Betty Moore Foundation in Palo
Alto, CA, in January 2012 and attended by approximately 65 scientists. Technical inputs (127) on a wide range of topics related to
ecosystems were also received and reviewed as part of the Federal
Register Notice solicitation for public input.

K ey message #1 Traceable Account
Climate change impacts on ecosystems reduce
their ability to improve water quality and regulate
water flows.
Description of evidence base
The author team digested the contents of more than 125 technical
input reports on a wide array of topics to arrive at this key mes4
sage. The foundational Technical Input Report was the primary
source used.
Studies have shown that increasing precipitation is already resulting in declining water quality in many regions of the country, par10,11,12,13,14
ticularly by increasing nitrogen loading.
This is because
the increases in flow can pick up and carry greater loads of nutri11,12,13,14
ents like nitrogen to rivers.
One model for the Mississippi River Basin, based on a doubling of
CO2, projects that increasing discharge and nitrogen loading will
lead to larger algal blooms in the Gulf of Mexico and a larger dead
28
zone. The Gulf of Mexico is the recipient system for the Mississippi Basin, receiving all of the nitrogen that is carried downriver
but not removed by river processes, wetlands, or other ecosystems.
Several models project that declining streamflow, due to the combined effects of climate change and water withdrawals, will cause
7
local extinctions of fish and other aquatic organisms, particularly
trout in the interior western U.S. (composite of 10 models, A1B

8

8

scenario). The trout study is one of the few studies of impacts on
fish that uses an emissions scenario and a combination of climate
models. The researchers studied four different trout species. Although there were variations among species, their overall conclusion was robust across species for the composite model.
Water quality can also be negatively affected by increasing temperatures. There is widespread evidence that warmer lakes can
promote the growth of harmful algal blooms, which produce tox31
ins.
New information and remaining uncertainties
Recent research has improved understanding of the relative importance of the effects of climate and human actions (for example,
10,12
fertilization) on nitrogen losses from watersheds,
and how the
interactions between climate and human actions (for example, wa7,8
ter withdrawals) will affect fish populations in the west. However,
few studies have projected the impacts of future climate change
on water quality. Given the tight link between river discharge and
pollutants, only areas of the U.S. that are projected to see increases in precipitation will see increases in pollutant transport
to rivers. It is also important to note that pollutant loading – for
example, nitrogen fertilizer use – is often more important as a
10,12
driver of water pollution than climate.
Assessment of confidence based on evidence
Given the evidence base and uncertainties, there is high confidence that climate change impacts on ecosystems reduce their
ability to improve water quality and regulate water flows.
It is well established that precipitation and associated river discharge are major drivers of water pollution in the form of excess
nutrients, sediment, and dissolved organic carbon (DOC) transport
into rivers. Increases in precipitation in many regions of the country are therefore contributing to declines in water quality in those
areas. However, those areas of the country that will see reduced
precipitation may experience water-quality improvement; thus,
any lack of agreement on future water-quality impacts of climate
change may be due to locational differences.
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nerable to loss by inundation, absorb floodwaters and reduce the
impact of high flows on river-margin lands. In the Northeast, a sea
level rise of 1.6 feet (within the range of 1 to 4 feet projected for
2100; Ch. 2: Our Changing Climate, Key Message 9) will dramatically increase impacts of storm surge on people (47% increase)
37
and property loss (73% increase) in Long Island.

Confidence Level
Very High
Strong evidence (established
theory, multiple sources, consistent
results, well documented and
accepted methods, etc.), high
consensus

Storms: Natural ecosystems have a capacity to buffer extreme
weather events that produce sudden increases in water flow and
materials. These events reduce the amount of time water is in contact with sites that support the plants and microbes that remove
36
pollutants (Chapter 25: Coasts).

High
Moderate evidence (several sources, some consistency, methods
vary and/or documentation limited,
etc.), medium consensus
Medium

New information and remaining uncertainties
A new analytical framework was recently developed to generate insights into the interactions among the initial state of ecosystems,
the type and magnitude of disturbance, and effects of distur34
bance. Progress in understanding these relationships is critical
for predicting how human activities and climate change, including
extreme events like droughts, floods, and storms, will interact to
affect ecosystems.

Suggestive evidence (a few
sources, limited consistency, models incomplete, methods emerging,
etc.), competing schools of thought
Low
Inconclusive evidence (limited
sources, extrapolations, inconsistent findings, poor documentation
and/or methods not tested, etc.),
disagreement or lack of opinions
among experts

K ey message #2 Traceable Account
Climate change, combined with other stressors,
is overwhelming the capacity of ecosystems to
buffer the impacts from extreme events like fires,
floods, and storms.
Description of evidence base
The author team digested the contents of more than 125 technical
input reports on a wide array of topics to arrive at this key mes4
sage. The foundational Technical Input Report was the primary
source used.
Fires: Climate change has increased the potential for extremely
large fires with novel social, economic, and environmental impacts.
In 2011, more than 8 million acres burned, with significant hu38
man mortality and property damage ($1.9 billion). Warming and
decreased precipitation have made fire-prone ecosystems more
vulnerable to “mega-fires” – large fires that are unprecedented
in their social, economic, and environmental impacts. Large fires
put people living in the urban-wildland interface at risk for health
problems and property loss.
Floods: Natural ecosystems such as salt marshes, reefs, mangrove forests, and barrier islands defend coastal ecosystems and
infrastructure against flooding due to storm surges. The loss of
these natural features due to coastal development, erosion, and
sea level rise render coastal ecosystems and infrastructure more
vulnerable to catastrophic damage during or after extreme events
36
(see Ch. 25: Coasts). Floodplain wetlands, which are also vul-

Uncertainties: The ability of ecosystems to buffer extreme events
is extremely difficult to assess and quantify, as it requires understanding of complex ecosystem responses to very rare events.
However, it is clear that the loss of this buffering ecosystem service is having important effects on coastal and fire-prone ecosystems across the United States.
Assessment of confidence based on evidence
Given the evidence base and uncertainties, there is high confidence that climate change, combined with other stressors, is overwhelming the capacity of ecosystems to buffer the impacts from
extreme events like droughts, floods, and storms.
Ecosystem responses to climate change will vary regionally. For
example, whether salt marshes and mangroves will be able to accrue sediment at rates sufficient to keep ahead of sea level rise
and maintain their protective function will vary by region.
Climate has been the dominant factor controlling burned area
th
during the 20 century, even during periods of fire suppression
40,111
by forest management,
and the area burned annually has increased steadily over the last 20 years concurrent with warming
and/or drying climate. Warming and decreased precipitation have
also made fire-prone ecosystems more vulnerable to “mega-fires”
– large fires that are unprecedented in their social, economic, and
environmental impacts. Large fires put people living in the urbanwildland interface at risk for health problems and property loss.
In 2011 alone, 8.3 million acres burned in wildfires, causing 15
38
deaths and property losses greater than $1.9 billion.
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K ey message #3 Traceable Account
Landscapes and seascapes are changing rapidly, and species, including many iconic species,
may disappear from regions where they have been
prevalent or become extinct, altering some regions
so much that their mix of plant and animal life will
become almost unrecognizable.
Description of evidence base
The analysis for the Technical Input Report applied a range of
future climate scenarios and projected biome changes across 5%
4
to about 20% of the land area in the U.S. by 2100. Other analy39
ses support these projections. Studies predict that wildfire will
be a major driver of change in some areas, including Yellowstone
40
41
National Park and the Arctic. These biome shifts will be associ43
ated with changes in species distributions.
Evidence indicates that the most obvious changes will occur at
47,48,49,51
the boundaries between ecosystems.
Plants and animals
are already moving to higher elevations and latitudes in response
43
8,46
to climate change, with models projecting greater range shifts
and local extinctions in the future, leading to new plant and animal
4,45,46
communities that may be unrecognizable in some regions.
8
One study on fish used global climate models (GCMs) simulating
conditions in the 2040s and 2080s under the A1B emissions
scenario, with the choice of models reflecting predictions of high
and low climate warming as well as an ensemble of ten models.
Their models additionally accounted for biotic interactions. In a
second study, a 30-year baseline (1971-2000) and output from
two GCMs under the A2 scenario (continued increases in global
emissions) were used to develop climate variables that effectively
46
predict present and future species ranges. Empirical data from
the Sonoran Desert (n=39 plots) were used to evaluate species
responses to past climate variability.
Iconic species: Wildfire is expected to damage and kill iconic des63
ert species, including saguaro cactus. Bark beetle outbreaks,
which have been exacerbated by climate change, are damaging
extensive areas of temperate and boreal conifer forests that are
64
characteristic of the western United States.

Assessment of confidence based on evidence
Based on the evidence base and uncertainties, confidence is high
that familiar landscapes are changing so rapidly that iconic species may disappear from regions where they have been prevalent,
altering some regions so much that their mix of plant and animal
life will become almost unrecognizable. Many changes in species
distribution have already occurred and will inevitably continue,
resulting in the loss of familiar landscapes and the production of
novel species assemblages.

K ey message #4 Traceable Account
Timing of critical biological events, such as spring
bud burst, emergence from overwintering, and the
start of migrations, has shifted, leading to important impacts on species and habitats.
Description of evidence base
The key message and supporting text summarizes extensive evidence documented in the Ecosystems Technical Input, Phenology
as a bio-indicator of climate change impacts on people and eco71
systems: Towards an integrated national assessment approach.
An additional 127 input reports, on a wide range of topics related
to ecosystems, were also received and reviewed as part of the
Federal Register Notice solicitation for public input.
Many studies have documented an advance in springtime phenological events of species in response to climate warming. For
example, long-term observations of lilac flowering indicate that the
onset of spring has advanced one day earlier per decade across
the northern hemisphere in response to increased winter and
spring temperatures, and by 1.5 days per decade earlier in the
72,73
western United States.
Other multi-decadal studies for plant
74,75
species have documented similar trends for early flowering.
Evidence suggests that insect emergence from overwintering may
77
become out of sync with pollen sources, and that the beginning
82,83,84,85,86,87
of bird and fish migrations are shifting.

New information and remaining uncertainties
In addition to the Technical Input Report, more than 20 new studies of observed and predicted effects of climate change on biomes
and species distribution were incorporated in the assessment.

New information and remaining uncertainties
71
In addition to the Ecosystems Technical Input many new studies have been conducted since the previous National Climate As141
sessment, contributing to our understanding of the impacts of
climate change on phenological events. Many studies, in many
areas, have shown significant changes in phenology, including
spring bud burst, emergence from overwintering, and migration
shifts.

While changes in ecosystem structure and biodiversity, including
the distribution of iconic species, are occurring and are highly
likely to continue, the impact of these changes on ecosystem services is unclear, that is, there is uncertainty about the impact that
loss of familiar landscapes will have on people.

A key uncertainty is “phase effects” where organisms are so out of
phase with their natural phenology that outbreaks of pests occur,
species emerge and cannot find food, or pollination is disrupted.
This will vary with specific species and is therefore very difficult
70
to predict.
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Assessment of confidence based on evidence
Given the evidence base and uncertainties, there is very high confidence that the timing of critical events, such as spring bud burst,
emergence from overwintering, and the start of migrations, has
shifted, leading to important impacts on species and habitats. 

K ey message #5 Traceable Account
Whole system management is often more effective than focusing on one species at a time, and
can help reduce the harm to wildlife, natural assets,
and human well-being that climate disruption might
cause.
Description of evidence base
92,93,94
Adaptation planning for conservation at federal
and state
95
levels, is focused on cooperation between scientists and manag34,94,96,97
ers.
Development of ecosystem-based whole system man98
agement utilizes concepts about “biodiversity and ecosystem
99
services to help people adapt to climate change.” An example
is the use of coastal wetlands or mangroves rather than built infrastructure like seawalls or levees to protect coastal regions from
100
storms (Chapter 25: Coasts).
New information and remaining uncertainties
Adaptation strategies to protect biodiversity include: 1) habitat
manipulations, 2) conserving populations with higher genetic diversity or more plastic behaviors or morphologies, 3) changing
seed sources for re-planting to introduce species or ecotypes
that are better suited for future climates, 4) managed relocation
(sometimes referred to as assisted migration) to help move species
and populations from current locations to those areas expected to
become more suitable in the future, and 5) ex-situ conservation
92,94,96,97,102
such as seed banking and captive breeding.
Alternative
approaches focus on identifying and protecting features that are
important for biodiversity and are projected to be less altered by
climate change. The idea is to conserve the physical conditions
that contribute to high levels of biodiversity so that species and
104
populations can find suitable areas in the future.
Assessment of confidence based on evidence
Given the evidence and remaining uncertainties, there is very high
confidence that ecosystem-based management approaches are increasingly prevalent, and provide options for reducing the harm to
biodiversity, ecosystems, and the services they provide to society.
The effectiveness of these actions is much less certain, however.
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HUMAN HEALTH

Key Messages
1. Climate change threatens human health and well-being in many ways, including impacts from
increased extreme weather events, wildfire, decreased air quality, threats to mental health, and
illnesses transmitted by food, water, and disease-carriers such as mosquitoes and ticks. Some of
these health impacts are already underway in the United States.
2. Climate change will, absent other changes, amplify some of the existing health threats the nation
now faces. Certain people and communities are especially vulnerable, including children, the
elderly, the sick, the poor, and some communities of color.
3. Public health actions, especially preparedness and prevention, can do much to protect people
from some of the impacts of climate change. Early action provides the largest health benefits. As
threats increase, our ability to adapt to future changes may be limited.
4. Responding to climate change provides opportunities to improve human health and well-being
across many sectors, including energy, agriculture, and transportation. Many of these strategies
offer a variety of benefits, protecting people while combating climate change and providing other
societal benefits.

Climate change presents a global public health problem, with
serious health impacts predicted to manifest in varying ways
in different parts of the world. Public health in the U.S. can
be affected by disruptions of physical, biological, and ecological systems, including disturbances originating in the U.S.
and elsewhere. Health effects of these disruptions include
increased respiratory and cardiovascular disease, injuries and
premature deaths related to extreme weather events, changes
in the prevalence and geographical distribution of food- and
waterborne illnesses and other infectious diseases, and threats
to mental health.

ecosystem changes (Ch. 2: Our Changing Climate); and rising
sea levels that intensify coastal flooding and storm surge (Ch.
25: Coasts). Key drivers of vulnerability include the attributes
of certain groups (age, socioeconomic status, race, current
level of health – see Ch. 12: Indigenous Peoples for examples
of health impacts on vulnerable populations) and of place
(floodplains, coastal zones, and urban areas), as well as the resilience of critical public health infrastructure. Multi-stressor
situations, such as impacts on vulnerable populations following
natural disasters that also damage the social and physical infrastructure necessary for resilience and emergency response,
are particularly important to consider when preparing for the
impacts of climate change on human health.

Key weather and climate drivers of health impacts include
increasingly frequent, intense, and longer-lasting extreme
heat, which worsens drought, wildfire, and air pollution risks;
increasingly frequent extreme precipitation, intense storms,
and changes in precipitation patterns that lead to drought and
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Climate change, together with other natural and human-made
health stressors, influences human health and disease in numerous ways. Some existing health threats will intensify and
new health threats will emerge. Not everyone is equally at risk.
Important considerations include age, economic resources,
and location. Preventive and adaptive actions, such as setting
up extreme weather early warning systems and improving water infrastructure, can reduce the severity of these impacts,
but there are limits to the effectiveness of such actions in the
face of some projected climate change threats.
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Key Message 1: Wide-ranging Health Impacts
Climate change threatens human health and well-being in many ways, including impacts from
increased extreme weather events, wildfire, decreased air quality, threats to mental health,
and illnesses transmitted by food, water, and disease-carriers such as mosquitoes and ticks.
Some of these health impacts are already underway in the United States.

©National Geographic Society

Air Pollution
Climate change is projected to harm human health by increasing ground-level ozone and/or particulate matter air pollution
in some locations. Ground-level ozone (a key component of
smog) is associated with many health problems, such as diminished lung function, increased hospital admissions and
emergency room visits for asthma, and increases in premature
1,2,3
deaths.
Factors that affect ozone formation include heat,
concentrations of precursor chemicals, and methane emissions, while particulate matter concentrations are affected by
wildfire emissions and air stagnation episodes, among other
4,5
factors. By increasing these different factors, climate change
is projected to lead to increased concentration of ozone and
6,7,8,9
particulate matter in some regions.
Increases in global
temperatures could cause associated increases in premature
deaths related to worsened ozone and particle pollution. Estimates made assuming no change in regulatory controls or
population characteristics have ranged from 1,000 to 4,300
additional premature deaths nationally per year by 2050 from
10,11
combined ozone and particle health effects.
There is less

certainty in the responses of airborne particles to climate
change than there is about the response of ozone. Health-related costs of the current effects of ozone air pollution exceeding national standards have been estimated at $6.5 billion (in
2008 U.S. dollars) nationwide, based on a U.S. assessment of
12,13
health impacts from ozone levels during 2000 to 2002.

Climate Change Projected to Worsen Asthma

Figure 9.1. Projected increases in temperature, changes in wind patterns, and
ecosystem changes will all affect future ground-level ozone concentrations.
Climate projections using an increasing emissions scenario (A2) suggest
that ozone concentrations in the New York metropolitan region will increase
because of future climate change. This figure shows the estimated increase
in ozone-related emergency room visits for children in New York in the 2020s
(compared to the mid-1990s) resulting from climate change related increases
in ozone concentrations. The results from this modeling exercise are shown
as a percent change in visits specifically attributed to ozone exposure. For
example, the 10.2% increase in Suffolk County represents five additional
emergency room visits that could be attributed to increased ozone exposure
over the baseline of 46 ozone-related visits from the mid-1990s. In 2010, an
estimated 25.7 million Americans had asthma, which has become a problem
14
in every state. (Figure source: Sheffield et al. 2011 ).
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Allergens
Climate change, resulting in more frost-free days
and warmer seasonal air temperatures, can contribute to shifts in flowering time and pollen initiation from allergenic plant species, and increased
CO2 by itself can elevate production of plant-based
14,15,16,17,18,19
allergens.
Higher pollen concentrations
and longer pollen seasons can increase allergic
20,21,22
sensitizations and asthma episodes,
and
19,22,23
diminish productive work and school days.
Simultaneous exposure to toxic air pollutants can
24,25,26
worsen allergic responses.
Extreme rainfall
and rising temperatures can also foster indoor air
quality problems, including the growth of indoor
fungi and molds, with increases in respiratory and
27
asthma-related conditions. Asthma prevalence
(the percentage of people who have ever been
diagnosed with asthma and still have asthma)
increased nationwide from 7.3% in 2001 to 8.4%
in 2010. Asthma visits in primary care settings,
emergency room visits, and hospitalizations were
all stable from 2001 to 2009, and asthma death
rates per 1,000 persons with asthma declined from
28
2001 to 2009. To the extent that increased pollen
exposures occur, patients and their physicians will
face increased challenges in maintaining adequate
asthma control.
CLIMATE CHANGE IMPACTS IN THE UNITED STATES
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Ragweed Pollen Season Lengthens

Wildfire Smoke has
Widespread Health Effects

Figure 9.2. Ragweed pollen season length has increased in central North
America between 1995 and 2011 by as much as 11 to 27 days in parts
of the U.S. and Canada in response to rising temperatures. Increases in
the length of this allergenic pollen season are correlated with increases
in the number of days before the first frost. As shown in the figure, the
largest increases have been observed in northern cities. (Data updated
19
from Ziska et al. 2011 ; Photo credit: Lewis Ziska, USDA).

Wildfires
Climate change is currently increasing the vulnerability of many forests
to wildfire. Climate change is projected to increase the frequency of
17,29
wildfire in certain regions of the United States (Ch. 7: Forests).
Long
periods of record high temperatures are associated with droughts
30
that contribute to dry conditions and drive wildfires in some areas.
Wildfire smoke contains particulate matter, carbon monoxide, nitrogen oxides, and various volatile organic compounds (which are ozone
31
precursors) and can significantly reduce air quality, both locally and
32,33
in areas downwind of fires.
Smoke exposure increases respiratory
and cardiovascular hospitalizations, emergency department visits, and
medication dispensations for asthma, bronchitis, chest pain, chronic
obstructive pulmonary disease (commonly known by its acronym,
32,34,35
COPD), respiratory infections, and medical visits for lung illnesses.
It has been associated with hundreds of thousands of deaths annually, in an assessment of the global health risks from landscape fire
32,34,36,37
smoke.
Future climate change is projected to increase wildfire
17,38,39,40
risks and associated emissions, with harmful impacts on health.
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Figure 9.3. Wildfires, which are projected to increase in
some regions due to climate change, have health impacts
that can extend hundreds of miles. Shown here, forest
fires in Quebec, Canada, during July 2002 (red circles)
resulted in up to a 30-fold increase in airborne fine particle
concentrations in Baltimore, Maryland, a city nearly a
thousand miles downwind. These fine particles, which are
extremely harmful to human health, not only affect outdoor
air quality, but also penetrate indoors, increasing the long41
distance effects of fires on health. An average of 6.4
million acres burned in U.S. wildfires each year between
2000 and 2010, with 9.5 and 9.1 million acres burned in
42
2006 and 2012, respectively. Total global deaths from
the effects of landscape fire smoke have been estimated
at 260,000 to 600,000 annually between the years 1997
37
and 2006. (Figure source: Moderate Resolution Imaging
Spectroradiometer (MODIS) instrument on the Terra
satellite, Land Rapid Response Team, NASA/GSFC).
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Temperature Extremes
Extreme heat events have long threatened public health in
43,44,45
the United States.
Many cities, including St. Louis, Philadelphia, Chicago, and Cincinnati, have suffered dramatic increases in death rates during heat waves. Deaths result from
44,45,46
heat stroke and related conditions,
but also from cardiovascular disease, respiratory disease, and cerebrovascular
47,48
disease.
Heat waves are also associated with increased
hospital admissions for cardiovascular, kidney, and respira48,49,50
tory disorders.
Extreme summer heat is increasing in the
51
United States (Ch. 2: Our Changing Climate, Key Message 7),
and climate projections indicate that extreme heat events will
be more frequent and intense in coming decades (Ch. 2: Our
2,52,53,54
Changing Climate, Key Message 7).
Some of the risks of heat-related sickness and death have diminished in recent decades, possibly due to better forecasting,
heat-health early warning systems, and/or increased access to

55

air conditioning for the U.S. population. However, extreme
heat events remain a cause of preventable death nationwide.
Urban heat islands, combined with an aging population and
increased urbanization, are projected to increase the vulnerability of urban populations to heat-related health impacts in
56,57,58
the future (Ch. 11: Urban).
Milder winters resulting from a warming climate can reduce
illness, injuries, and deaths associated with cold and snow.
Vulnerability to winter weather depends on many non-climate
59
factors, including housing, age, and baseline health. While
deaths and injuries related to extreme cold events are projected to decline due to climate change, these reductions are
not expected to compensate for the increase in heat-related
60,61
deaths.

Projected Temperature Change of Hottest Days

Figure 9.4. The maps show projected increases in the average temperature on the hottest days by late this century (2081-2100)
relative to 1986-2005 under a scenario that assumes a rapid reduction in heat-trapping gases (RCP 2.6) and a scenario that assumes
continued increases in these gases (RCP 8.5). The hottest days are those so hot they occur only once in 20 years. Across most of
the continental United States, those days will be about 10ºF to 15ºF hotter in the future under the higher emissions scenario. (Figure
source: NOAA NCDC / CICS-NC).

Precipitation Extremes: Heavy Rainfall, Flooding, and Droughts
The frequency of heavy precipitation events has already increased for the nation as a whole, and is projected to increase
54,62
in all U.S. regions (Ch. 2: Our Changing Climate).
Increases
in both extreme precipitation and total precipitation have
contributed to increases in severe flooding events in certain
regions (see Ch. 2: Our Changing Climate, Figure 2.21). Floods
are the second deadliest of all weather-related hazards in the
United States, accounting for approximately 98 deaths per

63

64

year, most due to drowning. Flash floods (see Ch. 3: Water,
“Flood Factors and Flood Types”) and flooding associated with
63
tropical storms result in the highest number of deaths.
In addition to the immediate health hazards associated with
extreme precipitation events when flooding occurs, other hazards can often appear once a storm event has passed. Elevated
waterborne disease outbreaks have been reported in the weeks
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following heavy rainfall, although other variables may affect
66
these associations. Water intrusion into buildings can result
in mold contamination that manifests later, leading to indoor
air quality problems. Buildings damaged during hurricanes are
especially susceptible to water intrusion. Populations living in
damp indoor environments experience increased prevalence
of asthma and other upper respiratory tract symptoms, such as
67
coughing and wheezing as well as lower respiratory tract infections such as pneumonia, Respiratory Syncytial Virus (RSV),
68
and RSV pneumonia (see Figure 9.7).

At the opposite end of precipitation extremes, drought also
69
poses risks to public health and safety. Drought conditions
may increase the environmental exposure to a broad set of
health hazards including wildfires, dust storms, extreme heat
events, flash flooding, degraded water quality, and reduced
water quantity. Dust storms associated with drought conditions contribute to degraded air quality due to particulates
and have been associated with increased incidence of Coccidioidomycosis (Valley fever), a fungal pathogen, in Arizona and
70
California.

Disease Carried by Vectors

Transmission

Infectious disease transmission is sensitive to local, small-scale
differences in weather, human modification of the landscape,
83
the diversity of animal hosts, and human behavior that affects vector-human contact, among other factors. There is a
need for finer-scale, long-term studies to help quantify the
relationships among weather variables, vector range, and
vector-borne pathogen occurrence, the consequences of shifting distributions of vectors and pathogens, and the impacts on
human behavior. Enhanced vector surveillance and human disease tracking are needed to address these concerns.

James Gathany, CDC

Climate is one of the factors that influence the distribution of
diseases borne by vectors (such as fleas, ticks, and mosquitoes,
71,72,73,74,75,76,77,78
which spread pathogens that cause illness).
The
geographic and seasonal distribution of vector populations,
and the diseases they can carry, depend not only on climate
but also on land use, socioeconomic and cultural factors, pest
control, access to health care, and human responses to disease
72,73,79,80,81
risk, among other factors.
Daily, seasonal, or year-toyear climate variability can sometimes result in vector/pathogen adaptation and shifts or expansions in their geographic
73,74,81
ranges.
Such shifts can alter disease incidence depending
on vector-host interaction, host immunity, and pathogen evo71
lution. North Americans are currently at risk from numerous
75,82,83,84
85
vector-borne diseases, including Lyme,
dengue fever,
86
87
West Nile virus, Rocky Mountain spotted fever, plague, and
88
tularemia. Vector-borne pathogens not currently found in the
United States, such as chikungunya, Chagas disease, and Rift
Valley fever viruses, are also threats. Climate change effects
on the geographical distribution and incidence of vector-borne
diseases in other countries where these diseases are already
found can also affect North Americans, especially as a result
of increasing trade with, and travel to, tropical and subtropi74,81
cal areas.
Whether climate change in the U.S. will increase
the chances of domestically acquiring diseases such as dengue
fever is uncertain, due to vector-control efforts and lifestyle
factors, such as time spent indoors, that reduce human-insect
contact.

The Culex tarsalis mosquito is a vector that transmits West Nile
Virus.

cycle of lyme disease

The development and survival of blacklegged ticks, their animal hosts, and the Lyme disease bacterium, Borrelia
burgdorferi, are strongly influenced by climatic factors, especially temperature, precipitation, and humidity. Potential
impacts of climate change on the transmission of Lyme disease include: 1) changes in the geographic distribution of
89
the disease due to the increase in favorable habitat for ticks to survive off their hosts; 2) a lengthened transmission
season due to earlier onset of higher temperatures in the spring and later onset of cold and frost; 3) higher tick densities leading to greater risk in areas where the disease is currently observed, due to milder winters and potentially larger
rodent host populations; and 4) changes in human behaviors, including increased time outdoors, which may increase
the risk of exposure to infected ticks.
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Projected Changes in Tick Habitat

Figure 9.5. The maps show the current and projected probability of establishment of tick populations (Ixodes scapularis) that transmit
Lyme disease. Projections are shown for 2020, 2050, and 2080. The projected expansion of tick habitat includes much of the eastern
half of the country by 2080. For some areas around the Gulf Coast, the probability of tick population establishment is projected to
90
decrease by 2080. (Figure source: adapted from Brownstein et al. 2005 ).

Food- and Waterborne Diarrheal Disease
96

97

Diarrheal disease is a major public health issue in developing by rapid snowmelt and changes in water treatment, have
countries and, while not generally increasing in the United also been shown to precede outbreaks. Risks of waterborne
States, remains a persistent concern nonetheless. Exposure illness and beach closures resulting from changes in the magto a variety of pathogens in water and food causes diarrheal nitude of recent precipitation (within the past 24 hours) and in
disease. Air and water temperatures, precipitation patterns, lake temperature are expected to increase in the Great Lakes
98,99
extreme rainfall events, and seasonal variations are all known region due to projected climate change.
to affect disease transmis65,91,92
Projected Change in Heavy Precipitation Events
sion.
In the United
States, children and the elderly are most vulnerable to
serious outcomes, and those
exposed to inadequately or
untreated groundwater will
be among those most affected.
In general, diarrheal diseases including Salmonellosis and Campylobacteriosis
are more common when
93,94
temperatures are higher,
though patterns differ by
place and pathogen. Diarrheal diseases have also
been found to occur more
frequently in conjunction
with both unusually high
95
and low precipitation. Sporadic increases in streamflow rates, often preceded

Figure 9.6. Maps show the increase in frequency of extreme daily precipitation events (a daily amount
that now occurs just once in 20 years) by the later part of this century (2081-2100) compared to the
latter part of the last century (1981-2000). Such extreme events are projected to occur more frequently
everywhere in the United States. Under a rapid emissions reduction scenario (RCP 2.6), these events
would occur nearly twice as often. For a scenario assuming continued increases in emissions (RCP
8.5), these events would occur up to five times as often. (Figure source: NOAA NCDC / CICS-NC).
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Heavy Downpours are Increasing Exposure to Disease

Figure 9.7. Heavy downpours, which are increasing in the United States, have contributed to increases in heavy flood events
(Ch. 2: Our Changing Climate, Key Message 6). The figure above illustrates how people can become exposed to waterborne
100,101,102,103
diseases. Human exposures to waterborne diseases can occur via drinking water, as well as recreational waters.
(Figure source: NOAA NCDC / CICS-NC).

Harmful Bloom of Algae

Figure 9.8. Remote sensing color image of harmful algal bloom in Lake Erie on
October 9, 2011. The bright green areas have high concentrations of algae, which
can be harmful to human health. The frequency and range of harmful blooms of algae
102,103
are increasing.
Because algal blooms are closely related to climate factors,
projected changes in climate could affect algal blooms and lead to increases in
103
water- and food-borne exposures and subsequent cases of illness. Other factors
related to increases in harmful algal blooms include shifts in ocean conditions such
101,102,103
104
as excess nutrient inputs.
(Figure source: NASA Earth Observatory ).
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Food Security
Globally, climate change is expected to threaten food production and certain aspects of food quality, as well as food prices
and distribution systems. Many crop yields are predicted to decline due to the combined effects of changes in rainfall, severe
weather events, and increasing competition from weeds and
105,106
pests on crop plants (Ch. 6: Agriculture, Key Message 6).
107
Livestock and fish production is also projected to decline.
Prices are expected to rise in response to declining food production and associated trends such as increasingly expensive
petroleum (used for agricultural inputs such as pesticides and
108
fertilizers).
While the U.S. will be less affected than some other coun109,110
tries,
the nation will not be immune. Health can be affected in several ways. First, Americans with particular dietary
patterns, such as Alaska Natives, will confront shortages of key
111
foods (Ch. 12: Indigenous Peoples, Key Message 1). Second,
112
food insecurity increases with rising food prices. In such
situations, people cope by turning to nutrient-poor but calorie-rich foods, and/or they endure hunger, with consequences
113
ranging from micronutrient malnutrition to obesity. Third,

the nutritional value of some foods is projected to decline.
Elevated atmospheric CO2 is associated with decreased plant
nitrogen concentration, and therefore decreased protein, in
114
many crops, such as barley, sorghum, and soy. The nutrient
content of crops is also projected to decline if soil nitrogen
levels are suboptimal, with reduced levels of nutrients such as
calcium, iron, zinc, vitamins, and sugars, although this effect is
115
alleviated if sufficient nitrogen is supplied. Fourth, farmers
are expected to need to use more herbicides and pesticides
116
117
because of increased growth of pests and weeds as well
118
119
as decreased effectiveness and duration of some of these
chemicals (Ch. 6: Agriculture). Farmers, farmworkers, and
consumers will thus sustain increased exposure to these substances and their residues, which can be toxic. These climate
change impacts on the nutritional value of food exist within a
larger context in which other factors, such as agricultural practices, food distribution systems, and consumer food choices,
also play key roles. Adaptation activities can reduce the healthrelated impacts of some of the anticipated food security challenges (Ch. 6: Agriculture).

Mental Health and Stress-related Disorders
Mental illness is one of the major causes of suffering in the
United States, and extreme weather events can affect men120,121,122,123
tal health in several ways.
First, following disasters,
mental health problems increase, both among people with no
history of mental illness, and those at risk – a phenomenon
known as “common reactions to abnormal events.” These re124
actions may be short-lived or, in some cases, long-lasting.
For example, research demonstrated high levels of anxiety
and post-traumatic stress disorder among people affected by
125
Hurricane Katrina, and similar observations have followed
126
127
floods and heat waves. Some evidence suggests wildfires
128
have similar effects. All of these events are increasingly fueled by climate change (see Ch. 2: Our Changing Climate). Other
health consequences of intensely stressful exposures are also
a concern, such as adverse birth outcomes including pre-term
129
birth, low birth weight, and maternal complications.

Second, some patients with mental illness are especially
130
131
susceptible to heat. Suicide rates vary with weather, ris132
ing with high temperatures, suggesting potential climate
change impacts on depression and other mental illnesses.
Dementia is a risk factor for hospitalization and death dur127,133
ing heat waves.
Patients with severe mental illness such
as schizophrenia are at risk during hot weather because their
medications may interfere with temperature regulation or
134
even directly cause hyperthermia. Additional potential mental health impacts, less well understood, include the possible
135
distress associated with environmental degradation and dis136
placement, and the anxiety and despair that knowledge of
climate change might elicit in some people (Ch. 12: Indigenous
122
Peoples, Key Message 5).

Key Message 2: Most Vulnerable at Most Risk
Climate change will, absent other changes, amplify some of the existing health threats
the nation now faces. Certain people and communities are especially vulnerable, including
children, the elderly, the sick, the poor, and some communities of color.
Climate change will increase the risk of climate-related illness
and death for a number of vulnerable groups in the United
States, as when Hurricane Katrina devastated New Orleans in
2005. Children, primarily because of physiological and developmental factors, will disproportionately suffer from the ef47
fects of heat waves, air pollution, infectious illness, and trau14,16,18,22,138,139,140,141
ma resulting from extreme weather events.

The country’s older population also could be harmed more as
the climate changes. Older people are at much higher risk of
45,47,139,142
dying during extreme heat events.
Pre-existing health
conditions also make older adults susceptible to cardiac and
26
respiratory impacts of air pollution and to more severe con143
sequences from infectious diseases; limited mobility among
144
older adults can also increase flood-related health risks. Lim-
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ited resources and an already high burden of chronic health
conditions, including heart disease, obesity, and diabetes, will
place the poor at higher risk of health impacts from climate
26,47
change than higher income groups.
Potential increases in
food cost and limited availability of some foods will exacerbate
current dietary inequalities and have significant health ramifications for the poorer segments of our population (Ch. 12:
110,145
Indigenous Peoples, Key Message 1).
Climate change will disproportionately affect low-income communities and some communities of color (Ch. 12: Indigenous

139,149,151,152,153,154,155,156,157

Peoples, Key Message 2),
raising envi153,158,159
ronmental justice concerns. Existing health disparities
160,161
and other inequities
increase vulnerability. Climate
change related issues that have an equity component include
heat waves, air quality, and extreme weather and climate
events. For example, Hurricane Katrina demonstrated how
vulnerable certain groups of people were to extreme weather
events, because many low-income and of-color New Orleans
residents were killed, injured, or had difficulty evacuating and
154,155,156,161,162,163,164
recovering from the storm.

Elements of Vulnerability to Climate Change

Figure 9.9. A variety of factors can increase the vulnerability of a specific demographic group to health effects due to climate change.
For example, older adults are more vulnerable to heat stress because their bodies are less able to regulate their temperature. Overall
population growth is projected to continue to at least 2050, with older adults comprising an increasing proportion of the population.
Similarly, there are an increasing number of people who are obese and have diabetes, heart disease, or asthma, which makes
them more vulnerable to a range of climate-related health impacts. Their numbers are also rising. The poor are less able to afford
the kinds of measures that can protect them from and treat them for various health impacts. (Data from CDC; Health E-Stat; U.S.
137
Census Bureau 2010, 2012; and Akinbami et al. 2011 ).
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Societal

system failures during extreme events

We have already seen multiple system failures during an extreme weather event in the United States, as when Hurricane
146
Katrina struck New Orleans. Infrastructure and evacuation failures and collapse of critical response services during
a storm is one example of multiple system failures. Another example is a loss of electrical power during a heat wave or
147
wildfires, which can reduce food and water safety. Air conditioning has helped reduce illness and death due to extreme
148
79
heat, but if power is lost, everyone is vulnerable. By their nature, such events can exceed our capacity to respond.
In succession, these events severely deplete our resources needed to respond, from the individual to the national scale,
149
but disproportionately affect the most vulnerable populations.

Katrina Diaspora

Figure 9.10. This map illustrates the national scope of the dispersion of displaced people from Hurricane Katrina.
It shows the location by zip code of the 800,000 displaced Louisiana residents who requested federal emergency
assistance. The evacuees ended up dispersed across the entire nation, illustrating the wide-ranging impacts that
can flow from extreme weather events, such as those that are projected to increase in frequency and/or intensity
150
as climate continues to change (Ch. 2: Our Changing Climate, Key Message 8). (Figure source: Kent 2006 ).

Multiple

climate stressors and health

Climate change impacts add to the cumulative stresses currently faced by vulnerable populations including children,
the elderly, the poor, some communities of color, and people with chronic illnesses. These populations, and others living
in certain places such as cities, floodplains, and coastlines, are more vulnerable not only to extreme events but also to
ongoing, persistent climate-related threats. These threats include poor air quality, heat, drought, flooding, and mental
health stress. Over time, the accumulation of these stresses will be increasingly harmful to these populations.
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Key Message 3: Prevention Provides Protection
Public health actions, especially preparedness and prevention, can do much to protect people
from some of the impacts of climate change. Early action provides the largest health benefits.
As threats increase, our ability to adapt to future changes may be limited.
Prevention is a central tenet of public health. Many conditions
that are difficult and costly to treat when a patient gets to the
doctor could be prevented before they occur at a fraction of
the cost. Similarly, many of the larger health impacts associated with climate change can be prevented through early action
at significantly lower cost than dealing with them after they oc153,165
cur.
Early preventive interventions, such as early warnings
166,167,168
for extreme weather, can be particularly cost-effective.
169
As with many illnesses, once impacts are apparent, even the
best adaptive efforts can be overwhelmed, and damage con62
trol becomes the priority.
Activities that reduce carbon pollution often also provide cobenefits in the form of preventive health measures. For example, reliance on cleaner energy sources for electricity produc174
tion and more efficient and active transport, like biking or
175
walking, can have immediate public health benefits, through
improved air quality and lowered rates of obesity, diabetes,
176
and heart disease. Reducing carbon pollution also reduces
long-term adverse climate-health impacts, thus producing cost
176
savings in the near and longer term. Preventing exposures to
other climate-sensitive impacts already apparent can similarly

result in cost savings. For instance, heat wave early warning
systems protect vulnerable groups very effectively and are
much less expensive than treating and coping with heat illnesses. Systems that monitor for early outbreaks of disease are also
typically much less expensive than treating communities once
12,49,177
outbreaks take hold.
Effective communication is a fundamental part of prevention.
The public must understand risk in order to endorse proactive
risk management. The public is familiar with the health risks
of smoking, but not so for climate change. When asked about
climate change impacts, Americans do not mention health
178
impacts, and when asked about health impacts specifically,
179
most believe it will affect people in a different time or place.
But diverse groups of Americans find information on health
impacts to be helpful once received, particularly information
about the health benefits of mitigation (reducing carbon emis180
sions) and adaptation.

Determining which types of prevention to invest in (such as
monitoring, early warning systems, and land-use changes that
reduce the impact of heat and floods) depends on several
factors, including health problems common to that
particular area, vulnerable populations, the preventive health systems already in place, and the expected
arge scale environmental
181
impacts of climate change. Local capacity to adapt
change favors disease emergence
is very important; unfortunately the most vulnerable
populations also frequently have limited resources for
managing climate-health risks.
Climate change is causing large-scale changes in the environ-

L

-

ment, increasing the likelihood of the emergence or reemer170
gence of unfamiliar disease threats. Factors include shifting ranges of disease-carrying pests, lack of immunity and
preparedness, inadequate disease monitoring, and increasing
global travel. Diseases including Lyme disease and dengue
fever pose increasing health threats to the U.S. population;
the number of U.S. patients hospitalized with dengue fever
171
more than tripled from 2000 to 2007. Although most cases
of dengue fever during that time period were acquired outside
the contiguous United States, the introduction of infected
people into areas where the dengue virus vector is established
increases the risk of locally acquired cases. The public health
system is not fully prepared to monitor or respond to these
growing disease risks. The introduction of new diseases into
non-immune populations has been and continues to be a major challenge in public health. There are concerns that climate
change may provide opportunities for pathogens to expand or
172,173
shift their geographic ranges.
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Overall, the capacity of the American public health and
182
health care delivery systems faces many challenges.
The cost of dealing with current health problems is
diverting resources from preventing them in the first
place. This makes the U.S. population more vulner183,184
able.
Without careful consideration of how to
prevent future impacts, similar patterns could emerge
regarding the health impacts from climate change.
However, efforts to quantify and map vulnerability
151,164,185
factors at the community level are underway.
There are public health programs in some locations
that address climate-sensitive health issues, and integrating such programs into the mainstream public
health toolkit as adaptation needs increase would im79,186,187
prove public health resilience to climate change.
Given that these programs have demonstrated efficacy against current threats that are expected to worsen
with climate change, it is prudent to invest in creating
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the strongest climate-health preparedness programs possi153
ble. One survey highlighted opportunities to address climate
181
change preparedness activities and climate-health research

before needs become more widespread. America’s Climate
Choices: Adapting to the Impacts of Climate Choices (Table 3.5)
187
provides examples of health adaptation options.

Key Message 4: Responses Have Multiple Benefits
Responding to climate change provides opportunities to improve human health and
well-being across many sectors, including energy, agriculture, and transportation. Many
of these strategies offer a variety of benefits, protecting people while combating
climate change and providing other societal benefits.
Policies and other strategies intended to reduce carbon pollution and mitigate climate change can often have independent influences on human health. For example, reducing CO2
emissions through renewable electrical power generation can
reduce air pollutants like particles and sulfur dioxide. Efforts
to improve the resiliency of communities and human infrastructure to climate change impacts can also improve human
health. There is a growing recognition that the magnitude of
health “co-benefits,” like reducing both pollution and cardiovascular disease, could be significant, both from a public health
176,188,189
and an economic standpoint.
Some climate change
resilience efforts will benefit health, but potential co-harms
should be considered when implementing these strategies.
For example, although there are numerous benefits to urban
greening, such as reducing the urban heat island effect while
159,190,191
simultaneously promoting an active healthy lifestyle,
the urban planting of certain allergenic pollen producing spe22
cies could increase human pollen exposure and allergic illness. Increased pollen exposure has been linked to increased
emergency department visits related to asthma and wheez192
ing in addition to respiratory allergic illnesses such as allergic
193
rhinitis or hay fever. The selective use of low to moderate
194
pollen-producing species can decrease pollen exposure.

urban heat island effect, such as green/cool roofs, increased
green space, parkland and urban canopy, could reduce indoor
temperatures, improve indoor air quality, and could produce
additional societal co-benefits by promoting social interaction
191,197
and prioritizing vulnerable urban populations.
Patterns of change related to improving health can also have
co-benefits in terms of reducing carbon pollution and mitigating climate change. Current U.S. dietary guidelines and many
health professionals have recommended diets higher in fruits
and vegetables and lower in red meat as a means of helping

Innovative urban design could create increased access to ac99
tive transport. The compact geographical area found in cities
presents opportunities to reduce energy use and emissions
of heat-trapping gases and other air pollutants through active transit, improved building construction, provision of services, and infrastructure creation, such as bike paths and side197,201
walks.
Urban planning strategies designed to reduce the
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Much of the focus of health co-benefits has been on reducing
6,174,175,195,196
health-harming air pollution.
One study projects
that replacing 50% of short motor vehicle trips with bicycle
use and the other 50% with other forms of transportation like
walking or public transit would avoid nearly 1,300 deaths in 11
midwestern metropolitan areas and create up to $8 billion in
188
health benefits annually for the upper Midwest region. Such
multiple-benefit actions can reduce heat-trapping gas emissions that lead to climate change, improve air quality by reducing vehicle pollutant emissions, and improve fitness and health
99,197,198,199,200
through increased physical activity.
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to reduce the risk of cardiovascular disease and some can199,202,203
cers.
These changes in food consumption, and related
changes to food production, could have co-benefits in terms of
reducing greenhouse gas emissions. While the greenhouse gas
footprint of the production of other foods, compared to sources such as livestock, is highly dependent on a number of factors, production of livestock currently accounts for about 30%
199,203,204
of the U.S. total emissions of methane.
This amount of
methane can be reduced somewhat by recovery methods such
as the use of biogas digesters, but future changes in dietary
practices, including those motivated by considerations other
than climate change mitigation, could also have an effect on
205
the amount of methane emitted to the atmosphere.
206

In addition to producing health co-benefits, climate change
prevention and preparedness measures could also yield positive equity impacts. For example, several studies have found

that communities of color and poor communities experience
207,208
disproportionately high exposures to air pollution.
Climate change mitigation policies that improve local air quality
thus have the potential to strongly benefit health in these communities.
An area where adaptation policy could produce more equitable health outcomes is with respect to extreme weather
events. As discussed earlier, Hurricane Katrina demonstrated
that communities of color, poor communities, and certain other vulnerable populations (like new immigrant communities)
are at a higher risk to the adverse effects of extreme weath152,155
er events.
These vulnerable populations could benefit
from urban planning policies that ensure that new buildings,
including homes, are constructed to resist extreme weather
197
events.
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SUPPLEMENTAL MATERIAL
TRACEABLE ACCOUNTS

Process for Developing Key Messages
The key messages were developed during technical discussions
and expert deliberation at a two-day meeting of the eight chapter
Lead Authors, plus Susan Hassol and Daniel Glick, held in Boulder,
Colorado May 8-9, 2012; through multiple technical discussions
via six teleconferences from January through June 2012, and an
author team call to finalize the Traceable Account draft language
on Oct 12, 2012; and through other various communications on
points of detail and issues of expert judgment in the interim. The
author team also engaged in targeted consultations during multiple exchanges with Contributing Authors, who provided additional
expertise on subsets of the key message. These discussions were
held after a review of the technical inputs and associated litera209
ture pertaining to human health, including a literature review,
workshop reports for the Northwest and Southeast United States,
and additional technical inputs on a variety of topics.

K ey message #1 Traceable Account
Climate change threatens human health and
well-being in many ways, including impacts from
increased extreme weather events, wildfire, decreased air quality, threats to mental health, and
illnesses transmitted by food, water, and diseasescarriers such as mosquitoes and ticks. Some of
these health impacts are already underway in the
United States.

methane emissions, regulatory controls, and population charac4
1,2
teristics. Ozone exposure leads to a number of health impacts.
Allergens:
The effects of increased temperatures and atmospheric CO2 concentration have been documented concerning shifts in flowering
time and pollen initiation from allergenic plants, elevated production of plant-based allergens, and health effects of increased pol15,16,17,18,20,22,23,24,26,106
len concentrations and longer pollen seasons.
Additional studies have shown extreme rainfall and higher temperatures can lead to increased indoor air quality issues such as
27
fungi and mold health concerns.
Wildfire:
The effects of wildfire on human health have been well document17,29,39,40
ed with increase in wildfire frequency
leading to decreased
31,32,33
32,34,36
air quality
and negative health impacts.
Temperature Extremes:
The effects of temperature extremes on human health have been
51,53,54
well documented for increased heat waves,
which cause
47,48
50
more deaths,
hospital admissions and population vulnerabil56,57
ity.

Description of evidence base
The key message and supporting text summarizes extensive evidence documented in several foundational technical inputs pre209
pared for this chapter, including a literature review and workshop
reports for the Northwest and Southeast United States. Nearly 60
additional technical inputs related to human health were received
and reviewed as part of the Federal Register Notice solicitation for
public input.

Precipitation Extremes - Heavy Rainfall, Flooding, and Droughts:
The effects of weather extremes on human health have been well
documented, particularly for increased heavy precipitation, which
has contributed to increases in severe flooding events in certain
regions. Floods are the second deadliest of all weather-related
63,64
hazards in the United States.
Elevated waterborne disease
outbreaks have been reported in the weeks following heavy rain65
66
fall, although other variables may affect these associations.
Populations living in damp indoor environments experience increased prevalence of asthma and other upper respiratory tract
67
symptoms.

Air Pollution:
The effects of decreased ozone air quality on human health
have been well documented concerning projected increases in
6,7,9,11,39
ozone,
even with uncertainties in projections owing to the
complex formation chemistry of ozone and climate change, precursor chemical inventories, wildfire emission, stagnation episodes,

Disease Carried by Vectors:
Climate is one of the factors that influence the range of disease
73,74,76
vectors;
a shift in the current range may increase
71
interactions with people and affect human health. North
Americans are currently at risk from a number of vector-borne
75,82,83,85,86,87
diseases.
There are some ambiguities on the relative
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role and contribution of climate change among the range of factors
71,72,73,74,75,76
that affect disease transmission dynamics.
However,
observational studies are already underway and confidence is high
based on scientific literature that climate change has contributed
to the expanded range of certain disease vectors, including Ixodes
78,84,89
ticks which are vectors for Lyme disease in the United States.
Food- and Waterborne Diarrheal Disease:
There has been extensive research concerning the effects of climate
92,93,95,96,97
change on water- and food-borne disease transmission.
The current evidence base strongly supports waterborne diarrheal
disease being both seasonal and sensitive to climate variability.
There are also multiple studies associating extreme precipitation
65
events with waterborne disease outbreaks. This evidence of
responsiveness of waterborne disease to weather and climate,
combined with evidence strongly suggesting that temperatures
will increase and extreme precipitation events will increase in
frequency and severity (Ch. 2: Our Changing Climate), provides
a strong argument for climate change impacts on waterborne
disease by analogy. There are multiple studies associating extreme
precipitation events with waterborne disease outbreaks and strong
climatological evidence for increasing frequency and intensity of
extreme precipitation events in the future. The scientific literature
modeling the projected impacts of climate change on waterborne
disease is somewhat limited, however. Combined, we therefore
have overall medium confidence in the impact of climate change
on waterborne and food-borne disease.
Harmful Algal Blooms:
Because algal blooms are closely related to climate factors,
projected changes in climate could affect algal blooms and lead
to increases in food- and waterborne exposures and subsequent
96,97,98,99,103
cases of illness.
Harmful algal blooms have multiple
100
exposure routes.

131,132

to heat. Suicide rates vary with weather,
dementia is a risk
127,133
factor for hospitalization and death during heat waves,
and
medications for schizophrenia may interfere with temperature
134
regulation or even directly cause hyperthermia.
Additional
potential mental health impacts include distress associated with
environmental degradation, displacement, and the knowledge of
122,123,136
climate change.
New information and remaining uncertainties
44,45
Important new evidence on heat-health effects
confirmed
many of the findings from a prior literature review. Uncertainties
in the magnitude of projections of future climate-related morbidity and mortality can result from differences in climate model
projections of the frequency and intensity of extreme weather
events such as heat waves and other climate parameters such as
precipitation.
Efforts to improve the information base should address the coordinated monitoring of climate and improved surveillance of health
effects.
Assessment of confidence based on evidence
Overall: Very High confidence. There is considerable consensus
and a high quality of evidence in the published peer-reviewed literature that a wide range of health effects will be exacerbated by
climate change in the United States. There is less agreement on
the magnitude of these effects because of the exposures in question and the multi-factorial nature of climate-health vulnerability,
with regional and local differences in underlying health susceptibilities and adaptive capacity. Other uncertainties include how
much effort and resources will be put into improving the adap-

Food Security:
Climate change is expected to have global impacts on both food
production and certain aspects of food quality. The impact of
temperature extremes, changes in precipitation and elevated
atmospheric CO2, and increasing competition from weeds and pests
on crop plants are areas of active research (Ch. 6: Agriculture, Key
105,106
Message 6).
The U.S. as a whole will be less affected than
some other countries. However, the most vulnerable, including
those dependent on subsistence lifestyles, especially Alaska
Natives and low-income populations, will confront shortages of
key foods.
Mental Health and Stress-Related Disorders:
The effects of extreme weather on mental health have been
120,122,123
extensively studied.
Studies have shown the impacts of
124
mental health problems after disasters,
with extreme events
125
126
127
128
like Hurricane Katrina, floods, heat waves, and wildfires
having led to mental health problems. Further work has shown
that some people with mental illnesses are especially vulnerable
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Confidence Level
Very High
Strong evidence (established
theory, multiple sources, consistent
results, well documented and
accepted methods, etc.), high
consensus
High
Moderate evidence (several sources, some consistency, methods
vary and/or documentation limited,
etc.), medium consensus
Medium
Suggestive evidence (a few
sources, limited consistency, models incomplete, methods emerging,
etc.), competing schools of thought
Low
Inconclusive evidence (limited
sources, extrapolations, inconsistent findings, poor documentation
and/or methods not tested, etc.),
disagreement or lack of opinions
among experts
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tive capacity of public health systems to prepare in advance for
the health effects of climate change, prevent harm to individual
and community health, and limit associated health burdens and
societal costs.
Increased Ozone Exposure: Very High confidence.
Allergens: High confidence.
Wildfires: Very High confidence.
Thermal Extremes: Very High confidence.
Extreme Weather Events: Very High confidence.
Vector-borne Infectious Diseases: High or Very High confidence for
shift in range of disease-carrying vectors. Medium confidence for
whether human disease transmission will follow.
Food- and Waterborne disease: Medium confidence.
Harmful Algal Blooms: Medium confidence.
Food Security: Medium confidence for food quality; High confidence
for food security.
Threats to Mental Health: Very High confidence for post-disaster
impacts; Medium confidence for climate-induced stress.

K ey message #2 Traceable Account
Climate change will, absent other changes, amplify some of the existing health threats the nation
now faces. Certain people and communities are especially vulnerable, including children, the elderly,
the sick, the poor, and some communities of color.
Description of evidence base
The key message and supporting text summarizes extensive evidence documented in several foundational technical inputs pre209
pared for this chapter, including a literature review and work210
shop reports for the Northwest and Southeast regions. Nearly
60 additional technical inputs related to human health were received and reviewed as part of the Federal Register Notice solicitation for public input.
Current epidemiological evidence on climate-sensitive health
outcomes in the U.S. indicates that health impacts will differ
substantially by location, pathway of exposure, underlying susceptibility, and adaptive capacity. These disparities in health
impacts will largely result from differences in the distribution of
individual attributes in a population that confers vulnerability (age,
socioeconomic status, and race), attributes of place that reduce
or amplify exposure (floodplain, coastal zone, and urban heat island), and the resilience of critical public health infrastructure.
Amplification of existing health threats: The effects of extreme heat
and heat waves, projected worsening air pollution and asthma,
extreme rainfall and flooding, and displacement and injuries associated with extreme weather events, fueled by climate change, are
already substantial public health issues. Trends projected under a
changing climate are projected to exacerbate these health effects
62
in the future.

Children: The effects of climate change increase vulnerability of
children to extreme heat, and increased health damage (morbidity, mortality) resulting from heat waves has been well docu16,22,51,53,140
mented.
Extreme heat also causes more pediatric
47,48
deaths,
and more emergency room visits and hospital admis49,50
sions.
Adverse effects from increased heavy precipitation
66
can lead to more pediatric deaths, waterborne diseases, and
141
illness.
The elderly: Heat stress is especially damaging to the health of
45,49,60,133,142,209
older people,
as are climate-sensitive increases in
air pollution.
The sick: People and communities lacking the resources to adapt
or to enhance mobility and escape health-sensitive situations are
164
at relatively high risk.
The poor: People and communities lacking the resources to adapt
or to move and escape health-sensitive situations are at relatively
164
high risk.
Some communities of color: There are racial disparities in climate-sensitive exposures to extreme heat in urban areas, and
in access to means of adaptation – for example air conditioning
149,151,157,211
use.
There are also racial disparities in withstanding,
155,162
and recovering from, extreme weather events.
Climate change will disproportionately impact low-income communities and some communities of color, raising environmental
139,149,151,154,155,157,161,164
justice concerns.
Existing health dispari153,158,159
161
ties
and other inequities
increase vulnerability. For
example, Hurricane Katrina demonstrated how vulnerable these
populations were to extreme weather events because many lowincome and of-color New Orleans residents were killed, injured,
155,162
or had difficulty evacuating and recovering from the storm.
Other climate change related issues that have an equity compo139,149,154,164
nent include heat waves and air quality.
New information and remaining uncertainties
45
Important new evidence confirmed findings from a prior literature
139
review.
The potential for specific climate-vulnerable communities to experience highly harmful health effects is not entirely clear in specific
regions and on specific time frames due to uncertainties in rates of
adaptation and uncertainties about the outcome of public health
interventions currently being implemented that aim to address
206
underlying health disparities and determinants of health.
The
public health community has not routinely conducted evaluations
of the overall success of adaptation interventions or of particular
elements of those interventions.
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Assessment of confidence based on evidence
Given the evidence base and remaining uncertainties, confidence
that climate change will amplify existing health threats: Very High.
Among those especially vulnerable are:
Children: Very High.
The elderly: Very High.
The sick: Very High.
The poor: Very High.
Some communities of color: High.

K ey message #3 Traceable Account
Public health actions, especially preparedness
and prevention, can do much to protect people from
some of the impacts of climate change. Early action provides the largest health benefits. As threats
increase, our ability to adapt to future changes may
be limited.
Description of evidence base
The key message and supporting text summarizes extensive
evidence documented in several foundational technical inputs
209
prepared for this chapter, including a literature review
and
workshop reports for the Northwest and Southeast United States.
Nearly 60 additional technical inputs related to human health
were received and reviewed as part of the Federal Register Notice
solicitation for public input.
A number of studies have demonstrated that prevention activities
174
that reduce carbon pollution, like using alternative energy sources
188
and using active transportation like biking or walking, can lead to
significant public health benefits, which can save costs in the near
176
and long term. Health impacts associated with climate change
can be prevented through early action at significantly lower cost
than dealing with them after they occur. For example, heat wave
early warning systems are much less expensive than treating heat165
related illnesses. Existing adaptation programs have improved
9,153
public health resilience.
One survey highlighted opportunities
to address climate change preparedness activities and climate181
health research before needs become more widespread.
Considering U.S. public health in general, the cost-effectiveness
183
of many prevention activities is well established.
Some preventive actions are cost-saving, while others are deemed costeffective based on a pre-determined threshold. Early preventive
interventions, such as early warnings for extreme weather, can be
166
particularly cost-effective. However, there is less information on
the cost-effectiveness of specific prevention interventions relevant
to climate sensitive health threats (for example, heat early warning
systems). Overall, we have high confidence that public health actions can do much to protect people from some of the impacts of
climate change, and that early action provides the largest health
benefits.

The inverse relationship between the magnitude of an impact and
a community’s ability to adapt is well established and understood.
Two extreme events, Hurricane Katrina and the European heat
167
wave of 2003, illustrate this relationship well. Extreme events
interact with social vulnerability to produce extreme impacts,
and the increasing frequency of extreme events associated with
climate change is prompting concern for impacts that may over62,173
whelm adaptive capacity.
This is equally true of the public
health sector, specifically, leading to very high confidence that
as threats increase, our ability to adapt to future changes may be
limited.
New information and remaining uncertainties
A key issue (uncertainty) is the extent to which the nation, states,
communities and individuals will be able to adapt to climate
change because this depends on the levels of local exposure
to climate-health threats, underlying susceptibilities, and the
capacities to adapt that are available at each scale. Overall, the
capacity of the American public health and health care delivery
182
systems faces many challenges. The cost of dealing with current
health problems is diverting resources from preventing them in the
56,183
first place. This makes the U.S. population more vulnerable.
Steps for improving the information base on adaptation include
undertaking a more comprehensive evaluation of existing climatehealth preparedness programs and their effectiveness in various
jurisdictions (cities, counties, states, nationally).
Assessment of confidence based on evidence
Overall, given the evidence base and remaining uncertainties:
High.
High: Public health actions, especially preparedness and
prevention, can do much to protect people from some of the
impacts of climate change. Prevention provides the most
protection; but we do not as yet have a lot of post-implementation
information with which to evaluate preparedness plans.
High: Early action provides the largest health benefits. There is
evidence that heat-health early warning systems have saved lives
165
and money in U.S. cities like Philadelphia, PA.
Very High: Our ability to adapt to future changes may be limited.

K ey message #4 Traceable Account
Responding to climate change provides opportunities to improve human health and well-being
across many sectors, including energy, agriculture,
and transportation. Many of these strategies offer
a variety of benefits, protecting people while combating climate change and providing other societal
benefits.
Description of evidence base
The key message and supporting text summarizes extensive evidence documented in several foundational technical inputs pre209
pared for this chapter, including a literature review
and work-
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210

shop reports for the Northwest and Southeast U.S. regions.
Nearly 60 additional technical inputs related to human health
were received and reviewed as part of the Federal Register Notice
solicitation for public input.

A number of studies have explored the opportunities available to
improve health and well-being as a result of adapting to climate
176
change, with many recent publications illustrating the benefit
6,174,175,195
of reduced air pollution.
Additionally, some studies have
looked at the co-benefits to climate change and health of applying innovative urban design practices which reduce energy con99,188,197,198
sumption and pollution while increasing public health,
152,197
decrease vulnerability of communities to extreme events
and
206,207,212
reduce the disparity between different societal groups.
New information and remaining uncertainties
More studies are needed to fully evaluate both the intended
and unintended health consequences of efforts to improve the
resiliency of communities and human infrastructure to climate
change impacts. There is a growing recognition that the magnitude
of these health co-benefits or co-harms could be significant, both
176,188,189
from a public health and an economic standpoint.
Assessment of confidence based on evidence
Given the evidence base and remaining uncertainties, confidence
is Very High.
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ENERGY,

WATER, AND LAND USE

Key Messages
1. Energy, water, and land systems interact in many ways. Climate change affects the individual
sectors and their interactions; the combination of these factors affects climate change 		
vulnerability as well as adaptation and mitigation options for different regions of the country.
2. The dependence of energy systems on land and water supplies will influence the development
of these systems and options for reducing greenhouse gas emissions, as well as their climate
change vulnerability.
3. Jointly considering risks, vulnerabilities, and opportunities associated with energy, water, and
land use is challenging, but can improve the identification and evaluation of options for reducing
climate change impacts.

Energy, water, and land systems interact in many ways. Energy projects (energy production and delivery) require varying
amounts of water and land; water projects (water supply and
irrigation) require energy and land; and land-based activities
(agriculture and forestry) depend upon energy and water. Increasing population and a growing economy intensify these
1
interactions. Each sector is directly impacted by the others
and by climate change, and each sector is a target for adaptation and mitigation efforts. Better understanding of the connections between and among energy, water, and land systems
can improve our capacity to predict, prepare for, and mitigate
climate change.
Challenges from climate change will arise from long-term,
gradual changes, such as sea level rise, as well as from projected
changes in weather extremes that have more sudden impacts.
The independent implications of climate change for the
energy, water, and land sectors have been studied extensively
(see Ch. 4: Energy, Ch. 3: Water, and Ch. 13: Land Use & Land
Cover Change). However, there are few analyses that capture
the interactions among and competition for resources within
1
these three sectors. Very little information is available to
evaluate the implications for decision-making and planning,
including legal, social, political, and other decisions.
Climate change is not the only factor driving changes.
Other environmental and socioeconomic stressors interact
with climate change and affect vulnerability and response
strategies with respect to energy, water, and land systems.
The availability and use of energy, water, and land resources
and the ways in which they interact vary across the nation.
Regions in the United States differ in their 1) energy mix (solar,
wind, coal, geothermal, hydropower, nuclear, natural gas,
petroleum, ethanol); 2) observed and projected precipitation

Energy, Water, Land, and Climate Interactions

Figure 10.1. The interactions between and among the energy,
water, land, and climate systems take place within a social and
1
economic context. (Figure source: Skaggs et al. 2012 ).

and temperature patterns; 3) sources and quality of available
water resources (for example, ground, surface, recycled); 4)
technologies for storing, transporting, treating and using water;
and 5) land use and land cover (see Ch. 13: Land Use & Land
Cover Change). Decision-making processes for each sector also
differ, and decisions often transcend scales, from local to state
to federal, meaning that mitigation and adaptation options
differ widely.
Given the many mitigation and adaptation opportunities available through the energy sector, a focus on energy is a useful
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way to highlight the interactions among energy, water, and
land as well as intersections with climate and other stressors.
For example, energy production already competes for water
resources with agriculture, direct human uses, and natural systems. Climate-driven changes in land cover and land use are
projected to further affect water quality and availability, increasing the competition for water needed for energy produc-

tion. In turn, diminishing water quality and availability means
that there will be a need for more energy to purify water and
more infrastructure on land to store and distribute water.
Stakeholders need to understand the interconnected nature of
climate change impacts, and the value of assessments would
be improved if risks and vulnerabilities were evaluated from a
2
cross-sector standpoint.

Key Message 1: Cascading Events
Energy, water, and land systems interact in many ways. Climate change affects the individual
sectors and their interactions; the combination of these factors affects climate change
vulnerability as well as adaptation and mitigation options for different regions of the country.
Energy production, land use, and water resources are linked
in increasingly complex ways. In some parts of the country,
electric utilities and energy companies compete with farmers
and ranchers, other industries, and municipalities for water
rights and availability, which are also constrained by interstate
and international commitments. Private and public sector
decision-makers must consider the impacts of strained water
supplies on agricultural, ecological, industrial, urban, and public
health needs. Across the country, these intertwined sectors

Coast-to-Coast 100-degree Days in 2011

Figure 10.2. Map shows numbers of days with temperatures
above 100°F during 2011. The black circles denote the
location of observing stations recording 100°F days. The
number of days with temperatures exceeding 100°F is
expected to increase. The record temperatures and drought
during the summer of 2011 represent conditions that will be
more likely in the U.S. as climate change continues. When
outdoor temperatures increase, electricity demands for
cooling increase, water availability decreases, and water
temperatures increase. Alternative energy technologies
may require little water (for example, solar and wind) and
can enhance resilience of the electricity sector, but still face
land-use and habitat considerations. The projected increases
in drought and heat waves provide an example of the ways
climate changes will challenge energy, water, and land
systems. (Figure source: NOAA NCDC, 2012).

will witness increased stresses due to climate changes that
are projected to lower water quality and/or quantity in many
regions and change heating and cooling electricity demands.
The links between and among energy, water, and land sectors
mean that they are susceptible to cascading effects from one
sector to the next. An example is found in the drought and
heat waves experienced across much of the U.S. during the
summers of 2011 and 2012. In 2011, drought spread across
the south-central U.S., causing a series of energy, water, and
land impacts that demonstrate the connections among these
sectors. Texans, for example, experienced the hottest and
driest summer on record. Summer average temperatures
were 5.2°F higher than normal, and precipitation was lower
than previous records set in 1956. The associated heat wave,
with temperatures above 100°F for 40 consecutive days,
together with drought, strained the region’s energy and water
3,4,5
resources.
These extreme climate events resulted in cascading effects
across energy, water, and land systems. High temperatures
caused increased demand for electricity for air conditioning,
which corresponded to increased water withdrawal and
consumption for electricity generation. Heat, increased
evaporation, drier soils, and lack of rain led to higher irrigation
demands, which added stress on water resources required for
energy production. At the same time, low-flowing and warmer
rivers threatened to suspend power plant production in several
locations, reducing the options for dealing with the concurrent
increase in electricity demand.
The impacts on land resources and land use were dramatic.
Drought reduced crop yields and affected livestock, costing
Texas farmers and ranchers more than $5 billion, a 28% loss
6
compared to average revenues of the previous four years.
With increased feed costs, ranchers were forced to sell
7
livestock at lower profit. Drought increased tree mortality,
providing more fuel for record wildfires that burned 3.8 million
acres (an area about the size of Connecticut) and destroyed
8
2,763 homes.
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Texas Summer 2011:
Record Heat and Drought

regional managers rationed water to farms and urban
areas, and in some instances, water was trucked
11
to communities that lacked sufficient supplies.
As late as January 2012, customers of 1,010 Texas
water systems were being asked to restrict water
use; mandatory water restrictions were in place in
12
647 water systems. At the same time, changing
vegetation attributes, grazing, cropping, and
wildfire compromised water quality and availability,
increasing the amount of power required for water
pumping and purification.

The Texas example shows how energy, land, water,
and weather interacted in one region. Extreme
weather events may affect other regions differently,
because of the relative vulnerability of energy, water,
and land resources, linkages, and infrastructure.
For example, sustained droughts in the Northwest
will affect how water managers release water from
Figure 10.3. Graph shows average summer temperature and total rainfall
reservoirs, which in turn will affect water deliveries
in Texas from 1895 through 2012. The red dots illustrate the range of
for ecosystem services, irrigation, recreation,
temperatures and rainfall observed over time. The record temperatures
and hydropower. Further complicating matters,
and drought during the summer of 2011 (large red dot) represent
hydropower is increasingly being used to balance
conditions far outside those that have occurred since the instrumental
4
record began. An analysis has shown that the probability of such an event
variable wind generation in the Northwest, and
3
has more than doubled as a result of human-induced climate change .
seasonal hydroelectric restrictions have already
(Figure source: NOAA NCDC / CICS-NC).
created challenges to fulfilling this role. In the
Midwest, drought poses challenges to meeting
Energy, water, and land interactions complicated and amplified electricity demands because diminished water availability
the direct impacts on the electric sector. With electricity and elevated water temperatures reduce the efficiency of
demands at all-time highs, water shortages threatened more electricity generation by thermoelectric power plants. To
than 3,000 megawatts of generating capacity – enough protect water quality, federal and state regulations can require
9
power to supply more than one million homes. As a result of suspension of operations of thermoelectric power plants
the record demand and reduced supply, marginal electricity if water used to cool the power plants exceeds established
prices repeatedly hit $3,000 a megawatt hour, which is three temperature thresholds as it is returned to streams.  
times the maximum amount that generators can charge in
10
deregulated electricity markets in the eastern United States.
Energy, land, water, and weather interactions are not limited
to drought. For instance, 2011 also saw record flooding in the
Competition for water also intensified. More than 16% of Mississippi basin. Floodwaters surrounded the Fort Calhoun
electricity production relied on cooling water from sources nuclear power plant in Nebraska, shut down substations, and
9
that shrank to historically low levels, and demands for water caused a wide range of energy, land, and water impacts (Ch.
used to generate electricity competed with simultaneous 3: Water).
demands for agriculture and other human activities. City and

Interactions of Energy, Water, and Land Uses
Figure 10.4 depicts the current mix of energy, water, and land
use within each U.S. region. The mixes reflect competition
for water and land resources, but more importantly for the
purposes here, the mixes reflect linkages across the energy,
water, and land sectors as well as linkages to climate. For
example, higher water withdrawal for thermoelectric power
(power plants that use a steam cycle to generate electricity)
generally reflects electric generation technology choices
(often coal-, gas-, or nuclear-fired generation with open loop
cooling) that assume the availability of large quantities of

water. Therefore, the choice of energy technology varies based
on the available resources in a region. Similarly, land-water
linkages are evident in cropland and agricultural water use.
The potential growth in renewable energy may strengthen the
linkage between energy and land (see “Examples of Energy,
Water, and Land Linkages”). Climate change affects each sector
directly and indirectly. For instance, climate change affects
water supplies, energy demand, and land productivity, all of
which can affect sector-wide decisions.
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Regional Water, Energy, and Land Use, with Projected Climate Change Impacts

Figure 10.4. U.S. regions differ in the manner and intensity with which they use, or have available, energy, water, and
land. Water bars represent total water withdrawals in billions of gallons per day (except Alaska and Hawai‘i, which are
in millions of gallons per day); energy bars represent energy production for the region in 2012; and land represents land
cover by type (green bars) or number of people (black and green bars). Only water withdrawals, not consumption, are
shown (see Ch. 3: Water). Agricultural water withdrawals include irrigation, livestock, and aquaculture uses. (Data from
13
14
15
EIA 2012 [energy], Kenny et al. 2009 [water], and USDA ERS 2007 [land]).
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Regional Water, Energy, and Land Use, with Projected Climate Change Impacts

Figure 10.4. U.S. regions differ in the manner and intensity with which they use, or have available, energy, water, and
land. Water bars represent total water withdrawals in billions of gallons per day (except Alaska and Hawai‘i, which are
in millions of gallons per day); energy bars represent energy production for the region in 2012; and land represents land
cover by type (green bars) or number of people (black and green bars). Only water withdrawals, not consumption, are
shown (see Ch. 3: Water). Agricultural water withdrawals include irrigation, livestock, and aquaculture uses. (Data from
13
14
15
EIA 2012 [energy], Kenny et al. 2009 [water], and USDA ERS 2007 [land]).
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Regional Water, Energy, and Land Use, with Projected Climate Change Impacts

Figure 10.4. U.S. regions differ in the manner and intensity with which they use, or have available, energy, water, and
land. Water bars represent total water withdrawals in billions of gallons per day (except Alaska and Hawai‘i, which are
in millions of gallons per day); energy bars represent energy production for the region in 2012; and land represents land
cover by type (green bars) or number of people (black and green bars). Only water withdrawals, not consumption, are
shown (see Ch. 3: Water). Agricultural water withdrawals include irrigation, livestock, and aquaculture uses. (Data from
13
14
15
EIA 2012 [energy], Kenny et al. 2009 [water], and USDA ERS 2007 [land]).
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Regional Water, Energy, and Land Use, with Projected Climate Change Impacts

Figure 10.4. U.S. regions differ in the manner and intensity with which they use, or have available, energy, water, and
land. Water bars represent total water withdrawals in billions of gallons per day (except Alaska and Hawai‘i, which are
in millions of gallons per day); energy bars represent energy production for the region in 2012; and land represents land
cover by type (green bars) or number of people (black and green bars). Only water withdrawals, not consumption, are
shown (see Ch. 3: Water). Agricultural water withdrawals include irrigation, livestock, and aquaculture uses. (Data from
13
14
15
EIA 2012 [energy], Kenny et al. 2009 [water], and USDA ERS 2007 [land]).
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Key Message 2: Options for Reducing Emissions and Climate Vulnerability
The dependence of energy systems on land and water supplies will influence the
development of these systems and options for reducing greenhouse gas emissions,
as well as their climate change vulnerability.
Interactions among energy, water, and land resources have influenced and will continue to influence selection and operation

of energy technologies. In some situations, land and water constraints also pose challenges to technology options for reducing

Water Use for Electricity Generation by Fuel and Cooling Technology

Figure 10.5. Technology choices can significantly affect water and land use. These two panels show a selection of technologies.
Ranges in water withdrawal/consumption reflect minimum and maximum amounts of water used for selected technologies. Carbon
dioxide capture and storage (CCS) is not included in the figures, but is discussed in the text. The top panel shows water withdrawals
for various electricity production methods. Some methods, like most conventional nuclear power plants that use “once-through”
cooling systems, require large water withdrawals but return most of that water to the source (usually rivers and streams). For nuclear
plants, utilizing cooling ponds can dramatically reduce water withdrawal from streams and rivers, but increases the total amount of
water consumed. Beyond large withdrawals, once-through cooling systems also affect the environment by trapping aquatic life in
18
intake structures and by increasing the temperature of streams. Alternatively, once-through systems tend to operate at slightly better
efficiencies than plants using other cooling systems. The bottom panel shows water consumption for various electricity production
methods. Coal-powered plants using recirculating water systems have relatively low requirements for water withdrawals, but consume
much more of that water, as it is turned into steam. Water consumption is much smaller for various dry-cooled electricity generation
technologies, including for coal, which is not shown. Although small in relation to cooling water needs, water consumption also
19
20
occurs throughout the fuel and power cycle. (Figure source: Averyt et al. 2011 ).
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Competition for water supplies is encouraging deployment of technologies
that are less water-intensive than coal
or nuclear power with once-through
cooling. For example, wind, natural gas,
photovoltaic (solar electric), and even
thermoelectric generation with dry
cooling use less water. Challenges in siting land- and water-intensive energy facilities are likely to intensify over time as
competition for these resources grows.
Considering the interactions among energy, water, and land systems presents
opportunities for further identification
and implementation of energy options
that can reduce emissions, promote
resilience, and improve sustainability.

Projected Land-use Intensity in 2030

Figure 10.6. The figure shows illustrative projections for 2030 of the total land-use
intensity associated with various electricity production methods. Estimates consider
both the footprint of the power plant as well as land affected by energy extraction. There
is a relatively large range in impacts across technologies. For example, a change from
nuclear to wind power could mean a significant change in associated land use. For
each electricity production method, the figure shows the average of a most-compact
and least-compact estimate for how much land will be needed per unit of energy. The
figure uses projections from the Energy Information Administration Reference scenario
for the year 2030, based on energy consumption by fuel type and power plant “capacity
factors” (the ratio of total power generation to maximum possible power generation).
The most-compact and least-compact estimates of biofuel land-use intensities reflect
differences between current yield and production efficiency levels and those that are
21
projected for 2030 assuming technology improvements. (Figure source: adapted from
21
McDonald et al. 2009 ).

Every option for reducing greenhouse gas emissions involves
tradeoffs that affect natural resources, socioeconomic systems,
and the built environment. Energy system
technologies vary widely in their carbon
emissions and their use of water and land.
As such, there are energy-water-land tradeoffs and synergies with respect to adaptation and mitigation. Each choice involves
assessing the relative importance of the
tradeoffs related to these resources in
the context of both short- and long-term
risks (see “Examples of Energy, Water, and
Land Linkages” that describes four technologies that could play key roles). Figure
10.5 provides a systematic comparison of
water withdrawals and consumptive use,
illustrating the wide variation across both
electric generation technologies and the
accompanying cooling technologies. Carbon dioxide capture and storage (CCS) is
not included in the chart, but coal-fired
©John Epperson/The Denver Post via Getty Image

greenhouse gas emissions. For example,
with the Southwest having most of the
potential for deployment of concentrating solar technologies, facilities will
need to be extremely water-efficient
in order to compete for limited water
resources. While wind farms avoid impacts on water resources, issues concerning land use, wildlife impacts, the
environment, and aesthetics are often
encountered. Raising crops to produce
biofuels uses arable land and water that
might otherwise be available for food
production. This fact came into stark
focus during the summer of 2012, when
drought caused poor corn harvests, intensifying concerns about allocation of
16
the harvest for food versus ethanol.
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Table 10.1. Energy, water, and land sectoral impacts associated with a sample of climate mitigation and adaptation measures. Plus
sign means a positive effect (reduced stress) on sector, minus sign means a negative effect (increased stress) on sector. Blank means
effect not noted. Blue means consideration of energy extraction and power plant processes. It is important to keep in mind that this
table only reflects physical synergies and tradeoffs. There are, of course, economic tradeoffs as well in the form of technology costs
and societal concerns, such as energy security, food security, and water quality. Expansion of hybrid or dry-cooled solar technologies,
1
versus wet, could help reduce water risks. For a more detailed description of the entries in the table, see Skaggs et al. 2012. Additional
considerations regarding energy extraction, power plant processes, and energy use associated with irrigation were added to those
1
1
reflected in Skaggs et al. 2012 (Adapted from Skaggs et al. 2012 ).
Mitigation measures
Switch from coal to natural gas fueled power plants
Expand CCS to fossil-fueled power plant

Water

Land

+ and –

+ and –

–

–

Expansion of nuclear power

–

Expansion of wind

+

–

Expansion of solar thermal technologies (wet cooled)

–

–

Expansion of commercial scale photovoltaic

+

–

Expansion of hydropower

+ and –

–

Expansion of biomass production for energy

+ and –

+ and –

Water

Land

Adaptation measures
Switch from once-through to recirculating cooling in thermoelectric power plants
Switch from wet to dry cooling at thermoelectric power plants

Energy

+
Energy

+ and –

-

+

-

Desalinization

+ and –

+

+ and –

New storage and conveyance of water

+ and –

–

–

+

–

+

–

+

Switch to drought-tolerant crops in drought vulnerable regions
Increase transmission capacity to urban areas to reduce power outages
during high demand periods

power plants (both evaporative cooling and dry cooling) fitted
with CCS would consume twice as much water per unit of elec17
tricity generated as similar coal-fired facilities without CCS.
Figure 10.6 shows projected land-use intensity in 2030 for various electricity production methods. Describing land use with a
single number is valuable, but must be considered with care. For
example, while wind generation can require significant amounts
of land, it can co-exist with other activities such as farming and
grazing, while other technologies may not be compatible with
other land uses. Land and water influences on energy production capacity are expected to get stronger in the future, and
greater resource scarcity will shape investment decisions.

22,23

potential part of a future decarbonized energy system.
Both
are also potentially water intensive and therefore have vulnerabilities related to climate impacts and competing water uses.
Alternatively, renewable generation and combined cycle gas and
coal have relatively modest water withdrawals (see also EPRI
24
2011 ). Overall, energy, water, and land sector vulnerabilities
are important factors to weigh in considering alternative electricity generation options and cooling systems.

Every adaptation and mitigation option involves tradeoffs in
how it increases or decreases stress on energy systems and
water and land resources. For a selected set of mitigation and
adaptation measures, Table 10.1 provides a summary illustrating
qualitatively how different technologies relate to energy, water,
1
and land.

Bioenergy also presents opportunities for mitigation, but some
potential bioenergy feedstocks are land and water intensive.
Where land and water resources are limited, bioenergy may
therefore be at risk of competing with other uses of land and
water, and climate changes present additional challenges. Other
mitigation options, such as afforestation (re-establishment of
forests), forest management, agricultural soil management,
and fertilizer management are also tied intimately into the interfaces among land availability, land management, and water
25
resource quantity and quality.

Particularly relevant to climate change mitigation are the energy, water, and land risks associated with low-carbon electricity
generation. For example, expansion of nuclear power and coal
power with CCS are two measures that have been discussed as a

Some sector-specific mitigation and adaptation measures can
provide opportunities to enhance climate mitigation or adaptation objectives in the other sectors. However, other measures may have negative impacts on mitigation or adaptation
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For example, switching from coal- to natural-gas-fired electricity generation reduces the emissions associated with power
generation. Depending on the situation,
the switch to natural gas in the energy
sector can either improve or reduce adaptive capacity in the water sector. Natural
gas can reduce water use for thermoelectric cooling (gas-fired plants require less
cooling water), but natural gas extraction
techniques consume water, so water availability must be considered. In addition,
gas production has the potential to affect
land-based ecosystems by, for example,
fragmenting habitat and inhibiting wildlife
migration. Future improvements in natural
gas technologies and water reuse may reduce the possibility of negative impacts on water supplies and
enhance the synergies across the energy, water, and land interface. Incorporating consideration of such cross-sector interactions in planning and policy could affect sectoral decisions and
decisions related to climate mitigation and adaptation.
Changes in the availability of water and land due to climate
change and other effects of human activities will affect location, design, choice, and operations of energy technologies
in the future and, in some cases, constrain their deployment.

© Michael DeYoung/ Corbis

potential in other sectors. If such crosssector impacts are not considered, they
can diminish the effectiveness of climate
mitigation and adaptation actions.

Energy, water, and land linkages represent constraints, risks,
and opportunities for private/public planning and investment
decisions. “Examples of Energy, Water, and Land Linkages” below discusses four energy sector technologies that could contribute to reducing U.S. emissions of greenhouse gases and increasing energy security – natural gas from shale, solar power,
biofuels, and CCS. These technologies were chosen to illustrate
energy, water, and land linkages and other complexities for the
design, planning, and deployment of our energy future.
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Examples

of energy, water, and land linkages

Shale Natural Gas and Hydraulic Fracturing
The U.S. Energy Information AdminHydraulic Fracturing and Water Use
istration projects a 29% increase
in U.S. natural gas production by
2035, driven primarily by the eco13
nomics of shale gas. As an energy
source, natural gas (methane) can
have a major advantage over coal
and oil: when combusted, it emits
less carbon dioxide per unit energy
than other fossil fuels, and fewer pollutants like black carbon (soot) and
mercury (see Ch. 27: Mitigation). An
increase in natural gas consumption
could lead to a reduction in U.S.
greenhouse gas emissions compared
to continued use of other fossil fuels.
Disadvantages include the possibility that low-cost gas could supplant
deployment of low-carbon generation
technologies, such as nuclear power
and renewable energy. In addition,
the U.S. Environmental Protection Agency estimates that 6.9 million megatons of methane – with a
global warming potential equivalent
to 144.7 million megatons of CO2 –
is emitted from the U.S. natural gas
system through uncontrolled venting
and leaks from drilling operations,
pipelines, and storage tanks (see Ch.
15: Biogeochemical Cycles; Ch. 27:
26
Mitigation). There is considerable
uncertainty about these estimates,
Figure 10.7. Hydraulic fracturing, a drilling method used to retrieve deep reservoirs
and it is an active area of research.
of natural gas, uses large quantities of water, sand, and chemicals that are injected
While technological improvements
26
at high pressure into horizontally-drilled wells as deep as 10,000 feet below Earth’s
may reduce this leakage rate, leaksurface. The pressurized mixture causes the rock layer to crack. Sand particles hold
age makes the comparison between
the fissures open so that natural gas from the shale can flow into the well. Questions
natural gas and coal more complex
about the water quantity necessary for this extraction method as well as the potential
27
to affect water quality have produced national debate. (Figure source: NOAA NCDC).
from a climate perspective. For example, methane is a stronger greenhouse gas than carbon dioxide but has a much shorter atmospheric lifetime (see Ch. 15: Biogeochemical Cycles; Ch. 27:
Mitigation; Appendix 3: Climate Science; Appendix 4: FAQs).
Recent reductions in natural gas prices are largely due to advances in hydraulic fracturing, which is a drilling method used
to retrieve deep reservoirs of natural gas. Hydraulic fracturing injects large quantities of water, sand, and chemicals at high
pressure into horizontally-drilled wells as deep as 10,000 feet below the surface in order to break the shale and extract
28
natural gas. Questions about the water quantity necessary and the potential to affect water quality have produced national
Continued
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Examples

of energy, water, and land linkages (continued)

debate about this method. Federal government and state-led efforts are underway to identify, characterize, and if necessary,
29
find approaches to address these issues (for example, EPA 2011; FracFocus 2012 ).
A typical shale gas well requires from two to four million gallons of water to drill and fracture (equivalent to the annual water
28
use of 20 to 40 people in the U.S, or three to six Olympic-size swimming pools). The gas extraction industry has begun
reusing water in order to lower this demand. However, with current technology, recycling water can require energy-intensive
30
treatment, and becomes more difficult as salts and other contaminants build up in the water with each reuse. In regions
where climate change leads to drier conditions, hydraulic fracturing could be vulnerable to climate change related reductions
in water supply.
Shale gas development also requires land. To support the drilling and hydraulic fracturing process, a pad, which may be
31
greater than five acres in size, is constructed. Land for new roads, compressor stations, pipelines, and water storage ponds
are also required.
The competition for water is expected to increase in the future. State and local water managers will need to assess how gas
extraction competes with other priorities for water use, including electricity generation, irrigation, municipal supply, industry
use, and livestock production. Collectively, such interactions between the energy and water resource sectors increase vulnerability to climate change, particularly in water-limited regions
that are projected to, or become, significantly drier.

Renewable Energy and Land Use

Solar Power Generation

Solar energy technologies have the potential to satisfy a significant portion of U.S. electricity demand and reduce greenhouse gas emissions. The land and water requirements for
solar power generation depend on the mix of solar technologies deployed. Small-scale (such as rooftop) installations are
integrated into current land use and have minimal water requirements. In contrast, utility-scale solar technologies have
significant land requirements and can – depending upon the
specific generation and cooling technologies – also require
Figure 10.8. Photovoltaic panels convert sunlight directly
significant water resources. For instance, utility-scale photointo electricity. Utility-sized solar power plants require
voltaic systems can require three to ten acres per megawatt
large tracts of land. Photo shows Duke Energy’s 113-acre
32
(MW) of generating capacity and consume as much as five
Blue Wing Solar Project in San Antonio, Texas, one of
gallons of water per megawatt hour (MWh) of electricity prothe largest photovoltaic solar farms in the country. (Photo
36
duction. Utility-scale concentrating solar systems can require
credit: Duke Energy 2010 ).
33
up to 15 acres per MW and consume 1,040 gallons of water
34
per MWh using wet cooling (and 97% less water with dry cooling). A recent U.S. Department of Energy study concluded
34
that 14% of the U.S. demand for electricity could be met with solar power by 2030. To generate that amount of solar power
would require rooftop installations plus about 0.9 million to 2.7 million acres, equivalent to about 1% to 4% of the land area
34
of Arizona, for utility-scale solar power systems and concentrating solar power (CSP).
Recognizing water limitations, most large-scale solar power systems now in planning or development are designed with dry
cooling that relies on molten salt or other materials for heat transfer. However, while dry cooling systems reduce the need
35
for water, they have lower plant thermal efficiencies, and therefore reduced production on hot days. Overall, as with other
generation technologies, plant designs will have to carefully balance cost, operating issues, and water availability.
Biofuels
Biomass-based energy is currently the largest renewable energy source in the U.S., and biofuels from crops, grass, and
13
trees are the fastest growing renewable domestic bioenergy sector. In 2011, approximately 40 million acres of cropland in
37
the U.S. were used for ethanol production, roughly 16% of the land planted for the eight major field crops. The long-term
environmental and social effects of biofuel production and use depend on many factors: the type of feedstock, manageContinued
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Examples

of energy, water, and land linkages (continued)

ment practices used to produce them, fuel production and conversion technologies, prior land use, and land- and water-use
38,39
changes caused by their production and use.
Biofuels potentially can reduce greenhouse gas emissions by displacing
fossil fuel consumption. Biofuels that comply with the Energy Independence and Security Act of 2007 are required to reduce
greenhouse gas emissions relative to fossil fuels. In addition, biofuels also have the potential to provide net environmental
benefits compared to fossil fuels. For example, ethanol is used as a gasoline additive to meet air quality standards, replacing
40
a previous additive that leaked from storage tanks and contaminated groundwater. However, increases in corn production
38
for biofuel has been cited as contributing to harmful algal blooms.
Currently, most U.S. biofuels, primarily ethanol (from corn) and biodiesel (mainly from soy), are produced from edible parts
of crops grown on rain-fed land. Consumptive water use over the life cycle of corn-grain ethanol varies widely, from 15 gallons of water per gallon of gasoline equivalent for rain-fed corn-based ethanol in Ohio, to 1,500 gallons of water per gallon of
gasoline equivalent for irrigated corn-based ethanol in New Mexico. In comparison, producing and refining petroleum-based
38,41
fuels uses 1.9 to 6.6 gallons of water per gallon of gasoline.
The U.S. Renewable Fuels Standard (RFS) aims to expand production of cellulosic ethanol to at least 16 billion gallons per
year by 2022. Cellulosic biofuels, derived from the entire plant rather than just the food portions, potentially have several
42
38
advantages, such as fewer water quality impacts, less water consumption, and the use of forest-derived feedstocks. Cellulosic biofuels have not yet been produced in large volumes in the United States. The RFS target could require up to an
additional 30 to 60 million acres of land, or alternatively be sourced from other feedstocks, such as forest and agricultural
residues and municipal solid waste, but such supplies are projected to be inadequate for meeting the full cellulosic biofuel
38
standard.
Conversion of land not in cropland to crops for biofuel production may increase water consumption and runoff of fertilizers,
43
herbicides, and sediment. The impacts of climate change, particularly in areas where water availability may decrease (see
Ch. 2: Our Changing Climate, Ch. 3: Water, and Ch. 6: Agriculture), however, may make it increasingly difficult to raise crops
in arid regions of the country. The use of crops that are better suited to arid conditions and are efficient in recycling nutrients,
44
such as switchgrass for cellulosic ethanol, could lower the vulnerability of biofuel production to climate change. Another
potential source of biomass for biofuel production is microalgae, but the existing technologies are still not carbon neutral,
45
nor commercially viable.
Carbon Capture and Storage
Carbon capture and storage (CCS) technologies have the potential to capture 90% of CO2 emissions from coal and natural
gas combustion by industrial and electric sector facilities and thus allow continued use of low-cost fossil fuels in a carbon46
constrained future. CCS captures CO2 post- or pre-fuel combustion and injects the CO2 into geologic formations for longterm storage. In addition, combining CCS with bioenergy applications represents one of a few potential options for actually
47
removing CO2 from the atmosphere because carbon that was recently in the atmosphere and accumulated by growing
plants can be captured and stored.
CCS substantially increases the cost of building and operating a power plant, both through up-front costs and additional
46
energy use during operation (referred to as “parasitic loads” or an energy penalty). Substantial amounts of water are also
used to separate CO2 from emissions and to generate the required parasitic energy. With current technologies, CCS can in48
crease water consumption 30% to 100%. Gasification technologies, where coal or biomass are converted to gases and CO2
49
is separated before combustion, reduce the energy penalty and water requirements, but currently at higher capital costs.
As with other technologies, technology and design choices for CCS need to be balanced with water requirements and water
availability. Climate change will influence the former via effects on energy demand and the latter via precipitation changes.
CCS facilities themselves have relatively modest land demands compared to some other generation options. However, bioenergy use with CCS would imply a much stronger land linkage.
CCS facilities for electric power plants are currently operating at pilot scale, and a commercial scale demonstration project
50
is under construction. Although the potential opportunities are large, many uncertainties remain, including cost, demonstration at scale, environmental impacts, and what constitutes a safe, long-term geologic repository for sequestering carbon
51
dioxide.
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Key Message 3: Challenges to Reducing Vulnerabilities
Jointly considering risks, vulnerabilities, and opportunities associated with energy, water,
and land use is challenging, but can improve the identification and evaluation of options
for reducing climate change impacts.
The complex nature of interactions among energy, water, and
land systems, particularly in the context of climate change,
does not lend itself to simple solutions. The energy, water,
and land interactions themselves create vulnerabilities to
competing resource demands. Climate change is an additional
stressor. However, resource management decisions are often
focused on just one of these sectors. Where the three sectors
are tightly coupled, options for mitigating or adapting to
climate change and consideration of the tradeoffs associated
with technological or resource availability may be limited.
The complex nature of water and energy systems are also
highlighted in Chapter 3 (Water), which discusses water
constraints in many areas of the U.S., and in Chapter 4 (Energy),
where it is noted that there will be challenges across the nation

for water quality to comply with thermal regulatory needs for
energy production.
A changing climate, particularly in areas projected to be warmer
and drier, is expected to lead to drought and stresses on water
supply, affecting energy, water, and land sectors in the United
States. As the Texas drought of 2011 and 2012 illustrates,
impacts to a particular sector, such as energy production,
generate consequences for the others, such as water resource
availability. Similarly, new energy development and production
will require careful consideration of land and water sector
resources. As a result, vulnerability to climate change depends
on energy, water, and land linkages and on climate risks across
all sectors, and decision-making is complex.

Water Stress in the U.S.

Figure 10.9. In many parts of the country, competing demands for water create stress in local and regional
watersheds. Map shows a “water supply stress index” for the U.S. based on observations, with widespread
stress in much of the Southwest, western Great Plains, and parts of the Northwest. Watersheds are
considered stressed when water demand (from power plants, agriculture, and municipalities) exceeds 40%
20
(water supply stress index of 0.4) of available supply. (Figure source: Averyt et al. 2011 ).
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The Columbia River Basin Land Use and Land Cover

Figure 10.10. Agriculture is in yellow, forests are shades of green, shrublands are gray, and urban areas are in red. The river is
used for hydropower generation, flood control, agriculture irrigation, recreation, support of forest and shrubland ecosystems, and
fish and wildlife habitat. Climate change may impact the timing and supply of the water resources, affecting the multiple uses of
this river system. (Figure source: Northwest Habitat Institute 1999).

The Columbia River Basin is one example of an area where risks,
vulnerabilities, and opportunities are being jointly considered
by a wide range of stakeholders and decision-makers (see Ch.
28: Adaptation). The Columbia River, which crosses the U.S.Canada border, is the fourth largest river on the continent by
volume, and it drives the production of more electricity than
any other river in North America. Approximately 15% of the
Columbia River Basin lies within British Columbia (Figure 10.10),
but an average of 30% of the total average discharge originates
52
from the Canadian portion of the watershed. To provide flood
control for the U.S. and predicted releases for hydropower
generation, the Columbia River system is managed through
a treaty that established a cooperative agreement between
the United States and Canada to regulate the river for these
53
two uses. The basin also supports a range of other uses, such
as navigation, tribal uses, irrigation, fish and wildlife habitat,
recreation, and water resources for agricultural, industrial, and
individual use. For all multi-use river basins, understanding

the combined vulnerability of energy, water, and land use to
climate change is essential to planning for water management
and climate change adaptation.
A recent report projects a warmer annual, and drier summer,
climate for the Northwest (Ch. 21: Northwest; Ch. 2: Our
Changing Climate, Figures 2.14 and 2.15; Appendix 3: Climate
54
Science Supplement, Figures 21 and 22), potentially affecting
both the timing and amounts of water availability. For example,
if climate change reduces streamflow at certain times, fish and
55
wildlife, as well as recreation, may be vulnerable. Climate
change stressors will also increase the vulnerability of the
region’s vast natural ecosystems and forests in multiple ways
(see Ch. 7: Forests and Ch. 8: Ecosystems). Currently, only 30% of
56
annual Columbia River Basin runoff can be stored in reservoirs.
Longer growing seasons might provide opportunities for
greater agricultural production, but the projected warmer and
drier summers could increase demand for water for irrigation,
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Because of the complexity of interactions
among energy, water, and land systems,
considering the complete picture of climate
impacts and potential adaptations can help
provide better solutions. Adaptation to
climate change occurs in large part locally
or regionally, and conflicting stakeholder
priorities, institutional commitments,
and international agreements have the
potential to complicate or even compromise
adaption strategies with regard to energy, water, and land
resources (see also Ch. 28: Adaptation). Effective adaptation to
the impacts of climate change requires a better understanding
of the interactions among the energy, water, and land resource
sectors. Whether managing for water availability and quality in
the context of energy systems, or land restrictions, or both, an
improved dialog between the scientific and decision-making

© James Christensen/ Foto Natura/Corbis

perhaps at the expense of other water uses
due to storage limitations. Wetter winters
might offset increased summer demands.
However, the storage capacities of many
water reservoirs with multiple purposes,
including hydropower, were not designed
to accommodate significant increases
in winter precipitation. Regulations and
operational requirements also constrain
the ability to accommodate changing
precipitation patterns (see Ch. 3: Water).

communities will be necessary to evaluate tradeoffs and
compromises needed to manage and understand this complex
system. This will require not only integrated and quantitative
analyses of the processes that underlie the climate and natural
systems, but also an understanding of decision criteria and risk
analyses to communicate effectively with stakeholders and
decision-makers.
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SUPPLEMENTAL MATERIAL
TRACEABLE ACCOUNTS

Process for Developing Key Messages
The authors met for a one-day face-to-face meeting, and held
teleconferences approximately weekly from March through August 2012. They considered a variety of technical input documents, including a Technical Input Report prepared through an
1
interagency process, and 59 other reports submitted through the
Federal Register Notice request for public input. The key messages were selected based on expert judgment, derived from the
set of examples assembled to demonstrate the character and
consequences of interactions among the energy, water, and land
resource sectors.

K ey message #1 Traceable Account
Energy, water, and land systems interact in many
ways. Climate change affects the individual sectors and their interactions; the combination of these
factors affects climate change vulnerability as well
as adaptation and mitigation options for different
regions of the country.
Description of evidence base
The key message and supporting text summarizes extensive evidence documented in the Technical Input Report (TIR): Climate
and Energy-Water-Land System Interactions: Technical Report to
the U.S. Department of Energy in Support of the National Climate
1
Assessment. Technical input reports (59) on a wide range of topics were also received and reviewed as part of the Federal Register
Notice solicitation for public input.
1

The TIR incorporates the findings of a workshop, convened by the
author team, of experts and stakeholders. The TIR summarizes
numerous examples of interactions between specific sectors, such
as energy and water or water and land use. A synthesis of these
examples provides insight into how climate change impacts the
interactions between these sectors.
1

The TIR shows that the character and significance of interactions among the energy, water, and land resource sectors vary
regionally. Additionally, the influence of impacts on one sector for
the other sectors will depend on the specific impacts involved.
Climate change impacts will affect the interactions among sectors,
but this may not occur in all circumstances.

The key message is supported by the National Climate Assess54
ment Climate Scenarios (for example, Kunkel et al. 2013 ). Many
of the historic trends included in the Climate Scenarios are based
on data assembled by the Cooperative Observer Network of the
National Weather Service (http://www.nws.noaa.gov/om/coop/).
Regional climate outlooks are based on the appropriate regional
chapter.
The Texas drought of 2011 and 2012 provides a clear example
of cascading impacts through interactions among the energy, wa3,4,5,7,8,9
ter, and land resource sectors.
The U.S. Drought Monitor
(http://droughtmonitor.unl.edu/) provides relevant historical data.
11
Evidence also includes articles appearing in the public press and
6
Internet media.
New information and remaining uncertainties
The Texas drought of 2011 and 2012 demonstrates the occurrence of cascading impacts involving the energy, land, and water
sectors; however, the Texas example cannot be generalized to all
parts of the country or to all impacts of climate change (for example, see Chapter 3 for flooding and energy system impacts). The
1
Technical Input Report provides numerous additional examples
and a general description of interactions that underlie cascading
impacts between these resource sectors.
There are no major uncertainties regarding this key message.
There are major uncertainties, however, in the magnitude of impacts in how decisions in one sector might affect another. The
intensity of interactions will be difficult to assess under climate
change.
Assessment of confidence based on evidence
Given the evidence base and remaining uncertainties, confidence
is high. The primary limitation on the confidence assigned to this
key message is with respect to its generality. The degree of interactions among the energy, water, and land sectors varies regionally as does the character and intensity of climate change.
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of these four technologies could contribute to reducing U.S. emissions of greenhouse gases. These technologies illustrate energy,
water, and land linkages and other complexities for the design,
planning, and deployment of our energy future.

Confidence Level
Very High
Strong evidence (established
theory, multiple sources, consistent
results, well documented and
accepted methods, etc.), high
consensus

Evidence for energy production and use are derived from U.S.
58
government reports. The contributions of hydraulic fracturing to
natural gas production are based on a brief article by the Energy
13
Information Administration and a primer by the U.S. Department
28
of Energy. Information about water and energy demands for
utility-scale solar power facilities is derived from two major DOE
34,59
reports.
Distribution of U.S. solar energy resources is from
Web-based products of the National Renewable Energy Laboratory (http://www.nrel.gov/gis/). On biofuels, there are government
13
data on the scale of biomass-based energy, and studies on water
and land requirements and other social and environmental as38,39
pects.

High
Moderate evidence (several sources, some consistency, methods
vary and/or documentation limited,
etc.), medium consensus
Medium
Suggestive evidence (a few
sources, limited consistency, models incomplete, methods emerging,
etc.), competing schools of thought
Low
Inconclusive evidence (limited
sources, extrapolations, inconsistent findings, poor documentation
and/or methods not tested, etc.),
disagreement or lack of opinions
among experts

K ey message #2 Traceable Account
The dependence of energy systems on land and
water supplies will influence the development of
these systems and options for reducing greenhouse
gas emissions, as well as their climate change vulnerability.
Description of evidence base
The key message and supporting text summarizes extensive evidence documented in the Technical Input Report (TIR): Climate
and Energy-Water-Land System Interactions: Technical Report to
the U.S. Department of Energy in Support of the National Climate
1
Assessment. Technical input reports (59) on a wide range of topics were also received and reviewed as part of the Federal Register
Notice solicitation for public input.
Synthesis and Assessment Product 2.1 of the Climate Change
22
Science Program, which informed the prior National Climate
57
Assessment, describes relationships among different future
mixtures of energy sources, and associated radiative forcing of
climate change, as a context for evaluating emissions mitigation
options.
Energy, water, and land linkages represent constraints, risks, and
opportunities for private/public planning and investment decisions. There are evolving water and land requirements for four
13
34
energy technologies: natural gas from shale, solar power, bio38,39
47
fuels,
and carbon dioxide capture and storage (CCS). Each

New information and remaining uncertainties
There are no major uncertainties regarding this key message.
Progress in development and deployment of the energy technologies described has tended to follow a pattern: potential constraints
arise because of dependence on water and land resources, but
then these constraints motivate advances in technology to reduced
dependence or result in adjustments of societal priorities. There
are uncertainties in how energy systems’ dependence on water will
be limited by other resources, such as land; uncertainties about
the effects on emissions and the development and deployment of
future energy technologies; and uncertainties about the impacts
of climate change on energy systems.
Assessment of confidence based on evidence
Given the evidence base and remaining uncertainties, confidence
is high. The primary limitation on confidence assigned to this
key message is with respect to its generality and dependence on
technological advances. Energy technology development has the
potential to reduce water and land requirements, and to reduce
vulnerability to climate change impacts. It is difficult to forecast
success in this regard for technologies such as CCS that are still
in early phases of development.

K ey message #3 Traceable Account
Jointly considering risks, vulnerabilities, and opportunities associated with energy, water, and land
use is challenging, but can improve the identification and evaluation of options for reducing climate
change impacts.
Description of evidence base
The key message and supporting text summarizes extensive evidence documented in the Technical Input Report (TIR): Climate
and Energy-Water-Land System Interactions: Technical Report to
the U.S. Department of Energy in Support of the National Climate
1
Assessment. Technical input reports (59) on a wide range of top-
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ics were also received and reviewed as part of the Federal Register
Notice solicitation for public input.
Interactions among energy, water, and land resource sectors can
lead to stakeholder concerns that shape options for reducing vulnerability and thus for adapting to climate change. The Columbia
River System provides a good example of an area where risks,
55,56
vulnerabilities, and opportunities are being jointly considered.
The 2011 Mississippi basin flooding, which shut down substations, provides another example of the interactions of energy,
water, and land systems (Ch. 3: Water). For all multi-use river
basins, understanding the combined vulnerability of energy, water,
and land use to climate change is essential to planning for water
management and climate change adaptation.
New information and remaining uncertainties
There are no major uncertainties regarding this key message;
however, it is highly uncertain the extent to which local, state
and national policies will impact options to reduce vulnerability to
climate change.
Assessment of confidence based on evidence
Given the evidence base and remaining uncertainties, confidence
is high. The primary limitation on confidence assigned to this key
message is with respect to the explicit knowledge of the unique
characteristics of each region with regards to impacts of climate
change on energy, water, land, and the interactions among these
sectors.
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URBAN SYSTEMS,

INFRASTRUCTURE, AND VULNERABILITY

Key Messages
1. Climate change and its impacts threaten the well-being of urban residents in all U.S. regions.
Essential infrastructure systems such as water, energy supply, and transportation will 		
increasingly be compromised by interrelated climate change impacts. The nation’s economy,
security, and culture all depend on the resilience of urban infrastructure systems.
2. In urban settings, climate-related disruptions of services in one infrastructure system will almost
always result in disruptions in one or more other infrastructure systems.
3. Climate vulnerability and adaptive capacity of urban residents and communities are influenced
by pronounced social inequalities that reflect age, ethnicity, gender, income, health, and
(dis)ability differences.
4. City government agencies and organizations have started adaptation plans that focus on 		
infrastructure systems and public health. To be successful, these adaptation efforts require
cooperative private sector and governmental activities, but institutions face many barriers to
implementing coordinated efforts.

Cities have become early responders to climate change challenges and opportunities due to two simple facts: first, urban
areas have large and growing populations that are vulnerable
for many reasons to climate variability and change; and second, cities depend on extensive infrastructure systems and the
resources that support them. These systems are often connected to rural locations at great distances from urban centers.
The term infrastructure is used broadly and includes systems
and assets that are essential for national and economic security, national public health or safety, or to the overall
well-being of residents. These include energy, water and
wastewater, transportation, public health, banking and
finance, telecommunications, food and agriculture, and
information technology, among others.

© FRANK POLICH/epa/Corbis

Climate change poses a series of interrelated challenges to the
country’s most densely populated places: its cities. The United
States is highly urbanized, with about 80% of its population
living in cities and metropolitan areas. Many cities depend on
infrastructure, like water and sewage systems, roads, bridges,
and power plants, that is aging and in need of repair or replacement. Rising sea levels, storm surges, heat waves, and extreme
weather events will compound these issues, stressing or even
overwhelming these essential services.

Heavy snowfalls during winter storms affect transportation systems and
other urban infrastructure.
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Urban dwellers are particularly vulnerable to disruptions
in essential infrastructure services, in part because many
of these infrastructure systems are reliant on each other.
For example, electricity is essential to multiple systems,
and a failure in the electrical grid can affect water treatment, transportation services, and public health. These
infrastructure systems – lifelines to millions – will continue to be affected by various climate-related events
and processes.
As climate change impacts increase, climate-related
events will have large consequences for significant numbers of people living in cities or suburbs. Also at risk
CLIMATE CHANGE IMPACTS IN THE UNITED STATES
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from climate change are historic properties and sites as well
as cultural resources and archeological sites. Vulnerability assessments and adaptation planning efforts could also include
these irreplaceable resources. Changing conditions also create

opportunities and challenges for urban climate adaptation (Ch.
28: Adaptation), and many cities have begun planning to address these changes.

Key Message 1: Urbanization and Infrastructure Systems
Climate change and its impacts threaten the well-being of urban residents in all U.S. regions.
Essential infrastructure systems such as water, energy supply, and transportation will
increasingly be compromised by interrelated climate change impacts. The nation’s economy,
security, and culture all depend on the resilience of urban infrastructure systems.

Three fundamental conditions define the key connections
1,2
among urban systems, residents, and infrastructure. First,
cities are dynamic, and are constantly being built and rebuilt
through cycles of investment and innovation. Second, infrastructure in many cities has exceeded its design life and continues to age, resulting in an increasingly fragile system. At
both local and national levels, infrastructure requires ongoing maintenance and investment to avoid a decline in service.
Third, urban areas present tremendous
social challenges, given widely divergent socioeconomic conditions and
dynamic residence patterns that vary
in different parts of each city. Heightened vulnerability of coastal cities and
other metropolitan areas that are subject to storm surge, flooding, and other
extreme weather or climate events will
exacerbate impacts on populations and
infrastructure systems.

(such as buildings, energy, transportation, water, and sanitation systems) is expected to become more stressed in the next
decades – especially when the impacts of climate change are
4
added to the equation. As infrastructure is highly interdependent, failure in particular sectors is expected to have cascading effects on most aspects of affected urban economies.
Further expansion of the U.S. urban landscape into suburban
and exurban spaces is expected, and new climate adaptation
and resiliency plans will need to account for this (Ch. 28: Ad5
aptation). Significant increases in the costs of infrastructure
investments also are expected as population density becomes
6
more diffuse.
The vulnerability of different urban populations to hazards and
risks associated with climate change depends on three characteristics: their exposure to particular stressors, their sensitivity
8,9
to impacts, and their ability to adapt to changing conditions.
Many major U.S. metropolitan areas, for example, are located
on or near the coast and face higher exposure to particular climate impacts like sea level rise and storm surge, and thus may
face complex and costly adaptation demands (Ch. 25: Coasts;
Ch. 28: Adaptation). But as people begin to respond to new

Approximately 245 million people live in
U.S. urban areas, a number expected to
3
grow to 364 million by 2050. Paradoxically, as the economy and population
of urban areas grew in past decades,
the built infrastructure within cities
and connected to cities deteriorated,
becoming increasingly fragile and de1,2
ficient. Existing built infrastructure Coastal cities are vulnerable to sea level rise, storm surge, and related impacts.
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Direct and interacting effects of climate change will expose
people who live in cities across the United States to multiple
threats. Climate changes affect the built, natural, and social
infrastructure of cities, from storm drains to urban waterways
to the capacity of emergency responders. Climate change increases the risk, frequency, and intensity of certain extreme
events like intense heat waves, heavy downpours, flooding from intense precipitation and coastal storm surges, and
disease incidence related to temperature and precipitation
changes. The vulnerability of urban dwellers multiplies when
the effects of climate change interact with pre-existing urban
stressors, such as deteriorating infrastructure, areas of intense
poverty, and high population density.
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Blackout in New York and New Jersey after Hurricane Sandy

Figure 11.1. Extreme weather events can affect multiple systems that provide services for millions of people in urban settings. The
satellite images depict city lights on a normal night (left) and immediately following Hurricane Sandy (right). Approximately five million
7
customers in the New York metropolitan region lost power. (Figure source: NASA Earth Observatory ).

information about climate change through the urban development process, social and infrastructure vulnerabilities can be
10
altered. For example, the City of New York conducted a comprehensive review of select building and construction codes
and standards in response to increased climate change risk in

order to identify adjustments that could be made to increase
climate resilience. Climate change stressors will bundle with
other socioeconomic and engineering stressors already con1
nected to urban and infrastructure systems.

Key Message 2: Essential Services are Interdependent
In urban settings, climate-related disruptions of services in one infrastructure system will
almost always result in disruptions in one or more other infrastructure systems.
that the greatest losses from disruptive events may be distant
2
from where damages started. In another example, Hurricane

©Iwan Baan/Getty Images

Urban areas rely on links to multiple jurisdictions through a
11
complex set of infrastructure systems. For example, cities
depend on other areas for supplies of food, materials, water, energy, and other inputs, and surrounding areas are destinations for products, services,
and wastes from cities. If infrastructure and other
connections among source areas and cities are disrupted by climate change, then the dependent ur12
ban area also will be affected. Moreover, the economic base of an urban area depends on regional
comparative advantage; therefore, if competitors,
markets, and/or trade flows are affected by climate
2
change, a particular urban area is also affected.

Urban vulnerabilities to climate change impacts are
directly related to clusters of supporting resources
and infrastructures located in other regions. For example, about half of the nation’s oil refineries are lo13
cated in only four states. Experience over the past
decade with major infrastructure disruptions, such
as the 2011 San Diego blackout, the 2003 Northeast A failure of the electrical grid can affect everything from water treatment to
blackout, and Hurricane Irene in 2011, has shown public health.
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Katrina disrupted oil terminal operations in southern Louisiana, not because of direct damage to port facilities, but because workers could not
reach work locations through surface
transportation routes and could not
be housed locally because of disruption to potable water supplies, hous14
ing, and food shipments.

Urban Support Systems are Interconnected

Although infrastructures and urban
systems are often considered individually – for example, transportation or water supply or wastewater/
drainage – they are usually highly
15
interactive and interdependent.

©STAN HONDA/AFP/Getty Images

Such interdependencies can lead to
cascading disruptions throughout
urban infrastructures. These disruptions, in turn, can result in unexFigure 11.2. In urban settings, climate-related disruptions of services in one infrastructure
pected impacts on communication,
system will almost always result in disruptions in one or more other systems. When power
water, and public health sectors, at
supplies that serve urban areas are interrupted after a major weather event, for example,
least in the short term. On August 8,
public health, transportation, and banking systems may all be affected. This schematic
2007, New York City experienced an
drawing illustrates some of these connections. (Figure source: adapted from Wilbanks
2
et al. 2012 ).
intense rainfall and thunderstorm
event during the morning commute,
where between 1.4 and 3.5 inches of rain fell within two in 2004 and 2007, became the impetus for a full-scale assess16
hours. The event started a cascade of transit system failures ment and review of transit procedures and policy in response
16,17,18
– eventually stranding 2.5 million riders, shutting down much to climate change.
of the subway system, and severely disrupting the city’s bus
16,17
system.
The storm’s impact was unprecedented and, cou- In August 2003, an electric power blackout that caused 50 milpled with two other major system disruptions that occurred lion people in the U.S. Northeast and Midwest and Ontario,
Canada, to lose electric power further
illustrates the interdependencies of
major infrastructure systems. The
blackout caused significant indirect
damage, such as shutdowns of water
treatment plants and pumping stations. Other impacts included interruptions in communication systems
for air travel and control systems for
oil refineries. At a more local level,
the lack of air conditioning and elevator access meant many urban residents were stranded in over-heating
high-rise apartments. Similar cascading impacts have been observed from
extreme weather events such as Hur2
ricanes Katrina and Irene. In fact, as
urban infrastructures become more
interconnected and more complex,
the likelihood of large-scale cascading impacts will increase as risks to
Storm surges reach farther inland as they ride on top of sea levels that are higher due to infrastructure increase.19
warming.
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Hurricane

sandy: urban systems, infrastructure, and vulnerability

Courtesy of NOAA

Sandy made landfall on the New Jersey shore
just south of Atlantic City on October 29,
2012, and became one of the most damaging storms to strike the continental United
States. Sandy affected cities throughout the
Atlantic seaboard, extending across the eastern United States to Chicago, Illinois, where
it generated 20-foot waves on Lake Michigan
and flooded the city’s Lake Shore Drive. The
storm’s strength and resulting impact has
been correlated with Atlantic Ocean water
temperatures near the coast that were roughly 5˚F above normal, and with sea level rise
along the region’s coastline as a result of a
warming climate.
Sandy caused significant loss of life as well
as tremendous destruction of property and
critical infrastructure. It disrupted daily life
for millions of coastal zone residents across
the New York-New Jersey metropolitan area, despite this being one of the best disaster-prepared coastal regions in the
country. The death toll from Sandy in the metropolitan region exceeded 100, and the damage was estimated to be at
20,21
21
least $65 billion.
At its peak, the storm cut electrical power to more than 8.5 million customers.
The death and injury, physical devastation, multi-day power, heat, and water outages, gasoline shortages, and cascade
of problems from Sandy’s impact reveal what happens when the complex, integrated systems upon which urban life depends are stressed and fail. One example is what occurred after a Consolidated Edison electricity distribution substation
in lower Manhattan ceased operation at approximately 9 PM Monday evening, when its flood protection barrier (designed
to be 1.5 feet above the 10-foot storm surge of record) was overtopped by Sandy’s 14-foot storm surge. As the substation
stopped functioning, it immediately caused a system-wide loss of power for more than 200,000 customers. Residents
in numerous high-rise apartment buildings were left without heat and lights, and also without elevator service and water
(which must be pumped to upper floors).
Sandy also highlighted the vast differences in vulnerabilities across the extended metropolitan region. Communities
and neighborhoods on the coast were most vulnerable to the physical impact of the record storm surge. Many low- to
moderate-income residents live in these areas and suffered damage to or loss of their homes, leaving tens of thousands
of people displaced or homeless. As a specific sub-population, the elderly and infirm were highly vulnerable, especially
those living in the coastal evacuation zone and those on upper floors of apartment buildings left without elevator service.
These individuals had limited adaptive capacity because they could not easily leave their residences.
Even with the extensive devastation, the effects of the storm would have been far worse if local climate resilience strategies had not been in place. For example, the City of New York and the Metropolitan Transportation Authority worked aggressively to protect life and property by stopping the operation of the city’s subway before the storm hit and moving the
train cars out of low-lying, flood-prone areas. At the height of the storm surge, all seven of the city’s East River subway
tunnels flooded. Catastrophic loss of life would have resulted if there had been subway trains operating in the tunnels
when the storm struck. The storm also fostered vigorous debate among local and state politicians, other decision-makers,
and stakeholders about how best to prepare the region for future storms. Planning is especially important given the expectation of increases in flood frequency resulting from more numerous extreme precipitation events and riverine and
street level flooding, and coastal storm surge flooding associated with accelerated sea level rise and more intense (yet
not necessarily more numerous) tropical storms.
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Key Message 3: Social Vulnerability and Human Well-Being
Climate vulnerability and adaptive capacity of urban residents and communities are
influenced by pronounced social inequalities that reflect age, ethnicity, gender,
income, health, and (dis)ability differences.
“Social vulnerability” describes characteristics of populations
that influence their capacity to prepare for, respond to, and
22,23,24
recover from hazards and disasters.
Social vulnerability
also refers to the sensitivity of a population to climate change
impacts and how different people or groups are more or less
25
vulnerable to those impacts. Those characteristics that most
often influence differential impacts include socioeconomic
status (wealth or poverty), age, gender, special needs, race,
26
and ethnicity. Further, inequalities reflecting differences in
gender, age, wealth, class, ethnicity, health, and disabilities
also influence coping and adaptive capacity, especially to cli27
mate change and climate-sensitive hazards.
The urban elderly are particularly sensitive to heat waves.
They are often physically frail, have limited financial resources,

and live in relative isolation in their apartments. They may
not have adequate cooling (or heating), or may be unable to
temporarily relocate to cooling stations. This combination led
to a significant number of elderly deaths during the 1995 Chi28
cago heat wave. Similarly, the impacts of Hurricane Katrina in
New Orleans illustrated profound differences based on race,
gender, and class where these social inequalities strongly influenced the capacity of residents to prepare for and respond to
29
the events. It is difficult to assess the specific nature of vulnerability for particular groups of people. Urban areas are not
homogeneous in terms of the social structures that influence
inequalities. Also, the nature of the vulnerability is context
specific, with both temporal and geographic determinants,
and these also vary between and within urban areas.

Key Message 4: Trends in Urban Adaptation – Lessons from Current Adopters
City government agencies and organizations have started adaptation plans that focus on
infrastructure systems and public health. To be successful, these adaptation efforts
require cooperative private sector and governmental activities, but institutions
face many barriers to implementing coordinated efforts.
City preparation efforts for climate change include planning
for ways in which the infrastructure systems and buildings,
ecosystem and municipal services, and residents will be affected. In the first large-scale analysis of U.S. cities, a 2011 survey showed that 58% of respondents are moving forward on
climate adaptation (Ch. 28: Adaptation), defined as any activity
to address impacts that climate change could have on a community. Cities are engaged in activities ranging from education
and outreach to assessment, planning, and implementation,
with 48% reporting that they are in the preliminary planning
30
and discussion phases.
30,32

Cities either develop separate strategic adaptation plans
or
integrate adaptation into community or general plans (as have
Seattle, Washington; Portland, Oregon; Berkeley, California;
1
and Homer, Alaska) (Ch. 28: Adaptation). Some climate action
24,33
plans target certain sectors like critical infrastructure,
and
these have been effective in diverse contexts ranging from
hazard mitigation and public-health planning to coastal-zone
management and economic development.
Cities have employed several strategies for managing adaptation efforts. For example, some approaches to climate adaptation planning require both intra- and inter-governmental
agency and department coordination (“New York City Climate
Action”) (Ch. 28: Adaptation). As a result, many cities focus on

sharing information and examining what aspects of government operations will be affected by climate change impacts
in order to gain support from municipal agency stakeholders
34
and other local officials. Some cities also have shared climate
change action experiences, both within the United States and
internationally, as is the case with ongoing communication between decision-makers in New York City and London, England.
National, state, and local policies play an important role in
fostering and sustaining adaptation. There are no national
regulations specifically designed to promote urban adaptation.
However, existing federal policies, like the National Historic
Preservation Act and National Environmental Policy Act – particularly through its impact assessment provision and evaluation criteria process – can provide incentives for adaptation
1,35
strategies for managing federal property in urban areas.
In addition, recent activities of federal agencies focused on
promoting adaptation and resilience have been developed in
36
partnership with cities like Miami and New York. Policies and
planning measures at the local level, such as building codes,
zoning regulations, land-use plans, water supply management,
green infrastructure initiatives, health care planning, and di1,2,37
saster mitigation efforts, can support adaptation.
Engaging the public in adaptation planning and implementation has helped to inform and educate the community at large
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New York City and Sea Level Rise

planning process (Ch. 26: Decision
43
Support; Ch. 28: Adaptation). This
means that climate projections and
impact assessment data must be
available, but most U.S. cities are unable to access suitable data or per36
form desired analyses. To address
technical aspects of adaptation,
cities are promoting cooperation
with local experts, such as the New
York City Panel on Climate Change,
which brings together experts from
academia and the public and private
sectors to consider how the region’s
critical infrastructure will be affected by, and can be protected from,
10,44
future climate change.
A further
illustration comes from Chicago,
where multi-departmental groups
are focusing on specific areas identified in Chicago’s Climate Action
45
Plan.

Private sector involvement can be
influential in promoting city-level
adaptation (Ch. 28: Adaptation).
Many utilities, for example, have asset management programs that address risk and vulnerabilities, which
could also serve to address climate
change. Yet to date there are limited
Figure 11.3. Map shows areas in New York’s five boroughs that are projected to face
examples of private sector interests
increased flooding over the next 70 years, assuming an increased rate of sea level rise
working cooperatively with governfrom the past century’s average. As sea level rises, storm surges reach farther inland.
Map does not represent precise flood boundaries, but illustrates projected increases in
ments to limit risk. Instances where
areas flooded under various sea level rise scenarios. (Figure source: New York City Panel
cooperation has taken place include
31
1,46
on Climate Change 2013 ).
property insurance companies
and engineering firms that provide
consulting services to cities. For
about climate change, while ensuring that information and example, firms providing infrastructure system plans have
38
ideas flow back to policymakers. Engagement can also help in begun to account for projected changes in precipitation in
39
47
identifying vulnerable populations and in mobilizing people their projects. With city and regional infrastructure systems,
to encourage policy changes and take individual actions to recent attention has focused on the potential role of private
40
reduce and adapt to climate change. For instance, the Cam- sector-generated smart technologies to improve early warning
bridge Climate Emergency Congress selected a demographical- of extreme precipitation and heat waves, as well as establishly diverse group of resident delegates and engaged them in a ing information systems that can inform local decision-makers
46,48
deliberative process intended to express preferences and gen- about the status and efficiency of infrastructure.
41
erate recommendations to inform climate action. In addition,
the Boston Climate Action Leadership Committee was initiated Uncertainty, in both the climate system and modeling techby the Mayor’s office with the expectation that they would rely niques, is often viewed as a barrier to adaptation action (Ch.
49
on public consultation to develop recommendations for updat- 28: Adaptation). Urban and infrastructure managers, how42
ing the city’s climate action plan.
ever, recognize that understanding of sources and magnitude
39
of future uncertainty will continue to be refined, and that an
There are many barriers to action at the city level. Proactive incremental and flexible approach to planning that draws on
44,46,50
adaptation efforts require that anticipated climate changes both structural and nonstructural measures is prudent.
and impacts are evaluated and addressed in the course of the Gaining the commitment and support of local elected officials
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Advancing

for adaptation planning and implementation is another impor30
tant challenge. A compounding problem is that cities and city
administrators face a wide range of other stressors demanding their attention, and have limited financial resources (see
46
“Advancing Climate Adaptation in a Metropolitan Region”).

climate adaptation in a
metropolitan region
Coordinating efforts across many jurisdictional boundaries is a major challenge for adaptation planning and
practice in extended metropolitan regions and associated regional systems (Ch. 28: Adaptation). Regional
government institutions may be well suited to address
this challenge, as they cover a larger geographic scope
than individual cities, and have potential to coordinate
1
the efforts of multiple jurisdictions. California already
requires metropolitan planning organizations to prepare
Sustainable Communities Strategies (SCS) as part of the
51
Regional Transportation Plan process. While its focus is
on reducing emissions, SCS plans prepared to date have
also introduced topics related to climate change impacts
52
and adaptation. Examples of climate change vulnerabilities that could benefit from a regional perspective
include water shortages, transportation infrastructure
maintenance, loss of native plant and animal species,
and energy demand.

Integrating climate change action in everyday city and infrastructure operations and governance (referred to as “mainstreaming”) is an important planning and implementation tool
44,46
for advancing adaptation in cities (Ch. 28: Adaptation).
By
integrating climate change considerations into daily operations, these efforts can forestall the need to develop a new and
39
isolated set of climate change-specific policies or procedures.
This strategy enables cities and other government agencies
to take advantage of existing funding sources and programs,
and achieve co-benefits in areas such as sustainability, public
health, economic development, disaster preparedness, and
environmental justice. Pursuing low-cost, no-regrets options is
39,46
a particularly attractive short-term strategy for many cities.
Over the long term, responses to severe climate change impacts, such as sea level rise and greater frequency and intensity of other climate-related hazards, are of a scale and complexity that will likely require major expenditures and structural
1,46
changes, especially in urban areas. When major infrastructure decisions must be made in order to protect human lives
and urban assets, cities need access to the best available science, decision support tools, funding, and guidance. The Federal Government is seen by local officials to have an important

New

role here by providing adaptation leadership and financial and
technical resources, and by conducting and disseminating re36,39,46
search (Ch. 28: Adaptation).

york city climate action

New York City leaders recognized that climate change represents a serious threat to critical infrastructure and respond1,2
ed with a comprehensive program to address climate change impacts and increase resilience. The 2010 “Climate
Change Adaptation in New York City: Building a Risk Management Response” report was prepared by the New York City
10
Panel on Climate Change as a part of the city’s long-term sustainability plan. Major components of the process and
program include:

•

establishing multiple participatory processes to obtain broad public input, including a Climate Change Adapta46
tion Task Force that included private and public stakeholders;

•

forming an expert technical advisory body, the New York City Panel on Climate Change (NPCC), to support the
Task Force;

•

developing a Climate Change Assessment and Action Plan that helps improve responses to present-day climate
variability as well as projected future conditions;

•

defining “Climate Protection Levels” to address the effectiveness of current regulations and design standards to
respond to climate change impacts; and

•

producing adaptation assessment guidelines that recognize the need for flexibility to reassess and adjust strategies over time. The guidelines include a risk matrix and prioritization framework intended to become integral
parts of ongoing risk management and agency operations.
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SUPPLEMENTAL MATERIAL
TRACEABLE ACCOUNTS

Process for Developing Key Messages
In developing key messages, the report author team engaged in
multiple technical discussions via teleconference. A consensus
process was used to determine the final set of key messages,
which are supported by extensive evidence documented in two
Technical Report Inputs to the National Climate Assessment on urban systems, infrastructure, and vulnerability: 1) Climate Change
and Infrastructure, Urban Systems, and Vulnerabilities: Technical
Report for the U.S. Department of Energy in Support of the National Climate Assessment,2 and 2) U.S. Cities and Climate Change:
1
Urban, Infrastructure, and Vulnerability Issues. Other Technical Input reports (56) on a wide range of topics were also received and
reviewed as part of the Federal Register Notice solicitation for
public input.

Assessment of confidence based on evidence
Given the evidence base and remaining uncertainties, confidence
is very high that climate change and its impacts threaten the wellbeing of urban residents in all regions of the U.S.
Given the evidence base and remaining uncertainties, confidence
is very high that essential local and regional infrastructure systems such as water, energy supply, and transportation will increasingly be compromised by interrelated climate change impacts.

Confidence Level
Very High
Strong evidence (established
theory, multiple sources, consistent results, well documented
and accepted methods, etc.),
high consensus

K ey message 1 Traceable Account
Climate change and its impacts threaten the wellbeing of urban residents in all U.S. regions. Essential infrastructure systems such as water, energy
supply, and transportation will increasingly be compromised by interrelated climate change impacts.
The nation’s economy, security, and culture all depend on the resilience of urban infrastructure systems.

High
Moderate evidence (several
sources, some consistency,
methods vary and/or documentation limited, etc.), medium
consensus

Medium
Suggestive evidence (a few
sources, limited consistency,
models incomplete, methods
emerging, etc.), competing
schools of thought

Description of evidence base
Recent studies have reported that population and economic growth have made urban infrastructure more fragile and de1,2
ficient, with work projecting increased stresses due to climate
4
change and increased costs of adaptation plans due to more ex6
tensive urban development. Additionally, a few publications have
8,9
assessed the main drivers of vulnerability and the effects of the
amalgamation of climate change stresses with other urban and in1
frastructure stressors.
New information and remaining uncertainties
Given that population trends and infrastructure assessments are
well established and documented, the largest uncertainties are
associated with the rate and extent of potential climate change.
53

Since the 2009 National Climate Assessment, recent publications have explored the driving factors of vulnerability in ur8,9
ban systems and the effects of the combined effect of climate
1
change and existing urban stressors.

Low
Inconclusive evidence (limited sources, extrapolations,
inconsistent findings, poor documentation and/or methods not
tested, etc.), disagreement or
lack of opinions among experts

K ey message 2 Traceable Account
In urban settings, climate-related disruptions of
services in one infrastructure system will almost
always result in disruptions in one or more other
infrastructure systems.
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Traceable Accounts
Description of evidence base
The interconnections among urban systems and infrastructures
19
have been noted in the past, with recent work expanding on
this principle to assess the risks this interconnectivity poses. One
15
study explored the misconception of independent systems, and
stressed instead the interactive and interdependent nature of systems. The effects of climate change on one system ultimately af12
fect systems that are dependent upon it. One of the foundational
Technical Input Reports examined the economic effects from cli2
mate change and how they will affect urban areas. Noted examples of this interconnectivity can be found in a number of publi14
cations concerning Hurricane Katrina, intense weather in New
16,17
York City,
and the vulnerability of U.S. oil refineries and elec2,13
tric power plants.
New information and remaining uncertainties
Recent work has delved deeper into the interconnectivity of urban
2,12
systems and infrastructure,
and has expressed the importance
of understanding these interactions when adapting to climate
change.
The extensive number of infrastructure assessments has resulted
in system interdependencies and cascade effects being well
documented. Therefore, the most significant uncertainties are
associated with the rate and extent of potential climate change.
Assessment of confidence based on evidence
Given the evidence base and remaining uncertainties, confidence
is very high that in urban settings, climate-related disruptions of
services in one infrastructure system will almost always result in
disruptions in one or more other infrastructure systems.

K ey message 3 Traceable Account
Climate vulnerability and adaptive capacity of
urban residents and communities are influenced
by pronounced social inequalities that reflect age,
ethnicity, gender, income, health, and (dis)ability
differences.
Description of evidence base
22,23,24
The topic of social vulnerability has been extensively studied,
with some work detailing the social characteristics that are
26
the most influential. More recent work has addressed the
25
vulnerability of populations to climate change and how social
27
inequalities influence capacity to adapt to climate change. Some
empirical studies of U.S. urban areas were explored concerning
9
these issues.
New information and remaining uncertainties
Given that population trends and socioeconomic factors associated
with vulnerability and adaptive capacity are well established and
documented, the largest uncertainties are associated with the rate
and extent of potential climate change.

Recent work has addressed the social vulnerabilities to climate
23,25
change at a more detailed level than in the past,
providing
information on the constraints that social vulnerabilities can have
on climate change adaptation.
Assessment of confidence based on evidence
Given the evidence base and remaining uncertainties, confidence
is very high that the climate vulnerability and adaptive capacity of
urban residents and communities are influenced by pronounced
social inequalities that reflect age, ethnicity, gender, income,
health, and (dis)ability differences.

K ey message 4 Traceable Account
City government agencies and organizations have
started adaptation plans that focus on infrastructure systems and public health. To be successful,
these adaptation efforts require cooperative private sector and governmental activities, but institutions face many barriers to implementing coordinated efforts.
Description of evidence base
Urban adaptation is already underway with a number of cities
30,32,33
30
developing plans at the city
and state levels, with some
1
integrating adaptation into community plans and sharing
34
information and assessing potential impacts. Some recent
publications have explored how incentives and administrative and
financial support can benefit climate adaptation through policy
1,2,37
38,39,40
planning at the local level
and by engaging the public.
Barriers exist that can hinder the adaptation process, which
has been demonstrated through publications assessing the
30,36
availability of scientific data
that is integral to the evaluation
43
and planning process, uncertainty in the climate system and
49
modeling techniques, and the challenges of gaining support and
30,46
commitment from local officials.
New information and remaining uncertainties
Besides uncertainties associated with the rate and extent of
potential climate change, uncertainties emerge from the fact that,
to date, there have been few extended case studies examining
how U.S. cities are responding to climate change (<10 studies).
Furthermore, only one large-scale survey of U.S. cites has been
conducted for which results have been published and widely
30
available.
Assessment of confidence based on evidence
Given the evidence base and remaining uncertainties, confidence
is very high that city government agencies and organizations have
started urban adaptation efforts that focus on infrastructure
systems and public health.
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12

INDIGENOUS PEOPLES,
LAND, AND RESOURCES

Key Messages
1. Observed and future impacts from climate change threaten Native Peoples’ access to traditional
foods such as fish, game, and wild and cultivated crops, which have provided sustenance as well
as cultural, economic, medicinal, and community health for generations.
2. A significant decrease in water quality and quantity due to a variety of factors, including 		
climate change, is affecting drinking water, food, and cultures. Native communities’ 		
vulnerabilities and limited capacity to adapt to water-related challenges are exacerbated by
historical and contemporary government policies and poor socioeconomic conditions.
3. Declining sea ice in Alaska is causing significant impacts to Native communities, including
increasingly risky travel and hunting conditions, damage and loss to settlements, food insecurity,
and socioeconomic and health impacts from loss of cultures, traditional knowledge, and 		
homelands.
4. Alaska Native communities are increasingly exposed to health and livelihood hazards from
increasing temperatures and thawing permafrost, which are damaging critical infrastructure,
adding to other stressors on traditional lifestyles.
5. Climate change related impacts are forcing relocation of tribal and indigenous communities,
especially in coastal locations. These relocations, and the lack of governance mechanisms or
funding to support them, are causing loss of community and culture, health impacts, and 		
economic decline, further exacerbating tribal impoverishment.

We humbly ask permission from all our relatives; our elders, our families, our children, the winged and the insects,
the four-legged, the swimmers, and all the plant and animal nations, to speak. Our Mother has cried out to us.
She is in pain. We are called to answer her cries. Msit No’Kmaq – All my relations!
— Indigenous Prayer

The peoples, lands, and resources of indigenous communities
in the United States, including Alaska and the Pacific Rim, face
an array of climate change impacts and vulnerabilities that
threaten many Native communities. The consequences of observed and projected climate change have and will undermine
indigenous ways of life that have persisted for thousands of
years. Key vulnerabilities include the loss of traditional knowledge in the face of rapidly changing ecological conditions,
increased food insecurity due to reduced availability of traditional foods, changing water availability, Arctic sea ice loss,
1,2,3,4
permafrost thaw, and relocation from historic homelands.
Climate change impacts on many of the 566 federally recognized tribes and other tribal and indigenous groups in the U.S.
are projected to be especially severe, since these impacts are
compounded by a number of persistent social and economic

6,7

problems. The adaptive responses to multiple social and
ecological challenges arising from climate impacts on indigenous communities will occur against a complex backdrop of
centuries-old cultures already stressed by historical events and
8
contemporary conditions. Individual tribal responses will be
grounded in the particular cultural and environmental heritage of each community, their social and geographical history,
spiritual values, traditional ecological knowledge, and worldview. Furthermore, these responses will be informed by each
group’s distinct political and legal status, which includes the
legacy of more than two centuries of non-Native social and
governmental institutional arrangements, relationships, policies, and practices. Response options will be informed by the
often limited economic resources available to meet these challenges, as well as these cultures’ deeply ingrained relationships
9,10,11,12
with the natural world.
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The history and culture of many tribes and indigenous peoples
are critical to understand before assessing additional climate
change impacts. Most U.S. Native populations already face
adverse socioeconomic factors such as extreme poverty; substandard and inadequate housing; a lack of health and community services, food, infrastructure, transportation, and
education; low employment; and high fuel costs; as well as
historical and current institutional and policy issues related
7,11,12,13
to Native resources.
The overwhelming driver of these
adverse social indicators is pervasive poverty on reservations
and in Native communities, as illustrated by an overall 28.4%
poverty rate (36% for families with children) on reservations,
13
compared with 15.3% nationally. Some reservations are far
worse off, with more than 60% poverty rates and, in some
cases, extremely low income levels (for example, Pine Ridge
Reservation has the lowest per capita income in the U.S. at
14
$1,535 per year).
These poverty levels result in problems such as: a critical housing shortage of well over two hundred thousand safe, healthy,
15
and affordable homes; a homeless rate of more than 10% on
16
reservations; a lack of electricity (more than 14% of reservation homes are without power, ten times the national average, and, on the Navajo Reservation, about 40% of homes
17
have no electricity ); lack of running water in one-fifth of all

reservation homes and for about one-third of people on the
Navajo Reservation (compared with 1% of U.S. national house18,19,20
holds);
and an almost complete lack of modern telecommunications – fewer than 50% of homes have phone service,
fewer than 10% of residents have Internet access, and many
21
reservations have no cell phone reception. In addition, Native
populations are also vulnerable because their physical, mental,
intellectual, social, and cultural well-being is traditionally tied
to a close relationship with the natural world, and because of
their dependence on the land and resources for basic needs
22,23
such as medicine, shelter, and food.
Climate changes will
exacerbate many existing barriers to providing for these human needs, and in many cases will make adaptive responses
more difficult.
Of the 5.2 million American Indians and Alaska Natives registered in the U.S. Census, approximately 1.1 million live on
or near reservations or Native lands, located mostly in the
Northwest, Southwest, Great Plains, and Alaska. Tribal lands
include approximately 56 million acres (about 3% of U.S. lands)
in the 48 contiguous states and 44 million acres (about 42% of
5
Alaska’s land base) held by Alaska Native corporations. Most
reservations are small and often remote or isolated, with a few
larger exceptions such as the Navajo Reservation in Arizona,
5
Utah, and New Mexico, which has 175,000 residents.

Indigenous Populations Extend beyond Reservation Lands

Figure 12.1. Census data show that American Indian and Alaska Native populations are concentrated around, but are not limited
to, reservation lands like the Hopi and Navajo in Arizona and New Mexico, the Choctaw, Chickasaw, and Cherokee in Oklahoma,
and various Sioux tribes in the Dakotas and Montana. Not depicted in this graphic is the proportion of Native Americans who live
off-reservation and in and around urban centers (such as Chicago, Minneapolis, Denver, Albuquerque, and Los Angeles) yet still
5
maintain strong family ties to their tribes, tribal lands, and cultural resources. (Figure source: Norriset al. 2012 ).
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House being built on Pine Ridge Reservation

Many Tribes, Many Climate
Change Initiatives

Figure 12.2. From developing biomass energy projects on the Quinault Indian Nation in Washington and tribal and intertribal wind
24
projects in the Great Plains, to energy efficiency improvement efforts on the Cherokee Indian Reservation in North Carolina and
25
the sustainable community designs being pursued on the Lakota reservations in the Dakotas (see also Ch. 19: Great Plains),
tribes are investigating ways to reduce future climate changes. The map shows only those initiatives by federally recognized tribes
26
that are funded through the Department of Energy. (Figure source: U.S. Department of Energy 2011 ).
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Native American, Alaska Native, and other indigenous communities across the U.S. share unique historical and cultural
relationships with tribal or ancestral lands, significantly shap11
ing their identities and adaptive opportunities. Some climate
change adaptation opportunities exist on Native lands, and
traditional knowledge can enhance adaptation and sustainability strategies. In many cases, however, adaptation options
are limited by poverty, lack of resources, or – for some Native
communities, such as those along the northern coast of Alaska

constrained by public lands or on certain low-lying Pacific Islands – because there may be no land left to call their own.
Conversely, for these same reasons, Native communities – especially in the Arctic – are also increasingly working to identify
new economic opportunities associated with climate change
and development activities (for example, oil and gas, mining,
shipping, and tourism) and to optimize employment opportu1,27,28
nities.

Climate Change and Traditional Knowledge
Indigenous traditional knowledge has emerged in national and
international arenas as a source of rich information for indigenous and non-indigenous climate assessments, policies, and
adaptation strategies. Working Group II of the Intergovernmental Panel on Climate Change Fourth Assessment Report
recognized traditional knowledge as an important information
source for improving the understanding of climate change and
other changes over time, and for developing comprehensive
natural resource management and climate adaptation strate29
gies.
Traditional knowledge is essential to the economic and
cultural survival of indigenous peoples, and, arguably, cultures
30,31
throughout the world.
Traditional knowledge has been
defined as “a cumulative body of knowledge, practice, and
belief, evolving by adaptive processes and handed down
through generations by cultural transmission, about the
relationship of living beings (including humans) with one
1,12,32
another and with their environment.”
From an indigenous
perspective, traditional knowledge encompasses all that is
known about the world around us and how to apply that
12,33
knowledge in relation to those beings that share the world.
As the elders of these communities – the “knowledge keepers”
– pass away, the continued existence and viability of traditional
knowledge is threatened. Programs are needed to help
preserve the diverse traditional teachings and employ them to
strive for balance among the physical, the spiritual, emotional,
and intellectual – all things that encompass “wolakota,”
34
meaning to be a complete human being.
Many, if not all, indigenous resource managers believe their
cultures already possess sufficient knowledge to respond to
30,35
climate variation and change.
However, there are elements
of traditional knowledge that are increasingly vulnerable with
4
changing climatic conditions, including cultural identities,
36
ceremonies, and traditional ways of life. The use of indigenous
and traditional knowledge to address climate change issues
in Indian country has been called “indigenuity” – indigenous
33
knowledge plus ingenuity.

than resources. Language, ceremonies, cultures, practices, and
food sources evolved in concert with the inhabitants, human
1,33
and non-human, of specific homelands. The wisdom and
knowledge of Native people resides in songs, dances, art,
language, and music that reflect these places. By regarding
all things as relatives, not resources, natural laws dictate that
people care for their relatives in responsible ways. “When you
say, ‘my mother is in pain,’ it’s very different from saying ‘the
38,39
earth is experiencing climate change.’”
As climate change
increasingly threatens these Native places, cultural identities,
and practices, documenting the impacts on traditional lifestyles
would strengthen adaptive strategies.
Traditional knowledge has developed tangible and reliable
methods for recording historic weather and climate variability
40
and their impacts on native societies. For example, tribal
community historians (winter count keepers) on the northern
Great Plains recorded pictographs on buffalo hides to
remember the sequence of events that marked each year,
dating back to the 1600s. These once-reliable methods are
becoming increasingly more difficult to maintain and less
41
reliable as time passes.
There are recent examples, however, where traditional
knowledge and western-based approaches are used together
to address climate change and related impacts. For example,
the Alaska Native Tribal Health Consortium chronicles climate
change impacts on the landscape and on human health
1
and also develops adaptation strategies. This Consortium
employs western science, traditional ecological knowledge,
and a vast network of “Local Environmental Observers” to
develop comprehensive, community-scaled climate change
42
health assessments. During a recent drought on the Navajo
Reservation, traditional knowledge and western approaches
were also applied together, as researchers worked with Navajo
elders to observe meteorological and hydrological changes and
other phenomena in an effort to assess and reduce disaster
43
risks.

Native cultures are directly tied to Native places and homelands,
reflecting the indigenous perspective that includes the “power
6,36,37
of place.”
Many indigenous peoples regard all people,
plants, and animals that share our world as relatives rather
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Key Message 1: Forests, Fires, and Food
Observed and future impacts from climate change threaten Native Peoples’ access to
traditional foods such as fish, game, and wild and cultivated crops, which have provided
sustenance as well as cultural, economic, medicinal, and community health for generations.
Climate change impacts on forests and ecosystems are expected to have direct effects on culturally important plant and
animal species, which will affect tribal sovereignty, culture,
2,4
and economies. Warmer temperatures and more frequent
drought are expected to cause dieback and tree loss of several
tree and plant species (such as birch, brown ash, and sweet
grass) important for Native artistic, cultural, and economic
22
purposes, including tourism. Tribal access to valued resources
is threatened by climate change impacts causing habitat degradation, forest conversion, and extreme changes in ecosystem
44
processes.

©Phil Schermeister/Corbis

Observed impacts from both the causes and consequences of
climate change, and added stressors such as extractive industry practices on or near Native lands, include species loss and
1,45,46,47
shifts in species range.
There have also been observed
changes in the distribution and population density of wildlife
species, contraction or expansion of some plant species’ range,
and the northward migration of some temperate forest spe4,48
cies. For example, moose populations in Maine and similar
locations are expected to decline because of loss of preferred
habitat and increased winter temperatures, which are enabling
ticks to survive through the winter and causing damage from
22
significant infestation of the moose.

Harvesting traditional foods is important to Native Peoples’ culture,
health, and economic well being. In the Great Lakes region, wild
rice is unable to grow in its traditional range due to warming winters
and changing water levels.

Loss of biodiversity, changes in ranges and abundance of culturally important native plants and animals, increases in invasive species, bark beetle damage to forests, and increased risk
of forest fires have been observed in the Southwest, across
much of the West, and in Alaska (see also Appendix 3: Climate
Science Supplement, Figure 31; Ch. 7: Forests; Ch. 8: Ecosys4,30,48,49
tems).
Changes in ocean temperature and acidity affect
distribution and abundance of important food sources, like fish
and shellfish (Ch. 2: Our Changing Climate; Ch. 24: Oceans).
Rising temperatures and hotter, drier summers are projected
to increase the frequency and intensity of large wildfires (see
44
Ch. 7: Forests). Warmer, drier, and longer fire seasons and
increased forest fuel load will lead to insect outbreaks and the
spread of invasive species, dry grasses, and other fuel sources
(see Ch. 7: Forests). Wildfire threatens Native and tribal homes,
safety, economies, culturally important species, medicinal
plants, traditional foods, and cultural sites. “Fire affects the
plants, which affect the water, which affects the fish, which affect terrestrial plants and animals, all of which the Karuk rely on
50
for cultural perpetuity.”
In interior Alaska, rural Native communities are experiencing
new risks associated with climate change related wildfires in
1,51
boreal forests and Arctic tundra (see also Ch. 22: Alaska).
Reliance on local, wild foods and the isolated nature of these
communities, coupled with their varied preparedness and limited ability to deal with wildfires, leaves many communities at
an increased risk of devastation brought on by fires. While efforts are being made to better coordinate rural responses to
wildfires in Alaska, current responses are limited by organiza48
tion and geographic isolation.
Indigenous peoples have historically depended on the gathering and preparation of a wide variety of local plant and animal
species for food (frequently referred to as traditional foods),
medicines, ceremonies, community cohesion, and economic
2,52
health for countless generations. These include corn, beans,
squash, seals, fish, shellfish, bison, bear, caribou, walrus,
moose, deer, wild rice, cottonwood trees, and a multitude of
2,45,47,49,52,53,54,55,56,57
native flora and fauna.
A changing climate
affects the availability, tribal access to, and health of these
1,2,4,47,57,58,59,60
resources.
This in turn threatens tribal customs,
cultures, and identity.
Medicinal and food plants are becoming increasingly difficult
2,56
to find or are no longer found in historical ranges. For example, climate change and other environmental stressors are
affecting the range, quality, and quantity of berry resources
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2,61

Subsequent shifts from traditional lifestyles and diet, compounded by persistent poverty, food insecurity, the cost of
non-traditional foods, and poor housing conditions have led to
increasing health problems in communities, also increasing the
1,2,16
risk to food and resource security.
Climate change is likely
to amplify other indirect effects to traditional foods and resources, including limited access to gathering places and hunt4,57,59
ing grounds and environmental pollution.

©David McLain/Aurora Photos

for the Wabanaki tribes in the Northeast. The Karuk people
in California have experienced a near elimination of both salmonids and acorns, which comprise 50% of a traditional Karuk
62
diet. In the Great Lakes region, wild rice is unable to grow in
its traditional range due to warming winters and changing water levels, affecting the Anishinaabe peoples’ culture, health,
54
and well-being.

Human-caused stresses such as dam building have greatly reduced
salmon on the Klamath River.

Key Message 2: Water Quality and Quantity
A significant decrease in water quality and quantity due to a variety of factors, including
climate change, is affecting drinking water, food, and cultures. Native communities’
vulnerabilities and limited capacity to adapt to water-related challenges are exacerbated by
historical and contemporary government policies and poor socioeconomic conditions.
important plants and animals, and impacts on drinking water
63,64,65,66
supplies.
In the Northwest, tribal treaty rights to traditional territories and resources are being affected by the reduction of rainfall and snowmelt in the mountains, melting gla52,58,67
ciers, rising temperatures, and shifts in ocean currents.
In Hawai‘i, Native peoples have observed a shortening of the
rainy season, increasing intensity of storms and flooding, and
38
a rainfall pattern that has become unpredictable. In Alaska,
water availability, quality, and quantity are threatened by the
consequences of permafrost thaw, which has damaged community water infrastructure, as well as by the northward extension of diseases such as those caused by the Giardia parasite,
a result of disease-carriers like beavers moving northward in
68
response to rising temperatures. The impact
of historical federal policies, such as the late
1800s allotment policy and practices regarding
69
Native access to treaty-protected resources,
reverberate in current practices, such as states
and the government permitting oil drilling and
hydraulic fracturing on lands in and around
reservations but outside of tribal jurisdiction
(for example, a 2013 pipeline spill upstream of
tribal reservations in Western North Dakota,
and others). Such policies and practices exacerbate the threat to water quality and quantity
for Native communities.
©Ted Wood Photography

Native communities and tribes in different parts of the U.S.
have observed changes in precipitation affecting their water
resources. On the Colorado Plateau, tribes have been experi63,64
encing drought for more than a decade.
Navajo elders have
observed long-term decreases in annual snowfall over the past
century, a transition from wet to dry conditions in the 1940s,
20
and a decline in surface water features. Changes in long-term
average temperature and precipitation have produced changes
in the physical and hydrologic environment, making the Navajo
Nation more susceptible to drought impacts, and some springs
43
and shallow water wells on the Navajo Nation have gone dry.
Southwest tribes have observed damage to their agriculture
and livestock, the loss of springs and medicinal and culturally

Coal plant and fishermen, Navajo Reservation
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pacts on water. There is little available data to
establish baseline climatic conditions on tribal
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lands, and many tribes do not have sufficient ca63
pacity to monitor changing conditions. Without
scientific monitoring, tribal decision-makers lack
the data needed to quantify and evaluate current
conditions and emerging trends in precipitation,
streamflow, and soil moisture, and to plan and
10,64,66
manage resources accordingly.
However,
some existing efforts to document climate impacts on water resources could be replicated in
other regions to assess hydrologic vulnerabili58
ties.
Water infrastructure is in disrepair or lacking on
43,70
some reservations.
Approximately 30% of
people on the Navajo Nation are not served by
municipal systems and must haul water to meet
19,43
their daily needs.
Longer-term impacts of this
lack of control over water access are projected to
19,43
include loss of traditional agricultural crops.
Furthermore, there is an overall lack of financial
resources to support basic water infrastructure
63
on tribal lands. Uncertainty associated with
undefined tribal water rights make it difficult to
determine strategies to deal with water resource
70
issues. Potential impacts to treaty rights and
water resources exist, such as a reduction of
groundwater and drinking water availability and
water quality decline, including impacts from oil
and natural gas extraction and sea level rise-induced saltwater intrusion into coastal freshwater
7
aquifers (see also Ch. 3: Water). New datasets
on climate impacts on water in many locations
throughout Indian Country, such as the need to
quantify available water and aquifer monitoring,
will be important for improved adaptive planning.

Sand Dune Expansion

Figure 12.3. On the Arizona portion of the Navajo Nation, recurring
drought and rising temperatures have accelerated growth and movement
of sand dunes. Map above shows range and movement of Great Falls
Dune Field from 1953 to 2010. Moving and/or growing dunes can threaten
roads, homes, traditional grazing areas, and other tribal assets. (Figure
55
source: Redsteer et al. 2011 ).

Key Message 3: Declining Sea Ice
Declining sea ice in Alaska is causing significant impacts to Native communities, including
increasingly risky travel and hunting conditions, damage and loss to settlements,
food insecurity, and socioeconomic and health impacts from loss of cultures,
traditional knowledge, and homelands.
“…since the late 1970s, communities along the coast of the
northern Bering and Chukchi Seas have noticed substantial
changes in the ocean and the animals that live there. While
we are used to changes from year-to-year in weather, hunting
conditions, ice patterns, and animal populations, the past two
decades have seen clear trends in many environmental factors.
If these trends continue, we can expect major, perhaps irreversible, impacts to our communities….”
– C. Pungowiyi, personal communication

71

Scientists across the Arctic have documented rising regional
temperatures over the past few decades at twice the global
rate, and indigenous Arctic communities have observed these
1
changes in their daily lives. This temperature increase – which
is expected to continue with future climate change – is accompanied by significant reductions in sea ice thickness and
extent, increased permafrost thaw, more extreme weather
and severe storms, and changes in seasonal ice melt/freeze
of lakes and rivers, water temperature, sea level rise, flooding
patterns, erosion, and snowfall timing and type (see also Ch. 2:
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Sea Ice Cover Reaches Record Low

Figure 12.4. In August and September 2012, sea ice covered less of the Arctic Ocean than any time since the beginning of
reliable satellite measurements (1979). The long-term retreat of sea ice has occurred faster than climate models had predicted.
The average minimum extent of sea ice for 1979-2000 was 2.59 million square miles. The image on the left shows Arctic minimum
sea ice extent in 1984, which was about the average minimum extent for 1979-2000. The image on the right shows that the
extent of sea ice had dropped to 1.32 million square miles at the end of summer 2012. Alaska Native coastal communities rely
on sea ice for many reasons, including its role as a buffer against coastal erosion from storms. (Figure source: NASA Earth
77
Observatory 2012 ).

Arctic Marine Food Web

Figure 12.5. Dramatic reductions in Arctic sea ice and changes in its timing and composition
affect the entire food web, including many Inupiaq communities that continue to rely heavily
on subsistence hunting and fishing. (Figure source: NOAA NCDC).
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71,72,73,74,75

Our Changing Climate).
These climate-driven changes in
turn increase the number of serious problems for Alaska Native
populations, which include injury
from extreme or unpredictable
weather and thinning sea ice,
which can trap people far from
home; changing snow and ice
conditions that limit safe hunting,
fishing, or herding practices; malnutrition and food insecurity from
lack of access to subsistence food;
contamination of food and water; increasing economic, mental,
and social problems from loss of
culture and traditional livelihood;
increases in infectious diseases;
and the loss of buildings and infrastructure from permafrost erosion and thawing, resulting in the
relocation of entire communities
1,68,71,75,76
(Ch. 22: Alaska).
Alaska Native Inupiat and Yup’ik
experts and scientists have observed stronger winds than in pre71,75,78
vious decades,
observations
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that are consistent with scientific findings showing changing
Arctic wind patterns, which in turn influence loss of sea ice and
79
shifts in North American and European weather. They also
observe accelerated melting of ice and snow, and movement
of ice and marine mammals far beyond accessible range for
1
Native hunters. Thinning sea ice, earlier ice break-up, increasing temperatures, and changes in precipitation (for example,

in the timing and amount of snow) also cause changes in critical feeding, resting, breeding, and denning habitats for arctic
mammals important as subsistence foods, like polar bears,
1,73,75,80
walrus, and seals.

Key Message 4: Permafrost Thaw
Alaska Native communities are increasingly exposed to health and livelihood hazards from
increasing temperatures and thawing permafrost, which are damaging critical infrastructure,
adding to other stressors on traditional lifestyles.
The increased thawing of permafrost
(permanently frozen soil) along the
coasts and rivers is an especially potent threat to Alaska Native villages
because it causes serious erosion,
flooding, and destruction of homes,
buildings, and roads from differential
settlement, slumping, and/or collapse of underlying base sediments
(see Ch. 2: Our Changing Climate;
81
Ch.22: Alaska, Key Message 3). This
loss of infrastructure is further exacerbated by loss of land-fast sea ice,
1,82,83
sea level rise, and severe storms.
At this time, more than 30 Native villages in Alaska (such as Newtok and
Shishmaref) are either in need of, or
in the process of, relocating their en1,84
tire village.
Serious public health issues arise due
to damaged infrastructure caused
by these multiple erosion threats.
Among them are loss of clean water
for drinking and hygiene, saltwater
intrusion, and sewage contamination
that could cause respiratory and gastrointestinal infections, pneumonia,
1,76,82,85
and skin infections.
In addition, permafrost thaw is causing food
insecurity in Alaska Native communities due to the thawing of ice cellars
or ice houses used for subsistence
food storage. This in turn leads to
food contamination and sickness as
well as dependence upon expensive,
less healthy, non-traditional “store1,85,86
bought” foods.

Thawing Permafrost in Alaska

Figure 12.6. The maps show projected ground temperature at a depth of 3.3 feet assuming
continued increases in emissions (A2 scenario) and assuming a substantial reduction
in emissions (B1 scenario). Blue shades represent areas below freezing at a depth of
3.3 feet and yellow and red shades represent areas above freezing at that depth (see
Ch. 22: Alaska for more details). Many Alaska Natives depend on permafrost for ice
cellars to store frozen food, and replacing these cellars with electricity-driven freezers
is expensive or otherwise infeasible. Permafrost thawing also affects infrastructure like
roads and utility lines. (Figure source: Permafrost Lab, Geophysical Institute, University
of Alaska Fairbanks).
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Key Message 5: Relocation
Climate change related impacts are forcing relocation of tribal and indigenous communities,
especially in coastal locations. These relocations, and the lack of governance mechanisms
or funding to support them, are causing loss of community and culture, health impacts, and
economic decline, further exacerbating tribal impoverishment.

For example, Newtok, a traditional Yup’ik village in Alaska, is
experiencing accelerated rates of erosion caused by the combination of decreased Arctic sea ice, thawing permafrost, and
1,3
extreme weather events (Ch. 22: Alaska). As a result, the
community has lost critical basic necessities and infrastructure. While progress has been made toward relocation, limitations of existing federal and state statutes and regulations
have impeded their efforts, and the absence of legal authority
and a governance structure to facilitate relocation are significant barriers to the relocation of Newtok and other Alaska Na3,88,92
tive villages.
Tribal communities in coastal Louisiana are
experiencing climate change induced rising sea levels, along
with saltwater intrusion, subsidence, and intense erosion and
land loss due to oil and gas extraction, levees, dams, and other
river management techniques, forcing them to either relocate
3,45
or try to find ways to save their land. Tribal communities
in Florida are facing potential displacement due to the risk of
rising sea levels and saltwater intrusion inundating their res93
ervation lands. The Quileute tribe in northern Washington is
responding to increased winter storms and flooding connected
with increased precipitation by relocating some of their village homes and buildings to higher ground within 772 acres of
Olympic National Park that has been transferred to them; the
90,94,95
Hoh tribe is also looking at similar options for relocation.
Native Pacific Island communities, including those in Hawai‘i
and the U.S. affiliated Pacific Islands, are also being forced to
consider relocation plans due to increasing sea level rise and
38,96
storm surges.
While many Native communities are not necessarily being forced to relocate, they are experiencing other
social and cultural forms of displacement. For example, rising
sea levels are expected to damage Native coastal middens
(sites reflecting past human activity such as food preparation)

©Michael Brubaker

Native peoples are no strangers to relocation and its consequences on their communities. Many eastern and southeastern tribal communities were forced to relocate to Canada or
the western Great Lakes in the late 1700s and early 1800s and,
later, to Oklahoma, compelling them to adjust and adapt to
new and unfamiliar landscapes, subsistence resources, and climatic conditions. Forced relocations have continued into more
87
recent times as well. Now, many Native peoples in Alaska and
other parts of the coastal United States, such as the Southeast
and Pacific Northwest, are facing relocation as a consequence
of climate change and additional stressors, such as food insecurity and unsustainable development and extractive practices on or near Native lands; such forms of displacement are
leading to severe livelihood, health, and socio-cultural impacts
1,3,23,38,45,88,89,90,91
on the communities.

Rising temperatures are causing damage in Native villages in Alaska
as sea ice declines and permafrost thaws. Resident of Selawik,
Alaska, and his granddaughter survey a water line sinking into the
thawing permafrost, August 2011.

as well as Wabanaki coastal petroglyphs, leading to loss of cul22
ture and connection to their past for Northeast tribes.
Currently, the U.S. lacks an institutional framework to relocate entire communities. National, state, local, and tribal government agencies lack the legal authority and the technical,
organizational, and financial capacity to implement relocation processes for communities forcibly displaced by climate
3,12
change.
New governance institutions, frameworks, and
funding mechanisms are needed to specifically respond to the
3,88
increasing necessity for climate change induced relocation.
To be effective and culturally appropriate, it is important that
such institutional frameworks recognize the sovereignty of
tribal governments and that any institutional development
stems from significant engagement with tribal representa12
tives.
“In Indigenous cultures, it is understood that ecosystems are
chaotic, complex, organic, in a constant state of flux, and filled
with diversity. No one part of an ecosystem is considered more
important than another part and all parts have synergistic roles
to play. Indigenous communities say that ‘all things are connected’ – the land to the air and water, the earth to the sky, the
plants to the animals, the people to the spirit.”
97

– Patricia Cochran, Inupiat Leader
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SUPPLEMENTAL MATERIAL
TRACEABLE ACCOUNTS

Process for Developing Key Messages:
A central component of the assessment process was participation
by members of the Chapter Author Team in a number of climate
change meetings attended by indigenous peoples and other interested parties, focusing on issues relevant to tribal and indigenous
peoples. These meetings included:
Oklahoma Inter-Tribal Meeting on Climate Variability and Change
held on December 12, 2011, at the National Weather Center, Nor56
man, OK, attended by 73 people.
Indigenous Knowledge and Education (IKE) Hui Climate Change
and Indigenous Cultures forum held in January 2012 in Hawai‘i
38
and attended by 36 people.
Alaska Forum on the Environment held from February 6-10, 2012,
at the Dena’ina Convention Center in Anchorage, Alaska, and attended by about 1400 people with approximately 30 to 60 people
27
per session.
Stories of Change: Coastal Louisiana Tribal Communities’ Experiences of a Transforming Environment, a workshop held from January 22-27, 2012, in Pointe-au-Chien, Louisiana, and attended by
45
47 people.
American Indian Alaska Native Climate Change Working Group
2012 Spring Meeting held from April 23–24, 2012, at the Desert
Diamond Hotel-Casino in Tucson, Arizona, and attended by 80
98
people.
First Stewards Symposium. First Stewards: Coastal Peoples Address Climate Change. National Museum of the American Indian,
30
Washington DC. July 17-20, 2012.
In developing key messages, the Chapter Author Team engaged
in multiple technical discussions via teleconferences from August
2011 to March 2012 as they reviewed more than 200 technical
inputs provided by the public, as well as other published literature and professional judgment. Subsequently, the Chapter Author
Team teleconferenced weekly between March and July 2012 for
expert deliberations of draft key messages by the authors. Each
key message was defended by the entire author team before being

selected for inclusion in the chapter report. These discussions
were supported by targeted consultation with additional experts
by the lead author of each message.

K ey message #1 Traceable Account
Observed and future impacts from climate
change threaten Native Peoples’ access to traditional foods such as fish, game, and wild and cultivated crops, which have provided sustenance as
well as cultural, economic, medicinal, and community health for generations.
Description of evidence base
The key message and supporting chapter text summarize extensive evidence documented in more than 200 technical input reports on a wide range of topics that were received and reviewed
as part of the Federal Register Notice solicitation for public input.
Numerous peer-reviewed publications describe loss of biodiversity, impacts on culturally important native plants and animals,
increases in invasive species, bark beetle damage to forests, and
increased risk of forest fires that have been observed across the
4,7,22,49,52,58
United States.
Climate drivers associated with this key message are also discussed in Ch. 2: Our Changing Climate.
There are also many relevant and recent peer-reviewed publica1,2,4,48,52,58,66
tions
describing the northward migration of the boreal
forest and changes in the distribution and density of wildlife species that have been observed.
Observed impacts on plant and animal species important to
traditional foods, ceremonies, medicinal, cultural and economic
well-being, including species loss and shifts in species range, are
1,2,4,6,7,22,45,46,47,52
well-documented.
New information and remaining uncertainties
A key uncertainty is how indigenous people will adapt to climate
change, given their reliance on local, wild foods and the isolated
nature of some communities, coupled with their varied preparedness and limited ability to deal with wildfires. Increased wildfire
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occurrences may affect tribal homes, safety, economy, culturally
important species, medicinal plants, traditional foods, and cultural sites.
There is uncertainty as to the extent that climate change will affect Native American and Alaska Natives’ access to traditional
foods such as salmon, shellfish, crops, and marine mammals,
which have provided sustenance as well as cultural, economic,
medicinal, and community health for countless generations.
Assessment of confidence based on evidence
Based on the evidence and remaining uncertainties, confidence is
very high that observed and future impacts from climate change,
such as increased frequency and intensity of wildfires, higher temperatures, changes in sea ice, and ecosystem changes, such as
forest loss and habitat damage, are threatening Native American
and Alaska Natives’ access to traditional foods such as salmon,
shellfish, crops, and marine mammals, which have provided sustenance as well as cultural, economic, medicinal, and community
health for countless generations.

Confidence Level
Very High
Strong evidence (established
theory, multiple sources, consistent results, well documented
and accepted methods, etc.),
high consensus

High
Moderate evidence (several
sources, some consistency,
methods vary and/or documentation limited, etc.), medium
consensus

Medium
Suggestive evidence (a few
sources, limited consistency,
models incomplete, methods
emerging, etc.), competing
schools of thought

Low
Inconclusive evidence (limited sources, extrapolations,
inconsistent findings, poor documentation and/or methods not
tested, etc.), disagreement or
lack of opinions among experts

K ey message #2 Traceable Account
A significant decrease in water quality and quantity due to a variety of factors, including climate
change, is affecting drinking water, food, and cultures. Native communities’ vulnerabilities and limited capacity to adapt to water-related challenges
are exacerbated by historical and contemporary
government policies and poor socioeconomic conditions.
Description of evidence base
The key message and supporting chapter text summarizes extensive evidence documented in more than 200 technical input
reports on a wide range of topics that were received and reviewed
as part of the Federal Register Notice solicitation for public input.
There are numerous examples of tribal observations of changes
in precipitation, rainfall patterns, and storm intensity and impacts on surface water features, agriculture, grazing, medicinal
and culturally important plants and animals, and water resourc2,4,6,7,43,52,55,58,63,64,65,66
es.
Examples of ceremonies are included in the Oklahoma Inter-Tribal
Meeting on Climate Variability and Change Meeting Summary Re56
port. Water is used for some ceremonies, so it can be problem52,56,66
atic when there is not enough at the tribe’s disposal.
More
than one tribe at the meeting also expressed how heat has been a
problem during ceremonies because the older citizens cannot go
56
into lodges that lack air conditioning.
New information and remaining uncertainties
There is limited data to establish baseline climatic conditions on
tribal lands, and many tribes do not have sufficient capacity to
10,52,63,66
monitor changing conditions.
Without monitoring, tribal
decision-makers lack the data needed to quantify and evaluate the
current conditions and emerging trends in precipitation, streamflow, and soil moisture, and to plan and manage resources accord10,52,64,66
ingly.
Water infrastructure is in disrepair or lacking on some reserva43,70
tions.
There is an overall lack of financial resources to support
basic water infrastructure on tribal lands, such as is found in the
63
Southwest.
Tribes that rely on water resources to maintain their cultures, religions, and life ways are especially vulnerable to climate change.
Monitoring data is needed to establish baseline climatic conditions
and to monitor changing conditions on tribal lands. Uncertainty
associated with undefined tribal water rights makes it difficult to
70
determine strategies to deal with water resource issues.
Assessment of confidence based on evidence
Based on the evidence and remaining uncertainties, confidence is
very high that decreases in water quality and quantity are affect-

315

CLIMATE CHANGE IMPACTS IN THE UNITED STATES

12: INDIGENOUS PEOPLES, LANDS, AND RESOURCES
Traceable Accounts
ing Native Americans and Alaska Natives’ drinking water supplies,
food, cultures, ceremonies, and traditional ways of life. Based
upon extensive evidence, there is very high confidence that Native communities’ vulnerabilities and lack of capacity to adapt to
climate change are exacerbated by historical and contemporary
federal and state land-use policies and practices, political marginalization, legal issues associated with tribal water rights, water
infrastructure deficiencies, and poor socioeconomic conditions.

erosion; changes in habitat for subsistence foods and species,
with overall impacts on food insecurity and for species neces1
sary for medicines, ceremonies, and other traditions. The effects
of sea ice loss are exacerbated by other climate change driven
impacts such as changes in snow and ice, weather, in-migration
of people, poverty, lack of resources to respond to changes, and
1,2
contamination of subsistence foods.
Additional observations and monitoring are needed to more adequately document ice and weather changes.

K ey message #3 Traceable Account
Declining sea ice in Alaska is causing significant
impacts to Native communities, including increasingly risky travel and hunting conditions, damage
and loss to settlements, food insecurity, and socioeconomic and health impacts from loss of cultures,
traditional knowledge, and homelands.
Description of evidence base
The key message and supporting chapter text summarizes extensive evidence documented in more than 200 technical input
reports on a wide range of topics that were received and reviewed
as part of the Federal Register Notice solicitation for public input.
Evidence that summer sea ice is rapidly declining is based on
satellite data and other observational data and is incontrovertible.
The seasonal pattern of observed loss of Arctic sea ice is generally
consistent with simulations by global climate models, in which the
extent of sea ice decreases more rapidly in summer than in winter
(Ch. 2: Our Changing Climate). Projections by these models indicate that the Arctic Ocean is projected to become virtually ice-free
in summer before mid-century, and models that best match historical trends project a nearly sea ice-free Arctic in summer by the
74
2030s. Extrapolation of the present observed trends suggests
an even earlier ice-free Arctic in summer. (Ch. 2: Our Changing
Climate and Ch. 22: Alaska).
Sea ice loss is altering marine ecosystems; allowing for greater
ship access and new development; increasing Native community
vulnerabilities due to changes in sea ice thickness and extent;
destroying housing, village sanitation and other infrastructure
(including entire villages); and increasing food insecurity due to
lack of access to subsistence food and loss of cultural traditions.
Evidence for all these impacts of sea ice loss is well-documented in field studies, indigenous knowledge, and scientific litera1,2,3,71,73,75,78
ture.
New information and remaining uncertainties
A key uncertainty is how indigenous peoples will be able to maintain historical subsistence ways of life, which include hunting,
fishing, harvesting, and sharing, and sustain the traditional relationship with the environment given the impacts from sea ice
decline and changes. Increased sea ice changes and declines are
already causing increasingly hazardous hunting and traveling conditions along ice edges; damage to homes and infrastructure from

Assessment of confidence based on evidence
Based on the evidence and remaining uncertainties, there is very
high confidence that loss of sea ice is affecting the traditional
life ways of Native communities in a number of important ways,
such as more hazardous travel and hunting conditions along the
ice edge; erosion damage to homes, infrastructure, and sanitation
facilities (including loss of entire villages); changes in ecosystem
habitats and, therefore, impacts on food security; and socioeconomic and health impacts from cultural and homeland losses.

K ey message #4 Traceable Account
Alaska Native communities are increasingly exposed to health and livelihood hazards from increasing temperatures and thawing permafrost,
which are damaging critical infrastructure, adding
to other stressors on traditional lifestyles.
Description of evidence base
The key message and supporting chapter text summarizes extensive evidence documented in more than 200 technical input
reports on a wide range of topics that were received and reviewed
as part of the Federal Register Notice solicitation for public input.
Given the evidence base and uncertainties, confidence is high that
rising temperatures are thawing permafrost and that this thawing
is expected to continue (Ch. 2: Our Changing Climate) Permafrost
temperatures are increasing over Alaska and much of the Arctic.
Regions of discontinuous permafrost (where annual average soil
temperatures of already close to 32°F) are highly vulnerable to
81
thaw (Ch. 2: Our Changing Climate).
There are also many relevant and recent peer-reviewed publica1,3,82,83
tions
describing the impact of permafrost thaw on Alaska
Native villages. Over 30 Native villages in Alaska are in need of
1,84,85
relocation or are in the process of being moved. Recent work
documents public health issues such as contamination of clean
water for drinking and hygiene and food insecurity through thawing of ice cellars for subsistence food storage.
New information and remaining uncertainties
Improved models and observational data (see Ch. 22: Alaska)
confirmed many of the findings from the prior 2009 Alaska as-
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sessment chapter, which informed the 2009 National Climate
99
Assessment.
A key uncertainty is how indigenous peoples in Alaska will be able
to sustain traditional subsistence life ways when their communities and settlements on the historical lands of their ancestors are
collapsing due to permafrost thawing, flooding, and erosion combined with loss of shore-fast ice, sea level rise, and severe storms,
1
especially along the coasts and rivers.
Another uncertainty is how indigenous communities can protect
the health and welfare of the villagers from permafrost-thawcaused public health issues of drinking water contamination, loss
1
of traditional food storage, and potential food contamination.
It is uncertain how Native communities will be able to effectively
relocate and maintain their culture, particularly because there are
no institutional frameworks, legal authorities, or funding to imple1,3,12
ment relocation for communities forced to relocate.
Assessment of confidence based on evidence
Based on the evidence and remaining uncertainties, confidence is
very high that Alaska Native communities are increasingly exposed
to health and livelihood hazards from permafrost thawing and increasing temperatures, which are causing damage to roads, water
supply and sanitation systems, homes, schools, ice cellars, and
ice roads, and threatening traditional lifestyles.

K ey message #5 Traceable Account
Climate change related impacts are forcing relocation of tribal and indigenous communities, especially in coastal locations. These relocations, and
the lack of governance mechanisms or funding to
support them, are causing loss of community and
culture, health impacts, and economic decline, further exacerbating tribal impoverishment.
Description of evidence base
The key message and supporting chapter text summarizes extensive evidence documented in more than 200 technical input
reports on a wide range of topics that were received and reviewed
as part of the Federal Register Notice solicitation for public input.

tense erosion and land loss due to oil and gas extraction and river
management, forcing them to either relocate or try to find ways to
3,45
save their land (see also Ch. 25: Coasts and Ch. 17 Southeast).
Tribal communities in Florida are facing potential displacement
due to the risk of rising sea levels and saltwater intrusion inundat93
ing their reservation lands. The Quileute tribe in northern Washington is relocating some of their village homes and buildings to
Olympic National Park in response to increased winter storms and
flooding connected with increased precipitation; the Hoh tribe is
90,94
also considering similar options.
Native Pacific Island communities are being forced to consider
relocation plans due to increasing sea level rise and storm surges
38
(see also Ch. 23: Hawai‘i and Pacific Islands).
New information and remaining uncertainties
A key uncertainty is the extent to which the combination of other
impacts (for example, erosion caused by dredging for oil pipelines
or second-order effects from adaptation-related development projects) will coincide with sea level rise and other climate-related
issues to increase the rate at which communities will need to re1,3,38
locate.
Another key uncertainty is how communities will be able to effectively relocate, maintain their communities and culture, and
reduce the impoverishment risks that often go along with reloca1,3,38
tion.
The United States lacks an institutional framework to
relocate entire communities, and national, state, local, and tribal
government agencies lack the legal authority and the technical,
organizational, and financial capacity to implement relocation pro3,12
cesses for communities forcibly displaced by climate change.
Assessment of confidence based on evidence
Based on the evidence, there is very high confidence that tribal
communities in Alaska, coastal Louisiana, Pacific Islands, and
other coastal locations are being forced to relocate due to sea level
rise, coastal erosion, melting permafrost, and/or extreme weather
events. There is very high confidence that these relocations and
the lack of governance mechanisms or funding to support them
are causing loss of community and culture, health impacts, and
economic decline, further exacerbating tribal impoverishment.

There is well-documented evidence that tribal communities
are vulnerable to coastal erosion that could force them to relo1,3,23,38,88,89
cate.
For example, tribal communities in Alaska, such
as Newtok, Kivalina, and Shishmaref, are experiencing accelerated rates of erosion caused by the combination of decreased
Arctic sea ice, thawing permafrost, and extreme weather events,
resulting in loss of basic necessities and infrastructure (see also
1,3,88,91
Ch. 22: Alaska).
Tribal communities in coastal Louisiana are experiencing climateinduced rising sea levels, along with saltwater intrusion and in-
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LAND USE

AND LAND COVER CHANGE

Key Messages
1. Choices about land-use and land-cover patterns have affected and will continue to affect how
vulnerable or resilient human communities and ecosystems are to the effects of climate change.
2. Land-use and land-cover changes affect local, regional, and global climate processes.
3. Individuals, businesses, non-profits, and governments have the capacity to make land-use
decisions to adapt to the effects of climate change.
4. Choices about land use and land management may provide a means of reducing atmospheric
greenhouse gas levels.

In addition to emissions of heat-trapping greenhouse gases
from energy, industrial, agricultural, and other activities, humans also affect climate through changes in land use (activities taking place on land, like growing food, cutting trees, or
building cities) and land cover (the physical characteristics of
1
the land surface, including grain crops, trees, or concrete). For
example, cities are warmer than the surrounding countryside
because the greater extent of paved areas in cities affects how
water and energy are exchanged between the land and the atmosphere. This increases the exposure of urban populations to
the effects of extreme heat events. Decisions about land use
and land cover can therefore affect, positively or negatively,
how much our climate will change and what kind of vulnerabilities humans and natural systems will face as a result.

©Ted Wood Photography

The impacts of changes in land use and land cover cut across all
regions and sectors of the National Climate Assessment. Chapters addressing each region discuss land-use and land-cover
topics of particular concern to specific regions. Similarly, chapters addressing sectors examine specific land-use matters. In
particular, land cover and land use are a major focus for sectors
such as agriculture, forests, rural and urban communities, and

Land-use and land-cover changes affect climate processes: Above,
development along Colorado’s Front Range.

Native American lands. By contrast, the key messages of this
chapter are national in scope and synthesize the findings of
other chapters regarding land cover and land use.
Land uses and land covers change over time in response to
2
evolving economic, social, and biophysical conditions. Many
of these changes are set in motion by individual landowners
and land managers and can be quantified from satellite measurements, aerial photographs, on-the-ground observations,
3,4
and reports from landowners and users. Over the past few
decades, the most prominent land changes within the U.S.
have been changes in the amount and kind of forest cover
due to logging practices and development in the Southeast
and Northwest and to urban expansion in the Northeast and
Southwest.
Because humans control land use and, to a large extent, land
cover, individuals, businesses, non-profit organizations, and
governments can make land decisions to adapt to and/or reduce the effects of climate change. Often the same land-use
decision can serve both aims. Adaptation options (those aimed
at coping with the effects of climate change) include varying
the local mix of vegetation and concrete to reduce heat in cities or elevating homes to reduce exposure to sea level rise or
flooding. Land-use and land-cover-related options for mitigating climate change (reducing the speed and amount of climate
change) include expanding forests to accelerate removal of
carbon from the atmosphere, modifying the way cities are built
and organized to reduce energy and motorized transportation
demands, and altering agricultural management practices to
increase carbon storage in soil.
Despite this range of climate change response options, there
are three main reasons why private and public landowners
may choose not to modify land uses and land covers for climate adaptation or mitigation purposes. First, land decisions
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are influenced not only by climate but also by economic, cultural, legal, or other considerations. In many cases, climatebased land-change efforts to adapt to or reduce climate
change meet with resistance because current practices are too
costly to modify and/or too deeply entrenched in local societies and cultures. Second, certain land uses and land covers are
simply difficult to modify, regardless of desire or intent. For instance, the number of homes constructed in floodplains or the
amount of irrigated agriculture can be so deeply rooted that

they are difficult to change, no matter how much those practices might impede our ability to respond to climate change.
Finally, the benefits of land-use decisions made by individual
landowners with specific adaptation or mitigation goals do not
always accrue to those landowners or even to their communities. Therefore, without some institutional intervention (such
as incentives or penalties), the motivations for such decisions
can be weak.

Recent Trends
In terms of land area, the U.S. remains a predominantly rural
country, especially as its population increasingly gravitates
towards urban areas. In 1910, only 46% of the U.S. population lived in urban areas, but by 2010 that figure had climbed
5
to more than 81%. In 2006 (the most recent year for which
these data are available), more than 80% of the land cover in
the lower 48 states was dominated by shrub/scrub vegetation,
6,7
grasslands, forests, and agriculture. Forests and grasslands,
which include acreage used for timber production and grazing,
account for more than half of all U.S. land use by area (Table
13.1), about 63% of which is in private ownership, though their
4
distribution and ownership patterns vary regionally. Agricultural land uses are carried out on 18% of U.S. surface area. Developed or built-up areas covered only about 5% of the country’s land surface, with the greatest concentrations of urban
areas in the Northeast, Midwest, and Southeast. This apparently small percentage of developed area belies its rapid expansion and does not include development that is dispersed in
a mosaic among other land uses (like agriculture and forests).
In particular, low-density housing developments (suburban

and exurban areas), which are not well-represented in commonly used satellite measurements, have rapidly expanded
8,9
throughout the U.S. over the last 60 years or so. Based on
Census data, areas settled at suburban and exurban densities
(1 house per 1 to 40 acres on average) cover more than 15
times the land area settled at urban densities (1 house per acre
or less) and covered five times more land area in 2000 than in
8
1950.
Despite these rapid changes in developed land covers, the vast
size of the country means that total land-cover changes in the
U.S. may appear deceptively modest. Since 1973, satellite data
show that the overall rate of land-cover changes nationally has
averaged about 0.33% per year. Yet this small rate of change
has produced a large cumulative impact. Between 1973 and
2000, 8.6% of the area of the lower 48 states experienced landcover change, an area roughly equivalent to the combined land
1
area of California and Oregon.

U.S. Land-Cover Composition in 2000

Figure 13.1. Map shows regional differences in land cover. These patterns affect climate and will be affected
by climate change. They also influence the vulnerability and resilience of communities to the effects of
climate change (Figure source: USGS Earth Resources Observation and Science (EROS) Center). (See
Table 13.2 for definitions of mechanically and non-mechanically disturbed.)
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These national-level annual rates of land changes mask
considerable geographic variability in the types, rates, and
3
causes of change. Between 1973 and 2000, the Southeast

region had the highest rate of change, due to active forest
timber harvesting and replanting, while the Southwest region had the lowest rate of change.

7

Table 13.1. Circa-2001 land-cover statistics for the National Climate Assessment regions of the United States based on the National Land Cover Dataset,
4
and overall United States land-use statistics—circa 2007.
Land Cover
Class
Agriculture

Land Use
Class (ca
2007)

United
States
(ca
2007)

18.6%

Cropland

18.0%

Grassland,
Pasture,
and Range

27.1%

Forest

29.7%

Northeast

Southeast

Midwest

Great
Plains

Southwest

Northwest

Alaska

Hawaii

United
States

10.9%

23.0%

49.0%

29.7%

5.0%

10.0%

0.0%

4.0%

Grassland,
Shrub/Scrub,
Moss, Lichen

3.4%

7.8%

2.9%

50.5%

65.7%

42.8%

44.9%

33.3%

39.2%

Forest

52.4%

38.7%

23.7%

10.7%

19.9%

37.7%

22.4%

22.0%

23.2%

Barren

0.8%

0.3%

0.2%

0.5%

3.7%

1.5%

7.7%

11.2%

2.6%

Special
b
Use

13.8%

Developed,
Built-Up

9.6%

7.7%

8.0%

4.0%

2.7%

3.0%

0.1%

6.7%

4.0%

Urban

2.7%

Water, Ice,
Snow

14.9%

7.3%

10.4%

1.9%

1.7%

3.2%

18.5%

21.7%

7.4%

Miscc
ellaneous

8.7%

Wetlands

8.0%

15.2%

5.8%

2.7%

0.7%

1.3%

6.4%

0.3%

5.0%

a

a

a

Definitional differences in the way certain categories are defined, such as the special uses distinction in the USDA Economic Research Service land use estimates, make direct comparisons between land use and land cover challenging. For example, forest land use (29.7%) exceeds forest cover (23.2%). Forest use
definitions include lands where trees have been harvested and may be replanted, while forest cover is a measurement of the presence of trees.

b
c

Special uses represent rural transportation, rural parks and wildlife, defense and industrial, plus miscellaneous farm and other special uses.
Miscellaneous uses represent unclassified uses such as marshes, swamps, bare rock, deserts, tundra plus other uses not estimated, classified, or inventoried.

Table 13.2. Percentage change in land-cover type between 1973 and 2000 for the contiguous U.S. National Climate Assessment regions. These figures do
not indicate the total amount of changes that have occurred, for example when increases in forest cover were offset by decreases in forest cover, and when
10
cropland taken out of production was offset by other land being put into agricultural production. Data from USGS Land Cover Trends Project; Sleeter et al. 2013.
Land Cover Type

Northeast

Southeast

Midwest

Great Plains

Southwest

Northwest

Grassland/Shrubland

0.73

0.31

0.59

1.55

-0.28

0.35

Forest

-2.02

-2.51

-0.93

-0.71

-0.49

-2.39

Agriculture

-0.85

-1.62

-1.38

-1.60

-0.37

-0.35

Developed

1.36

2.28

1.34

0.43

0.51

0.51

Mining

0.14

-0.05

0.02

0.07

0.10

0.03

Barren

0.00

-0.01

0.00

0.00

0.00

0.00

Snow/Ice

0.00

0.00

0.00

0.00

0.00

0.00

Water

0.03

0.45

0.08

0.23

0.03

-0.02

Wetland

-0.05

-0.69

-0.05

-0.13

-0.02

0.03

0.66

1.76

0.32

0.11

0.07

0.07

0.00

0.07

0.01

0.06

0.46

1.78

Mechanically Disturbed

a

Non-mechanically Disturbed

b

a

Land in an altered and often un-vegetated state that, because of disturbances by mechanical means, is in transition from one cover type to another. Mechanical
disturbances include forest clear-cutting, earthmoving, scraping, chaining, reservoir drawdown, and other similar human-induced changes.

b

Land in an altered and often un-vegetated state that because of disturbances by non-mechanical means, is in transition from one cover type to another. Nonmechanical disturbances are caused by fire, wind, floods, animals, and other similar phenomena.
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Projections
Future patterns of land use and land cover will interact with climate changes to affect human communities and ecosystems.
At the same time, future climate changes will also affect how
and where humans live and use land for various purposes.
National-scale analyses suggest that the general historical
trends of land-use and land-cover changes (described above)
will continue, with some important regional differences. These
projections all assume continued population growth based
on assumed or statistically modeled rates of birth, death, and
11
migration, which will result in changes in land use and land
cover that are spread unevenly across the country. Urban land
covers are projected to increase in the lower 48 states by 73%
to 98% (to between 10% and 12% of land area versus less than
6% in 1997) by 2050, using low versus high growth assumptions, respectively. The slowest rate of increase is in the Northeast region, because of the high level of existing development
and relatively low rates of population growth, and the highest
rate is in the Northwest. In terms of area, the Northwest has
the smallest projected increase in urban area (approximately
4.2 million acres) and the Southeast the largest (approximately
12
27.5 million acres).

Changes in development density will have an impact on how
population is distributed and affects land use and land cover.
Some of the projected changes in developed areas will depend
on assumptions about changes in household size and how concentrated urban development will be. Higher population density means less land is converted from forests or grasslands,
but results in a greater extent of paved area. Projections based
on estimates of housing-unit density allow the assessment of
impacts of urban land-use growth by density class. Increases
in low-density exurban areas will result in a greater area affected by development and are expected to increase commuting times and infrastructure costs.
The areas projected to experience exurban development will
have less density of impervious surfaces (like asphalt or concrete). While about one-third of exurban areas are covered
13
by impervious surfaces, urban or suburban areas are about
one-half concrete and asphalt. Impervious surfaces have a
wide range of environmental impacts and thus represent a
key means by which developed lands modify the movement of
water, energy, and living things. For example, areas with more
impervious surfaces like parking lots and roads tend to experience more rapid runoff, greater risk of flooding, and higher
temperatures from the urban heat-island effect.
Projections of both landuse and land-cover changes
will depend to some degree
on rates of population and
economic growth. In general, scenarios that assume
continued high growth produce more rapid increases
in developed areas of all
densities and in areas covered by impervious surfaces
(paved areas and buildings)
12,13
by 2050.

Projections of Settlement Densities
(2010-2050)

Figure 13.2. Projected percentages in each housing-unit density category for 2050 compared with
2010, assuming demographic and economic growth consistent with the high-growth emissions
scenario (A2). (Data from U.S. EPA Integrated Climate and Land Use Scenarios).
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Land-use scenarios project
that exurban and suburban
areas will expand nationally by 15% to 20% between
13
2000 and 2050, based on
high- and low-growth scenarios respectively. Land12
cover projections by Wear
show that both cropland
and forest are projected
to decline most relative
to 1997 (by 6% to 7%, respectively, by 2050) under
a scenario of high population and economic growth
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and least (by 4% and 6%,
respectively) under lowergrowth scenarios. More
forest than cropland is
projected to be lost in the
Northeast and Southeast,
whereas more cropland
than forest is projected
to be lost in the Midwest
14
and Great Plains. Some of
these regional differences
are due to the current mix
of land uses, others to the
differential rates of urbanization in these different
regions.

Projected Land Covers (2010-2050)

Figure 13.3. Projected percentages in each land-cover category for 2050 compared with 2010,
assuming demographic and economic growth consistent with the high-growth emissions scenario
(A2) (Data from USDA).

Key Message 1: Effects on Communities and Ecosystems
Choices about land-use and land-cover patterns have affected and will continue
to affect how vulnerable or resilient human communities and ecosystems are
to the effects of climate change.
Decisions about land-use and land-cover change by individual
landowners and land managers are influenced by demographic
and economic trends and social preferences, which unfold at
global, national, regional, and local scales. Policymakers can
directly affect land use and land cover. For example, Congress
can declare an area as federally protected wilderness, or local
officials can set aside portions of a town for industrial development and create tax benefits for companies to build there.
Climate factors typically play a secondary role in land decisions, if they are considered at all. Nonetheless, land-change
decisions may affect the vulnerabilities of individuals, households, communities, businesses, non-profit organizations,
15
and ecosystems to the effects of climate change. A farmer’s
choice of crop rotation in response to price signals affects his
or her farm income’s susceptibility to drought, for example.
Such choices, along with changes in climate can also affect the
farm’s demand for water for irrigation. Similarly, a developer’s
decision to build new homes in a floodplain may affect the new
homeowners’ vulnerabilities to flooding events. A decision to

include culverts underneath a coastal roadway may facilitate
migration of a salt marsh inland as sea level rises.
The combination of residential location choices with wildfire occurrence dramatically illustrates how the interactions
between land use and climate processes can affect climate
change impacts and vulnerabilities. Low-density (suburban
and exurban) housing patterns in the U.S. have expanded and
13
are projected to continue to expand. One result is a rise in the
16
amount of construction in forests and other wildlands that in
turn has increased the exposure of houses, other structures,
and people to damages from wildfires, which are increasing.
The number of buildings lost in the 25 most destructive fires
in California history increased significantly in the 1990s and
17
2000s compared to the previous three decades. These losses
are one example of how changing development patterns can
interact with a changing climate to create dramatic new risks.
In the western United States, increasing frequencies of large
wildfires and longer wildfire durations are strongly associated
with increased spring and summer temperatures and an earlier
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Figure 13.4. Many forested areas in the U.S. have experienced
a recent building boom in what is known as the “wildland-urban
interface.” This figure shows the number of buildings lost from the 25
most destructive wildland-urban interface fires in California history
17
from 1960 to 2007 (Figure source: Stephens et al. 2009 ).

18

spring snowmelt. The effects on property loss of increases in
the frequency and sizes of fires under climate change are also
projected to increase in the coming decades because so many

©Elmer Frederick Fischer/Corbis

Building Loss by Fires at
California Wildland-Urban Interfaces

Construction near forests and wildlands is growing. Here,
wildfire approaches a housing development.

more people will have moved into increasingly fire-prone places (Ch. 2: Our Changing Climate; Ch. 7: Forests).

Key Message 2: Effects on Climate Processes
Land-use and land-cover changes affect local, regional, and global climate processes.
Land use and land cover play critical roles in the interaction
between the land and the atmosphere, influencing climate at
19
local, regional, and global scales. There is growing evidence
that land use, land cover, and land management affect the U.S.
climate in several ways:
•

Air temperature and near-surface moisture are changed
in areas where natural vegetation is converted to agricul20,21
ture.
This effect has been observed in the Great Plains
and the Midwest, where overall dew point temperatures
or the frequency of occurrences of extreme dew point
temperatures have increased due to converting land to
21,22,23
agricultural use.
This effect has also been observed
where the fringes of California’s Central Valley are being
24
converted from natural vegetation to agriculture. Other
areas where uncultivated and conservation lands are being returned to cultivation, for example from restored
grassland into biofuel production, have also experienced
temperature shifts. Regional daily maximum temperatures were lowered due to forest clearing for agriculture
in the Northeast and Midwest, and then increased in the

Northeast following regrowth of forests due to abandon25
ment of agriculture.
•

Conversion of rain-fed cropland to irrigated agriculture
further intensifies the impacts of agricultural conversion
on temperature. For example, irrigation in California has
been found to reduce daily maximum temperatures by up
26
to 9°F. Model comparisons suggest that irrigation cools
temperatures directly over croplands in California’s Central Valley by 5°F to 13°F and increases relative humidity by
27
9% to 20%. Observational data-based studies found simi22,28
lar impacts of irrigated agriculture in the Great Plains.

•

Both observational and modeling studies show that introduction of irrigated agriculture can alter regional precipi29,30
tation.
It has been shown that irrigation in the Ogallala
aquifer portion of the Great Plains can affect precipitation
30
as far away as Indiana and western Kentucky.

•

Urbanization is having significant local impacts on weather
and climate. Land-cover changes associated with urban-

324

CLIMATE CHANGE IMPACTS IN THE UNITED STATES

13: LAND USE AND LAND COVER CHANGE
ization are creating higher air temperatures compared to
31,32
the surrounding rural area.
This is known as the “urban
heat island” effect (see Ch. 9: Human Health). Urban landscapes are also affecting formation of convective storms
and changing the location and amounts of precipitation
32,33
compared to pre-urbanization.
•

be transferred from the atmosphere to the land (or from
the land to the atmosphere) is modified. Even in relatively
un-forested areas, this effect can be significant. A recent
USGS report suggests that from 2001 to 2005 in the Great
Plains between 22 to 106 million metric tons of carbon
were stored in the biosphere due to changes in land use
34
and climate. Even with these seemingly large numbers,
U.S. forests absorb only 7% to 24% (with a best estimate of
16%) of fossil fuel CO2 emissions (see Ch. 15: Biogeochemical Cycles, “Estimating the U.S. Carbon Sink”).

Land-use and land-cover changes are affecting global
atmospheric concentrations of greenhouse gases. The
impact is expected to be most significant in areas with
forest loss or gain, where the amount of carbon that can

Key Message 3: Adapting to Climate Change
Individuals, businesses, non-profits, and governments have the capacity to
make land-use decisions to adapt to the effects of climate change.
Land-use and land-cover patterns may be modified to adapt
to anticipated or observed effects of a changed climate. These
changes may be either encouraged or mandated by government (whether at federal or other levels), or undertaken by
private initiative. In the U.S., even though land-use decisions
are highly decentralized and strongly influenced by Constitutional protection of private property, the Supreme Court has
also defined a role for government input into some land-use
35
decisions. Thus on the one hand farmers may make private
decisions to plant different crops in response to changing
growing conditions and/or market prices. On the other hand,
homeowners may be compelled to respond to policies, zoning,
or regulations (at national, state, county, or municipal levels)
by elevating their houses to reduce flood impacts associated
with more intense rainfall events and/or increased impervious
surfaces.
Land-use and land-cover changes are thus rarely the product
of a single factor. Land-use decision processes are influenced
not only by the biophysical environment, but also by markets,
laws, technology, politics, perceptions, and culture. Yet there
is evidence that climate adaptation considerations are playing
an increasingly large role in land decisions, even in the absence

of a formal federal climate policy. Motivations typically include
avoiding or reducing negative impacts from extreme weather
events (such as storms or heat waves) or from slow-onset hazards (such as sea level rise) (see Ch. 12: Indigenous Peoples).
For example, New Orleans has, through a collection of private and public initiatives, rebuilt some of the neighborhoods
damaged by Hurricane Katrina with housing elevated six feet
or even higher above the ground and with roofs specially de36
signed to facilitate evacuation. San Francisco has produced
a land-use plan to reduce impacts from a rising San Francisco
37
Bay. A similar concern has prompted collective action in four
Miami-area counties and an array of San Diego jurisdictions,
to name just two locales, to shape future land uses to comply
36,38
with regulations linked to sea level rise projections.
Chicago
has produced a plan for limiting the number of casualties, especially among the elderly and homeless, during heat waves
36
(Ch. 9: Human Health). Deeper discussion of the factors
commonly influencing adaptation decisions at household, municipal, state, and federal levels is provided in Chapter 28 (Ch.
28: Adaptation) of this report; Chapters 26 (Ch. 26: Decision
Support) and 27 (Ch. 27: Mitigation) treat the related topics of
Decision Support and Mitigation, respectively.

Key Message 4: Reducing Greenhouse Gas Levels
Choices about land use and land management may provide a means
of reducing atmospheric greenhouse gas levels.
Choices about land use and land management affect the
amount of greenhouse gases entering and leaving the atmosphere and, therefore, provide opportunities to reduce climate
39
change (Ch. 15: Biogeochemical Cycles; Ch. 27: Mitigation).
Such choices can affect the balance of these gases directly,
through decisions to preserve or restore carbon in standing
vegetation (like forests) and soils, and indirectly, in the form of
land-use policies that affect fossil fuel emissions by influencing energy consumption for transportation and in buildings.

Additionally, as crops are increasingly used to make fuel, the
potential for reducing net carbon emissions through replacement of fossil fuels represents a possible land-based carbon
emissions reduction strategy, albeit one that is complicated by
many natural and economic interactions that will determine
the ultimate effect of these strategies on emissions (Ch. 7: Forests; Ch. 6: Agriculture).
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Land-cover change and management accounts for about onethird of all carbon released into the atmosphere by people
globally since 1850. The primary source related to land use
has been the conversion of native vegetation like forests and
grasslands to croplands, which in turn has released carbon
from vegetation and soil into the atmosphere as carbon diox40
ide (CO2). Currently, an estimated 16% of CO2 going into the
atmosphere is due to land-related activities globally, with the
remainder coming from fossil fuel burning and cement manu40
facturing. In the United States, activities related to land use
are effectively balanced with respect to CO2: as much CO2 is
released to the atmosphere by land-use activities as is taken
up by and stored in, for example, vegetation and soil. The regrowth of forests and increases of conservation-related forest
and crop management practices have also increased carbon
storage. Overall, setting aside emissions due to burning fossil fuels, in the U.S. and the rest of North America, land cover
takes up more carbon than it releases. This has happened as
a result of more efficient forest and agricultural management
practices, but it is not clear if this rate of uptake can be increased or if it will persist into the future. The projected declines in forest area (Figure 13.3) put these carbon stores at
risk. Additionally, the rate of carbon uptake on a given acre of
forest can vary with weather, making it potentially sensitive to
41
climate changes.
Opportunities to increase the net uptake of carbon from the at42
mosphere by the land include increasing the amount of area
in ecosystems with high carbon content (by converting farms
to forests or grasslands); increasing the rate of carbon uptake
in existing ecosystems (through fertilization); and reducing carbon loss from existing ecosystems (for example, through no-till
43
farming). Because of these effects, policies specifically aimed
at increasing carbon storage, either directly through mandates
or indirectly through a market for carbon offsets, may be used
44
to encourage more land-based carbon storage.

The following uncertainties deserve further investigation: 1)
the effects of these policies or actions on the balance of other
greenhouse gases, like methane and nitrous oxide; 2) the degree of permanence these carbon stores will have in a changing
climate (especially through the effects of disturbances like fires
45
and plant pests ); 3) the degree to which increases in carbon
storage can be attributed to any specific policy, or whether or
not they may have occurred without any policy change; and 4)
the possibility that increased carbon storage in one location
might be partially offset by releases in another. All of these
specific mitigation options present implementation challenges, as the decisions must be weighed against competing objectives. For example, retiring farmland to sequester carbon may
46
be difficult to achieve if crop prices rise, such as has occurred
in recent years in response to the fast-growing market for biofuels. Agricultural research and development that increases
the productivity of the sector presents the possibility of reducing demand for agricultural land and may serve as a powerful
greenhouse gas mitigation strategy, although the ultimate net
47
effect on greenhouse gas emissions is uncertain.
Land-use decisions in urban areas also present carbon reduction options. Carbon storage in urban areas can reach densities
as high as those found in tropical forests, with most of that
carbon found in soils, but also in vegetation, landfills, and the
48
structures and contents of buildings. Urban and suburban
areas tend to be net sources of carbon to the atmosphere,
49
whereas exurban and rural areas tend to be net sinks. Effects of urban development patterns on carbon storage and
emissions due to land and fossil fuel use are topics of current
research and can be affected by land-use planning choices.
Many cities have adopted land-use plans with explicit carbon
goals, typically targeted at reducing carbon emissions from the
often intertwined activities of transportation and energy use.
50
This trend, which includes major cities such as Los Angeles,
51
52
Chicago, and New York City as well as small towns, such as
53
Homer, Alaska, has occurred even in the absence of a formal
federal climate policy.
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SUPPLEMENTAL MATERIAL
TRACEABLE ACCOUNTS

Process for Developing Key Messages:
The author team benefited from a number of relevant technical
input reports. One report described the findings of a three-day
workshop held from November 29 to December 1, 2011, in Salt
Lake City, in which a number of the chapter authors participated.2
Findings of the workshop provided a review of current issues and
topics as well as the availability and quality of relevant data. In
addition, from December 2011 through June 2012 the author
team held biweekly teleconferences. Key messages were identified during this period and discussed in two phases, associated
with major chapter drafts. An early draft identified a number of
issues and key messages. Based on discussions with National Climate Assessment (NCA) leadership and other chapter authors, the
Land Use and Land Cover Change authors identified and reached
consensus on a final set of four key messages and organized most
of the chapter to directly address these messages. The authors
selected key messages based on the consequences and likelihood
of impacts, the implied vulnerability, and available evidence. Relevance to decision support, mitigation, and adaptation was also
an important criterion for the selection of key messages for the
cross-cutting and foundational topic of this chapter.
The U.S. acquires, produces, and distributes substantial data
that characterize the nation’s land cover and land use. Satellite
observations, with near complete coverage over the landscape
and consistency for estimating change and trends, are particularly
valuable. Field inventories, especially of agriculture and forestry,
provide very reliable data products that describe land cover as well
as land-use change. Together, remote sensing and field inventory
data, as well as related ecological and socioeconomic data, allow
many conclusions about land-use and land-cover change with very
high confidence.

K ey message #1 Traceable Account
Choices about land-use and land-cover patterns
have affected and will continue to affect how vulnerable or resilient human communities and ecosystems are to the effects of climate change.
Description of evidence base
The influences of climate on vegetation and soils, and thus on land
cover and land use, are relatively well understood, and a number

of well-validated mathematical models are used to investigate
potential consequences of climate change for ecosystem processes,
structure, and function. Given scenarios about socioeconomic
factors or relevant models, some aspects of land-use and landcover change can also be analyzed and projected into the future
based on assumed climate change. During a workshop convened to
review land-use and land-cover change for the NCA, participants
summarized various studies from different perspectives, including
agriculture and forestry as well as socioeconomic issues such as
2
flood insurance.
Residential exposure to wildfire is an excellent example supporting
16,17,18
this key message and is well documented in the literature.
New information and remaining uncertainties
Steadily accumulating field and remote sensing observations as
well as inventories continue to increase confidence in this key
13
message. A recent study by the EPA provides relevant projections
of housing density and impervious surface under alternative
scenarios of climate change.
While there is little uncertainty about the general applicability
of this key message, the actual character and consequences of
climate change as well as its interactions with land cover and
land use vary significantly between locations and circumstances.
Thus the specific vulnerabilities resulting from the specific ways in
which people, both as individuals and as collectives, will respond
to anticipated or observed climate change impacts are less well
understood than the biophysical dimensions of this problem.
Assessment of confidence based on evidence
Very High. Observed weather and climate impacts and
consequences for land cover and land use, basic understanding
of processes and analyses using models of those processes, as
well as substantial literature are consistent in supporting this key
message.

K ey message#2 Traceable Account
Land-use and land-cover changes affect local, regional, and global climate processes.
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Traceable Accounts
Description of evidence base
The dependence of weather and climate processes on land surface
properties is reasonably well understood in terms of the biophysical
processes involved. Most climate models represent land-surface
conditions and processes, though only recently have they begun to
incorporate these conditions dynamically to represent changes in
the land surface within a model run. Regional weather models are
increasingly incorporating land surface characteristics. Extensive
literature – as well as textbooks – documents this understanding,
as do models of land surface processes and properties. A Technical
1
Input report to the National Climate Assessment summarizes the
literature and basic understanding of interactions between the
atmosphere and land surface that influence climate.
Examples are provided within the chapter to demonstrate
that land-use and land-cover change are affecting U.S.
20,24,25,27,31,32,33,34
climate.
New information and remaining uncertainties
While there is little uncertainty about this key message in general,
the heterogeneity of the U.S. landscape and associated processes,
as well as regional and local variations in atmospheric processes,
make it difficult to analyze or predict the character of land use
and land cover influences on atmospheric processes at all scales.
Assessment of confidence based on evidence
Very High. The basic processes underlying the biophysics of
interactions between the land surface and atmosphere are well
understood. A number of examples and field studies are consistent
in demonstrating effects of land use and land-cover change on the
climate of the United States.

Although there is little uncertainty that land-use decisions can
enable adaptation to climate change, the information about
climate change, at scales where such decisions are made, is
generally lacking.
Assessment of confidence based on evidence
Very High. The aspects of land-use planning that can enable
climate change adaptation are well understood and examples
demonstrate where actions are being taken.

K ey message #4 Traceable Account
Choices about land use and land management
provide a means of reducing atmospheric greenhouse gas levels.
Description of evidence base
The evidence base for this key message includes scientific studies
on the carbon cycle at both global and local scales (summarized
in Izzauralde et al. 2013; Hurteau 2013; and Cambardella and
42,43,45
Hatfield 2013).
The evidence base also includes policy
studies on the costs and benefits and feasibilities of various
actions to reduce carbon emissions from land-based activities
and/or to increase carbon storage in the biosphere through landbased activities (summarized in Jones et al. 2013; and Pearson
44
and Brown 2013). Foundational studies are summarized in the
1,2
NCA Technical Input documents.
New information and remaining uncertainties
A major study by the U.S. Geological Survey is estimating carbon
stocks in vegetation and soils of the U.S., and this inventory will

Confidence Level

K ey message #3 Traceable Account
Individuals, businesses, non-profits, and governments have the capacity to make land-use decisions to adapt to the effects of climate change.
Description of evidence base
The key message is supported by well-understood aspects of
land-use planning and management, including the legal roles of
government and citizens and management practices such as zoning
and taxation. Participants in the NCA workshop (Nov 29-Dec 1,
2011, in Salt Lake City) on land use and land cover presented and
discussed a number of examples showing the influences of land2
use decisions on climate change adaptation options. The chapter
describes specific examples of measures to adapt to climate
36,37,38
change, further supporting this key message.
New information and remaining uncertainties
Experience with climate change adaptation measures involving
36,37,38
land-use decisions is accumulating rapidly.
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Very High
Strong evidence (established
theory, multiple sources, consistent
results, well documented and
accepted methods, etc.), high
consensus
High
Moderate evidence (several sources, some consistency, methods
vary and/or documentation limited,
etc.), medium consensus
Medium
Suggestive evidence (a few
sources, limited consistency, models incomplete, methods emerging,
etc.), competing schools of thought
Low
Inconclusive evidence (limited
sources, extrapolations, inconsistent findings, poor documentation
and/or methods not tested, etc.),
disagreement or lack of opinions
among experts
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Traceable Accounts
clarify the potential for capturing greenhouse gasses by land-use
14
change (an early result is reported in Sohl et al. 2012 ).
There is little uncertainty behind the premise that specific land
uses affect the carbon cycle. There are, however, scientific
uncertainties regarding the magnitudes of effects resulting from
specific actions designed to leverage this linkage for mitigation. For
example, uncertainties are introduced regarding the permanence
of specific land-based stores of carbon, the incremental value of
specific management or policy decisions to increase terrestrial
carbon stocks beyond changes that would have occurred in the
absence of management, and the possibility for decreases in
carbon storage in another location that offset increases resulting
from specific actions at a given location. Also, we do not yet know
how natural processes might alter the amount of carbon storage
expected to occur with management actions. There are further
uncertainties regarding the political feasibilities and economic
efficacy of policy options to use land-based activities to reduce
the concentration of greenhouse gases in the atmosphere.
Assessment of confidence based on evidence
Given the evidence base and uncertainties, there is medium
confidence that land use and land management choices can
reduce the amount of greenhouse gases in the atmosphere.
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RURAL COMMUNITIES

Key Messages
1. Rural communities are highly dependent upon natural resources for their livelihoods and
social structures. Climate change related impacts are currently affecting rural communities.
These impacts will progressively increase over this century and will shift the locations where
rural economic activities (like agriculture, forestry, and recreation) can thrive.
2. Rural communities face particular geographic and demographic obstacles in responding to
and preparing for climate change risks. In particular, physical isolation, limited economic 		
diversity, and higher poverty rates, combined with an aging population, increase the vulnerability
of rural communities. Systems of fundamental importance to rural populations are already
stressed by remoteness and limited access.
3. Responding to additional challenges from climate change impacts will require significant 		
adaptation within rural transportation and infrastructure systems, as well as health and 		
emergency response systems. Governments in rural communities have limited institutional
capacity to respond to, plan for, and anticipate climate change impacts.

Warming trends, climate volatility, extreme weather events,
and environmental change are already affecting the economies and cultures of rural areas. Many rural communities face considerable risk to their infrastructure, livelihoods, and quality of life from observed and projected
climate shifts (Ch. 12: Indigenous Peoples). These changes
will progressively increase volatility in food commodity
markets, shift the ranges of plant and animal species, and,
depending on the region, increase water scarcity, exacerbate flooding and coastal erosion, and increase the intensity and frequency of wildfires across the rural landscape.

ties are best suited. Because many rural communities are less
diverse than urban areas in their economic activities, changes
in the viability of one traditional economic sector will place disproportionate stresses on community stability.
Climate change impacts will not be uniform or consistent
across rural areas, and some communities may benefit from
climate change. In the short term, the U.S. agricultural system
is expected to be fairly resilient to climate change due to the
system’s flexibility to engage in adaptive behaviors such as expansion of irrigated acreage, regional shifts in acreage for specific crops, crop rotations, changes to management decisions
(such as choice and timing of inputs and cultivation practices),
and altered trade patterns compensating for yield changes (Ch.

Climate changes will severely challenge many rural communities, shifting locations where particular economic
activities are capable of thriving. Changes in the timing of
seasons, temperatures, and precipitation will alter where
commodities, value-added crops, and recreational activi-
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More than 95% of U.S. land area is classified as rural, but is
home to just 19% of the population (see also Ch. 13: Land Use
1
& Land Cover Change). Rural America’s importance to the
country’s economic and social well-being is disproportionate
to its population, as rural areas provide natural resources that
much of the rest of the United States depends on for food, energy, water, forests, recreation, national character, and quality
2
of life. Rural economic foundations and community cohesion
are intricately linked to these natural systems, which are inherently vulnerable to climate change. Urban areas that depend
on goods and services from rural areas will also be affected by
climate change driven impacts across the countryside.
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4

6: Agriculture; Key Message 5). Recreation, tourism, and leisure activities in
some regions will benefit from shifts in
temperature and precipitation.

Rural Counties

Figure 14.1. Although the majority of the U.S. population lives in urban areas, most of
the country is still classified as rural. In this map, counties are classified as rural if they
do not include any cities with populations of 50,000 or more. (Figure source: USDA
3
Economic Research Service 2013 ).

Economic Dependence Varies
by Region

Figure 14.2. Much of the rural United States depends on agriculture, mining, and
manufacturing. Climate changes will affect each region and each economic sector in
complex and interrelated ways. The economic dependence classification used in the
map indicates the largest share of earnings and employment in each county. (Figure
3
source: USDA Economic Research Service 2013 ).
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Negative impacts from projected climate changes, however, will ripple
throughout rural America. Agricultural
systems in some areas may need to undergo more transformative changes to
keep pace with future climate change
(Ch. 6: Agriculture, Key Message 5). In
lakes and riparian areas, warming is
projected to increase the growth of
algae and invasive species, particularly
in areas already facing water quality im5
pairments. Mountain species and cold
water fish, such as salmon, are expected to face decreasing range sizes due to
warming, while ranges could expand for
6
some warm water fish, such as bass.
Alaska, with its reliance on commercial
and subsistence fishing catch, is particularly vulnerable. Warmer weather and
higher water temperatures will reduce
salmon harvests, creating hardships for
the rural communities and tribes that
depend upon these catches (Ch. 12:
7
Indigenous Peoples, Key Message 1).
Communities in Guam and American
Samoa, which depend on fish for 25% to
69% of their protein, are expected to be
particularly hard hit as climate change
alters the composition of coral reef eco8
systems.
Across the United States, rural areas
provide ecosystem services – like carbon absorption in forests, water filtration in wetlands, wildlife habitat in prairies, and environmental flows in rivers
and streams – whose value tends to be
overlooked. Preserving these ecosystem services sustains the quality of life
in rural communities and also benefits
those who come to rural communities
for second homes, tourism, and other
amenities. They also provide urban residents with vital resources – like food,
energy, and fresh water – that meet essential needs. This layered connection
between rural areas and populous urban centers suggests that maintaining
the health of rural areas is a national,
and not simply a local, concern.
CLIMATE CHANGE IMPACTS IN THE UNITED STATES
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Key Message 1: Rural Economies
Rural communities are highly dependent upon natural resources for their livelihoods and
social structures. Climate change related impacts are currently affecting rural communities.
These impacts will progressively increase over this century and will shift the locations where
rural economic activities (like agriculture, forestry, and recreation) can thrive.

© STR/Reuters/Corbis

Rural America has already experienced some of the
impacts of climate change related weather effects, including crop and livestock loss from severe drought and
9
flooding, infrastructure damage to levees and roads
10
from extreme storms, shifts in planting and harvesting
11
times in farming communities, and large-scale losses
12
from fires and other weather-related disasters. These
impacts have profound effects, often significantly affecting the health and well-being of rural residents as well
as their communities, and are amplified by the essential
economic link that many of these communities have to
their natural resource base.

Rural communities are often characterized by their
natural resources and associated economic activity.
Dominant economic drivers include agriculture, forestry, River flood waters illustrate threats rural areas face in a changing climate.
mining, energy, outdoor recreation, and tourism. In addition, many rural areas with pleasant climates and appealing Nationally, fewer than 7% of rural workers are directly emlandscapes are increasingly reliant on second-home owners ployed in agriculture, but the nation’s two million farms ocand retirees for their tax base and community activities.
cupy more than 40% of U.S. land mass – and many rural

Growing Season Lengthens

Figure 14.3. The left map shows that if emissions continue to increase (A2 scenario), the U.S. growing season (or frost-free season)
will lengthen by as much as 30 to 80 days by the end of the century (2070-2099 as compared to 1971-2000). The right map shows
a reduction in the number of frost days (days with minimum temperatures below freezing) by 20 to 80 days in much of the United
States in the same time period. While changes in the growing season may have positive effects for some crops, reductions in the
number of frost days can result in early bud-bursts or blooms, consequently damaging some perennial crops grown in the United
States (See also Ch. 6: Agriculture). White areas are projected to experience no freezes for 2070-2099, and gray areas are projected
to experience more than 10 freeze-free years during the same period. (Figure source: NOAA NCDC / CICS-NC).

336

CLIMATE CHANGE IMPACTS IN THE UNITED STATES

14: RURAL COMMUNITIES
communities rely extensively on farming and ranching (Ch. 6
13
Agriculture; Ch. 13 Land Use & Land Cover Change). Farmers
are responding to climate change by shifting cropping patterns
and altering the timing of planting and harvesting. This may
result in additional use of herbicides and pesticides with the
14
accompanying human exposure to additional health risks.
Changes in rainfall, temperature, and extreme weather events
will increase the risk of poor yields and reduced crop profitability. For example, the increased frequency and intensity of
heavy downpours will accelerate soil erosion rates, increasing
deposition of nitrogen and phosphorous into water bodies and
15
diminishing water quality.

forest-dependent animal species will also change, causing additional economic and sociocultural impacts.
Tourism contributes significantly to rural economies. Changes
in the length and timing of seasons, temperature, precipitation, and severe weather events can have a direct impact on
tourism and recreation activities by influencing visitation patterns and tourism-related economic activity.
Climate change impacts on tourism and recreation will vary
significantly by region. For instance, some of Florida’s top tourist attractions, including the Everglades and Florida Keys, are
21
threatened by sea level rise, with estimated revenue losses
of $9 billion by 2025 and $40 billion by the 2050s. The effects
of climate change on the tourism industry will not be exclusively negative. In Maine, coastal tourism could increase due to
warmer summer months, with more people visiting the state’s
22
beaches. Employing a Tourism Climatic Index (Figure 14.4)
that accounts for temperature, precipitation, sunshine, and
wind, one study finds that conditions conducive for outdoor
recreation will be shifting northward with climate change,
though it is unclear whether absolute conditions or relative
weather conditions will be more important in influencing fu23
ture tourist behaviors.

Many areas will face increasing competition for water among
household, industrial, agricultural, and urban users (Ch. 3: Wa16
ter). Reduced surface water will place more stress on surface
water systems as well as groundwater systems (Ch. 3: Water;
Key Message 4). In-stream flow requirements for the maintenance of environmental resources are an equally important
water demand. While irrigated cropland is an important and
17
growing component of the farm economy, water withdrawals necessary for generating electricity in thermal power
18
plants are already roughly equal to irrigation withdrawals.
As climate change increases water scarcity in some regions,
there will be increased competition for water between
Climate Change Impacts on Summertime Tourism
energy production and agri19
culture. Mining also requires
large quantities of water, and
scarcity resulting from drought
associated with climate change
may affect operations. Changes in seasonality and intensity
of precipitation will increase
costs of runoff containment.
Climate change impacts on
forestry have important implications for timber and forestamenity-based rural communities. Shifting forest range
and composition, as well as
increased attacks from pests
and diseases, will have negative effects on biodiversity
and will increase wildfire risks
8,20
(Ch. 7: Forests). Shifts in the
Figure 14.4. Tourism is often climate-dependent as well as seasonally dependent. Increasing
distribution and abundance of
heat and humidity – projected for summers in the Midwest, Southeast, and parts of the Southwest
many economically important
by mid-century (compared to the period 1961-1990) – is likely to create unfavorable conditions
tree species would affect the
for summertime outdoor recreation and tourism activity. The figures illustrate projected changes
pulp and wood industry. As
in climatic attractiveness (based on maximum daily temperature and minimum daily relative huranges shift and the distribumidity, average daily temperature and relative humidity, precipitation, sunshine, and wind speed)
tion of plant species in forests
in July for much of North America. In the coming century, the distribution of these conditions is
changes, the range of other
projected to shift from acceptable to unfavorable across most of the southern Midwest and a portion of the Southeast, and from very good or good to acceptable conditions in northern portions
24
of the Midwest, under a high emissions scenario (A2a). (Figure source: Nicholls et al. 2005 ).
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Climate change will also influence the distribution and composition of plants and animals across the United States. Hunting,
fishing, bird watching, and other wildlife-related activities will
be affected as habitats shift and relationships among species
25
change. Cold-weather recreation and tourism will be adversely affected by climate change. Snow accumulation in the
western United States has decreased, and is expected to continue to decrease, as a result of observed and projected warming. Reduced snow accumulation also reduces the amount of
spring snowmelt, decreasing warm-season runoff in mid- to
high-latitude regions.
26

Similar changes to snowpack are expected in the Northeast.
Adverse impacts on winter sports are projected to be more
pronounced in the Northeast and Southwest regions of the
8
United States. Coastal areas will be adversely affected by sea

22,27

level rise and increased severity of storms.
Changing environmental conditions, such as wetland loss and beach erosion
28
in coastal areas and increased risk of natural hazards such as
wildfire, flash flooding, storm surge, river flooding, drought,
and extremely high temperatures can alter the character and
attraction of rural areas as tourist destinations.
The implications of climate change on communities that are
dependent on resource extraction (coal, oil, natural gas, and
mining) have not been well studied. Attributes of economic
development in these communities, such as cyclical growth,
transient workforce, rapid development, pressure on infrastructure, and lack of economic diversification suggest that
these communities could face challenges in adapting to cli13,29,30
mate change.

Key Message 2: Responding to Risks
Rural communities face particular geographic and demographic obstacles in responding
to and preparing for climate change risks. In particular, physical isolation, limited economic
diversity, and higher poverty rates, combined with an aging population, increase the
vulnerability of rural communities. Systems of fundamental importance to rural populations
are already stressed by remoteness and limited access.
Relatively rapid changes in demographics, economic activity, and climate are particularly challenging in rural communities, where local, agrarian values often run generations deep.
Changing rural demographics, influenced by new immigration

patterns, fluctuating economic conditions, and evolving community values add to these challenges – especially with regard
to climate changes.

Many Rural Areas are
Losing Population

Figure 14.5. Census data show significant population decreases in many rural areas,
notably in the Great Plains. Many rural communities’ existing vulnerabilities to climate
change, including physical isolation, reduced services like health care, and an aging
population, are projected to increase as population decreases. (Figure source: USDA
3
Economic Research Service 2013 ).
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Modern rural populations are generally older, less affluent, and less educated than their urban counterparts.
Rural areas are characterized by higher
unemployment, more dependence on
government transfer payments, less
diversified economies, and fewer social and economic resources needed
for resilience in the face of major
8,31
changes. In particular, the combination of an aging population and poverty increases the vulnerability of rural
communities to climate fluctuations.
There has been a trend away from
manufacturing, resource extraction,
and farming to amenity-based economic activity in many rural areas of
32
the United States. Expanding amenity-based economic activities in rural
areas include recreation and leisure,
e-commuting residents, tourism, and
second home and retirement home
development. This shift has stressed
33
traditional cultural values and put
34
pressure on infrastructure and natuCLIMATE CHANGE IMPACTS IN THE UNITED STATES
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ral amenities that draw people to rural areas. Changes in climate and weather are likely to increase these stresses. Rural
components of transportation systems are particularly vulner36
able to risks from flooding and sea level rise. Since rural areas
often have fewer transportation options and fewer infrastructure redundancies, any disruptions in road, rail, or air transport
will deeply affect rural communities.
Power and communication outages resulting from extreme
events often take longer to repair in rural areas, contributing
to the isolation and vulnerability of elderly residents who may
not have cell phones. The lack of cellular coverage in some rural areas can create problems for emergency response during
37
power failures.
In some parts of the country there has been a recent trend in
Hispanic population growth in rural regions that have not been
traditional migrant destinations. New Hispanic immigrants
are often highly segregated residentially and isolated from
38
mainstream institutions, making them more vulnerable to
changes in climate. Low wages, unstable work, language barriers, and inadequate housing are critical obstacles to managing
climate risk.
Rural communities rely on various transportation modes, both
for export and import of critical goods (Ch. 5: Transportation).
Climate changes will result in increased erosion and maintenance costs for local road and rail systems, as well as changes
in streamflows and predictability that will result in increased
maintenance costs for waterways. More frequent disruption
of shipping is projected, with serious economic consequences.
For example, in 2010, about 40 million tons of cereal grains
were shipped by water to Louisiana, while less than 4 million
10
tons traveled by rail. While rail can help ameliorate smallscale or off-peak capacity limitations on the Mississippi River,
it seems unlikely that the rail system can fully replace the river
system in the event of a prolonged harvest-time disruption.
Events that affect both rail and barge traffic would be particularly damaging to rural communities that depend upon these
systems to get commodities to market.
Health and emergency response systems also face additional
demands from substantial direct and indirect health risks associated with global climate changes. Indirect risks, particularly
those posed by emerging and reemerging infectious diseases,
are more difficult to assess, but pose looming threats to economically challenged communities where health services are
limited. Direct threats (such as extreme heat, storm events,
and coastal and riparian flooding) tend to be more associated
with specific local vulnerabilities, so the risks are somewhat
39
easier to assess.

The socioeconomic and demographic characteristics of rural
areas interact with climate change to create health concerns
that differ from those of urban and suburban communities.
Older populations with lower income and educational levels in
rural areas spend a larger proportion of their income on health
care than their urban counterparts. Moreover, health care access declines as geographic isolation increases. Overall, rural
residents already have higher rates of age-adjusted mortality,
40
disability, and chronic disease than do urban populations.
These trends are likely to be exacerbated by climate change
(Ch. 9: Human Health).
Governments in rural areas are generally ill-prepared to respond quickly and effectively to large-scale events, although
individuals and voluntary associations often show significant
resilience. Health risks are exacerbated by limitations in the
health service systems characteristic of rural areas, including
the distance between rural residents and health care providers
and the reduced availability of medical specialists.
The effects of climate change on mental health merit special
consideration. Rural residents are already at a heightened risk
from mental health issues because of the lack of access to
mental health providers. The adverse impact of severe weath41
er disasters on mental health is well established, and there is
emerging evidence that climate change in the form of increasing heat waves and droughts has harmful effects on mental
health (Ch. 9: Human Health, Key Message 1). Droughts often
result in people relocating to seek other employment, causing a loss of home and social networks. Studies have shown
that springtime droughts in rural areas cause a decrease in
42
life satisfaction. The primary care physicians who form the
backbone of rural health care often have heavy caseloads and
40
lack specialized training in mental health issues. Additionally,
patients referred to mental health specialists often experience
43
significant delays.
The frequency and distribution of infectious diseases is also
projected to increase with rising temperatures and associated
seasonal shifts. Increased rates of mutation and increased
resistance to drugs and other treatments are already evident
in the behavior of infectious disease-causing bacteria and vi44
ruses. In addition, changes in temperature, surface water, humidity, and precipitation affect the distribution and abundance
of disease-carriers and intermediate hosts, and result in larger
distributions for many parasites and diseases. Rural residents
who spend significant time outdoors have an increased risk of
exposure to these disease-carriers, like ticks and mosquitoes
(Ch. 9: Human Health).
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Key Message 3: Adaptation
Responding to additional challenges from climate change impacts will require significant
adaptation within rural transportation and infrastructure systems, as well as health and
emergency response systems. Governments in rural communities have limited institutional
capacity to respond to, plan for, and anticipate climate change impacts.
Climate variability and increases in temperature, extreme
events (such as storms, floods, heat waves, and droughts), and
sea level rise are expected to have widespread impacts on the
provision of services from state, regional, local, and tribal governments. Emergency management, energy use and distribution systems, transportation and infrastructure planning, and
public health will all be affected.
Rural governments often depend heavily on volunteers to
meet community challenges like fire protection or flood response. In addition, rural communities have limited locally
available financial resources to help deal with the effects of
climate change. Small community size tends to make services
expensive or available only by traveling some distance.
Local governance structures tend to de-emphasize planning
capacity, compared to urban areas. While 73% of metropolitan
counties have land-use planners, only 29% of rural counties
not adjacent to a metropolitan county had one or more planners. Moreover, rural communities are not equipped to deal
45
with major infrastructure expenses.
Communities across the United States are experiencing infrastructure losses, water scarcity, unpredictable water availability, and increased frequency and intensity of wildfires. However, local authorities often do not explicitly associate these
observed changes with climate, and responses rarely take
climate disruption into account. Even in communities where
there is increasing awareness of climate change and interest
in comprehensive adaptation planning, lack of funding, human
resources, access to information, training, and expertise pro46
vide significant barriers for many rural communities.
If rural communities are to respond adequately to future climate changes, they will likely need help assessing their risks
and vulnerabilities, prioritizing and coordinating projects,
funding and allocating financial and human resources, and deploying information-sharing and decision support tools (Ch. 26:
Decision Support). There is still little systematic research on
the vulnerability of rural communities and there is a need for
additional empirical research in this area. Impacts due to climate change will cross community and regional lines, making
solutions dependent upon meaningful participation of numerous stakeholders from federal, state, local, and tribal governments, science and academia, the private sector, non-profit

Box: Local Responses

to

Climate Change

organizations, and the general public (Ch. 28: Adaptation, Key
Message 3).
Effective adaptation measures are closely tied to specific local conditions and needs and take into account existing social
47,48
networks.
The economic and social diversity of rural communities affects the ability of both individuals and communities to adapt to climate changes, and underscores the need
to assess climate change impacts on a local basis. The quality
and availability of natural resources, legacies of past use, and
changing industrial needs affect the economic, environmental,
and social conditions of rural places and are critical factors to
13,30,49
be assessed.
Successful adaptation to climate change
requires balancing immediate needs with long-term development goals, as well as development of local-level capacities to
48,50
deal with climate change.
Potential national climate change mitigation responses (Ch.
27: Mitigation) – especially those that require extensive use of
land, such as permanent reforestation, constructing large solar
or wind arrays, hydroelectric generation, and biofuel cropping
– are also likely to significantly affect rural communities, with
51
both positive and negative effects. As with the development
of rural resource-intensive economic activities, where national
or multi-national companies tend to wield ownership and control, local residents and communities are unlikely to be the
primary investors in or beneficiaries of this kind of new economic activity. For example, mitigation policies that affect coal
production could have a substantial economic impact on many
rural communities, as could policies to promote production of
non-fossil-fuel energy such as wind.
Decisions regarding adaptation responses for both urban and
rural populations can occur at various scales (federal, state, local, tribal, private sector, and individual) but need to take interdependencies into account. Many decisions that significantly
affect rural communities may not be under the control of local
governments or rural residents. Given that timing is a critical
aspect of adaptation, as well as mitigation, engaging rural residents early in decision processes about investments in public
infrastructure, protection of shorelines, changes in insurance
provision, or new management initiatives can influence individual behavior and choice in ways that enhance positive outcomes of adaptation and mitigation.

in the
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Local

responses to climate change in the san juan mountains

The San Juan Mountains region straddles the southern
edge of the Southern Rocky Mountains and the
northeastern tip of the arid Southwest. The high mountain
headwaters of the Rio Grande, San Juan, and major
tributaries of the Upper Colorado River are critical water
towers for five states: Texas, Nevada, California, Arizona,
and New Mexico. The diversity of the landforms, high
plateaus, steep mountains, deep canyons, and foothills
leads to a complex and diverse mix of coniferous and
52
deciduous forested landscapes. County populations in
the area range from 700 to 51,000 people. Population
changes between 2000 and 2010 ranged from a 25%
decline to an 86% increase. Public lands account for
53
69% of the land base. Over half of the local economies
are dependent upon natural resources to support tourism,
minerals and natural gas extraction, and second home
development.

In response, the San Juan Climate Initiative drew
together stakeholders, including natural resource
managers, community planners, elected officials,
industry representatives, resource users, citizens,
non-profit organizations, and scientists. By combining
resources and capabilities, stakeholders have been able
to accomplish much more together than if they had
worked independently. For example, local governments
developed a plan to reduce greenhouse gas emissions
and identify strategies for adaptation, signing the U.S.
Mayor’s Climate Protection Agreement in 2009. Climate
modelers at University of Colorado and National Center
for Atmospheric Research analyzed regional trends in
temperature, precipitation, snowpack, and streamflow.
Researchers at Mountain Studies Institute, University of
Colorado, and Fort Lewis College are partnering with San
Juan National Forest to monitor alpine plant communities
and changes in climate across the region, and to document
carbon resources. San Juan National Forest is developing
strategies for adapting to climate changes in the region
related to drought, wildfire, and other potential effects. La
Plata County is leading an effort to plan for sustainable
transportation and food networks that will be less
dependent upon carbon-based fuels, while the Mountain
Studies Institute is leading citizen science programs to
monitor changes to sensitive species like the American
pika.

© Cody Duncan/Aurora Open/Corbis

Average annual temperatures in the San Juan Mountains
54
have risen 1.1ºF in only three decades, a rate of warming
greater than any other region of the United States except
55
Alaska. The timing of snowmelt has shifted two weeks
earlier between 1978 and 2007, and this earlier seasonal
release of water resources is of particular concern to all
56
western states. Current challenges for the region include
changes in forests due to pests and diseases, intensive
recreation use, fire management for natural and prescribed
fires, and increasing development in the wildland-urban
interface. Communities are vulnerable to changes from a
warmer and drier climate that would affect the frequency

and intensity of wildfires, shift vegetation and range of
forest types, and increase pressures on water supplies.

Hiker in the San Juan mountains, Colorado.
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SUPPLEMENTAL MATERIAL
TRACEABLE ACCOUNTS

Process for Developing Key Message:
The key messages were initially developed at a meeting of the
authors in Charleston, South Carolina, in February 2012. This
initial discussion was supported by a series of conference calls
from March through June, 2012. These ensuing discussions were
held after a thorough review of the technical inputs and associated literature, including the Rural Communities Workshop Report
57
prepared for the NCA and additional technical inputs on a variety
of topics.

K ey message #1 Traceable Account
Rural communities are highly dependent upon
natural resources for their livelihoods and social
structures. Climate change related impacts are currently affecting rural communities. These impacts
will progressively increase over this century and
will shift the locations where rural economic activities (like agriculture, forestry, and recreation) can
thrive.
Description of evidence base
The key message and supporting text summarizes extensive evi57
dence documented in the Rural Communities Workshop Report.
Thirty one technical input reports on a wide range of topics were
also received and reviewed as part of the Federal Register Notice
solicitation for public input.
Evidence that the impacts of climate change are increasing is
compelling and widespread. This evidence is based on historical
records and observations and on global climate models, including those driven by B1 (substantial emissions reduction) and A2
(continued increases in global emissions) scenarios. This evidence
is clearly summarized and persuasively referenced in the “Our
Changing Climate” chapter of this Assessment and in the Sce58
narios developed for the NCA.
The dependency of rural communities on their natural resources
13
has been demonstrated, with a number of studies showing that
9
climate change results in crop and livestock loss, infrastructure
10
11
damage to levees and roads, shifts in agriculture practices,
12
and losses due to disasters. A number of publications project
these impacts to increase, with effects on the natural environ8,15,20
ment
and increased competition for water between agricul19
ture and energy. Studies have projected that tourism locations

21

in the Everglades and Florida Keys are threatened. Meanwhile,
22
Maine’s tourism could increase, which coincides with a projected
23
northern shift in outdoor recreation. Hunting, fishing, and bird
28
watching will be affected by beach erosion and wetland loss, and
changing plant and animal habitats and inter-species relationships
(see also Ch. 8: Ecosystems). Outdoor recreation and tourism in
8,26
many areas in the U.S. are affected by early snowpack melt.
New information and remaining uncertainties
Key remaining uncertainties relate to the precise magnitude, timing, and location of impacts at regional and local scales.
Assessment of confidence based on evidence
(See confidence level key on next page)
Given the evidence and uncertainties, there is very high confidence that rural communities are highly dependent on natural
resources that are expected to be affected by climate change,
especially the many communities that rely on farming, forestry or
tourism for their livelihoods.
Given the evidence and uncertainties, there is high confidence
that climate change is currently affecting rural communities.
Given the evidence and uncertainties, there is very high confidence that impacts will increase (see Ch 2: Our Changing Climate).
Given the evidence and uncertainties, there is high confidence
about shifts in locations of economic activities.

K ey message #2 Traceable Account
Rural communities face particular geographic
and demographic obstacles in responding to and
preparing for climate change risks. In particular,
physical isolation, limited economic diversity, and
higher poverty rates, combined with an aging population, increase the vulnerability of rural communities. Systems of fundamental importance to rural
populations are already stressed by remoteness
and limited access.
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Description of evidence base
The key message and supporting text summarizes extensive evi57
dence documented in the Rural Communities Workshop Report.
Thirty one technical input reports on a wide range of topics were
also received and reviewed as part of the Federal Register Notice
solicitation for public input.
With studies showing that rural communities are already
33,34,35
stressed,
a number of publications have explored the barriers of rural communities to preparing and responding to climate
8,31
change.
Some studies provide in-depth looks at the obstacles
32
40
created by limited economic diversity and an aging population.
New information and remaining uncertainties
Projecting the interactions of these variables with each other and
applying this analysis to local or regional realities is complex at
best, with uncertainties at every level of analysis.
Assessment of confidence based on evidence
Given the evidence and uncertainties, there is high confidence that
the obstacle of physical isolation will hamper some communities’
ability to adapt or have an adequate response during extreme
events.
Given the evidence and uncertainties, there is high confidence
that the obstacle of limited economic diversity will hinder rural
communities’ ability to adapt.

Confidence Level
Very High
Strong evidence (established
theory, multiple sources, consistent results, well documented
and accepted methods, etc.),
high consensus

High
Moderate evidence (several
sources, some consistency,
methods vary and/or documentation limited, etc.), medium
consensus

Medium
Suggestive evidence (a few
sources, limited consistency,
models incomplete, methods
emerging, etc.), competing
schools of thought

Low
Inconclusive evidence (limited sources, extrapolations,
inconsistent findings, poor documentation and/or methods not
tested, etc.), disagreement or
lack of opinions among experts

Given the evidence and uncertainties, there is high confidence
that the obstacle of higher poverty rates will significantly increase
vulnerability of many communities from adapting properly.
Given the evidence and uncertainties, there is high confidence
that the obstacle of an aging population will hinder some rural
communities and prevent them from having an adequate response.
Given the evidence and uncertainties, there is high confidence that
fundamental systems in rural communities are already stressed by
remoteness and limited access.

K ey message #3 Traceable Account
Responding to additional challenges from climate
change impacts will require significant adaptation
within rural transportation and infrastructure systems, as well as health and emergency response
systems. Governments in rural communities have
limited institutional capacity to respond to, plan for,
and anticipate climate change impacts.
Description of evidence base
The key message and supporting text summarize extensive evi57
dence documented in the Rural Communities Workshop Report.
Thirty one technical input reports on a wide range of topics were
also received and reviewed as part of the Federal Register Notice
solicitation for public input.
Rural communities are not equipped to deal with major infrastruc45
ture expenses. Work has been performed illustrating the need
to tie adaptation measures to specific local conditions and needs
47,48
and take into account existing social networks.
Publications
have shown that there are a number of critical factors to be assessed, including the quality and availability of natural resources,
legacies of past use of resources, and changing industrial needs
13,30,49
that affect economic, environmental, and social conditions.
Additionally, studies have expressed the requirement of accounting for both near- and long-term needs for climate change adapta50
tion to be successful.
New information and remaining uncertainties
It is difficult to fully capture the complex interactions of the entire
socioeconomic-ecological system within which the effects of climate change will interact, especially in regard to local and regional
impacts. Impact assessments and adaptation strategies require
improved understanding of capacity and resilience at every level,
international to local. The policy context in which individuals and
communities will react to climate effects is vague and uncertain.
Identification of informational needs alone indicates that adaptation will be expensive.
Assessment of confidence based on evidence
Given the evidence and uncertainties, there is high confidence
that rural communities have limited capacity to respond to im-
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pacts, because of their remoteness, age, lack of diversity, and
other reasons described in the text.
Given the evidence and uncertainties, there is high confidence
that rural communities have limited capacity to plan for impacts,
as explained in the text.
Given the evidence and uncertainties, there is high confidence
that rural communities will have limited capacity to anticipate impacts because of the lack of infrastructure and expertise available
in rural communities.
Given the evidence and uncertainties, there is high confidence
that significant climate change adaptation is needed for transportation in rural communities.
Given the evidence and uncertainties, there is high confidence
that significant climate change adaptation is needed for health
care and emergency response in rural communities, so that rural
communities can handle climate change impacts.
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Key Messages
1. Human activities have increased atmospheric carbon dioxide by about 40% over
pre-industrial levels and more than doubled the amount of nitrogen available to ecosystems.
Similar trends have been observed for phosphorus and other elements, and these changes have
major consequences for biogeochemical cycles and climate change.
2. In total, land in the United States absorbs and stores an amount of carbon equivalent to about
17% of annual U.S. fossil fuel emissions. U.S. forests and associated wood products account
for most of this land sink. The effect of this carbon storage is to partially offset warming from
emissions of CO2 and other greenhouse gases.
3. Altered biogeochemical cycles together with climate change increase the vulnerability of 		
biodiversity, food security, human health, and water quality to changing climate. However,
natural and managed shifts in major biogeochemical cycles can help limit rates of climate
change.

Biogeochemical cycles involve the fluxes of chemical elements
among different parts of the Earth: from living to non-living,
from atmosphere to land to sea, and from soils to plants. They
are called “cycles” because matter is always conserved and
because elements move to and from major pools via a variety of two-way fluxes, although some elements are stored in
locations or in forms that are differentially accessible to living
things. Human activities have mobilized Earth elements and
accelerated their cycles – for example, more than doubling the
amount of reactive nitrogen that has been added to the bio1,2
sphere since pre-industrial times. Reactive nitrogen is any nitrogen compound that is biologically, chemically, or radiatively
active, like nitrous oxide and ammonia, but not nitrogen gas
(N2). Global-scale alterations of biogeochemical cycles are oc-

curring, from human activities both in the U.S. and elsewhere,
with impacts and implications now and into the future. Global carbon dioxide emissions are the most significant driver of
human-caused climate change. But human-accelerated cycles
of other elements, especially nitrogen, phosphorus, and sulfur, also influence climate. These elements can affect climate
directly or act as indirect factors that alter the carbon cycle,
amplifying or reducing the impacts of climate change.
Climate change is having, and will continue to have, impacts
on biogeochemical cycles, which will alter future impacts on
climate and affect our capacity to cope with coupled changes
in climate, biogeochemistry, and other factors.

Key Message 1: Human-Induced Changes
Human activities have increased atmospheric carbon dioxide by about 40% over pre-industrial
levels and more than doubled the amount of nitrogen available to ecosystems. Similar trends
have been observed for phosphorus and other elements, and these changes have major
consequences for biogeochemical cycles and climate change.
The human mobilization of carbon, nitrogen, and phosphorus
from the Earth’s crust and atmosphere into the environment
has increased 36, 9, and 13 times, respectively, compared
3
to geological sources over pre-industrial times. Fossil fuel
burning, land-cover change, cement production, and the
extraction and production of fertilizer to support agriculture
4
are major causes of these increases. Carbon dioxide (CO2)
is the most abundant of the heat-trapping greenhouse gases
that are increasing due to human activities, and its production

5

dominates atmospheric forcing of global climate change.
However, methane (CH4) and nitrous oxide (N2O) have higher
greenhouse-warming potential per molecule than CO2, and
both are also increasing in the atmosphere. In the U.S. and
Europe, sulfur emissions have declined over the past three
decades, especially since the mid-1990s, because of efforts
6
to reduce air pollution. Changes in biogeochemical cycles of
carbon, nitrogen, phosphorus, and other elements – and the
coupling of those cycles – can influence climate. In turn, this
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can change atmospheric composition in other ways that affect
how the planet absorbs and reflects sunlight (for example,

by creating small particles known as aerosols that can reflect
sunlight).

State of the Carbon Cycle
The U.S. was the world’s largest producer of human-caused
CO2 emissions from 1950 until 2007, when it was surpassed by
China. U.S. emissions account for approximately 85% of North
7
8,9
American emissions of CO2 and 18% of global emissions.
Ecosystems represent potential “sinks” for CO2, which are
places where carbon can be stored over the short or long term
(see “Estimating the U.S. Carbon Sink”). At the continental
scale, there has been a large and relatively consistent increase
10
in forest carbon stocks over the last two decades, due to

recovery from past forest harvest, net increases in forest area,
improved forest management regimes, and faster growth driven
7,11
by climate or fertilization by CO2 and nitrogen. The largest
rates of disturbance and “regrowth sinks” are in southeastern,
11
south central, and Pacific northwestern regions. However,
emissions of CO2 from human activities in the U.S. continue
to increase and exceed ecosystem CO2 uptake by more than
three times. As a result, North America remains a net source of
7
CO2 into the atmosphere by a substantial margin.

Major North American Carbon Dioxide Sources and Sinks

Figure 15.1. The release of carbon dioxide from fossil fuel burning in North America (shown here for 2010)
vastly exceeds the amount that is taken up and temporarily stored in forests, crops, and other ecosystems
7
(shown here is the annual average for 2000-2006). (Figure source: King et al. 2012 ).

Sources and Fates of Reactive Nitrogen
The nitrogen cycle has been dramatically altered by human
activity, especially by the use of nitrogen fertilizers, which
have increased agricultural production over the past half
1,2
century. Although fertilizer nitrogen inputs have begun
12
to level off in the U.S. since 1980, human-caused reactive
nitrogen inputs are now at least five times greater than those
13,14,15,16
from natural sources.
At least some of the added
nitrogen is converted to nitrous oxide (N2O), which adds to the
greenhouse effect in Earth’s atmosphere.
An important characteristic of reactive nitrogen is its legacy.
Once created, it can, in sequence, travel throughout the
environment (for example, from land to rivers to coasts,

sometimes via the atmosphere), contributing to environmental
problems such as the formation of coastal low-oxygen “dead
zones” in marine ecosystems in summer. These problems
persist until the reactive nitrogen is either captured and stored
in a long-term pool, like the mineral layers of soil or deep ocean
17,18
sediments, or converted back to nitrogen gas.
The nitrogen
cycle affects atmospheric concentrations of the three most
important human-caused greenhouse gases: carbon dioxide,
methane, and nitrous oxide. Increased available nitrogen
stimulates the uptake of carbon dioxide by plants, the release
of methane from wetland soils, and the production of nitrous
oxide by soil microbes.
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Human Activities that Form Reactive Nitrogen
and Resulting Consequences in Environmental Reservoirs

Figure 15.2. Once created, a molecule of reactive nitrogen has a cascading impact on people and ecosystems as it contributes
to a number of environmental issues. Molecular terms represent oxidized forms of nitrogen primarily from fossil fuel combustion
(such as nitrogen oxides, NOx), reduced forms of nitrogen primarily from agriculture (such as ammonia, NH3), and organic
forms of nitrogen (Norg) from various processes. NOy is all nitrogen-containing atmospheric gases that have both nitrogen and
oxygen, other than nitrous oxide (N2O). NHx is the sum of ammonia (NH3) and ammonium (NH4). (Figure source: adapted from
EPA 2011;13 Galloway et al. 2003;17 with input from USDA. USDA contributors were Adam Chambers and Margaret Walsh).

Phosphorus and other elements
The phosphorus cycle has been greatly transformed in the
19
United States, primarily from the use of phosphorus fertilizers
in agriculture. Phosphorus has no direct effects on climate,
but does have indirect effects, such as increasing carbon sinks

by fertilizing plants. Emissions of sulfur, as sulfur dioxide, can
reduce the growth of plants and stimulate the leaching of soil
20
nutrients needed by plants.

Key Message 2: Sinks and Cycles
In total, land in the United States absorbs and stores an amount of carbon equivalent to
about 17% of annual U.S. fossil fuel emissions. U.S. forests and associated wood products
account for most of this land sink. The effect of this carbon storage is to partially offset
warming from emissions of CO2 and other greenhouse gases.
Considering the entire atmospheric CO2 budget, the temporary
net storage on land is small compared to the sources: more
CO2 is emitted than can be taken up (see “Estimating the
7,21,22,23
U.S. Carbon Sink”).
Other elements and compounds
affect that balance by direct and indirect means (for example,
nitrogen stimulates carbon uptake [direct] and nitrogen

decreases the soil methane sink [indirect]). The net effect on
Earth’s energy balance from changes in major biogeochemical
cycles (carbon, nitrogen, sulfur, and phosphorus) depends
upon processes that directly affect how the planet absorbs
or reflects sunlight, as well as those that indirectly affect
concentrations of greenhouse gases in the atmosphere.
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Carbon
In addition to the CO2 effects described above, other carbon-containing compounds affect climate change, such as
methane and volatile organic compounds (VOCs). As the most
abundant non-CO2 greenhouse gas, methane is 20 to 30 times
more potent than CO2 over a century timescale. It accounted
for 9% of all human-caused greenhouse gas emissions in the
8
United States in 2011, and its atmospheric concentration to24,25
day is more than twice that of pre-industrial times.
Methane has an atmospheric lifetime of about 10 years before it is
oxidized to CO2, but it has about 25 times the global warming
potential of CO2. An increase in methane concentration in the
26
industrial era has contributed to warming in many ways.

Methane also has direct and indirect effects on climate because of its influences on atmospheric chemistry. Increases in
atmospheric methane and VOCs are expected to deplete concentrations of hydroxyl radicals, causing methane to persist in
the atmosphere and exert its warming effect for longer peri25,27
ods.
The hydroxyl radical is the most important “cleaning
agent” of the troposphere (the active weather layer extending
up to about 5 to 10 miles above the ground), where it is formed
by a complex series of reactions involving ozone and ultraviolet
3
light.

Nitrogen and Phosphorus
The climate effects of an altered nitrogen cycle are substantial
4,28,29,30,31
and complex.
Carbon dioxide, methane, and nitrous
oxide contribute most of the human-caused increase in climate
forcing, and the nitrogen cycle affects atmospheric concentrations of all three gases. Nitrogen cycling processes regulate
ozone (O3) concentrations in the troposphere and stratosphere, and produce atmospheric aerosols, all of which have

additional direct effects on climate. Excess reactive nitrogen
also has multiple indirect effects that simultaneously amplify
and mitigate changes in climate. Changes in ozone and organic
aerosols are short-lived, whereas changes in carbon dioxide
and nitrous oxide have persistent impacts on the atmosphere.

Nitrogen Emissions

Figure 15.3. Figure shows how climate change will affect U.S. reactive nitrogen emissions, in Teragrams (Tg)
CO2 equivalent, on a 20-year (top) and 100-year (bottom) global temperature potential basis. Positive values
on the vertical axis depict warming; negative values reflect cooling. The height of the bar denotes the range of
uncertainty, and the white line denotes the best estimate. The relative contribution of combustion (dark brown)
28
and agriculture (green) is denoted by the color shading. (Figure source: adapted from Pinder et al. 2012 ).
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The strongest direct effect of an altered nitrogen
cycle is through emissions of nitrous oxide (N2O),
a long-lived and potent greenhouse gas that is in25,26
creasing steadily in the atmosphere.
Globally,
agriculture has accounted for most of the atmo32,33
spheric rise in N2O.
Roughly 60% of agricultural
N2O derives from elevated soil emissions resulting
from the use of nitrogen fertilizer. Animal waste
treatment accounts for about 30%, and the re34
maining 10% comes from crop-residue burning.
The U.S. reflects this global trend: around 75% to
80% of U.S. human-caused N2O emissions are due
to agricultural activities, with the majority being
emissions from fertilized soil. The remaining 20% is
derived from a variety of industrial and energy sec35,36
tors.
While N2O currently accounts for about
26
6% of human-caused warming, its long lifetime in
the atmosphere and rising concentrations will increase N2O-based climate forcing over a 100-year
33,37,38
time scale.
Excess reactive nitrogen indirectly exacerbates changes in
climate by several mechanisms. Emissions of nitrogen oxides
(NOx) increase the production of tropospheric ozone, which is
39
a greenhouse gas. Elevated tropospheric ozone may reduce
CO2 uptake by plants and thereby reduce the terrestrial CO2
40
sink. Nitrogen deposition to ecosystems can also stimulate
the release of nitrous oxide and methane and decrease meth41
ane uptake by soil microbes.
However, excess reactive nitrogen also mitigates changes in
greenhouse gas concentrations and climate through several
intersecting pathways. Over short time scales, NOx and ammonia emissions lead to the formation of atmospheric aerosols,
which cool the climate by scattering or absorbing incoming ra26,42
diation and by affecting cloud cover.
In addition, the presence of NOx in the lower atmosphere increases the formation
43
of sulfate and organic aerosols. At longer time scales, NOx
can increase rates of methane oxidation, thereby reducing the
lifetime of this important greenhouse gas.
One of the dominant effects of reactive nitrogen on climate
stems from how it interacts with ecosystem carbon capture
and storage, and thus, the carbon sink. As mentioned previously, addition of reactive nitrogen to natural ecosystems can increase carbon storage as long as other factors are not limiting
44
plant growth, such as water and nutrient availability. Nitrogen deposition from human sources is estimated to contribute
to a global net carbon sink in land ecosystems of 917 to 1,830
million metric tons (1,010 to 2,020 million tons) of CO2 per year.
These are model-based estimates, as comprehensive, observationally-based estimates at large spatial scales are hindered
by the limited number of field experiments. This net land sink
represents two components: 1) an increase in vegetation
growth as nitrogen limitation is alleviated by human-caused

nitrogen deposition, and 2) a contribution from the influence
of increased reactive nitrogen availability on decomposition.
While the former generally increases with increased reactive
nitrogen, the net effect on decomposition in soils is not clear.
The net effect on total ecosystem carbon storage was an average of 37 metric tons (41 tons) of carbon stored per metric ton
45
of nitrogen added in forests in the U.S. and Europe.
When all direct and indirect links between reactive nitrogen
and climate in the U.S. are added up, a recent estimate suggests
a modest reduction in the rate of warming in the near term
(next several decades), but a progressive switch to greater net
28,29
warming over a 100-year timescale.
That switch is due to
a reduction in nitrogen oxide (NOx) emissions, which provide
modest cooling effects, a reduction in the nitrogen-stimulated
CO2 storage in forests, and a rising importance of agricultural
nitrous oxide emissions. Current policies tend to reinforce this
switch. For example, policies that reduce nitrogen oxide and
sulfur oxide emissions have large public health benefits, but
also reduce the indirect climate mitigation co-benefits by reducing carbon storage and aerosol formation.
Changes in the phosphorus cycle have no direct effects on
climate, but phosphorus availability constrains plant and microbial activity in a wide variety of land- and water-based eco46,47
systems.
Changes in phosphorus availability due to human
activity can therefore have indirect impacts on climate and
the emissions of greenhouse gases in a variety of ways. For example, in land-based ecosystems, phosphorus availability can
46,48
limit both CO2 storage and decomposition
as well as the
49
rate of nitrogen accumulation. In turn, higher nitrogen inputs
can alter phosphorus cycling via changes in the production and
activity of enzymes that release phosphorus from decaying
50
organic matter, creating another mechanism by which rising
nitrogen inputs can stimulate carbon uptake.
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Other Effects: Sulfate Aerosols
In addition to the aerosol effects from nitrogen mentioned
above, there are both direct and indirect effects on climate
from other aerosol sources. Components of the sulfur cycle
exert a cooling effect through the formation of sulfate aerosols
26
created from the oxidation of sulfur dioxide (SO2) emissions.
In the United States, the dominant source of sulfur dioxide is
coal combustion. Sulfur dioxide emissions rose until 1980, but
have since decreased by more than 50% following a series of
air-quality regulations and incentives focused on improving human health and the environment, as well as reductions in the
51
delivered price of low-sulfur coal. That decrease in emissions
has had a marked effect on U.S. climate forcing: between 1970
and 1990, sulfate aerosols caused cooling, primarily over the
eastern U.S., but since 1990, further reductions in sulfur dioxide emissions have reduced the cooling effect of sulfate aer-

42

osols by half or more. Continued declines in sulfate aerosol
42
cooling are projected for the future, particularly if coal continues to be replaced by natural gas (which contains far fewer
sulfur impurities) for electricity generation. Here, as with nitrogen oxide emissions, the environmental and socioeconomic
tradeoffs are important to recognize: lower sulfur dioxide and
nitrogen oxide emissions remove some climate cooling agents,
16,31,52
but improve ecosystem health and save lives.
Three low-concentration industrial gases are particularly potent for trapping heat: nitrogen trifluoride (NF3), sulfur hexafluoride (SF6), and trifluoromethyl sulfur pentafluoride (SF5CF3).
None currently makes a major contribution to climate forcing,
but since their emissions are increasing and their effects last
for millennia, continued monitoring is important.

Key Message 3: Impacts and Options
Altered biogeochemical cycles together with climate change increase the vulnerability of
biodiversity, food security, human health, and water quality to changing climate.
However, natural and managed shifts in major biogeochemical cycles can help
limit rates of climate change.
Climate change alters key aspects of biogeochemical cycling,
creating the potential for feedbacks that alter both warming
and cooling processes into the future. For example, as
soils warm, the rate of decomposition will increase, adding
more CO2 to the atmosphere. In addition, both climate and
biogeochemistry interact strongly with environmental and
ecological concerns, such as biodiversity loss, freshwater and
marine eutrophication (unintended fertilization of aquatic

ecosystems that leads to water quality problems), air pollution,
human health, food security, and water resources. Many of
the latter connections are addressed in other sections of this
assessment, but we summarize some of them here because
consideration of mitigation and adaptation options for changes
in climate and biogeochemistry often requires this broader
context.

Climate-Biogeochemistry Feedbacks
Both rising temperatures and changes in water availability can
alter climate-relevant biogeochemical processes. For example,
as summarized above, nitrogen deposition drives temperate
forest carbon storage, both by increasing plant growth and
53
by slowing organic-matter decomposition. Higher temperatures will counteract soil carbon storage by increasing decomposition rates and subsequent emission of CO2 via microbial
respiration. However, that same increase in decomposition
accelerates the release of reactive nitrogen (and phosphorus)
from organic matter, which in turn can fuel additional plant
44
growth. Temperature also has direct effects on net primary
productivity (the total amount of CO2 stored by a plant through
photosynthesis minus the amount released through respira-

tion). The combined effects on ecosystem carbon storage will
depend on the extent to which nutrients constrain both net
primary productivity and decomposition, on the extent of
warming, and on whether any simultaneous changes in water
54
availability occur.
Similarly, natural methane sources are sensitive to variations
in climate; ice core records show a strong correlation between
55
methane concentrations and warmer, wetter conditions.
Thawing permafrost in polar regions is of particular concern
because it stores large amounts of methane that could potentially be released to the atmosphere.

Biogeochemistry, Climate, and Interactions with Other Factors
Societal options for addressing links between climate and biogeochemical cycles must often be informed by connections
to a broader context of global environmental changes. For
example, both climate change and nitrogen deposition can
reduce biodiversity in water- and land-based ecosystems. The
greatest combined risks are expected to occur where critical

56,57

loads are exceeded.
A critical load is defined as the input
rate of a pollutant below which no detrimental ecological effects occur over the long-term according to present knowl57
edge. Although biodiversity is often shown to decline when
nitrogen deposition is high due to fossil fuel combustion and
57,58
agricultural emissions,
the compounding effects of multi-
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ple stressors are difficult to predict. Warming and changes in
water availability have been shown to interact with nitrogen in
59
additive or synergistic ways to exacerbate biodiversity loss.
Unfortunately, very few multi-factorial studies have been done
to address this gap.
Human induced acceleration of the nitrogen and phosphorus
cycles already causes widespread freshwater and marine eu60,61
trophication,
a problem that is expected to worsen under a
61,62
warming climate.
Without efforts to reduce future climate
change and to slow the acceleration of biogeochemical cycles,
existing climate changes will combine with increasing inputs
of nitrogen and phosphorus into freshwater and estuarine
ecosystems. This combination of changes is projected to have
substantial negative effects on water quality, human health,
18,61
inland and coastal fisheries, and greenhouse gas emissions.
Similar concerns – and opportunities for the simultaneous
reduction of multiple environmental problems (known as
“co-benefits”) – exist in the realms of air pollution, human
health, and food security. For example, methane, volatile or-

ganic compounds, and nitrogen oxide emissions all contribute
to the formation of tropospheric ozone, which is a greenhouse
gas and has negative consequences for human health and crop
37,63,64
and forest productivity.
Rates of ozone formation are accelerated by higher temperatures, creating a reinforcing cycle
between rising temperatures and continued human alteration
65
of the nitrogen and carbon cycles. Rising temperatures also
64
work against some of the benefits of air pollution control.
Some changes will trade gains in one arena for declines in others. For example, lowered NOx, NHx, and SOx emissions remove
cooling agents from the atmosphere, but improve air qual16,31
ity.
Recent analyses suggest that targeting reductions in
compounds like methane and black carbon aerosols that have
both climate and air-pollution consequences can achieve significant improvements in not only the rate of climate change,
31
but also in human health. Finally, reductions in excess nitrogen and phosphorus from agricultural and industrial activities
can potentially reduce the rate and impacts of climate change,
while simultaneously addressing concerns in biodiversity, wa66
ter quality, food security, and human health.

Many Factors Combine to Affect Biogeochemical Cycles

Figure 15.4. Top panel shows the impact of the alteration of the carbon cycle alone on radiative forcing. The bottom panel shows the
impacts of the alteration of carbon, nitrogen, and sulfur cycles on radiative forcing. SO2 and NH3 increase aerosols and decrease
radiative forcing. NH3 is likely to increase plant biomass, and consequently decrease forcing. NOx is likely to increase the formation of
tropospheric ozone (O3) and increase radiative forcing.  Ozone has a negative effect on plant growth/biomass, which might increase
radiative forcing. CO2 and NH3 act synergistically to increase plant growth, and therefore decrease radiative forcing. SO2 is likely
to reduce plant growth, perhaps through the leaching of soil nutrients, and consequently increase radiative forcing. NOx is likely to
reduce plant growth directly and through the leaching of soil nutrients, therefore increasing radiative forcing. However, it could act
as a fertilizer that would have the opposite effect.
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Estimating

the u.s. carbon sink

Any natural or engineered process that temporarily
or permanently removes and stores carbon dioxide
(CO2) from the atmosphere is considered a carbon
“sink.” Temporary (10 to 100 years) CO2 sinks at
the global scale include absorption by plants as they
photosynthesize, as well as CO2 dissolution into the
ocean. Forest biomass and soils in North America
offer large temporary carbon sinks in the global
carbon budget; however, the spatial distribution,
longevity, and mechanisms controlling these sinks
67
are less certain. Understanding these processes is
critical for predicting how ecosystem carbon sinks
will change in the future, and potentially for managing the carbon sink as a mitigation strategy for
climate change.

Table 15.1. Carbon (C) sinks and uncertainty estimated by Pacala et al. for the
23
first State of the Carbon Cycle Report. Forests take up the highest percentage
of carbon of all land-based carbon sinks. Due to a number of factors, there are
high degrees of uncertainty in carbon sink estimates.
C sink (Tg C/y)
(95% CI)

Method

Forest

-256 (+/- 50%)

inventory, modeled

Wood products

-57 (+/- 50%)

inventory

-120 (+/- >100%)

inventory

-8 (+/- 50%)

modeled

Wetlands

-23 (+/- >100%)

inventory

Rivers and reservoirs

-25 (+/- 100%)

inventory

Net Land Sink

-489 (+/- 50%)

inventory

Land Area

Woody encroachment
Agricultural soils

Both inventory (measurement) and modeling techniques have been used to estimate land-based carbon sinks at a
range of scales in both time and space. For inventory methods, carbon stocks are measured at a location at two points
in time, and the amount of carbon stored or lost can be estimated over the intervening time period. This method is
widely used to estimate the amount of carbon stored in forests in the United States over timescales of years to decades. Terrestrial biosphere models estimate carbon sinks by modeling a suite of processes that control carbon cycling
dynamics, such as photosynthesis (CO2 uptake by plants) and respiration (CO2 release by plants, animals, and microorganisms in soil and water). Fieldbased data and/or remotely sensed
U.S. Carbon Sinks Absorb a Fraction of CO2 Emissions
data are used as inputs and also to
validate these models. Estimates of
the land-based carbon sink can vary
depending on the data inputs and
how different processes are mod22
eled. Atmospheric inverse models
use information about atmospheric
CO2 concentrations and atmospheric
transport (like air currents) to esti68
mate the terrestrial carbon sink.
This approach can provide detailed
information about carbon sinks over
time. However, because atmospheric
CO2 is well-mixed and monitoring
sites are widely dispersed, these
models estimate fluxes over large areas and it is difficult to identify processes responsible for the sink from
22
these data. Recent estimates using
atmospheric inverse models show
that global land and ocean carbon
Figure 15.5. Figure shows growth in fossil fuel CO2 emissions (black line) and
sinks are stable or even increasing
forest and total land carbon sinks in the U.S. for 1990–2010 (green and orange
69
21
globally.
lines; from EPA 2012 ) and for 2003 (symbols; from the first State of the Carbon
67

Cycle Report ). Carbon emissions are significantly higher than the total land sink’s
21,67
capacity to absorb and store them. (Data from EPA 2012 and CCSP 2007 ).

Continued
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Estimating

the u.s. carbon sink (continued)

U.S. Carbon Sources and Sinks from 1991 to 2000 and 2001 to 2010

Figure 15.6. Changes in CO2 emissions and land-based sinks in two recent decades, showing amongth
th
year variation (vertical lines: minimum and maximum estimates among years; boxes: 25 and 75
quartiles; horizontal line: median). Total CO2 emissions, as well as total CO2 emissions from fossil
fuels, have risen; land-based carbon sinks have increased slightly, but at a much slower pace. (Data
21,67
from EPA 2012 and CCSP 2007 ).

The U.S. Environmental Protection Agency (EPA) conducts an annual inventory of U.S. greenhouse gas emissions and
sinks as part of the nation’s commitments under the Framework Convention on Climate Change. Estimates are based on
inventory studies and models validated with field-based data (such as the CENTURY model) in accordance with the Inter70
governmental Panel on Climate Change (IPCC) best practices. An additional comprehensive assessment, The First State
of the Carbon Cycle Report (SOCCR), provides estimates for carbon sources and sinks in the U.S. and North America
67
around 2003. This assessment also utilized inventory and field-based terrestrial biosphere models, and incorporated
additional land sinks not explicitly included in EPA assessments.
Data from these assessments suggest that the U.S. carbon sink has been variable over the last two decades, but still
absorbs and stores a small fraction of CO2 emissions. The forest sink comprises the largest fraction of the total land sink
in the United States, annually absorbing 7% to 24% (with a best estimate of 16%) of fossil fuel CO2 emissions during
the last two decades. Because the U.S. Forest Service has conducted detailed forest carbon inventory studies, the uncertainty surrounding the estimate for the forest sink is lower than for most other components (see Pacala et al. 2007,
23
Table 2 ). The role of lakes, reservoirs, and rivers in the carbon budget, in particular, has been difficult to quantify and
71
is rarely included in national budgets. The IPCC guidelines for estimating greenhouse gas sources or sinks from lakes,
reservoirs, or rivers are included in the “wetlands” category, but only for lands converted to wetlands. These ecosystems
are not included in the EPA’s estimates of the total land sink. Rivers and reservoirs were estimated to be a sink in the
23
State of the Carbon Cycle analysis, but recent studies suggest that inland waters may actually be an important source
72
of CO2 to the atmosphere. It is important to note that these two methods use different datasets, different models, and
different methodologies to estimate land-based carbon sinks in the United States. In particular, we note that the EPA
Inventory, consistent with IPCC Guidelines for national inventories, includes only carbon sinks designated as humancaused, while the SOCCR analysis does not make this distinction.
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SUPPLEMENTAL MATERIAL
TRACEABLE ACCOUNTS

Process for Developing Key Messages
The key messages and supporting text summarize extensive evidence documented in two technical input reports submitted to
the NCA: 1) a foundational report supported by the Departments
of Energy and Agriculture: Biogeochemical Cycles and Biogenic
Greenhouse Gases from North American Terrestrial Ecosystems:
A Technical Input Report for the National Climate Assessment,30
and 2) an external report: The Role of Nitrogen in Climate Change
and the Impacts of Nitrogen-Climate Interactions on Terrestrial and
Aquatic Ecosystems, Agriculture, and Human Health in the United
States: A Technical Report Submitted to the U.S. National Climate
Assessment.4 The latter report was supported by the International
Nitrogen Initiative, a National Science Foundation grant, and the
David and Lucille Packard Foundation.
Author meetings and workshops were held regularly for the foundational report,30 including a workshop at the 2011 Soil Science
Society of America meeting. A workshop held in July 2011 at
the USGS John Wesley Powell Center for Analysis and Synthesis in Fort Collins, CO, focused on climate-nitrogen actions and
was summarized in the second primary source.4 An additional 15
technical input reports on various topics were also received and
reviewed as part of the Federal Register Notice solicitation for
public input.
The entire author team for this chapter conducted its deliberations by teleconference from April to June 2012, with three major
meetings resulting in an outline and a set of key messages. The
team came to expert consensus on all of the key messages based
on their reading of the technical inputs, other published literature,
and professional judgment. Several original key messages were
later combined into a broader set of statements while retaining
most of the original content of the chapter. Major revisions to the
key messages, chapter, and traceable accounts were approved
by authors; further minor revisions were consistent with the messages intended by the authors.

K ey message #1 Traceable Account
Human activities have increased atmospheric
carbon dioxide by about 40% over pre-industrial
levels and more than doubled the amount of nitrogen available to ecosystems. Similar trends have

been observed for phosphorus and other elements,
and these changes have major consequences for
biogeochemical cycles and climate change.
Description of evidence base
The author team evaluated technical input reports (17) on biogeochemical cycles, including the two primary sources. 4,31 In particular,
one report 4 focused on changes in the nitrogen cycle and was comprehensive. Original literature was consulted for changes in other
biogeochemical cycles. The foundational report 30 updated several
aspects of our understanding of the carbon balance in the United
States.
Publications have shown that human activities have altered biogeochemical cycles. A seminal paper comparing increases in the global
fluxes of carbon (C), nitrogen (N), sulfur (S), and phosphorous (P) was
published in 200073 and was recently updated.3 Changes observed in
the nitrogen cycle1,17,18 show anthropogenic sources to be far greater
than natural ones.14,36,47 For phosphorus, the effect of added phosphorus on plants and microbes is well understood.19,46,47 Extensive
research shows that increases in CO2 are the strongest human impact
forcing climate change, mainly because the concentration of CO2 is so
much greater than that of other greenhouse gases.5,7,73
New information and remaining uncertainties
The sources of C, N, and P are from well-documented processes, such
as fossil fuel burning and fertilizer production and application. The
flux from some processes is well known, while others have significant
remaining uncertainties.
Some new work has synthesized the assessment of global and national CO2 emissions7 and categorized the major CO2 sources and sinks. 4,30
Annual updates of CO2 emissions and sink inventories are done by
EPA (for example, EPA 20138).
Advances in the knowledge of the nitrogen cycle have quantified that
human-caused reactive nitrogen inputs are now at least five times
greater than natural inputs. 4,13,14
Assessment of confidence based on evidence
High confidence. Evidence for human inputs of C, N, and P come from
academic, government, and industry sources. The data show substantial agreement.
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ventories.7,22,36 The forest sink has persisted in the U.S. as forests that
were previously cut have regrown. Further studies show that carbon
uptake can be increased to some extent by a fertilization effect with
reactive nitrogen44,45 and phosphorus, 46,47,48 both nutrients that can
limit the rate of photosynthesis. The carbon sink due to nitrogen fertilization is projected to lessen in the future as controls on nitrogen
emissions come into play.28

Confidence Level
Very High
Strong evidence (established
theory, multiple sources, consistent results, well documented
and accepted methods, etc.),
high consensus

High

While carbon uptake by ecosystems has a net cooling effect, trace
gases emitted by ecosystems have a warming effect that can offset
the cooling effect of the carbon sink.26 The most important of these
gases are methane and nitrous oxide (N2O), the concentrations of
which are projected to rise.25,26,33,37,38

Moderate evidence (several
sources, some consistency,
methods vary and/or documentation limited, etc.), medium
consensus

Medium

New information and remaining uncertainties
The carbon sink estimates have very wide margins of error. The percent of U.S. CO2 emissions that are stored in ecosystems depends on
which years are used for emissions and whether inventories, ecosystem process models, atmospheric inverse models, or some combination of these techniques are used to estimate the sink size (see
“Estimating the U.S. Carbon Sink”). The inventories are continually
updated (for example, EPA 20138), but there is a lack of congruence
on which of the three techniques is most reliable. A recent paper that
uses atmospheric inverse modeling suggests that the global land and
ocean carbon sinks are stable or increasing. 69

Suggestive evidence (a few
sources, limited consistency,
models incomplete, methods
emerging, etc.), competing
schools of thought

Low
Inconclusive evidence (limited sources, extrapolations,
inconsistent findings, poor documentation and/or methods not
tested, etc.), disagreement or
lack of opinions among experts

The likelihood of continued dominance of CO2 over other greenhouse
gases as a driver of global climate change is also judged to be high,
because its concentration is an order of magnitude higher and its rate
of change is well known.

K ey message #2 Traceable Account
In total, land in the United States absorbs and
stores an amount of carbon equivalent to about 17%
of annual U.S. fossil fuel emissions. U.S. forests
and associated wood products account for most of
this land sink. The effect of this carbon storage is
to partially offset warming from emissions of CO2
and other greenhouse gases.
Description of evidence base
The author team evaluated technical input reports (17) on biogeochemical cycles, including the two primary sources.4,30 The “Estimating the U.S. Carbon Sink” section relies on multiple sources of data
that are described therein.
Numerous studies of the North American and U.S. carbon sink have
been published in reports and the scientific literature. Estimates
of the percentage of fossil fuel CO2 emissions that are captured by
forest, cropland, and other lands vary from a low of 7% to a high of
about 24%, when the carbon storage is estimated from carbon in-

While known to be significant, continental-scale fluxes and sources
of the greenhouse gases N2O and CH4 are based on limited data and
are potentially subject to revision. Recent syntheses28 evaluate the
dynamics of these two important gases and project future changes.
Uncertainties remain high.
Assessment of confidence based on evidence
We have very high confidence that the value of the forest carbon sink
lies within the range given, 7% to 24% (with a best estimate of 16%)
of annual U.S. greenhouse gas emissions. There is wide acceptance
that forests and soils store carbon in North America, and that they
will continue to do so into the near future. The exact value of the sink
strength is very poorly constrained, however, and knowledge of the
projected future sink is low. As forests age, their capacity to store
carbon in living biomass will necessarily decrease,10 but if other, unknown sinks are dominant, ecosystems may continue to be a carbon
sink.
We have high confidence that the combination of ecosystem carbon
storage of human-caused greenhouse gas emissions and potential
warming from other trace gases emitted by ecosystems will ultimately result in a net warming effect. This is based primarily on one
recent synthesis,28 which provides ranges for multiple factors and describes the effects of propagating uncertainties. However, the exact
amount of warming or cooling produced by various gases is not yet
well known, because of the interactions of multiple factors.
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K ey message #3 Traceable Account
Altered biogeochemical cycles together with
climate change increase the vulnerability of biodiversity, food security, human health, and water
quality to changing climate. However, natural and
managed shifts in major biogeochemical cycles can
help limit rates of climate change.
Description of evidence base
The author team evaluated technical input reports (17) on biogeochemical cycles, including the two primary sources.4,30
The climate–biogeochemical cycle link has been demonstrated
through numerous studies on the effects of reactive nitrogen and
phosphorus on forest carbon uptake and storage, and decomposition
of organic matter;44,53 temperature effects on ecosystem productivity;54 and sensitivity of natural methane emissions to climate variation.55

New information and remaining uncertainties
Scientists are still investigating the impact of nitrogen deposition
on carbon uptake and of sulfur and nitrogen aerosols on radiative
forcing.
Recent work has shown that more than just climate change aspects
can benefit from addressing multiple environmental concerns (air/
water quality, biodiversity, food security, human health, and so on)
Assessment of confidence based on evidence
High. We have a high degree of confidence that climate change will
affect biogeochemical cycles through its effects on ecosystem structure and function (species composition and productivity). Similarly,
there is high confidence that altered biogeochemical cycles will affect climate change, as for example in the increased rates of carbon
storage in forests and soils that often accompany excess nitrogen
deposition.

Where the nitrogen and phosphorus cycles are concerned, a number
of publications have reported effects of excess loading on ecosystem
processes60,61 and have projected these effects to worsen.61,62 Additionally, studies have reported the potential for future climate change
and increasing nitrogen and phosphorus loadings to have an additive
effect and the need for remediation.18,61 The literature suggests that
co-benefits are possible from addressing the environmental concerns
of both nutrient loading and climate change. 4,31,64,65,66
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REGIONS
From the Rocky Mountains to the Shenandoah Valley, the Great Lakes to the Gulf
of Mexico, our country’s landscapes and communities vary dramatically. But amidst
our geographical and economic diversity, we share many common attributes and
challenges. One common challenge facing every U.S. region is a new and dynamic
set of realities resulting from our changing climate.
The evidence can be found in every region, and impacts are visible in every state.
Some of the most dramatic changes are in Alaska, where average temperatures
have increased more than twice as fast as the rest of the country. The rapid
decline of Arctic sea ice cover in the last decade is reshaping that region. In
the Southwest, a combination of increased temperatures and reductions in
annual precipitation are already affecting forests and diminishing water supplies.
Meanwhile, that region’s population continues to grow at double-digit rates,
increasing the stress on water supplies. In various regions, evidence of climate
change is apparent in ecosystem changes, such as species moving northward,
increases in invasive species and insect outbreaks, and changes in the length of
the growing season. In many cities, impacts to the urban environment are closely
linked to the changing climate, with increased flooding, greater incidence of heat
waves, and diminished air
quality. Along most of our
coastlines, increasing sea
levels and associated threats to
Alaska
coastal areas and infrastructure
are becoming a common
experience.
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Northwest
For all U.S. regions, warming
Great Plains
in the future is projected
to be very large compared
to historical variations.
Northern
Southwest
Mariana
Precipitation patterns will be
Marshall
Islands
Islands Hawai‘i
altered as well, with some
and
Guam
Republic
Pacific Islands
of Palau
regions becoming drier and
Hawai‘i
Federated
some wetter. The exact location
States of
American
Micronesia
Samoa
of some of these future
changes is not easy to pinpoint,
because the continental
U.S. straddles a transition
zone between projected drier
conditions in the sub-tropics
(south) and wetter conditions at higher latitudes (north). As a result, projected
precipitation changes in the northernmost states (which will get wetter) and
southernmost states (which will get drier) are more certain than those for the
central areas of the country. The heaviest precipitation events are projected to
increase everywhere, and by large amounts. Extended dry spells are also projected
to increase in length.

REGIONS
Regional differences in climate change impacts provide opportunities as well as challenges. A changing climate requires
alterations in historical agricultural practices, which, if properly anticipated, can have some benefits. Warmer winters mean
reductions in heating costs for those in the northern portions of the country. Well-designed adaptation and mitigation actions
that take advantage of regional conditions can significantly enhance the nation’s resilience in the face of multiple challenges,
which include many factors in addition to climate change.
The regions defined in this report intentionally follow state lines (see Figure 1 and Table 1), but landscape features such as
forests and mountain ranges do not follow these artificial boundaries. The array of distinct landscapes within each region
required difficult choices of emphasis for the authors. The chapters that follow provide a summary of changes and impacts
that are observed and anticipated in each of the eight regions of the United States, as well as on oceans and coasts.
For more information about the regional climate histories and projections1 and sea level rise scenarios2 developed for the
National Climate Assessment, and used throughout this report, see Ch. 2: Our Changing Climate and Appendix 5: Scenarios
and Model

Table 1: Composition of NCA Regions
Region

Southeast and
Caribbean
Midwest
Great Plains

Connecticut, Delaware, Maine, Maryland, Massachusetts, New Hampshire, New Jersey, New York,
Pennsylvania, Rhode Island, Vermont, West Virginia, District of Columbia,
Alabama, Arkansas, Florida, Georgia, Kentucky, Louisiana, Mississippi, North Carolina, South
Carolina, Tennessee, Virginia, Puerto Rico, U.S. Virgin Islands
Illinois, Indiana, Iowa, Michigan, Minnesota, Missouri, Ohio, Wisconsin
Kansas, Montana, Nebraska, North Dakota, Oklahoma, South Dakota, Texas, Wyoming

Northwest

Idaho, Oregon, Washington

Southwest

Arizona, California, Colorado, Nevada, New Mexico, Utah

Alaska
Hawai‘i and U.S.
Pacific Islands

Alaska
Hawai‘i, Commonwealth of the Northern Mariana Islands, Federated States of Micronesia, Republic
of the Marshall Islands, Republic of Palau, Territory of American Samoa, Territory of Guam
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16 NORTHEAST
Key Messages

1. Heat waves, coastal flooding, and river flooding will pose a growing challenge to the
region’s environmental, social, and economic systems. This will increase the vulnerability
of the region’s residents, especially its most disadvantaged populations.
2. Infrastructure will be increasingly compromised by climate-related hazards, including sea
level rise, coastal flooding, and intense precipitation events.
3. Agriculture, fisheries, and ecosystems will be increasingly compromised over the
next century by climate change impacts. Farmers can explore new crop options, but
these adaptations are not cost- or risk-free. Moreover, adaptive capacity, which varies
throughout the region, could be overwhelmed by a changing climate.
4. While a majority of states and a rapidly growing number of municipalities have begun to
incorporate the risk of climate change into their planning activities, implementation of
adaptation measures is still at early stages.

The region has a vital rural component as well. The Northeast
includes large expanses of sparsely populated but ecologically and agriculturally important areas. Much of the Northeast landscape is dominated by forest, but the region also has
grasslands, coastal zones, beaches and dunes, and wetlands,
and it is known for its rich marine and freshwater fisheries.
These natural areas are essential to recreation and tourism
sectors and support jobs through the sale of timber, maple syrup, and seafood. They also contribute important
ecosystem services to broader populations – protecting
water supplies, buffering shorelines, and sequestering
carbon in soils and vegetation. The twelve Northeastern
states have more than 180,000 farms, with $17 billion in
1
annual sales. The region’s ecosystems and agricultural
systems are tightly interwoven, and both are vulnerable
to a changing climate.

as well as coastal and riverine flooding due to a combination of
sea level rise, storm surge, and extreme precipitation events.
2

The Northeast is characterized by a diverse climate. Average
temperatures in the Northeast generally decrease to the north,
with distance from the coast, and at higher elevations. Average
annual precipitation varies by about 20 inches throughout the
Northeast with the highest amounts observed in coastal and
select mountainous regions. During winter, frequent storms
bring bitter cold and frozen precipitation, especially to the
north. Summers are warm and humid, especially to the south.
The Northeast is often affected by extreme events such as ice
storms, floods, droughts, heat waves, hurricanes, and major
storms in the Atlantic Ocean off the northeast coast, referred
to as nor’easters. However, variability is large in both space and

Although urban and rural regions in the Northeast have
profoundly different built and natural environments,
both include populations that have been shown to be
highly vulnerable to climate hazards and other stresses.
Both also depend on aging infrastructure that has already
been stressed by climate hazards including heat waves,
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Sixty-four million people are concentrated in the Northeast.
The high-density urban coastal corridor from Washington, D.C.,
north to Boston is one of the most developed environments in
the world. It contains a massive, complex, and long-standing
network of supporting infrastructure. The region is home to
one of the world’s leading financial centers, the nation’s capital, and many defining cultural and historical landmarks.
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time. For example, parts of southern New
England that experienced heavy snows in
the cold season of 2010-2011 experienced
little snow during the cold season of 20112012. Of course, even a season with low
totals can feature costly extreme events;
snowfall during a 2011 pre-Halloween
storm that hit most of the Northeast, when
many trees were still in leaf, knocked out
power for up to 10 days for thousands of
households.

Observed Climate Change
Between 1895 and 2011, temperatures
in the Northeast increased by almost 2˚F
(0.16˚F per decade), and precipitation increased by approximately five inches, or
3
more than 10% (0.4 inches per decade).
Coastal flooding has increased due to a rise
in sea level of approximately 1 foot since
1900. This rate of sea level rise exceeds
the global average of approximately 8 inches (see Ch. 2: Our
Changing Climate, Key Message 10; Ch. 25: Coasts), due pri4
marily to land subsidence, although recent research suggests
that changes in ocean circulation in the North Atlantic – spe5
cifically, a weakening of the Gulf Stream – may also play a role.

The Northeast has experienced a greater recent increase in extreme precipitation than any other region in the United States;
between 1958 and 2010, the Northeast saw more than a 70%
increase in the amount of precipitation falling in very heavy
events (defined as the heaviest 1% of all daily events) (see Ch.
7
2: Our Changing Climate, Figure 2.18).

Sea Level is Rising

Figure 16.1. (Map) Local sea level trends in the Northeast region. Length of time series for each arrow varies
6
by tide gauge location. (Figure source: NOAA ). (Graph) Observed sea level rise in Philadelphia, PA, has
significantly exceeded the global average of 8 inches over the past century, increasing the risk of impacts to
critical urban infrastructure in low-lying areas. Over 100 years (1901-2012), sea level increased 1.2 feet (Data
from Permanent Service for Mean Sea Level).
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Projected Climate Change
As in other areas, the amount of warming in the Northeast
will be highly dependent on global emissions of heat-trapping
gases. If emissions continue to increase (as in the A2 scenario),
warming of 4.5F° to 10°F is projected by the 2080s; if global
emissions were reduced substantially (as in the B1 scenario),
3
projected warming ranges from about 3°F to 6°F by the 2080s.
Under both emissions scenarios, the frequency, intensity, and
duration of heat waves is expected to increase, with larger increases under higher emissions (Ch. 2: Our Changing Climate).
Much of the southern portion of the region, including the
majority of Maryland and Delaware, and southwestern West
Virginia and New Jersey, are projected by mid-century to experience many more days per year above 90°F compared to
the end of last century under continued increases in emissions
(Figure 16.2, A2 scenario). This will affect the region’s vulnerable populations, infrastructure, agriculture, and ecosystems.

Projected Increases in the Number of Days over

The frequency, intensity, and duration of cold air outbreaks is
expected to decrease as the century progresses, although some
research suggests that loss of Arctic sea ice could indirectly reduce this trend by modifying the jet stream and mid-latitude
8,9
weather patterns.
Projections of precipitation changes are less certain than pro3
jections of temperature increases. Winter and spring precipitation is projected to increase, especially but not exclusively in
the northern part of the region (Ch. 2: Our Changing Climate,
3,10
Key Messages 5 and 6). A range of model projections for the
end of this century under a higher emissions scenario (A2), avth
th
eraged over the region, suggests about 5% to 20% (25 to 75
percentile of model projections) increases in winter precipitation. Projected changes in summer and fall, and for the entire
year, are generally small at the end of the century compared to
natural variations (Ch. 2: Our Changing Climate, Key Message
3
5). The frequency of heavy downpours is projected to continue to increase as the century progresses (Ch.
2: Our Changing Climate, Key Message 6). Sea90°F
sonal drought risk is also projected to increase in
summer and fall as higher temperatures lead to
greater evaporation and earlier winter and spring
11
snowmelt.
Global sea levels are projected to rise 1 to 4 feet
by 2100 (Ch. 2: Our Changing Climate, Key Mes12
sage 10), depending in large part on the extent
to which the Greenland and West Antarctic Ice
Sheets experience significant melting. Sea level
rise along most of the coastal Northeast is expected to exceed the global average rise due to
local land subsidence, with the possibility of even
greater regional sea level rise if the Gulf Stream
5,13
weakens as some models suggest.
Sea level
rise of two feet, without any changes in storms,
would more than triple the frequency of dangerous coastal flooding throughout most of the
14
Northeast.
Although individual hurricanes cannot be directly
attributed to climate change, Hurricanes Irene
and Sandy nevertheless provided “teachable moments” by demonstrating the region’s vulnerability to extreme weather events and the potential
for adaptation to reduce impacts.

Figure 16.2. Projected number of days per year with a maximum temperature
greater than 90°F averaged between 2041 and 2070, compared to 1971-2000
(Historical Climate), assuming continued increases in global emissions (A2)
and substantial reductions in future emissions (B1). (Figure source: NOAA
NCDC / CICS-NC).
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Hurricane

vulnerability

Two recent events contrast existing vulnerability to extreme events: Hurricane Irene, which produced a broad swath of
very heavy rain (greater than five inches in total and sometimes two to three inches per hour in some locations) from
southern Maryland to northern Vermont from August 27 to 29, 2011; and Hurricane Sandy, which caused massive
coastal damage from storm surge and flooding along the Northeast coast from October 28 to 30, 2012.
Rainfall associated with Irene led to hydrological extremes in the region. These heavy rains were part of a broader pattern
of wet weather preceding the storm (rainfall totals for AuFlooding and Hurricane Irene
gust and September exceeded 25 inches across much of
the Northeast) that left the region predisposed to extreme
flooding from Irene; for example, the Schoharie Creek in
15
New York experienced a 500-year flood.
In anticipation of Irene, the New York City mass transit
system was shut down, and 2.3 million coastal residents
in Delaware, New Jersey, and New York faced mandatory
evacuations. However, it was the inland impacts, especially in upstate New York and in central and southern
Vermont, that were most severe. Ironically, many New
York City residents fled to inland locations, which were
harder hit. Flash flooding washed out roads and bridges, undermined railroads, brought down trees and power lines, flooded homes and businesses, and damaged
floodplain forests. In Vermont, more than 500 miles of
roadways and approximately 200 bridges were damaged,
with estimated rebuilding costs of $175 to $250 million. Hazardous wastes were released in a number of areas, and 17 municipal wastewater treatment plants were
breached by floodwaters. Agricultural losses included
damage to barn structures and flooded fields of crops.
Many towns and villages were isolated for days due to
Figure 16.3. Hurricane Irene over the Northeast on August
infrastructure impacts from river flooding (see also Ch.
28, 2011. The storm, which brought catastrophic flooding
5: Transportation, “Tropical Storm Irene Devastates Verrains to parts of the Northeast, took 41 lives in the United
2
mont Transportation in August 2011”). Affected resi16
States, and the economic cost was estimated at $16 billion.
dents suffered from increased allergen exposure due to
(Figure source: MODIS instrument on NASA’s Aqua satellite).
mold growth in flooded homes and other structures and
were exposed to potentially harmful chemicals and pathogens in their drinking water. In the state of Vermont, cleaning
up spills from aboveground hazardous waste tanks cost an estimated $1.75 million. Septic systems were also damaged
17
from high groundwater levels and river or stream erosion, including 17 septic system failures in the state of Vermont.
18

Sandy was responsible for about 150 deaths, approximately half of which occurred in the Northeast. Damages, concentrated in New Jersey, New York, and Connecticut, were estimated at $60 to $80 billion, making Sandy the second
19
most costly Atlantic Hurricane in history behind Katrina. It is also estimated that 650,000 homes were damaged or
18
destroyed, and that 8.5 million people were without power. Floodwaters inundated subway tunnels in New York City (see
also Ch. 5: Transportation, “Hurricane Sandy”). Sandy also caused significant damage to the electrical grid and over18
whelmed sewage treatment plants. In New Jersey, repairs to damaged power and gas lines are expected to cost about
$1 billion, and repairs to waste, water, and sewer systems are expected to cost $3 billion.
Many of these vulnerabilities to coastal flooding and sea level rise (Ch. 2: Our Changing Climate, Key Message 10) and
intensifying storms (Ch. 2: Our Changing Climate, Key Messages 8 and 9) – including the projected frequency of flooding of tunnels and airports – were documented as early as 2001 in a report developed in support of the 2000 National
20
Climate Assessment. Despite such reports, the observed vulnerability was a surprise to many coastal residents, which
suggests improved communication is needed.
Continued
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Hurricane

vulnerability

Over the last decade, cities, states, and agencies in
the New York metropolitan region took steps to reduce
21
their vulnerability to coastal storms. In 2008, New
York City convened a scientific body of experts – the
New York City Panel on Climate Change (NPCC) – and
formed a Climate Adaptation Task Force comprised
of approximately 40 agencies, private sector companies, and regional groups. A process, approach, and
tools for climate change adaptation were developed
11,22
and documented in New York City
and New York
23
State. In 2012, the NPCC and Climate Adaptation
Task Force were codified into New York City law, a
key step towards institutionalizing climate science,
impact, and adaptation assessment into long-term
24
planning.

Coastal Flooding Along New Jersey’s Shore

These initiatives led to adaptation efforts, including
elevating infrastructure, restoring green spaces, and
developing evacuation plans that helped reduce damage and save lives during Irene and Sandy (also see
discussion of Hurricane Sandy in Ch. 11: Urban). As
24
rebuilding and recovery advances, decision-making based on current and projected risks from such
events by a full set of stakeholders and participants
in the entire Northeast could dramatically improve resilience across the region.

Figure 16.4. Predictions of coastal erosion prior to Sandy’s
arrival provided the region’s residents and decision-makers with
advance warning of potential vulnerability. The map shows three
bands: collision of waves with beaches causing erosion on the
front of the beach; overwash that occurs when water reaches
over the highest point and erodes from the rear, which carries
sand inland; and inundation, when the shore is severely eroded
and new channels can form that lead to permanent flooding.
The probabilities are based on the storm striking at high tide.
For New Jersey, the model estimated that 21% of the shoreline
had more than a 90% chance of experiencing inundation. These
projections were realized, and made the New Jersey coastline
even more vulnerable to the nor’easter that followed Hurricane
25
Sandy by only 10 days. (Figure source: ESRI and USGS 2012 ).
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Key Message 1: Climate Risks to People

Urban residents have unique and multifaceted vulnerabilities
to heat extremes. Northeastern cities, with their abundance
of concrete and asphalt and relative lack of vegetation, tend to
have higher temperatures than surrounding regions (the “urban heat island” effect). During extreme heat events, nighttime
temperatures in the region’s big cities are generally several de26
grees higher than surrounding regions, leading to increased
heat-related death among those less able to recover from the
27
heat of the day. Since the hottest days in the Northeast are
often associated with high concentrations of ground-level
28
ozone and other pollutants, the combination of heat stress
and poor air quality can pose a major health risk to vulnerable groups: young children, the elderly, and those with pre29
existing health conditions including asthma. Vulnerability is
further increased as key infrastructure, including electricity for
potentially life-saving air conditioning, is more likely to fail precisely when it is most needed – when demand exceeds available supply. Significant investments may be required to ensure
that power generation keeps up with rising demand associ30
ated with rising temperatures. Finally, vulnerability to heat

Urban Heat Island

©Richard Drew/AP/AP/Corbis

Heat waves, coastal flooding, and river flooding will pose a growing challenge to the region’s
environmental, social, and economic systems. This will increase the vulnerability of the
region’s residents, especially its most disadvantaged populations.

waves is not evenly distributed throughout urban areas;
outdoor versus indoor air temperatures, air quality, baseline
health, and access to air conditioning are all dependent on
29
socioeconomic factors. Socioeconomic factors that tend
to increase vulnerability to such hazards include race and
ethnicity (being a minority), age (the elderly and children),
gender (female), socioeconomic status (low income, status,
or poverty), and education (low educational attainment).
The condition of human settlements (type of housing and
construction, infrastructure, and access to lifelines) and the
built environment are also important determinants of socioeconomic vulnerability, especially given the fact that these
characteristics influence potential economic losses, injuries,
31
and mortality.

Figure 16.5. Surface temperatures in New York City on a
summer’s day show the “urban heat island,” with temperatures
in populous urban areas being approximately 10°F higher than
the forested parts of Central Park. Dark blue reflects the colder
waters of the Hudson and East Rivers. (Figure source: Center for
Climate Systems Research, Columbia University).
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Increased health-related impacts and costs, such as premature death and hospitalization due to even modest increases
in heat, are predicted in the Northeast’s urban centers (Ch.
32
9: Human Health). One recent study projected that temperature changes alone would lead to a 50% to 91% increase
in heat-related deaths in Manhattan by the 2080s (relative
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to a 1980s baseline). Increased ground-level ozone due to
warming is projected to increase emergency department visits
for ozone-related asthma in children (0 to 17 years of age) by
7.3% by the 2020s (given the A2 scenario) relative to a 1990
baseline of approximately 650 visits in the New York metro34
politan area.
Heat wave research has tended to focus on urban areas, but
vulnerability to heat may also become a major issue in rural
areas and small towns because air conditioning is currently not
prevalent in parts of the rural Northeast where heat waves
have historically been rare. Some areas of northern New England, near the Canadian border, are projected to shift from
having less than five to more than 15 days per year over 90°F
by the 2050s under the higher emissions scenario (A2) of heat3
trapping gases. It should be noted that winter heating needs, a
significant expense for many Northeastern residents, are likely
35
to decrease as the century progresses.
The impacts of climate change on public health will extend beyond the direct effects of temperature on human physiology.
Changing distributions of temperature, precipitation, and car36
bon dioxide could affect the potency of plant allergens, and
there has been an observed increase of 13 to 27 days in the
36
ragweed pollen season at latitudes above 44°N.
Vector-borne diseases are an additional concern. Most occurrences of Lyme disease in United States are in the Northeast,
37
especially Connecticut. While it is unclear how climate change
38
will impact Lyme disease, several studies in the Northeast
have linked tick activity and Lyme disease incidence to climate,
39
specifically abundant late spring and early summer moisture.
West Nile Virus (WNV) is another vector-borne disease that
may be influenced by changes in climate. Suitable habitat for
the Asian Tiger Mosquito, which can transmit West Nile and
other vector-borne diseases, is expected to increase in the
Northeast from the current 5% to 16% in the next two decades
and from 43% to 49% by the end of the century, exposing more
than 30 million people to the threat of dense infestations by
40
this species.
Many Northeast cities, including New York, Boston, and Philadelphia, are served by combined sewer systems that collect

and treat both stormwater and municipal wastewater. During
heavy rain events, combined systems can be overwhelmed
and untreated water may be released into local water bodies.
In Connecticut, the risk for contracting a stomach illness while
swimming significantly increased after a one inch precipitation
41
event, and studies have found associations between diarrhe42
al illness among children and sewage discharge in Milwaukee.
More frequent heavy rain events could therefore increase the
incidence of waterborne disease.
Historical settlement patterns and ongoing investment in
coastal areas and along major rivers combine to increase the
vulnerabilities of people in the Northeast to sea level rise and
43
coastal storms. Of the Northeast’s population of 64 million,
approximately 1.6 million people live within the Federal Emergency Management Agency’s (FEMA) 100-year coastal flood
zone, with the majority – 63% of those at risk – residing in New
44
York and New Jersey. As sea levels rise, populations in the
current 1-in-100-year coastal flood zone (defined as the area
with at least a 1% chance of experiencing a coastal flood in a
given year) will experience more frequent flooding, and populations that have historically fallen outside the 1-in-100-year
flood zone will find themselves in that zone. People living in
coastal flood zones are vulnerable to direct loss of life and injury associated with tropical storms and nor’easters. Flood damage to personal property, businesses, and public infrastructure
can also result (see Key Message 2).
This risk is not limited to the 1-in-100-year flood zone; in the
Mid-Atlantic part of the region alone, estimates suggest that
between 450,000 and 2.3 million people are at risk from a
45
three foot sea level rise, which is in the range of projections
for this century.
Throughout the Northeast, populations are also concentrated
along rivers and their flood plains. In mountainous regions, including much of West Virginia and large parts of Pennsylvania,
New York, Vermont, and New Hampshire, more intense precip3
itation events (Ch. 2: Our Changing Climate) will mean greater
flood risk, particularly in valleys, where people, infrastructure,
and agriculture tend to be concentrated.
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Key Message 2: Stressed Infrastructure
Infrastructure will be increasingly compromised by climate-related hazards,
including sea level rise, coastal flooding, and intense precipitation events.
Disruptions to services provided by public and private infrastructure in the Northeast both interrupt commerce and
46
threaten public health and safety (see also Ch. 11: Urban).
In New York State, two feet of sea level rise is estimated (absent adaptation investment) to flood or render unusable 212
miles of roads, 77 miles of rail, 3,647 acres of airport facilities,
47
and 539 acres of runways. Port facilities, such as in Maryland
(primarily Baltimore), also have flooding impact estimates: 298
47
acres, or 32% of the overall port facilities in the state. These
impacts have potentially significant economic ramifications.
For example, in 2006 alone the Port of Baltimore generated
more than 50,200 jobs, $3.6 billion in personal income, $1.9
billion in business revenues, and $388 million in state, coun48
ty, and municipal tax. The New York City Panel on Climate
Change highlighted a broader range of climate impacts on
11
infrastructure sectors (see Table 16.1). Although this study
focused specifically on New York City, these impacts are ap-

plicable throughout the region. Predicted impacts of coastal
flooding on infrastructure were largely borne out by Hurricane
Sandy; sea level rise will only increase these vulnerabilities.
The more southern states within the region, including Delaware
and Maryland, have a highly vulnerable land area because of a
higher rate of sea level rise and relatively flat coastlines compared to the northern tier. The northern states, including Massachusetts, Rhode Island, and Connecticut, have less land area
exposed to a high inundation risk because of a lower relative
sea level rise and because of their relatively steep coastal ter49
rain. Still, low-lying coastal metropolitan areas in New England have considerable infrastructure at risk. In Boston alone,
cumulative damage to buildings and building contents, as well
as the associated emergency costs, could potentially be as high
as $94 billion between 2000 and 2100, depending on the sea
50
level rise scenario and which adaptive actions are taken.
51

Table 16.1. Impacts of sea level rise and coastal floods on critical coastal infrastructure by sector. Sources: Horton and Rosenzweig 2010, Zimmerman
52
and Faris 2010, and Ch. 25: Coasts.
Communications

Energy

Transportation

Water and Waste

Higher average sea level
•

Increased saltwater encroachment and damage to
low-lying communications
infrastructure not built to
withstand saltwater exposure

•

Increased coastal erosion
rates and/or permanent
inundation of low-lying areas,
threatening coastal power
plants

•

Increased rates of coastal
erosion and/or permanent
inundation of low-lying areas,
causing increased maintenance costs and shortened
replacement cycles

•

Increased equipment damage
from corrosive effects of
saltwater encroachment, resulting in higher maintenance
costs and shorter replacement cycles

•

Cellular tower destruction or
loss of function

•

Increased saltwater encroachment and damage to
infrastructure not built to
withstand saltwater exposure

•

Increased coastal erosion
rates and/or permanent
inundation of low-lying areas,
resulting in increased maintenance costs and shorter
replacement cycles

•

Decreased clearance levels
under bridges

•

Increased saltwater encroachment and damage to
water and waste infrastructure not built to withstand
saltwater exposure

•

Increased release of pollution
and contaminant runoff from
sewer systems, treatment
plants, brownfields, and
waste storage facilities

•

Permanent inundation of lowlying areas, wetlands, piers,
and marine transfer stations

•

Increased saltwater infiltration into freshwater distribution systems

More frequent and intense coastal flooding
•

•

Increased need for emergency management actions
with high demand on communications infrastructure
Increased damage to communications equipment and
infrastructure in low-lying
areas

•

Increased need for emergency management actions

•

Increased need for emergency management actions

•

Increased need for emergency management actions

•

Exacerbated flooding of lowlying power plants and equipment, as well as structural
damage to infrastructure due
to wave action

•

Exacerbated flooding of
streets, subways, tunnel and
bridge entrances, as well as
structural damage to infrastructure due to wave action

•

Exacerbated street, basement, and sewer flooding,
leading to structural damage
to infrastructure

•

•

Increased use of energy to
control floodwaters

•

Episodic inundation of lowlying areas, wetlands, piers,
and marine transfer stations

•

Increased number and
duration of local outages
due to flooded and corroded
equipment

Decreased levels of service
from flooded roadways;
increased hours of delay
from congestion during street
flooding episodes

•

Increased energy use for
pumping
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NOAA

Coney Island after Hurricane Irene

In the transportation sector (see also Ch. 5: Transportation),
many of the region’s key highways (including I-95) and rail systems (including Amtrak and commuter rail networks) span areas that are prone to coastal flooding. In addition to temporary
service disruptions, storm surge flooding can severely undermine or disable critical infrastructure along coasts, including
subway systems, wastewater treatment plants, and electrical

Figure 16.6. Flooded subway tracks in Coney
Island after Hurricane Irene. (Photo credit:
Metropolitan Transportation Authority of the
State of New York 2011).

substations. Saltwater corrosion can damage sensitive and
critical electrical equipment, such as electrical substations
for energy distribution and signal equipment for rail systems;
corrosion also accelerates rust damage on rail lines. Saltwater
also threatens groundwater supplies and damages wastewater
treatment plants.

Key Message 3: Agricultural and Ecosystem Impacts
Agriculture, fisheries, and ecosystems will be increasingly compromised over the next century
by climate change impacts. Farmers can explore new crop options, but these adaptations are
not cost- or risk-free. Moreover, adaptive capacity, which varies throughout the region,
could be overwhelmed by a changing climate.
Farmers in the Northeast are already experiencing consequences of climate change. In addition to direct crop damage
from increasingly intense precipitation events, wet springs
can delay planting for grain and vegetables in New York, for
example, and subsequently delay harvest dates and reduce
53
54
yields. This is an issue for agriculture nationally, but is particularly acute for the Northeast, where heavy rainfall events
have increased more than in any other region of the country
7
(Ch. 2: Our Changing Climate, Key Message 6). In the future,
farmers may also face too little water in summer to meet increased crop water demand as summers become hotter and
55,56
growing seasons lengthen.
Increased frequency of summer
heat stress is also projected, which can negatively affect crop
57
yields and milk production.
Despite a trend toward warmer winters, the risk of frost and
freeze damage continues, and has paradoxically increased over
the past decade (see also Ch. 8: Ecosystems). These risks are
exacerbated for perennial crops in years with variable winter
temperatures. For example, midwinter-freeze damage cost
wine grape growers in the Finger Lakes region of New York mil58
lions of dollars in losses in the winters of 2003 and 2004. This
was likely due to de-hardening of the vines during an unusually

warm December, which increased susceptibility to cold damage just prior to a subsequent hard freeze. Another avenue for
cold damage, even in a relatively warm winter, is when there
is an extended warm period in late winter or early spring causing premature leaf-out or bloom, followed by a damaging frost
59
event, as occurred throughout the Northeast in 2007 and
again in 2012 when apple, grape, cherry, and other fruit crops
60
were hard hit.
Increased weed and pest pressure associated with longer
growing seasons and warmer winters will be an increasingly important challenge; there are already examples of earlier arrival
and increased populations of some insect pests such as corn
57
earworm. Furthermore, many of the most aggressive weeds,
such as kudzu, benefit more than crop plants from higher atmospheric carbon dioxide, and become more resistant to her61
bicide control. Many weeds respond better than most cash
crops to increasing carbon dioxide concentrations, particularly
“invasive” weeds with the so-called C3 photosynthetic pathway, and with rapid and expansive growth patterns, including
62
large allocations of below-ground biomass, such as roots. Research also suggests that glyphosate (for example, Roundup),
the most widely-used herbicide in the United States, loses its
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efficacy on weeds grown at the increased carbon dioxide levels
63
likely to occur in the coming decades. To date, all weed/crop
competition studies where the photosynthetic pathway is the
same for both species favor weed growth over crop growth as
61
carbon dioxide is increased.
Effects of rising temperatures on the Northeast’s ecosystems
have already been clearly observed (see also Ch. 8: Ecosystems). Further, changes in species distribution by elevation are
occurring; a Vermont study found an upslope shift of 299 to
390 feet in the boundary between northern hardwoods and
boreal forest on the western slopes of the Green Mountains
64
65
between 1964 and 2004. Wildflowers and woody peren66
nials are blooming earlier and migratory birds are arriving
67
sooner. Because species differ in their ability to adjust, asynchronies (like a mismatch between key food source availability
and migration patterns) can develop, increasing species and
ecosystem vulnerability. Several bird species have expanded
68
their ranges northward as have some invasive insect species,
69
such as the hemlock woolly adelgid, which has devastated
hemlock trees. Warmer winters and less snow cover in recent
70
years have contributed to increased deer populations that
71
degrade forest understory vegetation.
As ocean temperatures continue to rise, the range of suitable
habitat for many commercially important fish and shellfish
species is projected to shift northward. For example, cod and
lobster fisheries south of Cape Cod are projected to have sig72
nificant declines. Although suitable habitats will be shrinking
for some species (such as coldwater fish like brook trout) and
expanding for others (such as warmwater fish like bass), it is
difficult to predict what proportion of species will be able to

The

73

move or adapt as their optimum climate zones shift. As each
species responds uniquely to climate change, disruptions of important species interactions (plants and pollinators; predators
and prey) can be expected. For example, it is uncertain what
forms of vegetation will move into the Adirondack Mountains
74
when the suitable habitat for spruce-fir forests disappears.
Increased productivity of some northern hardwood trees in
the Northeast is projected (due to longer growing seasons and
assuming a significant benefit from higher atmospheric carbon
dioxide), but summer drought and other extreme events may
75
offset potential productivity increases. Range shifts in traditional foods gathered from the forests by Native American
communities, such as Wabanaki berries in the Northeast, can
have negative health and cultural impacts (Ch. 12: Indigenous
76
Peoples).
In contrast, many insect pests, pathogens, and invasive plants
like kudzu appear to be highly and positively responsive to re77
cent and projected climate change. Their expansion will lead
to an overall loss of biodiversity, function, and resilience of
some ecosystems.
The Northeast’s coastal ecosystems and the species that inhabit them are highly vulnerable to rising seas (see also Ch.
25: Coasts, Key Message 4). Beach and dune erosion, both a
cause and effect of coastal flooding, is also a major issue in
78,79
the Northeast.
Since the early 1800s, there has been an
estimated 39% decrease in marsh coverage in coastal New
England; in the metropolitan Boston area, marsh coverage is
80
estimated to be less than 20% of its late 1700s value. Impervious urban surfaces and coastal barriers such as seawalls limit
81
the ability of marshes to expand inland as sea levels rise.

chesapeake bay

The Chesapeake Bay is the largest U.S. estuary, with a drainage basin that extends over six states. It is a critical and
highly integrated natural and economic system threatened by changing land-use patterns and a changing climate –
including sea level rise, higher temperatures, and more intense precipitation events. The ecosystem has a central role
in the economy, including providing sources of food for people and the region’s other inhabitants, and cooling water
for the energy sector. It also provides critical ecosystem services.
As sea levels rise, the Chesapeake Bay region is expected to experience an increase in coastal flooding and drowning
of estuarine wetlands. The lower Chesapeake Bay is especially at risk due to high rates of sinking land (known as
82
subsidence). Climate change and sea level rise are also likely to cause a number of ecological impacts, including
declining water quality and clarity, increases in harmful algae and low oxygen (hypoxia) events, decreases in a number
of species including eelgrass and seagrass beds, and changing interactions among trophic levels (positions in the food
83
chain) leading to an increase in subtropical fish and shellfish species in the bay.
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Key Message 4: Planning and Adaptation
While a majority of states and a rapidly growing number of municipalities have begun to
incorporate the risk of climate change into their planning activities, implementation
of adaptation measures is still at early stages.
Of the 12 states in the Northeast, 11 have developed adaptation plans for several sectors and 10 have released, or plan to
84
release, statewide adaptation plans. Given the interconnectedness of climate change impacts and adaptation, multi-state
coordination could help to ensure that information is shared
efficiently and that emissions reduction and adaptation strategies do not operate at cross-purposes.

Connecticut Coastline and Expanding Salt

Local and state governments in the Northeast have been
leaders and incubators in utilizing legal and regulatory op85
portunities to foster climate change policies. The Regional
Greenhouse Gas Initiative (RGGI) was the first market-based
regulatory program in the U.S. aimed at reducing greenhouse
gas emissions; it is a cooperative effort among nine northeast86
ern states. Massachusetts became the first state to officially
incorporate climate change impacts into its environmental
review procedures by adopting legislation that directs agencies to “consider reasonably foreseeable climate
change impacts, including additional greenhouse
Marshes
gas emissions, and effects, such as predicted sea
87
level rise.” In addition, Maine, Massachusetts,
and Rhode Island have each adopted some form
of “rolling easement” to ensure that wetlands or
dunes migrate inland as sea level rises and re45
duce the risk of loss of life and property.
Northeast cities have employed a variety of
mechanisms to respond to climate change, including land-use planning, provisions to protect
infrastructure, regulations related to the design
and construction of buildings, and emergency
91
preparation, response, and recovery. While
significant progress has been made, local governments still face limitations of legal authority,
geographic jurisdiction, and resource constraints
that could be addressed through effective engagement and support from higher levels of government.

Figure 16.7. The Nature Conservancy’s adaptation decision-support
88
tool (www.coastalresilience.org) depicts building-level impacts due
to inundation (developed land cover, yellow areas) and potential marsh
advancement zones (undeveloped land cover – currently forest, grass,
and agriculture – blue areas) using downscaled sea level rise projections
(52 inches by 2080s depicted) along the Connecticut and New York
90
89
coasts. (Figure source: Ferdaña et al. 2010, Beck et al. 2013 ).

382

Keene, New Hampshire, has been a pilot community for ICLEI’s Climate Resilient Communities
92
program for adaptation planning – a process
implemented through innovative community en93
gagement methods. The Cape Cod Commission
is another example in New England; the Commission has drafted model ordinances to help
communities incorporate climate into zoning
decision-making. Farther south, New York City
has taken numerous steps to implement PlaNYC,
a far-reaching sustainability plan for the city, including amending the construction code and the
zoning laws and the implementation of measures
focused on developing adaptation strategies to
protect the City’s public and private infrastruc24
ture from the effects of climate change; some
major investments in protection have even been
conceptualized.
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Storm Surge Barrier

Figure 16.8. Conceptual design of a storm surge barrier in New York City. (Figure source: Jansen and Dircke 2009).

One widely used adaptation-planning template is the eightstep iterative approach developed by the New York City Panel
on Climate Change; it was highlighted in the contribution of the
National Academy of Science’s Adaptation Panel to America’s
Climate Choices and adopted by the Committee on America’s
Climate Choices. It describes a procedure that decision-makers
at all levels can use to design a flexible adaptation pathway to
address infrastructure and other response issues through inventory and assessment of risk. The key, with respect to infrastructure, is to link adaptation strategies with capital improvement cycles and adjustment of plans to incorporate emerging
11,94
climate projections
– but the insights are far more general
95
than that (see the Adaptation Panel Report ).
In most cases, adaptation requires information and tools
coupled to a decision-support process steered by strong leadership, and there are a growing number of examples in the
Northeast. At the smaller, municipal scale, coastal pilot proj96
97
90
ects in Maryland, Delaware, New York, and Connecticut
are underway.
Research and outreach efforts are underway in the region to
help farmers find ways to cope with a rapidly changing climate,

take advantage of a longer growing season, and reduce green56,98
house gas emissions,
but unequal access to capital and
information for strategic adaptation and mitigation remain a
99
challenge. Financial barriers can constrain farmer adaptation.
Even relatively straightforward adaptations such as changing varieties are not always a low-cost option. Seed for new
stress-tolerant varieties is sometimes expensive or regionally
unavailable, and new varieties often require investments in
new planting equipment or require adjustment in a wide range
of farming practices. Investment in irrigation and drainage
systems are relatively expensive options, and a challenge for
farmers will be determining when the frequency of yield losses
due to summer water deficits or flooding has or will become
frequent enough to warrant such capital investments.
Regional activities in the Northeast are also being linked to federal efforts. For example, NASA’s Agency-wide Climate Adaptation Science Investigator Workgroup (CASI) brings together
NASA facilities managers with NASA climate scientists in local
Climate Resilience Workshops. This approach was in evidence
at the Goddard Space Flight Center in Maryland, where scientists helped institutional managers address energy and stormwater management vulnerabilities.
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Maine’s

culverts: an adaptation case study

Culverts and the structures they protect are receiving increasing attention, since they are vulnerable to damage during the
types of extreme precipitation events that are occurring with increasing frequency in the Northeast (Ch. 2: Our Changing
Climate, Key Message 6; Ch. 5: Transportation). For instance, severe storms in the Northeast that were projected in the
100
1950s to occur only once in 100 years, now are projected to occur once every 60 years.

©Esperanza Stancioff, UMaine Extension and Maine Sea Grant

The Maine Department of Transportation manages more than 97,000 culverts, but individual property owners or small
towns manage even more; Scarborough, Maine, for example, has 2,127 culverts. When 71 town managers and officials
in coastal Maine were surveyed as part of the statewide Sustainability Solutions Initiative, culverts, with their 50 to 65
year expected lifespan, emerged atop a wish list
101
for help in adapting to climate change.
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A research initiative that mapped decisions by
town managers in Maine to sources of climate information, engineering design, mandated requirements, and calendars identified the complex,
multi-jurisdictional challenges of widespread adaptation for even such seemingly simple actions
as using larger culverts to carry water from major
101
storms. To help towns adapt culverts to expected climate change over their lifetimes, the Sustainability Solutions Initiative is creating decision
tools to map culvert locations, schedule maintenance, estimate needed culvert size, and analyze
replacement needs and costs.
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SUPPLEMENTAL MATERIAL
TRACEABLE ACCOUNTS

Process for Developing Key Messages:
Results of the Northeast Regional Climate assessment workshop
that was held on November 17-18, 2011, at Columbia University,
with approximately 60 attendees, were critically important in our
assessment. The workshop was the beginning of the process that
2
led to the foundational Technical Input Report (TIR). That 313page report consisted of seven chapters by 13 lead authors and
more than 60 authors in total. Public and private citizens or institutions who service and anticipate a role in maintaining support
for vulnerable populations in Northeast cities and communities
indicated that they are making plans to judge the demand for adaptation services. These stakeholder interactions were surveyed
and engaged in the preparation of this chapter. We are confident
that the TIR authors made a vigorous attempt to engage various
agencies at the state level and non-governmental organizations
(NGOs) that have broader perspectives.
The author team engaged in multiple technical discussions via
teleconferences, which included careful review of the foundational
2
TIR and approximately 50 additional technical inputs provided
by the public, as well as the other published literature and professional judgment. Discussions were followed by expert deliberation
of draft key messages by the authors and targeted consultation
with additional experts by the lead author of each key message.

K ey message #1 Traceable Account
Heat waves, coastal flooding, and river flooding
will pose a growing challenge to the region’s environmental, social, and economic systems. This will
increase the vulnerability of the region’s residents,
especially its most disadvantaged populations.
Description of evidence base
The key message and supporting text summarizes extensive
2
evidence documented in the Northeast Technical Input Report.
Nearly 50 Technical Input reports, on a wide range of topics, were
also received and reviewed as part of the Federal Register Notice
solicitation for public input.
Numerous peer-reviewed publications (including many that are not
cited) describe increasing hazards associated with sea level rise
and storm surge, heat waves, and intense precipitation and river

flooding for the Northeast. For sea level rise (SLR), the authors
12
relied on the NCA SLR scenario and research by the authors
51
26
on the topic (for example, Horton et al. 2010 ). Recent work
summarizes the literature on heat islands and extreme events. For
3
a recent study on climate in the Northeast, the authors worked
closely with the region’s state climatologists on both the climatology and projections.
The authors also considered many recent peer-reviewed publica29,32,34,44
tions
that describe how human vulnerabilities to climate
hazards in the region can be increased by socioeconomic and
other factors. Evaluating coupled multi-system vulnerabilities is
an emerging field; as a result, additional sources including white
3
papers have informed this key message as well.
To capture key issues, concerns, and opportunities in the region,
various regional assessments were also consulted, such as PlaNYC
(http://www.nyc.gov/html/planyc2030) and Boston’s Climate
Plan (http://www.cityofboston.gov/Images_Documents/A%20Climate%20of%20Progress%20-%20CAP%20Update%202011_
tcm3-25020.pdf).
New information and remaining uncertainties
Important new evidence (cited above) confirmed many of the find10
ings from a prior Northeast assessment (see http://nca2009.
globalchange.gov/northeast).
The evidence included results from improved models and updated
observational data (for example, Liu et al. 2012; Parris et al.
5,9,12
2012; Sallenger et al. 2012
). The current assessment included insights from stakeholders collected in a series of distributed
engagement meetings that confirm its relevance and significance
for local decision-makers; examples include a Northeast Listening
Session in West Virginia, a kickoff meeting in New York City, and
New York City Panel on Climate Change meetings.
There is wide diversity of impacts across the region driven by both
exposure and sensitivity that are location and socioeconomic context specific. Future vulnerability will be influenced by changes in
demography, economics, and policies (development and climate
driven) that are difficult to predict and dependent on international
and national considerations. Another uncertainty is the potential
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for adaptation strategies (and to a lesser extent mitigation) to reduce these vulnerabilities.
There are also uncertainties associated with the character of the
interconnections among systems, and the positive and negative
synergies. For example, a key uncertainty is how systems will
respond during extreme events and how people will adjust their
short- to long-term planning to take account of a dynamic climate.
Such events are, by definition, manifestations of historically rare
and therefore relatively undocumented climatology which represent uncertainty in the exposure to climate risk. Nonetheless,
these events are correlated, when considered holistically, with
climate change driven to some degree by human interference with
the climate system. There are uncertainties in exposure.
There are also uncertainties associated with sensitivity to future
changes driven to some (potentially significant) degree by non-climate stressors, including background health of the human population and development decisions. Other uncertainties include how
much effort will be put into making systems more resilient and the
success of these efforts. Another critical uncertainty is associated
with the climate system itself.
Assessment of confidence based on evidence
Given the evidence base and remaining uncertainties, confidence
is:
Very high for sea level rise and coastal flooding as well as heat
waves.

Confidence Level
Very High
Strong evidence (established
theory, multiple sources, consistent
results, well documented and
accepted methods, etc.), high
consensus
High
Moderate evidence (several sources, some consistency, methods
vary and/or documentation limited,
etc.), medium consensus
Medium
Suggestive evidence (a few
sources, limited consistency, models incomplete, methods emerging,
etc.), competing schools of thought
Low
Inconclusive evidence (limited
sources, extrapolations, inconsistent findings, poor documentation
and/or methods not tested, etc.),
disagreement or lack of opinions
among experts

High for intense precipitation events and riverine flooding.
Very high for both added stresses on environmental, social, and
economic systems and for increased vulnerability, especially for
populations that are already most disadvantaged.

K ey message #2 Traceable Account
Infrastructure will be increasingly compromised by climaterelated hazards, including sea level rise, coastal flooding, and intense precipitation events.
Description of evidence base
The key message summarizes extensive evidence documented
2
in the Northeast Technical Input Report (TIR). Technical Input
reports (48) on a wide range of topics were also received and
reviewed as part of the Federal Register Notice solicitation for
public input.
To capture key issues, concerns and opportunities in the region,
various regional assessments were also consulted, such as PlaNYC
(http://www.nyc.gov/html/planyc2030) and Boston’s Climate
Plan (http://www.cityofboston.gov/Images_Documents/A%20Climate%20of%20Progress%20-%20CAP%20Update%202011_
tcm3-25020.pdf).
47

In addition, a report by the U.S. Department of Transportation
provided extensive documentation that augmented an NGO
102
report. Other sources that support this key message include
Horton and Rosenzweig, 2010, Rosenzweig et al. 2011, and Zim23,51,52
merman and Faris, 2010.
New information and remaining uncertainties
Important new evidence (cited above) confirmed many of the findings from the prior Northeast assessment: (http://nca2009.global10
change.gov/northeast) which informed the prior NCA.

The new sources above relied on improved models that have been
calibrated to new observational data across the region.
It is important to note, of course, that there is wide diversity across
the region because both exposure and sensitivity are location- and
socioeconomic-context-specific. The wisdom derived from many
previous assessments by the National Academy of Sciences, the
New York Panel on Climate Change, and the 2009 National Cli10,11,95
mate Assessment
indicates that future vulnerability at any
specific location will be influenced by changes in demography,
economics, and policy. These changes are difficult to predict at
local scales even as they also depend on international and national
considerations. The potential for adaptation strategies (and to a
lesser extent mitigation) to reduce these vulnerabilities is yet another source of uncertainty that expands as the future moves into
the middle of this century.
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Assessment of confidence based on evidence
We have very high confidence in projected sea level rise and
increased coastal flooding, and high confidence for increased
intense precipitation events. This assessment of confidence is
based on our review of the literature and submitted input and has
been defended internally and externally in conversation with local
decision-makers and representatives of interested NGOs, as well
as the extensive interactions with stakeholders across the region
2
reported in the Northeast TIR.
Very high confidence that infrastructure will be increasingly compromised, based on the clear evidence of impacts on current infrastructure from hazards such as Hurricane Irene, and from the
huge deficit of needed renewal identified by a diverse engineering
46
community.

K ey message #3 Traceable Account
Agriculture, fisheries, and ecosystems will be increasingly compromised over the next century by
climate change impacts. Farmers can explore new
crop options, but these adaptations are not cost- or
risk-free. Moreover, adaptive capacity, which varies
throughout the region, could be overwhelmed by a
changing climate.
Description of evidence base
The key message summarizes extensive evidence documented in
2
the Northeast Technical Input Report. Technical Input reports
(48) on a wide range of topics were also received and reviewed
as part of the Federal Register Notice solicitation for public input.
The Traceable Account for Key Message 1 provides the evidence
base on sea level rise, flooding, and precipitation.
Various regional assessments were also consulted to capture key
issues, concerns and opportunities in the region with particular
focus on managed (agriculture and fisheries) and unmanaged
(ecosystems) systems (for example, Buonaiuto et al. 2011; Wolfe
56,70,78
et al. 2011
).
Species and ecosystem vulnerability have been well documented
historically in numerous peer-reviewed papers in addition to the
2
ones cited in the TIR. There have also been many examples of impacts on agriculture of climate variability and change in the North57
east (for example, Wolfe et al. 2008 ). Most note that there is
potential for significant benefits associated with climate changes
to partially offset expected negative outcomes for these managed
54
systems (for example, Hatfield et al. 2011 )
New information and remaining uncertainties
83
Important new evidence (cited above, plus Najjar et. al. 2010,
for example) confirmed many of the findings from the prior Northeast assessment (http://nca2009.globalchange.gov/northeast)
10
which informed the 2009 NCA.

These new sources also relied on improved models that have been
calibrated to new observational data across the region.
Agriculture, fisheries, and ecosystems in the Northeast are strongly linked to climate change and to other changes occurring outside
the region and beyond the boundaries of the United States. These
changes can influence the price of crops and agricultural inputs
such as fertilizer, for example, as well as the abundance of ecosystem and agricultural pests and the abundance and range of
fish stocks. Other uncertainties include imprecise understandings
of how complex ecosystems will respond to climate- and nonclimate-induced changes and the extent to which organisms may
be able to adapt to a changing climate.
Assessment of confidence based on evidence
Based on our assessment, we have very high confidence for climate impacts (especially sea level rise and storm surge) on ecosystems; and we have high confidence for climate impacts on
agriculture (reduced to some degree, compared to our level of
confidence about ecosystems, by uncertainty about the efficacy
and implementation of adaptation options). Confidence in fisheries changes is high since confidence in both ocean warming and
fish sensitivity to temperature is high.

K ey message #4 Traceable Account
While a majority of states and a rapidly growing
number of municipalities have begun to incorporate
the risk of climate change into their planning activities, implementation of adaptation measures is still
at early stages.
Description of evidence base
The key message relies heavily on extensive evidence documented
2
in the Northeast Technical Input Report (TIR). Technical Input
reports (48) on a wide range of topics were also received and
reviewed as part of the Federal Register Notice solicitation for
public input. Many of the key references cited in the TIR reflected
experiences and processes developed in iterative stakeholder en94,103
gagement concerning risk management
that have been heavily cited and employed in new venues – local communities like
Keane (NH) and New York City, for example.
Various regional assessments were also consulted to capture key
issues, concerns and opportunities in the region (for example, for
Delaware, Maine, Maryland, and Long Island, NY). In addition,
there have been agency and government white paper reports describing proposed adaptation strategies based on climate impact
11,90
assessments.
We discovered that 10 of the 12 states in the
Northeast have statewide adaptation plans in place or under development (many plans can be found at: http://georgetownclimate.
org/node/3324).
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New information and remaining uncertainties
That most Northeast states have begun to plan for adaptation is
a matter of record. That few adaptation plans have been implemented is confirmed in Technical Inputs submitted to the National
Climate Assessment process as well as prior assessments (http://
nca2009.globalchange.gov/northeast), which informed the 2009
10
NCA.
Key uncertainties looking forward include: 1) the extent to which
proposed adaptation strategies will be implemented given a range
of factors including competing demands and limited funding; 2)
the role of the private sector and individual action in adaptation,
roles which can be difficult to document; 3) the extent of the
federal role in adaptation planning and implementation; and 4)
how changes in technology and the world economy may change
11
the feasibility of specific adaptation strategies.
Assessment of confidence based on evidence
This Key Message is simply a statement of observed fact, so confidence language is not applicable.
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17

SOUTHEAST
AND THE CARIBBEAN

Key Messages
1. Sea level rise poses widespread and continuing threats to both natural and built environments 		
and to the regional economy.
2. Increasing temperatures and the associated increase in frequency, intensity, and duration of 		
extreme heat events will affect public health, natural and built environments, energy, agriculture,
and forestry.
3. Decreased water availability, exacerbated by population growth and land-use change, will 		
continue to increase competition for water and affect the region’s economy and
unique ecosystems.

The Southeast and Caribbean are exceptionally vulnerable to
sea level rise, extreme heat events, hurricanes, and decreased
water availability. The geographic distribution of these impacts
and vulnerabilities is uneven, since the region encompasses
a wide range of natural system types, from the Appalachian
Mountains to the coastal plains. It is also home to more than
1
80 million people and draws millions of visitors
every year. In 2009, Puerto Rico hosted 3.5 mil2
lion tourists who spent $3.5 billion. In 2012, Louisiana and Florida alone hosted more than 115 mil3
lion visitors.

ergy producer of coal, crude oil, and natural gas, and is the
highest energy user of any of the National Climate Assessment
5
regions.
The Southeast’s climate is influenced by many factors, including latitude, topography, and proximity to the Atlantic Ocean

Billion Dollar Weather/Climate Disasters

The region has two of the most populous metropolitan areas in the country (Miami and Atlanta)
and four of the ten fastest-growing metropolitan
1
areas. Three of these (Palm Coast, FL, Cape Coral-Fort Myers, FL, and Myrtle Beach area, SC) are
along the coast and are vulnerable to sea level rise
and storm surge. Puerto Rico has one of the highest population densities in the world, with 56% of
4
the population living in coastal municipalities.

© Richard H. Cohen/Corbis

The Gulf and Atlantic coasts are major producers
5
of seafood and home to seven major ports that
are also vulnerable. The Southeast is a major en-

Figure 17.1. This map summarizes the number of times each state has been
affected by weather and climate events over the past 30 years that have
resulted in more than a billion dollars in damages. The Southeast has been
affected by more billion-dollar disasters than any other region. The primary
disaster type for coastal states such as Florida is hurricanes, while interior
and northern states in the region also experience sizeable numbers of
tornadoes and winter storms. For a list of events and the affected states, see:
6
http://www.ncdc.noaa.gov/billions/events. (Figure source: NOAA NCDC).
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Stories

of change: coastal louisiana tribal communities

Climate change impacts, especially sea level
Shrinking Lands for Tribal Communities
rise and related increases in storm surges pulsing farther inland, will continue to exacerbate
ongoing land loss already affecting Louisiana
tribes. Four Native communities in Southeast
Louisiana (Grand Bayou Village, Grand Caillou/Dulac, Isle de Jean Charles, and Pointeau-Chien) have already experienced significant
land loss. Management of river flow has deprived the coastal wetlands of the freshwater
and sediment that they need to replenish and
persist. Dredging of canals through marshes for
oil and gas exploration and pipelines has led to
Figure 17.2. Aerial photos of Isle de Jean Charles in Louisiana taken 45
erosion and intense saltwater intrusion, resultyears apart shows evidence of the effects of rising seas, sinking land,
and human development. The wetlands adjacent to the Isle de Jean
ing in additional land loss. Due to these and
Charles community (about 60 miles south of New Orleans) have been
other natural and man-made problems, Louisidisappearing rapidly since the photo on the left was taken in 1963. By
ana has lost 1,880 square miles of land in the
2008, after four major hurricanes, significant erosion, and alteration of
8
last 80 years. This combination of changes has
the surrounding marsh for oil and gas extraction, open water surrounds
resulted in a cascade of losses of sacred places,
the greatly reduced dry land. See Ch. 25: Coasts for more information.
(Photo credit: USGS).
healing plants, habitat for important wildlife,
9
food security, and in some cases connectivity
with the mainland. Additional impacts include
increased inundation of native lands, further travel to reach traditional fishing grounds, reduced connections among
family members as their lands have become more flood-prone and some have had to move, and declining community
10
cohesiveness as heat requires more indoor time. (For more specifics, see Ch. 12: Indigenous Peoples). Numerous
other impacts from increases in temperature, sea level rise, land loss, erosion, subsidence, and saltwater intrusion
amplify these existing problems.

and the Gulf of Mexico. Temperatures generally decrease
northward and into mountain areas, while precipitation decreases with distance from the Gulf and Atlantic coasts. The
region’s climate also varies considerably over seasons, years,
and decades, largely due to natural cycles such as the El NiñoSouthern Oscillation (ENSO – periodic changes in ocean surface temperatures in the Tropical Pacific Ocean), the semi-permanent high pressure system over Bermuda, differences in

atmospheric pressure over key areas of the globe, and land7
falling tropical weather systems. These cycles alter the occurrences of hurricanes, tornadoes, droughts, flooding, freezing
winters, and ice storms, contributing to climate and weather
disasters in the region that have exceeded the total number of
billion dollar disasters experienced in all other regions of the
country combined (see Figure 17.1).

Observed and Projected Climate Change
Average annual temperature during the last century across the
Southeast cycled between warm and cool periods (see Figure
17.3, black line). A warm peak occurred during the 1930s and
1940s followed by a cool period in the 1960s and 1970s. Temperatures increased again from 1970 to the present by an average of 2°F, with higher average temperatures during summer
months. There have been increasing numbers of days above
95°F and nights above 75°F, and decreasing numbers of ex11
tremely cold days since 1970. The Caribbean also exhibits a
trend since the 1950s, with increasing numbers of very warm
days and nights, and with daytime maximum temperatures
4
above 90°F and nights above 75°F. Daily and five-day rainfall

5

intensities have also increased. Also, summers have been ei11
ther increasingly dry or extremely wet. For the Caribbean,
precipitation trends are unclear, with some regions experiencing smaller annual amounts of rainfall and some increas4
ing amounts. Although the number of major tornadoes has
increased over the last 50 years, there is no statistically sig11,12
nificant trend (Ch 2: Our Changing Climate, Key Message 9).
This increase may be attributable to better reporting of tornadoes. The number of Category 4 and 5 hurricanes in the Atlantic basin has increased substantially since the early 1980s
compared to the historical record that dates back to the mid1880s (Ch. 2: Our Changing Climate, Key Message 8). This can
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be attributed to both natural variability and climate
change.

Southeast Temperature: Observed and Projected

Temperatures across the
Southeast and Caribbean
are expected to increase
during this century, with
shorter-term (year-to-year
and
decade-to-decade)
fluctuations over time due
to natural climate variability (Ch. 2: Our Changing Climate, Key Message
4
3). Major consequences of
warming include significant
increases in the number
of hot days (95°F or above)
and decreases in freezing
events. Although projected increases for some parts of the
region by the year 2100 are generally smaller than for other
regions of the United States, projected increases for interior

Figure 17.3. Observed annual average temperature
for the Southeast and projected temperatures
assuming substantial emissions reductions (lower
emissions, B1) and assuming continued growth
11
in emissions (higher emissions, A2). For each
emissions scenario, shading shows the range of
projections and the line shows a central estimate.
The projections were referenced to observed
temperatures for the period 1901-1960. The region
warmed during the early part of last century, cooled
for a few decades, and is now warming again. The
lack of an overall upward trend over the entire
period of 1900-2012 is unusual compared to the
rest of the U.S. and the globe. This feature has
been dubbed the “warming hole” and has been
the subject of considerable research, although a
conclusive cause has not been identified. (Figure
11
source: adapted from Kunkel et al. 2013 ).

states of the region are larger than coastal regions by 1°F to
2°F. Regional average increases are in the range of 4°F to 8°F
th
th
(combined 25 to 75 percentile range for A2 and B1 emissions
11
scenarios) and 2°F to 5°F for Puerto Rico.

Projected Change in Number of Days Over 95°F

Figure 17.4. Projected average number of days per year with maximum
temperatures above 95°F for 2041-2070 compared to 1971-2000, assuming
emissions continue to grow (A2 scenario). Patterns are similar, but less
pronounced, assuming a reduced emissions scenario (B1). (Figure source:
NOAA NCDC / CICS-NC).
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Projections of future precipitation patterns are
less certain than projections for temperature in11
creases. Because the Southeast is located in the
transition zone between projected wetter conditions to the north and drier conditions to the
southwest, many of the model projections show
only small changes relative to natural variations.
However, many models do project drier conditions in the far southwest of the region and wetter conditions in the far northeast of the region,
consistent with the larger continental-scale pattern of wetness and dryness (Ch. 2: Our Chang11
ing Climate, Key Message 5). For the Caribbean,
it is equally difficult to project the magnitude of
precipitation changes, although the majority of
models show future decreases in precipitation
are likely, with a few areas showing increases. In
general, annual average decreases are likely to
4
be spread across the entire region. Projections
further suggest that warming will cause tropical
storms to be fewer in number globally, but stronger in force, with more Category 4 and 5 storms
13
(Ch. 2: Our Changing Climate, Key Message 8).
On top of the large increases in extreme precipitation observed during last century and early
this century (Ch. 2: Our Changing Climate, Figures 2.16, 2.17, and 2.18), substantial further increases are projected as this century progresses
(Ch. 2: Our Changing Climate, Figure 2.19).
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Projected Change in Number of Nights Below 32°F

Figure 17.5. Projected average number of days per year with temperatures less
than 32°F for 2041-2070 compared to 1971-2000, assuming emissions continue
to grow (A2 scenario). Patterns are similar, but less pronounced, assuming a
reduced emissions scenario (B1). (Figure source: NOAA NCDC / CICS-NC).

Key Message 1: Sea Level Rise Threats
Sea level rise poses widespread and continuing threats to both
natural and built environments and to the regional economy.
Global sea level rise over the past century averaged approximately eight inches (Ch. 2: Our Changing Climate, Key Message
14,15
10),
and that rate is expected to accelerate through the end
16
of this century. Portions of the Southeast and Caribbean are
4,5
highly vulnerable to sea level rise. How much sea level rise is
experienced in any particular place depends on whether and
how much the local land is sinking (also called subsidence) or
16,17
rising, and changes in offshore currents.
Large numbers of cities, roads, railways, ports, airports, oil and
gas facilities, and water supplies are at low elevations and potentially vulnerable to the impacts of sea level rise. New Orleans (with roughly half of its population living below sea lev19
el ), Miami, Tampa, Charleston, and Virginia Beach are among
20
those most at risk. As a result of current sea level rise, the
coastline of Puerto Rico around Rincón is being eroded at a
4
rate of 3.3 feet per year.

According to a recent study co-sponsored by a regional utility, coastal counties and parishes in Alabama, Mississippi, Louisiana, and Texas, with a population of approximately 12 million, assets of about $2 trillion, and producers of $634 billion in
annual gross domestic product, already face significant losses
that annually average $14 billion from hurricane winds, land
subsidence, and sea level rise. Future losses for the 2030 timeframe could reach $18 billion (with no sea level rise or change
in hurricane wind speed) to $23 billion (with a nearly 3% increase in hurricane wind speed and just under 6 inches of sea
level rise). Approximately 50% of the increase in the estimated
losses is related to climate change. The study identified $7 billion in cost-effective adaptation investments that could reduce
21
estimated annual losses by about 30% in the 2030 timeframe.
The North Carolina Department of Transportation is raising the
roadbed of U.S. Highway 64 across the Albemarle-Pamlico Peninsula by four feet, which includes 18 inches to allow for high-

400

CLIMATE CHANGE IMPACTS IN THE UNITED STATES

17: SOUTHEAST AND THE CARIBBEAN
problems are already being experienced in many
locations during seasonal high tides, heavy rains,
and storm surge events. Adaptation options that
are being assessed in this region include the redesign and improvement of storm drainage canals,
flood control structures, and stormwater pumps.

Vulnerability to Sea Level Rise

As temperatures and sea levels increase, changes in marine and coastal systems are expected to
affect the potential for energy resource development in coastal zones and the outer continental
shelf. Oil and gas production infrastructure in bays
and coves that are protected by barrier islands, for
example, are likely to become increasingly vulnerable to storm surge as sea level rises and barrier islands deteriorate along the central Gulf Coast. The
capacity for expanding and maintaining onshore
and offshore support facilities and transportation
25
networks is also apt to be affected.
Sea level rise and storm surge can have impacts far
beyond the area directly affected. Homes and infrastructure in low areas are increasingly prone to
flooding during tropical storms. As a result, insurance costs may increase or coverage may become
26
unavailable and people may move from vulnerable areas, stressing the social and infrastructural
capacity of surrounding areas. This migration also
happens in response to extreme events such as
Hurricane Katrina, when more than 200,000 migrants were temporarily housed in Houston and 42% indicated
they would try to remain there (Ch. 9: Human Health, Figure
27
9.10).

Figure 17.6. The map shows the relative risk that physical changes will occur
as sea level rises. The Coastal Vulnerability Index used here is calculated
based on tidal range, wave height, coastal slope, shoreline change, landform
and processes, and historical rate of relative sea level rise. The approach
combines a coastal system’s susceptibility to change with its natural ability
to adapt to changing environmental conditions, and yields a relative measure
of the system’s natural vulnerability to the effects of sea level rise. (Data
18
from Hammar-Klose and Thieler 2001 ).
22

er future sea levels. Louisiana State Highway 1, heavily used
for delivering critical oil and gas resources from Port Fourchon,
is literally sinking, resulting in more frequent and more se8
vere flooding during high tides and storms. The Department
of Homeland Security estimated that a 90-day shut23
down of this road would cost the nation $7.8 billion.
Sea level rise increases pressure on utilities – such as
water and energy – by contaminating potential freshwater supplies with saltwater. Such problems are amplified during extreme dry periods with little runoff.
Uncertainties in the scale, timing, and location of climate change impacts can make decision-making difficult, but response strategies, especially those that
try to anticipate possible unintended consequences,
can be more effective with early planning. Some utilities in the region are already taking sea level rise into
account in the construction of new facilities and are
24
seeking to diversify their water sources.

There is an imminent threat of increased inland
flooding during heavy rain events in low-lying coastal
areas such as southeast Florida, where just inches of
sea level rise will impair the capacity of stormwater Homes and infrastructure in low-lying areas are increasingly vulnerable to
24
drainage systems to empty into the ocean. Drainage flooding due to storm surge as sea level rises.
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Highway 1 to Port Fourchon:
Vulnerability of a Critical Link for U.S. Oil

Reduction of wetlands also increases the
potential for losses of important fishery habitat. Additionally, ocean warming
could support shifts in local species composition, invasive or new locally viable
species, changes in species growth rates,
shifts in migratory patterns or dates, and
4,31
alterations to spawning seasons. Any
of these could affect the local or regional
seafood output and thus the local economy.
In some southeastern coastal areas,
changes in salinity and water levels due
to a number of complex interactions (including subsidence, availability of sediment, precipitation, and sea level rise)
can happen so fast that local vegetation
cannot adapt quickly enough and those
32
areas become open water. Fire, hurricanes, and other disturbances have similar effects, causing ecosystems to cross
thresholds at which dramatic changes
33
occur over short time frames.

The impacts of sea level rise on agriculture derive from decreased freshwater
availability, land loss, and saltwater intrusion. Saltwater intrusion is projected
Figure 17.7. Highway 1 in southern Louisiana is the only road to Port Fourchon, whose
to reduce the availability of fresh surface
infrastructure supports 18% of the nation’s oil and 90% of the nation’s offshore oil and
and groundwater for irrigation, thereby
gas production. Flooding is becoming more common on Highway 1 in Leeville (inset
34
limiting crop production in some areas.
photo from flooding in 2004), on the way to Port Fourchon. See also Ch. 25: Coasts,
Agricultural areas around Miami-Dade
Figure 25.5. (Figure and photo sources: Louisiana Department of Transportation and
8
Development; State of Louisiana 2012 ).
County and southern Louisiana with
shallow groundwater tables are at risk of
Furthermore, because income is a key indicator of climate vul- increased inundation and future loss of cropland with a pronerability, people that have limited economic resources are jected loss of 37,500 acres in Florida with a 27-inch sea level
35
more likely to be adversely affected by climate change impacts rise, which is well within the 1- to 4-foot range of sea level
such as sea level rise. In the Gulf region, nearly 100% of the rise projected by 2100 (Ch. 2: Our Changing Climate, Key Mes“most socially vulnerable people live in areas unlikely to be sage 10).
protected from inundation,” bringing equity issues and envi28
ronmental justice into coastal planning efforts.
There are basically three types of adaptation options to rising sea levels: protect (such as building levees or other “hard”
Ecosystems of the Southeast and Caribbean are exposed to methods), accommodate (such as raising structures or using
and at risk from sea level rise, especially tidal marshes and “soft” or natural protection measures such as wetlands resto15,32
swamps. Some tidal freshwater forests are already retreating, ration), and retreat.
Individuals and communities are using
while mangrove forests (adapted to coastal conditions) are ex- all of these strategies. However, regional cooperation among
29
panding landward. The pace of sea level rise will increasingly local, state, and federal governments can greatly improve the
lead to inundation of coastal wetlands in the region. Such a success of adapting to impacts of climate change and sea levcrisis in land loss has occurred in coastal Louisiana for several el rise. An excellent example is the Southeast Florida Regional
decades, with 1,880 square miles having been lost since the Compact. Through collaboration of county, state, and federal
8,30
1930s as a result of natural and man-made factors. With tid- agencies, a comprehensive action plan was developed that inal wetland loss, protection of coastal lands and people against cludes hundreds of actions and special Adaptation Action Ar37
storm surge will be compromised.
eas.
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South Florida: Uniquely Vulnerable to Sea Level Rise
Figure 17.8. Sea level rise presents major challenges to
South Florida’s existing coastal water management system
due to a combination of increasingly urbanized areas, aging
flood control facilities, flat topography, and porous limestone
aquifers. For instance, South Florida’s freshwater well field
protection areas (left map: pink areas) lie close to the current
interface between saltwater and freshwater (red line), which
will shift inland with rising sea level, affecting water managers’
ability to draw drinking water from current resources. Coastal
water control structures (right map: yellow circles) that were
originally built about 60 years ago at the ends of drainage
canals to keep saltwater out and to provide flood protection
to urbanized areas along the coast are now threatened by sea
level rise. Even today, residents in some areas such as Miami
Beach are experiencing seawater flooding their streets (lower
photo). (Maps from The South Florida Water Management
36
District. Photo credit: Luis Espinoza, Miami-Dade County
Department of Regulatory and Economic Resources).

Key Message 2: Increasing Temperatures
Increasing temperatures and the associated increase in frequency,
intensity, and duration of extreme heat events will affect public health,
natural and built environments, energy, agriculture, and forestry.
The negative effects of heat on human cardiovascular, cerebral, and respiratory systems are well established (Ch. 9: Human Health)(for example: Kovats and Hajat 2008; O’Neill and
38
Ebi 2009 ). Atlanta, Miami, New Orleans, and Tampa have already had increases in the number of days with temperatures
exceeding 95°F, during which the number of deaths is above
39
average. Higher temperatures also contribute to the forma40
tion of harmful air pollutants and allergens. Ground-level
ozone is projected to increase in the 19 largest urban areas of
41
the Southeast, leading to an increase in deaths. A rise in hospital admissions due to respiratory illnesses, emergency room
42
visits for asthma, and lost school days is expected.
The climate in many parts of the Southeast and Caribbean is
suitable for mosquitoes carrying malaria and yellow and dengue fevers. The small island states in the Caribbean already
have a high health burden from climate-sensitive disease, including vector-borne and zoonotic (animal to human) diseas43
es. It is still uncertain how regional climate changes will affect
vector-borne and zoonotic disease transmissions. While higher
temperatures are likely to shorten both development and incu44
bation time, vectors (like disease-carrying insects) also need
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Figure 17.9. Miami-Dade County staff leading workshop on
incorporating climate change considerations in local planning.
(Photo credit: Armando Rodriguez, Miami-Dade County).
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An expanding population and regional land-use changes have
reduced land available for agriculture and forests faster in the
Southeast than in any other region in the contiguous United
54
States. Climate change is also expected to change the unwanted spread and locations of some non-native plants, which
55
will result in new management challenges.

Ground-level Ozone

56

Heat stress adversely affects dairy and livestock production.
Optimal temperatures for milk production are between 40ºF
and 75ºF, and additional heat stress could shift dairy produc57
tion northward. A 10% decline in livestock yield is projected
across the Southeast with a 9ºF increase in temperatures (applied as an incremental uniform increase in temperature be58
tween 1990 and 2060), related mainly to warmer summers.

Figure 17.10. Ground-level ozone is an air pollutant that is
harmful to human health and which generally increases with
rising temperatures. The map shows projected changes in
average annual ground level ozone pollution concentration
in 2050 as compared to 2001, using a mid-range emissions
scenario (A1B, which assumes gradual reductions from current
emissions trends beginning around mid-century). (Figure
42
source: adapted from Tagaris et al. 2009 ).

the right conditions for breeding (water), for dispersal (vegetation and humidity), and access to susceptible vertebrate hosts
5
to complete the disease transmission cycle. While these transmission cycles are complex, increasing temperatures have the
potential to result in an expanded region with more favorable
45,46
conditions for transmission of these diseases.
Climate change is expected to increase harmful algal blooms
and several disease-causing agents in inland and coastal wa47,48,49
ters, which were not previously problems in the region.
For instance, higher sea surface temperatures are associated
48,50
with higher rates of ciguatera fish poisoning,
one of the
51
most common hazards from algal blooms in the region. The
algae that causes this food-borne illness is moving northward,
52
following increasing sea surface temperatures. Certain species of bacteria (Vibrio, for example) that grow in warm coastal
waters and are present in Gulf Coast shellfish can cause infections in humans. Infections are now frequently reported both
53
earlier and later by one month than traditionally observed.
Coral reefs in the Southeast and Caribbean, as well as worldwide, are susceptible to climate change, especially warming
waters and ocean acidification, whose impacts are exacerbated when coupled with other stressors, including disease, run4,5
off, over-exploitation, and invasive species.

Summer heat stress is projected to reduce crop productivity,
especially when coupled with increased drought (Ch. 6: Agriculture). The 2007 drought cost the Georgia agriculture indus59
try $339 million in crop losses, and the 2002 drought cost the
5
agricultural industry in North Carolina $398 million. A 2.2ºF increase in temperature would likely reduce overall productivity
for corn, soybeans, rice, cotton, and peanuts across the South
– though rising CO2 levels could partially offset these decreas60
es based on a crop yield simulation model. In Georgia, climate projections indicate corn yields could decline by 15% and
61
wheat yields by 20% through 2020. In addition, many fruit
crops from long-lived trees and bushes require chilling periods
60
and may need to be replaced in a warming climate.
Adaptation for agriculture involves decisions at many scales,
from infrastructure investments (like reservoirs) to manage62
ment decisions (like cropping patterns). Dominant adaptation strategies include altering local planting choices to better
62
match new climate conditions and developing heat-tolerant
5,57
crop varieties and breeds of livestock. Most critical for effective adaptation is the delivery of climate risk information to
57,62
decision-makers at appropriate temporal and spatial scales
and a focus on cropping systems that increase water-use efficiency, shifts toward irrigation, and more precise control of
5,57
irrigation delivery (see also Ch. 28: Adaptation, Table 28.6).
The southeastern U.S. (data include Texas and Oklahoma, not
Puerto Rico) leads the nation in number of wildfires, averag63
ing 45,000 fires per year, and this number continues to in64,65
crease.
Increasing temperatures contribute to increased
63
fire frequency, intensity, and size, though at some level of fire
frequency, increased fire frequency would lead to decreased
66
fire intensity. Lightning is a frequent initiator of wildfires, and
the Southeast currently has the greatest frequency of light67
ning strikes of any region of the country. Increasing temperatures and changing atmospheric patterns may affect the number of lightning strikes in the Southeast, which could influence
air quality, direct injury, and wildfires. Drought often correlates with large wildfire events, as seen with the Okeefenokee
(2007) and Florida fires (1998). The 1998 Florida fires led to
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68

losses of more than $600 million. Wildfires also affect human
68,69,70
health through reduced air quality and direct injuries.
Expanding population and associated land-use fragmentation
will limit the application of prescribed burning, a useful adap65
tive strategy. Growth management could enhance the ability
to pursue future adaptive management of forest fuels.
Forest disturbances caused by insects and pathogens are altered by climate changes due to factors such as increased tree
stress, shifting phenology, and altered insect and pathogen
71
lifecycles. Current knowledge provides limited insights into
specific impacts on epidemics, associated tree growth and
mortality, and economic loss in the Southeast, though the
overall extent and virulence of some insects and pathogens
have been on the rise (for example, Hemlock Woolly Adelgid
in the Southern Appalachians), while recent declines in southern pine beetle (Dendroctonus frontalis Zimmerman) epidemics in Louisiana and East Texas have been attributed to rising
72
temperatures. Due to southern forests’ vast size and the high
cost of management options, adaptation strategies are limited,
except through post-epidemic management responses – for
example, sanitation cuts and species replacement.

The Southeast has the existing power plant capacity to pro73
duce 32% of the nation’s electricity. Energy use is approxi5
mately 27% of the U.S. total, more than any other region. Net
energy demand is projected to increase, largely due to higher
temperatures and increased use of air conditioning. This will
potentially stress electricity generating capacity, distribution
infrastructure, and energy costs. Energy costs are of particular
concern for lower income households, the elderly, and other
5,10
vulnerable communities, such as native tribes. Long periods
of extreme heat could also damage roadways by softening asphalt and cause deformities of railroad tracks, bridge joints,
74
and other transportation infrastructure.
Increasing temperatures will affect many facets of life in the
Southeast and Caribbean region. For each impact there could
be many possible responses. Many adaptation responses are
described in other chapters in this document. For examples,
please see the sector chapter of interest and Ch. 28: Adaptation.

Key Message 3: Water Availability
Decreased water availability, exacerbated by population growth and
land-use change, will continue to increase competition for water
and affect the region’s economy and unique ecosystems.
Water resources in the Southeast are abundant and support
heavily populated urban areas, rural communities, unique ecosystems, and economies based on agriculture, energy, and
tourism. The region also experiences extensive droughts, such
as the 2007 drought in Atlanta, Georgia, that created water
11,75
conflicts among three states.
In northwestern Puerto Rico,
water was rationed for more than 200,000 people during the
winter and spring of 1997-1998 because of low reservoir lev76
els. Droughts are one of the most frequent climate hazards
77
in the Caribbean, resulting in economic losses. Water supply
and demand in the Southeast and Caribbean are influenced by
many changing factors, including climate (for example, temperature increases that contribute to increased transpiration
from plants and evaporation from soils and water bodies),
4,5
population, and land use. While change in projected precipitation for this region has high uncertainty (Ch. 2: Our Changing
Climate), there is still a reasonable expectation that there will
be reduced water availability due to the increased evaporative
losses resulting from rising temperatures alone.
With projected increases in population, the conversion of rural
areas, forestlands, and wetlands into residential, commercial,
54
industrial, and agricultural zones is expected to intensify. The
continued development of urbanized areas will increase water
demand, exacerbate saltwater intrusion into freshwater aqui-

fers, and threaten environmentally sensitive wetlands border24
ing urban areas.
Additionally, higher sea levels will accelerate saltwater intrusion into freshwater supplies from rivers, streams, and groundwater sources near the coast. The region’s aquaculture industry also may be compromised by climate-related stresses on
78
groundwater quality and quantity. Porous aquifers in some
areas make them particularly vulnerable to saltwater intru36,79
sion.
For example, officials in the city of Hallandale Beach,
Florida, have already abandoned six of their eight drinking wa80
ter wells.
With increasing demand for food and rising food prices, irrigated agriculture will expand in some states. Also, population
expansion in the region is expected to increase domestic water demand. Such increases in water demand by the energy,
agricultural, and urban sectors will increase the competition
for water, particularly in situations where environmental water
5
needs conflict with other uses.
As seen from Figure 17.11, the net water supply availability in
the Southeast is expected to decline over the next several de82
cades, particularly in the western part of the region. Analysis
of current and future water resources in the Caribbean shows
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Trends in Water Availability

Figure 17.11. Left: Projected trend in Southeast-wide annual water yield (equivalent to water availability) due to climate change. The
green area represents the range in predicted water yield from four climate model projections based on the A1B and B2 emissions
scenarios. Right: Spatial pattern of change in water yield for 2010-2060 (decadal trend relative to 2010). The hatched areas are
those where the predicted negative trend in water availability associated with the range of climate scenarios is statistically significant
(with 95% confidence). As shown on the map, the western part of the Southeast region is expected to see the largest reductions in
82
water availability. (Figure source: adapted from Sun et al. 2013 ).

many of the small islands would be exposed to severe water
83
stress under all climate change scenarios.

in temperature and precipitation, which ultimately affect
water availability. Changes in land use and land cover, more
rapid in the Southeast and Caribbean than most other areas
of the country, often interact with and serve to amplify the
effects of climate change on regional ecosystems.

New freshwater well fields may have to be established inland
to replenish water supply lost from existing wells closer to the
ocean once they are
A Southeast River Basin
compromised by saltwater intrusion. ProUnder Stress
grams to increase waFigure 17.12. The Apalachicola-Chatter-use efficiency, reuse
tahoochee-Flint River Basin in Georgia
of wastewater, and waexemplifies a place where many water
ter storage capacity are
uses are in conflict, and future climate
options that can help
change is expected to exacerbate this
84
alleviate water supply
conflict. The basin drains 19,600 square
stress.
miles in three states and supplies water for
The Southeast and Caribbean, which has a
disproportionate number of the fastest-growing metropolitan areas in the country and
important
economic
sectors located in lowlying coastal areas, is
particularly vulnerable
to some of the expected impacts of climate
change. The most severe and widespread
impacts are likely to
be associated with sea
level rise and changes

multiple, often competing, uses, including
irrigation, drinking water and other municipal uses, power plant cooling, navigation,
hydropower, recreation, and ecosystems.
Under future climate change, this basin
is likely to experience more severe water
supply shortages, more frequent emptying
of reservoirs, violation of environmental
flow requirements (with possible impacts to
fisheries at the mouth of the Apalachicola),
less energy generation, and more competition for remaining water. Adaptation
options include changes in reservoir storage and release procedures and possible
phased expansion of reservoir capac84,85
ity.
Additional adaptation options could
include water conservation and demand
management. (Figure source: Georgaka84
kos et al. 2010 ).
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Water

recycling

©Clayton County Water Authority

Because of Clayton County, Georgia’s, innovative water
recycling project during the 2007-2008 drought, they
were able to maintain reservoirs at near capacity and an
abundant supply of water while neighboring Lake Lanier,
the water supply for Atlanta, was at record lows. Clayton
County developed a series of constructed wetlands used
to filter treated water that recharges groundwater and
supplies surface reservoirs. They have also implemented
81
efficiency and leak detection programs (for additional
specific information see the Clayton County Water Authority website at: http://www.ccwa.us/).
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SUPPLEMENTAL MATERIAL
TRACEABLE ACCOUNTS

Process for Developing Key Messages
A central component of the process was the Southeast Regional
Climate Assessment Workshop that was held on September 2627, 2011, in Atlanta, with approximately 75 attendees. This workshop began the process leading to a foundational Technical Input
Report (TIR). That 341-page foundational “Southeast Region
5
Technical Report to the National Climate Assessment” comprised
14 chapters from over 100 authors, including all levels of government, non-governmental organizations, and business.
The writing team held a 2-day meeting in April 2012 in Ft. Lauderdale, engaged in multiple teleconference and webinar technical discussions, which included careful review of the foundational
5
TIR, nearly 60 additional technical inputs provided by the public,
and other published literature and professional judgment. Discussions were followed by expert deliberation of draft key messages
by the authors, and targeted consultation with additional experts
by the Southeast chapter writing team and lead author of each
key message.

K ey message #1 Traceable Account
Sea level rise poses widespread and continuing
threats to both natural and built environments and
to the regional economy.
Description of evidence base
The key message and supporting text summarize extensive evi5
dence documented in the Southeast Technical Input Report. A
total of 57 technical inputs on a wide range of southeast-relevant
topics (including sea level rise) were also received and reviewed
as part of the Federal Register Notice solicitation for public
input.
Evidence that the rate of sea level rise has increased is based
on satellite altimetry data and direct measurements such as tide
gauges (Ch. 2: Our Changing Climate, Key Message 10). Numerous peer-reviewed publications describe increasing hazards associated with sea level rise and storm surge, heat waves, and intense
5
precipitation for the Southeast. For sea level rise, the authors
16
relied on the NCA Sea Level Change Scenario and detailed dis5
cussion in the foundational TIR.

Evidence that sea level rise is a threat to natural and human en5
vironments is documented in detail within the foundational TIR
and other technical inputs, as well as considerable peer-reviewed
19
literature (for example, Campanella 2010). Field studies document examples of areas that are being flooded more regularly,
80
saltwater intrusion into fresh water wells, and changes from
fresh to saltwater in coastal ecosystems (for example, freshwater
32
marshes) causing them to die, and increases in vulnerability of
many communities to coastal erosion. Economic impacts are seen
23
in the cost to avoid flooded roads, buildings, and ports; the need
80
to drill new fresh water wells; and the loss of coastal ecosystems
and their storm surge protection.
New information and remaining uncertainties
Tremendous improvement has been made since the last Intergovernmental Panel on Climate Change evaluation of sea level rise in
86
2007, with strong evidence of mass loss of Greenland icecap and
glaciers worldwide (Ch. 2: Our Changing Climate). Improved analyses of tide gauges, coastal elevations, and circulation changes in
offshore waters have also provided new information on accelerating rates of rise (Ch. 2: Our Changing Climate, Figure 2.26). These
have been documented in the NCA Sea Level Change Scenario
16
publication.
Uncertainties in the rate of sea level rise through this century
stems from a combination of large differences in projections
among different climate models, natural climate variability, uncertainties in the melting of land-based glaciers and the Antarctic and Greenland ice sheets especially, and uncertainties about
future rates of fossil fuel emissions. A further key uncertainty is
the rate of vertical land movement at specific locations. The two
factors – sea level rise and subsidence – when combined, increase
the impact of global sea level rise in any specific area. A third
area of uncertainty is where and what adaptive plans and actions
are being undertaken to avoid flooding and associated impacts on
people, communities, facilities, infrastructure, and ecosystems.
Assessment of confidence based on evidence
Sea level is expected to continue to rise for several centuries, even
if greenhouse gas emissions are stabilized, due to the time it takes
for the ocean to absorb heat energy from the atmosphere. Because sea levels determine the locations of human activities and
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ecosystems along the coasts, increases in sea level and in the rate
of rise will nearly certainly have substantial impacts on natural and
human systems along the coastal area. What specific locations
will be impacted under what specific levels of sea level rise needs
to be determined location-by-location. However, given that many
locations are already being affected by rising seas, more and more
locations will be impacted as sea levels continue to rise. Confidence in this key message is therefore judged to be very high.

ogy and projections for temperature and associated heat events.
38,39
Evidence of rising temperatures and current impacts
is based
on an extensive set of field measurements.
There is considerable evidence of the effects of high air temperatures across a wide range of natural and managed systems in the
Southeast. Increased temperatures affect human health and hos38,40,42
pital admissions.
Rising water temperatures also increase risks of bacterial infection
53
from eating Gulf Coast shellfish and increase algal blooms that
47,48
have negative human health effects.
There is also evidence
that there will be an increase in favorable conditions for mosqui46
toes that carry diseases. Higher temperatures are detrimental
to natural and urban environments, through increased wildfires in
63,64,65,70
natural areas and managed forests
and increased invasive55
ness of some non-native plants. High temperatures also contribute to more roadway damage and deformities of transportation
infrastructure such as railroad tracks and bridges (Ch. 5: Trans74
portation). In addition, high temperatures increase net energy
demand and costs, placing more stress on electricity generating
plants and distribution infrastructure.

Confidence Level
Very High
Strong evidence (established
theory, multiple sources, consistent results, well documented
and accepted methods, etc.),
high consensus

High
Moderate evidence (several
sources, some consistency,
methods vary and/or documentation limited, etc.), medium
consensus

Medium

Increasing temperatures in the Southeast cause more stresses on
crop and livestock agricultural systems. Heat stress reduces dairy
56
and livestock production and also reduces yields of various crops
60,61
grown in this region (corn, soybean, peanuts, rice, and cotton).

Suggestive evidence (a few
sources, limited consistency,
models incomplete, methods
emerging, etc.), competing
schools of thought

Low

New information and remaining uncertainties
Since 2007, studies on impacts of higher temperatures have increased in many areas. Most of the publications cited above concluded that increasing temperatures in the Southeast will result in
negative impacts on human health, the natural and built environments, energy, agriculture, and forestry.

Inconclusive evidence (limited sources, extrapolations,
inconsistent findings, poor documentation and/or methods not
tested, etc.), disagreement or
lack of opinions among experts

K ey message #2 Traceable Account
Increasing temperatures and the associated increase in frequency, intensity, and duration of extreme heat events will affect public health, natural
and built environments, energy, agriculture, and
forestry.

A key issue (uncertainty) is the detailed mechanistic responses,
including adaptive capacities and/or resilience, of natural and
built environments, the public health system, energy systems,
agriculture, and forests to increasing temperatures and extreme
heat events.

Description of evidence base
The key message and supporting text summarize extensive evi5
dence documented in the Southeast Technical Input Report.
Technical inputs (57) on a wide range of topics were also received
and reviewed as part of the Federal Register Notice solicitation for
public input.

Another uncertainty is how combinations of stresses, for example
lack of water in addition to extreme heat, will affect outcomes.
There is a need for more monitoring to document the extent and
location of vulnerable areas (natural and human), and then research to assess how those impacts will affect productivity of key
food and forest resources and human well-being. There is also
a need for research that develops or identifies more resilient,
adapted systems.

Numerous peer-reviewed publications describe increasing hazards
associated with heat events and rising temperatures for the South11
east. The authors of a report on the Southeast climate worked
closely with the region’s state climatologists on both the climatol-

Assessment of confidence based on evidence
Increasing Temperatures: There is high confidence in documentation that projects increases in air temperatures (but not in the precise amount) and associated increases in the frequency, intensity,
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and duration of extreme heat events. Projections for increases in
temperature are more certain in the Southeast than projections of
changes in precipitation.
Impacts of increasing temperatures: Rising temperatures and the
substantial increase in duration of high temperatures (for either
the low [B1] or high [A2] emissions scenarios) above critical
thresholds will have significant impacts on the population, agricultural industries, and ecosystems in the region. There is high
confidence in documentation that increases in temperature in the
Southeast will result in higher risks of negative impacts on human
health, agricultural, and forest production; on natural systems;
on the built environment; and on energy demand. There is lower
confidence in the magnitude of these impacts, partly due to lack
of information on how these systems will adapt (without human
intervention) or be adapted (by people) to higher temperatures,
and partly due to the limited knowledge base on the wide diversity
that exists across this region in climates and human and natural
systems.

K ey message #3 Traceable Account
Decreased water availability, exacerbated by
population growth and land-use change, will continue to increase competition for water and affect
the region's economy and unique ecosystems.
Description of evidence base
The key message and supporting text summarize extensive
evidence documented in the Southeast Technical Input Report
5
(TIR). Technical inputs (57) on a wide range of topics were also
received and reviewed as part of the Federal Register Notice solicitation for public input.
Chapter 2, Our Changing Climate, describes evidence for drought
and precipitation in its key messages. Numerous salient studies
support the key message of decreased water availability, as sum5
marized for the Southeast in the TIR.
Evidence for the impacts on the region’s economy and unique
5
ecosystems is also detailed in the TIR and the broader literature
77
surveyed by the authors.
New information and remaining uncertainties
Many studies have been published since 2007 documenting increasing demands for water in the Southeast due to increases in
populations and irrigated agriculture, in addition to water short5,11
ages due to extensive droughts.
There is also new evidence of
losses in fresh water wells near coastlines due to saltwater intru79,80
sion
and of continuing conflicts among states for water use,
5,84
particularly during drought periods.

It is a virtual certainty that population growth in the Southeast
will continue in the future and will be accompanied by a significant change in patterns of land use, which is projected to include
a larger fraction of urbanized areas, reduced agricultural areas,
54
and reduced forest cover. With increasing population and human
demand, competition for water among the agriculture, urban, and
environment sectors is projected to continue to increase. However,
the projected population increases for the lower (B1) versus higher
11
(A2) emissions scenarios differ significantly (33% versus 151%).
Consequently, the effect of climate change on urban water demand for the lower emissions scenario is projected to be much
lower than for that of the higher emissions scenario. Land-use
change will also alter the regional hydrology significantly. Unless
measures are adopted to increase water storage, availability of
freshwater during dry periods will decrease, partly due to drainage
and other human activities.
Projected increase in temperature will increase evaporation, and
87
in areas (the western part of the region ) where precipitation
is projected to decrease in response to climate change, the net
amount of water supply for human and environmental uses may
decrease significantly.
Along the coastline of the Southeast, accelerated intrusion of saltwater due to sea level rise will impact both freshwater well fields
and potentially freshwater intakes in rivers and streams connected
to the ocean. Although sea level rise (SLR) corresponding to the
higher emissions scenario is much higher (twice as much), even
the SLR for the lower emissions scenario will increasingly impact
water supply availability in low-lying areas of the region, as these
areas are already being impacted by SLR and land subsidence.
Projections of specific spatial and temporal changes in precipitation in the Southeast remain highly uncertain and it is important
to know with a reasonable confidence the sign and the magnitude
of this change in various parts of the large Southeast region.
For the Southeast, there are no reliable projections of evapotranspiration, another major factor that determines water yield. This
adds to uncertainty about water availability.
There are inadequate regional studies at basin scales to determine
the future competition for water supply among sectors (urban, agriculture, and environment).
There is a need for more accurate information on future changes
in drought magnitude and frequency.
Assessment of confidence based on evidence
There is high confidence in each aspect of the key message: it is
virtually certain that the water demand for human consumption
in the Southeast will increase as a result of population growth.
The past evidence of impacts during droughts and the projected
changes in drivers (land-use change, population growth, and
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climate change) suggest that there is a high confidence of the
above assessment of future water availability. However, without
additional studies, the resilience and the adaptive capacity of the
socioeconomic and environmental systems are not known.
Water supply is critical for sustainability of the region, particularly
in view of increasing population and land-use changes. Climate
models’ precipitation projections are uncertain. Nonetheless, the
combined effects of possible decreases in precipitation, increasing evaporation losses due to warming, and increasing demands
for water due to higher populations (under either lower [B1] or
higher [A2] emissions scenarios) will have a significant impact on
water availability for all sectors.
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18 MIDWEST
Key Messages

1. In the next few decades, longer growing seasons and rising carbon dioxide levels will
increase yields of some crops, though those benefits will be progressively offset by extreme 		
weather events. Though adaptation options can reduce some of the detrimental effects, in the
long term, the combined stresses associated with climate change are expected to decrease 		
agricultural productivity.
2. The composition of the region’s forests is expected to change as rising temperatures drive
habitats for many tree species northward. The role of the region’s forests as a net absorber of 		
carbon is at risk from disruptions to forest ecosystems, in part due to climate change.
3. Increased heat wave intensity and frequency, increased humidity, degraded air quality, and 		
reduced water quality will increase public health risks.
4. The Midwest has a highly energy-intensive economy with per capita emissions of greenhouse
gases more than 20% higher than the national average. The region also has a large and 			
increasingly utilized potential to reduce emissions that cause climate change.
5. Extreme rainfall events and flooding have increased during the last century, and these trends 		
are expected to continue, causing erosion, declining water quality, and negative impacts on 		
transportation, agriculture, human health, and infrastructure.
6. Climate change will exacerbate a range of risks to the Great Lakes, including changes in the range
and distribution of certain fish species, increased invasive species and harmful blooms of algae, 		
and declining beach health. Ice cover declines will lengthen the commercial navigation season.

The Midwest has a population of more than 61 million people
(about 20% of the national total) and generates a regional
gross domestic product of more than $2.6 trillion (about 19%
1
of the national total). The Midwest is home to expansive agricultural lands, forests in the north, the Great Lakes, substantial
industrial activity, and major urban areas, including eight of the
nation’s 50 most populous cities. The region has experienced
shifts in population, socioeconomic changes, air and water
pollution, and landscape changes, and exhibits multiple vulnerabilities to both climate variability and climate change.
In general, climate change will tend to amplify existing climaterelated risks from climate to people, ecosystems, and infrastructure in the Midwest (Ch. 10: Energy, Water, and Land).
Direct effects of increased heat stress, flooding, drought, and
late spring freezes on natural and managed ecosystems may
be multiplied by changes in pests and disease prevalence, increased competition from non-native or opportunistic native
species, ecosystem disturbances, land-use change, landscape
fragmentation, atmospheric pollutants, and economic shocks
such as crop failures or reduced yields due to extreme weather

events. These added stresses, when taken collectively, are
projected to alter the ecosystem and socioeconomic patterns
and processes in ways that most people in the region would
consider detrimental. Much of the region’s fisheries, recreation, tourism, and commerce depend on the Great Lakes and
expansive northern forests, which already face pollution and
invasive species pressure that will be exacerbated by climate
change.
Most of the region’s population lives in cities, which are particularly vulnerable to climate change related flooding and lifethreatening heat waves because of aging infrastructure and
other factors. Climate change may also augment or intensify
other stresses on vegetation encountered in urban environments, including increased atmospheric pollution, heat island
effects, a highly variable water cycle, and frequent exposure to
new pests and diseases. Some cities in the region are already
engaged in the process of capacity building or are actively
building resilience to the threats posed by climate change. The
region’s highly energy-intensive economy emits a disproportionately large amount of the gases responsible for warming
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Temperatures are Rising in the Midwest

erage Midwest air temperature increased by more than 1.5°F
(Figure 18.1). However, between 1950 and 2010, the average
temperature increased twice as quickly, and between 1980 and
2010, it increased three times as quickly as it did from 1900 to
1
2010. Warming has been more rapid at night and during winter. These trends are consistent with expectations of increased
concentrations of heat-trapping gases and observed changes
1,2
in concentrations of certain particles in the atmosphere.
The amount of future warming will depend on changes in the
atmospheric concentration of heat-trapping gases. Projections
for regionally averaged temperature increases by the middle
of the century (2046-2065) relative to 1979-2000 are approximately 3.8°F for a scenario with substantial emissions reductions (B1) and 4.9°F with continued growth in global emissions
(A2). The projections for the end of the century (2081-2100)
are approximately 5.6°F for the lower emissions scenario and
8.5°F for the higher emissions scenario (see Ch. 2: Our Chang3
ing Climate, Key Message 3).

Figure 18.1. Annual average temperatures (red line) across
the Midwest show a trend towards increasing temperature.
The trend (dashed line) calculated over the period 1895-2012
is equal to an increase of 1.5°F. (Figure source: updated from
4
Kunkel et al. 2013 ).

the climate (called greenhouse gases or heat-trapping gases).
But as discussed below, it also has a large and increasingly realized potential to reduce these emissions.
The rate of warming in the Midwest has markedly accelerated
over the past few decades. Between 1900 and 2010, the av-

In 2011, 11 of the 14 U.S. weather-related disasters with damag5
es of more than $1 billion affected the Midwest. Several types
of extreme weather events have already increased in frequency
and/or intensity due to climate change, and further increases
6
are projected (Ch. 2: Our Changing Climate, Key Message 7).

Key Message 1: Impacts to Agriculture
In the next few decades, longer growing seasons and rising carbon dioxide levels will
increase yields of some crops, though those benefits will be progressively offset by
extreme weather events. Though adaptation options can reduce some of the detrimental
effects, in the long term, the combined stresses associated with climate change
are expected to decrease agricultural productivity.
Agriculture dominates Midwest land use, with more than two3
thirds of land designated as farmland. The region accounts
7
for about 65% of U.S. corn and soybean production, mostly
1
from non-irrigated lands. Corn and soybeans constitute 85%
of Midwest crop receipts, with high-value crops such as fruits
8
and vegetables making up most of the remainder. Corn and
soybean yields increased markedly (by a factor of more than 5)
over the last century largely due to technological innovation,
but are still vulnerable to year-to-year variations in weather
9
conditions.
The Midwest growing season lengthened by almost two weeks
since 1950, due in large part to earlier occurrence of the last
10
3,11
spring freeze. This trend is expected to continue, though
the potential agricultural consequences are complex and
vary by crop. For corn, small long-term average temperature
increases will shorten the duration of reproductive develop12
ment, leading to yield declines, even when offset by carbon
13
dioxide (CO2) stimulation. For soybeans, yields have a two in

three chance of increasing early in this century due to CO2 fertilization, but these increases are projected to be offset later in
14
the century by higher temperature stress (see Figure 18.2 for
projections of increases in the frost-free season length and the
number of summer days with temperatures over 95°F).
Future crop yields will be more strongly influenced by anomalous weather events than by changes in average temperature
or annual precipitation (Ch. 6: Agriculture). Cold injury due to
a freeze event after plant budding can decimate fruit crop pro15
duction, as happened in 2002, and again in 2012, to Michigan’s $60 million tart cherry crop. Springtime cold air outbreaks
(at least two consecutive days during which the daily average
surface air temperature is below 95% of the simulated average
wintertime surface air temperature) are projected to continue
16
to occur throughout this century. As a result, increased productivity of some crops due to higher temperatures, longer
growing seasons, and elevated CO2 concentrations could be
17
offset by increased freeze damage. Heat waves during pol-
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Projected Mid-Century Temperature Changes
in the Midwest

Figure 18.2. Projected increase in annual average temperatures (top left)
by mid-century (2041-2070) as compared to the 1971-2000 period tell
only part of the climate change story. Maps also show annual projected
increases in the number of the hottest days (days over 95°F, top right),
longer frost-free seasons (bottom left), and an increase in cooling degree
days (bottom right), defined as the number of degrees that a day’s average
temperature is above 65°F, which generally leads to an increase in energy
use for air conditioning. Projections are from global climate models that
assume emissions of heat-trapping gases continue to rise (A2 scenario).
(Figure source: NOAA NCDC / CICS-NC).

lination of field crops such as corn and soybean also
12
reduce yields (Figure 18.3). Wetter springs may re18
duce crop yields and profits, especially if growers
are forced to switch to late-planted, shorter-season
varieties. A recent study suggests the volatility of
U.S. corn prices is more sensitive to near-term climate change than to energy policy influences or to
use of agricultural products for energy production,
19
such as biofuel.
Agriculture is responsible for about 8% of U.S. heat20
trapping gas emissions, and there is tremendous
potential for farming practices to reduce emissions
21
or store more carbon in soil. Although large-scale
agriculture in the Midwest historically led to decreased carbon in soils, higher crop residue inputs
and adoption of different soil management techniques have reversed this trend. Other techniques,
such as planting cover crops and no-till soil management, can further increase CO2 uptake and reduce
22,23
energy use.
Use of agricultural best management practices can also improve water quality by
reducing the loss of sediments and nutrients from
farm fields. Methane released from animals and
their wastes can be reduced by altered diets and
methane capture systems, and nitrous oxide pro24
duction can be reduced by judicious fertilizer use
21
and improved waste handling. In addition, if bio25
fuel crops are grown sustainably, they offer emissions reduction opportunities by substituting for
fossil fuel-based energy (Ch. 10: Energy, Water, and
Land).

Crop Yields Decline under Higher Temperatures

Figure 18.3. Crop yields are very sensitive to temperature and rainfall. They are especially sensitive to high temperatures during the
pollination and grain filling period. For example, corn (left) and soybean (right) harvests in Illinois and Indiana, two major producers,
were lower in years with average maximum summer (June, July, and August) temperatures higher than the average from 1980 to
26,27
2007. Most years with below-average yields are both warmer and drier than normal.
There is high correlation between warm and
28
29
dry conditions during Midwest summers due to similar meteorological conditions and drought-caused changes. (Figure source:
26
Mishra and Cherkauer 2010 ).
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Key Message 2: Forest Composition
The composition of the region’s forests is expected to change as rising temperatures drive
habitats for many tree species northward. The role of the region’s forests as a net absorber
of carbon is at risk from disruptions to forest ecosystems, in part due to climate change.
The Midwest is characterized by a rich diversity of native species juxtaposed on one of the world’s most productive agricul30
tural systems. The remnants of intact natural ecosystems in
31
the region, including prairies, forests, streams, and wetlands,
32
are rich with varied species. The combined effects of climate
change, land-use change, and increasing numbers of invasive
species are the primary threats to Midwest natural ecosys33
tems. Species most vulnerable to climate change include
those that occur in isolated habitats; live near their physiological tolerance limits; have specific habitat requirements, low
reproductive rates, or limited dispersal capability; are dependent on interactions with specific other species; and/or have
34
low genetic variability.
Among the varied ecosystems of the region, forest systems
are particularly vulnerable to multiple stresses. The habitat
ranges of many iconic tree species such as paper birch, quaking aspen, balsam fir, and black spruce are projected to decline
substantially across the northern Midwest as they shift northward, while species that are common farther south, including
several oaks and pines, expand their ranges northward into
35,36
the region (Figure 18.4).
There is considerable variability in
the likelihood of a species’ habitat changing and the adaptabil-

37

ity of the species with regard to climate change. Migration
to accommodate changed habitat is expected to be slow for
many Midwest species, due to relatively flat topography, high
latitudes, and fragmented habitats including the Great Lakes
barrier. To reach areas that are 1.8°F cooler, species in mountainous terrains need to shift 550 feet higher in altitude (which
can be achieved in only a few miles), whereas species in flat
terrain like the Midwest must move as much as 90 miles north
38
to reach a similarly cooler habitat.
Although global forests currently capture and store more car39
bon each year than they emit, the ability of forests to act as
large, global carbon absorbers (“sinks”) may be reduced by
40
projected increased disturbances from insect outbreaks, for41
42
est fire, and drought, leading to increases in tree mortality and carbon emissions. Some regions may even shift from
being a carbon sink to being an atmospheric carbon dioxide
43,44
source,
though large uncertainties exist, such as whether
45
projected disturbances to forests will be chronic or episodic.
Midwest forests are more resilient to forest carbon losses than
most western forests because of relatively high moisture availability, greater nitrogen deposition (which tends to act as a
43,46
fertilizer), and lower wildfire risk.

Forest Composition Shifts

Figure 18.4. As climate changes, species can often adapt by changing their ranges. Maps show current and projected future
distribution of habitats for forest types in the Midwest under two emissions scenarios, a lower scenario that assumes reductions
in heat-trapping gas emissions (B1), and a very high scenario that assumes continued increases in emissions (A1FI). Habitats for
white/red/jack pine, maple/beech/birch, spruce/fir, and aspen/birch forests are projected to greatly decline from the northern forests,
37
especially under higher emissions scenarios, while various oak forest types are projected to expand. While some forest types
may not remain dominant, they will still be present in reduced quantities. Therefore, it is more appropriate to assess changes on an
individual species basis, since all species within a forest type will not exhibit equal responses to climate change. (Figure source:
37
Prasad et al. 2007 ).
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Key Message 3: Public Health Risks
Increased heat wave intensity and frequency, increased humidity,
degraded air quality, and reduced water quality will increase public health risks.
The frequency of major heat waves in the Midwest has in47
creased over the last six decades. For the United States, mortality increases 4% during heat waves compared with non-heat
48
wave days. During July 2011, 132 million people across the
U.S. were under a heat alert – and on July 20 of that year, the
majority of the Midwest experienced temperatures in excess
of 100°F. Heat stress is projected to increase as a result of both
49,50
increased summer temperatures and humidity.
One study
projected an increase of between 166 and 2,217 excess deaths
per year from heat wave-related mortality in Chicago alone by
51
2081-2100. The lower number assumes a climate scenario
with significant reductions in emissions of greenhouse gases
(B1), while the upper number assumes a scenario under which
emissions continue to increase (A2). These projections are significant when compared to recent Chicago heat waves, where
114 people died from the heat wave of 1999 and about 700
52
died from the heat wave of 1995. Heat response plans and
early warning systems save lives, and from 1975 to 2004, mor-

Alternative

53

tality rates per heat event declined. However, many munici54
palities lack such plans.
More than 20 million people in the Midwest experience air
quality that fails to meet national ambient air quality stan1
dards. Degraded air quality due to human-induced emis55
56
sions and increased pollen season duration are projected
57
to be amplified with higher temperatures, and pollution and
pollen exposures, in addition to heat waves, can harm human
health (Ch. 9: Human Health). Policy options exist (for example,
see “Alternative Transportation Options Create Multiple Benefits”) that could reduce emissions of both heat-trapping gases
and other air pollutants, yielding benefits for human health
and fitness. Increased temperatures and changes in precipitation patterns could also increase the vulnerability of Midwest
residents to diseases carried by insects and rodents (Ch. 9: Hu58
man Health).

transportation options create multiple benefits

The transportation sector produces one-third of U.S. greenhouse gas emissions, and automobile exhaust also contains
precursors to fine particulate matter (PM2.5) and ground-level ozone (O3), which pose threats to public health. Adopting
a low-carbon transportation system with fewer automobiles, therefore, could have immediate health “co-benefits” of
both reducing climate change and improving human health via both improved air quality and physical fitness.

Reducing Emissions, Improving Health

Figure 18.5. Annual reduction in the number of premature deaths (left) and annual change in the number of cases with acute
respiratory symptoms (right) due to reductions in particulate matter and ozone caused by reducing automobile exhaust.
The maps project health benefits if automobile trips shorter than five miles (round-trip) were eliminated for the 11 largest
metropolitan areas in the Midwest. Making 50% of these trips by bicycle just during four summer months would save 1,295
lives and yield savings of more than $8 billion per year from improved air quality, avoided mortality, and reduced health care
costs for the upper Midwest alone. (Figure source: Grabow et al. 2012; reproduced with permission from Environmental
59
Health Perspectives ).
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Key Message 4: Fossil-Fuel Dependent Electricity System
The Midwest has a highly energy-intensive economy with per capita emissions of greenhouse
gases more than 20% higher than the national average. The region also has a large and
increasingly utilized potential to reduce emissions that cause climate change.
The Midwest is a major exporter of electricity to other U.S. regions and has a highly energy-intensive economy (Ch. 10: Energy, Water, and Land, Figure 10.4). Energy use per dollar of gross
domestic product is approximately 20% above the national
average, and per capita greenhouse gas emissions are 22%
higher than the national average due, in part, to the reliance on
1
fossil fuels, particularly coal for electricity generation. A large
range in seasonal air temperature causes energy demand for
both heating and cooling, with the highest demand for winter
heating. The demand for heating in major midwestern cities is
1
typically five to seven times that for cooling, although this is
expected to shift as a result of longer summers, more frequent
heat waves, and higher humidity, leading to an increase in the
number of cooling degree days. This increased demand for
cooling by the middle of this century is projected to exceed 10
gigawatts (equivalent to at least five large conventional power
plants), requiring more than $6 billion in infrastructure invest60
ments. Further, approximately 95% of the electrical generating infrastructure in the Midwest is susceptible to decreased
60
efficiency due to higher temperatures.

Climate change presents the Midwest’s energy sector with a
number of challenges, in part because of its current reliance on
1
coal-based electricity and an aging, less-reliable electric dis61
tribution grid that will require significant reinvestment even
62
without additional adaptations to climate change.
Increased use of natural gas in the Midwest has the potential
to reduce emissions of greenhouse gases. The Midwest also
has potential to produce energy from zero- and low-carbon
sources, given its wind, solar, and biomass resources, and
potential for expanded nuclear power. The Midwest does not
have the highest solar potential in the country (that is found
in the Southwest), but its potential is nonetheless vast, with
some parts of the Midwest having as good a solar resource as
63
Florida. More than one-quarter of national installed wind energy capacity, one-third of biodiesel capacity, and more than
two-thirds of ethanol production are located in the Midwest
1
(see also Ch. 4: Energy and Ch. 10: Energy, Water, and Land).
Progress toward increasing renewable energy is hampered by
electricity prices that are distorted through a mix of direct and
indirect subsidies and unaccounted-for costs for conventional
64
energy sources.

Key Message 5: Increased Rainfall and Flooding
Extreme rainfall events and flooding have increased during the last century, and these trends
are expected to continue, causing erosion, declining water quality, and negative impacts
on transportation, agriculture, human health, and infrastructure.
Precipitation in the Midwest is greatest in the east, declining
towards the west. Precipitation occurs about once every seven
days in the western part of the region and once every three
65
days in the southeastern part. The 10 rainiest days can con65
tribute as much as 40% of total precipitation in a given year.
Generally, annual precipitation increased during the past
century (by up to 20% in some locations), with much of the
65,66
increase driven by intensification of the heaviest rainfalls.
This tendency towards more intense precipitation events is
67
projected to continue in the future.
Model projections for precipitation changes are less certain
3,4
than those for temperature. Under a higher emissions scenario (A2), global climate models (GCMs) project average winter and spring precipitation by late this century (2071-2099) to
increase 10% to 20% relative to 1971-2000, while changes in
summer and fall are not expected to be larger than natural variations. Projected changes in annual precipitation show increases larger than natural variations in the north and smaller in the
4
south (Ch. 2: Our Changing Climate, Key Message 5). Regional

climate models (RCMs) using the same emissions scenario also
project increased spring precipitation (9% in 2041-2062 relative to 1979-2000) and decreased summer precipitation (by an
average of about 8% in 2041-2062 relative to 1979-2000) par3
ticularly in the southern portions of the Midwest. Increases
in the frequency and intensity of extreme precipitation are
projected across the entire region in both GCM and RCM simulations (Figure 18.6), and these increases are generally larger
3,4
than the projected changes in average precipitation.
Flooding can affect the integrity and diversity of aquatic ecosystems. Flooding also causes major human and economic consequences by inundating urban and agricultural land and by disrupting navigation in the region’s roads, rivers, and reservoirs
(see Ch. 5: Transportation, Ch. 9: Human Health, and Ch. 11:
Urban). For example, the 2008 flooding in the Midwest caused
24 deaths, $15 billion in losses via reduced agricultural yields,
1
and closure of key transportation routes. Water infrastructure
for flood control, navigation, and other purposes is susceptible
to climate change impacts and other forces because the de-
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peratures make overall projections of regional impacts of the associated snowmelt
extremely difficult. Large-scale flooding
can also occur due to extreme precipitation
in the absence of snowmelt (for example,
Rush Creek and the Root River, Minnesota,
in August 2007 and multiple rivers in south72
ern Minnesota in September 2010). These
warm-season events are projected to increase in magnitude. Such events tend to
be more regional and less likely to cover as
large an area as those that occur in spring,
in part because soil water storage capacity
is typically much greater during the summer.

When it Rains, it Pours

Changing land use and the expansion of
urban areas are reducing water infiltration into the soil and increasing surface
runoff. These changes exacerbate impacts
caused by increased precipitation intensity.
Many major Midwest cities are served by
combined storm and sewage drainage systems. As surface area has been increasingly
converted to impervious surfaces (such as
asphalt) and extreme precipitation events
have intensified, combined sewer overflow
has degraded water quality, a phenomenon
expected to continue to worsen with inFigure 18.6. Precipitation patterns affect many aspects of life, from agriculture
75
creased urbanization and climate change.
to urban storm drains. These maps show projected changes for the middle of the
The U.S. Environmental Protection Agency
current century (2041-2070) relative to the end of the last century (1971-2000)
across the Midwest under continued emissions (A2 scenario). Top left: the changes
(EPA) estimates there are more than 800
in total annual average precipitation. Across the entire Midwest, the total amount
billion gallons of untreated combined sewof water from rainfall and snowfall is projected to increase. Top right: increase in
age released into the nation’s waters annuthe number of days with very heavy precipitation (top 2% of all rainfalls each year).
76
ally. The Great Lakes, which provide drinkBottom left: increases in the amount of rain falling in the wettest 5-day period over
ing water to more than 40 million people
a year. Both (top right and bottom left) indicate that heavy precipitation events will
75
and are home to more than 500 beaches,
increase in intensity in the future across the Midwest. Bottom right: change in the
average maximum number of consecutive days each year with less than 0.01 inches
have been subject to recent sewage overof precipitation. An increase in this variable has been used to indicate an increase
flows. For example, stormwater across the
in the chance of drought in the future. (Figure source: NOAA NCDC / CICS-NC).
city of Milwaukee recently showed high human fecal pathogen levels at all 45 outflow
77
signs are based upon historical patterns of precipitation and locations, indicating widespread sewage contamination. One
streamflow, which are no longer appropriate guides.
study estimated that increased storm events will lead to an increase of up to 120% in combined sewer overflows into Lake
75
Snowfall varies across the region, comprising less than 10% of Michigan by 2100 under a very high emissions scenario (A1FI),
total precipitation in the south, to more than half in the north, leading to additional human health issues and beach closures.
with as much as two inches of water available in the snowpack Municipalities may be forced to invest in new infrastructure
at the beginning of spring melt in the northern reaches of the to protect human health and water quality in the Great Lakes,
68
river basins. When this amount of snowmelt is combined and local communities could face tourism losses from fouled
with heavy rainfall, the resulting flooding can be widespread nearshore regions.
and catastrophic (see “Cedar Rapids: A Tale of Vulnerability
69
and Response”). Historical observations indicate declines in Increased precipitation intensity also increases erosion, damthe frequency of high magnitude snowfall years over much of aging ecosystems and increasing delivery of sediment and sub70
71
the Midwest, but an increase in lake effect snowfall. These sequent loss of reservoir storage capacity. Increased stormdivergent trends and their inverse relationships with air tem- induced agricultural runoff and rising water temperatures
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Cedar rapids: a tale of vulnerability and response

have increased non-point source pollution problems in recent
78
years. This has led to increased phosphorus and nitrogen
loading, which in turn is contributing to more and prolonged
occurrences of low-oxygen “dead zones” and to harmful,
lengthy, and dense algae growth in the Great Lakes and other
79
Midwest water bodies. (Such zones and their causes are also
discussed in Ch. 25: Coasts, Ch. 15: Biogeochemical Cycles, and
Ch. 3: Water, Key Message 6). Watershed planning can be used
to reduce water quantity and quality problems due to changing
climate and land use.

©American Red Cross/Flickr

Cedar Rapids, Des Moines, Iowa City, and Ames, Iowa, have all suffered
multi-million-dollar losses from floods since 1993. In June 2008, a record
flood event exceeded the once-in-500-year flood level by more than 5 feet,
causing $5 to $6 billion in damages from flooding, or more than $40,000
73
per resident of the city of Cedar Rapids. The flood inundated much of the
downtown, damaging more than 4,000 structures, including 80% of gov74
ernment offices, and displacing 25,000 people. The record flood at Cedar
Rapids was the result of low reservoir capacity and extreme rainfall on soil
already saturated from unusually wet conditions. Rainfall amounts comparable to those in 1993 (8 inches over two weeks) overwhelmed a flood
control system designed largely for a once-in-100-year flood event. Such
events are consistent with observations and projections of wetter springs
and more intense precipitation events (see Figure 18.6). With the help of
more than $3 billion in funding from the federal and state government,
Cedar Rapids is recovering and has taken significant steps to reduce future
flood damage, with buyouts of more than 1,000 properties, and numerous
buildings adapted with flood protection measures.

While there was no apparent change in drought duration in the
80
Midwest region as a whole over the past century, the average
number of days without precipitation is projected to increase
in the future. This could lead to agricultural drought and sup9
pressed crop yields. This would also increase thermoelectric
power plant cooling water temperatures and decrease cooling
efficiency and plant capacity because of the need to avoid discharging excessively warm water (see also Ch. 4: Energy, and
60
Ch. 10: Energy, Water, and Land).

Key Message 6: Increased Risks to the Great Lakes
Climate change will exacerbate a range of risks to the Great Lakes, including changes
in the range and distribution of certain fish species, increased invasive species and
harmful blooms of algae, and declining beach health. Ice cover declines
will lengthen the commercial navigation season.
The Great Lakes, North America’s largest freshwater feature,
have recently recorded higher water temperatures and less
ice cover as a result of changes in regional climate (see also
Ch. 2: Our Changing Climate, Key Message 11). Summer surface water temperatures in Lakes Huron increased 5.2°F and
81
in Lake Ontario, 2.7°F, between 1968 and 2002, with smaller
81,82
increases in Lake Erie.
Due to the reduction in ice cover,
the temperature of surface waters in Lake Superior during the
summer increased 4.5°F, twice the rate of increase in air tem83
perature. These lake surface temperatures are projected to
84,85
rise by as much as 7°F by 2050 and 12.1°F by 2100.
Higher
temperatures, increases in precipitation, and lengthened
growing seasons favor production of blue-green and toxic algae that can harm fish, water quality, habitats, and aesthet79,84,86
ics,
and could heighten the impact of invasive species
87
already present.

In the Great Lakes, the average annual maximum ice coverage
during 2003-2013 was less than 43% compared to the 196288
2013 average of 52%, lower than any other decade during
the period of measurements (Figure 18.7), although there is
substantial variability from year to year. During the 1970s,
which included several extremely cold winters, maximum ice
coverage averaged 67%. Less ice, coupled with more frequent
and intense storms (as indicated by some analyses of historical
89
wind speeds), leaves shores vulnerable to erosion and flood84,90
ing and could harm property and fish habitat.
Reduced ice
91
cover also has the potential to lengthen the shipping season.
The navigation season increased by an average of eight days
between 1994 and 2011, and the Welland Canal in the St. Lawrence River remained open nearly two weeks longer. Increased
shipping days benefit commerce but could also increase shore91,92
line scouring and bring in more invasive species.
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Changes in lake levels can also influence the amount of cargo
that can be carried on ships. On average, a 1000-foot ship sinks
93
into the water by one inch per 270 tons of cargo; thus if a ship
is currently limited by water depth, any lowering of lake levels
will result in a proportional reduction in the amount of cargo
that it can transport to Great Lakes ports. However, current
estimates of lake level changes are uncertain, even for continued increases in global greenhouse gas emissions (A2 scenario). The most recent projections suggest a slight decrease or
94
even a small rise in levels. Recent studies have also indicated
that earlier approaches to computing evapotranspiration estimates from temperature may have overestimated evaporation
94,95,96,97
losses.
The recent studies, along with the large spread
in existing modeling results, indicate that projections of Great
Lakes water levels represent evolving research and are still
subject to considerable uncertainty (see Appendix 3: Climate
Science Supplemental Message 8).

Ice Cover in the Great Lakes

Figure 18.7. Bars show decade averages of annual maximum
Great Lakes ice coverage from the winter of 1962-1963, when
reliable coverage of the entire Great Lakes began, to the winter
of 2012-2013. Bar labels indicate the end year of the winter; for
example, 1963-1972 indicates the winter of 1962-1963 through
the winter of 1971-1972. The most recent period includes the
eleven years from 2003 to 2013. (Data updated from Bai and
88
Wang, 2012 ).
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SUPPLEMENTAL MATERIAL
TRACEABLE ACCOUNTS

Process for Developing Key Messages:
The assessment process for the Midwest Region began with a
workshop was that was held July 25, 2011, in Ann Arbor, Michigan. Ten participants discussed the scope and authors for a foundational Technical Input Report (TIR) report entitled “Midwest
98
Technical Input Report.” The report, which consisted of nearly
240 pages of text organized into 13 chapters, was assembled by
23 authors representing governmental agencies, non-governmental organizations (NGOs), tribes, and other entities.
The Chapter Author Team engaged in multiple technical discussions via teleconferences that permitted a careful review of the
98
foundational TIR and of approximately 45 additional technical
inputs provided by the public, as well as the other published literature, and professional judgment. The Chapter Author Team
convened teleconferences and exchanged extensive emails to define the scope of the chapter for their expert deliberation of input
materials and to generate the chapter text and figures. Each expert drafted key messages, initial text and figure drafts and traceable accounts that pertained to their individual fields of expertise.
These materials were then extensively discussed by the team and
were approved by the team members.

K ey message #1 Traceable Account
In the next few decades, longer growing seasons and rising carbon dioxide levels will increase
yields of some crops, though those benefits will be
progressively offset by extreme weather events.
Though adaptation options can reduce some of the
detrimental effects, in the long term, the combined
stresses associated with climate change are expected to decrease agricultural productivity.
Description of evidence base
The key message and supporting text summarize extensive evi98
dence documented in the Technical Input Report. Technical
input reports on a wide range of topics were also received and
reviewed as part of the Federal Register Notice solicitation for
public input.

Evidence for altered growing seasons across the U.S. are discussed in Chapter 2 (Our Changing Climate, Key Message 4) and
its Traceable Accounts. “Climate Trends and Scenarios for the
4
U.S. National Climate Assessment” and its references provide
specific details for the Midwest. Evidence for longer growing seasons in the Midwest is based on regional temperature records and
is incontrovertible, as is evidence for increasing carbon dioxide
concentrations.
U.S. Department of Agriculture data tables provide evidence for
the importance of the eight Midwest states for U.S. agricultural
8
production. Evidence for the effect of future elevated carbon dioxide concentrations on crop yields is based on scores of greenhouse
and field experiments that show a strong fertilization response
for C3 plants such as soybeans and wheat and a positive but not
as strong a response for C4 plants such as corn. Observational
data, evidence from field experiments, and quantitative modeling
are the evidence base of the negative effects of extreme weather
events on crop yield: early spring heat waves followed by normal
frost events have been shown to decimate Midwest fruit crops;
heat waves during flowering, pollination, and grain filling have
been shown to significantly reduce corn and wheat yields; more
variable and intense spring rainfall has delayed spring planting in
some years and can be expected to increase erosion and runoff;
12,13,14
and floods have led to crop losses.
New information and remaining uncertainties
Key issues (uncertainties) are: a) the rate at which grain yield improvements will continue to occur, which could help to offset the
overall negative effect of extreme events at least for grain crops
(though not for individual farmers); and b) the degree to which
genetic improvements could make some future crops more tolerant of extreme events such as drought and heat stress. Additional
uncertainties are: c) the degree to which accelerated soil carbon
loss will occur as a result of warmer winters and the resulting effects on soil fertility and soil water availability; and d) the potential
for increased pest and disease pressure as southern pests such
as soybean rust move northward and existing pests better survive
milder Midwest winters.
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Assessment of confidence based on evidence
Because nearly all studies published to date in the peer-reviewed
literature agree that Midwest crops benefit from CO2 fertilization
and some benefit from a longer growing season, there is very high
confidence in this component of the key message.

Description of evidence
The key message and supporting text summarize extensive evi98
dence documented in the Technical Input Report. Technical
inputs on a wide range of topics were also received and reviewed
as part of the Federal Register Notice solicitation for public input.

Studies also agree that full benefits of climate change will be offset partly or fully by more frequent heat waves, early spring thaws
followed by freezing temperatures, more variable and intense rainfall events, and floods. Again, there is very high confidence in this
aspect.

Evidence for increased temperatures and altered growing seasons
across the U.S. is discussed in Chapter 2 (Our Changing Climate,
Key Messages 3 and 4) and its Traceable Accounts. “Climate
4
Trends and Scenarios for the U.S. National Climate Assessment,”
with its references, provides specific details for the Midwest. Evidence that species have been shifting northward or ascending in
altitude has been mounting for numerous species, though less
so for long-lived trees. Nearly all studies to date published in the
peer-reviewed literature agree that many of the boreal species of
the north will eventually retreat northward. The question is when.
Multiple models and paleoecological evidence show these trends
have occurred in the past and are projected to continue in the
36
future.

There is less certainty (high) about pest effects and about the
potential for adaptation actions to significantly mitigate the risk
of crop loss.

Confidence Level
Very High
Strong evidence (established
theory, multiple sources, consistent results, well documented
and accepted methods, etc.),
high consensus

The forests of the eastern United States (including the Midwest)
have been accumulating large quantities of carbon over the past
23
century, but evidence shows this trend is slowing in recent decades. There is a large amount of forest inventory data supporting
the gradual decline in carbon accumulation throughout the east99
ern United States, as well as evidence of increasing disturbances
and disturbance agents that are reducing overall net productivity
in many of the forests.

High
Moderate evidence (several
sources, some consistency,
methods vary and/or documentation limited, etc.), medium
consensus

New information and remaining uncertainties
A key issue (uncertainty) is the rate of change of habitats and for
organisms adapting or moving as habitats move. The key questions are: How much will the habitats change (what scenarios
and model predictions will be most correct)? As primary habitats
move north, which species will be able to keep up with changing
habitats on their own or with human intervention through assisted
migration, management of migration corridors, or construction or
maintenance of protected habitats within species’ current landscapes?

Medium
Suggestive evidence (a few
sources, limited consistency,
models incomplete, methods
emerging, etc.), competing
schools of thought

Low
Inconclusive evidence (limited sources, extrapolations,
inconsistent findings, poor documentation and/or methods not
tested, etc.), disagreement or
lack of opinions among experts

Viable avenues to improving the information base are determining
which climate models exhibit the best ability to reproduce the
historical and potential future change in habitats, and determining
how, how fast, and how far various species can move or adapt.

Key Message #2 Traceable Account
The composition of the region’s forests is expected to change as rising temperatures drive habitats
for many tree species northward. The role of the
region’s forests as a net absorber of carbon is at
risk from disruptions to forest ecosystems, in part
due to climate change.

An additional key source of uncertainty is whether projected dis45
turbances to forests are chronic or episodic in nature.
Assessment of confidence based on evidence
There is very high confidence in this key message, given the evidence base and remaining uncertainties.
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K ey Message #3 Traceable Account
Increased heat wave intensity and frequency, increased humidity, degraded air quality, and reduced
water quality will increase public health risks.
Description of evidence
The key message and supporting text summarize extensive evi98
dence documented in the Technical Input Report. Technical
inputs on a wide range of topics were also received and reviewed
as part of the Federal Register Notice solicitation for public input.
Evidence for extreme weather such as heat waves across the U.S.
are discussed in Chapter 2 (Our Changing Climate, Key Message
7) and its Traceable Accounts. Specific details for the Midwest are
in “Climate Trends and Scenarios for the U.S. National Climate
4
100
Assessment” with its references. A recent book also contains
chapters detailing the most current evidence for the region.
Heat waves: The occurrence of heat waves in the recent past has
1,15,49
been well-documented,
as have health outcomes (particularly
with regards to mortality). Projections of thermal regimes indicate
increased frequency of periods with high air temperatures (and
high apparent temperatures, which are a function of both air temperature and humidity). These projections are relatively robust and
consistent between studies.
Humidity: Evidence on observed and projected increased humidity
49
can be found in a recent study.
Air quality: In 2008, in the region containing North Dakota, South
Dakota, Nebraska, Kansas, Minnesota, Iowa, Missouri, Wisconsin,
Illinois, Michigan, Indiana, and Ohio, over 26 million people lived
in counties that failed the National Ambient Air Quality Standards
(NAAQS) for PM2.5 (particles with diameter below 2.5 microns),
and over 24 million lived in counties that failed the NAAQS for
1
ozone (O3). Because not all counties have air quality measurement stations in place, these data must be considered a lower
bound on the actual number of counties that violate the NAAQS.
Given that the NAAQS were designed principally with the goal of
protecting human health, failure to meet these standards implies a
significant fraction of the population live in counties characterized
by air quality that is harmful to human health. While only relatively
few studies have sought to make detailed air quality projections for
1
the future, those that have generally indicate declining air quality
(see uncertainties below).
Water quality: The EPA estimates there are more than 800 billion gallons of untreated combined sewage released into the na76
tion’s waters annually. Combined sewers are designed to capture
both sanitary sewage and stormwater. Combined sewer overflows
lead to discharge of untreated sewage as a result of precipitation events, and can threaten human health. While not all urban
areas within the Midwest have combined sewers for delivery to

wastewater treatment plants, many do (for example, Chicago and
Milwaukee), and such systems are vulnerable to combined sewer
overflows during extreme precipitation events. Given projected
increases in the frequency and intensity of extreme precipitation
events in the Midwest (Chapter 2: Our Changing Climate, Key Mes75
sage 6), it appears that sewer overflow will continue to constitute
a significant current health threat and a critical source of climate
change vulnerability for major urban areas within the Midwest.
New information and remaining uncertainties
Key issues (uncertainties) are: Human health outcomes are contingent on a large number of non-climate variables. For example,
morbidity and mortality outcomes of extreme heat are strongly
determined by a) housing stock and access to air-conditioning in
residences; b) existence and efficacy of heat wave warning and
response plans (for example, foreign-language-appropriate communications and transit plans to public cooling centers, especially
for the elderly); and c) co-stressors (for example, air pollution).
Further, heat stress is dictated by apparent temperature, which
is a function of both air temperature and humidity. Urban heat
islands tend to exacerbate elevated temperatures and are largely
determined by urban land use and human-caused heat emissions.
Urban heat island reduction plans (for example, planted green
roofs) represent one ongoing intervention. Nevertheless, the occurrence of extreme heat indices will increase under all climate
scenarios. Thus, in the absence of policies to reduce heat-related
illness/death, these impacts will increase in the future.
Air quality is a complex function not only of physical meteorology
but emissions of air pollutants and precursor species. However,
since most chemical reactions are enhanced by warmer temperatures, as are many air pollutant emissions, warmer temperatures
may lead to worsening of air quality, particularly with respect to
tropospheric ozone (see Ch. 9: Human Health). Changes in humidity are more difficult to project but may amplify the increase in
49
heat stress due to rising temperatures alone.
Combined sewer overflow is a major threat to water quality in some
midwestern cities now. The tendency towards increased magnitude of extreme rain events (documented in the historical record
and projected to continue in downscaling analyses) will cause an
increased risk of waterborne disease outbreaks in the absence of
infrastructure overhaul. However, mitigation actions are available,
and the changing structure of cities (for example, reducing impervious surfaces) may offset the impact of the changing climate.
Assessment of confidence based on evidence
In the absence of concerted efforts to reduce the threats posed
by heat waves, increased humidity, degraded air quality and degraded water quality, climate change will increase the health risks
associated with these phenomena. However, these projections are
contingent on underlying assumptions regarding socioeconomic
conditions and demographic trends in the region. Confidence is
therefore high regarding this key message.
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K ey Message #4 Traceable Account
The Midwest has a highly energy-intensive economy with per capita emissions of greenhouse gases
more than 20% higher than the national average.
The region also has a large and increasingly utilized
potential to reduce emissions that cause climate
change.
Description of evidence
The key message and supporting text summarize extensive evi98
dence documented in the Technical Input Report. Technical
inputs on a wide range of topics were also received and reviewed
as part of the Federal Register Notice solicitation for public input.
The Midwest’s disproportionately large reliance on coal for electricity generation and the energy intensity of its agricultural and
manufacturing sectors are all well documented in both government and industry records, as is the Midwest’s contribution to
1
greenhouse gases. The region’s potential for zero- and lowercarbon energy production is also well documented by government
and private assessments. Official and regular reporting by state
agencies and non-governmental organizations demonstrates the
Midwest’s progress toward a decarbonized energy mix (Ch. 4: En1
ergy; Ch. 10: Energy, Water, and Land).
There is evidence that the Midwest is steadily decarbonizing its
electricity generation through a combination of new state-level
policies (for example, energy efficiency and renewable energy
standards) and will continue to do so in response to low natural
gas prices, falling prices for renewable electricity (for example,
wind and solar), greater market demand for lower-carbon energy
from consumers, and new EPA regulations governing new power
plants. Several midwestern states have established Renewable
Portfolio Standards (see https://www.misoenergy.org/WhatWeDo/
StrategicInitiatives/Pages/RenewablePortfolioStandards.aspx).
New information and remaining uncertainties
There are four key uncertainties. The first uncertainty is the net
effect of emerging EPA regulations on the future energy mix of the
Midwest. Assessments to date suggest a significant number of
coal plants will be closed or repowered with lower-carbon natural
gas; and even coal plants that are currently thought of as “must
run” (to maintain the electric grid’s reliability) may be able to
be replaced in some circumstances with the right combination
of energy efficiency, new transmission lines, demand response,
and distributed generation. A second key uncertainty is whether
or not natural gas prices will remain at their historically low levels.
Given that there are really only five options for meeting electricity
demand – energy efficiency, renewables, coal, nuclear, and natural gas – the replacement of coal with natural gas for electricity
production would have a significant impact on greenhouse gas
emissions in the region. Third is the uncertain future for federal
policies that have spurred renewable energy development to date,

such as the Production Tax Credit for wind. While prices for both
wind and solar continue to fall, the potential loss of tax credits
may dampen additional market penetration of these technologies.
A fourth uncertainty is the net effect of climate change on energy
demand, and the cost of meeting that new demand profile. Research to date suggests the potential for a significant swing from
the historically larger demand for heating in the winter to more
demand in the summer instead, due to a warmer, more humid
3
climate.
Assessment of confidence based on evidence
There is no dispute about the energy intensity of the midwestern
economy, nor its disproportionately large contribution of greenhouse gas emissions. Similarly, there is broad agreement about
the Midwest’s potential for—and progress toward—lower-carbon
electricity production. There is therefore very high confidence in
this statement.

K ey Message #5 Traceable Account
Extreme rainfall events and flooding have increased during the last century, and these trends
are expected to continue, causing erosion, declining
water quality, and negative impacts on transportation, agriculture, human health, and infrastructure.
Description of evidence
The key message and supporting text summarize extensive evi98
dence documented in the Technical Input Report. Technical
inputs on a wide range of topics were also received and reviewed
as part of the Federal Register Notice solicitation for public input.
Evidence for extreme weather and increased precipitation across
the U.S. are discussed in Chapter 2 (Our Changing Climate, Key
Messages 5, 6, and 7) and its Traceable Accounts. Specific details for the Midwest are detailed in “Climate Trends and Scenarios
4
for the U.S. National Climate Assessment” with its references. A
100
recent book also contains chapters detailing the most current
evidence for the region.
There is compelling evidence that annual total precipitation has
been increasing in the region, with wetter winters and springs,
drier summers, an increase in extreme precipitation events, and
changes in snowfall patterns. These observations are consistent
with climate model projections. Both the observed trends and climate models suggest these trends will increase in the future.
Recent records also indicate evidence of a number of high-impact
flood events in the region. Heavy precipitation events cause increased kinetic energy of surface water and thus increase erosion.
Heavy precipitation events in the historical records have been
shown to be associated with discharge of partially or completely
untreated sewage due to the volumes of water overwhelming combined sewer systems that are designed to capture both domestic
sewage and stormwater.
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Climate downscaling projections tend to indicate an increase in
the frequency and duration of extreme events (both heavy precipitation and meteorological drought) in the future.
An extensive literature survey and synthetic analysis is presented
100
in chapters in a recent book for impacts on water quality, transportation, agriculture, health, and infrastructure.
New information and remaining uncertainties
Precipitation is much less readily measured or modeled than air
3
temperature. Thus both historical tendencies and projections
for precipitation are inherently less certain than for temperature.
Most regional climate models still have a positive bias in precipitation frequency but a negative bias in terms of precipitation amount
in extreme events.
Flood records are very heterogeneous and there is some ambiguity
about the degree to which flooding is a result of atmospheric con69
ditions. Flooding is not solely the result of incident precipitation
but is also a complex function of the preceding conditions such
as soil moisture content and extent of landscape infiltration. A key
issue (uncertainty) is the future distribution of snowfall. Records
indicate that snowfall is decreasing in the southern parts of the
region, along with increasing lake effect snow. Climate models
predict these trends will increase. There is insufficient knowledge
about how this change in snowfall patterns will affect flooding and
associated problems, but it is projected to affect the very large
spring floods that typically cause the worst flooding in the region.
In addition, recent data and climate predictions indicate drier
summer conditions, which could tend to offset the effects of higher intensity summer storms by providing increased water storage
in the soils. The relative effects of these offsetting trends need to
be assessed. To determine future flooding risks, hydrologic modeling is needed that includes the effects of the increase in extreme
events, changing snow patterns, and shifts in rainfall patterns.
Adaptation measures to reduce soil erosion and combined sewer
overflow (CSO) events are available and could be widely adopted.
The impacts of increased magnitude of heavy precipitation events
on water quality, agriculture, human health, transportation, and
infrastructure will be strongly determined by the degree to which
the resilience of such systems is enhanced (for example, some
cities are already implementing enhanced water removal systems).
Assessment of confidence based on evidence
There have been improvements in agreement between observed
precipitation patterns and model simulations. Also an increase in
extreme precipitation events is consistent with first-order reasoning and increased atmospheric water burdens due to increased air
temperature. Recent data suggest an increase in flooding in the
region but there is uncertainty about how changing snow patterns
will affect flood events in the future. Thus there is high confidence
in increases in high-magnitude rainfall events and extreme precipitation events, and that these trends are expected to continue.

There is medium confidence that, in the absence of substantial
adaptation actions, the enhancement in extreme precipitation and
other tendencies in land use and land cover result in a projected
increase in flooding. There is medium confidence that, in the absence of major adaptation actions, the enhancement in extreme
precipitation will tend to increase the risk of erosion, declines in
water quality, and negative impacts on transportation, agriculture,
3
human health, and infrastructure.

K ey Message #6 Traceable Account
Climate change will exacerbate a range of risks
to the Great Lakes, including changes in the range
and distribution of certain fish species, increased
invasive species and harmful blooms of algae,
and declining beach health. Ice cover declines will
lengthen the commercial navigation season.
Description of evidence
The key message and supporting text summarize extensive evi98
dence documented in the Technical Input Report. Technical
inputs on a wide range of topics were also received and reviewed
as part of the Federal Register Notice solicitation for public input.
Evidence for changes in ice cover due to increased temperatures
across the U.S. are discussed in Chapter 2 (Our Changing Climate,
Key Message 11) and its Traceable Accounts. Specific details for
the Midwest are detailed in “Climate Trends and Scenarios for the
4
U.S. National Climate Assessment” with its references. A recent
100
book also contains chapters detailing the most current evidence
for the region.
Altered fish communities: Warmer lakes and streams will certainly
provide more habitat for warmwater species as conditions in northern reaches of the basin become more suitable for warmwater fish
and as lakes and streams are vacated by cool- and coldwater spe84
cies. Habitat for coldwater fish, though not expected to disappear, will shrink substantially, though it could also expand in some
areas, such as Lake Superior. Whether climate change expands
the range of any type of fish is dependent on the availability of
forage fish, as higher temperatures also necessitate greater food
intake.
Increased abundances of invasive species: As climate change alters water temperatures, habitat, and fish communities, conditions that once were barriers to alien species become conduits for
84
establishment and spread. This migration will alter drastically
the fish communities of the Great Lakes basin. Climate change is
also projected to heighten the impact of invasive species already
present in the Great Lakes basin. Warmer winter conditions, for
instance, have the potential to benefit alewife, round gobies, ruffe,
sea lamprey, rainbow smelt, and other non-native species. These
species have spread rapidly throughout the basin and have already
inflicted significant ecological and economic harm.

439

CLIMATE CHANGE IMPACTS IN THE UNITED STATES

18: MIDWEST
Traceable Accounts
Declining beach health and harmful algal blooms: Extreme events
increase runoff, adding sediments, pollutants, and nutrients to
the Great Lakes. The Midwest has experienced rising trends in
precipitation and runoff. Agricultural runoff, in combination with
increased water temperatures, has caused considerable non-point
source pollution problems in recent years, with increased phosphorus and nitrogen loadings from farms contributing to more
frequent and prolonged occurrences of anoxic “dead zones” and
harmful, dense algae growth for long periods. Stormwater runoff
that overloads urban sewer systems during extreme events adds
to increased levels of toxic substances, sewage, and bacteria in
the Great Lakes, affecting water quality, beach health, and human
well-being. Increased storm events caused by climate change will
84
lead to an increase in combined sewer overflows.
Decreased ice cover: Increasingly mild winters have shortened the
101
time between when a lake freezes and when it thaws. Scientists
have documented a relatively constant decrease in Great Lakes ice
cover since the 1970s, particularly for Lakes Superior, Michigan,
Huron, and Ontario. The loss of ice cover on the Great Lakes has
both ecological and economic implications. Ice serves to protect
shorelines and habitat from storms and wave power. Less ice—
coupled with more frequent and intense storms—leaves shores
vulnerable to erosion and flooding and could harm property and
fish habitat.
102

Water levels: The 2009 NCA included predictions of a significant drop in Great Lakes levels by the end of the century, based
on methods of linking climate models to hydrologic models. These
methods have been significantly improved by fully coupling the
97
hydrologic cycle among land, lake, and atmosphere. Without ac96
counting for that cycle of interactions, a study concluded that
increases in precipitation would be negated by increases in winter evaporation from less ice cover and by increases in summer
evaporation and evapotranspiration from warmer air temperatures,
under a scenario of continued increases in global emissions (SRES
A2 scenario). Declines of 8 inches to 2 feet have been projected
by the end of this century, depending on the specific lake in ques96
94
tion. A recent comprehensive assessment, however, has concluded that with a continuation of current rising emissions trends
(A2), the lakes will experience a slight decrease or even a rise in
water levels; the difference from earlier studies is because earlier
studies tended to overstress the amount of evapotranspiration expected to occur. The range of potential future lake levels remains
large and includes the earlier projected decline. Overall, however,
scientists project an increase in precipitation in the Great Lakes
region (with extreme events projected to contribute to this increase), which will contribute to maintenance of or an increase
in Great Lakes water levels. However, water level changes are not
predicted to be uniform throughout the basin.
Shipping: Ice cover is expected to decrease dramatically by the
end of the century, possibly lengthening the shipping season and,
thus, facilitating more shipping activity. Current science suggests

water levels in the Great Lakes are projected to fall slightly or
might even rise over the short run. However, by causing even a
small drop in water levels, climate change could make the costs
of shipping increase substantially. For instance, for every inch of
draft a 1000-foot ship gives up, its capacity is reduced by 270
93
tons. Lightened loads today already add about $200,000 in
costs to each voyage.
New information and remaining uncertainties
Key issues (uncertainties) are: Water levels are influenced by the
amount of evaporation from decreased ice cover and warmer air
temperatures, by evapotranspiration from warmer air temperatures, and by potential increases in inflow from more precipitation.
Uncertainties about Great Lakes water levels are high, though
most models suggest that the decrease in ice cover will lead to
slightly lower water levels, beyond natural fluctuations.
The spread of invasive species into the system is near-certain (given the rate of introductions over the previous 50 years) without major policy and regulatory changes. However, the changes in Great
Lakes fish communities are based on extrapolation from known
fishery responses to projected responses to expected changing
conditions in the basin. Moreover, many variables beyond water
temperature and condition affect fisheries, not the least of which
is the availability of forage fish. Higher water temperatures necessitate greater food intake, yet the forage base is changing rapidly
in many parts of the Great Lakes basin, thus making the projected
impact of climate change on fisheries difficult to discern with very
high certainty.
Assessment of confidence based on evidence
Peer-reviewed literature about the effects of climate change are in
broad agreement that air and surface water temperatures are rising and will continue to do so, that ice cover is declining steadily,
and that precipitation and extreme events are on the rise. For
large lake ecosystems, these changes have well-documented effects, such as effects on algal production, stratification (change
in water temperature with depth), beach health, and fisheries. Key
uncertainties exist about Great Lakes water levels and the impact
of climate change on fisheries.
A qualitative summary of climate stressors and coastal margin
vulnerabilities for the Great Lakes is given in a technical input
84
report. We have high confidence that the sum of these stressors
will exceed the risk posed by any individual stressor. However,
quantifying the cumulative impacts of those stressors is very challenging.
Given the evidence and remaining uncertainties, there is very high
confidence in this key message, except high confidence for lake
levels changing, and high confidence that declines in ice cover will
continue to lengthen the commercial navigation season. There is
limited information regarding exactly how invasive species may
respond to changes in the regional climate, resulting in medium
confidence for that part of the key message.
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Key Messages

1. Rising temperatures are leading to increased demand for water and energy. In parts of the region,
this will constrain development, stress natural resources, and increase competition for water 		
among communities, agriculture, energy production, and ecological needs.
2. Changes to crop growth cycles due to warming winters and alterations in the timing and magnitude
of rainfall events have already been observed; as these trends continue, they will require new 		
agriculture and livestock management practices.
3. Landscape fragmentation is increasing, for example, in the context of energy development 		
activities in the northern Great Plains. A highly fragmented landscape will hinder adaptation of
species when climate change alters habitat composition and timing of plant development cycles.
4. Communities that are already the most vulnerable to weather and climate extremes will be
stressed even further by more frequent extreme events occurring within an already highly variable
climate system.
5. The magnitude of expected changes will exceed those experienced in the last century. Existing 		
adaptation and planning efforts are inadequate to respond to these projected impacts.

The Great Plains is a diverse region where climate and water
are woven into the fabric of life. Day-to-day, month-to-month,
and year-to-year changes in the weather can be dramatic and
challenging for communities and their commerce. The region
experiences multiple climate and weather hazards, including
floods, droughts, severe storms, tornadoes,
hurricanes, and winter storms. In much of
the Great Plains, too little precipitation falls
to replace that needed by humans, plants,
and animals. These variable conditions in
the Great Plains already stress communities and cause billions of dollars in damage;
climate change will add to both stress and
costs.

to reduce the speed and amount of climate change) choices
can be locally driven, cost effective, and beneficial for local
economies and ecosystem services.

USFWS

The people of the Great Plains historically
have adapted to this challenging climate. Although projections suggest more frequent
and more intense droughts, severe rainfall events, and heat waves, communities
and individuals can reduce vulnerabilities
through the use of new technologies, community-driven policies, and the judicious
use of resources. Adaptation (means of coping with changed conditions) and mitigation
(reducing emissions of heat-trapping gases
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Temperature and Precipitation Distribution in the Great Plains

Figure 19.1. The region has a distinct north-south gradient in average temperature patterns
(left), with a hotter south and colder north. For precipitation (right), the regional gradient runs
west-east, with a wetter east and a much drier west. Averages shown here are for the period
4
1981-2010. (Figure source: adapted from Kunkel et al. 2013 ).

Significant climate-related challenges are expected to involve
1) resolving increasing competition among land, water, and energy resources; 2) developing and maintaining sustainable agricultural systems; 3) conserving vibrant and diverse ecological
systems; and 4) enhancing the resilience of the region’s people
to the impacts of climate extremes. These growing challenges
will unfold against a changing backdrop that includes a growing
urban population and declining rural population, new economic factors that drive incentives for crop and energy production,
advances in technology, and shifting policies such as those related to farm and energy subsidies.
The Great Plains region features relatively flat plains that increase in elevation from sea level to more than 5,000 feet at
the base of mountain ranges along the Continental Divide.
Forested mountains cover western Montana and Wyoming,
extensive rangelands spread throughout the Plains, marshes
extend along Texas’ Gulf Coast, and desert landscapes distin1
guish far west Texas. A highly diverse climate results from the
region’s large north-south extent and change of elevation. This
regional diversity also means that climate change impacts will
vary across the region.
Great Plains residents already must contend with weather
challenges from winter storms, extreme heat and cold, severe
thunderstorms, drought, and flood-producing rainfall. Texas’

Gulf Coast averages about three tropical storms or hurricanes
2
every four years, generating coastal storm surge and sometimes bringing heavy rainfall and damaging winds hundreds of
miles inland. The expected rise in sea level will result in the
potential for greater damage from storm surge along the Gulf
Coast of Texas (see Ch. 25: Coasts).
Annual average temperatures range from less than 40°F in the
mountains of Wyoming and Montana to more than 70°F in
South Texas, with extremes ranging from -70°F in Montana to
3
121°F in North Dakota and Kansas. Summers are long and hot
in the south; winters are long and often severe in the north.
North Dakota’s increase in annual temperature over the past
130 years is the fastest in the contiguous U.S. and is mainly
4
driven by warming winters.
The region has a distinct north-south gradient in average temperature patterns, with a hotter south and colder north (Figure 19.1). Average annual precipitation greater than 50 inches
supports lush vegetation in eastern Texas and Oklahoma. For
most places, however, average rainfall is less than 30 inches,
with some of Montana, Wyoming, and far west Texas receiving
less than 15 inches a year. Across much of the region, annual
water loss from transpiration by plants and from evaporation
is higher than annual precipitation, making these areas particularly susceptible to droughts.

Projected climate change

For an average of seven days per year, maximum temperatures
reach more than 100°F in the Southern Plains and about 95°F

in the Northern Plains (Figure 19.2). These high temperatures
are projected to occur much more frequently, even under a
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scenario of substantial reductions in heat-trapping gas (also
called greenhouse gas) emissions (B1), with days over 100°F
projected to double in number in the north and quadruple in
the south by mid-century (Ch. 2: Our Changing Climate, Key
4
Message 7). Similar increases are expected in the number of
nights with minimum temperatures higher than 80°F in the
south and 60°F in the north (cooler in mountain regions; see
Figure 19.3). These increases in extreme heat will have many

negative consequences, including increases in surface water
5
losses, heat stress, and demand for air conditioning. These
negative consequences will more than offset the benefits of
warmer winters, such as lower winter heating demand, less
cold stress on humans and animals, and a longer growing season, which will be extended by mid-century an average of 24
4,5
days relative to the 1971-2000 average. More overwintering
5
insect populations are also expected.

Historical Temperature on the
7 Hottest Days of the Year

Historical Temperature on the
7 Warmest Nights of the Year

The historical (1971-2000) distribution of temperature for the
hottest 2% of days (about seven days a year) echoes the distinct
north-south gradient in average temperatures.

The historical (1971-2000) distribution of temperature for
the warmest 2% of nights (about seven days a year) echoes
the distinct north-south gradient in average temperatures.

Projected Change in Number of Hot Days

Projected Change in Number of Warm Nights

Figure 19.2. The number of days with the hottest temperatures
is projected to increase dramatically. By mid-century (20412070), the projected change in the number of days exceeding
those hottest temperatures is greatest in the western areas
and Gulf Coast for both the lower emissions scenario (B1) and
for the higher emissions scenario (A2). (Figure source: NOAA
NCDC / CICS-NC).

Figure 19.3. The number of nights with the warmest
temperatures is projected to increase dramatically. By midcentury (2041-2070), the projected change in number of
nights exceeding those warmest temperatures is greatest in
the south for both the lower emissions scenario (B1) and for
the higher emissions scenario (A2). (Figure source: NOAA
NCDC / CICS-NC).
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Winter and spring precipitation is projected to increase in the
northern states of the Great Plains region under the A2 scenario, relative to the 1971-2000 average. In central areas, changes
are projected to be small relative to natural variations (Ch. 2:
4
Our Changing Climate, Key Message 5). Projected changes in
summer and fall precipitation are small except for summer
drying in the central Great Plains, although the exact locations

of this drying are uncertain. The number of days with heavy
precipitation is expected to increase by mid-century, especially in the north (Ch. 2: Our Changing Climate, Key Message 6).
Large parts of Texas and Oklahoma are projected to see longer
dry spells (up to 5 more days on average by mid-century). By
contrast, changes are projected to be minimal in the north (Ch.
4
2: Our Changing Climate, Key Message 7).

Projected Change in Number of
Consecutive Dry Days

Historical Amount of Precipitation on the
7 Wettest Days of the Year

The historical (1971-2000) distribution of the greatest 2%
of daily precipitation (about seven days a year) echoes
the regional west-east gradient in average precipitation.

Projected Change in Number of Heavy
Precipitation Days

Figure 19.5. Current regional trends of a drier south and
a wetter north are projected to become more pronounced
by mid-century (2041-2070 as compared to 1971-2000
averages). Maps show the maximum annual number of
consecutive days in which limited (less than 0.01 inches)
precipitation was recorded on average from 1971 to 2000
(top), projected changes in the number of consecutive dry
days assuming substantial reductions in emissions (B1),
and projected changes if emissions continue to rise (A2).
The southeastern Great Plains, which is the wettest portion
of the region, is projected to experience large increases in
the number of consecutive dry days. (Figure source: NOAA
NCDC / CICS-NC).

Figure 19.4. The number of days with the heaviest
precipitation is not projected to change dramatically. By
mid-century (2041-2070), the projected change in days
exceeding those precipitation amounts remains greatest
in the northern area for both the lower emissions scenario
(B1) and for the higher emissions scenario (A2). (Figure
source: NOAA NCDC / CICS-NC).
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Key Message 1: Energy, Water and Land Use
Rising temperatures are leading to increased demand for water and energy. In parts of the
region, this will constrain development, stress natural resources, and increase competition for
water among communities, agriculture, energy production, and ecological needs.
6

Energy, water, and land use are inherently interconnected,
and climate change is creating a new set of challenges for these
critical sectors (Ch. 2: Our Changing Climate; Ch. 10: Energy,
7,8,9
Water, and Land).
The Great Plains is rich with energy resources, primarily from coal, oil, and natural gas, with growing
10
wind and biofuel industries. Texas produces 16% of U.S. energy (mostly from crude oil and natural gas), and Wyoming provides an additional 14% (mostly from coal). North Dakota is the
second largest producer of oil in the Great Plains, behind Texas.
Nebraska and South Dakota rank third and fifth in biofuel production, and five of the eight Great Plains states have more
than 1,000 megawatts of installed wind generation capacity,
11
with Texas topping the list. More than 80% of the region’s
land area is used for agriculture, primarily cropland, pastures,
and rangeland. Other land uses include forests, urban and rural
development, transportation, conservation, and industry.

intense droughts (Ch. 2: Our Changing Climate, Key Messages
16
5 and 6). Winter and spring precipitation and very heavy precipitation events are both projected to increase in the northern
portions of the area, leading to increased runoff and flooding
that will reduce water quality and erode soils. Increased snowfall, rapid spring warming, and intense rainfall can combine to
produce devastating floods, as is already common along the
Red River of the North. More intense rains will also contribute
to urban flooding.

7,12

Diminishing water supplies and rapid population growth are
critical issues in Texas. Because reservoirs are limited and have
high evaporation rates, San Antonio has turned to the Edwards
Aquifer as a major source of groundwater storage. Nineteen
water districts joined to form a Regional Water Alliance for sustainable water development through 2060. The alliance creates a competitive market for buying and selling water rights
and simplifies transfer of water rights.

Significant amounts of water are used to produce energy
13
and to cool power plants. Electricity is consumed to collect,
purify, and pump water. Although hydraulic fracturing to release oil and natural gas is a small component of total water
14
use, it can be a significant proportion of water use in local
and rural groundwater systems. Energy facilities, transmission
lines, and wind turbines can fragment both natural habitats
5
and agriculture lands (Ch. 10: Energy, Water, and Land).

Increased drought frequency and intensity can turn marginal
lands into deserts. Reduced per capita water storage will con17
tinue to increase vulnerability to water shortages. Federal
and state legal requirements mandating water allocations for
ecosystems and endangered species add further competition
for water resources.

© Jim West/imagebroker/Corbis

The trend toward more dry days and
higher temperatures across the south
will increase evaporation, decrease
water supplies, reduce electricity transmission capacity, and increase cooling
demands. These changes will add stress
to limited water resources and affect
management choices related to irrigation, municipal use, and energy genera15
tion. In the Northern Plains, warmer
winters may lead to reduced heating
demand while hotter summers will
increase demand for air conditioning,
with the summer increase in demand
outweighing the winter decrease (Ch. 4:
15
Energy, Key Message 2).
Changing extremes in precipitation are
projected across all seasons, including
higher likelihoods of both increasing
4
heavy rain and snow events and more
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Key Message 2: Sustaining Agriculture
Changes to crop growth cycles due to warming winters and alterations in the timing and
magnitude of rainfall events have already been observed; as these trends continue,
they will require new agriculture and livestock management practices
The important agricultural sector in the Great Plains, with a
total market value of about $92 billion (the most important be18
ing crops at 43% and livestock at 46%), already contends with
significant climate variability (Ch. 6: Agriculture). Projected
changes in climate, and human responses to it, will affect aspects of the region’s agriculture, from the many crops that rely
solely on rainfall, to the water and land required for increased
energy production from plants, such as fuels made from corn
or switchgrass (see Ch. 10: Energy, Water, and Land).

agricultural productivity. Increased water withdrawals from
the Ogallala Aquifer and High Plains Aquifer would accelerate
ongoing depletion in the southern parts of the aquifers and
21,29
limit the ability to irrigate.
Holding other aspects of production constant, the climate impacts of shifting from irrigated to
dryland agriculture would reduce crop yields by about a fac30
tor of two. Under these climate-induced changes, adaptation
of agricultural practices will be needed, however, there may
be constraints on social-ecological adaptive capacity to make
these adjustments (see also Ch. 28: Adaptation).

Water is central to the region’s productivity. The High Plains
Aquifer, including the Ogallala, is a primary source for irriga19
tion. In the Northern Plains, rain recharges
this aquifer quickly, but little recharge occurs
Increases
20,21
in the Southern Plains.
Projected changes in precipitation and temperature have both positive and negative
consequences to agricultural productivity in
the Northern Plains. Projected increases in
winter and spring precipitation in the Northern Plains will benefit agricultural productivity
by increasing water availability through soil
moisture reserves during the early growing
season, but this can be offset by fields too wet
to plant. Rising temperatures will lengthen
the growing season, possibly allowing a second annual crop in some places and some
22,23,24
years. Warmer winters pose challenges.
For example, some pests and invasive weeds
25
will be able to survive the warmer winters.
Winter crops that leave dormancy earlier are
26
susceptible to spring freezes. Rainfall events
27
already have become more intense, increasing erosion and nutrient runoff, and projections are that the frequency and severity of
4,28
these heavy rainfall events will increase.
The Northern Plains will remain vulnerable
to periodic drought because much of the projected increase in precipitation is expected to
occur in the cooler months while increasing
temperatures will result in additional evapotranspiration.
In the Central and Southern Plains, projected declines in precipitation in the south
and greater evaporation everywhere due to
higher temperatures will increase irrigation
demand and exacerbate current stresses on

in Irrigated Farmland in the Great Plains

Figure 19.6. Irrigation in western Kansas, Oklahoma, and Texas supports crop
development in semiarid areas. Declining aquifer levels threaten the ability
to maintain production. Some aquifer-dependent regions, like southeastern
Nebraska, have seen steep rises in irrigated farmland, from around 5% to more
than 40%, during the period shown. (Figure source: reproduced from Atlas of
the Great Plains by Stephen J. Lavin, Clark J. Archer, and Fred M. Shelley by
permission of the University of Nebraska. Copyright 2011 by the Board of Regents
33
of the University of Nebraska ).
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The projected increase in high temperature extremes and heat
waves will negatively affect livestock and concentrated animal
31
feeding operations. Shortened dormancy periods for winter
wheat will lessen an important source of feed for the livestock
industry. Climate change may thus result in a northward shift
of crop and livestock production in the region. In areas projected to be hotter and drier in the future, maintaining agriculture
on marginal lands may become too costly.
Adding to climate change related stresses, growing water demands from large urban areas are also placing stresses on limited water supplies. Options considered in some areas include

groundwater development and purchasing water rights from
32
agricultural areas for transfer to cities.
During the droughts of 2011 and 2012, ranchers liquidated
large herds due to lack of food and water. Many cattle were
sold to slaughterhouses; others were relocated to other pastures through sale or lease. As herds are being rebuilt, there
is an opportunity to improve genetic stock, as those least
adapted to the drought conditions were the first to be sold or
relocated. Some ranchers also used the drought as an opportunity to diversify their portfolio, managing herds in both Texas
and Montana.

Key Message 3: Conservation and Adaptation
Landscape fragmentation is increasing, for example, in the context of energy development
activities in the northern Great Plains. A highly fragmented landscape will hinder
adaptation of species when climate change alters habitat
composition and timing of plant development cycles.
Land development for energy production, land transformations on the fringes of urban areas, and economic pressures
to remove lands from conservation easements pose threats to
34
natural systems in the Great Plains. Habitat fragmentation
is already a serious issue that inhibits the ability of species to
35
migrate as climate variability and change alter local habitats.
Lands that remain out of production are susceptible to invasion from non-native plant species.
Many plant and animal species are responding to rising temperatures by adjusting their ranges at increasingly greater
36
rates. These adjustments may also require movement of
species that have evolved to live in very specific habitats,
which may prove increasingly difficult for these species. The
historic bison herds migrated to adapt to climate, disturbance,
37
and associated habitat variability, but modern land-use patterns, roads, agriculture, and structures inhibit similar large38
scale migration. In the playa regions of the southern Great
Plains, agricultural practices have modified more than 70%
of seasonal lakes larger than 10 acres, and these lakes will be
39,40
further altered under warming conditions.
These changes
41
in seasonal lakes will further affect bird populations and fish
42
populations in the region.
Observed climate-induced changes have been linked to changing timing of flowering, increases in wildfire activity and pest
outbreaks, shifts in species distributions, declines in the abundance of native species, and the spread of invasive species (Ch.
8: Ecosystems). From Texas to Montana, altered flowering patterns due to more frost-free days have increased the length of
pollen season for ragweed by as many as 16 days over the pe43
riod from 1995 to 2009. Earlier snowmelt in Wyoming from

1961 to 2002 has been related to the American pipit songbird
44
laying eggs about 5 days earlier. During the past 70 years,
observations indicate that winter wheat is flowering 6 to 10
23
days earlier as spring temperatures have risen. Some species
may be less sensitive to changes in temperature and precipitation, causing first flowering dates to change for some spe22
cies but not for others. Even small shifts in timing, however,
can disrupt the integrated balance of ecosystem functions like
predator-prey relationships, mating behavior, or food availability for migrating birds.
In addition to climate changes, the increase in atmospheric CO2
concentrations may offset the drying effects from warming
by considerable improvements in plant water-use efficiency,
45
which occur as CO2 concentrations increase. However, nutrient content of the grassland communities may be decreased
under enriched CO2 environments, affecting nutritional quality
of the grasses and leaves eaten by animals.
The interaction of climate and land-use changes across the
Great Plains promises to be challenging and contentious. Opportunities for conservation of native grasslands, including
species and processes, depend primarily and most immediately on managing a fragmented network of untilled prairie. Restoration of natural processes, conservation of remnant species
and habitats, and consolidation/connection of fragmented
areas will facilitate conservation of species and ecosystem
services across the Great Plains. However, climate change will
complicate current conservation efforts as land fragmentation
continues to reduce habitat connectivity. The implementation
of adaptive management approaches provides robust options
for multiple solutions.
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Sage

grouse and climate change

Habitat fragmentation inhibits the ability of species such as the Greater Sage Grouse, a candidate for Endangered
Species Act protections, to migrate in response to climate change. Its current habitat is threatened by energy development, agricultural practices, and urban development. Rapid expansion of oil and gas fields in North Dakota, Wyoming,
and Montana and development of wind farms from North Dakota through Texas are opening new lands to development
46
and contributing to habitat fragmentation of important core Sage Grouse habitat. The health of Sage Grouse habitat
47
is associated with other species’ health as well. Climate change projections also suggest a shift in preferred habitat
48
locations and increased susceptibility to West Nile Virus.

Historical and Current Range of Sage Grouse Habitat

Figure 19.7. Comparing estimates of Greater Sage Grouse distribution from before settlement of the
area (light green: prior to about 1800) with the current range (dark green: 2000) shows fragmentation
of the sagebrush habitat required by this species. Over the last century, the sagebrush ecosystem
has been altered by fire, invasion by new plant species, and conversion of land to agriculture, causing
49
a decline in Sage Grouse populations. (Figure source: adapted from Aldridge et al. 2008. Photo
credit: U.S. Fish and Wildlife Service, Wyoming Ecological Services).
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Key Message 4: Vulnerable Communities
Communities that are already the most vulnerable to weather and climate extremes
will be stressed even further by more frequent extreme events occurring
within an already highly variable climate system.
The Great Plains is home to a geographically, economically, and
culturally diverse population. For rural and tribal communities,
their remote locations, sparse development, limited local services, and language barriers present greater challenges in responding to climate extremes. Working-age people are moving
to urban areas, leaving a growing percentage of elderly people
in rural communities (see also Ch. 14: Rural Communities).

land, fragment habitat, and are at a greater risk of wildfire – all
factors that interplay with climate.
Populations such as the elderly, low-income, and non-native
English speakers face heightened climate vulnerability. Public
health resources, basic infrastructure, adequate housing, and
effective communication systems are often lacking in com-

Overall population throughout the region is stable or declining, with the exception of substantial increases in urban Texas,
tribal communities, and western North Dakota, related in large
50
part to rapid expansion of energy development. Growing urban areas require more water, expand into forests and crop-

Tribal Populations in the Great Plains

Population Change in the Great Plains

Figure 19.9. Tribal populations in the Great Plains are
concentrated near large reservations, like various Sioux
tribes in South Dakota and Blackfeet and Crow reservations
in Montana; and in Cherokee, Chickasaw, Choctaw, and
other tribal lands in Oklahoma (Figure source: reproduced
from Atlas of the Great Plains by Stephen J. Lavin, Clark J.
Archer, and Fred M. Shelley by permission of the University
of Nebraska. Copyright 2011 by the Board of Regents of the
33
University of Nebraska ).

Figure 19.8. Demographic shifts continue to reshape
communities in the Great Plains, with many central Great Plains
communities losing residents. Rural and tribal communities
will face additional challenges in dealing with climate change
impacts due to demographic changes in the region (Ch. 14:
Rural Communities; Ch. 12: Indigenous Peoples). Figure shows
population change from 2000 to 2010. (Figure source: U.S.
57
Census Bureau 2010 ).
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munities that are geographically, politically, and economically
51
isolated. Elderly people are more vulnerable to extreme heat,
especially in warmer cities and communities with minimal air
52
conditioning or sub-standard housing. Language barriers for
Hispanics may impede their ability to plan for, adapt to, and
53
respond to climate-related risks.
The 70 federally recognized tribes in the Great Plains are diverse in their land use, with some located on lands reserved
from their traditional homelands, and others residing within

territories designated for their relocation, as in Oklahoma (see
also Ch. 12: Indigenous Peoples). While tribal communities
have adapted to climate change for centuries, they are now
54
constrained by physical and political boundaries. Traditional
ecosystems and native resources no longer provide the sup55
port they used to. Tribal members have reported the decline or disappearance of culturally important animal species,
changes in the timing of cultural ceremonies due to earlier
onset of spring, and the inability to locate certain types of cer56
emonial wild plants.

Key Message 5: Opportunities to Build Resilience
The magnitude of expected changes will exceed those experienced in the last century.
Existing adaptation and planning efforts are inadequate to respond
to these projected impacts.
The Great Plains is an integrated system. Changes in one part,
whether driven by climate or by human decisions, affect other
parts. Some of these changes are already underway, and many
pieces of independent evidence project that ongoing climaterelated changes will ripple throughout the region.
Many of these challenges will cut across sectors: water, land
use, agriculture, energy, conservation, and livelihoods. Com-

Oglala

petition for water resources will increase within alreadystressed human and ecological systems, particularly in the
Southern Plains, affecting crops, energy production, and how
well people, animals, and plants can thrive. The region’s ecosystems, economies, and communities will be further strained
by increasing intensity and frequency of floods, droughts, and
heat waves that will penetrate into the lives and livelihoods
of Great Plains residents. Although some communities and

lakota respond to climate change

©Aaron Huey

The Oglala Lakota tribe in South Dakota is incorporating climate change adaptation and mitigation planning as they consider long-term sustainable development planning. Their Oyate Omniciye plan is a partnership built around six livability principles related to transportation, housing, economic competitiveness,
existing communities, federal investments, and local values. Interwoven with
this is a vision that incorporates plans to reduce future climate change and
58
adapt to future climate change, while protecting cultural resources.
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states have made efforts to plan for these projected changes,
the magnitude of the adaptation and planning efforts do not
match the magnitude of the expected changes.
Successful adaptation of human and natural systems to climate change would benefit from:
•
•
•
•
•
•
•

recognition of and commitment to addressing these
challenges;
regional-scale planning and local-to-regional implemen8,59
tation;
mainstreaming climate planning into existing natural
resource, public health, and emergency management
60
processes;
renewed emphasis on restoration of ecological systems
61
and processes;
recognition of the value of natural systems to sustaining
62,63
life;
sharing information among decision-makers; and
64
enhanced alignment of social and ecological goals.

Communities already face tradeoffs in efforts to make efficient and sustainable use of their resources. Jobs, infrastructure, and tax dollars that come with fossil fuel extraction or renewable energy production are important, especially for rural
communities. There is also economic value in the conversion of
native grasslands to agriculture. Yet the tradeoffs among this
development, the increased pressure on water resources, and
the effects on conservation need to be considered if the region
is to develop climate-resilient communities.
Untilled prairies used for livestock grazing provide excellent
targets for native grassland conservation. Partnerships among

many different tribal, federal, state, local, and private landowners can decrease landscape fragmentation and help manage the connection between agriculture and native habitats.
Soil and wetland restoration enhances soil stability and health,
water conservation, aquifer recharge, and food sources for
wildlife and cattle. Healthy species and ecosystem services
support social and economic systems where local products,
tourism, and culturally significant species accompany largescale agriculture, industry, and international trade as fundamental components of society.
Although there is tremendous adaptive potential among the
diverse communities of the Great Plains, many local government officials do not yet recognize climate change as a prob60,65
lem that requires proactive planning.
Positive steps toward
greater community resilience have been achieved through
local and regional collaboration and increased two-way communication between scientists and local decision-makers (see
Ch. 28: Adaptation). For example, the Institute for Sustainable
Communities conducts Climate Leadership Academies that
promote peer learning and provides direct technical assistance
to communities in a five-state region in the Southwest as part
66
of their support of the Western Adaptation Alliance. Other
regions have collaborated to share information, like the Southeast Florida Regional Compact 2012. Programs such as NOAA’s
Regional Integrated Sciences and Assessments (RISA) support
scientists working directly with communities to help build capacity to prepare for and adapt to both climate variability and
67
climate change. Climate-related challenges can be addressed
with creative local engagement and prudent use of community
68
assets. These assets include social networks, social capital,
indigenous and local knowledge, and informal institutions.
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The summer of 2011
Future climate change projections include more
precipitation in the Northern Great Plains and
less in the Southern Great Plains. In 2011, such
a pattern was strongly manifest, with exceptional
drought and recording-setting temperatures in
Texas and Oklahoma and flooding in the Northern
Great Plains.

Days Above 100ºF in Summer 2011

Many locations in Texas and Oklahoma experienced
more than 100 days over 100ºF. Both states set
new records for the hottest summer since record
keeping began in 1895. Rates of water loss due in
part to evaporation were double the long-term average. The heat and drought depleted water resources
and contributed to more than $10 billion in direct
losses to agriculture alone. These severe water
constraints strained the ability to meet electricity
demands in Texas during 2011 and into 2012, a
problem exacerbated by the fact that Texas is nearly
isolated from the national electricity grid.
These recent temperature extremes were attributable in part to human-induced climate change (approximately 20% of the heat wave magnitude and
a doubling of the chance that it would occur).69 In
the future, average temperatures in this region are
expected to increase and will continue to contribute
to the intensity of heat waves (Ch. 2: Our Changing
Climate, Key Messages 3 and 7).

Figure 19.10. In 2011, cities including Houston, Dallas, Austin,
Oklahoma City, and Wichita, among others, all set records for the
highest number of days recording temperatures of 100ºF or higher in
those cities’ recorded history. The black circles denote the location
of observing stations recording 100ºF days. (Figure source: NOAA
3
NCDC 2012 ).

© Tony Gutierrez/ /AP/Corbis

© LANE HICKENBOTTOM/Reuters/Corbis

By contrast to the drought in the Southern Plains, the Northern Plains were exceptionally wet in 2011, with Montana
and Wyoming recording all-time wettest springs and the Dakotas and Nebraska not far behind. Record rainfall and
snowmelt combined to push the Missouri River and its tributaries beyond their banks and leave much of the Crow Reservation in Montana underwater. The Souris River near Minot, North Dakota, crested at four feet above its previous record, with a flow five times greater than any in the past 30 years. Losses from the flooding were estimated at $2 billion.

A Texas State Park police officer walks across a cracked
lakebed in August 2011. This lake once spanned more
than 5,400 acres.

Increases in heavy downpours contribute to flooding.

453

CLIMATE CHANGE IMPACTS IN THE UNITED STATES

19: GREAT PLAINS

References
1.

Omernik, J. M., 1987: Ecoregions of the conterminous United
States. Annals of the Association of American Geographers, 77, 118-125,
doi:10.1111/j.1467-8306.1987.tb00149.x. [Available online at http://
dusk2.geo.orst.edu/prosem/PDFs/lozano_Ecoregions.pdf]

2.

Roth, D., 2010: Texas Hurricane History, 80 pp., National Weather
Service, Camp Springs, MD. [Available online at http://www.srh.
noaa.gov/images/lch/tropical/txhurricanehistory.pdf]

3.

NCDC, cited 2012: State Climate Extremes Committee - Records.
NOAA's National Climatic Data Center. [Available online at
http://vlb.ncdc.noaa.gov/extremes/scec/records]

4.

Kunkel, K. E., L. E. Stevens, S. E. Stevens, L. Sun, E. Janssen, D.
Wuebbles, M. C. Kruk, D. P. Thomas, M. D. Shulski, N. Umphlett,
K. G. Hubbard, K. Robbins, L. Romolo, A. Akyuz, T. Pathak, T. R.
Bergantino, and J. G. Dobson, 2013: Regional Climate Trends and
Scenarios for the U.S. National Climate Assessment: Part 4. Climate
of the U.S. Great Plains. NOAA Technical Report NESDIS 1424. 91 pp., National Oceanic and Atmospheric Administration,
National Environmental Satellite, Data, and Information Service,
Washington, D.C. [Available online at http://www.nesdis.noaa.
gov/technical_reports/NOAA_NESDIS_Tech_Report_142-4Climate_of_the_U.S.%20Great_Plains.pdf]

5.

Ojima, D., J. Steiner, S. McNeeley, K. Cozetto, and A. Childress,
2013: Great Plains Regional Climate Assessment Technical Report, National
Climate Assessment 2013. Island Press, 301 pp. [Available online
at
http://data.globalchange.gov/report/nca-techreport-greatplains-2013]

6.

Barry, R. G., W. W. Caldwell, C. B. Schultz, and T. M. Stout,
1983: Climatic environment of the Great Plains, Past and present.
In Symposium: Man and the Changing Environments In the Great Plains
Transactions of the Nebraska Academy of Sciences and Affiliated Societies
Volume XI-Special Issue, Nebraska Academy of Sciences, Inc, 45-55.

7.

Averyt, K., J. Macknick, J. Rogers, N. Madden, J. Fisher, J. Meldrum,
and R. Newmark, 2013: Water use for electricity in the United
States: An analysis of reported and calculated water use information
for 2008. Environmental Research Letters, 8, 015001, doi:10.1088/17489326/8/1/015001. [Available online at http://iopscience.iop.
org/1748-9326/8/1/015001/pdf/1748-9326_8_1_015001.pdf]

Macknick, J., S. Sattler, K. Averyt, S. Clemmer, and J. Rogers, 2012:
The water implications of generating electricity: Water use across
the United States based on different electricity pathways through
2050. Environmental Research Letters, 7, 045803, doi:10.1088/17489326/7/4/045803. [Available online at http://iopscience.iop.
org/1748-9326/7/4/045803/pdf/1748-9326_7_4_045803.pdf]
8.

Ojima, D. S., J. M. Lackett, and Central Great Plains Steering
Committee and Assessment Team, 2002: Preparing for a Changing
Climate: The Potential Consequences of Climate Variability and
Change - Central Great Plains. Report for the U.S. Global Change
Research Program, 104 pp., U.S. Global Change Research Program,
Central Great Plains Steering Committee and Assessment Team,
Colorado State University, Fort Collins, CO. [Available online at
http://www.nrel.colostate.edu/projects/gpa/gpa_report.pdf]

9.

Strzepek, K., G. Yohe, J. Neumann, and B. Boehlert, 2010:
Characterizing changes in drought risk for the United States
from climate change. Environmental Research Letters, 5, 044012,
doi:10.1088/1748-9326/5/4/044012.
[Available
online
at
http://iopscience.iop.org/1748-9326/5/4/044012/pdf/17489326_5_4_044012.pdf]

10. Brekke, L. D., J. E. Kiang, J. R. Olsen, R. S. Pulwarty, D. A. Raff,
D. P. Turnipseed, R. S. Webb, and K. D. White, 2009: Climate
change and water resources management: A federal perspective.
U.S. Geological Survey Circular 1331978–1–4113–2325–4, 65 pp.,
U.S Department of the Interior, U.S. Geological Survey, Reston,
VA. [Available online at http://pubs.usgs.gov/circ/1331/]
Morgan, J. A., J. D. Derner, D. G. Milchunas, and E. Pendall,
2008: Management implications of global change for Great Plains
rangelands. Rangelands, 30, 18-22, doi:10.2111/1551-501X(2008)30[
18:MIOGCF]2.0.CO;2. [Available online at http://www.jstor.org/
stable/pdfplus/25145388.pdf?acceptTC=true]
11. DOE, cited 2013: Installed Wind Capacity. U.S. Department of
Energy, National Renewable Energy Lab. [Available online at
http://www.windpoweringamerica.gov/wind_installed_capacity.
asp]
12. Foti, R., J. A. Ramirez, and T. C. Brown, 2012: Vulnerability of U.S.
Water Supply to Shortage: A Technical Document Supporting the Forest Service
2010 RPA Assessment. RMRS-GTR-295. U.S. Forest Service, 147 pp.
[Available online at http://www.fs.fed.us/rm/pubs/rmrs_gtr295.
html]

454

CLIMATE CHANGE IMPACTS IN THE UNITED STATES

19: GREAT PLAINS
References
13. Barber, N. L., 2009: Summary of Estimated Water Use in the
United States in 2005. U.S. Geological Survey Fact Sheet 2009–
3098, 2 pp., U.S. Geological Survey. [Available online at http://
pubs.usgs.gov/fs/2009/3098/pdf/2009-3098.pdf]
Kenny, J. F., N. L. Barber, S. S. Hutson, K. S. Linsey, J. K. Lovelace,
and M. A. Maupin, 2009: Estimated Use of Water in the United
States in 2005. U.S. Geological Survey Circular 1344, 52 pp., U.S.
Geological Survey Reston, VA. [Available online at http://pubs.
usgs.gov/circ/1344/]
14. Nicot, J.-P., and B. R. Scanlon, 2012: Water use for shale gas
production in Texas, U.S. U.S. Environmental Science and Technolog y,
46, 3580-3586, doi:10.1021/es204602t.
15. Colby, B., and P. Tanimoto, 2011: Using climate information to
improve electric utility load forecasting. Adaptation and Resilience:
The Economics of Climate-Water-Energ y Challenges in the Arid Southwest,
B. G. Colby, and G. B. Frisvold, Eds., RFF Press, 207-228.
16. Trenberth, K. E., J. T. Overpeck, and S. Solomon, 2004: Exploring
drought and its implications for the future. Eos, Transactions,
American Geophysical Union, 85, 27, doi:10.1029/2004EO030004.
17. Texas Water Development Board, cited 2012: Texas State Water
Plan. State of Texas. [Available online at http://www.twdb.state.
tx.us/waterplanning/swp/2012/]
18. USDA, cited 2012: Atlas of Rural and Small-Town America. U.S.
Department of Agriculture, Economic Research Service. [Available
online at http://www.ers.usda.gov/data-products/atlas-of-ruraland-small-town-america/go-to-the-atlas.aspx]
19. Maupin, M. A., and N. L. Barber, 2005: Estimated Withdrawals
From Principal Aquifers in the United States, 2000. U.S. Geological
Survey Circular 1279, 46 pp. [Available online at http://pubs.usgs.
gov/circ/2005/1279/pdf/circ1279.pdf]
20. McMahon, P. B., J. K. Böhlke, and S. C. Christenson, 2004:
Geochemistry, radiocarbon ages, and paleorecharge conditions
along a transect in the central High Plains aquifer, southwestern
Kansas, USA. Applied Geochemistry, 19, 1655-1686, doi:10.1016/j.
apgeochem.2004.05.003. [Available online at http://ok.water.usgs.
gov/publications/Journal_articles/AppliedGeochemistry.pdf]
21. Scanlon, B. R., J. B. Gates, R. C. Reedy, W. A. Jackson, and J. P.
Bordovsky, 2010: Effects of irrigated agroecosystems: 2. Quality
of soil water and groundwater in the southern High Plains, Texas.
Water Resources Research, 46, 1-14, doi:10.1029/2009WR008428.
[Available online at http://www.beg.utexas.edu/staffinfo/
Scanlon_pdf/Scanlon_et_al_WRR_2010_HP_Irrig_Qual.pdf]

22. Dunnell, K. L., and S. E. Travers, 2011: Shifts in the flowering
phenology of the Northern Great Plains: Patterns over 100 years.
American Journal of Botany, 98, 935-945, doi:10.3732/ajb.1000363.
[Available online at http://www.amjbot.org/content/98/6/935.
full.pdf+html]
23. Hu, Q., A. Weiss, S. Feng, and P. S. Baenziger, 2005: Earlier winter
wheat heading dates and warmer spring in the U.S. Great Plains.
Agricultural and Forest Meteorolog y, 135, 284-290, doi:10.1016/j.
agrformet.2006.01.001.
24. Wu, C., A. Gonsamo, J. M. Chen, W. A. Kurz, D. T. Price, P. M.
Lafleur, R. S. Jassal, D. Dragoni, G. Bohrer, C. M. Gough, S. B.
Verma, A. E. Suyker, and J. W. Munger, 2012: Interannual and
spatial impacts of phenological transitions, growing season length,
and spring and autumn temperatures on carbon sequestration: A
North America flux data synthesis. Global and Planetary Change, 9293, 179-190, doi:10.1016/j.gloplacha.2012.05.021.
25. Nardone, A., B. Ronchi, N. Lacetera, M. S. Ranieri, and U.
Bernabucci, 2010: Effects of climate change on animal production
and sustainability of livestock systems. Livestock Science, 130, 5769, doi:10.1016/j.livsci.2010.02.011. [Available online at http://
dspace.unitus.it/bitstream/2067/1339/1/LIVSCI%201108%20
Nardone%20et%20al%202010.pdf]
Van Dijk, J., N. D. Sargison, F. Kenyon, and P. J. Skuce, 2010:
Climate change and infectious disease: Helminthological
challenges to farmed ruminants in temperate regions. Animal, 4,
377-392, doi:10.1017/S1751731109990991.
26. NOAA, and USDA, 2008: The Easter Freeze of April 2007:
A Climatological Perspective and Assessment of Impacts and
Services. NOAA/USDA Tech Report 2008-1, 56 pp., NOAA,
U.S. Department of Agriculture. [Available online at http://www1.
ncdc.noaa.gov/pub/data/techrpts/tr200801/tech-report-200801.
pdf]
27. Groisman, P. Y., R. W. Knight, T. R. Karl, D. R. Easterling, B.
Sun, and J. H. Lawrimore, 2004: Contemporary changes of the
hydrological cycle over the contiguous United States: Trends
derived from in situ observations. Journal of Hydrometeorolog y, 5,
64-85,
doi:10.1175/1525-7541(2004)005<0064:CCOTHC>2.
0.CO;2. [Available online at http://journals.ametsoc.org/doi/
abs/10.1175/1525-7541(2004)005%3C0064:CCOTHC%3E2.0.
CO;2]
28. Karl, T. R., J. T. Melillo, and T. C. Peterson, Eds., 2009: Global
Climate Change Impacts in the United States. Cambridge University
Press, 189 pp. [Available online at http://downloads.globalchange.
gov/usimpacts/pdfs/climate-impacts-report.pdf]

455

CLIMATE CHANGE IMPACTS IN THE UNITED STATES

19: GREAT PLAINS
References
29. Konikow, L. F., 2011: Contribution of global groundwater
depletion since 1900 to sea-level rise. Geophysical Research Letters, 38,
L17401, doi:10.1029/2011GL048604. [Available online at http://
onlinelibrary.wiley.com/doi/10.1029/2011GL048604/pdf]
30. Colaizzi, P. D., P. H. Gowda, T. H. Marek, and D. O. Porter, 2009:
Irrigation in the Texas High Plains: A brief history and potential
reductions in demand. Journal of Irrigation and Drainage Engineering,
58, 257-274, doi:10.1002/ird.418.
31. Hahn, G. L., J. B. Gaughan, T. L. Mader, and R. A. Eigenberg,
2009: Ch. 5: Thermal indices and their applications for livestock
environments. Livestock Energetics and Thermal Environmental
Management, J. A. DeShazer, Ed., American Society of Agricultural
and Biological Engineers, 113-130. [Available online at http://
elibrary.asabe.org/monographs.asp?confid=lete2009]
Mader, T. L., K. L. Frank, J. A. Harrington, G. L. Hahn, and J. A.
Nienaber, 2009: Potential climate change effects on warm-season
livestock production in the Great Plains. Climatic Change, 97, 529541, doi:10.1007/s10584-009-9615-1. [Available online at http://
ddr.nal.usda.gov/bitstream/10113/44757/1/IND44293455.pdf]
32. Grafton, R. Q., H.L. Chu, M. Stewardson, and T. Kompas, 2011:
Optimal dynamic water allocation: Irrigation extractions and
environmental tradeoffs in the Murray River, Australia. Water
Resources Research, 47, W00G08, doi:10.1029/2010WR009786.
[Available
online
at
http://onlinelibrary.wiley.com/
doi/10.1029/2010WR009786/pdf]
33. Lavin, S. J., J. C. Archer, and F. M. Shelley, 2011: Atlas of the Great
Plains. 352 pp. [Available online at http://www.nebraskapress.unl.
edu/product/Atlas-of-the-Great-Plains,674764.aspx]
34. Atkinson, L. M., R. J. Romsdahl, and M. J. Hill, 2011: Future
participation in the conservation reserve program in North Dakota
Great Plains Research, 21, 203–214.
35. Becker, C. G., C.B. Fonseca, C.F.B. Haddad, R.F. Batista, and P.
I. Prado, 2007: Habitat split and the global decline of amphibians.
Science, 318, 1775-1777, doi:10.1126/science.1149374.
Gray, M. J., L.M. Smith, and R. I. Leyva, 2004: Influence of
agricultural landscape structure on a Southern High Plains, USA,
amphibian assemblage. Landscape Ecolog y, 19, 719-729, doi:10.1007/
s10980-005-1129-3. [Available online at http://link.springer.com/
content/pdf/10.1007%2Fs10980-005-1129-3]

Parmesan, C., 2007: Influences of species, latitudes and
methodologies on estimates of phenological response to global
warming. Global Change Biolog y, 13, 1860-1872, doi:10.1111/j.13652486.2007.01404.x. [Available online at http://onlinelibrary.wiley.
com/doi/10.1111/j.1365-2486.2007.01404.x/pdf]
37. Samson, F. B., F. L. Knopf, and W. R. Ostlie, 2004: Great Plains
ecosystems: Past, present, and future. Wildlife Society Bulletin, 32,
6-15,
doi:10.2193/0091-7648(2004)32[6:GPEPPA]2.0.CO;2.
[Available online at http://www.bioone.org/doi/pdf/10.2193/00917648%282004%2932%5B6%3AGPEPPA%5D2.0.CO%3B2]
38. H. John Heinz III Center for Science Economics and the
Environment, 2008: The State of the Nation's Ecosystems 2008:
Measuring the Land, Waters, and Living Resources of the United States.
Island Press, 44 pp. [Available online at http://www.heinzctr.
or g /E cos y st e m s _ f i le s/T he% 2 0 St at e% 2 0 of % 2 0 t he% 2 0
Nation%27s%20Ecosystems%202008.pdf]
Kostyack, J., J. J. Lawler, D. D. Goble, J. D. Olden, and J. M. Scott,
2011: Beyond reserves and corridors: Policy solutions to facilitate
the movement of plants and animals in a changing climate. Bioscience,
61, 713-719, doi:10.1525/bio.2011.61.9.10. [Available online at
http://www.bioone.org/doi/pdf/10.1525/bio.2011.61.9.10]
39. Guthery, F. S., and F. C. Bryant, 1982: Status of playas in the
southern Great Plains. Wildlife Society Bulletin, 10, 309-317,
doi:10.2307/3781199. [Available online at http://www.jstor.org/
stable/3781199]
40. Matthews, J. H., 2008: Anthropogenic Climate Change in the Playa
Lakes Joint Venture Region: Understanding Impacts, Discerning
Trends, and Developing Responses, 43 pp., World Wildlife
Fund, Corvallis, OR. [Available online at http://www.pljv.org/
documents/science/PLJV_climate_change_review.pdf]
41. Peterson, A. T., 2003: Projected climate change effects on Rocky
Mountain and Great Plains birds: Generalities of biodiversity
consequences. Global Change Biolog y, 9, 647-655, doi:10.1046/j.13652486.2003.00616.x. [Available online at http://onlinelibrary.wiley.
com/doi/10.1046/j.1365-2486.2003.00616.x/pdf]
42. Poff, N. L. R., M. M. Brinson, and J. W. Day, 2002: Aquatic Ecosystems
& Global Climate Change: Potential Impacts on Inland Freshwater and
Coastal Wetland Ecosystems in the United States. Pew Center on Global
Climate Change 56 pp. [Available online at http://www.pewtrusts.
org/uploadedFiles/w w wpewtrustsorg/Reports/Protecting_
ocean_life/env_climate_aquaticecosystems.pdf]

36. Chen, I.-C., J. K. Hill, R. Ohlemüller, D. B. Roy, and C. D.
Thomas, 2011: Rapid range shifts of species associated with high
levels of climate warming. Science, 333, 1024-1026, doi:10.1126/
science.1206432. [Available online at http://www.sciencemag.org/
content/333/6045/1024.abstract]

456

Snodgrass, J. W., M. J. Komoroski, A. L. Bryan, Jr., and J. Burger,
2001: Relationships among isolated wetland size, hydroperiod,
and amphibian species richness: Implications for wetland
regulations. Conservation Biolog y, 14, 414-419, doi:10.1046/j.15231739.2000.99161.x.

CLIMATE CHANGE IMPACTS IN THE UNITED STATES

19: GREAT PLAINS
References
43. Ziska, L., K. Knowlton, C. Rogers, D. Dalan, N. Tierney, M. A.
Elder, W. Filley, J. Shropshire, L. B. Ford, C. Hedberg, P. Fleetwood,
K. T. Hovanky, T. Kavanaugh, G. Fulford, R. F. Vrtis, J. A. Patz,
J. Portnoy, F. Coates, L. Bielory, and D. Frenz, 2011: Recent
warming by latitude associated with increased length of ragweed
pollen season in central North America. Proceedings of the National
Academy of Sciences, 108, 4248-4251, doi:10.1073/pnas.1014107108.
[Available online at http://www.pnas.org/content/108/10/4248.
full.pdf+html]

51. Singer, M., 2009: Beyond global warming: Interacting ecocrises
and the critical anthropology of health. Anthropological Quarterly, 82,
795-820, doi:10.1353/anq.0.0077.

44. Hendricks, P., 2003: Spring snow conditions, laying date, and clutch
size in an alpine population of American Pipits. Journal of Field
Ornitholog y, 74, 423-429, doi:10.1648/0273-8570-74.4.423. [Available
online at http://www.bioone.org/doi/pdf/10.1648/0273-857074.4.423]

53. Johnson, K. M., and D. T. Lichter, 2008: Natural increase: A new
source of population growth in emerging Hispanic destinations
in the United States. Population and Development Review, 34, 327-346,
doi:10.1111/j.1728-4457.2008.00222.x. [Available online at http://
onlinelibrary.wiley.com/doi/10.1111/j.1728-4457.2008.00222.x/
pdf]

52. Longstreth, J., 1999: Public health consequences of global
climate change in the United States: Some regions may suffer
disproportionately. Environmental Health Perspectives, 107, 169-179.
[Available online at http://www.ncbi.nlm.nih.gov/pmc/articles/
PMC1566351/pdf/envhper00518-0172.pdf]

45. Morgan, J. A., D. R. LeCain, E. Pendall, D. M. Blumenthal, B.
A. Kimball, Y. Carrillo, D. G. Williams, J. Heisler-White, F. A.
Dijkstra, and M. West, 2011: C 4 grasses prosper as carbon dioxide
eliminates desiccation in warmed semi-arid grassland. Nature, 476,
202-205, doi:10.1038/nature10274. [Available online at http://
www.nature.com/nature/journal/v476/n7359/pdf/nature10274.
pdf]
46. Doherty, K. E., 2008: Sage-Grouse and Energy Development:
Integrating Science with Conservation Planning to Reduce
Impacts. PhD Dissertation, The University of Montana 125 pp.
[Available online at http://etd.lib.umt.edu/theses/available/etd03262009-132629/unrestricted/doherty.pdf]
47. Copeland, H. E., K. E. Doherty, D. E. Naugle, A. Pocewicz, and
J. M. Kiesecker, 2009: Mapping oil and gas development potential
in the US Intermountain West and estimating impacts to species.
PLoS ONE, 4, e7400, doi:10.1371/journal.pone.0007400.
48. Schrag, A., S. Konrad, S. Miller, B. Walker, and S. Forrest, 2011:
Climate-change impacts on sagebrush habitat and West Nile virus
transmission risk and conservation implications for greater sagegrouse. GeoJournal, 76, 561-575, doi:10.1007/s10708-010-9369-3.
49. Aldridge, C. L., S. E. Nielsen, H. L. Beyer, M. S. Boyce, J. W. Connelly,
S. T. Knick, and M. A. Schroeder, 2008: Range-wide patterns of
greater sage-grouse persistence. Diversity and Distributions, 14, 983994, doi:10.1111/j.1472-4642.2008.00502.x. [Available online at
http://www.fort.usgs.gov/products/publications/22160/22160.
pdf]
50. Parton, W. J., M. P. Gutmann, and D. Ojima, 2007: Long-term
trends in population, farm income, and crop production in the
Great Plains. Bioscience, 57, 737-747, doi:10.1641/B570906. [Available
online at http://www.jstor.org/stable/pdfplus/10.1641/B570906.
pdf]

Kandel, W., and E. A. Parrado, 2005: Restructuring of the
US meat processing industry and new Hispanic destinations.
Population and Development Review, 31, 447-471, doi:10.1111/j.17284457.2005.00079.x. [Available online at http://onlinelibrary.wiley.
com/doi/10.1111/j.1728-4457.2005.00079.x/pdf]
Vásquez-León, M., 2009: Hispanic farmers and farmworkers:
Social networks, institutional exclusion, and climate vulnerability
in Southeastern Arizona. American Anthropologist, 111, 289-301,
doi:10.1111/j.1548-1433.2009.01133.x.
54. Therrell, M. D., and M. J. Trotter, 2011: Waniyetu Wówapi: Native
American records of weather and climate. Bulletin of the American
Meteorological Society, 92, 583-592, doi:10.1175/2011bams3146.1.
[Available
online
at
http://journals.ametsoc.org/doi/
pdf/10.1175/2011BAMS3146.1]
Tsosie, R., 2007: Indigenous people and environmental justice: The
impact of climate change. University of Colorado Law Review, 78, 16251677. [Available online at http://ssrn.com/abstract=1399659]
55. ——, 2009: Climate change, sustainability, and globalization:
Charting the future of indigenous environmental selfdetermination. Environmental and Energ y Law Policy Journal, 4, 187255.
56. Riley, R., P. Blanchard, R. Peppler, T. M. B. Bennett, and D.
Wildcat, 2012: Oklahoma Inter-Tribal Meeting on Climate
Variability and Change: Meeting Summary Report Norman, OK,
23 pp. [Available online at http://www.southernclimate.org/
publications/Oklahoma_Intertribal_Climate_Change_Meeting.
pdf]
57. U.S. Census Bureau, cited 2012: United States Census 2010.
[Available online at http://www.census.gov/2010census/]

457

CLIMATE CHANGE IMPACTS IN THE UNITED STATES

19: GREAT PLAINS
References
58. Oyate Omniciye, 2011: Oglala Lakota Plan, 141 pp. [Available online
at http://www.oglalalakotaplan.org/?s=Oglala+Lakota+Plan]

63. Gunderson, L. H., and C. S. Holling, Eds., 2002: Panarchy:
Understanding Transformations in Human and Natural Systems. Island
Press, 508 pp.

59. Adger, W. N., K. Brown, D. R. Nelson, F. Berkes, H. Eakin, C.
Folke, K. Galvin, L. Gunderson, M. Goulden, K. O'Brien, J.
Ruitenbeek, and E. L. Tompkins, 2011: Resilience implications of
policy responses to climate change. Wiley Interdisciplinary Reviews:
Climate Change, 2, 757-766, doi:10.1002/wcc.133.

Tschakert, P., O. T. Coomes, and C. Potvin, 2007: Indigenous
livelihoods, slash-and-burn agriculture, and carbon stocks in
Eastern Panama. Ecolog y Economics, 60, 807-820, doi:10.1016/j.
ecolecon.2006.02.001.

Joyce, L. A., G. M. Blate, S. G. McNulty, C. I. Millar, S. Moser,
R. P. Neilson, and D. L. Peterson, 2009: Managing for multiple
resources under climate change: National forests. Environmental
Management, 44, 1022-1032, doi:10.1007/s00267-009-9324-6.
60. Romsdahl, R. J., L. Atkinson, and J. Schultz, 2013: Planning for
climate change across the US Great Plains: Concerns and insights
from government decision-makers. Journal of Environmental Studies
and Sciences, 3, 1-14, doi:10.1007/s13412-012-0078-8.
61. Eriksen, S., and K. Brown, 2011: Sustainable adaptation to
climate change. Climate and Development, 3, 3-6, doi:10.3763/
cdev.2010.0064. [Available online at http://www.tandfonline.com/
doi/pdf/10.3763/cdev.2010.0064]
Eriksen, S. H., and K. O’Brien, 2007: Vulnerability, poverty and
the need for sustainable adaptation measures. Climate Policy, 7, 337352, doi:10.1080/14693062.2007.9685660.
Eriksen, S. K., P. Aldunce, C. S. Bahinipati, R. D’Almeida Martins,
J. I. Molefe, C. Nhemachena, K. O’Brien, F. Olorunfemi, J.
Park, L. Sygna, and K. Ulsrud, 2011: When not every response
to climate change is a good one: Identifying principles of
sustainable adaptation. Climate and Development, 3, 7-20, doi:10.3763/
cdev.2010.0060. [Available online at http://www.tandfonline.com/
doi/pdf/10.3763/cdev.2010.0060]
McNeeley, S. M., 2012: Examining barriers and opportunities
for sustainable adaptation to climate change in Interior
Alaska. Climate Change, 111, 835-857, doi:10.1007/s10584-0110158-x. [Available online at http://link.springer.com/content/
pdf/10.1007%2Fs10584-011-0158-x]
O'Brien, K., and R. Leichenko, 2008: Human Security,
Vulnerability and Sustainable Adaptation. Human Development
Report 2007/2008, 48 pp., United Nations Development Program.
[Available online at http://hdr.undp.org/en/reports/global/
hdr2007-2008/papers/o'brien_karen%20and%20leichenko_robin.
pdf]

Walker, B., and J. A. Meyers, 2004: Thresholds in ecological and
social-ecological systems: A developing data base. Ecolog y and
Society, 9, 3. [Available online at http://web.usal.es/~ansa/sosa/
articulos/jose_artoni_garcia_rodriguez_articulos/estados%20
est%20alter.pdf]
64. Lyytimäki, J., and M. Hildén, 2007: Thresholds of sustainability:
Policy challenges of regime shifts in coastal areas. Sustainability:
Science, Practice, & Policy, 3, 61-69. [Available online at http://sspp.
proquest.com/static_content/vol3iss2/communityessay.lyytimaki.
pdf]
65. Riley, R., K. Monroe, J. Hocker, M. Boone, and M. Shafer, 2012: An
Assessment of the Climate-Related Needs of Oklahoma Decision
Makers, 47 pp., Southern Climate Impacts Planning Program,
University of Oklahoma, Louisiana State University. [Available
online at http://www.southernclimate.org/publications/OK_
Climate_Needs_Assessment_Report_Final.pdf]
66. ISC, cited 2013: A Regional Response to Climate Change:
The Western Adaptation Alliance. Institute for Sustainable
Communities. [Available online at http://www.iscvt.org/where_
we_work/usa/article/waa/]
67. Pulwarty, R. S., C. Simpson, and C. R. Nierenberg, 2009: The
Regional Integrated Sciences and Assessments (RISA) Program:
Crafting effective assessments for the long haul. Integrated Regional
Assessment of Global Climate Change, C. G. Knight, and J. Jäger, Eds.,
Cambridge University Press, 367-393. [Available online at http://
books.google.com/books?id=B8O31ILKKOMC]
68. Ostrom, E., 1990: Governing the Commons: The Evolution of Institutions
for Collective Action. Cambridge University Press, 280 pp.
69. Hoerling, M., M. Chen, R. Dole, J. Eischeid, A. Kumar, J. W.
Nielsen-Gammon, P. Pegion, J. Perlwitz, X.-W. Quan, and T.
Zhang, 2013: Anatomy of an extreme event. Journal of Climate, 26,
2811–2832, doi:10.1175/JCLI-D-12-00270.1. [Available online at
http://journals.ametsoc.org/doi/pdf/10.1175/JCLI-D-12-00270.1]

62. Berkes, F., and C. Folke, 1998: Linking Social and Ecological Systems:
Management Practices and Social Mechanisms for Building Resilience.
University of Cambridge, 476 pp.

458

CLIMATE CHANGE IMPACTS IN THE UNITED STATES

19: GREAT PLAINS

SUPPLEMENTAL MATERIAL
TRACEABLE ACCOUNTS

Traceable Accounts
Process for Developing Key Messages:
A central component of the assessment process was the Great
Plains Regional Climate assessment workshop that was held in
August 2011 in Denver, CO, with approximately 40 attendees.
The workshop began the process leading to a foundational
Technical Input Report (TIR), the Great Plains Regional Cli5
mate Assessment Technical Report. The TIR consists of 18
chapters assembled by 37 authors representing a wide range
of inputs including governmental agencies, non-governmental
organizations, tribes, and other entities.

Specific details for the Great Plains are provided in the Regional
Climate Trends and Scenarios for the U.S. National Climate As4
sessment with its references.

The chapter author team engaged in multiple technical discussions via regular teleconferences. These included careful
8
review of the foundational TIR and of approximately 50 additional technical inputs provided by the public, as well as the
other published literature, and professional judgment. These
discussions were followed by expert deliberation of draft key
messages by the authors during an in-person meeting in Kansas City in April 2012, wherein each message was defended
before the entire author team prior to the key message being
selected for inclusion in the report. These discussions were
supported by targeted consultation with additional experts by
the lead author of each message, and they were based on
criteria that help define “key vulnerabilities”.

New information and remaining uncertainties
A key uncertainty is the exact rate and magnitude of the projected
changes in precipitation, because high inter-annual variability may
either obscure or highlight the long-term trends over the next few
years.

Rising temperatures impact energy and water (Ch.10: Energy,
Water, and Land; Ch. 4: Energy). Publications have explored the
projected increase in water competition and stress for natural re7,13,14,17
sources
and the fragmentation of natural habitats and agri8
cultural lands. These sources provided numerous references that
were drawn from to lead to this key message.

Confidence Level
Very High
Strong evidence (established
theory, multiple sources, consistent results, well documented
and accepted methods, etc.),
high consensus

High

K ey message #1 Traceable Account
Rising temperatures are leading to increased
demand for water and energy. In parts of the
region, this will constrain development, stress
natural resources, and increase competition for
water among communities, agriculture, energy
production, and ecological needs.
Description of evidence base
The key message and supporting text summarizes extensive
5
evidence documented in the Technical Input Report. Technical inputs (47) on a wide range of topics were also received
and reviewed as part of the Federal Register Notice solicitation
for public input.
Temperatures are rising across the United States (Ch. 2: Our
Changing Climate, Key Message 3 and its Traceable Account).
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Moderate evidence (several
sources, some consistency,
methods vary and/or documentation limited, etc.), medium
consensus

Medium
Suggestive evidence (a few
sources, limited consistency,
models incomplete, methods
emerging, etc.), competing
schools of thought

Low
Inconclusive evidence (limited sources, extrapolations,
inconsistent findings, poor documentation and/or methods not
tested, etc.), disagreement or
lack of opinions among experts
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Also unknown is ecological demand for water. Water use by native
and invasive species under current climate needs to be quantified so that it can be modeled under future scenarios to map
out potential impact envelopes. There is also uncertainty over the
projections of changes in precipitation due to difficulty of modeling projections of convective precipitation, which is the primary
source of water for most of the Great Plains.
Assessment of confidence based on evidence
Very High for all aspects of the key message. The relationship
between increased temperatures and higher evapotranspiration
is well established. Model projections of higher temperatures are
robust. Confidence is highest for the southern Great Plains, where
competition among sectors, cities, and states for future supply is
already readily apparent, and where population growth (demandside) and projected increases in precipitation deficits are greatest.

K ey message #2 Traceable Account

Assessment of confidence based on evidence
The general pattern of precipitation changes and overall increases
in temperature are robust. The implications of these changes are
enormous, although assessing changes in more specific locations
is more uncertain. Our assessment is based on the climate projections and known relationships to crops (for example, corn not
being able to “rest” at night due to high minimum temperatures),
but pinpointing where these impacts will occur is difficult. Additionally, other factors that influence productivity, such as genetics,
technological change, economic incentives, and federal and state
policies, can alter or accelerate the impacts. Given the evidence
and remaining uncertainties, agriculture and livestock management practices will need to adjust to these changes in climate
and derived aspects although specific changes are yet to be determined. Overall, confidence is high.

K ey message #3 Traceable Account

Changes to crop growth cycles due to warming
winters and alterations in the timing and magnitude
of rainfall events have already been observed; as
these trends continue, they will require new agriculture and livestock management practices.

Landscape fragmentation is increasing, for example, in the context of energy development activities
in the northern Great Plains. A highly fragmented
landscape will hinder adaptation of species when
climate change alters habitat composition and timing of plant development cycles.

Description of evidence base
The key message and supporting text summarize extensive evi5
dence documented in the Great Plains Technical Input Report.
Technical inputs (47) on a wide range of topics were also received
and reviewed as part of the Federal Register Notice solicitation for
public input.

Description of evidence base
The key message and supporting text summarize extensive evi5
dence documented in the Great Plains Technical Input Report.
Technical inputs (47) on a wide range of topics were also received
and reviewed as part of the Federal Register Notice solicitation for
public input.

Evidence for altered precipitation across the U.S. is discussed in
Ch. 2: Our Changing Climate, Key Message 5 and 6 and their
Traceable Accounts. Specific details for the Great Plains, such
as warming winters and altered rainfall events are in the Climate
4
Trends and Scenarios for the U.S. National Climate Assessment
with its references.

A number of publications have explored the changes in habitat
39
22,23,43
composition, plant distribution and development cycles
36,38,44
and animal distributions.

Limitations of irrigation options in the High Plains aquifer have
21
been detailed. The impacts of shifting from irrigated to rain-fed
30
agriculture have also been detailed. Studies document negative
31
impacts on livestock production through the Great Plains.
New information and remaining uncertainties
A key issue (uncertainty) is rainfall patterns. Although models
show a general increase in the northern Great Plains and a decrease in the southern Great Plains, the diffuse gradient between
the two leaves uncertain the location of greatest impacts on the
hydrologic cycle. Timing of precipitation is critical to crop planting, development and harvesting; shifts in seasonality of precipitation therefore need to be quantified. Rainfall patterns will similarly
affect forage production, particularly winter wheat that is essential
to cattle production in the southern Great Plains.

New information and remaining uncertainties
In general, the anticipated carbon dioxide enrichment, warming,
and increase in precipitation variability influence vegetation primarily by affecting soil-water availability to plants. This is especially important as the transition between water surplus and water
deficit (based on precipitation minus evapotranspiration) occurs
across the Great Plains, with eastern areas supporting more biomass than western areas, especially given the current east-to-west
1
difference in precipitation and the vegetation it supports. These
effects are evident in experiments with each of the individual as45
pects of climate change. It is difficult to project, however, all
of the interactions with all of the vegetative species of the Great
Plains, so as to better manage ecosystems.
Several native species have been in decline due to habitat frag46
mentation, including quail, ocelots, and lesser prairie chickens.
Traditional adaptation methods of migration common to the Great
Plains, such as bison herds had historically done, are less of an
option as animals are confined to particular locations due to habitat fragmentation. As habitats change due to invasive species of

460

CLIMATE CHANGE IMPACTS IN THE UNITED STATES

19: GREAT PLAINS
Traceable Accounts
plant and animals and as climate change reduces viability of native vegetation, the current landscapes may be incapable of sup38
porting these wildlife populations.
Assessment of confidence based on evidence
Confidence is very high that landscape is already fragmented and
will continue to become more fragmented as energy exploration
expands into less suitable agriculture lands that have not been
developed as extensively. The effects of carbon dioxide and water
availability on individual species are well known, but there is less
published research on the interaction among different species.
Evidence for the impact of climate change on species is very
high, but specific adaptation strategies used by these species are
less certain. Because of the more limited knowledge on adaptation strategies, we rate this key message overall has having high
confidence. Our assessment is based upon historical methods,
such as migration, used by species across the Great Plains to
adapt to previous changes in climate and habitats and the incompatibility of those methods with current land-use practices.

K ey message #4 Traceable Account
Communities that are already the most vulnerable
to weather and climate extremes will be stressed
even further by more frequent extreme events occurring within an already highly variable climate
system.
Description of evidence base
The key message and supporting text summarize extensive
5
evidence documented in the Technical Input Report. Technical inputs (47) on a wide range of topics were also received and
reviewed as part of the Federal Register Notice solicitation for
public input.
Extreme events are documented for the nation (Ch. 2: Our Changing Climate, Key Message 7), and for the region in the Climate
4
Trends and Scenarios for the U.S. National Climate Assessment.
There are a few studies documenting the vulnerability of communities in remote locations with sparse infrastructure, limited
local services, and aging populations (Ch. 14: Rural Communi51
53
ties), with some areas inhibited by language barriers. Changes
in the tribal communities have been documented on a number of
54,55,56,58
issues.
New information and remaining uncertainties
A key issue (uncertainty) is how limited financial resources will
be dedicated to adaptation actions and the amount of will and
attention that will be paid to decreasing vulnerability and increasing resilience throughout the region. Should the awareness
of damage grow great enough, it may overcome the economic
incentives for development and change perspectives, allowing
for increased adaptive response. But if current trends continue,
more vulnerable lands may be lost. Thus the outcome on rural
and vulnerable populations is largely unknown.

Assessment of confidence based on evidence
Extensive literature exists on vulnerable populations, limited resources and ability to respond to change. However, because the
expected magnitude of changes is beyond previous experience and
societal response is unknown, so the overall confidence is high.

K ey message #5 Traceable Account
The magnitude of expected changes will exceed
those experienced in the last century. Existing adaptation and planning efforts are inadequate to respond to these projected impacts.
Description of evidence base
The key message and supporting text summarize extensive
evidence documented in the Great Plains Technical Input Re5
port. Technical inputs (47) on a wide range of topics were also
received and reviewed as part of the Federal Register Notice
solicitation for public input.
A number of publications have looked at the requirements for adaptation of human and natural systems to climate change. These
8,59,62
requirements include large- and small-scale planning,
em61
phasis on restoring ecological systems and processes, realizing
62,63
the importance of natural systems,
and aligning the social and
64
ecological goals.
New information and remaining uncertainties
No clear catalog of ongoing adaptation activities exists for the
Great Plains region. Initial steps towards such a catalog have
been supported by the National Climate Assessment in association with NOAA’s Regional Integrated Sciences and Assessments
teams. The short-term nature of many planning activities has
65
been described. Until a systematic assessment is conducted,
most examples of adaptation are anecdotal. However, stresses in
physical and social systems are readily apparent, as described in
the other key messages. How communities, economic sectors,
and social groups will respond to these stresses needs further
study.
Assessment of confidence based on evidence
Climate trends over the past century, such as North Dakota
warming more than any other state in the contiguous U.S.,
coupled with evidence of ecological changes and projections for
further warming indicates very high confidence that climate patterns will be substantially different than those of the preceding
century. While systematic evidence is currently lacking, emerging studies point toward a proclivity toward short-term planning
and incremental adjustment rather than long-term strategies for
evolving agricultural production systems, habitat management,
water resources and societal changes. Evidence suggests that
adaptation is ad hoc and isolated and will likely be inadequate to
address the magnitude of social, economic, and environmental
challenges that face the region. Overall confidence is medium.
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Key Messages

1. Snowpack and streamflow amounts are projected to decline in parts of the Southwest, decreasing
surface water supply reliability for cities, agriculture, and ecosystems.
2. The Southwest produces more than half of the nation’s high-value specialty crops, which are
irrigation-dependent and particularly vulnerable to extremes of moisture, cold, and heat. Reduced
yields from increasing temperatures and increasing competition for scarce water supplies will
displace jobs in some rural communities.
3. Increased warming, drought, and insect outbreaks, all caused by or linked to climate change,
have increased wildfires and impacts to people and ecosystems in the Southwest. Fire models
project more wildfire and increased risks to communities across extensive areas.
4. Flooding and erosion in coastal areas are already occurring even at existing sea levels and
damaging some California coastal areas during storms and extreme high tides. Sea level rise
is projected to increase as Earth continues to warm, resulting in major damage as wind-driven
waves ride upon higher seas and reach farther inland.
5. Projected regional temperature increases, combined with the way cities amplify heat, will pose
increased threats and costs to public health in southwestern cities, which are home to more
than 90% of the region’s population. Disruptions to urban electricity and water supplies will
exacerbate these health problems.

than half of the nation’s high-value specialty crops, including
certain vegetables, fruits, and nuts. The severity of future
impacts will depend upon the complex interaction of pests,
water supply, reduced chilling periods, and more rapid changes
in the seasonal timing of crop development due to projected
warming and extreme events.
Climate changes will increase stress on the region’s rich
diversity of plant and animal species. Widespread tree death

The region’s populous coastal cities face rising sea levels,
extreme high tides, and storm surges, which pose particular
risks to highways, bridges, power plants, and sewage treatment
plants. Climate-related challenges also increase risks to critical
port cities, which handle half of the nation’s incoming shipping
containers.

© Momatiuk - Eastcott/Corbis

The Southwest is the hottest and driest region in the
United States, where the availability of water has defined
its landscapes, history of human settlement, and modern
economy. Climate changes pose challenges for an already
parched region that is expected to get hotter and, in its
southern half, significantly drier. Increased heat and changes
to rain and snowpack will send ripple effects throughout
the region’s critical agriculture sector, affecting the lives and
economies of 56 million people – a population that is expected
1
to increase 68% by 2050, to 94 million. Severe and sustained
drought will stress water sources, already over-utilized in many
areas, forcing increasing competition among farmers, energy
producers, urban dwellers, and plant and animal life for the
region’s most precious resource.

Agriculture, a mainstay of the regional and national economies,
faces uncertainty and change. The Southwest produces more
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and fires, which already have caused billions of dollars in
economic losses, are projected to increase, forcing wholesale
changes to forest types, landscapes, and the communities that
depend on them (see also Ch. 7: Forests).
Tourism and recreation, generated by the Southwest’s
winding canyons, snow-capped peaks, and Pacific Ocean

beaches, provide a significant economic force that also faces
climate change challenges. The recreational economy will be
increasingly affected by reduced streamflow and a shorter
snow season, influencing everything from the ski industry to
lake and river recreation.

Observed and Projected Climate Change
The Southwest is already experiencing the impacts of climate
change. The region has heated up markedly in recent decades,
and the period since 1950 has been hotter than any comparably
long period in at least 600 years (Ch. 2: Our Changing Climate,
2,3,4
Key Message 3). The decade 2001-2010 was the warmest in
the 110-year instrumental record, with temperatures almost
2°F higher than historic averages, with fewer cold air outbreaks
4
and more heat waves. Compared to relatively uniform regional
temperature increases, precipitation trends vary considerably
across the region, with portions experiencing decreases and
others experiencing increases (Ch. 2: Our Changing Climate, Key
4
Message 5). There is mounting evidence that the combination
of human-caused temperature increases and recent drought
6,7
has influenced widespread tree mortality, increased fire
8
occurrence and area burned, and forest insect outbreaks
9
(Ch. 7: Forests). Human-caused temperature increases and
drought have also caused earlier spring snowmelt and shifted
10
runoff to earlier in the year.

Regional annual average temperatures are projected to rise
by 2.5°F to 5.5°F by 2041-2070 and by 5.5°F to 9.5°F by 20702099 with continued growth in global emissions (A2 emissions
scenario), with the greatest increases in the summer and fall
(Figure 20.1). If global emissions are substantially reduced (as
in the B1 emissions scenario), projected temperature increases
are 2.5°F to 4.5°F (2041-2070), and 3.5°F to 5.5°F (2070-2099).
Summertime heat waves are projected to become longer
and hotter, whereas the trend of decreasing wintertime cold
air outbreaks is projected to continue (Ch. 2: Our Changing
11,12
Climate, Key Message 7).
These changes will directly affect
urban public health through increased risk of heat stress, and
urban infrastructure through increased risk of disruptions to
13,14,15,16
electric power generation.
Rising temperatures also
have direct impacts on crop yields and productivity of key
regional crops, such as fruit trees.

Projected Temperature Increases

Figure 20.1. Maps show projected changes in average, as compared to 1971-1999.
Top row shows projections assuming heat-trapping gas emissions continue to rise
(A2). Bottom row shows projections assuming substantial reductions in emissions
17
(B1). (Figure source: adapted from Kunkel et al. 2013 ).
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Projections of precipitation changes are less certain than those
17,18
for temperature.
Under a continuation of current rising
emissions trends (A2), reduced winter and spring precipitation
is consistently projected for the southern part of the Southwest by 2100 as part of the general global precipitation reduction in subtropical areas. In the northern part of the region,
projected winter and spring precipitation changes are smaller
than natural variations. Summer and fall changes are also
smaller than natural variations throughout the region (Ch. 2:
17
Our Changing Climate, Key Message 5). An increase in winter
flood hazard risk in rivers is projected due to increases in flows
of atmospheric moisture into California’s coastal ranges and
19
the Sierra Nevada (Ch. 3: Water). These “atmospheric rivers”
20
have contributed to the largest floods in California history
and can penetrate inland as far as Utah and New Mexico.

Vulnerabilities

The Southwest is prone to drought. Southwest paleoclimate
21
records show severe mega-droughts at least 50 years long.
Future droughts are projected to be substantially hotter,
and for major river basins such as the Colorado River Basin,
drought is projected to become more frequent, intense, and
18
longer lasting than in the historical record. These drought
conditions present a huge challenge for regional management
of water resources and natural hazards such as wildfire. In light
of climate change and water resources treaties with Mexico,
discussions will need to continue into the future to address
demand pressures and vulnerabilities of groundwater and
surface water systems that are shared along the border.

of native nations and border cities

The Southwest’s 182 federally recognized tribes and communities in its U.S.-Mexico border region share particularly
high vulnerabilities to climate changes such as high temperatures, drought, and severe storms. Tribes may face loss of
traditional foods, medicines, and water supplies due to declining snowpack, increasing temperatures, and increasing
22
drought (see also Ch 12: Indigenous Peoples). Historic land settlements and high rates of poverty – more than double
23
that of the general U.S. population – constrain tribes’ abilities to respond effectively to climate challenges.
Most of the Southwest border population is concentrated in eight pairs of fast-growing, adjacent cities on either side of
the U.S.-Mexico border (like El Paso and Juárez) with shared problems. If the 24 U.S. counties along the entire border
were aggregated as a 51st state, they would rank near the bottom in per capita income, employment rate, insurance
24
coverage for children and adults, and high school completion. Lack of financial resources and low tax bases for generating resources have resulted in a lack of roads and safe drinking water infrastructure, which makes it more daunting
for tribes and border populations to address climate change issues. These economic pressures increase vulnerabilities
to climate-related health and safety risks, such as air pollution, inadequate erosion and flood control, and insufficient
25
safe drinking water.

Key Message 1: Reduced Snowpack and Streamflows
Snowpack and streamflow amounts are projected to decline in parts of the Southwest,
decreasing surface water supply reliability for cities, agriculture, and ecosystems.
Winter snowpack, which slowly melts and releases water in
spring and summer, when both natural ecosystems and people
have the greatest needs for water, is key to the Southwest’s
hydrology and water supplies. Over the past 50 years across
most of the Southwest, there has been less late-winter
precipitation falling as snow, earlier snowmelt, and earlier
26,27
arrival of most of the year’s streamflow.
Streamflow totals
in the Sacramento-San Joaquin, the Colorado, the Rio Grande,
and in the Great Basin were 5% to 37% lower between 2001
4
and 2010 than the 20th century average flows. Projections
of further reduction of late-winter and spring snowpack and
28,29
subsequent reductions in runoff and soil moisture
pose
increased risks to the water supplies needed to maintain the
Southwest’s cities, agriculture, and ecosystems.

Temperature-driven reductions in snowpack are compounded
by dust and soot accumulation on the surface of snowpack.
This layer of dust and soot, transported by winds from lowland
regions, increases the amount of the sun’s energy absorbed
by the snow. This leads to earlier snowmelt and evaporation
– both of which have negative implications for water supply,
30,31
alpine vegetation, and forests.
The prospect of more
lowland soil drying out from drought and human disturbances
(like agriculture and development) makes regional dust a
potent future risk to snow and water supplies.
In California, drinking water infrastructure needs are estimated
at $4.6 billion annually over the next 10 years, even without
32
considering the effects of climate change. Climate change
will increase the cost of maintaining and improving drinking
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Projected Snow Water Equivalent
Figure 20.2. Snow water equivalent (SWE)
refers to the amount of water held in a volume
of snow, which depends on the density of the
snow and other factors. Figure shows projected
snow water equivalent for the Southwest,
as a percentage of 1971-2000, assuming
continued increases in global emissions (A2
scenario). The size of bars is in proportion to
the amount of snow each state contributes to
the regional total; thus, the bars for Arizona are
much smaller than those for Colorado, which
contributes the most to region-wide snowpack.
Declines in peak SWE are strongly correlated
with early timing of runoff and decreases in
total runoff. For watersheds that depend on
snowpack to provide the majority of the annual
runoff, such as in the Sierra Nevada and in
the Upper Colorado and Upper Rio Grande
River Basins, lower SWE generally translates
to reduced reservoir water storage. (Data from
Scripps Institution of Oceanography).

water infrastructure, because expanded wastewater
treatment and desalinating water for drinking are
among the key strategies for supplementing water
supplies.

The

© Peter Essick/Getty Images

Conservation efforts have proven to reduce water
use, but are not projected to be sufficient if current
41
trends for water supply and demand continue.
Large water utilities are currently attempting to
understand how water supply and demand may
change in conjunction with climate changes, and
42,43
which adaptation options are most viable.

southwest’s renewable potential to produce energy with less water

The Southwest’s abundant geothermal, wind, and solar power-generation resources could help transform the region’s
electric generating system into one that uses substantially more renewable energy. This transformation has already
started, driven in part by renewable energy portfolio standards adopted by five of six Southwest states, and renewable
energy goals in Utah. California’s law limits imports of baseload electricity generation from coal and oil and mandates
33
reduction of heat-trapping greenhouse gas emissions to 1990 levels by 2020.
As the regional climate becomes hotter and, in parts of the Southwest, drier, there will be less water available for the
34
cooling of thermal power plants (Ch. 2: Our Changing Climate), which use about 40% of the surface water withdrawn in
35
the United States. The projected warming of water in rivers and lakes will reduce the capacity of thermal power plants,
36
especially during summer when electricity demand skyrockets. Wind and solar photovoltaic installations could substantially reduce water withdrawals. A large increase in the portion of power generated by renewable energy sources may be
37,38
39
feasible at reasonable costs,
and could substantially reduce water withdrawals (Ch. 10: Energy, Water, and Land).

466

CLIMATE CHANGE IMPACTS IN THE UNITED STATES

20: SOUTHWEST

Scenario for Greenhouse Gas Emissions Reductions in the Electricity Sector

Figure 20.3. Major shifts in how electricity is produced can lead to large reductions in heat-trapping gas emissions.
Shown is an illustrative scenario in which different energy combinations could, by 2050, achieve an 80% reduction
of heat-trapping gas emissions from 1990 levels in the electricity sector in the Southwest. For each state, that mix
varies, with the circle representing the average hourly generation in megawatts (the number above each circle) from
38,40
10 potential energy sources. CCS refers to carbon capture and storage. (Data from Wei et al. 2012, 2013
).

Key Message 2: Threats to Agriculture
The Southwest produces more than half of the nation’s high-value specialty crops, which
are irrigation-dependent and particularly vulnerable to extremes of moisture, cold, and heat.
Reduced yields from increasing temperatures and increasing competition for scarce
water supplies will displace jobs in some rural communities.
Farmers are renowned for adapting to yearly changes in the
weather, but climate change in the Southwest could happen
faster and more extensively than farmers’ ability to adapt.
The region’s pastures are rain-fed (non-irrigated) and highly
susceptible to projected drought. Excluding Colorado, more
than 92% of the region’s cropland is irrigated, and agricultural
uses account for 79% of all water withdrawals in the
44,45,46
region.
A warmer, drier climate is projected to accelerate
current trends of large transfers of irrigation water to urban
47,48,49
areas,
which would affect local agriculturally dependent
economies.
California produces about 95% of U.S. apricots, almonds,
artichokes, figs, kiwis, raisins, olives, cling peaches, dried
plums, persimmons, pistachios, olives, and walnuts, in
50
addition to other high-value crops. Drought and extreme
weather affect the market value of fruits and vegetables
more than other crops because they have high water content
51
and because sales depend on good visual appearance. The

combination of a longer frost-free season, less frequent cold
air outbreaks, and more frequent heat waves accelerates crop
ripening and maturity, reduces yields of corn, tree fruit, and
wine grapes, stresses livestock, and increases agricultural
52,53
water consumption.
This combination of climate changes
is projected to continue and intensify, possibly requiring a
northward shift in crop production, displacing existing growers
54,55
and affecting farming communities.
Winter chill periods are projected to fall below the duration
necessary for many California trees to bear nuts and fruits,
56
which will result in lower yields. Warm-season vegetable crops
grown in Yolo County, one of California’s biggest producers,
54,57
may not be viable under hotter climate conditions.
Once
temperatures increase beyond optimum growing thresholds,
further increases in temperature, like those projected for the
decades beyond 2050, can cause large decreases in crop yields
and hurt the region’s agricultural economy.
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Longer Frost-Free Season Increases Stress on Crops
Figure 20.4. The frost-free season is defined as
the period between the last occurrence of 32°F
in spring and the first occurrence of 32°F in the
subsequent fall. The chart shows significant
increases in the number of consecutive frostfree days per year in the past three decades
compared to the 1901-2010 average. Increased
frost-free season length, especially in already
hot and moisture-stressed regions like the
Southwest, is projected to lead to further heat
stress on plants and increased water demands
for crops. Higher temperatures and more frostfree days during winter can lead to early bud burst
or bloom of some perennial plants, resulting in
frost damage when cold conditions occur in late
spring (see Ch. 6: Agriculture); in addition, with
higher winter temperatures, some agricultural
pests can persist year-round, and new pests
47
and diseases may become established. (Figure
4
source: Hoerling et al. 2013 ).

Key Message 3: Increased Wildfire
Increased warming, drought, and insect outbreaks, all caused by or linked to climate change,
have increased wildfires and impacts to people and ecosystems in the Southwest. Fire
models project more wildfire and increased risks to communities across extensive areas.
Fire naturally shapes southwestern landscapes. Indeed, many
Southwest ecosystems depend on periodic wildfire to maintain
healthy tree densities, enable seeds to germinate, and reduce
58
pests. Excessive wildfire destroys homes, exposes slopes to
erosion and landslides, threatens public health, and causes
59,60
economic damage.
The $1.2 billion in damages from the
2003 Grand Prix fire in southern California illustrates the high
60
cost of wildfires.

© AP Photo/The Press-Enterprise, Terry Pierson

Beginning in the 1910s, the Federal Government developed a
national policy of attempting to extinguish every fire, which
61
allowed wood and other fuels to over-accumulate and urban
development to encroach on fire-prone areas. These changes
have also contributed to increasing fire risk.

3

Increased warming due to climate change, drought, insect
62
infestations, and accumulation of woody fuels and non63,64
native grasses
make the Southwest vulnerable to increased
wildfire. Climate outweighed other factors in determining
65
burned area in the western U.S. from 1916 to 2003, a finding
confirmed by 3000-year long reconstructions of southwestern
66,67,68
fire history.
Between 1970 and 2003, warmer and drier
conditions increased burned area in western U.S. mid-elevation
8
conifer forests by 650% (Ch. 7: Forests, Key Message 1).
Drought and increased temperatures due to climate change
7,69
have caused extensive tree death across the Southwest.
In addition, winter warming due to climate change has
exacerbated bark beetle outbreaks by allowing more beetles,
70
which normally die in cold weather, to survive and reproduce.
Wildfire and bark beetles killed trees across 20% of Arizona
62
and New Mexico forests from 1984 to 2008.
Numerous fire models project more wildfire as climate change
64,71,72,73,74
continues.
Models project a doubling of burned area
73
in the southern Rockies, and up to a 74% increase in burned
74
area in California, with northern California potentially
experiencing a doubling under a high emissions scenario
toward the end of the century. Fire contributes to upslope
shifting of vegetation, spread of invasive plants after extensive
and intense fire, and conversion of forests to woodland or
63,75
grassland.
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Historical and projected climate change makes two-fifths (40%)
of the region vulnerable to these shifts of major vegetation
types or biomes; notably threatened are the conifer forests of
71
southern California and sky islands of Arizona.

Prescribed burning, mechanical thinning, and retention of large
trees can help some southwestern forest ecosystems adapt to
68,76
climate change.
These adaptation measures also reduce
emissions of the gases that cause climate change because
long-term storage of carbon in large trees can outweigh short61,77
term emissions from prescribed burning.

Key Message 4: Sea Level Rise and Coastal Damage
Flooding and erosion in coastal areas are already occurring even at existing sea levels and
damaging some California coastal areas during storms and extreme high tides. Sea level rise
is projected to increase as Earth continues to warm, resulting in major damage as
wind-driven waves ride upon higher seas and reach farther inland.
In the last 100 years, sea level has risen along the California
78
coast by 6.7 to 7.9 inches. In the last decade, high tides on
top of this sea level rise have contributed to new damage to
infrastructure, such as the inundation of Highway 101 near San
Francisco and backup of seawater into the San Francisco Bay
Area sewage systems.

more wave energy to reach farther inland and extend high tide
periods, worsening coastal erosion on bluffs and beaches and
18,81,82,83,84
increasing flooding potential.

The result will be impacts to the nation’s largest ocean-based
85,86
economy, which is estimated at $46 billion annually.
If
adaptive action is not taken, coastal highways, bridges, and
Although sea level along the California coast has been relatively other transportation infrastructure (such as the San Francisco
constant since 1980, both global and relative Southwest sea and Oakland airports) are at increased risk of flooding with
78,79,80
5
levels are expected to increase at accelerated rates.
a 16-inch rise in sea level in the next 50 years, an amount
During the next 30 years, the greatest impacts will be seen consistent with the 1 to 4 feet of expected global increase in
during high tides and storm events. Rising sea level will allow sea level (see Ch. 2: Our Changing Climate, Key Message 10).
In Los Angeles, sea level rise
poses a threat to groundwater
82,87
Coastal Risks Posed by Sea Level Rise and High Tides
supplies and estuaries,
by potentially contaminating
groundwater with seawater,
or increasing the costs to
Figure 20.5. King tides, which typically
protect coastal freshwater
88
happen twice a year as a result of
aquifers.
a gravitational alignment of the sun,
moon, and Earth, provide a preview
of the risks rising sea levels may
present along California coasts in
the future. While king tides are the
extreme high tides today, with projected
future sea level rise, this level of water
and flooding will occur during regular
monthly high tides. During storms and
future king tides, more coastal flooding
and damage will occur. The King Tide
Photo Initiative encourages the public
to visually document the impact of
rising waters on the California coast,
as exemplified during current king tide
events. Photos show water levels along
the Embarcadero in San Francisco,
California during relatively normal tides
(top), and during an extreme high tide
or “king tide” (bottom). (Photo credit:
Mark Johnsson).
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Projected
increases
in
extreme coastal flooding as
a result of sea level rise will
increase human vulnerability
to coastal flooding events.
Currently, 260,000 people
in California are at risk from
what is considered a once82
in-100-year flood.
With
a sea level rise of about
three feet (in the range of
projections for this century –
Ch. 2: Our Changing Climate,
78,80
Key Message 10)
and at
current population densities,
420,000 people would be at
risk from the same kind of
85
100-year flood event, based
on existing exposure levels.
Highly vulnerable populations
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– people less able to prepare, respond, or recover from natural
disaster due to age, race, or income – make up approximately
85,89
18% of the at-risk population (Ch. 25: Coasts).
The California state government, through its Ocean and Coastal
Resources Adaptation Strategy, along with local governments,

is using new sea level mapping and information about social
vulnerability to undertake coastal adaptation planning. NOAA
has created an interactive map showing areas that would
be affected by sea level rise (http://www.csc.noaa.gov/slr/
viewer/#).

Key Message 5: Heat Threats to Health
Projected regional temperature increases, combined with the way cities amplify heat, will
pose increased threats and costs to public health in southwestern cities, which are home to
more than 90% of the region’s population. Disruptions to urban electricity and water
supplies will exacerbate these health problems.
The Southwest has the highest percentage of its population
living in cities of any U.S. region. Its urban population rate,
90
92.7%, is 12% greater than the national average. Increasing
metropolitan populations already pose challenges to providing
adequate domestic water supplies, and the combination of
increased population growth and projected increased risks
91,92
to surface water supplies will add further challenges.
Tradeoffs are inevitable between conserving water to help
meet the demands of an increasing population and providing
adequate water for urban greenery to reduce increasing urban
temperatures.

Urban infrastructures are especially vulnerable because of
their interdependencies; strains in one system can cause
disruptions in another (Ch. 11: Urban, Key Message 2; Ch. 9:
16,93
Human Health).
For example, an 11-minute power system
disturbance in September 2011 cascaded into outages that left
94
1.5 million San Diego residents without power for 12 hours;
the outage disrupted pumps and water service, causing 1.9
95
million gallons of sewage to spill near beaches. Extensive use
of air conditioning to deal with high temperatures can quickly
increase electricity demand and trigger cascading energy
14,15
system failures, resulting in blackouts or brownouts.

Urban Heat and Public Health

Figure 20.6. The projected increase in heat waves in Southwest cities (Ch. 2: Our Changing Climate, Key Message 7) increases
the chances that a chain of escalating effects could lead to serious increases in illness and death due to heat stress. The top of the
figure provides some of the links in that chain, while the bottom of the figure provides adaptation and improved governance options
that can reduce this vulnerability and improve the resilience of urban infrastructure and community residents.
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Heat stress, a recurrent health problem for urban residents, has
been the leading weather-related cause of death in the United
96
States since 1986, when record keeping began – and the
97
highest rates nationally are found in Arizona. The effects of
heat stress are greatest during heat waves lasting several days
or more, and heat waves are projected to increase in frequency,
11,13,98
11
duration, and intensity,
become more humid, and cause
99
a greater number of deaths. Already, severe heat waves, such
as the 2006 ten-day California event, have resulted in high
100
mortality, especially among elderly populations. In addition,
evidence indicates a greater likelihood of impacts in less
affluent neighborhoods, which typically lack shade trees and
101
other greenery and have reduced access to air conditioning.

Exposure to excessive heat can also aggravate existing human
health conditions, like for those who suffer from respiratory or
99
heart disease. Increased temperatures can reduce air quality,
because atmospheric chemical reactions proceed faster in
warmer conditions. The outcome is that heat waves are often
102
accompanied by increased ground-level ozone, which can
cause respiratory distress. Increased temperatures and longer
warm seasons will also lead to shifts in the distribution of
disease-transmitting mosquitoes (Ch. 9: Human Health, Key
97
Message 1).
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SUPPLEMENTAL MATERIAL
TRACEABLE ACCOUNTS
Process for Developing Key Messages
A central component of the assessment process was the Southwest Regional Climate assessment workshop that was held August
1-4, 2011, in Denver, CO with more than 80 participants in a
series of scoping presentations and workshops. The workshop began the process leading to a foundational Technical Input Report
103
(TIR) report. The TIR consists of nearly 800 pages organized
into 20 chapters that were assembled by 122 authors representing a wide range of inputs, including governmental agencies, nongovernmental organizations, tribes, and other entities. The report
findings were described in a town hall meeting at the American
Geophysical Union’s annual fall meeting in 2011, and feedback
was collected and incorporated into the draft.
The chapter author team engaged in multiple technical discussions
through more than 15 biweekly teleconferences that permitted a
103
careful review of the foundational TIR and of approximately 125
additional technical inputs provided by the public, as well as the
other published literature and professional judgment. The chapter
author team then met at the University of Southern California on
March 27-28, 2012, for expert deliberation of draft key messages
by the authors. Each key message was defended before the entire
author team prior to the key message being selected for inclusion.
These discussions were supported by targeted consultation with
additional experts by the lead author of each message, and they
were based on criteria that help define “key vulnerabilities, which
include magnitude, timing, persistence and reversibility, likelihood
and confidence, potential for adaptation, distribution, and impor104
tance of the vulnerable system.”

K ey message #1 Traceable Account
Snowpack and streamflow amounts are projected to decline in parts of the Southwest, decreasing
surface water supply reliability for cities, agriculture, and ecosystems.
Description of evidence base
The key message was chosen based on input from the extensive
103
evidence documented in the Southwest Technical Input Report
and additional technical input reports received as part of the
Federal Register Notice solicitation for public input, as well as
stakeholder engagement leading up to drafting the chapter.

Key Message 5 in Chapter 2, Our Changing Climate, also provides
evidence for declining precipitation across the United States, and
17
a regional study discusses regional trends and scenarios for the
Southwest.
Over the past 50 years, there has been a reduction in the amount
of snow measured on April 1 as a proportion of the precipitation
falling in the corresponding water-year (October to September),
which affects the timing of snowfed rivers. The implication
of this finding is that the lower the proportion of April 1 snow
water equivalent in the water-year-to-date precipitation, the more
rapid the runoff, and the earlier the timing of center-of-mass
26,27
of streamflow in snowfed rivers.
For the “recent decade”
(2001 to 2010), snowpack evidence is from U.S. Department of
Agriculture (USDA) Natural Resources Conservation Service snow
4
course data, updated through 2010. One study has analyzed
streamflow amounts for the region’s four major river basins, the
Colorado, Sacramento-San Joaquin, Great Basin (Humboldt River,
NV), and the Rio Grande; data are from the U.S. Department of
the Interior – Bureau of Reclamation, California Department of
Water Resources, U.S. Geological Survey, and the International
Boundary and Water Commission (U.S. Section), respectively.
These data are backed by a rigorous detection and attribution
10
18
study. Projected trends make use of downscaled climate
parameters for 16 global climate models (GCMs), and hydrologic
projections for the Colorado River, Rio Grande, and SacramentoSan Joaquin River System.
Based on GCM projections, downscaled and run through the
105
variable infiltration capacity (VIC) hydrological model,
there
are projected reductions in spring snow accumulation and total
annual runoff, leading to reduced surface water supply reliability
for much of the Southwest, with greater impacts occurring during
18,28
the second half of this century.
Future flows in the four major Southwest rivers are projected to
decline as a result of a combination of increased temperatures,
increased evaporation, less snow, and less persistent snowpack.
These changes have been projected to result in decreased surface
water supplies, which will have impacts for allocation of water
resources to major uses, such as urban drinking water, agriculture,
and ecosystem flows.
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Traceable Accounts
New information and remaining uncertainties
Different model simulations predict different levels of snow
loss. These differences arise because of uncertainty in climate
change warming and precipitation projections due to differences
among GCMs, uncertainty in regional downscaling, uncertainty
in hydrological modeling, differences in emissions, aerosols,
and other forcings, and because differences in the hemispheric
and regional-scale atmospheric circulation patterns produced by
different GCMs produce different levels of snow loss in different
model simulations.
In addition to the aforementioned uncertainties in regional
climate and hydrology projections, projection of future surface
water supply reliability includes at least the following additional
uncertainties: 1) changes in water management, which depend on
agency resources and leadership and cooperation of review boards
106
107
and the public; 2) management responses to non-stationarity;
3) legal, economic, and institutional options for augmenting
existing water supplies, adding underground water storage and
recovery infrastructure, and fostering further water conservation
108
(for example, Udall 2013 ); 4) adjudication of unresolved water
rights; and 5) local, state, regional, and national policies related
to the balance of agricultural, ecosystem, and urban water use (for
43
example, Reclamation 2011 ).
Assessment of confidence based on evidence
There is high confidence in the continued trend of declining
snowpack and streamflow in parts of the Southwest given the
evidence base and remaining uncertainties.

Confidence Level
Very High
Strong evidence (established
theory, multiple sources, consistent
results, well documented and
accepted methods, etc.), high
consensus
High
Moderate evidence (several sources, some consistency, methods
vary and/or documentation limited,
etc.), medium consensus
Medium
Suggestive evidence (a few
sources, limited consistency, models incomplete, methods emerging,
etc.), competing schools of thought
Low
Inconclusive evidence (limited
sources, extrapolations, inconsistent findings, poor documentation
and/or methods not tested, etc.),
disagreement or lack of opinions
among experts

For the impacts on water supply, there is high confidence that
reduced surface water supply reliability will affect the region’s
cities, agriculture, and ecosystems.

K ey message #2 Traceable Account
The Southwest produces more than half of the
nation’s high-value specialty crops, which are irrigation-dependent and particularly vulnerable to extremes of moisture, cold, and heat. Reduced yields
from increasing temperatures and increasing competition for scarce water supplies will displace jobs
in some rural communities.
Description of evidence base
Increased competition for scarce water was presented in the
first key message and in the foundational Technical Input Report
103
(TIR).
U.S. temperatures, including those for the Southwest
region, have increased and are expected to continue to rise (Ch. 2:
Our Changing Climate, Key Message 3). Heat waves have become
more frequent and intense and droughts are expected to become
more intense in the Southwest (Ch. 2: Our Changing Climate, Key
Message 7). The length of the frost-free season in the Southwest
has been increasing, and frost-free season length is projected to
increase (Ch. 2: Our Changing Climate, Key Message 4). A regional
17
study discusses the trends and scenarios in the Southwest for
moisture, cold, heat, and their extremes.
There is abundant evidence of irrigation dependence and
vulnerability of high-value specialty crops to extremes of moisture,
cold, and heat, including, prominently, the 2009 National Climate
109
103
Assessment and the foundational TIR. Southwest agricultural
production statistics and irrigation dependence of that production
45
is delineated in the USDA 2007 Census of Agriculture and the
46
USDA Farm and Ranch Irrigation Survey.
Reduced Yields. Even under the most conservative emissions
scenarios evaluated (the combination of SRES B1emissions
scenario with statistically downscaled winter chill projections
56
from the HADCM3 climate model), one study projected that
required winter chill periods will fall below the number of hours
that are necessary for many of the nut- and fruit-bearing trees
of California, and yields are projected to decline as a result. A
54
second study found that California wheat acreage and walnut
acreage will decline due to increased temperatures. Drought and
extreme weather may have more effect on the market value of
fruits and vegetables, as opposed to other crops, because fruits
and vegetables have high water content and because consumers
51
expect good visual appearance and flavor. Extreme daytime
and nighttime temperatures have been shown to accelerate crop
ripening and maturity, reduce yield of crops such as corn, fruit
trees, and vineyards, cause livestock to be stressed, and increase
53
water consumption in agriculture.
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Irrigation water transfers to urban. Warmer, drier future scenarios
portend large transfers of irrigation water to urban areas even
though agriculture will need additional water to meet crop demands,
55
affecting local agriculturally-dependent economies. In particular
areas of the Southwest (most notably lower-central Arizona), a
significant reduction in irrigated agriculture is already underway
48
as land conversion occurs near urban centers. Functioning water
markets, which may require legal and institutional changes, can
enable such transfers and reduce the social and economic impacts
47
of water shortages to urban areas. The economic impacts of
climate change on Southwest fruit and nut growers are projected
to be substantial and will result in a northward shift in production
of these crops, displacing growers and affecting communities.

water from northern to southern California. Other studies,
using projections of a dry, warmer future for California, and an
assumption that water will flow from lower- to higher-valued uses
(such as urban water use), generated a 15% decrease in irrigated
49
acreage and a shift from lower- to higher-valued crops.

New information and remaining uncertainties
Competition for water is an uncertainty. The extent to which
water transfers take place depends on whether complementary
investments in conveyance or storage infrastructure are made.
Currently, there are legal and institutional restrictions limiting
water transfers across state and local jurisdictions. It is uncertain
whether infrastructure investments will be made or whether
institutional innovations facilitating transfers will develop.
Institutional barriers will be greater if negative third-party
effects of transfers are not adequately addressed. Research
that would improve the information base to inform future water
transfer debates includes: 1) estimates of third party impacts, 2)
assessment of institutional mechanisms to reduce those impacts,
3) environmental impacts of water infrastructure projects, and 4)
options and costs of mitigating those environmental impacts.

Given the evidence base and remaining uncertainties, confidence
is high in this key message.

Extremes and phenology. A key uncertainty is the timing of
extreme events during the phenological stage of the plant or the
growth cycle of the animal. For example, plants are more sensitive
to extreme high temperatures and drought during the pollination
stage compared to vegetative growth stages.
Genetic improvement potential. Crop and livestock reduction
studies by necessity depend on assumptions about adaptive
actions by farmers and ranchers. However, agriculture has proven
to be highly adaptive in the past. A particularly high uncertainty
is the ability of conventional breeding and biotechnology to keep
pace with the crop plant and animal genetic improvements needed
for adaptation to climate-induced biotic and abiotic stresses.
Assessment of confidence based on evidence
Although evidence includes studies of observed climate and
weather impacts on agriculture, projections of future changes
using climate and crop yield models and econometric models show
varying results depending on the choice of crop and assumptions
regarding water availability. For example, projections of 2050
California crop yields show reductions in field crop yields, based
on assumptions of a 21% decline in agricultural water use, shifts
away from water-intensive crops to high-value specialty crops,
and development of a more economical means of transferring

Because net reductions in the costs of water shortages depend
on multiple institutional responses, it is difficult as yet to locate
a best estimate of water transfers between zero and the upper
bound. Water scarcity may also be a function of tradeoffs between
economic returns from agricultural production and returns for
selling off property or selling water to urban areas (for example,
Imperial Valley transfers to San Diego).

K ey Message #3 Traceable Account
Increased warming, drought, and insect outbreaks, all caused by or linked to climate change,
have increased wildfires and impacts to people and
ecosystems in the Southwest. Fire models project
more wildfire and increased risks to communities
across extensive areas.
Description of evidence base
Increased warming and drought are extensively described in the
103
foundational Technical Input Report (TIR). U.S. temperatures
have increased and are expected to continue to rise (Ch. 2: Our
Changing Climate, Key Message 3). There have been regional
changes in droughts, and there are observed and projected
changes in cold and heat waves and droughts (Ch. 2: Our
Changing Climate, Key Message 7) for the nation. A study for the
17
Southwest discusses trends and scenarios in both cold waves
and heat waves.
Analyses of weather station data from the Southwest have detected
changes from 1950 to 2005 that favor wildfire, and statistical
analyses have attributed the changes to anthropogenic climate
3
change. The changes include increased temperatures, reduced
27
30
10
snowpack, earlier spring warmth, and streamflow. These
climate changes have increased background tree mortality rates
from 1955 to 2007 in old-growth conifer forests in California,
7
Colorado, Utah, and the northwestern states and caused extensive
piñon pine mortality in Arizona, Colorado, New Mexico, and Utah
69
between 1989 and 2003.
Climate factors contributed to increases in wildfire in the previous
century. In mid-elevation conifer forests of the western United
States, increases in spring and summer temperatures, earlier
snowmelt, and longer summers increased fire frequency by 400%
8
and burned area by 650% from 1970 to 2003. Multivariate
analysis of wildfire across the western U.S. from 1916 to 2003
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indicates that climate was the dominant factor controlling
65
burned area, even during periods of human fire suppression.
Reconstruction of fires of the past 400 to 3000 years in the
66
western U.S. and in Yosemite and Sequoia National Parks in
67,68
California
confirm that temperature and drought are the
dominant factors explaining fire occurrence.

studies document potential coastal flooding, erosion, and winddriven wave damages in coastal areas of California due to sea level
rise (for example, Bromirski et al. 2012; Heberger et al. 2011, and
81,82
Revell et al. 2011
). Global sea level has risen, and further rise
of 1 to 4 feet is projected by 2100 (Ch. 2: Our Changing Climate,
Key Message 10).

Four different fire models project increases in fire frequency
71,72,73,74
across extensive areas of the Southwest in this century.
64,72
Multivariate statistical generalized additive models
project
extensive increases across the Southwest, but the models project
decreases when assuming that climate alters patterns of net
74
primary productivity. Logistic regressions project increases
across most of California, except for some southern parts of the
state, with average fire frequency increasing 37% to 74%. Linear
regression models project up to a doubling of burned area in the
73
southern Rockies by 2070 under emissions scenarios B1 or A2.
The MC1 dynamic global vegetation model projects increases
in fire frequencies on 40% of the area of the Southwest from
2000 to 2100 and decreases on 50% of the areas for emissions
71
scenarios B1 and A2.

All of the scientific approaches to detecting sea level rise come to
the conclusion that a warming planet will result in higher sea levels.
78,80
In addition, numerous recent studies
produce much higher sea
level rise projections for the rest of this century as compared to
the projections in the most recent report of the Intergovernmental
83
Panel on Climate Change for the rest of this century.

Excessive wildfire destroys homes, exposes slopes to erosion
and landslides, and threatens public health, causing economic
59,60
damage.
Further impacts to communities and various
74
economies (local, state, and national) have been projected.
New information and remaining uncertainties
Uncertainties in future projections derive from the inability of
models to accurately simulate all past fire patterns, and from
the different GCMs, emissions scenarios, and spatial resolutions
used by different fire model projections. Fire projections depend
highly on the spatial and temporal distributions of precipitation
projections, which vary widely across GCMs. Although models
generally project future increases in wildfire, uncertainty remains
on the exact locations. Research groups continue to refine the fire
models.
Assessment of confidence based on evidence
There is high confidence in this key message given the extensive
evidence base and discussed uncertainties.

K ey message #4 Traceable Account
Flooding and erosion in coastal areas are already
occurring even at existing sea levels and damaging some California coastal areas during storms
and extreme high tides. Sea level rise is projected
to increase as Earth continues to warm, resulting
in major damage as wind-driven waves ride upon
higher seas and reach farther inland.
Description of evidence base
The key message and supporting text summarizes extensive
103
evidence documented in the Technical Input Report. Several

New information and remaining uncertainties
110
There is strong recent evidence from satellites such as GRACE
and from direct observations that glaciers and ice caps worldwide
are losing mass relatively rapidly, contributing to the recent
increase in the observed rate of sea level rise.
Major uncertainties are associated with sea level rise projections,
such as the behavior of ice sheets with global warming and the
actual level of global warming that the Earth will experience in
78,80
the future.
Regional sea level rise projections are even more
uncertain than the projections for global averages because local
factors such as the steric component (changes in the volume of
water with changes in temperature and salinity) of sea level rise
at regional levels and the vertical movement of land have large
78
uncertainties. However, it is virtually certain that sea levels will
go up with a warming planet as demonstrated in the paleoclimatic
record, modeling, and from basic physical arguments.
Assessment of confidence based on evidence
83
Given the evidence, especially since the last IPCC report, there
is very high confidence the sea level will continue to rise and that
this will entail major damage to coastal regions in the Southwest.
There is also very high confidence that flooding and erosion in
coastal areas are already occurring even at existing sea levels and
damaging some areas of the California coast during storms and
extreme high tides.

K ey message #5 Traceable Account
Projected regional temperature increases, combined with the way cities amplify heat, will pose
increased threats and costs to public health in
southwestern cities, which are home to more than
90% of the region’s population. Disruptions to urban electricity and water supplies will exacerbate
these health problems.
Description of evidence base
There is excellent agreement regarding the urban heat island
effect and exacerbation of heat island temperatures by increases
in regional temperatures caused by climate change. There is
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abundant evidence of urban heat island effect for some Southwest
98
cities (for example, Sheridan et al. ), as well as several studies,
some from outside the region, of the public health threats of urban
heat to residents (for example, Ch. 9: Human Health, Ostro et al.
99,100
2009, 2001
). Evidence includes observed urban heat island
studies and modeling of future climates, including some climate
change modeling studies for individual urban areas (for example,
Phoenix and Los Angeles). There is wide agreement in Southwest
states that increasing temperatures combined with projected
population growth will stress urban water supplies and require
continued water conservation and investment in new water supply
options. There is substantial agreement that disruption to urban
electricity may cause cascading impacts, such as loss of water,
and that projected diminished supplies will pose challenges for
urban cooling (for example, the need for supplemental irrigation
for vegetation-based cooling). However, there are no studies on
urban power disruption induced by climate change.

Assessment of confidence based on evidence
The urban heat island effect is well demonstrated and hence
projected climate-induced increases to heat will increase exposure
to heat-related illness. Electricity disruptions are a key uncertain
factor, and potential reductions in water supply not only may
reduce hydropower generation, but also availability of water for
cooling of thermal power plants.
Based on the substantial evidence and the remaining uncertainties,
confidence in each aspect of the key message is high.

With projected surface water losses, and increasing water demand
due to increasing temperatures and population, water supply
in Southwest cities will require greater conservation efforts
92
and capital investment in new water supply sources. Several
southwestern states, including California, New Mexico, and
Colorado have begun to study climate impacts to water resources,
91
including impacts in urban areas.
The interdependence of infrastructure systems is well established,
especially the dependence of systems on electricity and
communications and control infrastructures, and the potential
16
cascading effects of breakdowns in infrastructure systems.
The concentration of infrastructures in urban areas adds to the
vulnerability of urban populations to infrastructure breakdowns.
This has been documented in descriptions for major power
outages such as the Northeast power blackout of 2003, or the
94
recent September 2011 San Diego blackout.
A few references point to the role of urban power outages in
14
threatening public health due to loss of air conditioning and
94
disruption to water supplies.
New information and remaining uncertainties
Key uncertainties include the intensity and spatial extent of
drought and heat waves. Uncertainty is also associated with
quantification of the impact of temperature and water availability
on energy generation, transmission, distribution, and consumption
– all of which have an impact on possible disruptions to urban
electricity. Major disruptions are contingent on a lack of operator
response and/or adaptive actions such as installation of adequate
electricity-generating capacity to serve the expected enhanced
peak electricity demand. Thus a further uncertainty is the extent
to which adaptation actions are taken.
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Key Messages

1. Changes in the timing of streamflow related to changing snowmelt are already observed and will
continue, reducing the supply of water for many competing demands and causing far-reaching
ecological and socioeconomic consequences.
2. In the coastal zone, the effects of sea level rise, erosion, inundation, threats to infrastructure and
habitat, and increasing ocean acidity collectively pose a major threat to the region.
3. The combined impacts of increasing wildfire, insect outbreaks, and tree diseases are already
causing widespread tree die-off and are virtually certain to cause additional forest mortality by
the 2040s and long-term transformation of forest landscapes. Under higher emissions scenarios,
extensive conversion of subalpine forests to other forest types is projected by the 2080s.
4. While the agriculture sector’s technical ability to adapt to changing conditions can offset some
adverse impacts of a changing climate, there remain critical concerns for agriculture with respect
to costs of adaptation, development of more climate resilient technologies and management, and
availability and timing of water.

With craggy shorelines, volcanic mountains, and high sage
deserts, the Northwest’s complex and varied topography
contributes to the region’s rich climatic, geographic, social,
and ecologic diversity. Abundant natural resources – timber,
fisheries, productive soils, and plentiful water – remain
important to the region’s economy.
Snow accumulates in mountains, melting in spring to power
both the region’s rivers and economy, creating enough
1
hydropower (40% of national total) to export 2 to 6 million
2
megawatt hours per month. Snowmelt waters crops in the
dry interior, helping the region produce tree fruit (number
one in the world) and almost $17 billion worth of agricultural
commodities, including 55% of potato, 15% of wheat, and 11%
3
of milk production in the United States.
Seasonal water patterns shape the life cycles of the region’s
flora and fauna, including iconic salmon and steelhead, and
4
forested ecosystems, which cover 47% of the landscape.
Along more than 4,400 miles of coastline, regional economic
centers are juxtaposed with diverse habitats and ecosystems
that support thousands of species of fish and wildlife, including
commercial fish and shellfish resources valued at $480 million
5
in 2011.
Adding to the influence of climate, human activities have
altered natural habitats, threatened species, and extracted so
much water that there are already conflicts among multiple

users in dry years. More recently, efforts have multiplied to
balance environmental restoration and economic growth while
evaluating climate risks. As conflicts and tradeoffs increase,
the region’s population continues to grow, and the regional
consequences of climate change continue to unfold. The need
to seek solutions to these conflicts is becoming increasingly
urgent.
The Northwest’s economy, infrastructure, natural systems,
public health, and vitally important agriculture sector all face
important climate change related risks. Those risks – and
possible adaptive responses – will vary significantly across the
6
region. Impacts on infrastructure, natural systems, human
health, and economic sectors, combined with issues of social
and ecological vulnerability, will play out quite differently in
largely natural areas, like the Cascade Range or Crater Lake
National Park, than in urban areas like Seattle and Portland
7
(Ch. 11: Urban), or among the region’s many Native American
tribes, like the Umatilla or the Quinault (Ch. 12: Indigenous
8
Peoples).
As climatic conditions diverge from those that determined
patterns of development and resource use in the last century,
and as demographic, economic, and technological changes
also stress local systems, efforts to cope with climate change
would benefit from an evolving, iterative risk management
9
approach.
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Observed Climate Change
Temperatures increased across the region from 1895 to 2011,
10
with a regionally averaged warming of about 1.3°F. While
precipitation has generally increased, trends are small as
compared to natural variability. Both increasing and decreasing
trends are observed among various locations, seasons, and
time periods of analysis (Ch. 2: Our Changing Climate, Figure
2.12). Studies of observed changes in extreme precipitation
use different time periods and definitions of “extreme,” but

11

none find statistically significant changes in the Northwest.
These and other climate trends include contributions from
both human influences (chiefly heat-trapping gas emissions)
and natural climate variability, and consequently are not
projected to be uniform or smooth across the country or over
time (Ch. 2: Our Changing Climate, Key Message 3). They are
also consistent with expected changes due to human activities
(Ch. 2: Our Changing Climate, Key Message 1).

Projected Climate Change
An increase in average annual temperature of 3.3°F to 9.7°F
is projected by 2070 to 2099 (compared to the period 1970
to 1999), depending largely on total global emissions of heattrapping gases. The increases are projected to be largest in
summer. This chapter examines a range of scenarios, including
ones where emissions increase and then decline, leading to
lower (B1 and RCP 4.5) and medium (A1B) total emissions,
and scenarios where emissions continue to rise with higher
totals (A2, A1FI, and RCP 8.5 scenarios). Change in annual
average precipitation in the Northwest is projected to be
within a range of an 11% decrease to a 12% increase for 2030
to 2059 and a 10% decrease to an 18% increase for 2070 to
12
2099 for the B1, A1B, and A2 scenarios (Ch. 2: Our Changing
Climate). For every season, some models project decreases
and some project increases (Ch. 2: Our Changing Climate,
10,12
Key Message 5),
yet one aspect of seasonal changes in
precipitation is largely consistent across climate models: for
scenarios of continued growth in global heat-trapping gas

emissions, summer precipitation is projected to decrease by
as much as 30% by the end of the century (Ch. 2: Our Changing
10,12
Climate).
Northwest summers are already dry and although
a 10% reduction (the average projected change for summer) is
a small amount of precipitation, unusually dry summers have
many noticeable consequences, including low streamflow west
13
of the Cascades and greater extent of wildfires throughout
14
the region. Note that while projected temperature increases
are large relative to natural variability, the relatively small
projected changes in precipitation are likely to be masked by
15
natural variability for much of the century.
Ongoing research on the implications of these and other
changes largely confirms projections and analyses made over
the last decade, while providing more information about how
climate impacts are likely to vary from place to place within
the region. In addition, new areas of concern, such as ocean
acidification, have arisen.

Key Message 1: Water-related Challenges
Changes in the timing of streamflow related to changing snowmelt have been observed and
will continue, reducing the supply of water for many competing demands and causing farreaching ecological and socioeconomic consequences.

Hydrologic response to climate change will depend upon the
dominant form of precipitation in a particular watershed, as
well as other local characteristics including elevation, aspect,
22
geology, vegetation, and changing land use. The largest responses are expected to occur in basins with significant snow
accumulation, where warming increases winter flows and ad18,23
vances the timing of spring melt.
By 2050, snowmelt is pro-
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Description of Observed and Projected Changes
Observed regional warming has been linked to changes in the
timing and amount of water availability in basins with significant
snowmelt contributions to streamflow. Since around 1950,
area-averaged snowpack on April 1 in the Cascade Mountains
16
decreased about 20%, spring snowmelt occurred 0 to 30
17
days earlier depending on location, late winter/early spring
streamflow increases ranged from 0% to greater than 20% as a
18,19
fraction of annual flow,
and summer flow decreased 0% to
17
15% as a fraction of annual flow, with exceptions in smaller
20
areas and shorter time periods.
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jected to shift three to four weeks earlier than
th
the 20 century average, and summer flows
are projected to be substantially lower, even
for an emissions scenario that assumes sub24
stantial emissions reductions (B1). In some
North Cascade rivers, a significant fraction
(10% to 30%) of late summer flow originates
25
as glacier melt; the consequences of eventual
glacial disappearance are not well quantified.
Basins with a significant groundwater component may be less responsive to climate change
26
than indicated here.
Changes in river-related flood risk depends
on many factors, but warming is projected to
increase flood risk the most in mixed basins
(those with both winter rainfall and late spring
snowmelt-related runoff peaks) and remain
27
largely unchanged in snow-dominant basins.
Regional climate models project increases
of 0% to 20% in extreme daily precipitation,
depending on location and definition of
“extreme” (for example, annual wettest day).

Observed Shifts in Streamflow Timing

Figure 21.1. Reduced June flows in many Northwest snow-fed rivers is a
signature of warming in basins that have a significant snowmelt contribution.
The fraction of annual flow occurring in June increased slightly in rain-dominated
coastal basins and decreased in mixed rain-snow basins and snowmelt21
dominated basins over the period 1948 to 2008. The high flow period is in June
for most Northwest river basins; decreases in summer flows can make it more
difficult to meet a variety of competing human and natural demands for water.
21
(Figure source: adapted from Fritze et al. 2011 ).

Future Shift in Timing of Stream Flows

Reduced Summer Flows

Figure 21.2. (Left) Projected increased winter flows and decreased summer flows in many Northwest rivers will cause widespread
impacts. Mixed rain-snow watersheds, such as the Yakima River basin, an important agricultural area in eastern Washington, will see
increased winter flows, earlier spring peak flows, and decreased summer flows in a warming climate. Changes in average monthly
streamflow by the 2020s, 2040s, and 2080s (as compared to the period 1916 to 2006) indicate that the Yakima River basin could
change from a snow-dominant to a rain-dominant basin by the 2080s under the A1B emissions scenario (with eventual reductions
24
from current rising emissions trends). (Figure source: adapted from Elsner et al. 2010) .
(Right) Natural surface water availability during the already dry late summer period is projected to decrease across most of the
Northwest. The map shows projected changes in local runoff (shading) and streamflow (colored circles) for the 2040s (compared
29
to the period 1915 to 2006) under the same scenario as the left figure (A1B). Streamflow reductions such as these would stress
freshwater fish species (for instance, endangered salmon and bull trout) and necessitate increasing tradeoffs among conflicting
uses of summer water. Watersheds with significant groundwater contributions to summer streamflow may be less responsive to
26
climate change than indicated here.
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Averaged over the region, the number of days with more
than one inch of precipitation is projected to increase 13% in
2041 to 2070 compared with 1971 to 2000 under a scenario
that assumes a continuation of current rising emissions trends
10
(A2), though these projections are not consistent across
28
models. This increase in heavy downpours could increase
flood risk in mixed rain-snow and rain-dominant basins, and
could also increase stormwater management challenges in
urban areas.

Region-wide summer temperature increases and, in certain
basins, increased river flooding and winter flows and

NOAA

Consequences and Likelihoods of Changes
Reservoir systems have multiple objectives, including irrigation,
municipal and industrial use, hydropower production, flood
control, and preservation of habitat for aquatic species.
Modeling studies indicate, with near 100% likelihood and for
all emissions scenarios, that reductions in summer flow will
occur by 2050 in basins with significant snowmelt (for example,
24
Elsner et al. 2010 ). These reduced flows will require more
30
tradeoffs among objectives of the whole system of reservoirs,
especially with the added challenges of summer increases
31
in electric power demand for cooling and additional water
10,32
consumption by crops and forests.
For example, reductions
in hydropower production of as much as 20% by the 2080s
could be required to preserve in-stream flow targets for fish
33
in the Columbia River basin. Springtime irrigation diversions
increased between 1970 and 2007 in the Snake River basin, as
34
earlier snowmelt led to reduced spring soil moisture. In the
absence of human adaptation, annual hydropower production
is much more likely to decrease than to increase in the Columbia
River basin; economic impacts of hydropower changes could
35
be hundreds of millions of dollars per year.

decreased summer flows, will threaten many freshwater
27
species, particularly salmon, steelhead, and trout. Rising
temperatures will increase disease and/or mortality in several
iconic salmon species, especially for spring/summer Chinook
36
and sockeye in the interior Columbia and Snake River basins.
30
Some Northwest streams and lakes have already warmed
over the past three decades, contributing to changes such as
37
earlier Columbia River sockeye salmon migration and earlier
38
blooms of algae in Lake Washington. Relative to the rest of
the United States, Northwest streams dominated by snowmelt
runoff appear to be less sensitive, in the short term, to warming
due to the temperature buffering provided by snowmelt and
39
groundwater contributions to those streams. However, as
snowpack declines, the future sensitivity to warming is likely to
40
increase in these areas. By the 2080s, suitable habitat for the
four trout species of the interior western U.S. is projected to
41
decline 47% on average, compared to the period 1978-1997.
As species respond to climate change in diverse ways, there is
potential for ecological mismatches to occur – such as in the
38
timing of the emergence of predators and their prey.

Adaptive Capacity and Implications for Vulnerability

© James Christensen/ Foto Natura/Minden Pictures/Corbis

The ability to adapt to climate changes is strengthened
by extensive water resources infrastructure, diversity of
42
institutional arrangements, and management agencies that
are responsive to scientific input. However, over-allocation
of existing water supply, conflicting objectives, limited
management flexibility caused by rigid water allocation and

operating rules, and other institutional barriers to changing
operations continue to limit progress towards adaptation in
43,44
many parts of the Columbia River basin.
Vulnerability to
projected changes in snowmelt timing is probably highest in
basins with the largest hydrologic response to warming and
lowest management flexibility – that is, fully allocated, midelevation, temperature-sensitive, mixed rain-snow watersheds
with existing conflicts among users of summer water. Regional
power planners have expressed concerns over the existing
hydroelectric system’s potential inability to provide adequate
summer electricity given the combination of climate change,
1
demand growth, and operating constraints. Vulnerability
is probably lowest where hydrologic change is likely to be
smallest (in rain-dominant basins) and where institutional
arrangements are simple and current natural and human
43,45,46
demands rarely exceed current water availability.
The adaptive capacity of freshwater ecosystems also varies
and, in managed basins, will depend on the degree to which
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the need to maintain streamflows and water quality for fish
and wildlife is balanced with human uses of water resources.
In highly managed rivers, release of deeper, colder water
from reservoirs could offer one of the few direct strategies to

47

lower water temperatures downstream. Actions to improve
stream habitat, including planting trees for shade, are being
tested. Some species may be able to change behavior or take
48
advantage of cold-water refuges.

Key Message 2: Coastal Vulnerabilities
In the coastal zone, the effects of sea level rise, erosion, inundation, threats to infrastructure
and habitat, and increasing ocean acidity collectively pose a major threat to the region.
With diverse landforms (such as beaches, rocky shorelines,
bluffs, and estuaries), coastal and marine ecosystems, and
human uses (such as rural communities, dense urban areas,
international ports, and transportation), the Northwest coast
will experience a wide range of climate impacts.

Description of Observed and Projected Changes

Much of the Northwest coastline is rising due to a geophysical
force known as “tectonic uplift,” which raises the land surface.
Because of this, apparent sea level rise is less than the currently
observed global average. However, a major earthquake along
the Cascadia subduction zone, expected within the next few
hundred years, would immediately reverse centuries of uplift
and, based on historical evidence, increase relative sea level
49,50
40 inches or more.
On the other hand, some Puget Sound

© Macduff Everton/Corbis

Global sea levels have risen about 8 inches since 1880 and
are projected to rise another 1 to 4 feet by 2100 (Ch. 2:
Our Changing Climate, Key Message 10). Many local and
regional factors can modify the global trend, including
vertical land movement, oceanic winds and circulation,
sediment compaction, subterranean fluid withdrawal (such as
groundwater and natural gas), and other geophysical factors
such as the gravitational effects of major ice sheets and glaciers
on regional ocean levels.

locations are currently experiencing subsidence (where land is
sinking or settling) and could see the reverse effect, witnessing
immediate uplift during a major earthquake and lowered
51,52
relative sea levels.
Taking into account many of these factors and considering
a wider range of emissions scenarios than are used in this
assessment (Appendix 5: Scenarios and Models), a recent

Projected Relative Sea Level Rise for the Latitude of Newport, Oregon
Figure 21.3. Projected relative sea level rise for the
latitude of Newport, Oregon (relative to the year 2000)
is based on a broader suite of emissions scenarios
(ranging from B1 to A1FI) and a more detailed and
regionally-focused calculation than those generally
used in this assessment (see Ch. 2: Our Changing
50
Climate). The blue area shows the range of relative
sea level rise, and the black line shows the projection,
which incorporates global and regional effects of
warming oceans, melting land ice, and vertical land
50
movements. Given the difficulty of assigning likelihood
to any one possible trajectory of sea level rise at this
time, a reasonable risk assessment would consider
multiple scenarios within the full range of possible
outcomes shown, in conjunction with long- and shortterm compounding effects, such as El Niño-related
50
variability and storm surge. (Data from NRC 2012 ).
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Rising Sea Levels
and Changing Flood Risks in Seattle

evaluation calculated projected sea level rise and ranges for
the years 2030, 2050, and 2100 (relative to 2000) based on
latitude for Washington, Oregon, and California (see Figure
50
21.3). In addition to long-term climate-driven changes in
sea level projected for the Northwest, shorter-term El Niño
conditions can increase regional sea level by about 4 to 12
50,53
inches for periods of many months.
Northwest coastal waters, some of the most productive on the
54
West Coast, have highly variable physical and ecological conditions as a result of seasonal and year-to-year changes in upwelling of deeper marine water that make longer-term changes
difficult to detect. Coastal sea surface temperatures have in55
creased and summertime fog has declined between 1900
and the early 2000s, both of which could be consequences of
56
weaker upwelling winds. Projected changes include increas57,58,59
ing but highly variable acidity,
increasing surface water
temperature (2.2°F from the period 1970 to 1999 to the period
60
61
2030 to 2059), and possibly changing storminess. Climate
models show inconsistent projections for the future of North12,62
west coastal upwelling.

Consequences and Likelihoods of Changes
In Washington and Oregon, more than 140,000 acres of
63
coastal lands lie within 3.3 feet in elevation of high tide. As
sea levels continue to rise, these areas will be inundated more
frequently. Many coastal wetlands, tidal flats, and beaches will
probably decline in quality and extent as a result of sea level
rise, particularly where habitats cannot shift inland because
of topographical limitations or physical barriers resulting from
human development. Species such as shorebirds and forage
fish (small fish eaten by larger fish, birds, or mammals) would
be harmed, and coastal infrastructure and communities would
64
be at greater risk from coastal storms.

Figure 21.4. Areas of Seattle projected by Seattle Public
Utilities to be below sea level during high tide (Mean Higher
High Water) and therefore at risk of flooding or inundation
78
are shaded in blue under three levels of sea level rise,
assuming no adaptation. (High [50 inches] and medium
[13 inches] levels are within the range projected for the
Northwest by 2100; the highest level [88 inches] includes the
compounding effect of storm surge, derived from the highest
79
observed historical tide in Seattle ). Unconnected inland
areas shown to be below sea level may not be inundated, but
could experience problems due to areas of standing water
caused by a rise in the water table and drainage pipes backed
80
up with seawater. (Figure source: Seattle Public Utilities ).

Ocean acidification threatens culturally and commercially
significant marine species directly affected by changes in ocean
chemistry (such as oysters) and those affected by changes in
65
the marine food web (such as Pacific salmon ). Northwest
coastal waters are among the most acidified worldwide,
58,59,66
especially in spring and summer with coastal upwelling
57,58
combined with local factors in estuaries.
Increasing coastal water temperatures and changing ecological
conditions may alter the ranges, types, and abundances of
67,68
marine species.
Recent warm periods in the coastal ocean,
for example, saw the arrival of subtropical and offshore marine
species from zooplankton to top predators such as striped
69
marlin, tuna, and yellowtail more common to the Baja area.
Warmer water in regional estuaries (such as Puget Sound)
may contribute to a higher incidence of harmful blooms of
70
algae linked to paralytic shellfish poisoning, and may result
in adverse economic impacts from beach closures affecting
71
recreational harvesting of shellfish such as razor clams.
Toxicity of some harmful algae appears to be increased by
72
acidification.

Many human uses of the coast – for living, working, and
recreating – will also be negatively affected by the physical
and ecological consequences of climate change. Erosion,
inundation, and flooding will threaten public and private
property along the coast; infrastructure, including wastewater
7,73
74,75
76
treatment plants; stormwater outfalls;
ferry terminals;
and coastal road and rail transportation, especially in
77
74
75
Puget Sound. Municipalities from Seattle and Olympia,
Washington, to Neskowin, Oregon, have mapped risks from
the combined effects of sea level rise and other factors.
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Adaptive Capacity and Implications for Vulnerability
Human activities have increased the vulnerability of many
81
coastal ecosystems, by degrading and eliminating habitat and
by building structures that, along with natural bluffs, thwart
inland movement of many remaining habitats. In Puget Sound,
for example, seawalls, bulkheads, and other structures have
82
modified an estimated one-third of the shoreline, though
some restoration has occurred. Human responses to erosion
and sea level rise, especially shoreline armoring, will largely

determine the viability of many shallow-water and estuarine
68,82,83
ecosystems.
In communities with few alternatives to
existing coastal transportation networks, such as on parts of
Highway 101 in Oregon, sea level rise and storm surges will
pose an increasing threat to local commerce and livelihoods.
Finally, there are few proven options for ameliorating projected
84
ocean acidification.

Adapting the Nisqually River Delta to Sea Level Rise

Figure 21.5. In Washington’s Nisqually River Delta, estuary restoration on a large scale to assist salmon
and wildlife recovery provides an example of adaptation to climate change and sea level rise. After a century
of isolation behind dikes (left), much of the Nisqually National Wildlife Refuge was reconnected with tidal
flow in 2009 by removal of a major dike and restoration of 762 acres (right), with the assistance of Ducks
Unlimited and the Nisqually Indian Tribe. This reconnected more than 21 miles of historical tidal channels and
85
floodplains with Puget Sound. A new exterior dike was constructed to protect freshwater wetland habitat for
migratory birds from tidal inundation and future sea level rise. Combined with expansion of the authorized
Refuge boundary, ongoing acquisition efforts to expand the Refuge will enhance the ability to provide diverse
estuary and freshwater habitats despite rising sea level, increasing river floods, and loss of estuarine habitat
elsewhere in Puget Sound. This project is considered a major step in increasing estuary habitat and recovering
the greater Puget Sound estuary. (Photo credits: (left) Jesse Barham, U.S. Fish and Wildlife Service; (right)
Jean Takekawa, U.S. Fish and Wildlife Service).

Key Message 3: Impacts on Forests
The combined impacts of increasing wildfire, insect outbreaks, and tree diseases are
already causing widespread tree die-off and are virtually certain to cause additional
forest mortality by the 2040s and long-term transformation of forest landscapes. Under
higher emissions scenarios, extensive conversion of subalpine forests to other
forest types is projected by the 2080s.
Evergreen coniferous forests are a prominent feature of
Northwest landscapes, particularly in mountainous areas.
Forests support diverse fish and wildlife species, promote

clean air and water, stabilize soils, and store carbon. They
support local economies and traditional tribal uses and provide
recreational opportunities.
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Description of Observed and Projected Changes

Forest Mortality

Climate change will alter Northwest forests by increasing
wildfire risk and insect and tree disease outbreaks, and
by forcing longer-term shifts in forest types and species
(see Ch 7: Forests). Many impacts will be driven by
water deficits, which increase tree stress and mortality,
tree vulnerability to insects, and fuel flammability.
The cumulative effects of disturbance – and possibly
interactions between insects and fires – will cause the
86,87
greatest changes in Northwest forests.
A similar
outlook is expected for the Southwest region (see Ch.
20: Southwest, Key Message 3).

Although wildfires are a natural part of most Northwest
forest ecosystems, warmer and drier conditions have
helped increase the number and extent of wildfires in
14,87,88,89
Figure 21.6. Forest mortality due to fire and insect activity is already
western U.S. forests since the 1970s.
This trend
evident in the Northwest. Continued changes in climate in coming
is expected to continue under future climate conditions.
decades are expected to increase these effects. Trees killed by a
By the 2080s, the median annual area burned in the
fire (left side of watershed) and trees killed by mountain pine beetle
Northwest would quadruple relative to the 1916 to
and spruce beetle infestations (orange and gray patches, right
2007 period to 2 million acres (range of 0.2 to 9.8 million
side of watershed) in subalpine forest in the Pasayten Wilderness,
acres) under the A1B scenario. Averaged over the region,
Okanogan Wenatchee National Forest, Washington, illustrates how
cumulative disturbances can affect forests. (Photo credit: Jeremy
this would increase the probability that 2.2 million acres
14
Littell, USGS).
would burn in a year from 5% to nearly 50%. Within
the region, this probability will vary substantially with
sensitivity of fuels to climatic conditions and local variability is projected to increase as temperature increases, exposing
in fuel type and amount, which are in turn a product of forest higher-elevation forests to the pine beetle, but ultimately
type, effectiveness of fire suppression, and land use. For limiting available area as temperatures exceed the beetles’
14,92,93
example, in the Western Cascades, the year-to-year variability optimal temperatures.
As a result, the proportion of
in area burned is difficult to attribute to climate conditions, Northwest pine forests where mountain pine beetles are most
while fire in the eastern Cascades and other specific vegetation likely to survive is projected to first increase (27% higher in
14
zones is responsive to climate. How individual fires behave in 2001 to 2030 compared to 1961 to 1990) and then decrease
92
the future and what impacts they have will depend on factors (about 49% to 58% lower by 2071 to 2100). For many tree
we cannot yet project, such as extreme daily weather and species, the most climatically suited areas will shift from their
forest fuel conditions.
current locations, increasing vulnerability to insects, disease,
and fire in areas that become unsuitable. Eighty-five percent of
Higher temperatures and drought stress are contributing to the current range of three species that are host to pine beetles
outbreaks of mountain pine beetles that are increasing pine is projected to be climatically unsuitable for one or more of
90,91
14,95
mortality in drier Northwest forests.
This trend is projected those species by the 2060s,
while 21 to 38 currently existing
14,92,93,94
to continue with ongoing warming.
Between now and plant species may no longer find climatically appropriate
96
the end of this century, the elevation of suitable beetle habitat habitat in the Northwest by late this century.

Consequences and Likelihoods of Changes
The likelihood of increased disturbance (fire, insects, diseases,
and other sources of mortality) and altered forest distribution
are very high in areas dominated by natural vegetation, and
the resultant changes in habitat would affect native species
and ecosystems. Subalpine forests and alpine ecosystems are
especially at risk and may undergo almost complete conversion
104
105
to other vegetation types by the 2080s (A2 and B1; A2;
106
Ensemble A2, B1, B2; ). While increased area burned can
be statistically estimated from climate projections, changes
in the risk of very large, high-intensity, stand-replacing fires

cannot yet be predicted, but such events could have enormous
88
impacts for forest-dependent species. Increased wildfire
could exacerbate respiratory and cardiovascular illnesses in
nearby populations due to smoke and particulate pollution
107,108
(Ch. 9: Human Health).
These projected forest changes will have moderate economic
impacts for the region as a whole, but could significantly affect
109
local timber revenues and bioenergy markets.
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Insects and Fire in Northwest Forests
Figure 21.7.
(Top) Insects and fire have cumulatively
affected large areas of the Northwest and
are projected to be the dominant drivers
of forest change in the near future. Map
shows areas recently burned (1984
97,98
to 2008)
or affected by insects or
99
disease (1997 to 2008).

(Middle) Map indicates the increases in
area burned that would result from the
regional temperature and precipitation
changes associated with a 2.2°F global
100
warming across areas that share broad
101
climatic and vegetation characteristics.
Local impacts will vary greatly within
these broad areas with sensitivity of fuels
14
to climate.

(Bottom) Projected changes in the
probability of climatic suitability for
mountain pine beetles for the period
2001 to 2030 (relative to 1961 to 1990),
where brown indicates areas where pine
beetles are projected to increase in the
future and green indicates areas where
pine beetles are expected to decrease
in the future. Changes in probability of
survival are based on climate-dependent
factors important in beetle population
102
success, including cold tolerance,
103
spring precipitation, and seasonal heat
91,92
accumulation.

Adaptive Capacity and Implications for Vulnerability
Ability to prepare for these changes varies with land ownership
and management priorities. Adaptation actions that decrease
forest vulnerability exist, but none is appropriate across all of
the Northwest’s diverse climate threats, land-use histories,
86,110
and management objectives.
Surface and canopy thinning
can reduce the occurrence and effects of high severity fire in

currently low severity fire systems, like drier eastern Cascades
111
forests, but may be ineffective in historically high-severityfire forests, like the western Cascades, Olympics, and some
subalpine forests. It is possible to use thinning to reduce tree
86,112
mortality from insect outbreaks,
but not on the scale of
the current outbreaks in much of the West.

Key Message 4: Adapting Agriculture
While the agriculture sector’s technical ability to adapt to changing conditions can offset
some adverse impacts of a changing climate, there remain critical concerns for agriculture
with respect to costs of adaptation, development of more climate resilient technologies
and management, and availability and timing of water.
Agriculture provides the economic and cultural foundation
for Northwest rural populations and contributes substantively
to the overall economy. Agricultural commodities and food

production systems contributed 3% and 11% of the region’s
113
gross domestic product, respectively, in 2009. Although the
overall consequences of climate change will probably be lower
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in the Northwest than in certain other regions, sustainability
of some Northwest agricultural sectors is threatened by soil

114

erosion and water supply uncertainty, both of which could
be exacerbated by climate change.

Description of Observed and Projected Changes
Northwest agriculture’s sensitivity to climate change stems
from its dependence on irrigation water, a specific range
of temperatures, precipitation, and growing seasons, and
the sensitivity of crops to temperature extremes. Projected
warming will reduce the availability of irrigation water in
snowmelt-fed basins and increase the probability of heat
stress to field crops and tree fruit. Some crops will benefit
115
from a longer growing season and/or higher atmospheric
115,116
carbon dioxide, at least for a few decades.
Longer-term
consequences are less certain. Changes in plant diseases,

pests, and weeds present additional potential risks. Higher
average temperatures generally can exacerbate pest pressure
through expanded geographic ranges, earlier emergence
or arrival, and increased numbers of pest generations (for
117
example, Ch. 6: Agriculture). Specifics differ among pathogen
and pest species and depend upon multiple interactions (Ch.
118
6: Agriculture)
preventing region-wide generalizations.
Research is needed to project changes in vulnerabilities to pest,
disease, and weed complexes for specific cropping systems in
the Northwest.

Consequences of Changes
Because much of the Northwest has low annual precipitation,
many crops require irrigation. Reduction in summer flows in
snow-fed rivers (see Figure 21.2), coupled with warming that
could increase agricultural and other demands, potentially
108
produces irrigation water shortages. The risk of a watershort year – when Yakima basin junior water rights holders are
allowed only 75% of their water right amount – is projected
th
to increase from 14% in the late 20 century to 32% by 2020
and 77% by 2080, assuming no adaptation and under the A1B
46
scenario.
Assuming adequate nutrients and excluding effects of
pests, weeds, and diseases, projected increases in average
temperature and hot weather episodes and decreases in
summer soil moisture would reduce yields of spring and winter
wheat in rain-fed production zones of Washington State by
the end of this century by as much as 25% relative to 1975
to 2005. However, carbon dioxide fertilization should offset
these effects, producing net yield increases as great as 33%
115
by 2080. Similarly, for irrigated potatoes in Washington
State, carbon dioxide fertilization is projected to mostly offset
direct climate change related yield losses, although yields are

still projected to decline by 2% to 3% under the A1B emissions
115
scenario. Higher temperatures could also reduce potato
119
tuber quality.
Irrigated apple production is projected to increase in
Washington State by 6% in the 2020s, 9% in the 2040s, and
16% in the 2080s (relative to 1975 to 2005) when offsetting
115
effects of carbon dioxide fertilization are included. However,
because tree fruit requires chilling to ensure uniform flowering
and fruit set and wine grape varieties have specific chilling
120
requirements for maturation,
warming could adversely
affect currently grown varieties of these commodities. Most
published projections of climate change impacts on Northwest
agriculture are limited to Washington State and have focused
on major commodities, although more than 300 crops are
grown in the region. More studies are needed to identify the
implications of climate change for additional cropping systems
and locations within the region. The economic consequences
for Northwest agriculture will be influenced by input and
output prices driven by global economic conditions as well as
by regional and local changes in productivity.

Adaptive Capacity and Implications for Vulnerability
Of the four areas of concern discussed here, agriculture is
perhaps best positioned to adapt to climate trends without
explicit planning and policy, because it already responds to
annual climate variations and exploits a wide range of existing
121
climates across the landscape. Some projected changes
in climate, including warmer winters, longer annual frostfree periods, and relatively unchanged or increased winter
precipitation, could be beneficial to some agriculture systems.
Nonetheless, rapid climate change could present difficulties.

Adaptation could occur slowly if substantial investments or
significant changes in farm operations and equipment are
required. Shifts to new varieties of wine grapes and tree
fruit, if indicated, and even if ultimately more profitable, are
necessarily slow and expensive. Breeding for drought- and
heat-resistance requires long-term effort. Irrigation water
shortages that necessitate shifts away from more profitable
108
commodities could exact economic penalties.
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SUPPLEMENTAL MATERIAL
TRACEABLE ACCOUNTS

Process for Developing Key Messages
The authors and several dozen collaborators undertook a risk
evaluation of the impacts of climate change in the Northwest that
informed the development of the four key messages in this chapter (see also Ch. 26: Decision Support). This process considered
the combination of impact likelihood and the consequences for
the region’s economy, infrastructure, natural systems, human
health, and the economically-important and climate sensitive re6
gional agriculture sector (see Dalton et al. 2013 for details). The
qualitative comparative risk assessment underlying the key messages in the Northwest chapter was informed by the Northwest
Regional Climate Risk Framing workshop (December 2, 2011, in
Portland, OR). The workshop brought together stakeholders and
scientists from a cross-section of sectors and jurisdictions within
the region to discuss and rank the likelihood and consequences for
key climate risks facing the Northwest region and previously iden122
tified in the Oregon Climate Change Adaptation Framework. The
approach consisted of an initial qualitative likelihood assessment
based on expert judgment and consequence ratings based on the
conclusions of a group of experts and assessed for four categories:
123
human health, economy, infrastructure, and natural systems.
This initial risk exercise was continued by the lead author team of
the Northwest chapter, resulting in several white papers that were
1) condensed and synthesized into the Northwest chapter, and 2)
6
expanded into a book-length report on Northwest impacts. The
NCA Northwest chapter author team engaged in multiple technical discussions via regular teleconferences and two all-day meetings. These included careful review of the foundational technical
123
input report and approximately 80 additional technical inputs
provided to the NCA by the public, as well additional published
literature. They also drew heavily from two state climate assess124
ment reports.
The author team identified potential regional impacts by 1) working forward from drivers of regional climate impacts (for example,
changes in temperature, precipitation, sea level, ocean chemistry, and storms), and 2) working backward from affected regional
sectors (for example, agriculture, natural systems, and energy).
The team identified and ranked the relative consequences of each
impact for the region’s economy, infrastructure, natural systems,
and the health of Northwest residents. The likelihood of each

impact was also qualitatively ranked, allowing identification of
the impacts posing the highest risk, that is, likelihood × consequence, to the region as a whole. The key regionally consequential
risks thus identified are those deriving from projected changes
in streamflow timing (in particular, warming-related impacts in
watersheds where snowmelt is an important contributor to flow);
coastal consequences of the combined impact of sea level rise
and other climate-related drivers; and changes in Northwest forest ecosystems. The Northwest chapter therefore focuses on the
implications of these risks for Northwest water resources, key
aquatic species, coastal systems, and forest ecosystems, as well
as climate impacts on the regionally important, climate-sensitive
agricultural sector.
Each author produced a white paper synthesizing the findings in
his/her sectoral area, and a number of key messages pertaining
to climate impacts in that area. These syntheses were followed by
expert deliberation of draft key messages by the authors wherein
each key message was defended before the entire author team
before this key message was selected for inclusion in the report.
These discussions were supported by targeted consultation with
additional experts by the lead author of each message, and they
were based on criteria that help define “key vulnerabilities,” including likelihood of climate change and relative magnitude of its
consequences for the region as a whole, including consequences
for the region’s economy, human health, ecosystems, and infra123
structure.
Though the risks evaluated were aggregated over the whole region,
it was recognized that impacts, risks, and appropriate adaptive
responses vary significantly in local settings. For all sectors, the
focus on risks of importance to the region’s overall economy, ecology, built environment, and health is complemented, where space
allows, by discussion of the local specificity of climate impacts,
vulnerabilities and adaptive responses that results from the heterogeneity of Northwest physical conditions, ecosystems, human
institutions and patterns of resource use.

K ey message #1 Traceable Account
Changes in the timing of streamflow related to
changing snowmelt are already observed and will
continue, reducing the supply of water for many
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competing demands and causing far-reaching
ecological and socioeconomic consequences.

Evidence for far-reaching ecological
consequences of the above is based on:
•

Description of evidence base
This message was selected because of the centrality of the
water cycle to many important human and natural systems of the
Northwest: hydropower production and the users of this relatively
inexpensive electricity; agriculture and the communities and
economies dependent thereon, and; coldwater fish, including
several species of threatened and endangered salmon, the tribal
and fishing communities and ecosystems that depend on them,
and the adjustments in human activities and efforts necessary
to restore and protect them. Impacts of water-cycle changes on
these systems, and any societal adjustments to them, will have
far-reaching ecological and socioeconomic consequences.
Evidence that winter snow accumulation will decline under
th
projected climate change is based on 20 century observations
and theoretical studies of the sensitivity of Northwest snowpack to
changes in precipitation and temperature. There is good agreement
on the physical role of climate in snowpack development, and
projections of the sign of future trends are consistent (many
studies). However, climate variability creates disagreement over
the magnitude of current and near-term future trends.

•

•

•
•

•

Evidence that declining snowpack and changes in the timing of
snowmelt-driven streamflow will reduce water supply for many
competing and time-sensitive demands is based on:

•

•

•
•

hydrologic simulations, driven by future climate
projections, that consistently show reductions in spring
and summer flows in mixed rain-snow and some snowdominant watersheds;
documented competition among existing water uses
(irrigation, power, municipal, and in-stream flows) and
inability for all water systems to meet all summer water
needs all of the time, especially during drier years;
empirical and theoretical studies that indicate increased
water demand for many uses under climate change; and
policy and institutional analyses of the complex legal
and institutional arrangements governing Northwest
water management and the challenges associated with
adjusting water management in response to changing
conditions.

socioeconomic

model simulations showing negative impacts of projected
climate and altered streamflow on many water resource
uses at scales ranging from individual basins (for
example, Skagit, Yakima) to the region (for example,
Columbia River basin);
model simulations of future agricultural water allocation
46
32
in the Yakima and the Snake River Basin, showing
increased likelihood of water curtailments for junior
water rights holders;
model and empirical studies documenting sensitivity of
coldwater fish to water temperatures, sensitivity of water
temperature to air temperature, and projected warming
of summer stream temperatures;
regional and extra-regional dependence on Northwestproduced hydropower; and
legal requirements to manage water resources for
threatened & endangered fish as well as for human uses.

Evidence that water users in managed mixed rain-snow basins
are likely to be the most vulnerable to climate change and less
vulnerable in rain-dominated basins is based on:

Evidence that projected climate change would shift the timing and
th
amount of streamflow deriving from snowmelt is based on 20
century observations of climate and streamflow and is also based
on hydrologic model simulation of streamflow responses to climate
variability and change. There is good agreement on the sign of
trends (many studies), though the magnitude of current and nearterm future trends is less certain because of climate variability.

•

and

•

•

observed, theoretical, and simulated sensitivity of
watershed hydrologic response to warming by basin type;
historical observations and modeled simulations of
tradeoffs required among water management objectives
under specific climatic conditions;
analyses from water management agencies of potential
system impacts and adaptive responses to projected
future climate; and
institutional and policy analyses documenting sources
and types of management rigidity (for example, difficulty
adjusting management practices to account for changing
conditions).

New information and remaining uncertainties
A key uncertainty is the degree to which current and future
interannual and interdecadal variations in climate will enhance or
obscure long-term anthropogenic climate trends.
Uncertainty over local groundwater or glacial inputs and other local
effects may cause overestimates of increased stream temperature
based solely on air temperature. However, including projected
decreases in summer streamflow would increase estimates of
summer stream temperature increases above those based solely
on air temperature.
Uncertainty in how much increasing temperatures will affect crop
evapotranspiration affects future estimates of irrigation demand.
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Uncertainty in future population growth and changing per capita
water use affects estimates of future municipal demand and
therefore assessments of future reliability of water resource
systems.

Confidence is very high based on strong strength of evidence and
high level of agreement among experts.

A major uncertainty is the degree to which water resources
management operations of regulated systems can be adjusted
to account for climate-driven changes in the amount and timing
of streamflow, and how competing resource objectives will be
accommodated or prioritized. Based on current institutional inertia,
significant changes are unlikely to occur for several decades.

K ey message #2 Traceable Account

There is uncertainty in economic assessment of the impacts
of hydrologic changes on the Northwest because much of the
needed modeling and analysis is incomplete. Economic impacts
assessment would require quantifying both potential behavioral
responses to future climate-affected economic variables (prices of
inputs and products) and to climate change itself. Some studies
have sidestepped the issue of behavioral response to these and
projected economic impacts based on future scenarios that do
not consider adaptation, which lead to high estimates of “costs”
or impacts.
Assessment of confidence based on evidence and agreement
or, if defensible, estimates of the likelihood of impact or consequence

Confidence Level
Very High
Strong evidence (established
theory, multiple sources, consistent
results, well documented and
accepted methods, etc.), high
consensus
High
Moderate evidence (several sources, some consistency, methods
vary and/or documentation limited,
etc.), medium consensus
Medium
Suggestive evidence (a few
sources, limited consistency, models incomplete, methods emerging,
etc.), competing schools of thought
Low
Inconclusive evidence (limited
sources, extrapolations, inconsistent findings, poor documentation
and/or methods not tested, etc.),
disagreement or lack of opinions
among experts

See specifics under “description of evidence” above.

In the coastal zone, the effects of sea level rise,
erosion, inundation, threats to infrastructure and
habitat, and increasing ocean acidity collectively
pose a major threat to the region.
Description of evidence base
Given the extent of the coastline, the importance of coastal
systems to the region’s ecology, economy, and identity, and the
difficulty of adapting in response, the consequences of sea level
rise, ocean acidification, and other climate driven changes in ocean
conditions and coastal weather are expected to be significant and
largely negative, which is why this message was included.
Evidence for observed global (eustatic) sea level rise and regional
sea level change derives from satellite altimetry and coastal tide
gauges. Evidence for projected global sea level rise is described
50
in Ch. 2: Our Changing Climate, in the recent NRC report that
includes a detailed discussion of the U.S. West Coast, and Parris
125
et al. 2012.
Evidence of erosion associated with coastal storms is based on
observations of storm damage in some areas of the Northwest.
Evidence for erosion and inundation associated with projected
sea level rise is based on observations and mapping of coastal
elevations and geospatial analyses of the extent and location of
inundation associated with various sea level rise and storm surge
scenarios.
Evidence for climate change impacts on coastal infrastructure
derives from geospatial analyses (mapping infrastructure locations
likely to be affected by various sea level rise scenarios, storm
surge scenarios and/or river flooding scenario), such as those
undertaken by various local governments to assess local risks of
flooding for the downtown area (Olympia), of sea level rise and
storm surge for marine shoreline inundation and risk to public
utility infrastructure (Seattle – highest observed tide from NOAA
tide gauge added to projected sea levels), and of sea level rise for
wastewater treatment plants and associated infrastructure (King
County). Vulnerability of coastal transportation infrastructure to
climate change has been assessed by combining geospatial risk
analyses with expert judgment of asset sensitivity to climate risk
and criticality to the transportation system in Washington State
and by assessing transportation infrastructure exposure to climate
risks associated with sea level rise and river flooding in the region
as a whole.
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Evidence for impacts of climate change on coastal habitat is
based on:
•

•

•

•

•

model-based studies of projected impacts of sea level
rise on tidal habitat showing significant changes in the
composition and extent of coastal wetland habitats in
Washington and Oregon;
observations of extent and location of coastal armoring
and other structures that would potentially impede inland
movement of coastal wetlands;
observed changes in coastal ocean conditions
(upwelling, nutrients, and sea surface temperatures);
biogeographical, physiological, and paleoecological
studies indicating a historical decline in coastal
upwelling; and global climate model projections of future
increases in sea surface temperatures;
modeled projections for increased risk of harmful algal
blooms (HABs) in Puget Sound associated with higher air
and water temperatures, reduced streamflow, low winds,
and small tidal variability (i.e., these conditions offer a
favorable window of opportunity for HABs); and
observed changes in the geographic ranges, migration
timing, and productivity of marine species due to
changes in sea surface temperatures associated with
cyclical events, such as the interannual El Niño Southern
Oscillation and the inter-decadal Pacific Decadal
Oscillation and North Pacific Gyre Oscillation.

Evidence for historical increases in ocean acidification is from
observations of changes in coastal ocean conditions, which
also indicate high spatial and temporal variability. Evidence for
acidification’s effects on various species and the broader marine
food web is still emerging but is based on observed changes in
abundance, size, and mortality of marine calcifying organisms and
laboratory based and in situ acidification experiments.
Evidence for marine species responses to climate change derives
from observations of shifts in marine plankton, fish, and seabird
species associated with historical changes in ocean conditions,
including temperature and availability of preferred foods.
Evidence for low adaptive capacity is from observations of extent of
degraded or fragmented coastal habitat, existence of few options
for mitigating changes in marine chemical properties, observed
extent of barriers to inland habitat migration, narrow coastal
transportation corridors, and limited transportation alternatives
for rural coastal towns. Evidence for low adaptive capacity is
also based on the current limitations (both legal and political) of
local and state governments to restrict and/or influence shoreline
modifications on private lands.
New information and remaining uncertainties
There is significant but well-characterized uncertainty about
the rate and extent of future sea level rise at both the global

and regional/sub-regional scales. However, there is virtually no
uncertainty in the direction (sign) of global sea level rise. There
is also a solid understanding of the primary contributing factors
and mechanisms causing sea level rise. Other details concerning
uncertainty in global sea level rise are treated elsewhere (for
50
example, NRC 2012 ) and in Ch. 2: Our Changing Climate).
Regional uncertainty in projected Northwest sea level rise results
primarily from global factors such as ice sheet mass balance and
local vertical land movement (affecting relative sea level rise).
An accurate determination of vertical land deformation requires
a sufficient density of monitoring sites (for example, NOAA tide
gauges and permanent GPS sites that monitor deformation) to
capture variations in land deformation over short spatial scales,
and in many Northwest coastal locations such dense networks
do not exist. There is a general trend, however, of observed uplift
along the northwestern portion of the Olympic Peninsula and of
subsidence within the Puget Sound region (GPS data gathered
from PBO data sets -- http://pbo.unavco.org/data/gps; see also
51
Chapman and Melbourne 2009 ).
There is also considerable uncertainty about potential impacts of
climate change on processes that influence storminess and affect
coastal erosion in the Northwest. These uncertainties relate to
system complexity and the limited number of studies and lack
of consensus on future atmospheric and oceanic conditions that
will drive changes in regional wind fields. Continued collection
and assessment of meteorological data at ocean buoy locations
and via remote sensing should improve our understanding of these
processes.
Uncertainty in future patterns of sediment delivery to the coastal
system limit projections of future inundation, erosion, and changes
in tidal marsh. For example, substantial increases in riverine
sediment delivery, due to climate-related changes in the amount
and timing of streamflow, could offset erosion and/or inundation
projected from changes in sea level alone. However, there are
areas in the Northwest where it is clear that man-made structures
have interrupted sediment supply and there is little uncertainty
that shallow water habitat will be lost.
Although relatively well-bounded, uncertainty over the rate of
projected relative sea level rise limits our ability to assess whether
any particular coastal habitat will be able to keep pace with future
changes through adaptation (for example, through accretion).
The specific implications of the combined factors of sea level
rise, coastal climate change, and ocean acidification for coastal
ecosystems and specific individual species remain uncertain
due to the complexity of ecosystem response. However, there is
general agreement throughout the peer-reviewed literature that
negative impacts for a number of marine calcifying organisms are
projected, particularly during juvenile life stages.
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Projections of future coastal ocean conditions (for example,
temperature, nutrients, pH, and productivity) are limited, in part,
by uncertainty over future changes in upwelling – climate model
scenarios show inconsistent projections for likely future upwelling
conditions. Considerable uncertainty also remains in whether,
and how, higher average ocean temperatures will influence
geographical ranges, abundances, and diversity of marine species,
although evidence of changes in pelagic fish species ranges and in
production associated with Pacific Ocean temperature variability
during cyclical events have been important indicators for potential
species responses to climate change in the future. Consequences
from ocean acidification for commercial fisheries and marine
food web dynamics are potentially very high – while the trend
of increasing acidification is very likely, the rate of change and
spatial variability within coastal waters are largely unknown and
are the subject of ongoing and numerous nascent research efforts.
Additional uncertainty surrounds non-climate contributors
to coastal ocean chemistry (for example, riverine inputs,
anthropogenic carbon, and nitrogen point and non-point source
inputs) and society’s ability to mitigate these inputs.
Assessment of confidence based on evidence and agreement
or, if defensible, estimates of the likelihood of impact or consequence
There is very high confidence in the global upward trend of
sea level rise (SLR) and ocean acidification (OA). There is high
confidence that SLR over the next century will remain under
an upper bound of approximately 2 meters. Projections for SLR
and OA at specific locations are much less certain (medium to
low) because of the high spatial variability and multiple factors
influencing both phenomena at regional and sub-regional scales.
There is medium confidence in the projections of species response
to sea level rise and increased temperatures, but low confidence in
species response to ocean acidification. Uncertainty in upwelling
changes result in low confidence for projections of future change
that depend on specific coastal ocean temperatures, nutrient
contents, dissolved oxygen content, stratification, and other
factors.
There is high confidence that significant changes in the type and
distribution of coastal marsh habitat are likely, but low confidence
in our current ability to project the specific location and timing of
changes.
There is high confidence in the projections of increased erosion
and inundation.
There is very high confidence that ocean acidity will continue to
increase.

K ey message #3 Traceable Account
The combined impact of increasing wildfire, insect outbreaks, and tree diseases are already causing widespread tree die-off and are virtually certain
to cause additional forest mortality by the 2040s
and long-term transformation of forest landscapes.
Under higher emissions scenarios, extensive conversion of subalpine forests to other forest types is
projected by the 2080s.
Description of evidence base
Evidence that the area burned by fire has been high, relative to
earlier in the century, since at least the 1980s is strong. Peerreviewed papers based on federal fire databases (for example,
National Interagency Fire Management Integrated Database
[NIFMID], 1970/1980-2011) and independent satellite data
(Monitoring Trends in Burn Severity [MTBS], 1984-2011) indicate
98,126
increases in area burned.
Evidence that the interannual variation in area burned was at least
partially controlled by climate during the period 1980-2010 is also
strong. Statistical analysis has shown that increased temperature
(related to increased potential evapotranspiration, relative
humidity, and longer fire seasons) and decreased precipitation
(related to decreased actual evapotranspiration, decreased
spring snowpack, and longer fire seasons) are moderate to strong
(depending on forest type) correlates to the area and number of
fires in the Pacific Northwest. Projections of area burned with
climate change are documented in peer-reviewed literature, and
different approaches (statistical modeling and dynamic global
vegetation modeling) agree on the order of magnitude of those
changes for Pacific Northwest forests, though the degree of
increase depends on the climate change scenario and modeling
approach.
Evidence from aerial disease and detection surveys jointly
coordinated by the U.S. Forest Service and state level governments
supports the statement that the area of forest mortality caused by
insect outbreaks (including the mountain pine beetle) and by tree
diseases is increasing.
Evidence that mountain pine beetle and spruce bark beetle
outbreaks are climatically controlled is from a combination of
laboratory experiments and mathematical modeling reported
in peer-reviewed literature. Peer-reviewed future projections
of climate have been used to develop projections of mountain
pine beetle and spruce beetle habitat suitability based on these
models, and show increases in the area of climatically suitable
st
habitat (particularly at mid- to high elevations) by the mid-21
st
century, but subsequent (late 21 century) declines in suitable
habitat, particularly at low- to mid-elevation. There is considerable
spatial variability in the patterns of climatically suitable habitat.
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Evidence for long-term changes in the distribution of vegetation
types and tree species comes from statistical species models,
dynamic vegetation models, and other approaches and uses the
correlation between observed climate and observed vegetation
distributions to model future climatic suitability. These models
agree broadly in their conclusions that future climates will be
unsuitable for historically present species over significant areas of
their ranges and that broader vegetation types will likely change,
but the details depend greatly on climate change scenario, location
within the region, and forest type.
Evidence that subalpine forests are likely to undergo almost
complete conversion to other vegetation types is moderately
strong (relatively few studies, but good agreement) and comes
from dynamic global vegetation models that include climate,
statistical models that relate climate and biome distribution, and
individual statistical species distribution models based on climatic
variables. The fact that these three different approaches generally
agree about the large decrease in area of subalpine forests despite
different assumptions, degrees of “mechanistic” simulation, and
levels of ecological hierarchy justifies the key message.
New information and remaining uncertainties
The key uncertainties are primarily the timing and magnitude
of future projected changes in forests, rather than the direction
(sign) of changes.
The rate of expected change is affected by the rate of climate
change – higher emissions scenarios have higher impacts earlier
in studies that consider multiple scenarios. Most impacts analyses
reported in the literature and synthesized here use emissions
scenario A1B or A2. Projections of changes in the proportion of
Northwest pine forests where mountain pine beetles are likeliest
to survive and of potential conversion of subalpine forests used
scenario A2.
Statistical fire models do not include changes in vegetation that
st
occur in the 21 century due to disturbance (such as fire, insects,
and tree diseases) and other factors such as land-use change and
fire suppression changes. As conditions depart from the period
used for model training, projections of future fire become more
st
uncertain, and by the latter 21 century (beyond about the 2060s
to 2080s), statistical models may over-predict area burned.
Despite this uncertainty, the projections from statistical models
are broadly similar to those from dynamic global vegetation models
(DGVMs), which explicitly simulate changes in future vegetation.
A key difference is for forest ecosystems where fire has been rare
th
since the mid 20 century, such as the Olympic Mountains and
Oregon coast range, and statistical models are comparatively
weak. In these systems, statistical fire models likely underestimate
the future area burned, whereas DGVMs may capably simulate
future events that are outside the range of the statistical model’s
capability. In any case, an increase in forest area burned is
nearly ubiquitous in these studies regardless of method, but the

amount of increase and the degree to which it varies with forest
type is less certain. However, fire risk in any particular location or
at any particular time is beyond the capability of current model
projections. In addition, the statistical model approaches to future
fire cannot address fundamental changes in fire behavior due to
novel extreme weather patterns, so conclusions about changes in
fire severity are not necessarily warranted.
Only a few insects have had sufficient study to understand their
climatic linkages, and future insect outbreak damage from other
insects, currently unstudied, could increase the estimate of future
areas of forest mortality due to insects.
Fire-insect interactions and diseases are poorly studied – the
actual effects on future landscapes could be greater if diseases
and interactions were considered more explicitly.
For subalpine forests, what those forests become instead of
subalpine forests is highly uncertain – different climate models
used to drive the same dynamic global vegetation model agree
about loss of subalpine forests, but disagree about what will
replace them. In addition, statistical approaches that consider
biome level and species level responses without the ecological
process detail of DGVMs show similar losses, but do not agree
on responses, which depend on climate scenarios. Because these
statistical models simulate neither the regeneration of seedlings
nor the role of disturbances, the future state of the system is
merely correlative and based on the statistical relationship
between climate and historical forest distribution.
Assessment of confidence based on evidence and agreement
or, if defensible, estimates of the likelihood of impact or consequence
The observed effects of climate on fires and insects combined
with the agreement of future projections across modeling efforts
warrants very high confidence that increased disturbance will
increase forest mortality due to area burned by fire, and increases
in insect outbreaks also have very high confidence until at least
the 2040s in the Northwest. The timing and nature of the rates
and the sources of mortality may change, but current estimates
may be conservative for insect outbreaks due to the unstudied
impacts of other insects. But in any case, the rate of projected
forest disturbance suggests that changes will be driven by
disturbance more than by gradual changes in forest cover or
st
species composition. After mid-21 century, uncertainty about
the interactions between disturbances and landscape response
limits confidence to high because total area disturbed could begin
to decline as most of the landscape becomes outside the range of
historical conditions. The fact that different modeling approaches
using a wide variety of climate scenarios indicate similar losses of
subalpine forests justifies high confidence; however, comparatively
little research that simulates ecological processes of both
disturbance and regeneration as a function of climate, so there is
low confidence on what will replace them.
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rights records allow predictions of the users most vulnerable to
the effects of these shortages.

K ey message #4 Traceable Account
While agriculture’s technical ability to adapt to
changing conditions can offset some of the adverse
impacts of a changing climate, there remain critical
concerns for agriculture with respect to costs of
adaptation, development of more climate resilient
technologies and management, and availability and
timing of water.
Description of evidence base
Northwest agriculture’s sensitivity to climate change stems from
its dependence on irrigation water, adequate temperatures,
precipitation and growing seasons, and the sensitivity of crops to
temperature extremes. Projected warming trends based on global
climate models and emissions scenarios potentially increase
temperature-related stress on annual and perennial crops in the
summer months.
Evidence for projected impacts of warming on crop yields consists
primarily of published studies using crop models indicating
increasing vulnerability with projected warming over 1975-2005
baselines. These models also project that thermal-stress-related
losses in agricultural productivity will be offset or overcompensated
by fertilization from accompanying increases in atmospheric CO2.
These models have been developed for key commodities including
wheat, apples, and potatoes. Longer term, to end of century,
models project crop losses from temperature stress to exceed the
benefits of CO2 fertilization.
Evidence for the effects of warming on suitability of parts of the
region for specific wine grape and tree fruit varieties are based
on well-established and published climatic requirements for these
varieties.
Evidence for negative impacts of increased variability of
precipitation on livestock productivity due to stress on range and
pasture consists of a few economic studies in states near the
region; relevance to Northwest needs to be established.
Evidence for negative impacts of warming on dairy production
in the region is based on a published study examining projected
summer heat-stress on milk production.
Evidence for reduction in available irrigation water is based on
peer-reviewed publications and state and federal agency reports
utilizing hydrological models and precipitation and snowpack
projections. These are outlined in more detail in the traceable
account for Key Message 1 of this chapter. Increased demands
for irrigation water with warming are based on cropping systems
models and projected increases in acres cultivated. These
projections, coupled with those for water supply, indicate that
some areas will experience increased water shortages. Water

Projections for surface water flows include decreases in summer
flow related to changes in snowpack dynamics and reductions in
summer precipitation. Although these precipitation projections are
less certain than those concerning temperatures, they indicate that
water shortages for irrigation will be more frequent in some parts
of the region, based especially on a Washington State Department
of Ecology-sponsored report that considered the Columbia basin.
Other evidence for these projected changes in water is itemized in
Key Message 1 of this chapter.
Evidence that agriculture has a high potential for autonomous
adaptation to climate change, assuming adequate water availability,
is inferred primarily from the wide range of production practices
currently being used across the varied climates of the region.
New information and remaining uncertainties
Although increasing temperatures can affect the distribution of
certain pest, weed, and pathogen species, existing models are
limited. Without more comprehensive studies, it is not possible
to project changes in overall pressure from these organisms, so
overall effects remain uncertain. Some species may be adversely
affected by warming directly or through enhancement of their
natural enemy base, while others become more serious threats.
Uncertainty exists in models in how increasing temperatures will
impact crop evapotranspiration, which affects future estimates of
irrigation demand (Key Message 1 of this chapter).
Shifting international market forces including commodity prices
and input costs, adoption of new crops, which may have different
heat tolerance or water requirements, and technological advances
are difficult or impossible to project, but may have substantial
effects on agriculture’s capacity to adapt to climate change.
Estimates of changes in crop yields as a result of changing
climate and CO2 are based on very few model simulations, so the
uncertainty has not been well quantified.
Assessment of confidence based on evidence and agreement
or, if defensible, estimates of the likelihood of impact or consequence
Confidence is very high based on strong strength of evidence and
high level of agreement among experts.
See specifics under “description of evidence” above.
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Key Messages

1. Arctic summer sea ice is receding faster than previously projected and is expected to virtually
disappear before mid-century. This is altering marine ecosystems and leading to greater ship
access, offshore development opportunity, and increased community vulnerability to
coastal erosion.
2. Most glaciers in Alaska and British Columbia are shrinking substantially. This trend is expected
to continue and has implications for hydropower production, ocean circulation patterns,
fisheries, and global sea level rise.
3. Permafrost temperatures in Alaska are rising, a thawing trend that is expected to continue, 		
causing multiple vulnerabilities through drier landscapes, more wildfire, altered wildlife habitat, 		
increased cost of maintaining infrastructure, and the release of heat-trapping gases that increase
climate warming.
4. Current and projected increases in Alaska’s ocean temperatures and changes in ocean chemistry
are expected to alter the distribution and productivity of Alaska’s marine fisheries, which lead
the U.S. in commercial value.
5. The cumulative effects of climate change in Alaska strongly affect Native communities, which are
highly vulnerable to these rapid changes but have a deep cultural history of adapting to change.

Alaska is the United States’ only Arctic region. Its marine, tundra, boreal (northern) forest, and rainforest ecosystems differ
from most of those in other states and are relatively intact.
Alaska is home to millions of migratory birds, hundreds of
thousands of caribou, some of the world’s largest salmon runs,
a significant proportion of the nation’s marine mammals, and
1
half of the nation’s fish catch.

© Bryan F. Peterson/CORBIS

Energy production is the main driver of the state’s economy,
providing more than 80% of state government revenue and

2

thousands of jobs. Continuing pressure for oil, gas, and mineral development on land and offshore in ice-covered waters
increases the demand for infrastructure, placing additional
stresses on ecosystems. Land-based energy exploration will be
affected by a shorter season when ice roads are viable, yet reduced sea ice extent may create more opportunity for offshore
3
development. Climate also affects hydropower generation.
Mining and fishing are the second and third largest industries
2
in the state, with tourism rapidly increasing since the 1990s.
Fisheries are vulnerable to changes in fish abundance and dis-
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tribution that result from both climate change and fishing pressure. Tourism might respond positively to warmer springs and
4
autumns but negatively to less favorable conditions for winter
5
activities and increased summer smoke from wildfire.
Alaska is home to 40% (229 of 566) of the federally recognized
6
tribes in the United States. The small number of jobs, high cost
of living, and rapid social change make rural, predominantly Native, communities highly vulnerable to climate change through
impacts on traditional hunting and fishing and cultural connec-

tion to the land and sea. Because most of these communities
are not connected to the state’s road system or electrical grid,
the cost of living is high, and it is challenging to supply food,
fuel, materials, health care, and other services. Climate impacts on these communities are magnified by additional social
and economic stresses. However, Alaskan Native communities
have for centuries dealt with scarcity and high environmental
variability and thus have deep cultural reservoirs of flexibility
and adaptability.

Observed Climate Change
Over the past 60 years, Alaska has warmed more than twice as
rapidly as the rest of the United States, with state-wide average
annual air temperature increasing by 3°F and average winter
temperature by 6°F, with substantial year-to-year and regional
7
variability. Most of the warming occurred around 1976 during a shift in a long-lived climate pattern (the Pacific Decadal
Oscillation [PDO]) from a cooler pattern to a warmer one. The
PDO has been shown to alternate over time between warm
and cool phases. The underlying long-term warming trend has
moderated the effects of the more recent shift of the PDO to

8

its cooler phase in the early 2000s. The overall warming has
involved more extremely hot days and fewer extremely cold
7,9
days (Ch. 2: Our Changing Climate, Key Message 7).
Because of its cold-adapted features and rapid warming, climate change impacts on Alaska are already pronounced, including earlier spring snowmelt, reduced sea ice, widespread
glacier retreat, warmer permafrost, drier landscapes, and more
extensive insect outbreaks and wildfire, as described below.

Projected Climate Change
Average annual temperatures in Alaska are projected to rise by an additional 2°F to 4°F by 2050.
If global emissions continue to increase during
this century, temperatures can be expected to
rise 10°F to 12°F in the north, 8°F to 10°F in the
interior, and 6°F to 8°F in the rest of the state.
Even with substantial emissions reductions, Alaska is projected to warm by 6°F to 8°F in the north
and 4°F to 6°F in the rest of the state by the end
of the century (Ch. 2: Our Changing Climate, Key
7,10
Message 3).

Alaska Will Continue to Warm Rapidly

Annual precipitation is projected to increase,
7
especially in northwestern Alaska, as part of
the broad pattern of increases projected for
high northern latitudes. Annual precipitation increases of about 15% to 30% are projected for
the region by late this century if global emissions
continue to increase (A2). All models project in7
creases in all four seasons. However, increases in
evaporation due to higher air temperatures and
longer growing seasons are expected to reduce
11
water availability in most of the state.
The length of the growing season in interior Alas12
ka has increased 45% over the last century and
13
that trend is projected to continue. This could
improve conditions for agriculture where moisture is adequate, but will reduce water storage
and increase the risks of more extensive wildfire
14,15
and insect outbreaks across much of Alaska.

Figure 22.1. Northern latitudes are warming faster than more temperate
regions, and Alaska has already warmed much faster than the rest of the
country. Maps show changes in temperature, relative to 1971-1999, projected
for Alaska in the early, middle, and late parts of this century, if heat-trapping
gas (also known as greenhouse gas) emissions continue to increase (higher
emissions, A2), or are substantially reduced (lower emissions, B1). (Figure
7
source: adapted from Stewart et al. 2013 ).
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Changes in dates of snowmelt and freeze-up would influence
seasonal migration of birds and other animals, increase the
likelihood and rate of northerly range expansion of native and

non-native species, alter the habitats of both ecologically im16
portant and endangered species, and affect ocean currents.

Key Message 1: Disappearing Sea Ice
Arctic summer sea ice is receding faster than previously projected and is
expected to virtually disappear before mid-century. This is altering marine
ecosystems and leading to greater ship access, offshore development
opportunity, and increased community vulnerability to coastal erosion.
Arctic sea ice extent and thickness have declined substantially,
especially in late summer (September), when there is now only
about half as much sea ice as at the beginning of the satellite record in 1979 (Ch. 2: Our Changing Climate, Key Message
17,18
11).
The seven Septembers with the lowest ice extent all
occurred in the past seven years. As sea ice declines, it becomes thinner, with less ice build-up over multiple years, and
18
therefore more vulnerable to further melting. Models that
best match historical trends project northern waters that are
19,20
virtually ice-free by late summer by the 2030s.
Within the
general downward trend in sea ice, there will be time periods

Declining Sea Ice Extent

21

with both rapid ice loss and temporary recovery, making it
challenging to predict short-term changes in ice conditions.
Reductions in sea ice increase the amount of the sun’s energy
that is absorbed by the ocean. This leads to a self-reinforcing
climate cycle, because the warmer ocean melts more ice, leaving more dark open water that gains even more heat. In autumn
and winter, there is a strong release of this extra ocean heat
back to the atmosphere. This is a key driver of the observed in23
creases in air temperature in the Arctic. This strong warming
linked to ice loss can influence atmospheric circulation and patterns of precipitation, both within and beyond the Arctic (for
24
example, Porter et al. 2012 ). There is growing evidence that
25
this has already occurred through more evaporation from the
26
ocean, which increases water vapor in the lower atmosphere
27
and autumn cloud cover west and north of Alaska.
With reduced ice extent, the Arctic Ocean is more accessible
for marine traffic, including trans-Arctic shipping, oil and gas

Sea Ice Loss Brings Big Changes to Arctic Life

Figure 22.2. Average September extent of Arctic sea ice in 1980
(second year of satellite record and year of greatest September
sea ice extent; outer red boundary), 1998 (about halfway through
the time series; outer pink boundary) and 2012 (recent year of
record and year of least September sea ice extent; outer white
boundary). September is typically the month when sea ice is
least extensive. Inset is the complete time series of average
September sea ice extent (1979-2013). (Figure source: NSIDC
22
2012; Data from Fetterer et al. 2013 ).

Figure 22. 3. Reductions in sea ice alter food availability for many
species from polar bear to walrus, make hunting less safe for
Alaska Native hunters, and create more accessibility for Arctic
Ocean marine transport, requiring more Coast Guard coverage.
(Photo credits: (top left) G. Carleton Ray; (bottom left) Daniel
Glick; (right) Patrick Kelley).
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exploration, and tourism. This facilitates access to the substantial deposits of oil and natural gas under the seafloor in
the Beaufort and Chukchi seas, as well as raising the risk to
people and ecosystems from oil spills and other drilling and
maritime-related accidents. A seasonally ice-free Arctic Ocean
also increases sovereignty and security concerns as a result of
potential new international disputes and increased possibilities
10
for marine traffic between the Pacific and Atlantic Oceans.
Polar bears are one of the most sensitive Arctic marine mammals to climate warming because they spend most of their
29
lives on sea ice. Declining sea ice in northern Alaska is associated with smaller bears, probably because of less successful
hunting of seals, which are themselves ice-dependent and so
30
are projected to decline with diminishing ice and snow cover.
Although bears can give birth to cubs on sea ice, increasing
numbers of female bears now come ashore in Alaska in the
31
32
summer and fall and den on land. In Hudson Bay, Canada,

Living

the most studied population in the Arctic, sea ice is now absent
for three weeks longer than just a few decades ago, resulting in
less body fat, reduced survival of both the youngest and oldest
33
34
bears, and a population now estimated to be in decline and
35
projected to be in jeopardy. Similar polar bear population de36
clines are projected for the Beaufort Sea region.
Walrus depend on sea ice as a platform for giving birth, nursing, and resting between dives to the seafloor, where they
37
feed. In recent years, when summer sea ice in the Chukchi
Sea retreated over waters that were too deep for walrus to
38
feed, large numbers of walrus abandoned the ice and came
ashore. The high concentration of animals results in increased
competition for food and can lead to stampedes when animals
39
are startled, resulting in trampling of calves. This movement
to land first occurred in 2007 and has happened three times
since then, suggesting a threshold change in walrus ecology.

on the front lines of climate change

“Not that long ago the water was far from our village and could not be easily seen from our homes. Today the weather is changing and is slowly taking away our village. Our boardwalks are warped, some of our buildings tilt, the land is sinking and falling
away, and the water is close to our homes. The infrastructure that supports our village is compromised and affecting the health
and well-being of our community members, especially our children.”
				

– Alaska Department of Commerce and Community and Economic Development, 2012

44

Newtok, a Yup’ik Eskimo community on the seacoast of western Alaska, is on the front lines of climate change. Between
October 2004 and May 2006, three storms accelerated the erosion and repeatedly “flooded the village water supply,
caused raw sewage to be spread throughout the community, displaced residents from homes, destroyed subsistence
45
food storage, and shut down essential utilities.” The village
landfill, barge ramp, sewage treatment facility, and fuel storage
Newtok, Alaska
46
facilities were destroyed or severely damaged. The loss of the
barge landing, which delivered most supplies and heating fuel,
created a fuel crisis. Saltwater is intruding into the community
water supply. Erosion is projected to reach the school, the largest building in the community, by 2017.
Recognizing the increasing danger from coastal erosion, Newtok has worked for a generation to relocate to a safer location. However, current federal legislation does not authorize
federal or state agencies to assist communities in relocating,
nor does it authorize them to repair or upgrade storm-damaged
42
infrastructure in flood-prone locations like Newtok. Newtok
therefore cannot safely remain in its current location nor can
it access public funds to adapt to climate change through relocation.
Newtok’s situation is not unique. At least two other Alaskan
communities, Shishmaref and Kivalina, also face immediate
threat from coastal erosion and are seeking to relocate, but
have been unsuccessful in doing so. Many of the world’s largest cities are coastal and are also exposed to climate change
47
induced flood risks.
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Figure 22.4. Residents in Newtok, Alaska are living with
the effects of climate change, with thawing permafrost,
tilting houses, sinking boardwalks, in conjunction with
aging fuel tanks and other infrastructure that cannot be
replaced because of laws that prevent public investment
in flood-prone localities. (Photo credit: F. S. Chapin III).
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With the late-summer ice edge located farther north than it
used to be, storms produce larger waves and more coastal ero10
sion. An additional contributing factor is that coastal bluffs
that were “cemented” by ice-rich permafrost are beginning
to thaw in response to warmer air and ocean waters, and are
40
therefore more vulnerable to erosion. Standard defensive
adaptation strategies to protect coastal communities from

erosion, such as use of rock walls, sandbags, and riprap, have
41
been largely unsuccessful. Several coastal communities are
seeking to relocate to escape erosion that threatens infrastructure and services but, because of high costs and policy
constraints on use of federal funds for community relocation,
only one Alaskan village has begun to relocate (see also Ch. 12:
42,43
Indigenous Peoples).

Key Message 2: Shrinking Glaciers
Most glaciers in Alaska and British Columbia are shrinking substantially. This
trend is expected to continue and has implications for hydropower production,
ocean circulation patterns, fisheries, and global sea level rise.
of the largest contributors to global sea level rise during this
58,59
century (Ch. 2: Our Changing Climate, Key Message 10).
Water from glacial landscapes is also recognized as an impor60,61
62
63
tant source of organic carbon,
phosphorus, and iron that
contribute to high coastal productivity, so changes in these in61,64
puts could alter critical nearshore fisheries.

Photo by glaciologist Bruce F. Molnia, United States Geologicl Survey

Glaciers supply about half of the total freshwater input to the
65
Gulf of Alaska. Glacier retreat currently increases river discharge and hydropower potential in south central and southeast Alaska, but over the longer term might reduce water input
3
to reservoirs and therefore hydropower resources.

Photo by glaciologist William O. Field, United States Geologicl Survey

Alaska is home to some of the largest glaciers and fastest loss
48,49,50
of glacier ice on Earth.
This rapid ice loss is primarily a
result of rising temperatures (for example, Arendt et al. 2002,
51,52,53
2009
; Ch. 2: Our Changing Climate, Key Message 11). Loss
of glacial volume in Alaska and neighboring British Columbia,
Canada, currently contributes 20% to 30% as much surplus
freshwater to the oceans as does the Greenland Ice Sheet –
49,54,55,56
about 40 to 70 gigatons per year,
comparable to 10%
57
of the annual discharge of the Mississippi River. Glaciers
continue to respond to climate warming for years to decades
after warming ceases, so ice loss is expected to continue, even
if air temperatures were to remain at current levels. The global
decline in glacial and ice-sheet volume is predicted to be one

On the left is a photograph of Muir Glacier in Alaska taken on August 13, 1941; on the right, a photograph taken from the same vantage
point on August 31, 2004. Total glacial mass has declined sharply around the globe, adding to sea level rise. (Left photo by glaciologist
William O. Field; right photo by geologist Bruce F. Molnia of the United States Geological Survey.)
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Key Message 3: Thawing Permafrost
Permafrost temperatures in Alaska are rising, a thawing trend that is expected
to continue, causing multiple vulnerabilities through drier landscapes, more
wildfire, altered wildlife habitat, increased cost of maintaining infrastructure,
and the release of heat-trapping gases that increase climate warming.
Alaska differs from most of the rest of the U.S. in having permafrost – frozen ground that restricts water drainage and
therefore strongly influences landscape water balance and the
design and maintenance of infrastructure. Permafrost near the
66,67
Alaskan Arctic coast has warmed 4°F to 5°F at 65 foot depth
since the late 1970s and 6°F to 8°F at 3.3 foot depth since the
68
mid-1980s. In Alaska, 80% of land is underlain by permafrost, and of this, more than 70% is vulnerable to subsidence
upon thawing because of ice content that is either variable,
69
moderate, or high. Thaw is already occurring in interior and
southern Alaska and in northern Canada, where permafrost
70
temperatures are near the thaw point. Models project that
71,72
permafrost in Alaska will continue to thaw,
and some models project that near-surface permafrost will be lost entirely
73
from large parts of Alaska by the end of the century.

land loss would also reduce waterfowl harvest in Alaska, where
it is an important food source for Alaska Natives and other rural residents.
Both wetland drying and the increased frequency of warm
dry summers and associated thunderstorms have led to more
large fires in the last ten years than in any decade since record14
keeping began in the 1940s. In Alaskan tundra, which was
too cold and wet to support extensive fires for approximately
84
the last 5,000 years, a single large fire in 2007 released as
much carbon to the atmosphere as had been absorbed by the
entire circumpolar Arctic tundra during the previous quarter85
century. Even if climate warming were curtailed by reducing
heat-trapping gas (also known as greenhouse gas) emissions
(as in the B1 scenario), the annual area burned in Alaska is pro-

Uneven sinking of the ground in response to permafrost thaw is estimated to add between $3.6
and $6.1 billion (10% to 20%) to current costs of
maintaining public infrastructure such as buildings, pipelines, roads, and airports over the next
74
20 years. In rural Alaska, permafrost thaw will
likely disrupt community water supplies and sew75,76,77
age systems,
with negative effects on hu78
man health. The period during which oil and gas
exploration is allowed on tundra has decreased
by 50% since the 1970s as a result of permafrost
11
vulnerability.

The Big Thaw

On average, lakes have decreased in area in the
last 50 years in the southern two-thirds of Alas80,81,82
ka,
due to a combination of permafrost thaw,
greater evaporation in a warmer climate, and increased soil organic accumulation during a longer
season for plant growth. In some places, however,
lakes are getting larger because of lateral per81
mafrost degradation. Future permafrost thaw
will likely increase lake area in areas of continuous permafrost and decrease lake area in places
71
where the permafrost zone is more fragmented.
A continuation of the current drying of Alaskan
lakes and wetlands could affect waterfowl management nationally because Alaska accounts for
81% of the National Wildlife Refuge System and
provides breeding habitat for millions of migratory birds that winter in more southerly regions
83
of North America and on other continents. Wet-

Figure 22.5. Projections for average annual ground temperature at a depth of
3.3 feet over time if emissions of heat-trapping gases continue to grow (higher
emissions scenario, A2), and if they are substantially reduced (lower emissions
scenario, B1). Blue shades represent areas below freezing at a depth of 3.3
feet, and yellow and red shades represent areas above freezing at that depth,
based on the GIPL 1.0 model. (Figure source: Permafrost Lab, Geophysical
Institute, University of Alaska Fairbanks).
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jected to double by mid-century and to triple by
86
the end of the century, thus fostering increased
emissions of heat-trapping gases, higher temperatures, and increased fires. In addition, thick
smoke produced in years of extensive wildfire
represents a human health risk (Ch. 9: Human
Health). More extensive and severe wildfires
could shift the forests of Interior Alaska during
this century from dominance by spruce to broadleaf trees for the first time in the past 4,000 to
87,88
6,000 years.
Wildfire has mixed effects on habitat. It generally improves habitat for berries, mushrooms,
58,89
and moose,
but reduces winter habitat for
caribou because lichens, a key winter food
source for caribou, require 50 to 100 years to re90
cover after wildfire. These habitat changes are
nutritionally and culturally significant for Alaska
89,91
Native Peoples.
In addition, exotic plant species that were introduced along roadways are
now spreading onto river floodplains and re92
cently burned forests, potentially changing the
suitability of these lands for timber production
and wildlife. Some invasive species are toxic to
93
moose, on which local people depend for food.

Mounting Expenses from Permafrost Thawing

Figure 22.6. Effects of permafrost thaw on houses in interior Alaska (2001,
top left), roads in eastern Alaska (1982, top right), and the estimated costs
(with and without climate change) of replacing public infrastructure in Alaska,
assuming a mid-range emissions scenario (A1B, with some decrease from
current emissions growth trends). (Photo credits: (top left) Larry Hinzman; (top
79
right) Joe Moore. Figure source: adapted from Larsen and Goldsmith 2007 ).

Drying Lakes and Changing Habitat

Changes in terrestrial ecosystems in Alaska and
the Arctic may be influencing the global climate
system. Permafrost soils throughout the entire
Arctic contain almost twice as much carbon as
94
the atmosphere. Warming and thawing of
these soils increases the release of carbon dioxide and methane through increased decomposition. Thawing permafrost also delivers organicrich soils to lake bottoms, where decomposition
in the absence of oxygen releases additional
95
methane. Extensive wildfires also release car86,96
bon that contributes to climate warming.
The capacity of the Yukon River Basin in Alaska
and adjacent Canada to store carbon has been
substantially weakened since the 1960s by the
combination of warming and thawing of perma97
frost and by increased wildfire. Expansion of
tall shrubs and trees into tundra makes the surFigure 22.7. Progressive drying of lakes in northern forest wetlands in the
Yukon Flats National Wildlife Refuge, Alaska. Foreground orange area was
face darker and rougher, increasing absorption
once a lake. Mid-ground lake once extended to the shrubs. (Photo credit:
of the sun’s energy and further contributing to
98
May-Le Ng).
warming. This warming is likely stronger than
the potential cooling effects of increased carbon
dioxide uptake associated with tree and shrub
99
expansion. The shorter snow-covered seasons in Alaska fur- of changes in Alaskan and other high-latitude terrestrial ecother increase energy absorption by the land surface, an effect systems jeopardizes efforts by society to use ecosystem car94,100
only slightly offset by the reduced energy absorption of highly bon management to offset fossil fuel emissions.
99
reflective post-fire snow-covered landscapes. This spectrum
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Key Message 4: Changing Ocean Temperatures and Chemistry
Current and projected increases in Alaska’s ocean temperatures and changes
in ocean chemistry are expected to alter the distribution and productivity of
Alaska’s marine fisheries, which lead the U.S. in commercial value.
Ocean acidification, rising ocean temperatures, declining sea
ice, and other environmental changes interact to affect the
location and abundance of marine fish, including those that
are commercially important, those used as food by other spe101,102,103
cies, and those used for subsistence.
These changes
have allowed some near-surface fish species such as salmon
104
to expand their ranges northward along the Alaskan coast.
In addition, non-native species are invading Alaskan waters
more rapidly, primarily through ships releasing ballast waters
10,105
and bringing southerly species to Alaska.
These species
introductions could affect marine ecosystems, including the
feeding relationships of fish important to commercial and subsistence fisheries.
Overall habitat extent is expected to change as well, though
the degree of the range migration will depend upon the life history of particular species. For example, reductions in seasonal
sea ice cover and higher surface temperatures may open up
new habitat in polar regions for some important fish species,
106
such as cod, herring, and pollock. However, continued presence of cold bottom-water temperatures on the Alaskan continental shelf could limit northward migration into the northern

107

Bering Sea and Chukchi Sea off northwestern Alaska. In addition, warming may cause reductions in the abundance of some
species, such as pollock, in their current ranges in the Bering
108
Sea and reduce the health of juvenile sockeye salmon, po109
tentially resulting in decreased overwinter survival. If ocean
warming continues, it is unlikely that current fishing pressure
110
on pollock can be sustained. Higher temperatures are also
likely to increase the frequency of early Chinook salmon migrations, making management of the fishery by multiple user
111
groups more challenging.
The changing temperature and chemistry of the Arctic Ocean
and Bering Sea are likely changing their role in global ocean
circulation and as carbon sinks for atmospheric CO2 respectively, although the importance of these changes in the global
carbon budget remains unresolved. The North Pacific Ocean
is particularly susceptible to ocean acidification (see also Ch.
112
2: Our Changing Climate, Key Message 12; Ch. 24: Oceans).
Acidifying changes in ocean chemistry have potentially widespread impacts on the marine food web, including commercially important species.

Ocean acidification in alaska
Ocean waters globally have become 30% more acidic due to absorption of large amounts of human-produced carbon
dioxide (CO2) from the atmosphere. This CO2 interacts with ocean water to form carbonic acid that lowers the ocean’s
113,114
pH (ocean acidification). The polar ocean is particularly prone to acidification because of low temperature
and
115
low salt content, the latter resulting from the large freshwater input from melting sea ice and large rivers. Acidity
reduces the capacity of key plankton species and shelled animals to form and maintain shells and other hard parts,
113,116
and therefore alters the food available to important fish species.
The rising acidity will have particularly strong
societal effects on the Bering Sea on Alaska’s west coast because of its high-productivity commercial and subsistence
102,117
fisheries.
Shelled pteropods, which are tiny planktonic snails near the base of the food chain, respond quickly to acidifying
conditions and are an especially critical link in high-latitude food webs, as commercially important species such as
118
pink salmon depend heavily on them for food. A 10% decrease in the population of pteropods could mean a 20%
119
decrease in an adult pink salmon’s body weight. Pteropod consumption by juvenile pink salmon in the northern Gulf
120
of Alaska varied 45% between 1999 and 2001, although the reason for this variation is unknown.
At some times of year, acidification has already reached a critical threshold for organisms living on Alaska’s continen121
tal shelves. Certain algae and animals that form shells (such as clams, oysters, and crab) use carbonate minerals
(aragonite and calcite) that dissolve below that threshold. These organisms form a crucial component of the marine
food web that sustains life in the rich waters off Alaska’s coasts. In addition, Alaska oyster farmers are now indirectly
affected by ocean acidification impacts farther south because they rely on oyster spat (attached oyster larvae) from
Puget Sound farmers who are now directly affected by the recent upwelling of acidic waters along the Washington and
122
Oregon coastline (Ch. 24: Oceans; Ch. 21: Northwest).
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Key Message 5: Native Communities
The cumulative effects of climate change in Alaska strongly affect
Native communities, which are highly vulnerable to these rapid changes
but have a deep cultural history of adapting to change.
With the exception of oil-producing regions in the north, rural
Alaska is one of the most extensive areas of poverty in the U.S.
in terms of household income, yet residents pay the highest
123
prices for food and fuel. Alaska Native Peoples, who are the
most numerous residents of this region, depend economically,
nutritionally, and culturally on hunting and fishing for their
124,125,126
livelihoods.
Hunters speak of thinning sea and river ice
127
that makes harvest of wild foods more dangerous, changes
to permafrost that alter spring run-off patterns, a northward
shift in seal and fish species, and rising sea levels with more ex128,129
treme tidal fluctuations (see Ch. 12: Indigenous Peoples).
Responses to these changes are often constrained by regula77,129
tions.
Coastal erosion is destroying infrastructure. Impacts
of climate change on river ice dynamics and spring flooding are
threats to river communities but are complex, and trends have
130
not yet been well documented.
Major food sources are under stress due to many factors,
131
including lack of sea ice for marine mammals. Thawing of
near-surface permafrost beneath lakes and ponds that provide
drinking water cause food and water security challenges for villages. Sanitation and health problems also result from deteriorating water and sewage systems, and ice cellars traditionally
used for storing food are thawing (see also Ch. 12: Indigenous
75,78
Peoples).
Warming also releases human-caused pollutants,
such as poleward-transported mercury and organic pesticides,
from thawing permafrost and brings new diseases to Arctic
plants and animals, including subsistence food species, posing
132
new health challenges, especially to rural communities. Posi-

tive health effects of warming include a longer growing season
10,133
for gardening and agriculture.
Development activities in the Arctic (for example, oil and gas,
minerals, tourism, and shipping) are of concern to Indigenous
communities, from both perceived threats and anticipated
126
benefits. Greater levels of industrial activity might alter the
distribution of species, disrupt subsistence activities, increase
the risk of oil spills, and create various social impacts. At the
same time, development provides economic opportunities, if
134
it can be harnessed appropriately.
Alaska Native Elders say, “We must prepare to adapt.” However, the implications of this simple instruction are multi-faceted. Adapting means more than adjusting hunting technologies
and foods eaten. It requires learning how to garner information from a rapidly changing environment. Permanent infrastructure and specified property rights increasingly constrain
people’s ability to safely use their environment for subsistence
and other activities.
Traditional knowledge now facilitates adaptation to climate
change as a framework for linking new local observations with
124,135
western science.
The capacity of Alaska Natives to survive
for centuries in the harshest of conditions reflects their resil91
ience. Communities must rely not only on improved knowledge of changes that are occurring, but also on support from
traditional and other institutions – and on strength from within
124
– in order to face an uncertain future.

Alaska Coastal Communities Damaged

Figure 22.8: One effect of the reduction in Alaska sea ice is that storm surges that used to be buffered by the ice are now causing
more shoreline damage. Photos show infrastructure damage from coastal erosion in Tuntutuliak (left) and Shishmaref, Alaska (right).
(Photo credits: (left) Alaska Department of Environmental Conservation; (right) Ned Rozell).
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SUPPLEMENTAL MATERIAL
TRACEABLE ACCOUNTS
Process for developing key messages
A central component of the assessment process was the Alaska
Regional Climate assessment workshop that was held September
12-15, 2012, in Anchorage with approximately 20 attendees; it
began the process leading to a foundational Technical Input Re10
port (TIR). The report consists of 148 pages of text, 45 figures,
8 tables, and 27 pages of references. Public and private citizens
or institutions were consulted and engaged in its preparation and
expert review by the various agencies and non-governmental organizations (NGOs) represented by the 11-member TIR writing team.
The key findings of the report were presented at the Alaska Forum
on the Environment and in a regularly scheduled, monthly webinar by the Alaska Center for Climate Assessment and Policy, with
feedback then incorporated into the report.
The chapter author team engaged in multiple technical discussions via regular teleconferences. These included careful expert
10
review of the foundational TIR and of approximately 85 additional technical inputs provided by the public, as well as the other
published literature and professional judgment. These discussions
were followed by expert deliberation of draft key messages by the
writing team in a face-to-face meeting before each key message
was selected for inclusion in the Report. These discussions were
supported by targeted consultation with additional experts by the
lead author of each message, and they were based on criteria that
help define “key vulnerabilities” (Ch. 26: Decision Support).

K ey message #1 Traceable Account
Arctic summer sea ice is receding faster than
previously projected and is expected to virtually
disappear before mid-century. This is altering marine ecosystems and leading to greater ship access,
offshore development opportunity, and increased
community vulnerability to coastal erosion.

Description of evidence base
The key message and supporting chapter text summarize extensive
10
evidence documented in the Alaska TIR. Technical input reports
(85) on a wide range of topics were also received and reviewed as
part of the Federal Register Notice solicitation for public input.

Although various models differ in the projected rate of sea ice
20
loss, more recent CMIP5 models that most accurately reconstruct historical sea ice loss project that late-summer sea ice will
virtually disappear by the 2030s, leaving only remnant sea ice.
10

Evidence is strong about the impacts of sea ice loss. Because
the sea ice cover plays such a strong role in human activities and
Arctic ecosystems, loss of the ice cover is nearly certain to have
17
substantial impacts.
New information and remaining uncertainties
Important new evidence confirmed many of the findings from a
prior Alaska assessment (http://nca2009.globalchange.gov/alas136
ka), which informed the 2009 NCA.
Evidence from improved models (for example, Wang and Overland
20
2012 ) and updated observational data from satellite, especially
new results, clearly show rapid decline in not only extent but also
18
mass and thickness of multi-year ice, information that was not
available in prior assessments.
Nearly all studies to date published in the peer-reviewed literature agree that summer Arctic sea ice extent is rapidly declining
and that, if heat-trapping gas concentrations continue to rise, an
essentially ice-free summer Arctic ocean will be realized before
mid-century. However, there remains uncertainty in the rate of
sea ice loss, with the models that most accurately project historical sea ice trends currently suggesting nearly ice-free conditions
20
sometime between 2021 and 2043 (median 2035). Uncertainty
across all models stems from a combination of large differences in
projections among different climate models, natural climate variability, and uncertainty about future rates of fossil fuel emissions.
Ecosystems: There is substantial new information that ocean acidification, rising ocean temperatures, declining sea ice, and other
environmental changes are affecting the location and abundance
of marine fish, including those that are commercially important,
those used as food by other species, and those used for subsis101,102
tence.
However, the relative importance of these potential
causes of change is highly uncertain.
Offshore oil and gas development: A key uncertainty is the price of
fossil fuels. Viable avenues for improving the information base in-
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clude determining the primary causes of variation among different
climate models and determining which climate models exhibit the
best ability to reproduce the observed rate of sea ice loss.
Coastal erosion: There is new information that lack of sea ice
10
causes storms to produce larger waves and more coastal erosion.
An additional contributing factor is that coastal bluffs that were
“cemented” by permafrost are beginning to thaw in response to
warmer air and ocean waters, and are therefore more vulnerable
40
to erosion. Standard defensive adaptation strategies to protect
coastal communities from erosion such as use of rock walls, sand41
bags, and riprap have been largely unsuccessful. There remains
considerable uncertainty, however, about the spatial patterns of
future coastal erosion.
Assessment of confidence based on evidence
Given the evidence base and remaining uncertainties:
Very high confidence for summer sea ice decline. High confidence
for summer sea ice disappearing by mid-century.
Very high confidence for altered marine ecosystems, greater ship
access, and increased vulnerability of communities to coastal erosion.
High confidence regarding offshore development opportunity.

K ey message #2 Traceable Account

Confidence Level
Very High
Strong evidence (established
theory, multiple sources, consistent results, well documented
and accepted methods, etc.),
high consensus

High
Moderate evidence (several
sources, some consistency,
methods vary and/or documentation limited, etc.), medium
consensus

Most glaciers in Alaska and British Columbia are
shrinking substantially. This trend is expected to
continue and has implications for hydropower production, ocean circulation patterns, fisheries, and
global sea level rise.
Description of evidence base
The key message and supporting chapter text summarize exten10
sive evidence documented in the Alaska Technical Input Report.
Technical input reports (85) on a wide range of topics were also
received and reviewed as part of the Federal Register Notice solicitation for public input.
Evidence that glaciers in Alaska and British Columbia are shrinking
56
59
is strong and is based on field studies, energy balance models,
51,52
LIDAR remote sensing,
and satellite data, especially new lines
of evidence from the Gravity Recovery and Climate Experiment
48,52,55
(GRACE) satellite.
Evidence is also strong that Alaska ice mass loss contributes to
58
global sea level rise, with latest results permitting quantitative
49
evaluation of losses globally.
Numerous peer-reviewed publications describe implications of
recent increases, but likely longer-term declines, in water input
from glacial rivers to reservoirs and therefore hydropower resourc3,10,65
es.
Glacial rivers account for 47% of the freshwater input to the Gulf
65
60,61
of Alaska and are an important source of organic carbon,
62
63
phosphorus, and iron that contribute to the high productivity of
61,64
near-shore fisheries.
Therefore, it is projected that the changes
in discharge of glacial rivers will affect ocean circulation patterns
and major U.S. and locally significant fisheries.
New information and remaining uncertainties
Important new evidence confirmed many of the findings from a
prior Alaska assessment (http://nca2009.globalchange.gov/alas136
ka), which informed the 2009 NCA.
As noted above, major advances from GRACE and other datasets
now permit analyses of glacier mass loss that were not possible
previously.

Medium

Low

Key uncertainties remain related to large year-to-year variation,
the spatial distribution of snow accumulation and melt, and the
quantification of glacier calving into the ocean and lakes. Although
most large glaciated areas of the state are regularly measured
observationally, extrapolation to unmeasured areas carries uncertainties due to large spatial variability.

Inconclusive evidence (limited sources, extrapolations,
inconsistent findings, poor documentation and/or methods not
tested, etc.), disagreement or
lack of opinions among experts

Although there is broad agreement that near-shore circulation in
the Gulf of Alaska is influenced by the magnitude of freshwater
inputs, little is known about the mechanisms by which near-term
increases and subsequent longer-term decreases in glacier runoff

Suggestive evidence (a few
sources, limited consistency,
models incomplete, methods
emerging, etc.), competing
schools of thought
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(as the glaciers disappear) will affect the structure of the Alaska
Coastal Current and smaller-scale ocean circulation, both of which
have feedback on fisheries.
The magnitude and timing of effects on hydropower production
depend on changes in glacial mass, as described above.
Assessment of confidence based on evidence
High confidence that glacier mass loss in Alaska and British Columbia is high, contributing 20% to 30% as much to sea level rise
as does shrinkage of the Greenland Ice Sheet.
High confidence that due to glacier mass loss there will be related
impacts on hydropower production, ocean circulation, fisheries,
and global sea level rise.

K ey message #3 Traceable Account
Permafrost temperatures in Alaska are rising, a
thawing trend that is expected to continue, causing
multiple vulnerabilities through drier landscapes,
more wildfire, altered wildlife habitat, increased
cost of maintaining infrastructure, and the release
of heat-trapping gases that increase climate warming.
Description of evidence base
The key message and supporting chapter text summarize exten10
sive evidence documented in the Alaska Technical Input Report.
Technical input reports (85) on a wide range of topics were also
received and reviewed as part of the Federal Register Notice solicitation for public input.
66

Previous evidence that permafrost is warming has been con70
firmed and enhanced by more recent studies. The most recent
modeling efforts (for example, Avis et al. 2011; Jafarov et al.
71,73
72
2012 ) extend earlier results and project that permafrost will
be lost from the upper few meters from large parts of Alaska by
the end of this century.
81,82

Evidence that permafrost thaw leads to drier landscapes
is
beginning to accumulate, especially as improved remote sensing
71
tools are applied to assess more remote regions.
Satellite data has expanded the capacity to monitor wildfire across
87
the region, providing additional evidence of wildfire extent. This
new evidence has led to increased study that is beginning to reveal
impacts on ecosystems and wildlife habitat, but much more work
is needed to understand the extent of natural resilience.
Impacts of permafrost thaw on the maintenance of infrastruc11,74,75,76,77
ture
is currently moderate but rapidly accumulating. Evidence that permafrost thaw will jeopardize efforts to offset fossil
94,100
fuel emissions is suggestive (Ch. 2: Our Changing Climate).

New information and remaining uncertainties
Important new evidence confirmed many of the findings from a
prior Alaska assessment (http://nca2009.globalchange.gov/alas136
ka), which informed the 2009 NCA.
This evidence included results from improved models and updated
observational data. The assessment included insights from stakeholders collected in a series of distributed engagement meetings
that confirm the relevance and significance of the key message for
local decision-makers.
Key uncertainties involve: 1) the degree to which increases in
evapotranspiration versus permafrost thaw are leading to drier
landscapes; 2) the degree to which it is these drier landscapes
associated with permafrost thaw, versus more severe fire weather
associated with climate change, that is leading to more wildfire; 3)
the degree to which the costs of the maintenance of infrastructure
are associated with permafrost thaw caused by climate change
versus disturbance of permafrost due to other human activities;
and 4) the degree to which climate change is causing Alaska to
be a sink versus a source of greenhouse gases to the atmosphere.
Assessment of confidence based on evidence
Very high confidence that permafrost is warming.
High confidence that landscapes in interior Alaska are getting
drier, although the relative importance of different mechanisms is
not completely clear.
Medium confidence that thawing permafrost results in more wildfires. There is high confidence that wildfires have been increasing
in recent decades, even if it is not clear whether permafrost thaw
or hotter and drier weather is more important.
High confidence that climate change will lead to increased maintenance costs in future decades. Low confidence that climate
change has led to increased maintenance costs of infrastructure
in recent decades.
Very high confidence that ecological changes will cause Alaska to
become a source of greenhouse gases to the atmosphere, even
though evidence that Alaska is currently a carbon source is only
suggestive.

K ey message #4 Traceable Account
Current and projected increases in Alaska’s ocean
temperatures and changes in ocean chemistry are
expected to alter the distribution and productivity
of Alaska’s marine fisheries, which lead the U.S. in
commercial value.
Description of evidence base
The key message and supporting chapter text summarize exten10
sive evidence documented in the Alaska Technical Input Report.
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K ey message #5 Traceable Account
Technical input reports (85) on a wide range of topics were also
received and reviewed as part of the Federal Register Notice solicitation for public input.
Numerous peer-reviewed publications describe evidence that
ocean temperatures are rising and ocean chemistry, especially
10
pH, is changing. New observational data from buoys and ships
document increasing acidity and aragonite under-saturation (that
is, the tendency of calcite and aragonite in shells to dissolve) in
Alaskan coastal waters.
Accumulating strong evidence suggests that these changes in
ocean temperature and chemistry, including pH, will likely affect
major Alaska marine fisheries, although the relative importance of
these changes and the exact nature of response of each fishery
101,102,103
are uncertain.
Alaska’s commercial fisheries account for roughly 50 percent of
the United States’ total wild landings. Alaska led all states in both
volume and ex-vessel value of commercial fisheries landings in
1
2009, with a total of 1.84 million metric tons worth $1.3 billion.
New information and remaining uncertainties
Important new evidence confirmed many of the findings from a
prior Alaska assessment (http://nca2009.globalchange.gov/alas136
ka), which informed the 2009 NCA.
The new evidence included results from improved models and
updated observational data. The assessment included insights
from stakeholders collected in a series of distributed engagement
meetings that confirm the relevance and significance of the key
message for local decision-makers.
A key uncertainty is what the actual impacts of rising temperatures and changing ocean chemistry, including an increase in
ocean acidification, will be on a broad range of marine biota and
ecosystems. More monitoring is needed to document the extent
and location of changes. Additional research is needed to assess
how those changes will affect the productivity of key fishery resources and their food and prey base.
Assessment of confidence based on evidence
Given the evidence base and remaining uncertainties:
High confidence of increased ocean temperatures and changes in
chemistry.

The cumulative effects of climate change in Alaska strongly affect Native communities, which are
highly vulnerable to these rapid changes but have a
deep cultural history of adapting to change.
Description of evidence base
The key message and supporting chapter text summarize exten10
sive evidence documented in the Alaska Technical Input Report.
Technical input reports (85) on a wide range of topics were also
received and reviewed as part of the Federal Register Notice solicitation for public input.
Evidence exists in recorded local observational accounts as well as
in the peer-reviewed scientific literature of the cumulative effects
of climate-related environmental change on Native communities
in Alaska; these effects combine with other socioeconomic stressors to strain rural Native communities (Ch. 12: Indigenous Peo124,125,126,131
ples).
Increasing attention to impacts of climate change
is revealing new aspects, such as impacts to health and hunter
safety (for example, Baffrey and Huntington 2010; Brubaker et al.
78,134
2011
). There is also strong evidence for the cultural adaptive
91,130,135
capacity of these communities and peoples over time.
New information and remaining uncertainties
Important new evidence confirmed many of the findings from a
prior Alaska assessment (http://nca2009.globalchange.gov/alas136
ka), which informed the 2009 NCA.
The precise mechanisms by which climate change affects Native communities are poorly understood, especially in the context
of rapid social, economic, and cultural change. Present day responses to environmental change are poorly documented. More
research is needed on the ways that Alaska Natives respond to
current biophysical climate change and to the factors that enable
or constrain contemporary adaptation.
Alaska Native communities are already being affected by climateinduced changes in the physical and biological environment, from
coastal erosion threatening the existence of some communities, to
alterations in hunting, fishing, and gathering practices that undermine the intergenerational transfer of culture, skill, and wisdom.
At the same time, these communities have a long record of adaptation and flexibility. Whether such adaptability is sufficient to
address the challenges of climate change depends both on the
speed of climate-induced changes and on the degree to which
Native communities are supported rather than constrained in the
124
adaptive measures they need to make.

Medium confidence that fisheries will be affected.
Assessment of confidence based on evidence
There is high confidence that cumulative effects of climate change
in Alaska strongly affect Native communities, which are highly
vulnerable to these rapid changes but have a deep cultural history
of adapting to change.
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HAWAI‘I

AND U.S. AFFILIATED PACIFIC ISLANDS

								

Key Messages

1. Warmer oceans are leading to increased coral bleaching events and disease outbreaks in coral
reefs, as well as changed distribution patterns of tuna fisheries. Ocean acidification will reduce 		
coral growth and health. Warming and acidification, combined with existing stresses, will strongly
affect coral reef fish communities.
2. Freshwater supplies are already constrained and will become more limited on many islands.
Saltwater intrusion associated with sea level rise will reduce the quantity and quality of freshwater
in coastal aquifers, especially on low islands. In areas where precipitation does not increase, 		
freshwater supplies will be adversely affected as air temperature rises.
3. Increasing temperatures, and in some areas reduced rainfall, will stress native Pacific Island plants
and animals, especially in high-elevation ecosystems with increasing exposure to invasive species,
increasing the risk of extinctions.
4. Rising sea levels, coupled with high water levels caused by storms, will incrementally increase 		
coastal flooding and erosion, damaging coastal ecosystems, infrastructure, and agriculture, and 		
negatively affecting tourism.
5. Mounting threats to food and water security, infrastructure, health, and safety are expected to 		
lead to increasing human migration, making it increasingly difficult for Pacific Islanders to sustain
the region’s many unique customs, beliefs, and languages.

© Michael Wells/fstop/Corbis

The U.S. Pacific Islands region (Figure 23.1)
is vast, comprising more than 2,000 islands
spanning millions of square miles of ocean.
The largest group of islands in this region, the
Hawaiian Archipelago, is located nearly 2,400
miles from any continental landmass, which
makes it one of the most remote archipela1
gos on the globe. The Hawaiian Islands support fewer than 2 million people, yet provide
vital strategic capabilities to U.S. defense –
and the islands’ biodiversity is important to
the world. Hawai‘i and the U.S. affiliated Pacific Islands are at risk from climate changes
that will affect nearly every aspect of life.
Rising air and ocean temperatures, shifting
rainfall patterns, changing frequencies and
intensities of storms and drought, decreasing baseflow in streams, rising sea levels, and
changing ocean chemistry will affect ecosystems on land and in the oceans, as well as
local communities, livelihoods, and cultures.
Low islands are particularly at risk.
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The Pacific Islands include volcanic islands, islands of continental crust, atolls
(formed by coral reefs), limestone islands, and islands of mixed geologic
origin, with tremendous landscape diversity. In the Hawaiian High Islands, as
many as 10 ecozones – from alpine systems to tropical rainforests – exist within
3,4
a 25 mile span. Isolation and landscape
diversity in Hawai‘i brings about some of
the highest concentrations of native spe4
cies, found nowhere else in the world.
Several U.S. Pacific Islands are marine
biodiversity hotspots, with the greatest
diversity found in the Republic of Palau,
and the highest percentage of native reef
5
fishes in Hawai‘i. These islands provide
insights into evolution and adaptation,
concepts important for predicting the
impacts of climate change on ecosystems. Their genetic diversity also holds
the potential for developing natural
products and processes for biomedical
and industrial use.

U.S. Pacific Islands Region

Figure 23.1. The U.S. Pacific Islands region includes our 50th state, Hawai‘i, as well as
the Territories of Guam, American Samoa, the Commonwealth of the Northern Mariana
Islands (CNMI), the Republic of Palau (RP), the Federated States of Micronesia
(FSM), and the Republic of the Marshall Islands (RMI). Citizens of Guam and CNMI
are U.S. citizens, and citizens of American Samoa are U.S. nationals. Through the
Compacts of Free Association, citizens of RP, FSM, and RMI have the right to travel
to the U.S. without visas to maintain “habitual residence” and to pursue education
and employment. The map shows three sub-regions used in this assessment and
the islands that comprise the Pacific Remote Islands National Monument. Shaded
areas indicate each island’s Exclusive Economic Zone (EEZ) (Figure source: Keener
2
et al. 2012 ).

The Pacific Islands region includes demographically, culturally, and economically
varied communities of diverse indigenous Pacific Islanders, intermingled with
immigrants from many countries. At least
20 languages are spoken in the region.
Pacific Islanders recognize the value and
relevance of their cultural heritage and
systems of traditional knowledge; their
laws emphasize the long-term multigenerational connection
6
with their lands and resources. Tourism contributes prominently to the gross domestic product of most island jurisdictions, as does the large U.S. military presence. Geographic
remoteness means that the costs of air transport and shipping

profoundly influence island economies. Natural resources are
limited, with many communities relying on agriculture and
ecosystems (such as coral reefs, open oceans, streams, and
forests) for sustenance and revenue.

Key Message 1: Changes to Marine Ecosystems
Warmer oceans are leading to increased coral bleaching events and disease outbreaks in
coral reefs, as well as changed distribution patterns of tuna fisheries. Ocean acidification will
reduce coral growth and health. Warming and acidification, combined with existing stresses,
will strongly affect coral reef fish communities.
Ocean temperatures in the Pacific region exhibit strong yearto-year and decadal fluctuations, but since the 1950s, they
have also exhibited a warming trend, with temperatures from
7
the surface to a depth of 660 feet rising by as much as 3.6°F.
Future sea surface temperatures are projected to increase
1.1°F (compared to the 1990 levels) by 2030, 1.8°F by 2055,
and 2.5°F by 2090 under a scenario that assumes substantial

reductions in emissions (B1), or 1.7°F by 2030, 2.3°F by 2055,
and 4.7°F by 2090 under a scenario that assumes continued
8
increases in emissions (A2).
Bleaching events (as a result of higher ocean temperatures) can
weaken or kill corals. At least three mass bleaching episodes
have occurred in the northwestern Hawaiian Islands in the last
9
decade. Incidences of coral bleaching have been recorded in
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“High” and “Low” Pacific Islands Face Different Threats

Figure 23.2. The Pacific Islands include “high” volcanic islands, such as that on the left, that reach nearly 14,000 feet above sea level,
and “low” atolls and islands, such as that on the right, that peak at just a few feet above present sea level. (Left) Ko‘olau Mountains
on the windward side of Oahu, Hawai‘i (Photo credit: kstrebor via Flickr.com). (Right) Laysan Island, Papahānaumokuākea Marine
National Monument (Photo credit: Andy Collins, NOAA).

10

Micronesia and American Samoa, testing the resilience of
these reefs. Coral disease outbreaks have also been reported
11
12,13
in the Hawaiian archipelago, American Samoa,
the Mar14
shall Islands, and Palau, correlated with periods of unusually
15
high water temperatures. Despite uncertainties, advanced
modeling techniques project a large decline in coral cover in
the Hawaiian Archipelago during this century. However, there
are significant differences in the projected time frames and
geographic distribution of these declines, even under a single
16
climate change scenario. By 2100, assuming ongoing increases in emissions of heat-trapping gases (A2 scenario), continued
loss of coral reefs and the shelter they provide will result in
17
extensive losses in both numbers and species of reef fishes.
Even with a substantial reduction in emissions (B1 scenario),
reefs could be expected to lose as much as 40% of their reefassociated fish. Coral reefs in Hawai‘i provide an estimated
18
$385 million in goods and services annually, which could be
threatened by these impacts.

El

Ocean acidification is also taking place in the region, which
adds to ecosystem stress from increasing temperatures. Ocean
acidity has increased by about 30% since the pre-industrial
era and is projected to further increase by 37% to 50% from
present levels by 2100 (Ch. 2: Our Changing Climate, Key Mes19
sage 12). The amount of calcium carbonate, the biologically
important mineral critical to reef-building coral and to calcifying algae, will decrease as a result of ocean acidification. By
2035 to 2060, levels of one form of the mineral (aragonite) are
projected to decline enough to reduce coral growth and sur20
vival around the Pacific, with continuing declines thereafter.
Crustose coralline algae, an inconspicuous but important component of reefs that help reefs to form and that act as critical
surfaces on which other living things grow, are also expected
21,22
to exhibit reduced growth and survival.
Ocean acidification
reduces the ability of corals to build reefs and also increases
23
erosion, leading to more fragile reef habitats. These changes
are projected to have a strong negative impact on the econo-

niño and other patterns of climate variability

The Pacific region is subject to various patterns of climate variability. The effects of the El Niño-Southern Oscillation
(ENSO) and other patterns of oceanic and atmospheric variability on the region are significant. They include large
variations in sea surface temperatures, the strength and persistence of the trade winds, the position of jet streams and
8,29,30
storm tracks, and the location and intensity of rainfall.
The ENSO-related extremes of El Niño and La Niña generally
8,31
persist for 6 to 18 months and change phase roughly every 3 to 7 years. The Pacific Decadal Oscillation (PDO) and
the Interdecadal Pacific Oscillation (IPO) are patterns that operate over even longer time horizons and also influence
31,32
the weather and climate of the region.
Such dramatic short-term variability (the “noise”) can obscure the long-term
33
trend (the “signal”). Despite the challenges of distinguishing natural climate variability from climate change, there are
2
several key indicators of observed change that serve as a basis for monitoring and evaluating future change.
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Similarly, there will be large impacts to the economically
important tuna fishery in the Pacific Island region. Surface
chlorophyll data obtained by satellites indicate less favorable
conditions resulting in reduced productivity for tuna in the
26
subtropical South and North Pacific due to warming. This
27
trend is projected to continue under future climate change.
One fishery model, coupled with a climate model, forecasts
that the overall western and central Pacific fishery catch for
skipjack tuna would initially increase by about 19% by 2035,
though there would be no change for bigeye tuna. However,
by 2100, skipjack catch would decline by 8% and bigeye catch

© Ron Dahlquist/Corbis

mies and well-being of island communities, with loss of coral
24
biodiversity and reduced resilience.

Increasing ocean temperature and acidity threaten coral reef
ecosystems.

Increased Acidification Decreases Suitable Coral Habitat

would decline by 27% if emissions continue to rise (A2 scenario); geographic variations
are projected within the re28
gion.
These changes to both corals
and fish pose threats to communities, cultures, and ecosystems of the Pacific Islands both
directly through their impact
on food security and indirectly
through their impact on economic sectors including fisheries and tourism.

Figure 23.3. Ocean waters have already become more acidic from absorbing carbon dioxide
from the atmosphere. As this absorption lowers pH, it reduces the amount of calcium carbonate,
which is critical for many marine species to reproduce and grow. Maps show projections of
the saturation state of aragonite (the form of calcium carbonate used by coral and many other
species) if CO2 levels were stabilized at 380 ppm (a level that has already been exceeded), 450
ppm (middle map), and 500 ppm (bottom map), corresponding approximately to the years 2005,
2030, and 2050, assuming a decrease in emissions from the current trend (scenario A1B). As
shown on the maps, many areas that are adequate will become marginal. Higher emissions
will lead to many more places where aragonite concentrations are “marginal” or “extremely
25
marginal” in much of the Pacific. (Figure source: Burke et al. 2011 ).
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Key Message 2: Decreasing Freshwater Availability
Freshwater supplies are already constrained and will become more limited on many islands.
Saltwater intrusion associated with sea level rise will reduce the quantity and quality of
freshwater in coastal aquifers, especially on low islands. In areas where precipitation does not
increase, freshwater supplies will be adversely affected as air temperature rises.
In Hawai‘i, average precipitation, average stream discharge,
and stream baseflow have been trending downward for nearly
a century, especially in recent decades, but with high variability
due to cyclical climate patterns such as ENSO and the PDO (see
34,35,36
“El Niño and other Patterns of Climate Variability”).
For
the Western North Pacific, a decline of 15% in annual rainfall
has been observed in the eastern-most islands in the Micronesia region, and slight upward trends in precipitation have been
seen for the western-most islands with high ENSO-related vari7
ability. In American Samoa, no trends in average rainfall are
7,37
apparent, but there is very limited available data.
Projections of precipitation are less certain than those for tem2,38
perature. For Hawai‘i, a scenario based on statistical downscaling projects a 5% to 10% reduction for the wet season and
39
a 5% increase in the dry season for the end of this century.
Projections for late this century from global models for the
region give a range of results. Generally they predict annual
rainfall to either change little or to increase by up to 5% for the
main Hawaiian Islands and to change little or decrease up to
10% in the Northwestern Hawaiian Islands. They also project
increases in the Micronesia region (Ch. 2: Our Changing Cli-

40

mate, Figure 2.6), though there is low confidence in all these
projections.
Climate change impacts on freshwater resources in the Pacific
Islands will vary across the region. Different islands will be affected by different factors, including natural variability patterns that affect storms and precipitation (like El Niño and La
Niña events), as well as climate trends that are strongly influenced by specific geographic locations. For example, surface
air temperature has increased and is expected to continue to
41
rise over the entire region. In Hawai‘i, the rate of increase
41
has been greater at high elevations. In Hawai‘i and the Central North Pacific, projected annual surface air temperature
increases range from 1.5°F by 2055 (relative to 1971-2000)
under a scenario of substantial emissions reduction (B1), to
40,42
3.5°F assuming continued increases in emissions (A2).
In
the Western North Pacific, the projected increases by 2055 are
8
1.9°F for the B1 scenario and 2.6°F for the A2 scenario. In the
central South Pacific, projected annual surface air temperature
8
increases by 2055 are 1.9°F (B1) and 2.5°F (A2).

On most islands, increased temperatures coupled with decreased rainfall and increased drought will reduce the amount
of freshwater available for drink43
ing and crop irrigation. Climate
Observed Changes in Annual Rainfall in the Western North Pacific
change impacts on freshwater resources in the region will also vary
because of differing island size and
topography, which affect water
storage capability and susceptibility to coastal flooding. Low-lying
islands will be particularly vulnerable due to their small land mass,
geographic isolation, limited potable water sources, and limited
44
agricultural resources. Also, as
sea level rises over time, increasing
saltwater intrusion from the ocean
during storms will exacerbate the
45,46
situation (Figure 23.6).
These
are only part of a cascade of climate change related impacts that
will increase the pressures on, and
Figure 23.4. Islands in the western reaches of the Pacific Ocean are getting slightly more
threats to, the social and ecosysrainfall than in the past, while islands more to the east are getting drier (measured in change
tem sustainability of these island
in inches of monthly rainfall per decade over the period 1950-2010). Darker blue shading
47
communities.
indicates that conditions are wetter, while darker red shading indicates drier conditions.
The size of the dot is proportional to the size of the trend on the inset scale. (Figure source:
2
Keener et al. 2012 ).
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Key Message 3: Increased Stress on Native Plants and Animals
Increasing temperatures, and in some areas reduced rainfall, will stress native Pacific Island
plants and animals, especially in high-elevation ecosystems with increasing exposure to
invasive species, increasing the risk of extinctions.
Projected climate changes will significantly alter the distribution and abundance of many native marine, terrestrial, and
freshwater species in the Pacific Islands. The vulnerability of
coral reef and ocean ecosystems was discussed earlier. Landbased and freshwater species that exist in high-elevation
ecosystems in high islands, as well as low-lying coastal ecosystems on all islands, are especially vulnerable. Existing climate

Native Plants at Risk

zones on high islands are generally projected to shift upslope
48
in response to climate change. The ability of native species
to adapt to shifting habitats will be affected by ecosystem discontinuity and fragmentation, as well as the survival or extinction of pollinators and seed dispersers. Some (perhaps many)
invasive plant species will have a competitive edge over native
species, as they disproportionately benefit from increased carbon dioxide, disturbances from extreme weather and climate
events, and an ability to invade higher elevation habitats as cli49
mates warm. Hawaiian high-elevation alpine ecosystems on
Hawai‘i and Maui islands are already beginning to show strong
50
signs of higher temperatures and increased drought. For example, the number of Haleakalā silversword, a rare plant that
is an integral component of the alpine ecosystem in Haleakalā
National Park in Maui and is found nowhere else on the planet,
51
has declined dramatically over the past two decades. Many
of Hawai‘i’s native forest birds, marvels of evolution largely
limited to high-elevation forests due to predators and diseases, are increasingly vulnerable as rising temperatures allow
mosquitoes carrying diseases like avian malaria to thrive at
higher elevations and thereby reduce the extent of safe bird
48,52
habitat.
On high islands like Hawai‘i, decreases in precipitation and
baseflow are already indicating impacts on freshwater ecosys35,37
tems and aquatic species.
Many Pacific Island freshwater
fishes and invertebrates have oceanic larval stages in which
they seasonally return to high island streams to aid reproduc53
tion. Changes in stream flow and oceanic conditions that
affect larval growth and survival will alter the ability of these
species to maintain viable stream populations.

Figure 23.5. Warming at high elevations could alter the
distribution of native plants and animals in mountainous
ecosystems and increase the threat of invasive species. The
threatened, endemic ‘ahinahina, or Haleakalā silversword
(Argyroxiphium sandwicense subsp. macrocephalum), shown
here in full bloom on Maui, Hawaiian Islands, is one example.
(Photo credit: Forest and Kim Starr).

Key Message 4: Sea Level Rising
Rising sea levels, coupled with high water levels caused by tropical and extra-tropical storms,
will incrementally increase coastal flooding and erosion, damaging coastal ecosystems,
infrastructure, and agriculture, and negatively affecting tourism.
Global average sea level has risen by about 8 inches since
54
1900, with recent satellite observations indicating an increased rate of rise over the past two decades (1.3 inches per
decade) (see also Ch. 2: Our Changing Climate, Key Message
55
10). Recent regional sea level trends in the western tropical
56,57
Pacific are higher
than the global average, due in part to
changing wind patterns associated with natural climate vari58,59
ability.
Over this century, sea level in the Pacific is expected
to rise at about the same rate as the projected increase in global average sea level, with regional variations associated with
ocean circulation changes and the Earth’s response to other

large-scale changes, such as melting glaciers and ice sheets
60,61
as well as changing water storage in lakes and reservoirs.
For the region, extreme sea level events generally occur when
high tides combine with changes in water levels due to storms,
ENSO (see “El Niño and other Patterns of Climate Variability”),
54,55,56,57,58,59,60
and other variations.
Rising sea levels will escalate the threat to coastal structures
and property, groundwater reservoirs, harbor operations, airports, wastewater systems, shallow coral reefs, sea grass beds,
intertidal flats and mangrove forests, and other social, eco-
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Saltwater Intrusion Destroys Crops

Residents of Low-lying Islands at Risk

Figure 23.6. Taro crops destroyed by encroaching saltwater
at Lukunoch Atoll, Chuuk State, FSM. Giant swamp taro is a
staple crop in Micronesia that requires a two- to three-year
growing period from initial planting to harvest. After a saltwater
inundation from a storm surge or very high tide, it may take two
years of normal rainfall to flush brackish water from a taro patch,
resulting in a five-year gap before the next harvest if no further
saltwater intrusion takes place. (Photo credit: John Quidachay,
USDA Forest Service).

Figure 23.7. Republic of the Marshall Islands, with a land area
of just 1.1 square miles and a maximum elevation of 10 feet,
may be among the first to face the possibility of climate change
induced human migration as sea level continues to rise. (Photo
credit: Darren Nakata).

nomic, and natural resources. Impacts will vary with location
depending on how regional sea level variability combines with
62
increases of global average sea level. On low islands, critical
public facilities and infrastructure as well as private commercial and residential property are especially vulnerable. Agricultural activity will also be affected, as sea level rise decreases
45
the land area available for farming and periodic flooding
increases the salinity of groundwater. Coastal and nearshore
environments will progressively be affected as sea levels rise

Higher Sea Level Rise in Western

and high wave events alter low islands’ size and shape. Based
on extrapolation from results in American Samoa, sea level rise
could cause future reductions of 10% to 20% in total regional
63
mangrove area over the next century. This would in turn reduce the nursery areas and feeding grounds for fish species,
habitat for crustaceans and invertebrates, shoreline protection
and wave dampening, and water filtration provided by man64
groves. Pacific seabirds that breed on low-lying atolls will lose
65
large segments of their breeding populations as their habitat
is increasingly and more extensively covered by seawater.
Impacts to the built environment on low-lying portions of
high islands, where nearly all airports are located and where
each island’s road network is
66
sited, will be nearly as proPacific
found as those experienced
on low islands. Islands with
more developed built infrastructure will experience
more economic impacts
from tourism loss. In Hawai‘i,
for example, where tourism
comprises 26% of the state’s
economy, damage to tourism
infrastructure could have
large economic impacts –the
loss of Waikīkī Beach alone
could lead to an annual loss
of $2 billion in visitor expen67
ditures.

Figure 23.8. Map shows large variations across the Pacific Ocean in sea level trends for 19932010. The largest sea level increase has been observed in the western Pacific. (Figure source:
57
adapted from Merrifield 2011 by permission of American Meteorological Society).
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Key Message 5: Threats to Lives, Livelihoods, and Cultures
Mounting threats to food and water security, infrastructure, and public health and safety
are expected to lead to increasing human migration from low to high elevation islands and
continental sites, making it increasingly difficult for Pacific Islanders to sustain the
region’s many unique customs, beliefs, and languages.
All of the climate change impacts described above will have
an impact on human communities in Pacific Islands. Because
Pacific Islands are almost entirely dependent upon imported
food, fuel, and material, the vulnerability of ports and airports
to extreme events, sea level rise, and increasing wave heights
is of great concern. Climate change is expected to have serious effects on human health, for example by increasing the
68
incidence of dengue fever (Ch. 9: Human Health). In addition,
sea level rise and flooding are expected to overwhelm sewer
systems and threaten public sanitation.
The traditional lifestyles and cultures of indigenous communities in all Pacific Islands will be seriously affected by climate
change (see also Chapter 12: Indigenous Peoples). Sea level
rise and associated flooding is expected to destroy coastal
69
artifacts and structures or even the entire land base associ-

70

ated with cultural traditions. Drought threatens traditional
food sources such as taro and breadfruit, and coral death from
warming-induced bleaching will threaten subsistence fisheries
46
in island communities. Climate change related environmental
deterioration for communities at or near the coast, coupled
with other socioeconomic or political motivations, is expected
to lead individuals, families, or communities to consider moving to new locations. Depending on the scale and distance of
the migration, a variety of challenges face the migrants and the
communities receiving them. Migrants need to establish themselves in their new community, find employment, and access
services, while the receiving community’s infrastructure, labor
market, commerce, natural resources, and governance structures need to absorb a sudden burst of population growth.

Adaptation Activities
Adaptive capacity in the region varies and reflects the histories
of governance, the economies, and the geographical features
of the island/atoll site. High islands can better support larger
populations and infrastructure, attract industry, foster institu2
tional growth, and thus bolster adaptive capacity; but these
sites have larger policy or legal hurdles that complicate coastal
71
planning. Low islands have a different set of challenges. Climate change related migration, for example, is particularly
relevant to the low island communities in the Republic of the
Marshall Islands (RMI) and the Federated States of Micronesia (FSM), and presents significant practical, cultural, and legal
72
challenges.
In Hawai‘i, state agencies have drafted a framework for climate
change adaptation by identifying sectors affected by climate
change and outlining a process for coordinated statewide ad73
aptation planning. Both Hawai‘i and American Samoa specifically consider climate change in their U.S. Federal Emergency

Management Agency (FEMA) hazard mitigation plans, and the
Commonwealth of Northern Mariana Islands lists climate vari74
ability as a possible hazard related to extreme climate events.
The U.S. Pacific Island Freely Associated States (which includes
the Republic of Palau, FSM, and RMI; Figure 23.1) have worked
with regional organizations to develop plans and access international resources. Each of these jurisdictions has developed
a status report on integrating climate-related hazard information in disaster risk reduction planning and has developed
75
plans for adaptation to climate-related disaster risks. Overall,
there is very little research on the effectiveness of alternative
adaptation strategies for Pacific Islands and their communities.
The regional culture of communication and collaboration provides a strong foundation for adaptation planning and will be
important for building resilience in the face of the changing
climate.
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SUPPLEMENTAL MATERIAL
TRACEABLE ACCOUNTS

Process for Developing Key Messages
A central component of the assessment process was convening
three focus area workshops as part of the Pacific Islands Regional
Climate Assessment (PIRCA). The PIRCA is a collaborative effort
aimed at assessing the state of climate knowledge, impacts, and
adaptive capacity in Hawai‘i and the U.S. Affiliated Pacific Islands.
These workshops included representatives from the U.S. federal
agencies, universities, as well as international participants from
other national agencies and regional organizations. The workshops
led to the formulation of a foundational Technical Input Report
2
(TIR). The report consists of nearly 140 pages, with almost 300
references, and was organized into 5 chapters by 11 authors.
The chapter author team engaged in multiple technical discussions via regular teleconferences that permitted a careful review of
2
the foundational TIR and of approximately 23 additional technical inputs provided by the public, as well as the other published
literature, and professional judgment. These discussions included
a face-to-face meeting held on July 9, 2012. These discussions
were supported by targeted consultation among the lead and contributing authors of each message. There were several iterations
of review and comment on draft key messages and associated
content.

K ey message #1 Traceable Account
Warmer oceans are leading to increased coral
bleaching events and disease outbreaks in coral
reefs, as well as changed distribution patterns of
tuna fisheries. Ocean acidification will reduce coral
growth and health. Warming and acidification, combined with existing stresses, will strongly affect
coral reef fish communities.
Description of evidence base
The key message was chosen based on input from the extensive evidence documented in the Hawai‘i Technical Input Re2
port and additional technical inputs received as part of the
Federal Register Notice solicitation for public input, as well as
stakeholder engagement leading up to drafting the chapter.

Ocean warming: There is ample evidence that sea-surface temperatures have already risen throughout the region based on clear
observational data, with improved data with the advent of satel7
lite and in situ (ARGO & ship-based) data. Assessment of the
literature for the region by other governmental bodies (such as
Australian Bureau of Meteorology [ABOM] and the Commonwealth
Scientific and Industrial Research Organization [CSIRO]) point to
8
continued increases under both B1 and A2 scenarios.
Ocean acidification: Globally, the oceans are currently absorbing
about a quarter of the carbon dioxide emitted to the atmosphere
annually, and becoming more acidic as a result (Ch. 2: Our Changing Climate, Key Message 12). Historical and current observations
of aragonite saturation state (Ωar) for the Pacific Ocean show a
decrease from approximately 4.9 to 4.8 in the Central North Pacific (Hawaiian Islands); in the Western North Pacific (Republic
of Marshall Islands, Commonwealth of Northern Mariana Islands,
Federated States of Micronesia, Republic of Palau, Guam), it has
declined from approximately 4.5 to 3.9 in 2000, and to 4.1 in
the Central South Pacific (American Samoa) (this chapter: Figure
19
23.3; Ch. 24: Oceans and Marine Resources). Projections from
CMIP3 models indicate the annual maximum aragonite saturation
state will reach values below 3.5 by 2035 in the waters of the
Republic of the Marshall Islands (RMI), by 2030 in the Federated States of Micronesia (FSM), by 2040 in Palau, and by 2060
around the Samoan archipelago. These values are projected to
2
continue declining thereafter. The recently published Reefs at
25
Risk Revisited estimates aragonite saturation state (as an indicator of ocean acidification) for CO2 stabilization levels of 380 ppm,
450 ppm, and 500 ppm, which correspond approximately to the
years 2005, 2030, and 2050 under the A1B emissions scenario
(which assumes similar emissions to the A2 scenario through
2050 and a slow decline thereafter) (Figure 4.4 from Keener et
2
al. 2012 ).
Bleaching events: These have been well-documented in extensive
literature worldwide due to increasing temperatures, with numer9,10
ous studies in Hawai‘i and the Pacific Islands.
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Traceable Accounts
Disease outbreaks: Reports of coral diseases have been proliferat11,13
ing in the past years,
but few have currently been adequately
described, with causal organisms identified (for example, fulfill
Koch’s Postulates).

Confidence Level
Very High
Strong evidence (established
theory, multiple sources, consistent
results, well documented and
accepted methods, etc.), high
consensus

Reduced growth: There is abundant evidence from laboratory experiments that lower seawater pH reduces calcification rates in
19
marine organisms (for example, Feely et al. 2009 ). However, actual measurements on the effects of ocean acidification on coral
reef ecosystems in situ or in complex mesocosms are just now
becoming available, and these measurements show that there are
76
large regional and diel variability in pH and pCO2. The role of diel
and regional variability on coral reef ecosystems requires further
investigation.

High
Moderate evidence (several sources, some consistency, methods
vary and/or documentation limited,
etc.), medium consensus
Medium
Suggestive evidence (a few
sources, limited consistency, models incomplete, methods emerging,
etc.), competing schools of thought

Distribution patterns of coastal and ocean fisheries: Evidence of
the effects of ocean acidification on U.S. fisheries in Hawai‘i and
28
the Pacific Islands is currently limited (Lehodey et al. 2011) but
there is accumulating evidence for ecosystem impacts.
New information and remaining uncertainties
77
New information: Since the 2009 National Climate Assessment,
considerable effort has been employed to understand the impacts
of ocean acidification (OA) on marine ecosystems, including re22,28
cent ecosystem-based efforts.
Studies of OA impacts on organisms has advanced considerably, with careful chemistry using
worldwide standard protocols making inroads into understanding
a broadening range of organisms.
However, predicting the effect of ocean acidification on marine
organisms and marine coral reef ecosystems remains the key issue
of uncertainty. The role of community metabolism and calcification in the face of overall reduction in aragonite saturation state
must be investigated.
Understanding interactions between rising temperatures and OA
remains a challenge. For example, high temperatures simultaneously cause coral bleaching, as well as affect coral calcification
rates, with both impacts projected to increase in the future.
Assessment of confidence based on evidence
There is very high confidence that ocean acidification and
decreased aragonite saturation is taking place and is projected
to continue. There is high confidence that ocean warming is
taking place and is projected to continue; there is medium
confidence that the thermal anomalies will lead to continued
coral bleaching and coral disease outbreaks.

Low
Inconclusive evidence (limited
sources, extrapolations, inconsistent findings, poor documentation
and/or methods not tested, etc.),
disagreement or lack of opinions
among experts

K ey message #2 Traceable Account
Freshwater supplies are already constrained and
will become more limited on many islands. Saltwater intrusion associated with sea level rise will
reduce the quantity and quality of freshwater in
coastal aquifers, especially on low islands. In areas
where precipitation does not increase, freshwater
supplies will be adversely affected as air temperature rises.
Description of evidence base
There is abundant and definitive evidence that air temperature has
increased and is projected to continue to increase over the entire
8,41,78
region,
as there is globally (Ch. 2: Our Changing Climate, Key
Message 3).
In Hawai‘i and the Central North Pacific (CNP), projected annual
surface air temperature increases are 1.0°F to 2.5°F by 2035,
40,42
relative to 1971-2000.
In the Western North Pacific (WNP),
the projected increases are 2.0°F to 2.3°F by 2030, 6.1°F to
8
8.5°F by 2055, and 4.9°F to 9.2°F by 2090. In the central South
Pacific (CSP), projected annual surface air temperature increases
are 1.1°F to 1.3°F by 2030, 1.8°F to 2.5°F by 2055, and 2.5°F
8
to 4.9°F by 2090. (Please note that the islands that comprise the
U.S. Pacific Islands Region are shown in Figure 23.1).
In Hawai‘i, mean precipitation, average stream discharge, and
stream baseflow have been trending downward for nearly a cen-
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Traceable Accounts
tury, especially in recent decades and with high variability related
to El Niño-Southern Oscillation (ENSO) and Pacific Decadal Oscil34,35
lation (PDO).
For the WNP, a decline of 15% in annual rainfall
has been observed in the eastern-most islands in the Micronesia
region and slight upward trends in precipitation have been seen
8
for the western-most islands, with high ENSO-related variability.
In American Samoa, no trends in average rainfall are apparent
8,37
based on the very limited available data.
For the region as a whole, models disagree about projected changes in precipitation. Mostly models predict increases in mean annual rainfall and suggest a slight dry season decrease and wet
8
season increase in precipitation. However, based on statistical
39
downscaling, one study projected a 5% to 10% reduction in precipitation for the wet season and a 5% increase in the dry season
for Hawai‘i by the end of this century.
On most islands, increased temperatures coupled with decreased
rainfall and increased drought will reduce the amount of fresh43
water for drinking and crop irrigation. Atolls will be particularly
vulnerable due to their low elevation, small land mass, geographic
isolation, and limited potable water sources and agricultural re44
sources. The situation will also be exacerbated by the increased
incidence of intrusion of saltwater from the ocean during storms
as the mean sea level rises over time (Key Message 4, this chap2
ter; Ch. 2: Our Changing Climate, Key Message 10).
New information and remaining uncertainties
Climate change impacts on freshwater resources in the Pacific
Islands region will vary because of differing island size and height,
which affect water storage capability and susceptibility to coastal
inundation. The impacts will also vary because of natural phase
variability (for example, ENSO and PDO) in precipitation and
storminess (tropical and extra-tropical storms) as well as longterm trends, both strongly influenced by geographic location.
Climate model simulations produce conflicting assessments as to
how the tropical Pacific atmospheric circulation will respond in the
future to climate change.
Assessment of confidence based on evidence
Freshwater systems are inherently fragile in many Pacific Islands.
Historical observations show strong evidence of a decreasing trend
for rainfall in Hawai‘i and many other Pacific Islands (Ch. 2: Our
2
Changing Climate). There is abundant and definitive evidence
that air temperature has increased and will continue to increase.
All of the scientific approaches to detecting sea level rise come
to the conclusion that a warming planet will result in higher sea
levels. Based on the evidence base and remaining uncertainties,
we have high confidence in the key message.

K ey message #3 Traceable Account
Increasing temperatures, and in some areas reduced rainfall, will stress native Pacific Island
plants and animals, especially in high-elevation ecosystems with increasing exposure to invasive species, increasing the risk of extinctions.
Description of evidence base
In Hawai‘i and the Central North Pacific (CNP), projected annual
surface air temperature increases are 1.0°F to 2.5°F by 2035, rel40,42
ative to 1971-2000.
In the Western North Pacific (WNP), the
projected increases are 2.0°F to 2.3°F by 2030, 6.1°F to 8.5°F
8
by 2055, and 4.9°F to 9.2°F by 2090. In the Central South
Pacific (CSP), projected annual surface air temperature increases
are 1.1°F to 1.3°F by 2030, 1.8°F to 2.5°F by 2055, and 2.5°F to
8
4.9°F by 2090. In Hawai‘i the rate of increase has been greater
41
at high elevations. (Please note that the islands that comprise
the U.S. Pacific Islands Region are shown in Figure 23.1).
In Hawai‘i mean precipitation, average stream discharge, and
stream baseflow have been trending downward for nearly a century, especially in recent decades and with high ENSO and PDO34,35,36
related variability.
Projects based on statistical downscal39
ing suggest the most likely precipitation scenario for Hawai‘i for
the 21st century to be a 5% to 10% reduction for the wet season
and a 5% increase in the dry season.
On high islands like Hawai‘i, decreases in precipitation and base35
flow are already indicating that there will be impacts on freshwater ecosystems and aquatic species, and on water-intensive
sectors such as agriculture and tourism.
Hawaiian high-elevation alpine ecosystems on Hawai‘i and
Maui islands are already beginning to show strong signs of in50
creased drought and warmer temperatures.
Demographic
data for the Haleakalā silversword, a unique (endemic to upper
Haleakalāvolcano) and integral component of the alpine ecosystem in Haleakalā National Park, Maui, have recorded a severe
51
decline in plant numbers over the past two decades. Many of
Hawai‘i’s endemic forest birds, marvels of evolution largely limited
to high-elevation forests by predation and disease, are increasingly vulnerable as rising temperatures allow the disease-vectoring
mosquitoes to thrive upslope and thereby reduce the extent of safe
48,52
bird habitat.
New information and remaining uncertainties
Climate change impacts in the Pacific Islands region will vary because of differing island size and height. The impacts will also
vary because of natural phase variability (for example, El NiñoSouthern Oscillation and Pacific Decadal Oscillation) in precipitation and storminess (tropical and extra-tropical storms) as well as
long-term trends, both strongly influenced by geographic location.
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Traceable Accounts
Climate model simulations produce conflicting assessments as to
how the tropical Pacific atmospheric circulation will respond in the
2,8
future to climate change.
Climate change ecosystem response is poorly understood.

2

Assessment of confidence based on evidence
Terrestrial and marine ecosystems are already being impacted by
local stressors, such as coastal development, land-based sources
2,25
of pollution, and invasive species.
There is abundant and definitive evidence that air temperature has increased and will continue to increase. Historical observations show strong evidence of
a decreasing trend for rainfall in Hawai‘i and many other Pacific
2
Islands. Given the evidence base and remaining uncertainties,
confidence is high in this key message.

K ey message #4 Traceable Account
Rising sea levels, coupled with high water levels
caused by tropical and extra-tropical storms, will incrementally increase coastal flooding and erosion,
damaging coastal ecosystems, infrastructure, and
agriculture, and negatively affecting tourism.
Description of evidence base
All of the scientific approaches to detecting sea level rise come to the
conclusion that a warming planet will result in higher sea levels.
Recent studies give higher sea level rise projections than those
projected in 2007 by the Intergovernmental Panel on Climate
29
Change for the rest of this century (Ch. 2: Our Changing Climate,
55
Key Message 10).
Sea level is rising and is expected to continue to rise. Over the
past few decades, global mean sea level, as measured by satellite
altimetry, has been rising at an average rate of twice the estimated
55
rate for the previous century, based on tide gauge measurements,
with models suggesting that global sea level will rise significantly
over the course of this century. Regionally, the highest increases
56
have been observed in the western tropical Pacific. However, the
current high rates of regional sea level rise in the western tropical
Pacific are not expected to persist, as regional sea level will fall
62
in response to a change in phase of natural variability. Regional
variations in sea level at interannual and interdecadal time scales
are generally attributed to changes in prevailing wind patterns associated with El Niño-Southern Oscillation (ENSO) as well as the
Pacific Decadal Oscillation (PDO) and low frequency components
59
of the Southern Oscillation Index (SOI).
For the region, extreme sea level events generally occur when
high tides combine with some non-tidal residual change in water level. In the major typhoon zones (Guam and Commonwealth
of the Northern Mariana Islands), storm-driven surges can cause
coastal flooding and erosion regardless of tidal state. Wave-driven
inundation events are a major concern for all islands in the region.
At present, trends in extreme levels tend to follow trends in mean
sea level.

Increasing mean water levels and the possibility of more frequent
extreme water level events, and their manifestation as flooding
and erosion, will threaten coastal structures and property, groundwater reservoirs, harbor operations, airports, wastewater systems,
sandy beaches, coral reef ecosystems, and other social and economic resources. Impacts will vary with location, depending on
how natural sea level variability combines with modest increases
62
of mean levels.
On low-lying atolls, critical public facilities and infrastructure as
well as private commercial and residential property are especially
62
vulnerable. Agricultural activity will also be affected, as sea level
45
rise decreases the land area available for farming and episodic
inundation increases salinity of groundwater resources. Impacts to
the built environment on low-lying portions of high islands will be
much the same as those experienced on low islands. Islands with
more developed built infrastructure will experience more economic impacts from tourism loss. One report stated: “Our analyses estimate that nearly $2.0 billion in overall visitor expenditures could
67
be lost annually due to a complete erosion of Waikīkī Beach.”
Coastal and nearshore environments (sandy beaches, shallow
coral reefs, seagrass beds, intertidal flats, and mangrove forests)
and the vegetation and terrestrial animals in these systems will
progressively be affected as sea level rise and high wave events alter atoll island size and shape and reduce habitat features necessary for survival. Based on extrapolation from results in American
Samoa, sea level rise could cause future reductions of 10%–20%
63
of total regional mangrove area over the next century. Further,
atoll-breeding Pacific seabirds will lose large segments of their
65
breeding populations as their habitat is increasingly and more
extensively inundated.
Major uncertainties
Sea levels in the Pacific Ocean will continue to rise with global sea
level. Models provide a range of predictions, with some suggesting
that global warming may raise global sea level considerably over
the course of this century. The range of predictions is large due
in part to unresolved physical understanding of various processes,
notably ice sheet dynamics.
Changes in prevailing wind patterns associated with natural climate cycles such as ENSO and the PDO affect regional variations
in sea level at interannual and interdecadal time scales. Sea level
at specific locales will continue to respond to changes in phase of
these natural climate cycles. The current high rates of regional sea
level rise in the western tropical Pacific are not expected to persist
over time, falling once the trade winds begin to weaken.
Future wind wave conditions are difficult to project with confidence given the uncertainties regarding future storm conditions.
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Traceable Accounts
Assessment of confidence based on evidence
Evidence for global sea level rise is strong (Ch. 25: Coasts; Ch. 2:
Our Changing Climate). Confidence is therefore very high. Modeling studies have yielded conflicting results as to how ENSO and
other climate modes will vary in the future. As a result, there is
low confidence in the prediction of future climate states and their
62
subsequent influence on regional sea level. Recent assessments
of future extreme conditions generally place low confidence on
61
region-specific projections of future storminess.
For aspects of the key message concerning impacts, confidence
is high.

K ey message #5 Traceable Account
Mounting threats to food and water security, infrastructure, and public health and safety are expected to lead to increasing human migration from
low to high elevation islands and continental sites,
making it increasingly difficult for Pacific Islanders
to sustain the region’s many unique customs, beliefs, and languages.
Description of evidence base
Climate change threatens communities, cultures, and ecosystems
of the Pacific Islands both directly through impact on food and
water security, for example, as well as indirectly through impacts
on economic sectors including fisheries and tourism.
On most islands, increased temperatures, coupled with decreased
rainfall and increased drought, will lead to an additional need for
43
freshwater resources for drinking and crop irrigation. This is
particularly important for locations in the tropics and subtropics
where observed data and model projections suggest that, by the
end of this century, the average growing season temperatures will
exceed the most extreme seasonal temperatures recorded from
1900 to 2006. Atolls will be particularly vulnerable due to their
low elevation, small land mass, geographic isolation, and limited
44
potable water sources and agricultural resources. The situation
will also be exacerbated by the increased incidence of intrusion of
saltwater from the ocean during storms as the mean sea level rises
over time. These are but part of a cascade of impacts that will increase the pressures on, and threats to, the social and ecosystem
47
sustainability of these island communities. On high islands like
35
Hawai‘i, decreases in precipitation and baseflow are already indicating that there will be impacts on freshwater ecosystems and
aquatic species and on water-intensive sectors such as agriculture
and tourism.

depending on how natural sea level variability combines with mod62
est increases of mean levels. On low-lying atolls, critical public
facilities and infrastructure as well as private commercial and
residential property are especially vulnerable. Agricultural activity
will also be affected, as sea level rise decreases the land area
45
available for farming and episodic inundation increases salinity
of groundwater resources.
With respect to cultural resources, impacts will extend from the
69
loss of tangible artifacts and structures to the intangible loss of
70
a land base and the cultural traditions that are associated with it.
New information and remaining uncertainties
Whenever appraising threats to human society, it is uncertain the
degree to which societies will successfully adapt to limit impact.
For island communities, though, the ability to migrate is very limited, and the ability to adapt is especially limited. Depending on the
scale and distance of the migration, a variety of challenges face
the migrants and the communities receiving them. Migrants need
to establish themselves in their new community, find employment,
and access services, while the receiving community’s infrastructure, labor market, commerce, natural resources, and governance
structures need to absorb a sudden burst of population growth.
Assessment of confidence based on evidence
Evidence for climate change and impacts is strong, but highly variable from location to location. One can be highly confident that
climate change will continue to pose varied threats in the region.
Adaptive capacity is also highly variable among the islands, so
the resulting situation will play out differently in different places.
Confidence is therefore medium.

Increasing mean oceanic and coastal water levels and the possibility of more frequent extreme water level events with flooding
and erosion will escalate the threat to coastal structures and property, groundwater reservoirs, harbor operations, airports, wastewater systems, sandy beaches, coral reef ecosystems, and other
social and economic resources. Impacts will vary with location
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OCEANS

AND MARINE RESOURCES

Key Messages
1. The rise in ocean temperature over the last century will persist into the future, with continued
large impacts on climate, ocean circulation, chemistry, and ecosystems.
2. The ocean currently absorbs about a quarter of human-caused carbon dioxide emissions to the
atmosphere, leading to ocean acidification that will alter marine ecosystems in dramatic yet
uncertain ways.
3. Significant habitat loss will continue to occur due to climate change for many species and areas,
including Arctic and coral reef ecosystems, while habitat in other areas and for other species
will expand. These changes will consequently alter the distribution, abundance, and productivity
of many marine species.
4. Rising sea surface temperatures have been linked with increasing levels and ranges of diseases
in humans and marine life, including corals, abalones, oysters, fishes, and marine mammals.
5. Climate changes that result in conditions substantially different from recent history may
significantly increase costs to businesses as well as disrupt public access and enjoyment of
ocean areas.
6. In response to observed and projected climate impacts, some existing ocean policies, practices,
and management efforts are incorporating climate change impacts. These initiatives can serve
as models for other efforts and ultimately enable people and communities to adapt to changing
ocean conditions.

©iStockPhoto.com Frank P.J. van Haalen

As a nation, we depend on the oceans for seafood, recreation
and tourism, cultural heritage, transportation of goods, and, increasingly, energy and other critical resources. The U.S. Exclusive Economic Zone extends 200 nautical miles seaward from
the coasts, spanning an area about 1.7 times the land area of
the continental U.S. and encompassing waters along the U.S.
East, West, and Gulf coasts, around Alaska and Hawai‘i, and
including the U.S. territories in the Pacific and Caribbean. This
vast region is host to a rich diversity of marine plants and animals and a wide range of ecosystems, from tropical coral reefs
to Arctic waters covered with sea ice.

Oceans support vibrant economies and coastal communities
with numerous businesses and jobs. More than 160 million
people live in the coastal watershed counties of the United
States, and population in this zone is expected to grow in the
future. The oceans help regulate climate, absorb carbon dioxide (an important greenhouse, or heat-trapping, gas), and
strongly influence weather patterns far into the continental
interior. Ocean issues touch all of us in both direct and indirect
1,2,3
ways.
Changing climate conditions are already affecting these valuable marine ecosystems and the array of resources and services we derive from the sea. Some climate trends, such as rising
seawater temperatures and ocean acidification, are common
across much of the coastal areas and open ocean worldwide.
The biological responses to climate change often vary from
region to region, depending on the different combinations of
species, habitats, and other attributes of local systems. Data
records for the ocean are often shorter and less complete than
those on land, and for many biological variables it is still diffi4
cult to discern long-term ocean trends from natural variability.
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Key Message 1: Rising Ocean Temperatures
The rise in ocean temperature over the last century will persist into the future, with continued
large impacts on climate, ocean circulation, chemistry, and ecosystems.
Cores from corals, ocean sediments, ice records, and other indirect temperature measurements indicate the recent rapid increase of ocean temperature is the greatest that has occurred
in at least the past millennium and can only be reproduced by
climate models with the inclusion of human-caused sources of
5,6
heat-trapping gas emissions. The ocean is a critical reservoir
for heat within Earth’s climate system, and because of seawater’s large heat storing capacity, small changes in ocean temperature reflect large changes in ocean heat storage. Direct
measurements of ocean temperatures show warming beginning in about 1970 down to at least 2,300 feet, with stronger
warming near the surface leading to increased thermal strati7,8
fication (or layering) of the water column. Sea surface temperatures in the North Atlantic and Pacific, including near U.S.
9,10
coasts, have also increased since 1900. In conjunction with a
warming climate, the extent and thickness of Arctic sea ice has

Observed Ocean Warming

11,12

decreased rapidly over the past four decades.
Models that
best match historical trends project seasonally ice-free northern
13
waters by the 2030s.
Climate-driven warming reduces vertical mixing of ocean water
that brings nutrients up from deeper water, leading to potential
impacts on biological productivity. Warming and altered ocean
circulation are also expected to reduce the supply of oxygen
to deeper waters, leading to future expansion of sub-surface
15
low-oxygen zones. Both reduced nutrients at the surface and
reduced oxygen at depth have the potential to change ocean
14
productivity. Satellite observations indicate that warming of
the upper ocean on year-to-year timescales leads to reductions in the biological productivity of tropical and subtropical
(the region just outside the tropics) oceans and expansion of
the area of surface waters with very low quantities of phytoplankton (microscopic marine
16
plants) biomass.
Ecosystem models suggest that the
same patterns of productivity
change will occur over the next
century as a consequence of
warming during this century,
perhaps also with increasing
17
productivity near the poles.
These changes can affect ecosystems at multiple levels of
the food web, with consequent
changes for fisheries and other
important human activities
that depend on ocean produc4,18
tivity.

Figure 24.1. Sea surface temperatures for the ocean surrounding the U.S. and its territories have
warmed by more than 0.9°F over the past century (top panel). There is significant variation from
place to place, with the ocean off the coast of Alaska, for example, warming far more rapidly than
other areas (bottom panel). The gray shading on the map denotes U.S. land territory and the
regions where the U.S. has rights over the exploration and use of marine resources, as defined
14
by the U.S. Exclusive Economic Zone (EEZ). (Figure source: adapted from Chavez et al. 2011 ).
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Other changes in the physical
and chemical properties of the
ocean are also underway due
to climate change. These in19
clude rising sea level, changes
in upper ocean salinity (including reduced salinity of Arctic
surface waters) resulting from
altered inputs of freshwater
and losses from evaporation,
changes in wave height from
changes in wind speed, and
changes in oxygen content at
various depths – changes that
will affect marine ecosystems
and human uses of the ocean
4
in the coming years.

CLIMATE CHANGE IMPACTS IN THE UNITED STATES

24: OCEANS AND MARINE RESOURCES
While the long-term global pattern is clear, there is considerable variability in the effects of climate change regionally and
locally because oceanographic conditions are not uniform and
are strongly influenced by natural climate fluctuations. Trends

during short periods of a decade or so can be dominated by
25
natural variability. For example, the high incidence of La Niña
events in the last 15 years has played a role in the observed
26
temperature trends.
27

Analyses suggest that
more of the increase in
heat energy during this
period has been transferred to the deep ocean
(see also Ch. 2: Our Changing Climate). While this
might temporarily slow
the rate of increase in surface air temperature, ultimately it will prolong the
effects of global warming
because the oceans hold
heat for longer than the
atmosphere does.

Ocean Impacts of Increased Atmospheric Carbon Dioxide

Interactions with processes in the atmosphere
and on land, such as rainfall patterns and runoff,
also vary by region and
are strongly influenced
by natural climate fluctuations, resulting in additional local variation in
the observed effects in
the ocean.
Marine ecosystems are
also affected by other human-caused local and regional disturbances such
as overfishing, coastal
habitat loss, and pollution, and climate change
impacts may exacerbate
the effects of these other
human factors.

Figure 24.2. As heat-trapping gases, primarily carbon dioxide (CO 2) (panel A), have increased over
the past decades, not only has air temperature increased worldwide, but so has the temperature of the
ocean’s surface (panel B). The increased ocean temperature, combined with melting of glaciers and
ice sheets on land, is leading to higher sea levels (panel C). Increased air and ocean temperatures
are also causing the continued, dramatic decline in Arctic sea ice during the summer (panel D).
Additionally, the ocean is becoming more acidic as increased atmospheric CO 2 dissolves into it (panel
20
21
22
E). (CO2 data from Etheridge 2010, Tans and Keeling 2012, and NOAA NCDC 2012; SST data
22
10
23
from NOAA NCDC 2012 and Smith et al. 2008; Sea level data from CSIRO 2012 and Church
19
24
4
and White 2011; Sea ice data from University of Illinois 2012; pH data from Doney et al. 2012 ).
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Key Message 2: Ocean Acidification Alters Marine Ecosystems
The ocean currently absorbs about a quarter of human-caused carbon dioxide
emissions to the atmosphere, leading to ocean acidification that will alter
marine ecosystems in dramatic yet uncertain ways.
Atmospheric carbon dioxide (CO2) has risen by about 40%
21,28
above pre-industrial levels.
The ocean absorbs about a
quarter of human-caused emissions of carbon dioxide annually, thereby changing seawater chemistry and decreasing pH
(making seawater more acidic) (Ch. 2: Our Changing Climate,
3,29
Key Message 12).
Surface ocean pH has declined by 0.1
units, equivalent to a 30% increase in ocean acidity, since pre30
industrial times. Ocean acidification will continue in the future due to the interaction of atmospheric carbon dioxide and
ocean water. Regional differences in ocean pH occur as a result
of variability in regional or local conditions, such as upwell31
ing that brings subsurface waters up to the surface. Locally,
coastal waters and estuaries can also exhibit acidification as
the result of pollution and excess nutrient inputs.
More acidic waters create repercussions along the marine food chain. For example, calcium carbonate is a
skeletal component of a wide variety of organisms in the
oceans, including corals. The chemical changes caused
by the uptake of CO2 make it more difficult for these living things to form and maintain calcium carbonate shells
and skeletal components and increases erosion of coral
32
reefs, resulting in alterations in marine ecosystems
that will become more severe as present-day trends in
acidification continue or accelerate (Ch. 22: Alaska; Ch.
33,34,35
23: Hawai‘i and Pacific Islands).
Tropical corals are
particularly susceptible to the combination of ocean
acidification and ocean warming, which would threaten
the rich and biologically diverse coral reef habitats.

Over 90% of seafood consumed in the U.S. is imported, and
more than half of the imported seafood comes from aquacul1
ture (fish and shellfish farming). While only 1% of U.S. seafood
comes from domestic shellfish farming, the industry is locally
important. In addition, shellfish have historically been an important cultural and food resource for indigenous peoples
along our coasts (Ch. 12: Indigenous Peoples, Key Message 1).
Increased ocean acidification, low-oxygen events, and rising
temperatures are already affecting shellfish aquaculture operations. Higher temperatures are predicted to increase aquaculture potential in poleward regions, but decrease it in the
37
tropics. Acidification, however, will likely reduce growth and
34
survival of shellfish stocks in all regions.

Pteropods, or “sea butterflies,” are eaten by a variety of marine species
ranging from tiny krill to salmon to whales. The photos show what happens
to a pteropod’s shell in seawater that is too acidic. On the left is a shell
from a live pteropod from a region in the Southern Ocean where acidity
is not too high. The shell on the right is from a pteropod in a region where
105
the water is more acidic. (Photo credits: (left) Bednaršek et al. 2012;
(right) Nina Bednaršek).

Ocean Acidification Reduces Size of Clams

Figure 24.3. The 36-day-old clams in the photos are a single species, Mercenaria mercenaria, grown in the
laboratory under varying levels of carbon dioxide (CO2) in the air. CO2 is absorbed from the air by ocean water,
acidifying the water and thus reducing the ability of juvenile clams to grow their shells. As seen in the photos, where
CO2 levels rise progressively from left to right, 36-day-old clams (measured in microns) grown under elevated
CO2 levels are smaller than those grown under lower CO2 levels. The highest CO2 level, about 1500 parts per
million (ppm; far right), is higher than most projections for the end of this century but could occur locally in some
36
estuaries. (Figure source: Talmage and Gobler 2010 ).
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The impacts of ocean acidification on west coast aquaculture
Ocean acidification has already changed the way shellfish farmers on the West Coast conduct business. For oyster
growers, the practical effect of the lowering pH of ocean water has not only been to make the water more acidic, but
also more corrosive to young shellfish raised in aquaculture facilities. Growers at Whiskey Creek Hatchery, in Oregon’s
38
Netarts Bay, found that low pH seawater during spawning reduced growth in mid-stage larval (juvenile) Pacific oysters.
Hatcheries in Washington State have also experienced losses of spat (oyster larvae that have attached to a surface and
begun to develop a shell) due to water quality issues that include other human-caused effects like dredging and pollu39
tion. Facilities like the Taylor Shellfish Farms hatchery on Hood Canal have changed their production techniques to
respond to increasing acidification in Puget Sound.
These impacts bring to light a potential challenge: existing natural variation may interact with human-caused changes
40
to produce unanticipated results for shell-forming marine life, especially in coastal regions. As a result, there is an
increasing need for information about water chemistry conditions, such as data obtained through the use of sensor networks. In the case of Whiskey Creek, instruments installed in collaboration with ocean scientists created an “early warning” system that allows oyster growers to choose the time they take water into the hatchery from the coastal ocean. This
allows them to avoid the lower-pH water related to upwelling and the commensurate loss of productivity in the hatchery.
From a biological perspective, these kinds of preventative measures can help produce higher-quality oysters. Studies
on native Olympia oysters (Ostrea lurida) show that there is a “carry-over” effect of acidified water – oysters exposed
41
to acidic conditions while in the juvenile stage continue to grow slower in later life stages. Research on some oyster
species such as Pacific oyster (Crassostrea gigas), the commercially important species in U.S. west coast aquaculture,
42
shows that specially selected strains can be more resistant to acidification.
Overall, economically important species such as oysters, mussels, and sea urchins are highly vulnerable to changes
in ocean conditions brought on by climate change and rising atmospheric CO2 levels. Sea temperature and acidification are expected to increase; the acidity of surface seawater is projected to nearly double by the end of this century.
Some important cultured species may be influenced in larval and juvenile developing stages, during fertilization, and
43
as adults, resulting in lower productivity. Action groups, such as the California Current Acidification Network (C-CAN),
are working to address the needs of the shellfish industry – both wild and aquaculture-based fisheries – in the face of
ocean change. These efforts bring scientists from across disciplines together with aquaculturists, fishermen, the oceanographic community, and state and federal decision-makers to ensure a concerted, standardized, and cost-effective
44
approach to gaining new understanding of the impact of acidification on ecosystems and the economy.

Key Message 3: Habitat Loss Affects Marine Life
Significant habitat loss will continue to occur due to climate change for many species and
areas, including Arctic and coral reef ecosystems, while habitat in other areas and
for other species will expand. These changes will consequently alter the
distribution, abundance, and productivity of many marine species.
Species have responded to climate change in part by shift45
ing where they live. Such range shifts result in ecosystem
changes, including the relationships between species and their
connection to habitat, because different species respond to
changing conditions in different ways. This means that ocean
ecosystems are changing in complex ways, with accompanying
changes in ecosystem functions (such as nutrient cycling, productivity of species, and predator-prey relationships). Overall
habitat extent is expected to change as well, though the degree of range migration will depend upon the life history of
particular species. For example, reductions in seasonal sea-ice
cover and higher surface temperatures may open up new habitats in polar regions for some important fish species, such as
46
cod, herring, and pollock. However, the continuing presence
of cold bottom-water temperatures on the Alaskan Continen-

tal shelf could limit northward migration into the northern
47
Bering Sea and Chukchi Sea. In addition, warming may cause
reductions in the abundance of some species, such as pollock,
48
in their current ranges in the Bering Sea. For other ice-dependent species, including several marine mammals such as
polar bears, walruses, and many seal species, the loss of their
49
critically important habitat will result in population declines.
Additionally, climate extremes can facilitate biological invasions by a variety of mechanisms such as increased movement
or transport of invasive species, and decreased resilience of
native species, so that climate change could increase existing
50
impacts from human transport. These changes will result in
changing interactions among species with consequences that
are difficult to predict. Tropical species and ecosystems may
encounter similar difficulties in migrating poleward as success
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of some key species such as corals may be limited by adequate
51
bottom substrate, water clarity, and light availability.
Climate change impacts such as increasing ocean temperatures can profoundly affect production of natural stocks of fish
by changing growth, reproduction, survival, and other critical
characteristics of fish stocks and ecosystems. For species that
migrate to freshwater from the sea, like salmon, some published studies indicate earlier start of spawning migration,
warming stream temperatures, and extirpation in southern ex4,52
tent of range, all of which can affect productivity. To remain
within their normal temperature range, some fish stocks are
53,54
moving poleward and to deeper water.
Fishery productivity
is predicted to decline in the lower 48 states, but increase in

Coral

55

parts of Alaska. However, projections based only on temperature may neglect important food web effects. Fishing costs
are predicted to increase as fisheries transition to new species
18
and as processing plants and fishing jobs shift poleward. The
cumulative impact of such changes will be highly variable on
regional scales because of the combination of factors – some
acting in opposite directions. Some areas will benefit from
range expansions of valuable species or increases in productivity, while others will suffer as species move away from previously productive areas.

reef ecosystem collapse

Recent research indicates that 75% of the world’s coral reefs are threatened due to the interactive effects of climate
56,57
change and local sources of stress, such as overfishing, nutrient pollution, and disease.
In Florida, all reefs are
58
rated as threatened, with significant impacts on valuable ecosystem services they provide. Caribbean coral cover has
59
decreased 80% in less than three decades. These declines have in turn led to a flattening of the three dimensional
structure of coral reefs and hence a decrease in the capacity of coral reefs to provide shelter and other resources for
60
other reef-dependent ocean life.
The relationship between coral and zooxanthellae (algae vital for reef-building corals) is disrupted by higher than usual
temperatures and results in a condition where the coral is still alive, but devoid of all its color (bleaching). Bleached
61,62
corals can later die or become infected with disease.
Thus, high temperature events alone can kill large stretches
of coral reef, although
cold water and poor
Warming Seas Are a Double-blow to Corals
water
quality
can
also cause localized
bleaching and death.
Evidence suggests that
relatively pristine reefs,
with fewer human impacts and with intact
fish and associated
invertebrate communities, are more resilient
to coral bleaching and
63
disease.
Figure 24.4. A colony of star coral (Montastraea faveolata) off the southwestern coast of Puerto Rico
(estimated to be about 500 years old) exemplifies the effect of rising water temperatures. Increasing
disease due to warming waters killed the central portion of the colony (yellow portion in A), followed
by such high temperatures that bleaching - or loss of symbiotic algae from coral - occurred from the
surrounding tissue (white area in B). The coral then experienced more disease in the bleached area
on the periphery (C) that ultimately killed the colony (D). (Photo credit: Ernesto Weil).
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Key Message 4: Rising Temperatures Linked to Diseases
Rising sea surface temperatures have been linked with increasing levels and
ranges of diseases in humans and in marine life, including corals, abalones,
oysters, fishes, and marine mammals.
There has been a significant increase in reported incidences of
disease in corals, urchins, mollusks, marine mammals, turtles,
and echinoderms (a group of some 70,000 marine species including sea stars, sea urchins, and sand dollars) over the last
64,65,66,67
several decades.
Increasing disease outbreaks in the
ocean affecting ecologically important species, which provide
65,68
critically important habitat for other species such as corals,
69
70
algae, and eelgrass, have been linked with rising temperatures. Disease increases mortality and can reduce abundance
for affected populations as well as fundamentally change ecosystems by changing habitat or species relationships. For example, loss of eelgrass beds due to disease can reduce critical
nursery habitat for several species of commercially important
70,71
fish.
The complexity of the host/environment/pathogen interaction
makes it challenging to separate climate warming from the
myriad of other causes facilitating increased disease outbreaks
in the ocean. However, three categories of disease-causing
pathogens are unequivocally related to warming oceans.
Firstly, warmer winters due to climate change can increase
67
the overwinter survival and growth rates of pathogens. A
disease-causing parasite in oysters that proliferates at high
water temperatures and high salinities spread northward up
the eastern seaboard as water temperatures warmed during
72
the 1990s. Growth rates of coral disease lesions increased
62
with winter and summer warming from 1996 to 2006. Winter
warming in the Arctic is resulting in increased incidence of a
salmon disease in the Bering Sea and is now thought to be a
73
cause of a 57% decline of Yukon Chinook salmon.

Secondly, increasing disease outbreaks in ecologically important species like coral, eelgrass, and abalone have been
linked with temperatures that are higher than the long-term
averages. The spectacular biodiversity of tropical coral reefs
is particularly vulnerable to warming because the corals that
form the foundational reef structure live very near the upper
temperature limit at which they thrive. The increasing frequency of record hot temperatures has caused widespread coral
66
65
bleaching and disease outbreaks and is a principal factor
contributing to the International Union for the Conservation
of Nature listing a third of the reef-building corals as vulner74
able, endangered, or critically endangered and the National
Oceanic and Atmospheric Administration proposing to list 66
75,76
species of corals under the Endangered Species Act.
In the
Chesapeake Bay, eelgrass died out almost completely during
77
the record-hot summers of 2005 and 2010, and the California
black abalone has been driven to the edge of extinction by a
78
combination of warming water and bacterial disease.
Thirdly, there is evidence that increased water temperature is
responsible for the enhanced survival and growth of certain
78
marine bacteria that make humans sick. Increases in growth
of Vibrio parahaemolyticus (a pathogenic bacterial species)
during the warm season are responsible for human illnesses
79
associated with oysters harvested from the Gulf of Mexico
80
and northern Europe. Vibrio vulnificus, which is responsible
for the overwhelming majority of reported seafood-related
81
deaths in the United States, is also a significant and growing
source of potentially fatal wound infections associated with
recreational swimming, fishing-related cuts, and seafood handling, and is most frequently found in water with a tempera79,81,82
ture above 68°F.

Key Message 5: Economic Impacts of Marine-related Climate Change
Climate changes that result in conditions substantially different from recent
history may significantly increase costs to businesses as well
as disrupt public access and enjoyment of ocean areas.
Altered environmental conditions due to climate change will
affect, in both positive and negative ways, human uses of the
ocean, including transportation, resource use and extraction,
leisure and tourism activities and industries, in the nearshore
and offshore areas. Climate change will also affect maritime
security and governance. Arctic-related national security concerns and threats to national sovereignty have also been a
83,84
recent focus of attention for some researchers.
With sea
ice receding in the Arctic as a result of rising temperatures,
global shipping patterns are already changing and will con-

84,85

tinue to change considerably in the decades to come.
The
increase in maritime traffic could make disputes over the legal
status of sea lines-of-communication and international straits
more pointed, but mechanisms exist to resolve these disputes
peacefully through the Law of the Sea Convention and other
customary international laws.
Resource use for fisheries, aquaculture, energy production,
and other activities in ocean areas will also need to adjust to
changing ocean climate conditions. In addition to the shift in
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habitat of living resources discussed above, changing ocean
and weather conditions due to human-induced climate change
make any activities at sea more difficult to plan, design, and
operate.
In the United States, the healthy natural services (such as fishing and recreation) and cultural resources provided by the
ocean also play a large economic role in our tourism industry.
Nationally in 2010, 2.8% of gross domestic product, 7.52 million jobs, and $1.11 trillion in travel and recreational total sales
86
are supported by tourism. In 2009-2010, nine of the top ten
states and U.S. territories and seven of the top ten cities visited
by overseas travelers were coastal, including the Great Lakes.
Changes in the location and distribution of marine resources
(such as fish, healthy reefs, and marine mammals) due to climate change will affect the recreational industries and all the
people that depend on reliable access to these resources in
predictable locales. For example, as fish species shift poleward
54,87
or to deeper waters,
these fish may be less accessible to
recreational fishermen. Similar issues will also affect commercial fishing.

Similarly, new weather conditions differing from the historical
pattern will pose a challenge for tourism, boating, recreational
fishing, diving, and snorkeling, all of which rely on highly predictable, comfortable water and air temperatures and calm waters. For example, the strength of hurricanes and the number of
strong (Category 4 and 5) hurricanes are projected to increase
over the North Atlantic (Ch. 2: Our Changing Climate). Changes
88
89
in wind patterns and wave heights have been observed and
90
are projected to continue to change in the future. This means
that the public will not be able to rely on recent experience in
91,92
planning leisure and tourism activities.
As weather patterns
change and air and sea surface temperatures rise, preferred
locations for recreation and tourism also may change. In addition, infrastructure such as marinas, marine supply stores,
boardwalks, hotels, and restaurants that support leisure activities and tourism will be negatively affected by sea level rise.
They may also be affected by increased storm intensity and
92
changing wave heights, as well as elevated storm surge due
to sea level rise and other expected effects of a changing cli93
mate; these impacts will vary significantly by region.

Key Message 6: Initiatives Serve as a Model
In response to observed and projected climate impacts, some existing ocean policies,
practices, and management efforts are incorporating climate change impacts. These
initiatives can serve as models for other efforts and ultimately enable people
and communities to adapt to changing ocean conditions.
Climate considerations can be integrated into planning, restoration, design of marine protected areas, fisheries management, and aquaculture practices to enhance ocean resilience
and adaptive capacity. Many existing sustainable-use strategies, such as ending overfishing, establishing protected areas,
and conserving habitat, are known to increase resilience. Analyses of fishery management and climate scenarios suggest that
adjustments to harvest regimes (especially reducing harvest
rates of over-exploited species) can improve catch stability
under changing climate conditions. These actions could have a
greater effect on biological and economic performance in fish94
eries than impacts due to warming over the next 25 years.
The stability of international ocean and fisheries treaties, particularly those covering commercially exploited and critical
95
species, might be threatened as the ocean changes.
The fact that the climate is changing is beginning to be incorporated into existing management strategies. New five-year
strategies for addressing flooding, shoreline erosion, and
coastal storms have been developed by most coastal states
3
under their Coastal Zone Management Act programs. Many
of these plans are explicitly taking into account future climate
scenarios as part of their adaptation initiatives. The North Pacific Fishery Management Council and NOAA have declared a
moratorium on most commercial fisheries in the U.S. Arctic
pending sufficient understanding of the changing productiv-

ity of these fishing grounds as they become increasingly icefree. Private shellfish aquaculture operations are changing
38,39
their business plans to adapt to ocean acidification.
These
changes include monitoring and altering the timing of spat
settlement dependent on climate change induced conditions,
as well as seeking alternative, acid-resistant strains for culturing. Marine protected areas in the National Marine Sanctuary
(NMS) System are gradually preparing climate impact reports
and climate adaptation action plans under their Climate Smart
96
Sanctuary Initiative.
Additionally, there is promise in restoring key habitats to provide a broad suite of benefits that can reduce climate impacts
with relatively little ongoing maintenance costs (see Ch. 25:
Coasts; Ch. 28: Adaptation). For example, if in addition to sea
level rise, an oyster reef or mangrove restoration strategy also
included fish habitat benefits for commercial and recreational
uses and coastal protection services, the benefits to surrounding communities could multiply quickly. Coral-reef-based tourism can be more resilient to climate change impacts through
protection and restoration, as well as reductions of pollution
and other habitat-destroying activities. Developing alternative
livelihood options as part of adaptation strategies for marine
food-producing sectors can help reduce economic and social
impacts of a changing climate.
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impacts on new england fisheries
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Climate

Fishing in New England has been associated with bottom-dwelling fish for more than
400 years, and is a central part of the region’s cultural identity and social fabric. Atlantic
halibut, cod, haddock, flounders, hakes, pollock, plaice, and soles are included under
the term “groundfish.” The fishery is pursued by both small boats (less than 50 feet long)
that are typically at sea for less than a day, and by large boats (longer than 50 feet) that
fish for a day to a week at a time. These vessels use home ports in more than 100 coastal communities from Maine to New Jersey, and the landed value from fisheries in New
England and the
Mid-Atlantic
in
2010 was nearly
Fisheries Shifting North
76
$1.2 billion. Captains and crew are
often second- or
third-generation
fishermen who have
learned the trade
from their families.

From
1982
to
2006, sea surface temperature in the coastal waters of the Northeast warmed by close to twice the
97
global rate of warming over this period. Long-term
monitoring of bottom-dwelling fish communities in
New England revealed that the abundance of warmwater species increased, while cool-water species de54,98
creased.
A recent study suggests that many species in this community have shifted their geographic
distributions northward by up to 200 miles since
1968, though substantial variability among species
54
also exists. The northward shifts of these species
are reflected in the fishery as well: landings and landed value of these species have shifted towards northern states such as Massachusetts and Maine, while
southern states have seen declines (see Figure 24.5).
The economic and social impacts of these changes
depend in large part on the response of the fishing
99
communities in the region. Communities have a
range of strategies for coping with the inherent uncertainty and variability of fishing, including diversification among species and livelihoods, but climate
change imposes both increased variability and sustained change that may push these fishermen beyond
100
their ability to cope. Larger fishing boats can follow
the fish to a certain extent as they shift northward,
while smaller inshore boats will be more likely to
100
leave fishing or switch to new species. Long-term
viability of fisheries in the region may ultimately depend on a transition to new species that have shifted
18
from regions farther south.

Figure 24.5. Ocean species are shifting northward along U.S.
coastlines as ocean temperatures rise. As a result, over the
past 40 years, more northern ports have gradually increased
their landings of four marine species compared to the earlier
pattern of landed value. While some species move northward
out of an area, other species move in from the south. This kind of
information can inform decisions about how to adapt to climate
change. Such adaptations take time and have costs, as local
knowledge and equipment are geared to the species that have
long been present in an area. (Figure source: adapted from Pinsky
101
and Fogerty 2012 ).
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SUPPLEMENTAL MATERIAL
TRACEABLE ACCOUNTS

Traceable Accounts
Process for Developing Key Messages:
A central component of the assessment process was the Oceans
and Marine Resources Climate assessment workshop that was
held January 23-24, 2012, at the National Oceanographic and
Atmospheric Administration (NOAA) in Silver Spring, MD, and simultaneously, via web teleconference, at NOAA in Seattle, WA. In
the workshop, nearly 30 participants took part in a series of scoping presentations and breakout sessions that began the process
leading to a foundational Technical Input Report (TIR) entitled
“Oceans and Marine Resources in a Changing Climate: Technical
102
Input to the 2013 National Climate Assessment.” The report,
consisting of nearly 220 pages of text organized into 7 sections
with numerous subsections and more than 1200 references, was
assembled by 122 authors representing governmental agencies,
non-governmental organizations, tribes, and other entities.
The chapter author team engaged in multiple technical discussions via teleconferences that permitted a careful review of the
102
foundational TIR and of approximately 25 additional technical
inputs provided by the public, as well as the other published literature, and professional judgment. The chapter author team met at
Conservation International in Arlington, VA on 3-4 May 2012 for
expert deliberation of draft key messages by the authors, wherein
each message was defended before the entire author team before
the key message was selected for inclusion in the report. These
discussions were supported by targeted consultation with additional experts by the lead author of each message to help define
“key vulnerabilities.”

K ey message #1 Traceable Account
The rise in ocean temperature over the last century will persist into the future, with continued large
impacts on climate, ocean circulation, chemistry,
and ecosystems.
Description of evidence base
The key message is supported by extensive evidence documented
102
in Sections 2 and 3 of the Oceans Technical Input Report and
in the additional technical inputs received as part of the Federal
Register Notice solicitation for public input, as well as stakeholder
engagement leading up to drafting the chapter.

5,7,8

Relevant and recent peer-reviewed publications,
including
many others that are cited therein, describe evidence that ocean
temperature has risen over the past century. This evidence base
includes direct and indirect temperature measurements, paleoclimate records, and modeling results.
There are also many relevant and recent peer-reviewed publications describing changes in physical and chemical ocean proper11,14
ties that are underway due to climate change.
New information and remaining uncertainties
Important new information since the last National Climate Assess103
ment includes the latest update to a data set of ocean tempera7
tures.
There is accumulating new information on all of these points with
regard to physical and chemical changes in the ocean and resultant impacts on marine ecosystems. Both measurements and
model results are continuing to sharpen the picture.
A significant area of uncertainty remains with regard to the region-by-region impacts of warming, acidification, and associated
changes in the oceans. Regional and local conditions mean that
impacts will not be uniform around the U.S. coasts or internationally. Forecasting of regional changes is still an area of very active
research, though the overall patterns for some features are now
clear.
Large-scale and recurring climate phenomena (such as the El Niño
Southern Oscillation, the Pacific Decadal Oscillation, and the Atlantic Multidecadal Oscillation) cause dramatic changes in biological productivity and ecosystem structure and make it difficult to
discern climate-driven trends.
Current time series of biological productivity are restricted to
a handful of sites around the globe and to a few decades, and
global, comprehensive satellite time series of ocean color are even
shorter, beginning in 1997. Based on an analysis of different in
situ datasets, one research group suggested a decline of 1% per
year over the past century, but these findings may be an artifact
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Traceable Accounts
14,104

of limited data and have been widely debated.
However, the
few in situ time series mostly indicate increases in biological productivity over the past 20 years, but with clear links to regional
14
changes in climate.
Assessment of confidence based on evidence
Confidence that the ocean is warming and acidifying, and that sea level is rising is very high. Changes in other physical and chemical properties such as ocean circulation, wave heights, oxygen minimums, and
salinity are of medium confidence. For ecosystem changes, there is
high confidence that these are occurring and will persist and likely
grow in the future, though the details of these changes are highly
geographically variable.

Confidence Level
Very High
Strong evidence (established
theory, multiple sources, consistent
results, well documented and
accepted methods, etc.), high
consensus
High
Moderate evidence (several sources, some consistency, methods
vary and/or documentation limited,
etc.), medium consensus

Numerous references provide evidence for the increasing acidity
(lower pH) of oceans around the world (Ch. 2: Our Changing Cli3,31
mate, Key Message 12).
There is a rapid growth in peer-reviewed publications describing
how ocean acidification will impact ecosystems,33,34 but to date
evidence is largely based on studies of calcification rather than
growth, reproduction, and survival of organisms. For these latter
effects, available evidence is from laboratory studies in low pH
conditions, rather than in situ observations.35
New information and remaining uncertainties
The interplay of environmental stressors may result in “surprises”
where the synergistic impacts may be more deleterious or more
beneficial than expected. Such synergistic effects create complexities in predicting the outcome of the interplay of stressors
on marine ecosystems. Many, but not all, calcifying species are
affected by increased acidity in laboratory studies. How those responses will cascade through ecosystems and food webs is still
uncertain. Although studies are underway to expand understanding of ocean acidification on all aspects of organismal physiology,
much remains to be learned.
Assessment of confidence based on evidence
Confidence is very high that carbon dioxide emissions to the atmosphere are causing ocean acidification, and high that this will alter
marine ecosystems. The nature of those alterations is unclear,
however, and predictions of most specific ecosystem changes
have low confidence at present, but with medium confidence for
coral reefs.

Medium
Suggestive evidence (a few
sources, limited consistency, models incomplete, methods emerging,
etc.), competing schools of thought

K ey message #3 Traceable Account

Low

Significant habitat loss will continue to occur due
to climate change for many species and areas, including Arctic and coral reef ecosystems, while
habitat in other areas and for other species will
expand. These changes will consequently alter the
distribution, abundance, and productivity of many
marine species.

Inconclusive evidence (limited
sources, extrapolations, inconsistent findings, poor documentation
and/or methods not tested, etc.),
disagreement or lack of opinions
among experts

K ey message #2 Traceable Account
The ocean currently absorbs about a quarter of
human-caused carbon dioxide emissions to the atmosphere, leading to ocean acidification that will
alter marine ecosystems in dramatic yet uncertain
ways.
Description of evidence base
The key message is supported by extensive evidence documented
102
in the Oceans Technical Input Report and additional technical
inputs received as part of the Federal Register Notice solicitation
for public input, as well as stakeholder engagement leading up to
drafting the chapter.

Description of evidence base
The key message is supported by extensive evidence documented
102
in the Oceans Technical Input Report and additional technical
inputs received as part of the Federal Register Notice solicitation
for public input, as well as stakeholder engagement leading up to
drafting the chapter.
Many peer-reviewed publications
reefs induced by global change.

56,70

describe threats to coral

There are also many relevant and recent peer-reviewed publica53,54,87
tions
that discuss impacts on marine species and resources
of habitat change that is induced by climate change.
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Traceable Accounts
New information and remaining uncertainties
Regional and local variation is, again, a major component of the
remaining uncertainties. Different areas, habitats, and species are
responding differently and have very different adaptive capacities.
Those species that are motile will certainly respond differently, or
at least at a different rate, by changing distribution and migration
patterns, compared to species that do not move, such as corals.
Although it is clear that some fish stocks are moving poleward and
to deeper water, how far they will move and whether most species will move remains unclear. A key uncertainty is the extent to
which various areas will benefit from range expansions of valuable
species or increases in productivity, while other areas will suffer
as species move away from previously productive areas. The loss
of critically important habitat due to climate change will result in
changes in species interactions that are difficult to predict.
Assessment of confidence based on evidence
There is very high confidence that habitat and ecosystems are
changing due to climate change, but that change is not unidirectional by any means. Distribution, abundance, and productivity
changes are species and location dependent and may be increasing or decreasing in a complex pattern.

K ey message #4 Traceable Account
Rising sea surface temperatures have been linked
with increasing levels and ranges of diseases in humans and in marine life, including corals, abalones,
oysters, fishes, and marine mammals.
Description of evidence base
The key message is supported by extensive evidence in the Oceans
102
Technical Input Report and additional technical inputs received
as part of the Federal Register Notice solicitation for public input, as well as stakeholder engagement leading up to drafting the
chapter.
As noted in the chapter, the references document increased levels
64,65,66,67
and ranges of disease coincident with rising temperatures.
New information and remaining uncertainties
The interactions among host, environment, and pathogen are complex, which makes it challenging to separate warming due to climate change from other causes of disease outbreaks in the ocean.
Assessment of confidence based on evidence
There is high confidence that disease outbreaks and levels are
increasing, and that this increase is linked to increasing temperatures. Again, there is substantial local to regional variation but the
overall pattern seems consistent.

K ey message #5 Traceable Account
Climate changes that result in conditions substantially different from recent history may significantly increase costs to businesses as well as disrupt
public access and enjoyment of ocean areas.
Description of evidence base
The key message is supported by extensive evidence documented
102
in the Oceans Technical Input Report and additional technical
inputs received as part of the Federal Register Notice solicitation
for public input, as well as stakeholder engagement leading up to
drafting the chapter.
Many peer-reviewed publications describe the predicted impacts
of climate change on tourism and recreation industries and their
91,92
associated infrastructure.
New information and remaining uncertainties
Given the complexity of transportation, resource use and extraction, and leisure and tourism activities, there are large uncertainties in impacts in specific locales or for individual activities. Some
businesses and communities may be able to adapt rapidly, others
less so. Infrastructure impacts of climate change will also be an
important part of the ability of businesses, communities, and the
public to adapt.
Assessment of confidence based on evidence
As with many other impacts of climate change, the evidence that
change is occurring is very strong but the resultant impacts are
still uncertain. For all of these human uses, and the associated
costs and disruption, the evidence is suggestive and confidence
medium on the effects of the ongoing changes in ocean conditions.

K ey message #6 Traceable Account
In response to observed and projected climate
impacts, some existing ocean policies, practices,
and management efforts are incorporating climate
change impacts. These initiatives can serve as
models for other efforts and ultimately enable people and communities to adapt to changing ocean
conditions.
Description of evidence base
The key message is supported by extensive evidence documented
102
in the Oceans Technical Input Report and additional technical
inputs reports received as part of the Federal Register Notice
solicitation for public input, as well as stakeholder engagement
leading up to drafting the chapter.
Scenarios suggest that adjustments to fish harvest regimes can
improve catch stability under increased climate variability. These
actions could have a greater effect on biological and economic
performance in fisheries than impacts due to warming over the
94
next 25 years.
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Traceable Accounts
New information and remaining uncertainties
Efforts are underway to enhance the development and deployment
of science in support of adaptation, to improve understanding and
awareness of climate-related risks, and to enhance analytic capacity to translate understanding into planning and management
activities. While critical knowledge gaps exist, there is a wealth of
climate- and ocean-related science pertinent to adaptation.102
Assessment of confidence based on evidence
There is high confidence that adaptation planning will help mitigate the impacts of changing ocean conditions. But there is much
work to be done to craft local solutions to the set of emerging
issues in ocean and coastal areas.
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COASTAL ZONE

DEVELOPMENT AND ECOSYSTEMS

Key Messages
1. Coastal lifelines, such as water supply and energy infrastructure and evacuation routes, are
increasingly vulnerable to higher sea levels and storm surges, inland flooding, erosion, and other
climate-related changes.
2. Nationally important assets, such as ports, tourism and fishing sites, in already-vulnerable coastal
locations, are increasingly exposed to sea level rise and related hazards. This threatens to disrupt
economic activity within coastal areas and the regions they serve and results in significant costs
from protecting or moving these assets.
3. Socioeconomic disparities create uneven exposures and sensitivities to growing coastal risks and
limit adaptation options for some coastal communities, resulting in the displacement of the most
vulnerable people from coastal areas.
4. Coastal ecosystems are particularly vulnerable to climate change because many have already
been dramatically altered by human stresses; climate change will result in further reduction or
loss of the services that these ecosystems provide, including potentially irreversible impacts.
5. Leaders and residents of coastal regions are increasingly aware of the high vulnerability of
coasts to climate change and are developing plans to prepare for potential impacts on citizens,
businesses, and environmental assets. Significant institutional, political, social, and economic
obstacles to implementing adaptation actions remain.
Population Change in U.S. Coastal Watershed Counties
(1970-2010)

Figure 25.1. U.S. population
growth in coastal watershed counties has been most significant
over the past 40 years in urban
centers such as Puget Sound,
San Francisco Bay, southern California, Houston, South Florida and
the northeast metropolitan corridor. A coastal watershed county
is defined as one where either 1)
at a minimum, 15% of the county’s
total land area is located within a
coastal watershed, or 2) a portion
of or an entire county accounts for
at least 15% of a coastal USGS
1
8-digit cataloging unit. Residents
in these coastal areas can be considered “the U.S. population that
1
most directly affects the coast.”
We use this definition of “coastal”
throughout the chapter unless
otherwise specified. (Data from
U.S. Census Bureau).
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Each year, more than 1.2 million people move to the coast, collectively adding the equivalent of nearly one San Diego, or more
than three Miami’s, to the Great Lakes or open-ocean coastal
watershed counties and parishes of the United States. As a result, 164 million Americans – more than 50% of the population
1,2
– now live in these mostly densely populated areas (Figure
25.1) and help generate 58% of the national gross domestic
3
product (GDP). People come – and stay – for the diverse and
growing employment opportunities in recreation and tourism, commerce, energy and mineral production, vibrant urban
4
centers, and the irresistible beauty of our coasts. Residents,
combined with the more than 180 million tourists that flock to
5,6
the coasts each year, place heavy demands on the unique
natural systems and resources that make coastal areas so
7
attractive and productive.
Meanwhile, public agencies and officials are charged with balancing the needs of economic vitality and public safety, while
sustaining the built and natural environments in the face of
risks from well-known natural hazards such as storms, flooding,
8
and erosion. Although these risks play out in different ways
9
along the United States’ more than 94,000 miles of coastline,
all coasts share one simple fact: no other region concentrates
so many people and so much economic activity on so little
land, while also being so relentlessly affected by the sometimes
violent interactions of land, sea, and air.
Humans have heavily altered the coastal environment through
development, changes in land use, and overexploitation of
resources. Now, the changing climate is imposing additional

10

stresses, making life on the coast more challenging (Figure
25.2). The consequences will ripple through the entire nation,
which depends on the productivity and vitality of coastal regions.

Coastal

resilience defined

Resilience means different things to different disciplines
and fields of practice. In this chapter, resilience generally refers to an ecological, human, or physical system’s
ability to persist in the face of disturbance or change and
11
continue to perform certain functions. Natural or physical systems do so through absorbing shocks, reorganizing
12
after disturbance, and adapting; social systems can also
13
consciously learn.

Events like Superstorm Sandy in 2012 have illustrated that
public safety and human well-being become jeopardized by
the disruption of crucial lifelines, such as water, energy, and
evacuation routes. As climate continues to change, repeated
disruption of lives, infrastructure functions, and nationally and
internationally important economic activities will pose intolerable burdens on people who are already most vulnerable
and aggravate existing impacts on valuable and irreplaceable
natural systems. Planning long-term for these changes, while
balancing different and often competing demands, are vexing
challenges for decision-makers (Ch. 26: Decision Support).

Flooding During High Tides

Figure 25.2. Sea level rise is not just a problem of the future, but is already affecting coastal communities such
as Charleston, South Carolina, and Olympia in South Puget Sound through flooding during high tides. (Photo credits:
(left) NOAA Coastal Services Center; (right) Ray Garrido, January 6, 2010, reprinted with permission by the Washington
Department of Ecology).
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Climate-related Drivers of Coastal Change

14

• Sea surface temperatures are rising and are expected to
15
rise faster over the next few decades, with significant regional variation, and with the possibility for more intense
hurricanes as oceans warm (Ch. 2: Our Changing Climate).
• Global average sea level is rising and has been doing so
for more than 100 years (Ch.2: Our Changing Climate),
and greater rates of sea level rise are expected in the
16
future. Higher sea levels cause more coastal erosion,
changes in sediment transport and tidal flows, more frequent flooding from higher storm surges, landward migration of barrier shorelines, fragmentation of islands, and
7,17,18,19
saltwater intrusion into aquifers and estuaries.
20,21

• Rates of sea level rise are not uniform along U.S. coasts
and can be exacerbated locally by land subsidence or re22,23
duced by uplift.
Along the shorelines of the Great
Lakes, lake level changes are uncertain (Ch. 18: Midwest),
but erosion and sediment migration will be exacerbated
by increased lakeside storm events, tributary flood24
ing, and increased wave action due to loss of ice cover.

• Marine ecosystems are being threatened by climate change
and ocean acidification. The oceans are absorbing more
carbon dioxide as the concentration in the atmosphere
increases, resulting in ocean acidification, which threat28,29,30
ens coral reefs and shellfish.
Coastal fisheries are
31
also affected by rising water temperatures and climate32,33
related changes in oceanic circulation (Ch. 24: Oceans).
Wetlands and other coastal habitats are threatened by sea
level rise, especially in areas of limited sediment supply
34
or where barriers prevent onshore migration. The combined effects of saltwater intrusion, reduced precipitation,
and increased evapotranspiration will elevate soil salinities
35,36
and lead to an increase in salt-tolerant vegetation
and
37
the dieback of coastal swamp forests.
None of these changes operate in isolation. The combined effects of climate changes with other human-induced stresses
makes predicting the effects of climate change on coastal
systems challenging. However, it is certain that these factors
will create increasing hazards to the coasts’ densely populated
38,39,40
areas.

• Patterns of precipitation change are affecting coastal areas in complex ways (Ch. 2: Our Changing Climate). In regions where precipitation increases, coastal areas will see heavier runoff from inland areas, with the already observed trend
toward more intense rainfall events continuing to increase
the risk of extreme runoff and flooding. Where precipitation is expected to decline and droughts to increase, freshwater inflows to the coast will be reduced (Ch. 3: Water).
• There has been an overall increase in storm activity near
the Northeast and Northwest coastlines since about
25
1980. Winter storms have increased slightly in frequency
and intensity and their storm tracks have shifted north26
ward. The most intense tropical storms have increased
27
in intensity in the last few decades. Future projections
suggest increases in hurricane rainfall and intensity (with
a greater number of the strongest – Category 4 and 5 –
hurricanes), a slight decrease in the frequency of tropical
cyclones, and possible shifts in storm tracks, though the
details remain uncertain (Ch. 2: Our Changing Climate).
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The primary climatic forces affecting the coasts are changes in
temperature, sea and water levels, precipitation, storminess,
7
ocean acidity, and ocean circulation.
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Projected Sea Level Rise and Flooding by 2050

Figure 25.3. The amount of sea level rise (SLR) b y 2 0 5 0 will vary along different stretches of the U.S. coastline and under
16
different SLR scenarios, mostly due to land subsidence or uplift (Ch.2: Our Changing Climate). The panels show feet of sea level
above 1992 levels at different tide gauge stations based on a) an 8 inch SLR and b) a 1.24 foot SLR b y 2 0 5 0 . The flood level
that has a 1% chance of occurring in any given year (“return level”) is similarly projected to differ by region as a result of varying
storm surge risk. Panel c) shows return levels for a 1.05 foot SLR above mean high tide by 2050. Finally, panel d) shows how a
1.05 foot SLR by 2050 could cause the level of flooding that occurs during today’s 100-year storm to occur more frequently by
23
mid-century, in some regions as often as once a decade or even annually. ( F i g u r e source: replicated Tebaldi et al. 2012
16
analysis with NCA sea level rise scenarios for panels a) and b); data/ensemble SLR projections used for panels c) and d)
23
from Tebaldi et al. 2012 ; all estimates include the effect of land subsidence).
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Figure 25.4. (a) Social Vulnerability, (b) Probability of Shoreline Erosion
(a) Social Vulnerabilty Index (SoVI) at the Census tract level for counties along the coast. The Social Vulnerability
Index provides a quantitative, integrative measure for comparing the degree of vulnerability of human populations
across the nation. A high SoVI (dark pink) typically indicates some combination of high exposure and high sensitivity to
the effects of climate change and low capacity to deal with them. Specific index components and weighting are unique
to each region (North Atlantic, South Atlantic, Gulf, Pacific, Great Lakes, Alaska, and Hawai‘i). All index components
are constructed from readily available Census data and include measures of poverty, age, family structure, location
41,42
(rural versus urban), foreign-born status, wealth, gender, Native American status, and occupation.
(b) Probability of Shoreline Erosion greater than 3.3 feet per year for counties along the coast. Probability is based on
43
historical conditions only and does not reflect the possibility of acceleration due to increasing rates of sea level rise.
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Figure 25.4. (c) Climate-Related Threats
(c) Regional Threats from Climate Change are compiled from technical input reports, the regional chapters in this report,
and from scientific literature. For related information, see http://data.globalchange.gov/report/regional-differences-2012
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Figure 25.4. (d) Adaptation Activities
(d) Examples of Adaptation Activities in Coastal Areas of the U.S. and Affiliated Island States are compiled from
technical input reports, the regional chapters in this report, and scientific literature. For related information, see
http://data.globalchange.gov/report/coastal-adaptation-examples-2012
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Key Message 1: Coastal Lifelines at Risk
Coastal lifelines, such as water supply and energy infrastructure and evacuation routes,
are increasingly vulnerable to higher sea levels and storm surges, inland flooding,
erosion, and other climate-related changes.
Key coastal vulnerabilities arise from complex interactions among climate change and other physical,
human, and ecological factors. These vulnerabilities
have the potential to fundamentally alter life at the
coast and disrupt coast-dependent economic activities.
Coastal infrastructure is exposed to climate
change impacts from both the landward and ocean
44,45,46,47,48
sides.
Some unique characteristics increase
the vulnerability of coastal infrastructure to climate
7,49
change (Ch. 11: Urban). For instance, many coastal
regions were settled long ago, making much of the
50
infrastructure older than in other locations. Also,
inflexibility of some coastal, water-dependent infrastructure, such as onshore gas and oil facilities, port
facilities, thermal power plants, and some bridges,
makes landward relocation difficult (Figure 25.5),
and build-up of urban and industrial areas inland
7
from the shoreline can inhibit landward relocation.

Adapting Coastal Infrastructure
to Sea Level Rise and Land Loss

Figure 25.5. This “mock-up” shows the existing Highway LA-1 and

Leeville Bridge in coastal Louisiana (on the right) with a planned new,
Infrastructure is built to certain site-specific design
elevated bridge that would retain functionality under future, higher sea
standards (such as the once-in-10-year, 24-hour
level conditions (center left). (Current sea level and sinking bridge are
rainstorm or the once-in-100-year flood) that take
shown here.) A 7-mile portion of the planned bridge has been completed
account of historical variability in climate, coastal,
and opened to traffic in December 2011. (Figure source: Greater
and hydrologic conditions. Impacts exceeding these
Lafourche Port Commission, reprinted with permission).
standards can shorten the expected lifetime, increase maintenance costs, and decrease services.
In general, higher sea levels, especially when combined with Wastewater management and drainage systems constitute
inland changes from flooding and erosion, will result in ac- critical infrastructure for coastal businesses and residents (Ch.
celerated infrastructure impairment, with associated indirect 3: Water). Wastewater treatment plants are typically located
effects on regional economies and a need for infrastructure at low elevations to take advantage of gravity-fed sewage col7,44,45,46,51
upgrades, redesign, or relocation.
lection. Increased inland and coastal flooding make such plants
more vulnerable to disruption, while increased inflows will re52
47,61,62
The more than 60,000 miles of coastal roads are essential for duce treatment efficiency.
Drainage systems – designed
human activities in coastal areas (Ch. 5: Transportation), espe- using mid-1900s rainfall records – will become overwhelmed
53,54
cially in case of evacuations during coastal emergencies.
in the future with increased rainfall intensity over more imper27,63,64,65
Population growth to date and expected additional growth vious surfaces, such as asphalt and concrete.
Sea level
place increasing demands on these roads, and climate change rise will increase pumping requirements for coastal wastewawill decrease their functionality unless adaptation measures ter treatment plants, reduce outlet capacities for drainage sys55,56
are taken.
Already, many coastal roads are affected during tems, and increasingly infiltrate sewer lines, while salt water
57
58
storm events and extreme high tides. Moreover, as coastal intrusion into coastal aquifers will affect coastal water supplies
bridges, tunnels, and roads are built or redesigned, engineers and salt fronts will advance farther up into coastal rivers, af19,66
must account for inland and coastal changes, including drain- fecting water supply intakes (Ch. 3: Water).
Together, these
age flooding, thawing permafrost, higher groundwater levels, impacts increase the risks of urban flooding, combined sewer
59
erosion, and increasing saturation of roadway bases. During overflows, deteriorating coastal water quality, and human health
67,68,69
Hurricane Katrina, many bridges failed because they had only impacts (Ch. 11: Urban; Ch. 9: Human Health).
been designed for river flooding but were also unexpectedly
55,60
exposed to storm surges.
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Coastal water infrastructure adaptation options include (but
are not limited to):

Ecosystem Restoration

• integrating both natural landscape features and humanengineered, built infrastructure to reduce stormwater
runoff and wave attack, including, where feasible, creative use of dredge material from nearby coastal locations in the build-up of wetlands and berms (Figure 25.6);
• constructing seawalls around wastewater treatment
plants and pump stations;
• pumping effluent to higher elevations to keep up with
sea level rise;
• pumping freshwater into coastal aquifers to reduce infiltration of saltwater; and
• reusing water after treatment to replace diminished wa70
ter supplies due to sea level rise.
Technical and financial feasibility may limit how well and how
long coastal infrastructure can be protected in place before
it needs to be moved or abandoned. One group estimated
that nationwide adaptation costs to utilities for wastewater
systems alone could range between $123 billion and $252 billion by 2050 and, while not specific to coastal systems, gives
a sense of the magnitude of necessary expenditures to avert
71
climate change impacts.

Figure 25.6. A coastal ecosystem restoration project in New York
City integrates revegetation (a form of green infrastructure) with
bulkheads and riprap (gray or built infrastructure). Investments
in coastal ecosystem conservation and restoration can protect
coastal waterfronts and infrastructure, while providing additional
benefits, such as habitat for commercial and recreational fish,
birds, and other animal and plant species, that are not offered by
built infrastructure. (Photo credit: Department of City Planning,
New York City, reprinted with permission).

The nation’s energy infrastructure, such as power plants, oil
and gas refineries, storage tanks, transformers, and electricity transmission lines, are often located directly in the coastal
48,72
floodplain.
Roughly two-thirds of imported oil enters the
55
U.S. through Gulf of Mexico ports, where it is refined and
then transported inland. Unless adaptive measures are taken,
storm-related flooding, erosion, and permanent inundation
from sea level rise will disrupt these refineries (and related underground infrastructure) and, in turn, will constrain the supply
of refined products to the rest of the nation (Ch. 4: Energy; Ch.
73
10: Energy, Water, and Land) (Figure 25.5).
Coastal communities have a variety of options to protect, replace, and redesign existing infrastructure, including flood
proofing and flood protection through dikes, berms, pumps,
integration of natural landscape features, elevation, more fre74
quent upgrades, or relocation. Relocation of large coastal

Assessing

infrastructure away from the coastline can be very expensive
and, for some facilities such as port installations, impossible
due to the need for direct access to the shoreline. In most instances, the addition of new flood-proofed infrastructure in
high-hazard zones has been viewed as a more cost-effective
75
near-term option than relocation. In these cases, significantly
higher removal costs may be incurred later when sea level is
higher or if the facility needs to be abandoned altogether in
the future. This suggests that adaptation options are best assessed in a site-specific context, comprehensively weighing
social, economic, and ecological considerations over multiple
timeframes. A combination of gray and green infrastructure
is increasingly recognized as a potentially cost-effective ap67,76
proach
to reducing risks to communities and economies
while preserving or restoring essential ecosystems and thus
7,77
their benefits to human welfare (Figure 25.6).

flood exposure of critical facilities and roads

NOAA’s Critical Facilities Flood Exposure Tool provides an initial assessment of the risk to a community’s critical facilities and roads within the “100-year” flood zone established by the Federal Emergency Management Agency (FEMA)
(the 100-year flood zone is the areal extent of a flood that has a 1% chance of occurring or being exceeded in any given
year). The tool helps coastal managers quickly learn which facilities may be at risk – providing information that can be
used to increase flood risk awareness and to inform a more detailed analysis and ultimately flood risk reduction measures. The critical facilities tool was initially created to assist Mississippi/Alabama Sea Grant in conducting its “Coastal
Resiliency Index: A Community Self-Assessment” workshops and is now available for communities nationwide. For
additional information see: http://www.csc.noaa.gov/digitalcoast/tools/criticalfacilities.
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Key Message 2: Economic Disruption
Nationally important assets, such as ports, tourism, and fishing sites, in already-vulnerable
coastal locations, are increasingly exposed to sea level rise and related hazards. This
threatens to disrupt economic activity within coastal areas and the regions they serve and
results in significant costs from protecting or moving these assets.
In 2010, economic activity in shoreline counties accounted
78
for approximately 66 million jobs and $3.4 trillion in wages
through diverse industries and commerce. In many instances,
economic activity is fundamentally dependent on the physical and ecological characteristics of the coast. These features
provide the template for coastal economic activities, including
natural protection from waves, access to beaches, flat land for
port development and container storage, and wetlands that
support fisheries and provide flood protection.
More than 5,790 square miles and more than $1 trillion of
property and structures are at risk of inundation from sea level
rise of two feet above current sea level – an elevation which
could be reached by 2050 under a high rate of sea level rise
16
of approximately 6.6 feet by 2100, 20 years later assuming a
lower rate of rise (4 feet by 2100) (Ch. 2: Our Changing Climate),
79,80
and sooner in areas of rapid land subsidence.
Roughly half
of the vulnerable property value is located in Florida, and the
most vulnerable port cities are Miami, Greater New York, New
38,45,79,81
Orleans, Tampa-St. Petersburg, and Virginia Beach.

©Boston Globe via Getty Images

Although comprehensive national estimates are not yet available, regional studies are indicative of the potential risk: the
incremental annual damage of climate change to capital assets
in the Gulf region alone could be $2.7 to $4.6 billion by 2030,
and $8.3 to $13.2 billion by 2050; about 20% of these at-risk
82
assets are in the oil and gas industry. Investing approximately
$50 billion for adaptation over the next 20 years could lead to
approximately $135 billion in averted losses over the lifetime of
82,83
adaptive measures.

More than $1.9 trillion in imports came through U.S. ports in
2010, with commercial ports directly supporting more than 13
78
84
million jobs and providing 90% of consumer goods. Ports
damaged during major coastal storms can be temporarily or
permanently replaced by other modes of freight movement,
but at greater cost (Ch. 5: Transportation). The stakes are high
and resources exist for ports to take proactive adaptation
steps, such as elevating and interconnecting port- and land-based
infrastructure or developing offsite storage capability (off-dock intermodal yards) for goods and related emergency response proce85
dures. However, a recent survey showed that most U.S. ports
have not yet taken actions to adapt their operations to rising
seas, increased flooding, and the potential for more extreme
86
coastal storms.
Coastal recreation and tourism comprises the largest and
fastest-growing sector of the U.S. service industry, accounting
5,88
for 85% of the $700 billion annual tourism-related revenues,
making this sector particularly vulnerable to increased impacts
89
from climate change. Historically, development of immediate
shoreline areas with hotels, vacation rentals, and other tourism-related establishments has frequently occurred without
adequate regard for coastal hazards, shoreline dynamics (for
90
example, inlet migration), or ecosystem health. Hard shoreline protection against the encroaching sea (like building sea
walls or riprap) generally aggravates erosion and beach loss
and causes negative effects on coastal ecosystems, undermining the attractiveness of beach tourism. Thus, “soft protection,”
such as beach replenishment or conservation and restoration
of sand dunes and wetlands, is increasingly preferred to “hard
protection” measures. Increased sea level rise means sand replenishment would need to be undertaken more frequently,
34,91,92,93
and thus at growing expense.
Natural shoreline protection features have some capacity to
adapt to sea level rise and storms (Figure 25.6) and can also
94
provide an array of ecosystem services benefits that may
offset some maintenance costs. A challenge ahead is the need
to integrate climate considerations (for example, temperature
change and sea level rise) into coastal ecosystem restoration
95
and conservation efforts, such as those underway in the Gulf
of Mexico, Chesapeake Bay, and Sacramento-San Joaquin Delta, to ensure that these projects have long-term effectiveness.
U.S. oceanic and Great Lakes coasts are important centers for
commercial and recreational fishing due to the high productivity of coastal ecosystems. In 2009, the U.S. seafood industry
supported approximately 1 million full- and part-time jobs and
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96

generated $116 billion in sales and $32 billion in income. Recreational fishing also contributes to the economic engine of the
coasts, with some 74 million saltwater fishing trips along U.S.
coasts in 2009 generating $50 billion in sales and supporting
96
over 327,000 jobs. Climate change threatens to disrupt fishing

operations through direct and indirect impacts to fish stocks
(for example, temperature-related shifts in species ranges,
changes in prey availability, and loss of coastal nursery habitat)
as well as storm-related disruptions of harbor installations (Ch.
24: Oceans).

Coast-to-Inland Economic Connections

Figure 25.7. Ports are deeply interconnected with inland areas through the goods imported and exported each year. Climate
change impacts on ports can thus have far-reaching implications for the nation’s economy. These maps show the exports and
imports in 2010 (in tons/year) and freight flows (in trucks per day) from four major U.S. ports to other U.S. areas designated in the
U.S. Department of Transportation’s Freight Analysis Framework (FAF): Los Angeles, Houston, New York/New Jersey, and Seattle.
Note: Highway Link Flow less than 5 FAF Trucks/Day are not shown. (Figure source: U.S. Department of Transportation, Federal
87
Highway Administration, Office of Freight Management and Operations, Freight Analysis Framework, version 3.4, 2012).
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Key Message 3: Uneven Social Vulnerability
Socioeconomic disparities create uneven exposures and sensitivities to growing coastal
risks and limit adaptation options for some coastal communities, resulting in the
displacement of the most vulnerable people from coastal areas.
In 2010, almost 2.8% of the U.S. population, or more than 8.6 million Americans, lived within the area subject to coastal floods
97,98
that have at least a 1% chance of occurring in any one year.
More than 120 million Americans live in counties that border
the open ocean or Great Lakes coasts and/or have a 100-year
98
coastal floodplain within them. Two trends will place even
more people at risk in the future: 1) the expansion of the floodplain as sea level rises, and 2) the continuing immigration of
people to coastal areas.
By 2100, the fraction of the U.S. population living in coastal
counties is expected to increase by 50% (46.2 million) to 144%
(131.2 million) depending on alternative projections of future
99
housing. While specific population projections for future 100100
year flood zones are only available for some locations, many
of these new arrivals can be expected to locate in high-hazard
areas. Thus, coastal population densities, along with increasing
economic development, will continue to be an important factor
3,7,39,101
in the overall exposure to climate change.

to be less socially vulnerable, adjacent populations just inland
are often highly vulnerable.
The range of adaptation options for highly socially vulnerable
81
populations is limited. Native communities in Alaska, Louisiana, and other coastal locations already face this challenge
today (see “Unique Challenges for Coastal Tribes” and Ch. 12:
105,106
Indigenous Peoples).
As sea level rises faster and coastal
storms, erosion, and inundation cause more frequent or widespread threats, relocation (also called (un)managed retreat
or realignment), while not a new strategy in dynamic coastal
environments, may become a more pressing option. In some
instances relocation may become unavoidable, and for poorer
populations sooner than for the wealthy. Up to 50% of the
areas with high social vulnerability face the prospect of unplanned displacement under the 1 to 4 foot range of projected
sea level rise (Ch.2: Our Changing Climate), for several key
reasons: they cannot afford expensive protection measures
themselves, public expense is not financially justified (often
because social, cultural, and ecological factors are not considered), or there is little social and political support for a more
orderly retreat process. By contrast, only 5% to 10% of the low
41
social vulnerability areas are expected to face relocation. This
suggests that climate change could displace many socially vulnerable individuals and lead to significant social disruptions in
107,108,109
some coastal areas.

Despite persistent beliefs that living on the coast is reserved
79,102
for the wealthy,
there are large social disparities in coastal
41,103
areas that vary regionally.
Full understanding of risk for
coastal communities requires consideration of social vulnerability factors limiting people’s ability to adapt. These factors include lower income; minority status; low educational
achievement; advanced age; income
dependencies; employment in lowpaying service, retail, and other sectors,
nique challenges for coastal tribes
as well as being often place-bound;
less economically and socially mobile;
Coastal Native American and Native Alaskan people, with their traditional deand much less likely to be insured than
pendencies upon natural resources and specific land areas, exhibit unique
wealthy property owners (see panel (a)
vulnerabilities. Tribal adaptation options can be limited because tribal land
104
in Figure 25.4).
boundaries are typically bordered by non-reservation lands, and climate
change could force tribes to abandon traditionally important locations, certain
For example, in California, an estimated
cultural practices, and natural resources on which they depend (Ch. 12: In260,000 people are currently exposed
110
digenous Peoples). Coastal food sources are also threatened, including salmon
to a 100-year flood; this number could
and shellfish. Climate change could affect other food species as well, worsening
increase to 480,000 by 2100 as a result
already existing health problems such as obesity, diabetes, and cancer.
of a 4.6 foot sea level rise alone (roughly

U

equivalent to the high end of the 1 to 4
foot range of sea level rise projections,
38
Ch.2: Our Changing Climate). Approximately 18% of those exposed to high
flood risk by the end of this century also
are those who currently fall into the
81
“high social vulnerability” category.
This means that while many coastal
property owners at the shorefront tend

Tribes pride themselves, however, for their experience and persistence in
adapting to challenging situations. Some tribes are exploring unique adaptation approaches. In Louisiana’s Isle de Jean Charles, for example, the BiloxiChitimacha-Choctaw Indian community partnered with a local academic center
and a religious congregation to work toward relocating scattered tribal members
with those seeking a communal safe haven, while working to save their ancestral
land – aiming for community and cultural restoration and for the redevelopment
108,111
of traditional livelihoods.
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Key Message 4: Vulnerable Ecosystems
Coastal ecosystems are particularly vulnerable to climate change because many have already
been dramatically altered by human stresses; climate change will result in further reduction or
loss of the services that these ecosystems provide, including potentially irreversible impacts.
Coastal ecosystems provide a suite of valuable benefits (ecosystem services) on which humans depend, including reducing the impacts from floods, buffering from storm surge and
waves, and providing nursery habitat for important fish and
other species, water filtration, carbon storage, and opportuni95,112,113
ties for recreation and enjoyment (Figure 25.8).
However, many of these ecosystems and the services they
provide are rapidly being degraded by human impacts, including pollution, habitat destruction, and the spread of invasive
species. For example, 75% of U.S. coral reefs in the Atlantic,
Caribbean, and Gulf of Mexico are already in “poor” or “fair”
114,115
condition;
all Florida reefs are currently rated as “threat116
ened.” Coastal barrier ecosystems continue to be degraded
by human development, even in cases where development has
slowed (for example, Crawford et al. 2013; Feagin et al. 2010b
117
). Coastal wetlands are being lost at high rates in southeast118
ern Louisiana (Figure 25.9). In addition, the incidence of lowoxygen “dead zones” in coastal waters has increased 30-fold in
the U.S. since 1960, with over 300 coastal water bodies now
experiencing stressful or lethal oxygen levels (Ch. 8: Ecosys119
tems).
These existing stresses on coastal ecosystems will be exacerbated by climate change effects, such as increased ocean
30
temperatures that lead to coral bleaching, altered river flows
121
affecting the health of estuaries, and acidified waters threat122
ening shellfish. Climate change affects the survival, reproduction, and health of coastal plants and animals in different
ways. For example, changes in the timing of seasonal events
(such as breeding and migration), shifts in species distributions
and ranges, changes in species interactions, and declines in
biodiversity all combine to produce fundamental changes in
28
ecosystem character, distribution, and functioning. Species
with narrow physiological tolerance to change, low genetic
diversity, specialized resource requirements, and poor com123,124
petitive abilities are particularly vulnerable.
Where the
rate of climate change exceeds the pace at which plants and

animals can acclimate or adapt, impacts on coastal ecosystems
35,125,126
will be profound.
For example, high death rates of East
Coast intertidal mussels at their southern range boundary have
occurred because of rising temperatures between 1956 and
127
2007. The presence of physical barriers (for example, hardened shorelines or reduced sediment availability) and other
non-climatic stressors (such as pollution, habitat destruction,
and invasive species) will further exacerbate the ecological impacts of climate change and limit the ability of these ecosys128,129,130
tems to adapt.
Onshore migration of coastal marshes
as sea level rises is often limited by bulkheads or roads (a phenomenon often called “coastal squeeze”), ultimately resulting
35,126,128,131,132,133
in a reduction in wetland area.
Of particular concern is the potential for coastal ecosystems
to cross thresholds of rapid change (“tipping points”), beyond
which they exist in a dramatically altered state or are lost entirely from the area; in some cases, these changes will be ir134
reversible. These unique, “no-analog” environments present
serious challenges to resource managers, who are confronted
135,136,137
with conditions never seen before.
The ecosystems
most susceptible to crossing such tipping points are those that
have already lost some of their resilience due to degradation
138
or depletion by non-climatic stressors. Certain coastal ecosystems are already rapidly changing as a result of interactions
between climatic and non-climatic factors, and others have
already crossed tipping points. Eelgrass in the Chesapeake Bay
died out almost completely during the record-hot summer of
2005, when temperatures exceeded the species’ tolerance
139
140
threshold of 86°F, and subsequent recovery has been poor.
Severe low-oxygen events have emerged as a new phenomenon in the Pacific Northwest due to changes in the timing and
32,141
duration of coastal upwelling.
These have led to high mor33
tality of Dungeness crabs and the temporary disappearance
32
of rockfish, with consequences for local fisheries. Reducing
non-climatic stressors at the local scale can potentially prevent
142
crossing some of these tipping points.
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Coastal Ecosystem Services

Figure 25.8. Coastal ecosystems provide a suite of valuable benefits (ecosystem services) on which humans depend
for food, economic activities, inspiration, and enjoyment. This schematic illustrates many of these services situated
in a Pacific or Caribbean island setting, but many of them can also be found along mainland coastlines.
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Projected Land Loss from Sea Level Rise in Coastal Louisiana

Figure 25.9. These maps show expected future land change in coastal Louisiana under two different sea level rise scenarios
without protection or restoration actions. Red indicates a transition from land (either wetlands or barrier islands) to open water.
Green indicates new land built over previously open water. Land loss is influenced by factors other than sea level rise, including
subsidence, river discharge and sediment load, and precipitation patterns. However, all these factors except sea level rise
were held constant for this analysis. The panel on the left shows land change with a sea level rise of 10.6 inches between
2010 and 2060, while the one on the right assumes 31.5 inches of sea level rise for the same period. These amounts of
sea level rise are within the projected ranges for this time period (Ch. 2: Our Changing Climate). (Figure source: State of
120
Louisiana, reprinted with permission ).

Key Message 5: The State of Coastal Adaptation
Leaders and residents of coastal regions are increasingly aware of the high vulnerability
of coasts to climate change and are developing plans to prepare for potential impacts on
citizens, businesses, and environmental assets. Significant institutional, political, social, and
economic obstacles to implementing adaptation actions remain.
Considerable progress has been made since the last National
Climate Assessment in both coastal adaptation science and
practice (Figure 25.4, panel (d)), though significant gaps in un20,143,144,145
derstanding, planning, and implementation remain.
U.S. coastal managers pay increasing attention to adaptation,
but are mostly still at an early stage of building their capacities
for adaptation rather than implementing structural or policy
20,146,147
changes (Ch. 28: Adaptation).
Although many non-structural (land-use planning, fiscal, legal, and educational) and
structural adaptation tools are available through the Coastal
Zone Management Act, Coastal Barriers Resources Act, and
other frameworks, and while coastal managers are well familiar
with these historical approaches to shoreline protection, they
are less familiar with some of the more innovative approaches
to coastal adaptation, such as rolling easements, ecosystem109,131,144,148
based adaptation, or managed realignment.
Federal,
state, and local management approaches have also been
149
found to be at odds at times, making successful integration
145
of adaptation more difficult. There is only limited evidence
of more substantial (“transformational”) adaptation occurring,
that is, of adaptations that are “adopted at a much larger scale,
that are truly new to a particular region or resource system,
150
and that transform places and shift locations,” such as re-

location of communities in coastal Alaska and Louisiana (Ch.
83,109,150,151
22: Alaska).
Although more research is needed, reasons for the limited transformational adaptation to date may
include the relatively early stage of recognizing climate change
and sea level rise risks, the perception that impacts are not yet
severe enough, and the fact that social objectives can still be
152
met.
Coastal leaders and populations, however, are increasingly concerned about climate-related impacts and support the develop153,154,155
ment of adaptation plans,
but support for development
156,157,158
restrictions or managed retreat is limited.
Economic
interests and population trends tend to favor continued (re)development and in-fill in near-shore locations. Current disaster
recovery practices frequently promote rapid rebuilding on-site
159
with limited consideration for future conditions despite clear
evidence that more appropriate siting and construction can
160,161
substantially reduce future losses.
Enacting measures that increase resilience in the face of current hazards, while reducing long-term risks due to climate
162,163,164
change, continues to be challenging.
This is particularly difficult in coastal flood zones that are subject to a 1%
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or greater chance of flooding in any given year, including those
areas that experience additional hazards from wave action. According to FEMA and policy/property data maintained by the
National Flood Insurance Program’s (NFIP) Bureau and Statistical Agent, nearly half of the NFIP’s repetitive flood losses occur
165,166
in those areas.
A robust finding is that the cost of inaction
is 4 to 10 times greater than the cost associated with preventive
79,160
hazard mitigation.
Even so, prioritizing expenditures now
167
whose benefits accrue far in the future is difficult. Moreover,
cumulative costs to the economy of responding to sea level
rise and flooding events alone could be as high as $325 billion
by 2100 for 4 feet of sea level rise, with $130 billion expected
to be incurred in Florida and $88 billion in the North Atlantic
80
region. The projected costs associated with one foot of sea
level rise by 2100 are roughly $200 billion. These figures only
cover costs of beach nourishment, hard protective structures,
and losses of inundated land and property where protection
is not warranted, but exclude losses of valuable ecosystem
services, as well as indirect losses from business disruption,
lost economic activity, impacts on economic growth, or other
80,168,169
non-market losses.
Such indirect losses, even in regions
generally well prepared for disaster events, can be substantial
(in the case of Superstorm Sandy, followed by a nor’easter, in
fall 2012, insured losses and wider economic damages added
170
up to at least $65 billion). Sequences of extreme events that
occur over a short period not only reduce the time available
for natural and social systems to recover and for adaptation
measures to be implemented, but also increase the cumulative
effect of back-to-back extremes compared to the same events
164,171
occurring over a longer period.
The cost of managed retreat requires further assessment.

Climate adaptation efforts that integrate hazard mitigation,
natural resource conservation, and restoration of coastal
ecosystems can enhance ecological resilience and reduce the
exposure of property, infrastructure, and economic activities
113,179
to climate change impacts (Figure 25.6).
Yet, the integration and translation of scientific understanding of the benefits
provided by ecosystems into engineering design and hazard
180
management remains challenging. Moreover, interdependencies among functioning infrastructure types and coastal
uses require an integrated approach across scientific disciplines
and levels of government, but disconnected scientific efforts
and fragmented governance at the managerial, financial, and
regulatory levels, and narrow professional training, job descriptions, and agency missions pose significant barriers (Ch. 11: Ur145,181,182
ban; Ch. 28: Adaptation).
Adaptation efforts to date that
have begun to connect across jurisdictional and departmental
boundaries and create innovative solutions are thus extremely
7,145,183,184
encouraging.

Property insurance can serve as an important mode of finan172
cial adaptation to climate risks, but the full potential of leveraging insurance rates and availability has not yet been real7,173,174
ized.
The Government Accountability Office (GAO) listed
the National Flood Insurance Program as a “high-risk area” for
the first time in 2006, indicating its significance in terms of
175
federal fiscal exposure (nearly $1.3 trillion in 2012). In the
context of identifying climate change as a high risk to federal operations, the GAO in 2013 singled out the NFIP again, recognizing
growing risks and liabilities due to climate change and sea level
176
rise and the increase in erosion and flooding they entail. While
insured assets in coastal areas represent only a portion of this
total liability, taxpayers are responsible, via the NFIP, for more
than $510 billion of insured assets in the coastal Special Flood
53,177
Hazard Area (SFHA) alone.
A number of reforms in the NFIP
have been enacted in 2012 to ensure that the program is more
fiscally sound and hazard mitigation is improved, though vari178
ous challenges remain.
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SUPPLEMENTAL MATERIAL
TRACEABLE ACCOUNTS

Process for Developing Key Messages
A central component of the assessment process was a Chapter
Lead Authors meeting held in St. Louis, Missouri in April 2012.
The key messages were initially developed at this meeting. Key
vulnerabilities were operationally defined as those challenges
that can fundamentally undermine the functioning of human and
natural coastal systems. They arise when these systems are highly
exposed and sensitive to climate change and (given present or
potential future adaptive capacities) insufficiently prepared or able
to respond. The vulnerabilities that the team decided to focus on
were informed by ongoing interactions of the author team with
coastal managers, planners, and stakeholders, as well as a review
of the existing literature. In addition, the author team conducted
a thorough review of the technical input reports (TIR) and associated literature, including the coastal zone foundational TIR
7
prepared for the National Climate Assessment (NCA). Chapter
development was supported by numerous chapter author technical
discussions via teleconference from April to June 2012.

K ey message #1 Traceable Account
Coastal lifelines, such as water supply and energy infrastructure and evacuation routes, are increasingly vulnerable to higher sea levels and storm
surges, inland flooding, erosion, and other climaterelated changes.
Description of evidence base
Coastal infrastructure is defined here to include buildings, roads,
railroads, airports, port facilities, subways, tunnels, bridges, water
supply systems, wells, sewer lines, pump stations, wastewater
treatment plants, water storage and drainage systems, port
facilities, energy production and transmission facilities on land and
offshore, flood protection systems such as levees and seawalls,
and telecommunication equipment. Lifelines are understood in
the common usage of that term in hazards management.
The key message and supporting text summarize extensive
7
evidence documented in the coastal zone technical input report
48
as well as a technical input report on infrastructure. Technical
input reports (68) on a wide range of topics were also received
and reviewed as part of the Federal Register Notice solicitation for
public input, along with the extant scientific literature. Additional

evidence is provided in other chapters on hurricanes (Ch. 2: Our
Changing Climate, Key Message 8), global sea level rise (Ch. 2: Our
Changing Climate, Key Message 10), water supply vulnerabilities
(Ch. 3: Water); key coastal transportation vulnerabilities (Ch. 5:
Transportation), and energy-related infrastructure (Ch. 4: Energy).
This key message focuses mainly on water supply and energy
infrastructure and evacuation routes, as these constitute critical
lifelines.
The evidence base for exposure, sensitivity, and adaptive capacity
to higher sea levels and storm surges is very strong, both from
empirical observation and historical experience and from studies
projecting future impacts on critical coastal infrastructure. There
are numerous publications concerning the effects of sea level rise
and storm surges on roadways, coastal bridges, and supply of refined
7,38,40,64,93,147,162
products.
The information on roadways came from
various reports (for example, DOT 2012; Transportation Research
55,56,184
Board 2011; NPCC 2009, 2010
) and other publications (for
83
example, State of Louisiana 2012 ). The impact on coastal bridges
55,59
is documented in U.S. Department of Transportation reports.
A
number of publications explored the impacts on supply of refined
73
oil-based products such as gasoline.
The evidence base is moderate for the interaction of inland
and coastal flooding. There are many and recent publications
47,61
concerning impacts to wastewater treatment plants
and
18,27,64,65,70
drainage systems.
These impacts lead to increased risk
of urban flooding and disruption of essential services to urban
residents.
New information and remaining uncertainties
The projected rate of sea level rise (SLR) is fully accounted for
through the use of common scenarios. We note, however, that
there is currently limited impacts literature yet that uses the
lowest or highest 2100 scenario and none that specifically use
the broader range of SLR (0.2 to 2 meters, or 0.7 to 6.6 feet, by
16
2100) and NCA land-use scenarios (60% to 164% increase in
185
urban and suburban land area).
The severity and frequency of storm damage in any given location
cannot yet be fully accounted for due to uncertainties in projecting
future extratropical and tropical storm frequency, intensity, and
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changes in storm tracks for different regions (Ch. 2: Our Changing
7
Climate).
The timely implementation and efficacy of adaptation measures,
including planned retreat, in mitigating damages is accounted for
in the underlying literature (for example, by varying assumptions
about the timing of implementation of adaptation measures and the
type of adaptation measures) such as hard protection, elevation,
relocation, or protection through wetlands and dunes in front of
the infrastructure in question) (for example, Aerts and Botzen
2012; Biging et al. 2012; Bloetscher et al. 2011; Heberger et al.
18,38,44,45,47
2009; Irish et al. 2010; Kirshen et al. 2011
). However,
such studies can only test the sensitivity of conclusions to these
assumptions; they do not allow statements about what is occurring
on the ground.
Additional uncertainties arise from the confluence of climate
change impacts from the inland and ocean side, which have yet to
be studied in an integrated fashion across different coastal regions
of the United States.
Assessment of confidence based on evidence
Given the evidence base, the large quantity of infrastructure
(water-related infrastructure, energy infrastructure, and the
60,000 miles of coastal roads) in the U.S. coastal zone, and the
directional trend at least of sea level rise and runoff associated
with heavy precipitation events, we have very high confidence that
these types of infrastructure in the coastal zone are increasingly
vulnerable.

Confidence Level
Very High
Strong evidence (established
theory, multiple sources, consistent
results, well documented and
accepted methods, etc.), high
consensus
High
Moderate evidence (several sources, some consistency, methods
vary and/or documentation limited,
etc.), medium consensus
Medium
Suggestive evidence (a few
sources, limited consistency, models incomplete, methods emerging,
etc.), competing schools of thought
Low
Inconclusive evidence (limited
sources, extrapolations, inconsistent findings, poor documentation
and/or methods not tested, etc.),
disagreement or lack of opinions
among experts

K ey message #2 Traceable Account
Nationally important assets, such as ports, tourism and fishing sites, in already-vulnerable coastal
locations, are increasingly exposed to sea level rise
and related hazards. This threatens to disrupt economic activity within coastal areas and the regions
they serve and results in significant costs from protecting or moving these assets.
Description of evidence base
The key message and supporting text summarize extensive evidence
7
documented in the coastal zone technical input report. Technical
input reports (68) on a wide range of topics were also received
and reviewed as part of the Federal Register Notice solicitation for
public input, as well as the extant scientific literature.
The evidence base for increased exposure to assets is strong.
Many publications have assessed at-risk areas (for example,
Biging et al. 2012; Cooley et al. 2012; Heberger et al. 2009;
38,45,79,81
Neumann et al. 2010a
). Highly reliable economic activity
information is available from recurring surveys conducted by the
National Oceanographic and Atmospheric Administration (NOAA)
and others, and asset exposure is conclusively demonstrated by
historical information (from storm and erosion damage), elevation
data (in Geographic Information System (GIS)-based, LIDAR, and
other forms), and numerous vulnerability and adaptation studies
of the built environment. Further evidence is provided in technical
input reports and other NCA chapters on infrastructure and urban
48
55
systems (Ch. 11: Urban), transportation (Ch. 5: Transportation),
and energy (Ch. 4: Energy). A number of studies in addition to
the ones cited in the text, using various economic assumptions,
aim to assess the cost of protecting or relocating coastal assets
and services. Many publications and reports explore the cost of
55,91
186
replacing services offered by ports,
though one study notes
that few ports are implementing adaptation practices to date.
The economic consequences of climate change on tourism are
89,90,91,93
supported by a number of recent studies.
The threats of
climate change on fishing have been explored in the coastal zone
7
technical input report.
Additional evidence comes from empirical observation: public
statements by private sector representatives and public
officials indicate high awareness of economic asset exposure
and a determination to see those assets protected against an
encroaching sea, even at high cost (New York City, Miami Dade
County, San Francisco airport, etc.). The economic value of
exposed assets and activities is frequently invoked when they
get damaged or interrupted during storm events (for example,
169
Hallegattee 2012 ). Threats to economic activity are also
consistently cited as important to local decision-making in the
109
coastal context (for example, Titus et al. 2009 ).
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New information and remaining uncertainties
The projected rate of sea level rise is fully accounted for through
the use of common scenarios. We note, however, that there
is currently limited impacts literature that uses the lowest or
highest scenario for 2100, and no studies that specifically use
the broader range of SLR (0.7 to 6.6 feet,) and NCA land-use
scenarios (60% to 164% increase in urban and suburban land
185
area).

K ey message #3 Traceable Account
Socioeconomic disparities create uneven exposures and sensitivities to growing coastal risks and
limit adaptation options for some coastal communities, resulting in the displacement of the most vulnerable people from coastal areas.
Description of evidence base
The key message and supporting text summarize extensive
7
evidence documented in the coastal zone technical input report.
Technical input reports (68) on a wide range of topics were also
received and reviewed as part of the Federal Register Notice
solicitation for public input, along with the extant literature.

The projected severity and frequency of storm damage in any given
location cannot yet be fully accounted for due to uncertainties
in projecting future extratropical and tropical storm frequency,
7
intensity, and changes in storm tracks for different regions.
The timely implementation and efficacy of adaptation measures,
including planned retreat, in mitigating damages are accounted for
in the underlying literature (for example, by varying assumptions
about the timing of implementation of adaptation measures, the
type of adaptation measures, and other economic assumptions
such as discount rates). However, such studies can only test the
sensitivity of conclusions to these assumptions; they do not allow
statements about what is occurring on the ground. Well-established
160
post-hoc assessments suggest that hazard mitigation action is
highly cost-effective (for every dollar spent, four dollars in damages
are avoided). A more recent study suggests an even greater cost79
effectiveness.
Assessment of confidence based on evidence
Given the evidence base, the well-established accumulation of
economic assets and activities in coastal areas, and the directional
trend of sea level rise, we have very high confidence in the main
conclusion that resources and assets that are nationally important
to economic productivity are threatened by SLR and climate
change.
While there is currently no indication that the highest-value assets
and economic activities are being abandoned in the face of sea
level rise and storm impacts, we have very high confidence that
the cost of protecting these assets in place will be high, and that
the cost will be higher the faster sea level rises relative to land.
We have very high confidence that adequate planning
and arrangement for future financing mechanisms, timely
implementation of hazard mitigation measures, and effective
disaster response will keep the economic impacts and adaptation
costs lower than if these actions are not taken.
We are not able to assess timing or total cost of protecting or
relocating economic assets with any confidence at this time, due
to uncertainties in asset-specific elevation above sea level, in the
presence and efficacy of protective measures (at present and in the
future), in the feasibility of relocation in any particular case, and
uncertainties in future storm surge heights and storm frequencies.

Evidence base is moderate: assessment of the social vulnerability to
coastal impacts of climate change is a comparatively new research
focus in the United States, and clearly an advance since the prior
187
NCA.
There are currently multiple published, peer-reviewed
studies, by different author teams, using different vulnerability
metrics, which all reach the same conclusion: economically and
socially vulnerable individuals and communities face significant
coastal risks and have a lower adaptive capacity than less socially
vulnerable populations. Studies have shown that the U.S. coastal
99
population is growing and have assessed the importance of this
39,101
population for climate change exposure.
The social factors that
play key roles in coastal vulnerability are detailed in numerous
81,104,188
publications.
There is an additional body of evidence emerging in the literature
that also supports this key message, namely the growing
literature on “barriers to adaptation,” particularly from studies
7,81,105,145,189
conducted here in the United States.
This literature
reports on the limitations poorer communities face at present in
beginning adaptation planning, and on the challenges virtually
all communities face in prioritizing adaptation and moving from
planning to implementation of adaptation options.
There is empirical evidence for how difficult it is for small, less
wealthy communities (for example, the Native communities
in Alaska or southern Louisiana) to obtain federal funds to
107,108
relocate from eroding shorelines.
Eligibility criteria (positive
benefit-cost ratios) make it particularly difficult for low-income
communities to obtain such funds; current federal budget
constraints limit the available resources to support managed retreat
166,173
and relocation.
The recent economic hardship has placed
constraints even on the richer coastal communities in the U.S. in
developing and implementing adaptation strategies, for example
145
in California. While the economic situation, funding priorities, or
institutional mechanisms to provide support to socially vulnerable
communities will not remain static over time, there is no reliable
scientific evidence for how these factors may change in the future.
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New information and remaining uncertainties
The body of research on this topic is largely new since the prior
187
NCA in 2009.
Each of the peer-reviewed studies discusses
data gaps and methodological limitations, as well as the particular
challenge of projecting demographic variables – a notoriously
difficult undertaking – forward in time. While methods for
population projections are well established (typically using housing
projections), those, in turn, depend on more difficult to make
assumptions about fertility, migration, household size, and travel
times to urban areas. The conclusion is limited by uneven coverage
of in-depth vulnerability studies; although those that do exist are
41
consistent with and confirm the conclusions of a national study.
This latter study was extended by applying the same approach,
data sources, and methodology to regions previously not covered,
thus closing important informational gaps (Hawai‘i, Alaska, the
Great Lakes region). Data gaps remain for most coastal locations
in the Pacific Islands, Puerto Rico, and other U.S. territories.
The most important limit on understanding is the current inability
to project social vulnerability forward in time. While some social
variables are more easily predicted (for example, age and gender
distribution) than others (for example, income distribution, ethnic
composition, and linguistic abilities), the predictive capability
declines the further out projections aim (beyond 2030 or 2050).
Further, it is particularly difficult to project these variables in
specific places subject to coastal hazards, as populations are
mobile over time, and no existing model reliably predicts placebased demographics at the scale important to these analyses.
Assessment of confidence based on evidence
We have high confidence in this conclusion, as it is based on
well-accepted techniques, replicated in several place-based case
studies, and on a nationwide analysis, using reliable Census data.
Consistency in insights and conclusions in these studies, and in
others across regions, sectors, and nations, add to the confidence.
The conclusion does involve significant projection uncertainties,
however, concerning where socially vulnerable populations will
be located several decades from now. Sensitivity analysis of this
factor, and overall a wider research base is needed, before a higher
confidence assessment can be assigned.

K ey message #4 Traceable Account
Coastal ecosystems are particularly vulnerable to
climate change because many have already been
dramatically altered by human stresses; climate
change will result in further reduction or loss of the
services that these ecosystems provide, including
potentially irreversible impacts.
Description of evidence base
The key message and supporting text summarize extensive
7
evidence documented in the coastal zone technical input report.
Technical input reports (68) on a wide range of topics were also
received and reviewed as part of the Federal Register Notice
solicitation for public input, along with the extant literature.

Evidence base is strong for this part of the key message: “Coastal
ecosystems are particularly vulnerable to climate change because
many have already been dramatically altered by human stresses.”
The degradation and depletion of coastal systems due to
human stresses (for example, pollution, habitat destruction, and
overharvesting) has been widely documented throughout the U.S.
68,115,116,118,119
and the world.
The degree of degradation varies
based on location and level of human impact. However, evidence
of degradation is available for all types of U.S. coastal ecosystems,
from coral reefs to seagrasses and rocky shores. Human stresses
can be direct (for example, habitat destruction due to dredging
of bays) or indirect (for example, food web disruption due to
overfishing). There is also consistent evidence that ecosystems
degraded by human activities are less resilient to changes in
climatic factors, such as water temperature, precipitation, and
sea level rise (for example, Gedan et al. 2009; Glick et al. 2011;
128,129,130
Williams and Grosholz 2008
).
Evidence base is strong: “climate change will result in further
reduction or loss of the services that these ecosystems provide.”
The impacts of changing coastal conditions (for example, changes
associated with altered river inflows, higher temperatures, and the
effects of high rates of relative sea level rise) on coastal ecosystems
and their associated services have been extensively documented
through observational and empirical studies, including recent
28,121,122,123,129,133
publications.
Many models of coastal ecosystem
responses to climatic factors have been well-validated with field
data. Given the existing knowledge of ecosystem responses, future
climate projections, and the interactions with non-climatic stressors
that further exacerbate climatic impacts, evidence is strong of the
potential for further reduction and/or loss of ecosystem services.
Evidence is suggestive: “including potentially irreversible impacts.”
Severe impacts (for example, mass coral bleaching events and
rapid species invasions) have been extensively documented for
U.S. coastal ecosystems. Many experts have suggested that some
134
of these impacts may be irreversible
and never before seen
136,137
conditions have been documented.
Recovery may or may not
be possible in different instances; this depends on factors that are
not well-understood, such as the adaptive capacity of ecosystems,
future projections of change that consider interactions among
multiple climatic and non-climatic human alterations of systems,
the dynamics and persistence of alternative states that are
created after a regime shift has occurred, and whether or not the
climatic and/or non-climatic stressors that lead to impacts will be
32,33,138,139,140,141
ameliorated.
New information and remaining uncertainties
187
Since the 2009 NCA,
new studies have added weight to
previously established conclusions. The major advance lies in the
examination of tipping points for species and entire ecosystems
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(for example, Barnosky et al. 2012; Folke et al. 2004; Foti et
134,135,137,138
al. 2013; Hoegh-Guldberg and Bruno 2010
). Existing
uncertainties and future research needs were identified through
reviewing the NCA technical inputs and other peer-reviewed,
published literature on these topics, as well as through our own
identification and assessment of knowledge gaps.

potentially irreversible impacts exists in the literature. This
vulnerability is frequently identified by studies of coastal
ecosystems. However, methods, research, and models are still
being developed for understanding, documenting, and predicting
potentially irreversible impacts across all types of coastal
ecosystems.

Key uncertainties in our understanding of ecosystem impacts of
climate change in coastal areas are associated with:

K ey message #5 Traceable Account

•

the interactive effects and relative contributions
of multiple climatic and non-climatic stressors on
coastal organisms and ecosystems;

•

how the consequences of multiple stressors for
individual species combine to affect community- and
ecosystem-level interactions and functions;

•

the projected magnitude of coastal ecosystem change
under different scenarios of temperature change, sea
level rise, and land-use change, particularly given
the potential for feedbacks and non-linearities in
ecosystem responses;

•

the potential adaptive capacity of coastal organisms
and ecosystems to climate change;

•

trajectories, timeframes, and magnitudes of coastal
ecosystem recovery;

•

the dynamics and persistence of alternative states
that are created after ecosystem regime shifts have
occurred; and

•

the potential and likelihood for irreversible climaterelated coastal ecosystem change.

Leaders and residents of coastal regions are increasingly aware of the high vulnerability of coasts
to climate change, and are developing plans to prepare for potential impacts on citizens, businesses,
and environmental assets. Significant institutional,
political, social, and economic obstacles to implementing adaptation actions remain.
Description of evidence base
The key message and supporting text summarize extensive
7
evidence documented in the coastal zone technical input report.
Technical input reports (68) on a wide range of topics were also
received and reviewed as part of the Federal Register Notice
solicitation for public input, along with the extant literature.
Evidence base is moderate to strong: the results on which this
key message relies are based on case studies, direct observation
and “lessons learned” assessments from a wide range of efforts,
surveys, and interview studies in ongoing adaptation efforts around
154
the country.
There has been some planning for remediating
144,153,163,164
climate change impacts, including recent publications
and there are publications on the lower social acceptance
of certain adaptation option (for example, Finzi Hart et al.
144,158
2012; Peach 2012
) and on the many barriers that affect
145,181,182
adaptation.

In general, relatively little work to date has been conducted
to project future coastal ecosystem change under integrative
scenarios of temperature change, sea level rise, and changes in
human uses of, and impacts to, coastal ecosystems (for example,
through land-use change). Advancing understanding and
knowledge associated with this key uncertainty, as well as the
others included in the above list, would be fostered by additional
research.

In addition, there is confirming evidence of very similar findings
from other locations outside the U.S. (some, from Canada, were
also submitted as technical input reports to the NCA), such as the
157,181
United Kingdom, continental Europe, Australia, and others.

Assessment of confidence based on evidence
We have very high confidence that coastal ecosystems are
particularly vulnerable to climate change because they have already
been dramatically altered by human stresses, as documented in
extensive and conclusive evidence.
We have very high confidence that climate change will result in
further reduction or loss of the services that these ecosystems
provide, as there is extensive and conclusive evidence related to
this vulnerability.
We have high confidence that climatic change will include
“potentially irreversible impacts.” Site-specific evidence of

New information and remaining uncertainties
Adaptation is a rapidly spreading policy and planning focus across
coastal America. This was not previously captured or assessed in
187
the 2009 NCA and is thus a major advance in understanding,
including what adaptation activities are underway, what impedes
them, and how coastal stakeholders view and respond to these
emerging adaptation activities.
Given the local nature of adaptation (even though it frequently
involves actors from all levels of government), it is difficult to
systematically track, catalog, or assess progress being made on
adaptation in coastal America. The difficulty, if not impossibility,
of comprehensively tracking such progress has been previously
20
acknowledged. This conclusion is reiterated in the Adaptation
chapter (Ch. 28) of this report.
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While the findings and integrative key message stand on strong
evidence, some uncertainties remain about U.S. coastal regions’
adaptive capacity, the level of adoption of hazard mitigation and
other adaptation strategies, and the extent and importance of
barriers to adaptation.
Possibly the least well-understood aspect about coastal adaptation
is how and when to undertake large-scale, transformational
adaptation. Aside from the mentioned examples of relocation, no
other examples exist at the present time, and further research is
required to better understand how major institutional, structural,
or social transformation might occur and what would be involved to
realize such options.
Assessment of confidence based on evidence
We have very high confidence in this key message, as it is primarily
based on studies using well-accepted social science research
techniques (for example, surveys, interviews, and participant
observation), replicated in several place-based case studies,
and on a nationwide compilation of adaptation case studies.
Consistency in insights and conclusions in these studies, and in
others across regions, sectors, and nations, add to the confidence.
As described above, a comprehensive catalogue of all adaptation
efforts, and of related challenges and lessons learned, is difficult
if not impossible to ever obtain. Nevertheless, the emerging
insights and evidence from different regions of the country
provide considerable confidence that the situation is reasonably
well captured in the documents relied on here. The coastal
stakeholders represented among the authors of the foundational
7
technical input report confirmed the conclusions from their longterm experience in coastal management and direct involvement in
adaptation efforts locally.
Moreover, evidence from other regions outside the U.S. adds
weight to the conclusions drawn here.
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RESPONSE STRATEGIES
People make choices every day about risks and benefits in their lives, weighing
experience, information, and judgment as they consider the impacts of their
decisions on themselves and the people around them. Similarly, people make
choices that alter the magnitude of impacts resulting from current and future
climate change. Using science-based information to anticipate future changes can
help society make better decisions about how to reduce risks and protect people,
places, and ecosystems from climate change impacts. Decisions made now and in
the future will influence society’s resilience to impacts of future climate change.
In recognition of the significance of these decisions, the National Climate
Assessment presents information that is useful for a wide variety of decisions
across regions and sectors, at multiple scales, and over multiple time frames. For
the first time, the National Climate Assessment includes chapters on Decision
Support, Mitigation, and Adaptation, in addition to identifying research needs
associated with these topics.
As with other sections of this report, the linkages across and among these chapters
are extremely important. There are direct connections between mitigation decisions
(about whether and how to manage emissions of heat-trapping gases) and how
much climate will change in the future. The amount of change that occurs will in
turn dictate the amount of adaptation that will be required.
In the Decision Support chapter, a variety of approaches to bridge the gap
between scientific understanding and decision-making are discussed, leading to
the conclusion that there are many opportunities to help scientists understand the
needs of decision-makers, and also to help decision-makers use available tools
and information to reduce the risks of climate change. The Mitigation chapter
describes emissions trajectories and assesses the state of mitigation activities.
Policies already enacted and other factors lowered U.S. emissions in recent years,
but achievement of a global emissions path consistent with the lower scenario (B1)
analyzed in this assessment will require strenuous action by all major emitters. The
Adaptation chapter assesses current adaptation activities across the United States
in the public and private sectors, and concludes that although a lot of adaptation
planning is being done, implementation lags significantly behind the scale of
anticipated changes.
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This report concludes with chapters on Research Needs to improve future climate
and global change assessments and on the Sustained Assessment Process, which
describes the rationale for ongoing assessment activity to achieve greater efficiency
and better scientific and societal outcomes.
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Key Messages
1. Decisions about how to address climate change can be complex, and responses will require
a combination of adaptation and mitigation actions. Decision-makers – whether individuals,
public officials, or others – may need help integrating scientific information into adaptation and
mitigation decisions.
2. To be effective, decision support processes need to take account of the values and goals of the
key stakeholders, evolving scientific information, and the perceptions of risk.
3. Many decision support processes and tools are available. They can enable decision-makers to
identify and assess response options, apply complex and uncertain information, clarify tradeoffs,
strengthen transparency, and generate information on the costs and benefits of different choices.
4. Ongoing assessment processes should incorporate evaluation of decision support tools, their
accessibility to decision-makers, and their application in decision processes in different sectors
and regions.
5. Steps to improve collaborative decision processes include developing new decision support tools
and building human capacity to bridge science and decision-making.

After a long period of relative stability in the climate system, climate conditions are changing and are projected to continue to
change (Ch. 2: Our Changing Climate). As a result, historically successful strategies for managing climate-sensitive resources and
infrastructure will become less effective over time. Although
decision-makers routinely make complex decisions under uncertain conditions, decision-making in the context of climate
change can be especially challenging due to a number of factors.
These include the rapid pace of changes in some physical and
human systems, long time lags between human activities and
response of the climate system, the high economic and political
stakes, the number and diversity of potentially affected stakeholders, the need to incorporate uncertain scientific information of varying confidence levels, and the values of stakeholders
1,2,3
and decision-makers.
The social, economic, psychological,
and political dimensions of these decisions underscore the need
for ways to improve communication of scientific information
and uncertainties and to help decision-makers assess risks and
opportunities.

the role of alternative institutions and governance structures.
In particular, iterative decision processes that incorporate improving scientific information and learning though periodic reviews of decisions over time are helpful in the context of rapid
3,4
changes in environmental conditions. Some of the approaches
described in this chapter can also help overcome barriers to the
use of existing tools and improve communications among scien5,6
tists, decision-makers, and the public.

Extensive literature and practical experience offer means to help
improve decision-making in the context of climate variability and
change. The decision-support literature includes topics such as
decision-making frameworks, decision support tools, and decision support processes. These approaches can help evaluate the
costs and benefits of alternative actions, communicate relative
amounts of risk associated with different options, and consider
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Focus

of this chapter

This chapter introduces decision-making frameworks
that are useful for considering choices about climate
change responses through the complementary strategies
of adaptation and mitigation. It also includes numerous
examples in which decision support tools are being
employed in making adaptation and mitigation decisions. It
focuses on the processes that promote sustained interaction
between decision-makers and the scientific/technical
community. This chapter reviews the state of knowledge
and practice in the context of managing risk. Extensive
literature makes clear that in many cases, decisions aided
by the types of approaches described here prove more
3,7
successful than unaided decisions. Because of space
limitations, the chapter describes some general classes of
tools but does not assess specific decision support tools.
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What are the decisions and who are the decision-makers?
Decisions about climate change adaptation and mitigation are
being made in many settings (Table 26.1). For example:
•

•

•

The Federal Government is engaged in decisions that
affect climate policy at the national and international
level; makes regulatory decisions (for example, setting
efficiency standards for vehicles); and makes decisions
about infrastructure and technologies that may reduce
risks associated with climate change for its own facilities
and activities.
State, tribal, and local governments are involved in
setting policy about both emissions and adaptation activities in a variety of applications, including land use,
renewable portfolio and energy efficiency standards,
and investments in infrastructure and technologies that
increase resilience to extreme weather events.
Private-sector companies have initiated strategies to
respond both to the risks to their investments and the

•

business opportunities associated with preparing for a
changing climate.
Non-governmental organizations have been active in
supporting decisions that integrate both adaptation
and mitigation considerations, often in the context of
promoting sustainability within economic sectors, communities, and ecosystems.

Individuals make decisions on a daily basis that affect their contributions to greenhouse gas emissions, their preparedness for
8
extreme events, and the health and welfare of their families.
Many decisions involve decision-makers and stakeholders at
multiple scales and in various sectors. Effective decision support must link and facilitate interactions across different deci9
sion networks.

Table 26.1. Examples of Decisions at Different Scales
Individuals
↓
↓

A farmer decides whether to adopt no-till agricultural practices.
A private firm decides whether to invest in solar or wind energy.

Organizations
↓
↓
Communities
↓

A city develops a plan to increase resiliency to coastal floods in light of projections for sea
level rise.
A government agency plans incentives for renewable energy to meet greenhouse gas reduction goals.

↓
↓
National Governments
↓

A national government develops its positions for international climate negotiations, including
what commitments the government should make with respect to reducing greenhouse gas
emissions.

↓
↓
International Institutions

A United Nations agency designs a long-term strategy to manage increased flows of refugees
who are migrating in part due to desertification related to climate change.

What is decision support?
Decision support refers to “organized efforts to produce, disseminate, and facilitate the use of data and information” to
3
improve decision-making. It includes processes, decision support tools, and services. Some examples include methods for
assessing tradeoffs among options, scenarios of the future
used for exploring the impacts of alternative decisions, vulnerability and impacts assessments, maps of projected climate
impacts, and tools that help users locate, organize, and display
data in new ways. Outcomes of effective decision support pro-

cesses include building relationships and trust that can support
longer-term problem-solving capacity between knowledge
producers and users; providing information that users regard
as credible, useful, and actionable; and enhancing the quality
3
of decisions. Decision support activities that facilitate wellstructured decision processes can result in consensus about
defining the problems to be addressed, objectives and options
for consideration, criteria for evaluation, potential opportunities and consequences, and tradeoffs (Figure 26.1).
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Decision-Making Elements and Outcomes

Figure 26.1. Decisions take place within a complex context. Decision support processes and tools can help structure decisionmaking, organize and analyze information, and build consensus around options for action.

Boundary Processes: Collaboration among Decision-Makers, Scientists, and Stakeholders
Incorporating the implications of climate
change in decision-making requires consideration of scientific insights as well as
cultural and social considerations, such as
the values of those affected and cultural
and organizational characteristics. Chapter 28 (Adaptation) addresses how some
of these factors might be addressed in the
context of adaptation. The importance of
both scientific information and societal
considerations suggests the need for the
public, technical experts, and decisionmakers to engage in mutual shared learning and shared production of relevant
3,10
knowledge. A major challenge in these
engagements is communicating scientific
information about the risks and uncertain11
ties of potential changes in climate.
Efforts to facilitate interactions among
technical experts and members of the
public and decision-makers are often
referred to as “boundary processes”
(Figure 26.2). Boundary processes and associated tools include, for example, joint
fact finding, structured decision-making,

Boundary Processes Linking
Decision-Makers and Scientific/Technical Experts

Figure 26.2. Boundary processes facilitate the flow of information and sharing of
knowledge between decision-makers and scientists/technical experts. Processes
that bring these groups together and help translate between different areas of
expertise can provide substantial benefits.
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Though boundary processes developed to support climaterelated decisions vary in their design, they all involve bringing together scientists, decision-makers, and citizens to collaborate in the scoping, conduct, and employment of technical
and scientific studies to improve decision-making. Boundary
processes can involve establishing specialized institutions,
sometimes referred to as boundary organizations, to provide
a forum for interaction amongst scientists and decision-mak15
ers. One such boundary activity is the National Oceanic and
Atmospheric Administration’s (NOAA) Regional Integrated Science and Assessment (RISA) Program. Interdisciplinary RISA
teams are largely based at universities and engage regional,
state, and local governments, non-governmental organizations, and private sector organizations to address issues of
concern to decision-makers and planners at the regional level.
RISA teams help to build bridges across the scientist, decision16
maker, and stakeholder divide. Effective engagement may
also occur through less formal approaches by incorporating
boundary processes that bring scientists, stakeholders, and
decision-makers together within a specific decision-making
setting rather than relying on an independent boundary organization. Sustained conversations among scientists, decisionmakers, and stakeholders are often necessary to frame issues
17
and identify, generate, and use relevant information.
Some analysts have emphasized the importance of boundary
18
processes that are collaborative and iterative. In one example, federal, state, and local agencies, water users, and other
stakeholders are using a collaborative process to manage the
Platte River to meet species protection goals and the needs
of other water users. The Platte River Recovery Implementation Program brings together participants on an ongoing basis
to help set goals, choose management options, and generate
19
information about the effectiveness of their actions. Scientists engaged in the process do not make policy decisions, but
they engage directly with participants to help them frame scientific questions relevant to management choices, understand
available information, design monitoring systems to assess
outcomes of management actions, and generate new knowledge tailored to addressing key decision-maker questions. The
process has helped participants move beyond disagreements
about the water-flow needs of the endangered species and

Courtesy of Lynn Laws, Iowa State University 2013

collaborative adaptive management, and computer-aided
collaborative simulation, each of which engages scientists,
stakeholders, and decision-makers in ongoing dialog about
understanding the policy problem and identifying what information and analyses are necessary to evaluate decision op12,13,14
tions.
The use of these kinds of processes is increasing
in decision settings involving complex scientific information
and multiple – sometimes competing – societal values and
goals. Well-designed boundary processes improve the match
between the availability of scientific information and capacity
to use it and result in scientific information that is perceived as
useful and applicable.

move to action. Through monitoring, participants will evaluate
whether the water flows and other management practices are
achieving the goals for species recovery set out in the Platte
River Recovery Implementation Plan.
In a number of other examples, boundary processes involve
14
the use of computer simulation models. Scientists, stakeholders, and decision-makers develop a shared understanding of the problem and potential solutions by jointly designing models that reflect their values, interests, and analytical
needs. The U.S. Army Corps of Engineers has developed this
20
type of boundary process in their “shared vision planning.”
A comprehensive website provides a history of the process,
demonstrations and case studies, and tools and techniques for
21
implementing the process.
Recently, the International Joint Commission used the shared
vision planning process in decisions about how to regulate
water levels in both the Lake Ontario-St. Lawrence River sys22
23,24
tem and in the Upper Great Lakes.
Both studies engaged
hundreds of participants from the United States and Canada
in discussions about water level management options and the
impacts of those options on ecosystems; recreational boating
and tourism; hydropower; commercial navigation; municipal,
industrial, and domestic water use; and the coastal zone. The
models used in the studies incorporated information about
ecosystem responses, shoreline dynamics, economics, and
lake hydrology, and the potential operating plans were tested
using multiple climate change scenarios. Although the shared
vision planning process did not ultimately lead to consensus on
a single recommended plan in the Lake Ontario-St. Lawrence
River Study, the process did help improve participants’ understanding of the system and develop a shared vision of possible
22,25
futures.
Building on lessons from the Lake Ontario-St. Lawrence River Study, the Upper Great Lakes Study’s use of shared
24
vision planning did result in a single recommended plan.
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Using a Decision-Making Framework
The term “adaptive management” is used here to refer to a
specific approach in which decisions are adjusted over time
to reflect new scientific information and decision-makers
learn from experience. The National Research Council (NRC)
contrasts the processes of “adaptive management” and “de3
liberation with analysis.” Both can be used as part of an “iterative adaptive risk management framework” that is useful for
decisions about adaptation and ways to reduce future climate
change, especially given uncertainties and ongoing advances
8,26
in scientific understanding. Iterative adaptive risk management emphasizes learning by doing and continued adaptation
to improve outcomes. It is especially useful when the likelihood of potential outcomes is very uncertain.
An idealized iterative adaptive risk management process includes clearly defining the issue, establishing decision criteria,
identifying and incorporating relevant information, evaluating
options, and monitoring and revisiting effectiveness (Figure
26.3). The process can be used in situations of varying complex27
ity, and while it can be more difficult for complex decisions,
the incorporation of an iterative approach makes it possible
to adjust decisions as information improves. Iterative adaptive
risk management can be undertaken through collaborative
processes that facilitate incorporation of stakeholder values in
28
goal-setting and review of decision options. Examples of the

Decision-Making Framework

Figure 26.3. This illustration highlights several stages of a wellstructured decision-making process. (Figure source: adapted
8
26
from NRC 2010 and Willows and Connell 2003 ).

process and decision support tools that are helpful at its different stages are included in subsequent sections of this chapter.

Defining the Issue and Establishing Decision Criteria
An initial step in a well-structured decision process is to identify the context of the decision and factors that will affect choices – making sure that the questions are posed properly from
scientific, decision-maker, and stakeholder (or public) perspectives (corresponding to the first two steps in Figure 26.3). An
important challenge is identifying the stakeholders and how
to engage them in decision-making processes. There are often
many categories of stakeholders, including those directly and
indirectly affected by, or interested in, the outcomes of decisions, as well as the decision-makers, scientists, and elected
29
officials. Other important considerations often overlooked
but critical to defining the issue are:
•
•
•
•
•

understanding the goals and values of the participants
in the decision process;
identifying risk perceptions and the sense of urgency of
the parties involved in the decision;
being clear about the time frame of the decision (shortversus long-term options relative to current and future
risk levels) – and when the decision must be reached;
acknowledging the scale and degree of controversy associated with the risks and opportunities as well as the
alternatives;
assessing the distribution of benefits or losses associated with current conditions and the alternatives being
considered;

•
•
•
•

reaching out to communities that will be affected but
may lack ready access to the process (for example, considering environmental justice issues);
recognizing the diverse interests of the participants;
recognizing when neutral facilitators or trained science
translators are needed to support the process; and
understanding legal or institutional constraints on options.

Identifying and agreeing on decision criteria – metrics that help
participants judge the outcomes of different decision options
– can be extremely helpful in clarifying the basis for reaching a
decision. Based on the relevant objectives, decision criteria can
be established that reflect constraints and values of decisionmakers and affected parties. Criteria can be quantitative (for
example, obtaining a particular rate of return on investment)
or qualitative (for example, maintaining a community’s character or culture). If the issue identified is to reduce the risks
associated with climate change, decision criteria might include
minimizing long-term costs and maximizing public safety. Related sections below provide information on tools for valuing
and comparing options and outcomes and provide a basis for
using decision criteria.
Decision framing and establishment of decision criteria can
be facilitated using various methods, including brainstorming, community meetings, focus groups, surveys, and problem
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3,29

mapping;
selecting among techniques requires consider30
ation of a number of context-specific issues. There are a variety of techniques for organizing, weighting information, and

making tradeoffs for the goals that are important for a deci31,32
sion,
several of which are discussed in more detail in the
section “Examples of Decision Support Tools and Methods.”

Accessing Information
Developing a solid base of information to support decision- tion Decision-Making” below highlights use of an open platmaking is ideally a process of matching user needs with avail- form data system that facilitated collaboration across multiple
able information, including observations, models, and decision public and private sector entities in analyzing climate risk and
support tools. In some cases, needed information does not adaptation economics along the U.S. Gulf Coast.
exist in the form useful to decision makers, thus requiring the
capacity for synthesis of currently available information into While progress is being made in development of data managenew data products and formats. For decisions in the context of ment and information systems, multiple challenges remain.
climate change and variability, it is critical to consult informa- Specific issues highlighted in the recent USGCRP National
38
tion that helps clarify the risks and opportunities to allow for Global Change Research Plan include data permanence,
appropriate planning and management. An example of infor- volume, transparency, quality control, and access. For data
mation systems that synthesize data and products to support on socioeconomic systems – important for evaluating vulnermitigation and adaptation decisions is the National Integrated abilities, adaptation, and mitigation – privacy, confidentiality,
Drought Information System (NIDIS), a federal, interagency ef- and integration with broader systems of environmental data
38
fort to supply information about drought impacts and risks as are important issues. Experience with adaptation and mitigawell as decision support tools to allow sectors and communi- tion decisions is often an excellent source of information and
33
ties to prepare for the effects of drought. Learning from the knowledge but is difficult to access and validate. Several orsuccesses of such efforts, the National Climate Assessment ganizations have been developing knowledge management
(NCA) is currently developing an indicator system to track cli- systems for integrating this highly dispersed information and
mate changes as well as physical, natural, and societal impacts, providing it to a network of practitioners (for example, CAKE
34
39
vulnerabilities, and responses. This effort is building on exist- 2012 ). Addressing these and other challenges is essential for
ing indicator efforts, such as the U.S. Environmental Protection making progress in establishing a sustained assessment pro35
36
40
Agency’s (EPA) Climate Change Indicators, NASA Vital Signs,
cess and meeting the challenge of informing decision-making.
37
and NOAA indicator products, as well as
identifying when new data, information, and
nformation technology supports
indicator products are needed.

I

adaptation decision-making

Information technology systems and data
analytics can harness vast data sources, facilitating collection, storage, access, analysis,
visualization, and collaboration by scientists,
analysts, and decision-makers. Such technologies allow for rapid scenario building
and testing using many different variables,
enhancing capacity to measure the physical
impacts of climate change. These technologies are managing an increasing volume of
data from satellite instruments, in situ (direct) measurement networks, and increas38
ingly detailed and high-resolution models.
“Information Technology Supports Adapta-

Entergy (a regional electric utility), Swiss Re (a reinsurance company),
and the Economics of Climate Adaptation Working Group (a partnership
between several public and private organizations) integrated natural
catastrophe weather models with economic data to develop damage
41
estimates related to climate change adaptation. An extension of this
work is the first comprehensive analysis of climate risks and adaptation
42
economics along the U.S. Gulf Coast. Another example is a simplified model, developed with support from EPA, to look at flooding risks
43
associated with coastal exposure in southern Maine. Use of an “open
platform” system that allows multiple users to input and access data
resulted in spreadsheets, graphs, and three-dimensional imagery displayed on contour maps downscaled to the city and county level for
44
local decision-makers to access.

Assessing, Perceiving, and Managing Risk
Making effective climate-related decisions requires balance
among actions intended to manage, reduce, and transfer risk.
Risks are threats to life, health and safety, the environment,
economic well-being, and other things of value. Risks are often
evaluated in terms of how likely they are to occur (probability)
and the damages that would result if they did happen (conse-

quences). As noted by the Intergovernmental Panel on Climate
45
Change, human choices affect the risks associated with climate variability and change. Such choices include how to manage our ecosystems and agriculture, where to live, and how to
build resilient infrastructure. Choices regarding a portfolio of
actions to address the risks associated with climate variability
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and change are most effective when they take
into consideration the range of factors affecting
human behavior, including people’s perception
of risk, the relative importance of those risks,
45,46
and the socioeconomic context.
The process
shown in Figure 26.4 is designed to help take such
factors into consideration.
The next few sections describe the “integrate,
evaluate, and decide” steps in Figure 26.3, which
aim to help decision-makers choose risk management strategies. While a full quantitative risk
analysis is not always possible, the concept of risk
assessment coupled with understanding of risk
perception provides a powerful framework for
decision-makers to evaluate alternative options
for managing the risks that they face today and
47
in the future. As described below, methods such
as multiple criteria analysis, valuation of both
risks and opportunities, and scenarios can help to
combine experts’ assessment of climate change
risks with public perception of these risks, both
influenced by the diverse values people bring
48
to these questions and in support of risk management strategies more likely to achieve both
46
public support and their desired objectives. To
illustrate how this framework can be applied to
resource management decisions, we use an example of coastal risk management decisions in
49
the context of climate change.

Linking Risk Assessment and Risk Perception
with Risk Management of Climate Change

Figure 26.4. This figure highlights the importance of incorporating
both experts’ assessment of the climate change risk and general public
perceptions of this risk in developing risk management strategies for reducing
the negative impacts of climate change. As indicated by the arrows, how
the public perceives risk should be considered when experts communicate
data on the risks associated with climate change so the public refines its
understanding of these risks. As the arrows indicate, the general public’s
views must also be considered in addition to experts’ judgments when
developing risk management strategies that achieve decision-makers’
desired objectives. Climate change policies that are implemented will, in turn,
affect both expert assessment and public perception of this risk in the future,
as indicated by the feedback loop from risk management to these two boxes.

Risk Assessment
Risk assessment includes studies that estimate the likelihood
of specific sets of events occurring and/or their potential con50
sequences. Experts often prov ide quantitative information
regarding the nature of the climate change risk and the degree
of uncertainty surrounding their estimates. Risk assessment
focuses on the likelihood of negative consequences but does
not exclude the possibility that there may also be beneficial
consequences.
There are four basic elements for assessing risk – hazard, in51
ventory, vulnerability, and loss. This generalized approach
to risk assessment is useful for a variety of types of decisions.
The first element focuses on the risk of a hazard as a function
of climate change, including interactions of climate effects
with other factors. In the context of the coastal community
example, the community is concerned with the likelihood of
future hurricanes and the impacts that sea level rise may have
on damage to the residential development from future hurricanes. There is likely to be considerable uncertainty about
maximum storm surge and sea level from hurricanes during
the next 50 to 70 years. The second element identifies the
inventory of properties, people, and the environment at risk.

To inventory structures, for instance, requires evaluating their
location, physical dimensions, and construction quality.
Evaluating both the hazard and its impacts on the inventory
often requires an appropriate treatment of uncertainty. In
some cases a probabilistic treatment may prove sufficient. For
instance, in the coastal community example, decision-makers
may have sufficient confidence in estimates of the return frequency of extreme storms (for example, that the once-in-ahundred-years storm is and will remain a once-in-a-hundredyears storm) to base their choices largely on these estimates.
If such probabilistic estimates are not available, or if decisionmakers lack sufficient confidence in those that are available,
they may find it useful to consider a range of scenarios and
seek risk management strategies robust across these ranges of
49,52,53
estimates.
Together, the hazard and inventory elements enable calculation of the damage vulnerability of the structures, people, and
environment at risk. The vulnerability component enables estimation of the human, property, and environmental losses from
different climate change scenarios by integrating biophysical
information on climate change and other stressors with so-
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54

cioeconomic and environmental information. These assessments typically involve evaluation of exposure, sensitivity, and
adaptive capacity for current and projected conditions. Quantitative indicators are increasingly used to diagnose potential
vulnerabilities under different scenarios of socioeconomic and
55
environmental change and to identify priorities and readi56
ness for adaptation investments. In the case of a coastal residential development, the design of the facility will influence

its ability to reduce damage from hurricanes and injuries or
fatalities from hurricane storm surge and sea level rise. Decisions may involve determining whether to elevate the facility
so it is above ten feet, how much this adaptation measure will
cost, and the reduction in the impact of future hurricanes on
damage to the facility and on the residents in the building, as a
function of different climate change scenarios.

Risk Perception in Climate Change Decision-Making
The concept of risk perception refers to individual, group, and
public views and attitudes toward risks, where risks are understood as threats to life, health and safety, the environment,
economic well-being, and other things of value. Risk perception encompasses perspectives on various dimensions of risks,
including their severity, scope, incidence, timing, controllability, and origins or causes. The knowledge base regarding risk
perception includes research in psychology, social psychology,
sociology, decision science, and health-related disciplines (see
“Factors Affecting Attitudes Toward Risk”).
As noted in “Factors Affecting Attitudes Towards Risk,” many
factors influence risk. Social scientists and psychologists have
studied people’s concerns about climate change risks and
found that many individuals view hazards for which they have
72
little personal knowledge and experience as highly risky. On

Factors

the other hand, seeing climate change as a simple and gradual change from current to future values on variables such as
average temperatures and precipitation may make it seem
73
controllable.
The effects of risk perception on decision-making have also
been studied extensively and support a number of conclusions
that need to be considered in decision support processes. The
decision process of non-experts with respect to low-probabil74
ity, high-consequence events differs from that of experts.
Non-experts tend to focus on short time horizons, seeking
to recoup investments over a short period of time, in which
case future impacts from climate change are not given much
weight in actions taken today. This is a principal reason why
there is a lack of interest in undertaking adaptation measures
with upfront investments costs where the benefits accrue over

affecting attitudes towards risk

Extensive literature indicates that a range of factors shape risk perceptions. For example, psychological risk dimensions have been shown to influence people’s perceptions of health and safety risks across numerous studies in multiple
57
countries. People also often use common “mental shortcuts,” such as availability and representativeness, to organize
58
a wide range of experiences and information. How risks are framed is also important – for example, as numbers versus
59
percentages and worst-case formulations versus more probable events. Recent research has emphasized the role of
60,61
emotions in the perception of risk.
Other factors explored in the literature center on perceived characteristics of specific risks, such as whether the risks are
familiar or unfamiliar; prosaic or perceived as catastrophic (“dread” risks); reversible or irreversible; and voluntarily as62
sumed or imposed. Risk perception is also influenced by the social characteristics of individuals and groups, including
61,63
gender, race, and socioeconomic status.
Experiences with specific risks are also important, such as being affected
64
64
66
by a hazard (for discussions, see Figner and Weber 2011; NRC 2006; Tierney et al. 2001 ) and experiencing near
67
misses or false alarms.
Risk perceptions do not exist as isolated perceptions, but are linked to other individual and group perceptions and beliefs and to psychosocial factors, such as fatalism, locus of control (the degree to which people feel they have control
65,66
over their own lives and outcomes), and religiosity,
as well as to more general worldviews. Research has also focused
68
on people’s mental models regarding the causality and effects of different risks.
Still other research focuses on how risk information is mediated through organizations and institutions and how mediation processes influence individual and group risk perceptions. For example, the “social amplification of risk” framework
stresses the importance of the media and other institutions in shaping risk perceptions, such as by making risks seem
69
more or less threatening. Perceptions are also related to people’s trust in the institutions that manage risk; loss of
trust can lead to feelings of disloyalty regarding organizations that produce risks and institutions charged with managing
70
them, which can in turn amplify individual and public concerns. Additionally, perceptions are linked to individual and
group attitudes concerning sources of risk information, including official and media sources. These factors include the
71
perceived legitimacy, credibility, believability, and consistency of information sources.
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a long period of time. In the context of the coastal residential development, elevating the structure will reduce expected
damages from hurricanes, resulting in smaller annual insurance premiums. Long-term loans that spread the costs of this
action over time can make the option financially attractive, if
the savings on the insurance premiums outweigh the costs of
the loan payments.
There is also a tendency for decision-makers to treat a lowprobability event as if it had no chance of occurring because
it is below their threshold level of concern (such as a 1 in 100

chance of a damaging disaster occurring next year). As shown
by empirical research, stretching the time horizon over which
information is communicated can make a difference in risk per76
ception. In the case of the coastal residential development,
community leaders may pay more attention to the need for
adaptation measures if the likelihood of inundation by a future
hurricane is presented over a 25-year or 50-year horizon (for
example, the facility may flood 5 times in 25 years) rather than
as a risk on annual basis (for example, there is a 20% chance of
flooding in any given year).

Risk Management Strategies
In general, an effective response to the current and future risks
from climate variability and change will require a portfolio of
different types of actions, ranging from those intended to
manage, reduce, and transfer risk to those intended to provide
additional information on risks and the effectiveness of various actions for addressing it (see “Value of Information”). For
instance, in the coastal community example, decision-makers
might better manage risk through changes in building codes
intended to reduce the impact of flooding on structures, might
share risk by appropriate adjustments in flood insurance rates,
and might reduce risk via land-use policies that shift development towards higher ground and via participating in and advocating for greenhouse gas emission reduction policies that may
reduce future levels of sea level rise.
To facilitate these strategies given the uncertainty associated with the likelihood and consequences of climate change,
“robust decision-making” may be a useful tool for evaluating alternative options and risk management strategies. One
study reviews the application of a range of decision-making
approaches to assessing options for mitigating or adapting to
77
the impacts of climate change. In the context of the coastal
residential development, the choice of adaptation measures
to reduce the likelihood of future water-related damage may
require using such an approach. To illustrate, consider two adaptation measures, elevating a building and flood-proofing it,
to reduce the chances of severe water damage from hurricane
storm surge coupled with sea level rise. Measure 1 (elevation)
may perform extremely well based on specific estimates of the
likelihood of different climate change conditions that will affect storm surge and sea level rise, but it may perform poorly
if those estimates turn out to be mistaken. Measure 2 (floodproofing) may have a lower expected benefit than elevation
but much less variance in its outcomes and thus be the pre49
ferred choice of the community.

Turning to risk management strategies, public agencies, private firms, and individuals have incentives, information, and
options available to adapt to emerging conditions due to climate change. These options may include ensuring continuity
of service or fulfillment of agency responsibilities, addressing
procurement or supply chain issues, preserving market share,
or holding the line on agency or private-sector production
costs. Commercially available mechanisms such as insurance
can also play a role in providing protection against losses due
78
to climate change. However, insurers may be unwilling to provide coverage against such losses due to the uncertainty of the
risks and lack of clarity on the liability issues associated with
79
global climate change. In these cases, public sector involvement through public education programs, economic incentives (subsidies and fines), and regulations and standards may
be relevant options. Criteria for evaluating risk management
strategies can include impacts on resource allocation, equity
and distributional impacts, ease of implementation, and justification.

Value

of information

A frequently asked question when making complex decisions is: “When does the addition of more information
contribute to decision-making so that the benefit of obtaining this information exceeds the expense of collecting, processing, or waiting for it?” In a decision context,
the value of information often is defined as the expected
additional benefit from additional information, relative
80,81
to what could be expected without that information.
Even though decision-makers often cite a lack of information as a rationale for not making timely decisions,
delaying a decision to obtain more information does not
82,83
always lead to different or better decisions.

Implementation, Continued Monitoring, and Evaluation of Decisions
The implementation phase of a well-structured decision process involves an ongoing cycle of setting goals, taking action,
learning from experience, and monitoring to evaluate the con-

sequences of undertaking specific actions, as shown on the
left-hand side of Figure 26.3. This cycle offers the potential for
policy and outcome improvement through time. Ongoing eval-
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uation can focus on how the system responds to the decision,
leading to better future decisions, as well as on how different
stakeholders respond, resulting in improvements in future
decision-making processes. The need for social and technical
learning to inform decision-making is likely to increase in the
face of pressures on social and resource systems from climate

change. However, the relative effectiveness of monitoring and
assessment in producing social and technical learning depends
on the nature of the problem, the amount and kind of uncertainty and risk associated with climate change, and the design
of the monitoring and evaluation efforts.

Examples of Decision Support Tools and Methods
While decision frameworks vary in their details, they generally
incorporate most or all of the steps outlined above. To support
decision-making across these steps, various technical tools and
methods, developed in both the public and private sectors, can
assist stakeholders and decision-makers in meeting their objectives and clarify where there are value differences or varying tolerances for risk and uncertainty. Many of these tools
and methods are applicable throughout the decision-making
process, from framing through assessment of options through
evaluation of outcomes. Several of the tools and methods –

Example

data management systems and scientific assessments – help
to expand the relevant information and provide a means of
managing large amounts of data. Three other tools described
below – comparative tradeoff methods, scenario planning,
and integrated assessment models – are particularly useful
in assisting stakeholders and decision-makers in identifying
and evaluating different options for managing risks associated
with climate change. The following discussion describes these
approaches; examples are provided in “Example Decision Support Tools.”

decision support tools

Many decision support tools apply climate science and other information to specific decisions and issues; several online
39
84
clearinghouses describe these tools and provide case studies of their use (for example, CAKE 2012; CCSP 2005; Na85
tureServe 2012 ). Typically, these applications integrate observed or modeled data on climate and a resource or system
to enable users to evaluate the potential consequences of options for management, investment, and other decisions.
These tools apply to many types of decisions; examples of decisions and references for further information are provided
in Table 26.2.
Table 26.2. Examples of Decisions and Tools Used
Topic

Example Decision(s)

Further Information and Case Studies

Water resources

Making water supply decisions in the context of changes in precipitation, increased
temperatures, and changes in water quality,
quantity, and water use

Means et al. 2010; International Upper
24
Great Lakes Study 2012; State of Wash87
ington 2012; “Denver Water Case Study”
(below); Ch. 3: Water

Infrastructure

Designing and locating energy or transportation facilities in the coastal zone to limit the
impacts of sea level rise

Ch. 11: Urban; Ch. 10: Energy, Water, and
Land

Managing carbon capture and storage, fire,
invasive species, ecosystems, and ecosystem services

Byrd et al. 2011; Labiosa et al. 2009;
90,91
USGS 2012a, 2012b, 2012c;
Figure 26.5

Human health

Providing public health warnings in response
to ecosystem changes or degradation, air
quality, or temperature issues

Ch. 9: Human Health

Regional climate change
response planning

Develop plans to reduce emissions of greenhouse gases in multiple economic sectors
within a state

“Washington State’s Climate Action Team”
(below)

Ecosystems and biodiversity

86

88

89

Continued
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Example

decision support tools (continued)

Many available and widely applied decision-making tools can be used to support management in response to climate
extremes or seasonal fluctuations. Development of decision support resources focused on decadal or multi-decadal investment decisions is in a relatively early stage but is evolving rapidly and shared through the types of clearinghouses
discussed above.

Land-use Planning Tool for the Upper Santa Cruz Watershed

Figure 26.5. The Santa Cruz Watershed Ecosystem Portfolio Model is a regional land-use planning tool that integrates
ecological, economic, and social information and values relevant to decision-makers and stakeholders. The tool is a mapbased set of evaluation tools for planners and stakeholders, and is meant to help in balancing disparate interests within a
regional context. Projections for climate change can be added to tools such as this one and used to simulate impacts of climate
change and generate scenarios of climate change sensitivity; such an application is under development for this tool (Figure
90
source: USGS 2012 ).

Valuing the Effects of Different Decisions
Understanding costs and benefits of different decisions requires understanding people’s preferences and developing
ways to measure outcomes of those decisions relative to
preferences. This “valuation” process is used to help rank alternative actions, illuminate tradeoffs, and enlighten public
31
discourse. In the context of climate change, the process of
measuring the economic values or non-monetary benefits of
different outcomes involves managers, scientists, and stakeholders and a set of methods to help decision-makers evaluate
92
the consequences of climate change decisions. Although values are defined differently by different individuals and groups
and can involve different metrics – for example, monetary val93
ues and non-monetary benefit measures – in all cases, valuation is used to assess the relative importance to the public
or specific stakeholders of different impacts. Such valuation
assessments can be used as inputs into iterative adaptive risk
management assessments (which has advantages in a climate

context because of its ability to address uncertainty) or more
traditional cost-benefit analyses, if appropriate.
Some impacts ultimately are reflected in changes in the value
94
of activities within the marketplace and in dollars – for example, the impacts of increased temperatures on commercial
95
crop yields. Other evaluations use non-monetary benefit
96
measures such as biodiversity measures or soil conservation
97
and water services.
Valuation methods can provide input to a range of decisions,
98
including cost-benefit analysis of new or existing regulations
99
or government projects; assessing the implications of land100
use changes; transportation investments and other planning
101,102
efforts;
developing metrics for ecosystem services; and
103
stakeholder and conflict resolution processes.
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Comparative Tradeoff Methods
Once their consequences are valued or otherwise described,
alternative options are often compared against the objectives
or decision criteria. In such cases, approaches such as listing
104
105
the pros and cons, cost-benefit analysis, multi-criteria
80
106
methods, or robust decision methods can be useful. Multicriteria methods provide a way to compare options by considering the positive and negative consequences for each of the

objectives without having to choose a single valuation method
31
for all the attributes important to decision-makers. This approach allows for consequences to be evaluated using criteria
107
most relevant for a given objective. The options can then be
compared directly by considering the relative importance of
each objective for the particular decision.

Integrated Assessment Models
Integrated Assessment Models are tools for modeling interactions across climate, environmental, and socioeconomic sys108
tems. In particular, integrated assessment models can be
used to provide information that informs tradeoffs analyses,
often by simulating the potential consequences of alternative
decisions. Integrated assessment models typically include representations of climate, economics, energy, and other technology systems, as well as demographic trends and other factors

that can be used in scenario development and uncertainty
109
quantification. They are useful in national and global policy
decisions about emissions targets, timetables, and the implica110
tions of different technologies for emissions management.
These models are now being extended to additional domains
such as water resources and ecosystem services to inform a
broader range of tradeoff analyses and to finer resolutions to
111
support regional decision-making.

Scenarios and Scenario Planning
Scenario planning has been useful for water managers such as
Denver Water, which has also used “robust decision-making”
to assess policies that perform well across a wide range of future conditions, in the face of uncertainty and unknown probabilities (see “Denver Water Case Study”). Other examples of
the use of scenario planning include:

Scenario planning often combines quantitative science-based
scenarios with participatory “visioning” processes used by
115
communities and organizations to explore desired futures.
It can also facilitate participatory learning and development of
a common understanding of problems or decisions. There are
many different approaches, from a single workshop that uses
primarily qualitative approaches to more complex exercises
that integrate qualitative and quantitative methods with visualization and/or simulation techniques over multiple workshops
or meetings. Common elements include scoping and problem
definition; group development of qualitative (and, optionally,
quantitative) scenarios and analyses that explore interactions
of key driving forces, uncertainties, and decision options.
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•
•
•

National Park Service, to consider potential climate
change impacts and identify adaptation needs and pri116
orities in several parks or regions
California State Coastal Conservancy, to plan tidal marsh
restoration and planning in the San Francisco estuary in
117
the face of climate change and sea level rise
Urban Ecology Research Lab at the University of Washington, for planning adaptation to preserve ecosystem
118
services in the Snohomish Basin
A group of agencies and organizations considering the
impacts of climate change on ecosystems in the Florida
119
Everglades

The National Climate Assessment has developed and used
a number of different types of scenarios and approaches in
preparation of this report (see Appendix 5: Scenarios and
120
models).

NOAA/NCDC

Scenarios are depictions of possible futures or plausible conditions given a set of assumptions; they are not predictions.
Scenarios enable decision makers to consider uncertainties in
future conditions and explore how alternate decisions could
shape the futures or perform under uncertainty. One approach
to building scenarios begins with identifying any changes over
time that might occur in climate and socioeconomic factors (for
example, population growth and changes in water availability),
and then using these projections to help decision-makers rank
the desirability of alternative decision options to respond to
112
these changes. This works well when decision-makers agree
53,113
on the definition of the problem and scientific evidence.
A
second approach is widely used in robust decision-making and
decision-scaling approaches. It begins with a specific decision
under consideration by a specific community of users and then
poses questions relevant to these decisions (for example, “how
can we build a vibrant economy in our community in light of
uncertainty about population growth and water supply?”) to
organize information about future climate and socioeconomic
114
conditions (for example, Robinson 1988 ).
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water case study

©Denver Water

Denver

Scenario Planning

Figure 26.6: Scenario planning is an important component of decision-making. This “cone
of uncertainty” is used to depict potential futures in Denver Water’s scenario planning
122
exercises. (Figure source: adapted from Waage 2010 ).

Climate change is one of the biggest challenges facing the Denver
Water system. Due to recent and
anticipated effects of climate variability and change on water availability, Denver Water faces the
challenge of weighing alternative
response strategies and is looking
at developing options to help meet
more challenging future conditions.
Denver Water is using scenario
planning in its long-range planning
process (looking out to 2050) to
consider a range of plausible future scenarios (Figure 26.6). This
approach contrasts with its traditional approach of planning for
a single future based on demand
projections and should better prepare the utility and enhance its
ability to adapt to changing and
uncertain future conditions.
Denver Water is assessing multiple scenarios based on several
potential water system challenges,
including climate change, demographic and water-use changes,
and economic and regulatory
changes. The scenario planning
strategy includes “robust decisionmaking,” which focuses on keeping as many future options open as
possible while trying to ensure reliability of current supplies.

Scenario planning was chosen as a way to plan for multiple possible futures, given the degree of uncertainty associated
with many variables, particularly demographic change and potential changes in precipitation. This method is easy to
understand and has gained acceptance across the utility. It is a good complement to more technical, detailed analytical
approaches.
The next step for Denver Water is to explore a more technical approach to test their existing plan and identified options
121
against multiple climate change scenarios. Following a modified robust decision-making approach, Denver Water will
test and hedge its plan and options until those options demonstrate that they can sufficiently handle a range of projected
climate conditions.

Scientific Assessments
Ongoing assessments of the state of knowledge allow for iterative improvements in understanding over time and can provide
opportunities to work directly with decision-makers to under123
stand their needs for information. A sustained assessment

40

process (Ch. 30: Sustained Assessment) can be designed to
support the adaptation and mitigation information needs of
decision-makers, with ongoing improvements in data quality
and utility over time. This report represents one such type of
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assessment. The Intergovernmental Panel on Climate Change
(IPCC) has prepared assessments of the state of the science
related to climate change, impacts and adaptation, and mitigation since the late 1980s. Numerous additional assessments

Washington

have been prepared for a variety of national and international
bodies focused on issues such as biodiversity, ecosystem services, global change impacts in the Arctic, and many others.

state’s climate action team: uses and limits to decision support

Between 2000 and 2007, pioneering work by the University of Washington’s Climate Impacts Group (a NOAA RISA) tailored national climate models to the Pacific Northwest and produced, for the first time, specific information about likely
adverse impacts to virtually every part of Washington’s economy and environment if carbon dioxide concentrations in the
124
atmosphere were not quickly stabilized. The localized impacts predicted from these models were significant.
In February of 2007, Governor Christine Gregoire issued Executive Order 07-02, establishing the Climate Action Team
125
(CAT). Its charge was to develop a plan to achieve dramatic, climate-stabilizing reductions in emissions of greenhouse
gases according to goals established in the Executive Order. The CAT was a 29-member team that included representatives of industry, utilities, environmental advocacy groups, Native American tribes, state and municipal governments, and
elected officials.
The CAT met four to five times a year for two years. Between meetings, technical consultants, including boundary organizations such as the Climate Impacts Group, provided detailed analyses of the issues that were on the next CAT agenda.
Technical experts were recruited to provide direct testimony to the CAT. Professional facilitators helped run the meetings,
decipher the technical testimony, and keep the CAT on track to meet its obligations. All CAT meetings were open to the
public, and public testimony was accepted. To assist in this effort, five subcommittees were created to develop proposals for achieving emissions reductions in the following parts of the economy: the built environment, agriculture, forestry,
transportation, and energy generation. Similarly, adaptation groups were formed to develop recommendations for dealing
with impacts that could not be avoided. These Preparation/Adaptation Working Groups focused on forest health, farmlands, human health, and coastal infrastructure and resources.
The CAT and the working groups were well supported with science and technical expertise. The CAT issued its first report,
126
on reducing greenhouse gases, at the close of 2007. It was well received by the legislature, and a significant number
127
of its recommendations were implemented in the 2008 session.
In 2008, the CAT continued its work. The focus shifted to whether Washington should join the Western Climate Initiative
(WCI), a state and provincial organization that was developing a regional, economy-wide cap and trade system for carbon
emissions. The same high-quality professional facilitation was provided at all meetings. Several highly qualified technical
experts provided technical support.
128

With this support, the CAT produced another set of recommendations. The centerpiece recommendation was that Washington join the WCI’s regional cap and trade program. This time, the combination of a weakening economy and political
dynamics trumped the CAT’s findings, and resulted in a decision not to implement its recommendations.

Incorporating Recent Scientific Advances and Translating Science for Decision-Making
While decision support is not necessarily constrained by a lack
of tools, a number of barriers restrict application of existing
and emerging science and technology in adaptation and mitiga3,8,129
tion decisions.
In cases where tools exist, decision-makers
may be 1) unaware of tools; 2) overwhelmed by the number of
tools; 3) hesitant to use tools that are not appraised or updated
and maintained with new information; or 4) require training
8,130
in how to use tools.
Recent scientific developments could
help address some of these barriers, but are not yet incorpo65
rated into decision support tools. For example, individual climate models can provide very different projections of future
climate conditions for a given region, and the divergence of
these projections can make it seem impossible to reach a decision. But comparing different models and constructing climate
model “ensembles” can highlight areas of agreement across

large numbers of models and model runs, and can also be used
to develop ranges and other forms of quantification of uncertainty (for further discussion, see Ch. 2: Our Changing Climate
and Appendix 3: Climate Science Supplement). While results
from these activities can prove difficult to present in formats
131
that could help decision-makers, new approaches to visualization and decision support can make such ensembles useful
132
for decision-making.
There is also a need for “science translators” who can help
decision-makers efficiently access and properly use data and
tools that would be helpful in making more informed deci3,4,8,83,133
sions in the context of climate change.
The culture of
research in the United States often perpetuates a belief that
basic and applied research need to be kept separate, though
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it has been demonstrated that research motivated by “considerations of use” can also make fundamental advances in sci134
entific understanding and theory. The U.S. climate research
effort has been strongly encouraged to improve integration of

social and ecological sciences and to develop the capacity for
decision support to help address the need to effectively incor135
porate advances in climate science into decision-making.

Research to Improve Decision Support
There are a number of areas where scientific knowledge needs
to be expanded or tools further developed to take advantage of existing insight. The National Research Council (NRC)
identifies a research agenda both for decision support (such
as identifying specific information needs) and on decision support (such as improving tools for risk assessment and manage3
ment). A number of studies assess approaches and identify
needed research and development (for example, Arvai et al.
136
2006 ). A subset of the opportunities and needs identified by
the NRC seem particularly relevant in the context of the National Climate Assessment, including:
•

•

A comprehensive analysis of the state of decision support for adaptation and mitigation, including assessment of processes, tools, and applications, and development of a knowledge-sharing platform will facilitate
wide public access to these resources.
Comparisons of different adaptation and mitigation options will be improved by investments in understanding
how the effects of climate change and response options
can be valued and compared, especially for non-market
101,137
ecosystem goods and services
and those impacts
and decisions that have an effect over long time scales.
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•

•

•

•

Improvements in risk management require closing the
gap between expert and public understanding of risk
and building the institutions and processes needed for
managing persistent risks over the long term.
Probabilistic forecasts or other information regarding
consequential climate extremes/events have the potential to be very useful for decision-makers, if used with
improving information on the consequences of climate
change and appropriate decision support tools.
Better methods for assessing and communicating scientific confidence and uncertainty in the context of specific decisions would be very useful in supporting risk
management strategies.
Improvements in processes that effectively link scientists with decision-makers and the public in resource
management settings and developing criteria to evaluate their effectiveness would enhance knowledge building and understanding.
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SUPPLEMENTAL MATERIAL
TRACEABLE ACCOUNTS
Process for Developing Key Messages
During March-June 2012, the author team engaged in multiple technical discussions via teleconference (6 telecons) and email and in a
day-long in-person meeting (April 27, 2012, in Washington, D.C.). Authors reviewed over 50 technical inputs provided by the public and a
wide variety of technical and scholarly literature related to decision
support, including reports from the National Research Council that
provided recent syntheses of the field (America’s Climate Choices series, especially the reports Informing an Effective Response to Climate
8
3
Change and Informing Decisions in a Changing Climate ). During the
in-person meeting, authors reflected on the body of work informing
the chapter and drafted a number of candidate critical messages that
could be derived from the literature. Following the meeting, authors
ranked these messages and engaged in expert deliberation via teleconference and email discussions in order to agree on a small number
of key messages for the chapter.

K ey message #1 Traceable Account

sions about adaptation and ways to reduce future climate change,
especially given uncertainties and advances in scientific understand8,26
ing.
Well-designed decision support processes, especially those in which
there is a good match between the availability of scientific information and the capacity to use it, can result in more effective outcomes
based on relevant information that is perceived as useful and appli6
cable.
New information and remaining uncertainties
N/A
Assessment of confidence based on evidence and agreement
or, if defensible, estimates of the likelihood of impact or consequence

N/A

Decisions about how to address climate change
can be complex, and responses will require a combination of adaptation and mitigation actions. Decision-makers – whether individuals, public officials,
or others – may need help integrating scientific information into adaptation and mitigation decisions.

Description of evidence base
The sensitivity of the climate system to human activities, the extent
to which mitigation policies are implemented, and the effects of other demographic, social, ecological, and economic changes on vulnerability also contribute to uncertainty in decision-making.
Uncertainties can make decision-making in the context of climate
change especially challenging for several reasons, including the rapid
pace of changes in physical and human systems, the lags between
climate change and observed effects, the high economic and political
stakes, the number and diversity of potentially affected stakeholders,
the need to incorporate scientific information of varying confidence
2,3
levels, and the values of stakeholders and decision-makers.
An iterative decision process that incorporates constantly improving
scientific information and learning through periodic reviews of decisions over time is helpful in the context of rapid changes in environ3,4
mental conditions. The National Research Council has concluded
that an “iterative adaptive risk management” framework, in which
decisions are adjusted over time to reflect new scientific information
and decision-makers learn from experience, is appropriate for deci-

K ey message #2 Traceable Account
To be effective, decision support processes need
to take account of the values and goals of the key
stakeholders, evolving scientific information, and
the perceptions of risk.
Description of evidence base
This message emphasizes that making a decision is more than picking
the right tool and adopting its outcome. It is a process that should
involve stakeholders, managers, and decision-makers to articulate
and frame the decision, develop options, consider consequences
(positive and negative), evaluate tradeoffs, make a decision, imple1,8
ment, evaluate, learn, and reassess. Oftentimes having an inclusive,
transparent decision process increases buy-in, regardless of whether
3
a particular stakeholder’s preferred option is chosen. Decisions
about investment in adaptation and mitigation measures occur in the
context of uncertainty and high political and economic stakes, complicating the evaluation of information and its application in decision3,8
making. Decisions involve both scientific information and values
– for example, how much risk is acceptable and what priorities and
2
preferences are addressed.
New information and remaining uncertainties
N/A
Assessment of confidence based on evidence
N/A
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Traceable Accounts

K ey message #3 Traceable Account
Many decision support processes and tools are
available. They can enable decision-makers to
identify and assess response options, apply complex and uncertain information, clarify tradeoffs,
strengthen transparency, and generate information
on the costs and benefits of different choices.
Description of evidence base
Many decision support tools have been developed to support adaptive management in specific sectors or for specific issues. These tools
include: risk assessments; geographic information system (GIS)-based
analysis products; targeted projections for high-consequence events
such as fires, floods, or droughts; vulnerability assessments; integrated assessment models; decision calendars; scenarios and scenario
3,8,84
planning; and others.
Many of these tools have been validated
scientifically and evaluated from the perspective of users. They are
described in the sector and regional chapters of this assessment. In
addition, a variety of clearing houses and data management systems
provide access to decision support information and tools (for exam39,85
ple, CAKE 2012; NatureServe 2012
).
There are many tools, some of which we discuss in the chapter, that
are currently being used to make decisions that include a consideration of climate change and variability, or the impacts or vulnerabilities that would result from such changes.
Also important is the creation of a well-structured and transparent
decision process that involves affected parties in problem framing,
establishing decision criteria, fact finding, deliberation, and reaching
1,8,26
conclusions.
These aspects of decision-making are often overlooked by those who focus more on scientific inputs and tools, but
given the high stakes and remaining uncertainties, they are crucial for
effective decision-making on adaptation and mitigation.
New information and remaining uncertainties
N/A
Assessment of confidence based on evidence
N/A

K ey message #4 Traceable Account
Ongoing assessment processes should incorporate evaluation of decision support tools, their
accessibility to decision-makers, and their application in decision processes in different sectors and
regions.
Description of evidence base
As part of a sustained assessment, it is critical to understand the state
of decision support, including what is done well and where we need
to improve. At this point in time, there is a lack of literature that provides a robust evidence base to allow us to conduct this type of national, sector-scale assessment. Developing an evidence base would

allow for a movement from case studies to larger-scale assessment
across decision support and would allow us to better understand how
to better utilize what decision support is available and understand
what needs to be improved to support adaptation and mitigation decisions in different sectors and regions.
New information and remaining uncertainties
N/A
Assessment of confidence based on evidence
N/A

K ey message #5 Traceable Account
Steps to improve collaborative decision processes include developing new decision support tools
and building human capacity to bridge science and
decision-making.
Description of evidence base
There are many challenges in communicating complex scientific infor11
mation to decision makers and the public, and while “translation” of
complex information is one issue, there are many others. Defining the
scope and scale of the relevant climate change problem can raise both
scientific and social questions. These questions require both scientific
insights and consideration of values and social constructs, and require
that participants engage in mutual learning and the co-production of
10
relevant knowledge. Boundary processes that are collaborative and
18
iterative among scientists, stakeholders, and decision-makers, such
as joint fact finding and collaborative adaptive management, foster
ongoing dialogue and increasing participants’ understanding of policy
problems and information and analysis necessary to evaluate deci12,13
sion options.
Analysis of the conditions that contribute to their
13
effectiveness of boundary processes is an emerging area of study.
A large body of literature notes that the ability of decision-makers
to use data and tools has not kept pace with the rate at which new
tools are developed, pointing to a need for “science translators” who
can help decision-makers efficiently access and properly use data and
tools that would be helpful in making more informed decisions in the
3,4,8,83,133
context of climate change.
The U.S. climate research effort
has been strongly encouraged to improve integration of social and
ecological sciences and to develop the capacity for decision support
to help address the need to effectively incorporate advances in cli135
mate science into decision-making.
New information and remaining uncertainties
N/A
Assessment of confidence based on evidence
N/A
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Key Messages
1. Carbon dioxide is removed from the atmosphere by natural processes at a rate that is roughly
half of the current rate of emissions from human activities. Therefore, mitigation efforts that
only stabilize global emissions will not reduce atmospheric concentrations of carbon dioxide,
but will only limit their rate of increase. The same is true for other long-lived greenhouse 		
gases.
2. To meet the lower emissions scenario (B1) used in this assessment, global mitigation actions
would need to limit global carbon dioxide emissions to a peak of around 44 billion tons per year
within the next 25 years and decline thereafter. In 2011, global emissions were around 34 billion
tons, and have been rising by about 0.9 billion tons per year for the past decade. Therefore, the
world is on a path to exceed 44 billion tons per year within a decade.
3. Over recent decades, the U.S. economy has emitted a decreasing amount of carbon dioxide per
dollar of gross domestic product. Between 2008 and 2012, there was also a decline in the total
amount of carbon dioxide emitted annually from energy use in the United States as a result of
a variety of factors, including changes in the economy, the development of new energy
production technologies, and various government policies.
4. Carbon storage in land ecosystems, especially forests, has offset around 17% of annual U.S.
fossil fuel emissions of greenhouse gases over the past several decades, but this carbon “sink”
may not be sustainable.
5. Both voluntary activities and a variety of policies and measures that lower emissions are 		
currently in place at federal, state, and local levels in the United States, even though there is
no comprehensive national climate legislation. Over the remainder of this century, aggressive
and sustained greenhouse gas emission reductions by the United States and by other nations
would be needed to reduce global emissions to a level consistent with the lower scenario (B1)
analyzed in this assessment.

Mitigation refers to actions that reduce the human contribution to the planetary greenhouse effect. Mitigation actions
include lowering emissions of greenhouse gases like carbon dioxide and methane, and particles like black carbon (soot) that
have a warming effect. Increasing the net uptake of carbon
dioxide through land-use change and forestry can make a contribution as well. As a whole, human activities result in higher
global concentrations of greenhouse gases and to a warming
of the planet – and the effect is increased by various self-reinforcing cycles in the Earth system (such as the way melting
sea ice results in more dark ocean water, which absorbs more
heat, and leads to more sea ice loss). Also, the absorption of

increased carbon dioxide by the oceans is leading to increased
ocean acidity with adverse effects on marine ecosystems.
Four mitigation-related topics are assessed in this chapter.
First, it presents an overview of greenhouse gas emissions and
their climate influence to provide a context for discussion of
mitigation efforts. Second, the chapter provides a survey of
activities contributing to U.S. emissions of carbon dioxide and
other greenhouse gases. Third, it provides a summary of current government and voluntary efforts to manage these emissions. Finally, there is an assessment of the adequacy of these
efforts relative to the magnitude of the climate change threat
and a discussion of preparation for potential future action.
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While the chapter presents a brief overview of mitigation issues, it does not provide a comprehensive discussion of policy
options, nor does it attempt to review or analyze the range of
technologies available to reduce emissions.
These topics have also been the subject of other assessments,
including those by the National Academy of Sciences1 and the
U.S. Department of Energy.2 Mitigation topics are addressed

throughout this report (see Ch. 4: Energy, Key Message 5; Ch.
5: Transportation, Key Message 4; Ch. 7: Forests, Key Message
4; Ch. 9: Human Health, Key Message 4; Ch. 10: Energy, Water,
and Land, Key Messages 1, 2, 3; Ch. 13: Land Use & Land Cover
Change, Key Messages 2, 4; Ch. 15: Biogeochemical Cycles, Key
Message 3; Ch. 26: Decision Support, Key Messages 1, 2, 3; Appendix 3: Climate Science Supplemental Message 5; Appendix
4: FAQs N, S, X, Y, Z).

Emissions, Concentrations, and Climate Forcing
Setting mitigation objectives requires knowledge of the Earth
system processes that determine the relationship among
emissions, atmospheric concentrations and, ultimately, climate. Human-caused climate change results mainly from the
increasing atmospheric concentrations of greenhouse gases.3
These gases cause radiative “forcing” – an imbalance of heat
trapped by the atmosphere compared to an equilibrium state.
Atmospheric concentrations of greenhouse gases are the result of the history of emissions and of processes
that remove them from the atmosphere; for example, by “sinks” like growing forests.4 The fraction of
emissions that remains in the atmosphere, which is
different for each greenhouse gas, also varies over
time as a result of Earth system processes.

after which it continues to circulate in the land-atmosphereocean system until it is finally converted into stable forms in
soils, deep ocean sediments, or other geological repositories
(Figure 27.1).
Of the carbon dioxide emitted from human activities in a year,
about half is removed from the atmosphere by natural processes within a century, but around 20% continues to circu-

Human Activities and the Global Carbon
Dioxide Budget

The impact of greenhouse gases depends partly
on how long each one persists in the atmosphere.5
Reactive gases like methane and nitrous oxide are
destroyed chemically in the atmosphere, so the
relationships between emissions and atmospheric
concentrations are determined by the rate of those
reactions. The term “lifetime” is often used to describe the speed with which a given gas is removed
from the atmosphere. Methane has a relatively
short lifetime (largely removed within a decade or
so, depending on conditions), so reductions in emissions can lead to a fairly rapid decrease in concentrations as the gas is oxidized in the atmosphere.6
Nitrous oxide has a much longer lifetime, taking
more than 100 years to be substantially removed.7
Other gases in this category include industrial gases,
like those used as solvents and in air conditioning,
some of which persist in the atmosphere for hundreds or thousands of years.
Carbon dioxide (CO2) does not react chemically
with other gases in the atmosphere, so it does not,
strictly speaking, have a “lifetime.”8 Instead, the relationship between emissions and concentrations
from year to year is determined by patterns of release (for example, through burning of fossil fuels)
and uptake (for example, by vegetation and by the
ocean).9 Once CO2 is emitted from any source, a
portion of it is removed from the atmosphere over
time by plant growth and absorption by the oceans,

Figure 27.1. Figure shows human-induced changes in the global carbon
dioxide budget roughly since the beginning of the Industrial Revolution.
Emissions from fossil fuel burning are the dominant cause of the steep rise
shown here from 1850 to 2012. (Global Carbon Project 2010, 201210).
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late and to affect atmospheric concentrations for thousands
of years.11 Stabilizing or reducing atmospheric carbon dioxide
concentrations, therefore, requires very deep reductions in future emissions – ultimately approaching zero – to compensate
for past emissions that are still circulating in the Earth system.
Avoiding future emissions, or capturing and storing them in
stable geological storage, would prevent carbon dioxide from
entering the atmosphere, and would have very long-lasting effects on atmospheric concentrations.
In addition to greenhouse gases, there can be climate effects
from fine particles in the atmosphere. An example is black carbon (soot), which is released from coal burning, diesel engines,
cooking fires, wood stoves, wildfires, and other combustion
sources. These particles have a warming influence, especially
when they absorb solar energy low in the atmosphere.12 Other
particles, such as those formed from sulfur dioxide released
during coal burning, have a cooling effect by reflecting some
of the sun’s energy back to space or by increasing the brightness of clouds (see: Ch. 2: Our Changing Climate; Appendix 3:
Climate Science Supplement; and Appendix 4: FAQs).
The effect of each gas is related to both how long it lasts in the
atmosphere (the longer it lasts, the greater its influence) and
its potency in trapping heat. The warming influence of different gases can be compared using “global warming potentials”
(GWP), which combine these two effects, usually added up
over a 100-year time period. Global warming potentials are

referenced to carbon dioxide – which is defined as having a
GWP of 1.0 – and the combined effect of multiple gases is denoted in carbon dioxide equivalents, or CO2-e.
The relationship between emissions and concentrations of
gases can be modeled using Earth System Models.4 Such models apply our understanding of biogeochemical processes that
remove greenhouse gas from the atmosphere to predict their
future concentrations. These models show that stabilizing CO2
emissions would not stabilize its atmospheric concentrations
but instead result in a concentration that would increase at a
relatively steady rate. Stabilizing atmospheric concentrations
of CO2 would require reducing emissions far below presentday levels. Concentration and emissions scenarios, such as the
recently developed Representative Concentration Pathways
(RCPs) and scenarios developed earlier by the Intergovernmental Panel on Climate Change’s (IPCC) Special Report on
Emissions Scenarios (SRES), are used in Earth System Models
to study potential future climates. The RCPs span a range of
atmospheric targets for use by climate modelers,13,14 as do the
SRES cases. These global analyses form a framework within
which the climate contribution of U.S. mitigation efforts can be
assessed. In this report, special attention is given to the SRES
A2 scenario (similar to RCP 8.5), which assumes continued increases in emissions, and the SRES B1 scenario (close to RCP
4.5), which assumes a substantial reduction of emissions (Ch.
2: Our Changing Climate; Appendix 5: Scenarios and Models).

Geoengineering
Geoengineering has been proposed as a third option for addressing climate change in addition to, or alongside,
mitigation and adaptation. Geoengineering refers to intentional modifications of the Earth system as a means to address climate change. Three types of activities have been proposed: 1) carbon dioxide removal (CDR), which boosts
CO2 removal from the atmosphere by various means, such as fertilizing ocean processes and promoting land-use
practices that help take up carbon, 2) solar radiation management (SRM), which reflects a small percentage of
sunlight back into space to offset warming from greenhouse gases,15 and 3) direct capture and storage of CO2 from
the atmosphere.16
Current research suggests that SRM or CDR could diminish the impacts of climate change. However, once undertaken, sudden cessation of SRM would exacerbate the climate effects on human populations and ecosystems, and
some CDR might interfere with oceanic and terrestrial ecosystem processes.17 SRM undertaken by itself would not
slow increases in atmospheric CO2 concentrations, and would therefore also fail to address ocean acidification.
Furthermore, existing international institutions are not adequate to manage such global interventions. The risks associated with such purposeful perturbations to the Earth system are thus poorly understood, suggesting the need for
caution and comprehensive research, including consideration of the implicit moral hazards.18

Section 1: U.S. Emissions and Land-Use Change
Industrial, Commercial, and Household Emissions
U.S. greenhouse gas emissions, not accounting for uptake by
land use and agriculture (see Figure 27.3), rose to as high as
7,260 million tons CO2-e in 2007, and then fell by about 9%
between 2008 and 2012.19 Several factors contributed to the

decline, including the reduction in energy use in response to
the 2008-2010 recession, the displacement of coal in electric
generation by lower-priced natural gas, and the effect of federal and state energy and environmental policies.20

651

CLIMATE CHANGE IMPACTS IN THE UNITED STATES

27: MITIGATION
Carbon dioxide made up 84% of U.S. greenhouse gas emissions
in 2011. Forty-one percent of these emissions were attributable to liquid fuels (petroleum), followed closely by solid fuels
(principally coal in electric generation), and to a lesser extent
by natural gas.20 The two dominant production sectors responsible for these emissions are electric power generation (coal
and gas) and transportation (petroleum). Flaring and cement
manufacture together account for less than 1% of the total. If
emissions from electric generation are allocated to their various end-uses, transportation is the largest CO2 source, contributing a bit over one-third of the total, followed by industry at
slightly over a quarter, and residential use and the commercial
sector at around one-fifth each.
A useful picture of historical patterns of carbon dioxide emissions can be constructed by decomposing the cumulative
change in emissions from a base year into the contributions of
five driving forces: 1) decline in the CO2 content of energy use,
as with a shift from coal to natural gas in electric generation, 2)
reduction in energy intensity – the energy needed to produce
each unit of gross domestic product (GDP) – which results from
substitution responses to energy prices, changes in the com-

Drivers of U.S. Fossil Emissions

position of the capital stock, and both autonomous and priceinduced technological change, 3) changes in the structure of
the economy, such as a decline in energy-intensive industries
and an increase in services that use less energy, 4) growth in
per capita GDP, and 5) rising population.
Over the period 1963-2008, annual U.S. carbon dioxide emissions slightly more than doubled, because growth in emissions
potential attributable to increases in population and GDP per
person outweighed reductions contributed by lowered energy
and carbon intensity and changes in economic structure (Figure 27.2). Each series in the figure illustrates the quantity of
cumulative emissions since 1963 that would have been generated by the effect of the associated driver. By 2008, fossil fuel
burning had increased CO2 emissions by 2.7 billion tons over
1963 levels. However, by itself the observed decline in energy
would have reduced emissions by 1.8 billion tons, while the
observed increase in per capita GDP would have increased
emissions by more than 5 billion tons.
After decades of increases, CO2 emissions from energy use
(which account for 97% of total U.S. emissions) declined by
around 9% between 2008 and 2012, largely due to a shift
from coal to less CO2-intensive natural gas for electricity
production.19 Trends in driving forces shown in Figure
27.2 are expected to continue in the future, though their
relative contributions are subject to significant uncertainty. The reference case projection by the U.S. Energy
Information Administration (EIA) shows their net effect
being a slower rate of CO2 emissions growth than in the
past, with roughly constant energy sector emissions to
2040.22 It must be recognized, however, that emissions
from energy use rise and fall from year to year, as the
aforementioned driving forces vary.
The primary non-CO2 gas emissions in 2011 were methane (9% of total CO2-e emissions), nitrous oxide (5%),
and a set of industrial gases (2%). U.S. emissions of each
of these gases have been roughly constant over the past
half-dozen years.22 Emissions of methane and nitrous oxide have been roughly constant over the past couple of
decades, but there has been an increase in the industrial
gases as some are substituted for ozone-destroying substances controlled by the Montreal Protocol.23

Figure 27.2. This graph depicts the changes in carbon dioxide
(CO2) emissions over time as a function of five driving forces: 1) the
amount of CO2 produced per unit of energy (CO2 intensity); 2) the
amount of energy used per unit of gross domestic product (energy
intensity); 3) structural changes in the economy; 4) per capita income;
and 5) population. Although CO2 intensity and especially energy
intensity have decreased significantly and the structure of the
U.S. economy has changed, total CO2 emissions have continued
to rise as a result of the growth in both population and per capita
income. (Baldwin and Sue Wing, 201321).
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Yet another warming influence on the climate system
is black carbon (soot), which consists of fine particles
that result mainly from incomplete combustion of fossil
fuels and biomass. Long a public health concern, black
carbon particles absorb solar radiation during their short
life in the atmosphere (days to weeks). When deposited
on snow and ice, these particles darken the surface and
reduce the reflection of incoming solar radiation back to
space. These particles also influence cloud formation in
ways yet poorly quantified.24
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Land Use, Forestry, and Agriculture
The main stocks of carbon in its various
biological forms (plants and trees, dead
wood, litter, soil, and harvested products)
are estimated periodically and their rate of
change, or flux, is calculated as the average
annual difference between two time periods. Estimates of carbon stocks and fluxes
for U.S. lands are based on land inventories augmented with data from ecosystem
studies and production reports.25,26

Sources and Sinks in U.S. Agriculture and Forests

U.S. lands were estimated to be a net sink
of between approximately 640 and 1,074
million tons CO2-e in the late 2000s.26,27
Estimates vary depending on choice of
datasets, models, and methodologies (see
Ch. 15: Biogeochemical Cycles, “Estimating the U.S. Carbon Sink,” for more discusFigure 27.3 Graph shows annual average greenhouse gas emissions from land use
including livestock and crop production, but does not include fossil fuels used in
sion). This net land sink effect is the result
agricultural production. Forests are a significant “sink” that absorbs carbon dioxide
of sources (from crop production, livestock
from the atmosphere. All values shown are for 2008, except wetlands, which are
production, and grasslands) and sinks (in
shown for 2003. (Pacala et al. 2007;27 USDA 201126).
forests, urban trees, and wetlands). Sources of carbon have been relatively stable over the last two de- about 1.71 million acres (268,000 square miles) annually.29
cades, but sinks have been more variable. Long-term trends Since most of the new forest is on relatively low-productivity
suggest significant emissions from forest clearing in the early lands of the Intermountain West, and much of the deforesta1900s followed by a sustained period of net uptake from for- tion occurs on high-productivity lands in the East, recent landest regrowth over the last 70 years.28 The amount of carbon use changes have decreased the potential for future carbon
taken up by U.S. land sinks is dominated by forests, which have storage.30 The positive effects of increasing carbon dioxide
annually absorbed 7% to 24% (with a best estimate of about concentration and nitrogen deposition on carbon storage are
16%) of fossil fuel CO2 emissions in the U.S. over the past two not likely to be as large as the negative effects of land-use
decades.20
change and disturbances.31 In some regions, longer growing
seasons associated with climate change may increase annual
The persistence of the land sink depends on the relative ef- productivity.32 Droughts and other disturbances, such as fire
fects of several interacting factors: recovery from historical and insect infestations, have already turned some U.S. land reland-use change, atmospheric CO2 and nitrogen deposition, gions from carbon sinks into carbon sources (see Ch. 13: Land
natural disturbances, and the effects of climate variability Use & Land Cover Change and Ch. 15: Biogeochemical Cycles).31
and change – particularly drought, wildfires, and changes in The current land sink may not be sustainable for more than a
the length of the growing season. Deforestation continues to few more decades,33 though there is a lack of consistency in
cause an annual loss of 877,000 acres (137,000 square miles) published results about the relative effects of disturbance and
of forested land, offset by a larger area gain of new forest of other factors on net land-use emissions.31,34

Section 2: Activities Affecting Emissions

Early and large reductions in global emissions would be necessary to achieve the lower emissions scenarios (such as the
lower B1 scenario; see Ch. 2: Our Changing Climate) analyzed
in this assessment. The principal types of national actions that
could effect such changes include putting a price on emissions,
setting regulations and standards for activities that cause
emissions, changing subsidy programs, and direct federal expenditures. Market-based approaches include cap and trade
programs that establish markets for trading emissions permits,
analogous to the Clean Air Act provisions for sulfur dioxide reductions. None of these price-based measures has been implemented at the national level in the United States, though cap

and trade systems are in place in California and in the Northeast’s Regional Greenhouse Gas Initiative. Moreover, a wide
range of governmental actions are underway at federal, state,
regional, and city levels using other measures, and voluntary
efforts, that can reduce the U.S. contribution to total global
emissions. Many, if not most of these programs are motivated
by other policy objectives – energy, transportation, and air pollution – but some are directed specifically at greenhouse gas
emissions, including:
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•

reduction in CO2 emissions from energy end-use and
infrastructure through the adoption of energy-efficient
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components and systems –
including buildings, vehicles,
manufacturing processes,
appliances, and electric grid
systems;
reduction of CO2 emissions
from energy supply through
the promotion of renewables
(such as wind, solar, and bioenergy), nuclear energy, and
coal and natural gas electric
generation with carbon capture and storage; and

•

reduction of emissions of
non-CO2 greenhouse gases
and black carbon; for example, by lowering methane emissions from energy
and waste, transitioning to
climate-friendly
alternatives to hydrofluorocarbons
(HFCs), cutting methane and
nitrous oxide emissions from Programs underway that reduce carbon dioxide emissions include the promotion of solar, nuclear,
and wind power and efficient vehicles
agriculture, and improving
combustion efficiency and
means of particulate capture.
© Carlos Osorio/AP/Corbis

© REBECCA COOK/Reuters/Corbis

© Layne Kennedy/Corbis

•

Federal Actions

The U.S. Environmental Protection Agency (EPA) has a 40year history of regulating the concentration and deposition of

The U.S. Department of Energy (DOE) provides most of the
funding for a broad range of programs for energy research,
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criteria pollutants (six common air pollutants that affect human health). A 2012 Supreme Court decision upheld the EPA’s
finding that greenhouse gases “endanger public health and
welfare.”36 This ruling added the regulation of greenhouse gas
emissions to the Agency’s authority under the Clean Air Act.
Actions taken and proposed under the new authority have focused on road transport and electric power generation.

© Jerome Levitch/Corbis

The Federal Government has implemented a number of measures that promote energy efficiency, clean technologies, and
alternative fuels.35 A sample of these actions is provided in
Table 27.1 and they include greenhouse gas regulations, other
rules and regulations with climate co-benefits, various standards and subsidies, research and development, and federal
procurement practices.
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development, and demonstration. DOE also has the authority
to regulate the efficiency of appliances and building codes for
manufactured housing. In addition, most of the other federal
agencies – including the Departments of Defense, Housing and
Urban Development, Transportation, and Agriculture – have
programs related to greenhouse gas mitigation.
The Administration’s Climate Action Plan37 builds on these activities with a broad range of mitigation, adaptation, and preparedness measures. The mitigation elements of the plan are
in part a response to the commitment made during the 2010
Cancun Conference of the Parties of the United Nations Frame-

work Convention on Climate Change to reduce U.S. emissions
of greenhouse gases by 17% below 2005 levels by 2020. Actions proposed in the Plan include: 1) limiting carbon emissions
from both new and existing power plants, 2) continuing to
increase the stringency of fuel economy standards for automobiles and trucks, 3) continuing to improve energy efficiency
in the buildings sector, 4) reducing the emissions of non-CO2
greenhouse gases through a variety of measures, 5) increasing
federal investments in cleaner, more efficient energy sources
for both power and transportation, and 6) identifying new approaches to protect and restore our forests and other critical
landscapes, in the presence of a changing climate.

City, State, and Regional Actions
Jurisdiction for greenhouse gases and energy policies is shared
between the federal government and the states.1 For example,
states regulate the distribution of electricity and natural gas to
consumers, while the Federal Energy Regulatory Commission
regulates wholesale sales and transportation of natural gas
and electricity. In addition, many states have adopted climate
initiatives as well as energy policies that reduce greenhouse
gas emissions. For a survey of many of these state activities,
see Table 27.2. Many cities are taking similar actions.
The most ambitious state activity is California’s Global Warming Solutions Act (AB 32), a law that sets a state goal to reduce

greenhouse gas emissions to 1990 levels by 2020. The state
program caps emissions and uses a market-based system of
trading in emissions credits (cap and trade), as well as a number of regulatory actions. The most well-known, multi-state
effort has been the Regional Greenhouse Gas Initiative (RGGI),
formed by ten northeastern and Mid-Atlantic states (though
New Jersey exited in 2011). RGGI is a cap and trade system
applied to the power sector with revenue from allowance
auctions directed to investments in efficiency and renewable
energy.

Voluntary Actions
Corporations, individuals, and non-profit organizations have
initiated a host of voluntary actions. The following examples
give the flavor of the range of efforts:

Under the American College and University Presidents’
Climate Commitment (ACUPCC), 679 institutions have
pledged to develop plans to achieve net-neutral climate
emissions through a combination of on-campus changes
and purchases of emissions reductions elsewhere.

•

Voluntary compliance with efficiency standards developed by industry and professional associations, such as
the building codes of the American Society of Heating,
Refrigerating and Air-Conditioning Engineers (ASHRAE), is
widespread.

Many local governments are undertaking initiatives to reduce greenhouse gas emissions within and outside of their
organizational boundaries.38 For example, over 1,055 municipalities from all 50 states have signed the U.S. Mayors
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•
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•

The Carbon Disclosure Project has the largest global collection of self-reported climate change and water-use
information. The system enables companies to measure,
disclose, manage, and share climate change and wateruse information. Some 650 U.S. signatories include banks,
pension funds, asset managers, insurance companies, and
foundations.

© Denise Applewhite

•

Climate Protection Agreement,39 and many of these communities are actively implementing strategies to reduce
their greenhouse gas footprint.
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•

Federal voluntary programs include Energy STAR, a labeling program that identifies energy efficient products for
use in residential homes and commercial buildings and
plants, and programs and partnerships devoted to reduc-

ing methane emissions from fossil fuel production and
landfill sources and high GWP emissions from industrial
activities and agricultural conservation programs.

Costs of Emissions Reductions
The national cost of achieving U.S. emissions reductions over
time depends on the level of reduction sought and the particular measures employed. Studies of price-based policies,
such as a cap and trade system, indicate that a 50% reduction
in emissions by 2050 could be achieved at a cost of a year or
two of projected growth in gross domestic product over the
period (for example, Paltsev et al. 2009; EIA 200940). However,

Co-benefits

because of differences in analysis method, and in assumptions
about economic growth and technology change, cost projections vary considerably even for a policy applying price penalties.41 Comparisons of emissions reduction by prices versus
regulations show that a regulatory approach can cost substantially more than a price-based policy.42

for air pollution and human health

Actions to reduce greenhouse gas emissions can yield co-benefits for objectives apart from climate change, such
as energy security, health, ecosystem services, and biodiversity.43,44 The co-benefits for reductions in air pollution
have received particular attention. Because air pollutants and greenhouse gases share common sources, particularly
from fossil fuel combustion, actions to reduce greenhouse gas emissions also reduce air pollutants. While some
greenhouse gas reduction measures might increase other emissions, broad programs to reduce greenhouse gases
across an economy or a sector can reduce air pollutants markedly.14,45 (Unfortunately for climate
mitigation, cutting sulfur dioxide pollution from
coal burning also reduces the cooling influence of
reflective particles formed from these emissions in
the atmosphere.46)

© iStockPhoto.com_Daniel Stein

There is significant interest in quantifying the air
pollution and human health co-benefits of greenhouse gas mitigation, particularly from the public
health community,44,47 as the human health benefits can be immediate and local, in contrast to
the long-term and widespread effects of climate
change.48 Many studies have found that monetized
health and pollution control benefits can be of
similar magnitude to abatement costs (for example, Nemet et al. 2010; Burtraw et al. 200348,49).
Methane reductions have also been shown to generate health benefits from reduced ozone.50 Similarly, in developing nations, reducing black carbon from household
cook stoves substantially reduces air pollution-related illness and death.51 Ancillary health benefits in developing
countries typically exceed those in developed countries for a variety of reasons.48 But only in very few cases are these
ancillary benefits considered in analyses of climate mitigation policies.

Section 3: Preparation for Potential Future Mitigation Action

To meet the emissions reduction in the lower (B1) scenario
used in this assessment (Ch. 2: Our Changing Climate) under
reasonable assumptions about managing costs, annual global
CO2 emissions would need to peak at around 44 billion tons
within the next 25 years or so and decline steadily for the rest
of the century. At the current rate of emissions growth, the
world is on a path to exceed the 44 billion ton level within a decade (see “Emissions Scenarios and RCPs”). Thus achievement

of a global emissions path consistent with the B1 scenario will
require strenuous action by all major emitters.
Policies already enacted and other factors lowered U.S. emissions in recent years. The Annual Energy Outlook prepared by
the EIA, which previously forecasted sustained growth in emissions, projected in 2013 that energy-related U.S. CO2 emissions would remain roughly constant for the next 25 years.22
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Moreover, through the President’s Climate Action Plan, the
Administration has committed to additional measures not yet
reflected in the EIA’s projections, with the goal of reducing
emissions about 17% below 2005 levels by 2020. Still, additional and stronger U.S. action, as well as strong action by other
major emitters, will be needed to meet the long-term global
emission reductions reflected in the B1 scenario.
Achieving the B1 emissions path would require substantial decarbonization of the global economy by the end of this century,
implying a fundamental transformation of the global energy
system. Details of the energy mix along the way differ among
analyses, but the implied involvement by the U.S. can be seen
in studies carried out under the U.S. Climate Change Science
Program54 and the Energy Modeling Forum.55,56 In these studies, direct burning of coal without carbon capture is essentially
excluded from the power system, and the same holds for natural gas toward the end of the century – to be replaced by some
combination of coal or gas with carbon capture and storage,
nuclear generation, and renewables. Biofuels and electricity
are projected to substitute for oil in the transport sector. A substantial component of the task is accomplished with demand
reduction, through efficiency improvement, conservation, and
shifting to an economy less dependent on energy services.
The challenge is great enough even starting today, but delay by
any of the major emitters makes meeting any such target even
more difficult and may rule out some of the more ambitious

Emissions

scenarios and RCPs

The Representative Concentration Pathways (RCPs)
specify alternative limits to human influence on the
Earth’s energy balance, stated in watts per square meter
(W/m2) of the Earth’s surface.13,52 The A2 emissions scenario implies atmospheric concentrations with radiative
forcing slightly lower than the highest RCP, which is 8.5
W/m2. The lower limits, at 6.0, 4.5 and 2.6 W/m2, imply
ever-greater mitigation efforts. The B1 scenario (rapid
emissions reduction) is close to the 4.5 W/m2 RCP53 and
to a similar case (Level 2) analyzed in a previous federal
study.54 Those assessments find that, to limit the economic costs, annual global CO2 emissions from fossil
fuels and industrial sources like cement manufacture,
need to peak by 2035 to 2040 at around 44 billion
tons of CO2, and decline thereafter. The scale of the
task can be seen in the fact that these global emissions
were already at 34 billion tons CO2 in 2011, and over
the previous decade they rose at around 0.92 billion
tons of CO2 per year.10 The lowest RCP would require
an even more rapid turnaround and negative net emissions – that is, removing more CO2 from the air than is
emitted globally – in this century.52

goals.54,55 A study of the climate change threat and potential
responses by the U.S. National Academies therefore concludes
that there is “an urgent need for U.S. action to reduce greenhouse emissions.”57 The National Research Council (NRC) goes
on to suggest alternative national-level strategies that might
be followed, including an economy-wide system of prices on
greenhouse gas emissions and a portfolio of possible regulatory measures and subsidies. Deciding these matters will be a
continuing task, and U.S. Administrations and Congress face a
long series of choices about whether to take additional mitigation actions and how best to do it. Two supporting activities will help guide this process: opening future technological
options and development of ever-more-useful assessments of
the cost effectiveness and benefits of policy choices.
Many technologies are potentially available to accomplish
emissions reduction. They include ways to increase the efficiency of fossil energy use and facilitate a shift to low-carbon
energy sources, sources of improvement in the cost and performance of renewables (for example, wind, solar, and bioenergy) and nuclear energy, ways to reduce the cost of carbon
capture and storage, means to expand terrestrial sinks through
management of forests and soils and increased agricultural
productivity,2 and phasing down HFCs. In addition to the research and development carried out by private sector firms
with their own funds, the Federal Government traditionally
supports major programs to advance these technologies. This
support is accomplished in part by credits and deductions in
the tax code, and in part by federal expenditure. For example,
the 2012 federal budget devoted approximately $6 billion to
clean energy technologies.58 Success in these ventures, lowering the cost of greenhouse gas reduction, can make a crucial
contribution to future policy choices.1
Because they are in various stages of market maturity, the
costs and effectiveness of many of these technologies remain
uncertain: continuing study of their performance is important
to understanding their role in future mitigation decisions.59 In
addition, evaluation of broad policies and particular mitigation
measures requires frameworks that combine information from
a range of disciplines. Study of mitigation in the near future
can be done with energy-economic models that do not assume large changes in the mix of technologies or changes in
the structure of the economy. Analysis over the time spans relevant to stabilization of greenhouse gas concentrations, however, requires Integrated Assessment Models, which consider
all emissions drivers and policy measures that affect them,
and that take account of how they are related to the larger
economy and features of the climate system.54,55,60 This type
of analysis is also useful for exploring the relations between
mitigation and measures to adapt to a changing climate.
Continued development of these analytical capabilities can
help support decisions about national mitigation and the U.S.
position in international negotiations. In addition, as shown
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above, mitigation is being undertaken by individuals and firms
as well as by city, state, and regional governments. The capacity for mitigation from individual and household behavioral
changes, such as increasing energy end-use efficiency with
available technology, is known to be large.63 Although there
is capacity, there is not always broad acceptance of those behavioral changes, nor is there sufficient understanding of how
to design programs to encourage such changes.64 Behavioral

Interactions

and institutional research on how such choices are made and
the results evaluated would be extremely beneficial. For many
of these efforts, understanding of cost and effectiveness is
limited, as is understanding of aspects of public support and
institutional performance; so additional support for studies
of these activities is needed to ensure that resources are efficiently employed.

between adaptation and mitigation

There are various ways in which mitigation efforts and adaptation measures are interdependent (see Ch. 28: Adaptation). For example, the use of plant material as a substitute for petroleum-based transportation fuels or directly as a substitute for burning coal or gas for electricity generation has received substantial attention.61 But land used for mitigation
purposes is potentially not available for food production, even as the global demand for agricultural products continues
to rise.62 Conversely, land required for adaptation strategies, like setting aside wildlife corridors or expanding the extent
of conservation areas, is potentially not available for mitigation involving the use of plant material, or active management practices to enhance carbon storage in vegetation or soils. These possible interactions are poorly understood but
potentially important, especially as climate change itself affects vegetation and ecosystem productivity and carbon storage. Increasing agricultural productivity to adapt to climate change can also serve to mitigate climate change.

Section 4: Research Needs

•

Engineering and scientific research is needed on the development of cost-effective energy use technologies (devices, systems, and control strategies) and energy supply
technologies that produce little or no CO2 or other greenhouse gases.

•

Better understanding of the relationship between emissions and atmospheric greenhouse gas concentrations is
needed to more accurately predict how the atmosphere
and climate system will respond to mitigation measures.

•

The processes controlling the land sink of carbon in the
U.S. require additional research, including better monitoring and analysis of economic decision-making about the
fate of land and how it is managed, as well as the inherent
ecological processes and how they respond to the climate
system.

•

Uncertainties in model-based projections of greenhouse
gas emissions and of the effectiveness and costs of policy
measures need to be better quantified. Exploration is
needed of the effects of different model structures, assumptions about model parameter values, and uncertainties in input data.

•

Social and behavioral science research is needed to inform
the design of mitigation measures for maximum participation and to prepare a consistent framework for assessing
cost effectiveness and benefits of both voluntary mitigation efforts and regulatory and subsidy programs.
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Table 27.1. A number of existing federal laws and regulations target ways to reduce future climate change by decreasing greenhouse gas emissions
emitted by human activities.

Sample Federal Mitigation Measures
Greenhouse Gas Regulations
Emissions Standards for Vehicles and Engines
-- For light-duty vehicles, rules establishing standards for 2012-2016 model years and 2017-2025 model years.
-- For heavy- and medium-duty trucks, a rule establishing standards for 2014-2018 model years.
Carbon Pollution Standard for New Power Plants
-- A proposed rule setting limits on CO2 emissions from future power plants.
Stationary Source Permitting
-- A rule setting greenhouse gas emissions thresholds to define when permits under the New Source Review Prevention of
Significant Deterioration and Title V Operating Permit programs are required for new and modified industrial facilities.
Greenhouse Gas Reporting Program
-- A program requiring annual reporting of greenhouse gas data from large emission sources and suppliers of products that emit
greenhouse gases when released or combusted.

Other Rules and Regulations with Climate Co-Benefits
Oil and Natural Gas Air Pollution Standards
-- A rule revising New Source Performance Standards and National Emission Standards for Hazardous Air Pollutants for certain
components of the oil and natural gas industry.
Mobile Source Control Programs
-- Particle control regulations affecting mobile sources (especially diesel engines) that reduce black carbon by controlling direct
particle emissions.
-- The requirement to blend increasing volumes of renewable fuels.
National Forest Planning
-- Identification and evaluation of information relevant to a baseline assessment of carbon stocks.
-- Reporting of net carbon stock changes on forestland.

Standards and Subsidies
Appliance and Building Efficiency Standards
-- Energy efficiency standards and test procedures for residential, commercial, industrial, lighting, and plumbing products.
-- Model residential and commercial building energy codes, and technical assistance to state and local governments, and nongovernmental organizations.
Financial Incentives for Efficiency and Alternative Fuels and Technology
-- Weatherization assistance for low-income households, tax incentives for commercial and residential buildings and efficient
appliances, and support for state and local efficiency programs.
-- Tax credits for biodiesel and advanced biofuel production, alternative fuel infrastructure, and purchase of electric vehicles.
-- Loan guarantees for innovative energy or advanced technology vehicle production and manufacturing; investment and production
tax credits for renewable energy.

Funding of Research, Development, Demonstration, and Deployment
-- Programs on clean fuels, energy end-use and infrastructure, CO2 capture and storage, and agricultural practices.

Federal Agency Practices and Procurement
-- Executive orders and federal statutes requiring federal agencies to reduce building energy and resource consumption intensity and
to procure alternative fuel vehicles.
-- Agency-initiated programs in most departments oriented to lowering energy use and greenhouse gas emissions.
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Table 27.2. Most states and Native communities have implemented programs to reduce greenhouse gases or adopt increased

energy efficiency goals.

State Climate and Energy Initiatives
Examples of greenhouse gas policies include:
Greenhouse Gas Reporting and Registries
http://www.c2es.org/us-states-regions/policy-maps/ghg-reporting65
Greenhouse Gas Emissions Targets
http://www.c2es.org/us-states-regions/policy-maps/emissions-targets66
CO2 Controls on Electric Power plants
http://www.edf.org/sites/default/files/state-ghg-standards-03132012.pdf 67
Low-Carbon Fuel Standards
http://www.c2es.org/us-states-regions/policy-maps/low-carbon-fuel-standard68
Climate Action Plans
http://www.c2es.org/us-states-regions/policy-maps/action-plan69
Cap and Trade Programs
http://arb.ca.gov/cc/capandtrade/capandtrade.htm70
Regional Agreements
http://www.c2es.org/us-states-regions/regional-climate-initiatives#WCI71
Tribal Communities
http://www.epa.gov/statelocalclimate/tribal72
States have also taken a number of energy measures, motivated in part by greenhouse gas concerns. For example:
Renewable Portfolio Standards
http://www.dsireusa.org/documents/summarymaps/RPS_map.pdf 73
Energy Efficiency Resource Standards
http://www.dsireusa.org/documents/summarymaps/EERS_map.pdf 74
Property Tax Incentives for Renewables
http://www.dsireusa.org/documents/summarymaps/ 75
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SUPPLEMENTAL MATERIAL
TRACEABLE ACCOUNTS
Process for Developing Key Messages:
Evaluation of literature by Coordinating Lead Authors

Confidence Level

K ey message #1 Traceable Account

Strong evidence (established
theory, multiple sources, consistent results, well documented
and accepted methods, etc.),
high consensus

Very High

Carbon dioxide is removed from the atmosphere
by natural processes at a rate that is roughly half
of the current rate of emissions from human activities. Therefore, mitigation efforts that only stabilize global emissions will not reduce atmospheric
concentrations of carbon dioxide, but will only limit
their rate of increase. The same is true for other
long-lived greenhouse gases.

High
Moderate evidence (several
sources, some consistency,
methods vary and/or documentation limited, etc.), medium
consensus

Description of evidence base
The message is a restatement of conclusions derived from the
peer-reviewed literature over nearly the past 20 years (see Section
1 of chapter). Publications have documented the long lifetime of
CO2 in the atmosphere, resulting in long time lags between action
and reduction,9,11,76 and Earth System Models have shown that
stabilizing emissions will not immediately stabilize atmospheric
concentrations, which will continue to increase.4

Medium
Suggestive evidence (a few
sources, limited consistency,
models incomplete, methods
emerging, etc.), competing
schools of thought

Low
Inconclusive evidence (limited sources, extrapolations,
inconsistent findings, poor documentation and/or methods not
tested, etc.), disagreement or
lack of opinions among experts

New information and remaining uncertainties
There are several important uncertainties in the current carbon
cycle, especially the overall size, location, and dynamics of the
land-use sink9,11 and technological development and performance.
Simulating future atmospheric concentrations of greenhouse gases
requires both assumptions about economic activity, stringency of
any greenhouse gas emissions control, and availability of technologies, as well as a number of assumptions about how the changing
climate system affects both natural and anthropogenic sources.
Assessment of confidence based on evidence
Very High. Observations of changes in the concentrations of greenhouse gases are consistent with our understanding of the broad
relationships between emissions and concentrations.

K ey message #2 Traceable Account
To meet the lower emissions scenario (B1) used
in this assessment, global mitigation actions would
need to limit global carbon dioxide emissions to a
peak of around 44 billion tons per year within the
next 25 years and decline thereafter. In 2011, global emissions were around 34 billion tons, and have
been rising by about 0.9 billion tons per year for
the past decade. Therefore, the world is on a path
to exceed 44 billion tons per year within a decade.
Description of evidence base
A large number of emissions scenarios have been modeled, with
a number of publications showing what would be required to limit
CO213,53,54,77 to any predetermined limit. At current concentrations
and rate of rise, the emissions of CO2 would need to peak around
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44 billion tons within the next 25 years in order to stabilize concentrations as in the B1 scenario. Given the rate of increase in
recent years,10 this limit is expected to be surpassed.78
New information and remaining uncertainties
Uncertainties about the carbon cycle could affect these calculations, but the largest uncertainties are the assumptions made
about the strength and cost of greenhouse gas emissions policies.
Assessment of confidence based on evidence
The confidence in the conclusion is high. This is a contingent
conclusion, though – we do not have high confidence that the
current emission rate will be sustained. However, we do have high
confidence that if we do choose to limit concentrations as in the
B1 scenario, emissions will need to peak soon and then decline.

K ey message #3 Traceable Account
Over recent decades, the U.S. economy has emitted a decreasing amount of carbon dioxide per dollar of gross domestic product. Between 2008 and
2012, there was also a decline in the total amount
of carbon dioxide emitted annually from energy
use in the United States as a result of a variety of
factors, including changes in the economy, the development of new energy production technologies,
and various government policies.
Description of evidence base
Trends in greenhouse gas emissions intensity are analyzed and
published by governmental reporting agencies.20,23,26 Published,
peer-reviewed literature cited in Section 2 of the Mitigation Chapter supports the conclusions about why these trends have occurred.79
New information and remaining uncertainties
Economic and technological forecasts are highly uncertain.
Assessment of confidence based on evidence
High. The statement is a summary restatement of published analyses by government agencies and interpretation from the reviewed
literature.

K ey message #4 Traceable Account
Carbon storage in land ecosystems, especially
forests, has offset around 17% of annual U.S. fossil fuel emissions of greenhouse gases over the
past several decades, but this carbon “sink” may
not be sustainable.
Description of evidence base
Underlying data come primarily from U.S. Forest Service Forest
Inventory and Analysis (FIA) plots, supplemented by additional
ecological data collection efforts. Modeling conclusions come
from peer-reviewed literature. All references are in Section 2 of

the Mitigation Chapter. Studies have shown that there is a large
land-use carbon sink in the United States.26,27,28 Many publications attribute this sink to forest re-growth, and the sink is projected to decline as a result of forest aging30,31,33 and factors like
drought, fire, and insect infestations31 reducing the carbon sink of
these regions.
New information and remaining uncertainties
FIA plots are measured extremely carefully over long time periods,
but do not cover all U.S. forested land. Other U.S. land types
must have carbon content estimated from other sources. Modeling
relationships between growth and carbon content, and taking CO2
and climate change into account have large scientific uncertainties associated with them.
Assessment of confidence based on evidence
High. Evidence of past trends is based primarily on government
data sources, but these also have to be augmented by other data
and models in order to incorporate additional land-use types. Projecting future carbon content is consistent with published models,
but these have intrinsic uncertainties associated with them.

K ey message #5 Traceable Account
Both voluntary activities and a variety of policies
and measures that lower emissions are currently in
place at federal, state, and local levels in the United States, even though there is no comprehensive
national climate legislation. Over the remainder of
this century, aggressive and sustained greenhouse
gas emission reductions by the United States and
by other nations would be needed to reduce global
emissions to a level consistent with the lower scenario (B1) analyzed in this assessment.
Description of evidence base
The identification of state, local, regional, federal, and voluntary
programs that will have an effect of reducing greenhouse gas emissions is a straightforward accounting of both legislative action and
announcements of the implementation of such programs. Some
of the programs include the Carbon Disclosure Project (CDP), the
American College and University Presidents’ Climate Commitment
(ACUPCC), U.S. Mayors Climate Protection Agreement,39 and
many other local government initiatives.38 Several states have also
adapted climate policies including California’s Global Warming
Solutions Act (AB 32) and the Regional Greenhouse Gas Initiative
(RGGI). The assertion that they will not lead to a reduction of US
CO2 emissions is supported by calculations from the U.S. Energy
Information Administration.
New information and remaining uncertainties
The major uncertainty in the calculation about future emissions
levels is whether a comprehensive national policy will be implemented.

668

CLIMATE CHANGE IMPACTS IN THE UNITED STATES

27: MITIGATION
Traceable Accounts
Assessment of confidence based on evidence
Very High. There is recognition that the implementation of voluntary programs may differ from how they are originally planned,
and that institutions can always choose to leave voluntary programs (as is happening with RGGI, noted in the chapter). The
statement about the future of U.S. CO2 emissions cannot be taken
as a prediction of what will happen – it is a conditional statement
based on an assumption of no comprehensive national legislation
or regulation.
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Key Messages

1. Substantial adaptation planning is occurring in the public and private sectors and at all levels of
government; however, few measures have been implemented and those that have appear to be
incremental changes.
2. Barriers to implementation of adaptation include limited funding, policy and legal impediments,
and difficulty in anticipating climate-related changes at local scales.
3. There is no “one-size fits all” adaptation, but there are similarities in approaches across regions
and sectors. Sharing best practices, learning by doing, and iterative and collaborative processes
including stakeholder involvement, can help support progress.
4. Climate change adaptation actions often fulfill other societal goals, such as sustainable
development, disaster risk reduction, or improvements in quality of life, and can therefore be
incorporated into existing decision-making processes.
5. Vulnerability to climate change is exacerbated by other stresses such as pollution, habitat
fragmentation, and poverty. Adaptation to multiple stresses requires assessment of the composite
threats as well as tradeoffs among costs, benefits, and risks of available options.
6. The effectiveness of climate change adaptation has seldom been evaluated, because actions have
only recently been initiated and comprehensive evaluation metrics do not yet exist.

Over the past few years, the focus moved from the question
“Is climate changing?” to the equally important question: “Can
society manage unavoidable changes and avoid unmanageable
1,2
changes?” Research demonstrates that both mitigation
(efforts to reduce future climate changes) and adaptation
(efforts to reduce the vulnerability of society to climate change
impacts) are needed in order to minimize the damages from
human-caused climate change and to adapt to the pace and
3,4,5
ultimate magnitude of changes that will occur.
Adaptation and mitigation are closely linked; adaptation
efforts will be more difficult, more costly, and less likely to
2,6
succeed if significant mitigation actions are not taken. The
study and application of adaptation in the climate change
realm is nascent compared to the many analyses of mitigation
policies and practices to reduce emissions. Uncertainties
about future socioeconomic conditions as well as future
climate changes can make it difficult to arrive at adaptation
decisions now. However, the pace and magnitude of projected
change emphasize the need to be prepared for a wide range
and intensity of climate impacts in the future. Planning and
managing based on the climate of the last century means
that tolerances of some infrastructure and species will be
5,7,8
exceeded.
For example, building codes and landscaping

ordinances will likely need to be updated not only for energy
efficiency but also to conserve water supplies, protect against
disease vectors, reduce susceptibility to heat stress, and
5,9
improve protection against extreme events. Although there
is uncertainty about future conditions, research indicates that
10,11
intelligent adaptive actions can still be taken now.
Climate
change projections have inherent uncertainties, but it is still
important to develop, refine, and deploy tools and approaches
that enable iterative decision-making and increase flexibility
and robustness of climate change responses (Ch. 2: Our
12
Changing Climate).
Climate change affects human health, natural ecosystems,
built environments, and existing social, institutional, and
legal arrangements. Adaptation considerations include
local, state, regional, national, and international issues. For
example, the implications of international arrangements
need to be considered in the context of managing the Great
Lakes, the Columbia River, and the Colorado River to deal
13,14
with drought.
Both “bottom up” community planning and
11
“top down” national strategies may help regions deal with
impacts such as increases in electrical brownouts, heat stress,
floods, and wildfires. Such a mix of approaches will require
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cross-boundary coordination at multiple levels as operational
agencies integrate adaptation planning into their programs.
Adaptation actions can be implemented reactively, after
changes in climate occur, or proactively, to prepare for projected
11
changes. Proactively preparing can reduce the harm from
certain climate change impacts, such as increasingly intense
extreme events, shifting zones for agricultural crops, and rising
sea levels, while also facilitating a more rapid and efficient
response to changes as they happen. This chapter highlights

Adaptation

efforts at the federal, regional, state, tribal, and local levels,
as well as initiatives in the corporate and non-governmental
sectors to build adaptive capacity and resilience in response to
climate change. While societal adaptation to climate variability
15
is as old as civilization itself, the focus of this chapter is on
preparing for unprecedented human-induced climate change
through adaptation. A map of illustrative adaptation activities
and four detailed case examples that highlight ongoing
adaptation activity across the U.S. are provided in Section 4 of
this chapter.

key terms definitions*

Adapt, Adaptation: Adjustment in natural or human systems to a new or changing environment that exploits beneficial
opportunities or moderates negative effects.
Adaptive Capacity: The potential of a system to adjust to climate change (including climate variability and extremes)
to moderate potential damages, take advantage of opportunities, and cope with the consequences.
Mitigation: Technological change and substitutions that reduce resource inputs and emissions per unit of output.
Although several social, economic, and technological actions would reduce emissions, with respect to climate
change, mitigation means implementing actions to reduce greenhouse gas emissions or increase the amount of
carbon dioxide absorbed and stored by natural and man-made carbon sinks (see Ch. 27: Mitigation).
Multiple Stressors: Stress that originates from different sources that affect natural, managed, and socioeconomic
systems and can cause impacts that are compounded and sometimes unexpected. An example would be when
economic or market stress combines with drought to negatively impact farmers.
Resilience: A capability to anticipate, prepare for, respond to, and recover from significant multi-hazard threats with
minimum damage to social well-being, the economy, and the environment.
Risk: A combination of the magnitude of the potential consequence(s) of climate change impact(s) and the likelihood
that the consequence(s) will occur.
Vulnerability: The degree to which a system is susceptible to, or unable to cope with, adverse effects of climate
change, including climate variability and extremes. Vulnerability is a function of the character, magnitude, and rate
of climate variation to which a system is exposed, its sensitivity, and its adaptive capacity.
*Definitions adapted from (IPCC 2007;

16

17

NRC 2007,

11

2010 ).

Adaptation Activities in the United States
Federal Government
Federal leadership, guidance, information, and support are
vital to planning for and implementing adaptation actions at all
11,18,19,20
scales and in all affected sectors of society (Table 28.1).
Several new federal climate adaptation initiatives and
strategies have been developed in recent years, including:
• Executive Order (EO) 13514, requiring federal agencies to
develop recommendations for strengthening policies and
21
programs to adapt to the impacts of climate change;
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• the release of President Obama’s Climate Action Plan in June
2013, which has as one of its three major pillars, preparing
the United States for the impacts of climate change, including
building stronger and safer communities and infrastructure,
protecting the economy and natural resources, and using
22
sound science to manage climate impacts;
• the creation of an Interagency Climate Change Adaptation
Task Force (ICCATF) (now the Council on Climate Prepared23
ness and Resilience, per Executive Order 13653 ) that led to
the development of national principles for adaptation and
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is leading to crosscutting and government-wide adaptation
policies;

practice” for federal agencies that are developing and implementing adaptation plans, an Adaptation Science Workgroup
inside the U.S. Global Change Research Program (USGCRP),
and several agency specific climate change and adaptation
task forces; and

• the development of three crosscutting national adaptation
strategies focused on integrating federal, and often state,
local, and tribal efforts on adaptation in key sectors: 1) the
National Action Plan: Priorities for Managing Freshwater Re24
sources in a Changing Climate; 2) the National Fish, Wildlife
25
and Plants Climate Adaptation Strategy; and 3) a priority
objective on resilience and adaptation in the National Ocean
26
Policy Implementation Plan;
• a new decadal National Global Change Research Plan (2012–
2021) that includes elements related to climate adaptation,
such as improving basic science, informing decisions, improving assessments, and communicating with and educating the
27
public;
• the development of several interagency and agency-specific
groups focused on adaptation, including a “community of

• a November 2013 Executive Order entitled “Preparing the
United States for the Impacts of Climate Change” that, among
other things, calls for the modernizing of federal programs to
support climate resilient investments, managing lands and
waters for climate preparedness and resilience, the creation
of a Council on Climate Preparedness and Resilience, and the
creation of a State, Local, and Tribal Leaders Task Force on
23
Climate Preparedness and Resilience.
Federal agencies are all required to plan for adaptation. Actions
include coordinated efforts at the White House, regional and
cross-sector efforts, agency-specific adaptation plans, as well
as support for local-level adaptation planning and action. Table
28.1 lists examples, but is not intended as a comprehensive list.

Table 28.1. Examples of Individual Federal Agency Actions to
Promote, Implement, and Support Adaptation at Multiple Scales*
Agency

Component

Action

Description

Developed Adaptation Plans as
part of their annual Strategic Sustainability Performance Plans

The 2012 Strategic Sustainability Performance
Plans for Federal agencies contain specific
sections on adaptation. Agencies are required
to evaluate climate risks and vulnerabilities to
manage both short- and long-term effects on
missions and operations.

Climate-Ready States and Cities
Initiative

Through their first climate change cooperative
agreements in 2010, CDC awarded $5.25 million to ten state and local health departments
to assess risks and develop programs to address
climate change related challenges.

Department of Agriculture (USDA)

Integrating climate change objectives into plans and networks

USDA is using existing networks such as the
Cooperative Extension Service, the Natural
Resource Conservation Districts, and the Forest
Service’s Climate Change Resource Center to
provide climate services to rural and agricultural
stakeholders.

USDA

Developed a National Roadmap
for Responding to Climate Change
and a Guidebook for Developing
Adaptation Options, among many
resources

The National Roadmap was developed in 2010
to identify short- and long-term actions to reduce
climate change risks to the nation’s forests and
grasslands. The Guidebook builds on this previous work and provides science-based strategic
and tactical approaches to adaptation.

Supporting research teams and
local communities on adaptationrelated issues and develops tools
and resources

Through the Regional Integrated Sciences
and Assessments (RISAs) program, develop
collaboration between researchers and managers to better manage climate risks. Through
the Regional Climate Centers (RCCs) and the
Digital Coast partnership, deliver science to
support decision-making.

Developed a DoD Climate
Change Adaptation Roadmap

DoD released its initial Department-level
Climate Change Adaptation Roadmap in 2012.
The Roadmap identifies four goals that serve
as the foundation for guiding the Department’s
response to climate change that include using
a robust decision making approach based on
the best available science.

All Federal Agencies

Department of Health and Human
Services (HHS)

Department of Commerce (DOC)

Department of Defense (DoD)

Centers for Disease
Control and Prevention
(CDC)

Forest Service

NOAA
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Table 28.1. Examples of Individual Federal Agency Actions to
Promote, Implement, and Support Adaptation at Multiple Scales* (Continued)
U.S. Army Corps of
Engineers (USACE),
Civil Works Program

Developed climate change
adaptation plan; making progress
in priority areas including
vulnerability assessments and
development of policy and
guidance

The USACE Civil Works Program initial climate
change adaptation plan in 2011 has a goal to
reduce vulnerabilities and improve resilience
of water resources infrastructure impacted by
climate change. Vulnerability assessments and
pilot projects are in progress. Other guidance is
underway.

Department of the Navy

Developed road maps for
adaptation in the Arctic and across
the globe

The Navy Arctic Roadmap (November 2009)
promotes maritime security and naval readiness
in a changing Arctic. The Climate Change
Roadmap (May 2010) examines broader issues
of climate change impacts on Navy missions
and capabilities globally.

Department of Energy (DOE)

Develop higher spatial and
temporal scales of climate
projections and integrate
adaptation and climate
considerations into integrated
assessments

Develops community-based, high-resolution
(temporal and spatial) models for climate
projections and integrated assessment models
that increasingly reflect multi-sectoral processes
and interactions, multiple stressors, coupled
impacts, and adaptation potential.

DOE

Developed climate change
adaptation plan, and completed
comprehensive study of
vulnerabilities to the energy sector
of climate change and extreme
weather

The 2013 DOE Report “U.S. Energy Sector
Vulnerabilities to Climate Change and Extreme
Weather” examines current and potential future
impacts of climate trends and identifies activities
underway and potential opportunities to
enhance energy system climate preparedness
and resilience.

Federal Emergency
Management Agency
(FEMA)

Works with communities across
the Nation to help them prioritize
their activities to reduce risks

FEMA released a Climate Change Adaptation
Policy Statement establishing the Agency’s
approach to supporting the Department in
ensuring resilience to disasters in the face of
climate change. FEMA’s action areas focus
on developing actionable “future risk” tools,
enabling state and local adaptation, and building
resilience capabilities.

Fish and Wildlife Service
(FWS)

Developed a FWS climate
change strategic plan (2010)
and established a network
of Landscape Conservation
Cooperatives (LCCs)

Established a framework to help ensure the
sustainability of fish, wildlife, plants, and
habitats in the face of climate change. Created
a network of 22 LCCs to promote shared
conservation goals, approaches, and resource
management planning and implementation
across the United States.

Established a network of Climate
Science Centers (CSCs)

DOI operates a National Climate Change and
Wildlife Center and eight regional CSCs, which
provide scientific information and tools that land,
water, wildlife, and cultural resource managers
and other stakeholders can apply to anticipate,
monitor, and adapt to climate change.

Climate Change Response
Strategy (2010), Climate Change
Action Plan (2012), and Green
Parks Plan (2012)

NPS actions span climate change science,
adaptation, mitigation, and communication
across national parks, including exhibits for park
visitors, providing climate trend information for
all national parks, risk screening and adaptation
for coastal park units, and implementing
scenario planning tools.

Rapid Ecoregional Assessments
(REAs)

REAs synthesize information about resource
conditions and trends within an ecoregion;
assess impacts of climate change and
other stressors; map areas best-suited for
future development; and establish baseline
environmental conditions, against which to
gauge management effectiveness.

DoD

DoD

Department of Homeland Security
(DHS)

Department of the Interior (DOI)

DOI

DOI

DOI

U.S. Geological Survey
(USGS)

National Park Service
(NPS)

Bureau of Land
Management (BLM)
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Table 28.1. Examples of Individual Federal Agency Actions to
Promote, Implement, and Support Adaptation at Multiple Scales* (Continued)

Developed Risk Assessment
Model for transportation decisions

DOT worked with five local and state
transportation authorities to develop a
conceptual Risk Assessment Model to identify
which assets are: a) most exposed to climate
change threats and/or b) associated with the
most serious potential consequences of climate
change threats. Completed November 2011.

DOT

Comprehensive study of climate
risks to Gulf Coast transportation
infrastructure followed by in-depth
study of Mobile, AL

Phase 1 of the 2008 study assessed
transportation infrastructure vulnerability to
climate change impacts across the Gulf. Phase
2, to be completed in 2013, focuses on Mobile,
AL. This effort will develop transferable tools for
transportation planners.

Environmental Protection Agency
(EPA)

Established the Climate Ready
Estuaries program, the Climate
Ready Water Utilities initiative,
and a tribal climate change
adaptation planning training
program

These selected EPA initiatives provide
resources and tools to build the capacity of
coastal managers, water utilities, and tribal
environmental professionals to plan for and
implement adaptation strategies.

National Aeronautics and Space
Administration (NASA)

Initiated NASA’s Climate
Adaptation Science Investigator
(CASI) Workgroup to partner
NASA scientists, engineers, and
institutional stewards

The CASI team builds capacity to address
climate change at NASA facilities by
downscaling facility-specific climate hazard
information and projections; conducting
customized climate research for each location;
and leading resilience and adaptation
workshops that spur community-based
responses.

Department of Transportation (DOT)

Federal Highway
Administration (FHWA)

*Material provided in table is derived directly from Agency representatives and Agency websites. These are select examples and should not be considered all-inclusive.

Federal agencies can be particularly helpful in facilitating
climate adaptation by:
• fostering the stewardship of public resources and maintenance of federal facilities, services, and operations such as
defense, emergency management, transportation, and eco11,28,29,30
system conservation in the face of a changing climate;
• providing usable information and financial support for adap11,20,30
tation;

• dealing with and anticipating impacts that cross geopolitical
boundaries, assisting in disaster response, and supporting
11,30
flexible regulatory frameworks;
• ensuring the establishment of federal policies that allow for
“flexible” adaptation efforts and take steps to avoid unin30,32
tended consequences;
and
• building public awareness.

33

• facilitating the dissemination of best practices and supporting a clearinghouse to share data, resources, and lessons
11,20,31
learned;

675

CLIMATE CHANGE IMPACTS IN THE UNITED STATES

28: ADAPTATION

States
States have become important actors in national climate
change related efforts. State governments can create policies
and programs that encourage or discourage adaptation at
34
other governance scales (such as counties or regions) through
35,36
regulation and by serving as laboratories for innovation.
Although many of these actions are not specifically designed to
address climate change, they often include climate adaptation
components.
Many state-level climate change-specific adaptation
actions focus on planning. As of 2013, fifteen states had
completed climate adaptation plans; four states were in the

process of writing their plans; and seven states had made
37
recommendations to create state-wide adaptation plans.
In addition to formal adaptation plans, numerous states
have created sector-specific plans that consider long-term
climate change (Figure 28.1). For example, at least 16 states
have biodiversity conservation plans that focus on preparing
38
for long-term changes in climate. In addition to planning,
some states have created legislation and/or programs that
are either directly or indirectly targeted at reducing climate
vulnerabilities (Table 28.2).

Status of State Climate Adaptation Plans

37

Figure 28.1. Status of State Climate Adaptation Plans. (Figure source: redrawn from C2ES 2013 ).
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Table 28.2. Examples of State-Level Adaptation Activities*
State

Adaptation Action

Alaska

Alaska Climate Change Impact Mitigation Program provides funds for hazard impact assessments to evaluate climate change related
39
impacts, such as coastal erosion and thawing permafrost.

California

Building standards mandating energy and water efficiency savings, advancing both adaptation and mitigation; State Adaptation Plan
40
calls for 20% reduction in per capita water use.

Florida

Hawaii

Law supporting low water use landscaping techniques.

41

Water code that calls for integrated management, preservation, and enhancement of natural systems.

42

Kentucky

Action Plan to Respond to Climate Change in Kentucky: A Strategy of Resilience, which identifies six goals to protect ecosystems and
43
species in a changing climate.

Louisiana

Comprehensive Master Plan for a Sustainable Coast 2012 includes both protection and restoration activities addressing land loss from
44
sea level rise, subsidence, and other factors over the next 50 years.

Maine

The Maine Sand Dune Rules require that structures greater than 2,500 square feet be set back at a distance that is calculated based
45
on the future shoreline position and considering two feet of sea level rise over the next 100 years.

Maryland

Passed Living Shorelines Act to reduce hardened shorelines throughout the state; passed “Building Resilience to Climate Change”
policy which establishes practices and procedures related to facility siting and design, new land investments, habitat restoration,
government operations, research and monitoring, resource planning, and advocacy.

Montana

Maintains a statewide climate change website to help stakeholders access relevant and timely climate information, tools, and resources.

46

New
Mexico

The Active Water Resource Management program allows for temporary water rights changes in real time in case of drought.

Pennsylvania

Enacted polices to encourage the use of green infrastructure and ecosystem-based approaches for managing storm water and flood9
ing.

Rhode
Island

Requires public agencies considering land-use applications to accommodate a 3- to 5-foot rise in sea level.

Texas

47

Coordinated response to drought through National Integrated Drought Information System (NIDIS); RISAs (Southern Climate Impacts
Planning Program [SCIPP], Climate Assessment for the Southwest [CLIMAS]); and state and private sector partners through anticipa48
tory planning and preparedness (for example, implemented in 2011 drought).

*This list contains selected examples of state-level adaptation activities and should not be considered all-inclusive.

Tribal Governments
Tribal governments have been particularly active in assessing
and preparing for the impacts of climate change (see Ch. 12:
Indigenous Peoples). For example:
• Adaptation planning in Point Hope, Alaska, emphasizes strat49
egies for enhancing community health.
• In Newtok, Alaska, the village council is leading a land-acquisition and planning effort to relocate the community, because
climate change induced coastal erosion has destroyed essen50
tial infrastructure, making the current village site unsafe.
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• The Tulalip Tribes in Washington State are using traditional
knowledge gleaned from elders, stories, and songs and
combining this knowledge with downscaled climate data
51
to inform decision-making. Also in Washington State, the
Swinomish Indian Tribal Community integrated climate
change into decision-making in major sectors of the Swinomish Community, such as education, fisheries, social services,
52
and human health.
• The Haudenosaunee Confederacy in the northeastern U.S. is
addressing climate impacts by preserving a native food base
51
through seed-banking (Ch. 12: Indigenous Peoples).
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Local and Regional Governments
Most adaptation efforts to date have occurred at local and
53,54,55,56,57
regional levels.
Primary mechanisms that local
governments are using to prepare for climate change include
land-use planning; provisions to protect infrastructure and
ecosystems; regulations related to the design and construction
of buildings, roads, and bridges; and emergency preparation,
9,45,56,58
response, and recovery (Table 28.3).
According to a recent survey of 298 U.S. local governments,
59% indicated they are engaged in some form of adaptation

59

planning. Local adaptation planning and actions are unfolding
in municipalities of varying sizes and in diverse geographical
areas. Communities such as Keene, New Hampshire; New
York City, New York; King County, Washington; and Chicago,
Illinois are vanguards in the creation of climate adaptation
9,11,60
strategies.
In addition to local government action,
regional agencies and regional aggregations of governments
8,57
are becoming significant climate change adaptation actors.

Table 28.3. Examples of Local and Regional Adaptation Activities*
Local or Regional Government

Adaptation Action

Satellite Beach, FL

Collaboration with the Indian River Lagoon National Estuary Program led to efforts to try to incorporate
54
sea level rise projections and policies into the city’s comprehensive growth management plan.

Portland, OR

Updated the city code to require on-site stormwater management for new development and
re-development. Provides a downspout disconnection program to help promote on-site
61
stormwater management .

Lewes, DE

In partnership with Delaware Sea Grant, ICLEI-Local Governments for Sustainability, the University of
Delaware, and state and regional partners, the City of Lewes undertook a stakeholder-driven process
to understand how climate adaptation could be integrated into the hazard mitigation planning process.
Recommendations for integration and operational changes were adopted by the City Council and are cur62
rently being implemented.

Groton, CT

Partnered with federal, state, regional, local, non-governmental, and academic partners through the
EPA’s Climate Ready Estuaries program to assess vulnerability to and devise solutions for sea level
63
rise.

San Diego Bay, CA

Five municipalities partnered with the port, the airport, and more than 30 organizations with direct interests in the Bay’s future to develop the San Diego Bay Sea Level Rise Adaptation Strategy. The strategy
identified key vulnerabilities for the Bay and adaptation actions that can be taken by individual agencies,
9
as well as through regional collaboration.

Chicago, IL

Through a number of development projects, the city has added 55 acres of permeable surfaces since
64
2008 and has more than four million square feet of green roofs planned or completed.

King County, WA

Created King County Flood Control District in 2007 to address increased impacts from flooding through
activities such as maintaining and repairing levees and revetments, acquiring repetitive loss properties,
65
and improving countywide flood warnings.

New York City, NY

Through a partnership with the Federal Emergency Management Agency (FEMA), the city is updating
FEMA Flood Insurance Rate Maps based on more precise elevation data. The new maps will help stakeholders better understand their current flood risks and allow the city to more effectively plan for climate
66
change.

Southeast Florida Climate Change Compact

Joint commitment among Broward, Miami-Dade, Palm Beach, and Monroe Counties to partner in reducing heat-trapping gas emissions and adapting to climate impacts, including adaptation in transportation,
water resources, natural resources, agriculture, and disaster risk reduction. Notable policies emerging
from the Compact include regional collaboration to revise building codes and land development regula67
tions to discourage new development or post-disaster redevelopment in vulnerable areas.

Phoenix, AZ; Boston, MA; Philadelphia, PA;
and New York, NY

Climate change impacts are being integrated into public health planning and implementation activities
that include creating more community cooling centers, neighborhood watch programs, and reductions in
9,68,69
the urban heat island effect.

Boulder, CO; New York, NY; and Seattle, WA

Water utilities in these communities are using climate information to assess vulnerability and inform
61
decision-making.

City of Philadelphia

In 2006, the Philadelphia Water Department began a program to develop a green stormwater infrastructure, intended to convert more than one-third of the city’s impervious land cover to “Greened Acres”:
green facilities, green streets, green open spaces, green homes, etc., along with stream corridor restora5
tion and preservation.

*This table includes select examples of local and regional adaptation activities and should not be considered all-inclusive.
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There is no one-size-fits-all adaptation solution to the challenges of adapting to climate change impacts, as solutions
will differ depending on context, local circumstance, and
9,31
scale as well as on local culture and internal capacity.

©Lewis Cook for PWD

Non-governmental and Private Sector
Many non-governmental entities have been significant
actors in the national effort to prepare for climate change
by providing assistance that includes planning guidance,
implementation tools, contextualized climate information,
best practice exchange, and help with bridging the science70,71
policy divide to a wide array of stakeholders (Table 28.4).
The Nature Conservancy, for example, established the
Canyonlands Research Center in Monticello, Utah, to
facilitate research and develop conservation applications for
resource issues under the multi-stresses of climate change
72
and land-use demands in the Colorado Plateau region.

This one-acre stormwater wetland was constructed in Philadelphia to
treat stormwater runoff in an effort to improve drinking water quality while
minimizing the impacts of storm-related flows on natural ecosystems.

With regard to the private sector, evidence from
organizations such as the Carbon Disclosure Project (CDP)
and the Securities and Exchange Commission’s (SEC) Climate
Change 10-K Disclosure indicate that a growing number
of companies are beginning to actively address risks from
73
climate change (Table 28.5). The World Business Council for
Sustainable Development (WBCSD) and the Center for Climate
and Energy Solutions (C2ES) have identified three types of
risks driving private sector adaptation efforts, including risks
to core operations, the value chain, and broader changes in the
74,75,76
economy and infrastructure (see Figure 28.2).

This analysis is supported by responses to the 2011 CDP, and
suggests that companies are concerned about how changes in

the climate will impact issues such as feedstock, water supply
and quality, infrastructure, core operations, supply chains, and
73
customers’ ability to use (and their need for) services.
Some companies are taking action to not only avoid risk, but to
explore potential opportunities that may emerge in a changing
climate, such as developing new products and services, developing or expanding existing consulting services, expanding into
new operational territories, extending growing seasons and
hours of operation, and responding to increased demand for
73,75,77,78
existing products and services.

Table 28.4. Examples of Non-governmental Adaptation Efforts and Services*
Types of Adaptation Efforts and Services
Adaptation planning assistance, including creation of guides, tools, and templates

Examples of Organizations Providing Services
Center for Climate Strategies, ICLEI-Local Governments for Sustainability, International Institute
for Sustainable Development, Natural Resources Defense Council, The Nature Conservancy, World
Resources Institute, World Wildlife Fund

Networking and best practice exchange

C40 Cities Climate Leadership Group, Adaptation Network, Center for Clean Air Policy, Climate
Adaptation Knowledge Exchange, ICLEI-Local Governments for Sustainability, Institute for Sustainable Communities, Urban Sustainability Directors Network, World Business Council for Sustainable
Development

Climate information providers

Union of Concerned Scientists, Urban Climate Change Research Network, Stockholm Environment
Institute–U.S. Center

Policy, legal, and institutional support

Center for Climate and Energy Solutions (formerly Pew Center on Global Climate Change), Georgetown Climate Center

Aggregation of adaptation-pertinent information

Carbon Disclosure Project, Climate Adaptation Knowledge Exchange, Georgetown Climate Center

*This list contains examples of non-governmental organizations providing the identified services and should not be considered all-inclusive or a validation of actions
claimed by the organizations.
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Table 28.5. Examples of Private Sector Actions to Adapt to Climate Risks
as Reported to the Carbon Disclosure Project*
Company

Climate Risk

Examples of Actions Undertaken

Consumer
Staples

Changes in physical climate
parameters; Changes in other
climate-related developments

Coca-Cola is working around the world to replenish the water used in finished
beverages by participating in locally relevant water projects that support communities and nature. Since 2005, the Coca-Cola system has engaged in more
than 320 projects in 86 countries. The range of community projects includes
watershed protection; expanding community drinking water and sanitation access;
water for productive use, such as agricultural water efficiency; and education and
awareness programs. (http://www.thecoca-colacompany.com/citizenship/conservation_partnership.html)

ConAgra
Foods, Inc.

Consumer
Staples

Company experienced
weather-related sourcing
challenges, such as delayed
tomato harvesting due to
unseasonably cool weather,
and difficulty sourcing other
vegetables due to above
normal precipitation.

As part of its business continuity planning, ConAgra Foods has analyzed its supply risk to develop strategic partnerships with suppliers, minimize sole-sourced
ingredients, and identify alternate suppliers and contract manufacturers to minimize production disruptions in the instance of an unexpected disruption in supply.
(http://company.conagrafoods.com/phoenix.zhtml?c=202310&p=Policies_Environment)

Constellation
Brands

Consumer
Staples

Changes in physical climate
parameters; Changes in other
climate-related developments

Constellation has already taken adaptation actions, particularly in California where
water availability is an issue, to manage or adapt to these risks. Constellation is working with numerous organizations to help fund industry-based research to determine
potential climate change impacts on vineyard production.

Reinsurance

Changes in regulation;
Changes in physical climate
parameters; Changes in other
climate-related developments

Since 2007, a Group-wide climate change strategy covering all aspects of climate
change – for example, weather-related impacts, regulatory impacts, litigation and
health risks, etc. – has supported their core corporate strategy. The strategy is
based on five pillars: mitigation, adaptation, research, in-house carbon dioxide
reduction, and advocacy. (http://www.munichre.com/en/group/focus/climate_change/
default.aspx)

Changes in regulation;
changes in physical climate
parameters; Changes in other
climate-related developments

PG&E’s adaptation strategies for potential increased electricity demand include
expanded customer energy efficiency and demand response programs and
improvements to its electric grid. PG&E is proactively tracking and evaluating the
potential impacts of reductions to Sierra Nevada snowpack on its hydroelectric
system and has developed adaptation strategies to minimize them. Strategies
include maintaining higher winter carryover reservoir storage levels, reducing
conveyance flows in canals and flumes in response to an increased portion of precipitation falling as rain, and reducing discretionary reservoir water releases during
the late spring and summer. PG&E is also working with both the U.S. Geological
Survey (USGS) and the California Department of Water Resources to begin using
the USGS Precipitation-Runoff Modeling System (PRMS) watershed model, to
help manage reservoirs on watersheds experiencing mountain snowpack loss.
(http://www.pge.com/about/environment/commitment/)

Household
Products

Changes in physical climate
parameters

SC Johnson is adjusting to the various physical risks that climate change imposes
through a diversified supplier and global manufacturing base. In March 2009, SC
Johnson announced a broad ingredient communication program. SC Johnson
assesses risks along each ingredient’s supply chain to ensure that the company
is sourcing from a geographically diverse supplier base. In addition to evaluating
product ingredients, SC Johnson has also diversified its operations around the
world, allowing it to maintain business continuity in the face of a regional climate
change related disruption. (http://www.scjohnson.com/en/commitment/overview.
aspx)

Energy

Changes in regulation;
Changes in physical climate
parameters; Changes in other
climate-related developments

Spectra Energy uses a corporate-wide risk analysis framework to ensure the
oversight and management of its four major risk categories: financial, strategic, operational, and legal risks. Physical risks posed by climate change fall within these
categories and the company uses risk management committees to ensure that all
material risks are identified, evaluated, and managed prior to financial approvals of
major projects. (http://www.spectraenergy.com/Sustainability/)

Coca-Cola
Company

Munich Re

Pacific Gas
and Electric
Company
(PG&E)

SC Johnson &
Son, Inc.

Spectra
Energy, Inc.

Sector

Utilities

* This list contains examples of private sector actions to adapt to climate risks as reported to the Carbon Disclosure Project and should not be considered all-inclusive
or a validation of actions claimed by the organizations.
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Effects of Climate Change on...

Figure 28.2. “Risk Disk” depicts three pathways by which
risks posed by climate change can affect business, such
as through core operations, the value chain, and broader
changes in the economy and infrastructure. (Figure source:
74
redrawn from C2ES 2008 ).

Section 1: Adaptation Process

General patterns in adaptation processes are beginning to
emerge, with similarities discernible across sectors, systems,
53,78,79
and scales.

Adaptation Process

This is not a stepwise or linear process; various stages can be
occurring simultaneously, in a different order, or be omitted
completely. However, as shown clockwise in Figure 28.3,
the process generally involves characterizing vulnerability,
developing options, implementing actions, monitoring
outcomes, and reevaluating strategies. Each of these is
described in more detail below.

Identifying and Understanding Risk,
Vulnerabilities, and Opportunities
Most adaptation actions are currently in the initial phase,
with many actors focusing on identifying the relevant climate
risks and conducting current and future risk and vulnerability
8,11,59,80,81,82
assessments of their assets and resources.
In 2011,
only 13% of 298 U.S. municipalities surveyed had completed
vulnerability or risk assessments, but 42% expected to complete
59
an assessment in the future. At least 21 state fish and wildlife
agencies have undertaken climate vulnerability assessments
or recently completed an assessment of a particular species,
38
habitat, or both. Multiple qualitative and quantitative
methods are used to understand climate vulnerability and
risk, including case studies and analogue analyses, scenario
analyses, sensitivity analyses, monitoring of key species, and
8,28,83,84
peer information sharing.
Figure 28.3. Generalized Adaptation Process
11
(Figure source: adapted from NRC 2010 ).
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Planning, Assessing, and Selecting Options
Once risks and vulnerabilities are understood, the next stage
typically involves identifying, evaluating, and selecting options
for responding to and managing existing and future changes
28
in the climate. Decision support planning methods and
associated tools help to identify flexible and context-relevant
11,79
adaptation activities for implementation.
Participatory
approaches support the integration of stakeholder perspectives
85,86
and context-specific information into decision-making.
This approach can include having community members and
governing institutions work collectively to define the problem
and design adaptation strategies that are robust while being
86,87
sensitive to stakeholder values.
Moreover, regional
collaboration has emerged as an effective strategy for defining
common approaches to reducing potential threats, selecting
metrics for tracking purposes, and creating governance
67,88
structures to help navigate political challenges.
As discussed
above, a number of government and other organizations have
developed plans with identified adaptation options.
Common approaches to adaptation planning include
“mainstreaming” or integrating climate adaptation into

existing management plans (for example, hazard mitigation,
ecosystem conservation, water management, public health,
risk contingency, and energy) or developing stand-alone
68,82,89,90
adaptation plans.
Many frameworks, tools, and approaches have emerged to help
decision-makers make decisions in light of both uncertainty and
7,79
the need to achieve multiple societal goals. Some of these,
however, are specific to particular localities or resources, are
not easy to use by the intended audiences, do not adequately
evaluate tradeoffs, and require sophisticated knowledge
91
of climate change. In general, these approaches promote
options that allow reversibility, preserve future options, can
tolerate a variety of impacts, and are flexible, such that mid32,92
course adjustments are possible.
Among these approaches
are Robust Decision Making (RDM), Iterative Risk Management
(IRM), Adaptive Management or Co-Management, Portfolio
Management, and Scenario Planning (see Ch. 26: Decision
Support for more on decision frameworks, processes, and
7,11,28,54,93,94,95,96,97
tools).

Implementation
There is little peer-reviewed literature on adaptation actions,
11,36,81,98
or evaluations of their successes and failures.
Many
of the documents submitted as part of this Third National
Climate Assessment (NCA) process indicate that adaptation
actions are being implemented for a variety of reasons. Often,
these are undertaken with an aim toward reducing current
vulnerabilities to hazards or extreme weather events, such as

forest thinning and fuel treatments that reduce fire hazards in
national forests or through the diversification of supply chain
72,73
sourcing in the private sector.
Additionally, an increasing
movement toward mainstreaming climate adaptation concerns
into existing processes means that discerning unique climate
82,99
adaptation activities will be a challenge.

Monitoring and Evaluation
There is little literature evaluating the effectiveness of
9,72,79,86
adaptation actions.
Evaluation and monitoring efforts,
to date, have focused on the creation of process-based rather
86,90
than outcome-based indicators.
A number of efforts are
27
underway to create indicators related to climate adaptation,
including work by the National Climate Assessment and
100
Development Advisory Committee Indicators Working Group

101

and the U.S. Environmental Protection Agency. Part of
monitoring should include accounting for costs of adaptation.
To be sure, this may be difficult to account for because of
challenges in attribution of climate events to climate change
versus climate variability. A few studies summarize projected
102,103
future costs of adaptation.

Revise Strategies/Processes and Information Sharing
Uncertainty about future climate as well as population growth,
economic development, response strategies, and other
social and demographic issues can stymie climate adaptation
95,104,105
activity.
Through iterative processes, however,
stakeholders can regularly evaluate the appropriateness of
planned and implemented activities and revise them as new
11,28,84
information becomes available.
Additionally, the sharing
of best practices and lessons learned can be pivotal means to
advancing understanding and uptake of climate adaptation
82,86
activity.
The use of established information-sharing

networks, such as regional climate initiatives, are illustrations
of the types of networks that have supported stakeholder
9,76,79,86
adaptation activity to-date.
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Section 2: Barriers to Adaptation and Examples of Overcoming Barriers

Despite emerging recognition of the necessity of climate
change adaptation, many barriers still impede efforts to
build local, regional, and national-level resilience. Barriers
are obstacles that can delay, divert, or temporarily block
106
the adaptation process, and include difficulties in using
climate change projections for decision-making; lack of
resources to begin and sustain adaptation efforts; lack of
coordination and collaboration within and across political and
natural system boundaries as well as within organizations;
institutional constraints; lack of leadership; and divergent risk
11,20,107
perceptions/cultures and values (Table 28.6).
Barriers are

distinguished from physical or ecological limits to adaptation,
such as physiological tolerance of species to changing climatic
conditions that cannot be overcome (except with technology
8,54,108
or some other physical intervention).
Despite barriers, individuals within and across sectors and
regions are organizing to collectively overcome barriers and
adapt to climate change. In many cases, lessons learned from
initial programs help inform future adaptation strategies.
Figure 28.4 highlights ongoing climate adaptation activities that
have overcome some of these barriers in different regions led

Table 28.6. Summary of Adaptation Barriers
Barrier

Specific Examples
• Uncertainty about future climate impacts and difficulty in interpreting the cause of
individual weather events

Climate Change Information and Decision-Making
References:

7,8,10,11,14,17,31,32,42,59,68,69,72,82,90,93,104,109,110,111,112

• Disconnect between information providers and information users
• Fragmented, complex, and often confusing information
• Lack of climate education for professionals and the public
• Lack of usability and accessibility of existing information
• Mismatch of decision-making timescales and future climate projections

Lack of Resources to Begin and Sustain Adaptation Efforts
8,13,42,51,54,59,81,82,111,112,113,114
References:

• Lack of financial resources / no dedicated funding
• Limited staffing capacity
• Underinvestment in human dimensions research
• Lack of coordination within and across agencies, private companies, and nongovernmental organizations

Fragmentation of Decision-Making
8,14,31,32,51,68,115,116
References:

• Uncoordinated and fragmented research efforts
• Disjointed climate related information
• Fragmented ecosystem and jurisdictional boundaries
• Lack of institutional flexibility
• Rigid laws and regulations

Institutional Constraints
8,13,42,51,54,97,113,117,118,119
References:

• No legal mandate to act
• Use of historical data to inform future decisions
• Restrictive management procedures
• Lack of operational control or influence

Lack of Leadership
30,96,112,113,119,120,121
References:

• Lack of political leadership
• Rigid and entrenched political structures
• Polarization
• Conflicting values/risk perceptions

Divergent Risk Perceptions, Cultures, and Values
51,71,82,116,117,120,122
References:

• Little integration of local knowledge, context, and needs with traditional scientific
information
• Cultural taboos and conflict with cultural beliefs
• Resistance to change due to issues such as risk perception
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by state, local, and private actors in the United States. It is not
a comprehensive compilation of national adaptation activity,
but is intended to identify some of the variety of adaptation
efforts taking place across the country.
In addition, Section 4 of this chapter provides four in-depth
case studies of climate adaptation strategies at different
scales, with multiple stakeholders, and tackling different
challenges. Each of these case studies highlights the different
ways stakeholders are approaching adaptation.
• Through the creation of the National Integrated Drought Information System (NIDIS), the Federal Government, in partnership with the National Drought Mitigation Center (NDMC),
states, tribes, universities, and others, has improved capacity
to proactively manage and respond to drought-related risks
and impacts through: 1) the provision of drought early warning information systems with local/regional input on extent,
onset, and severity; 2) a web-based drought portal featuring
the U.S. Drought Monitor and other visualization tools; 3) coordination of research in support and use of these systems;
and 4) leveraging of existing partnerships, forecasting, and
assessment programs.

• In the Colorado River Basin, water resource managers, government leaders, federal agencies, tribes, universities, nongovernmental organizations (NGOs), and the private sector
are collaborating on strategies for managing water under a
changing climate through partnerships like the Western Governors’ Association (WGA) and WestFAST (Western Federal
Agency Support Team).
• In Wisconsin, the Northern Institute of Applied Climate Science and the U.S. Forest Service, working with multiple partners, initiated a “Climate Change Response Framework” integrating climate-impacts science with forest management.
• In Cape Cod, Massachusetts, the U.S. Department of Transportation’s Volpe Center worked with federal, regional, state,
and local stakeholders to integrate climate change mitigation and adaptation considerations into existing and future
transportation, land-use, coastal, and hazard-mitigation processes.

Adaptation Activity

Continued
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Figure 28.4. Adaptation Activity
1. The State of Hawai‘i, Office of Planning, in cooperation with university, private, state, and federal scientists and others, has
drafted a framework for climate change adaptation that identifies sectors affected by climate change, and outlines a process for
123
coordinated statewide adaptation planning.
2. One of the priorities of the Hawai‘i State Plan is preserving water sources through forest conservation, as indicated in their “Rain
124
Follows The Forest” report.
3. New England Federal Partners is a multi-agency group formed to support the needs of the states, tribes, and communities of the
New England Region and to facilitate and enable informed decision-making on issues pertaining to coastal and marine spatial
125
planning, climate mitigation, and climate adaptation throughout the region.
4. Philadelphia is greening its combined sewer infrastructure to protect rivers, reduce greenhouse gas emissions, improve air quality,
126
and enhance adaptation to a changing climate.
5. Keene, NH, developed a Comprehensive Master Plan that emphasizes fostering walkable, mixed-use neighborhoods by putting
services, jobs, homes, arts and culture, and other community amenities within walking distance of each other. The plan also
calls for sustainable site and building designs that use resources efficiently. These strategies were identified in the city’s 2007
127
Adaptation Plan as ways to build resilience while reducing greenhouse gas emissions.
6. New York City has created a Green Infrastructure Plan and is committed to goals that include the construction of enough green
128
infrastructure throughout the city to manage 10% of the runoff from impervious surfaces by 2030.
7. Lewes, DE, undertook an intensive stakeholder process to integrate climate change into the city’s updated hazard mitigation plan.

62

8. Local governments and tribes throughout Alaska, such as those in Homer, are planting native vegetation and changing the coastal
surface, moving inland or away from rivers, and building riprap walls, seawalls or groins, which are shore-protection structures
129
built perpendicular to the shoreline (see also: Ch. 22:Alaska; Ch. 12: Indigenous Peoples).
9. Alaskan villages are physically being relocated because of climate impacts such as sea level rise and erosion; these include
130
Newtok, Shishmaref, Kivalina, and dozens of other villages.
10. Cedar Falls, Iowa, passed legislation in 2009 that includes a new floodplain ordinance that expands zoning restrictions from the
100-year floodplain to the 500-year floodplain, because this expanded floodplain zone better reflects the flood risks experienced
131
by the city during the 2008 floods.
11. In January 2011, the Michigan Department of Community Health (MDCH) released the Michigan Climate and Health Adaptation
Plan, which has a goal of “preparing the public health system in Michigan to address the public health consequences of climate
change in a coordinated manner.” In September 2010, MDCH received three years’ funding to implement this plan as part of the
132
Climate-Ready States and Cities Initiative of CDC.
12. Chicago was one of the first cities to officially integrate climate adaptation into a citywide climate adaptation plan. Since its release,
a number of strategies have been implemented to help the city manage heat, protect forests, and enhance green design, such
64
as their work on green roofs.
13. Grand Rapids, MI, recently released a sustainability plan that integrates future climate projections to ensure that the economic,
133
environmental, and social strategies embraced are appropriate for today as well as the future.
14. Tulsa, OK, has a three-pronged approach to reducing flooding and managing stormwater: a) prevent new problems by looking
ahead and avoiding future downstream problems from new development (for example, requiring on-site stormwater detention);
b) correct existing problems and learn from disasters to reduce future disasters (for example, through watershed management
and the acquisition and relocation of buildings in flood-prone areas); and c) act to enhance the safety, environment, and quality
134
of life of the community through public awareness, an increase in stormwater quality, and emergency management.
15. Firewise Communities USA is a nationwide program of the National Fire Protection Association and is co-sponsored by USDA
Forest Service, DOI, and the National Association of State Foresters. According to the Texas Forest Service, there are more than
20 recognized Texas Firewise Communities. The Texas Forest Service works closely with communities to help them to reach
Firewise Community status and offers a variety of awareness, educational, informational, and capacity-building efforts, such as
135
Texas Wildscapes, a program that assists in choosing less fire-friendly plants.

Continued

685

CLIMATE CHANGE IMPACTS IN THE UNITED STATES

28: ADAPTATION
16. After the heavy rainfall events of 2004 that resulted in significant erosion on his farms, Dan Gillespie, a farmer with the Natural
Resources Conservation Service in Norfolk, NE, began experimenting with adding cover crops to the no-till process. It worked
so well in reducing erosion and increasing crop yields that he is now sharing his experience with other farmers. (http://www.lenrd.
136
org/projects-programs/; http://www.notill.org/)
17. Point Reyes National Seashore is preparing for climate change by removing two dams that are barriers to water flow and fish
migration. This change restores ecological continuity for anadromous fish (those that migrate from the sea to fresh water to
137
spawn), creating a more resilient ecosystem.
18. Western Adaptation Alliance is a group of eleven cities in five states in the Intermountain West that share lessons learned in
adaptation planning, develop strategic thinking that can be applied to specific community plans, and join together to generate
138
funds to support capacity building, adaptation planning, and vulnerability assessment.
139

19. Navajo Nation used information on likely changes in future climate to help inform their drought contingency plan.

20. California Department of Health and the Natural Resources Defense Council collaborated to create the Public Health Impacts
of Climate Change in California: Community Vulnerability Assessment and Adaptation Strategies report, which is being used to
140
inform public health preparedness activities in the state.
21. State of Idaho successfully integrated climate adaptation into the state’s Wildlife Management Plan. (http://fishandgame.idaho.
8
gov/public/wildlife/cwcs/)
22. The Rising Tides Competition was held in 2009 by the San Francisco Bay Conservation and Development Commission to elicit
141
ideas for how the Bay could respond to sea level rise.
23. Flagstaff, Arizona, created a resilience strategy and passed a resilience policy, as opposed to a formal adaptation plan, as a
142
means to institutionalize adaptation efforts in city government operations.
24. The Olympic National Forest and Olympic National Park were sites of case studies looking at how to adapt management of federal
lands to climate change. Sensitivity assessments, review of management activities and constraints, and adaptation workshops
143
in the areas of hydrology and roads, fish, vegetation, and wildlife were all components of the case study process.
25. King County Flood Control District was reformed to merge multiple flood management zones into a single county entity for funding
144
and policy oversight for projects and programs – partly in anticipation of increased stormwater flows due to climate change.
26. The Water Utilities Climate Alliance has been working with member water utilities to ensure that future weather and climate
90
considerations are integrated into short- and long-term water management planning. (http://www.wucaonline.org/html/)
27. Seattle’s RainWatch program uses an early warning precipitation forecasting tool to help inform decisions about issues such as
19
drainage operations. (http://www.atmos.washington.edu/SPU/)
28. City of Portland and Multnomah County created a Climate Action Plan that includes indicators to help them gauge progress in
145
planning and implementing adaptation actions.
29. In 2010, the state of Louisiana launched a $10 million program to assist communities that had been affected by Hurricanes
Gustav and Ike in becoming more resilient to future environmental problems. Twenty-nine communities from around the state
were awarded resiliency development funds. The Coastal Sustainability Studio at Louisiana State University started working in
2012 with all 29 funded communities, as well as many that did not receive funds, to develop peer-learning networks, develop
best practices, build capacity to implement plans, and develop planning tools and a user-inspired and useful website to increase
146
community resiliency in the state.
30. U.S. Fish and Wildlife Service and The Nature Conservancy are cooperating in a pilot adaptation project to address erosion
and saltwater intrusion, among other issues, in the Alligator River Refuge. This project incorporates multiple agencies, native
147
knowledge, community involvement, local economics, and technical precision.
31. North and South Carolina are actively working to revise their state wildlife strategies to include climate adaptation.

82

32. The Southeast Florida Climate Change Compact is a collaboration of the four southernmost counties in Florida (Monroe, Broward,
Palm Springs, and Miami-Dade) focusing on enhancing regional resilience to climate change and reducing regional greenhouse
67
gas emissions.
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Section 3: Next Steps

Adaptation to climate change is in a nascent stage. The
Federal Government is beginning to develop institutions
and practices necessary to cope with climate change,
including efforts such as regional climate centers within the
U.S. Department of Agriculture, the National Oceanic and
Atmospheric Administration (a division of the U.S. Department
of Commerce), and the U.S. Department of the Interior. While
the Federal Government provides financial assistance in
federally-declared disasters, it is also enabling and facilitating
early adaptation within states, regions, local communities,
11
and the public and private sectors. The approaches include
working to limit current institutional constraints to effective
adaptation, funding pilot projects, providing useful and
usable adaptation information – including disseminating best
practices and helping develop tools and techniques to evaluate
successful adaptation.

decision-making in light of uncertainty about climate change
and other considerations will be equally important. In addition
to these areas, emerging areas of emphasis include:
• Costs and Benefits of Adaptation: Methodologies to evaluate
the relevant costs of adaptation options, as well as the costs
6,102
of inaction, need to be developed.
• A Compendium of Adaptation Practices: A central and
streamlined database of adaptation options implemented at
different scales in space and time is needed. Information on
the adaptation actions, how effective they were, what they
cost, and how monitoring and evaluation were conducted
11,20,31
should be part of the aggregated information.
• Adaptation and Mitigation Interactions: Research and analysis on the growing and competing demands for land, water,
and energy and how mitigation actions could affect adapta4,27,81,148
tion options, and vice versa.

Despite emerging efforts, the pace and extent of adaptation
activities are not proportional to the risks to people, property,
infrastructure, and ecosystems from climate change;
important opportunities available during the normal course
of planning and management of resources are also being
overlooked. A number of state and local governments are
engaging in adaptation planning, but most have not taken
107
action to implement the plans. Some companies in the
private sector and numerous non-governmental organizations
have also taken early action, particularly in capitalizing on the
opportunities associated with facilitating adaptive actions.
Actions and collaborations have occurred across all scales. At
the same time, barriers to effective implementation continue
to exist (see Section 2).
One of the overarching key areas of focus for global change
research is enabling research and development to advance
adaptation across scales, sectors, and disciplines. This includes
social science research for overcoming the barriers identified
in Section 2, such as strategies that foster coordination, better
communication, and knowledge sharing amongst fragmented
governing structures and stakeholders. Research on the
kinds of information that users desire and how to deliver that
information in contextually appropriate ways and research on

• Critical Adaptation Thresholds: Research to identify critical
thresholds beyond which social and/or ecological systems
are unable to adapt to climate change. This should include
analyzing historical and geological records to develop models
2,31,149
of “breakpoints”.
• Adaptation to Extreme Events: Research on preparedness
and response to extreme events such as droughts, floods,
intense storms, and heat waves in order to protect people,
ecosystems, and infrastructure. Increased attention must be
paid to how extreme events and variability may change as
climate change proceeds, and how that affects adaptation
11,150
actions.
Effective adaptation will require ongoing, flexible, transparent, inclusive, and iterative decision-making processes, collaboration across scales of government and sectors, and the
continual exchange of best practices and lessons learned. All
stakeholders have a critical role to play in ensuring the preparedness of our society to extreme events and long-term
changes in climate.

Section 4: Case Studies
Illustrative Case One: National Integrated Drought Information System
NIDIS (National Integrated Drought Information System),
originally proposed by the Western Governors’ Association
151
(WGA) and established by Congress in 2006, is a federallycreated entity that improves the nation’s capacity to
proactively manage drought-related risks across sectors,
regions, and jurisdictions. It was created by Congress to
“enable the Nation to move from a reactive to a more
proactive approach to managing drought risks and impacts.”
NIDIS has successfully brought together government partners

and research organizations to advance a warning system for
drought-sensitive areas.
The creation of NIDIS involved many years of development and
coordination among federal, state, local, regional, and tribal
partners with the help of Governors’ associations and Senate
and Congressional leaders. NIDIS provides: 1) drought early
warning information systems with regional detail concerning
onset and severity; 2) a web-based portal (www.drought.gov);
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3) coordination of federal research in support of and use of
these systems; and 4) leveraging of existing partnerships and of
forecasting and assessment programs. NIDIS currently supports
work on water supply and demand, wildfire risk assessment
and management, and agriculture. Regional drought early
warning system pilot projects have been established to
illustrate the benefits of improved knowledge management,
improved use of existing and new information products, and
coordination and capacity development for early warning
systems. These prototype systems are in the Upper Colorado
Basin, the Apalachicola-Chattahoochee-Flint River Basin in
the Southeast, the Four Corners region in the Southwest, and
California. The NIDIS Outlook in the Upper Colorado Basin
provides early warning information every week, for example,
that is utilized by a variety of users from federal agencies,
water resource management, and the recreation industry.
The Western Governors’ Association, the U.S. Congress,
and others have formally acknowledged that NIDIS provides
a successful example of achieving effective federal-state
partnerships by engaging both leadership and the public, and
establishing an authoritative basis for integrating monitoring
and research to support risk management. Some of NIDIS’s
keys to success include:
• Usable Technology and Information for Decision
Support: The production of the U.S. Drought
Monitor map, which integrates multiple indicators and indices from many data sources, was
developed before NIDIS was established and has
become a useful visual decision support tool for
monitoring and characterizing drought onset,
severity, and persistence. NIDIS has engaged regional and local experts in refining the regional
details of this national product and in “ground
truthing” maps via email discussions and webinars (Figure 28.5).

impact assessments for decision support. A key aspect of NIDIS is the development of an ongoing regional outlook forum
based on the above information to build awareness of the
drought hazard and to embed information in planning and
practice (in partnership with the National Drought Mitigation
Center, the Regional Integrated Sciences and Assessments
(RISA), and other research-based boundary organizations) to
reduce risks and impacts associated with drought.
• Leadership and Champions: NIDIS supporters worked at all
levels over more than two decades (1990s and 2000s) to establish the NIDIS Act, including political groups (WGA, Southern Governors’ Association, National Governors Association,
and U.S. Senators and Representatives), scientific leaders,
and federal agencies (NOAA, USDA, DOI).
• Risk Perceptions: Whereas drought had been considered primarily a western issue in previous decades, drought is now
regularly affecting the southern, southeastern, and northeastern parts of the country and response strategies are
needed. During the 2012 drought, more than 63% of the contiguous U.S. by the end of July was classified as experiencing
moderate to exceptional drought, and more than 3,200 heat
152
records were broken in June 2012 alone.

U.S. Drought Monitor
August 14, 2012

• Financial Assistance: Federal funding was allocated to NOAA specifically for NIDIS, but leveraged in kind by other agencies and partners.
• Institutional/Partnerships: Effective collaborations, partnerships, and coordination with
NOAA, WGA, USDA, DOI, and USGS as well as
local, regional, state, and tribal partners and
with the National Drought Mitigation Center at
the University of Nebraska, Lincoln, have led to
multi-institutional “buy-in.”
• Institutional/Policy: The NIDIS Act was oriented
toward the improvement of coordination across
federal agencies and with regional organizations,
universities, and states. It focused on the application of technology, including the Internet, and on

Figure 28.5. U.S. Drought Monitor Map accessed on August 20, 2012.
The U.S. Drought Monitor is produced in partnership between the national
Drought Mitigation Center at the University of Nebraska-Lincoln, the
United States Department of Agriculture, and the National Oceanic and
Atmospheric Administration. Map courtesy of NDMC-UNL.
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Illustrative Case Two: Adaptive Governance in the Colorado River Basin
The Colorado River supplies water and valuable ecosystem
services to 33 million people and is vulnerable to climate
change because of decreases in mountain snowpack and water
availability, increased competition among water users, fires,
drought, invasive species, and extended extreme heat events,
13,153
among other threats.
The 1922 Colorado River Compact,
which allocates water among seven U.S. states and Mexico,
154
was agreed upon in a particularly wet time period; thus the
river water is already over-allocated for current conditions.
Given the likelihood of having less water because of climate
change, resource managers and government leaders are
increasingly recognizing that water must be managed with
flexibility to respond to the projected impacts and the range
of possible future climates (see Ch. 2: Our Changing Climate;
13,155
Ch. 3: Water).
Multiple actors across multiple disciplines,
scales of governance (including tribal, local, state, and federal),
non-governmental organizations, and the private sector are
organizing and working together to address these concerns
and the relationship between climate and other stresses in the
basin.
The Western Governors’ Association (WGA) spearheaded
adaptation efforts to enable federal, state, tribal, local, and
private sector partners to address a range of issues, including
13,155,156
climate change.
For example, the Western Federal

Agency Support Team (WestFAST), which was established
in 2008, created a partnership between the Western States
Water Council (WSWC) and 11 federal agencies with water
management responsibilities in the western United States.
The agencies created a work plan in 2011 to address three key
areas: 1) climate change; 2) water availability, water use, and
water reuse; and 3) water quality. To date they have produced
the WestFAST Water-Climate Change Program Inventory, the
Federal Agency Summary, and a Water Availability Studies
Inventory (http://www.westgov.org/wswc/WestFAST.htm).
The WSWC and the USACE produced the Western States
Watershed Study (WSWS), which demonstrated how federal
agencies could work collaboratively with western states
157
on planning activities. In 2009, the WGA also adopted a
policy resolution titled “Supporting the Integration of Climate
Change Adaptation Science in the West” that created a Climate
Adaptation Work Group composed of western state experts in
air quality, forest management, water resources, and wildlife
management. Other important adaptation actions were the
SECURE Water Act in 2009, the Reclamation Colorado River
Basin water supply and demand study, and the creation of
151,158
NIDIS to support stakeholders in coping with drought.

Illustrative Case Three: Climate Change Adaptation in Forests
Northern Wisconsin’s climate has warmed over the past 50
years, and windstorms, wildfires, insect outbreaks, and floods
160
are projected to become more frequent in this century. The
resulting impacts on forests, combined with fragmented and
complex forest ownership, create management challenges
that extend across ownership boundaries, creating the need
161
for a multi-stakeholder planning process.

across eight states in the Midwest and Northeast. The
Framework uses a collaborative and iterative approach to
provide information and resources to forest owners and
managers across a variety of private and public organizations.
Several products were developed through the Framework in
northern Wisconsin:

To address these concerns, the Northern Institute of Applied
Climate Science, the USDA’s Forest Service, and many other
partners initiated the Climate Change Response Framework
to incorporate scientific research on climate change impacts
into on-the-ground management. Originally developed as a
pilot project for all-lands conservation in northern Wisconsin,
it has expanded to cover three ecological regions (Northwoods
[Figure 28.6], Central Hardwoods, and Central Appalachians)
Figure 28.6.
Northwoods Climate
Change Response
Framework Region
(Figure Source:
USDA Forest Service
159
2012 ).
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1. Vulnerability and mitigation assessments summarized the
observed and projected changes in the northern Wisconsin
climate, projected changes in forest composition and carbon
stocks across a range of potential climates, and assessed
related vulnerabilities of forest ecosystems in northern Wis160
consin.
2. Forest Adaptation Resources: Climate Change Tools and Ap162
proaches for Land Managers was developed to help managers identify management tactics that facilitate adaptation.
A “menu” of adaptation strategies and approaches for planning, implementing, and monitoring adaptation activities
was synthesized into an adaptation workbook from a broad
set of literature and refined based on feedback from regional
163
scientists and managers.
3. A series of adaptation demonstrations was initiated to showcase ground-level implementation. The Framework and
adaptation workbook provide a common process shared
by diverse landowners and a formal network that supports
CLIMATE CHANGE IMPACTS IN THE UNITED STATES

28: ADAPTATION
cross-boundary discussion about different management objectives, ecosystems, and associated adaptation tactics.

• Acknowledge and work with uncertainty, rather than submit
to “uncertainty paralysis.”

From the beginning, the Framework has taken an adaptive
management approach in its adaptation planning and projects.
Lessons learned include:

• Recognize the necessity of effective communication among
people with different goals, disciplinary backgrounds, vocabulary, and perspectives on uncertainty.

• Define the purpose and scope of the Framework and its components early, but allow for refinement to take advantage of
new opportunities.

• Integrate the ecological and socioeconomic dimensions early
by emphasizing the many ways that communities value and
depend on forests.

• Begin projects with a synthesis of existing information to
avoid duplicating efforts.

• Use technology to increase efficiency of internal communication and collaboration, as well as outreach.

• Plan for the extra time necessary to implement true collaboration.
• Carefully match the skills, commitment, and capacity of people and organizations to project tasks.
• Maintain an atmosphere of trust, positivity, and sense of adventure, rather than dwelling on failures.

The Framework brings scientists and land managers together
to assess the vulnerability of ecosystems based on scientific
information and experience in order to plan adaptation actions
that meet management goals. On-the-ground implementation
has just begun, and an increased focus on demonstrations,
monitoring, and evaluation will inform future adaptation
efforts.

Illustrative Case Four: Transportation, Land Use, and Climate Change – Integrating
Climate Adaptation and Mitigation in Cape Cod, Massachusetts
Cape Cod, Massachusetts, a region of scenic beauty and
environmental significance, is currently affected by sea level
rise, coastal erosion, and localized flooding – impacts that are
164,165
likely to be exacerbated by climate change.
To address
these concerns and help meet the state’s greenhouse gas (GHG)
reduction target (25% reduction based on 1990 levels by 2020),
the U.S. Department of Transportation’s Volpe Center worked
with federal, regional, state, and local stakeholders to integrate
climate change into existing and future transportation, landuse, coastal zone, and hazard mitigation planning through an
initiative called the Transportation, Land Use, and Climate
164,166
Change Pilot Project.
The process was initiated through an expert elicitation held
in mid-2010 to identify areas on Cape Cod that are or could
potentially be vulnerable to sea level rise, flooding, and
erosion. The Volpe Center then used a geographic information
system (GIS) software tool to develop and evaluate a series of
transportation and land-use scenarios for the Cape under future
165,167
development projections.
All scenarios were evaluated
against a series of criteria that included: 1) reduction in vehicle
miles traveled; 2) reduced heat-trapping gas emissions; 3)
reduction in transportation energy use; 4) preservation of
natural/existing ecosystems; 5) reduction in percentage of
new population in areas identified as vulnerable to climate
change impacts; and 6) increased regional accessibility to
164
transportation.

Once the preliminary scenarios were developed, a workshop
was convened in which community and transportation
planners, environmental managers, and Cape Cod National
Seashore stakeholders selected areas for development and
transit improvements to accommodate new growth while
meeting the goals of reduced heat-trapping gas emissions,
increased resilience to climate change, and the conservation
165
of natural systems. Through interactive visualization tools,
participants were able to see in real-time the impacts of
their siting decisions, allowing them to evaluate synergies
and potential tradeoffs of their choices and to highlight areas
where conflict could or already does exist, such as increasing
density of development in areas already or likely to be
168
vulnerable to climate change. As a result, the stakeholders
developed a refined transportation and land-use scenario
that will support the region’s long-range transportation
planning as well as other local, regional, and state plans.
This updated scenario identifies strategies that have climate
adaptation and mitigation value, helping to ensure that the
region simultaneously reduces its heat-trapping gas footprint
while building resilience to existing and future changes in
164,165
climate.
The overall success of the pilot project stemmed
from the intensive stakeholder interaction at each phase of the
project (design, implementation, and evaluation).
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SUPPLEMENTAL MATERIAL
TRACEABLE ACCOUNTS

Process for Developing Key Messages
A central component of the process were bi-weekly technical discussions held from October 2011 to June 2012 via teleconference
that focused on collaborative review and summary of all technical
inputs relevant to adaptation (130+) as well as additional published literature, the iterative development of key messages, and
the final drafting of the chapter. An in-person meeting was held
in Washington, D.C., in June 2012. Meeting discussions were followed by expert deliberation of draft key messages by the authors
and targeted consultation with additional experts by the lead author of each key message. Consensus was reached on all key messages and supporting text.

K ey message #1 Traceable Account
Substantial adaptation planning is occurring in
the public and private sectors and at all levels of
government; however, few measures have been
implemented and those that have appear to be incremental changes.
Description of evidence base
The key message and supporting text summarize extensive
evidence documented in the peer-reviewed literature as well as
the more than 130 technical inputs received and reviewed as part
of the Federal Register Notice solicitation for public input.
Numerous peer-reviewed publications indicate that a growing
number of sectors, governments at all scales, and private and
non-governmental actors are starting to undertake adaptation
9,13
activity.
Much of this activity is focused on planning with
8,11,82
little literature documenting implementation of activities.
Supporting this statement is also plentiful literature that profiles
barriers or constraints that are impeding the advancement of
42,68
adaptation activity across sectors, scales, and regions.
Additional citations are used in the text of the chapter to
substantiate this key message.
New information and remaining uncertainties
n/a

Assessment of confidence based on evidence
n/a

K ey message #2 Traceable Account
Barriers to implementation of adaptation include
limited funding, policy and legal impediments, and
difficulty in anticipating climate-related changes at
local scales.
Description of evidence base
The key message and supporting text summarize extensive
evidence documented in the peer reviewed literature as well as
the more than 130 technical inputs received and reviewed as
part of the Federal Register Notice solicitation for public input.
A significant quantity of reviewed literature profiles barriers or
constraints that are impeding the advancement of adaptation
11,20,42,68
activity across sectors, scales, and regions.
Numerous peer-reviewed documents describe adaptation barriers
(see Table 28.6). Moreover, additional citations are used in the
text of the chapter to substantiate this key message.
New information and remaining uncertainties
n/a
Assessment of confidence based on evidence
n/a

K ey message #3 Traceable Account
There is no “one-size fits all” adaptation, but
there are similarities in approaches across regions
and sectors. Sharing best practices, learning by
doing, and iterative and collaborative processes including stakeholder involvement, can help support
progress.
Description of evidence base
The key message and supporting text summarize extensive
evidence documented in the peer-reviewed literature as well as
the more than 130 technical inputs received and reviewed as part
of the Federal Register Notice solicitation for public input.
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Literature submitted for this assessment, as well as additional
literature reviewed by the author team, fully supports the concept
that adaptations will ultimately need to be selected for their
local applicability based on impacts, timing, political structure,
11,90
finances, and other criteria.
Similarities do exist in the types
of adaptation being implemented, although nuanced differences
do make most adaptation uniquely appropriate for the specific
implementer. The selection of locally and context-appropriate
adaptations is enhanced by iterative and collaborative processes
in which stakeholders directly engage with decision-makers and
11,20,28
information providers.
While there are no “one-size fits all”
adaptation strategies, evidence to date supports the message that
the sharing of best practices and lessons learned are greatly aiding
in adaptation progress across sectors, systems, and governance
82,86
systems.
Additional citations are used in the text of the chapter to
substantiate this key message.

New information and remaining uncertainties
n/a

A ssessment of confidence based on evidence
n/a

K ey message #4 Traceable Account
Climate change adaptation actions often fulfill
other societal goals, such as sustainable development, disaster risk reduction, or improvements in
quality of life, and can therefore be incorporated
into existing decision-making processes.
Description of evidence base
The key message and supporting text summarize extensive
evidence documented in the peer-reviewed literature as well as
the more than 130 technical inputs received and reviewed as part
of the Federal Register Notice solicitation for public input.
Literature submitted for this assessment, as well as additional
literature reviewed by the author team, supports the message that
a significant amount of activity that has climate adaptation value
is initiated for reasons other than climate preparedness and/or has
other co-benefits in addition to increasing preparedness to climate
11,20,82,86,116
and weather impacts.
In recognition of this and other
factors, a movement has emerged encouraging the integration of
climate change considerations into existing decision-making and
5,11,40
planning processes (i.e., mainstreaming).
The case studies
discussed in the chapter amplify this point.
Additional citations are used in the text of the chapter to
substantiate this key message.

New information and remaining uncertainties
n/a
Assessment of confidence based on evidence
n/a

K ey message #5 Traceable Account
Vulnerability to climate change is exacerbated by
other stresses such as pollution, habitat fragmentation, and poverty. Adaptation to multiple stresses
requires assessment of the composite threats as
well as tradeoffs amongst costs, benefits, and
risks of available options.
Description of evidence base
The key message and supporting text summarize extensive
evidence documented in the peer-reviewed literature as well as
the more than 130 technical inputs received and reviewed as part
of the Federal Register Notice solicitation for public input.
Climate change is only one of a multitude of stresses affecting
social, environmental, and economic systems. Activity to date and
literature profiling those activities support the need for climate
adaptation activity to integrate the concerns of multiple stresses
16,17,32
in decision-making and planning.
As evidenced by activities
to date, integrating multiple stresses into climate adaptation
decision-making and vice versa will require the assessment of
tradeoffs amongst costs, benefits, the risks of available options,
5,90,111
and the potential value of outcomes.
Additional citations are used in the text of the chapter to
substantiate this key message.
New information and remaining uncertainties
n/a
Assessment of confidence based on evidence
n/a

K ey message #6 Traceable Account
The effectiveness of climate change adaptation
has seldom been evaluated, because actions have
only recently been initiated and comprehensive
evaluation metrics do not yet exist.
Description of evidence base
The key message and supporting text summarize extensive
evidence documented in the peer-reviewed literature as well as
the more than 130 technical inputs received and reviewed as part
of the Federal Register Notice solicitation for public input.
Numerous peer-reviewed publications indicate that no
comprehensive adaptation evaluation metrics exist, meaning
that no substantial body of literature or guidance materials
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Traceable Accounts
exist on how to thoroughly evaluate the success of adaptation
11,81,110
activities.
This is an emerging area of research. A challenge
of creating adaptation evaluation metrics is the growing interest
in mainstreaming; this means that separating out adaptation
activities from other activities could prove difficult.
Additional citations are used in the text of the chapter to
substantiate this key message.
New information and remaining uncertainties
n/a
Assessment of confidence based on evidence
n/a

706

CLIMATE CHANGE IMPACTS IN THE UNITED STATES

Climate Change Impacts in the United States

CHAPTER 29

RESEARCH NEEDS FOR CLIMATE AND
GLOBAL CHANGE ASSESSMENTS
Convening Lead Authors
Robert W. Corell, Florida International University and the GETF Center for Energy and Climate Solutions
Diana Liverman, University of Arizona

Lead Authors
Kirstin Dow, University of South Carolina
Kristie L. Ebi, ClimAdapt, LLC
Kenneth Kunkel, CICS-NC, North Carolina State Univ., NOAA National Climatic Data Center
Linda O. Mearns, National Center for Atmospheric Research
Jerry Melillo, Marine Biological Laboratory

Recommended Citation for Chapter

Corell, R. W., D. Liverman, K. Dow, K. L. Ebi, K. Kunkel, L. O. Mearns, and J. Melillo, 2014: Ch. 29: Research Needs
for Climate and Global Change Assessments. Climate Change Impacts in the United States: The Third National Climate
Assessment, J. M. Melillo, Terese (T.C.) Richmond, and G. W. Yohe, Eds., U.S. Global Change Research Program, 707-718.
doi:10.7930/J03R0QR3.

On the Web:

http://nca2014.globalchange.gov/report/response-strategies/research-needs

First published May 2014. PDF revised October 2014. See errata (available at http://nca2014.globalchange.gov/downloads) for details.

707

29

RESEARCH NEEDS FOR CLIMATE AND
GLOBAL CHANGE ASSESSMENTS
Overview

This chapter identifies key areas of research to provide foundational understanding and advance climate assessments. Many
of these research topics overlap with those needed for advancing scientific understanding of climate and its impacts and for
informing a broader range of relevant decisions.

The research areas and activities discussed in this chapter were
identified during the development of the regional and sectoral
technical input reports, from the contributions of over 250 National Climate Assessment (NCA) chapter authors and experts,
and from input from reviewers. The five high-level research
goals, five foundational cross-cutting research capabilities,
and more specific research elements described in this chapter
also draw from a variety of previous reports and assessments.
These lists are provided as recommendations to the Federal
Government. Priority activities for global change research
across 13 federal agencies are coordinated by the U.S. Global
Change Research Program, which weighs all activities within
the more than $2 billion annual climate science portfolio relative to one another, considering agency missions, priorities,
and budgets.
The last National Climate Assessment report, released by the
U.S. Global Change Research Program (USGCRP) in 2009, recommended research on: 1) climate change impacts on ecosystems, the economy, health, and the built environment; 2) projections of climate change and extreme events at local scales;
3) decision-relevant information on climate change and its

Research

impacts; 4) thresholds that could lead to abrupt changes in climate or ecosystems; 5) understanding the ways to reduce the
rate and magnitude of climate change through mitigation; and
1
6) understanding how society can adapt to climate change.

Some of these topics have received continued or increased
attention in the last five years – such as ecosystem impacts,
downscaled climate projections, and mitigation options – but
the current assessment finds that significant knowledge gaps
remain for all of the research priorities identified in 2009. This
conclusion is reinforced by the findings of many subsequent
reviews by the National Research Council (NRC) and others
who have continued to identify these as priorities. For example, the NRC’s America’s Climate Choices Panel on Advancing the Science of Climate Change and the Panel on Informing
2,3
Effective Decisions and Actions highlighted several priorities
that are relevant to climate assessments (see “Cross-Cutting
Themes for the New Era of Climate Change Research Identified by America’s Climate Choices”). These included the need
for a more comprehensive, interdisciplinary, use-inspired, and
integrated research enterprise that combines fundamental
understanding of climate change and response choices, that
improves understanding of human-environment systems; that
supports effective adaptation and mitigation responses, and
that provides better observing systems and projections. In recognition of fiscal limitations, it is clear that research agencies
and partners will need to work together to leverage resources
and ensure coordinated and collaborative approaches.

goals and cross-cutting capabilities
Five Foundational Cross-Cutting Research Capabilities
• Integrate natural and social science, engineering,
and other disciplinary approaches
• Ensure availability of observations, monitoring,
and infrastructure for critical data collection and
analysis
• Build capacity for climate assessment through
training, education, and workforce development
• Enhance the development and use of scenarios
• Promote international research and collaboration

Five Research Goals
• Improve understanding of the climate system
and its drivers
• Improve understanding of climate impacts and
vulnerability
• Increase understanding of adaptation pathways
• Identify the mitigation options that reduce the
risk of longer-term climate change
• Improve decision support and integrated assessment

708

CLIMATE CHANGE IMPACTS IN THE UNITED STATES

29. RESEARCH NEEDS FOR CLIMATE AND GLOBAL CHANGE ASSESSMENTS

Cross-cutting

themes for the new era of climate change

research identified by

America’s Climate Choices

Research to Improve Understanding of Human-Environment Systems
1. Climate forcings, feedbacks, responses, and thresholds in the Earth system
2. Climate-related human behaviors and institutions
Research to Support Effective Responses to Climate Change
3. Vulnerability and adaptation analyses of coupled human-environment systems
4. Research to support strategies for limiting climate change
5. Effective information and decision support systems
Research Tools and Approaches to Improve Both Understanding and Responses
6. Integrated climate observing systems
7. Improved projections, analyses, and assessments
Source: America’s Climate Choices, Advancing the Science of Climate Change,
4
National Academy of Sciences 2010, p. 92.

The U.S. Global Change Research Program’s 2012-2021 Strate5
gic Plan lists a number of strategic goals and objectives for
advancing science, informing decisions, conducting sustained
assessments, and communicating and educating about global
change. The plan includes research priorities to understand
Earth system components, their interactions, vulnerability and
resilience; advance observations, modeling, and information
management; and evaluate assessment processes and products.

During the development of this report, the authors were concerned that several important topics could not be comprehensively covered. In addition, several commenters noted the absence of these topics and felt that they were critical to consider
in future reports. These include analyses of the economic costs
of climate change impacts (and the associated benefits of mitigation and adaptation strategies); the implications of climate
change for U.S. national security as a topic integrated with
other regional and sectoral discussions; and the interactions
of adaptation and mitigation options, including consideration
of the co-benefits and potential unintended consequences of
particular decisions.

This chapter focuses specifically on the research identified
through the National Climate Assessment process as needed to
improve climate assessments. It is not intended to cover the full range of goals and related
oal 3 of the usgcrp strategic plan
research priorities of the USGCRP and other
groups, but instead to focus on research that
will improve ongoing assessments. Therefore,
Conduct Sustained Assessments: Build sustained assessment capacity
many USGCRP priorities for climate change
that improves the Nation’s ability to understand, anticipate, and reand global change science more broadly are
spond to global change impacts and vulnerabilities.
not reflected here. The chapter does, howThe USGCRP will conduct and participate in national and international
ever, directly support the USGCRP Strategic
assessments to evaluate past, current, and likely future scenarios of
Plan’s sustained assessment activities (see
global change and their impacts, as well as how effectively science
“Goal 3 of the USGCRP Strategic Plan”).
is being used to support and inform the United States’ response to
change. The USGCRP will integrate emerging scientific understanding
This chapter is not intended to prescribe a
of the Earth system into assessments and identify critical gaps and
specific research agenda but summarizes the
limitations in scientific understanding. It will also build a standing caresearch needs and gaps that emerged during
pacity to conduct national assessments and support those at regional
development of this Third National Climate
levels. The USGCRP will evaluate progress in responding to change
Assessment report that are relevant to the deand identify science and stakeholder needs for further progress. The
velopment of future USGCRP research plans.
program will use this regular assessment to inform its priorities.

G
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Research Goals
Research Goal 1: Improve understanding of the climate system and its drivers
Research investments across a broad range of disciplines are
critically important to building understanding of, and in some
cases reducing uncertainties related to, the physical and human-induced processes that govern the evolution of the climate system. This assessment demonstrates the continued
need for high quality data and observations, analysis of Earth
system processes and changes, and modeling that increases
understanding and projections of climate change across scales.
Social science research is also essential to improved understanding and modeling of the drivers of climate change, such
as energy use and land-use change, as well as understanding
impacts (see Research Goal 2). Assessing a changing climate
requires understanding the role of feedbacks, thresholds,
extreme events, and abrupt changes and exploring a range
of scenarios (see Cross-Cutting Research Capabilities section)
that drive changes in the climate system.

transpiration, permafrost, ice and snow cover, sea level
change, and ocean processes and chemistry;

This assessment reveals several research needs including:
•

Continue efforts to improve the understanding, modeling, and projections of climate changes, especially at
the regional scale, including driving forces of emissions
and land-use change, changes in temperature, precipitation, soil moisture, runoff, groundwater, evapo-

•

Improve characterization of important sources of
uncertainty, including feedbacks and possible thresholds in the climate system associated with changes in
clouds, land and sea ice, aerosols (tiny particles in the
atmosphere), greenhouse gases, land use and land cover, emissions scenarios, and ocean dynamics;

•

Develop indicators that allow for timely reporting and
enhanced public understanding of climate changes and
that allow anticipation and attribution of changes, including abrupt changes and extreme events in the context of a changing climate; and

•

Advance understanding of the interactions of climate
change and natural variability at multiple time scales,
including seasonal to decadal changes (and consideration of climate oscillations including the El Niño Southern Oscillation, Pacific Decadal Oscillation, and the
North Atlantic Oscillation), and extreme events (such as
hurricanes, droughts, and floods).

Research Goal 2: Improve understanding of climate impacts and vulnerability
Assessing the implications of climate change for the U.S. relies not just on studies of the threats associated with changing
weather patterns due to climate change and emerging chronic
stresses such as sea level rise, but also on studies of who or
what is exposed and sensitive to those threats, their underlying vulnerability, the associated costs, and adaptive capacity.
The detailed sectoral and regional chapters of this assessment
show that considerable progress has been made in understanding the extent to which natural and human systems in the
U.S. are vulnerable to climate change and how these vulnerabilities combine with climatic trends and exposures to create
impacts, but there is still a need to build capacity for assessing
vulnerability.
This assessment suggests related research goals and activities
including:
•

Maintain and enhance research and development of
data collection and analyses to monitor and attribute
ongoing and emerging climate impacts across the United
States, including changes in ecosystems, pests and pathogens, disaster losses, water resources, oceans, and social,
urban, and economic systems. Priorities include ensuring
enhanced geographic coverage of impacts research; the
assessment of economic costs and benefits, as well as

comparative studies of alternative response options; social science research focused on impacts; and the use of
geospatial data systems;
•

Assess the impacts of climatic extremes, high-end temperature scenarios, and abrupt climate change on ecosystems, health, food, water, energy, infrastructure, and
other critical sectors, and improve modeling capabilities
to better project and understand the vulnerability and
resilience of human systems and ecosystems to climate
change and other stresses such as land-use change and
pollution;

•

Increase the understanding of how climate uncertainties
combine with socioeconomic and ecological uncertainties and identify improved ways to communicate the combined outcomes;

•

Develop measurement tools and valuation methods
for documenting the economic consequences of climate
changes;

•

Expand climate impact analyses to focus on understudied but significant economic sectors such as natural resources and energy development (for example, mining,
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oil, gas, and timber); manufacturing; infrastructure, land
development, and urban areas; finance and other services; retail; and human health and well-being; and

•

Investigate how climate impacts are affected by, or increase inequity in, patterns of vulnerability of particular
population groups within the U.S. and abroad (for example, children, the elderly, the poor, and natural resource
dependent communities).

Research Goal 3: Increase understanding of adaptation pathways
This assessment and others, including the America’s Climate
2
Choices Adapting to the Impacts of Climate Change report
and Chapter 4 (on adaptation and mitigation options and responses) of the Intergovernmental Panel on Climate Change’s
6
(IPCC) AR4 Synthesis Report, identifies a broad set of research
needs for understanding and implementing adaptation. These
include research on adaptation processes, adaptive capacity,
adaptation option identification, implementation and evaluation, and adaptive management of risks and opportunities.
Important needs include research on the limits to, timing of,
and tradeoffs in adaptation, and understanding of how adaptation interacts with mitigation activities, other stresses, and
broader sustainability issues.

•

Identify the best practices for adaptation planning,
implementation, and evaluation across federal,
state, and local agencies, tribal entities, private firms,
non-governmental organizations, and local communities. This requires the rigorous and comparative analysis of the effectiveness of iterative risk management,
adaptation strategies and decision support tools (for
example, in terms of stakeholder views, institutional
structures including regional centers and multi-agency programs, cost/benefit, assessment against stated
goals or social and ecological indicators, model validation, and use of relevant information, including traditional knowledge); and

•

Understand the institutional and behavioral barriers
to adaptation and how to overcome them, including
revisions to legal codes, building and infrastructure
standards, urban planning, and policy practices.

This assessment suggests research activities to:

Research Goal 4: Identify the mitigation options that reduce the risk of longer-term climate change
The severity of climate change impacts in the U.S. and the
need for adapting to them over the longer term will depend
on the success of efforts to reduce or sequester heat-trapping
greenhouse gas (GHG) emissions, particularly those associated
with the burning of fossil fuels but also those associated with
changes in land use. Managing the consequences of climate
change over this century depends on reducing concentrations
of greenhouse gases, including short-lived climate pollutants
such as black carbon (soot).
While such efforts are necessarily worldwide, the U.S. produces a significant share of global greenhouse gases and can
assist and influence other countries to reduce their emissions.
Assessments can play a significant role in providing a better
information base from which to analyze mitigation options.

to reduce GHG emissions and identified important research
needs, including the need to study the feasibility, costs, and
consequences of different mitigation options. In addition, the
report recommended research to support new technologies
and the effective deployment of existing options, research into
how best to monitor emissions and adherence to international
policies, and research into how human behavior and institu3
tions enable mitigation.
This Third National Climate Assessment also suggests research
activities to:

Therefore, the mitigation section of this assessment (Ch. 27:
Mitigation) noted the importance of research to understand
and develop emission reductions through: 1) identifying climate and global change scenarios and their impacts; 2) providing a range of options for reducing the risks to climate and
global change; and 3) developing options that allow joint mitigation-adaptation strategies, such as buildings that are more
energy efficient and resilient to climate change impacts.
More generally, the America’s Climate Choices report on Limit3
ing the Magnitude of Climate Change recommended that the
U.S. promptly develop and implement appropriate strategies
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•

Develop information that supports analysis of new
technologies for energy production and use, carbon
capture and storage, agricultural and land-use practices, and other technologies that could reduce or
offset greenhouse gas emissions; research into the
policy mechanisms that could be used to foster their
development and implementation; analyses of the
costs, benefits, tradeoffs, and synergies associated
with different actions and combinations of actions;
and improved understanding of the potential and
risks of geoengineering;

•

Investigate the co-benefits, interactions, feedbacks,
and tradeoffs between adaptation and mitigation
at the local and regional level, for example, in sectors such as agriculture, forestry, energy, health, and
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the built environment. This involves, as a priority, the
assessment of the economics of impacts, mitigation,
and adaptation;
•

uptake by the terrestrial biosphere and oceans, and
atmospheric concentrations; and
•

Improve understanding of the effectiveness and
timescales of mitigation measures through deepened understanding of the relationship between the
fate of human-induced and natural carbon emissions,

Identify the critical social, cultural, institutional,
economic, and behavioral processes that present
barriers and opportunities for mitigation at the federal and international levels and by individuals, state
and local governments, and corporations.

Research Goal 5: Improve decision support and integrated assessment
For assessments to be useful to policy makers, they need to
provide integrated results that can be used in decision-making.
Research can develop tools that facilitate decision-making and
the integration of knowledge.
Critical gaps in knowledge for decision support include the issues that affect the capacity of agencies, individuals, and communities to access and use the best available scientific information in support of decision-making, including the need to
assess the ability of existing institutions, legal, and regulatory
structures to respond to highly interdependent climate impacts. There are instances where policy barriers, institutional
capacity or structure, or conflicting laws and regulations can
create barriers to effective decisions. For instance, Chapter 12
(Indigenous Peoples) notes that there is no institutional framework for addressing village relocation in response to climate
7
change in Alaska, and Chapter 3 (Water) points out that existing water management institutions may be inadequate in the
context of rapidly changing conditions. These instances point
to research to evaluate whether the existing legal and regulatory structures, largely developed to address specific issues in
isolation, can adequately respond to the highly interconnected
issues associated with climate change. Decision support and
integrated assessment also require research into the behavioral and other factors that influence individual decisions.
Assessments can benefit from research activities that:
•

Identify decision-maker needs within regions and
sectors, and support the development of research
methods, tools, and information systems and models
for managing carbon, establishing early warning systems, providing climate and drought information services, and analyzing the legal, regulatory, and policy
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approaches that support adaptation and mitigation
efforts in the context of a changing climate;
•

Develop tools to support risk-based decision processes, including tools to identify risk management
information needs, develop transferable vulnerability assessment techniques, and evaluate alternative
adaptation options. In addition, tools are needed
to improve understanding of consumption patterns
and environmental consequences; effective resource
management institutions; iterative risk management
strategies; and social learning, cognition, and adaptive processes;

•

Improve, fill gaps, and enhance research efforts to
evaluate the effectiveness, costs, and benefits of
mitigation and adaptation actions, including economic and non-economic metrics that evaluate the
costs of action, inaction, and residual impacts. Focus is also needed on the development of methods
and baseline information supporting evaluation of
completed and ongoing adaptation, mitigation, and
assessment efforts that will foster adaptive learning;
and

•

Develop, test, and expand integrated assessment
models that link decisions about emissions with impacts under different development pathways and
ways to categorize uncertainties in the supporting
data.
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Foundational Cross-Cutting Research Capabilities to Support Future Climate Assessments
This assessment identifies a set of five foundational cross-cutting research capabilities that
are essential for advancing our ability to continue to conduct climate and global change
assessments and for addressing the five research goals.

1. Integrate natural and social sciences, engineering, and other disciplinary approaches
Continued advances in comprehensive and useful climate assessments will rely on additional interdisciplinary research.
Understanding of the coupled human-environment system is
enriched by combining research from natural and social sciences with research and experience from the engineering, law,
and business professions.
Because human activities and decisions are influencing many
Earth system processes, models and observations of natural
and social changes at planetary, regional, and local scales are
needed to understand how climate is changing, its impacts on
people and environments, and how human responses feedback on the Earth system.
Building experienced interdisciplinary research teams that are
able to understand each other’s theories, methods, and language as well as the needs of stakeholders will allow for more
rapid and effective assessments.

Interdisciplinary research is needed, for example, to:
•

Understand how hydrological drivers of water supply
interact with changing patterns of water demand and
evolving water management practices to increase risks of
drought, or influence the effectiveness of adaptation and
mitigation options;

•

Understand climate change in the context of multiple
stresses on Earth, ecological, and human systems;

•

Bring together economic and quantitative assessment of
climate impacts and policies with other more qualitative
assessments that include non-market and cultural values;
and

•

Integrate the understanding of human behavior, engineering, and genomics to expand the range of choice in
responding to climate change by providing and thoroughly
evaluating new options for adaption and mitigation that
improve economic development, energy, health, and food
security.

2. Ensure availability of observations, monitoring, and infrastructure for critical data collection and analysis
Our understanding and ability to assess changes in climate
and other global processes is based on a comprehensive and
sustained system of observations that document the history
of climate, socioeconomic, and related changes at spatial and
time scales relevant to global, regional, and sectoral needs.
5
The most recent USGCRP Strategic Plan states that to advance
scientific knowledge of an integrated natural and human
Earth system, an interoperable and integrated observational,
monitoring, and data access capability is also essential. This
observational capability is needed to gain the fundamental
scientific understanding of essential status, trends, variability,
and changes in the Earth system. It should include the physical, chemical, biological, and human components of the Earth
system over multiple space and time scales.
To attain their full value, observational systems must provide
data that are responsive to the needs of decision-makers in
government, industry, and society. These needs include observations and data that can inform the nation’s strategies to
respond to climate and global change, including, for example,
efforts to limit emissions, monitor public health, capture
and store carbon, monitor changes in ocean processes, and
implement adaptation strategies. This will require establishing explicit baseline conditions, specifying spatial detail and

temporal frequency of observations, including social data, and
setting standards for metadata (information about collected
data), interoperability, and regulatory and voluntary reporting,
such as those outlined in the Informing an Effective Response
to Climate Change Panel Report of the National Research
8
Council’s Americas Climate Choices series. These data need to
be openly and widely available in order to support the best and
most comprehensive science and for use in decision-making by
a range of stakeholders.
This assessment shows that enhanced research and development will be necessary to ensure that the scope and integration
of relevant scientific data improves overall utility for decisionmakers, including better ways to communicate metadata, data
quality, and uncertainties. The observations must include critical geophysical variables such as temperature, precipitation,
sea level changes, ocean circulation, atmospheric composition,
and hydrology; the essential parameters that describe the biosphere; and social science information on drivers, impacts, and
responses to climate and other global changes. More comprehensive and integrated data capabilities are needed to document the processes and patterns that drive natural and social
feedbacks and better describe the mechanisms of abrupt
change. Progress is needed in particular for data-poor regions,
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focusing on inadequately documented socioeconomic, ecological, and health-related factors, and under-observed regional
and sectoral data. There are opportunities to take advantage
of citizen science observations where appropriate; monitor
system resilience and robustness; and attend to physical and
social systems that are not currently observed with sufficient
temporal or spatial resolution to enable vulnerability analysis
and decision support at regional and sectoral scales. More explicitly, strategic integration of our nation’s observations, monitoring, and data capabilities should be considered in order to:
•

Sustain and integrate the nation’s capacity to observe
long-term changes in the Earth system and improve
fundamental understanding of the complex causes and
consequences of global change, including integration of
essential socioeconomic, health, and ecological observations;

•

Maintain and enhance advanced modeling capability,
including high-performance computing infrastructure,
improvements in analysis of large and complex data sets,
comprehensive Earth system and integrated assessment
models, reanalysis, verification, and model comparisons;

•

Better integrate observations and modeling to advance
scientific understanding about past, present, and future
climate within government, industry, and civil society; and

•

Develop more fully the components and structure of a
national climate and global change indicator system to
support assessment that includes indicators of climate
change, impacts, vulnerabilities, opportunities, and preparedness as well as trends and changes in land use, air
and water pollution, water supply and demand, extreme
events, diseases, public health, and agronomic data,
coastal and ocean conditions (such as marine ecosystem
health, ocean acidity, sea level, and salinity), cryosphere
data (such as snow, sea ice conditions, ice sheets and glacier melt rates), and changes in public attitudes and understanding of climate change. All of these are important
to assessing climate change, and should eventually be better coordinated at local, as well as national and regional
levels in collaboration with local agencies.

3. Build capacity for climate assessment through training, education, and workforce development
Building human capacity for improved assessments requires
expansion of skills within the existing public and private sectors and developing a much larger workforce that excels at
critical and interdisciplinary thinking. Useful capacities include
the ability to facilitate and communicate research and practice, manage collaborative processes to allow for imaginative
analysis and solutions, develop sustainable technologies to
reduce climate risks, and build tools for decision-making in an
internationally interdependent world.
A deeper understanding of the processes and impacts of climate change, disaster risk reduction, energy policy impacts,
ecosystem services and biodiversity, poverty reduction, food
security, and sustainable consumption requires new approaches to training and curriculum, as well as research to evaluate
the effectiveness of different approaches to research and
teaching.

Assessments will benefit from activities that:
•

Strengthen approaches to education about climate, impacts, and responses including developing and evaluating
the best ways to educate in the fields of science (natural
and social), technology, engineering, and mathematics
and related fields of study (such as business, law, medicine, and other relevant professional disciplines). Ideally,
such training would include a deeper understanding of the
climate system, natural resources, adaptation and energy
policy options, and economic sustainability, and would
build capacity at colleges and institutions, including minority institutions such as tribal colleges; and

•

Identify increasingly effective approaches to developing a more climate-informed society that understands
and can participate in assessments, including alternative
media and methods for communication; this could also include a program to certify climate interpreters to actively
assist decision-makers and policymakers to understand
8
and use climate scenarios.
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4. Enhance the development and use of scenarios
Scenarios are “coherent, internally consistent and plausible de9
scriptions of possible future states of the world” that provide
reasoned projections of energy and land use, future population levels, economic activity, the structure of governance, social values, and patterns of technological change. They survey,
integrate, and synthesize science, within and among scientific
disciplines and across sectors and regions. Such scenarios are
essential tools that enable projections of emissions, climate,
vulnerabilities, and global change. They are indispensable for
linking science and decision-making and for assessing choices
about America’s climate future.
Stakeholders and scientists within this assessment identified
a need for more fully developed scenario-building capabilities
that better enable assessments at regional and sectoral scales
in timeframes of relevance to policy and decision-making and
that more effectively reflect climate and global change at
these scales.

Achieving capacity in scenario development will:
•

Enhance understanding of how and why climate may
change and its implications, especially at the regional
scale. For example, a set of scenarios can be used to better
understand the way energy, land use, and policy choices
create alternative emissions pathways; how changes at
global scales can be downscaled to estimate local climate
possibilities; how various socioeconomic development
pathways increase or decrease climate vulnerability; and
to assess alternative strategies for reducing emissions and
implementing adaptation; and

•

Develop new methods, tools, and skills for applying scenarios to policy development at local levels in order to
broaden society’s understanding of a changing climate
and to analyze the full range of policy choices. In addition, improve capabilities in integrated assessment modeling to inform policy analysis and allow stakeholders to
co-produce information and explore options for local and
national decisions.

5. Promote international research and collaboration
Research efforts in support of climate assessment are very
dependent on the international research community. International teams conduct Earth system monitoring and analysis using observing systems that cannot be funded and maintained
by any one country alone. Many of the impacts of climate
change in the U.S. are closely linked to how climate affects
other parts of the world. There is general understanding that
impacts of climate change on U.S. socioeconomic systems are
mediated or amplified through globally connected commodity
chains and prices; more detailed research on climate change
and its impacts elsewhere is needed to provide accurate assessments of what could happen to U.S. regional and local
economies. The U.S. has the capacity to leverage investments
in collaborative international climate and global change scientific research efforts, examples of which include IGBP (International Geosphere-Biosphere Programme), WCRP (World
Climate Research Programme), DIVERSITAS (an international
program of biodiversity science), IHDP (International Human
Dimensions Programme) (as they evolve into or in affiliation

with the new Future Earth program), and IGFA (International
Group of Funding Agencies for Global Change Research).
Supporting international collaborative research will:
•

Contribute to international systems of data collection,
monitoring, indicators, and modeling that closely track
and project changes in Earth system dynamics, climate,
human drivers, and climate impacts that are needed for
national and international assessments;

•

Assess the implications of climate change for globally
shared common resources such as the oceans, polar regions, and migratory species; and

•

Fill important gaps in understanding of how climate
change in other countries affects U.S. food, energy,
health, manufacturing, and national security.
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Conclusions
This chapter summarizes research recommendations across a
broad range of topics – research that the assessment authors
deem essential to support future assessments. The authors
recognize that federal agencies and others are making progress on many of these research areas and that sustained assessment is included in the goals of the USGCRP.
While the research goals discussed in this chapter are not
ranked, the objectives listed below can be used as criteria
for prioritizing these activities. The nation’s federal research
investments in support of the sustained assessment strategy
should be designed to enhance the nation’s ability to limit
climate-related risk and increase the utility of scientific understanding in supporting decisions.
•

Promote understanding of the fundamental behavior of
the Earth’s climate and environmental systems: The consequences of climate variability and change will require
enhanced investment in use-inspired research using both
fundamental and applied analysis, providing a foundation
for the nation’s sustained assessment process;

•

Promote understanding of the socioeconomic impacts of
a changing climate: Provide comprehensive understanding, including the development of indicators of the impacts and consequences of climate variability and change
for regions and sectors within the United States;

•

Build capacity to assess risks and consequences: Support
improved, timely, and accessible estimations and projections of climate and other global change risks, their consequences and relevance for stakeholders, associated costs
and benefits, and interactions with other stresses;

•

Support research that enables infrastructure for analysis: Sustain and enhance critical infrastructure, including
observations and data essential to monitoring trends, projecting climate risks, and evaluating the effectiveness of
responses in decision-making and policy implementation;

•

Build decision-support capacity: Build the knowledge
base essential for decision support including developing
and evaluating climate mitigation and adaptation solutions, technology innovation, institutions, and behavioral
change; and

•

Support engagement of the private sector and investment communities: Develop strategies to leverage federal
research investments by engaging the private sector more
fully in research and technology development, including
partnerships with the nation’s universities and scientific
research institutions, to address critical gaps in knowledge
and to build the nation’s future scientific, technical, and
sustained assessment capacities.

•

Leverage private sector, university, and international resources and partnerships: Take advantage of topics and
expertise where the U.S. can leverage and complement
private sector and university capabilities, obtain return
on research investments, and lead internationally on research investment efforts; build capacity through education and training; support humanitarian response; and
fill critical gaps in global knowledge of relevance to the
United States.
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SUPPLEMENTAL MATERIAL
TRACEABLE ACCOUNTS
Chapter Process:
The author team asked each of the other chapter author teams to identify important gaps in knowledge and key research needs in the
course of writing their chapters, particularly in the context of the needs for research to support future assessments. In addition to the
lists provided by each chapter author team, the team also drew on analyses from over 100 technical and public review suggestions and a
5
wide variety of technical and scholarly literature, especially the U.S. Global Change Research Program’s Strategic Plan and the National
2,3,4,8,10
Research Council’s America’s Climate Choices reports,
to compile a list of potential research needs. Using expert deliberation,
including a number of teleconference meetings and email conversations among author team members, the author team agreed on highpriority research needs, organized under five research goals.
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SUSTAINED ASSESSMENT:
A NEW VISION FOR FUTURE U.S. ASSESSMENTS

A primary goal of the U.S. National Climate Assessment
(NCA) is to help the nation anticipate, mitigate, and adapt to
impacts from global climate change, including changes in climate variability, in the context of other national and global
change factors. Since 1990, when Congress authorized the
U.S. Global Change Research Program (USGCRP) through the
1
Global Change Research Act and required periodic updates on
climate science and its implications, researchers from many
fields have observed significant climate change impacts in every region of the United States. The accelerating pace of these
changes (for example, the recent rapid reductions observed in
the extent and thickness of Arctic sea ice), as well as scenariobased projections for future climate changes and effects, is
articulated in this third NCA.
Based on recommendations stemming from the National
Research Council (NRC), USGCRP in its most recent strategic
2
plan identified the rationale and benefits of implementing a
sustained assessment process. In response, a vision for a new
approach to assessments took shape as the third NCA report
was being prepared. The vision includes an ongoing process of
working to understand and evaluate the nation’s vulnerabilities
to climate variability and change and its capacity to respond. A
sustained assessment, in addition to producing quadrennial assessment reports as required by law, recognizes that the ability
to understand, predict, assess, and respond to rapid changes in
the global environment requires ongoing efforts to integrate
new knowledge and experience. It accomplishes this by: 1) advancing the science needed to improve the assessment process
and its outcomes, building associated foundational knowledge,
and collecting relevant data; 2) developing targeted scientific
reports and other products that respond directly to the needs
of federal agencies, state and local governments, tribes, other
decision-makers, and end users; 3) creating a framework for
continued interactions between the assessment partners and
stakeholders and the scientific community; and 4) supporting
the capacity of those engaged in assessment activities to maintain such interactions.

To provide decision-makers with more timely, concise, and
useful information, a sustained assessment process would
include both ongoing, extensive engagement with public and
private partners and targeted, scientifically rigorous reports
that address concerns in a timely fashion. A growing body of
assessment literature has guided and informed the develop3,4,5
ment of this approach to a sustained assessment.
The envisioned sustained assessment process includes continuing and expanding engagement with scientists and other
professionals from government, academia, business, and nongovernmental organizations. These partnerships broaden the
knowledge base from which conclusions can be drawn. In addition, sustained engagement with decision-makers and end
users helps scientists understand what information society
wants and needs, and it provides mechanisms for researchers
to receive ongoing feedback on the utility of the tools and data
they provide.
An ongoing process that supports these forms of outreach
and engagement allows for more comprehensive and insightful evaluation of climate changes across the nation, including
how decision-makers and end users are responding to these
changes. The most thoughtful and robust responses to climate
change can be made only when these complex issues, including the underlying science and its many implications for the
nation, are documented and communicated in a way that both
scientists and non-scientists can understand.
This sustained assessment process will lead to better outcomes
for the people of the United States by providing more relevant,
comprehensible, and usable knowledge to guide decisions related to climate change at local, regional, and national scales.
Additional details about the components of the sustained assessment process are provided in “Preparing the Nation for
Change: Building a Sustained National Climate Assessment
Process,” the first special report of the National Climate As6
sessment and Development Advisory Committee.

Contributions of a Sustained Assessment Process
A sustained assessment process will not only include producing the quadrennial assessment reports required by the 1990
GCRA, but it also will enable many other important outcomes.
A well-designed and executed sustained assessment process
will:
1.

Increase the nation’s capacity to measure and evaluate
the impacts of and responses to further climate change
in the United States, locally, regionally, and nationally.
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2.

Improve the collection of assessment-related critical
data, access to those data, and the capacity of users to
work with datasets – including their use in decision support tools – relevant to their specific issues and interests. This includes periodically assessing how users are
applying such data.
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3.

Support the creation of the first integrated suite of national indicators of climate-related trends across a variety of important climate drivers and responses.

4.

Catalyze the production of targeted, in-depth special assessment reports on sectoral topics (for example, agriculture), cross-sectoral topics (for example, the connection between water and energy production), regional
topics, and other topics that will help inform Americans’
climate choices about mitigation and adaptation. These
reports will generate new insights about climate change,
its impacts, and the effectiveness of societal responses.
In addition, a second report category, referred to as
foundational reports, will focus on improvements to
specific aspects of the process (for example, scenarios
and indicators) to reinforce the foundation for the overarching, but necessarily more constrained, quadrennial
assessment reports.

5.

Facilitate the creation of, support, and leverage a network of scientific, decision-maker, and user communities for extended dialog and engagement regarding
climate change.

6.

Provide a systematic way to identify gaps in knowledge
and uncertainties faced by the scientific community and
by U.S. domestic and international partners and to assist in setting priorities for their resolution.

7.

Enhance integration with other assessment efforts such
as the Intergovernmental Panel on Climate Change and
modeling efforts such as the Coupled Model Intercomparison Project.

8.

Develop and apply tools to evaluate progress and guide
improvements in processes and products over time.
This will support an iterative approach to managing risks
and opportunities associated with changing global and
national conditions.

Assessments facilitate the collection of different kinds of information that can be integrated to yield new and useful scientific
insights. The vision for the sustained assessment process is to
continue to build knowledge about human and natural systems
and their interactions to better understand the risks and opportunities of global change at multiple spatial and temporal
scales. The sustained assessment process also can help define
the range of information needs of decision-makers and end
users relative to adaptation and mitigation, as well as the associated costs of impacts and benefits of response actions.
Moreover, it is by its very nature a continuous process, uniquely positioned to support an iterative, risk-based approach to
adaptation.
Finally, although a sustained assessment process allows for
ongoing improvements in products and processes, it also
requires underlying support systems. These can include access to observational data sources, support networks, and
information management systems such as the Global Change
Information System (GCIS; see section on “Data Collection,
Access, and Analysis”). Other fundamental support for assessments includes various types of integrated and vulnerability
assessment models, climate model intercomparison projects,
data streams (for example, emissions data and socioeconomic
data), processes for building scenarios and deploying them at
critical junctures in the assessment process, and evaluation approaches.

Assessment Capacity
Scientific assessments require substantial scientific expertise
and judgment, involving skills atypical of those required for
4,5
routine research. Assessment capacity includes engaging
knowledgeable and experienced people, developing networks
to promote interactions, identifying and mentoring new scientific talent, and building in-depth understanding of a variety of
economic, technical, and scientific topics. Building and maintaining capacity through all of these approaches is therefore
critical to the smooth and efficient functioning of the assessment process.
Sustained interactions among scientists and stakeholders have
consistently been shown to improve the utility and effective-

5

ness of assessment processes and outcomes and to facilitate
7
the development of decision support tools. A sustained assessment provides the necessary coordination and infrastructure needed to maintain an ongoing dialog among producers
and users of information so that decision-makers can manage
risks and take advantage of opportunities more efficiently.
This provides the capacity and flexibility to react to, and take
advantage of, rapidly advancing developments in decision and
climate science and changing conditions to inform robust decision-making and improve the utility and timeliness of future
quadrennial assessment reports.

Data Collection, Access, and Analysis
Credible scientific information is needed on an ongoing basis
to support fundamental understanding of the climate system
and its interactions with ecological, economic, and social systems – and for the development of adaptation and mitigation strategies. Improved systems for data access can more

effectively meet the requests of stakeholders for accessible,
relevant, and timely information. An ongoing process can build
a more complete information base relevant to climate change
related impacts and vulnerabilities, and it can result in more
sophisticated scientific analyses that support the mandated
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quadrennial assessment reports in a more efficient and effective manner. Selecting which data to collect and analyze is a
critical component of assessments of change. In addition, for
certain assessment-related purposes, use of traditional knowledge may be appropriate and require different analytical approaches.
The sustained assessment process will facilitate the development and maintenance of a web-based assessment informa-

tion discovery, access, and retrieval system that facilitates easy
access to a range of information for those who need it, in a
timely and authoritative manner (the GCIS of the USGCRP). A
major short-term goal is to provide transparent and highlylinked access to the data used to support conclusions in the
third NCA report, but this is only the first step in a much larger
effort. Initially targeted audiences include assessment practitioners across various sectors and governmental levels.

Indicators
Indicators are measurements or calculations that represent
important features of the status, trends, or performance of a
system (such as the economy, agriculture, natural ecosystems,
or Arctic sea ice cover). Indicators are used to identify and
communicate changing conditions to inform both research and
8
management decisions. The NCA indicator system is intended
to focus on key aspects of change – as well as vulnerabilities,

impacts, and states of preparedness – to inform decisionmakers and the public. In the context of ongoing assessment
activities, these indicators can be tracked to provide timely,
authoritative, and climate-relevant measurements regarding
the status, rates of change, and trends of key physical, ecological, and societal variables.

Special and Foundational Reports
As currently envisioned, the sustained assessment process
also paves the way for additional types of assessment-related reports that can help inform local, regional, and sectoral
mitigation and adaptation activities and provide a foundation
for more useful and more comprehensive quadrennial assessment reports. Completing in-depth assessments of national
or regional importance and providing a constantly improving
foundation for the quadrennial assessment reports provides
for significant flexibility and enhanced policy relevance. Special topical assessment reports can investigate emerging issues
of concern or help decision-makers understand the tradeoffs

among different courses of action. Moreover, these types of
assessments can encompass a more holistic, multi-disciplinary,
and integrated approach that considers various types of data
analyses that may not have been previously attempted. These
more focused reports that emerge from ongoing assessment
activities can blend the objectives of incorporating the latest
science with responding relatively quickly to the most pressing stakeholder and government needs. Finally, foundational
reports also can be produced on scenarios of climate change,
sea level rise, demography, land-use change, and other issues
critical to the assessment process.

A Network to Foster Partnerships, Encourage Engagement, and Develop Solutions
The USGCRP has long recognized the importance of partnerships, effective two-way communication, and ongoing and
2
meaningful engagement. The five NRC America’s Climate
Choices reports published in 2010 and 2011 also underscore
the essential nature of this engagement (for example, NRC
9
2010 ). Partnerships and engagement strategies among federal and non-federal participants are needed to: 1) communicate effectively about the assessment, including its products
10
and processes and their relevance as actionable information;
2) encourage participation and knowledge sharing; 3) create
opportunities for meaningful engagement of end users and
public and private decision-makers to inform the substance of
the assessment; and 4) offer opportunities for input, direction,
review, and feedback.

An important component of the new sustained assessment vision is NCAnet: a “network of networks” that helps to foster
engagement in the NCA process and communicate products
to a broader audience (for additional details about NCAnet,
please see Appendix 1: Process). This network of partner organizations, including private sector, government, non-governmental organizations, and professional societies, leverages
resources and facilitates communication and partnerships. By
its first meeting in January 2012, NCAnet consisted of over
three dozen partner organizations. Much of the network’s
subsequent growth to over 100 partner organizations (as of
fall 2013) has been driven by the partners’ own outreach and
interest in building a community around the practice of assessment. NCAnet can assist in developing and supporting diverse
science capabilities and assessment competencies within and
outside of the Federal Government.
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Evaluation of the Process
Ongoing evaluation of assessment processes and products, as
well as incorporating the lessons learned over time, is a specific
2
objective of the USGCRP Strategic Plan. Evaluation efforts are
considered integral to enabling learning and adaptive management of the assessment process, measuring the ability to meet
both legally required objectives and strategic goals, maintain-

ing institutional memory, and improving the assessment process and its contributions to scientific understanding as well as
to society. Ongoing improvements in the assessment process
also will support an iterative approach to decision-making in
the context of rapid change.

Recommendations on Research Priorities
The GCRA requires regular evaluations of gaps in knowledge
and assessments of uncertainties that require additional scientific input. A sustained assessment process provides for regu-

lar updates on science needs to the USGCRP’s annual research
prioritization process, as well as to the triennial and decadal
revisions to its research plan.
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30: SUSTAINED ASSESSMENT: A NEW VISION FOR FUTURE
U.S. ASSESSMENTS

SUPPLEMENTAL MATERIAL
TRACEABLE ACCOUNTS

Process for Developing Key Messages:
Planning for the sustained assessment process, and for including
a description of the process in a chapter of the third NCA report,
began as soon as the report process was launched. Mechanisms
for creating and implementing a sustained process were included
11
as key discussion points in early NCA process workshops. Prior
to the formation of the chapter author teams, the need for a sus12
tained assessment was described in the NCA Strategy Summary.
The amended charter for the National Climate Assessment and
Development Advisory Committee (NCADAC) specifies that the
NCADAC is “to provide advice and recommendations toward the
development of an ongoing, sustainable national assessment of
global change impacts and adaptation and mitigation strategies
13
for the Nation.” To that end, the NCADAC formed a working
group on sustained assessment, and the USGCRP Interagency National Climate Assessment Working Group (INCA) made this topic
a priority in their regular meetings. The USGCRP also established
“conduct sustained assessments” as one of four programmatic
2
pillars in its recent Strategic Plan.

The sustained assessment author team drew on a wide variety of
source materials in framing the need for a sustained assessment
process, including calls for sustained assessment in both previous
14
National Climate Assessment reports and in several publications
5,9,15
from the National Research Council
that focused specifically
on the National Climate Assessment. The author team also considered a rich literature on assessments in general (for example, Far4
rell and Jäger 2005 and Mitchell et al. 2006 ). In developing the
chapter describing the sustained assessment process, the author
team first worked with the NCADAC, especially the initial NCADAC
working group on sustained assessment, and the INCA to develop
a vision for sustained assessment and a list of activities required
to implement this vision. They then collected feedback from each
of the chapters’ convening lead authors, agencies, chairs of other
NCADAC working groups, and targeted stakeholders. Drawing on
these comments and the knowledge bases cited above, the author
team came to consensus on the objectives and categories of activities provided in the chapter through teleconference and email
discussions. The NCADAC formed a new author team to produce
a longer special report on the sustained assessment process. The
6
report was completed in the late summer of 2013.
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The National Climate Assessment (NCA) supports the U.S.
Global Change Research Program (USGCRP) and its Strategic
1
Plan in multiple ways. The Strategic Plan focuses on climate
science that informs societal objectives; the USGCRP program
and the NCA help build an information base to support climaterelated decisions, including decisions to reduce human contributions to future climate change, and to adapt to changes that
are occurring now and are projected in the future. In order to
facilitate the integration of federal science investments with
3

academic, public, and private sector climate change research,
the Third NCA process focused on building strong relationships
with stakeholders and experts outside the government. Early
in the process, the National Climate Assessment and Development Advisory Committee (NCADAC) and NCA Coordination
Office developed a strategy to engage a broad range of the
American public. Open participation, communication, and
feedback have been integral to the preparation of this far2
reaching assessment.

NCA Goal and Vision

As established by the NCADAC, the overarching goal of the
NCA process is to enhance the ability of the United States to
anticipate, mitigate, and adapt to changes in the global environment that are increasingly linked to human activities.

The vision is to advance an inclusive, broad-based, and sustained process for developing, assessing, and communicating
scientific knowledge of the impacts, risks, vulnerabilities, and
response options associated with a changing global climate,
and to support informed decision-making across the United
States.

Legislative Foundations

The NCA is conducted under the auspices of the Global Change
4
Research Act (GCRA) of 1990. The mandate for the U.S. Global
Change Research Program as a whole is: “To provide for development and coordination of a comprehensive and integrated
United States research program which will assist the Nation
and the world to understand, assess, predict, and respond to
human-induced and natural processes of global change.”

Section 106 of the GCRA requires a report to the President and
the Congress every four years that integrates, evaluates, and
interprets the findings of the USGCRP; analyzes the effects of
global change on the natural environment, agriculture, energy
production and use, land and water resources, transportation,
human health and welfare, human social systems, and biological diversity; and analyzes current trends in global change,
both human-induced and natural, and projects major trends
for the subsequent 25 to 100 years.

Institutional Foundations
U.S. Global Change Research Program
USGCRP is a federation of the research components of 13
federal departments and agencies that supports the largest
investment in climate and global change research in the world.
USGCRP coordinates research activities across agencies and
establishes joint funding priorities for research. USGCRP’s
Strategic Plan, adopted in 2012, focuses on four major goals:
advance science, inform decisions, conduct sustained assess1
ments, and communicate and educate. The USGCRP agencies
maintain and develop observations, monitoring, data management, analysis, and modeling capabilities that support the nation’s response to global change. The agencies that comprise
the USGCRP are:

U.S. Department of Agriculture
U.S. Department of Commerce
U.S. Department of Defense
U.S. Department of Energy
U.S. Department of Health & Human Services
U.S. Department of the Interior
U.S. Department of State
U.S. Department of Transportation
U.S. Environmental Protection Agency
National Aeronautics and Space Administration
National Science Foundation
The Smithsonian Institution
U.S. Agency for International Development
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The Subcommittee on Global Change Research (SGCR) oversees USGCRP’s activities. SGCR operates under the direction
of the National Science and Technology Council’s (NSTC) Committee on Environment, Natural Resources, and Sustainability

(CENRS) and is overseen by the White House Office of Science
and Technology Policy (OSTP). The SGCR coordinates interagency activities through the USGCRP National Coordination
Office (NCO) and interagency working groups (IWGs).

National Climate Assessment (NCA) Components

The Interagency NCA Working Group (INCA) is comprised of
representatives of the 13 government agencies listed above,
plus additional agencies that have chosen to engage in supporting the NCA activities. INCA is responsible for coordinating, developing, and implementing interagency activities for
the NCA, providing critical input to identify and support future
NCA products, and developing interagency assessment capacity at the national and regional scales. Through INCA, the agencies have supported the development of the 30 chapters and
the process to create the Third NCA report in a variety of ways.
The National Climate Assessment and Development Advisory Committee (NCADAC) is a 60-member federal advisory
committee established by the Department of Commerce on
behalf of USGCRP. Forty-four non-federal NCADAC members
represent the public, private, and academic sectors; 16 nonvoting ex-officio members represent the USGCRP agencies, the
Department of Homeland Security, the SGCR, and the White

House Council on Environmental Quality. The NCADAC charter charges the group with developing the Third NCA report
and with providing recommendations about how to sustain
an ongoing assessment process. The NCADAC selected the
authors of the individual chapters and coordinated many of
the assessment activities leading to this report. This included
NCADAC meetings and more than 20 NCADAC subcommittee
working groups on specific assessment needs (for example,
regional and sectoral integration, engagement and communication, indicators, and international linkages). An Executive
Secretariat of 12 individuals (a subset of the full committee) helps to coordinate the activities of the full committee.

The NCA Coordination Office is a part of the USGCRP National
Coordination Office in Washington, D.C. The office is supported
and funded through an interagency agreement with the University Corporation for Atmospheric Research (UCAR). A team
of UCAR staff and federal detailees (agency employees as-

Organization of NCA components

Figure 1.
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signed to the NCA Coordination Office) with expertise in planning, writing, and coordinating collaborative climate and environmental science and policy activities provides support for
the development of the NCA report and sustained assessment.
The NCA Technical Support Unit (TSU) is funded by the National Oceanic and Atmospheric Administration (NOAA) and is
located at NOAA’s National Climatic Data Center in Asheville,
NC. The TSU staff provides multiple kinds of support to the
NCA, including climate science research, data management,
web design, graphic design, technical and scientific writing
and editing, publication production, and meeting support.

The National Climate Assessment Network (NCAnet) consists
of more than 100 partner organizations that work with the
NCA Coordination Office, NCADAC, report authors, and USGCRP agencies to engage producers and users of assessment
5
information. Partners extend the NCA process and products
to a broad audience through the development of assessmentrelated capacities and products, such as collecting and synthesizing data or other technical and scientific inputs into the NCA,
disseminating NCA report findings to a wide range of users,
engaging producers and users of assessment information, supporting NCA events, and producing communications materials
related to the NCA and its report findings.

Creating the Third NCA Report
Process Development

The NCA Engagement Strategy provides a vision for participation, outreach, communication, and education processes that help
make the NCA process and products accessible and useful to a wide variety of audiences. The overall goal of engagement is
to create a more effective and successful NCA – improving the processes and products of the effort so that they are credible,
salient, and legitimate and building the capacity of participants to engage in the creation and use of NCA products in decision2
making. The strategy describes a number of mechanisms through which scientific and technical experts, decision-makers, and
members of the general public might learn about and participate in the NCA process.
As part of the assessment process, a series of 14 process workshops helped establish consistent assumptions and
methodologies. The resulting reports provide a consistent foundation for the technical input teams and chapter authors.
The NCA Coordination Office organized listening sessions, symposia, and sessions at professional society meetings during the
development of the NCA report and sustained assessment process. These sessions provided updates on the NCA process,
solicited broad input from subject matter experts, and collected feedback on the approach, topics, and methodologies under
consideration.

Third National Climate Assessment Report Process

Figure 2. This graphic illustrates the activities and products that were developed during the Third NCA report development process.
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6

Technical Input Reports

A public Request for Information resulted in submission of
more than 500 technical input documents authored by more
than 800 individuals from academia, industry, and government,
7
including 25 technical inputs sponsored by USGCRP agencies.
These inputs included documents and data sets for review and
consideration by the author teams that developed the NCA
report. Technical input authors used a variety of mechanisms
to engage stakeholders in the scoping, writing, and review of
their documents, including workshops, web-based seminars,
and public comment periods, among other methods.

In addition, the Technical Support Unit climate science team
developed nine peer-reviewed regional climate scenario documents (one for each of the eight regions and one for the con8
tiguous United States), providing a scientific consensus view
of historical climate trends and projections under the IPCC
Special Report on Emissions Scenarios (SRES) A2 and B1 sce9
narios. A separate interagency committee developed four
10
peer-reviewed sea level rise scenarios. These scenarios were
used by chapter authors as underpinnings for their impact assessments.

Third NCA Report Draft Development and Review
The NCADAC selected two to three convening lead authors
and approximately six lead authors for each chapter, based on
criteria that included expertise, experience, geography, and
ensuring a variety of perspectives. They included authors from
the public and private sectors, non-governmental organizations, and universities. Beginning in December 2011, each of
the author teams met multiple times by phone, web, and in
person to produce and refine drafts of their chapters. Traceable accounts developed for each chapter provide transparent
information about the authors’ decision processes, scientific
certainty, and their level of confidence related to the key findings of their respective chapters. All authors served in a volunteer capacity.
After reviewing the draft Third NCA report, the NCADAC re11
leased it for public review and comment on January 14, 2013.
Concurrently, the NCA underwent an independent expert review by the National Research Council, a part of the National
Academies. A three-month review period allowed individuals
and groups to examine the draft and provide comments aimed
at improvement. The comments were provided using a secure
online comment system to ensure that all comments were captured and appropriately addressed.
Regional town hall meetings, conducted by the NCA Coordination Office (one per region, plus coasts) and by NCAnet partners (three additional meetings), brought together authors,

NCADAC members, and members of the public to discuss the
NCA process and encourage participants to submit comments
on the draft report. Report authors, NCADAC members, NCA
staff, and NCAnet partners organized, spoke at, and participated in sessions at professional society meetings, web-based
seminars, community meetings, and other events similarly
aimed at providing an overview of the draft report and encour12
aging comments.
By the time the public comment period closed on April 12,
2013, the online comment system received 4,161 comments
from 644 government, non-profit, and commercial sector employees, educators, students, and the general public. Chapter
author teams and the NCADAC amended the draft report in
response to comments and prepared written responses to
each comment received, and external review editors evaluated the adequacy of the responses to the comments on each
chapter. As the result of a NCADAC consensus decision, the
entire review process was “blind”, that is, NCADAC members
and authors did not know the identity of commenters when
responding to each comment. The public comments (including
commenters’ identities) and the chapter authors’ responses to
those comments were posted online with the final report.
The National Research Council provided a second review of the
report, and the NCADAC considered this review in developing
a final draft for submission to federal agencies for review in
fall 2013.

NCA Final Report
Any adjustments to the NCADAC’s Fall 2013 draft as a result of
the government review process were made with the authors’
approval, and the NCADAC approved the final form of the report in Spring 2014. Having been accepted and finalized following government review, the report is now provided as the

assessment by the Federal Government of the United States,
pursuant to the requirements of the Global Change Research
Act. A number of products derived from the report support the
outreach activities following the report release.

Engagement Activities
What follows is a sample of activities convened in support of
the development of the Third NCA Report. A full list of activities is available online at http://assessment.globalchange.gov.
NCADAC Meetings: All meetings were open the public. The
presentations, documents, and minutes for each NCADAC

meeting are available online at http://www.nesdis.noaa.gov/
NCADAC/Meetings.html.
• April 4-6, 2011, Washington, DC http://www.nesdis.noaa.
gov/NCADAC/April_4_Meeting.html
• May 20, 2011, Teleconference
• August 16-18, 2011, Arlington, VA
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•
•
•
•
•
•
•
•
•
•
•
•

November 16-17, 2011, Boulder, CO
April 10, 2012, Teleconference
June 14-15, 2012, Washington, DC
August 15, 2012, Teleconference
September 27, 2012, Teleconference
November 14-15, 2012, Silver Spring, MD
January 11, 2013, Teleconference
May 13, 2013, Teleconference
July 9-10, 2013, Washington, DC
November 18, 2013, Teleconference
February 20-21, 2014, Washington, DC
Spring 2014, Final approval of the Third NCA via teleconference

•

Process and Methodology Workshops: Reports from these
workshops are available online at http://www.globalchange.
gov/what-we-do/assessment/nca-activities/workshop-andmeeting-reports.
• Midwest Regional Workshop, February 2010, Chicago, IL
• Strategic Planning Workshop, February 2010, Chicago, IL
• Scoping the Product(s) and Work Plan for the Third National Assessment, June 2010, Washington, DC [no report
available]
• Communications Scoping Meeting, July 2010, Washington,
DC [no report available]
• International Scoping Meeting, August 2010, Washington,
DC [no report available]
• Knowledge Management Workshop, September 2010,
Reston, VA
• Regional Sectoral Workshop, November 2010, Reston, VA
• Ecological Indicators Workshop, November 2010, Washington, DC
• Scenarios Workshop, December 2010, Arlington, VA
• Climate Change Modeling and Downscaling Workshop,
December, 2010, Arlington, VA
• Valuation Techniques and Metrics Workshop, January
2011, Arlington, VA
• Vulnerability Assessments Workshop, January 2011, Atlanta, GA
• Physical Climate Indicators Workshop, March 2011, Washington, DC
• Societal Indicators Workshop, April 2011, Washington, DC

•
•

Agency-Sponsored Technical Input Development Workshops
• Monitoring Changes in Extreme Storm Statistics: State of
Knowledge, July 2011, Asheville, NC
• Forestry Sector Stakeholder Workshop, July 2011, Atlanta,
GA
• Land Use and Land Cover Stakeholder Workshop, November 1011, Salt Lake City, UT
• Energy Supply and Use Workshop, November 2011, Washington, DC
• Energy, Water, Land Planning Meeting, November 2011,
Washington, DC

•
•
•
•
•
•

Urban Infrastructure and Vulnerabilities Workshop, November 2011, Washington, DC
Trends and Causes of Observed Changes in Heat Waves,
Cold Waves, Floods, and Drought, Nov. 2011, Asheville, NC
Trends in Extreme Winds, Waves, and Extratropical Storms
along the Coasts, January 2012, Asheville, NC
Ecosystems, Biodiversity, and Ecosystem Services Workshop, January 2012, Palo Alto, CA
Water Sector Technical Input Workshop, January 2012,
Washington, DC
Coastal Zone Stakeholders Meeting, January 2012,
Charleston, SC
Climate Change and Health Workshop - Southeast, February 2012, Charleston, SC
Rural Communities Workshop, Feb. 2012, Charleston SC
Climate Change and Health Workshop - Northwest, February 2012, Seattle, WA

Listening Sessions
• Annual Meeting of the Association of American Geographers, April 2011, Seattle, WA
• American Water Resource Association Spring Specialty
Conference, April 2011, Baltimore, MD
• International Symposium on Society and Resource Management, June 2011, Madison, WI
• Annual Soil and Water Conservation Society Conference,
July 2011, Washington, DC
• Ecological Society of America Annual Meeting, August
2011, Austin, TX
• American Meteorological Society Annual Meeting, January 2012, New Orleans, LA
Regional Town Hall Meetings
• Hawai‘i & Pacific Islands Town Hall, December 2012, Honolulu, HI
• Southwest Regional Town Hall, January 2013, San Diego,
CA
• Northeast Regional Town Hall, January 2013, Syracuse, NY
• Great Plains Regional Town Hall, February 2013, Lincoln,
NE
• Alaska Regional Town Hall, February 2013, Anchorage, AK
• Midwest Regional Town Hall, February 2013, Ann Arbor,
MI
• Southeast Regional Town Hall, February 2013, Tampa, FL
• Northwest Regional Town Hall, March 2013, Portland, OR
• Oceans and Coasts Town Hall, April 2013, Washington, DC
NCAnet Partners Activities
The NCAnet Partners meet monthly (since January 2012) in
Washington, DC; teleconference and web conference capabilities allow participants to join remotely. NCAnet Partners
hosted more than 25 events around the country for the public
and stakeholders throughout the NCA process. A list of partners, minutes from meetings, and a list of events and resulting
products is available at http://ncanet.usgcrp.gov.
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Summary of Information Quality Assurance Process for the
Third National Climate Assessment Report
Throughout the process of drafting this National Climate Assessment, guidance was provided to contributors, authors,
federal advisory committee members, and staff regarding the
requirements of the Information Quality Act (IQA).
In September 2011, Preliminary Guidance on Information Quality Assurance in Preparing Technical Input for the National Cli1
mate Assessment (NCA) was made available on the U.S. Global
Change Research Program’s (USGCRP) website along with other
information for those interested in submitting technical input
to the NCA in response to the Request for Information posted
2
in the Federal Register on July 13, 2011. This frequently asked
questions-style document provided preliminary guidance regarding information quality for use by teams who submitted
Expressions of Interest and Technical Inputs for use in the NCA.
In November 2011, the National Climate Assessment and Development Advisory Committee (NCADAC) approved the General Principles Used in the Development of Guidance for Assur3
ing Information Quality in the National Climate Assessment.
The Principles were used by the NCADAC to draft guidance
for all Convening Lead Authors (CLAs), Lead Authors, Review
Editors, NCADAC, and Government Agencies and Reviewers to

assure that information used in the NCA production was of appropriate quality relative to its intended use.
Two tools were developed – a set of questions and a flowchart
– to assist the authors and reviewers in determining whether
and how to use potential source material in the NCA within the
requirements of the IQA. These tools (collectively, Guidance
on Information Quality Assurance to Chapter Authors of the
National Climate Assessment: Question Tools) were approved
by the NCADAC and introduced to the CLAs at workshops. They
have been available on the USGCRP website since February
4
2012. The Guidance requires consideration of the following
criteria for each source of information used in the Third NCA
Report:
• Utility: Is the particular source important to the topic of your
chapter?
• Transparency and traceability: Is the source material identifiable and publicly available?
• Objectivity: Why and how was the source material created?
Is it accurate and unbiased?
• Information integrity and security: Will the source material
remain reasonably protected and intact over time?
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Supplemental Messages
1. Although climate changes in the past have been caused by natural factors, human activities are 		
now the dominant agents of change. Human activities are affecting climate through increasing 		
atmospheric levels of heat-trapping gases and other substances, including particles.
2. Global trends in temperature and many other climate variables provide consistent evidence of
a warming planet. These trends are based on a wide range of observations, analyzed by many 		
independent research groups around the world.
3. Natural variability, including El Niño events and other recurring patterns of ocean-atmosphere 		
		 interactions, influences global and regional temperature and precipitation over timescales ranging
		 from months up to a decade or more.
4.
		
		
		

Human-induced increases in atmospheric levels of heat-trapping gases are the main cause of 		
observed climate change over the past 50 years. The “fingerprints” of human-induced change also
have been identified in many other aspects of the climate system, including changes in ocean heat
content, precipitation, atmospheric moisture, and Arctic sea ice.

5. Past emissions of heat-trapping gases have already committed the world to a certain amount of 		
		 future climate change. How much more the climate will change depends on future emissions and the
		 sensitivity of the climate system to those emissions.
6. Different kinds of physical and statistical models are used to study aspects of past climate and
		 develop projections of future change. No model is perfect, but many of them provide useful 		
		 information. By combining and averaging multiple models, many clear trends emerge.
7. Scientific understanding of observed temperature changes in the United States has greatly improved,
		 confirming that the U.S. is warming due to heat-trapping gas emissions, consistent with the climate
		 change observed globally.
8. Many other indicators of rising temperatures have been observed in the United States. These include
		 reduced lake ice, glacier retreat, earlier melting of snowpack, reduced lake levels, and a longer 		
		 growing season. These and other indicators are expected to continue to reflect higher temperatures.
9.
		
		
		
		

Trends in some types of extreme weather events have been observed in recent decades, consistent
with rising temperatures. These include increases in heavy precipitation nationwide, especially in
the Midwest and Northeast; heat waves, especially in the West; and the intensity of Atlantic 		
hurricanes. These trends are expected to continue. Research on climate change’s effects on other
types of extreme events continues.

10. Drought and fire risk are increasing in many regions as temperatures and evaporation rates rise. The
		 greater the future warming, the more these risks will increase, potentially affecting the entire United
		 States.
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11. Summer Arctic sea ice extent, volume, and thickness have declined rapidly, especially north of
		 Alaska. Permafrost temperatures are rising and the overall amount of permafrost is shrinking. 		
		 Melting of land- and sea-based ice is expected to continue with further warming.
12. Sea level is already rising at the global scale and at individual locations along the U.S. coast.
		 Future sea level rise depends on the amount of warming and ice melt around the world as well as 		
		 local processes like changes in ocean currents and local land subsidence or uplift.

This appendix provides further information and discussion on
climate science beyond that presented in Ch. 2: Our Changing
Climate. Like the chapter, the appendix focuses on the observations, model simulations, and other analyses that explain
what is happening to climate at the national and global scales,
why these changes are occurring, and how climate is projected
to change throughout this century. In the appendix, however,
more information is provided on attribution, spatial and temporal detail, and physical mechanisms than could be covered
within the length constraints of the main chapter.
As noted in the main chapter, changes in climate, and the nature and causes of these changes, have been comprehensively
discussed in a number of other reports, including the 2009 as-

1

sessment: Global Climate Change Impacts in the United States
and the global assessments produced by the Intergovernmental Panel on Climate Change (IPCC) and the U.S. National Academy of Sciences. This appendix provides an updated discussion
of global change in the first few supplemental messages, followed by messages focusing on the changes having the greatest impacts (and potential impacts) on the United States. The
projections described in this appendix are based, to the extent
possible, on the CMIP5 model simulations. However, given the
timing of this report relative to the evolution of the CMIP5
archive, some projections are necessarily based on CMIP3
simulations. (See Supplemental Message 5 for more on these
simulations and related future scenarios).

Supplemental Message 1.
Although climate changes in the past have been caused by natural factors, human activities
are now the dominant agents of change. Human activities are affecting
climate through increasing atmospheric levels of heat-trapping gases
and other substances, including particles.
The Earth’s climate has long been known to change in response
to natural external forcings. These include variations in the energy received from the sun, volcanic eruptions, and changes
in the Earth’s orbit, which affects the distribution of sunlight
across the world. The Earth’s climate is also affected by factors
that are internal to the climate system, which are the result
of complex interactions between the atmosphere, ocean, land
surface, and living things (see Supplemental Message 3). These
internal factors include natural modes of climate system variability, such as the El Niño/Southern Oscillation.
Natural changes in external forcings and internal factors have
been responsible for past climate changes. At the global scale,
over multiple decades, the impact of external forcings on temperature far exceeds that of internal variability (which is less
2
than 0.5°F). At the regional scale, and over shorter time periods, internal variability can be responsible for much larger
changes in temperature and other aspects of climate. Today,
however, the picture is very different. Although natural factors
still affect climate, human activities are now the primary cause
of the current warming: specifically, human activities that increase atmospheric levels of carbon dioxide (CO2) and other

heat-trapping gases and various particles that, depending on
the type of particle, can have either a heating or cooling influence on the atmosphere.
The greenhouse effect is key to understanding how human
activities affect the Earth’s climate. As the sun shines on the
Earth, the Earth heats up. The Earth then re-radiates this heat
back to space. Some gases, including water vapor (H2O), carbon dioxide (CO2), ozone (O3), methane (CH4), and nitrous oxide
(N2O), absorb some of the heat given off by the Earth’s surface
and lower atmosphere. These heat-trapping gases then radiate
energy back toward the surface, effectively trapping some of
the heat inside the climate system. This greenhouse effect is a
natural process, first recognized in 1824 by the French math3
ematician and physicist Joseph Fourier and confirmed by British scientist John Tyndall in a series of experiments starting in
4
1859. Without this natural greenhouse effect (but assuming
the same albedo, or reflectivity, as today), the average surface
temperature of the Earth would be about 60°F colder.
Today, however, the natural greenhouse effect is being artificially intensified by human activities. Burning fossil fuels (coal,
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Human Influence on the Greenhouse Effect

Figure 1. Left: A stylized representation of the natural greenhouse effect. Most of the sun’s radiation reaches the Earth’s surface.
Naturally occurring heat-trapping gases, including water vapor, carbon dioxide, methane, and nitrous oxide, do not absorb the
short-wave energy from the sun but do absorb the long-wave energy re-radiated from the Earth, keeping the planet much warmer
than it would be otherwise. Right: In this stylized representation of the human-intensified greenhouse effect, human activities,
predominantly the burning of fossil fuels (coal, oil, and gas), are increasing levels of carbon dioxide and other heat-trapping gases,
5
increasing the natural greenhouse effect and thus Earth’s temperature. (Figure source: modified from National Park Service ).

Earth’s Energy Balance

Figure 2. This figure summarizes results of measurements taken from satellites of the amount of energy coming in to and going
out of Earth’s climate system. It demonstrates that our scientific understanding of how the greenhouse effect operates is, in fact,
6
accurate, based on real world measurements. (Figure source: modified from Stephens et al. 2012 ).
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intensification of the greenhouse effect is
the primary cause of observed warming in
recent decades.

Carbon Emissions in the Industrial Age

Figure 3. Global carbon emissions from burning coal, oil, and gas and producing
cement (1850-2009). These emissions account for about 80% of the total emissions
of carbon from human activities, with land-use changes (like cutting down forests)
7
accounting for the other 20% in recent decades (Data from Boden et al. 2012 ).

oil, and natural gas), clearing forests, and other human activities produce heat-trapping gases. These gases accumulate in
the atmosphere, as natural removal processes are unable to
keep pace with increasing emissions. Increasing atmospheric
levels of CO2, CH4, and N2O (and other gases and some types of
particles like soot) from human activities increase the amount
of heat trapped inside the Earth system. This human-caused

Carbon dioxide has been building up in the
Earth’s atmosphere since the beginning of
the industrial era in the mid-1700s. Emissions and atmospheric levels, or concentrations, of other important heat-trapping gases – including methane, nitrous oxide, and
halocarbons – have also increased because
of human activities. While the atmospheric
concentrations of these gases are relatively
small compared to those of molecular oxygen or nitrogen, their ability to trap heat
is extremely strong. The human-induced
increase in atmospheric levels of carbon dioxide and other heat-trapping gases is the
main reason the planet has warmed over
the past 50 years and has been an important factor in climate change over the past
150 years or more.

Carbon dioxide levels in the atmosphere
are currently increasing at a rate of 0.5%
per year. Atmospheric levels measured
at Mauna Loa in Hawai‘i and at other sites around the world
reached 400 parts per million in 2013, higher than the Earth
has experienced in over a million years. Globally, over the past
several decades, about 78% of carbon dioxide emissions has
come from burning fossil fuels, 20% from deforestation and
other agricultural practices, and 2% from cement production.
Some of the carbon dioxide emitted to the atmosphere is absorbed by the oceans, and some is absorbed by vegetation.

Heat-Trapping Gas Levels
2000 Years of Heat Trapping Gases

CO2 1958–2013

Figure 4. Present-day atmospheric levels of carbon dioxide, methane, and nitrous oxide are notably higher than their
pre-industrial averages of 280, 0.7, and 0.27 parts per million (ppm) by volume, respectively (left). Air sampling data
from 1958 to 2013 show long-term increases due to human activities as well as short-term variations due to natural
8
biogeochemical processes and seasonal vegetation growth (right). (Figure sources: (left) Forster et al. 2007; (right)
Scripps Institution of Oceanography and NOAA Earth Systems Research Laboratory).
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Other greenhouse gases produced by human activities include nitrous oxide, halocarbons, and ozone.

Atmospheric Carbon Dioxide Levels

Nitrous oxide levels are increasing, primarily as a result of fertilizer use and fossil fuel
burning. The concentration of nitrous oxide has increased by about 20% relative to
pre-industrial times.

Figure 5. Air bubbles trapped in an Antarctic ice core extending back 800,000
years document the atmosphere’s changing carbon dioxide concentration. Over
long periods, natural factors have caused atmospheric CO2 concentrations to vary
between about 170 to 300 parts per million (ppm). As a result of human activities
since the Industrial Revolution, CO2 levels have increased to 400 ppm, higher than
any time in at least the last one million years. By 2100, additional emissions from
human activities are projected to increase CO2 levels to 420 ppm under a very low
scenario, which would require immediate and sharp emissions reductions (RCP
2.6), and 935 ppm under a higher scenario, which assumes continued increases in
emissions (RCP 8.5). This figure shows the historical composite CO2 record based
on measurements from the EPICA (European Project for Ice Coring in Antarctica)
Dome C and Dronning Maud Land sites and from the Vostok station. Data from
9
Lüthi et al. 2008 (664-800 thousand years [kyr] ago, Dome C site); Siegenthaler et
10
al. 2005 (393-664 kyr ago, Dronning Maud Land); Pépin 2001, Petit et al. 1999,
11
12
and Raynaud 2005 (22-393 kyr ago, Vostok); Monnin et al. 2001 (0-22 kyr ago,
13
Dome C); and Meinshausen et al. 2011 (future projections from RCP 2.6 and 8.5).

About 45% of the carbon dioxide emitted by human activities
in the last 50 years is now stored in the oceans and vegetation.
The remainder has built up in the atmosphere, where carbon
dioxide levels have increased by about 40% relative to preindustrial levels.
Methane levels in the atmosphere have increased due to human activities, including agriculture, with livestock producing
methane in their digestive tracts, and rice farming producing it
via bacteria that live in the flooded fields; mining coal, extraction and transport of natural gas, and other fossil fuel-related
activities; and waste disposal including sewage and decomposing garbage in landfills. On average, about 55% to 65% of the
emissions of atmospheric methane now come from human ac14,15
tivities.
Atmospheric concentrations of methane leveled off
from 1999-2006 due to temporary decreases in both human
14,15
and natural sources,
but have been increasing again since
then. Since preindustrial times, methane levels have increased
by 250% to their current levels of 1.85 ppm.

Halocarbons are manufactured chemicals produced to serve specific purposes,
from aerosol spray propellants to refrigerant coolants. One type of halocarbon,
long-lived chlorofluorocarbons (CFCs),
was used extensively in refrigeration, air
conditioning, and for various manufacturing purposes. However, in addition to
being powerful heat-trapping gases, they
are also responsible for depleting stratospheric ozone. Atmospheric levels of CFCs
are now decreasing due to actions taken
by countries under the Montreal Protocol,
an international agreement designed to
protect the ozone layer. As emissions and
atmospheric levels of halocarbons continue to decrease, their effect on climate
will also shrink. However, some of the
replacement compounds are hydrofluorocarbons (HFCs), which are potent heattrapping gases, and their concentrations
are increasing.

Over 90% of the ozone in the atmosphere
is in the stratosphere, where it protects
the Earth from harmful levels of ultraviolet radiation from the sun. In the lower atmosphere, however,
ozone is an air pollutant and also an important heat-trapping
gas. Upper-atmosphere ozone levels have decreased because
of human emissions of CFCs and other halocarbons. However,
lower-atmosphere ozone levels have increased because of human activities, including transportation and manufacturing.
These produce what are known as ozone precursors: air pollutants that react with sunlight and other chemicals to produce
ozone. Since the late 1800s, average levels of ozone in the
16
lower atmosphere have increased by more than 30%. Much
higher increases have been observed in areas with high levels of air pollution, and smaller increases in remote locations
where the air has remained relatively clean.
Human activities can also produce tiny atmospheric particles,
including dust and soot. For example, coal burning produces
sulfur gases that form particles in the atmosphere. These
sulfur-containing particles reflect incoming sunlight away
from the Earth, exerting a cooling influence on Earth’s surface.
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Another type of particle, composed mainly of soot, or black
carbon, absorbs incoming sunlight and traps heat in the atmosphere, warming the Earth.
In addition to their direct effects, these particles can affect
climate indirectly by changing the properties of clouds. Some
encourage cloud formation because they are ideal surfaces
on which water vapor can condense to form cloud droplets.
Some can also increase the number, but decrease the average
size of cloud droplets when there is not enough water vapor
compared to the number of particles available, thus creating
brighter clouds that reflect energy from the sun away from
the Earth, resulting in an overall cooling effect. Particles that
absorb energy encourage cloud droplets to evaporate by
warming the atmosphere. Depending on their type, increasing
amounts of particles can either offset or increase the warming
caused by increasing levels of greenhouse gases. At the scale of
the planet, the net effect of these particles is to offset between
20% and 35% of the warming caused by heat-trapping gases.

Considering all known natural and human drivers of climate
since 1750, a strong net warming from long-lived greenhouse
gases produced by human activities dominates the recent
climate record. This warming has been partially offset by increases in atmospheric particles and their effects on clouds.
Two important natural external drivers also influence climate:
the sun and volcanic eruptions. Since 1750, these natural external drivers are estimated to have had a small net warming
influence, one that is much smaller than the human influence.
Natural internal climate variations, such as El Niño events in

The effects of all of these greenhouse gases and particles on
the Earth’s climate depend in part on how long they remain
in the atmosphere. Human-induced emissions of carbon dioxide have already altered atmospheric levels in ways that will
persist for thousands of years. About one-third of the carbon
dioxide emitted in any given year remains in the atmosphere
100 years later. However, the impact of past human emissions
of carbon dioxide on the global carbon cycle will endure for
tens of thousands of years. Methane lasts for approximately a
decade before it is removed through chemical reactions. Particles, on the other hand, remain in the atmosphere for only a
few days to several weeks. This means that the effects of any
human actions to reduce particle emissions can show results
nearly immediately. It may take decades, however, before the
results of human actions to reduce long-lived greenhouse gas
17
emissions can be observed. Some recent studies examine
various means for reducing near-term changes in climate, for
example, by reducing emissions of short-lived gases like methane and particles like black carbon (soot). These approaches
are being explored as ways to reduce the rate of short-term
warming while more comprehensive approaches to reducing
carbon dioxide emissions (and hence the rate of long-term
warming) are being implemented.
In addition to emissions of greenhouse gases, air pollutants,
and particles, human activities have also affected climate by
changing the land surface. These changes include cutting and
burning forests, replacing natural vegetation with agriculture
or cities, and large-scale irrigation. These transformations of
the land surface can alter how much heat is reflected or absorbed by the surface, causing local and even regional warming
or cooling. Globally, the net effect of these changes has probably been a slight cooling influence over the past 100 years.
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Relative Strengths of Warming
and Cooling Influences

Figure 6. Different factors have exerted a warming influence
(red bars) or a cooling influence (blue bars) on the planet. The
warming or cooling influence of each factor is measured in
terms of the change in radiative forcing in watts per square
meter by 2005 relative to 1750. This figure includes all the
major human-induced factors as well as the sun, the only
major natural factor with a long-term effect on climate. The
cooling effect of individual volcanoes is also natural, but is
relatively short-lived and so is not included here. Aerosols
refer to tiny particles, with their direct effects including, for
example, the warming influence of black carbon (soot) and
cooling influence of sulfate particles from coal burning. Indirect
effects of aerosols include their effect on clouds. The net
radiative influence from natural and human influences is a
strong warming, predominantly from human activities. The
thin lines on each bar show the range of uncertainty. (Figure
source: adapted from Climate Change 2007: The Physical
Science Basis. Working Group I Contribution to the Fourth
Assessment Report of the Intergovernmental Panel on Climate
15
Change, Figure 2.20 (A), Cambridge University Press ).
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the Pacific Ocean, have also influenced regional and global climate. Several other modes of internal natural variability have
been identified, and their effects on climate are superimposed
on the effects of human activities, the sun, and volcanoes.
During the last three decades, direct observations indicate that
the sun’s energy output has decreased slightly. The two major
volcanic eruptions of the past 30 years have had short-term
cooling effects on climate, lasting two to three years. Thus,
natural factors cannot explain the warming of recent decades;
in fact, their net effect on climate has been a slight cooling
influence over this period. In addition, the changes occurring
now are very rapid compared to the major changes in climate
over at least the last several thousand years.
It is not only the direct effects from human emissions that affect climate. These direct effects also trigger a cascading set
of feedbacks that cause indirect effects on climate – acting to
increase or dampen an initial change. For example, water vapor is the single most important gas responsible for the natural
greenhouse effect. Together, water vapor and clouds account
18
for between 66% and 80% of the natural greenhouse effect.
However, the amount of water vapor in the atmosphere depends on temperature; increasing temperatures increase the
amount of water vapor. This means that the response of water
vapor is an internal feedback, not an external forcing of the
climate.
Observational evidence shows that, of all the external forcings,
an increase in atmospheric CO2 concentration is the most im-

portant factor in increasing the heat-trapping capacity of the
atmosphere. Carbon dioxide and other gases, such as methane
and nitrous oxide, do not condense and fall out of the atmosphere, whereas water vapor does (for example, as rain or
snow). Together, heat-trapping gases other than water vapor
account for between 26% and 33% of the total greenhouse ef18
fect, but are responsible for most of the changes in climate
over recent decades. This is a range, rather than a single number, because some of the absorption effects of water vapor
overlap with those of the other important gases. Without the
heat-trapping effects of carbon dioxide and the other non-water vapor greenhouse gases, climate simulations indicate that
the greenhouse effect would not function, turning the Earth
19
into a frozen ball of ice.
The average conditions and the variability of the Earth’s climate
are critical to all aspects of human and natural systems on the
planet. Human society has become increasingly complex and
dependent upon the climate system and its behavior. National
and global infrastructures, economies, agriculture, and ecosystems are adapted to the present climate state, which from a
geologic timescale perspective has been remarkably stable for
the past several thousand years. Any significant perturbation,
in either direction, would have substantial impacts upon both
human society and the natural world. The magnitude of the
human influence on climate and the rate of change raise concerns about the ability of ecosystems and human systems to
successfully adapt to future changes.

Supplemental Message 2.
Global trends in temperature and many other climate variables provide consistent evidence
of a warming planet. These trends are based on a wide range of observations, analyzed by
many independent research groups around the world.
There are many types of observations that can be used to detect changes in climate and determine what is causing these
changes. Thermometer and other instrument-based surface
weather records date back hundreds of years in some locations. Air temperatures are measured at fixed locations over
land and with a mix of predominantly ship- and buoy-based
measurements over the ocean. By 1850, a sufficiently extensive array of land-based observing stations and ship-borne observations had accumulated to begin tracking global average
temperature. Measurements from weather balloons began in
the early 1900s, and by 1958 were regularly taken around the
world. Satellite records beginning in the 1970s provide additional perspectives, particularly for remote areas such as the
Arctic that have limited ground-based observations. Satellites
also provided new capabilities for mapping precipitation and
upper air temperatures. Climate “proxies” – biological or physical records ranging from tree rings to ice cores that correlate

with aspects of climate – provide further evidence of past climate that can stretch back hundreds of thousands of years.
These diverse datasets have been analyzed by scientists and
engineers from research teams around the world in many different ways. The most high-profile indication of the changing
climate is the surface temperature record, so it has received
the most attention. Spatial coverage, equipment, methods of
observation, and many other aspects of the measurement record have changed over time, so scientists identify and adjust
for these changes. Independent research groups have looked
21
22
at the surface temperature record for land and ocean as
23,24
well as land and ocean combined.
Each group takes a different approach, yet all agree that it is unequivocal that the
planet is warming.
There has been widespread warming over the past century.
Not every region has warmed at the same pace, however,
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Development of Observing Capabilities

Figure 7. Changes in the mix and increasing diversity of technologies used to observe climate (IGY is the
20
International Geophysical Year). (Figure source: adapted from Brönnimann et al. 2007 ).

and a few regions, such as the North Atlantic Ocean (Figure
9) and some parts of the U.S. Southeast (Ch. 2: Our Changing
Climate, Figure 2.7), have even experienced cooling over the
last century as a whole, though they have warmed over recent
decades. This is due to the stronger influence of internal variability over smaller geographic regions and shorter time scales,
as mentioned in Supplemental Message 1 and discussed in

more detail in Supplemental Message 3. Warming during the
first half of the last century occurred mostly in the Northern
Hemisphere. The last three decades have seen greater warming in response to accelerating increases in heat-trapping gas
concentrations, particularly at high northern latitudes, and
over land as compared to ocean.

Observed Change in Global Average Temperature

Figure 8. Three different global surface temperature records all show increasing trends
over the last century. The lines show annual differences in temperature relative to the
1901-1960 average. Differences among data sets, due to choices in data selection,
analysis, and averaging techniques, do not affect the conclusion that global surface
temperatures are increasing. (Figure source: NOAA NCDC / CICS-NC).
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Temperature Trends: Past Century, Past 30+ Years

Figure 9. Surface temperature trends for the period 1901-2012 (top) and 1979-2012 (bottom) from the National
Climatic Data Center’s (NCDC) surface temperature product. The relatively coarse resolution of these maps does
not capture the finer details associated with mountains, coastlines, and other small-scale effects. (Figure source:
24
updated from Vose et al. 2012 ).

Even if the surface temperature had never been measured, scientists could still conclude with high confidence that the global
temperature has been increasing because multiple lines of evidence all support this conclusion. Temperatures in the lower
atmosphere and oceans have increased, as have sea level and
near-surface humidity. Arctic sea ice, mountain glaciers, and

Northern Hemisphere spring snow cover have all decreased.
As with temperature, multiple research groups have analyzed
each of these indicators and come to the same conclusion: all
of these changes paint a consistent and compelling picture of
a warming world.
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Indicators of Warming from Multiple Data Sets

Figure 10. Observed changes, as analyzed by many independent groups in different ways, of a range of climate indicators. All of
these are in fact changing as expected in a warming world. Further details underpinning this diagram can be found at http://www.
25
ncdc.noaa.gov/bams-state-of-the-climate/. (Figure source: updated from Kennedy et al. 2010 ).

Not all of the observed changes are directly related to temperature; some are related to the hydrological cycle (the way
water moves cyclically among land, ocean, and atmosphere).
Precipitation is perhaps the most societally relevant aspect of
the hydrological cycle and has been observed over global land
areas for over a century. However, spatial scales of precipitation are small (it can rain several inches in Washington, D.C.,

but not a drop in Baltimore) and this makes interpretation of
the point-measurements difficult. Based upon a range of efforts to create global averages, it is likely that there has been
little change in globally averaged precipitation since 1900.
However, there are strong geographic trends including a likely
increase in precipitation in Northern Hemisphere mid-latitude
regions taken as a whole. In general, wet areas are getting wet-
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ter and dry areas are getting drier, consistent with an overall
intensification of the hydrological cycle in response to global
warming.
Analyses of past changes in climate during the period before instrumental records (referred to as paleoclimate) allow current
changes in atmospheric composition, sea level, and climate
(including extreme events), as well as future projections, to be
placed in a broader perspective of past climate variability. A
number of different reconstructions of the last 1,000 to 2,000
26,27
years
give a consistent picture of Northern Hemisphere
temperatures, and in a few cases, global temperatures, over
that time period. The analyses in the Northern Hemisphere indicate that the 1981 to 2010 period (including the last decade)

was the warmest of at least the last 1,300 years and probably
28,29
much longer.
A reconstruction going back 11,300 years
30
ago suggests that the last decade was warmer than at least
72% of global temperatures since the end of the last ice age
20,000 years ago. The observed warming of the last century
has also apparently reversed a long-term cooling trend at midto high latitudes of the Northern Hemisphere throughout the
last 2,000 years.
Other analyses of past climates going back millions of years indicate that past periods with high levels (400 ppm or greater)
of CO2 were associated with temperatures much higher than
31
today’s and with much higher sea levels.

Precipitation Trends: Past Century, Past 30+ Years

Figure 11. Global precipitation trends for the period 1901-2012 (top) and 1979-2012
(bottom). (Figure source: NOAA NCDC / CICS-NC).
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1700 Years of Temperature Change from Proxy Data

Figure 12. Changes in the temperature of the Northern Hemisphere from surface
observations (in red) and from proxies (in black; uncertainty range represented by
shading) relative to 1961-1990 average temperature. These analyses suggest that current
temperatures are higher than seen globally in at least the last 1700 years, and that the
last decade (2001 to 2010) was the warmest decade on record. (Figure source: adapted
27
from Mann et al. 2008 ).

Supplemental Message 3.
Natural variability, including El Niño events and other recurring patterns of ocean-atmosphere
interactions, influences global and regional temperature and precipitation over
timescales ranging from months up to a decade or more.
Natural variations internal to the Earth’s climate system can
drive increases or decreases in global and regional temperatures, as well as affect precipitation and drought patterns
around the world. Today, average temperature, precipitation,
and other aspects of climate are determined by a combination
of human-induced changes superimposed on natural variations in both internal and external factors such as the sun and
volcanoes (see Supplemental Message 1). The relative magnitudes of the human and natural contributions to temperature
and climate depend on both the time and spatial scales considered. The magnitude of the effect humans are having on global
temperature specifically, and on climate in general, has been
steadily increasing since the Industrial Revolution. At the global
scale, the human influence on climate can be either masked or
augmented by natural internal variations over timescales of a
32
decade or so (for example, Tung and Zhou 2013 ). At regional
and local scales, natural variations have an even larger effect.
Over longer periods of time, however, the influence of internal
natural variability on the Earth’s climate system is negligible; in
other words, over periods longer than several decades, the net
effect of natural variability tends to sum to zero.
There are many modes of natural variability within the climate
system. Most of them involve cyclical exchanges of heat and
energy between the ocean and atmosphere. They are mani-

fested by recurring changes in sea surface temperatures, for
example, or by surface pressure changes in the atmosphere.
While many global climate models are able to simulate the spatial patterns of ocean and atmospheric variability associated
with these modes, they are less able to capture the chaotic
33
variability in the timescales of the different modes.
The largest and most well-known mode of internal natural
variability is the El Niño/Southern Oscillation or ENSO. This
natural mode of variability was first identified as a warm
current of ocean water off the coast of Peru, accompanied
by a shift in pressure between two locations on either side of
the Pacific Ocean. Although centered in the tropical Pacific,
ENSO affects regional temperatures and precipitation around
the world by heating or cooling the lower atmosphere in low
latitudes, thereby altering pressure gradients aloft. These
pressure gradients, in turn, drive the upper-level winds and
the jet stream that dictates patterns of mid-latitude weather,
as shown in Figure 13. In the United States, for example, the
warm ENSO phase (commonly referred to as El Niño) is usually
associated with heavy rainfall and flooding in California and
34
the Southwest, but decreased precipitation in the Northwest.
El Niño conditions also tend to suppress Atlantic hurricane
formation by increasing the amount of wind shear in the region
35
where hurricanes form. The cool ENSO phase (usually called
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La Niña and El Niño Patterns

Figure 13. Typical January-March weather conditions and atmospheric circulation (jet streams shown by red and blue arrows)
during La Niña and El Niño conditions. Cloud symbols show areas that are wetter than normal. During La Niña, winters tend
to be unusually cold in eastern Alaska and western Canada, and dry throughout the southern United States. El Niño leads to
unusually warm winter conditions in the northern U.S. and wetter than average conditions across the southern U.S. (Figure
source: NOAA).

Warming Trend and Effects of El Niño/La Niña
GISTEMP Land-Ocean Index

Figure 14. Trends in globally and annually averaged temperature when considering
whether it was an El Niño year, a La Niña year, or a neutral year (no El Niño or
La Niña event). The average global temperature is 0.4ºF higher in El Niño years
than in La Niña years. However, all trends show the same significant increase in
temperature over the past 45 years. The years for the short-term cooling effect
following the Mt. Pinatubo volcanic eruption are not included in the trends. (Figure
38
source: adapted from John Nielsen-Gammon 2012. Data from NASA GISS
39
40
temperature dataset and Climate Prediction Center Niño 3.4 index ).
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36

La Niña) is associated with dry conditions in the Central Plains,
as well as a more active Atlantic hurricane season. Although
these and other conditions are typically associated with ENSO,
no two ENSO events are exactly alike.
Natural modes of variability such as ENSO can also affect global
temperatures. In general, El Niño years tend to be warmer than
average and La Niña years, cooler. The strongest El Niño event
recorded over the last hundred years occurred in 1998. Superimposed on the long-term increase in global temperatures due
to human activities, this event caused record high global temperatures. After 1998, the El Niño event subsided, resulting in
a slowdown in the temperature increase since 1998. Overall,
however, years in which there are El Niño, La Niña, or neutral
conditions all show similar long-term warming trends in global
temperature (see Figure 14).

Southeast and parts of the Great Plains and Midwest regions
did not show much warming over that time period, though
they have warmed in recent decades. Explanations include
41
increased cloud cover and precipitation, increased small
particles from coal burning, natural factors related to forest
42
43
re-growth, decreased heat flux due to irrigation, and multidecade variability in North Atlantic and tropical Pacific sea sur44,45
face temperatures.
The importance of tropical Pacific and
Atlantic sea surface temperatures on temperature and precipitation variability over the central U.S. has been particularly
highlighted by many studies. Over the next few decades, as the
multi-decadal tropical Pacific Ocean cycle continues its effect
on sea surface temperatures, the U.S. Southeast could warm at
45
a rate that is faster than the global average.
At the global scale, natural variability will continue to modify
the long-term trend in global temperature due to human activities, resulting in greater and lesser trends over relatively
short time scales. Interactions among various components of
the Earth’s climate system produce patterns of natural variability that can be chaotic, meaning that they are sensitive to the
initial conditions of the climate system. Global climate models
simulate natural variability with varying degrees of realism, but
the timing of these random variations differs among models
and cannot be expected to coincide with those of the actual
climate system. Over climatological time periods, however, the
net effect of natural internal variability on the global climate

Natural modes of variability like ENSO are not necessarily stationary. For example, there appears to have been a shift in the
pattern and timing of ENSO in the mid-1970s, with the location of the warm water pool shifting from the eastern to the
central Pacific and the frequency of events increasing. Paleoclimate studies using tree rings show that ENSO activity over the
37
last 100 years has been the highest in the last 500 years, and
both paleoclimate and modeling studies suggest that global
temperature increases may interact with natural variability in
ways that are difficult to predict. Climate models can simulate
the statistical behavior of these variaLong-Term
tions in temperature trends. For example, models can project whether some
phenomena will increase or decrease in
frequency, but cannot predict the exact
timing of particular events far into the
future.

Warming and Short-Term Variation

There are other natural modes of variability in the climate system. For example, the North Atlantic Oscillation is
frequently linked to variations in winter
snowfall along the Atlantic seaboard.
The Pacific Decadal Oscillation was first
identified as a result of its effect on the
Pacific salmon harvest. The influence of
these and other natural variations on
global temperatures is generally less
than ENSO, but local influences may be
large.
A combination of natural and human
factors explains regional “warming
holes” where temperatures actually
decreased for several decades in the
middle to late part of the last century
at a few locations around the world.
In the United States, for example, the

Figure 15. Observations of global mean surface air temperature show that although
there can be short periods with little or even no significant upward trend (red trend lines
in shaded areas), global temperature continues to rise unabated over long-term climate
timescales (black trend line). The recent period, 1998-2012, is another example of a
short-term pause embedded in the underlying warming trend. The differences between
short-term trends and the underlying (long-term) trend are often associated with modes
of natural variability such as El Niño and La Niña that redistribute heat between the
ocean and atmosphere. (Data from NOAA NCDC).
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tends to average to zero. For example, there can be warmer
years due to El Niño (such as 1998) and cooler years due to La
Niña (such as 2011), but over multiple decades the net effect
of natural variability on uncertainty in global temperature and
precipitation projections is small.

Averaging (or compositing) of projections from different models smooths out the randomly occurring natural variations in
the different models, leaving a clear signal of the long-term externally forced changes in climate, not weather. In this report,
all future projections are averaged over 20- to 30-year time
periods.

Supplemental Message 4.
Human-induced increases in atmospheric levels of heat-trapping gases are the main cause of
observed climate change over the past 50 years. The “fingerprints” of human-induced change
also have been identified in many other aspects of the climate system, including changes in
ocean heat content, precipitation, atmospheric moisture, and Arctic sea ice.
Determining the causes of climate changes is a field of research
known as “detection and attribution.” Detection involves identifying a climate trend or event (for instance, long-term surface
air temperature trends, or a particularly extreme heat wave)
that is strikingly outside the norm of natural variations in the
climate system. Similar to conducting forensic analysis on evidence from a crime scene, attribution involves considering the
possible causes of an observed event or change, and identifying which factor(s) are responsible.
Detection and attribution studies use statistical analyses to
identify the causes of observed changes in temperature, pre-

cipitation, and other aspects of climate. They do this by trying
to match the complex “fingerprint” of the observed climate
system behavior to a set of simulated changes in climate that
46
would be caused by different forcings. Most approaches consider not only global but also regional patterns of changes over
time.
Climate simulations are used to test hypotheses regarding the
causes of observed changes. First, simulations that include
changes in both natural and human forcings that may cause
climate changes, such as changes in energy from the sun and
increases in heat-trapping gases, are used to characterize what

Detection and Attribution as Forensics

Figure 16. Simplified image of the methodology that goes into detection and attribution of climate changes. The natural factors
considered usually include changes in the sun’s output and volcanic eruptions, as well as natural modes of variability such as El
Niño and La Niña. Human factors include the emissions of heat-trapping gases and particles as well as clearing of forests and other
land-use changes. (Figure source: NOAA NCDC / CICS-NC).
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Human Influences Apparent in Many Aspects of the Changing Climate

Figure 17. Figure shows examples of the many aspects of the climate system in which changes have
been formally attributed to human emissions of heat-trapping gases and particles by studies published
in peer-reviewed science literature. For example, observed changes in surface air temperature at
both the global and continental levels, particularly over the past 50 years or so, cannot be explained
without including the effects of human activities. While there are undoubtedly many natural factors
that have affected climate in the past and continue to do so today, human activities are the dominant
contributor to recently observed climate changes. (Figure source: NOAA NCDC).

effect those factors would have had working together. Then,
simulations with no changes in external forcings, only changes
due to natural variability, are used to characterize what would
be expected from normal internal variations in the climate. The
results of these simulations are compared to observations to
see which provides the best match for what has really occurred.
Detection and attribution studies have been applied to study a
broad range of changes in the climate system as well as a number of specific extreme events that have occurred in recent
years. These studies have found that human influences are the
only explanation for the observed changes in climate over the
last half-century. Such changes include increases in surface
46,47
temperatures,
changes in atmospheric vertical tempera48
49
ture profiles, increases in ocean heat content, increasing at50
51
mospheric humidity, increases in intensity of precipitation
52
and in runoff, indirectly estimated through changes in ocean
53
54
salinity, shifts in atmospheric circulation, and changes in a

46

host of other indices. Taken together these paint a coherent
picture of a planet whose climate is changing primarily as a result of human activities.
Detection and attribution of specific events is more challenging than for long-term trends as there are less data, or
evidence, available from which to draw conclusions. Attribu56
tion of extreme events is especially scientifically challenging.
Many extreme weather and climate events observed to date
are within the range of what could have occurred naturally, but
the probability, or odds, of some of these very rare events oc57
curring has been significantly altered by human influences on
the climate system. For example, studies have concluded that
there is a detectable human influence in recent heat waves
58
59
60
in Europe, Russia, and Texas as well as flooding events in
61
England and Wales, the timing and magnitude of snowmelt
62,63
and resulting streamflow in some western U.S. states,
and
64
some specific events around the globe during 2011.

751

CLIMATE CHANGE IMPACTS IN THE UNITED STATES

APPENDIX 3: CLIMATE SCIENCE

Only Human Influence Can Explain Recent Warming

Figure 18. Changes in surface air temperature at the continental and global scales can only be explained by
the influence of human activities on climate. The black line depicts the annually averaged observed changes.
The blue shading shows climate model simulations that include the effects of natural (solar and volcanic) forcing
only. The orange shading shows climate model simulations that include the effects of both natural and human
contributions. These analyses demonstrate that the observed changes, both globally and on a continent-bycontinent basis, are caused by the influence of human activities on climate. (Figure source: updated from
55
Jones et al. 2013 ).
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Supplemental Message 5.
Past emissions of heat-trapping gases have already committed the world to a certain
amount of future climate change. How much more the climate will change depends on future
emissions and the sensitivity of the climate system to those emissions.
A certain amount of climate change is already inevitable due to
the build-up of CO2 in the atmosphere from human activities,
most of it since the Industrial Revolution. A decrease in temperature would only be expected if there was an unexpected
decrease in natural forcings, such as a reduction in the power
of the sun. The Earth’s climate system, particularly the ocean,
tends to lag behind changes in atmospheric composition by decades, and even centuries, due to the large heat capacity of the
oceans and other factors. Even if all emissions of the relevant
gases and particles from human activity suddenly stopped, a
temperature increase of 0.5°F still would occur over the next
65
few decades, and the human-induced changes in the global
66
carbon cycle would persist for thousands of years.
Global emissions of CO2 and other heat-trapping gases continue to rise. How much climate will change over this century and
beyond depends primarily on: 1) human activities and resulting
emissions, and 2) how sensitive the climate is to those changes
(that is, the response of global temperature to a change in
radiative forcing caused by human emissions). Uncertainties
in how the economy will evolve, what types of energy will be
used, or what our cities, buildings, or cars will look like in the
future all limit scientists’ ability to predict the future changes
in climate. Scientists can, however, develop scenarios – plausible projections of what might happen, under a given set of assumptions. These scenarios describe possible futures in terms
of population, energy sources, technology, heat-trapping gas
emissions, atmospheric levels of carbon dioxide, and/or global
temperature change.
Over the next few decades, the greater part of the range (or
uncertainty) in projected global and regional change is the result of natural variability and scientific limitations in our ability
to model and understand the Earth’s climate system (natural
variability is discussed in Supplemental Message 3 and scientific or model uncertainty in Supplemental Message 6). By the
second half of the century, however, scenario uncertainty (that
is, uncertainty about what will be the level of emissions from
human activities) becomes increasingly dominant in determining the magnitude and patterns of future change, particularly
67
for temperature-related aspects. Even though natural variability will continue to occur, most of the difference between
present and future climates will be determined by choices that
society makes today and over the next few decades. The further out in time we look, the greater the influence of human
choices on the magnitude of future change.
For temperature, it is clear that increasing emissions from human activities will drive consistent increases in global and most

regional temperatures and that these rising temperatures will
increase with the magnitude of future emissions (see Figure
19 and Ch. 2: Our Changing Climate, Figures 2.8 and 2.9). Uncertainty in projected temperature change is generally smaller
than uncertainty in projected changes in precipitation or other
aspects of climate.
Future climate change also depends on “climate sensitivity,”
generally summarized as the response of global temperature
to a doubling of CO2 levels in the atmosphere relative to preindustrial levels of 280 parts per million. If the only impact of
increasing atmospheric CO2 levels were to amplify the natural
greenhouse effect (as CO2 levels increase, more of the Earth’s
heat is absorbed by the atmosphere before it can escape to
space, as discussed in Supplemental Message 1), it would be
relatively easy to calculate the change in global temperature
that would result from a given increase in CO2 levels. However,
a series of feedbacks within the Earth’s climate system acts to
amplify or diminish an initial change, adding some uncertainty
to the precise climate sensitivity. Some important feedbacks
include:
•

Clouds – Will warming increase or decrease
cloudiness? Will the changes be to lower-altitude
clouds that primarily reflect the sun’s energy, or
higher clouds that trap even more heat within the
Earth system?

•

Albedo (reflectivity) – How quickly will bright white
reflective surfaces, such as snow and ice that reflect
most of the sun’s energy, melt and be replaced by
a dark ocean or land area that absorbs most of the
sun’s energy? How will vegetation changes caused by
climate change alter surface reflectivity?

•

Carbon dioxide absorption by the ocean and the
biosphere – Will the rate of uptake increase in the
future, helping to remove human emissions from the
atmosphere? Or will it decrease, causing emissions to
build up even faster than they are now?

Feedbacks are particularly important in the Arctic, where rising temperatures melt ice and snow, exposing relatively dark
land and ocean, which absorb more of the sun’s energy, heating the region even further. Rising temperatures also thaw
permafrost, releasing carbon dioxide and methane trapped
in the previously frozen ground into the atmosphere, where
they further amplify the greenhouse effect (see Supplemental
Message 1). Both of these feedbacks act to further amplify the
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initial warming due to human emissions of carbon dioxide and
other heat-trapping gases.
Together, these and other feedbacks determine the long-term
response of the Earth’s temperature to an increase in carbon
dioxide and other emissions from human activities. Past observations, including both recent measurements and studies
that look at climate changes in the distant past, cannot tell us
precisely how sensitive the climate system will be to increasing
emissions of heat-trapping gases if we are starting from today’s conditions. They can tell us, however, that the net effect
of these feedbacks will be to increase, not diminish, the direct
warming effect. In other words, the climate system will warm
by more than would be expected from the greenhouse effect
alone.
Quantifying the effect of these feedbacks on global and regional climate is the subject of ongoing data collection and
active research. As noted above, one measure used to study
these effects is the “equilibrium climate sensitivity,” which is
an estimate of the temperature change that would result, once
the climate had reached an equilibrium state, as a result of
doubling the CO2 concentration from pre-industrial levels. The
equilibrium climate sensitivity has long been estimated to be in
the range of 2.7°F to 8.1°F. The 2007 IPCC Fourth Assessment
15
Report refined this range based on more recent evidence to
conclude that the value is likely to be in the range 3.6°F to 8.1°F,
with a most probable value of about 5.4°F, based upon multiple observational and modeling constraints, and that it is very
unlikely to be less than 2.7°F. Climate sensitivities determined
from a variety of evidence agree well with this range, including
68,69
analyses of past paleoclimate changes.
This is substantially
greater than the increase in temperature from just the direct
radiative effects of the CO2 increase (around 2°F).

of this range, while others have suggested values at the lower
71,72
end of the range.
Some recent studies have even suggested
that the climate sensitivity may be less than 2.7°F based on
72
analyses of recent temperature trends. However, analyses
based on recent temperature trends are subject to significant
69
uncertainties in the treatment of natural variability, the ef73
fects of volcanic eruptions, and the effects of recent acceler74
ated penetration of heat to the deep ocean.
The equilibrium climate sensitivity is sometimes confused with
the “transient climate response,” defined as the temperature
change for a 1% per year CO2 increase, and calculated using the
difference between the start of the experiment and a 20-year
period centered on the time of CO2 doubling. This value is generally smaller than the equilibrium climate sensitivity because
of the slow rate at which heat transfers between the oceans
and the atmosphere due to transient heat uptake of the ocean.
The transient climate response is better constrained than the
15
equilibrium climate sensitivity. It is very likely larger than
1.8°F and very unlikely to be greater than 5.4°F. This transient
response includes feedbacks that respond to global temperature change over timescales of years to decades. These “fast”
feedbacks include increases in atmospheric water vapor, reduction of ice and snow, warming of the ocean surface, and
changes in cloud characteristics. The entire response of the climate system will not be fully seen until the deep ocean comes
into balance with the atmosphere, a process that can take
thousands of years.
Combining the uncertainty due to climate sensitivity with the
uncertainty due to human activities produces a range of future temperature changes that overlap over the first half of
this century, but begins to separate over the second half of the
century as emissions and atmospheric CO2 levels diverge.

70

Some recent studies (such as Fasullo and Trenberth 2012 )
have suggested that climate sensitivities are at the higher end
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Emissions, Concentrations, and Temperature Projections

Figure 19. Two families of scenarios are commonly used for future climate projections: the 2000 Special Report on Emission
Scenarios (SRES, left) and the 2010 Representative Concentration Pathways (RCP, right). The SRES scenarios are named by
family (A1, A2, B1, and B2), where each family is designed around a set of consistent assumptions: for example, a world that is more
integrated or more divided. In contrast, the RCP scenarios are simply numbered according to the change in radiative forcing (from
+2.6 to +8.5 watts per square meter) that results by 2100. This figure compares SRES and RCP annual carbon emissions (top),
carbon dioxide equivalent levels in the atmosphere (middle), and temperature change that would result from the central estimate
(lines) and the likely range (shaded areas) of climate sensitivity (bottom). At the top end of the range, the older SRES scenarios are
slightly higher. Comparing carbon dioxide concentrations and global temperature change between the SRES and RCP scenarios,
SRES A1fI is similar to RCP 8.5; SRES A1B to RCP 6.0 and SRES B1 to RCP 4.5. The RCP 2.6 scenario is much lower than any
SRES scenario because it includes the option of using policies to achieve net negative carbon dioxide emissions before end of
century, while SRES scenarios do not. (Data from CMIP3 and CMIP5).
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Projected Annually-Averaged Temperature Change

Figure 20. Projected change in surface air temperature at the end of this century (2071-2099) relative to the end of the last century
(1970-1999). The older generation of models (CMIP3) and SRES emissions scenarios are on the left side; the new models (CMIP5)
and scenarios are on the right side. The scenarios are described under Supplemental Message 5 and in Figure 19. Differences
between the old and new projections are mostly a result of the differences in the scenarios of the emission of heat-trapping gases
rather than the increased complexity of the new models. None of the new scenarios are exactly the same as the old ones, although
at the end of the century SRES B1 and RCP 4.5 are roughly comparable, as are SRES A1B and RCP 6.0. (Figure source: NOAA
NCDC / CICS-NC).

756

CLIMATE CHANGE IMPACTS IN THE UNITED STATES

APPENDIX 3: CLIMATE SCIENCE

Projected Wintertime Precipitation Changes

Figure 21. Projected changes in wintertime precipitation at the end of this century (2071-2099) relative to the average for 1970-1999.
The older generation of models (CMIP3) and emissions scenarios are on the left side; the new models (CMIP5) and scenarios are
on the right side. Hatched areas indicate that the projected changes are significant and consistent among models. White areas
indicate that the changes are not projected to be larger than could be expected from natural variability. In both sets of projections,
the northern parts of the U.S. (and Alaska) become wetter. Increases in both the amount of precipitation change and the confidence
in the projections go up as the projected temperature rises. In the farthest northern parts of the U.S., much of the additional winter
precipitation will still fall as snow. This is not likely to be the case farther south. (Figure source: NOAA NCDC / CICS-NC).
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Projected Summertime Precipitation Changes

Figure 22. Projected changes in summertime precipitation toward the end of this century (2071-2099) relative to the average for
1970-1999. The older generation of models (CMIP3) and emissions scenarios are on the left side; the new models (CMIP5) and
scenarios are on the right side. Hatched areas indicate that the projected changes are significant and consistent among models.
White areas indicate confidence that the changes are not projected to be larger than could be expected from natural variability.
In most of the contiguous U.S., decreases in summer precipitation are projected, but not with as much confidence as the winter
increases. When interpreting maps of temperature and precipitation projections, readers are advised to pay less attention to small
details and greater attention to the large-scale patterns of change. (Figure source: NOAA NCDC / CICS-NC).
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Carbon Emissions: Historical and Projected

Figure 23. Historical emissions of carbon from fossil fuel (coal, oil, and gas) combustion and
land-use change (such as deforestation) have increased over time. The growth rate was nearly
three times greater during the 2000s as compared to the 1990s. This figure compares the
observed historical (black dots) and projected future SRES (orange dashed lines) and RCP (blue
75
solid lines) carbon emissions from 1970 to 2030. (Data from Boden et al. 2011 plus preliminary
values for 2009 and 2010 based on BP statistics and U.S. Geological Survey cement data).
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Supplemental Message 6.
Different kinds of physical and statistical models are used to study aspects of past climate
and develop projections of future change. No model is perfect, but many of them provide
useful information. By combining and averaging multiple models, many clear trends emerge.
Climate scientists use a wide range of observational and computational tools to understand the complexity of the Earth’s
climate system and to study how that system responds to external forces, including the effect of humans on climate. Observational tools are described in Supplemental Message 2.
Computational tools include models that simulate different
parts of the climate system. The most sophisticated computational tools used by climate scientists are global climate models (previously referred to as “general circulation models”), or
GCMs. Global climate models are mathematical models that
simulate the physics, chemistry, and, increasingly, the biology
that influence the climate system. GCMs are built on fundamental equations of physics that include the conservation of
energy, mass, and momentum, and how these are exchanged
among different parts of the climate system. Using these fundamental relationships, the models generate many important
features that are evident in the Earth’s climate system: the jet
stream that circles the globe 30,000 feet above the Earth’s surface; the Gulf Stream and other ocean currents that transport
heat from the tropics to the poles; and even, when the models
can be run at a fine enough spatial resolution to capture these
features, hurricanes in the Atlantic and typhoons in the Pacific.
GCMs and other physical models are subject to two main types
of uncertainty. First, because scientific understanding of the
climate system is not complete, a model may not include an
important process. This could be because that process is not
yet recognized, or because it is known but is not yet understood well enough to be modeled accurately. For example, the
models do not currently include adequate treatments of dynamical mechanisms that are important to melting ice sheets.
The existence of these mechanisms is known, but they are
not yet well enough understood to simulate accurately at the
global scale. Also, observations of climate change in the distant
past suggest there might be “tipping points,” or mechanisms
of abrupt changes in climate change, such as shifts in ocean
76
circulation, that are not adequately understood. These are
discussed further in Appendix 4: FAQ T.
Second, many processes occur at finer temporal and spatial
(time and space) scales than models can resolve. Models instead must approximate what these processes would look like
at the spatial scale that the model can resolve using empirical equations, or parameterizations, based on a combination
of observations and scientific understanding. Examples of
important processes that must be parameterized in climate
models include turbulent mixing, radiational heating/cooling,
and small-scale physical processes such as cloud formation and

precipitation, chemical reactions, and exchanges between the
biosphere and atmosphere. For example, these models cannot represent every raindrop. However, they can simulate the
total amount of rain that would fall over a large area the size
of a grid cell in the model. These approximations are usually
derived from a limited set of observations and/or higher resolution modeling and may not hold true for every location or
under all possible conditions.
GCMs are constantly being enhanced as scientific understanding of climate improves and as computational power increases.
For example, in 1990, the average model divided up the world
into grid cells measuring more than 300 miles per side. Today,
most models divide the world up into grid cells of about 60 to
100 miles per side, and some of the most recent models are
able to run short simulations with grid cells of only 15 miles
per side. Supercomputer capabilities are the primary limitation
on grid cell size. Newer models also incorporate more of the
physical processes and components that make up the Earth’s
climate system. The very first global climate models were
designed to simulate only the circulation of the atmosphere.
Over time, the ocean, clouds, land surface, ice, snow, and other
features were added one by one. Most of these features were
new modules that were developed by experts in those fields
and then added into an existing GCM framework. Today, there
are more than 35 GCMs created and maintained by more than
20 modeling groups around the world. Some of the newest
models are known as Earth System Models, or ESMs, which
include all the previous components of a typical GCM but also
incorporate modules that represent additional aspects of the
climate system, including agriculture, vegetation, and the carbon cycle.
Some models are more successful than others at reproducing
77
observed climate and trends over the past century, or the
large-scale dynamical features responsible for creating the
average climate conditions over a certain region (such as the
78
79
Arctic or the Caribbean ). Evaluation of models’ success
often depends on the variable or metric being considered in the
analysis, with some models performing better than others for
80
certain regions or variables. However, all future simulations
agree that both global and regional temperatures will increase
over this century in response to increasing emissions of heat15
trapping gases from human activities.
Differences among model simulations over several years to
several decades arise from natural variability (as discussed in
Supplemental Message 3) as well as from different ways models characterize various small-scale processes. Averaging simu-
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lations from multiple models removes the effects of randomly
occurring natural variations. The timing of natural variations
is largely unpredictable beyond several seasons (although
such predictability is an active research area). For this reason,
model simulations are generally averaged (as the last stage in
any analysis) to make it easier to discern the impact of external
forcing (both human and natural). The effect of averaging on
the systematic errors depends on the extent to which models
have similar errors or offsetting errors.
Despite their increasing resolution, most GCMs cannot simulate fine-scale changes at the regional to local scale. For that
reason, downscaling is often used to translate GCM projections into the high-resolution information required as input
to impact analyses. There are two types of models commonly
used for downscaling: dynamical and statistical.
Dynamical downscaling models are often referred to as regional climate models since they include many of the same
physical processes that make up a global climate model, but
simulate these processes at higher resolution and over a relatively small area, such as the Northwest or Southeast United
States. At their boundaries, regional climate models use output from GCMs to simulate what is going on in the rest of the
world. Regional climate models are computationally intensive,
but provide a broad range of output variables including atmospheric circulation, winds, cloudiness, and humidity at spatial
scales ranging from about 6 to 30 miles per grid cell. They are
also subject to the same types of uncertainty as a global model, such as not fully resolving physical processes that occur at
even smaller scales. Regional climate models have additional
uncertainty related to how often their boundary conditions
are updated and where they are defined. These uncertainties
can have a large impact on the precipitation simulated by the
models at the local to regional scale. Currently, a limited set of
regional climate model simulations based on one future scenario and output from five CMIP3 GCMs is available from the
North American Regional Climate Change Assessment Program
(these are the “NARCCAP” models used in some sections of
this report). These simulations are useful for examining certain
impacts over North America. However, they do not encompass
the full range of uncertainty in future projections due to both
human activities and climate sensitivity described in Supplemental Message 5.
Statistical downscaling models use observed relationships
between large-scale weather features and local climate to
translate future projections down to the scale of observations.
Statistical models are generally very effective at removing errors in historical simulated values, leading to a good match between the average (multi-decadal) statistics of observed and
statistically downscaled climate at the spatial scale and over

the historical period of the observational data used to train
the statistical model. However, statistical models are based
on the key assumption that the relationship between largescale weather systems and local climate will remain constant
over time. This assumption may be valid for lesser amounts of
change, but could lead to errors, particularly in precipitation
81
extremes, with larger amounts of climate change. Statistical
models are generally flexible and less computationally demanding than regional climate models. A number of databases
provide statistically downscaled projections for a continuous
period from 1960 to 2100 using many global models and a
range of higher and lower future scenarios (for example, the
U.S. Geological Survey database described by Maurer et al.
82 83,84
2007 ).
Statistical downscaling models are best suited for
analyses that require a range of future projections that reflect
the uncertainty in emissions scenarios and climate sensitivity,
at the scale of observations that may already be used for planning purposes.
Ideally, climate impact studies could use both statistical and
dynamical downscaling methods. Regional climate models can
directly simulate the response of regional climate processes to
global change, while statistical models can better remove any
biases in simulations relative to observations. However, rarely
(if ever) are the resources available to take this approach. Instead, most assessments tend to rely on one or the other type
of downscaling, where the choice is based on the needs of the
assessment. If the study is more of a sensitivity analysis, where
using one or two future simulations is not a limitation, or if it
requires many climate variables as input, then regional climate
modeling may be more appropriate. If the study needs to resolve the full range of projected changes under multiple models and scenarios or is more constrained by practical resources,
then statistical downscaling may be more appropriate. However, even within statistical downscaling, selecting an appropriate method for any given study depends on the questions
being asked. The variety of techniques ranges from a simple
“delta” (change or difference) approach (subtracting historical
simulated values from future values, and adding the resulting
delta to historical observations, as used in the first national cli85
mate assessment ) to complex clustering and neural network
techniques that rival dynamical downscaling in their demand
for computational resources and high-frequency model output
86
81
(for example, Kostopoulou and Jones 2007 ; Vrac et al. 2007 ).
The delta approach is adequate for studies that are only interested in changes in seasonal or annual average temperature.
More complex methods must be used for studies that require
information on how climate change may affect the frequency
or timing of precipitation and climate extremes.
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Modeling the Climate System

Figure 24. Some of the many processes often included in models of the Earth’s climate system. (Figure source: Karl
87
and Trenberth 2003 ).
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Increasing Model Resolution

Figure 25. Top: Illustration of the eastern North American
topography in a resolution of 68 x 68 miles (110 x 110 km).
Bottom: Illustration of the eastern North American topography
in a resolution of 19 x 19 miles (30 x 30 km).
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Figure 26. The development of climate models
over the last 35 years showing how the different
components were coupled into comprehensive
climate models over time. In each aspect (for
example, the atmosphere, which comprises a wide
range of atmospheric processes) the complexity
and range of processes has increased over time
(illustrated by growing cylinders). Note that during
the same time the horizontal and vertical resolution
has increased considerably. (Figure source:
88
adapted from Cubasch et al. 2013 ).
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Supplemental Message 7.
Scientific understanding of observed temperature changes in the United States has greatly
improved, confirming that the U.S. is warming due to heat-trapping gas emissions,
consistent with the climate change observed globally.
There have been substantial recent advances in our understanding of the continental U.S. temperature records. Numerous studies have looked at many different aspects of the re28,89,90,91,92,93
cord.
These studies have increased confidence that
the U.S. is warming, and refined estimates of how much.
Historical temperature data are available for thousands of
weather stations. However, for a variety of practical and often
unavoidable reasons, there have been frequent changes to individual stations and to the network as a whole. Two changes
are particularly important. The first is a widespread change in
the time at which observers read their thermometers. Second,
most stations now use electronic instruments rather than traditional glass thermometers.
Extensive work has been done to document the effect of these
changes on historical temperatures. For example, the change
from afternoon to morning observations resulted in systematically lower temperatures for both maximum and minimum, ar93,94
tificially cooling the U.S. temperature record by about 0.5°F.
The change in instrumentation was equally important but
more complex. New electronic instruments generally recorded
higher minimum temperatures, yielding an artificial warming
of about 0.25°F, and lower maximum temperatures, resulting
in an artificial cooling of about 0.5°F. This has been confirmed
95
by extended period side-by-side instrument comparisons.
Confounding this, as noted by a recent citizen science effort,
the new instruments were often placed nearer buildings or
96
other man-made structures. Analyses of the changes in siting
indicate that this had a much smaller effect than the change in
89,91,93
instrumentation across the network as a whole.
Extensive work has been done to develop statistical adjustments that carefully remove these and other non-climate
elements that affect the data. To confirm the efficacy of the
adjustments, several sensitivity assessments have been undertaken. These include:
•

a comparison with the U.S. Climate Reference
91,97
Network;

•

analyses to evaluate biases and uncertainties;

•

comparisons to a range of state-of-the-art
92
meteorological data analyses; and

•

in-depth analyses of the potential impacts of
90
urbanization.

These assessments agree that the corrected data do not overestimate the rate of warming. Rather, because the average
effect of these issues was to reduce recorded temperatures,
adjusting for these issues tends to reveal a larger long-term
warming trend. The impact is much larger for maximum temperature as compared to minimum temperature because the
adjustments account for two distinct artificial cooling signals:
the change in observation time and the change in instrumentation. The impact is smaller for minimum temperature because
the artificial signals roughly offset one another (the change in
observation time cooling the record, the change in instrumentation warming the record). Even without these adjustments,
however, both maximum and minimum temperature records
show increases over the past century.
Geographically, maximum temperature has increased in most
areas except in parts of the western Midwest, northeastern
Great Plains, and the Southeast regions. Minimum temperature exhibits the same pattern of change with a slightly greater
area of increases. The causes of these slight differences between maximum and minimum temperature are a subject of
98
ongoing research. In general, the uncorrected data exhibit
more extreme trends as well as larger spatial variability; in
other words, the adjustments have a smoothing effect.
The corrected temperature record also confirms that U.S. average temperature is increasing in all four seasons. The heat that
occurred during the Dust Bowl era is prominent in the summer
record. The warmest summer on record was 1936, closely followed by 2012. However, twelve of the last fourteen summers
have been above average. Temperatures during the other seasons have also generally been above average in recent years.

93
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Trends in Maximum and Minimum Temperatures

Figure 27. Geographic distribution of linear trends in the U.S. Historical Climatology Network for the period 1895-2011.
91
(Figure source: updated from Menne et al. 2009 ).
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U.S. Seasonal Temperatures

Figure 28. Continental U.S. seasonal temperatures (relative to the 1901-1960 average) for winter, spring, summer, and fall all show
evidence of increasing trends. Dashed lines show the linear trends. Stronger trends are seen in winter and spring as compared to
99
summer and fall. (Figure source: updated from Kunkel et al. 2013 ).
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Supplemental Message 8.
Many other indicators of rising temperatures have been observed in the United States. These
include reduced lake ice, glacier retreat, earlier melting of snowpack, reduced lake levels,
and a longer growing season. These and other indicators are expected to
continue to reflect higher temperatures.
While surface air temperature is the most widely cited measure of climate change, other aspects of climate that are affected by temperature are often more directly relevant to both
human society and the natural environment. Examples include
shorter duration of ice on lakes and rivers, reduced glacier extent, earlier melting of snowpack, reduced lake levels due to
increased evaporation, lengthening of the growing season, and
changes in plant hardiness zones. Changes in these and many
other variables are consistent with the recent warming over
much of the United States. Taken as a whole, these changes
provide compelling evidence that increasing temperatures are
affecting both ecosystems and human society.
Striking decreases in the coverage of ice on the Great Lakes
have occurred over the last few decades (see Ch 2: Our Changing Climate, Key Message 11). The annual average ice cover
area for the Great Lakes, which typically shows large year-to100
year variability, has sharply declined over the last 30+ years.
Based on records covering the winters of 1972-1973 through
2010-2011, 12 of the 19 winters prior to 1991-1992 had annual average ice cover greater than 20% of the total lake area
while 15 of the 20 winters since 1991-1992 have had less than
20% of the total lake area covered with ice. This
includes the three lowest ice extent winters of
1997-1998, 2001-2002, and 2005-2006. A reduction in ice leading to more open water in winter
raises concerns about possible increases in lake
effect snowfall, although future trends will also
depend on the difference between local air and
water temperatures.

are an indication of higher lake temperatures, as it takes longer
for the warmer water to freeze in winter. Prior to 1950, the
absence of winter ice cover on Lake Champlain was rare, occurring just three times in the 1800s and four times between
1900 and 1950. By contrast, it remained ice-free during 42%
of the winters between 1951 and 1990, and since 1991, Lake
Champlain has remained ice-free during 64% of the winters.
One- to two-week advances of ice breakup dates and similar
length delays of freeze-up dates are also typical of lakes and
15
rivers in Canada, Scandinavia, and northern Asia.
While shorter durations of lake ice enhance navigational opportunities during winter, decreasing water levels in the Great
Lakes present risks to navigation, especially during the summer. Water levels on Lakes Superior, Michigan, and Ontario
have been below their long-term (1918-2008) averages for
103
much of the past decade. The summer drought of 2012
left Lakes Michigan and Ontario approximately one foot below their long-term averages. As noted in the second national
1
climate assessment, projected water level reductions for this
century in the Great Lakes range from less than a foot under
lower emissions scenarios to between 1 and 2 feet under high-

Ice Cover on Lake Mendota

Smaller lakes in other parts of the country show
similar changes. For example, the total duration of
ice cover on Lake Mendota in Madison, Wisconsin, has decreased from about 120 days in the late
1800s to less than 100 days in most years since
101
1990. Average dates of spring ice disappearance
on Minnesota lakes show a trend toward earlier
melting over the past 60 years or so. These changes affect the recreational and commercial activities of the surrounding communities.
A long-term record of the ice-in date (the first
date in winter when ice coverage closes the lake
to navigation) on Lake Champlain in Vermont
shows that the lake now freezes approximately
two weeks later than in the early 1800s and over a
102
week later than 100 years ago. Later ice-in dates

Figure 29. The duration, or number of days, of ice cover on Lake Mendota,
Wisconsin, has decreased over time. The 10 longest ice seasons are marked
by blue circles, and the 11 shortest ice seasons are marked by red circles.
Seven of the 10 shortest ice cover seasons have occurred since 1980. (Figure
107
source: Kunkel et al. 2013 ).
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Streamflow from Snowmelt
Coming Earlier in the Year

water levels represent evolving research and are still subject to
considerable uncertainty.
In the U.S. Southwest, indications of a changing climate over
the last five decades include decreases in mountain snow108
109,110
pack, earlier dates of snowmelt runoff,
earlier onset of
spring (as indicated by shifts in the timing of plant blooms and
111
spring snowmelt-runoff pulses), general shifts in western
112
hydroclimatic seasons, and trends toward more precipita113
tion falling as rain instead of snow over the West. The ratio
of precipitation falling as rain rather than snow, the amount
of water in snowpack, and the timing of peak stream flow on
snowmelt-fed rivers all changed as expected with warming
over the past dozen years, relative to the last century base62
lines.
Changing temperatures affect vegetation through lengthening
of the frost-free season and the corresponding growing season, and changing locations of plant tolerance thresholds. The
U.S. average frost-free season length (defined as the number
of days between the last and first occurrences of 32°F in spring
and autumn, respectively) increased by about two weeks dur114
ing the last century. The increase was much greater in the
western than in the eastern United States. Consistent with the
recent observed trends in frost-free season length, the largest
projected changes in growing season length are in the mountainous regions of the western United States, while smaller
changes are projected for the Midwest, Northeast, and Southeast. Related plant and animal changes include a northward
115
shift in the typical locations of bird species and a shift since
the 1980s toward earlier first-leaf dates for lilac and honey116
suckle.

Figure 30. At many locations in the western U.S., the timing
of streamflow in rivers fed by snowpack is shifting to earlier
in the year. Red dots indicate stream gauge locations where
half of the annual flow is now arriving anywhere from 5 to 20
days earlier each year for 2001-2010, relative to the 19512000 average. Blue dots indicate locations where the annual
flow is now arriving later. Crosses indicate locations where
observed changes are not statistically different from the past
century baseline at 90% confidence levels, diamonds indicate
gauges where the timing difference was significantly different
at 90% confidence, and dots indicate gauges where timing
was different at 95% confidence level. (Updated from Stewart
110
et al. 2005 ).

er emissions scenarios, with the smallest changes projected
for Lake Superior and the largest change projected for Lakes
83
Michigan and Huron. A notable feature is the large range
104
(several feet) of water level projections among models.
More recent studies have indicated that earlier approaches
to computing evapotranspiration estimates from temperature
105
may have overestimated evaporation losses. Accounting for
land-atmosphere feedbacks may further reduce the estimates
106
of lake level declines. These recent studies, along with the
large spread in models, indicate that projections of Great Lakes

Plant hardiness zones are determined primarily by the ex117
tremes of winter cold. Maps of plant hardiness have guided
the selection of plants for both ornamental and agricultural
purposes, and these zones are changing as climate warms.
Plant hardiness zones for the U.S. have recently been updated
using the new climate normals (1981-2010), and these zones
show a northward shift by up to 100 miles relative to the zones
based on the older (1971-2000) normals. Even greater northward shifts, as much as 200 miles, are projected over the next
30 years as warming increases. Projected shifts are largest in
the major agricultural regions of the central United States.
Evidence of a warming climate across the U.S. is based on a
host of indicators: hydrology, ecology, and physical climate.
Most of these are changing in ways consistent with increasing
temperatures, and are expected to continue to change in the
future as a result of ongoing increases in human-induced heattrapping gas emissions.
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Shifts in Plant Hardiness Zones

Figure 31. The map on the left shows the change in Plant Hardiness Zones calculated from those based on the 1971-2000 climate
to those based on the 1981-2010 climate. Even greater changes are projected over the next 30 years (right). (Figure source: NOAA).

Supplemental Message 9.
Trends in some types of extreme weather events have been observed in recent decades,
consistent with rising temperatures. These include increases in heavy precipitation
nationwide, especially in the Midwest and Northeast; heat waves, especially in the West; and
the intensity of Atlantic hurricanes. These trends are expected to continue. Research on
climate change’s effects on other types of extreme events continues.
High impact, large-scale extreme events are complex phenomena involving various factors that can vcreate a “perfect
storm.” Such extreme weather occurs naturally. However, the
influence of human activities on global climate is altering the
frequency and/or severity of many of these events.
Observations show that heavy downpours have already increased nationally. Regional and global models project in118
creases in extreme precipitation for every U.S. region. Precipitation events tend to be limited by available moisture. For
the heaviest, most rare events, there is strong evidence from
119
118,120
observations and models
that higher temperatures and
the resulting moister atmosphere are the main cause of these
observed and projected increases. Other factors that may also
have an influence on observed U.S. changes in extreme precipitation are land-use changes (for example, changes in irriga121,122
tion
) and a shift in the number of El Niño events versus La
Niña events.

Climate change can also alter the characteristics of the atmosphere in ways that affect weather patterns and storms. In the
mid-latitudes, where most of the continental U.S. is located,
there is an increasing trend in extreme precipitation in the
vicinity of fronts associated with mid-latitude storms (also
123
referred to as extra-tropical [outside the tropics] cyclones ).
124
There is also a northward shift in storms over the U.S. that
are often associated with extreme precipitation. This shift is
125
consistent with projections of a warming world. No change in
mid-latitude storm intensity or frequency has been detected.
In the tropics, the most important types of storms are tropical cyclones, referred to as hurricanes when they occur in the
Atlantic Ocean. Over the 40 years of satellite monitoring, there
has been a shift toward stronger hurricanes in the Atlantic,
with fewer Category 1 and 2 hurricanes and more Category 4
and 5 hurricanes. There has been no significant trend in the
126
global number of tropical cyclones nor has any trend been
1
identified in the number of U.S. landfalling hurricanes. Two
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Extreme Precipitation

99

Figure 32. Heavy downpours are increasing nationally, with especially large increases in the Midwest and Northeast. Despite
considerable decadal-scale natural variability, indices such as this one based on 2-day precipitation totals exceeding a threshold
for a 1-in-5-year occurrence exhibit a greater than normal occurrence of extreme events since 1991 in all U.S. regions except
Alaska and Hawai‘i. Each bar represents that decade’s average, while the far right bar in each graph represents the average for
the 12-year period of 2001-2012. Analysis is based on 726 long-term, quality-controlled station records. This figure is a regional
99
expansion of the national index in Figure 2.16 of Chapter 2. (Figure source: updated from Kunkel et al. 2013 ).

studies have found an upward trend in the number of extreme
127
precipitation events associated with tropical cyclones, but
122
significant uncertainties remain. A change in the number of
Atlantic hurricanes has been identified, but interpreting its significance is complicated both by multi-decadal natural variabil128
ity and the reliability of the pre-satellite historical record.
The global satellite record shows a shift toward stronger tropi126,129
cal cyclones,
but does not provide definitive evidence of
a long-term trend. Nonetheless, there is a growing consensus
based on scientific understanding and very-high-resolution
atmospheric modeling that the strongest tropical cyclones, including Atlantic hurricanes, will become stronger in a warmer
130
world.
The number of heat waves has been increasing in recent years.
On a decadal basis, the decade of 2001-2010 had the second
highest number since 1901 (first is the 1930s). This trend has
continued in 2011 and 2012, with the number of intense heat
waves being almost triple the long-term average. Region-

ally, the Northwest, Southwest, and Alaska had their highest
number of heat waves in the 2000s, while the 1930s were the
highest in the other regions (note that the Alaskan time series
begins in the 1950s). For the number of intense cold waves, the
national-average value was highest in the 1980s and lowest in
the 2000s. The lack of cold waves in the 2000s was prevalent
throughout the contiguous U.S. and Alaska. Climate model
simulations indicate that the recent trends toward increasing
frequency of heat waves and decreasing frequency of cold
waves will continue in the future.
The data on the number and intensity of severe thunderstorm
phenomena (including tornadoes, thunderstorm winds, and
hail) are not of sufficient quality to determine whether there
119
have been historical trends. This scarcity of high-quality
data, combined with the fact that these phenomena are too
131
small to be directly represented in climate models, makes
it difficult to project how these storms might change in the
future.
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Supplemental Message 10.
Drought and fire risk are increasing in many regions as temperatures and evaporation rates
rise. The greater the future warming, the more these risks will increase,
potentially affecting the entire United States.
As temperatures rise, evaporation
rates increase, which (all else remaining equal) would be expected to lead to
131
increased drying. The Palmer Drought
132
Severity Index (PDSI), a widely used
indicator of dryness that incorporates
both precipitation and temperaturebased evaporation estimates, does
not show any trend for the U.S. as a
133
whole over the past century. However, drought intensity and frequency
have been increasing over much of the
western United States, especially during
the last four decades. In the Southeast,
western Great Lakes, and southern
Great Plains, droughts have increased
during the last 40 years, but do not
show an increase when examined over
longer periods encompassing the entire
last century. In the Southwest, drought
has been widespread since 2000; the
average value of the PDSI during the
2000s indicated the most severe average drought conditions of any decade.
The severity of recent drought in the
Southwest reflects both the decade’s
low precipitation and high temperatures.

Percent of West in Summer Drought

Figure 33. The area of the western U.S. in moderately to extremely dry conditions
during summer (June-July-August) varies greatly from year to year but shows a longterm increasing trend from 1900 to 2012. (Data from NOAA NCDC State of the Climate
Drought analysis).

Changing Forest Fires in the U.S.
134

Seasonal and multi-year droughts affect wildfire severity.
For example, persistent drought conditions in the Southwest,
combined with wildfire suppression and land management
135
practices, have contributed to wildfires of unprecedented
size since 2000. Five western states (Arizona, Colorado, Utah,
California, and New Mexico) have experienced their largest
fires on record at least once since 2000. Much of the increase
in fires larger than 500 acres occurred in the western United
States, and the area burned in the Southwest increased more
than 300% relative to the area burned during the 1970s and
136
early 1980s.
Droughts on a duration and scale that affect agriculture are
projected to increase in frequency and severity in this century
due to higher temperatures. Projections of the Palmer Drought
Severity Index at the end of this century indicate that the normal state for most of the nation will be what is considered
137,138
moderate to severe drought today.
The PDSI is used by
several states for monitoring drought and for triggering certain
139
actions. It is also one component of the U.S. Drought Moni140
tor. The closely related Palmer Hydrological Index is the most
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Figure 34. Although the average number of wildfires per year
(black line) has decreased over time, the total area burned by
wildfires (orange bars) in the continental U.S. (primarily in the
western states) has nearly doubled since 2000 relative to the
long-term 1960-1999 average (data shown are for 1960-2011).
(Data from the National Interagency Fire Center).
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Extreme Drought in the U.S. and Mexico, Past and Future

Figure 35. The fractional areal extent of the contiguous U.S. and Mexico in
extreme drought according to projections of the Palmer Drought Severity Index
under an intermediate emissions scenario (SRES A1B, in between the B1 and
A2 scenarios used elsewhere in this report) (Supplemental Message 5 and Ch.
2: Our Changing Climate, Key Message 3). The Palmer Drought Severity Index
is the most widely used measure of drought, although it is more sensitive to
temperature than other drought indices and may over-estimate the magnitude
of drought increases. The red line is based on observed temperature and
precipitation. The blue line is from the average of 19 different climate models.
The gray lines in the background are individual results from over 70 different
simulations from these models. These results suggest an increasing probability
of agricultural drought over this century throughout most of the U.S. (Figure
138
source: Wehner et al. 2011 ).

important component of NOAA’s Objective Long-term Drought
141
Indicator Blend, which is used by the U.S. Department of Agriculture to identify counties that are eligible to participate in
certain Federal Government drought relief programs. The U.S.
Drought Monitor is used by some states for similar purposes.
Despite its widespread usage, the PDSI may be overly sensi142
tive to future temperature increases.
As temperatures
increase during this century, these PDSI-based monitoring

tools may over-estimate the intensity of
drought during anomalous warm periods,
so statutory adjustments to these tools may
be warranted. However, the projection of increased drought risk is reinforced by a direct
examination of future soil moisture content
projections, which reveals substantial drying
in most areas of the western U.S (Ch. 2: Our
Changing Climate, Key Message 3).
Provided the wood and ground litter has
dried out, the area of forest burned in many
mid-latitude areas, including the western
United States, may increase substantially
as temperature and evapotranspiration in143
crease, exacerbating drought. Under even
relatively modest amounts of warming, significant increases in area burned are projected in the Sierra Nevada, southern Cascades,
and coastal California; in the mountains
of Arizona and New Mexico; on the Colo144
rado Plateau; and in the Rocky Mountains.
Other studies, examining a broad range of
climate change and development scenarios,
find increases in the chance of large fires for
145
much of northern California’s forests.

Long periods of consecutive days with little
or no precipitation also can lead to drought.
The average annual maximum number of
consecutive dry days are projected to increase for the higher emissions scenarios
in areas that are already prone to little
precipitation by mid-century and increase thereafter (Ch. 2:
Our Changing Climate, Key Message 5). Much of the western
and southwestern U.S. is projected to experience statistically
significant increases in the annual maximum number of consecutive dry days, on average up to 10 days above presentday values for parts of the contiguous U.S. by the end of this
century under high emissions scenarios. Hence, some years are
projected to experience substantially longer dry seasons.
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Change in Maximum Number of Consecutive Dry Days

Figure 36. Change in the number of consecutive dry days (days receiving less than
0.04 inches (1 mm) of precipitation) at the end of this century (2070-2099) relative
to the end of last century (1971-2000) under the higher scenario, RCP 8.5. Stippling
indicates areas where changes are consistent among at least 80% of the 25 models
used in this analysis. (Supplemental Message 5 and Ch. 2: Our Changing Climate,
Key Message 3). (Figure source: NOAA NCDC / CICS-NC).

Supplemental Message 11.
Summer Arctic sea ice extent, volume, and thickness have declined rapidly, especially north
of Alaska. Permafrost temperatures are rising and the overall amount of permafrost is
shrinking. Melting of land- and sea-based ice is expected to continue with further warming.
Increasing temperatures and associated impacts are apparent throughout the Arctic, including Alaska. Sea ice coverage
and thickness, permafrost on land, mountain glaciers, and the
Greenland Ice Sheet all show changes consistent with higher
temperatures.
The most dramatic decreases in summer sea ice have occurred
along the northern coastline of Alaska and Russia. Since the
satellite record began in 1979, September (summer minimum)
sea ice extent has declined by 13% per decade in the Beau146
fort Sea and 32% per decade in the Chukchi Sea, leaving the
Chukchi nearly ice-free in the past few Septembers. Longerterm records based on climate proxies suggest that pan-Arctic

ice extent in summer is the lowest it has been in at least the
147
past 1,450 years. Winter ice extent has declined less than
summer ice extent (see Ch. 2: Our Changing Climate, Key Message 11), indicative of a trend toward seasonal-only (as opposed to year-round) ice cover, which is relatively thin and vulnerable to melt in the summer. Recent work has indicated that
the loss of summer sea ice may be affecting the atmospheric
circulation in autumn and early winter. For example, there are
indications that a weakening of subpolar westerly winds during
autumn is an atmospheric response to a warming of the lower
148
troposphere of the Arctic. Extreme summer ice retreat also
appears to be increasing the persistence of associated mid-latitude weather patterns, which may lead to an increased prob-
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Arctic Sea Ice Decline

Figure 37. The spatial extent of Arctic sea ice cover in September has decreased
substantially in the past two decades, as shown in this pair of satellite images depicting
sea ice concentrations. The reduction of September sea ice extent from 1992 (left) to
2012 (right) has been nearly 50%, or about 1.2 million square miles (3 million square
kilometers), which is nearly one-third the area of the contiguous United States. (Figure
150
source: University of Illinois, The Cryosphere Today; Data from the National Snow
and Ice Data Center).

ability of extreme weather events that result from prolonged
conditions, such as drought, flooding, cold spells, and heat
149
waves. However, the combination of interannual variability
and the small sample of years with extreme ice retreat make
it difficult to identify a geographically consistent atmospheric
response pattern in the middle latitudes.
On land, changes in permafrost provide compelling indicators
of a warming climate, as they tend to reflect long-term average
changes in climate. Borehole measurements are particularly
useful, as they provide information from levels below about
10-meter depth where the seasonal cycle becomes negligible.
Increases in borehole temperatures over the past several
decades are apparent at various locations, including Alaska,
northern Canada, Greenland, and northern Russia. The increases are about 3.6°F at the two stations in northern Alaska
(Deadhorse and West Dock). In northern Alaska and northern
Siberia, where permafrost is cold and deep, thaw of the entire
permafrost layer is not imminent. However, in the large areas
of discontinuous permafrost of Russia, Alaska, and Canada,
average annual temperatures are sufficiently close to freezing
that permafrost thaw is a risk within this century. Thawing of
permafrost can release methane into the atmosphere, amplifying warming (see Supplemental Message 5), as well as potentially causing infrastructure and environmental damages.

There is evidence that the active layer (the near-surface layer
of seasonal thaw, typically up to three feet deep) may be thickening in many areas of permafrost, including in northern Russia
152
and Canada. Permafrost thaw in coastal areas increases the
vulnerability of coastlines to erosion by ocean waves, which in
turn are exacerbated by the loss of sea ice from coastal areas
affected by storms.
Increased melt is reducing both the mass and areal extent of
glaciers over much of the Northern Hemisphere. Over the past
decade, the contribution to sea level rise from glaciers and
small ice caps (excluding Greenland) has been comparable to
153
the contributions from the Greenland Ice Sheet.
Projections of future mass loss by glaciers and small ice caps
indicate a continuation of current trends, although these projections are based only on the changes in temperature and
precipitation projected by global climate models; they do not
include the effects of dynamical changes (for example, glacier
movement). While there is a wide range among the projections
derived from different global climate models, the models are
consistent in indicating that the effects of melting will outweigh
the effects of increases in snowfall. The regions from which the
contributions to sea level rise are projected to be largest are
151
the Canadian Arctic, Alaska, and the Russian Arctic.
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Permafrost Temperatures Rising

Figure 38. Ground temperatures at depths between 33 and 66 feet
(10 and 20 meters) for boreholes across the circumpolar northern
permafrost regions. Lower panel shows locations of measurement
sites in colors corresponding to lines in upper panel (Figure source:
151
AMAP 2011 ).
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Melting of Arctic Land-based Ice

Figure 39. Inputs of freshwater to the ocean from mountain glaciers, small ice caps, and the Greenland Ice Sheet
have increased dramatically in the past two decades. The size of the circles in the figure is proportional to the
five-year average freshwater contributions to the ocean from melting of land-based ice. The coloring indicates the
relative contributions from the Greenland Ice Sheet (brown) and mountain glaciers from the Greenland periphery
(orange), Iceland-Scandinavia-Svalbard (dark blue), the Canadian Arctic (yellow), southern Alaska (light blue), and
the Russian Arctic (medium blue). The largest contributions from mountain glaciers have been from the Canadian
Arctic and southern Alaska. Note that contributions from mass changes of the Greenland Ice Sheet are not available
prior to the mid-1990s, but they are assumed to have been small during this earlier period because annual snow
151
accumulation was in approximate balance with annual meltwater discharge. (Figure source: AMAP 2011 ).

On the left is a photograph of Muir Glacier in Alaska taken on August 13, 1941; on the right, a photograph
taken from the same vantage point on August 31, 2004. Total glacial mass has declined sharply around the
globe, adding to sea level rise. (Left photo by glaciologist William O, Field; right photo by geologist Bruce F.
Molnia of the United State Geological Survey.)
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Melting Glaciers Lead to Sea Level Rise

Figure 40. Projections of contributions to sea level rise by 2100 for
seven regions that include all Arctic glaciers. Projections are based on
temperature and precipitation simulated by ten different global climate
models from CMIP3. For each region, the estimates are shown in different
colors corresponding to the ten different models. (Figure source: adapted
154
from Radić and Hock 2011 ).

Supplemental Message 12.
Sea level is already rising at the global scale and at individual locations along the U.S. coast.
Future sea level rise depends on the amount of warming and ice melt around the world as
well as local processes like changes in ocean currents and local land subsidence or uplift.
The rising global average sea level is one of the hallmarks of
a warming planet. It will also be one of the major impacts of
human-caused global warming on both human society and the
natural environment.
Global sea level is increasing as a result of two different processes. First, the oceans absorb more than 90% of the excess
heat trapped by human interference with the climate system,
155
and this warms the oceans. Like mercury in a thermometer,
the warmer ocean water expands, contributing to global sea
level rise. Second, the warmer climate also causes melting of
glaciers and ice sheets. This meltwater eventually runs off into
the ocean and contributes to sea level rise as well. A recent
synthesis of surface and satellite measurements of the ice
sheets shows that the rate at which the Greenland and Antarctic ice sheets contribute to sea level rise has been increasing rapidly and has averaged 0.02 inches (plus or minus 0.008)
per year since 1992, with Greenland’s contribution being more
156
than double that of Antarctica. In addition, local sea level
change can differ from the global average sea level rise due
to changes in ocean currents, local land movement, and even
changes in the gravitational pull of the ice sheets and changes
in Earth’s rotation.

There is high confidence that global sea level will continue to
rise over this century and beyond and that most coastlines
will see higher water levels. The rates of sea level rise along
individual coastlines are difficult to predict, as they can vary
depending on the region. For example, globally averaged sea
level has risen steadily by about 2.4 inches over the past two
decades. But during that time, many regions have seen much
more rapid rise while some have experienced falling sea levels.
These complicated patterns are caused by changes in ocean
currents and movement of heat within the oceans. Many of
these patterns are due in part to natural, cyclic changes in the
oceans. On the West Coast of the United States, sea level has
fallen slightly since the early 1990s. Recent work suggests that
a natural cycle known as the Pacific Decadal Oscillation has
counteracted most or all of the global sea level signal there.
This means that in coming decades the West Coast is likely
to see faster than average sea level rise as this natural cycle
157
changes phase.
Along any given coastline, determining the rate of sea level rise
is complicated by the fact that the land may be rising or sinking. Along the Gulf Coast, for example, local geological factors
including extraction of oil, natural gas, and water from under-
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ground reservoirs are causing the land to sink, which could
increase the effect of global sea level rise by several inches by
158
the end of this century. In some other locations, coastlines
are rising as they continue to rebound from glaciation during
the last glacial maximum. Predicting the future of any single
coastline requires intimate knowledge of the local geology as
well as the processes that cause sea levels to change at both
the local and global scale.
Greenland and Antarctica hold enough ice to raise global sea
levels by more than 200 feet if they were to melt completely.
While this is very unlikely over at least the next few centuries,
studies suggest that meltwater from ice sheets could contribute anywhere from several inches to 4.5 feet to global sea lev159
els by the end of this century. Because their behavior in a
warming climate is still very difficult to predict, these two ice

sheets are the biggest wildcards for potential sea level rise in
the coming decades. What is certain is that these ice sheets
are already responding to the warming of the oceans and the
atmosphere. Satellites that measure small changes in the gravitational pull of these two regions have proven that both Greenland and Antarctica are currently losing ice and contributing to
160
global sea level rise.
In the United States, an estimated 5 million people currently
live within 4 feet of current high tide lines, which places them
161
at increasing risk of flooding in the coming decades. Although
sea level rise is often thought of as causing a slow inundation,
the most immediate impacts of sea level rise are increases
in high tides and storm surges. A recent assessment of flood
risks in the United States found that the odds of experiencing a
“100-year flood” are on track to double by 2030.

Sea Level Rise, 1993-2012

Figure 41. The patterns of sea level rise between 1993 and 2012 as measured by satellites.
162
The complicated patterns are a reminder that sea levels do not rise uniformly. (Figure source:
University of Colorado, Sea Level Research Group).

778

CLIMATE CHANGE IMPACTS IN THE UNITED STATES

APPENDIX 3: CLIMATE SCIENCE

Ice Loss from Greenland and Antarctica

Figure 42. Rate of local ice sheet mass loss (in inches of water-equivalent-height per year) from Greenland (left)
and Antarctica (right) from 2003 to 2012. The GRACE (Gravity Recovery and Climate Experiment) satellites
measure changes in the pull of gravity over these two regions. As they lose ice to the oceans, the gravitational
pull of Greenland and Antarctica is reduced. Analyses of GRACE data have now proven that both of the major
ice sheets are currently contributing to global sea level rise due to ice loss. Over the periods plotted here,
Greenland lost enough ice to raise sea level at a rate of 0.028 inches per year (0.72 mm/yr), and Antarctica
lost ice at a rate that caused 0.0091 inches of sea level rise per year (0.24 mm/yr). (Figure source: NASA Jet
163
164
Propulsion Laboratory, (left) updated from Velicogna and Wahr 2013; (right) updated from Ivins et al. 2013 ).
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APPENDIX

FREQUENTLY
ASKED QUESTIONS

This section answers some frequently asked questions about
climate change. The questions addressed range from those
purely related to the science of climate change to those that
extend to some of the issues being faced in consideration of
mitigation and adaptation measures. The author team select-

ed these questions based on those often asked in presentations to the public. The answers are based on peer-reviewed
science and assessments and have been confirmed by multiple
analyses.

A. How can we predict what climate will be like in 100 years if we can’t even predict the weather next week?
B. Is the climate changing? How do we know?
C. Climate is always changing. How is recent change different than in the past?
D. Is the globally averaged surface temperature still increasing? Isn’t there recent evidence that it is actually
cooling?
E. Is it getting warmer at the same rate everywhere? Will the warming continue?
F. How long have scientists been investigating human influences on climate?
G. How can the small proportion of carbon dioxide in the atmosphere have such a large effect on our climate?
H. Could the sun or other natural factors explain the observed warming of the past 50 years?
I.

How do we know that human activities are the primary cause of recent climate change?

J.

What is and is not debated among climate scientists about climate change?

K. Is the global surface temperature record good enough to determine whether climate is changing?
L. Is Antarctica gaining or losing ice? What about Greenland?
M. Weren’t there predictions of global cooling in the 1970s?
N. How is climate projected to change in the future?
O. Does climate change affect severe weather?
P. How are the oceans affected by climate change?
Q. What is ocean acidification?
R. How reliable are the computer models of the Earth’s climate?
S. What are the key uncertainties about climate change?
T. Are there tipping points in the climate system?
U. How is climate change affecting society?
V. Are there benefits to warming?
W. Are some people more vulnerable than others?
X. Are there ways to reduce climate change?
Y. Are there advantages to acting sooner rather than later?
Z. Can we reverse global warming?
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A. How can we predict what climate will be like in 100 years
if we can’t even predict the weather next week?
Predicting how climate will change in future decades is a different scientific issue from predicting weather a few weeks from
now. Weather is short term and chaotic, largely determined by whatever atmospheric system is moving through at the time,
and thus it is increasingly difficult to predict day-to-day changes beyond about two weeks into the future. Climate, on the
other hand, is a long-term statistical average of weather and is determined by larger-scale forces, such as the level of heattrapping gases in the atmosphere and the energy coming from the sun. Thus it is actually easier to project how climate will
change in the future. By analogy, while it is impossible to predict the age of death of any individual, the average age of death
of an American can be calculated. In this case, weather is like the individual, while climate is like the average. To extend this
analogy into the realm of climate change, we can also calculate the life expectancy of the average American who smokes. We
can predict that on average, a smoker will not live as long as a non-smoker. Similarly, we can project what the climate will be
like if we emit less heat-trapping gas, and what it will be like if we emit more.
Weather is the day-to-day variations in temperature, precipitation, and other aspects of the atmosphere around us. Weather
prediction using state-of-the-art computer models can be very
accurate for a few days to more than a week in advance. Because weather forecasts are based on the initial conditions of
the atmosphere and ocean at the time the prediction is made,
accuracy decays over time. After about two weeks, the effects
of small errors in defining these initial conditions grow so large
that meteorologists can no longer discern what the weather
will be like on any specific day or place.
Climate is long-term average weather – the statistics of weather over long time scales, typically of 30 years or more. Climate
is primarily the result of the effects of local geography, such as
distance from the equator, distance from the ocean, and local
topography and elevation, combined with larger scale climate
factors that can change over time. These include the amount of
energy from the sun and the composition of the atmosphere,
including the amount of greenhouse gases and tiny particles
suspended in the atmosphere. Knowing all these factors enables scientists to quantify the climate at a given place and
time. Climate change occurs when these large-scale climate
factors change over time.

The role of human activities in driving recent change is discussed in FAQ I. (In the context of a changing climate, the term
“human activities” is used throughout these frequently asked
questions to refer specifically to activities, such as extracting
and burning fossil fuels, deforestation, agriculture, waste treatment, and so on, that produce heat-trapping gases like carbon
dioxide, methane, and nitrous oxide and/or emissions of black
carbon, sulfate, and other particles.) Other human activities,
like changes in land use, can also alter climate, especially on
local or regional scales, such as that which occurs with urban
heat islands.

U.S. Annual Average Temperature

Using our understanding of the physics of how the atmosphere
works, we can estimate how climate will change in the future
– in response to human activities, which are now changing
Earth’s atmospheric composition faster than at any time in
at least the last 800,000 years. It is also possible to estimate
changes in the statistics of certain types of weather events,
such as heat waves or heavy precipitation events, especially
when we know what is causing them to change.
We know how climate has changed in the recent past, and often we know why those changes have occurred. For example,
the increase in global temperature, or global warming, that has
occurred over the last 150 years can only be explained if we
include the impact of increasing levels of heat-trapping gases
in the atmosphere caused by human activities. The present
generation of climate models can successfully reproduce the
past warming and therefore provide an essential tool to peer
into the future.
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Figure 1. Climate change refers to the changes in average
weather conditions that persist for an extended period of
time, over multiple decades or even longer. Year-to-year and
even decade-to-decade conditions do not necessarily tell us
much about long-term changes in climate. One cold year, or
even a few cold years in a row, does not contradict a longterm warming trend, even as one hot year does not prove it.
1
(Figure source: adapted from Kunkel et al. 2013 ).
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B. Is the climate changing? How do we know?
Yes. The world has warmed over the last 150 years, and that warming has triggered many other changes to the Earth’s climate.
Evidence for a changing climate abounds, from the top of the atmosphere to the depths of the oceans. Changes in surface,
atmospheric, and oceanic temperatures; melting glaciers, snow cover, and sea ice; rising sea level; and increase in atmospheric
water vapor have been documented by hundreds of studies conducted by thousands of scientists around the world. Rainfall
patterns and storms are changing and the occurrence of droughts is shifting.
Documenting climate change often begins with global average
temperatures recorded near Earth’s surface, where people
live. But these temperatures, recorded by weather stations,
are only one indicator of climate change. Additional evidence
for a warming world comes from a wide range of consistent
measurements of the Earth’s climate system. It is the sum total
of these indicators that lead to the conclusion that warming of
our planet is unequivocal.

As the troposphere warms, Arctic ice and glaciers melt, also
causing sea level to rise. About 90% of the glaciers and landbased ice sheets worldwide are melting as the Earth warms,
adding further to the sea level rise. Spring snow cover has
decreased across the Northern Hemisphere since the 1950s.
There have been substantial losses in sea ice in the Arctic
Ocean, particularly at the end of summer when sea ice extent
is at a minimum (see FAQ L for discussion of Antarctic sea ice).

Evidence for a changing climate is not confined to the Earth’s
surface. Measurements by weather balloons and satellites consistently show that the temperature of the troposphere – the
lowest layer of the atmosphere – has increased. The temperature of the upper atmosphere, particularly the stratosphere,
has cooled, consistent with expectations of changes due to
increasing concentrations of CO2 and other greenhouse gases.
The upper ocean has warmed, and more than 90% of the additional energy absorbed by the climate system since the 1960s
has been stored in the oceans. As the oceans warm, seawater
expands, causing sea level to rise.

Warmer air, on average, contains more water vapor. Globally,
the amount of water vapor in the atmosphere has increased
over the land and the oceans over the last half century. In turn,
many parts of the planet have seen increases in heavy rainfall
events. All of these indicators and all of the independent data
sets for each indicator unequivocally point to the same conclusion: from the ocean depths to the top of the troposphere, the
world has warmed and the climate has reacted to that warming.

Ten Indicators of a Warming World

Figure 2. These are just some of the many indicators measured globally over many decades that demonstrate that the Earth’s
climate is warming. White arrows indicate increases, and black arrows show decreases. All the indicators expected to increase
in a warming world are increasing, and all those expected to decrease in a warming world are decreasing. See Figure23 for
measurements showing these trends. (Figure source: NOAA NCDC; based on data updated from Kennedy et al. 2010 ).

793

CLIMATE CHANGE IMPACTS IN THE UNITED STATES

APPENDIX 4: FREQUENTLY ASKED QUESTIONS
In summary, the evidence that climate is changing comes from
a multitude of independent observations. The evidence that
climate is changing because of human activity, as discussed in
FAQ I and in more detail in Chapter 2: Our Changing Climate

and Appendix 3: Climate Science Supplement, comes from observations, basic physics, and analyses from modeling studies.

Indicators of Warming from Multiple Data Sets

Figure 3. This figure summarizes some of the many datasets documenting changes in the Earth’s climate, all of which are
consistent with a warming planet. In all figures except the lower two in the right column, data are plotted relative to averages
2
over the period 1960-1999 (Figure source: updated from Kennedy et al. 2010 ).
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C. Climate is always changing. How is recent change different than in the past?
The Earth has experienced many large climate changes in the past. However, current changes in climate are unusual for two
reasons: first, many lines of evidence demonstrate that these changes are primarily the result of human activities (see Question I for more info); and second, these changes are occurring (and are projected to continue to occur) faster than many past
changes in the Earth’s climate.
In the past, climate change was driven exclusively by natural
factors: explosive volcanic eruptions that injected reflective
particles into the upper atmosphere, changes in energy from
the sun, periodic variations in the Earth’s orbit, natural cycles
that transfer heat between the ocean and the atmosphere, and
slowly changing natural variations in heat-trapping gases in the
atmosphere. All of these natural factors, and their interactions
with each other, have altered global average temperature over
periods ranging from months to thousands of years. For example, past glacial periods were initiated by shifts in the Earth’s
orbit, and then amplified by resulting decreases in atmospheric
levels of carbon dioxide and subsequently by greater reflection of solar radiation by ice and snow as the Earth’s climate
system responded to a cooler climate. Some periods in the
distant past were even warmer than what is expected to occur
from human-induced global warming. But these changes in the
distant past generally occurred much more slowly than current
changes.
Natural factors are still affecting the planet’s climate today.
The difference is that, since the beginning of the Industrial
Revolution, humans have been increasingly affecting global
climate, to the point where we are now the primary cause of
recent and projected future change.
Records from ice cores, tree rings,
soil boreholes, and other forms of
“natural thermometers,” or “proxy”
climate data, show that recent climate change is unusually rapid compared to past changes. After a glacial
maximum, the Earth typically warms
by about 7°F to 13°F over thousands of years (with periods of rapid
warming alternating with periods of
slower warming, and even cooling,
during that time). The observed rate
of warming over the last 50 years
is about eight times faster than the
average rate of warming from a glacial maximum to a warm interglacial
period.
Global temperatures over the last
100 years are unusually high when
compared to temperatures over
the last several thousand years. Atmospheric carbon dioxide levels are
currently higher than any time in at

Carbon Emissions in the Industrial Age

Figure 4. Global carbon emissions from burning coal, oil, and
gas and from producing cement (1850-2009). These emissions
account for about 80% of the total emissions of carbon from
human activities, with land-use changes (like cutting down
forests) accounting for the other 20% in recent decades. (Data
3
from Boden et al. 2012 ).

1700 Years of Temperature Change from Proxy Data

Figure 5. Changes in the temperature of the Northern Hemisphere from surface observations
(in red) and from proxies (in black; uncertainty range represented by shading) relative to
1961-1990 average temperature. These analyses suggest that current temperatures are
higher than seen globally in at least the last 1700 years and that the last decade (2001 to
4
2010) was the warmest decade on record. (Figure source: adapted from Mann et al. 2008 ).
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least the last 800,000 years. Paleoclimate studies indicate that
temperature and atmospheric carbon dioxide levels have been
higher in the distant past, millions of years ago, when the world
was very different than it is today. But never before have such
rapid, global-scale changes occurred during the history of human civilization.

Our societies have not been built to withstand the changes
that are anticipated in the relatively near future, and thus are
not prepared for the effects they are already experiencing:
higher temperatures, sea level rise, and other climate change
related impacts.

D. Is the globally averaged surface air temperature still increasing?
Isn’t there recent evidence that it is actually cooling?
Global temperatures are still rising. Climate change is defined as a change in the average conditions over periods of 30 years or
more (see FAQ A). On these time scales, global temperature continues to increase. Over shorter time scales, natural variability
(due to the effects of El Niño and La Niña events in the Pacific Ocean, for example, or volcanic eruptions or changes in energy
from the sun) can reduce the rate of warming or even create a temporary reduction in average surface air temperature. These
short-term variations in no way negate the reality of long-term warming. The most recent decade was the warmest since
instrumental record keeping began around 1880.
From 1970 to 2010, for example, global temperature trends
taken at five-year intervals show both decreases and sharp

Short-term Variations Versus Long-term Trend

greenhouse gases. But while there has been a slowdown in the
rate of increase, temperatures are still increasing.
In addition, satellite and ocean observations indicate that
most of the increased energy in the Earth’s climate system
from the increasing levels of heat-trapping gases has gone
into the oceans. These observations indicate that the Earthatmosphere climate system has continued to gain heat energy.
In the United States, there has been considerable decade-todecade variability superimposed on the long-term warming
trend. In most seasons and regions, the 1930s were relatively
warm and the 1960s/1970s relatively cool. The most recent
decade of the 2000s was the warmest on record throughout
the United States and globally.

Global Temperature Change: Decade Averages
Figure 6. Short-term trends in global temperature (blue lines
show temperature trends at five-year intervals from 1970 to
2010) can range from decreases to sharp increases. The
evidence of climate change is based on long-term trends over
20-30 years or more (red line). (Data from NOAA NCDC).

increases. The five-year period from 2005 to 2010, for example, included a period in which the sun’s output was at
a low point, oceans took up more than average amounts
of heat, and a series of small volcanoes exerted a cooling
influence by adding small particles to the atmosphere.
These natural factors are thought to have contributed to a
recent slowdown in the rate of increase in average surface
air temperature caused by the buildup of human-induced
Figure 7. The last five decades have seen a progressive rise in
Earth’s average surface temperature. Bars show the difference
between each decade’s average temperature and the overall
average for 1901 to 2000. The far right bar includes data for
2001-2012. (Figure source: NOAA NCDC).
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E. Is it getting warmer at the same rate everywhere? Will the warming continue?
Temperatures are not increasing at the same rate everywhere, because temperature changes in a given location depend on
many factors. However, average global temperatures are projected to continue increasing throughout the remainder of this
century due to heat-trapping gas emissions from human activities.
The planet is warming overall (see FAQ I), but some locations
could be cooling due to local factors. Temperature changes in
a given location are a function of multiple factors, including
global and local forces, and both human and natural influences. In some places, including the U.S. Southeast, temperatures
actually declined over the last century as a whole (although
they have risen in recent decades). Possible causes of the obth
served lack of warming in the Southeast during the 20 centu5
ry include increased cloud cover and precipitation, increases
in the presence of fine particles called aerosols in the atmosphere (including those produced by burning fossil fuels and by
natural sources), expanding forests in the Southeast over this
6
period, decreases in the amount of heat conducted from land
7
to the atmosphere as a result of increases in irrigation, and
multi-decadal variability in sea surface temperatures in both
8
9
the North Atlantic and the tropical Pacific Oceans. At smaller
geographic scales, and during certain time intervals, the relative influence of natural variations in climate compared to the
human contribution is larger than at the global scale. An observed decrease in temperature at an individual location does
not negate the fact that, overall, the planet is warming.

For these reasons, many scientists prefer the term “climate
change,” which connotes a much larger picture: broad changes
in what are considered “normal” conditions. This term encompasses both increases and decreases in temperature, as well as
shifts in precipitation, changing risk of certain types of severe
weather events, and other features of the climate system.
At the global scale, some future years will be cooler than the
preceding year; some decades could even be cooler than the
preceding decade (though that has not happened for more than
six decades; see Figure 7). Brief periods of faster temperature
increases and also temporary decreases in global temperature
can be expected to continue into the future. Nonetheless, each
successive decade in the last 30 years has been the warmest
in the period of reliable instrumental records (going back to
1850). Based on this historical record and plausible scenarios
for future increases in heat-trapping gases, we expect that
future global temperatures, averaged over climate timescales
of 30 years or more, will be higher than preceding periods as
a result of carbon dioxide and other heat-trapping gas emis-

In terms of impacts, “global warming” is probably not the most
immediate thing most people would notice. A changing climate
affects our lives in many more obvious ways, for example, by increasing the risk of severe weather events such as heat waves,
heavy precipitation events, strong hurricanes, and many other
aspects of climate discussed throughout this report.

Decade-Scale Changes in Average
Temperature for U.S. Regions

Temperature Trends, 1900-2012

Figure 8. Observed trend in temperature from 1900 to 2012; yellow
to red indicates warming, while shades of blue indicate cooling. Gray
indicates areas for which there are no data. There are substantial
regional variations in trends across the planet, though the overall trend
is warming. (Figure source: NOAA NCDC).
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Figure 9. Change in decadal-averaged annual
temperature relative to the 1901-1960 average for
the six National Climate Assessment regions in the
contiguous United States. This figure shows how
regional temperatures can be much more variable than
global temperatures, going up and down from decade
to decade; all regions, however, show warming over the
last two decades or more. In the figure, 00s refers to
the 12-year period of 2001-2012. (Figure source: NOAA
NCDC / CICS-NC).
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sions from human activities. A portion of the carbon dioxide
emissions from human activities will remain in the atmosphere
for hundreds of years and continue to affect the global carbon cycle for thousands of years. Year-to-year projections of

regional and local temperatures are more variable than global
temperatures, and even at a particular location, future warm1
ing becomes increasingly likely over longer periods of time.

F. How long have scientists been investigating human influences on climate?
The scientific basis for understanding how heat-trapping gases affect the Earth’s climate dates back to the French scientist
Joseph Fourier, who established the existence of the natural greenhouse effect in 1824. The heat-trapping abilities of greenhouse gases were corroborated by Irish scientist John Tyndall with experiments beginning in 1859. Since then, scientists have
developed more tools to refine their understanding of human influences on climate, from the invention of the thermometer, to
the development of computerized climate models, to the launching of Earth observing satellites that, together, provide global
data coverage.
The greenhouse effect is caused by heat-trapping gases, such
as water vapor, carbon dioxide, and methane, in the Earth’s
atmosphere. These gases are virtually transparent to the visible and ultraviolet wavelengths that comprise most of the
sun’s energy, allowing nearly all of it to reach Earth’s surface.
However, they are relatively opaque to the heat energy the
Earth radiates back outward at infrared wavelengths. Other
more abundant gases in the atmosphere like nitrogen and
oxygen are largely transparent to the Earth’s infrared energy.
Greenhouse gases trap some of the Earth’s energy inside the
atmosphere and prevent it from escaping to space by absorbing and re-emitting that energy in all directions, rather than
just upwards. Some of the trapped energy is re-radiated back
down to the Earth’s surface. This natural trapping effect makes
the average temperature of the Earth nearly 60°F warmer
than what it would be otherwise. On other planets, like Venus,
where there are much higher concentrations of heat-trapping
gases in the atmosphere, the greenhouse effect has a much
stronger influence on surface temperature, making conditions
far too hot for life as we know it.
By the late 1800s, scientists were aware that burning coal, oil,
or natural gas produced carbon dioxide, a key heat-trapping
gas. They were also aware that methane, another heat-trap-

ping gas, was released during coal mining and other human
activities. And they knew that, since the Industrial Revolution,
humans were producing increasing amounts of these gases. It
was clear that humans were increasing the natural greenhouse
effect and that this would warm the planet.
In 1890, Svante Arrhenius, a Swedish chemist, calculated the
effect of increasing fossil fuel use on global temperature. This
climate model, computed by hand, took two years to complete.
Arrhenius’ results were remarkably similar to those produced
by the most up-to-date global climate models today, although
he did not anticipate that atmospheric levels of carbon dioxide
would increase as quickly as they have.
In 1938, a British engineer, Guy Callendar, connected rising
carbon dioxide levels to the observed increase in the Earth’s
temperature that had occurred to date. In 1958, Charles David Keeling began to precisely measure atmospheric levels of
carbon dioxide in the relatively unpolluted location of Mauna
Loa on Hawai‘i. Today, those data provide a clear record of the
effect of human activities on the chemical composition of the
global atmosphere. Many more sources of data corroborate
the work of these early pioneers in the field of climate science.

Early Scientists who Established the Scientific
Basis for Climate Change

Figure 10. Scientists whose research was key to understanding the greenhouse effect and
the impact of human activities on climate.
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G. How can the small proportion of carbon dioxide in the atmosphere
have such a large effect on our climate?
The reason heat-trapping gases like carbon dioxide, methane, and nitrous oxide have such a powerful influence on Earth’s
climate is their potency: although they are transparent to visible and ultraviolet solar energy, allowing the sun’s energy to
come in, they are very strong absorbers of the Earth’s infrared heat energy, blanketing the Earth and preventing some of the
energy to escape to space.
Before the Industrial Revolution, natural levels of carbon dioxide in the atmosphere averaged around 280 parts per million (ppm), that is, 280 molecules of CO2 per million molecules
of air (which is mostly nitrogen and oxygen). In other words,
carbon dioxide made up about 0.028% of the volume of the
atmosphere. Methane and nitrous oxide, other heat-trapping
gases, made up even less, about 700 parts per billion (ppb) and
270 ppb, respectively. Over the last few centuries, emissions
from human activities have increased carbon dioxide levels to
about 400 ppm, or more than 3,000 billion tons – more than
a 40% increase. Over the same time period, methane and nitrous oxide levels in the atmosphere have risen to around 1800
ppb and 320 ppb, respectively.
As the concentrations in the atmosphere of these heat-trapping gases increase due to human activities, they are absorbing
greater and greater amounts of infrared heat energy emitted

from the Earth’s surface. As discussed in FAQ F, the gases then
re-radiate some of this heat back to the surface, effectively
trapping the heat inside the Earth’s climate system and warming the Earth’s surface.
These heat-trapping gases do not absorb energy equally across
the infrared spectrum. Carbon dioxide absorption is very
strong at certain wavelengths of infrared radiation, whereas
water vapor absorbs more broadly across most of the spectrum. Water vapor is the most important naturally occurring
heat-trapping greenhouse gas, but small increases in heat
energy absorption by carbon dioxide and other heat-trapping
gases trigger increases in water vapor that amplify the infrared
trapping, leading to further warming. As a result, water vapor
is considered a “feedback” rather than a direct forcing on climate.

Human Influence on the Greenhouse Effect

Figure 11. (left) A stylized representation of the natural greenhouse effect. Most of the sun’s radiation reaches the Earth’s surface.
Naturally occurring heat-trapping gases, including water vapor, carbon dioxide, methane, and nitrous oxide, do not absorb the shortwave energy from the sun but do absorb the long-wave energy re-radiated from the Earth, keeping the planet much warmer than it
would be otherwise. (right) In this stylized representation of the human-intensified greenhouse effect, human activities, predominantly
the burning of fossil fuels (coal, oil, and gas), are increasing levels of carbon dioxide and other heat-trapping gases, increasing the
10
natural greenhouse effect and thus Earth’s temperature. (Figure source: modified from National Park Service ).
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H. Could the sun or other natural factors explain the
observed warming of the past 50 years?
No. Since accurate satellite-based measurements of solar output began in 1978, the amount of the sun’s energy reaching
Earth has slightly decreased, which should, on its own, result in slightly lower temperatures; but the Earth’s temperature has
continued to rise. The sun can explain less than 10% of the increase in temperature since 1750, and none of the increase in
temperature since 1960.
Patterns of vertical temperature change (from the Earth’s surface to the upper atmosphere) provide further evidence that
the sun cannot be responsible for the observed changes in climate. An increase in solar output would warm the atmosphere
consistently from top to bottom. Warming from increasing
heat-trapping gases, on the other hand, should be concentrated in the lower atmosphere (troposphere), while the upper atmosphere (stratosphere) would cool. Satellite measurements
and weather balloon records reveal that the troposphere has
warmed, and the stratosphere has cooled. This observed pattern of vertical temperature change matches what we would
expect from the increase in heat-trapping gases, not an increase in solar output.
Changes in the sun’s magnetic field are known to affect the
intensity of cosmic rays reaching Earth’s atmosphere and there
is some suggestion that this could affect cloud formation;
however, observations indicate that the magnitude of this effect is much smaller than the effects from the human-related
changes in heat-trapping gases and from particle emissions on
clouds and the changes in climate.

Large explosive volcanic eruptions can cool climate for a few
years after an eruption, if the eruption is powerful enough to
send particles far up into the atmosphere. In the atmosphere,
sulfur dioxide from volcanoes is converted into sulfuric acid
particles that can scatter sunlight, cooling the Earth’s surface.
Particles from exceptionally large eruptions like Mount Pinatubo in 1991 or Krakatoa in 1883 can reach all the way into the
stratosphere, where they can stay for several years. Eventually, they fall back into the troposphere where they are rapidly
removed by precipitation. Volcanoes also emit carbon dioxide,
but this amount is less than 1% annually of the emissions occurring from human activities.
Thus, natural factors cannot explain recent warming. In fact,
observed solar and volcanic activity would have tended to
slightly cool the Earth, and other natural variations are too
small to account for the amount of warming over the last 50
years.

Measurements of Surface Temperature and Sun’s Energy

Figure 12. Changes in the global surface temperature (top) and the solar flux (bottom) since
1900 (temperatures are relative to 1961-1990). The temperatures are based on thermometer
observations of the Earth’s surface temperature, while the solar flux at the top of Earth’s
atmosphere is based on satellite observations starting in 1978 and on proxy observations
before then. (Figure source: NOAA NCDC / CICS-NC).
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I. How do we know that human activities are the
primary cause of recent climate change?
Many lines of evidence demonstrate that human activities are primarily responsible for recent climate changes. First, basic
physics dictates that increasing the concentration of CO2 and other heat-trapping gases in the atmosphere will cause the
climate to warm. Second, modeling studies show that when human influences are removed from the equation, climate would
actually have cooled slightly over the past half century. And third, the pattern of warming through the layers of atmosphere
demonstrates that human-induced heat-trapping gases are responsible, rather than some natural change.
Scientists are continually designing experiments to test whether observed climate changes are unusual and then to determine their causes. This field of study is known as “detection
and attribution.” Detection involves looking for evidence of
changes or trends. Attribution attempts to identify the causes
of these changes from a line-up of “suspects” that include
changes in energy from the sun, powerful volcanic eruptions
– and today, human-induced emissions of heat-trapping gases.
Detection and attribution analyses have confirmed that recent
changes cannot have been caused either by internal climate
system variations or by solar and volcanic influences (see FAQs
C and H). Human influences on the climate system – including heat-trapping gas emissions, atmospheric particulates, and

land-use and land-cover change – are required to explain recent changes (see Figure 14).
Detection and attribution has been used to analyze the contribution of human influences to changes in global average
conditions, in extreme events, and even in the change in risk of
specific types of events, such as the 2003 European heat wave.
Such analyses have found that it is virtually certain that observed changes in many aspects of the climate system are the
result of influences of human activities. Scientific analyses also
provide extensive evidence that the likelihood of some types
of extreme events (such as heavy rains and heat waves) is now
significantly higher due to human-induced climate change.

Human Influences Apparent in Many Aspects of the Changing Climate

Figure 13. Figure shows examples of the many aspects of the climate system in which changes have
been formally attributed to human emissions of heat-trapping gases and particles by studies published
in peer-reviewed science literature. For example, observed changes in surface air temperature at
both the global and continental levels, particularly over the past 50 years or so, cannot be explained
without including the effects of human activities. While there are undoubtedly many natural factors
that have affected climate in the past and continue to do so today, human activities are the dominant
contributor to recently observed climate changes. (Figure source: NOAA NCDC).
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Only Human Influence Can Explain Recent Warming

Figure 14. Changes in surface air temperature at the continental and global scales can only be explained by the influence of human
activities on climate. The black line depicts the annually averaged observed changes. The blue shading represents estimates from
a broad range of climate simulations including solely natural (solar and volcanic) changes in forcing. The orange shading is from
climate model simulations that include the effects of both natural and human contributions. These analyses demonstrate that the
observed changes, both globally and on a continent-by-continent basis, are caused by the influence of human activities on climate.
11
(Figure source: updated from Jones et al. 2013 ).
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J. What is and is not debated among climate scientists about climate change?
Multiple analyses of the peer-reviewed science literature have repeatedly shown that more than 97% of scientists in this field
agree that the world is unequivocally warming and that human activity is the primary cause of the warming experienced over
the past 50 years. Spirited debates on some details of climate science continue, but these fundamental conclusions are not in
dispute.
The scientific method is built on scrutiny and debate among
scientists. Scientists are rigorously trained to conduct experiments to test a question, or hypothesis, and submit their
findings to the scrutiny of other experts in their field. Part of
that scrutiny, known as “peer review,” includes independent
scientists examining the data, analysis methods, and findings
of a study that has been submitted for publication. This peer
review process provides quality assurance for scientific results,
ensuring that anything published in a scientific journal has been
reviewed and approved by other independent experts in the
field and that the authors of the original study have adequately
responded to any criticisms or questions they received.
However, peer review is only the first step in the long process
of acceptance of new ideas. After publication, other scientists
will often undertake new studies that may support or reject
the findings of the original study. Only after an exhaustive
series of studies over many years, by many different research
groups, are new ideas widely accepted.
Given that new scientific understanding emerges from this
exhaustive process, the widespread
agreement in the scientific commuSeparating
nity regarding the reality of climate
change and the leading role of human activities in driving this change
is striking. This consensus includes
agreement on the fundamental scientific principles that underlie this
phenomenon, as well as the weight
of empirical evidence that has been
accumulated over decades, and
even centuries, of research (see
FAQ F).
The conclusion that the world is
warming, and that this is primarily due to human activity, is based
on multiple lines of evidence, from
basic physics to the patterns of
change through the climate system
(including the atmosphere, oceans,
land, biosphere, and cryosphere).
The warming of global climate
and its causes are not matters of
opinion; they are matters of scientific evidence, and that evidence

is clear. Scientists do not “believe” in human-induced climate
change; rather, the widespread agreement among scientists is
based on the vast array of evidence that has accumulated over
the last 200 years. When all of the evidence is considered, the
conclusions are clear.
There is more work to be done to fully understand the many
complex and interacting aspects of climate change, and important questions remain. Scientific debate continues on questions such as: Exactly how sensitive is the Earth’s climate to human emissions of heat-trapping gases? How will climate change
affect clouds? How will climate change affect snowstorms in
Chicago, tornadoes in Oklahoma, and droughts in California?
How do particle and soot emissions affect clouds? How will climate change be affected by changes in clouds and the oceans?
These detailed questions, and more, serve as healthy indicators that the scientific method is alive and well in the field of
climate science. But the fact that climate is changing, that this
is primarily in response to human activities, and that climate
will continue to change in response to these activities, is not in
dispute (see FAQ I).

Human and Natural Influences on Climate

Figure 15. The green band shows how global average temperature would have changed
due to natural forces only, as simulated by climate models. The blue band shows model
simulations of the effects of human and natural factors combined. The black line shows
observed global average temperatures. As indicated by the green band, without human
influences, temperature over the past century would actually have cooled slightly over
recent decades. The match up of the blue band and the black line illustrate that only the
inclusion of human factors can explain the recent warming. (Figure source: adapted from
12
Huber and Knutti, 2012 ).

803

CLIMATE CHANGE IMPACTS IN THE UNITED STATES

APPENDIX 4: FREQUENTLY ASKED QUESTIONS

K. Is the global surface temperature record good enough to determine
whether climate is changing?
Yes. There have been a number of studies that have examined the U.S. and global temperature records in great detail. These
have used a variety of methods to study the effects of changes in instruments, time of observations, station siting, and other
potential sources of error. All studies reinforce high confidence in the reality of the observed upward trends in temperature.
Global surface temperatures are measured by weather stations over land and by ships and buoys over the ocean. These
records extend back regionally for over 300 years in some locations and near-globally to the late 1800s.

this effect is adequately accounted for by the data corrections.
At the global scale, if all of the urban stations are removed
from the global temperature record, the evidence of warming over the past 50 years remains intact. Other studies have
shown that the temperature trends of rural and urban areas in
close proximity essentially match, even though the urban areas
may have higher temperatures overall.

Scientists have undertaken painstaking efforts to obtain, digitize, and collate these records. Because of the way these measurements have been taken, many of the records
contain results that are skewed by, for example,
Observed
a change of instrument or a station move. It is essential to carefully examine the data to identify and
adjust for such effects before the data can be used
to evaluate climate trends.

Change in Global Average Temperature

A number of different research teams have taken
up this challenge. Some have spent decades carefully analyzing the data and continually reassessing
their approaches and refining their records. These
independently produced estimates are in very good
agreement at both global and regional scales.
Scientists have also considered other influences
that could contaminate temperature records. For
example, many thermometers are located in urban
areas that could have warmed over time due to the
urban heat island effect (in which heat absorbed
by buildings and asphalt makes cities warmer than
the surrounding countryside). At least three different research teams have examined how this might
affect U.S. temperature trends. All have found that

Figure 16. Three different global surface temperature records all show
increasing trends over the last century. The lines show annual differences
in temperature relative to the 1901-1960 average. Differences among data
sets, due to choices in data selection, analysis, and averaging techniques,
do not affect the conclusion that global surface temperatures are increasing.
(Figure source: NOAA NCDC / CICS-NC).

L. Is Antarctica gaining or losing ice? What about Greenland?
The ice sheets on both Greenland and Antarctica, the largest areas of land-based ice on the planet, are losing ice as the atmosphere and oceans warm. This ice loss is important both as evidence that the planet is warming, and because it contributes to
rising sea levels.
One way that scientists are evaluating ice loss is by observing
changes in the gravitational fields over Greenland and Antarctica. Fluctuations in the pull of gravity over these major ice
sheets reflect the loss of ice over time. Over the last decade,
the GRACE (Gravity Recovery and Climate Experiment) satellites have measured changes in the gravitational pull of the
continents and revealed that, on the whole, both Greenland
and Antarctica are losing ice. It is clear that these ice sheets
are already losing mass as a result of human-induced climate
change, and the evidence suggests that Greenland and Antarctica are likely to continue to lose ice mass for centuries. How

rapidly the Greenland and Antarctic Ice Sheets will melt as
warming continues represents the largest uncertainty in projections of future sea level rise.
Paleoclimate records show that the giant ice sheets of Greenland and Antarctica (as well as others, such as the Laurentide
Ice Sheet that covered much of North America during the last
glacial maximum) have expanded and contracted as the Earth
cooled or warmed in the past. As temperature increases and
precipitation patterns shift in response to human-induced climate change, scientists expect the ice sheets of Greenland and
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Ice Loss from the Two Polar Ice Sheets

Figure 17. GRACE (Gravity Recovery and Climate Experiment) satellite measurements show that both Greenland and Antarctica
13
are, on the whole, losing ice as the atmosphere and oceans warm. (Figure source: adapted from Wouters et al. 2013 ).

Antarctica to continue responding in a similar way. Over time
horizons of hundreds to thousands of years, a general melting and reduction in the extent of both of these ice sheets is
expected to occur in response to global warming. Over shorter
time frames of years to decades, however, the response of
these ice sheets is more complicated.
The Antarctic Ice Sheet is up to three miles deep and contains
enough water to raise sea level about 200 feet. Because Antarctica is so cold, there is little melt of the ice sheet in the
summer. However, the ice on the continent slowly flows down
the mountains and through the valleys toward the ocean.
Some parts of the ice sheet extend out into the ocean as “ice
shelves.” Here, above-freezing ocean water speeds up the process called “calving” that breaks the ice into free floating icebergs. Melting and calving and the flow of ice into the oceans
around Antarctica has accelerated in recent decades and is
now contributing about 0.005 to 0.010 inches per year to sea
level rise. It is possible that the West Antarctic Ice Sheet, which
contains enough ice to raise global sea levels by 10 feet, could
begin to lose ice much more quickly if ice shelves in the region
begin to disintegrate at the edges.

Greenland contains only about one tenth as much ice as the
Antarctic Ice Sheet, but if Greenland’s ice were to entirely
melt, global sea level would rise 23 feet. Greenland is warmer
than Antarctica, so unlike Antarctica, melting occurs over large
parts of the surface of Greenland’s ice sheet each summer.
Greenland’s melt area has increased over the past several decades. Satellite measurements indicate that the Greenland Ice
Sheet is presently thinning at the edges (especially in the south)
and slowly thickening in the interior, increasing the steepness
of the ice sheet, which causes the ice to flow toward the ocean.
Several of the major outlet glaciers that drain the Greenland
Ice Sheet have sped up in the past decade. Recent scientific
studies suggest that warming of the ocean at the edges of the
outlet glaciers may contribute to this speed-up. Greenland’s
ice loss has increased substantially in the past decade or two,
and is now contributing 0.01 to 0.02 inches per year to sea level
rise (about twice the rate of Antarctica’s mass loss). This increased rate of ice loss means that Greenland’s contribution
to global sea level rise is now similar to the effect from smaller
glaciers worldwide and from Antarctica.

M. Weren’t there predictions of global cooling in the 1970s?
No. An enduring myth about climate science is that in the 1970s the climate science community supposedly predicted “global
cooling” and an “imminent” ice age. A review of the scientific literature shows that this was not the case. On the contrary,
even then, discussions of human-related warming dominated scientific publications on climate and human influences.
Where did all the discussion about global cooling come from?
First, temperature records from about 1940 to 1970 showed a
slight global cooling trend, intensified by temporary increases
in snow and ice cover across the Northern Hemisphere. Shortterm natural variations in the Earth’s climate (see FAQ A) and
increasing emissions of sulfur and other particles from coalburning power plants, which reflect solar energy and have a
net cooling effect on the Earth, likely contributed to cooler
temperatures during that time period. Several unusually se-

vere winters in Asia and parts of North America in the 1970s
raised people’s concerns about cold weather. The popular
press, including Time, Newsweek, and The New York Times, carried a number of articles about cooling at that time.
Second, climate scientists study both natural and humaninduced changes in climate. Over the last century, scientists
have learned a great deal about what drives Earth’s ice ages.
Scientific understanding of what are called the Milankovitch
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cycles (cyclical changes in the
Earth’s orbit that can explain
the onset and ending of ice
ages) led a few scientists in
the 1970s to suggest that the
current warm interglacial period might be ending soon,
plunging the Earth into a new
ice age over the next few centuries. Scientists continue to
study this issue today; the latest information suggests that,
if the Earth’s climate were being controlled primarily by natural factors, the next cooling
cycle would begin sometime
in the next 1,500 years. However, humans have so altered
the composition of the atmosphere that the next glaciation
has now been delayed.

Published Climate Change Research Papers

Figure 18. The number of papers classified as predicting, implying, or providing supporting
evidence for future global cooling, warming, and neutral categories. Bars indicate number of
articles published per year. Squares indicate cumulative number of articles published. For
the period 1965 through 1979, the literature survey found seven papers suggesting further
cooling, 20 neutral, and 44 warming. Even in the early years of the study of climate change,
more science studies were discussing concerns about global warming than global cooling.
14
(Figure source: Peterson et al. 2008 ).

N. How is climate projected to change in the future?
Climate is projected to continue to warm, with the amount of future warming ranging from another 3°F to another 12°F by
2100, depending primarily on the level of emissions from human activities, principally the burning of fossil fuels. For precipitation, wet areas are generally projected to get wetter while dry areas get drier. More precipitation is expected to fall in heavy
downpours. Natural variability will still play a role in year-to-year changes.
Future climate cannot be “predicted” because human activities are currently the most important driver of climate change
and we cannot predict what society will choose to do with regard to emissions. Rather, we can project the climate change
that would result from a given set of assumptions, or future
scenarios, regarding human activities (including changes in
population, technology, economics, energy, and policy). Future
changes also have some uncertainty due to natural variability,
particularly over shorter time scales (see FAQ A) and limitations in scientific understanding of exactly how the climate
system will respond to human activities (see FAQ S).
The relative importance of these three sources of uncertainty
changes over time. Which type of uncertainty is most important also depends on what type of change is being projected:
whether, for example, it is for average conditions or extremes,
or for temperature or precipitation trends (see FAQ S).
Over the next few decades, global average temperature over
30-year climate timescales is expected to continue to increase
(see FAQ D), while natural variability still plays a significant role

in year-to-year changes (see FAQ A). The amount of climate
change expected over this time period is unlikely to be significantly altered by reducing current heat-trapping gas emissions
alone or even by stabilizing atmospheric levels of carbon dioxide and other gases. This is because near-term warming will
be caused primarily by emissions that have already occurred,
due to the lag in the temperature response to changes in atmospheric composition. This lag is primarily the result of the
very large heat storage capacity of the world’s oceans and the
length of time required for that heat to be transferred to the
deep ocean. At smaller geographical scales, temperatures are
projected to increase in most regions in the next few decades,
but a few regions could experience flat or even decreasing
temperatures. Any climate change always represents the net
effect of multiple global and local factors, both human-related
and natural (see FAQ E).
Beyond the middle of this century, global and regional temperature changes will be determined primarily by the rate and
amount of various emissions released by human activities, as
well as by the response of the Earth’s climate system to those
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emissions. Efforts to rapidly and significantly
reduce emissions of heat-trapping gases can
still limit the global temperature increase to
3.6°F (2°C) relative to the 1901-1960 time period. However, significantly greater temperature increases are expected if emissions follow
higher scenarios associated with continuing
growth in the use of fossil fuels; in that case,
the increase in U.S. average air temperature is
likely to exceed 11°F by the end of this century.
This amount of temperature increase would reshape human societies in ways that are almost
unthinkable to us today.

Observed and Projected U.S. Temperature Change

Precipitation patterns are also expected to continue to change throughout this century and
beyond. In general, wet areas are projected to
get wetter and dry areas, drier. In some areas,
Figure 19. Projected average annual temperature changes over the
located in between wetter and drier areas, the
contiguous United States for multiple future scenarios relative to the 1901total amount of precipitation falling over the
1960 average temperature. The dashed lines are results from the previous
course of a year is not expected to significantly
generation of climate models and scenarios, while solid lines show the most
change. Following the observed trends over
recent generation of climate model simulations and scenarios. Changes
recent decades, more precipitation is expected
in temperature over the U.S. are expected to be higher than the change in
to fall as heavier precipitation events. In many
global average temperatures (Figure 23). Differences in these projections
mid-latitude regions, including the United
are principally a result of differences in the scenarios. (Data from CMIP3,
CMIP5, and NOAA NCDC).
States, there will be fewer days with precipitation but the wettest days will be wetter. Largescale shifts towards wetter or drier conditions and the projected increases in heavy precipitation are expected to be greater
under higher emissions scenarios as compared to lower ones.

O. Does climate change affect severe weather?
Yes, climate change can and has altered the risk of certain types of extreme weather events. The harmful effects of severe
weather raise concerns about how the risk of such events might be altered by climate change. An unusually warm month, a
major flood or a drought, a series of intense rainstorms, an active tornado season, landfall of a major hurricane, a big snowstorm, or an unusually severe winter inevitably lead to questions about possible connections to climate change.
For example, more extreme high temperatures and fewer
extreme cold temperatures occur in a warmer climate (although extreme cold events can and do still occur – just less
frequently). In the United States, more than twice as many high
temperature records as compared to low temperature records
were broken in the period of 2001-2012.
Also, in many areas, heavy rainfall events have already, and
will continue to become more frequent and severe as climate
continues to change. The intensity and rainfall rates of Atlantic
hurricanes are projected to increase, with the strongest storms
getting stronger. Recent research has shown how climate
change can alter atmospheric circulation and weather patterns
such as the jet stream, affecting the location, frequency, and

duration of these and other extremes. While there have always
been extreme events due to natural causes, scientific evidence
indicates that the probability and severity of some types of
events has increased due to climate change.
For other types of extreme weather events important to the
United States, such as tornadoes and severe thunderstorms,
more research is needed to understand how climate change
will affect them. These events occur over much smaller scales,
which makes observations and modeling more challenging.
Projecting the future influence of climate change on these
events can also be complicated by the fact that some of the
risk factors for these events may increase with climate change,
while others may decrease.
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P. How are the oceans affected by climate change?
The oceans cover more than two-thirds of the Earth’s surface and play a very important role in regulating the Earth’s climate
and in climate change. Today, the world’s oceans absorb more than 90% of the heat trapped by increasing levels of carbon
dioxide and other greenhouse gases in the atmosphere due to human activities. This extra energy warms the ocean, causing
it to expand. This in turn causes sea level to rise. Of the global rise in sea level observed over the last 35 years, about 40% is
due to this warming of the water. Most of the rest is due to the melting of glaciers and ice sheets. Ocean levels are projected
to rise another 1 to 4 feet over this century, with the precise number largely depending on the amount of global temperature
rise and polar ice sheet melt.
Observations from past climate combined with climate model
projections of the future suggest that over the next 100 years
the Atlantic Ocean’s overturning circulation (known as the
“Ocean Conveyor Belt”) could slow down as a result of climate
change. These ocean currents carry warm water northward
across the equator in the Atlantic Ocean, warming the North
Atlantic (and Europe) and cooling the South Atlantic. A slowdown of the Conveyor Belt would increase regional sea level
rise along the east coast of the
United States and change patterns of temperature in Europe
and rainfall in Africa and the
Americas, but would not lead to
global cooling.

of the carbon dioxide produced by human activities every year.
The dissolved carbon dioxide reacts with seawater to form
carbonic acid, which makes the water more acidic, making it
more difficult for shellfish, corals, and other living things to
grow their shells or skeletons. Both the increased acidity and
higher temperature of the oceans are expected to negatively
affect corals and other living things over the coming decades
and beyond.

Coral Bleaching

Warming ocean waters also
affect marine ecosystems like
coral reefs, which can be very
sensitive to temperature changes. When water temperatures
become too high, coral expel
the algae (called zooxanthellae)
which help nourish them and
give them their vibrant color.
This is known as coral bleaching. If the high temperatures
persist, the coral die.
In addition to the warming, the
acidity of seawater is increasing
as a direct result of increasing
atmospheric carbon dioxide
(see FAQ Q). The oceans are
now absorbing about a quarter

Figure 20. (Photo) Bleached brain coral; (Maps) The global extent and severity of mass
coral bleaching have increased worldwide over the last decade. Red dots indicate severe
15
bleaching. (Figure source: Marshall and Schuttenberg 2006; Photo credit: NOAA).
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Q. What is ocean acidification?
As human-induced emissions of carbon dioxide build up in the atmosphere, excess carbon dioxide dissolves into the oceans,
where it reacts with seawater to form carbonic acid, which makes ocean waters more acidic and corrosive. These changes to
ocean chemistry can affect many living things, and possibly the entire food web.
Dissolved calcium and carbonate ions are the building blocks
for the skeletons and shells of many living things in the oceans.
Ocean acidification lowers the availability of carbonate ions in
many parts of the ocean, affecting the ability of some marine
life to produce and maintain their shells.
Since the beginning of the Industrial Revolution, the pH of surface ocean waters has fallen
by 0.1 pH units, representing approximately a
30% increase in acidity. The oceans will continue to absorb carbon dioxide produced by
human activities and become even more acidic
in the future. Projections of carbon dioxide levels indicate that by the end of this century the
surface waters of the ocean could be as much
as 150% more acidic, resulting in a pH that the
oceans have not experienced for more than 20
million years and effectively transforming marine life as we know it.
Ocean acidification is expected to affect ocean
species to varying degrees. Some photosynthetic algae and seagrass species may benefit
from higher CO2 conditions in the ocean, as

they require CO2 to live, as do plants on land. On the other
hand, studies have shown that a more acidic environment has
dramatic negative effects on some calcifying species, including
pteropods, oysters, clams, sea urchins, shallow water corals,
deep sea corals, and calcareous plankton. When shelled species are at risk, the entire food web may also be at risk.

Ocean Acidification and the Food Web

Figure 21. Pteropods, or “sea butterflies,” are sea creatures about the size of
a small pea. Pteropods are eaten by organisms ranging in size from tiny krill to
whales, and are an important source of food for North Pacific juvenile salmon.
The photos above show what happens to a pteropod’s shell when it encounters
seawater that is too acidic. The left panel shows a shell collected from a live
pteropod from a region in the Southern Ocean where acidity is not too high.
The shell on the right is from a pteropod collected in a region with higher acidity
16
(Photo credits: (left) Bednaršek et al. 2012; (right) Nina Bednaršek).

R. How reliable are the computer models of the Earth’s climate?
Climate models are used to analyze past changes in the long-term averages and variations in temperature, precipitation, and
other climate indicators, and to make projections of how these trends may change in the future. Today’s climate models do a
good job at reproducing the broad features of the present climate and changes in climate, including the significant warming
that has occurred over the last 50 years. Hence, climate models can be useful tools for testing the effects of changes in the
factors that drive changes in climate, including heat-trapping gases, particulates from human and volcanic sources, and solar
variability.
Scientists have amassed a vast body of knowledge regarding
the physical world. Unlike many areas of science, however,
scientists who study the Earth’s climate cannot build a “control Earth” and conduct experiments on this Earth in a lab. To
experiment with the Earth, scientists instead use this accumulated knowledge to build climate models, or “virtual Earths.” In
studying climate change, these virtual Earths serve as an important way to integrate different kinds of knowledge of how
the climate system works. These models can be used to test
scientific understanding of the response of the Earth’s climate
to past changes (such as the transition from the last glacial
maximum to our current warm interglacial period) as well as to
develop projections of future changes (such as the response of
the Earth’s climate to human activities).

Climate models are based on mathematical and physical equations representing the fundamental laws of nature and the
many processes that affect the Earth’s climate system. When
the atmosphere, land, and ocean are divided up into small
grid cells and these equations are applied to each grid cell,
the models can capture the evolving patterns of atmospheric
pressures, winds, temperatures, and precipitation. Over longer
timeframes, these models simulate wind patterns, high and
low pressure systems, and other weather characteristics that
make up climate.
Some important physical processes are represented by approximate relationships because the processes are not fully
understood, or they are at a scale that a model cannot directly
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represent. Examples include clouds, convection, and turbulent
mixing of the atmosphere, for which important processes are
much smaller than the resolution of current models. These
approximations lead to uncertainties in model simulations of
climate.
Climate models require enormous computing resources, especially to capture the geographical details of climate. Today’s

most powerful supercomputers are enabling climate scientists
to more thoroughly examine effects of climate change in ways
that were impossible just five years ago. Over the next decade,
computer speeds are predicted to increase another 100 fold
or more, permitting even more details of the climate system
to be explored.

Climate Models and Temperature Change

Figure 22. The large-scale geographical patterns and approximate magnitude of the surface air
temperature trend from 1980 to 2005 from observational data (left) is approximately captured by computer
models of the climate system (right). The pattern from the computer models is an average based on
43 different global climate models (CMIP5) used in the Intergovernmental Panel on Climate Change’s
(IPCC) Fifth Assessment Report. The observations are a combination of both the human contribution
to recent warming as well as the natural temperature variations. Averaging these model simulations
suppresses the natural variations and thus shows mainly the human contribution, which is the reason that
the smaller-scale details are different between the two maps. (Figure source: NOAA NCDC / CICS-NC).

S. What are the key uncertainties about climate change?
Available evidence gives scientists confidence that humans are having a significant effect on climate and will continue to do so
over this century and beyond. In particular, continued use of fossil fuels and resulting emissions will significantly alter climate
and lead to a much warmer world. Of course, it is impossible to predict the future with absolute certainty. The precise amount
of future climate change that will occur over the rest of this century is uncertain for several reasons.
First, projections of future climate changes are usually based on
scenarios (or sets of assumptions) regarding how future emissions may change as a result of population, energy, technology,
and economics. Society may choose to reduce emissions or to
continue to increase them. The differences in projected future
climate under different scenarios are generally small for the
next few decades. By the second half of the century, however,
human choices, as reflected in these scenarios, become the
key determinant of future climate change. And human choices
are nearly impossible to predict.
A second source of uncertainty is natural variability, which affects climate over timescales from months to decades. These

natural variations are largely unpredictable and are superimposed on the warming from increasing heat-trapping gases.
Uncertainty in the sun’s future output is another source of
variability that is independent of human actions. Estimates of
past changes in solar variability over the last several millennia
suggest that the magnitude of solar effects over this century
are likely to be small compared to the magnitude of the climate
change effects projected from human activities.
A third source of uncertainty involves limitations to our current scientific knowledge. The Earth’s climate system is complex, and continues to challenge scientists’ understanding of
exactly how it may respond to human influences. Observa-
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Emissions Levels Determine Temperature Rises

Figure 23. Projected global average annual temperature changes for multiple future scenarios relative
to the 1901-1960 average temperature. Each line represents a central estimate of global average
th
th
temperature rise for a specific emissions pathway. Shading indicates the range (5 to 95 percentile)
of results from a suite of climate models. The left panel shows results from the previous generation of
climate models (CMIP3), and the right panel shows results from the most recent generation of climate
models (CMIP5). Projections in 2099 for additional emissions pathways are indicated by the bars to the
right of each panel. In all cases, temperatures are expected to rise, although the difference between
lower and higher emissions pathways is substantial. (Data from CMIP3, CMIP5, and NOAA NCDC).

tions of the climate system have expanded substantially since
the beginning of the satellite era, but are still limited. Climate
models differ in the way they represent various processes (for
example, cloud properties, ocean circulation, and turbulent
mixing of air). As a result, different models produce slightly different projections of change, even when the models use the
same scenarios. Scientists often use multiple models in order
to represent this range of projected outcomes.
Finally, there is always the possibility that there are processes
and feedbacks not yet being included in future projections. For

example, as the Arctic warms, carbon trapped in permafrost
may be released into the atmosphere, increasing the initial
warming due to human emissions of heat-trapping gases (see
FAQ T).
However, for a given future scenario, the amount of future
climate change can be specified within plausible bounds, determined not only from the differences in the “climate sensitivity” among models but also from information about climate
changes in the past.

T. Are there tipping points in the climate system?
Most climate studies have considered only relatively gradual, continuous changes in the Earth’s climate system. However,
there are a number of potential “tipping points” in the climate system – points where a threshold is crossed, resulting in a
substantial change in the future state of the climate system, regionally and/or globally.
Scientists have identified several aspects of the climate system
that could pass a tipping point and/or change substantially under projected climate change (see Figure 24 for key examples).
These tipping points have been identified based on observations of past abrupt climate changes, recent observations
showing abrupt changes underway (for example, in the Arctic),
process-based understanding of the dynamics of the climate
system, and climate simulations showing tipping points in future projections. There is no clear scientific consensus at this

time as to whether major tipping points, other than loss of the
Arctic sea ice in summer, will be reached during this century.
Some tipping points are more imminent, and some would have
larger impacts than others. For example, the rapid decline of
Arctic sea ice exposes the darker ocean surface which absorbs
increasing amounts of heats and reduces the amount of new
seasonal ice formed. This drastic reduction in sea ice can tip the
Arctic Ocean into a permanent, nearly ice-free state in summer
(Ch.2: Our Changing Climate, Key Message 11). There is some

811

CLIMATE CHANGE IMPACTS IN THE UNITED STATES

APPENDIX 4: FREQUENTLY ASKED QUESTIONS

Potential Tipping Points

Figure 24. Stylized map of potential policy-relevant tipping elements in the Earth’s climate system overlain on population
density. Question marks indicate systems whose status as tipping elements is particularly uncertain. (Figure source:
17
adapted from Lenton et al. 2008 )

evidence that reductions in ice cover are already leading to
changes in weather patterns affecting the U.S. and Europe.
Currently, the proximity, rate, and reversibility of tipping points
are usually assessed through a mixture of climate modeling,
literature review, and expert elicitation. However, there is a
need for more research in this area. Climate scientists cannot
predict when tipping points will be crossed because of uncertainties in the climate system and because we do not know
what pathway future emissions will take. But an absence of

certainty does not indicate an absence of risk. To use a medical
analogy, just because your doctor cannot tell you the precise
date and time that you will have a heart attack does not mean
you should ignore medical advice to reduce your risk by taking preventative measures like exercising more, losing weight,
and changing your diet. Medical science is imperfect, just like
climate science, but it can provide very useful advice regarding the risks of our actions and choices – and the benefits of
preventative measures.

U. How is climate change affecting society?
Multiple lines of evidence show that climate change is happening as a result of human activities. Climate change is altering
the world around us, and these changes will become increasingly evident with each passing decade. Climate change is already
leading to more intense rainfall events and other extreme weather patterns. It will lead to more droughts in some areas, more
floods in others, and more frequent heat waves in many areas. Changing temperature and precipitation patterns, as well as
increasing sea level, are important factors affecting various parts of the United States. For example, the risks associated with
wildfires in the western U.S. are increasing, and coastal inundation is becoming a common occurrence in low-lying areas.
Water supply availability is changing in many parts of the United States.
Many people are already being affected by the changes that
are occurring, and more will be affected as these changes
continue to unfold. To limit risks and maximize opportunities
associated with the changes, it would be helpful for people to

understand how climate change could affect them and what
they can do to adapt, as well as what can be done to reduce
future climate change by reducing global emissions.
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Taking actions to reduce the emissions that cause climate
change has costs. Not taking those actions has much greater
18
costs.
Climate change will affect ecosystems and human systems
– such as agricultural, transportation, water resources, and
health-related infrastructure – in ways we are only beginning
to understand. Moreover, climate change interacts with other
stressors, such as population increase, land-use change, and
economic and political changes, in ways that we may not be
able to anticipate, compounding the risks.
In general, the larger and faster the changes in climate, the
more difficult it is for human and natural systems to adapt.

The climate system has been relatively stable during the time
that human civilizations have existed. Essentially, today’s built
infrastructure has been developed based on the assumption
that future climate will be like that of the past. This assumption
is no longer valid.
Since climate change is already occurring, adaptation in some
form is inevitable. The choice is between proactive adaptation
(planning ahead to limit impacts) or reactive adaptation (where
responses occur only after damages are already incurred). The
America’s Climate Choices reports from the U.S. National Academy of Sciences discuss these issues in details.

Potential Effects of Climate Change

Figure 25. Climate change is likely to affect human society and the natural environment
in many ways. The National Climate Assessment’s sectoral impacts chapters examine
these impacts by category in detail. (Figure source: adapted from Phillipe Rekacewicz
19
UNEP/GRID-Arendal 2012, “Vital Climate Graphics” collection ).
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V. Are there benefits to warming?
Some climate changes currently have beneficial effects for specific sectors or regions. For example, current benefits of warming include longer growing seasons for agriculture and longer ice-free periods for shipping on the Great Lakes. At the same
time, however, longer growing seasons, along with higher temperatures and carbon dioxide, can increase pollen production,
intensifying and lengthening the allergy season. Longer ice-free periods on the Great Lakes can result in more lake-effect
snowfalls.
Many analyses of this question have concluded that there will
be more negative effects than positive ones. This is largely because our society and infrastructure have been built for the
climate of the past, and any rapid change from that climate
imposes difficulties and costs. For example, many major cities
are located on the coasts where they are now vulnerable to sea

level rise. And there has been rapid population growth in the
U.S. Southwest, where increasing heat and drought threaten
water supplies and cause increased wildfires. In addition, ecosystems that we rely on for our food and water are adapted to
the cooler climate that our planet has experienced over recent
centuries.

W. Are some people more vulnerable than others?
People will be affected by climate change in various ways, but some groups are more vulnerable than others. For example,
the poor, the very young, and some older people have less mobility and fewer resources to cope with extremely high temperatures, increased water scarcity, environmental degradation, and other impacts. People living in flood plains, coastal zones,
and some urban areas are generally more vulnerable as well.
Children, primarily because of physiological and developmental factors, will disproportionately suffer from the effects of
heat waves, air pollution, infectious illness, and trauma resulting from extreme weather events. The country’s older
population also could be harmed more as the climate changes.
Older people are at much higher risk of dying during extreme
heat events. Pre-existing health conditions also make older
adults susceptible to cardiac and respiratory impacts of air pollution and to more severe consequences from infectious diseases. Limited mobility among older adults can also increase

flood-related health risks. Limited resources and an already
high burden of chronic health conditions, including heart disease, obesity, and diabetes, will place the poor at higher risk
of health impacts from climate change than higher income
groups. Potential increases in food cost and limited availability
of some foods will exacerbate current dietary inequalities and
have significant health ramifications for the poorer segments
of our population.
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X. Are there ways to reduce climate change?
The most direct way to significantly reduce the magnitude of future climate change is to reduce the emissions of heat-trapping
gases. Emissions can be reduced in many ways, and increasing the efficiency of energy use is an important component of many
potential strategies. For example, because about 28% of the energy used in the U.S. is used for transportation, developing and
driving more efficient vehicles and changing to fuels that do not contribute significantly to heat-trapping gas emissions over
their lifetimes would result in fewer emissions per mile driven. A large amount of energy in the U.S. is also used to heat and
cool buildings, so changes in building design could dramatically reduce energy use. While there is no single silver bullet that
will solve all the challenges posed by climate change, there are many options that can reduce our emissions and help prevent
some of the potentially serious impacts of climate change. There will be some costs to these changes, but even very ambitious
emissions reductions targets have relatively small costs over the decades it will take to implement them.
Because impacts are already occurring and anticipated to increase, adaptation to the impacts of climate change will be
required. Adaptation decisions range from being better prepared for extreme events such as floods and droughts, to identifying economic opportunities that come from investments
in adaptation and mitigation strategies and technologies, to
integrating considerations of new climate-related risks into
city planning, public health and emergency preparedness, and
ecosystem management.

Technological fixes such as “geoengineering” may be possible,
but at least some such proposals would do nothing to slow
ocean acidification, and would need to be done indefinitely.
There are a wide variety of potential risks of geoengineering
schemes, which are very poorly understood (see FAQ Z).

Multiple Pathways for Reducing U.S. Emissions

Figure 26. Reducing carbon emissions from a higher pathway (here,
RCP 8.5) to a lower pathway (here, RCP 4.5) can be accomplished with a
combination of many technologies and policies, illustrated here based on
20
the “wedges” concept pioneered by Pacala and Socolow in 2004. These
wedges could include increasing the energy efficiency of appliances,
vehicles, buildings, electronics, and electricity generation (orange
wedges); reducing carbon emissions from fossil fuels by switching to lowercarbon fuels or capturing and storing carbon (blue wedges); and switching
to renewable and non-carbon emitting sources of energy, including solar,
wind, wave, biomass, tidal, and geothermal (green wedges). The shapes
and sizes of the wedges shown here are illustrative only. (Data from Boden
21
et al. 2012 ).
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Y. Are there advantages to acting sooner rather than later?
The effects of current emissions of carbon dioxide and other heat-trapping gases on climate can take decades to fully manifest
themselves. The resulting change in climate and the impacts of those changes can then persist for a long time. The longer
these changes in climate continue, the greater the resulting impacts. It will become increasingly costly to adapt, and some
systems will not be able to adapt if the change is too much or too fast. Thus it is not surprising that recent reports from the U.S.
22
23
National Academy of Sciences, including America’s Climate Choices and America’s Energy Future, have concluded that the
environmental, economic, and humanitarian risks posed by climate change indicate a pressing need for substantial action to
limit the magnitude of climate change and to prepare to adapt to its impacts. They also concluded that substantial reductions
of heat-trapping gas emissions should be among the nation’s highest priorities.
The National Academy of Sciences and others have concluded
that acting now will reduce the risks posed by climate change
and the pressure to make larger, more rapid, and potentially
more expensive reductions later. Actions taken to reduce
vulnerability to climate change impacts can be considered as
investments that can make sense economically, especially if
they also offer protection against natural climate variations
and extreme events. In addition, investment decisions made
now about equipment and infrastructure can “lock in” emissions of heat-trapping gases for decades to come. Finally, while
it may be possible to alter our responses to climate change, it
is difficult or impossible to “undo” climate change once it has
occurred.

Current efforts at local and state levels, and by the private
sector, are important, but are insufficient to limit warming to
the lower scenarios described throughout this report. Thus,
numerous analyses have called for policies that establish coherent national and international goals and incentives, and
that promote strong U.S. engagement in international-level response efforts. The National Academy of Sciences found that
the inherent complexities and uncertainties of climate change
will be best met by applying a risk management approach and
by making efforts to significantly reduce heat-trapping gas
emissions; prepare for adapting to impacts; invest in scientific
research, technology development, and information systems;
and facilitate engagement between scientific and technical experts and the many types of people making America’s climate
choices.

Two U.S. Emissions-Reduction Pathways

Figure 27. This graph shows how earlier action to reduce U.S. emissions
would be less difficult than delayed action. Two pathways show how a
cumulative carbon emissions budget of 265 gigatons of CO 2 could be
maintained by 2050. By initiating reduced emissions efforts in 2010 (blue
line), a 4% per year reduction would have been required; waiting until 2020
to reduce emissions (red line) doubles the rate at which emissions must be
24
reduced. (Figure source: Luers et al. 2007 )
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Z. Can we reverse global warming?
While we can’t stop climate change in its tracks, we can limit it to less dangerous levels by reducing our emissions. Even if all
human-related emissions of carbon dioxide and the other heat-trapping gases were to stop today, Earth’s temperature would
continue to rise for a number of decades and then slowly begin to decline. However, focusing on short-lived types of emissions,
such as methane and black carbon (soot), can reduce the rate of change in the near term. Because of the complex processes
controlling carbon dioxide concentrations in the atmosphere, even after more than a thousand years, the global temperature
would still be higher than it was in the pre-industrial period. As a result, without technological intervention, it will not be possible to totally reverse climate change. We do face a choice between a little more warming and lot more warming, however.
The amount of future warming will depend on our future emissions.
In theory, it may be possible to reverse global warming through
technological interventions called geoengineering. Three types
of geoengineering approaches have been proposed to alter

the climate system: 1) enhancing the natural processes that
remove carbon dioxide from the atmosphere; 2) altering the
amount of the sun’s energy that reaches the Earth (referred to

Emissions Reductions and Carbon Dioxide Concentrations

Figure 28. To reduce the changes occurring in climate, we would need to stabilize
atmospheric levels of carbon dioxide, not simply stabilize current emission levels of carbon
dioxide. Just stabilizing emissions still leads to increasing amounts of carbon dioxide in
the atmosphere, because emissions are greater than the sinks that remove it (blue lines).
To stabilize levels of atmospheric carbon dioxide, emissions would need to be reduced
significantly, on the order of 80% or more compared to the present day (green lines).
The lower graph shows how carbon dioxide concentrations would be expected to evolve
depending upon emissions for one illustrative case, but this applies for any chosen target.
25
(Figure source: NRC 2011 ).
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as “solar radiation management”); and 3) direct capture and
storage of CO2 from the atmosphere.
Various techniques for removal of carbon dioxide from the atmosphere have been proposed. At this time, however, there
is no indication that any of them could be implemented on a
large enough scale to have a significant effect. Investments in
limiting emissions, combined with capturing and storing carbon, could possibly reverse the warming trend, but it remains
to be seen if this is feasible.
Artificial injection of stratospheric particles and cloud brightening are two examples of “solar radiation management”
techniques. The cooling effect that some types of particles
have on the atmosphere has led to the proposal of an array
of possible geoengineering projects, especially with the goal

of offsetting the warming until more non-fossil fuel energy is
put into place. However, the climate system is complex and
experimenting without complete understanding could result
in unintended and potentially dangerous side effects on our
health, ecosystems, agricultural yields, and even the climate
itself. Even if such engineering approaches were economically
feasible, the potential impacts on the environment need to be
better understood. One important consideration regarding solar radiation management is that ocean acidification would still
continue even if warming could otherwise be reduced by reflecting light away from our atmosphere. Much more research
is needed to see if such approaches could be environmentally
feasible. In the meantime, there are significant concerns about
ecological and other side effects of some of these technologies.
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APPENDIX

SCENARIOS
AND MODELS
Scenarios

Scenarios provide ways to help understand what future conditions might be. Each scenario provides an example of what
might happen under particular assumptions, and is neither
a prediction nor a forecast. Instead, scenarios provide scientifically rigorous and consistent starting points for examining
questions about an uncertain future and help us to visualize
alternative futures in human terms. The military and businesses frequently use these powerful tools for future planning

in high-stakes situations. Scenarios are used to help identify
future vulnerabilities as well as to support decision-makers
who are focused on limiting risk and maximizing opportunities.
Three types of scenarios are used within this assessment to
help frame the impact analyses in a consistent way: emissions
scenarios (including population and land-use components);
climate scenarios; and sea level rise scenarios. Each is briefly
described below.

Emissions Scenarios
Emissions scenarios quantitatively illustrate how the release of
different amounts of climate-altering gases and particles into
the atmosphere will produce different future climate conditions. Such emissions result from human activities including
fossil fuel energy production and use, agriculture, and other
activities that change land use. These scenarios are developed
using a wide range of assumptions about population growth,
economic and technological development, and other factors.
A wide range of assumptions is used because future trends depend on unpredictable human choices.
Perspectives on “plausible” emissions scenarios evolve over
time. The Intergovernmental Panel on Climate Change (IPCC)
has released three different sets of scenarios since 1990. In
2000, the IPCC released a Special Report on Emission Sce1
narios that provided a set of scenarios, known as the SRES,
which described a wide range of socioeconomic futures and
resulting emissions. Near the higher end of the range, the SRES
A2 scenario represents a world with high population growth,
low economic growth, relatively slow technology improvements and diffusion, and other factors that contribute to high
emissions and lower adaptive capacity (for example, low per
capita wealth). At the lower end of the range, the SRES B1 scenario represents a world with lower population growth, higher
economic development, a shift to low-emitting efficient en-

ergy technologies that are diffused rapidly around the world
through free trade, and other conditions that reduce the rate
and magnitude of climate change as well as increase capacity
for adaptation. The SRES A2 and B1 scenarios are the foundation scenarios used in this assessment to evaluate future impacts.
Recently, a new set of scenarios (Representative Concentration Pathways – RCPs) has been prepared and released by sci2
entists who study emissions, climate, and potential impacts.
This new set incorporates recent observations and research
and includes a wider range of future conditions and emissions.
Because climate model results are just now being released using the new scenarios, and there are few impact studies that
employ them, the RCP climate scenarios are used sparingly in
this assessment.
Scientists cannot predict which, if any, of the scenarios in either the SRES set or the RCP set is most likely because the future emissions pathway is a function of human choices. A wide
range of societal decisions and policy choices will ultimately influence how the world’s emissions evolve, and ultimately, the
composition of the atmosphere and the state of the climate
system.

Climate Scenarios and Climate Models
Global models that simulate the Earth’s climate system are
used, among other things, to evaluate the effects of human
activities on climate. This assessment incorporates a new set of
model simulations that have higher resolution and enhanced
representation of Earth system physics, chemistry, and biology. These models use the new set of RCP emissions scenarios
described above to project expected climate change given various assumptions about how human activities and associated
emissions levels might change.

The range of potential increases in global average temperature
in the newest climate model simulations is wider than earlier
simulations because a broader range of options for human behavior is considered. For example, the lowest of the new RCP
scenarios assumes rapid emissions reductions that would limit
the global temperature increase to about 3.7°F, a much lower
level than in previous scenarios. The emissions trajectory in
RCP 8.5 is similar to SRES A2 and RCP 4.5 is roughly comparable
to SRES B1 (see Figure 1). These similarities between specific
RCP and SRES scenarios make it possible to compare the results from different modeling efforts over time.
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Emissions Levels Determine Temperature Rises

Figure 1. Different amounts of heat-trapping gases released into the atmosphere by human activities produce
different projected increases in Earth’s temperature. In the figure, each line represents a central estimate of global
average temperature rise for a specific emissions pathway (relative to the 1901-1960 average). Shading indicates the
th
th
range (5 to 95 percentile) of results from a suite of climate models. Projections in 2099 for additional emissions
pathways are indicated by the bars to the right of each panel. In all cases, temperatures are expected to rise, although
the difference between lower and higher emissions pathways is substantial. (Left) The panel shows the two main
scenarios (SRES – Special Report on Emissions Scenarios) used in this report: A2 assumes continued increases
in emissions throughout this century, and B1 assumes much slower increases in emissions beginning now and
significant emissions reductions beginning around 2050, though not due explicitly to climate change policies. (Right)
The panel shows newer analyses, which are results from the most recent generation of climate models (CMIP5)
using the most recent emissions pathways (RCPs – Representative Concentration Pathways). Some of these new
8
projections explicitly consider climate policies that would result in emissions reductions, which the SRES set did not.
The newest set includes both lower and higher pathways than did the previous set. The lowest emissions pathway
shown here, RCP 2.6, assumes immediate and rapid reductions in emissions and would result in about 2.5°F of
warming in this century. The highest pathway, RCP 8.5, roughly similar to a continuation of the current path of global
emissions increases, is projected to lead to more than 8°F warming by 2100, with a high-end possibility of more than
11°F. (Data from CMIP3, CMIP5, and NOAA NCDC).

Emissions

scenarios

Two SRES global emissions scenarios were recommended for use
by the authors of this report for impact studies. One is a higher emissions scenario (the A2 scenario from SRES) and the other is a lower
emissions scenario (the B1 scenario from SRES). These two scenarios
do not encompass the full range of possible futures: emissions could
change less than those scenarios imply, or they could change even
more. Recent carbon dioxide emissions have, in fact, been higher than
in the A2 scenario. Whether this trend will continue is not possible to
predict because it depends on societal choices.
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Sea Level Rise Scenarios
After at least two thousand years of little change, global sea
level rose by roughly 8 inches over the last century, and satellite data provide evidence that the rate of rise over the past
20 years has roughly doubled. In the United States, millions
of people and many of the nation’s assets related to military
readiness, energy, transportation, commerce, and ecosystems
are located in areas at risk of increased coastal flooding because of sea level rise and associated storm surge.
Global sea level is rising and will continue to do so beyond the
year 2100 as a result of increasing global temperatures. This
occurs for two main reasons. First, when temperatures rise,
ocean water heats up, causing it to expand. Second, when
glaciers and ice sheets melt in response to hotter conditions,

additional water flows into the oceans. Sea level is projected
to rise an additional 1 to 4 feet in this century. Scientists are
unable to narrow this range at present because the processes
affecting the loss of ice mass from the large ice sheets are dynamic and still the subject of intense study.
Some impact assessments in this report use a set of sea level
rise scenarios within this range, while others consider a wider
range. Four scenarios (8 inches, 1 foot, 4 feet, and 6.6 feet of
rise by 2100), along with explanations regarding how to use
this information, are included in a guidance document on sea
level rise that was provided to the National Climate Assessment (NCA) authors to use as the basis of impact assessments
3
in coastal areas.

Past and Projected Changes in Global Sea Level

Figure 2. Historical, observed, and possible future amounts of global sea level rise from 1800 to
4
2100. Historical estimates (based on sediment records and other proxies) are shown in red (pink
5
band shows uncertainty range), tide gauge measurements in blue, and satellite observations in
6
green. The future scenarios displayed here range from 8 inches to 6.6 feet in 2100.3 Sea level
rise lower than 8 inches or higher than 6.6 feet is considered implausible by 2100. The orange
line at right shows the currently projected range of sea level rise of 1 to 4 feet by 2100. The large
range primarily reflects uncertainty about how ice sheets will respond to the warming ocean
and atmosphere, and to changing winds and currents. (Figure source: Adapted from Parris et
3
al. 2012, with contributions from NASA Jet Propulsion Laboratory).
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Models and Sources of Uncertainty

There are multiple well-documented sources of uncertainty in
climate model simulations. Some of these uncertainties can be
reduced with improved models. Some may never be completely eliminated. The climate system is complex, including natural
variability on a range of time scales, and this is one source of
uncertainty in projecting future conditions. In addition, there
are challenges with building models that accurately represent
the physics of multiple interacting processes, with the scale
and time frame of the available historical data, and with the
ability of computer models to handle very large quantities of
data. Thus, climate models are necessarily simplified representations of the real climate system.
One of the largest sources of uncertainty in projecting future
conditions involves what decisions society will make about
managing the emissions of greenhouse gases. By later this century, very different conditions would result from higher emissions scenarios (such as A2) than from lower ones (like B1).

Over the last decade, concerted efforts in climate modeling
have focused on understanding and better quantifying the
uncertainties inherent in model simulations of climate change
and on improving model resolution and representations of
physical and biological processes important to the climate system. It is very clear that progress is being made in the accuracy
of models in representing the physics of the climate system at
smaller scales. This is demonstrated, for example, by the ability
of these models to replicate observed climate.

To understand and better quantify uncertainty, multiple models generated by different modeling groups around the world
are being used to identify common features in projections of
climate change. The Third Coupled Model Intercomparison
Project (CMIP3), and more recently CMIP5, established formalized structures that enable model evaluations against the
climate record of the recent past. New elements of the CMIP5
effort include a major focus on near-term, decade-length
projections designed for regional climate change and on predictions from the new class of Earth system models that include coupled physical, chemical, and biogeochemical climate
processes. CMIP3 findings are the foundation for most of the
impact analyses included in this assessment. Newer information from CMIP5 was largely unavailable in time to serve as the
foundation for this report and is primarily provided for comparison purposes.
The breadth and depth of these analyses indicate that the
modeling results in this report are robust. There is an important distinction to be made, however, between a “prediction”
of what “will” happen and a “projection” of what future conditions are likely given a particular set of assumptions. All of the
model results presented in this report are the latter: projections based on specified assumptions about emissions. The
new regional projections provided in this report represent the
7
state of the science in climate change modeling.
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TOPICS FOR CONSIDERATION
IN FUTURE ASSESSMENTS

Although this report covers a broad range of topics related to
understanding, assessing, and responding to global change as
required by the Global Change Research Act,1 it is not possible
to provide a comprehensive analysis of every topic in a single

report. The following are important topics that could not be
adequately covered in this report. In preparation for future
synthesis reports, these are some topics that could be considered.

Economic Analyses

Documenting the costs of climate change impacts is extremely
challenging because these impacts occur across multiple regions and sectors and over multiple time frames. The impacts
include physical, ecological, and social components, and many
are difficult to extract from underlying sources of vulnerability not caused by climate change. Also, while some types of
extreme weather events are made more frequent and/or intense by climate change, it is rare that any event has a single
cause. Since such events generally result from a combination
of natural variability and climate change, it is difficult to assign
a precise proportion of the costs associated with a particular
event to climate change. Further, many impacts occur in ways
that are difficult to translate into precise economic costs; for
example, impacts to biodiversity, changes in quality of life, or

social stresses are likely to be valued differently by different
individuals and communities. Finally, it is challenging to assess the economic implications of rare events, which have low
probability but high consequence – especially in cases where
there is limited or non-existent data about the costs of such
events in the past.
A number of studies have produced estimates of the economic
damages expected from future climate change. However,
there are currently no total economic damage estimates that
are based on valuing and aggregating the various regional and
sectoral impacts that are the focus of this assessment. Understanding these impacts in more detail could provide important
input for adaptation and mitigation decisions.

National Security

The implications of climate change for U.S. national security
are significant, but they have not been analyzed in detail in this
report because there are a number of recent unclassified U.S.
Department of Defense (DoD) reports and reports of other
groups that have rigorously addressed this topic. In 2010, the
DoD released the Quadrennial Defense Review (QDR), for the
first time acknowledging that climate change will play a “significant role in shaping the future security environment.”2 Based
on the QDR, the DoD is now incorporating and considering the
consequences of climate change in its long-range strategic
plans, including potential impacts to its facilities and missions.
Other recent reports by the National Intelligence Council and
the National Research Council (NRC) analyze the security implications of climate change.3 The NRC found that “It is pru-

dent to expect that over the course of a decade some climate
events…will produce consequences that exceed the capacity
of the affected societies or global systems to manage and that
have global security implications serious enough to compel
international response.” National security concerns are highly
integrated with a variety of other economic, health, policy
and resource management issues. The findings of the National
Climate Assessment reports, as well as other environmental
assessments, are influential in determining threats to national
security. It will be useful in future reports to advance the state
of knowledge of climate impacts in a manner that would improve the ability of the appropriate government institutions to
determine how such impacts are integrated in complex ways
with national security concerns and emergency preparedness.

Interactions between Adaptation and Mitigation Activities

An additional topic that requires further investigation is the
state of knowledge of the intersections of adaptation and
mitigation activities. Although adaptation, preparedness, and
resilience are all related concepts, the emissions implications
across the life of an adaptation project, including full assessment of the emissions associated with “supply chains” for
manufactured goods and services, are difficult to assess for
any project, and even more challenging on larger scales. In
addition, there are options where mitigation and adaptation

strategies have co-benefits and other combinations of strategies that can cause unintended negative consequences. For
example, the water resource implications of increased production of biofuels are substantial in some regions of the United
States, and may result in negative impacts on ecosystems,
power production, or residential water supply (see Ch. 6: Agriculture; Ch. 10: Energy, Water, and Land; Ch. 27: Mitigation;
and Ch. 28: Adaptation). It would be useful to explore these
and related topics in more detail in future assessments.
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Executive summary
The 2015 Lancet Commission on Health and Climate
Change has been formed to map out the impacts of
climate change, and the necessary policy responses, in
order to ensure the highest attainable standards of health
for populations worldwide. This Commission is multidisciplinary and international in nature, with strong
collaboration between academic centres in Europe and
China.
The central ﬁnding from the Commission’s work is
that tackling climate change could be the greatest global
health opportunity of the 21st century. The key messages
from the Commission are summarised below,
accompanied by ten underlying recommendations to
accelerate action in the next 5 years.

The eﬀects of climate change are being felt today, and
future projections represent an unacceptably high and
potentially catastrophic risk to human health
The implications of climate change for a global
population of 9 billion people threatens to undermine
the last half century of gains in development and global
health. The direct eﬀects of climate change include
increased heat stress, ﬂoods, drought, and increased
frequency of intense storms, with the indirect
threatening population health through adverse changes
in air pollution, the spread of disease vectors, food
insecurity and under-nutrition, displacement, and
mental ill health.
Keeping the global average temperature rise to less
than 2°C to avoid the risk of potentially catastrophic
climate change impacts requires total anthropogenic
carbon dioxide (CO2) emissions to be kept below 2900
billion tonnes (GtCO2) by the end of the century. As of
2011, total emissions since 1870 were a little over half of
this, with current trends expected to exceed 2900 GtCO2
in the next 15–30 years. High-end emissions projection
scenarios show global average warming of 2·6–4·8°C by
the end of the century, with all their regional
ampliﬁcation and attendant impacts.

Tackling climate change could be the greatest global
health opportunity of the 21st century
Given the potential of climate change to reverse the
health gains from economic development, and the health
co-beneﬁts that accrue from actions for a sustainable
economy, tackling climate change could be the greatest
www.thelancet.com Vol 386 November 7, 2015

global health opportunity of this century. Many
mitigation and adaptation responses to climate change
are “no-regret” options, which lead to direct reductions
in the burden of ill-health, enhance community
resilience, alleviate poverty, and address global inequity.
Beneﬁts are realised by ensuring that countries are
unconstrained by climate change, enabling them to
achieve better health and wellbeing for their populations.
These strategies will also reduce pressures on national
health budgets, delivering potentially large cost savings,
and enable investments in stronger, more resilient health
systems.

The Commission recommends that over the next 5 years,
governments:
1 Invest in climate change and public health research,
monitoring, and surveillance to ensure a better
understanding of the adaptation needs and the
potential health co-beneﬁts of climate mitigation at
the local and national level.
2 Scale-up ﬁnancing for climate resilient health systems
world-wide. Donor countries have a responsibility to
support measures which reduce the impacts of
climate change on human wellbeing and support
adaptation. This must enable the strengthening of
health systems in low-income and middle-income
countries, and reduce the environmental impact of
health care.
3 Protect cardiovascular and respiratory health by
ensuring a rapid phase out of coal from the global
energy mix. Many of the 2200 coal-ﬁred plants
currently proposed for construction globally will
damage health unless replaced with cleaner energy
alternatives. As part of the transition to renewable
energy, there will be a cautious transitional role for
natural gas. The phase out of coal is proposed as part
of an early and decisive policy package which targets
air pollution from the transport, agriculture, and
energy sectors, and aims to reduce the health burden
of particulate matter (especially PM2.5) and shortlived climate pollutants, thus yielding immediate
gains for society.
4 Encourage a transition to cities that support and
promote lifestyles that are healthy for the individual
and for the planet. Steps to achieve this include
development of a highly energy eﬃcient building
stock; ease of low-cost active transportation; and
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increased access to green spaces. Such measures
improve adaptive capacity, whilst also reducing urban
pollution, greenhouse gas emissions, and rates of
cardiovascular disease, cancer, obesity, diabetes,
mental illness, and respiratory disease.

Achieving a decarbonised global economy and securing
the public health beneﬁts it oﬀers is no longer primarily
a technical or economic question—it is now a political
one
Major technical advances have made buildings and
vehicles more eﬃcient and renewable energy sources far
more cost eﬀective. Globally, there is plentiful ﬁnancial
resource available, however much of it is still being
directed towards the fossil-fuel industry. Bold political
commitment can ensure that the technical expertise,
technology, and ﬁnance to prevent further signiﬁcant
climate change is readily available, and is not a barrier to
action.

The Commission recommends that over the next 5 years,
governments:
5 Establish the framework for a strong, predictable, and
international carbon pricing mechanism.
6 Rapidly expand access to renewable energy in lowincome and middle-income countries, thus providing
reliable electricity for communities and health
facilities; unlocking substantial economic gains; and
promoting health equity. Indeed, a global development
pathway that fails to achieve this expansion will come
at a detriment to public health, and will not achieve
long-term economic growth.
7 Support accurate quantiﬁcation of the avoided burden
of disease, reduced health-care costs, and enhanced
economic productivity associated with climate change
mitigation. These will be most eﬀective when
combined with adequate local capacity and political
support to develop low-carbon healthy energy choices.

The health community has a vital part to play in
accelerating progress to tackle climate change
Health professionals have worked to protect against
health threats, such as tobacco, HIV/AIDS, and polio,
and have often confronted powerful entrenched interests
in doing so. Likewise, they must be leaders in responding
to the health threat of climate change. A public health
perspective has the potential to unite all actors behind a
common cause—the health and wellbeing of our
families, communities, and countries. These concepts
are far more tangible and visceral than tonnes of
atmospheric CO2, and are understood and prioritised
across all populations irrespective of culture or
development status.
Reducing inequities within and between countries is
crucial to promoting climate change resilience and
improving global health. Neither can be delivered without
accompanying sustainable development that addresses
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key health determinants: access to safe water and clean
air, food security, strong and accessible health systems,
and reductions in social and economic inequity. Any
prioritisation in global health must therefore place
sustainable development and climate change front and
centre.

The Commission recommends that over the next 5 years,
governments:
8 Adopt mechanisms to facilitate collaboration
between Ministries of Health and other government
departments, empowering health professionals and
ensuring that health and climate considerations are
thoroughly
integrated
in
government-wide
strategies. A siloed approach to protecting human
health from climate change will not work. This must
acknowledge and seek to address the extent to which
additional global environmental changes, such as
deforestation, biodiversity loss, and ocean
acidiﬁcation, will impact on human health and
decrease resilience to climate change.
9 Agree and implement an international agreement
that supports countries in transitioning to a lowcarbon economy. Whilst the negotiations are very
complex, their goals are very simple: agree on
ambitious and enforceable global mitigation targets,
on adaptation of ﬁnance to protect countries’ rights to
sustainable development, and on the policies and
mechanisms that enable these measures. To this end,
international responsibility for reducing greenhouse
gas emissions is shared: interventions that reduce
emissions and promote global public health must be
prioritised irrespective of national boundaries.
Responding to climate change could be the greatest
global health opportunity of the 21st century.

To help drive this transition, the 2015 Lancet
Commission on Health and Climate Change will:
10 Develop a new, independent Countdown to 2030:
Global Health and Climate Action, to provide expertise
in implementing policies that mitigate climate change
and promote public health, and to monitor progress
over the next 15 years. The Collaboration will be led
by this Commission, reporting in The Lancet every
2 years, tracking, supporting, and communicating
progress and success along a range of indicators in
global health and climate change

Introduction
In 2009, the UCL–Lancet Commission on Managing the
Health Eﬀects of Climate Change called climate change
“the biggest global health threat of the 21st century”.1
6 years on, a new multidisciplinary, international
Commission reaches the same conclusion, whilst adding
that tackling climate change could be the greatest global
opportunity of the 21st century.
www.thelancet.com Vol 386 November 7, 2015
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The Commission represents a collaboration between
European and Chinese climate scientists and geographers,
social and environmental scientists, biodiversity experts,
engineers and energy policy experts, economists, political
scientists and public policy experts, and health
professionals—all seeking a response to climate change
that is designed to protect and promote human health.

The physical basis
The Intergovernmental Panel on Climate Change (IPCC)
has described the physical basis for, the impacts of, and
the response options to climate change.2 In brief, shortwave solar radiation passes through the Earth’s
atmosphere to warm its surface, which emits longer
wavelength (infrared) radiation. Greenhouse gases
(GHGs) in the atmosphere absorb this radiation and reemit it, sharing it with other atmospheric elements, and
with the Earth below. Without this eﬀect, surface
temperatures would be more than 30°C lower than they
are today.3 One such GHG is carbon dioxide (CO2),
primarily released when fossil fuels (ie, oil, coal, and
natural gas) are burned. Others, such as methane (CH4)
and nitrous oxide (N2O), are generated through fossil-fuel

use and human agricultural practice. GHG emissions
have steadily climbed since the industrial revolution.4
CO2 remains in the atmosphere for a long time, with a
part remaining for thousands of years or longer.5 As a
result, atmospheric GHG concentrations have risen
steeply in the industrial age, those of CO2 reaching more
than 400 parts per million (ppm) in 2014, for the ﬁrst
time since humans walked the planet. Every additional
ppm is equivalent to about 7·5 billion tonnes of
atmospheric CO2.6,7
In view of their proven physical properties, such rising
concentrations must drive a net positive energy balance,
the additional heat distributing between gaseous
atmosphere, land surface, and ocean. The IPCC’s 2014
report conﬁrms that such global warming, and the role of
human activity in driving it, are unequivocal. The oceans
have absorbed the bulk (90% or more) of this energy in
recent years and ocean surface temperatures have risen.8
However, temperatures at the Earth’s surface have also
risen, with each of the last three decades being successively
warmer than any preceding decade since 1850. Indeed,
2014 was the hottest year on record. Overall, the Earth
(global average land and ocean temperature) has warmed
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Figure 1: An overview of the links between greenhouse gas emissions, climate change, and health
The causal links are explained in greater detail in the section about climate change and exposure to health risks.
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by some 0·85°C between 1880 and 2012.8 Arctic sea ice is
disappearing at a rate of up to 50 000 km² per year, the
Antarctic ice sheet is now losing 159 billion tonnes of ice
each year, and sea levels are rising inexorably.9
Much of past emissions remain in the atmosphere and
will drive continued warming in the future. GHG
concentrations in the atmosphere are continuing to rise
at a rate that is incompatible with limiting warming to
2°C in the coming 35 years (by 2050), and which exceeds
the IPCC’s “worst case scenario”.10 We are on track for a
global average temperature rise of more than 4°C above
pre-industrial temperatures in the next 85 years, at
which point global temperature will still be increasing
by roughly 0·7°C per decade (due to the lag in reaching
equilibrium). This distribution will not be even: the socalled polar ampliﬁcation phenomena might cause
temperatures in parts of the Arctic to increase by 11°C in
this timeframe.8

The health impacts of climate change
The resultant climate change poses a range of threats to
human health and survival in multiple, interacting ways
(ﬁgure 1). Impacts can be direct (eg, heatwaves and
extreme weather events such as a storm, forest ﬁre,
ﬂood, or drought) or indirectly mediated through the
eﬀects of climate change on ecosystems (eg, agricultural
losses and changing patterns of disease), economies,
and social structure (eg, migration and conﬂict). After
only 0·85°C warming, many anticipated threats have
already become real-world impacts. Table 1 summarises
the evidence attributing climate change to speciﬁc
extreme weather events, outlining the role that climate
change is playing in the present day (2013). It
demonstrates increasing certainty that climate change
signiﬁcantly alters the probability of extreme weather,
most often in directions that have dangerous health
consequences.

Summary statement

Anthropogenic inﬂuence increased event
likelihood or strength

Anthropogenic inﬂuence
decreased event
likelihood or strength

Anthropogenic inﬂuence not found or
uncertain

Number
of papers

Heat

Long-duration heatwaves during
the summer and prevailing
warmth for annual conditions
are becoming increasingly likely
because of a warming planet

Europe heat, 2003 (Stott et al, 200411); Russia heat,
2010 (Rahmstorf and Couman, 2011;12 Otto et al,
201213); USA heat, 2012 (Diﬀenbaugh and Scherer,
2013;14 Knutson et al, 2013);14 Australia heat, 2013
(Arblaster et al, 2014; King et al, 2014; Knutson
et al, 2014; Lewis et al, 2014; Perkins et al, 2014);15
Europe heat, 2013 (Dong et al, 2014);15 China heat,
2013 (Zhou et al, 2014);15 Japan heat, 2013 (Imada
et al, 2014);15 Korea heat, 2013 (Min et al, 2014)15

··

··

14

Cold

Prolonged cold waves have
become much less likely than they
were previously, such that the
probability of reoccurrence of the
2013 severely cold winter in the
UK might have fallen by 30 times
because of global warming

UK cold spring, 2013
(Christidis et al, 2014)15

UK extreme cold, 2010–11 (Christidis and Stott,
2012)16

2

14

··

Extreme precipitation events
Heavy
precipitation were found to have been much
and ﬂood
less influenced by humaninduced climate change than
extreme temperature events

UK ﬂoods, 2011 (Pall et al, 2011);17 USA seasonal
precipitation, 2013 (Knutson et al, 2014);15 India
precipitation, 2013 (Singh et al, 2014)15

USA Great Plains drought, Thailand ﬂoods, 2011 (Van Oldenborgh et al,
2013 (Hoerling et al,
2012);16 UK summer ﬂoods, 2012 (Sparrow et al,
2014)15
2013);14 north China ﬂoods, 2012 (Tett et al,
2013);14 southwest Japan ﬂoods, 2012 (Imada
et al, 2013);14 southeast Australia ﬂoods (2012);
(King et al, 2013,14 Christidis et al, 2013);14
southern Europe Precipitation, 2013 (Yiou and
Cattiaux, 2014);15 central Europe precipitation,
2013 (Schaller et al, 2014)15

Drought

Droughts are highly complex
meteorological events and research
groups have analysed diﬀerent
factors that aﬀect droughts, such
as sea surface temperature, heat, or
precipitation

East African drought, 2011 (Funk et al, 2012);16
Texas drought, 2011 (Rupp et al, 2012);16 Iberian
Peninsula drought, 2011 (Trigo et al, 2012);16 east
African drought 2012, (Funk et al, 2012);16 New
Zealand drought, 2013 (Harrington et al, 2014);15
USA California drought, 2013 (Swain et al, 2014)15

··

Central USA drought, 2012 (Rupp et al, 2013);14
USA California drought, 2013 (Funk et al,
2014);16 (Wang and Schubert, 2014)15

9

Storms

No clear evidence of human
influence was shown for any of
the four very intense storms
examined

··

··

USA hurricane Sandy, 2012 (Sweet et al,
2013);14 cyclone Christian, 2013 (von Storch
et al, 2014);15 Pyrenees snow, 2013 (Anel et al,
2014);15 USA south Dakota blizzard, 2013
(Edwards et al, 2014)15

4

Number of
papers

··

23

2

18

43

References are in Peterson et al, 2012;16 Peterson et al, 2013;14 Herring et al, 2014;15 or listed separately. Adapted from the Bulletin of the American Meteorological Society.

Table 1: Detection and attribution studies linking recent extreme weather events to climate change
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Some population groups are particularly vulnerable to
the health eﬀects of climate change, whether because of
existing socioeconomic inequalities, cultural norms, or
intrinsic physiological factors. These groups include
women, young children and older people, people with
existing health problems or disabilities, and poor and
marginalised communities. Such inequalities are often
also present in relation to the causes of climate change:
women and children both suﬀer the majority of the health
impacts of indoor air pollution from ineﬃcient cookstoves
and kerosene lighting, and so mitigation measures can
help to reduce existing health inequities such as these.

Non-linearities, interactions, and unknown
unknowns
The magnitude and nature of health impacts are hard to
predict with precision; however, it is clear that they are
pervasive and reﬂect eﬀects on key determinants of
health, including food availability. There are real risks
that the eﬀects will become non-linear as emissions and
global temperatures increase. First, large-scale
disruptions to the climate system are not included in
climate modelling and impact assessments.18 As we
proceed rapidly towards 4°C warming by the end of the
century, the likelihood of crossing thresholds and tipping
points rises, threatening further warming and accelerated
sea-level rise. Second, small risks can interact to produce
larger-than-expected chances of catastrophic outcomes,
especially if they are correlated (panel 1).22,23
Such impacts (and their interactions) are unlikely to be
trivial and could be suﬃcient to trigger a discontinuity in
the long-term progression of humanity.24 Whilst the
poorest and most vulnerable communities might suﬀer
ﬁrst, the interconnected nature of climate systems,
ecosystems, and global society means that none will be
immune. Indeed, on the basis of current emission
trajectories, temperature rises in the next 85 years may
be incompatible with an organised global community.25

The health co-beneﬁts of emissions reduction
Acting to reduce GHG emissions evidently protects
human health from the direct and indirect impacts of
climate change. However, it also beneﬁts human health
through mechanisms quite independent of those relating
to modifying climate risk: so-called health co-beneﬁts of
mitigation.26
Reductions in emissions (eg, from burning fossil fuels)
reduce air pollution and respiratory disease, whilst safer
active transport cuts road traﬃc accidents and reduces
rates of obesity, diabetes, coronary heart disease, and
stroke. These are just some of the many health co-beneﬁts
of mitigation, which often work through several causal
pathways via the social and environmental determinants
of health. Protecting our ecosystems will create the
wellbeing we gain from nature and its diversity.27
Aﬀordable renewable energy will also have huge beneﬁts
for the poorest. WHO found that in 11 sub-Saharan African
www.thelancet.com Vol 386 November 7, 2015

Panel 1: Teeth in the tails
Tail risks are those whose probability of occurring is low (ie, >2 or 3 SDs from the mean).
The size of the tail and the combination of tails will decide the chance of extreme or
catastrophic outcomes. Interactions between tail risks greatly aﬀect the risk of several
happening at once—eg, interactions between crop decline and population migration, or
between heatwaves, water insecurity and crop yields. The 2008 global ﬁnancial crisis is an
example. Here, rating agencies catastrophically mispriced the risks of pooled
mortgage-related securities. For example, Nate Silver showed that if ﬁve mortgages, each
with a 5% risk of defaulting, are pooled, the risks of a default of all ﬁve is 0·00003% as
long as the default is perfectly uncorrelated.19 If they are perfectly correlated (as almost
happened with the housing crash) the risk is 5%. In other words, if rating agencies
assumed no interaction, their risk would be miscalculated by a factor of 160 000.19
We must not assume that individual climate tail risks will be uncorrelated. In complex
systems, individual events might become more highly correlated when events place the
whole system under stress. For example, in the UK in 2007, ﬂooding threatened electricity
substations in Gloucestershire. The authorities requested the delivery of pumps and other
equipment to keep one of these substations, Walham, from ﬂooding. Loss of the substation
would have left the whole county, and part of Wales and Herefordshire without power, and
many people without drinking water. Equipment had to be delivered by road. Parts of the
road system in the region of the substation ﬂooded, which almost prevented the delivery of
equipment. Under normal conditions, disturbances to the three subsystems—roads,
electricity, and the public water supply—are uncorrelated and simultaneous failure of all
three very unlikely. With extreme ﬂooding they became correlated under the inﬂuence of a
fourth variable, resulting in a higher than expected probability of all three failing
together.20,21 Indeed, these extremes of weather, which will occur more frequently with
unmitigated climate change, are the ones that are often most important for human health.

countries, 26% of health facilities had no energy at all and
only 33% of hospitals had what could be called “reliable
electricity provision”, deﬁned as no outages of more than
2 h in the past week.28 Solar power is proposed as an ideal
alternative energy solution, providing reliable energy that
does not harm cardiovascular or respiratory health in the
same way that diesel generators do. Clean cookstoves and
fuels will not only protect the climate from black carbon (a
very short-lived climate pollutant), but also cut deaths from
household air pollution—a major killer in low-income
countries. Buildings and houses designed to provide better
insulation, heating eﬃciency, and protection from extreme
weather events will reduce heat and cold exposure, disease
risks from mould and allergy, and from infectious and
vector-borne diseases.29
Many other co-beneﬁts exist across diﬀerent sectors,
from agriculture to the formal health system. The cost
savings of the health co-beneﬁts achieved by policies to
cut GHG emissions are potentially large. This is
particularly important in a context where health-care
expenditure is growing relative to total government
expenditure globally. The health dividend on savings
must be factored into any economic assessment of the
costs of mitigation and adaptation. The poorest people
are also most vulnerable to climate change, meaning that
the costs of global development will rise if we do nothing,
and poverty alleviation and sustainable development
goals will not be achieved.
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This Commission
6 years ago, the ﬁrst Lancet Commission called climate
change “the biggest global health threat of the 21st
century”.1 Since then, climate threats continue to become
a reality, GHG emissions have risen beyond worst-case
projections, and no international agreement on eﬀective
action has been reached. The uncertainty around
thresholds, interactions and tipping points in climate
change and its health impacts are serious enough to
mandate an immediate, sustained, and globally
meaningful response.
This report further examines the evidence of threat,
before tabling a prescription for both prevention and
symptom management. We begin in section 1 by reexamining the causal pathways between climate change
and human health, before oﬀering new estimates of
exposure to climate health risks in the coming decades.
The changes in the spatial distribution of populations,
and their demographic structure over the coming
century, will put more people in harm’s way.
Given that the world is already locked in to a signiﬁcant
rise in global temperatures (even with meaningful action
to reduce GHG emissions), section 2 considers measures
that must be put in place to help lessen their unavoidable
health impacts. Adaptation strategies are those that
reduce vulnerability and enhance resilience—ie, the
capacity of a system to absorb disturbance and reorganise—so as to retain function, structure, identity,
and feedbacks.30 We identify institutional and decisionmaking challenges related to uncertainty, multicausal
pathways, and complex interactions between social,
ecological, and economic factors. We also show tangible
ways ahead with adaptations that provide clear no-regret
options and co-beneﬁts for food security, human
migration and displacement, and dynamic infectious
disease risks.
Symptomatic intervention and palliation must,
however, be accompanied by immediate action to address
the cause of those symptoms: the epidemiology and
options for scaling up low-carbon technologies and
technical responses are discussed in section 3, in addition
to the necessary measures required to facilitate their
deployment. This section also explores the health
implications of various mitigation options, with
particular attention to those which both promote public
health and mitigate climate change.
Transformation to a global low-carbon economy
requires political will, a feasible plan, and the requisite
ﬁnance. Section 4 examines the ﬁnancial, economic, and
policy options for decarbonisation. The goal of mitigation
policy should be to reduce cumulative and annual GHG
emissions. Early emissions reduction will delay climate
disruption and reduce the overall cost of abatement by
avoiding drastic and expensive last-minute action.
Immediate action oﬀers a wider range of technological
options, allows economies of scale and prospects for
learning, and will reduce costs over time. The window of
1866

opportunity for evolutionary and revolutionary new
technologies to develop, commercialise, and deploy is
also held open for longer.
In section 5, we examine the political processes and
mechanisms that might play a part in delivering a lowcarbon economy. Multiple levels are considered,
including the global response (the UN Framework
Convention on Climate Change), national and
subnational (cities, states, and provinces) policy, and the
role of individuals. The interaction between these
diﬀerent levels, and the lessons learnt from public health
are given particular attention.
Finally, in section 6 we propose the formation of an
international Countdown to 2030: Global Health and
Climate Action. We outline how an international,
multidisciplinary coalition of experts should monitor and
report on: the health impacts of climate change; progress
in policy to reduce GHG emissions, and synergies used
to promote and protect health; and progress in health
adaptation action to reduce population vulnerability to
build climate resilience and to implement climate-ready
low-carbon health systems. A Countdown process would
complement rather than replace existing IPCC reports,
and would bring the full weight and voice of the health
and scientiﬁc communities to this critical population
health challenge.

Section 1: climate change and exposure to
health risks
No region is immune from the negative impacts of climate
change, which will aﬀect the natural world, economic
activities, and human health and wellbeing in every part of
the world.31 There are already observed impacts of climate
change on health, directly through extreme weather and
hazards and indirectly through changes in land use and
nutrition. Lags in the response of the climate system to
historical emissions means the world is committed to
signiﬁcant warming over coming decades.
All plausible futures resulting from realistic anticipated
emissions trajectories expose the global population to
worsening health consequences. In 2014, WHO estimated
an additional 250 000 potential deaths annually between
2030 and 2050 for well understood impacts of climate
change. WHO suggest their estimates represent lower
bound ﬁgures because they omit important causal
pathways. The eﬀects of economic damage, major
heatwave events, river ﬂooding, water scarcity, or the
impacts of climate change on human security and
conﬂict, for example, are not accounted for in their global
burden estimates.32 Without action to address continued
and rising emissions, the risks, and the number of people
exposed to those risks, will likely increase signiﬁcantly.
WHO emphasises that the importance of the interactions
between climate change and many other trends aﬀecting
public health, stressing the need for interventions
designed to address climate change and poverty—two key
drivers of ill health.32 Similarly, the authors of the IPCC
www.thelancet.com Vol 386 November 7, 2015
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assessment of climate change on health emphasise that
the health impacts become ampliﬁed over time.21
This report provides new insights into the potential
exposure of populations, showing that when demographic
trends are accounted for, such as ageing, migration, and
aggregate population growth, the populations exposed to
climate change that negatively aﬀect health risk are more
seriously aﬀected than suggested in many global
assessments. It involves new analysis on speciﬁc and
direct climate risks of heat, drought and heavy
precipitation that directly link climate change and
wellbeing. The number of people exposed to such risk is
ampliﬁed by social factors: the distribution of population
density resulting from urbanisation, and changes in
population demographics relating to ageing.
Thus, human populations are likely to be growing,
ageing, and migrating towards greater vulnerability to
climate risks. Such data emphasise the need for action to
avoid scenarios where thresholds in climate greatly
increase exposure, as well as adaptation to protect
populations from consequent impacts.

How climate aﬀects human health
Mechanisms linking climate and health
The principal pathways linking climate change with
health outcomes are shown in ﬁgure 2, categorised as
direct and indirect mechanisms that interact with social

Direct eﬀects

Indirect eﬀects

Storms

Water quality

dynamics to produce health outcomes. All these risks
have social and geographical dimensions, are unevenly
distributed across the world, and are inﬂuenced by social
and economic development, technology, and health
service provision. The IPCC report documents in
expansive detail the scientiﬁc knowledge on many
individual risks.31 Here, we discuss how these risks could
change globally as a result of a changing climate and of
evolving societal and demographic factors.
Changes in extreme weather and resultant storm, ﬂood,
drought, or heatwave are direct risks. Indirect risks are
mediated through changes in the biosphere (eg, in the
burden of disease and distribution of disease vectors, or
food availability), and others through social processes
(leading, for instance, to migration and conﬂict). These
three pillars, shown in ﬁgure 2, interact with one another,
and with changes in land use, crop yield, and ecosystems
that are being driven by global development and
demographic processes. Climate change will limit
development aspirations, including the provision of
health and other services through impacts on national
economies and infrastructure. It will aﬀect wellbeing in
material and other ways. Climate change will, for example,
exacerbate perceptions of insecurity and inﬂuence aspects
of cultural identity in places directly aﬀected.33
Thus, in ﬁgure 2, climate risks might be both ampliﬁed
and modiﬁed by social factors. The links between food
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Figure 2: The direct and indirect eﬀects of climate change on health and wellbeing
There are complex interactions between both causes and eﬀects. Ecological processes, such as impacts on biodiversity and changes in disease vectors, and social
dynamics, can amplify these risks. Social responses also ameliorate some risks through adaptive actions.

www.thelancet.com Vol 386 November 7, 2015

1867

The Lancet Commissions

production and food security in any country, for instance,
are strongly determined by policies, regulations and
subsidies to ensure adequate food availability and
aﬀordable prices.34 Vulnerabilities thus arise from the
interaction of climatic and social processes. The
underpinning science shows that impacts are unevenly
distributed, with greater risks in less developed countries,
and with speciﬁc subpopulations such as poor and
marginalised groups, people with disabilities, the elderly,
women, and young children bearing the greatest burden
of risk in all regions.31
In many regions, the consequences of lower socioeconomic status and cultural gender roles combine to
increase the health risks that women and girls face as a
result of climate change relative to men and boys in the
same places, although the converse might apply in some
instances. Whilst in developed countries, males comprise
approximately 70% of ﬂood disaster fatalities (across
studies in which sex was reported), the converse is
generally true for disaster-related health risks in
developing country settings, in which the overall impacts
are much greater.35,36 For example, in some cultures
women may be forbidden from leaving home
unaccompanied, are less likely to have learnt how to
swim, and may have less political representation and
access to public services. Additionally, women’s and girls’
nutrition tends to suﬀer more during periods of climaterelated food scarcity than that of their male counterparts,
as well as starting from a lower baseline, because they are
often last in household food hierarchies.37

Direct mechanisms and risks: exposure to warming and
heatwaves
While societies are adapted to local climates across the
world, heatwaves represent a real risk to vulnerable
populations and signiﬁcant increases in the risks of

extreme heat are projected under all scenarios of climate
change.38 On an individual basis, tolerance to any change
is diminished in those whose capacity for temperature
homoeostasis is limited by, for example, extremes of age
or dehydration. There is a well-established relationship
between extreme high temperatures and human
morbidity and mortality.39 There is also now strong
evidence that such heat-related mortality is rising as a
result of climate change impacts across a range of
localities.31
Evidence from previous heatwave events suggests that
the key parameters of mortality risk include the
magnitude and duration of the temperature anomaly and
the speed of temperature rise. The risks are culturally
deﬁned, even temperate cities experience such mortality
as it is deviation from expectations that drives weatherrelated risks. This is especially true when hot periods
occur at the beginning of summer, before people have
acclimatised to hotter weather.38 The incidence of
heatwaves has increased in the past few decades, as has
the area aﬀected by them.40,41
The most severe heatwave, measured with the Heat
Wave Magnitude Index, was the summer 2010 heatwave
in Russia.40 More than 25 000 ﬁres over an area of
1·1 million hectares42 raised concentrations of carbon
monoxide, nitrogen oxides, aerosols, and particulates
(PM10) in European Russia. The concentration of
particulate matter doubled from its normal level in the
Moscow region in August, 2010, when a large smoke
plume covered the entire capital.43 In combination with
the heat wave, the air pollution increased mortality
between July and August, 2010, in Moscow, resulting in
more than 11 000 additional deaths compared with July to
August, 2009.44 Projections under climate scenarios show
that events with the magnitude of the Russian heatwave
of 2010 could have become much more common and
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Figure 3: Exposure to warming resulting from projections of 21st century climate and population change
Changes in summertime temperatures (June–July–August for the northern hemisphere, and December–January–February for the southern hemisphere) between
1995 and 2090, for the RCP8.5 scenario, using the mean of the projections produced by the CMIP5 climate models (A). Change in the mean warming experienced by
a person under RCP8.5 (red lines) and RCP2.6 (blue lines), calculated using the 2010 population (dashed lines), and time-varying future population scenarios
(continuous lines; B). To encompass the range of possible exposures, we have paired the high-growth SSP3 population scenario with RCP8.5 and the low-growth
SSP1 population scenario with RCP2.6. RCP=Representative Concentration Pathway.
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with high-end climate scenarios could become almost
the summer norm for many regions.40,45
Rising mean temperatures mean that the incidence of
cold events is likely to diminish. The analysis here
focuses on the heat-related element because the health
beneﬁts of reductions in cold are not established. Whilst
there is an increase in deaths during winter periods in
many climates, the mechanisms responsible for this
increase are not easily delineated. Most winter-related
deaths are cardiovascular, yet the link between
temperature and cardiovascular mortality rates is weak.
There is a stronger link between respiratory deaths and
colder temperatures but these account for a smaller
percentage of winter deaths.46
The impact of cold temperatures can be measured
considering seasonal means, extreme cold spells, and
relative temperature changes. Seasonal means and
extreme cold spells (or absolute temperature) have
relatively small or ambiguous relationships with
numbers of winter deaths, however temperature cooling

relative to an area’s average temperature does more
clearly correlate with mortality rates.46,47 There may be
modest reductions in cold-related deaths; however, these
reductions will be largely outweighed at the global scale
by heat-related mortality.46 Whilst climate change will
have an impact on cold-related deaths, particularly in
some countries with milder climates, the overall impact
is uncertain.48,49
Population growth, urbanisation trends, and migration
patterns mean that the numbers exposed to hot
temperature extremes, in particular, will increase, with
major implications for public health planning. Urban
areas will expand: urban land cover is projected to triple
by 2030 from year 2000 levels.50 Many assessments of
climate risks, including those for heat, do not consider
the detail of demographic shifts, in eﬀect, overlooking
the location of vulnerable populations as a part of the
calculus. We have produced models that consider both
climate and population projections. We use Shared
Socioeconomic Pathway (SSP) population projections to
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Figure 4: Changing exposure to heatwave resulting from projections of 21st century climate and population and demographic change
Change in heatwave frequency between 1995 and 2090 for the RCP8.5 scenario, in which a heatwave is deﬁned as more than 5 consecutive days for which the daily
minimum temperature exceeds the summer mean daily minimum temperature in the historical period (1986–2005) by more than 5°C (A). Change in the mean
number of heatwave exposure events annually per km2 for people older than 65 years as a result of the climate change in panel A and assuming the 2010 population
and demography (B). The same scenario as for panel B, but for the 2090 population and demography under the SSP2 population scenario (C). Time series of the change
in the number of annual heatwave exposure events for people older than 65 years with (red line) and without (blue line) population and demographic change (D).
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Figure 5: Change in outdoor labour productivity resulting from projections of 21st century climate and rural population change
Change in summer mean (June–July–August for the northern hemisphere, and December–January–February for the southern hemisphere) wet-bulb globe
temperature65 for the RCP8.5 scenario (A). Annual loss of outdoor labour productivity due to the climate change in panel A and assuming the 2010 rural population
(B). The same scenario as for panel B, but for the 2090 rural population under the SSP2 population scenario (C). Time series of the annual loss of outdoor labour with
(red line) and without (blue line) rural population change (D).
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calculate future demographic trends alongside Coupled
Model Intercomparison Project Phase 5 (CMIP5) climate
models (as used in the IPCC 5th Assessment report) and
projected emission pathways (so-called Representative
Concentration Pathways [RCPs]).51–54 Appendix 1 outlines
assumptions, together with the data and the climate and
population scenarios used to estimate the scale of various
health risks for the 21st century, shown in ﬁgures 3–7.
The projected global distribution of changes in heat in
the coming decades is shown in ﬁgure 3A using the highemission projections of RCP8.5, as explained in
appendix 1. This focuses on summer temperatures, hence
the graph represents the summer months for both the
northern (June to August) and southern (December to
February) hemispheres. Climatic impact will not be
experienced uniformly across the globe. At such levels of
warming, the return period of extreme heat events, such
as those experienced in 2003 in western Europe, is
signiﬁcantly shortened. Figure 3B makes clear that future
health risks arising from exposure to warming (measured
as the mean temperature increase experienced by a

person) might also be extensively driven by demographics,
shown as the divergence between red and blue lines
driven by diﬀerent warming and population scenarios
across the incoming decades. In other words, population
change in areas of the world where population growth is
signiﬁcant, fundamentally aﬀects the increase in numbers
of people exposed to the impacts of climate change.
Whilst hotter summers increase vulnerability to heatrelated morbidity, heatwaves in particular have a negative
impact on health. Figure 4 re-analyses projections from
the latest climate models (the CMIP5 models as used in
the IPCC 5th Assessment report) in terms of the number
of exposure events per year for heatwaves. Heatwaves here
are deﬁned as 5 consecutive days of daily minimum nighttime temperatures more than 5°C greater than the
presently observed patterns of daily minimums. Although
heatwaves have diﬀerent characteristics, this deﬁnition
focuses on health impacts based on deviation from normal
temperature, duration, and extent.
Elderly populations are especially vulnerable to
heatwaves, and demographic and climatic changes will
www.thelancet.com Vol 386 November 7, 2015
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Figure 6: Changing exposure to drought resulting from projections of 21st century climate and population change
Change in drought intensity between 1995 and 2090 for the RCP8.5 scenario, deﬁned as the ratio of the mean annual maximum number of consecutive dry days
(2080–99, 1986–2005), in which a dry day is any day with less than 1 cm of precipitation (A). Change in the mean number of drought exposure events annually per
km² as a result of the climate change in panel A and assuming the 2010 population (B). The same scenario as for panel B, but for the 2090 population under the SSP2
population scenario (C). Time series of the change in the number of annual drought exposure events with (red line) and without (blue line) population change (D).

combine to shape population heatwave vulnerability in
coming decades (ﬁgure 4).55 We use populations
projected over 65 years of age rather than a frailty index,
recognising the underlying health of elderly populations
and the cultural context of ageing are both likely to
change over time.56 Educational levels and other
demographic factors are also important in the ability of
societies to cope with extreme events.57 Allowing for
these caveats, ﬁgure 4D shows growing exposure in
global projections of the number of people older than
65 years exposed to heatwave risks. The numbers of
events of elderly people experiencing high temperatures
reaches more than 3 billion towards the end of the
century. A key message is that demographic change
added to climate changes will expose increasing
numbers of elderly people to increasing numbers of
heat waves, especially in the developed and transition
economies.
Heat also poses signiﬁcant risks to occupational health
and labour productivity in areas where people work
outdoors for long hours in hot regions.58 Heavy labour in
www.thelancet.com Vol 386 November 7, 2015

hot humid environments is a particular health and
economic risk to millions of working people and their
families in hot tropical and sub-tropical parts of the
world.59 These have been documented in young and
middle-aged men in France 2003,60 agricultural workers
in the USA,61 and sugar-cane harvesters in Central
America.62 The Climate Vulnerability Monitor 2012
estimated the annual costs in China and India at
US$450 billion in 2030.63 The percentage of GDP losses
due to increasing workplace heat is greater than the
current spending on health systems in many low-income
and middle-income countries.64
Impacts of heat on labour productivity will be
compounded in cities by increased urbanisation and the
corresponding heat island eﬀect, but will also be oﬀset by
reductions in populations working outdoors in sectors
(eg, construction and agriculture).38 Tolerance to any
given temperature will be inﬂuenced by humidity, which
alters the capacity for thermoregulation through the
evaporation of sweat. These measures are combined in
an index known as wet-bulb globe temperature (WBGT),
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used to determine how long an individual can work
before a break, with work capacity falling substantially
after WBGT 26–30°C.58
Using projections from RCP8.5 and SSP2, ﬁgure 5
estimates the extent of lost labour productivity (on the
basis of the response function between temperature and
productivity used by Dunne et al, 201265) across the coming
decades, focusing on proportion of the labour force in
rural and urban areas. Again the impact of climate change
is greater in regions such as sub-Saharan Africa and India.
But some trends oﬀset the potential impact, including the
trend towards employment in service and other sectors
where exposure is reduced (assumed in the SSP2 used
here; ﬁgure 5C, D). As demographic trends towards urban
settlement and secondary and tertiary sector employment
progress, increasing urbanisation may reduce the negative
impacts of warming on total outdoor labour productivity,
depending on the population scenario (SSP2 in ﬁgure 5D).
Loss of agricultural productivity through impaired
labour will be ampliﬁed by direct climate change impacts
on crop and livestock production.66 The impact of
increasing temperatures on labour productivity can be
mitigated—eg, by use of air conditioning or by altering
working hours. However, these actions are predicated on
aﬀordability, infrastructure, the suitability of a job to
night labour, and energy availability.67

Indirect and complex mechanisms linking climate
change and health
Most climate-related health impacts are mediated through
complex ecological and social processes. For risks
associated with transmission vectors and water, for
example, rising temperatures and changes in precipitation
pattern alter the viable distribution of disease vectors
such as mosquitoes carrying dengue or malaria. Climate
conditions aﬀect the range and reproductive rates of
malarial mosquitoes and also aﬀect the lifecycle of the
parasitic protozoa responsible for malaria. The links
between climate change, vector populations and hence
malarial range and incidence may become signiﬁcant in
areas where the temperature is currently the limiting
factor, possibly increasing the incidence of a disease that
causes 660 000 deaths per year.68 In some highland
regions, malaria incidence has already been linked to
warmer air temperatures although successful control
measures in Africa have cut the incidence of malaria in
recent decades, and there are long established successes
of managing malaria risk in temperate countries
including in southern USA and in Europe.69,70 There are
equally complex relationships and important climaterelated risks associated with dengue fever, cholera and
food safety.54,71,72 Dengue fever for example has 390 million
recorded infections each year, and the number is rising.54,73
Changing weather patterns are also likely to aﬀect the
incidence of diseases transmitted through infected water
sources, either through contamination of drinking water
or by providing the conditions needed for bacterial
1872

growth.74 Cholera is transmitted through infected water
sources and often occurs in association with seasonal
algal blooms with outbreaks sometimes experienced
following extreme weather events such as hurricanes
that result in the mixing of wastewater and drinking
water, and in association with El Niño events.72 Such
extreme weather events are likely to increase in frequency
in the coming decades and waterborne epidemics need
to be planned for and monitored carefully.
In eﬀect, all health outcomes linked to climate variables
are shaped by economic, technological, demographic, and
governance structures. Institutions and social norms of
behaviour and expectation will play a signiﬁcant part in
how new weather patterns impact health.38,71 Changes in
temperature, precipitation frequency, and air stagnation
also aﬀect air pollution levels with signiﬁcant risks to
health. Climate aﬀects pollution levels through pollutant
formation, transport, dispersion, and deposition. In total,
ﬁne particulate air pollution is estimated to be responsible
for 7 million additional deaths globally in 2012, mainly due
to respiratory and cardiovascular disease.75 Its eﬀect is
ampliﬁed by changes in ambient temperature, precipitation
frequency, and air stagnation—all crucial for air pollutant
formation, transport, dispersion and deposition.
Ground-level ozone (GLO) and particulate air pollutants
are elements that will be most aﬀected by climate change.
Whilst the net global eﬀect is unclear, regional variation
will see signiﬁcant diﬀerences in local exposure.31,76 GLO is
more readily created and sustained in an environment
with reduced cloudiness and decreased precipitation
frequency, but especially by rising temperatures.77 Thus,
ozone levels were substantially elevated during the
European heatwave of summer 2003.76,78 Climate change is
predicted to elevate GLO levels over large areas in the
USA and Europe, especially in the summer, although the
background of GLO in the remote areas shows a decreased
trend.77,79–82 In the USA, the main impact of future climate
change on GLO is centred over the northeast and midwest where the future GLO are expected to increase by
2–5 ppbv (about 3–7%) in the next 50–90 years under the
IPCC A1 scenario.79,81 Knowlton and colleagues estimated
that ozone-related acute mortality in the USA would rise
by 4·5% from 1990 to 2050, through climate change
alone.83 Likewise, climate change is predicted to increase
concentrations of ﬁne particulate matter (2·5 micron
particles [PM2.5]) in some areas.80,84
The interactions between air pollution and climate are
highly diﬀerentiated by region. In China, for example, the
interactions between climate and a range of pollutants is
especially acute. While action on carbon emissions
dominate energy policy in China, climatic changes will
have a signiﬁcant impact on air pollutants in all regions
of the country.84,85 Chinese ozone concentrations in 2050
have been projected to likely increase beyond present
levels under many climate scenarios through the
combined eﬀects of emissions and climate change. The
greatest rises will be in eastern and northern China.85
www.thelancet.com Vol 386 November 7, 2015
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Compared with ozone, PM2.5 levels rely more on changes
in emissions than temperature. The concentrations of
SO4²−, black carbon and organic carbon are projected to
fall, but those of NO3− to rise, across China under many
possible climate futures.84 Levels of aerosols (especially
NO3−) in the eastern Chinese spring will be especially
aﬀected by 2030. Falling emissions would reduce overall
PM2.5 concentrations by 1–8 μg/m³ in 2050 compared with
those in 2000 despite a small increase (10–20%) driven by
climate change alone.84 Although emission changes play a
key part in projections, climate-driven change should not
be ignored if warming exceeds 2°C. PM2.5 is sensitive to
precipitation and monsoon changes and global warming
will alter Chinese precipitation seasonally and regionally,
thereby changing the regional concentration of PM2.5.76,86
Independent of climate change, China’s air pollution has
already come at great cost, with an annual pollutionrelated mortality of 1·21 million in 2010.87
Climate change has important implications for
livelihoods, food security, and poverty levels, and on the
capacity of governments and health systems to manage
emerging health risks. Crops and livestock have
physiological limits to their health, productivity, and
survival, which include those related to temperature. For
every degree greater than 30°C, the productivity of maize
production in Africa might be reduced by 1% in optimum
conditions and 1·7% in drought, with a 95% chance of
climate change-related harm to the production of South
African maize and wheat in the absence of adaptation.88,89
Sensitivity of crops and livestock to weather variation
has a substantial impact on food security in regions that
are already food insecure, pushing up food prices and
ultimately aﬀecting food availability and aﬀordability to
poor populations and contributing to malnutrition.90
This eﬀect is ampliﬁed by polices on food stocks,
reactions to food prices by producer countries, and by the
global demand for land to hedge against climate shifts.
The increased volatility of the global food system under
climate change has impacts on labour, on farmer
livelihoods and on consumers of food, with attendant
health outcomes for all these groups.66
Within this complex relationship between climate and
food security, the availability of water for agricultural
production is a key parameter. Figure 6 shows very
signiﬁcant changes in exposure to drought-like
meteorological conditions over the coming decades. The
analysis shows that the population changes (from SSP2)
alongside climate change could lead to 1·4 billion
additional person drought exposure events per year by the
end of the century. Importantly, the geographical
distribution of this exposure is highly localised and
variable (eg, across Asia and Europe), acutely degrading
water supply and potentially quality. But all such estimates
focus on availability of surface water, whereby both longterm water availability and supply for speciﬁc regions are
also aﬀected by groundwater resources, which have been
shown to be in a critical state in many regions.91,92
www.thelancet.com Vol 386 November 7, 2015

Increased frequency of ﬂoods, storm surges, and
hurricanes will have a substantial eﬀect on health.
Extreme events have immediate risks, exempliﬁed by
more than 6000 fatalities as a result of typhoon Haiyan in
the Philippines in late 2013. Floods also have long-term
and short-term eﬀects on wellbeing through disease
outbreaks, mental health burdens, and dislocation.93
Risks related to water shortages, ﬂood, and other
mechanisms involve large populations. Projections
suggest, for example, that an additional 50 million people
and 30 000 km² of land could be aﬀected by coastal storm
surges in 2100, with attendant risks of direct deaths and
of infectious diseases.94,95 Involuntary displacement of
populations as a result of extreme events has major
public health and policy consequences. In the longer
term, ﬂooding aﬀects perceptions of security and safety,
and can cause depression, anxiety, and post-traumatic
stress disorder.93,96
Figure 7 shows estimates of extreme precipitation
events (events exceeding 10 year return period) under
the RCP8.5 (high-emission) scenario. We estimate that
there would be around 2 billion additional extreme
rainfall exposure events annually (individuals exposed
once or multiple times during any year), partly due to
population growth in exposed areas and partly due to
the changing incidence of extreme events associated
with climate change. Whilst not all extreme rainfall
events translate into ﬂoods, such extreme precipitation
will inevitably increase ﬂood risk. Regions of large
population growth dominate changes in the number
exposed to ﬂood risk (especially in sub-Saharan Africa
and South Asia).97
All these climate-related impacts are detrimental to the
security and wellbeing of populations around the world.
Whilst there is, as yet, no deﬁnitive evidence that climate
change has increased the risk of violent civil conﬂict or
war between states, there are reasons for concern. The
IPCC concludes that climate change will directly aﬀect
poverty, resource uncertainty and volatility, and the ability
of governments to fulﬁl their obligations to protect
settlements and people from weather extremes.33,98 These
factors are important correlates of violent conﬂict within
states, suggesting that climate change is detrimental to
peaceful and secure development, even if they do not
directly enhance conﬂict risks.99 Similarly, migration has
signiﬁcant complex consequences for human security.
The continued movement of migrant populations into
cities, the potential for climate hazards in high-density
coastal mega-cities, and impaired air quality create
signiﬁcant public health challenges, not least for
migrants themselves.100,101
The direct and indirect eﬀects of climate change
outlined here represent signiﬁcant risks for human
health. The precautionary case for action is ampliﬁed
with three additional dimensions: (1) interventions to
adapt to evolving climate risks as discussed in section 2
might not be as eﬀective as required; (2) unforeseen
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Figure 7: Changing exposure to ﬂood resulting from projections of 21st century climate and population change
Change in ﬂood frequency between 1995 and 2090 for the Representative Concentration Pathway (RCP) 8.5 scenario, in which a ﬂood event is deﬁned as a 5 day
precipitation total exceeding the 10 year return level in the historical period (1986–2005; A). Change in the mean number of ﬂood exposure events annually per km²
due to the climate change in panel A and assuming the 2010 population (B). The same scenario as for panel B, but for the 2090 population under the SSP2
population scenario (C). Time series of the change in the number of ﬂood exposure events with (red line) and without (blue line) population change (D).

interactions and ampliﬁcations of climate risks are
possible (eg, emerging zoonotic and other diseases being
aﬀected through complex ecological changes, covered in
more detail in the Lancet Commission on Planetary
Health); (3) the risk that tipping elements in the climate
system could rapidly accelerate climate change at
regional or global scale. Lags in warming and climate
impacts mean that irrespective of the mitigation pathway
taken, many impacts and risks will increase in the
coming decades.

Section 2: action for resilience and adaptation
Adaptation measures are already required to adapt to the
eﬀects of climate change being experienced today. As
shown in section 1, these risks will increase as worsening
climate change aﬀects more people, especially in highly
exposed geographical regions and for the most vulnerable
members of society.
This section outlines possible and necessary actions to
limit the negative impacts and burden on human health,
including direct and indirect impacts within and beyond
1874

the formal health system. Responses aim to reduce the
underlying vulnerability of populations; empower actors
to cope or adapt to the impacts; and whenever possible
support longer-term development. The health sector has
a central part to play in leading climate change adaptation
and resilience eﬀorts.102,103 However, eﬀective adaptation
measures must cross multiple societal sectors, identify
ways to overcome barriers to achieve co-beneﬁts, and
target vulnerable groups and regions.
Early action to address vulnerability allows for more
options and ﬂexibility before we face indispensable and
involuntary adaptation.104,105 Panel 2 provides deﬁnitions
of vulnerability, adaptation, and resilience.

Adaptation to the direct health impacts of climate
change
The direct health impacts result from extreme weather
events such as storms, ﬂoods, droughts, and heatwaves.
Many responses centre on the importance of health
system strengthening; however, actions in other sectors
are also needed.
www.thelancet.com Vol 386 November 7, 2015
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Early warning systems for extreme events
Approaches to the health management of extreme
weather events involve improved early warning systems
(EWS), eﬀective contingency planning, and identiﬁcation
of the most vulnerable and exposed communities.111
They include forecasting, predicting possible health
outcomes, triggering eﬀective and timely response
plans,
targeting
vulnerable
populations,
and
communicating prevention responses. Public health
authorities need to upgrade existing emergency
programmes and conduct exercises to enhance
preparedness for anticipated health risks due to new
extreme events such as sea level rise, saline water
intrusion into drinking water courses, and severe
ﬂooding from storm surges. These eﬀorts to improve
disaster preparedness must also run in parallel with
eﬀorts to strengthen local community resilience.

Actions to reduce burdens of heatwaves
The frequency, intensity, and duration of extreme heat
days and heatwaves will increase with climate change,
leading to heat stress and increased death rates (see
section 1). The eﬀects are worsened by the so-called
urban heat island eﬀect, which results from greater heat
retention of buildings and paved surfaces, compared
with reﬂective, transpiring, shading, and air-ﬂowpromoting vegetation-covered surfaces. Evidence
suggests that eﬀective adaptation measures would reduce
the death rates associated with these heat waves. The
2003 European heatwave, which killed up to 70 000 people
led France to introduce a heatwave warning system and a
national action plan.111 Health worker training was
modiﬁed, urban planning altered, and new public health
infrastructure developed. The 2006 heatwave suggested
that these measures had been eﬀective, with 4400 fewer
anticipated deaths.112
Adaptation options within health care include training
of health-care workers and integrated heatwave early
warning systems (HEWS), especially for the most
vulnerable populations.111,113 Adaptation measures also
include increasing green infrastructures and urban
green spaces, improving the design of social care
facilities, schools, other public spaces, and public
transport to be more climate-responsive.113,114 This also
entails mitigating eﬀort to reduce air pollutants, which in
turn reduces air quality related morbidity and mortality.115

Floods and storms
In general, adaptive measures to ﬂoods can be classiﬁed
as structural or non-structural. Infrastructure such as
reservoirs, dams, dykes, and ﬂoodways can be used to
keep ﬂooding away from people and property. In some
areas there is also the possibility to incorporate ﬂoodable
low-lying areas into the urban design that can be
temporarily under water during an extreme event.
Structural programmes are considered by many ﬂood
managers as a priority and are also the principal source
www.thelancet.com Vol 386 November 7, 2015

Panel 2: Vulnerability, adaptation, and resilience
Vulnerability is here deﬁned as the degree to which a system
is susceptible to, or unable to cope with, the adverse eﬀects of
climate change.106 This deﬁnition considers demographics,
geographical circumstances, eﬀectiveness, and coverage of
the health-care system, pre-existing conditions, and
socioeconomic factors such as inequity.107
Adaptation to climate change is here deﬁned as “the process
of adjustment to actual or expected climate and its eﬀects, in
human systems in order to moderate harm or exploit
beneﬁcial opportunities, and in natural systems human
intervention may facilitate adjustment to expected
climate”.108
Resilience is here deﬁned as the capacity of a system to
absorb disturbance and reorganise while undergoing change,
so as to still retain essentially the same function, structure,
identity and feedbacks.30 Resilience has also been referred to
the ability of human communities to withstand external
shocks to their social infrastructure.109 Resilience includes the
capacity of a system to not only absorb a disturbance, but to
innovate and transform.110

Panel 3: Adaptation to ﬂoods and storms in Bangladesh
In a mid-range climate-sensitivity projection, the number
of people ﬂooded per year globally is expected to increase
by 10–25 million per year by 2050.117 Bangladesh is one of
the most vulnerable countries to climate change in south
Asia, regularly suﬀering from events such as ﬂooding,
cyclones, or coastal erosion, which cause inundation of
farmlands, aﬀect migration, and lead to displacement.118
More than 5 million Bangladeshis live in areas highly
vulnerable to cyclones and storm surges, and more than
half the population lives within 100 km of the coast.119 In
2007, cyclone Sidr killed roughly 4000 people in
Bangladesh. By comparison, an equivalent storm in 1970
killed 300 000 people.120 Bangladesh achieved this
reduction in mortality via collaborations between
governmental and non-governmental organisations and
local communities. Together, these groups improved
general disaster reduction, deployed early warning systems,
and built a network of cyclone shelters.31

of funds for eﬀorts to control ﬂoods. However, the
construction of ﬂood control works may have a
maladaptive eﬀect, encouraging more rapid economic
development of the ﬂood plains, and hence ultimately
increasing ﬂood losses.116
Adaptation to ﬂood risk requires comprehensive
approaches (panel 3). Non-structural measures include
ﬂood insurance, development policies, zoning laws,
ﬂood-plain regulations, building codes, ﬂood prooﬁng,
tax incentives, emergency preparedness, ﬂood forecasting, and post-ﬂood recovery.116,121 Non-structural ﬂood
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adaptation options aim to reduce ﬂood damages and
enhance the ecological functions of ﬂood plains. Many
opportunities to increase resilience to extreme weather
events are found in improved planning, zoning, and the
management of land use. These have the additional
advantage of providing multiple co-beneﬁts (see
ecosystem-based adaptation below).

Action for resilience to indirect impacts
Adaptation to indirect eﬀects poses diﬃcult challenges to
policy making due to complex causal chains and limited
predictibility.122 These complex interactions can result in
“surprises”—situations in which the behaviour in a
system, or across systems, diﬀers qualitatively from
expectations or previous experiences. These indirect
impacts pose serious obstacles for climate adaptation,
especially where health responses require integrated and
cross-sectoral interventions.123

Food insecurity
Food insecurity and its health impacts play out at the local
level, but have clear links to drivers and changes at the
national and international level. The compounded
impacts of climate change and ocean acidiﬁcation will
aﬀect both agricultural production and ﬁsheries,
including food availability and prices.124 –126 Adaptation
policies should consider agro-food systems and ﬁsheries
and aquaculture alike.
Resilience to increased food insecurity and price
volatility is of great importance to human health. Food
security could be enhanced while simultaneously
ensuring the long-term ability of ecosystems to produce
multiple beneﬁts for human wellbeing (panel 4). Issues
such as improved local ecosystem stewardship (see
section on ecosystem-based adaptation), good
governance, and international mechanisms to enhance
food security in vulnerable regions are of essence.130,131
Even though the drivers of increased food prices and
price volatilities are contested, investment in improved
food security could provide multiple co-beneﬁts and noregret options.132,133

Panel 4: Food security, climate change, and human health
Today, agriculture uses 38% of all ice-free land areas and
accounts for 70% of freshwater withdrawals and roughly a
third of global greenhouse gas emissions.127 The provision for
global food demand by 2050 cannot assume improved crop
yields through sustainable agricultural intensiﬁcation because
of the negative eﬀects on crop growth from an increased
frequency of weather extremes. Multifunctional food
production systems will prove important in a warmer world.
These systems are managed for beneﬁts beyond yield, and
provide multiple ecosystem services, support biodiversity,
improve nutrition, and can enhance resilience to shocks such
as crop failure or pest outbreaks. 128,129
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Important adaptation options for food security action include:
• Enhancement of food security through improved
ecosystem based management and ecosystem
restoration. Case studies show the beneﬁts of
implementing strategies to improve ecosystem
management as a means to increase not only food
security, but also to achieve other social goals. Examples
include collaborative management of mangrove forests
to promote conservation, mitigation of climate change
and alleviation of poverty among people dependent on
the mangroves and adjacent marine ecosystems.125
Such strategies require supportive institutions,
partnerships, collaboration with farmers’ innovation
networks, and connections from sustainable farms to
markets.129,131 Similar strategies have recently been
explored for ﬁsheries and aquaculture.134
• Increased investments in agricultural research and
human capital are often raised as an important strategy
to improve yields and long-term food security.131
Agricultural research and development (R&D) has
proven to have high economic rates of return.135
Innovative crop insurance mechanisms, new uses of
information technology, and improved weather data
also hold promise for increased agricultural
production.136 Education in agricultural areas is critical
to enhance the diﬀusion of technologies and crop
management, and as a means to increase household
incomes and promote gender equality.131,137
• Increased investments in rural and water
infrastructure. Investment is essential for situations in
which underdeveloped infrastructure results in poor
supply chains and large food losses. Investments
could boost agricultural production, reduce price
volatilities, and enhance food security in the long
term. The investments required in developing
countries to support this expansion in agricultural
output have been estimated to be an average annual
net investment of US$83 billion (not including public
goods such as roads, large scale irrigation projects,
and electriﬁcation).131
• Enhanced international collaboration. International
collaboration is critical for food security in food
insecure regions. Early warning systems, ﬁnancial
support, emergency food and grain reserves, the
ability to scale up safety nets such as child nutrition
schemes, and capacity building play a key part in
emergency responses to food crises, and can be
supported by international organisations.131,138

Environmental migration
Changes in human mobility patterns have multiple
drivers,139 and range from large-scale displacement (often
in emergency situations), to slow-onset migration (in
which people seek new homes and livelihoods over a
lengthy period of time as conditions in their home
communities worsen).140 The eﬃcacy of national and
international policies, institutions, and humanitarian
www.thelancet.com Vol 386 November 7, 2015
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responses also inﬂuence whether people are able to cope
with the after-eﬀects of natural hazard in a manner that
allows them to recover their homes and livelihoods.141
Displacement occurs when choices are limited and
movement is more or less forced by land loss, for example
due to extreme events.142 Population displacement can
further aﬀect health through increased spread of
communicable diseases and malnutrition, resulting from
overcrowding and lack of safe water, food, and shelter.143
Additional impacts on economic development and political
instability could develop, generating poverty and civil
unrest that will exacerbate the population burden of
disease.1,143
Existing vulnerabilities will determine the degree to
which people are forced to migrate.144 The availability of
alternative livelihoods or other coping capacities in the
aﬀected area generally determines the scale and form of
migration that may take place. Conﬂict undermines the
capacity of populations to cope with climate change,
leading to greater displacement than might have been
the case in a more stable environment. Conﬂicts have
also been shown to reduce mobility and trap populations
in vulnerable areas, exposing politically marginalised
populations to greater environmental risks.145
Migration from both slow and rapid-onset crises is
likely to be immediately across borders from one poor
country into another. Receiving countries could have few
resources and poor legal structures or institutional
capacity to respond to the needs of the migrants.
Destination areas may face similar environmental
challenges (eg, drought or desertiﬁcation) and may oﬀer
little respite. In rural areas, drought particularly aﬀects
rural to urban migration.143 Urbanisation can be beneﬁcial
for health and livelihood, but also entails many risks.121,142
The social disruption provoked by migration can lead to a
breakdown in traditional institutions and associated
coping mechanisms.146 Furthermore, the lack of mobility
and risks entailed by those migrating into areas of direct
climate-related risk, such as low-lying coastal deltas,
presents a further hazard.121 The mental health
implications of involuntary migration are often downstream eﬀects, seen as a result of multiple interacting
social factors (panel 5).

No or low-regret policies to reduce environmental migration
Eﬀective public health and adaptation strategies to
reduce environmental migration or reduce the negative
impact of environmental migration should entail the
coordinated eﬀorts of local institutions, national and
international governments and agencies.100 There are
several no or low-regret practices that generate both
short-term and long-term beneﬁts if integrated with
existing national development, public health and poverty
reduction strategies.
1 Slowing down the rate of environmental change,
including mitigation policies and reducing land
degradation.121,154
www.thelancet.com Vol 386 November 7, 2015

Panel 5: Mental health impacts and interventions
Climate change aﬀects mental health through various
pathways by inﬂicting natural disasters on human
settlements and by causing anxiety-related responses, and
later chronic and severe mental health disorders, and
implications for mental health systems.147,148 These eﬀects will
fall disproportionately on individuals who are already
vulnerable, especially for indigenous people and those living
in low-resource settings.147 Additionally, individuals might
feel a distressing sense of loss, known as solastalgia, that
people experience when their land is damaged and they lose
amenity and opportunity.149
Elevated levels of anxiety, depression, and post-traumatic
stress disorders have been reported in populations who have
experienced ﬂooding and during slow-developing events
such as prolonged droughts;93,96 impacts include chronic
distress and increased incidence of suicide.150,151 Even in highincome regions where the humanitarian crisis might be less,
the impact on the local economy, damaged homes, and
economic losses can persist for years after natural disasters.152
Government and agencies now emphasise psychological and
psychosocial interventions within disaster response and
emergency management. Social adaptation processes can
mediate public risk perceptions and understanding,
psychological and social impacts, coping responses, and
behavioural adaptation.153

2 Reducing the impact of environmental change through
early warning systems, integrated water management,
rehabilitation of degraded coastal and terrestrial
ecosystems, and robust building standards.154,155
3 Promoting long-term resilience through enhanced
livelihoods, increased social protection, and provision
of services. These include ecosystem-based investments, and processes that decrease marginalisation of
vulnerable groups—eg, by increased access to health
services.

Limitations of migration as a means of adaptation
Migration has been proposed as a transformational
adaptive strategy or response to climate change. The policy
response is often referred to as “managed retreat”.121,156
With changes in climate, resource productivity, population
growth, and risks various governments have now, as part
of their adaptation strategies, engaged in planning to move
settlement.33 As an example, ﬁve indigenous communities
in Alaska have planned for relocation with government
funding support. Research on experience of migration
policy concludes that a greater emphasis on mobility
within adaptation policies could be eﬀective.100,156
Using migration as a strategy to cope with environmental
stress might however create conditions of increased (rather
than reduced) vulnerability.100,144,156 Even though migration is
used as a strategy to deal with imminent risks to livelihoods
and food security, many vulnerable low-income groups do
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not have the resources to migrate in order to avoid ﬂoods,
storms, and droughts.157 In addition, studies of resettlement
programmes demonstrate negative social outcomes, often
analysed as breaches in individual human rights.154 There
are signiﬁcant perceptions of cultural loss and the
legitimacy, and success depends on incorporating cultural
and psychological factors in the planning processes.158

Dynamic infectious disease risks
Interactions and changes in demographics, human
connectivity, climate, land use, and biodiversity will
substantially alter disease risks at local, national and
international scales.159 For example, vector-borne
infectious disease risks are aﬀected by not only changing
temperatures, but also sea level rise.160 The geographical
distribution of African trypanosomiasis is predicted to
shift due to temperature changes induced by climate
change.161 Biodiversity loss may to lead to an increase in
the transmission of infectious diseases such as Lyme
disease, schistosomiasis, Hantavirus and West Nile
virus.162 Infectious disease risks are dynamic and subject
to multiple and complex drivers. Adaptation responses
therefore must consider multiple uncertainties
associated with dynamic disease risks, which include a
focus on co-beneﬁts, no regrets and resilience.113,163–165

Zoonosis outbreaks are costly: the economic losses
from six major outbreaks of highly fatal zoonoses
between 1997 and 2009 cost at least US$80 billion.173
Implementing a one-health approach is, by contrast,
economically sensible: the World Bank values its global
beneﬁts at $6·7 billion per year.173 It provides no-regret
options because investments will contribute to reduced
vulnerability applicable across climate futures, and it
enhances resilience by linking government and civil
society partners, facilitating early warning and building
capacities to respond to multiple disease risks.

3 Surveillance and monitoring
Strengthening the capacity of countries to monitor and
respond to disease outbreaks is vital, as shown by the
ongoing Ebola epidemic in West Africa. Climate-change
adaptation for human health requires a range of data,
including on health climate risks or vulnerabilities, and
speciﬁc diseases related to climate change impacts.
Information and data collected from public health
surveillance or monitoring systems can be used to
determine disease burdens and trends, identify vulnerable
people and communities, understand disease patterns, and
prepare response plans and public health interventions.174,175

Health co-beneﬁts from climate adaptation
Adaptation policy options for infectious disease risks
1 Investing in public health
Determinants of health, such as education, health care,
public health prevention eﬀorts, and infrastructure play a
major part in vulnerability and resilience.166 Adapting to
climate change will not only be beneﬁcial in reducing
climate change impacts, but also have positive eﬀects
on public health capacity.163 Furthermore, health
improvements account for 11% of economic growth in
low-income and middle-income countries.167 The UN
Framework Convention on Climate Change (UNFCCC)
estimates the costs of health-sector adaptation in
developing countries to be US$4–12 billion in 2030.
However, the health consequences of not investing would
be more expensive, and it is clear that there are several
health impacts that we will not be able to adapt to.168

2 One-health approaches
These approaches involve collaboration across multiple
disciplines and geographical territories to protect the
health for people, animals and the environment. 70% of
emerging infectious diseases are zoonotic169 and have
multiple well-established links to poverty.170 They also
pose considerable global risks (eg, avian inﬂuenza,
Ebola). Eﬀective responses to emerging infectious
diseases require well-functioning national animal and
public health systems, reliable diagnostic capacities, and
robust long-term funding. Critical gaps are present in
existing health systems, including poor reporting, severe
institutional fragmentation, and deﬁcient early response
capacities.171,172
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Even though many climate-related health eﬀects are
beset by uncertainties, policy makers and communities
can prepare if they focus on measures that: 1) create
multiple societal and environmental beneﬁts; 2) are
robust to multiple alternative developments, and 3)
enable social actors to respond, adapt and innovate as a
response to change. 164,165

Ecosystem-based adaptation (EbA)–co-beneﬁts for indirect eﬀects
Ecosystem services contribute to human health in
multiple ways and can act as buﬀers, increasing the
resilience of natural and human systems to climate
change impacts and disasters.155
Ecosystem-based Adaptation (EbA) utilises ecosystem
services, biodiversity, and sustainable resource
management as an adaptation strategy to enhance natural
resilience and reduce vulnerability (covered in more detail
in a forthcoming Lancet Commission on Planetary
Health).176,177 Natural barriers can act as a defence against
climatic and non-climatic events—eg, restoration of
mangroves for protecting coastal settlements and
conservation of forests to regulate water ﬂow for vulnerable
communities.178,179 EbA is considered to be more cost
eﬀective than many hard-engineered solutions, and
thought to minimise the scope for maladaptation.155,180 It
can be combined with engineered infrastructure or other
technological approaches. EbA interventions can be
eﬀective in reducing certain climate change vulnerability
as it provides both disaster risk reduction functions, and
enables improvements in livelihoods and food security,
especially in poor and vulnerable settings.181 However, the
www.thelancet.com Vol 386 November 7, 2015
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scientiﬁc evidence about their role in reducing
vulnerabilities to disasters is developing, and the limits
and timescales of EbA interventions need further
evaluation. Drawbacks can include the amount of land
they require, uncertainty regarding costs, the long time
needed before they become eﬀective, and the cooperation
required across institutions and sectors.180

institutional capacity needs-assessment and collaboration
are critical for health adaptation to climate change.188 The
support of bridging organisations, as well as partnerships
through networks, are critical as a means to overcome
fragmentation and improve collaboration, information
ﬂows, and learning.189

Finance
Ecosystem-based adaptation in urban areas

Lack of ﬁnance is commonly cited as a major obstacle to
adaptation, especially in the poorest regions and
communities. This might result in economic incentives
for investment in adaptation appearing small, individuals
or ﬁrms lowering initial costs by avoiding expensive
adaptation technologies or options, and the fact that the
long-term beneﬁts of health risk reduction, health
improvements, and other societal beneﬁts (reduced
public health care costs) are heavily discounted.
Community and informal networks may provide
ﬁnancial support, but regional, national, and
international funds as well as private sector funding will
be required for adaptation responses at a larger scale.190
To date, adaptation funding is inadequate compared to
the risks and hazards faced. This is covered in more
detail, in section 4 of the Commission.

EbA also has the potential to yield beneﬁts for highly
urban areas, through the development of green
infrastructure.180 The evidence comes mainly from the
northern hemisphere, in high-income settings with a
dense city core. In many cases enhancement of urban
ecosystems provides multiple co-beneﬁts for health such
as clean air and temperature regulation.182 EbA can
further create synergies between adaptation and climatechange mitigating measures by assisting in carbon
sequestration and storage, and enhancing various
ecosystem services considered beneﬁcial for human
health.176,183 Trees are particularly considered to be eﬃcient
in reducing concentrations of pollutants, although the
capacity can vary by up to 15 times between species.184
Green urban design can reduce obesity and improve
mental health through increased physical activity and
social connectivity.164 Increased neighbourhood green
spaces reduces both morbidity and mortality from many
cardiovascular and respiratory diseases and stress-related
illnesses.31 Tree canopies have a higher albedo eﬀect than
other hard surfaces and can work to reduce the urban
heat island eﬀect, lowering heat mortality by 40–99%.185
Whilst resulting in improved public health and
community resilience, many of these measures will also
act to mitigate climate change.

Public awareness of the health risks of climate change,
even from heatwaves and other extreme weather events,
is currently low.191 Innovative media strategies are needed
to enhance awareness of such risks and improve public
adaptive skills and eﬀectiveness.192 health professionals,
being knowledgeable and trusted, are in a strong position
to communicate the risks posed by climate change and
the beneﬁts of adaptation.102

Overcoming adaptation barriers

Monitoring indicators for adaptation to indirect impacts

Globally, relatively few national strategies bring climate
change into public health decision-making processes.
The health impacts of climate change are often poorly
communicated and poorly understood by the public and
policy makers. Barriers to health climate adaptation
include competing spending priorities, widespread
poverty, lack of data to inform adaptation policies, weak
institutions, a lack of capital, distorted economic
incentives, and poor governance. Here, we elaborate
these barriers and discuss some ways to overcome them.

Several indicators can serve as proxies for investments in
adaptation and resilience to the indirect health eﬀects of
climate change.

Institutional collaboration
Health-adaptation policies and programmes require
engagement of numerous agencies and organisations,
including government agencies, non-governmental
organisations (NGOs), informal associations, kinship
networks, and traditional institutions.186 At the same time,
institutional fragmentation, lack of coordination and
communication across levels of government, and conﬂicts
of interest between ministries are overly common.186,187
Strengthening institutions at multiple levels is vital, and
www.thelancet.com Vol 386 November 7, 2015

Communication

National adaptation programmes of action
National adaptation programmes of action (NAPAs) are
designed for low-resource countries to communicate
their most urgent adaptation needs to the UNFCCC for
funding.193 Health projects are more often included in the
NAPAs and they typically address current disease (eg,
malaria) control issues.168 To this end, there is a need to
provide ongoing assessment of the number of countries
that integrate health aspects in their NAPA, as well as the
extent to which health is integrated. This indicator should
assess adaptation for both direct and indirect health
impacts.

Early warning systems
This indicator should include the number of countries
that have upgraded early warning systems for extreme
weather events, climate-change-sensitive diseases, food
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security, and migration movements. Early warning
systems have proved to be a critical and co-beneﬁcial
investment and, if matched with response capacities,
could help societies adapt more promptly to changing
circumstances that aﬀect human health.

surprise. Urgent mitigation eﬀorts must accompany the
recommendations provided in section 2, a subject
covered in section 3 of this Commission.

Ecosystem-based adaptation

It is technically feasible to transition to a low-carbon
infrastructure with new technologies, the use of alternate
materials, changing patterns of demand, and by creating
additional sinks for GHGs. This requires challenging the
deeply entrenched use of fossil fuels. Any signiﬁcant
deployment to meet demanding CO2 targets will require
the reduction of costs of mitigation options, carbon
pricing, improvement in the research and development
process and the implementation of policies and regulations
to act as enabling mechanisms, as well as recognition of
the strong near-term and long-term co-beneﬁts to health.
The technologies for reducing GHG emissions related
to energy and many energy-related end-uses have been in
existence for at least 40 years (table 2), and several key
technologies have their roots deep in the 19th century.
The technologies are available now. We have a reasonable
grasp of their performance, economics and side-eﬀects
(unintended impacts). They treat the causes of the
problem (fossil fuel GHG emissions) rather than the
symptoms (climate change). Other technologies, such as
those described under geo-engineering have a high
degree of uncertainty as to their eﬀectiveness and also
their side eﬀects. We view these technologies as being
highly risky but also (at this time) unnecessary, as we
have the tools needed to achieve emission targets to avoid
catastrophic climate change. Geo-engineering is
analogous to using unlicensed drugs to treat Ebola when
public health and hygiene could have prevented the
problem in the ﬁrst place. It is also important to recognise
that for an energy source to be renewable, it must satisfy
a low-carbon requirement, and consider the use of scarce
resources such as copper, silicon, and rare earth metals.
Public health has much to gain from the mitigation of
short lived climate pollutants (SLCPs) such as methane,
black carbon, hydroﬂuorocarbons, and tropospheric
ozone. The beneﬁts for health, climate change, and crop
yields are covered in great detail in a report by WHO and
the Climate and Clean Air Coalition.200

Investments in ecosystem based adaptation for both
direct (eg, ﬂood risk) and indirect (eg, food security,
disease mitigation) health impacts could create multiple
co-beneﬁts and provide no-regret options for several of
the indirect eﬀects discussed above.

Conclusion
This section has outlined interventions available to
enhance community resilience and adapt to the health
eﬀects of climate change. Many of these are no-regret
options that could provide co-beneﬁts across several
dimensions including food security, disease prevention,
and sustainability in general. Adaptation will provide
both short-term and long-term beneﬁts beyond human
health. Eﬀective adaptation requires institutional
collaboration across levels, integrated approaches,
appropriate long term funding, and institutions ﬂexible
enough to cope with changing circumstances and
Potential mitigation eﬀects
Energy eﬃciency
Supply-side eﬃciency
End-user eﬃciency

Save 14% of primary energy supply (121 EJ by 2050)194
1·5 Gt of CO2-equivalent in 2020195

Carbon sequestration
Land carbon sequestration
Aﬀorestation and reforestation
Biochar
Upstream oil and gas industry methane recovery

183 Gt of carbon by 2060196
0·55 Gt of carbon per year196
570 Mt of CO2-equivalent in 2020195

Ocean carbon-sink enhancement
Increase ocean alkalinity

0·27 Gt of carbon per year after 100 years196

Iron fertilisation

3·5 Gt of carbon per year for ﬁrst 100 years196

Carbon capture and storage
Carbon capture during energy generation
Direct air capture

Can reduce lifecycle CO2 emission from fossil-fuel
combustion at stationary sources by 65–85%195
3·6 Gt CO2 per year with 10 million units197

Carbon intensity reduction

Section 3: transition to a low-carbon energy
infrastructure

Renewable energy*
Geothermal

0·2–5·6 Gt of CO2 per year by 2050198

Main sources of GHG emissions

Bioenergy

2·0–5·3 Gt of CO2 per year by 2050198

Ocean energy (thermal, wave, tidal)

0·0–1·4 Gt of CO2 per year by 2050198

Solar energy

0·4–15·0 Gt of CO2 per year by 2050198

Hydropower

0·6–4·5 Gt of CO2 per year by 2050198

Wind energy

1·2–9·8 Gt of CO2 per year by 2050198

In 2010, annual global GHG emissions were estimated at
49 GtCO2e.201 The majority (about 70%) of all GHG
emissions can be linked back to the burning of fossil fuel
for the production of energy services, goods or energy
extraction (ﬁgure 8).202 Global emissions from heat and
electricity production and transport have tripled and
doubled respectively since 1970, whereas the contribution
from agriculture and land-use change has slightly
reduced from 1990 levels.203
When upstream and electricity sector emissions are
allocated on an end-use basis, most emissions (about 61%)

Nuclear energy

1·5–3·0 Gt of CO2 per year with current capacity199

*We obtained the values of CO2 emission mitigation for renewable energy from ﬁgure 10. 20 of the Intergovernmental
Panel on Climate Change (IPCC) special report on renewable sources and climate change mitigation.198 The ranges
represented the minimum and maximum values from four future energy scenarios.

Table 2: List of high-impact technologies for climate mitigation
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are related to the built environment (ie, buildings,
transport, and industry). These emissions are related to
providing services such as cooling and heat in buildings,
power for lights, appliances, electronics and computing,
and motive power for moving to and within largely
urbanised places, while industrial manufacturing of

products feeds into the built environment system through
movement of goods, economic activity and employment.

The global energy system
We know that the global energy system is heavily
dependent on the extraction, availability, movement, and
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Figure 8: Sources of greenhouse gas emissions (source: IPCC, 2014202)
Allocation of total greenhouse gas emissions in 2010 (49·5 Gt CO2 equivalent per year) across the ﬁve sectors examined in detail in this report (A). The enlarged
section of panel A allocates indirect CO2 emission shares from electricity and heat production in the sectors of ﬁnal energy use. Panel B allocates total emissions
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consumption of fossil fuels, and this system shows
vulnerabilities when stressed. For example, the 1972
Organization of the Petroleum Exporting Countries
(OPEC) oil embargo (which resulted in a cut of global
production by 6·5% over 2 months) or the ﬁrst Persian
Gulf War (which caused a doubling of global oil prices
over 3–4 months) each caused major pressure on the
access and security of global energy supplies.204
Furthermore, many of the world’s largest actual and
potential conventional oil reserves are in areas of historic
volatility and civil unrest.205
Climate change poses a risk to the existing energy
system. Under a changing climate, these vulnerabilities
could result in disruption in both supply and production
of power under extreme weather events, operations (eg,
water availability for cooling towers), viability of
infrastructure (eg, location of power lines or hydroelectric
systems), impact on transmission (eg, high temperatures
or wind damage), and higher demand for cooling and
building system performance.206,207
The usefulness of fossil fuels relates to their power and
energy density, portability, and relative cost compared
with other forms of energy. These attributes have acted as
challenges to the transition to low-carbon energy sources
and vectors, such as renewable and nuclear electricity and
hydrogen. Maintaining power supply based on
intermittent electricity sources such as wind power is a
complex system integration problem.208 Practical solutions
will involve combinations of energy stores (hydroelectric,
thermochemical), demand-side management, and the
harnessing of geographical diversity with respect to
demand and supply. Cross-continental power grids can
play a signiﬁcant part in reducing low-carbon systems
costs because greater diversity of demand and supply
reduces the need for expensive energy storage.
25

USA

CO2 emissions (tonnes per head)

20

Global energy demand has grown by 27% from 2001–10,
largely concentrated in Asia (79%), the Middle East and
Africa (32%), and Latin America (32%), but with near
stable but high demand (on a territorial accounting basis)
in the 1990 Organisation for Economic cooperation and
Development (OECD) group of countries.203 China
doubled its energy demand during this period and
represented the single largest proportion of the global
increase (44%).209 Most global growth in energy was in
coal (44%) for use in electricity production, a dangerous
reality for human health.210
Economic productivity has risen alongside global
energy demand. Whilst fossil fuel-based energy demand
has grown slowly in OECD countries since 1970, gains
were made in GDP terms that were largely a result of deindustrialisation of the economy (largely exported to
Asia). As a result, Asia has made a signiﬁcant leap in
energy consumption, emissions and GDP. The energy
intensity of large global economies (ie, the USA, China,
EU, India) have fallen progressively over the period of
industrialisation.211 Figure 9 shows that economic gains
need not be strongly coupled to CO2 emissions, though
the association is partly obscured by the export of CO2
emissions. Moving energy-intensive industries oﬀshore
(most of which remain fossil-fuel powered) allows for
territorial emissions to fall, but at the cost of increased
emissions elsewhere.
Growth in demand for energy will probably continue
over the coming 25 years, particularly in lower-middle
and low-income economic regions, where most citizens
lack access to safe and aﬀordable energy. The growth in
global per capita energy demand is linked to
improvements in the standard of living in developing
regions and directly supports development goals.
Expected energy demand in non-OECD countries may
double by 2035 (107%) from 2010, while OECD countries
may increase by 14% over the same period.209 However,
this growth in demand will continue to directly beneﬁt
high-income regions through exported production of
goods.
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The growth in energy demand

Access to energy is a key enabler of economic
development and social wellbeing. In recognition of
energy being a key determinant of economic and social
development, and of health and wellbeing, the UN has
declared that 2014–24 is the UN Decade of Sustainable
Energy for All. The world’s population must be able to
access clean forms of energy that can provide these basic
needs, which can minimise the health burden from both
direct exposure and indirect from future climate change
risks. The Sustainable Development Goals (SDGs) have
emphasised the role that energy plays in securing a
sustainable future for a global 9 billion population by
2050, and has outlined four targets to support, which
could act as progress metrics. The indicators measuring
www.thelancet.com Vol 386 November 7, 2015
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progress on the proposed SDGs for securing sustainable
energy for all by 2030 include: ensuring universal access
to aﬀordable, sustainable, reliable energy services;
doubling the share of renewable energy in the global
energy mix; doubling the global rate of improvement in
energy eﬃciency; phasing out fossil-fuel production and
consumption subsidies that encourage wasteful use,
while ensuring secure aﬀordable energy for the poor.214

The health burden of the current energy system
Although linked to a historical transformation in health,
a fossil-fuel-based energy system also imposes signiﬁcant
health burdens (ﬁgure 10). The direct burden occurs
through emissions of particulates and solid wastes (coal,
oil, gas, biomass), risk of ﬂooding (hydroelectricity),
accidents and injuries (all), and emission of radioactive
materials (coal, nuclear). But as the main driver of
anthropogenic climate change, an energy system based
on fossil fuels will also have indirect eﬀects through
climate change and the increase in temperatures,
extreme weather, heatwaves, and variable precipitation
(see section 1).
The immediacy of this burden varies with the inertia
built into the emission to exposure pathways and
exposure to health-eﬀect pathways. Compared with
climate change, the locality and visibility of fossil fuel
emissions are more apparent today as poor air quality
and toxic discharges, such as smog in Beijing or Delhi. A
coal-ﬁred power plant will emit particulates that result in
immediate exposure for the local population with
consequent increased risk of developing respiratory
100
90

Global
climate change

HFC+
N2O
CH4

80

disease and lung cancer. The exposure to emissions can
result in immediate health eﬀects for the local population,
such as respiratory tract infections, or take many years or
decades to have an eﬀect. A coal-ﬁred station will produce
immediate CO2 emissions, but these emissions do not
result in immediate health impact. Instead, GHG
emissions that accumulate in the atmosphere over the
long term will result in global climate change. The longterm nature of climate change means that these
exposures build towards a more dangerous level. Another
dimension is locality of the emissions-exposure,
exposure-health eﬀect pathways. Locally generated
emissions will aﬀect both the population surrounding
the point of discharge and in some cases more widely, as
in burning coal in north Asia. Climate change, however,
will aﬀect all areas to varying degrees.
The global increased use of energy per capita is highly
related to considerable improvements in quality of life
across much of the world. The majority of this energy
use is derived from fossil-fuel use, but mainly coal.
Coal’s wide availability and economic attractiveness has
made it the fuel of choice for use in power generation.
The recent expansion of coal use, mainly in the newly
industrialising countries, eﬀectively reverses the global
pattern through most of the 20th century towards less
carbon intensive and less polluting fossil fuels–the
progressive displacement of coal by oil, and of both by
natural gas. However, the time when fuel switching
could decarbonise the global economy suﬃciently
quickly to avoid dangerous climate change has almost
certainly passed. It is increasingly diﬃcult to justify
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large-scale
investment
in
unabated
gas-ﬁred
infrastructure. The dangerous impacts of coal on health
from exposure to air pollution in the form of noxious
particulates and heavy metals, the environmental
degradation (eg, contaminating water courses and
habitat loss) from the extraction and processing of coal,
and the major contribution that burning coal and the
release of GHGs has in changing the long-term climate
almost certainly undermines the use of coal as a longterm fuel. Although the use of coal as a fuel source for
power generation will be linked to economic growth and
(sometimes precarious) improvements in quality of life,
the risk that coal has on our global health through
climate change and habitat loss means that moving to
low-emission fuels in areas of high coal demand is a
major part of the global low-carbon energy transition.
Whilst the use of technologies such as carbon capture
and storage (CCS) are consistently cited in reducing the
impact of coal-based power generation, at present, these
technologies have many major unknowns and are
without substantial government investment or the use
of carbon pricing.
One important strategy to protect against the health
burdens of local and national energy choices, is to ensure
that health impact assessments are built in to the
planning, costing, and approval phases of a new project.
By developing the tools and capacity to enforce this,
policy makers can better understand the broader
consequences of their decisions.

Actions, technologies, and health outcomes
Actions that seek to mitigate climate change have the
potential to be beneﬁcial to health, both directly and
indirectly.1,29 Across a number of sectors, the potential
health beneﬁts of switching to low-carbon technologies
include a reduction in carbon emissions from power
generation,215,216 improved indoor air quality through
clean household cooking technologies in low-income
settings and housing thermal eﬃciency in high-income
settings, and lowered particulate-matter exposure from
low-emission transport.217,218
Decarbonising the power supply sector holds both
risks and beneﬁts for health. The direct beneﬁts centre
on reducing exposure to air pollutants from fossil-fuel
burning.216 In the UK, the associated burden of air
pollution from the power sector is estimated to account
for 3800 respiratory related deaths per year.216 In China,
air pollution is thought to result in 7·4 times more
premature deaths from PM2.5 than in the EU.215 It has
been estimated that current ambient concentrations of
particulate matter led to the loss of about 40 months
from the average life expectancy in China, but that this
loss could be cut by half by 2050 if climate mitigation
strategies were implemented. The risks to health from
decarbonisation are more likely to be indirect; if the
deployment and adoption of technologies that aim to
reduce carbon emissions, reduce energy demand, or
1884

switch fuels are not undertaken with care, there are
risks of unintended consequences through, for
example, poor housing ventilation.219 Besides air quality,
several links between climate mitigation practices and
technologies and potential health beneﬁts have been
established (ﬁgure 11).220,221 Using active transport as an
example, the shift from car driving to walking and
cycling not only reduces the air pollutant emissions,
but also increases levels of exercise, which in turn can
lead to reduced risks of several health outcomes,
including cardiovascular diseases, diabetes, and some
cancers.218
The formal health sector itself also has a role to play in
reducing its emissions. Hospitals and health systems,
particularly in more industrialised settings, account for
around 10% of GDP and have a signiﬁcant carbon
footprint. While the full extent of health care’s climate
impacts is not known, emerging data conﬁrms its
signiﬁcance and the need for mitigation strategies. For
instance, the NHS in England calculated its carbon
footprint at more than 18 million tonnes of CO2 each
year—25% of total public sector emissions.222 72% of the
NHS’s carbon footprint is related to procurement and the
remaining split between travel and energy use in
buildings.223 In the USA, the health-care sector is
responsible for 8% of the country’s total GHG
emissions.224 With among the largest sectoral purchasing
power globally, the health sector could reduce its impact
through the products it purchases and through
investment in its infrastructure (ie, hospitals, ambulatory
services, and clinics).
By moving toward low-carbon health systems, health
care can mitigate its own climate impact, become more
resilient to the impacts of climate change, save money,
and lead by example. For instance, in South Korea,
Yonsei University Health System is targeting reducing
GHG emissions by 30% by 2020. Energy eﬃciency
measures saved the system $1·7 million and reduced
GHG emissions by 5316 tonnes of CO2 in 2011 alone.225 In
the USA, Gunderson Health has increased eﬃciency by
40%, saving $2 million annually, while deploying solar,
wind, geothermal, and biomass to signiﬁcantly reduce its
carbon footprint and end its dependence on fossil fuels.226
In England, the NHS Public Health and Social Care
System has similarly committed to reducing their carbon
footprint by at least 34% by 2020.227
Conversely, accounting for the health co-beneﬁts of
climate change mitigation, can help to bring down the
overall cost of greenhouse gas mitigation. Jensen and
colleagues have shown that the incorporation of health
co-beneﬁts of cleaner vehicles and active travel can make
those mitigation practices cost eﬀective.228 The health
beneﬁts of reducing methane emission in industrialised
nations could exceed costs even under the least aggressive
mitigation scenario between 2005 and 2030.229 For
example, in the UK, retroﬁts aimed at improving energy
performance of English dwellings have the potential to
www.thelancet.com Vol 386 November 7, 2015
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Figure 11: Frequently cited co-beneﬁts of major mitigation techniques
Red arrows between a mitigation technology and an eﬀect indicate that the technology will increase the eﬀect; green arrows indicate an opposite trend.

oﬀer substantial health beneﬁt over the long-term,
providing ventilation to control indoor pollutants is
installed (see appendix 2).

Pathways to (GHG emissions reduction)
pathways
Over the last two centuries, the prevailing pattern of
national development has involved dramatic increases in
productive capacity, supporting transformations in
nutrition and housing, underpinned by development of
fossil-ﬁred energy supply, conversion, and distribution
systems. Three overlapping stages of development can
be identiﬁed:
www.thelancet.com Vol 386 November 7, 2015

• Stage 1: typically low technology, relatively ineﬃcient
and with little regard for damage due to pollution and
other externalities.
• Stage 2: locally clean. As countries become wealthier,
they can aﬀord to invest in the longer term and deal
with the local health problems associated with
burning fossil fuels.
• Stage 3: regionally and globally clean. This involves
the development of energy systems that address
transboundary pollution problems including that of
anthropogenic climate change. Stage 3 is generally
associated with high GDP and indices of public
health.

See Online for appendix 2
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Importantly, improvements in technology and eﬃciency
have historically accompanied and assisted, but have not
been primarily driven by the goal of pollution control.
The patterns of development associated with stages 1 and
2 are complex and multi-dimensional, and stage 3 is
unlikely to be diﬀerent. Stages 1 and 2 have historically
been associated with increasing income and health.
This pattern of development has resulted in emission of
about 1600 GtCO2 since 1870, with a consequent rise in
global mean temperature anomaly of +0·85°C (1870–2010).
To have a better than 66% probability of keeping the rise
in global temperatures to below 2°C, cumulative
greenhouse gas emissions from 2011 on would need to be
limited to around 630–1180 GtCO2,eq.201,230,231 At the current
global emission rate, this budget would be used up in
between 13 and 24 years.
The last 30 years of OECD data have shown that
signiﬁcant changes to global energy systems are possible.
Indeed, the whole of the 20th century has been
characterised by a succession of transitions in energy
technologies. However, this process has not been
inevitable and decisions on energy systems have been
aligned with other national objectives—eg, enhanced

security of supply or reduced air pollution. This suggests
that the transition to low-carbon energy will need to be
predicated on achieving multiple objectives, including
climate change, health, equity, and economic prosperity.
Many trajectories that are consistent with such a budget
(panel 6 shows those of the UK and China) are in
principle possible. Such trajectories necessarily involve
emissions in the second half of the century in the region
of 90% lower than emissions between 2011–50.232 All
would require an unprecedented global commitment to
change, and none appears easy. To stabilise CO2−
equivalent concentrations in the range 450–650 ppm
(consistent with 2–4°C of warming) will require the
global emission rate to fall by between 3–6% per year, a
rate that so far has only been associated with major social
upheaval and economic crisis.25 Postponing deep cuts in
emissions may allow for new policies and technologies,
but at the cost of signiﬁcant impacts (eg, for land use and
food production) in the second half of the century.

Achieving a 2°C warming target
Many technologies exist or have been proposed to
mitigate climate change. But they vary in their potential

Panel 6: Decarbonisation pathways for the UK and China230
The Deep Decarbonisation Pathways Project (DDPP) aims to
understand and show how major emitting countries can
transition to low-carbon economies and, in doing so, move
towards the internationally agreed 2°C target by 2050. The
project comprises representatives of 15 countries contributing
to more than 70% of current global greenhouse gas emissions,
and is led by the UN Sustainable Development Solutions
Network (SDSN), and the Institute for Sustainable
Development and International Relations (IDDRI), Paris.227
The project’s interim report describes pathways that achieve a
45% decrease of total CO2-energy emissions over the period
(falling to 12·3 Gt by 2050, from 22·3 Gt in 2010). Although the
interim pathways do not reach a 50% probability of restricting
climate change to 2°C, they provide important insights. Three key
pillars of decarbonisation are crucial in all the countries studied:
energy eﬃciency and conservation, a shift to low-carbon
electricity, and a switch to lower carbon fuels. However, the
balance between these pillars depends on national circumstances.
The UK pathway is characterised by early decarbonisation of the
power generation sector, and increased electriﬁcation of end-use
sectors from 2030, leading to an 83% reduction in CO2-energy
emissions by 2050 (see ﬁgures 12A and B). The cumulative
investment requirements for such a large-scale decarbonisation
are in the region of £200–300 billion, and require a strong policy
framework, including electricity market reform. After 2030,
radical changes in energy vectors are necessary, with heating
switching from gas to heat pumps and district heating, and
transport increasingly electriﬁed. Greater-than-marginal
reductions in emissions (eg, associated with heating) require
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sustained strategic vision and interdecadal coordination between
energy supply and demand sectors of the economy. Challenges to
delivery will probably include the scale of infrastructure
investment, and public acceptability across end-use sectors.
The challenge in China is to achieve decarbonisation alongside
continued rapid economic growth. The pathway shows GDP per
head increasing by six times from 2010 to 2050; this increase is
oﬀset by a 72% reduction in energy intensity of GDP—a
substantial decoupling. Emissions peak by 2030, and fall by
34% by 2050, driven by falling energy intensity and almost
complete decarbonisation of power generation. Despite
electricity generation more than doubling by 2050, unabated
coal is replaced by renewables, nuclear, and carbon capture and
storage (ﬁgures 13A and B). In industry, carbon capture and
storage and higher eﬃciency could reduce emissions by 57% by
2050. But growth will continue in the transport sector due to
an increase of ten times in mobility, only partly oﬀset by higher
eﬃciency and little penetration of low-carbon vehicles.
Key to the transition of the Chinese energy system is rapid
development and deployment of low-carbon technologies, and
a shift away from unabated coal use, facilitated by energy
market reform and carbon pricing.
The project shows the crucial need for large-scale global
technology research, development, demonstration, and
deployment, and transfer eﬀorts. A common feature of most
pathways is the need to decarbonise freight transport and
industry. The ﬁnal DDPP report will review investment levels
and policy frameworks to enable the transition.
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Figure 12: Energy-related CO2 emissions pathway for the UK in 2010 and 2050 (A), and energy supply pathway for electricity generation for the UK, 2010–50 (B)230
CCS=carbon capture and storage.

mitigation impacts, stages of development, costs, and
potential risks. Table 2 summarises mitigation
technologies. Among them are climate engineering
approaches such as land and sea sequestration. Although
these have signiﬁcant potential, they carry signiﬁcant
risks, including the possibility of damage to ecosystems.
It is currently uncertain that the necessary international
consensus to allow the deployment of such technologies
could be achieved. Energy eﬃciency improvement is
considered as the least risky of the options, although on
its own it is insuﬃcient to achieve the necessary
decarbonisation.233
Individual behaviour is an important factor that aﬀects
the end-user energy eﬃciency—eg, using high-eﬃciency
heating and cooling systems, adopting more eﬃcient
driving practices, routine maintenance of vehicles and
building systems, managing temperatures for heating,
and hot water for washing.234,235 But behavioural changes
are not so easily achieved and pose considerable risk as a
mitigation strategy. The medical professions have
decades of experience with attempts to induce mass
changes of behaviour through health promotion. The
most prominent campaigns have been targeted at alcohol
consumption, smoking, diabetes, and obesity. The
overarching lesson is that even when behaviour change
yields direct personal beneﬁts, amounting in some cases
to a decade or more of life expectancy, it is extraordinarily
www.thelancet.com Vol 386 November 7, 2015

diﬃcult to achieve through persuasion. In practice,
diﬀerent societies favour divergent approaches to
inﬂuencing behaviour, ranging from the economic,
through the physical to the psychological.236
Technologies that have the greatest decarbonisation
potential include nuclear power, oﬀshore wind,
concentrated solar power (CSP), and CCS.237,238 Solar
photovoltaic (PV) and wind systems have been growing
exponentially for decades (wind about 12% per year, PV
about 35%), with consequent reductions in costs due to
learning and increasing scale of production and
deployment, while both CSP and CCS have not yet been
deployed at any signiﬁcant scale and so cannot capture
signiﬁcant learning eﬀects. CCS suﬀers from similar
problems to nuclear—ie, large unit sizes, potential
regulatory concerns, and long lead times, which means
weak and delayed learning once deployment has begun.
But CCS’s additional disadvantage compared with
nuclear and renewables is that while the latter decouple
economies from the threat of future rising and volatile
fossil fuel costs, CCS magniﬁes these threats. Even in the
absence of carbon pricing, renewables and nuclear can
be justiﬁed as a hedge against future increases in fossil
fuel prices, whereas CCS cannot.
Attempts to understand the adaptation of the whole
energy system in the context of rapid transitions to lowcarbon emissions have been predominantly from the
1887
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Figure 13: Energy-related CO2 emissions pathway for China in 2010 and 2050 (A), and energy supply pathway for electricity generation for China, 2010–50 (B)230
CCS=carbon capture and storage.

discipline of economics. Among these is the Deep
Decarbonization Pathways Project (DDPP), which has
developed pathways for 15 countries.230 Panel 6 provides
an example of these technology pathways for the UK and
China. Transforming the global economy in anything
like the timescale implied by the above discussion
requires unprecedented action in both industrialised and
developing countries. The former will need to embark
more-or-less immediately on CO2 reduction programmes
with a high level of ambition. Developing countries will
need to move directly from stage 1 to stage 3 (signiﬁcantly
reduced emissions with associated high GDP and indices
of public health) probably with both capital and technical
support from developed countries. Delayed emission
reduction would lower the possibility to control climate
change, raise costs and force the uptake of riskier and
unproven mitigation technologies with increased risk of
unintended consequences for human wellbeing and
ecosystems.239
The range of unintended consequences when the
technologies are administered to diﬀerent systems is
large, complicated, and in some areas poorly
understood. Ultimately, rapid mass deployment of lowcarbon technologies requires a better understanding of
the drivers and barriers to delivery within diﬀerent
economic sectors, the scale and opportunity of
deployment, and the setting and its context including
1888

the actors and decision makers involved. The
application of low-carbon technologies, their impact,
deployment, and co-beneﬁts must be maximised by
understanding what works, where it works, and why it
works. This understanding is particularly important to
support emerging technologies that are yet to reach
market-scale deployment. Three key drivers are
required to support pathways to a low-carbon future:
maximising the eﬃcacy of low and zero carbon
technologies, maximising the deployment of these
technologies, and maximising and internalising the
potential health co-beneﬁts of decarbonisation.

Maximising eﬃcacy
Although signiﬁcant progress has been made in adopting
clean technologies, the resulting impact on energy
intensities and carbon emissions has been lower than
expected. Barriers to adoption and deployment of mitigation
technology include a lack of awareness and access to
technical knowledge, segmentation and fragmentation
within and amongst sectors, and ﬁnancial disincentives.
These barriers will be particularly acute in developing
countries where the beneﬁts of energy eﬃciency are not
necessarily recognised and may be a lower priority
compared to many other urgent issues, such as poverty
eradication, public health improvement, and crime
reduction; this may be further aﬀected by a lack of means of
www.thelancet.com Vol 386 November 7, 2015
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communication. Furthermore, due to a lack of quantitative
and reliable measurements of energy performance, many
stakeholders are not aware of energy savings potential. We
propose three actions to improve eﬃcacy:
1 Understanding the direct and indirect impacts of
technologies from an integrated technical, economic,
social, health and cultural, and political perspective;
2 Gathering, evaluating, and reporting real-world
evidence to support and guide development and
implementation of mitigation strategy;
3 Put in place policies and regulations (such as reporting
schemes, inspections, and benchmarks) to make
performance visible within the market.

Maximising uptake
Minimum deployment of low-carbon technologies poses
a signiﬁcant risk to the transition to a low-carbon future.
The International Energy Agency (IEA) has stated that
nine out of ten low-carbon technologies that are essential
for energy eﬃciency and decarbonisation are failing to
meet their deployment objectives. Limited deployment,
particularly early in the process, limits learning and
constrains subsequent progress.
Inertia in the technology diﬀusion process within
many sectors means that many oﬀ-the-shelf technologies
today could take 20 years to achieve signiﬁcant market
penetration without incentives to support their uptake.
Overcoming such inertia requires clear guidance on
technology potential; robust data on technology
performance, impact, and costs; detailed information on
existing sectors and historic structures; removal of
disincentives and perverse incentives; and strong
regulations. For certain technologies, regulation can play
a major part in accelerating deployment. Criteria for
regulations to be eﬀective in this role may be summarised
as follows: that the goal of regulation should be
unambiguous; that the technical nature of measures
which will achieve the goal should be clear, and they
should be easy to apply; that the technical nature of these
measures should make it easy for the regulator to
conﬁrm that they have been implemented; that the total
beneﬁts should outweigh costs; and that both beneﬁts
and costs should be a small part of some larger economic
transaction.240 Cities oﬀer opportunities and challenges
for technology deployment. For appropriate technologies,
economies of scale are quickly achieved with population
and economic densities supported by larger tax bases,
deployment through existing services and a history of
operating large scale infrastructure. Density intensiﬁes
local environmental problems (particulates, noise, etc),
which can in turn make it politically possible to introduce
local regulation favouring low-carbon technologies.
Resulting niches and learning can then accelerate the
development and wider deployment of key mitigation
technologies.241
Development status is another important driver of
deployment. The bulk of technology transfer occurs
www.thelancet.com Vol 386 November 7, 2015

between developed countries who dominate the invention
of technologies for climate mitigation.242 This does
nothing to overcome the low availability of mitigation
technologies in developing countries. Major barriers to
technology transfer from developed to developing
countries include insuﬃcient local human capital and
technology support capabilities, lack of capital, trade and
policy barriers, lax intellectual property regimes in
developing countries, and the potential lack of commercial
viability of the technology itself.243 These barriers need to
be overcome to enable countries seeking to achieve a high
quality of life to tunnel from stage 1 to stage 3.
Mechanisms to support low-carbon technology uptake
should include:
• Enacting policy regulations to improve deployment of
technologies (such as incremental minimum
performance standards or delivery obligations)
• Developing strong national-level commitments and
sources of funds for investment in low-carbon
infrastructure that is accessible to local delivery
agents.
• Targeting decision makers who can achieve maximum
on-the-ground change and uptake of technologies and
changes in practices (ie, sector heads, mayors, and
councils).

Maximising co-beneﬁts and avoiding unintended consequences
Many low-carbon technologies provide beneﬁts other
than reducing greenhouse gas emissions—eg, increased
energy security, improved asset values, improved air
quality, greater disposable income, and improved health
and comfort. Some low-carbon technologies are primarily
deployed because of their co-beneﬁts.
Low-carbon technologies inappropriately deployed can
hurt the economic and social development of developing
countries. The increased use of expensive low-carbon
energy sources could delay essential structural changes
and slow down the construction of much needed
infrastructure. Higher energy prices can aﬀect economic
growth and exacerbate poverty and inequality. However,
abstaining from mitigation technologies in developing
countries carries the risk of lock-in into a high-carbonintensity economy.244 In order to avoid such unintended
consequences, a balanced strategy focusing on both
human development and climate mitigation in
developing countries is needed.
Mechanisms to maximise co-beneﬁts should include:
• Developing compelling arguments for action that
emphasise co-beneﬁts (ie, health, quality of life, air
quality, a creative and resilient economy).
• Putting in place national and international level
mechanisms to support and encourage technology
adoption (ie, carbon pricing).
• Putting in place policies and economic tools that can
facilitate the technology transfer from developed
countries to developing countries (ie, the importance
of the Green Climate Fund).
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Panel 7: Total external costs of burning fossil fuels
The prices of fossil fuels routinely do not account for their global impacts related to
climate change, or their local impacts on human health and ecosystems. These external
costs of fossil fuels can be expressed by the following formula:
TECﬀ = Ccc + Clap = (Ccd + Cad + Cmg) + (Cpd + Che + Cpc)
Where TECﬀ are the total external economic costs of burning fossil fuels; Ccc are the costs
related to climate change, which can in turn be regarded as the sum of Ccd (the damage
costs of unmitigated climate change), Cad (the costs of adapting to climate change, either
present or anticipated), and Cmg (the costs of mitigating climate change); and Ctap—the
costs of local air pollution—which can be regarded as the sum of Cpd (the pollution
damages to buildings, crops and health of such pollution), Che (the health and other
expenditures to remedy this pollution damage) and Cpc (the costs of controlling this
pollution). There is symmetry in these cost terms relating to climate change and local air
pollution, between Ccd and Cpd (the estimated damage costs), Cad and Che (the actual
expenditures in response to the pollution), Cmg and Cpc and (the costs of reducing the
extent of the pollution). The components of this formula are also dependent on each
other, in conceptually simple if often practically complex ways, as follows:
• Ccd is a function of Cmg, such that increased mitigation will reduce the costs of climate
damage, with a similar relationship between Cpd and Cpc for local air pollution.
• Cad is also a function of Cmg, such that increased mitigation will reduce the costs of
adaptation, with a similar relationship between Che and Cpc for local air pollution.
• Clap is also a function of Cmg, such that increased mitigation will reduce the costs of air
pollution.
• Ccd is a function of Cad, such that increased adaptation will reduce the costs of climate
damage, with a similar association between Che and Cpd for local air pollution.
Notably, in each case, the eﬀects of the diﬀerent variables on each other might act over
widely diﬀering timescales. Furthermore, whereas the above equation has been discussed
in terms of the combustion of fossil fuels, which make the major contribution to
anthropogenic greenhouse gas emissions, for full cost-eﬀectiveness of climate mitigation
the equation should be computed over the full range of greenhouse gas emissions to
ensure that relatively cheap abatement measures are not overlooked.

Conclusions
Energy systems comprise some of the largest, most
complex and enduring capital structures in modern
economies. Decarbonisation and reducing energy
demand is not a simple challenge of cleaning up
pollutants or installing new equipment, it requires
systemic transformations of energy infrastructures and
associated systems. We need to put in place mechanisms
that support the uptake of technologies in an eﬀective
manner (ie, support pathways to impact pathways or
pathways to pathways). Finally, it should be noted that
the full potential of mitigation technologies will only be
achieved if the social and political systems around these
technologies co-evolve to deliver carbon targets.
There is a clear and compelling need for the
industrialised world to achieve faster and much deeper
emission reductions than anything delivered to date. At
the same time, industrialisation historically has been
accompanied by rising greenhouse gas emissions
(particularly CO2) up to income levels of $10–15 000 per
capita. Some of the major emerging economies are
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already reaching such levels, with concomitant
emissions; helping others to avoid doing so, or helping
those (like India) still with huge challenges to lift
hundreds of millions of people out of extreme poverty,
will require international assistance.
Through a multipronged approach that advocates cobeneﬁts, targets decision makers and puts in eﬀective
measures that are understood, it might be possible to
make real progress towards meeting our emission
reduction goals. These mechanisms represent a public
health-style approach to developing and implementing
mitigation strategies, with the end goal of many cobeneﬁts.

Section 4: ﬁnancial and economic action
The total economic cost of fossil-fuel use
Past failures to reduce GHG emissions mean that
remaining within the required carbon budget is
becoming progressively challenging. We are increasingly
committed to a certain level of climate disruption,
requiring adaptation measures to reduce the impact this
is likely to have. Given that the world is already committed
to some degree of climate change, and given too that the
combustion of fossil fuels also emits a variety of other
pollutants, the total external costs of burning fossil fuels
(ie, those costs that are not included in the price of fossil
fuels) may be expressed as shown in panel 7.
The optimum outcome of this formula is that which
minimises TECﬀ, computed over the time horizon of
interest. Unfortunately, the state of knowledge now, or at
any likely point in time in the future, does not permit
such a dynamic optimum to be computed. The purpose
of this section is to explore the estimates of these
diﬀerent cost categories that appear in the literature to
draw conclusions regarding the extent of climate change
adaptation and mitigation that should be attempted, and
the policies that might be able to deliver it.
The question of what is optimum in economic terms
(GDP or welfare per head) for a given level of carbon
emissions and discount rate requires the computation
of an optimal time path. What is optimum today
(without regard for the future) will not be optimal if the
future is to be taken into account. And of course the
relation between low prevention costs now means very
high treatment costs later, compared with high
prevention costs now means lower treatment costs later
will be subject to very great uncertainty. Higher
uncertainty may mean that high prevention costs would
be wasted. On the other hand, with higher uncertainty
comes the increased probability that high prevention
costs are not high enough. However, whatever the
answers to these questions, models reviewed in the
IPCC’s Working Group III Fifth Assessment Report
(AR5) indicate with suﬃcient certainty that more needs
to be spent earlier rather than later if even a moderate
value is given to the intermediate and long term
future.201
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The health and related economic beneﬁts of adaptation
There are signiﬁcant research gaps regarding the
scientiﬁc evaluation of the health beneﬁts of climatechange adaptation due to its highly diﬀuse and contextspeciﬁc nature, with only scattered quantitative or
semi-quantitative studies on the health costs and
beneﬁts of adaptation options.245 Monetising these costs
and beneﬁts is an even more diﬃcult task. However, the
studies that do exist present a strong message. Seven of
the eight studies on the eﬀectiveness of heatwave early
warning systems reported fewer deaths after the systems
were implemented. For example, in the summer of
2006, a heatwave in France produced around 2000 excess
deaths—4000 less than anticipated based on previous
events.31 A national assessment attributed this to greater
public awareness of the health risks of heat, improved
health-care facilities, and the introduction of a heatwave
early warning system in 2004.112 A Climate Forecast
Applications Network developed in the USA had
successfully forecast three major ﬂoods in 2007 and
2008 in Bangladesh 10 days in advance, allowing farmers
to harvest crops, shelter animals, store clean water, and
secure food before the event.246 Webster also strongly
advocates the establishment of a network between
weather and climate forecasters in the developed world,
and research and governmental and non-governmental
organisations in the less-developed world.246 According
to his estimation, such a network could produce
10–15 day forecasts for south and east Asia for a wide
range of hydrometeorological hazards (including slowrise monsoon ﬂoods, droughts, and tropical cyclones) at
an annual cost of around $1 million, but with prevention
of “billions of dollars of damage and protecting
thousands of lives”. To support assessments such as
these, WHO Europe have prepared an economic analysis
tool to enable health systems to calculate the health and
adaptation costs of climate change, which was in turn
tested in their study of seven European countries.247,248

The health and related economic beneﬁts of mitigation
Unmitigated climate change presents serious health
risks that could reach potentially catastrophic
proportions. Mitigating climate change not only
signiﬁcantly reduces this risk, but can also yield
substantial health co-beneﬁts against contemporary
circumstances.
Panel 8 illustrates the proportion of national GDP
directed to health care increasing with wealth, along with
the proportion accounted for by government
expenditures. This suggests that governments of high
and increasing income countries should give signiﬁcant
priority to mitigating climate change to prevent
detrimental health impacts, which could result in the
need for signiﬁcant extra health expenditures, from both
governmental and personal ﬁnances. Indeed, the direct
and indirect cost of existing pollution-induced illnesses
alone is signiﬁcant. The OECD estimates the cost of
www.thelancet.com Vol 386 November 7, 2015

ambient air pollution in terms of the value of lives lost
and ill health in OECD countries, plus India and China,
to be more than $3·5 trillion annually (about 5% gross
world product [GWP]), with India and China combined
accounting for 54% of this total.251 Globally, and with the
addition of indoor air pollution, this value is likely to be
substantially higher (appendix 3)
The European Commission has estimated that in the
EU alone, reduced air pollution from policies to
mitigate climate change could deliver beneﬁts valued at
€38 billion a year by 2050 through reduced mortality.
From a broader perspective, the European Commission
estimates that moving to a low-carbon economy could
reduce the control costs of non-CO2 air pollutants by
€50 billion by 2050.252 With an increase to 36%
renewables in global ﬁnal energy consumption by 2030
(from 18% in 2010), IRENA calculates up to $230 billion
of avoided external health costs annually by 2030.253 In
addition, West and colleagues note that if RCP4.5 is
achieved, annual global premature deaths avoided
reach 500 000 by 2030, 1·3 million by 2050, and
2·2 million by 2100. Global average marginal beneﬁts
of avoided mortality are $50–380 per tCO2, exceeding
marginal abatement costs in 2030 and 2050. The
greatest beneﬁt is projected for east Asia, with

See Online for appendix 3

Panel 8: Global expenditure on health care
Figure 14 shows the global range of total expenditure on
health care as a proportion of GDP in 2011. Total expenditure is
9·1% gross world product (GWP)—about US$6·8 trillion—with
geographical variation ranging from 1·65% GDP in South
Sudan, to 17·7% in the USA. At a global level, 59% of
expenditure is sourced from government budgets (of which
60% is via social security mechanisms), accounting for more
than 15% of total expenditure by governments worldwide. The
remaining 41% is sourced from the private sector (of which
38% is in the form of health insurance, with 50% out-ofpocket expense). Total average global health expenditure per
capita was $1053, in purchasing power parity (PPP) terms.247
Figure 15 shows the variation between the economies of
diﬀerent average income levels against these global totals.
Total expenditure per head varies between an average of
$64 in low-income countries and $4319 in high-income
countries in PPP terms. This increase in expenditure
proportional to income is accompanied by the increasing use
of insurance mechanisms (either private or social security),
and decreased reliance on external (international) resources
(principally development assistance and funding from nongovernmental-organisations), and private expenditure and
out-of-pocket expenses (in proportional terms). Whereas
private expenditure and out-of-pocket expenses remain a
signiﬁcant component in all groups, external resources
decrease rapidly, from 29% in low-income countries to 2·3%
in lower middle-income countries, 0·4% in upper
middle-income countries, and 0% in high-income countries.
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220 000–470 000 premature deaths avoided per annum
by 2030, with marginal beneﬁts of $70–840/tCO2—a
range 10–70 times that of the projected marginal cost254
(see appendix 3 for more about the cost of ambient air
pollution in China). In the USA, Thompson and
colleagues estimate that human health beneﬁts
associated with air quality improvements driven by CO2
mitigation policies can oﬀset the cost of the policies by
up to ten times.255
Mitigation actions have other health-related beneﬁts.
Policies in the transport sector that encourage active
travel (eg, walking and cycling) produce signiﬁcant
reductions in cardiovascular disease, dementia,
diabetes, and several cancers, in addition to reduced

duration and severity of depressive episodes—all of
which are linked to obesity and are costly to treat.218 For
example, increased levels of active travel coupled with
increased fuel eﬃciency in the UK’s urban areas could
lead to a net saving to public funds cumulatively
exceeding £15 billion by 2030, whilst achieving GHG
reductions of over 15% in the private transport sector by
2030.228 Patz and colleagues have comprehensively
reviewed the health, environmental, and economic
beneﬁts of active travel.256
In many countries, climate-change mitigation through
increased energy eﬃciency will have the beneﬁt of
reducing fuel poverty (a condition in which low-income
households have to spend a high proportion of their
income to keep warm or cool), and associated impacts on
excess winter mortality, respiratory health of children and
infants, and the mental health of adults.257 Nicol and
colleagues estimated that improved housing in England
alone could save the UK NHS more than €700 million per
year in treatment no longer required.258 In addition,
Copenhagen Economics estimates that improvements in
housing energy eﬃciency in Europe would, alongside the
production of direct energy and health-care savings,
reduce public subsidies for energy consumption by
€9–12 billion per year.259 Various other health and ancillary
beneﬁts exist. Appendix 4 provides information about a
recently developed framework to quantity key co-beneﬁts.
It is apparent both that societies spend very large
sums on health care and that measures to mitigate
climate change would directly reduce existing and
projected damages to health from the combustion of
fossil fuels, and associated costs. In fact, Markandya
and colleagues estimated that in India, if the health
beneﬁts of reduced PM2.5 emissions alone, resulting
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from a 50% reduction in CO2 emissions by 2050 (from
1990 levels) from electricity generation, were valued
similarly to the approach used in the EU for air
pollution, then they oﬀset the cost of GHG emissions
reductions in full.215 As such, a signiﬁcant proportion of
expenditures for climate-change mitigation (and
adaptation) may legitimately be seen as oﬀsetting health
expenditures, existing or anticipated, or even put
forward itself as expenditure on the treatment and
prevention of ill health. If a large part of the costs of
climate-change mitigation and adaptation is oﬀset by
improved health of the existing population, and if
unabated climate change is itself a major health risk,
investment in such actions is clearly an attractive and
sensible proposition.

Investment required for mitigation and adaptation
In industrialised countries, large-scale investment in
energy systems is required simply to maintain existing
services as infrastructures age and need to be replaced.
Emerging and developing economies will require very
large energy system investments to meet growing
demand as they develop and to provide increasing
proportions of their populations with access to modern
energy services. It is estimated that such business-asusual investments will total around $105 trillion between
2010 and 2050, with average annual investment
requirements rising rapidly over time.260 However, this
value excludes the costs of climate damage to the energy
system or resilience measures to reduce it. Such costs
could be signiﬁcant.
The IEA estimates that to achieve a trajectory that
produces an 80% chance of remaining on a 2°C
stabilisation pathway, additional cumulative investment
of $36 trillion in the energy system is required by 2050—
roughly $1 trillion per year (in the order of 1% GWP
under moderate growth assumptions or about 10% of
existing expenditure on health care), although recent
estimates from the New Climate Economy report suggest
that this value may be a much reduced $270 billion per
year.260,261 The insurance premium represented by this
additional investment is very modest in relation to the
potential costs that are being avoided, even without the
oﬀsetting health and other co-beneﬁts such as those
described above. To achieve both the requisite level of
decarbonisation whilst meeting increasing global
demand for energy, the IEA estimates that investments
in low-carbon technologies and energy eﬃciency must
account for around 90% of energy system investment by
2035.262 Currently, this value is around 23%.262
Estimates for the investment required for adaptation
measures to protect against climate impacts to which the
world is already committed are limited. The most
comprehensive global estimate thus far was produced by
the World Bank (2010), which estimates the annual
global cost of adaptation even on a 2°C trajectory to be
$70–100 billion by 2050.171
www.thelancet.com Vol 386 November 7, 2015

Estimating existing expenditure on adaptation actions
is not much easier than estimating the possible future
costs of adaptation. Buchner and colleagues263 estimate
that in 2012, about $22 billion was invested in activities
with an explicit adaptation objective. However, the lack of
common agreement on what constitutes an adaptation
measure over other investment classiﬁcations and
objectives mean understanding of existing ﬁnancial
ﬂows to adaptation measures is poor. Even so, whilst the
magnitude is diﬃcult to determine, it is reasonable to
conclude that existing ﬁnancial ﬂows for climate change
adaptation are not suﬃcient to match long-term
requirements, even for impacts resulting from current
and past emissions.

Macroeconomic implications of mitigation and
adaptation
The macroeconomic impacts of climate change
Attempts to estimate the marginal social cost of CO2
emissions in the absence of mitigation or adaptation
measures have produced an extremely wide range of
results, spanning at least three orders of magnitude.264
Table 3 illustrates the multifaceted, diverse, and
potentially extreme nature of the impacts involved.
The IPCC’s AR5 chapter on impacts, adaptation and
vulnerability estimates an aggregate loss of up to 2%
GDP if global mean temperatures reach 2·5°C above
pre-industrial levels.266 A world of unabated GHG
emissions, what might be called a business-as-usual
pathway (in which a global mean temperature increase
is likely to far exceed 2·5°C, and in which many of the
kinds of impacts in the last row and column of table 3
are likely to be experienced) could produce costs
equivalent to reducing annual GDP by 5–20% now, and
forever, compared with a world with no climate change,
according to the Stern Review on the Economics of
Climate Change.267
It may be noted that these costs are the result of a low
discount rate, the validity of which has been
questioned.268 However, the relevant point here is that
the physical impacts underlying the upper range of
these costs represent a substantial risk to human

Market
Projection (trend) Coastal protection, dryland loss, energy (heating
and cooling)

Non-market

Multiple stresses and
socially contingent

Heat stress, wet-land loss,
ocean acidiﬁcation, ecosystem,
migration and termination

Displacement from
coastal zones, regional
systemic impacts

Climate variability Agriculture, water, storms Loss of life, biodiversity,
environmental services
and (bounded)
extremes
System changes
and surprises

So-called tipping-point
eﬀects on land and
resources

High-order social eﬀects,
irreversible losses

Cascading social eﬀects,
environmental migration
Regional collapse,
famine, war

Adapted from Grubb et al, 2014.265

Table 3: Social cost of CO2 emissions—assessment framework
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societies—what Weitzmann269 has called the “fat tails” of
climate-risk distributions. The costs of mitigation may
be seen to represent a premium paid to reduce these
risks and, hopefully, avoid the worst climate outcomes
entirely. In any case, even these large costs derive from
economic models built upon climate science and impact
models, which themselves necessarily cannot fully
characterise all processes and interactions known to be
of importance.270

The macroeconomic impacts of responding to climate change
The theoretical microeconomics position on the
balance to be struck between mitigation and adaptation
is clear—there should be investment in mitigation up
to the point where the marginal cost of further
investment is higher than the marginal cost of
adaptation plus that of remaining climate damages. In
practice, the robust identiﬁcation of this point is
impossible, because of the uncertainty of the costs
concerned and how they will develop over time, the
diﬃculties of valuing non-market costs, and the lack of
consensus over the appropriate discount rate for such
costs, when they are incurred over long and varied time
periods.271 Given that some climate impacts (such as the
phenomena in the bottom-right corner of table 3)
cannot be adapted to at any computable cost, mitigationfocused investment would seem to be the prudent
priority at a global level. In a globally interdependent
world, even regions that might be less negatively
aﬀected by climate change itself, could expect
considerable economic and social disruption from
those regions that were thus aﬀected.
The macroeconomic impacts of reducing CO2
emissions derive from several sources, all of which need
to be taken into account if the overall impact is to be
properly evaluated. First, there are the impacts of the
various kinds of investments discussed above.
Investments in energy eﬃciency measures and
technologies are often cost eﬀective at prevailing energy
prices, and there is substantial evidence that
opportunities for such investments are considerable.272
Such investments will themselves tend to increase
GDP. Investments in low-carbon energy that are
redirected from fossil fuel investments will, where the
low-carbon energy is more expensive than fossil fuels
and leaving out considerations of avoided climate change
and co-beneﬁts, tend to reduce GDP. However, if fossil
fuel prices increase from their currently relatively low
levels and remain volatile, and the capital costs of
renewables (especially solar and wind) continue to fall,
then at some point renewable electricity may become
economically preferable to fossil-fuel derived power,
irrespective of other factors.
Investments in low-carbon energy that are
additional—such as the extra $1 trillion required
annually as identiﬁed above—may increase or reduce
GDP depending on whether they employ unutilised
1894

resources or, in a situation of full employment, crowd
out more productive investment, and whether they can
build domestic supply chains and new competitive
industries that can substitute for imports. Whilst
employment in fossil fuel-related and emissionintensive industries would decline over time, lowcarbon technology industries would expand and
increase employment. IRENA estimate a net global
increase of 900 000 jobs in core activities alone (i.e. not
including supply chain activities), if the level of
renewable energy in global ﬁnal energy consumption
doubles from 18% in 2010 to 36% of by 2030.253
Advantages may accrue to those countries or industries
that begin investment in decarbonisation quickly, by
gaining technological leadership through experience
and innovation, aﬀording the ﬁrst mover a competitive
edge in a growing market.
For fossil-fuel importing countries, investment in
indigenous low-carbon energy sources will reduce the
need to import fossil fuels. In the EU, the trade deﬁcit in
energy products in 2012 was €421 billion (3·3% EU
GDP),273 and is projected to rise to €600 billion (in 2010
euros) by 2050, as the EU’s dependence on foreign fossil
fuels increases.274 Low-carbon investments that reduce
the need to import fossil fuels are macroeconomically
beneﬁcial, with the value of these trade eﬀects in the
future being uncertain and dependent on the price of oil
and other fossil fuels. Such uncertainty is itself a cost,
which is ampliﬁed when allied with price volatility—a
common characteristic of fossil-fuel markets.

Possible sources of ﬁnance
In the public sector (aside from the extensive resources
to be found in local, regional, national, and supranational
government budgets), sovereign wealth funds, as of
August 2014, held over $6·7 trillion in assets.275 However,
in the private sector, institutional investors held a global
total of $75·9 trillion in assets under management in
2013 (this includes $22·8 trillion with pension funds,
$24·6 trillion with insurance companies, and $1·5 trillion
in foundations and endowments).276
Institutional investors are likely to be critical sources
of ﬁnance for mitigation and adaptation due to the scale
of resources available and the presence of long-term
investment obligations. However, only 0·1% of
institutional investor assets (excluding sovereign
wealth funds) are currently invested in low-carbon
energy infrastructure projects ($75 billion).277
Commercial banks are also a key source of ﬁnance and
are one of the main existing sources of renewable
investment capital. The resources held by non-ﬁnancial
companies are also extensive, with the largest 1000
such companies estimated to hold $23 trillion in cash
reserves.278
International ﬁnancial institutions (IFIs) such as the
Bretton Woods institutions and other multilateral
development banks (MDBs), multilateral ﬁnance
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institutions (MFIs), and regional investment banks
(RIBs), whilst not holding collective assets to match
those above, are also leaders in existing mitigation and
adaptation ﬁnance, and are likely to be key in building a
low-carbon economy in developing countries; their
mandates are explicitly focused on development and
poverty reduction promoted through low-interest, longterm loans—suitable for large infrastructure projects.
Existing dedicated funds for climate-change mitigation
and adaptation under the UNFCCC, such as the Green
Climate Fund (GCF), are also important resources. The
GCF, established by the UNFCCC in 2010 and launched
in 2013, aims to raise $100 billion of new and additional
funding per annum from industrialised nations, by 2020
(from both public and private ﬁnance), to support
mitigation and adaptation pathways in developing
countries. In 2012, $125·9 billion of oﬃcial development
assistance (ODA) was delivered by donor countries,
equivalent to 0·29% of their combined gross national
income (GNI). Were states to meet their ODA
commitments of 0·7% of GNI, another $174·7 billion
would be mobilised.279

Enabling architecture and policy instruments
The mobilisation of such ﬁnancial resources requires
robust policy-generated incentive frameworks, underpinned by credible political commitments. By the end of
2013, 66 countries had enacted 487 climate mitigation
and adaptation-related laws (or policies of equivalent
status), with a rich diversity of approaches.280 The Stern
Review considered that a policy framework for CO2
abatement should have three elements: carbon pricing,
technology policy, and the removal of barriers to
behaviour change.267 This three-part classiﬁcation maps
closely to three policy pillars, which in turn correspond to
three diﬀerent domains of change.265 Figure 16 illustrates
this framework, which can be applied to develop both
mitigation and adaptation policy.
Each of the three domains reﬂects three distinct
spheres of economic decision making and development.
The ﬁrst, satisﬁcing, describes the tendency of
individuals and organisations to base decisions on habit,
assumptions, and rules of thumb, and, to some extent,
the presence of psychological distancing (discussed in
section 5). Such occurrences are the subject matter of
behavioural and organisational economics, which can
explain the signiﬁcant presence of unutilised
opportunities for already cost-eﬀective energy eﬃciency
measures. The ﬁrst pillar of policy, standards and
engagement, seeks to address these issues, resulting in
ﬁrms and individuals making smarter choices. The
second domain, optimising, describes the rational
approach that reﬂects traditional assumptions around
market behaviour and corresponding theories of
neoclassical and welfare economics. The second pillar of
policy, markets and pricing, seeks to harness markets,
mainly acting through producers rather than consumers,
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to deliver cleaner products and processes. The ﬁnal
domain, transformation, uses insights from evolutionary
and institutional economics to describe the ways in
which complex systems develop over time under the
inﬂuence of strategic choices made by large entities,
particularly governments, multinational corporations
and institutional investors. The third pillar of policy
arising from such analysis seeks to deliver
strategic investment in low-carbon innovation and
infrastructure.265
Each of the three domains and policy pillars, whilst
presented as conceptually distinct, interact through
numerous channels. For example, as ﬁgure 16 illustrates,
whilst the impact of each policy pillar is strongest in one
domain, each of the pillars of policy have at least some
inﬂuence on all three domains. All three pillars of policy
have an important role in producing a low-carbon global
energy system.265

Standards and engagement
Energy eﬃciency standards may take many forms.
However, all act to push a market, product or process to
higher levels of eﬃciency (or lower levels of emission
intensity), through regulation. Such regulations help to
overcome market failures such as split incentives, a
prominent example of which is the landlord–tenant
problem, when the interests of the landlord and tenants
are misaligned. The problem arises because, whilst the
installation of energy eﬃciency measures would beneﬁt
the energy bill-paying tenant, savings do not accrue to
the landlord who therefore has no incentive to bear the
cost of installing such measures. Instead, standards can
require their installation, or other measures to induce
the same eﬀect.
The main typologies of standards relating to
mitigation are CO2 intensity standards, energy intensity
standards and technology standards. The ﬁrst two
specify a target limit for speciﬁc CO2 emissions or
energy consumption. Examples are a cap on CO2

Domain

1
Standards and
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2
Markets
and prices

3
Strategic
investment

Satisﬁce
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L/M

L
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M

H

M

Cleaner
products and
processes

Transform

L

L/M

H

Innovation and
infrastructure

To deliver

Highest relevance
Medium relevance
Lowest relevance

Figure 16: Three pillars of policy
Adapted from Grubb et al, 2014.265
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emissions from passenger cars per kilometre driven
(based on the average rating for all cars sold per
manufacturer), or on the annual energy consumption
of a new building per unit of ﬂoor area. Both such
policies (and variants) have been successfully
implemented in the EU and around the world, and have
proven eﬀective. Technology standards may act in a
similar manner to CO2 or energy intensity standards,
but may also proscribe the use of certain components
in products, or prevent the sale of the least eﬃcient
models of a product type. Such standards may be
applied with a legal basis, or through the use of
voluntary agreements. Standards may also be applied to
produce adaptation actions, for example by amending
building codes to obligate developers to incorporate
resilience measures in new construction.
Processes
and
mechanisms
for
targeted
communication
and
engagement
between
governments,
businesses,
other
organisations,
communities and individuals help to overcome issues
of psychological distancing, motivational issues, split
incentives and information asymmetry, and act to pull
the market towards higher eﬃciency, lower emissions
and greater resilience. Such mechanisms can take
many forms and include training and education
campaigns, but also labelling and certiﬁcation, public
reporting and other information disclosure and
transparency measures. All these approaches act to
provide consumers and investors with information
surrounding environmental performance of a product,
service, process or organisation at the point of use, or
across the product lifecycle or organisational operations
and supply chain, in order to help them to make
informed decisions regarding investments and
purchases. This encourages organisations to mitigate
risks by reducing organisational (and possibly supply
chain) emissions and to invest in adaptation measures
to improve resilience, ensuring they retain a strong
customer base and remain a safe investment. The
introduction of these instruments may also reveal
opportunities for eﬃciency measures that have an
economic rationale independent of environmental
considerations.

Markets and prices
The Stern Review called the market externality of GHG
emissions in the global economy “the greatest and
widest-ranging market failure ever seen”.267 Carbon
pricing is the economist’s preferred means to address
this externality. Such pricing may be achieved through
national or regional explicit carbon taxes or cap-and-trade
emissions trading systems (ETS), which are increasingly
present around the world. A carbon tax sets the carbon
price directly, but not the level of abatement, whilst an
ETS sets the level of abatement, but the price derives
from the carbon market. Regardless of the pricing
mechanism, market actors may be expected to factor the
1896

existing and expected carbon price into short-term
operational and long-term investment decisions.
Figure 17 summarises the state of pricing mechanisms
around the world. As of June 2014, around 40 national
and over 20 subnational jurisdictions were engaged in
carbon pricing of varied scope and instrument design,
covering about 12% of annual global GHG emissions
(the Australian ETS was discontinued in July 2014).281 The
largest ETS is the European ETS, established in 2005,
and capping more than 40% of annual GHG emissions
from power generation and energy-intensive and
emission-intensive heavy industry across the EU-28 (plus
Norway, Iceland, and Lichtenstein). This is followed in
scale by the aggregate of the seven ETS pilot schemes in
China, described in appendix 5. As of 2014, the total value
of all explicit pricing mechanisms was around
$30 billion.281
For sectors of the economy for which explicit carbon
pricing is infeasible or administratively burdensome,
taxes on energy products (such as transport fuels) could
be realigned to reﬂect their carbon content (producing
an implicit carbon price) By implementing
Environmental Tax Reform (ETR) principles, in which
the burden of taxation increases on environmentally
damaging activities and is reduced on desired inputs,
such as labour, the increase in energy prices can be
neutralised from a macroeconomic perspective. Parry
and colleagues estimate that corrective taxation that
internalises CO2 emissions, local air pollution, and
additional transport-related externalities (such as
congestion and accidental injury) arising from coal,
natural gas, gasoline, and diesel, could raise additional
revenues of 2·6% GDP globally, whilst simultaneously
reducing CO2 emissions by 23% and pollution-related
mortality by 63%.282 If this revenue was used to oﬀset
labour taxation (eg, by a reduction in payroll or other
corporate taxation), revenue neutrality is achieved
whilst producing a double dividend eﬀect of
employment, as well as environmental improvement.283
Alternatively, carbon pricing mechanisms can be used
to ﬁnance, subsidise, or otherwise incentivise
investments into other mitigation and adaptation
measures, as discussed below.
In addition to pricing pollution, distorting subsidies for
the extraction and consumption of fossil fuels should be
removed. For consumers, such subsidies (aimed at
providing energy at below market price, and principally
applied in developing countries) total around $400 billion
annually,284 whilst producer subsidies (aimed at
sustaining otherwise uncompetitive production,
principally applied in industrialised countries), are
around $100 billion annually.285
Both fossil-fuel subsidies and the presence of
externalities tend disproportionately to beneﬁt the
wealthiest in society (in both national and international
contexts), as energy consumption (and associated
emissions) increases with prosperity, both directly (eg,
www.thelancet.com Vol 386 November 7, 2015
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*The RGGI (Regional Greenhouse Gas Initiative) is a coordinated cap and trade programme, operating between nine Northeastern and Mid-Atlantic States in the USA
and Canada. ETS=emissions trading scheme.

via additional travel demand, domestic heating and
cooling requirements) and indirectly through additional
consumption of energy embodied in products and
services. Globally, an estimated 80% of such subsidies
actually beneﬁt the wealthiest 40% of the population.286
However, the introduction of carbon pricing and the
removal of fossil fuel subsidies may be regressive, as the
poorest in society spend a greater proportion of their
disposable income on energy. Reduced taxation of the
low paid may partly oﬀset this in industrialised
economies, although further targeted support, such as
the provision of energy eﬃciency measures for lowincome or vulnerable households (funded by carbon
price revenues and foregone subsidy), or the
introduction of electricity tariﬀs diﬀerentiated by
consumption level, is also likely to be required. In
developing countries where most consumer fossil-fuel
subsidies are provided, and where a greater proportion
of the population is not employed in the formal economy
or have no access to electricity, more targeted
interventions to remove disproportionate eﬀects on lowincome households, such as the expansion of social
security, health care, and education provision, will be
required.

Strategic investment
Whilst a price on carbon is a key component for
mitigation, it is technologically agnostic and mainly
encourages the adoption of mature low-carbon
www.thelancet.com Vol 386 November 7, 2015

technologies. To encourage deployment, improvement
and cost-reduction of less mature technologies, direct
investment is also required. Although various options
exist, Feed-in tariﬀs (FiTs), used in the electricity sector to
provide a guaranteed rate of return to low-carbon
generators, have been the most eﬀective policy
instrument used for this purpose, and have been
responsible for a signiﬁcant majority of installed global
renewable power capacity (appendix 6). A FiT-style
instrument may also be used to encourage the
deployment of non-electric renewable technologies,
including heating and cooling options.
However, FiTs and comparable instruments only
encourage diﬀusion and incremental improvements for
technologies around the end of the innovation chain
(market accumulation and diﬀusion). For technologies
in the earlier stages (applied research to demonstration
and commercialisation), concerted R&D eﬀorts are
required, comparable to public and private pharmaceutical research that has been shown to produce
innovative new drugs.287 Such eﬀorts may be analogous
to the Manhattan Project for nuclear technology, or the
Apollo Program for space ﬂight, but focused perhaps on
energy storage technologies, which are often seen as
crucial for the eﬀective decarbonisation of the global
energy system.
Public-led strategic investment is also required in
urban low-carbon travel infrastructure (eg, segregated
cycle lanes), along with investment in electric-car

See Online for appendix 6
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charging points. This also applies to the electricity
transmission network, which is under state ownership in
most countries. Such investments may be ﬁnanced in a
number of ways, including directly by governments,
multilateral organisations, or other public bodies,
through the use of carbon pricing revenues or by the
issuance of specialised climate bonds (appendix 7).

Institutional reform and support
Beyond the appropriate selection of policy instruments
and timeframes for implementation, investments in
decarbonisation and adaptation measures will depend
on the existence of eﬀective and supportive governance
and well-functioning markets. Good governance
requires the well-deﬁned division of responsibilities
between government departments, agencies and
hierarchies, enforcement of standards and regulations,
transparency at key stages of the regulatory process and
subsequent monitoring and reporting, and eﬀective
communication
and
stakeholder
engagement.
Additionally, governments are often the largest
consumer in the market, with public spending
accounting for 15–30% of GDP in any given country.288
Sustainable public procurement (SPP) policies act to
provide a market for eﬃcient, low-carbon goods and
services.
Governments may promote well-functioning markets
through the kinds of policies described above, and by
reducing institutional barriers to low-carbon investment
and innovation. For example, many pension funds
across the world are barred from investing in
infrastructure, including all in China (except the
National Social Security Fund) and many in the EU.
Whilst these regulations aim to alleviate legitimate
concerns (such as preventing pension funds from
becoming an extension of government budgets), they
are often excessive and increasingly irrelevant as funds
gradually
become
independent
of
political
interference.276 Reform of such rules is essential in
mobilising capital from institutional investors,
irrespective of the policy and incentive mechanisms in
place to encourage investment in developing the lowcarbon economy.

Section 5: delivering a healthy low-carbon
future
Central to this Commission’s work is the question of
whether human societies can deliver a healthy, lowcarbon future. Sections 1 and 2 have explained the
scientiﬁc basis for concern, the potential health
dimensions of impacts, and the adaptation responses
required. Sections 3 and 4 have demonstrated the
technological and economic feasibility of tackling the
problem. Yet over the past decade, global emissions have
still risen sharply. The evidence to date of humanity’s
ability to respond eﬀectively is not encouraging. The
diﬃculty, essentially, is ourselves: the tendency of
1898

humans to ignore or discount unpleasant facts or
diﬃcult choices (something familiar to doctors); the
nature of companies and countries to defend their own
rather than collective interests (something familiar to
those working in global health); and the narrow, shortterm horizons of most human institutions, which feed
into the diﬃculties of global negotiations.
Over the past century, the world has made enormous
strides in overcoming similar obstacles in the ﬁeld of
health, with international cooperation on health challenges
as a shining example. The problem of anthropogenic
climate change is more recent, arguably more complex,
and the eﬀorts to tackle it more nascent. But there are
some promising developments, and a great deal can be
learned by examining the history of eﬀorts to date.
One conclusion evident throughout our report is that
much of the technical expertise, technology, and ﬁnance
required to turn climate change from a public health
threat into an opportunity is readily available, but
politically restricted. In essence, whether we respond to
“the biggest global health threat of the 21st century” is
no longer a technical or economic question—it is
political. This section analyses the politics of climate
change and provides suggestions for action. We
examine the international regime (under the UN
Framework Convention on Climate Change and its
Kyoto Protocol); national policy responses; the role of
sub-national governance processes, particularly in
major cities; and the importance of individuals and
public opinion. Importantly, we stress the need for
better synergy between top-down and bottom-up
approaches. We seek to draw lessons from global health
governance mechanisms, and make suggestions for
how health-related issues can inform the climate
change negotiation process.

Three phases of response—the international regime
It is almost 30 years since climate change emerged onto
political agendas, with three phases of response since
then, of roughly a decade each.

First phase: understanding the evidence and establishing
institutions and broad goals
The ﬁrst phase established the institutional basis for
responding to climate change, including for scientiﬁc
input into policy processes. Building on long-held
concerns of the scientiﬁc community, a series of
international workshops in the mid-1980s, hosted by the
World Meteorological Organisation and the UN
Environment Programme, led governments to establish
the IPCC in 1988, as the oﬃcial channel of scientiﬁc
advice to the international community. In 1990, the
IPCC’s ﬁrst report expressed enough concern for
governments to formally launch international
negotiations aimed at tackling the problem, and 2 years
later to agree on the UNFCCC. The UNFCCC now enjoys
almost universal membership.
www.thelancet.com Vol 386 November 7, 2015

The Lancet Commissions

The UNFCCC established the “ultimate objective” of
stabilising GHG concentrations at a level that would
prevent dangerous human interference in the climate
system (UNFCCC, article 2). This objective has been
recently interpreted as implying that global temperatures
should not rise more than 2°C above pre-industrial levels,
an aim reiterated in frequent statements under the
UNFCCC and other international fora, such as the G8.
The 2°C goal implies a need to roughly halve global
emissions by 2050; stabilising the atmosphere at any
level ultimately means bringing net emissions (emissions
minus removals from forests, oceans, and other carbon
sinks) to zero.
The UNFCCC established that industrialised countries
would take the lead in curbing GHG emissions, setting
them a non-binding goal of returning their emissions to
1990 levels by 2000. All parties, including developing
countries, were given general commitments to address
climate change, as well as reporting obligations. The
UNFCCC also set up a raft of institutions to monitor
implementation and pursue ongoing negotiations, under
the auspices of the main decision-making body, the
Conference of the Parties (COP).
Health concerns feature, albeit in general terms, in the
UNFCCC, which lists impacts on human health and
wellbeing as part of the adverse eﬀects of climate change
(deﬁnitions, article 1). The only other reference requires
parties to consider the broader implications of their
mitigation and adaptation actions on human health.289

feasible, or even appropriate. Academics and
commentators increasingly argued that action happens
from the bottom up, not in response to binding top-down
commitments, and pointed to a wide range of initiatives,
including at state level in the USA, to argue that a
fundamentally diﬀerent approach was needed.
These divergent views came to a head at a summit in
Copenhagen in 2009, which collapsed in acrimony save
for two pages of unoﬃcial outline text hammered out as
a fallback compromise, initially between the USA and
major emerging economies. The so-called Copenhagen
Accord did register some landmark achievements,
notably conﬁrming the 2°C goal, and a promise to raise
$100 billion per year of international ﬁnance by 2020 to
help developing countries deal with climate change. In
terms of emission commitments, however, there were no
binding targets; instead, the Copenhagen Accord called
on countries to declare domestically-generated voluntary
pledges of what they might deliver. Since then, almost all
major emitters have registered pledges, although based
on varying indicators and with very diﬀerent levels of
precision and ambition.
Negotiations in Durban in 2011 saw the launch of a
new round of talks aimed at agreeing a universal
framework to deal with climate change from 2020.
According to the so-called Durban Platform, this new
agreement should be applicable to all parties, and “raise
the ambition” of the international community.

Patchy progress in the negotiations
Second phase: leading through top-down international
commitments
In 1995, governments accepted the ﬁndings of the
IPCC’s second report and launched negotiations to
strengthen the UNFCCC’s commitments. The working
assumption was that the international response would
be led by speciﬁc, binding emission targets for
industrialised countries, which would then be
implemented at a national level. This was the approach
adopted in the Kyoto Protocol of 1997, which built
mainly on designs proposed by the USA under
President Clinton.
However, the fact that developing countries were not
subject to any such speciﬁc commitments weakened the
Protocol’s short-term impact and undermined its political
viability, particularly in the USA, where strong political
forces were opposed to any robust action on climate
change. The subsequent US repudiation of the Kyoto
Protocol made it clear that the Kyoto-type top-down
model was unworkable in these circumstances as the
principal way forward.

Third phase: bottom-up initiatives
Global negotiations continued, but with widely varying
objectives and perceptions. Whilst the EU and developing
countries continued to support a Kyoto-style approach
with speciﬁc targets, few others believed that to be
www.thelancet.com Vol 386 November 7, 2015

If global emission trends are the only indicator of
progress, the results of the negotiations to date have been
dismal. The 2014 IPCC report warned that global
emissions since 2000 have been rising ever faster at
around 2% every year, powered largely by spectacular
growth in China, and other emerging economies.201
Viewed more closely, the picture is more nuanced. Taken
together, the industrialised countries did meet the
UNFCCC’s goal of returning their emissions to 1990
levels by 2000 (helped by massive declines in the former
Soviet Union and Eastern Bloc). The industrialised
countries that accepted targets under the Kyoto Protocol
and remained parties to that agreement also all achieved
their oﬃcial goals. There is no question that in the EU,
the Protocol provided the legal framework and impetus
for strengthening mitigation policies.
The international process has also had successes in
other areas. Through the Kyoto Protocol’s Clean
Development Mechanism (CDM), many developing
countries came forward with new projects that generated
cheap emission reductions (that could then be sold on to
industrialised countries), and by most accounts
contributed to the establishment of renewable energy
industries and other low-carbon technologies. Through a
levy on CDM transactions, the Kyoto Protocol also
established a fund to help ﬁnance adaptation measures
in developing countries.
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The UNFCCC also provides a crucial ingredient of
transparency. A major achievement has been in
establishing a robust system of reporting and review, for
both national emissions data and broader policy actions.
In 1992, when the UNFCCC was adopted, many countries
had very little knowledge of their emissions proﬁle—ie,
what GHGs they were emitting and from what sources.
The UNFCCC’s provisions, building on the IPCC’s
methodological work, have been crucial in ﬁlling that
knowledge gap, which lays the foundation for an eﬀective
response to climate change.
Despite patchy progress, the global negotiations
continue, and indeed are regaining momentum. It is
likely that the hybrid course set out in the Copenhagen
Accord, and ratiﬁed in 2010 by the Cancun Agreements,
of domestic aspirations, policies, and objectives will
deﬁne the primary ingredients of a future global
agreement. Perhaps most importantly, it is also now clear
that international agreements must run concurrent with
(rather than precede) implementation eﬀorts. The future
of the international negotiations will inevitably have to
combine elements of top-down and bottom-up policies
within the global framework.
One indication of both the opportunities and challenges
is found in a joint US–China agreement of 2014, in which
the US Administration pledged to reduce its emissions
by 26–28% below 2005 levels by 2025, and China oﬀered
to cap its emissions growth by 2030, or sooner if possible.
On the positive side, this is the ﬁrst time that any major
emerging economy has stated it is willing to cap its
emission growth in absolute terms, and interactions
between the USA and China helped each to a new level of
commitment.
On the negative side, it illustrates the scale of the gap
between science and action: if viewed in terms of percapita emissions, it means that the USA is planning to
come down somewhat below 15 tCO2 per capita, whilst
China wants headroom to reach potentially 10 tCO2 per
capita by 2030, before declining. This is a far cry from
the scientiﬁc goals—a 2°C limit implies the need for a
global average close to 2 tCO2 per capita by mid-century.
It emphasises that in isolation, such decentralised
policy action also seems unlikely in the aggregate to
deliver the necessary global mitigation eﬀort eﬀectively,
equitably, and eﬃciently, and points to the risks of
abandoning any collective, science-led direction to the
global eﬀort.
There are indeed reasons for concern regarding the
international regime’s ability to deliver on its promise.290
The international relations literature has tended to
assume that regimes start oﬀ weak, but as scientiﬁc
evidence hardens and political will increases, parties
agree to ratchet up their commitments and the regime
strengthens; this was clearly the assumption of the
early climate change negotiators.291,292 It is diﬃcult to
say, however, whether the climate change regime is
now getting stronger or weaker. On the one hand, the
1900

regime’s coverage is expanding and deepening among
the developing countries parties. The voluntary
approach of the Copenhagen Accord and Cancun
Agreements has engaged a much wider group of
countries, including all major emitters, into national
target-setting. At the same time, the Durban Platform
mandate implies that all countries, not just the
industrialised ones, are expected to raise their ambition
in the new post-2020 regime. On the other hand, the
engagement of industrialised countries is weakening
compared with in the 1990s and early 2000s, with major
emitters, such as Canada, Japan, Russia and, of course,
the USA, now operating only under the Copenhagen
Accord and Cancun Agreements, whose targets are
voluntary and not subject to common metrics.
The outlook for future international negotiations is
therefore challenging, to say the least. The rest of this
section turns to consider reasons why progress on this
issue is so diﬃcult (from both a top-down, and bottomup perspective), and what can be done to change this.

The generic barriers
The technological, investment, and behavioural
changes needed to meet ambitious long-term goals, as
illustrated in sections 3 and 4, are, in principle, entirely
feasible. But they need to be accomplished in the face
of highly diverse social, cultural, economic, and
political contexts. Opposing national (and vested)
interests, clashing views of what constitutes fair
distribution of eﬀort, and a model of economic growth
that is currently tied to fossil fuel use, can make
progress fraught. There are several key issues, as
outlined by Hulme, 2009:293
• Uncertainty and complexity. The climate is naturally
variable and the science that has identiﬁed dangerous,
anthropogenic climate change to a very high level of
probability is complex. This leaves considerable room
for public ignorance or misunderstanding of the
nature and severity of the issue. Moreover, climate
scientists can be ineﬀective at communicating the
issue to the public.294
• Climate change is psychologically distant along four
dimensions—temporal, social, geographical, and
degree of uncertainty—whereas people tend to connect
more easily with issues that are close in time, space and
social group, and about which there is little uncertainty.
These dimensions interact with each other, all tending
to dampen concern and willingness to act.295
• There is enormous lock-in to current economic
patterns.296 Fossil-fuel use is at the heart of the
industrial economy, often operating through longlived infrastructure (eg, roads, buildings, and power
plants) and enabling valued dimensions of modern
lifestyles (eg, travel and temperature control in
buildings). It is no exaggeration to say that human
societies are addicted to fossil fuels, or at least the
services they provide. Providing these valued services
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through alternative, lower-carbon means requires
systemic change over a long period.
• These three factors can all come together in a fourth:
the active promotion of misinformation, motivated by
either ideology or vested economic interests. Here,
parallels can be drawn between public health eﬀorts
to reduce tobacco consumption (appendix 8). It is
estimated that US industry spent close to $500 million
in its successful campaign against the 2010 House of
Representatives proposal to cap US emissions. A
major study of the Climate Change Counter
Movement in the USA identiﬁes funding of around
$900 million annually.297
These obstacles are further compounded by the
economic characteristics of responses. Low-carbon
technologies are generally more capital-intensive than
their fossil-fuel alternatives, albeit with much lower
running costs. Their implementation therefore requires
more upfront investment and a longer time horizon,
resulting initially either in higher energy prices or higher
taxes, or some combination of the two. The same is true
of most adaptation measures; ﬂood protection defences,
for example, are capital-intensive investments with
uncertain returns.
A large-scale shift to such technologies will require
very large investments over a prolonged period of time.
This shift in ﬁnancial ﬂows will need to be incentivised,
in the early periods at least, by strong, consistent, and
credible public policies, and a change in ﬁnancial
structures. Such policies are far from easy to introduce
and sustain, given other political priorities that may be
perceived as more pressing, and the political complexities
indicated above.

Cities, states, and provinces: progress at the subnational
level
Despite all these obstacles, action does continue in varied
ways, at many levels. Local issues have long been part of
the broader agenda of international environmental
politics, and local governments have an increasingly
well-documented track record in climate action.
In the past two decades, cities have been pivotal in
producing multiple policy-making frameworks and
advocacy coalitions. This has fostered a thick texture of
para-diplomatic links and policy action around climate
change and environmental health.298,299 The rise and
cross-cutting international spread of cities as actors in
climate action also evidences a more reﬁned pattern of
transnational connections that are not solely bottom up,
but rather oﬀer a level of governance from the middle
that cuts horizontally across international and national
frameworks, involving an expanding variety of publicprivate structures and oﬀering a distinct variation on civil
society models of climate action.300,301
The leaders of cities around the world, from major
metropolitan hubs like New York and São Paulo, to
smaller centres like Rabat or Medellin, are increasingly
www.thelancet.com Vol 386 November 7, 2015

using the networked reach of their municipal governments
to address climate change in ways that are often more
ﬂexible and more directly applied than those of the
national or international levels. Evermore city leaders have
been leveraging their network power through international
networks such as the United Cities and Local Governments
(UCLG), ICLEI Local Governments for Sustainability, the
World Mayors Council on Climate Change and the
Climate Leadership Group (or C40).299
These groups are now a well-established presence in
the international climate change arena,302 pointing to the
emerging imprint on global environmental governance
by city leaders.303 Their most crucial contribution to
climate action is that of leveraging city diplomacy to
implement speciﬁc actions on the ground via municipal
management and multi-city initiatives. In practice, this
governance from the middle is about taking advantage of
the pooled networked connections of cities to implement
a plethora of initiatives aimed at direct and quick
implementation, which then injects urban elements in
wider international processes.
Among the networks of larger cities, there is an
emerging pattern of their local policy priorities becoming
aggregated under a single strategic issue, as seen in
integrated planning, climate, and sustainability plans
such as Sustainable Sydney 2030. Concurrently, climate
action has taken place on municipal purview areas such
as energy regulation, transport and mobility, building
retroﬁt, or waste management. Major centres like New
York or Tokyo, for instance, have implemented building
energy retroﬁt schemes across their city infrastructures.
Taken together, such a two-headed agency can enable
cities to collectively attract and therefore release
investment capital to execute wide-ranging policy
programmes (such as C40’s Energy Eﬃciency Building
Retroﬁt programme). This ability to leverage global
capital by eﬀectively generating a large single market can
be highly inﬂuential insofar as the cities are able to act
quickly, often within the space of a year, and increasingly
represent a signiﬁcant proportion of the world’s
population and energy generation. This stands by
contrast with national governments, where climate policy
is often subsumed within other priorities rather than as
an organising aim across government.
City-level governance may also provide the ﬂexibility
and scope to include health in actions on climate
change, with city leaders becoming key actors in
recognising and responding to the health co-beneﬁts of
doing so. It is important that the UN-led international
negotiations process takes account of this dimension of
multi-level governance, which operates in both formal
and informal ways.

See Online for appendix 8

Public opinion and behaviour
Ultimately, eﬀective actions by local and national
governments, and by businesses, are unsustainable
without supportive public opinion. Public support for
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stronger action on climate change is a necessary, albeit
far from suﬃcient, factor, and is essential if behavioural
change is to contribute to solving the problem. In this
respect, the evidence is somewhat mixed. Cross-national
studies, such as the 2013 survey presented in ﬁgure 18,
suggest that most people view climate change as a
threat, although with some signiﬁcant variation within
regions.304

Public understandings of climate change are shaped
by broader knowledge and belief systems, including
religious convictions and political beliefs.294 There is
evidence that the public recognises that climate change
is complex, and interconnected with other
environmental and social challenges.305 Eﬀective
communication about climate change requires trust.306
The most trusted sources vary across time and place,
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and can include family and friends, environmental
groups, scientists, and the media; local and city-level
authorities may provide an important conduit for
communicating information from trusted sources. For
scientists to engage eﬀectively with the public, however,
they need to seek a greater understanding of prior
knowledge and belief systems, and communication
skills radically diﬀerent from those of academia. They
must move beyond traditional scientiﬁc discourse to
convey a big picture of climate change with which
members of the public can engage; this can then provide
a context and framing for the discussion of new
scientiﬁc results and their consequences.294

Public responses to climate change
The causes of climate change lie ultimately in human
behaviour, in particular in the economies and lifestyles of
rich societies.307 However, it has been science, rather than
social science, that has underpinned climate change
communication and policy development.308 There is as
yet little evidence on how to change behaviours that
contribute to climate change,309 but taking broader
evidence on the determinants of behaviour and
behavioural change, four themes stand out.
First, knowledge deﬁcits are not the primary barrier to
action; knowing about the causes and consequences of
climate change does not, on its own, motivate people to
change their lifestyles.310 Instead, it is emotions—the
feelings that accompany thinking—that are central.311
Negative emotions, including fear, pessimism, and guilt,
can produce passive and defensive responses, and do
little to encourage individuals to change their behaviour
and to press for wider social action. So-called fear appeals
only work if accompanied by equally strong messages
about how to address the problem.312 Representations of
climate change as inexorably heading for catastrophe
close oﬀ the possibility that individual and collective
action can make a diﬀerence.294
Second, climate change is best represented in ways that
anchor it in positive emotions,313 by framing action in
ways that connect with people’s core values and identities.
Examples include framing climate change as: an ethical
and intergenerational issue; about safeguarding ancestral
lands and the sanctity of the natural world; or an
appreciation of the global injustice of anthropogenic
climate change driven by rich countries but paid for by
poorer ones.107,314 Aligning climate change to a range of
ethical positions and a core set of identities can oﬀer a
way of appealing to diverse social groups, and thus
securing a broad and inclusive platform of public support
for action. This could be facilitated by avoiding the
rhetoric of climate catastrophe, and emphasising, instead,
human capacity to steer a way to a sustainable future,
including lifting the burdens that unmitigated climate
change would otherwise impose on future generations.313,315
Third, integral to such an ethical framing of climate
change is the implied duty on national and international
www.thelancet.com Vol 386 November 7, 2015

organisations to take action. A recurrent ﬁnding is that
the public sees the main responsibility for action lying
with governments and other powerful institutions, not
least because the options open to individuals to take
radical action to cut their own GHG emissions are
often sorely limited by cost or availability (eg, poor
public transport provision). Public willingness to take
action is also contingent on those considered
responsible for climate change taking action
themselves.316 The majority of the public in crossnational surveys believe that their country has a
responsibility to take action on climate change, and that
their government is not doing enough.317
Fourth, many climate-aﬀecting behaviours are habitual
and resistant to change. Everyday domestic energy use
(eg, cooking, heating the home), travel behaviour, and
eating patterns are undertaken as part of a daily routine
and without conscious thought. Such behaviours are
resistant to change, even if alternative options are
available, and interventions relying on increasing
knowledge have limited eﬀect.318

Conclusions
It is clear that in isolation, a top-down approach
(international agreement followed by national legislation
with which individuals and business must comply) to
managing climate change is no longer a suﬃcient
response. Other actors are already taking steps
independent of any agreement to reduce their emissions,
and a voluntary transformation to a low-carbon economy
may already be underway. At the same time, as indicated
throughout this report, these bottom-up initiatives have
hardly, as yet, taken us any closer to the scale of global
action required to protect human health against the risks
of climate change, than has the decade of targets under
the Kyoto Protocol.
Section 1 has underlined the way in which the
continued acceleration of GHG emissions and
atmospheric concentrations, mapped on to changing
global demographics, is making climate change an
increasingly severe risk to global health. Despite the
threat that climate change poses to human development,
it remains but one of many factors inﬂuencing decision
makers, and rarely the most important one.
Precautionary adaptation is clearly inadequate and
prevailing patterns of energy production and
consumption are still driving the world towards a
dangerous climatic future. Current economic drivers of
growth lock communities into patterns of energy use
which no amount of reframing can change unless
coordinated realignment of these drivers takes place.
And the argument that others should be doing more to
tackle climate change, because they are more to blame,
remains one of the most politically potent excuses for
inadequate action.
Thus the challenge, and the crucial test of the
international process, will be ﬁnding a synthesis of
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top-down and bottom-up forces. An eﬀective
international agreement will be one that supports
stronger eﬀorts everywhere and at every level. The
diverse worlds of bottom-up initiatives in cities,
companies and many others should in turn help
overcome the obstacles that impede the ability or
willingness of national governments to commit to
stronger national actions. To be truly eﬀective, any
future agreement will thus need not only to agree goals
and aspirations, but also identify what is necessary at
the international and national levels to achieve them.
This may also require a mechanism, such as a feedback
loop, that will motivate increased national ambitions
over time. A system of review will be a crucial
component, with regular assessments of the
eﬀectiveness of national policies, actions, and targets.

Section 6: bringing the health voice to climate
change
Our studies point to multiple ways in which the health
agenda may help accelerate the response to climate
change. First are the positive lessons for international
cooperation. No-one would suggest that national action
to protect health should depend on a global,
all-encompassing treaty. Yet few would deny that WHO
and numerous other fora of international cooperation
are important in accelerating, coordinating, and
deepening responses to health challenges—particularly,
but not exclusively, those with transboundary
dimensions. The health experience neatly illustrates the
falsity of the dichotomy between top-down and bottomup: one measure of success is how each can reinforce
the other. Learning from the health experience may
illuminate the most eﬀective actions at a particular level
or levels of governance, and how the multi-level
governance framework and international negotiation
process can mutually reinforce actions at diﬀerent levels.
Second, political lessons from health have particular,
and largely encouraging, resonance for a climate dialogue
increasingly characterised by pessimism about the ability
to control the problem. The denialism of HIV, responsible
for perhaps a million deaths, did eventually give way to
global acceptance of the science. 50 years of tobacco
industry resistance and obfuscation of the science on
lung cancer has to a large extent been overcome,
including with recognition embodied in WHO’s
Framework Convention on Tobacco Control, that
governments have a duty to resist such lobbying forces.
Third, the health implications could and should be
more eﬀectively harnessed in eﬀorts to build support
for a stronger response to climate change. The health
impacts of climate change discussed in this
Commission are not well represented in global
negotiations, but they are a critical factor to be
considered in mitigation and adaptation actions. A
better understanding of the health impacts of climate
change can help to drive top-down negotiations and
1904

bottom-up action in many realms. A sophisticated
approach is needed, which draws on the universal
desire to tackle threats to health and wellbeing (without
any particular philosophical slant), in order to motivate
rapid action, and a policy framing that is more human
than purely environment, technology, or economy
focused. This requires making the impact of climate
change on people explicit, rather than implicit. By
considering directly how climate change will impact on
human health, we are naturally drawn to the human
component of climate impacts, rather than the
environmental (ﬂooding, forest ﬁres) or more abstract
eﬀects (the economy, the climate). This supports a
human framing of climate change, putting it in terms
that may be more readily understood by the public.
Fostering such public resonance can act as a powerful
policy driver: public pressure is, of course, a crucial
factor motivating both national governments and their
negotiators in the international arena.
Fourth, local health beneﬁts could in themselves help
to drive key adaptation and mitigation actions. The
numerous health co-beneﬁts of many adaptation
measures were emphasised in section 2, whilst
section 3 noted substantial health co-beneﬁts of many
mitigation measures. Examples of the latter include the
reduced health risks and costs when populations live in
well-insulated buildings, and the reduction in air
pollution (and other health) damages associated with
fossil fuel use, which, as noted, even in strictly
economic terms typically amount to several percent of
GDP, as well as adding directly to the strain on limited
health-care resources. With the direct costs of deep cuts
in emissions estimated at around 10% of global
expenditure on health, both the direct and indirect
health dimensions should be a major driver for
mitigation eﬀorts. It is also commonly seen that
responding to climate change from a public health
perspective brings together both mitigation and
adaptation interventions, yielding powerful synergies.
Fifth, analogies in health responses can also help to
underline that there is rarely a single solution to complex
problems: diﬀerent and complementary measures are
required to tackle diﬀerent dimensions, and pursuing
both prevention (mitigation) and treatment (adaptation)
is crucial:
With severely ill or vulnerable patients, the ﬁrst step is to
stabilise the patient and tackle the immediate symptoms.
Helping poor countries particularly to adapt to the impacts
of climate change is similarly a priority. But as noted in
section 2, adaptation cannot indeﬁnitely protect human
health in the face of continuing and accumulating degrees
of climate change, any more than tackling the symptoms
will cure a serious underlying disease.
• For infectious diseases, antimicrobials and a
functioning health system to produce, distribute, and
administer drugs eﬀectively are essential components.
The obvious analogy here is with speciﬁc greenhouse
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gas mitigation policies, such as energy eﬃciency
programmes and technology programmes that span
the full spectrum from R&D through to policies to
support industrial scale deployment and related
infrastructure.
• Deeply-ingrained patterns of behaviour are best
addressed by comprehensive approaches and the use of
multiple policy levers. Evidence from studies of health
behaviour change suggests that, to be sustained,
changes in the individual’s everyday environments are
required. Structural levers are also important for
addressing social inequalities in harmful behaviours.
Such evidence could be harnessed to inform policies to
address climate change—eg, the behaviour change
checklists developed to guide policy to reduce tobacco
use and tackle harmful alcohol consumption may be
particularly useful. Applying lessons from health
behaviour change may help to accelerate policy
development, building an evidence platform for
interventions to promote mitigative and adaptive
behaviours.
• As with the evolution of drug-resistant bacteria, the
challenges of drug addiction, or the rising health
problems of obesity, medical ﬁxes cannot solve all
health problems. Similarly, in our energy systems,
speciﬁc mitigation policies and projects are constantly
faced with the ingenuity of the fossil fuel industry in
ﬁnding and driving down the costs of extracting new
fossil fuel resources and marketing them. The longterm antidote is more analogous to programmes of
sustained immunisation, education, incentives, and
enforcement, all oriented towards supporting healthier
lives.
The single most powerful strategic instrument to
inoculate human health against the risks of climate
change would be for governments to introduce strong
and sustained carbon pricing, in ways pledged to
strengthen over time until the problem is brought
under control. Like tobacco taxation, it would send
powerful signals throughout the system, to producers
and users, that the time has come to wean our
economies oﬀ fossil fuels, starting with the most carbon
intensive and damaging like coal. In addition to the
direct incentives, the revenues could be directed to
measures across the spectrum of adaptation, low-carbon
innovation, and the global diﬀusion of better
technologies and practices. As outlined in section 4,
carbon pricing thus has immense potential, particularly
when embedded in comprehensive policy packages.
This most powerful antidote, however, still faces many
political obstacles.
The crux of the matter is that stabilising the atmosphere
at any level ultimately requires reducing net emissions to
zero. A healthy patient cannot continue with indeﬁnitely
rising levels of a toxin in the blood; even nutrients
essential to a healthy body (like salt) can become
damaging if not stabilised. The climate-change analogy
www.thelancet.com Vol 386 November 7, 2015

is obvious and focuses global attention on the need to
stabilise atmospheric concentrations, which in climate
terms, means getting net emissions (that is, emissions
minus removals by forests, oceans, and other sinks) to
zero. On most scientiﬁc indicators, it means getting to
zero during the second half of this century. A unifying
goal, therefore may be a commitment to achieve zero
emissions based on multiple partnerships involving
diﬀerent actors. If any region can achieve net zero, there
is no fundamental reason why that should not become
global. Getting to net zero also focuses us on a common
task: how to get there, which is potentially harder for the
societies that have become more dependent on fossil
fuels, whilst in developing countries, it sends a clear
signal that the sooner their emissions can peak, the
better for their own path towards that common goal. If
the goal is net zero, all actors in all societies have a sense
of the direction of the international framework for action
in order to protect everyone’s health against the risks
posed by continual increases in the global concentration
of heat-trapping gases.

A Countdown to 2030: global health and climate action
If we are to minimise the health impacts of climate
change, we must monitor and hold governments
accountable for progress and action on emissions
reduction and adaptation. One might argue that action
on climate change is already eﬀectively addressed by the
IPCC, World Bank, UNFCCC, WHO, and the G20. We
believe, however, that the health dimension of the climate
change crisis has been neglected. There are four reasons
why an independent accountability and review process is
warranted:
1 The size of the health threat from climate change is
on a scale quite diﬀerent from localised epidemics or
speciﬁc diseases. On current emissions trajectories
there could be serious population health impacts in
every region of the world within the next 50 years.
2 There is a widespread lack of awareness of climate
change as a health issue.191
3 Several independent accountability groups have
brought energy, new ideas and advocacy to other
global health issues. For example, the Institute of
Health Metrics and Evaluation in Seattle have led
analyses of the Global Burden of Disease, the
Countdown to 2015 child survival group has
monitored global progress since 2003, and the Global
Health 2035 group have stimulated new ideas about
global health ﬁnancing.
4 Perhaps the paramount reason for an independent
review is the authority of health professional voices
with policy makers and communities. Doctors and
nurses may be trusted more than environmentalists.
They also bring experience of collating evidence and
conducting advocacy to cut deaths as a result of
tobacco, road traﬃc accidents, infectious disease, and
lifestyle-related non-communicable diseases.
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Panel 9: Framework of indicators for monitoring progress
in three critical areas
Health impacts
An updated review of evidence on the health impacts of climate
change:
• Heat stress and heatwaves
• Climate-sensitive dynamic infectious diseases
• Air pollution and allergy
• Climate-related migration
• Food insecurity and crop yields
• Extreme weather events
• Ecosystem service damage
Actions to reduce greenhouse gas emissions that improve
public health
International progress and compliance with:
• A strong and equitable international agreement
• Low-carbon and climate-resilient technology innovation
and investment
• Climate governance (ﬁnance, decision making,
coordination, legislation)
Regional and national progress and successes with:
• Phasing out of coal-ﬁred power generation and removal
of fossil-fuel subsidies
• Urban planning, spatial infrastructure, and liveable cities
• Government incentives capital for low-carbon, resilient
buildings and infrastructure
Adaptation, resilience, and climate-smart health systems
Progress and successes with:
• Poverty reduction and reductions in inequities
• Vulnerability and exposure reduction in high-risk
populations
• Food security in poor countries
• Communication of climate risks and community
engagement for local solutions
• Development of climate resilient, low-carbon health
systems; scale up of renewables and combined heat and
power generation in health facilities; use of climate
ﬁnance for health infrastructure; decentralisation of care

We propose the formation of an independent
international Countdown to 2030: global health and
climate action coalition, along the same lines as other
successful global health monitoring groups. We
recommend that a broad international coalition of
experts across disciplines from health to the
environment, energy, economics, and policy, together
with lay observers, drawn from every region of the
world, should monitor and report every 2 years. The
report would provide a summary of evidence on the
health impacts of climate change; progress in
mitigation policies and the extent to which they
consider and take advantage of the health co-beneﬁts;
and progress with broader adaptation action to reduce
population vulnerability and to build climate resilience
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and to implement low-carbon, sustainable health
systems.
A Countdown process would complement rather than
replace existing IPCC and other UN reports. UN
reports understandably seek cautious consensus. An
independent review of progress would add the full
weight and voice of the health community and valuable
metrics to this critical population health challenge. A
Countdown to 2030: global health and climate action
coalition would independently decide the structure of
their reports and the sentinel indicators they would
choose to monitor progress towards key outcomes,
policies and practice. Panel 9 outlines one possible
framework for monitoring progress in three critical
areas: health impacts; progress with action to reduce
GHG emissions; and progress with actions to support
adaptation, and the resilience of both populations and
health systems, to climate change.

Optimism
We should draw considerable strength in the face of the
challenges of climate change from the way in which the
global community has addressed numerous other threats
to health in the recent past. Although the threats are
great and time is short, we have an opportunity for social
transformation that will link solutions to climate change
with a progressive green global economy, reductions in
social inequalities, the end of poverty, and a reversal of
the pandemic of non-communicable disease.
There are huge opportunities for social and
technological innovation. We have modern communications to share successful local learning. At the
highest levels of state, there are opportunities for political
leaders to grasp the global challenge with transformative
climate initiatives of a scale and ambition to match the
Marshall plan, the Apollo and Soyuz space programmes,
and the commercial success of mobile telephony.
Scalable, low-carbon, and renewable energy technologies
require billions of dollars of new investment and ideas.
In cities, municipal governments are already bringing
energy and innovation to create connected, compact
urban communities, better buildings, managed growth,
and more eﬃcient transport systems. In local
communities transformative action creates greater
environmental awareness and facilitates low-carbon
transition. And within local government, civil society,
and business, many people aim to bring about social and
economic transformation. All of us can help cut GHG
emissions and reduce the threat of climate change to our
environment and health. At every level, health must ﬁnd
its voice. In health systems we can set an example with
scale up of renewables, combined heat and power
generation in health facilities, decentralisation of care
and promotion of active transport, and low-carbon
healthy lifestyles. But time is limited. Immediate action
is needed. The Countdown to 2030 coalition must begin
its work immediately.
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illions of Americans suffer
from the harmful effects of ground-level
ozone pollution, which exacerbates lung
diseases such as asthma and can cause
breathing difficulties even in healthy individuals. The
result is more time spent in hospital emergency rooms,
as well as additional sick days and even premature
deaths. These health impacts not only involve suffering; they are also costly, constituting a significant drag
on the U.S. economy. While power plants and cars are
among the main sources of ozone-forming pollutants
(the chemical precursors to ozone), ozone’s formation is dependent on temperature, among other conditions. As a result, climate change has the potential to
increase ozone pollution—and its health and economic
burdens—across large parts of the country both now
and in the future.
This report from the Union of Concerned Scientists
combines projections of future climate-induced temperature increases with findings on the relationship between
ozone concentrations and temperature to illustrate
a potential “climate penalty on ozone.”1 This penalty
demonstrates how higher temperatures could increase
ozone pollution above current levels, assuming that emissions of ozone-precursor pollutants remain constant.
We analyzed this climate penalty’s health consequences expected in 2020 and 2050, including increases
in respiratory symptoms, hospital visits for the young
and old, lost school days, and premature mortality, for
most of the continental United States. We also projected
the economic costs of these health impacts in 2020.
The quality of life for America’s children and their families is
adversely affected when ozone pollution increases. Children who
miss school because they are experiencing or recovering from an
asthma attack may not only fall behind in their studies but also get
less exercise and lose time with friends (because they cannot play
outside when ozone levels are high). And for every child who goes
to the doctor or stays home from school, there is probably a
worried parent who is stressed and missing work.

Key findings include:2
• Just nine years from now, in 2020, we estimate
that the continental United States could pay an
average of $5.4 billion (2008$) in health impact
costs associated with the climate penalty on ozone.
• Higher ground-level ozone concentrations due to
rising temperatures in 2020 could lead to an average
of 2.8 million more occurrences of acute respiratory
symptoms such as asthma attacks, shortness of
breath, coughing, wheezing, and chest tightness.
In 2050, that could rise to an average of 11.8 million additional occurrences.

C l i m ate C h a n g e a n d Yo u r He a lt h

penalty on ozone. California may experience the
greatest health impacts, with an estimated average of
$729 million in 2020 alone.

•

The climate penalty on ozone could lead to an average
of 944,000 more missed school days in 2020. In
2050, that could rise to an average of 4.1 million
additional missed school days.
• Higher ozone concentrations due to rising temperatures could lead to an average of 3,700 more seniors
and 1,400 more infants hospitalized for respiratoryrelated problems in 2020. In 2050, that could rise
to 24,000 more seniors and 5,700 more infants
hospitalized.
• Many states and counties that are already struggling
to control ozone pollution will have to work even
harder to maintain healthy air quality in a warming
climate.
•	California and states in the Midwest and the MidAtlantic could be hit especially hard by the climate

The findings of this report illustrate yet another reason
why we must take action to address climate change
without delay—and why our inaction to date will lead
directly to real costs within this decade. To make our
air cleaner, the U.S. Environmental Protection Agency
(EPA) must strengthen its current standards for ozone
and ozone-forming pollutants that come from power
plants, industry, and vehicles. But in the face of a
rapidly warming world, these efforts alone will not be
sufficient—we also need new strategies to reduce the
pollution that causes climate change.

Climate change has the potential to increase ozone
pollution—and its health and economic burdens—across
large parts of the country both now and in the future.
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Introduction

M

illions of Americans suffer
from the harmful effects of ground-level
ozone pollution—be they children
too sick to go to school, high school
football players not allowed to practice outdoors in
the summer, 65-year-olds with lung disease unable to
take a walk in the park, or farmers at risk when they
harvest their fields. Not only does ozone pollution cause
a number of serious breathing problems, and therefore
a great deal of suffering, it also is damaging in monetary terms. Whether tallying up the dollars lost to
sick days or the high costs of emergency room visits,
ozone pollution is expensive.
And now health professionals have an additional
ozone pollution concern: climate change. Temperatures
in the United States have already risen more than two
degrees Fahrenheit (°F) (1.1 degrees Celsius) over the
past century, largely because of an excess of heattrapping gases, especially carbon dioxide, in the
atmosphere. Temperatures are likely to keep rising,
certainly throughout the next few decades and likely
much longer (Karl, Melillo, and Peterson 2009).

Here’s the connection: warmer temperatures affect
ground-level ozone. Ground-level ozone is formed
when a complex set of chemical reactions is triggered
by heat and sunlight3 (Figure 1). That’s why we hear
warnings of “bad air days” due to ozone pollution most
often during the summer and on cloud-free days. Hotter temperatures in a changing climate mean that ozone
concentrations are likely to rise over most of the United
States (Jacob and Winner 2009 and references therein),
possibly offsetting some of the gains we have made
in driving down the pollutants that form ozone (Wu
et al. 2008).
This report explores how such a phenomenon may
occur in many regions of the United States. We model
the potential health consequences and costs in 2020 that
would be associated with a climate-induced increase
in ozone pollution. We also model the health impacts
that could occur in 2050.4 Our results show that as
we continue to work to reduce ozone pollution and
its health effects in the future, we cannot ignore the
consequences of ever-increasing temperatures.

Figure 1. Illustration of Ground-Level Ozone Formation

NOx + VOC + Heat & Sunlight = Ozone
Ground-level or “bad” ozone is not emitted directly
into the air, but is created by chemical reactions
between NOx and VOCs in the presence
of heat and sunlight.

Emissions from
industrial facilities and electric
utilities, motor vehicles, gasoline,
and chemical solvents are some of the
major sources of oxides of nitrogen (NOx) and
volatile organic compounds (VOCs).

Source: Adapted from EPA 2010.

“Bad” ozone can be
distinguished from
“good” ozone, which is
present at high altitudes
in the atmosphere and
beneficial because it
protects the earth from
excessive ultraviolet
radiation. But bad, or
ground-level, ozone—
the primary component
of smog—is harmful to
health. Human activities
such as driving cars and
generating electricity
are major sources of
the ingredients that
form smog.5
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Ozone Pollution and Climate
Change—An Unhealthful Mix

W

hen weather forecasters
warn about poor air quality or “bad air
days” and report an associated color
to indicate healthy or unhealthy air
(Figure 2), they are usually referring to the level of
smog—a hazardous mixture of air pollutants that affect
the health and quality of life of children and adults alike.

The Role of Ozone Precursor Pollutants
Ground-level ozone—the primary component of
smog—is formed when oxides of nitrogen (NOx) and
volatile organic compounds (VOCs), which are “precursor emissions,” chemically react in the presence of

heat and sunlight. Some of the major human-made
sources of these precursor emissions are power plants,
vehicles, and industrial processes.
Reductions in NOx and VOCs—the primary ingredients in ozone formation—decrease ozone pollution.
Thanks in large part to the Clean Air Act, the U.S.
Environmental Protection Agency (EPA) reports that
a 48 percent decrease nationally in estimated NOx emissions and a 57 percent decrease in VOC emissions
occurred between 1980 and 2009. Average ozone levels
have also declined steadily, dropping 30 percent in
this same time period (EPA 2011a). The EPA estimates
that emissions of NOx will continue to decline and

Figure 2. Air Quality Index Warning System
Air Quality Index

Health Impacts

Good
(0–50)

No health impacts are expected when air quality
is in this range.

Moderate
(51–100)

Unusually sensitive people should consider limiting
prolonged outdoor exertion.

Unhealthy for
Sensitive Groups
(101–150)

The following groups should limit prolonged outdoor exertion:

Unhealthy
(151–200)

The following groups should avoid prolonged outdoor exertion:

• People with lung disease, such as asthma
• Children and older adults
• People who are active outdoors

• People with lung disease, such as asthma
• Children and older adults
• People who are active outdoors
Everyone else should limit prolonged outdoor exertion.

Very Unhealthy
(201–300)

The following groups should avoid all outdoor exertion:
• People with lung disease, such as asthma
• Children and older adults
• People who are active outdoors
Everyone else should limit outdoor exertion.

Source: Adapted from EPA 2011.

The Air Quality Index
(AQI) is a simple colorcoded warning system
that alerts the public
when air pollutants
reach unhealthy levels
in a local area. Yellow,
for example, means
“moderate” air quality
conditions and red means
“unhealthy” conditions.
An AQI value of 100
usually corresponds to the
current ozone standard
established by the EPA—
so as the standard changes,
the ozone concentration
corresponding to an AQI
of 100 will change. Air
quality may be reported
in a newspaper’s weather
section or on radio or
television, particularly
when conditions are
problematic. (See the
EPA’s AIRNow website
[www.airnow.gov] for
daily ozone forecasts
and real-time ozone
conditions.)
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322 state counties across the country (out of the 675 counties
monitored) do not meet the current standard for safe levels of ozone,
including counties with many of the nation’s largest cities. Nearly half of
Americans live in areas with “unhealthful” levels of ozone pollution.
could decrease by 26 percent between 2010 and
2020, depending on implementation of reduction
standards. Reductions in VOC emissions are expected
to essentially level off, declining only 3 percent between
2010 and 2020 (EPA 2011b).

The Importance of Ozone Standards
Further declines in these emissions depend on the EPA’s
pollution standards becoming stronger in the future
and on the continued success of emissions reduction
efforts—by the EPA, the states, and others.6 National
averages, however, mask significant local and regional
“hot spots” of ozone pollution, especially in urban areas.
Cities such as Los Angeles, Baltimore, Washington,
DC, Chicago, Boston, Dallas, and Philadelphia are
among those that have been designated “out of compliance” with (that is, in non-attainment of ) the EPA’s
current ozone standards.
The EPA sets standards for permissible levels of
ground-level ozone pollution in terms of its concentration in outdoor air, reported in the units of parts
per billion (ppb). The current EPA ozone standard,
set in 2008, mandates that summertime ozone concen-

trations must not show a trend of exceeding 75 ppb
(averaged over 8 hours) over a three-year period.7
However, the unanimous recommendation of
an independent scientific advisory panel convened in
2008 to advise the EPA concluded that the ozone standard should be strengthened to a range of 60 to 70 ppb
(Henderson 2008) to protect the health of children,
older adults, outdoor workers, and people with asthma
and other lung diseases.8 The current World Health
Organization recommendation, for example, is even
stronger—at 50 ppb.9
The EPA is currently revising its standard in response
to court challenges that the agency take into account
the latest scientific information on the health impacts
of ozone; it is expected that a new rule will be proposed
in July 2011.10
Meanwhile, 322 counties (out of the 675 counties
monitored) in many states across the country do not
meet the current standard for safe levels of ozone, as
represented in Figure 3. Because these counties include
many of the nation’s largest cities, nearly half of Americans (48.2 percent) live in areas with “unhealthful”
levels of ozone pollution (ALA 2011).11

Figure 3. States with Counties that Violate the Current EPA Ozone Standard

Source: Based on EPA 2010.

The shaded states
contain counties that
violate the current ozone
standard of 75 parts per
billion set by the EPA in
2008—a standard that
is already recognized
as too weak to protect
our health. In a warmer
world, more counties
in additional states
could fail to meet the
standard, unless they
substantially reduce
emissions of NOx and
VOCs (the chemical
precursors to ozone).
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Figure 4. Ozone Pollution Worsens as Daily Temperatures Increase
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These two graphs show
a strong positive correlation
between temperature
(horizontal axis) and ozone
levels (vertical axis) in New
York City and Nashua, NH.
Based on observed data
from New York City for May
to October (“smog season,”
averaging period not
specified) for the years
1988 to 1990, and observed
data (using a one-hour
average) from Nashua, NH,
for the years 2005 to 2010,
both scatter plots show that
the higher the temperature,
the higher the ozone level,
regardless of a city’s size.
Climate change is projected
to bring higher average
temperatures over this
century, which could
increase the occurrence
of elevated ozone
concentrations.
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Sources: NAST 2001 (NYC); New Hampshire Department of Environmental Services 2011.

Higher Temperatures Could Make Ozone
Pollution Worse
The strong positive relationship between high temperatures and ozone formation is well established
(Jacob and Winner 2009). This relationship has been
shown both in large cities such as New York City and
in smaller cities such as Nashua, NH (Figure 4). In
addition to enabling the basic chemical reactions that
create ground-level ozone, high temperatures often
create stagnant air conditions that cause ozone pollution to settle over an area and remain for a longer time,
which in turn increases the potential for human exposure to harmful ozone concentrations (Leibensperger
et al. 2008).

Ozone pollution tends to be most severe in urban
areas, where vehicular and industrial emissions cluster
and where the temperatures are often higher than
in surrounding suburbs. However, unhealthful ozone
levels can also be found in suburban and rural areas
downwind of cities (Logan 1989). Also, precursor emissions from power plants are often carried hundreds
of miles over large areas of the country. For example,
some pollution from power plants in the Midwest
may be transported by prevailing winds to the eastern
United States. In addition to harming health, ozone
pollution in rural areas negatively affects agriculture
and vegetation, such as by decreasing soybean yields
(Fishman et al. 2010).
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Figure 5. Present-Day and Projected Temperature Increases
for the United States*
Near term (2010–2029)

Present day (1993–2008)

~2020

~2000

Mid-century (lower-emissions scenario)

Mid-century (higher-emissions scenario)

~2050

~2050

End of century (lower-emissions scenario)

End of century (higher-emissions scenario)

~2090

~2090

(°F)
1

2

3

4

5

6

7

8

9

10 >10

*All present-day and projected temperature changes are in ºF and in reference to a 1961–1979 baseline.
Source: Adapted from Karl, Melillo, and Peterson 2009.

Projected temperature
increases for the United
States are based on a
combination of global
climate models. In less than
10 years, largely because
of the energy choices the
world has already made,
much of the country is likely
to see temperature increases
of an additional 1 to 2ºF
by 2020—on average about
half the increase we have
experienced in the last
century. However, the
emissions choices made
today can still make a
difference in how much
warming we expect to
see in future decades,
as demonstrated by the
difference between the
lower- and higher-emissions
scenarios at mid-century
(2040–2049) and the end of
the century (2080–2099).12
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While recent research shows that current ozone standards need to
be stronger to protect health, higher temperatures in a warmer world
will make the job of maintaining healthy air ever more difficult.
Given the strong dependence of ozone formation
on temperature, a changing climate can make ozone
pollution worse. As temperatures increase in a warmer
world, days that are conducive to ozone formation are
likely to be more frequent (see the technical appendix
online). Temperatures in the United States have already
increased more than 2°F over the past century because
of human-caused emissions of carbon dioxide and other
heat-trapping gases. The amount of warming we will
see later this century depends heavily on the amount
of heat-trapping gases we emit today. If the world’s
emissions rise at the current pace, parts of the United
States are projected to warm another 7 to 11°F (3.9 to
6.1°C) by the end of the century (Karl, Melillo, and
Peterson 2009). Even if emissions of all heat-trapping
gases were to stop immediately, warming would still be
“locked in” for years afterward because carbon dioxide
resides in the atmosphere a very long time. As such,
temperatures will remain elevated for at least the next
decade and possibly longer (Armour and Roe 2011;
Gillett et al. 2011; Solomon et al. 2009).

What this means is that climate change is likely to
complicate the challenge of reducing ozone pollution.
Although emissions of ozone-forming pollutants are
currently declining, temperature increases associated
with climate change are likely to work against this
trend. As a result, even to maintain today’s ozone levels
may require a greater reduction in precursor emissions. Also, there could be a positive-feedback effect;
because increasing temperatures would correspond to
greater electricity demand for air conditioning during
hot summer months, emissions of ozone-forming pollutants from fossil-fuel power plants would probably
increase further. States and counties trying to control
ozone pollution and its accompanying health problems
thus face a challenging situation: while recent research
shows that current ozone standards need to be stronger
to protect health, higher temperatures in a warmer
world will make the job of maintaining healthy air ever
more difficult.

Poor air quality puts
large numbers of people
at risk for respiratory
ailments such as asthma,
chronic bronchitis, and
emphysema. Today, one
in four children in Harlem
suffers from asthma
(Nicholas et al. 2005). On
days with poor air quality,
which could increase in
a warmer world, both
children and adults
are more likely to have
difficulty breathing, and
people with asthma may
require a visit to the
emergency room.

© James Estrin/New York Times/Redux
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A Closer Look at Our Methods and Assumptions

F

our key steps are involved in this report’s analyses
of a) the effect that a warmer world could have
on ozone pollution and b) the associated health and
economic impacts across much of the United States
(more detail on all of these steps can be found in the
technical appendix online):

1. Deriving a Climate Penalty Factor for the
United States

© iStockphoto.com

We surveyed the published studies to pick a “climate
penalty factor,” reviewing both measured data and model
projections pertinent to the relationship between temperature and ozone (Bloomer et al. 2009; Jacob and
Winner 2008 [and references therein]; Steiner et al. 2006;
Taha 2001). Selection of the climate penalty factor was
weighted toward a study based on more than two
decades of observed data from nearly half of the continental United States (Bloomer et al. 2009). The terms
“climate penalty factor” and “climate change penalty,”
specifically mentioned in some of these published
studies, were used to describe the increase in groundlevel ozone associated with a given increase in temperature and also the additional reductions in precursor
emissions needed to meet a desired ozone level due
to the effects of climate change (Bloomer et al. 2009;
Wu et al. 2008).
A key simplifying assumption was the choice of a
single climate penalty factor—of 1.2 ppb/°F—to apply
equally across most of the nation. The current state
of research shows that there is regional variation in
climate penalty factors—for example, some studies of
the Los Angeles Basin show that its urban areas could
experience penalty factors greater than 4 ppb/°F (Taha
2001). More research is needed to develop robust
regional climate penalty factors that would yield more
accurate national numbers. For certain areas, other
associated climate consequences (such as changes in
vegetation emissions and ventilation processes) could
offset the climate penalty (EPA 2009; Wu et al. 2008).
Currently, studies are inconclusive as to whether ozone
will increase with climate change in the Southeast
and coastal Northwest in particular. Therefore we have
excluded eight states from our analysis (Florida, Georgia,
South Carolina, Alabama, Mississippi, Louisiana, Oregon,
and Washington).

A bad air day in Los Angeles, CA.

We also did not factor into our analysis the fact that
some areas of the country (such as California, the
Midwest, and the Northeast) could see higher average
climate penalty factors, which would mean even greater
effects on the health impacts in these places than we
report. Finally, we did our modeling using average
increases in ozone levels, but in some regions climate
change is expected to increase the number of ozonecaused “bad air days” as well as to increase the number
of peak pollution episodes more drastically than the
average levels (Wu et al. 2008; Bell et al. 2004). This could
even further increase the associated health effects
beyond what the climate penalty indicates.

2. Estimating Temperature Changes in 2020
and 2050
We used future projections of temperature for two
different climate scenarios—a lower-emissions and a
higher-emissions scenario, based on information adapted
from the U.S. Global Change Research Program (Karl,
Melillo, and Peterson 2009)—to determine the most
likely range for U.S. average temperature increases in
the years 2020 and 2050. The projections for temperature change in the USGCRP report are specified in relation to a 1961 to 1979 baseline, and we scaled them to
show changes in temperature relative to the present
(Figure 5).17
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The increases in U.S. average temperatures expected
in the two decades centered around 2020 are roughly
1 to 2°F higher than what they are today. The higheremissions scenario leads to a likely increase of 3 to
5.5°F for the two decades centered around 2050, while
a lower-emissions scenario leads to an increase of 2 to
4°F over the same period.

3. Determining the Climate Penalty on Ozone
To derive the climate penalty on ozone (projected
future increases in ozone concentrations), we simply
multiplied the likely temperature projections from the
USGCRP report by the climate penalty factor to determine what levels of increased ground-level ozone
could be estimated to occur in the years 2020 and
2050 (Table 1). These calculated values ranged from
increases in ground-level ozone of 1 to 2 ppb in 2020 to
2 to 7 ppb in 2050. These values reflected the range in
temperatures associated with different future climate
scenarios, but they did not account for the ranges of
climate penalties found in published studies.
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future. Also note that BenMAP is not able to directly
model air quality; we used monitored air quality data
for 2007 that is embedded in the model, and we imposed
the climate penalty on top of those measurements.
A major simplifying assumption we made in our
analysis was to hold emissions of ozone precursors
(such as NOx and VOCs) constant at 2007 levels and
only vary the climate-induced ozone penalty. This
followed the convention in the published studies and
allowed us to isolate the impact of the climate penalty
from other factors affecting ozone pollution. EPA data
show that, in fact, U.S. emissions of NOx and anthropogenic VOCs have been declining over time, driven
by provisions of the Clean Air Act, among other factors.20 These trends are expected to continue, but
their relative magnitude depends on the success of
EPA regulations.
More details on the BenMAP model and how we
used it can be found in the technical appendix online.

4. Running the BenMAP Model

© JupiterImages

We analyzed the human health impacts of these increases
in ground-level ozone due to the climate penalty for
the years 2020 and 2050, utilizing the EPA’s BenMAP
model; we used the upper and lower ends of the indicated ranges. The model applies information from
published epidemiological studies and population
projections to estimate the health effects at national,
regional, state, and county levels. For our analysis, we
focused on national and state data for five categories
of impacts: premature mortality, respiratory-related
hospital admissions for infants and seniors, asthma-related emergency room visits, occurrences of acute respiratory symptoms (minor restricted-activities days),
and lost school days. The model cannot accurately
project cost estimates in 2050 because it does not include an income adjustment factor that far out into the

This report focuses on national and state data for
five categories of health impacts: premature mortality,
respiratory-related hospital admissions for infants
and seniors, asthma-related emergency room visits,
occurrences of acute respiratory symptoms, and
lost school days.

While we must limit our heat-trapping emissions in order to lower midcentury temperature increases, temperatures will likely continue to rise for
the next decade or two. Therefore, the best near-term option for protecting
health is to significantly lower the pollutants that form ground-level ozone.
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Ozone Is Bad for Your Health

Figure 6.

the doctor’s office and hospital emergency room and lead to more lost work
and school days (Ito, De Leon, and
Lippman 2005).

Bearing the Brunt of Ozone
Pollution
Ozone is one of the most widespread
and dangerous air pollutants. Nearly 37
million children aged 18 and under and
more than 17.4 million adults aged 65
and over live in counties with unhealthful ozone levels (ALA 2011). While ozone
is bad for nearly everyone, some groups
are more susceptible than others.

How Ozone Affects the Human Body
Headache

© iStockphoto.com/Chris Rogers

G

round-level ozone, the primary
component of smog, irritates
the lungs’ mucous membranes
and other tissues, thereby compromising a person’s ability to breathe
(Figure 6). Exposure to an increase in
ozone concentrations18 on the order of
10 ppb—beyond an already elevated
background level—is associated with
increased hospital admissions for pneumonia, asthma, allergic rhinitis, and
other respiratory diseases, as well as
with premature death. By exacerbating
respiratory problems, higher ozone
pollution levels send more people to

Burning eyes, throat;
irritated mucous
membranes
Shortness of breath,
wheezing, coughing

Asthma attacks, chest
pain when inhaling,
increased risk of
respiratory diseases

Infants and children are particularly
vulnerable to air pollution because
their lungs are still growing and developing (Committee on Environmental
Health 2004). When children’s small airways are irritated or swollen, it’s simply
harder and more painful for them to
breathe (Thurston et al.1997). They also
have rapid breathing rates, which increases their exposure to inhaled ozone.
Parents with young athletes need to
be especially aware of bad air days. According to one study, children playing
three or more team sports in communities with high daytime ozone concentrations were approximately three times
more likely to develop asthma than
children playing no sports (McConnell
et al. 2002).

© iStockphoto.com/Catherine Yeulet

Pulmonary
inflammation

Source: Adapted
from Schoof 2010.

People who do not suffer from lung conditions often fail to appreciate
what they feel like, how dangerous they are, and why the quality of
life for the sufferer can be compromised. This is what breathing ozone
can feel like if you have a lung condition: you may find it difficult to
breathe deeply and vigorously; you may be short of breath and be in
pain when taking a deep breath; you may cough, wheeze, and have
a chronically sore or scratchy throat; and your asthma attacks may
become more frequent. Inside your body, repeated ozone exposures
may inflame and damage your lung lining and make the lungs more
susceptible to infection.

Adults aged 65 years or older are
at excess risk of ozone-related hospitalization or death (Delfino, MurphyMoulton, and Becklake 1998). As the
large demographic bulge of the “baby
boomers”—estimated at 79 million
Americans—moves into this age category over the next two to three decades,
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air-pollution-related health effects can
be expected to substantially increase
(Haaga 2002).

active outdoor workers—lifeguards, in
this case—had greater obstruction in
their airways when ozone levels were
high (Thaller 2008).

Healthy people also exhibit a small
but significant decrease in lung function following a prolonged exposure to
ozone levels as low as 60 ppb during
mild exercise (Kim et al. 2010).

The Health Conditions Affected
by Ozone Pollution

© iStockphoto.com/Mike Clarke

Outdoor workers such as lifeguards,
police officers, construction workers,
and farmers are likewise susceptible.
One study found that farmers who
spend most of the day outside when
ozone levels are high suffer reduced
lung function that persists for a couple
of days (Brauer and Brook 1997). Another study found that healthy and
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Given their limited access to healthcare resources, low-income and some
minority groups tend to suffer greater
impacts when exposed to ozone pollution. Socioeconomic status is an important determinant of differences in
asthma prevalence and severity among
ethnic minorities in the United States
(Forno and Celedon 2009).19 The large
majority of children in this country
without any health insurance coverage
live in families that fall below the poverty line. Further, very young children,
poor children, and children from Spanish-speaking families appear to be at
particularly high risk for inadequate
asthma therapy—e.g., the use of inhalers (Halterman et al. 2000).

Many Americans who live with chronic
respiratory and other diseases are affected by ozone pollution, sometimes
fatally. For example:
	Asthma. Ozone pollution does not
cause asthma, but it exacerbates the
condition’s effects by causing the patient’s lung tissues and airways to become red, swollen, and constricted
(Cody et al. 1992). At present some 3.2
million children and more than 9.5 million adults with asthma live in parts of
the United States with very high ozone
levels in 2011 (ALA 2011). The prevalence of asthma has been increasing
since the early 1980s across all age and
racial groups and both genders (Pleis et
al. 2009). Asthma is the third-ranking
cause of hospitalization among children under 15 (DeFrances, Cullen, and
Kozak 2007). Asthmatic children using
inhalers are vulnerable even to very
low levels of ozone—exposure to levels
of 50 ppb (33 percent less than the current “safe” level) has been associated
with increased shortness of breath and
the need for rescue medication (Gent,
Triche, and Holford 2003). Expenditures
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for health and lost productivity related
to asthma are estimated to top $20 billion every year (NIH 2009).
Chronic lung disease. Conditions
such as chronic obstructive pulmonary
disease (COPD)—a long-lasting obstruction of the airways—can be exacerbated by even small increases in elevated
ozone levels (e.g., an increment of 10 ppb),
with a corresponding effect on public
health and health care costs (ALA
2007). COPD includes emphysema,
which reduces the ability of the lungs
to expel air. A person with emphysema
may feel shortness of breath during exertion and, as the disease progresses,
even while at rest. COPD also includes
chronic bronchitis, which is an inflammation of the bronchial tubes that
bring air into the lungs; the condition
makes breathing difficult and causes
chest congestion and a bad cough.
These respiratory diseases are prevalent in the United States. Nearly 4.8 million people with chronic bronchitis and
nearly 2.3 million with emphysema live
in counties with unhealthful ozone
levels (ALA 2011).
Premature death. Because of its
serious effects on human health, ozone
is also associated with premature
deaths, particularly among vulnerable
populations and even more particularly among those with respiratory and
heart problems. As with chronic lung
disease exacerbations, even a small increase in the previous week’s average
ozone level has substantial effects on
death rates. One study, which used
data from 95 large U.S. urban communities to estimate a national average of
mortality associated with short-term
exposure to elevated ozone levels,
showed that a small (10 ppb) increase
in ozone pollution was associated with
a 0.52 percent increase in deaths per
day. This study found that an estimated
3,700 deaths annually could be attributed to this small increase in daily
ozone levels (Bell et al. 2004).
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Analyzing the Impact of Climate
Change on Ozone Pollution

O

zone pollution is projected
to get worse with future warming. But how
much worse might it be in a world of
increasing temperatures? And what would
be the implications for the health of our families and
our pocketbooks? This report seeks to address these
questions by drawing on well-established scientific
literature as well as by conducting a new modeling
analysis of health impacts and related costs.

Our Approach
This report takes a multidisciplinary approach in evaluating the potentially serious consequences of climate
change for ozone pollution and human health in 2020
and 2050. We first surveyed published studies on the
relationship between climate (with a specific focus on
temperature) and ground-level ozone. From this effort,
we chose a single published number that represented
the change in ozone pollution per degree rise in temperature (measured in ppb/°F)—a number generally
referred to as the “climate penalty factor” (Bloomer
2009). This value, which was consistent both with
observational and model studies for a range of nationally averaged estimates (see the technical appendix
online), represented changes in ozone pollution from

climate alone; ozone precursor emissions were held
constant at 2007 levels.
We then used published projections of temperature
for two different climate scenarios (a lower-emissions
and a higher-emissions scenario) to determine a likely
range for increases in temperature in the United States
for the years 2020 and 2050. We combined the climate
penalty factor with the temperature projections to
determine a range for the potential changes in ozone
concentration levels—a range called the “climate penalty on ozone”—for the two climate scenarios in both
2020 and 2050.13
Finally, we put those increases in ozone concentration into a health model (the Environmental Benefits
Mapping model, or BenMAP14) that estimates changes
in health impacts that arise from changes in ozone
pollution. The model can estimate these impacts in
terms of incidence (such as the occurrences of acute
respiratory symptoms or the number of hospital admissions), as well as in terms of associated costs. (See the
box “A Closer Look at Our Methods and Assumptions”
for more detailed information.)
Table 1 summarizes how we arrived at the projected
increases in ozone pollution that were then used in our
modeling analysis.

Table 1. Projected Increase in Ozone Concentration Caused by Climate-Induced
Temperature Change in 2020 and 2050

Emissions Scenario
2020 Emissions Scenario15
2050 Higher-Emissions Scenario16
2050 Lower-Emissions Scenario

Projected
Increase in
Temperature (°F)

Climate
Penalty Factor
(ppb/°F)

Projected
Increase in Ozone
(ppb)

1–2

1.2

1–2 in 2020

3–5.5

1.2

4–7 in 2050

2–4

1.2

2–5 in 2050

By multiplying the projected temperature-increase range by the climate penalty factor, we get the range for the
projected increases in ozone in 2020 and 2050. For 2050, the temperature increase is highly dependent on whether
global warming emissions continue to be released at their current rate or are reduced.
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Health and Economic Impacts of the
Climate Penalty on Ozone Pollution

W

Georgia, South Carolina, Alabama, Mississippi, Louisiana, Oregon, and Washington, the climate penalty
may be absent, inconclusive, or a benefit rather than a
penalty (see the box “A Closer Look at Our Methods
and Assumptions”).

e present the overall
health impacts of the climate penalty
on ozone for 40 states and the District
of Columbia (hereafter referred to as
“the US-40”) for 2020 and 2050. We also present these
health impacts in terms of economic costs for the
US-40 for 2020. In addition, we present the 10 worstaffected states in 2020 in terms of health and economic
impacts. In each case, our results represent an additional
impact above what would have occurred without the
climate penalty on ozone.
Our results are derived from a 1 ppb and a 2 ppb
ozone increase in 2020 and a 2 ppb and a 7 ppb ozone
increase in 2050 (Table 1). We note that we are already
feeling the impacts of a climate penalty on ozone pollution because of past climate change. Moreover, our
results are not cumulative—they represent impacts in
the specific year 2020 or 2050. Climate penalties
will likely cause increasing ozone pollution, and associated illnesses and costs, in the intervening years.
We modeled the US-40, and not all 50 states, for
two reasons. First, the BenMAP model does not include
Alaska and Hawaii. Second, for the eight states of Florida,
Table 2.

The US-40 Climate Penalty and Health
When it comes to our quality of life, the health of
our children, and the productivity of our economy,
even small amounts of ozone can add up to real consequences. The results presented in this report show that
the climate penalty on ozone increases all five health
types of impacts examined—occurrences of acute respiratory symptoms, asthma-related emergency room
visits, hospital admissions for seniors and infants, lost
school days, and premature deaths—both for 2020
and 2050.21 Millions of people will be affected by these
impacts (Tables 2 and 3).
The increases in health impacts in 2050 are substantially larger than 2020 for two reasons: 1) the climate
penalty grows with increasing temperatures, and 2)
an expanding and aging population puts more people
at risk for adverse health effects.

Health Impacts from the Climate Penalty on Ozone in the US-40 in 2020*
Lower Case (1 ppb)

Category of Health Impact

Higher Case (2 ppb)

Low

Central

High

Low

Central

High

Occurrences of Acute Respiratory Symptoms

719,220

1,414,770

2,109,440

1,437,480

2,825,850

4,210,690

Emergency Room Visits, Asthma-Related22

1

600

1,100

1

1,200

2,190

Seniors Admitted to Hospital,
Respiratory-Related

180

1,840

4,560

350

3,680

9,080

Infants Admitted to Hospital,
Respiratory-Related

370

710

1,050

740

1,420

2,090

Lost School Days

211,030

471,530

668,590

422,060

943,560

1,337,160

Premature Deaths

100

260

470

200

510

930

* Numbers are rounded to the nearest 10, except where less than 10. The low and high values represent the 5th and 95th percentiles of the distribution curve. The central value
represents the point in the distribution curve with the most likely occurrence. The EPA reports data from the BenMAP model in terms of this most likely or central value, and
often includes the 5th and 95th percentiles.
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2050 under the higher-emissions scenario, instances
of acute respiratory symptoms escalate to an average
of 11.8 million.
Seniors and infants are particularly susceptible to
being hospitalized for respiratory distress when they
are exposed to high levels of ozone, which can also
put increased stress on their caregivers and families. In
2020, an average of 3,700 seniors may be hospitalized
under the higher ozone scenario; in 2050, this number
is likely to climb to an average of 24,000 hospitalizations for seniors. The number of infants likely to be
hospitalized averages 1,400 in 2020 and 5,700 in 2050.
In 2020, American children are most likely to miss
an average of 944,000 school days linked to increased
ozone pollution from the climate penalty. In the
year 2050, that number may be as high as 5.8 million
additional school days lost.

The US-40 Climate Penalty and Costs
Climate change has already begun to exact economic
costs, and they are likely to get bigger both in the near and
longer terms. This report highlights one such potential
cost of our inaction to reduce global warming emissions.
Impacts such as increased occurrences of acute respiratory symptoms and premature deaths not only impose
a physical burden, but also take an economic toll. In
2020 alone, a climate penalty on ozone pollution could
cost the U.S. public an average of $2.7 billion (1 ppb)
to $5.4 billion (2 ppb), as shown in Table 4.23 For
comparison, U.S. federal funding for public health
emergency preparedness for events such as natural

Parents, coaches, and athletes should all be made aware of a recent
study that found that children in communities with high ozone
levels who were involved in three or more outdoor sports at the
varsity level were three times more likely to develop asthma
compared with children playing no sports (McConnell et al 2002).

If temperatures continue on their current upward
trajectory, in 2020—just nine years from now—
Americans could contend with an average of 2.8 million
more occurrences of acute respiratory symptoms such
as serious breathing problems, shortness of breath,
coughing, wheezing, and chest tightness, possibly
leading to restricted activity for the people affected. In

Table 3.

Health Impacts from the Climate Penalty on Ozone in the US-40 in 2050*
Lower Case (2 ppb)

Category of Health Impact

Higher Case (7 ppb)

Low

Central

High

Low

Central

High

Occurrences of Acute
Respiratory Symptoms

1,729,580

3,400,090

5,066,330

6,033,100

11,822,430

17,560,240

Emergency Room Visits,
Asthma-Related

1

1,480

2,710

2

5,190

9,430

Seniors Admitted to Hospital,
Respiratory-Related

660

6,850

16,910

2,300

23,940

58,280

Infants Admitted to Hospital,
Respiratory-Related

870

1,660

2,440

3,010

5,680

8,290

Lost School Days

528,390

1,181,260

1,674,030

1,849,190

4,145,280

5,858,590

Premature Deaths

290

750

1,360

1,000

2,610

4,740

* Numbers are rounded to the nearest 10, except where less than 10. The low and high values represent the 5th and 95th percentiles of the distribution curve. The central value
represents the point in the distribution curve with the most likely occurrence. The EPA reports data from the BenMAP model in terms of this most likely or central value, and
often includes the 5th and 95th percentiles.
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disasters, pandemics, and acts of bioterrorism was about
$1.2 billion in 2010 (Levi et al. 2010).
These potential health costs are estimated here
only for the single year of 2020. We cannot present
costs for 2050 because the model did not include projections for income growth past 2024. However, it is
clear that without action to check climate change, the
climate penalty could accumulate year after year and
worsen over time. In addition, the larger projected
population would mean more people affected; with

Seniors and infants are
particularly susceptible to being
hospitalized for respiratory
distress when they are exposed
to high levels of ozone, which
can also put increased stress on
their caregivers and families.
rising income levels and health care costs, these impacts
would likely be more expensive.24
Although we do not present the economic costs of
the five health categories broken out individually here,
most of the cost projections are driven by increased
premature mortality (see the technical appendix online). However, all of the health effects described in our
analysis place a burden on the U.S. economy and health
care system. These costs include, for example, the medical expenses of a hospital stay caused by respiratory
illness and the loss of income for a sick patient unable
to work. As another example, the value of lost school
days is derived from the income lost by a parent who
has to stay home with his or her sick child. Furthermore, ours is not a comprehensive accounting of all
the costs associated with the health impacts of ozone
pollution. For example, we did not address the costs
associated with pain and suffering.
Table 4.

© Thinkstock/Daniel Dziubiski

The 10 Hardest-Hit States
The health impacts of the climate penalty on ozone will
be felt across large areas of the country, but some states
and regions are likely to be worse off than others. The
greatest consequences are expected for the Midwest,
the Mid-Atlantic, and California—all locations with
large numbers of residents living in urban areas. Other
areas that could face serious impacts include those with
the highest number of vulnerable populations such as
children and seniors, and those areas with high NOx
and VOC emissions from vehicles and power plants.
Given the limited categories of health and cost addressed above, our results most likely underestimate
the consequences for those regions of the country (such
as portions of California) that are projected to see a
higher climate penalty on ozone than the national

Health Costs from the Climate Penalty on Ozone in the US-40 in 2020*
Low

Central

High

Total Costs for a 1 ppb Increase
in Ozone Concentration

$443,592,290

$2,712,237,590

$6,864,137,670

Total Costs for a 2 ppb Increase
in Ozone Concentration

$886,805,720

$5,423,277,380

$13,724,094,610

* Expressed in 2008$. Numbers are rounded to the nearest 10.
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All the health effects described in this report place a burden 		
on the U.S. economy and health care system. These costs include,
for example, the medical expenses of a hospital stay caused by
respiratory illness and the loss of income for a sick patient unable
to work, or the income lost by a parent who stays home with a 		
sick child.

average. By contrast, some limited areas of the country,
such as pockets of the Southeast and Northwest, could
see no climate penalty or even a small decrease in ozone
concentrations, although the scientific literature on this
is inconclusive.
In Table 5, states are ranked according to their
estimated number of increased occurrences of acute
respiratory symptoms associated with the climate
penalty. The results correspond to the higher ozone
level in 2020. Health impacts are likely to be greatest
in areas with larger exposed populations, so states
with large populations or large urban areas are projected
to be the most affected.
As shown in Table 6, the 10 states with the highest
projected additional health costs from all health impact
categories are usually those states with the largest projected populations. Thus California faces the largest
costs. However, this trend does not always hold true.
Pennsylvania, for example, has fewer projected residents
than are projected for Illinois, yet the state is expected
to experience higher costs, probably because of demographic factors such as a large number of seniors. Such
additional costs come on top of an already substantial
burden. California, for example, is already struggling
with poor air quality in many counties and the challenges of being out of compliance with the existing
air pollution standards (Kleeman et al. 2010).

Table 5. State Rankings: Occurrences of Acute Respiratory Symptoms Associated
with a Climate Penalty of 2 ppb in 2020*

Rank

State

Population

Low

Central

High

1

California

42,206,743

225,210

442,720

659,680

2

Texas

28,634,896

147,140

289,250

431,000

3

New York

19,576,920

108,150

212,600

316,790

4

Illinois

13,236,720

73,110

143,720

214,160

5

Pennsylvania

12,787,354

67,660

133,010

198,190

6

Ohio

11,644,058

62,530

122,920

183,150

7

Michigan

10,695,993

56,470

111,020

165,420

8

North Carolina

10,709,289

52,350

102,920

153,360

9

New Jersey

9,461,635

51,030

100,320

149,480

10

Virginia

8,917,395

47,250

92,890

138,420

* Occurrences are rounded to the nearest 10. Population projections are courtesy of U.S. Census 2010 and are not rounded.

The results for the other 30 states and the District of Columbia can be found in the technical appendix online.
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Table 6.

State Rankings: Health Care Costs Associated with a Climate Penalty of 2 ppb in 2020*

Rank

State

Population

Low

Central

High

1

California

42,206,743

$122,327,850

$729,189,390

$1,833,793,410

2

Texas

28,634,896

$79,533,660

$466,321,840

$1,168,692,990

3

New York

19,576,920

$64,435,580

$391,568,950

$989,410,430

4

Pennsylvania

12,787,354

$51,854,220

$331,680,220

$849,044,420

5

Illinois

13,236,720

$43,131,710

$272,348,970

$688,944,830

6

Ohio

11,644,058

$44,397,880

$270,632,840

$688,928,900

7

Michigan

10,695,993

$37,111,390

$230,322,580

$584,559,100

8

North Carolina

10,709,289

$33,827,120

$208,603,060

$528,660,190

9

New Jersey

9,461,635

$32,958,790

$203,089,680

$515,592,450

10

Virginia

8,917,395

$29,436,950

$177,950,320

$449,390,850

* Costs are rounded to the nearest 10. Population projections are courtesy of U.S. Census 2010 and are not rounded.

The results for the other 30 states and the District of Columbia can be found in the technical appendix online.
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Lifeguards at Galveston, TX, beaches provided evidence of the impact of short-term exposure to ozone pollution:
researchers found that many lifeguards had greater obstruction in their airways when ozone levels were high.
Thanks to this research, Galveston beachgoers are now warned, by an “environmental alert” flag, of air and
weather conditions that could pose a health threat (Thaller 2008).
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Where Do We Go from Here?

M

any states are already
struggling with meeting ozone standards, as evidenced by the fact that
over 48 percent of Americans currently
live in areas with unhealthful ozone levels (ALA 2011:
Figure 2). In a warming world, even greater numbers
of states could face the health and economic consequences of failing to meet these minimally protective
ozone standards. At the very least, the climate-changeinduced increase in ozone pollution imposes an
additional challenge for the states that currently have
areas with unsafe ozone levels: they must work harder
to reduce ozone-forming pollutants simply to maintain
their current—and often unhealthful—ozone levels.

© Corbis

As states come to grips with this challenge they
will need tailored information about how their regional
air quality will be affected by future climate change.
Further research efforts could include better determination of a) climate penalties for individual regions
of the United States and b) future trends in local
precursor emissions.
We do not have much time to deal with this challenge. It is already too late to prevent the increase in
temperatures driven by climate change over the next
decade—and perhaps over the next several decades—
given the long residence time of carbon dioxide in the
atmosphere. Consequently, the climate penalty for
2020 will also be very difficult to avoid, and the harm
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The good news is that both ozone pollution and climate change
are fundamentally caused in large part by the same activities:
human beings burning fossil fuels to generate electricity and run
their vehicles. We can address both ozone pollution and climate
change by investing in more fuel-efficient cars, reducing miles
driven, and using more renewable energy sources—such as
wind, solar, and geothermal—to generate electricity.
to our health and economy associated with this penalty
will undermine some of the gains made in reducing
ozone-precursor emissions. The EPA’s most recent
report detailing the benefits and costs of the Clean Air
Act shows that it is projected to avoid an estimated
7,100 premature deaths associated with ozone pollution in 2020 (EPA 2011b). But a warmer climate
may erode the current ozone-reduction benefits of the
Clean Air Act between 3 percent (1 ppb) and 7 percent
(2 ppb) in 2020.25 Although we did not model it, we
believe that the best option in the near term is to significantly lower the precursor pollutants that form
ground-level ozone so that the health impacts do not
escalate further.
In the 2050 time frame, we can do better: we have
the choice to significantly lower our heat-trapping emissions from current levels and also make deep cuts
in emissions of precursor pollutants. By reducing
both kinds of emissions, we can significantly lower the
2050 health impacts due to ozone pollution.
In addition to bad air quality, climate change poses
other threats to the health and well-being of Americans. This report addresses just one public health threat
associated with climate change, but there are numerous others, including heat waves, elevated allergen levels,
more occurrences of waterborne diseases, changing disease vectors, and degraded water quality.
The good news is that both ozone pollution and
climate change are fundamentally caused in large part
by the same activities: human beings burning fossil
fuels to generate electricity and run their vehicles. Therefore we can address both ozone pollution and climate

change by implementing practical policies and programs
and changing individual behaviors. For example, we
can reduce both ozone-precursor and carbon emissions
from power plants, refineries, and vehicles by:
•	Investing in more fuel-efficient cars and reducing
miles driven
• Developing fuels that are less carbon-intensive
• Providing good public transit and other commuting and travel alternatives
•	Increasing energy efficiency at industrial and
commercial facilities
• Developing and retrofitting homes and buildings
to be more efficient
•	Using more renewable energy resources—such
as wind, solar, and geothermal—to generate
electricity
•	Ensuring that ozone- and carbon-reduction
standards are strong enough to be truly protective of public health
• Working collaboratively with global partners to
reduce carbon emissions from other countries.
The United States has the knowledge and the technology to reduce unhealthful pollution while also
potentially saving billions of dollars. The choices we
make today about the way we live, the energy we use,
and the pollution we release will make a difference for
the health and well-being of ourselves, our children,
and our descendants long into the future. The benefits
of cleaning up pollution sources will be a win for
climate, a win for air quality, a win for public health,
and a win for the economy.
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Endnotes
1

Bloomer et al. 2009 examined 21 years of ozone and
temperature measurements compiled by the U.S. Environmental Protection Agency’s Clean Air Status and Trends
Network (CASTNET) from rural areas in the eastern
United States. The data showed a correlation between
increased temperatures and increased levels of ozone.

2

Key findings are reported using the “central” numbers,
from the 2 ppb ozone-increase case in 2020 and the
7 ppb ozone-increase case in 2050, presented in Tables 2,
3, and 4. Health effects modeled included number of
acute respiratory symptoms (illnesses), emergency room
visits, hospital admissions for infants and seniors, lost
school days, and premature death.

11 “Unhealthful” ozone concentrations range from 76 ppb
to 374 ppb (see the American Lung Association air
quality chart regarding ozone: online at www.stateoftheair.
org/2011/ key-findings/methodology.html, accessed on May
11, 2011). The weighted averages were derived by counting
the number of days in each unhealthful range (orange,
red, purple, and maroon) in each year (2007 to 2009).
12	See Karl, Melillo, and Peterson 2009 for more information on the future temperature projections.
13 The terms climate penalty and climate penalty factor are
not original to this document. The terms have previously
appeared in Wu et al. 2008 and Bloomer et al. 2009.

3	See www.epa.gov/air/ozonepollution/basic.html, accessed
on May 11, 2011.

14 More information on the BenMAP model can be found
at www.epa.gov/air/benmap.

4

The online technical appendix to this report provides a
more detailed description of the chemical reactions that
form ozone. See www.ucsusa.org/climateandozonepollution.

5

This report uses the EPA BenMAP model to calculate
these impacts. Background on that model can be found at
www.epa.gov/air/benmap; for details on our methodology,
see this report’s technical appendix online.

15 The near-term (2020) emissions scenario represents
the average of the higher- and lower-emissions scenarios.
The two scenarios are not appreciably different enough
in terms of temperature increases by 2020 to warrant
individual analysis of each. The higher scenario is the A2
scenario and the lower scenario is the B1. See IPCC 2000
for more detailed information on the emissions scenarios.

6

A variety of regulations, including the acid rain program
of the Clean Air Act, the Transport Rule, the Mercury and
Air Toxics Rule, and light- and heavy-duty vehicle regulations have the beneficial effect of lowering ozone precursors while also tackling other pollution impacts.

16 The higher scenario is the A2 scenario and the lower
scenario is the B1. See IPCC 2000 for more detailed
information on the emissions scenarios.
17 The present day is defined as the period 1993 to 2008
in Karl, Melillo, and Peterson 2009.

To assess whether states are meeting the standard, the EPA
examines the data collected over a year—data that are reported
as averages over each eight-hour period—and then determines the fourth-highest such reading of ozone levels for
that year. The agency then averages the readings over three
consecutive years. To meet the 2008 EPA ozone standard,
that final average cannot exceed 75 ppb.

18	Elevated refers to ozone levels deemed unsafe for exposure
(i.e., concentrations above a particular threshold). The EPA
has a recommended maximum level of 75 ppb averaged
over an eight-hour period.

8

The rule proposed in the Federal Register can be found at
www.epa.gov/air/ozonepollution/fr/20100119.pdf, accessed
on May 11, 2011.

20	See for NOx: www.epa.gov/airtrends/nitrogen.html, accessed on May 11, 2011.

9

The WHO standard for ozone is 100 μg/m3 (eight-hour
mean), which translates to approximately 50 ppb (eighthour mean). See whqlibdoc.who.int/hq/2006/WHO_SDE_
PHE_OEH_06.02_eng.pdf, accessed on May 11, 2011.

7

10 The rule proposed in the Federal Register can be found at
www.epa.gov/air/ozonepollution/fr/20100119.pdf, accessed
on May 11, 2011.

19 However, ethnic disparities in asthma may also be due
to differences among ethnic groups in genetic makeup
and gene-environment interaction.

	Excerpt: Using a nationwide network of monitoring sites,
EPA has developed ambient air quality trends for nitrogen
dioxide (NO2). Trends from 1980–2009 and from 1990–
2009 are shown here. Under the Clean Air Act, EPA sets
and reviews national air quality standards for NO2. Air
quality monitors measure concentrations of NO2 throughout the country. EPA, state, tribal, and local agencies use
that data to ensure that NO2 in the air is at levels that protect
public health and the environment. Nationally, average NO2
concentrations have decreased substantially over the years.
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	See for VOCs: cfpub.epa.gov/eroe/indexcfm?fuseaction=
detail.viewInd&lv=list.listbyalpha&r=219697&subt
op=341, accessed on May 11, 2011.

21 The individual must be treated in a hospital as an
inpatient and stay there at least one night. Treatment
as an outpatient is not considered hospitalization.

© UCS Hybrid Center

	Excerpt: According to NEI [National Emissions Inventory]
data, national total estimated VOC emissions from anthropogenic sources, excluding wildfires and prescribed burns,
decreased by 35 percent between 1990 and 2005 (from
23,048,000 to 15,047,000 tons) (Exhibit 2-11, panel A).
Trends in estimated anthropogenic VOC emissions in all
10 EPA regions were consistent with the overall decline
seen nationally from 1990 to 2005 (Exhibit 2-12). Changes
in VOC emissions ranged from a 7-percent reduction
(Region 10) to a 54-percent reduction (Region 9).

22 The very low 5th-percentile estimates for asthma-related
emergency room visits are the result of the weak statistical
power of the study used; nevertheless, these estimates still
represent actual health impacts.

24 As income rises, the economic value that people attach
to health risks increases. Also, the cost of lost work days
increases.

© iStockphoto.com/eliandric

23 These figures are driven in large part (over 85 percent)
by the valuation of premature mortality. The EPA uses a
standard metric from the economics literature—the value
of a statistical life, or VSL—to calculate these numbers.
While VSL is imperfect and has its critics, it is the metric
conventionally used in these kinds of economic valuation
studies. It is essential to note that this metric should not
be misinterpreted as the value of an individual person’s life.
See the technical appendix online for a fuller explanation.

25 The number 7,100 and the range of 3 to 7 percent come
from EPA 2011b. That report estimates that premature
deaths in 2020 could be 710, or 10 percent of 7,100, while
the number of deaths avoided would be 93 to 97 percent
of 7,100.
© Chicago Department of Environment
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Climate Change
and Your Health

Millions of Americans already suffer from the harmful effects of ground-level ozone pollution,
which causes a number of serious and costly breathing problems. Now health professionals have an
additional air pollution concern: climate change. Because warmer temperatures affect ground-level
ozone, climate change will likely cause ozone concentrations to rise over most of the United States.
   Climate Change and Your Health: Rising Temperatures, Worsening Ozone Pollution shows
how higher temperatures could increase ozone pollution above current levels (assuming that
emissions of ozone-precursor pollutants remain constant), and analyzes the resulting expected
health consequences of these ozone increases in 2020 and 2050, as well as the economic costs of
these health impacts in 2020.
   The United States has the knowledge and the technology to reduce unhealthful pollution while
also potentially saving billions of dollars. The choices we make today will make a difference for the
health and well-being of ourselves, our children, and our descendants long into the future.
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Abstract
Problem/Condition: Lyme disease is the most commonly reported vectorborne disease in the United States but is geographically
focal. The majority of Lyme disease cases occur in the Northeast, mid-Atlantic, and upper Midwest regions. Lyme disease can
cause varied clinical manifestations, including erythema migrans, arthritis, facial palsy, and carditis. Lyme disease occurs most
commonly among children and older adults, with a slight predominance among males.
Reporting Period: 2008–2015.
Description of System: Lyme disease has been a nationally notifiable condition in the United States since 1991. Possible Lyme
disease cases are reported to local and state health departments by clinicians and laboratories. Health department staff conduct case
investigations to classify cases according to the national surveillance case definition. Those that qualify as confirmed or probable
cases of Lyme disease are reported to CDC through the National Notifiable Diseases Surveillance System. States with an average
annual incidence during this reporting period of ≥10 confirmed Lyme disease cases per 100,000 population were classified as
high incidence. States that share a border with those states or that are located between areas of high incidence were classified as
neighboring states. All other states were classified as low incidence.
Results: During 2008–2015, a total of 275,589 cases of Lyme disease were reported to CDC (208,834 confirmed and 66,755
probable). Although most cases continue to be reported from states with high incidence in the Northeast, mid-Atlantic, and upper
Midwest regions, case counts in most of these states have remained stable or decreased during the reporting period. In contrast,
case counts have increased in states that neighbor those with high incidence. Overall, demographic characteristics associated with
confirmed cases were similar to those described previously, with a slight predominance among males and a bimodal age distribution
with peaks among young children and older adults. Yet, among the subset of cases reported from states with low incidence, infection
occurred more commonly among females and older adults. In addition, probable cases occurred more commonly among females
and with a higher modal age than confirmed cases.
Interpretation: Lyme disease continues to be the most commonly reported vectorborne disease in the United States. Although
concentrated in historically high-incidence areas, the geographic distribution is expanding into neighboring states. The trend of
stable to decreasing case counts in many states with high incidence could be a result of multiple factors, including actual stabilization
of disease incidence or artifact due to modifications in reporting practices employed by some states to curtail the resource burden
associated with Lyme disease surveillance.
Public Health Action: This report highlights the continuing public health challenge of Lyme disease in states with high incidence
and demonstrates its emergence in neighboring states that previously experienced few cases. Educational efforts should be directed
accordingly to facilitate prevention, early diagnosis, and appropriate treatment. As Lyme disease emerges in neighboring states,
clinical suspicion of Lyme disease in a patient should be based on local experience rather than incidence cutoffs used for surveillance
purposes. A diagnosis of Lyme disease should be considered in patients with compatible clinical signs and a history of potential
exposure to infected ticks, not only in states with high incidence but also in areas where Lyme disease is known to be emerging.
These findings underscore the ongoing need to implement personal prevention practices routinely (e.g., application of insect
repellent and inspection for and removal of ticks) and to develop other effective interventions.

Introduction
Corresponding author: Kiersten J. Kugeler, PhD, Division of Vector-Borne
Diseases, CDC. Telephone: 970-221-6400; E-mail: kkugeler@cdc.gov.

Lyme disease, a tickborne zoonosis caused by spirochetes in
the Borrelia burgdorferi sensu lato complex, can affect multiple
human organ systems (1). B. burgdorferi sensu stricto is
responsible for most infections in the United States, although
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B. mayonii also has been shown to cause human illness in the
upper Midwest (2). Typical signs and symptoms in the days
to weeks following a bite from an infected tick can include
erythema migrans, fever, lymphadenopathy, arthralgia,
myalgia, fatigue, and headache (1,3,4). The organism can infect
the nervous system, causing facial palsy, and the cardiovascular
system, causing carditis with atrioventricular heart block, a
rare condition that can be fatal (1,4,5). Untreated infection
might result in mono- or oligoarticular arthritis in large joints
or, more rarely, encephalopathy and peripheral neuropathy
(4). Patients with Lyme disease treated early with appropriate
antibiotics usually experience a full recovery (4).
In the United States, human Lyme disease cases occur
primarily in the Northeast, mid-Atlantic, and upper Midwest
regions, but also in certain areas of the Pacific Coast (6,7).
In all of these locations, competent vector ticks and infected
reservoirs, such as small mammals and birds, are at sufficient
density to support the enzootic cycle (1,6,8). The blacklegged
tick, Ixodes scapularis, is the vector of Lyme disease in the
eastern and upper midwestern United States; the western
blacklegged tick, I. pacificus, is the vector of Lyme disease on
the Pacific Coast (1,6). Commonly, larval blacklegged ticks
infected during feeding transmit the bacteria to other hosts,
including humans, during subsequent nymphal and adult
stage blood meals (1).
Lyme disease has been a nationally notifiable condition
in the United States since 1991 (7,9). Notable revisions to
the case definition occurred in 1996 and 2008; the 2008
revision added reporting of cases meeting the probable case
definition and narrowed the laboratory criteria for evidence
of infection (10). The most recent summary of Lyme disease
surveillance incorporated data collected during 1992–2006
(7). This report updates information acquired through national
surveillance on the epidemiology of Lyme disease.

Methods
Data Source and Surveillance
Case Definition
Public health agencies voluntarily transmit information on
Lyme disease cases to CDC through the National Notifiable
Diseases Surveillance System (NNDSS) (11). Variables
transmitted include age, sex, race, ethnicity, and date of onset or
of laboratory report. State health departments also can submit
supplemental information on Lyme disease cases, including
clinical manifestations of illness. Completeness of data specific
to Lyme disease varies by state and over time. Cases are reported
according to the patient’s state and county of residence rather
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than state and county of exposure. As a result, an infection
could be acquired while visiting a state with high incidence
but reported by a state with low incidence.
State and local health jurisdictions receive reports of
potential Lyme disease cases from laboratories and clinicians.
Per the surveillance case definition, laboratory reports
require follow-up investigation to obtain clinical information
necessary for appropriate case classification. As part of this
system, states are responsible for classifying potential cases
as confirmed or probable on the basis of criteria set forth in
the case definition developed and approved by the Council
of State and Territorial Epidemiologists (CSTE). Since
2008, a confirmed case of Lyme disease is defined as either
1) erythema migrans in a person who had possible exposure to
tick habitat in an area where Lyme disease is endemic or who
had laboratory evidence of infection or 2) at least one other
defined clinical manifestation of Lyme disease in a person
and laboratory evidence of infection (10). A probable case of
Lyme disease is defined as laboratory evidence of infection in
a person who had Lyme disease diagnosed by a clinician but
with accompanying clinical information that does not meet
the clinical criteria for a confirmed case. The 2008 surveillance
case definition strengthened the specificity for laboratory
evidence of infection. In the 2008 definition, sufficient
laboratory evidence of infection for surveillance purposes was
1) a positive culture for B. burgdorferi and 2) a positive twotier IgM or IgG serologic test (enzyme immunoassay followed
by reflex immunoblot) interpreted using established criteria
or a single-tier positive IgG immunoblot (10). Acute onset of
specific neurologic, musculoskeletal, or cardiovascular signs
and symptoms satisfy the criteria for clinical manifestations
of confirmed Lyme disease (10). Beginning in 2011, the case
definition reflected formatting changes in which text of the
laboratory evidence of infection was modified to explicitly state
that IgM two-tier serologic testing should only be interpreted in
the first 30 days of illness onset, rather than solely referencing
another document that outlined this criterion. Because the
most recent surveillance summary (7) encompassed data
collected during 1992–2006 and this report includes data
collected following a notable case definition change in 2008
(e.g., reporting of probable cases and narrowing of laboratory
criteria), data from 2007 are not included but are publicly
available (12).

Analysis
Data on Lyme disease cases reported to CDC during
2008–2015 were included. Annual incidence rates per 100,000
population were calculated by state using U.S. Census Bureau
estimates from July 1 of each year (https://www.census.gov/).
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For this report, states were classified for surveillance purposes
(state surveillance categories) as high incidence, low incidence,
and neighboring. States with an average annual incidence
during this reporting period of ≥10 confirmed Lyme disease
cases per 100,000 population were classified as high incidence.
States that share a border with those states or that are located
between areas of high incidence were classified as neighboring
states. All other states were classified as low incidence.
Characteristics associated with cases reported from states in
these three categories were compared. Percentage change in
the number of reported cases between subsequent years was
calculated for states with high incidence and neighboring states.
The median annual percentage change in case counts over the
reporting period was determined by selecting the median of
each 1-year percentage change value for each state. Seasonality
analysis was restricted to cases with illness onset dates no more
than 1 year before the reporting year. Week of illness onset
was calculated with each week beginning on Sunday. Week 1
of a year was the first week of the year that had at least 4 days
in the calendar year; therefore, weeks 1 and 53 sometimes
contained days from the preceding or subsequent year. Analysis
of reported clinical signs and symptoms was restricted to only
those records indicating at least one confirmatory sign or
symptom and according to variables transmitted to CDC. All
analyses were performed using SAS software version 9.3 (SAS
Institute Inc., Cary, North Carolina).

Results
During 2008–2015, a total 275,589 cases of Lyme disease
were reported to CDC (208,834 confirmed and 66,755
probable) (Figure 1). The combined annual total of confirmed
and probable cases ranged from 38,468 in 2009 to 30,158 in
2010. The highest number of confirmed cases was reported in
2009 (29,959) and the lowest was reported in 2012 (22,014).
Confirmed cases were reported from 48 states and the District
of Columbia. On average, 8,344 probable cases were reported
each year (range: 6,277 in 2008 to 9,616 in 2015). In 2008,
a total of 35 states and the District of Columbia reported at
least one probable case of Lyme disease; in 2015, a total of
41 states and the District of Columbia reported at least one
probable case.
Fourteen states, all located in the Northeast, mid-Atlantic,
and upper Midwest regions, met the criteria for classification
as states with high incidence (Connecticut, Delaware, Maine,
Maryland, Massachusetts, Minnesota, New Hampshire, New
Jersey, New York, Pennsylvania, Rhode Island, Vermont,
Virginia, and Wisconsin) (Table 1) (Figure 2). During
2008–2015, these states accounted for 95.2% of all reported

cases and 95.7% of confirmed cases reported in the United
States. Confirmed cases accounted for 76.2% of the total
cases reported from states with high incidence. Despite
the high number of reported cases, overall median annual
percentage change in number of confirmed cases among these
states was -0.29% (range: -18.8% to 20.1%). Seven of the
14 states displayed an overall decreasing trend in the number
of confirmed cases, as indicated by negative median annual
percentage changes.
Eleven states and the District of Columbia were classified as
neighboring states (Illinois, Indiana, Iowa, Kentucky, Michigan,
North Carolina, North Dakota, Ohio, South Dakota,
Tennessee, and West Virginia) (Figure 2). During 2008–2015,
confirmed cases accounted for 71.0% of the total cases
reported from neighboring states. The overall median annual
percentage change in number of confirmed cases reported
by neighboring states was 6.6% (range: -16.7% to 31.3%).
In contrast to states with high incidence, the majority (eight
of 11) of neighboring states displayed an overall increasing
trend in the number of confirmed cases reported. Among the
remaining 25 states, all classified as states with low incidence,
confirmed cases accounted for a lower percentage of total cases
reported (62.5%).

Seasonality
Information on date of illness onset was available for 200,108
(72.6%) cases. For all years, the first week in July was the peak
week of illness onset for confirmed and probable cases (Figure 3).

Demographics
Information on sex was available for 269,973 (98.0%)
cases (97.7% of confirmed cases; 98.7% of probable cases);
a majority of cases was among males (56.7%) (Table 2).
Information on race was available for 62.1% of cases (129,129
confirmed; 41,883 probable). Most confirmed and probable
cases were among white patients (89.7%), followed by other
race (6.8%), black (1.6%), Asian/Pacific Islander (1.5%), and
American Indian/Alaska Native (<1.0%) patients. A smaller
number of case records included information on ethnicity
(114,465; 41.5%); of these, 95.9% occurred among nonHispanic patients.
Patient age was available for 246,840 (89.6%) records. The
age distribution of patients with confirmed and probable Lyme
disease was bimodal with peaks among those aged 5–9 years
and 50–55 years (Figure 4). Overall modal age was 8 years,
whereas modal age was 8 years among patients with confirmed
Lyme disease and 56 years among patients with probable Lyme
disease (Table 2).
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FIGURE 1. Number* of confirmed and probable Lyme disease cases, by state surveillance category† and year — United States, 1992–2015§
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* N = 551,107.
† State surveillance categories were determined using three classifications: high incidence, neighboring, and low incidence. States with an average annual incidence
≥10 confirmed Lyme disease cases per 100,000 population were classified as high incidence, states that share a border with those states or are located between
states with high incidence were classified as neighboring, and all other states were classified as low incidence.
§ Arrows indicate notable changes in case definitions. The case definition was revised in 1996 to recommend a two-step testing method and in 2008 to increase
specificity of laboratory evidence of infection and to include provision for report of probable cases.

Demographic characteristics differed among cases reported
from states with high incidence, neighboring states, and states
with low incidence (Figure 4) (Table 2). In states with high
incidence, overall modal age was 8 years, and males accounted
for the majority of patients (146,380; 57.0%). In contrast,
overall modal age in states with low incidence was 51 years, and
males accounted for 44.8% (2,058) of patients (Table 2). In
neighboring states, the proportional distribution among males
and females was similar to that of states with high incidence;
however, modal age was slightly older (9 years) (Table 2).

Clinical Manifestations
Information on at least one defined clinical manifestation
was available for 60.2% of confirmed cases from 35 states.
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Approximately three fourths (72.2%) of patients had
erythema migrans; 27.5% had arthritis; and 1.5% had carditis,
defined for surveillance purposes as acute second- or thirddegree atrioventricular block. Approximately 12.5% had a
neurologic manifestation: 8.4% had facial palsy, 3.8% had
radiculoneuropathy, 1.3% had lymphocytic meningitis, and
<1.0% had encephalitis. Although the proportion of confirmed
case records with indication of erythema migrans was similar
between states with high incidence and neighboring states
(72.3% [88,090] and 70.6% [2,089], respectively), a lower
proportion of records from states with low incidence indicated
erythema migrans (581; 64.7%). Neurologic manifestations
were more common among patients from neighboring states
(731; 24.7%) and states with low incidence (180; 20.0%)
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TABLE 1. Annual rate* of confirmed Lyme disease, by state/area, state surveillance category,† and year — United States, 2008–2015
Year
State/Area
High incidence
Connecticut
Delaware
Maine
Maryland
Massachusetts
Minnesota
New Hampshire
New Jersey
New York
Pennsylvania
Rhode Island
Vermont
Virginia
Wisconsin
Neighboring
District of Columbia
Illinois
Indiana
Iowa
Kentucky
Michigan
North Carolina
North Dakota
Ohio
South Dakota
Tennessee
West Virginia
Low incidence
Alabama
Alaska
Arizona
Arkansas
California
Colorado
Florida
Georgia
Hawaii
Idaho
Kansas
Louisiana
Mississippi
Missouri
Montana
Nebraska
Nevada
New Mexico
Oklahoma
Oregon
South Carolina
Texas
Utah
Washington
Wyoming

2008

2009

2010

2011

2012

2013

2014

2015

Average

77.2
87.3
58.6
30.7
61.2
19.9
92.0
36.9
29.9
30.3
17.6
52.9
11.3
26.5

77.2
110.3
59.5
25.6
61.7
20.1
75.7
52.5
21.4
39.1
14.2
51.7
8.8
34.4

54.9
72.9
42.1
20.1
36.3
24.3
63.0
37.7
12.3
25.9
10.9
43.3
11.4
44.0

55.8
84.5
60.3
16.1
27.2
22.2
67.3
38.4
16.0
37.2
10.6
76.0
9.3
42.2

46.0
55.3
66.6
18.9
51.0
16.9
75.8
30.8
10.4
32.5
12.6
61.6
9.8
23.9

58.7
43.2
84.8
13.5
56.9
26.4
100.1
31.3
17.8
39.0
42.2
107.5
11.2
25.2

47.8
36.4
87.9
16.0
54.0
16.4
46.8
29.0
14.4
50.6
54.0
70.5
11.7
17.2

52.2
35.3
74.7
20.8
43.0
21.4
32.8
43.9
16.4
57.4
53.4
78.4
13.1
22.7

58.7
65.2
66.8
20.1
48.9
21.0
69.1
37.5
17.3
39.0
27.0
67.8
10.8
29.5

12.2
0.8
0.7
2.8
0.1
0.8
0.2
1.2
0.3
0.4
0.1
6.5

8.9
1.1
0.9
2.5
0.0
0.8
0.2
1.5
0.4
0.1
0.2
7.7

5.6
1.1
1.0
2.2
0.1
0.8
0.2
3.1
0.2
0.1
0.1
6.9

N/A
1.5
1.2
2.3
0.1
0.9
0.2
3.2
0.3
0.2
0.1
5.8

N/A
1.6
1.0
3.0
0.2
0.8
0.3
1.4
0.4
0.5
0.0
4.4

5.1
2.6
1.5
4.9
0.4
1.2
0.4
1.7
0.6
0.4
0.2
6.3

5.3
1.8
1.5
3.5
0.2
0.9
0.3
0.3
0.8
0.2
0.1
6.1

11.6
2.2
1.5
4.2
0.3
1.3
0.4
2.0
1.0
0.6
0.1
13.2

8.1
1.6
1.2
3.2
0.2
0.9
0.3
1.8
0.5
0.3
0.1
7.1

0.1
0.9
0.0
0.0
0.2
0.0
0.4
0.4
0.0
0.3
0.6
0.1
0.0
0.1
0.6
0.4
0.3
0.2
0.0
0.5
0.3
0.4
0.1
0.3
0.2

0.1
1.0
0.0
0.0
0.3
0.0
0.4
0.4
0.0
0.3
0.6
0.0
0.0
0.1
0.3
0.2
0.4
0.0
0.1
0.3
0.5
0.4
0.2
0.2
0.2

0.0
1.0
0.0
0.0
0.3
0.0
0.3
0.1
0.0
0.4
0.2
0.0
0.0
0.1
0.3
0.4
0.1
0.1
0.0
0.2
0.4
0.2
0.1
0.2
0.0

0.2
1.2
0.1
0.0
0.2
0.0
0.4
0.3
0.0
0.2
0.4
0.0
0.1
0.1
0.9
0.4
0.1
0.1
0.1
0.2
0.5
0.1
0.2
0.2
0.2

0.3
0.5
0.1
0.0
0.2
0.0
0.3
0.3
0.0
0.0
0.3
0.1
0.0
0.0
0.6
0.3
0.4
0.0
0.0
0.1
0.7
0.1
0.1
0.2
0.5

0.2
1.9
0.3
0.0
0.2
0.0
0.4
0.1
0.0
0.9
0.6
0.0
0.0
0.0
1.6
0.4
0.4
0.0
0.0
0.3
0.7
0.2
0.3
0.2
0.2

0.6
0.7
0.2
0.0
0.1
0.0
0.4
0.0
0.0
0.5
0.4
0.0
0.1
0.1
0.5
0.3
0.1
0.0
0.0
0.1
0.4
0.1
0.2
0.1
0.3

0.3
0.1
0.1
0.0
0.2
0.0
0.6
0.1
0.0
0.2
0.4
0.0
0.1
0.0
0.2
0.3
0.2
0.0
0.0
0.1
0.3
0.1
0.1
0.2
0.0

0.2
0.9
0.1
0.0
0.2
0.0
0.4
0.2
0.0
0.4
0.4
0.0
0.1
0.1
0.6
0.3
0.2
0.1
0.0
0.2
0.5
0.2
0.2
0.2
0.3

Abbreviation: N/A = not applicable, not a reportable condition.
* Annual incidence rates per 100,000 population were calculated by state using U.S. Census Bureau estimates from July 1 of each year. U.S. Census Bureau Intercensal
Estimates (2000–2010) were used to calculate 2008 and 2009 incidence and Vintage 2015 was used to calculate 2010–2015 incidence.
† State surveillance categories were determined using three classifications: high incidence, neighboring, and low incidence. States with an average annual incidence
≥10 confirmed Lyme disease cases per 100,000 population were classified as high incidence, states sharing a border with those states or located between states
with high incidence were classified as neighboring, and all other states were classified as low incidence.
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FIGURE 2. Average annual number of confirmed Lyme disease cases, by county of residence* — United States, 2008–2015†

High incidence
Neighboring
Low incidence

* Each dot represents one confirmed case according to county of the patient’s residence.
† State surveillance categories were determined using three classifications: high incidence, neighboring, and low incidence. States with an average annual incidence
≥10 confirmed Lyme disease cases per 100,000 population were classified as high incidence, states that share a border with those states or are located between
states with high incidence were classified as neighboring, and all other states were classified as low incidence.

compared with states with high incidence (14,823; 12.2%).
The proportion of case records with indication of carditis was
consistent among all state surveillance categories.

Differences Among Demographic Groups
Among different clinical manifestations, distribution of
confirmed cases varied with respect to patient age but appeared
similar among patients in older age groups (>44 years) (Figure 5).
Age distributions among patients with erythema migrans and
arthritis were bimodal. In contrast, age distributions among
patients with carditis and neurologic manifestations were more
uniform but still peaked among patients aged 50–55 years
(Figure 5). Carditis disproportionately affected patients
aged 20–40 years. Although erythema migrans was the most
commonly reported clinical sign among all age groups, it was
least frequently reported among patients aged 10–14 years
6
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(5,143; 60.6%), whereas across all age groups, arthritis was
most common among patients aged 10–14 years (2,992;
35.2%). The proportion of male patients with erythema
migrans was consistent with the overall sex distribution
(50,464; 56.0%); however, among those with carditis, 70.3%
(1,279) were male. In addition, black patients comprised a
larger proportion of reported cases with carditis (27; 2.3%)
when compared with the overall frequency of black patients
in the data set (Table 3).

Differences in Seasonality
The spring and summer seasonal peak of illness onset among
confirmed cases was consistent across clinical manifestations
(Figure 6). Erythema migrans was the most commonly
reported clinical sign among patients with illness onset during
April–November, followed by arthritis (data not shown). Among
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FIGURE 3. Number* of reported Lyme disease cases, by week of illness onset† — United States, 2008–2015
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* N = 200,108.
† Week of illness onset was calculated with each week beginning on Sunday. Week 1 of a year was the first week of the year that had at least 4 days in the calendar
year; therefore, weeks 1 and 53 sometimes contained days from the preceding or subsequent year.

patients with illness onset during the coldest months (December–
March), arthritis was the most common clinical sign.

Discussion
This report updates available information on the
epidemiology of reported Lyme disease cases. For many states
with high incidence, the number of case reports appears
to have stabilized or declined recently. The decrease in
reported cases among many states with high incidence could
be attributable to several different factors, including actual
stabilization of disease incidence or an artifact from changes
in case verification practices designed to minimize the resource
demands of conducting Lyme disease surveillance. In contrast,
during 2008–2015 the number of cases reported from many
of the neighboring states increased. Geographic expansion
of areas with substantial occurrence of human Lyme disease

is supported by a documented increase in the number of
counties in the United States with established I. scapularis tick
populations (13,14).
Although the overall demographic and clinical characteristics
among reported cases are similar to those detailed in previous
reports (7,15), this report reveals distinct differences in the
demographics associated with confirmed and probable cases
from states in all surveillance categories. Confirmed cases in
states with high incidence and neighboring states occurred
most commonly among males and with a modal age in young
children. In contrast, confirmed cases from states with low
incidence were associated with a substantially higher modal
age and occurred more commonly among females. Overall,
probable cases reflected an older patient population than that of
confirmed cases. Although probable cases from states with high
incidence still occurred more commonly among males, probable
cases from neighboring states and states with low incidence
occurred more commonly among females. Demographic
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TABLE 2. Demographic characteristics of patients with reported Lyme disease, by case classification and state surveillance category* —
United States, 2008–2015
Confirmed
Variable†
Sex
(% male)
Modal age
(yrs)
Median age
(yrs)

High
Low
incidence Neighboring incidence
57.2

58.3

47.1

8

6

51

44

39

41

Probable
Total
confirmed
57.1

Total

High
Low
incidence Neighboring incidence

Total
probable

56.2

47.9

41.0

55.5

8

56

52

36

44

46

39

41

High
Low
incidence Neighboring incidence
57.0

55.3

44.8

56

8

9

51

45

44

39

41

* State surveillance categories were determined using three classifications: high incidence, neighboring, and low incidence. States with an average annual incidence
≥10 confirmed Lyme disease cases per 100,000 population were classified as high incidence, states sharing a border with those states or located between states
with high incidence were classified as neighboring, and all other states were classified as low incidence.
† Sex: N = 269,973; age: N = 246,840.

differences among cases reported from states with high and
low incidence have been previously documented (16,17) and
might reflect lack of specificity of erythema migrans in locations
where southern tick-associated rash illness occurs (18) as well
as higher potential for false positive serologic results stemming
from lower positive predictive value of those tests in settings
with low incidence (19,20). Many confirmed cases in states with
low incidence likely reflect travel to states with high incidence
(16). In contrast, probable cases reported from neighboring
states and states with low incidence appear to reflect a different
patient population, thereby suggesting decreased specificity of
the probable case definition in those states.
Approximately 75% of all confirmed case reports that
included clinical data had indication of erythema migrans.
Infections with illness onset outside the peak season of
transmission (spring and summer) might sometimes be
considered a result of infection that was acquired during the
spring and summer months but did not clinically manifest
until months later. Arthritis, the most common disseminated
manifestation of Lyme disease, was the most common clinical
finding among patients with reported illness onset during the
coldest months in the temperate United States. Nevertheless,
erythema migrans was the most commonly reported sign of
infection among patients with illness onset not only in the
peak spring and summer months but for two thirds of the year
(April–November) (data not shown). This seasonal pattern
underscores that adult ticks that seek blood meal hosts during
the fall months have a proportional role in human illness and
that prevention messages should not be focused only during
the spring and summer season when nymphal ticks seek hosts.
The usefulness of Lyme disease surveillance differs across
jurisdictions. High numbers of possible Lyme disease cases that
require clinical follow-up have taxed public health resources
in states with high incidence to an unsustainable level (21).
Solutions vary, with some states investigating cases as resources
allow, which at times means curtailing surveillance activities.
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Other states have begun to employ statistical methodology to
estimate the number of cases each year. For example, several
counties in New York have implemented a system in which
20% of positive laboratory reports are sampled and investigated
to determine what proportion can be confirmed; these results
are extrapolated to the remaining unsampled laboratory reports
to arrive at an estimate of Lyme disease case counts in those
counties (22). Several states are considering adopting similar
methodologies to better manage public health surveillance for
Lyme disease (23). In line with historical case-based surveillance
systems, case estimates are not reported to CDC through
NNDSS, one of several factors that contribute to underreporting
of cases nationally. In areas where Lyme disease incidence has
remained high for years, expensive, ongoing surveillance does
not yield new information about the magnitude or geographic
distribution of the disease and potentially diverts limited public
health resources that might be spent on prevention. Taken
together, these points suggest the need for a paradigm shift in
states with high incidence that would minimize personnel and
resource costs while still maintaining awareness of the disease.
In contrast, public health surveillance in states where Lyme
disease is emerging can serve to increase knowledge of local
disease incidence and spread, which can in turn be used to target
educational measures for health care providers and the public.
To improve specificity of reported cases in areas with low
incidence and areas where Lyme disease is emerging, CSTE
voted to modify the Lyme disease surveillance case definition
effective in 2017 (24). Confirmation of infection acquired
in states outside those with high incidence now requires
laboratory evidence of infection. As Lyme disease emerges
in neighboring states, clinical suspicion of Lyme disease in
a patient should be based on local experience rather than
incidence cutoffs used for surveillance purposes.
Identification of effective methods to prevent Lyme disease
has proven challenging. Measures aimed at reducing tick
populations on residential properties have not proven effective in
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FIGURE 4. Number* of Lyme disease cases in states with high incidence (A), neighboring states (B), and states with low incidence (C), by age
group — United States, 2008–2015
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* Number of cases represented in each panel differs according to relative frequency of cases in each state surveillance category (A: high incidence, N = 233,750;
B: neighboring states, N = 8,500; C: low incidence, N = 4,590). States with an average annual incidence ≥10 confirmed Lyme disease cases per 100,000 population
were classified as high incidence, states that share a border with those states or are located between states with high incidence were classified as neighboring, and
all other states were classified as low incidence.
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FIGURE 5. Age distribution of patients with erythema migrans, neurologic manifestations, carditis, and arthritis*,† — United States, 2008–2015
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* N = 107,272.
† Age distribution among 90,760 patients with reported erythema migrans, 15,734 patients with reported neurologic manifestations, 1,825 patients with reported
carditis, and 37,636 patients with reported arthritis.

TABLE 3. Clinical manifestations of confirmed Lyme disease cases,
by patient sex and race — United States, 2008–2015

Characteristic

Arthritis

Erythema
migrans

Carditis

Neurologic
manifestations

No. (%)

No. (%)

No. (%)

No. (%)

Sex*
Male
20,800 (60.2) 50,464 (56.0) 1,279 (70.3)
Female
13,749 (39.8) 39,671 (44.0) 540 (29.7)
Race†
Native American/
209 (0.9)
226 (0.4)
9 (0.8)
Alaska Native
Asian/Pacific
340 (1.5)
645 (1.0)
15 (1.2)
Islander
Black
398 (1.7)
436 (0.7)
27 (2.3)
White
20,174 (86.6) 55,847 (90.2) 1,082 (90.0)
Other
2,175 (9.3)
4,754 (7.7)
69 (5.7)

9,044 (57.9)
6,589 (42.1)
52 (0.5)
137 (1.3)
174 (1.7)
9,491 (90.5)
634 (6.0)

* N = 125,006.
† N = 85,197.

decreasing the number of human Lyme disease infections (25).
Long recommended behavioral interventions, such as wearing
permethrin-treated clothing or using repellent containing DEET,
have not been adequate to control Lyme disease on a population
scale (26,27). In addition, adherence to recommendations
aimed at preventing Lyme disease has been poor, even in areas
of high risk (28,29). New approaches are needed to reduce the
incidence and spread of Lyme disease, including exploration of
a second-generation human vaccine (28).
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Limitations
Because systematic interpretation of Lyme disease
surveillance data has been and continues to be complicated
by several factors, this report is subject to at least three
limitations. First, recent estimates of underreporting to the
public health system suggest that the actual incidence in the
United States might be tenfold higher than final reported
cases (30–32). At the same time, Lyme disease is subject to
misdiagnosis (specifically false positive diagnosis), especially
in areas where the disease is rare and false positive test results
are more likely (32). Shifts in annual case counts in a state
might not reflect actual changes in disease incidence but might
often be linked to changes in surveillance practices within
that state or to competing public health priorities, such as the
H1N1 influenza epidemic or the 2014 Ebola outbreak in West
Africa, that tap limited public health personnel. Because of
the resources required to conduct Lyme disease surveillance,
many jurisdictions with high incidence have implemented
modifications to methods of case ascertainment and
verification. The resulting heterogeneous nature of surveillance
data limits interpretability over time and across jurisdictions.
Second, the classification of neighboring state used for this
report was based on administrative boundaries, and these
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FIGURE 6. Seasonality of erythema migrans, neurologic manifestations, carditis, and arthritis among confirmed cases of Lyme disease,* by
month of onset — United States, 2008–2015
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* N = 99,219.

states do not exhibit uniform risk for Lyme disease or patterns
of associated disease emergence. For example, although
Iowa, Illinois, Kentucky, and Tennessee are all classified as
neighboring states in this analysis, risk for Lyme disease is
clear in specific areas of Iowa and Illinois but negligible in
Kentucky and Tennessee, which have limited numbers of
infected host-seeking vector ticks. Furthermore, Lyme disease
is endemic in certain areas of the Pacific Coast that support
the enzootic cycle, and although risk is documented in those
areas, no states outside of the Northeast, mid-Atlantic, or
upper Midwest regions met the criteria for high incidence.
Finally, in many states with low incidence, cases likely reflect
travel of persons and acquisition of infection in states with
high incidence rather than local transmission (16).

Conclusion
This summary provides an updated description of the
epidemiology of Lyme disease in the United States. During
2008–2015, similar to previous periods, the number of Lyme
disease cases fluctuated from year to year; however, the total
number of reported cases remained above 30,000 each year,
making Lyme disease the most commonly reported vectorborne
disease in the country (12,33). Overall, regions with highest

risk for Lyme disease and populations in which most cases
occur remain similar to those previously described (7), although
expansion into neighboring states is evident. Reported cases
exhibited a bimodal age distribution and occurred more
commonly among males and during the early summer months
when the nymphal stage Ixodes spp. vector ticks are seeking
blood meal hosts in North America. Probable cases display
more uniform age and sex distributions than confirmed cases.
Unlike the predominance among males and a bimodal age
distribution apparent when looking at trends among all cases,
cases in states with low incidence are more common among
women aged 15–59 years.
Lyme disease surveillance is not meant to document every
case but rather to indicate disease trends over time, define highrisk groups, and describe the geographic distribution of the
condition. Lyme disease surveillance is challenging, and Lyme
disease continues to present a major public health problem in
multiple regions of the United States.
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The blacklegged tick, Ixodes scapularis Say, is the primary vector to humans in the eastern United
States of the Lyme disease spirochete Borrelia burgdorferi, as well as causative agents of
anaplasmosis and babesiosis. Its close relative in the far western United States, the western
blacklegged tick Ixodes pacificus Cooley and Kohls, is the primary vector to humans in that region
of the Lyme disease and anaplasmosis agents. Since 1991, when standardized surveillance and
reporting began, Lyme disease case counts have increased steadily in number and in geographical
distribution in the eastern United States. Similar trends have been observed for anaplasmosis and
babesiosis. To better understand the changing landscape of risk of human exposure to disease
agents transmitted by I. scapularis and I. pacificus, and to document changes in their recorded
distribution over the past two decades, we updated the distribution of these species from a map
published in 1998. The presence of I. scapularis has now been documented from 1,420 (45.7%) of
the 3,110 continental United States counties, as compared with 111 (3.6%) counties for I.
pacificus. Combined, these vectors of B. burgdorferi and other disease agents now have been
identified in a total of 1,531 (49.2%) counties spread across 43 states. This marks a 44.7% increase
in the number of counties that have recorded the presence of these ticks since the previous map
was presented in 1998, when 1,058 counties in 41 states reported the ticks to be present. Notably,
the number of counties in which I. scapularis is considered established (six or more individuals or
one or more life stages identified in a single year) has more than doubled since the previous
national distribution map was published nearly two decades ago. The majority of county status
changes occurred in the North-Central and Northeastern states, whereas the distribution in the
South remained fairly stable. Two previously distinct foci for I. scapularis in the Northeast and
North-Central states appear to be merging in the Ohio River Valley to form a single contiguous
focus. Here we document a shifting landscape of risk for human exposure to medically important
ticks and point to areas of re-emergence where enhanced vector surveillance and control may be
warranted.
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The blacklegged tick, Ixodes scapularis Say, is the primary vector to humans in the eastern
United States of the Lyme disease spirochete Borrelia burgdorferi, as well as the relapsing
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fever spirochete, Borrelia miyamotoi; causative agents of anaplasmosis (Anaplasma
phagocytophilum) and babesiosis (Babesia microti); and Powassan encephalitis virus
(Piesman and Eisen 2008, Ebel 2010, Krause et al. 2015). Its close relative in the far western
United States, the western blacklegged tick Ixodes pacificus Cooley and Kohls, is the
primary vector to humans in that region of Lyme disease and anaplasmosis agents, as well as
relapsing fever spirochetes (B. miyamotoi; Lane et al. 1994, Teglas and Foley 2006, Krause
et al. 2015). Lyme disease is the most commonly reported vector-borne disease in the United
States. It is a geographically focal illness, with the majority of cases reported from the
Northeastern and North-Central states and discrete areas of risk in the Pacific Coast states
(Mead 2015). Since 1991, when standardized surveillance and reporting began, Lyme
disease case counts have increased steadily from roughly 10,000 cases in 1991 to more than
30,000 cases in 2008 and subsequent years (Bacon et al. 2008, Mead 2015); the true burden
of disease is estimated to be roughly 10-fold greater (Hinckley et al. 2014, Nelson et al.
2015). In addition to the increase in case counts over time, the geographical foci of highincidence counties have expanded both in the North-Central and in the Northeastern United
States (Kugeler et al. 2015).
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Rising case counts and geographical expansion of Lyme disease endemic areas have been
attributed to range expansion of I. scapularis in the eastern United States (Bacon et al. 2008,
Rydzewski et al. 2012, Lee et al. 2013, Brinkerhoff et al. 2014, Robinson et al. 2014, Wang
et al. 2014, Khatchikian et al. 2015, Kugeler et al. 2015, Stone et al. 2015). However,
because of a lack of systematic surveillance of I. scapularis and I. pacificus, national trends
in the geographic distribution of these medically important ticks are difficult to document.
To better understand the changing landscape of risk of human exposure to I. scapularis and I.
pacificus in the United States, and to document changes in their distribution over the past
two decades, we updated the reported distribution of these species from the map previously
published by Dennis et al. (1998).

Materials and Methods
County Status Definitions
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The definitions used to classify I. scapularis or I. pacificus as “established” or “reported” in
a county follow Dennis et al. (1998). Counties were classified as established if at least six
individual ticks or at least two of the three host-seeking life stages had been identified in a
single collection period. Here, a single collection period is defined as a single year. Counties
were classified as reported if they failed to meet the criteria for established but if at least one
tick of any life stage had been identified at any time in that county, or if county records did
not specify the number of ticks or life stages collected. Lack of tick records from a county—
“no records”—does not imply that ticks are absent from that county, only that records of
ticks having been collected in the county are lacking.
The county status (i.e., established, reported, or no records) given by Dennis et al. (1998)
was used as the basis for our updated county status. If a county was classified as established
by Dennis et al. (1998), it remained established in the updated classification regardless of
whether more recent tick records were available. A county classified as reported by Dennis
et al. (1998) retained this status in the updated classification, unless more recent collection
J Med Entomol. Author manuscript; available in PMC 2017 March 01.
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records changed the county’s classification from reported to established. Herein, the term
county refers to counties and county equivalents corresponding with five-digit Federal
Information Processing Standard (FIPS) coding.
Data Sources
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Six independent literature searches were conducted using Scopus and PubMed databases
with the following key words “Ixodes scapularis,” “Ixodes pacificus,” and “tick” to identify
relevant articles and abstracts published from 1996 through 25 August 2015. We also
conducted a search to ensure that papers using the junior synonym “Ixodes dammini” rather
than Ixodes scapularis were included. All reports that explicitly presented county-specific
tick data were included in our database. In addition, we visited individual state health
department Web sites to identify county-level tick surveillance data, and contacted public
health officials, acarologists, and Lyme disease investigators throughout the United States to
assess county-level tick collection data.
GIS Mapping
Our final database containing state, county, county FIPS code, county status as per Dennis et
al. (1998), and the updated county status was joined based on FIPS codes to a continental
United States county map using ArcMap 10.3 (ESRI, Redlands, CA).

Results
Counties With Recorded Presence of I. scapularis or I. pacificus
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Our updated county status records show that I. scapularis now has been collected from 37
states, from the eastern seaboard to the eastern edge of the Great Plains, and I. pacificus
from six western states (Tables 1–3; Fig. 1). No single state has records of both tick species,
and five states in the Rocky Mountain region lack records for either I. scapularis or I.
pacificus: Colorado, Idaho, Montana, New Mexico, and Wyoming. The presence of I.
scapularis has now been documented from 1,420 (45.7%) of the 3,110 continental United
States counties, as compared with 111 (3.6%) counties for I. pacificus. Combined, these
primary vectors of B. burgdorferi and other tick-borne disease agents now have been
identified in a total of 1,531 (49.2%) counties spread across 43 states. This marks a 44.7%
increase in the number of counties that have recorded the presence of these ticks since the
survey conducted by Dennis et al. (1998), when 1,058 counties in 41 states reported the ticks
to be present. Nebraska and North Dakota are the two states where I. scapularis was
recorded only after the Dennis et al. (1998) survey.
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Counties Where I. scapularis Is Classified as Established or Reported

Ixodes scapularis now is classified as established in 842 counties (27.1% of counties in the
continental United States) distributed across 35 states (Tables 1–3; Fig. 1). This more than
doubles the number of counties in which the tick is classified as established since the
previous survey by Dennis et al. (1998), when it was considered established in 396 counties
(12.7% of counties in the continental United States) spanning 32 states (Tables 1–2; Fig. 1–
2). In total, 446 counties were updated from either no records (n = 262) or reported (n = 184)
to established, and 208 counties were updated from no records to reported (Table 2; Fig. 2).
J Med Entomol. Author manuscript; available in PMC 2017 March 01.
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Counties with I. scapularis classified as established were added for three states: Kentucky,
North Dakota, and Ohio.
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The data presented here suggest that I. scapularis over the past two decades has expanded
from its northeastern focus northward into upstate New York, Vermont, New Hampshire, and
northern Maine; westward across Pennsylvania, eastern Ohio, and New York; and south- and
southwestward into West Virginia, Virginia, and North Carolina (Fig. 2). A similar
geographic expansion for I. scapularis appears to have occurred from the long-established
focus in the North-Central states, with notable spread of counties where the tick is now
classified as established in all four cardinal directions (Fig. 2). The two previously distinct
foci in the Northeast and North-Central states appear to be merging in the Ohio River Valley
to form a single contiguous focus. In striking contrast to the Northeast and North-Central
states, in the far South and South- Central states, counties where I. scapularis is classified as
established have remained relatively stable since the survey by Dennis et al. (1998) (Figs. 1–
2).

Ixodes scapularis is now classified as reported in 578 counties (18.6% of counties in the
continental United States) distributed across 30 states (Table 1; Fig. 1). Counties classified
as reported for I. scapularis generally clustered around counties classified as established for
this tick. The overall ratio of counties in which I. scapularis is classified as established
versus reported (established:reported) was 1.41:1 in this study, as compared with 0.71:1 in
the previous Dennis et al. (1998) survey.
Counties Where I. pacificus Is Classified as Established or Reported
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Ixodes pacificus is now classified as established in 95 counties, and as reported in 16
additional counties, spanning 6 states (Tables 1, 3; Fig. 1). The majority of these counties are
in the Pacific Coast states of California, Oregon, and Washington. Our new data mark a very
modest increase in the number of western counties in which I. pacificus is classified as
established since the survey by Dennis et al. (1998), when the tick was listed as established
in 90 counties; the number of counties with reported status remained stable. In total, five
counties were updated from either no records (n = 1) or reported (n = 4) to established and
four counties were updated from no records to reported (Table 3; Fig. 2). All county status
changes occurred in Washington, Oregon, or Utah (Tables 1, 3; Figs. 1–2). The overall ratio
of counties in which I. pacificus is classified as established versus reported was 5.94:1 in this
study, compared with 5.6:1 (Dennis et al. 1998).

Discussion
Author Manuscript

Data on the current geographic distributions of medically important tick vectors, such as I.
scapularis and I. pacificus, provide information complementary to epidemiological data on
geographic disease case occurrence to inform the medical community and the public of
where risk for exposure to tick-borne disease agents may occur. The lack of routine
systematic surveillance across the continental United States of ticks of public health
importance hampers our ability to define their current geographic distributions and to
monitor changes in their ranges and densities over time. Although we are able to report in
this paper where I. scapularis and I. pacificus are now known to be present at the county
J Med Entomol. Author manuscript; available in PMC 2017 March 01.
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level, our certainty in where the tick is absent is low, especially at the edges of their ranges
and in regions where they can be assumed to occur only at low densities. Range
contractions, if they occurred, were not quantified in this study because counties that were
previously considered established maintained that status here. Nonetheless, using survey
methods similar to those of Dennis et al. (1998), specifically, literature review and inclusion
of unpublished data from individual researchers and state public health departments, we
showed a substantial increase over the past nearly two decades in counties classified as
having I. scapularis present. Moreover, the number of counties in which I. scapularis is
considered established has more than doubled since the previous national distribution map
was published (Dennis et al. 1998). The majority of county status changes occurred in the
North, while the distribution in the South remained fairly stable. The North-Central focus for
I. scapularis in Minnesota and Wisconsin appears to have expanded in all cardinal directions,
and the Northeastern focus has spread inland from the Atlantic seaboard and expanded in
both northerly and southerly directions. As a result, the two previously distinct foci in the
North-Central and Northeastern United States have now converged in the Ohio River Valley
to form a single larger focus. In striking contrast to I. scapularis, increases in counties
reporting the presence of I. pacificus in the Far West were very modest.
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Population genetic analyses provide support for the theory that I. scapularis was once
established across the Northeastern and North-Central United States for thousands of years
and likely colonized the region following the recession of the Pleistocene ice sheet
(Humphrey et al. 2010). Thus, current trends may represent recolonization of the tick’s
historical range. Rapid deforestation and suppression of white-tailed deer during the late
1800s and early 1990s may have restricted I. scapularis to focal refugia (Spielman et al.
1985, Lee et al. 2013). Reforestation and increasing abundance of white-tailed deer, the
primary hosts of adult I. scapularis (Spielman et al. 1985), are considered to have
contributed to the dramatic expansion of the tick’s range over the past half century
(Spielman 1994).
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Our updated species distribution map shows a continued range expansion for I. scapularis,
particularly in northern states. Given the lack of systematic surveillance for I. scapularis, one
might ask if the range expansion suggested by our data is real or merely an artifact of
enhanced tick surveillance and research activities in some areas. A true range expansion of I.
scapularis in northern states, as described in this report, is supported by the largely
concordant changes in the distribution of human Lyme disease cases captured through
mandatory reporting of the disease since 1991 (Rand et al. 2007, Raizman et al. 2012, Lee et
al. 2013, Serra et al. 2013, Brinkerhoff et al. 2014, Robinson et al. 2014, Wang et al. 2014,
Kugeler et al. 2015, Mead 2015). Moreover, as detailed later in the text, true range
expansions of I. scapularis have been documented in some areas where tick surveillance was
conducted routinely during the period of emergence, or where extensive surveys were
conducted at discrete time-points spanning periods from when the tick was absent through
invasion and establishment.
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Within the North-Central United States, I. scapularis was first described in a focal area of
northwestern Wisconsin in the late 1960s (Jackson and DeFoliart 1970). State-wide surveys
of adult I. scapularis collected from hunter-killed deer in Wisconsin from 1981–1989
(French et al. 1992) revealed that the tick had become established in western, southern, and
focal parts of the north, but no evidence of the tick was found in other areas in the north or
southeastern reaches of Wisconsin. Subsequent surveys of hunter-killed deer documented
continued expansion into the north during the early 1990s (Riehle and Paskewitz 1996) and
eventual invasion of eastern Wisconsin by 2008–2009 (Lee et al. 2013). Ixodes scapularis
now appears to be present throughout most of the habitat that is predicted to be suitable for
the tick in the state of Wisconsin (Guerra et al. 2002, Diuk-Wasser et al. 2010).
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In neighboring Minnesota to the west, I. scapularis was classified as reported or established
primarily in counties bordering Wisconsin in the east-central portion of Minnesota in the
mid-1990s (Dennis et al. 1998). Opportunistic sampling during 1998–1999 revealed the
presence of I. scapularis in additional northern and central Minnesota counties (Sanders and
Guilfoile 2000), and new county records from the south-central portion of the state are
presented in this report. Paralleling this expansion of the tick’s known range in Minnesota,
Robinson et al. (2014) noted increases in both the numbers and geographical distributions of
I. scapularis-borne diseases in Minnesota from 1996 through 2011. The north-westerly
expansion appears to have continued into eastern North Dakota (Russart et al. 2014, Stone et
al. 2015), beyond or near the limit of habitat previously predicted to be suitable for I.
scapularis (Estrada-Pena 2002, Brownstein et al. 2003, Diuk-Wasser et al. 2010).
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Wisconsin likely served as a primary source for a southerly invasion of I. scapularis into
Illinois, specifically along the Rock River corridor (Cortinas and Kitron 2006). Surveys of
hunter-killed deer from Illinois conducted from 1988–1996 showed that infested deer were
restricted largely to northern counties (Cortinas et al. 2002). However, similar surveys
conducted from 1998 to 2003 showed expansion of the tick’s range to more southern
counties and noted that I. scapularis densities decreased along a northern to southern
gradient, suggesting that Illinois was first colonized in the northwestern and north-central
counties, where I. scapularis indeed was first discovered in the state in the late 1980s
(Bouseman et al. 1990, Cortinas and Kitron 2006). Populations of I. scapularis in the
extreme northeast along the Illinois River speculatively may have originated from
established populations in northwestern Indiana (Cortinas and Kitron 2006). In Indiana,
where I. scapularis was first collected from deer in northwestern counties in 1987 (Pinger
and Glancy 1989), densities of I. scapularis are greatest along the western border and
decrease eastward; expansion to eastern counties was observed between 2005 and 2007
(Pinger et al. 1996, Keefe 2008, Raizman et al. 2012).
Hamer et al. (2010) proposed that established I. scapularis populations in Indiana seeded
colonization of lower Michigan, where the tick was first discovered in southwestern lower
Michigan in 2002 (Foster 2004). Invasion of I. scapularis northward along the coast of Lake
Michigan was documented from 2004–2008; in 2004, ticks were collected only from the
southernmost of the sampled sites, whereas they were found in all sites by 2008. Tick
densities decreased from south to north, supporting a view that densities would be higher in
J Med Entomol. Author manuscript; available in PMC 2017 March 01.
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areas where the tick has been longer established. Notably, although inland transects were
also surveyed, no evidence of I. scapularis invasion was observed in these transects (Hamer
et al. 2010). Subsequently, I. scapularis has been reported also from inland counties in
southern Michigan (Table 2). Colonization of the Upper Peninsula of Michigan most likely
occurred via northern Wisconsin and preceded colonization of the Lower Peninsula by more
than a decade, as I. scapularis was discovered already in the 1980s in Menominee County in
the Upper Peninsula of Michigan (Strand et al. 1992, Walker et al. 1994).
The Northeast
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Similar to I. scapularis expansion in the North-Central focus, the tick’s range in the
northeastern focus appears to have expanded in all directions, except for eastward, where the
Atlantic Ocean prevents further spread. Since the survey by Dennis et al. (1998), I.
scapularis appears to have expanded northward in Maine, New Hampshire, and Vermont. In
Maine, analysis of public submission of ticks from 1989 to 2006 showed a northerly
expansion along the Atlantic coastline, followed by invasion inland along river corridors
(Rand et al. 2007). Ixodes scapularis is now considered established in all Maine counties. In
Vermont, drag sampling was conducted from June 2011 to June 2012 along a north-south
transect following the Connecticut River: densities of I. scapularis generally decreased from
south to north, with no ticks collected from the northernmost sites (Serra et al. 2013).
Expansion of the tick’s range in these New England states likely contributed, together with
increasing tick densities in already established areas, to a 5–10-fold increase in incidence of
reported Lyme disease cases in those states during the past decade (Mead 2015).
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Since the survey by Dennis et al. (1998), the number of New York counties where I.
scapularis is considered established has nearly doubled from 50.0 to 98.4%. At the time of
the previous report, the tick was established primarily in the southeastern and eastern
portions of the state and appears to have expanded in northerly and westerly directions. In
parallel with this observation, from 1990 to 2000, Lyme disease surveillance data revealed a
northward and westward expansion in the disease focus from a central cluster in the
southeastern portion of the state (i.e., Westchester County). Moreover, during the same
timeframe, the primary epidemiological focus shifted northward along the Hudson River
(Chen et al. 2005). Population genetic analysis of I. scapularis collected from a transect
along the Hudson River from 2004 to 2009 indicated recent rapid expansion of the tick’s
range, primarily in a northerly direction along the Hudson River (Khatchikian et al. 2015);
expansion appears to be the result of local migration of the ticks, via movements of mammal
hosts, but some long-distance migration, perhaps via infestation of birds, was detected.
Importantly, the DNA sequence analyses provide evidence for recent range expansion, as
opposed to recent detection of in situ populations.
Neighboring New York to the south, Pennsylvania also experienced a recent westward
expansion of I. scapularis. In 2003, Lyme disease cases were reported primarily from eastern
counties in Pennsylvania. By 2013, human Lyme disease case counts increased markedly in
western counties, with cases reported throughout the state (Mead 2015). This mirrors data
for range expansion of I. scapularis in Pennsylvania. No I. scapularis were collected during a
statewide survey from 1963 to 1967 (Snetsinger 1968), whereas the tick was recorded from
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49 of 67 counties by the late 1990s (Dennis et al. 1998). A statewide survey conducted
during 2012–2014 (Hutchinson et al. 2015) revealed that the tick now is established in all 67
counties. It is likely that the east-to-west tick expansion across Pennsylvania continued into
neighboring Ohio to the west, where active tick surveillance was conducted from 1983 to
2012. Surveillance data showed a dramatic increase in I. scapularis abundance beginning in
2009. Arguing against increasing tick surveillance as a primary source for the observed
range expansion in Ohio, the spread of the tick was observed when Ohio’s tick surveillance
programs were being considered for termination and their budgets were dwindling (Wang et
al. 2014). Currently, the I. scapularis range in Ohio is largely consistent with the range of
deciduous forest in the state. As a result of the westward expansion of the previous
northeastern focus and the eastward expansion of the previous North-Central focus, the
distribution of I. scapularis now appears to be continuous across northern states with
convergence of the two previously distinct foci in the Ohio River Valley.
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The West Virginia, Virginia, and North Carolina Area
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Ixodes scapularis has also expanded its range in West Virginia, where only 4 counties
reported the tick previously (Dennis et al. 1998) and now 43 counties are classified as either
reported (n = 20) or established (n = 23). Review of Lyme disease and I. scapularis
surveillance reports (see references in Table 2) suggests that the tick is expanding westward
across the state, with highly Lyme disease endemic counties still focused in the eastern
panhandle. Similarly, in Virginia, I. scapularis was considered established primarily in
eastern coastal counties previously (Dennis et al. 1998), but the current survey shows the
tick to now be established throughout most of Virginia, with the highest densities of openly
host-seeking ticks occurring in higher elevation sites (Brinkerhoff et al. 2014, Kelly et al.
2014). The spread of openly host-seeking I. scapularis appears to have proceeded in a
southwesterly direction in Virginia, concordant with the expanding geographic distribution
of Lyme disease cases and increasing incidence in Virginia (Brinkerhoff et al. 2014, Lantos
et al. 2015). Comparison of the previous and current distributions of I. scapularis in North
Carolina also suggests an inland incursion of the tick (Fig. 1). One important caveat to these
findings for West Virginia, Virginia, and North Carolina is that the observed spread of I.
scapularis may have resulted from southerly spread of I. scapularis from states to the north
where this tick is more prone, as compared with southern populations, to seek hosts openly
from vegetation (Arsnoe et al. 2015) and therefore is more readily contacted by tick
dragging or flagging (Diuk-Wasser et al. 2006), or by humans and their pets (Stromdahl and
Hickling 2012). Stated differently, this may be an invasion of more easily surveyed northern
populations of I. scapularis rather than invasion at the species level in areas where more
cryptic southern populations already may have been present but had not been recognized.
Regardless, the end result is range expansion of I. scapularis populations that commonly
contact and bite humans in West Virginia, Virginia, and North Carolina.
The Allegheny Mountains to Mississippi Valley Area
The authors (Dennis et al. 1998) of the previous survey were intrigued with the lack of I.
scapularis records, despite collection efforts, from the Allegheny Mountains to the
Mississippi Valley (an area spanning western Pennsylvania southeastward across Kentucky
and Tennessee), because of the tick’s large geographical coverage in the eastern United
J Med Entomol. Author manuscript; available in PMC 2017 March 01.
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States spanning variable climates and forested habitat types. Habitat suitability modeling
suggested that the area ranged from low (Brownstein et al. 2003, Diuk-Wasser et al. 2010) to
moderately suitable (Estrada-Pena 2002). Our revised distribution map shows the tick to
now be established in this region, attesting to its climate and habitat suitability for I.
scapularis. Several studies have documented a trend in which the tick expands along riparian
corridors (Cortinas et al. 2002, Cortinas and Kitron 2006, Rand et al. 2007, Hamer et al.
2010, Serra et al. 2013, Kelly et al. 2014, Khatchikian et al. 2015). This provides a
hypothesis for how the area from the Allegheny Mountains to the Mississippi Valley could
have been or is currently being invaded from areas to the north and east with already
established tick populations, first along distinct dispersal corridors followed by more diffuse
short-range tick dispersal to suitable habitats across the landscape.
The Southeast
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In contrast to the observed concordance between the reported distributions of I. scapularis
and human Lyme disease in the North-Central, Northeastern, and Mid-Atlantic States, a
wide distribution of this tick vector in the Southeast is not similarly associated with
widespread Lyme disease case occurrence (Mead 2015). Lack of concordance in the
Southeast could arise for several reasons. First, our map displays a coarse, county-scale
representation of where the tick is classified as reported or established. The advantage of the
county-scale representation is that it matches the spatial scale at which epidemiological
surveillance data are presented. However, in some instances, the vector tick may be
established only in limited areas of a particular county, putting very few humans at risk for
exposure to tick bites (Eisen and Eisen 2007, Eisen and Eisen 2008). Second, while the
presence of at least one tick vector species is a prerequisite for sustaining enzootic
transmission of B. burgdorferi, density of B. burgdorferi-infected host-seeking nymphs of a
species that commonly bite humans is a better surrogate for human risk of exposure to Lyme
disease spirochetes compared with tick presence data alone. At coarse spatial scales such as
states or regions of the United States, density of infected I. scapularis nymphs is
significantly and positively associated with Lyme disease incidence (Mather et al. 1996,
Stafford et al. 1998, Pepin et al. 2012).
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A recent systematic field survey of I. scapularis revealed that both the density of hostseeking I. scapularis nymphs and their rate of infection with B. burgdorferi generally were
greater in the northern compared with southern states (Diuk-Wasser et al. 2012). This is in
agreement with field studies indicating that I. scapularis larvae feed primarily on whitefooted mice, Peromyscus leucopus Rafinesque, and other small, highly reservoir-competent
mammals in the northeast (Spielman et al. 1985, Giardina et al. 2000), whereas they feed
frequently on lizards of, at best, low reservoir-competence for B. burgdorferi in the southeast
(Apperson et al. 1993). Moreover, the tick’s host-seeking behavior differs between northern
and southern states, such that collection of I. scapularis nymphs by drag sampling (DiukWasser et al. 2006) or from humans (Stromdahl and Hickling 2012) is rare in the south but
commonplace in the north. Variable contact rates between humans and nymphal ticks
resulting from regional differences in host-seeking behavior could, in large part, explain
regional differences in Lyme disease incidence between the northern and southern parts of
the eastern United States (Diuk-Wasser et al. 2012, Stromdahl and Hickling 2012, Kelly et
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al. 2014, Arsnoe et al. 2015). A recent experimental field study showed differences in hostseeking behavior between I. scapularis of northern versus southern origin, such that ticks of
northern origin were more likely to ascend vegetation while questing for a host, regardless of
whether field release arenas were located in the north or south, suggesting that host-seeking
behavior is strongly determined by genetics and to a lesser extent by environmental
conditions (Arsnoe et al. 2015). Indeed, population genetic studies show two distinct clades,
with the southern clade restricted to the south and the so-called American clade predominant
in the north (Norris et al. 1996, Qiu et al. 2002, Humphrey et al. 2010, Van Zee et al. 2013,
Sakamoto et al. 2014).
The Far-Western States

Author Manuscript
Author Manuscript

The recorded county-level distribution of I. pacificus has changed very little since the
previous survey (Dennis et al. 1998). The tick is established primarily in coastal states along
the Pacific Ocean (Washington, Oregon, and California), but also can occur locally in
especially cool or moist settings in more arid inland states (Arizona, Nevada, and Utah). In
contrast to I. scapularis, few studies have sought to define the environmental variables that
define the distribution of I. pacificus (Eisen et al. 2006b). Owing in part to sizeable western
counties commonly encompassing vast ecological diversity, often with only a portion of a
given county presenting risk for human exposure to I. pacificus, there is a lack of
concordance between the vector’s range as defined at the county level and the incidence of
Lyme disease. For example, in California, although the tick is established in all but three
counties, Lyme disease incidence is highest in north-coastal counties (Eisen et al. 2006b).
Although B. burgdorferi- infected host-seeking nymphs may be established in limited
regions of counties, few humans may be exposed (Eisen et al. 2006b). In addition, densities
of host-seeking I. pacificus appear to be much lower in southern (Lane et al. 2013) compared
with northern California (Eisen et al. 2006a). Likewise, infection rates with B. burgdorferi
also appear to be lower in host-seeking nymphs from southern compared with northern
California (Eisen et al. 2010, Lane et al. 2013).
Future Research Needs
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The data presented and discussed here provide strong support for systematic sampling to
assess the density of host-seeking I. scapularis, and the density of nymphs infected with B.
burgdorferi and other I. scapularis-borne human pathogens, in strategic areas where the tick
can be expected to invade or increase dramatically in numbers in the near future. We also
recognize needs for: 1) improved regional habitat suitability models to better define the
likely extent for continued expansion of I. scapularis; 2) population genetic studies aimed at
identifying changes in the geographic range of the American clade of I. scapularis,
especially in areas previously dominated by the southern clade such as Virginia, and North
Carolina where American clade invasion likely results in increased human tick bites; and 3)
longitudinal studies aimed at identifying how the convergence of the North-Central and
Northeastern tick foci may result in changes in B. burgdorferi genotypes (Pepin et al. 2012),
particularly those most likely to cause disease in humans, in the convergence area itself as
well as across the North-Central and Northeast states.
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Fig. 1.

Distribution by county of recorded presence of I. scapularis and I. pacificus in the
continental United States (a) 1907–1996 (from Dennis et al. 1998), (b) 1907–2015. Counties
classified as established (red or green) for a given tick species had at least six ticks or two
life stages recorded within a single calendar year. Counties with fewer ticks of a single life
stage were classified as reported (blue or yellow) for the tick species. Counties shown in
white indicate“no records.”
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Fig. 2.

Author Manuscript

Changes in county status for I. scapularis and I. pacificus from December 1996 (Dennis et
al. 1998) to August 2015 (our data). Black or gray color indicates that county status already
was established (black) or reported (gray) for I. scapularis or I. pacificus by Dennis et al.
(1998) and considered to be the same in this study. Red or orange color indicates that the
status of a county changed from no records to established (red) or from reported to
established (orange). Green color indicates that the status of a county changed from no
records to reported.
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Number (%) of continental United States counties in which I. scapularis or I. pacificus were classified as
reported or established, by December 1996 (from Dennis et al. 1998) and August 2015
Species/State

No. (%) counties with
reported status

No. (%) counties with
established status

By 1996

By 2015

By 1996

By 2015

I. scapularis

556 (17.8)

578 (18.6)

396 (12.7)

842 (27.1)

Alabama

20 (29.9)

21 (31.3)

25 (37.3)

25 (37.3)

Arkansas

37 (49.3)

25 (33.3)

9 (12.0)

27 (36.0)

0 (0)

0 (0)

8 (100)

8 (100)

Connecticut
Delaware

Author Manuscript

0 (0)

0 (0)

3 (100)

3 (100)

Florida

22 (32.8)

15 (22.4)

35 (52.2)

52 (77.6)

Georgia

31 (19.5)

35 (22.0)

23 (14.5)

35 (22.0)

Illinois

47 (46.1)

29 (28.4)

4 (3.9)

35 (34.3)

Indiana

25 (27.2)

37 (40.2)

8 (8.7)

29 (31.5)

Iowa

17 (17.2)

25 (25.3)

7 (7.1)

14 (14.1)

Kansas

Author Manuscript

14 (13.3)

14 (13.3)

1 (1.0)

1 (1.0)

Kentucky

2 (1.7)

4 (3.3)

0 (0)

14 (11.7)

Louisiana

12 (18.8)

23 (36.0)

12 (18.8)

12 (18.8)

Maine

3 (18.8)

0 (0)

13 (81.3)

16 (100)

Maryland

2 (8.3)

2 (8.7)

21 (87.5)

21 (91.3)

Massachusetts

3 (21.4)

0 (0)

9 (64.3)

14 (100)

Michigan

22 (26.5)

16 (19.3)

5 (6.0)

24 (28.9)

Minnesota

12 (13.8)

3 (3.5)

9 (10.3)

45 (51.7)

Mississippi

72 (87.8)

71 (86.6)

10 (12.2)

11 (13.4)

8 (7.0)

8 (7.0)

21 (18.3)

23 (20.0)

Missouri
Nebraska
New Hampshire

0 (0)

3 (3.2)

0 (0)

0 (0)

5 (50.0)

1 (10.0)

5 (50.0)

9 (90.0)

New Jersey

0 (0)

0 (0)

21 (100)

21 (100)

New York

20 (32.3)

1 (1.6)

31 (50.0)

61 (98.4)

North Carolina

23 (23.0)

16 (16.0)

7 (7)

43 (43.0)

North Dakota

0 (0)

3 (5.7)

0 (0)

5 (9.4)

Ohio

Author Manuscript

5 (5.7)

31 (35.6)

0 (0)

33 (37.5)

Oklahoma

36 (46.8)

36 (46.8)

3 (4.0)

3 (4.0)

Pennsylvania

26 (38.8)

0 (0)

23 (34.3)

67 (100)

Rhode Island

0 (0)

0 (0)

5 (100)

5 (100)

South Carolina

14 (30.4)

19 (41.3)

13 (28.3)

14 (30.4)

South Dakota

2 (3.0)

2 (3.0)

2 (3.0)

0 (0)

Tennessee

6 (6.3)

27 (28.4)

1 (1.1)

16 (16.8)

Texas

39 (15.4)

45 (17.7)

24 (9.5)

26 (10.2)

Vermont

6 (43.0)

2 (14.3)

1 (7.1)

11 (78.6)

Virginia

4 (3.0)

29 (21.6)

8 (6.0)

43 (32.1)
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No. (%) counties with
reported status

No. (%) counties with
established status
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By 1996

By 2015

By 1996

By 2015

2 (3.6)

20 (36.4)

2 (3.6)

23 (41.8)

Wisconsin

16 (22.2)

15 (20.8)

29 (40.3)

51 (70.8)

I. pacificus

16 (0.5)

16 (0.5)

90 (2.9)

95 (3.1)

West Virginia

Arizona

1 (6.7)

1 (6.7)

0 (0)

0 (0)

California

1 (1.72)

1 (1.72)

55 (94.8)

55 (94.8)

Nevada

2 (11.8)

2 (11.8)

0 (0)

0 (0)

Oregon

4 (11.1)

4 (11.1)

18 (50.0)

18 (50.0)

Utah

4 (13.8)

3 (10.3)

4 (13.8)

4 (13.8)

Washington

5 (12.8)

6 (15.3)

12 (30.8)

16 (41.3)
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Established

Established

Established

Established

Established

Reported

Established

Established

Reported

Reported

Reported

Established

Established

Established

Established

Reported

Reported

Established

Established

Established

Reported

Established

Established

Reported

Established

Bibb

Bullock

Butler

Chambers

Chilton

Choctaw

Clarke

Clay

Cleburne

Coffee

Colbert

Conecuh

Coosa

Covington

Crenshaw

Dale

Elmore

Escambia

Franklin

Geneva

Hale

Henry

Houston

Jackson

Reported

Baldwin

Barbour

Established

Status by August 2015a

Autauga

Alabama

State and county

N-R

Status change from
Dennis et al. (1998)b

http://vectormap.nhm.ku.edu/vectormap/

Source for change of status
from Dennis et al. (1998) survey

Status for I. scapularis by continental United States county. Fields left blank indicate that status was inherited from Dennis et al. (1998)
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Established
Reported
Established
Reported
Reported
Established
Reported
Reported
Reported
Established

Randolph
Russell
Sumter
Talladega
Tallapoosa
Tuscaloosa
Washington
Wilcox
Winston

Established
Established
Established
Established
Reported
Reported
Established
Established
Reported
Reported
Established

Ashley
Baxter
Benton
Boone
Calhoun
Carroll
Clark
Cleburne
Columbia
Conway
Crawford

Arkansas

Reported

Pickens

Reported

Marengo

Montgomery

Reported

Madison

Established

Reported

Lowndes

Established

Established

Lee

Monroe

Reported

Lawrence

Mobile

Reported

Jefferson

Author Manuscript

Author Manuscript
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R-E

N-E

N-E

R-E

R-E

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

(Trout and Steelman 2010)

(Trout and Steelman 2010)

(Trout and Steelman 2010)

(Trout and Steelman 2010)

(Trout and Steelman 2010)

Source for change of status
from Dennis et al. (1998) survey

Author Manuscript
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Reported
Reported
Reported
Reported
Reported
Established
Reported
Reported
Established
Established
Reported
Reported
Reported
Reported
Reported
Reported
Established
Established
Established
Established
Reported
Reported
Established

Izard
Jefferson
Johnson
Lafayette
Lawrence
Lincoln
Logan
Madison
Marion
Montgomery
Nevada
Newton
Ouachita
Perry
Pike
Poinsett
Polk
Pope
Prairie
Pulaski
Randolph
Saline

Established

Garland

Howard

Established

Fulton

Established

Established

Franklin

Established

Established

Faulkner

Hempstead

Reported

Drew

Grant

Reported

Dallas
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Author Manuscript
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N-E

R-E

R-E

N-E

R-E

R-E

N-E

R-E

R-E

R-E

N-E

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

(Trout and Steelman 2010)

(Trout and Steelman 2010)

(Trout and Steelman 2010)

(Trout and Steelman 2010)

(McAllister et al. 2013)

(Trout and Steelman 2010)

(Trout and Steelman 2010)

(Trout and Steelman 2010)

(Trout and Steelman 2010)

(Trout and Steelman 2010)

(Trout and Steelman 2010)

Source for change of status
from Dennis et al. (1998) survey

Author Manuscript
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Reported

Established
Established
Established
Established
Established
Established
Established

Hartford
Litchfield
Middlesex
New Haven
New London
Tolland
Windham

Author Manuscript

Author Manuscript
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Established
Established

New Castle
Sussex

Established
Established
Established
Reported
Established

Alachua
Baker
Bay
Bradford
Brevard

Florida

District of Columbia Established

Established

Kent

Delaware

Established

Fairfield

Connecticut

Established

Yell

Established

Stone

Washington

Reported

Sharp

Reported

Established

Sevier

Established

Established

Sebastian

Van Buren

Established

Searcy

Union

Reported

Scott

N-E

N-E

R-E

R-E

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

J. Corn/SCWDS, unpublished; J. Mertins/NVSL,
unpublished

T. L. Johnson, unpublished

(Trout and Steelman 2010, McAllister et al. 2013)

(Trout and Steelman 2010)

Source for change of status
from Dennis et al. (1998) survey

Author Manuscript

State and county
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Established
Established
Reported
Established
Established
Established
Established
Reported
Established
Established
Established
Reported
Established
Established
Established
Established
Reported
Established
Established

Dixie
Duval
Escambia
Flagler
Franklin
Gadsden
Gilchrist
Glades
Gulf
Hamilton
Hardee
Hendry
Hernando
Highlands
Hillsborough
Holmes
Indian River
Jackson

Established

Clay

DeSoto

Reported

Citrus

Established

Reported

Charlotte

Established

Established

Calhoun

Columbia

Reported

Broward

Collier

Reported

Brevard

Author Manuscript

Author Manuscript
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N-R

R-E

R-E

R-E

R-E

N-R

N-E

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

C. Lord, unpublished

J. Corn/SCWDS, unpublished; J. Mertins/NVSL,
unpublished

J. Corn/SCWDS, unpublished; J. Mertins/NVSL,
unpublished

J. Corn/SCWDS, unpublished; J. Mertins/NVSL,
unpublished

J. Corn/SCWDS, unpublished; J. Mertins/NVSL,
unpublished

J. Corn/SCWDS, unpublished; J. Mertins/NVSL,
unpublished

K. Sayler, unpublished

J. Corn/SCWDS, unpublished; J. Mertins/NVSL,
unpublished

Source for change of status
from Dennis et al. (1998) survey
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State and county
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Established
Established
Reported
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Reported
Established
Established
Established
Established
Established
Established

Manatee
Marion
Martin
Miami-Dade
Monroe
Nassau
Okaloosa
Okeechobee
Orange
Osceola
Palm Beach
Pasco
Pinellas
Polk
Putnam
Santa Rosa
Sarasota
Seminole

Established

Leon

Madison

Established

Lee

Liberty

Established

Lake

Established

Established

Lafayette

Levy

Established

Jefferson

Author Manuscript

Author Manuscript
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R-E

R-E

R-E

N-E

N-E

R-E

N-E

R-E

R-E

R-E

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

J. Corn/SCWDS, unpublished; J. Mertins/NVSL,
unpublished

J. Corn/SCWDS, unpublished; J. Mertins/NVSL,
unpublished

J. Corn/SCWDS, unpublished; J. Mertins/NVSL,
unpublished

J. Corn/SCWDS, unpublished; J. Mertins/NVSL,
unpublished

Wisely, Cleveland, Satterlee, and Lord,
unpublished

J. Corn/SCWDS, unpublished; J. Mertins/NVSL,
unpublished

K. Sayler, unpublished

K. Sayler, unpublished

J. Corn/SCWDS, unpublished; J. Mertins/NVSL,
unpublished

J. Corn/SCWDS, unpublished; J. Mertins/NVSL,
unpublished
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Author Manuscript

State and county
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Reported

Reported
Reported
Reported
Reported
Reported
Reported
Established
Established
Reported
Reported
Established
Established
Reported
Reported
Established
Established
Established
Reported
Reported

Appling
Atkinson
Bacon
Baker
Baldwin
Bibb
Bleckley
Brantley
Brooks
Bryan
Bulloch
Burke
Calhoun
Camden
Candler
Charlton
Chatham
Chattahoochee
Clarke

Georgia

Established

Washington

Reported

Union

Walton

Established

Taylor

Established

Reported

Suwannee

Established

Established

Sumter

Wakulla

Reported

St. Lucie

Volusia

Reported

St. Johns

Author Manuscript

Author Manuscript
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N-E

R-E

N-R

N-R

N-R

N-R

N-R

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

L. Durden, unpublished

L. Durden, unpublished

L. Durden, unpublished

L. Durden, unpublished

L. Durden, unpublished

J. Corn/SCWDS, unpublished; J. Mertins/NVSL,
unpublished

L. Durden, unpublished

L. Durden, unpublished
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Established
Established
Established
Reported
Established
Established
Reported
Established
Established
Established
Reported
Established
Established
Established
Reported
Established
Established
Reported
Established
Established
Established
Established
Established

Emanuel
Evans
Forsyth
Glynn
Grady
Hancock
Houston
Irwin
Jasper
Jeff Davis
Jefferson
Jenkins
Johnson
Jones
Laurens
Liberty
Long
Lowndes
McDuffie
McIntosh
Monroe
Montgomery

Reported

Decatur

Effingham

Reported

Crisp

Reported

Reported

Cook

Established

Reported

Columbia

Echols

Reported

Coffee

Dougherty

Established

Clinch

Author Manuscript

Author Manuscript
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N-E

N-E

N-E

N-R

R-E

N-E

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

L. Durden, unpublished

L. Durden, unpublished

L. Durden, unpublished

L. Durden, unpublished

L. Durden, unpublished

L. Durden, unpublished

L. Durden, unpublished

L. Durden, unpublished
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Reported
Established
Reported
Established
Established
Reported
Established
Established
Reported
Reported
Reported

Thomas
Tift
Toombs
Treutlen
Twiggs
Ware
Washington
Wayne
Wilkes
Wilkinson

Reported
Reported
Established
Established
Reported
Established
Established
Established

Boone
Brown
Bureau
Carroll
Cass
Champaign
Clark
Coles

Illinois

Established

Terrell

Established

Talbot

Telfair

Established

Putnam

Reported

Reported

Pulaski

Reported

Reported

Pierce

Tattnall

Reported

Muscogee

Taliaferro

Reported

Morgan

Author Manuscript

Author Manuscript
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R-E

R-E

R-E

N-R

R-E

N-E

N-E

N-E

N-R

N-R

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

http://www.idph.state.il.us/envhealth/pdf/Deer_Tick_Range.pdf

http://www.idph.state.il.us/envhealth/pdf/Deer_Tick_Range.pdf

http://www.idph.state.il.us/envhealth/pdf/Deer_Tick_Range.pdf

(Cortinas and Kitron 2006)

(Cortinas and Kitron 2006)

L. Durden, unpublished

L. Durden, unpublished

L. Durden, unpublished

L. Durden, unpublished

L. Durden, unpublished

Source for change of status
from Dennis et al. (1998) survey

Author Manuscript

State and county
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Reported
Reported
Established

Reported
Established

Established
Reported
Reported
Established
Established

Reported
Established

Established

Reported
Established
Established
Reported

Fulton

Gallatin
Grundy

Henry
Iroquois
Jackson
Jo Daviess
Kankakee

Knox
Lake

La Salle

Lawrence
Lee
Macoupin
Madison

Established

DuPage

Franklin

Established

De Witt

Fayette

Reported

Cumberland

Reported

Reported

Crawford

Edgar

Established

Cook

Author Manuscript

Author Manuscript
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R-E
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N-E

R-E

R-E

R-E

R-E

N-E

R-E

N-E

R-E

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

http://www.idph.state.il.us/envhealth/pdf/Deer_Tick_Range.pdf

http://www.idph.state.il.us/envhealth/pdf/Deer_Tick_Range.pdf

(Cortinas and Kitron 2006); http://
www.idph.state.il.us/envhealth/pdf/
Deer_Tick_Range.pdf

(Rydzewski et al. 2012); http://
www.idph.state.il.us/envhealth/pdf/
Deer_Tick_Range.pdf

(Cortinas and Kitron 2006); http://
www.idph.state.il.us/envhealth/pdf/
Deer_Tick_Range.pdf

http://www.idph.state.il.us/envhealth/pdf/Deer_Tick_Range.pdf

http://www.idph.state.il.us/envhealth/pdf/Deer_Tick_Range.pdf

(Cortinas and Kitron 2006); http://
www.idph.state.il.us/envhealth/pdf/
Deer_Tick_Range.pdf

(Cortinas et al. 2002)); (Cortinas and Kitron
2006); http://www.idph.state.il.us/envhealth/pdf/
Deer_Tick_Range.pdf

(Rydzewski et al. 2012); http://
www.idph.state.il.us/envhealth/pdf/
Deer_Tick_Range.pdf

http://www.idph.state.il.us/envhealth/pdf/Deer_Tick_Range.pdf

(Rydzewski et al. 2012); http://
www.idph.state.il.us/envhealth/pdf/
Deer_Tick_Range.pdf

Source for change of status
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Author Manuscript

State and county
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Reported
Established
Reported
Reported
Established
Established

Reported
Established

Reported
Established

Reported
Established
Reported
Reported
Established
Reported
Established
Reported
Reported

Montgomery
Morgan
Ogle
Peoria

Perry
Piatt

Pope
Putnam

Randolph
Rock Island
Saline
Sangamon
Schuyler
Scott
Shelby
St. Clair
Stephenson

Established

McLean

Monroe

Reported

McHenry

Mercer

Established

McDonough

Reported

Established

Mason

Menard

Established

Marshall

Author Manuscript

Author Manuscript
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R-E

N-R

N-R

R-E

N-E

N-E

R-E

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

http://www.idph.state.il.us/envhealth/pdf/Deer_Tick_Range.pdf

(Cortinas and Kitron 2006)

(Cortinas and Kitron 2006); http://
www.idph.state.il.us/envhealth/pdf/
Deer_Tick_Range.pdf

(Rydzewski et al. 2011); http://
www.idph.state.il.us/envhealth/pdf/
Deer_Tick_Range.pdf

(Cortinas and Kitron 2006); http://
www.idph.state.il.us/envhealth/pdf/
Deer_Tick_Range.pdf

(Cortinas and Kitron 2006)

http://www.idph.state.il.us/envhealth/pdf/Deer_Tick_Range.pdf

http://www.idph.state.il.us/envhealth/pdf/Deer_Tick_Range.pdf

http://www.idph.state.il.us/envhealth/pdf/Deer_Tick_Range.pdf

http://www.idph.state.il.us/envhealth/pdf/Deer_Tick_Range.pdf

(Cortinas and Kitron 2006); http://
www.idph.state.il.us/envhealth/pdf/
Deer_Tick_Range.pdf
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Author Manuscript

State and county
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Established

Reported
Established
Reported
Reported
Reported
Reported
Established
Reported
Established
Reported
Reported
Established
Reported
Reported
Established
Established
Reported
Reported

Adams
Bartholomew
Benton
Boone
Brown
Carroll
Cass
Clark
Clay
Daviess
Dearborn
Dubois
Elkhart
Fountain
Franklin
Fulton
Grant
Greene

Indiana

Established

Established

Will

Woodford

Established

Wabash

Winnebago

Established

Vermilion

Reported

Reported

Union

Williamson

Established

Tazewell

Author Manuscript

Author Manuscript
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R-E

R-E

N-R

R-E

N-R

N-R

R-E

N-R

R-E

N-R

N-R

N-R

R-E

N-R

N-E

R-E

R-E

N-E

N-E

R-E

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

R. Pinger, unpublished

(Raizman et al. 2012); E. Raizman, unpublished

(Raizman et al. 2012); E. Raizman, unpublished

R. Pinger, unpublished

(Raizman et al. 2012); E. Raizman, unpublished

R. Pinger, unpublished

R. Pinger, unpublished

(Raizman et al. 2012); E. Raizman, unpublished

R. Pinger, unpublished

(Raizman et al. 2012); E. Raizman, unpublished

R. Pinger, unpublished

R. Pinger, unpublished

R. Pinger, unpublished

R. Pinger, unpublished

R. Pinger, unpublished

(Cortinas and Kitron 2006); http://
www.idph.state.il.us/envhealth/pdf/
Deer_Tick_Range.pdf

http://www.idph.state.il.us/envhealth/pdf/Deer_Tick_Range.pdf

(Cortinas and Kitron 2006); http://
www.idph.state.il.us/envhealth/pdf/
Deer_Tick_Range.pdf

http://www.idph.state.il.us/envhealth/pdf/Deer_Tick_Range.pdf

http://www.idph.state.il.us/envhealth/pdf/Deer_Tick_Range.pdf

(Cortinas et al. 2002, Cortinas and Kitron 2006);
http://www.idph.state.il.us/envhealth/pdf/
Deer_Tick_Range.pdf
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Author Manuscript
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Reported
Established
Reported
Established
Established
Reported
Reported
Reported
Established
Established
Established
Established
Established
Reported
Established
Established
Reported
Established
Reported
Established
Established
Reported

Kosciusko
LaGrange
Lake
LaPorte
Lawrence
Madison
Marshall
Martin
Monroe
Montgomery
Morgan
Newton
Orange
Owen
Parke
Pike
Porter
Posey
Pulaski
Putnam
Randolph

Established

Jefferson

Knox

Established

Jasper

Reported

Reported

Huntington

Established

Reported

Howard

Johnson

Reported

Hendricks

Jennings

Reported

Hamilton

Author Manuscript

Author Manuscript
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N-R

N-E

R-E

N-E

R-E

N-E

N-E

N-E

N-R

R-E

N-E

N-R

N-R

N-E

N-E

N-R

N-R

N-R

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

R. Pinger, unpublished

(Raizman et al. 2012); E. Raizman, unpublished

(Raizman et al. 2012); E. Raizman, unpublished

(Raizman et al. 2012); E. Raizman, unpublished

(Raizman et al. 2012); E. Raizman, unpublished

(Raizman et al. 2012); E. Raizman, unpublished d

(Raizman et al. 2012); E. Raizman, unpublished

(Raizman et al. 2012); E. Raizman, unpublished

(Raizman et al. 2012); E. Raizman, unpublished

(Raizman et al. 2012); E. Raizman, unpublished

R. Pinger, unpublished

R. Pinger, unpublished

(Raizman et al. 2012); E. Raizman, unpublished

(Raizman et al. 2012); E. Raizman, unpublished

R. Pinger, unpublished

R. Pinger, unpublished

(Raizman et al. 2012); E. Raizman, unpublished

Source for change of status
from Dennis et al. (1998) survey

Author Manuscript

State and county
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Reported
Reported
Established
Reported
Established
Reported
Reported
Established
Reported

Vermillion
Vigo
Wabash
Warren
Warrick
Washington
White
Whitley

Reported
Established
Reported
Reported
Reported
Established
Reported
Reported
Reported
Reported
Reported
Established

Benton
Bremer
Buena Vista
Calhoun
Cedar
Cerro Gordo
Clayton
Clinton
Crawford
Dallas
Delaware
DesMoines

Iowa

Reported

Vanderburgh

Established

Sullivan

Union

Reported

Steuben

Established

Established

Starke

Reported

Established

St. Joseph

Tippecanoe

Reported

Shelby

Switzerland

Reported

Ripley

Author Manuscript

Author Manuscript
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N-R

N-R

N-R

N-R

N-R

N-R

N-E

N-R

N-R

R-E

N-R

N-E

N-R

R-E

N-R

N-R

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

(Lingren et al. 2005)

(Lingren et al. 2005)

(Lingren et al. 2005)

(Lingren et al. 2005)

(Lingren et al. 2005)

(Raizman et al. 2012); E. Raizman, unpublished

(Raizman et al. 2012); E. Raizman, unpublished

R. Pinger, unpublished

(Raizman et al. 2012); E. Raizman, unpublished

(Raizman et al. 2012); E. Raizman, unpublished

R. Pinger, unpublished

(Raizman et al. 2012); E. Raizman, unpublished

R. Pinger, unpublished

(Raizman et al. 2012); E. Raizman, unpublished

(Raizman et al. 2012); E. Raizman, unpublished

R. Pinger, unpublished

Source for change of status
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Author Manuscript

State and county
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Author Manuscript

Author Manuscript
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Established
Established
Reported
Established
Reported
Reported
Established
Reported
Established
Established
Established
Reported
Reported
Established
Reported
Established
Reported

Keokuk
Kossuth
Linn
Louisa
Marshall
Muscatine
Palo Alto
Polk
Scott
Story
Tama
Washington
Webster
Winnebago
Winneshiek
Woodbury

Reported
Reported
Reported
Reported

Bourbon
Chautauqua
Cherokee
Coffey

Kansas

Reported

Johnson

Reported

Hancock

Jasper

Reported

Guthrie

Established

Reported

Greene

Reported

Reported

Floyd

Jackson

Reported

Fayette

Iowa

Reported

Dubuque

N-R

R-E

R-E

N-R

N-R

R-E

R-E

R-E

N-R

N-R

N-E

R-E

N-R

N-R

N-R

N-R

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

(Lingren et al. 2005)

(Lingren et al. 2005)

(Lingren et al. 2005)

(Lingren et al. 2005)

(Lingren et al. 2005)

(Lingren et al. 2005)

(Lingren et al. 2005)

(Lingren et al. 2005)

(Lingren et al. 2005)

(Lingren et al. 2005)

(Lingren et al. 2005)

(Lingren et al. 2005)

(Lingren et al. 2005)

(Lingren et al. 2005)

(Lingren et al. 2005)

(Lingren et al. 2005)

Source for change of status
from Dennis et al. (1998) survey

Author Manuscript

State and county
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Reported
Reported

Shawnee

Author Manuscript

Author Manuscript
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Established
Established
Reported
Established
Established
Established
Reported
Established
Established
Established
Established
Established
Established
Established
Established
Established
Reported

Boone
Carroll
Christian
Clay
Estill
Fayette
Hancock
Hardin
Jackson
Knox
Lee
McCreary
Meade
Owsley
Pulaski
Trimble
Warren
Louisiana

Reported

Ballard

Kentucky

Reported

Riley

Reported

Labette

Montgomery

Reported

Johnson

Reported

Reported

Jefferson

Reported

Established

Douglas

Miami

Reported

Crawford

Linn

Reported

Cowley

N-R

N-E

N-E

N-E

N-E

N-E

N-E

N-E

N-E

N-E

N-R

N-E

N-E

N-E

N-E

N-E

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

(Onwu 2012)

L. Townsend, unpublished

L. Townsend, unpublished

L. Townsend, unpublished

B. Pagac and M. Miller, unpublished

L. Townsend, unpublished

L. Townsend, unpublished

L. Townsend, unpublished

L. Townsend, unpublished

L. Townsend, unpublished

L. Townsend, unpublished

L. Townsend, unpublished

L. Townsend, unpublished

L. Townsend, unpublished

L. Townsend, unpublished

L. Townsend, unpublished

Source for change of status
from Dennis et al. (1998) survey

Author Manuscript

State and county
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Reported
Established
Established
Reported
Reported
Established
Reported
Established
Established
Reported
Reported
Reported
Reported
Reported
Reported
Reported
Reported
Reported
Reported
Reported

East Carroll
Grant
Jackson
Jefferson Davis
Lafayette
Lincoln
Madison
Morehouse
Natchitoches
Ouachita
Pointe Coupee
Rapides
Sabine
St. John the
Baptist
St. Landry
St. Martin
St. Mary
St. Tammany
Tangipahoa
Tensas

East Baton Rouge Reported

Reported

Reported

Catahoula

DeSoto

Established

Caldwell

Established

Reported

Bossier

Reported

Established

Bienville

Concordia

Established

Avoyelles

Claiborne

Established

Allen

Author Manuscript

Author Manuscript
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N-R

N-R

N-R

N-R

N-R

N-R

N-R

N-R

N-R

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

(Mackay and Foil 2005)

(Mackay and Foil 2005)

(Mackay and Foil 2005)

(Mackay and Foil 2005)

(Mackay and Foil 2005)

(Mackay and Foil 2005)

(Mackay and Foil 2005)

(Mackay and Foil 2005)

(Mackay and Foil 2005)

Source for change of status
from Dennis et al. (1998) survey

Author Manuscript

State and county
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Reported
Established
Reported
Reported

Vermilion
Vernon
Washington
Winn

Author Manuscript

Author Manuscript
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Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established

Aroostook
Cumberland
Franklin
Hancock
Kennebec
Knox
Lincoln
Oxford
Penobscot
Piscataquis
Sagadahoc
Somerset
Waldo
Washington
York

Established

Anne Arundel

Established
Established
Established
Established
Established

Baltimore
Calvert
Caroline
Carroll
Cecil

Baltimore City

Reported

Allegany

Maryland

Established

Androscoggin

Maine

Established

Union

R-E

R-E

R-E

N-R

N-R

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

http://www.maine.gov/dhhs/mecdc/infectious-disease/epi/vector-borne/lyme/documents/2014-lyme-legislat

http://www.maine.gov/dhhs/mecdc/infectious-disease/epi/vector-borne/lyme/documents/2014-lyme-legislat

http://www.maine.gov/dhhs/mecdc/infectious-disease/epi/vector-borne/lyme/documents/2014-lyme-legislat

(Mackay and Foil 2005)

(Mackay and Foil 2005)

Source for change of status
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Author Manuscript

State and county
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Established
Established
Established
Established
Established
Established
Established

Somerset
St. Mary’s
Talbot
Washington
Wicomico
Worcester

Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established

Barnstable
Berkshire
Bristol
Dukes
Essex
Franklin
Hampden
Hampshire
Middlesex
Nantucket
Norfolk
Plymouth
Suffolk
Worcester

Massachusetts

Established

Queen Anne’s

Established

Howard

Prince George’s

Established

Harford

Established

Reported

Garrett

Established

Established

Frederick

Montgomery

Established

Dorchester

Kent

Established

Charles

Author Manuscript

Author Manuscript
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R-E

N-E

N-E

R-E

R-E

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

http://stats.tickdiseases.org/

http://stats.tickdiseases.org/

http://stats.tickdiseases.org/

http://stats.tickdiseases.org/

http://stats.tickdiseases.org/

Source for change of status
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Author Manuscript

State and county
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Reported
Established
Reported
Established
Established
Established
Established
Established
Established
Reported
Established
Established
Reported
Reported
Established
Reported
Reported
Established
Established
Reported
Reported
Established
Reported
Reported
Established
Reported
Reported
Established
Reported

Alger
Allegan
Baraga
Barry
Benzie
Berrien
Cass
Charlevoix
Chippewa
Clinton
Delta
Dickinson
Emmet
Genesee
Gogebic
Hillsdale
Houghton
Ingham
Ionia
Iron
Jackson
Kalamazoo
Kent
Lapeer
Leelanau
Livingston
Mackinac
Manistee
Marquette

Michigan

Author Manuscript

Author Manuscript
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R-E

R-E

N-E

N-R

N-E

R-E

N-R

N-R

R-E

N-E

N-E

N-E

N-E

R-E

N-R

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

(Hamer et al. 2010)

E. Foster, J. Tsao and J. Sidge, unpublished

J. Tsao and G. Hickling, unpublished

(Walker et al. 1998)

(Hamer et al. 2010)

E. Foster, and J. Tsao, unpublished

E. Foster, and J. Tsao, unpublished

J. Sidge, unpublished

I. Arsnoe, unpublished

E. Foster and J. Sidge, unpublished

(Hamer et al. 2009); E. Foster, unpublished

(Hamer et al. 2010); J. Sidge unpublished

J. Tsao, S. Hamer, I. Arsnoe, and G. Hickling,
unpublished

(Foster 2004, Hamer et al. 2010)

(Schaar 2012)

Source for change of status
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Author Manuscript

State and county
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Established
Established

Van Buren

Established
Established
Established
Established
Established
Reported
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established

Aitkin
Anoka
Becker
Beltrami
Benton
Brown
Carlton
Carver
Cass
Chisago
Clearwater
Cook
Crow Wing
Dakota
Douglas
Fillmore

Minnesota

Established

St. Joseph

Established

Oceana

Schoolcraft

Reported

Oakland

Established

Established

Muskegon

Established

Reported

Midland

Ottawa

Established

Menominee

Ontonagon

Established

Mason

Author Manuscript

Author Manuscript
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N-E

R-E

R-E

N-E

N-E

N-E

R-E

N-R

N-E

R-E

N-E

R-E

N-E

N-E

R-E

R-E

R-E

R-E

R-E

N-E

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

D. Neitzel, unpublished

D. Neitzel, unpublished

D. Neitzel, unpublished

(Sanders and Guilfoile 2000), D. Neitzel,
unpublished

(Sanders and Guilfoile 2000)

(Sanders and Guilfoile 2000), D. Neitzel,
unpublished

D. Neitzel, unpublished

T. Johnson and D. Neitzel, unpublished

(Sanders and Guilfoile 2000), D. Neitzel,
unpublished

(Sanders and Guilfoile 2000), D. Neitzel,
unpublished

D. Neitzel, unpublished

(Foster 2004, Hamer et al. 2009, Hamer et al.
2014)

J. Tsao and E. Foster, unpublished

I. Arsnoe, unpublished

(Hamer et al. 2009); E. Foster, unpublished

E. Foster, unpublished

J. Tsao, and J. Sidge, unpublished

(Hamer et al. 2009, Hamer et al. 2010)

J. Tsao and J. Sidge, unpublished

Source for change of status
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Author Manuscript

State and county
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Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Reported
Established
Established
Established
Established
Established
Reported
Established
Established
Established
Established
Established
Established
Established

Goodhue
Hennepin
Houston
Hubbard
Isanti
Itasca
Kanabec
Kandiyohi
Koochiching
Lake
Lake of the
Woods
Mahnomen
Mille Lacs
Morrison
Nicollet
Olmsted
Otter Tail
Pine
Pope
Ramsey
Rice
Scott
Sherburne

Author Manuscript

Author Manuscript
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Sibley
St. Louis
Stearns
Todd
Wabasha

N-E

R-E

N-E

N-E

N-E

N-E

N-R

N-E

N-E

R-E

N-R

R-E

N-E

N-E

N-E

N-E

N-E

R-E

N-E

R-E

N-E

R-E

N-E

N-E

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

D. Neitzel, unpublished

D. Neitzel, unpublished

D. Neitzel, unpublished

(Sanders and Guilfoile 2000), D. Neitzel,
unpublished

T. Johnson and D. Neitzel, unpublished

(Diuk-Wasser et al. 2006), D. Neitzel,
unpublished

T. Johnson and D. Neitzel, unpublished

D. Neitzel, unpublished

D. Neitzel, unpublished

D. Neitzel, unpublished

T. Johnson and D. Neitzel, unpublished

(Sanders and Guilfoile 2000)

D. Neitzel, unpublished

(Sanders and Guilfoile 2000), D. Neitzel,
unpublished

D. Neitzel, unpublished

(Sanders and Guilfoile 2000)

(Diuk-Wasser et al. 2006); D. Neitzel,
unpublished

D. Neitzel, unpublished

(Sanders and Guilfoile 2000)

D. Neitzel, unpublished

(Sanders and Guilfoile 2000), D. Neitzel,
unpublished

D. Neitzel, unpublished

D. Neitzel, unpublished

D. Neitzel, unpublished
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Established
Established
Established

Washington
Winona
Wright

Reported
Reported
Reported
Reported
Reported
Established
Reported
Reported
Reported
Reported
Reported
Reported
Reported
Reported
Established
Reported
Reported
Reported
Reported
Reported
Reported
Reported
Reported
Reported
Established

Adams
Alcorn
Amite
Attala
Benton
Bolivar
Calhoun
Carroll
Chickasaw
Choctaw
Claiborne
Clarke
Clay
Coahoma
Copiah
Covington
DeSoto
Forrest
Franklin
George
Greene
Grenada
Hancock
Harrison
Hinds

Mississippi

Established

Wadena

N-E

R-E

N-E

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

D. Neitzel, unpublished

D. Neitzel, unpublished

(Sanders and Guilfoile 2000), D. Neitzel,
unpublished
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Author Manuscript

J Med Entomol. Author manuscript; available in PMC 2017 March 01.

Reported
Reported
Reported
Reported
Reported
Reported
Reported
Reported
Reported
Reported
Reported
Reported
Reported
Established
Reported
Reported
Reported
Reported
Established
Established
Reported
Reported
Established

Kemper
Lafayette
Lamar
Lauderdale
Lawrence
Leake
Lee
Leflore
Lincoln
Lowndes
Madison
Marion
Marshall
Monroe
Montgomery
Neshoba
Newton
Noxubee
Oktibbeha
Panola
Pearl River
Perry

Reported

Jasper

Jones

Established

Jackson

Reported

Reported

Itawamba

Reported

Reported

Issaquena

Jefferson Davis

Reported

Humphreys

Jefferson

Reported

Holmes

R-E

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

(Goltz and Goddard 2013, Goltz et al. 2013)
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Author Manuscript

Author Manuscript
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Reported
Reported
Reported
Reported
Reported
Reported
Reported
Reported
Reported
Reported
Reported
Reported
Reported
Reported
Established
Reported
Reported

Sunflower
Tallahatchie
Tate
Tippah
Tishomingo
Tunica
Union
Walthall
Warren
Washington
Wayne
Webster
Wilkinson
Winston
Yalobusha
Yazoo

Established
Established
Established
Reported

Adair
Benton
Bollinger
Boone

Missouri

Reported

Stone

Established

Scott

Smith

Established

Rankin

Reported

Reported

Quitman

Reported

Reported

Prentiss

Simpson

Reported

Pontotoc

Sharkey

Reported

Pike

N-E

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

S. Fore and H.-J. Kim, unpublished
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Established
Established
Reported
Reported
Reported
Established
Established
Reported
Established
Reported
Reported
Established
Established
Established
Established
Established

Johnson
Laclede
Montgomery
New Madrid
Newton
Osage
Pulaski
Scott
St. Charles
St. Clair
St. Louis
Stoddard
Stone
Taney
Texas
Wayne

Reported
Reported
Reported

Cass
Lancaster
Pawnee

Nebraska

Established

Established

Webster

Established

Jasper

Established

Douglas

Howell

Established

Dent

Established

Established

Dallas

Established

Reported

Clark

Greene

Established

Cape Girardeau

Gasconade

Established

Callaway

N-R

N-R

N-R

N-R

R-E

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

(Cortinas and Spomer 2014)

(Cortinas and Spomer 2014)

(Cortinas and Spomer 2014)

http://vectormap.nhm.ku.edu/vectormap/

(Kollars et al. 1997, Kollars et al. 1999)
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Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established

Atlantic
Bergen
Burlington
Camden
Cape May
Cumberland
Essex
Gloucester
Hudson
Hunterdon
Mercer
Middlesex
Monmouth
Morris
Ocean
Passaic
Salem
Somerset
Sussex

New Jersey

Established

Established

Strafford
Sullivan

Established

Rockingham

Established

Grafton

Established

Reported

Coos

Established

Established

Cheshire

Merrimack

Established

Carroll

Hillsborough

Established

Belknap

New Hampshire

R-E

R-E

R-E

R-E

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

http://www.dhhs.nh.gov/dphs/cdcs/lyme/documents/tick-borne-bulletin-2014.pdf

http://www.dhhs.nh.gov/dphs/cdcs/lyme/documents/tick-borne-bulletin-2014.pdf

http://www.dhhs.nh.gov/dphs/cdcs/lyme/documents/tick-borne-bulletin-2014.pdf

http://www.dhhs.nh.gov/dphs/cdcs/lyme/documents/tick-borne-bulletin-2014.pdf
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Established

Warren

Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established

Albany
Allegany
Bronx
Broome
Cattaraugus
Cayuga
Chautauqua
Chemung
Chenango
Clinton
Columbia
Cortland
Delaware
Dutchess
Erie
Essex
Franklin
Fulton
Genesee
Greene
Hamilton
Herkimer

New York

Established

Union

Author Manuscript

Author Manuscript
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R-E

N-E

R-E

R-E

N-E

R-E

N-E

R-E

N-E

R-E

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

M. Prusinski/New York Department of Health,
unpublished

M. Prusinski/New York Department of Health,
unpublished

M. Prusinski/New York Department of Health,
unpublished

M. Prusinski/New York Department of Health,
unpublished

M. Prusinski/New York Department of Health,
unpublished

M. Prusinski/New York Department of Health,
unpublished

M. Prusinski/New York Department of Health,
unpublished

M. Prusinski/New York Department of Health,
unpublished

M. Prusinski/New York Department of Health,
unpublished

M. Prusinski/New York Department of Health,
unpublished
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Established
Established
Established
Established
Established
Established
Established
Reported
Established
Established
Established
Established

New York
Niagara
Oneida
Onondaga
Ontario
Orange
Orleans
Oswego
Otsego
Putnam
Queens

Established
Established
Established
Established

Richmond
Rockland
Saratoga
Schenectady

Rensselaer

Established

Established

Madison

Nassau

Established

Livingston

Montgomery

Established

Lewis

Established

Established

Kings

Monroe

Established

Jefferson

R-E

R-E

R-E

N-R

R-E

R-E

N-E

N-E

R-E

R-E

R-E

R-E

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

M. Prusinski/New York Department of Health,
unpublished

M. Prusinski/New York Department of Health,
unpublished

M. Prusinski/New York Department of Health,
unpublished

M. Prusinski/New York Department of Health,
unpublished

M. Prusinski/New York Department of Health,
unpublished

M. Prusinski/New York Department of Health,
unpublished

M. Prusinski/New York Department of Health,
unpublished

M. Prusinski/New York Department of Health,
unpublished

M. Prusinski/New York Department of Health,
unpublished

M. Prusinski/New York Department of Health,
unpublished

M. Prusinski/New York Department of Health,
unpublished

M. Prusinski/New York Department of Health,
unpublished

Source for change of status
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Established
Established
Established
Established
Established
Established
Established
Established
Established
Established

Sullivan
Tioga
Tompkins
Ulster
Warren
Washington
Wayne
Westchester
Wyoming
Yates
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Established
Reported
Established
Established
Established
Established
Established
Established

Alamance
Anson
Beaufort
Bertie
Bladen
Brunswick
Camden
Carteret

North Carolina

Established

Established

St. Lawrence

Suffolk

Established

Seneca

Established

Established

Schuyler

Steuben

Established

Schoharie

R-E

R-E

N-E

N-E

R-E

R-E

N-E

R-E

R-E

N-E

R-E

N-E

N-E

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

B. Harrison/NCPHPMc, unpublished

B. Harrison/NCPHPMc, unpublished

B. Harrison/NCPHPMc, unpublished

B. Harrison/NCPHPMc, unpublished

M. Prusinski/New York Department of Health,
unpublished

M. Prusinski/New York Department of Health,
unpublished

M. Prusinski/New York Department of Health,
unpublished

M. Prusinski/New York Department of Health,
unpublished

M. Prusinski/New York Department of Health,
unpublished

M. Prusinski/New York Department of Health,
unpublished

M. Prusinski/New York Department of Health,
unpublished

M. Prusinski/New York Department of Health,
unpublished

M. Prusinski/New York Department of Health,
unpublished

Source for change of status
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Author Manuscript
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Reported
Established
Established
Established
Established
Established
Reported
Established
Established
Established
Established
Reported
Established
Reported
Established
Reported
Established
Established
Reported
Established
Established
Established
Established
Established
Reported
Established

Catawba
Chatham
Chowan
Columbus
Craven
Cumberland
Currituck
Dare
Duplin
Durham
Edgecombe
Forsyth
Gates
Granville
Greene
Guilford
Halifax
Harnett
Haywood
Hertford

Author Manuscript

Author Manuscript
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Hoke
Hyde
Johnston
Jones
Lenoir
Martin

R-E

R-E

N-E

R-E

R-E

N-R

N-E

N-E

N-R

N-E

N-R

R-E

N-R

N-E

N-E

N-E

R-E

R-E

R-E

R-E

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

B. Harrison/NCPHPMc, unpublished

B. Harrison/NCPHPMc, unpublished

B. Harrison/NCPHPMc, unpublished

B. Harrison/NCPHPMc, unpublished

B. Harrison/NCPHPMc, unpublished

B. Harrison/NCPHPMc, unpublished

B. Harrison/NCPHPMc, unpublished

B. Harrison/NCPHPMc, unpublished

B. Harrison/NCPHPMc, unpublished

B. Harrison/NCPHPMc, unpublished

B. Harrison/NCPHPMc, unpublished; http://
vectormap.nhm.ku.edu/vectormap/

B. Harrison/NCPHPMc, unpublished

B. Harrison/NCPHPMc, unpublished

B. Harrison/NCPHPMc, unpublished

B. Harrison/NCPHPMc, unpublished

B. Harrison/NCPHPMc, unpublished

B. Harrison/NCPHPMc, unpublished

B. Harrison/NCPHPMc, unpublished

B. Harrison/NCPHPMc, unpublished

(Smith et al. 2010)
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Reported
Established
Established
Established
Established
Established
Reported
Established
Established
Reported
Reported
Established
Established
Reported
Established
Established
Established
Reported
Established
Reported
Established
Established
Established
Established

Moore
Nash
New Hanover
Onslow
Orange
Pamlico
Pasquotank
Pender
Perquimans
Pitt
Randolph
Robeson
Rowan
Rutherford
Sampson
Scotland
Stokes
Surry
Tyrrell
Vance
Wake
Warren
Washington
Wayne
North Dakota

Reported

Mecklenburg

N-E

R-E

N-E

R-E

N-R

N-E

N-R

N-E

N-E

R-E

N-E

N-E

N-R

N-R

N-E

R-E

N-R

R-E

N-E

R-E

N-E

N-R

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

H. Gaff, unpublished; B. Harrison/NCPHPMc,
unpublished

B. Harrison/NCPHPMc, unpublished

B. Harrison/NCPHPMc, unpublished

B. Harrison/NCPHPMc, unpublished

B. Harrison/NCPHPMc, unpublished

B. Harrison/NCPHPMc, unpublished

B. Harrison/NCPHPMc, unpublished

(Sakamoto et al. 2014); B. Harrison/NCPHPMc,
unpublished

B. Harrison/NCPHPMc, unpublished

B. Harrison/NCPHPMc, unpublished

B. Harrison/NCPHPMc, unpublished

B. Harrison/NCPHPMc, unpublished

http://vectormap.nhm.ku.edu/vectormap/

B. Harrison/NCPHPMc, unpublished

B. Harrison/NCPHPMc, unpublished

B. Harrison/NCPHPMc, unpublished

B. Harrison/NCPHPMc, unpublished

B. Harrison/NCPHPMc, unpublished

B. Harrison/NCPHPMc, unpublished

B. Harrison/NCPHPMc, unpublished

B. Harrison/NCPHPMc, unpublished

B. Harrison/NCPHPMc, unpublished

Source for change of status
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Established
Reported

Ramsey
Ransom

Established
Reported
Established
Reported
Reported
Established
Reported
Reported
Established
Reported
Established
Established
Established
Reported
Reported
Reported
Reported
Reported

Adams
Ashland
Ashtabula
Athens
Auglaize
Belmont
Brown
Butler
Carroll
Clermont
Columbiana
Coshocton
Cuyahoga
Delaware
Erie
Fairfield
Fayette
Franklin

Ohio

Reported

Established

Pembina

Reported

Established

GrandForks

Steele

Established

Eddy

Rolette

Established

Bottineau

Author Manuscript

Author Manuscript
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N-R

N-R

N-R

N-R

N-R

N-E

N-E

N-E

N-E

N-R

N-E

N-R

N-R

N-E

N-R

N-E

N-R

N-R

N-R

N-E

N-E

N-E

N-E

N-E

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

R. Gary, unpublished; http://
vectormap.nhm.ku.edu/vectormap/

http://www.odh.ohio.gov/lyme

http://www.odh.ohio.gov/lyme

http://www.odh.ohio.gov/lyme

http://www.odh.ohio.gov/lyme

R. Gary/Ohio Department of Health, unpublished

(Wang et al. 2014), R. Gary/Ohio Department of
Health, unpublished

(Wang et al. 2014), R. Gary/Ohio Department of
Health, unpublished

(Wang et al. 2014), R. Gary/Ohio Department of
Health, unpublished

http://www.odh.ohio.gov/lyme

R. Gary/Ohio Department of Health, unpublished

http://www.odh.ohio.gov/lyme

(Wang et al. 2014), http://www.odh.ohio.gov/
lyme

(Wang et al. 2014), R. Gary/Ohio Department of
Health, unpublished

http://www.odh.ohio.gov/lyme

R. Gary/Ohio Department of Health, unpublished

(Russart et al. 2014)

(Russart et al. 2014)

M. Feist and J. Vaughan, unpublished

(Russart et al. 2014)

(Russart et al. 2014)

(Russart et al. 2014, Stone et al. 2015)

(Russart et al. 2014)

M. Feist and J. Vaughan, unpublished

Source for change of status
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Established
Established
Established
Established
Established
Established
Established
Established
Reported
Reported
Reported
Established
Reported
Established
Reported
Established

Hocking
Holmes
Jackson
Jefferson
Knox
Lake
Lawrence
Licking
Lucas
Madison
Mahoning
Medina
Meigs
Monroe
Montgomery
Morgan

Established

Hamilton

Reported

Established

Guernsey

Highland

Reported

Greene

Established

Reported

Geauga

Harrison

Established

Gallia

Author Manuscript

Author Manuscript
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N-E

N-R

N-E

N-R

N-E

N-R

N-R

N-R

N-E

N-E

N-E

N-E

N-E

N-E

N-E

N-E

N-R

N-E

R-E

N-E

N-R

N-R

N-E

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

(Wang et al. 2014), R. Gary/Ohio Department of
Health, unpublished

http://www.odh.ohio.gov/lyme

(Wang et al. 2014), R. Gary/Ohio Department of
Health, unpublished

http://www.odh.ohio.gov/lyme

R. Gary/Ohio Department of Health, unpublished

http://www.odh.ohio.gov/lyme

http://www.odh.ohio.gov/lyme

http://www.odh.ohio.gov/lyme

(Wang et al. 2014), R. Gary/Ohio Department of
Health, unpublished

(Wang et al. 2014), R. Gary/Ohio Department of
Health, unpublished

R. Gary/Ohio Department of Health, unpublished

(Wang et al. 2014), R. Gary/Ohio Department of
Health, unpublished

(Wang et al. 2014), R. Gary/Ohio Department of
Health, unpublished

(Wang et al. 2014), R. Gary/Ohio Department of
Health, unpublished

(Wang et al. 2014), R. Gary/Ohio Department of
Health, unpublished

(Wang et al. 2014), R. Gary/Ohio Department of
Health, unpublished

(Wang et al. 2014), http://www.odh.ohio.gov/
lyme

(Wang et al. 2014), R. Gary/Ohio Department of
Health, unpublished

R. Gary/Ohio Department of Health, unpublished

(Wang et al. 2014), R. Gary/Ohio Department of
Health, unpublished

http://www.odh.ohio.gov/lyme

http://www.odh.ohio.gov/lyme

(Wang et al. 2014), R. Gary/Ohio Department of
Health, unpublished
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Established
Established
Established
Reported
Established
Established
Established
Reported
Reported
Reported
Reported
Reported
Established
Reported

Portage
Richland
Ross
Scioto
Stark
Summit
Trumbull
Tuscarawas
Union
Vinton
Warren
Washington
Wayne
Williams

Reported
Reported
Reported

Adair
Atoka
Caddo

Oklahoma

Reported

Established

Wood

Reported

Reported

Paulding

Pike

Reported

Ottawa

Pickaway

Established

Noble

Established

Established

Muskingum

Perry

Reported

Morrow

N-R

R-E

N-R

N-R

N-R

N-R

N-R

N-E

N-E

N-E

N-R

N-E

N-E

N-E

N-E

N-R

N-E

N-R

N-R

N-E

N-E

N-R

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

http://www.odh.ohio.gov/lyme

R. Gary/Ohio Department of Health, unpublished

http://www.odh.ohio.gov/lyme

http://www.odh.ohio.gov/lyme

(Wang et al. 2014), http://www.odh.ohio.gov/
lyme

http://www.odh.ohio.gov/lyme

(Wang et al. 2014),http://www.odh.ohio.gov/lyme

R. Gary/Ohio Department of Health, unpublished

R. Gary/Ohio Department of Health, unpublished

R. Gary/Ohio Department of Health, unpublished

http://www.odh.ohio.gov/lyme

(Wang et al. 2014), R. Gary/Ohio Department of
Health, unpublished

(Wang et al. 2014), R. Gary/Ohio Department of
Health, unpublished

R. Gary/Ohio Department of Health, unpublished

(Wang et al. 2014), R. Gary/Ohio Department of
Health, unpublished

http://www.odh.ohio.gov/lyme

R. Gary/Ohio Department of Health, unpublished

http://www.odh.ohio.gov/lyme

(Wang et al. 2014), R. Gary/Ohio Department of
Health, unpublished

(Wang et al. 2014), R. Gary/Ohio Department of
Health, unpublished

http://www.odh.ohio.gov/lyme
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Reported
Reported
Reported
Reported
Established
Reported
Reported
Reported
Established
Reported
Reported
Reported
Reported
Reported
Reported
Reported
Reported
Reported
Reported
Reported
Reported
Reported
Reported

Hughes
Johnston
Latimer
Le Flore
Lincoln
Love
Mayes
McClain
McCurtain
McIntosh
Murray
Muskogee
Oklahoma
Okmulgee
Ottawa
Pawnee
Payne
Pittsburg
Pontotoc
Pottawatomie
Pushmataha
Rogers

Reported

Delaware

Haskell

Reported

Creek

Reported

Reported

Comanche

Reported

Reported

Coal

Garvin

Established

Cherokee

Garfield

Reported

Carter

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a
Source for change of status
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Author Manuscript
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Reported
Reported

Tulsa
Wagoner

Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established

Adams
Allegheny
Armstrong
Beaver
Bedford
Berks
Blair
Bradford
Bucks
Butler
Cambria
Cameron
Carbon
Centre
Chester
Clarion
Clearfield
Clinton
Columbia
Crawford
Cumberland
Dauphin
Delaware
Elk
Erie

Pennsylvania

Reported

Reported

Sequoyah

Washington

Reported

Seminole

Author Manuscript

Author Manuscript
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R-E

R-E

R-E

R-E

R-E

N-E

R-E

N-E

N-E

N-E

R-E

R-E

R-E

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

(Hutchinson et al. 2015)

(Hutchinson et al. 2015)

(Hutchinson et al. 2015)

(Hutchinson et al. 2015)

(Hutchinson et al. 2015)

(Hutchinson et al. 2015)

(Hutchinson et al. 2015)

(Hutchinson et al. 2015)

(Hutchinson et al. 2015)

(Hutchinson et al. 2015)

(Hutchinson et al. 2015)

(Hutchinson et al. 2015)

(Han et al. 2014, Hutchinson et al. 2015)
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Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established

Lackawanna
Lancaster
Lawrence
Lebanon
Lehigh
Luzerne
Lycoming
McKean
Mercer
Mifflin
Monroe
Montgomery
Montour
Northampton
Northumberland
Perry
Philadelphia
Pike
Potter
Schuylkill
Snyder
Somerset

Established

Huntingdon

Juniata

Established

Greene

Established

Established

Fulton

Established

Established

Franklin

Jefferson

Established

Forest

Indiana

Established

Fayette

Author Manuscript

Author Manuscript

J Med Entomol. Author manuscript; available in PMC 2017 March 01.
N-E

N-E

R-E

R-E

R-E

R-E

N-E

R-E

R-E

R-E

R-E

R-E

R-E

N-E

R-E

N-E

R-E

N-E

R-E

N-E

N-E

N-E

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

(Hutchinson et al. 2015)

(Hutchinson et al. 2015)

(Hutchinson et al. 2015)

(Hutchinson et al. 2015)

(Hutchinson et al. 2015)

(Hutchinson et al. 2015)

(Hutchinson et al. 2015)

(Hutchinson et al. 2015)

(Hutchinson et al. 2015)

(Hutchinson et al. 2015)

(Hutchinson et al. 2015)

(Hutchinson et al. 2015)

(Hutchinson et al. 2015)

(Hutchinson et al. 2015)

(Hutchinson et al. 2015)

(Hutchinson et al. 2015)

(Hutchinson et al. 2015)

(Hutchinson et al. 2015)

(Hutchinson et al. 2015)

(Hutchinson et al. 2015)

(Hutchinson et al. 2015)

(Hutchinson et al. 2015)
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Established
Established

Newport
Providence

Reported
Established
Reported
Reported
Established
Established
Established
Reported
Established
Established
Reported
Reported
Reported

Abbeville
Aiken
Allendale
Anderson
Barnwell
Beaufort
Berkeley
Calhoun
Charleston
Chester
Chesterfield
Colleton
Darlington

South Carolina

Established

Established

Kent

Washington

Established

Bristol

Rhode Island

Established

Established

York

Established

Wyoming

Established

Warren

Westmoreland

Established

Venango

Established

Established

Union

Established

Established

Tioga

Wayne

Established

Susquehanna

Washington

Established

Sullivan

Author Manuscript

Author Manuscript
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N-R

N-R

N-E

R-E

R-E

R-E

N-E

R-E

N-E

N-E

N-E

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

(Williams et al. 1999)

(Williams et al. 1999)

(Hutchinson et al. 2015)

(Hutchinson et al. 2015)

(Hutchinson et al. 2015)

(Hutchinson et al. 2015)

(Hutchinson et al. 2015)

(Hutchinson et al. 2015)

(Hutchinson et al. 2015)

(Hutchinson et al. 2015)

(Hutchinson et al. 2015)
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Established
Reported
Established
Established
Reported
Reported
Reported
Reported
Reported
Reported
Established

Laurens
McCormick
Newberry
Orangeburg
Pickens
Richland
Saluda
Spartanburg
Sumter
Union

Author Manuscript

Author Manuscript
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Reported

Codington

Established
Established
Reported
Established
Reported
Reported
Established

Anderson
Bedford
Bledsoe
Campbell
Claiborne
Clay
Coffee

Tennessee

Reported

Brookings

South Dakota

Reported

Jasper

Reported

Greenville

Horry

Established

Georgetown

Established

Established

Florence

Reported

Reported

Fairfield

Hampton

Established

Edgefield

Greenwood

Reported

Dorchester

N-E

N-R

N-R

N-E

N-R

R-E

N-E

N-R

N-R

N-R

R-E

N-R

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

G. Hickling, unpublished

(Rosen et al. 2012)

(Rosen et al. 2012)

(Rosen et al. 2012)

(Rosen et al. 2012)

(Rosen et al. 2012)

(Rosen et al. 2012)

http://vectormap.nhm.ku.edu/vectormap/

(Williams et al. 1999)

(Williams et al. 1999)

L. Durden, unpublished

(Williams et al. 1999)
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Established
Reported
Reported
Established
Established
Reported
Reported
Established
Established
Established
Established
Reported
Reported
Reported
Reported
Established
Reported
Reported
Reported
Reported
Established
Reported
Reported

Henry
Humphreys
Jackson
Knox
Lake
Lauderdale
Lawrence
Loudon
Marion
Marshall
Maury
Montgomery
Obion
Pickett
Rhea
Roane
Rutherford
Scott
Sequatchie
Shelby
Stewart
Sumner

Established

Franklin

Hamilton

Reported

Fentress

Reported

Established

Fayette

Reported

Established

DeKalb

Grainger

Reported

Davidson

Giles

Reported

Cumberland

Author Manuscript

Author Manuscript
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N-R

N-R

N-R

N-R

N-E

N-R

N-R

N-R

N-R

N-E

R-E

N-E

N-E

N-R

N-E

N-E

N-R

N-R

N-E

N-R

N-R

N-E

N-E

N-E

N-R

N-R

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

(Rosen et al. 2012)

(Rosen et al. 2012)

(Rosen et al. 2012)

(Rosen et al. 2012)

(Rosen et al. 2012)

(Rosen et al. 2012)

(Rosen et al. 2012)

http://vectormap.nhm.ku.edu/vectormap/

(Rosen et al. 2012)

(Rosen et al. 2012)

(Rosen et al. 2012)

(Rosen et al. 2012)

(Rosen et al. 2012)

(Rosen et al. 2012)

G. Hickling, unpublished

(Rosen et al. 2012)

(Rosen et al. 2012)

(Rosen et al. 2012)

(Rosen et al. 2012)

(Rosen et al. 2012)

(Rosen et al. 2012)

G. Hickling, unpublished

(Rosen et al. 2012, Mays et al. 2014)

(Rosen et al. 2012)

(Rosen et al. 2012)

(Harmon et al. 2011, Rosen et al. 2012)
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Reported
Reported
Reported
Reported

Warren
Wayne
White
Williamson

Established
Established
Established
Reported
Reported
Reported
Established
Established
Reported
Reported
Established
Established
Reported
Established
Established
Reported
Reported
Reported
Reported
Reported
Reported
Established
Reported
Reported
Reported

Anderson
Angelina
Aransas
Austin
Bandera
Bastrop
Bell
Bexar
Blanco
Bowie
Brazoria
Brazos
Cameron
Cass
Cherokee
Colorado
Coryell
Dallas
Edwards
FortBend
Franklin
Freestone
Grayson
Gregg
Hamilton

Texas

Reported

Tipton

Author Manuscript

Author Manuscript
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N-E

N-R

N-R

R-E

N-R

N-R

N-R

N-R

N-R

N-R

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

S. Hamer, unpublished

(Sanders et al. 2013)

(Feria-Arroyo et al. 2014)

(Sanders et al. 2013, Rodriguez et al. 2015)

S. Hamer, unpublished

(Rosen et al. 2012)

(Rosen et al. 2012)

(Rosen et al. 2012)

(Rosen et al. 2012)

(Rosen et al. 2012)
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Reported
Reported
Reported
Reported
Reported
Established
Established
Reported
Reported
Established
Reported
Reported
Established
Established
Reported
Reported
Established
Established
Established
Reported
Reported
Reported
Reported

Kerr
Kleberg
Lamar
Lampasas
Lavaca
Leon
Liberty
Llano
Marion
Mason
Matagorda
Montgomery
Nacogdoches
Newton
Palo Pinto
Parker
Polk
Real
Robertson
Rusk
Sabine
San Augustine

Reported

Houston

Jefferson

Reported

Hidalgo

Established

Established

Henderson

Reported

Reported

Hays

Jasper

Reported

Harrison

Hunt

Established

Harris

N-R

N-R

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

(Feria-Arroyo et al. 2014)

(Feria-Arroyo et al. 2014)
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Author Manuscript

Author Manuscript
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Reported
Established
Reported
Established

Walker
Waller
Washington
Wood
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Established
Established
Established
Established
Reported
Established
Reported
Established
Established
Established
Established

Caledonia
Chittenden
Franklin
GrandIsle
Lamoille
Orange
Orleans
Rutland
Washington
Windham
Windsor

Accomack

Established

Established

Bennington

Virginia

Established

Addison

Vermont

Reported

Reported

Zavala

Reported

Victoria

Established

Trinity

Uvalde

Reported

Taylor

Reported

Reported

Tarrant

Established

Reported

Sutton

Upshur

Established

Smith

Tyler

Reported

Shelby

R-E

N-E

R-E

N-R

N-E

N-E

N-E

R-E

R-E

R-E

N-E

N-R

N-R

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

https://apps.health.vermont.gov/gis/vttracking/ticktracker/2014Summary/

https://apps.health.vermont.gov/gis/vttracking/ticktracker/2014Summary/

https://apps.health.vermont.gov/gis/vttracking/ticktracker/2014Summary/

https://apps.health.vermont.gov/gis/vttracking/ticktracker/2014Summary/

(Serra et al. 2013)

https://apps.health.vermont.gov/gis/vttracking/ticktracker/2014Summary/

https://apps.health.vermont.gov/gis/vttracking/ticktracker/2014Summary/

https://apps.health.vermont.gov/gis/vttracking/ticktracker/2014Summary/

https://apps.health.vermont.gov/gis/vttracking/ticktracker/2014Summary/

https://apps.health.vermont.gov/gis/vttracking/ticktracker/2014Summary/

https://apps.health.vermont.gov/gis/vttracking/ticktracker/2014Summary/

S. Hamer, unpublished

(Feria-Arroyo et al. 2014)
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Established
Reported
Established
Established
Reported
Established
Established
Established
Reported
Reported
Reported
Reported
Established
Established
Established
Established
Established
Established
Established
Reported

Brunswick
Buckingham
Caroline
Charles City
Chesapeake
Chesterfield
Craig
Culpeper
Cumberland
Dinwiddie
Essex
Fairfax
Fauquier
Floyd
Fluvanna
Franklin
Frederick
Giles
Gloucester

Reported

Bath

Bland

Established

Augusta

Established

Reported

Arlington

Reported

Established

Appomattox

Bedford

Reported

Alleghany

Bedford City

Established

Albemarle

Author Manuscript

Author Manuscript
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N-R

N-E

N-E

N-E

N-E

N-E

R-E

N-R

N-R

N-R

N-R

N-E

N-E

N-R

N-E

N-R

N-E

N-E

N-R

N-R

N-E

N-R

N-E

N-R

N-E

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

H. Gaff, unpublished; http://
vectormap.nhm.ku.edu/vectormap/

(Herrin et al. 2014)

D. Gaines, unpublished

M. Shanks, D. Gaines, unpublished

R.J. Brinkerhoff, unpublished

D. Gaines, unpublished

R.J. Brinkerhoff, unpublished

H. Gaff, unpublished

http://vectormap.nhm.ku.edu/vectormap/

R.J. Brinkerhoff, unpublished

H. Gaff, unpublished; http://
vectormap.nhm.ku.edu/vectormap/

M. Shanks, D. Gaines, unpublished

(Kelly et al. 2014)

D. Gaines, unpublished; R.J. Brinkerhoff,
unpublished

D. Gaines, unpublished; R.J. Brinkerhoff,
unpublished

D. Gaines, unpublished

M. Shanks, D. Gaines, unpublished

M. Shanks, D. Gaines, unpublished

http://vectormap.nhm.ku.edu/vectormap/

D. Gaines, unpublished

D. Gaines, unpublished

http://vectormap.nhm.ku.edu/vectormap/

R.J. Brinkerhoff, unpublished

D. Gaines, unpublished

D. Gaines, unpublished
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Established
Reported
Established
Established
Reported
Established
Established
Established
Established
Established
Reported
Established
Reported
Established
Established
Reported
Reported
Established
Established
Reported
Reported

Lancaster
Loudoun
Lynchburg
Mecklenburg
Middlesex
Montgomery
Nelson
New Kent
Newport News
Norfolk
Northampton
Northumberland
Portsmouth
Powhatan
Prince Edward
Prince George
Prince William
Pulaski
Rappahannock
Richmond

Established

Isle of Wight

King George

Reported

Henrico

Reported

Reported

Hanover

Established

Established

Hampton

King and Queen

Reported

Greensville

James City

Established

Goochland

Author Manuscript

Author Manuscript

J Med Entomol. Author manuscript; available in PMC 2017 March 01.
N-R

N-R

N-E

N-E

N-R

N-E

N-E

N-R

N-E

N-R

N-E

N-E

N-E

N-E

N-R

N-E

N-E

N-R

N-E

N-R

N-E

N-E

N-R

N-R

N-E

N-R

N-E

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

D. Gaines, unpublished; H. Gaff, unpublished

http://vectormap.nhm.ku.edu/vectormap/

(Herrin et al. 2014)

H. Gaff, unpublished; http://
vectormap.nhm.ku.edu/vectormap/

R.J. Brinkerhoff, unpublished

R.J. Brinkerhoff, unpublished

H. Gaff, unpublished

H. Gaff, unpublished; http://
vectormap.nhm.ku.edu/vectormap/

(Kelly et al. 2014); H. Gaff, unpublished

H. Gaff, unpublished

R.J. Brinkerhoff, unpublished

Kelly et al. 2014

D. Gaines, unpublished

H. Gaff, unpublished

D. Gaines, unpublished

D. Gaines, unpublished

H. Gaff, unpublished

H. Gaff, unpublished

D. Gaines, unpublished; H. Gaff, unpublished

H. Gaff, unpublished

(Kelly et al. 2014); H. Gaff, unpublished

H. Gaff, unpublished

D. Gaines, unpublished

R.J. Brinkerhoff, unpublished

H. Gaff, unpublished

H. Gaff, unpublished

(Kelly et al. 2014)
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Established
Established
Reported
Established
Established

Warren
Washington
Westmoreland
York

Established

Established
Reported
Established
Established
Reported
Reported
Reported
Established
Reported
Established
Reported
Established

Barbour

Berkeley
Boone
Braxton
Brooke
Cabell
Doddridge
Fayette
Gilmer
Grant
Greenbrier
Hampshire
Hancock

West Virginia

Reported

Virginia Beach

Reported

Spotsylvania

Sussex

Established

Southampton

Established

Reported

Shenandoah

Established

Reported

Rockingham

Suffolk

Established

Rockbridge

Stafford

Established

Roanoke

Author Manuscript

Author Manuscript
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N-E

N-R

N-E

N-R

N-E

N-R

N-R

N-R

N-E

N-E

N-E

N-E

N-R

N-E

N-R

N-E

N-R

R-E

N-R

N-R

N-E

N-E

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

Page 67

http://www.dhhr.wv.gov/oeps/disease/Zoonosis/Tick/documents/tickborne-disease-summary-2013.pdf

http://www.mamca.org/2014Meeting/0306_0840_SR_WV.pdf

http://www.mamca.org/2014Meeting/
0306_0840_SR_WV.pdf; E. Dotseth, unpublished

http://www.dhhr.wv.gov/oeps/disease/Zoonosis/Mosquito/Documents/arbovirus/vectorborne-disease-report.

E. Dotseth, unpublished

E. Dotseth, unpublished

http://www.dhhr.wv.gov/oeps/disease/Zoonosis/Mosquito/Documents/arbovirus/vectorborne-disease-report.

http://www.dhhr.wv.gov/oeps/disease/zoonosis/documents/wv-zd-summary-2014.pdf

http://www.mamca.org/2014Meeting/
0306_0840_SR_WV.pdf; E. Dotseth, unpublished

E. Dotseth, unpublished

http://www.dhhr.wv.gov/oeps/disease/Zoonosis/
Mosquito/Documents/arbovirus/vectorbornedisease-report.pdf#page=3; E. Dotseth,
unpublished

H. Gaff, unpublished

http://vectormap.nhm.ku.edu/vectormap/

D. Gaines, unpublished

H. Gaff, unpublished

D. Gaines, unpublished; H. Gaff, unpublished

http://vectormap.nhm.ku.edu/vectormap/

H. Gaff, unpublished

D. Gaines, unpublished

D. Gaines, unpublished

D. Gaines, unpublished

D. Gaines, unpublished
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Established

Established

Reported
Established
Established
Established
Reported
Reported
Established

Reported
Established

Reported
Established

Established
Reported
Reported
Reported
Established
Reported
Established
Reported
Reported
Established

Hardy

Harrison

Jackson
Jefferson
Kanawha
Lewis
Lincoln
Logan
Marion

Marshall
Mercer

Mineral
Monongalia

Monroe
Morgan
Ohio
Pocahontas
Preston

Author Manuscript

Author Manuscript
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Putnam
Raleigh
Randolph
Ritchie
Summers

N-E

N-R

N-R

N-E

N-R

N-E

N-R

N-R

N-E

N-E

N-R

N-E

N-R

N-E

N-R

N-R

N-E

N-E

N-R

N-E

N-E

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

http://www.dhhr.wv.gov/oeps/disease/zoonosis/
tick/documents/tickborne-diseasesummary-2013.pdf; E. Dotseth, unpublished

E. Dotseth, unpublished

http://www.mamca.org/2014Meeting/0306_0840_SR_WV.pdf

E. Dotseth, unpublished

http://www.dhhr.wv.gov/oeps/disease/zoonosis/documents/wv-zd-summary-2014.pdf

http://www.mamca.org/2014Meeting/
0306_0840_SR_WV.pdf; E. Dotseth, unpublished

E. Dotseth, unpublished

E. Dotseth, unpublished

E. Dotseth, unpublished

http://www.dhhr.wv.gov/oeps/disease/zoonosis/
tick/documents/tickborne-diseasesummary-2013.pdf; E. Dotseth, unpublished

http://www.dhhr.wv.gov/oeps/disease/Zoonosis/Mosquito/Documents/arbovirus/vectorborne-disease-report.

http://www.dhhr.wv.gov/oeps/disease/Zoonosis/
Mosquito/Documents/arbovirus/vectorbornedisease-report.pdf#page=3; E. Dotseth,
unpublished

http://www.dhhr.wv.gov/oeps/disease/zoonosis/tick/documents/tickborne-disease-summary-2013.pdf

http://www.dhhr.wv.gov/oeps/disease/zoonosis/
tick/documents/tickborne-diseasesummary-2013.pdf; E. Dotseth, unpublished

http://www.dhhr.wv.gov/oeps/disease/Zoonosis/Mosquito/Documents/arbovirus/vectorborne-disease-report.

http://www.dhhr.wv.gov/oeps/disease/Zoonosis/Mosquito/Documents/arbovirus/vectorborne-disease-report.

E. Dotseth & M. Mark-Carew, unpublished

http://www.dhhr.wv.gov/oeps/disease/Zoonosis/Tick/documents/tickborne-summary-2012.pdf

http://www.dhhr.wv.gov/oeps/disease/Zoonosis/Mosquito/Documents/arbovirus/vectorborne-disease-report.

http://www.dhhr.wv.gov/oeps/disease/zoonosis/
tick/documents/tickborne-diseasesummary-2013.pdf; E. Dotseth, unpublished

http://www.dhhr.wv.gov/oeps/disease/zoonosis/
tick/documents/tickborne-diseasesummary-2013.pdf; E. Dotseth, unpublished
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Wood

Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Established
Reported
Established
Established
Established
Established
Reported
Reported

Established

Adams
Ashland
Barron
Bayfield
Brown
Buffalo
Burnett
Chippewa
Clark
Columbia
Crawford
Dane
Dodge
Door
Douglas
Dunn
Eau Claire
Florence
Fond du Lac

Forest

Wisconsin

N-E

Author Manuscript

Author Manuscript
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N-E

N-R

N-R

N-E

N-E

R-E

N-R

R-E

N-E

N-E

R-E

N-R

Established

Wetzel

N-E

N-R

Reported

Established

Upshur

N-E

Reported

Tyler

N-R

N-E

Established

Reported

Tucker

Wirt

Established

Taylor

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

S. Paskewitz, unpublished

Lee et al. 2013; http://labs.russell.wisc.edu/
wisconsin-ticks/presence-of-ixodes-scapularison-hunter-killed-deer-in-wisconsin-2008-09/

http://labs.russell.wisc.edu/wisconsin-ticks/presence-of-ixodes-scapularis-on-hunter-killed-deer-in-wiscons

S. Paskewitz, unpublished

S. Paskewitz, unpublished.

S. Paskewitz, unpublished

(Lee et al. 2013)

(Michalski et al. 2006)

S. Paskewitz, unpublished

S. Paskewitz, unpublished

S. Paskewitz, unpublished

E. Dotseth, unpublished

E. Dotseth, unpublished

E. Dotseth, unpublished

E. Dotseth, unpublished

http://www.dhhr.wv.gov/oeps/disease/zoonosis/documents/wv-zd-summary-2014.pdf

http://www.dhhr.wv.gov/oeps/disease/Zoonosis/Tick/documents/tickborne-disease-summary-2013.pdf

http://www.dhhr.wv.gov/oeps/disease/zoonosis/
tick/documents/tickborne-diseasesummary-2013.pdf; E. Dotseth, unpublished
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Established
Reported
Established
Established
Reported
Established
Established
Established
Established
Established
Established
Established
Reported
Reported
Reported
Reported
Established
Established
Established
Established
Established
Established
Established

Lafayette
Langlade
Lincoln
Manitowoc
Marathon
Marinette
Menominee
Milwaukee
Monroe
Oconto
Oneida
Outagamie
Ozaukee
Pierce
Polk
Portage
Price
Racine
Richland
Rock
Rusk
Sauk

Established

Jefferson

La Crosse

Established

Jackson

Reported

Established

Iowa

Established

Established

Green Lake

Kenosha

Established

Green

Juneau

Established

Grant

Author Manuscript

Author Manuscript
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N-R

N-R

R-E

N-E

N-E

N-E

N-E

N-R

N-E

R-E

N-E

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

S. Paskewitz, unpublished

http://labs.russell.wisc.edu/wisconsin-ticks/presence-of-ixodes-scapularis-on-hunter-killed-deerin-wisconsi

S. Paskewitz, unpublished

S. Paskewitz, unpublished

S. Paskewitz, unpublished

S. Paskewitz, unpublished

S. Paskewitz, unpublished

(Lee et al. 2013)

S. Paskewitz, unpublished

S. Paskewitz, unpublished

(Michalski et al. 2006)
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Author Manuscript

State and county
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Established
Established
Established
Reported
Reported
Reported

Waukesha
Waupaca
Waushara
Winnebago
Wood

N-R

N-E

R-E

R-E

N-E

R-E

R-E

N-R

S. Paskewitz, unpublished

S. Paskewitz, unpublished

S. Paskewitz, unpublished

(Caporale et al. 2005, Lee et al. 2013)

S. Paskewitz, unpublished

S. Paskewitz, unpublished

S. Paskewitz, unpublished

(Lee et al. 2013)

Source for change of status
from Dennis et al. (1998) survey

National Veterinary Services Laboratories.

e

SCWDS: Southeastern Cooperative Wildlife Disease Study.

NCPHPM: North Carolina Public Health Pest Management, terminated in 2011.

d

c

N-R, change from No Records to Reported; N-E, change from No Records to Established; R-E, change from Reported to Established.

b

Established: Six or more ticks or two or more tick life stages; Reported: Fewer than six ticks and one tick life stage only.

a

Established

Washburn

Established

Trempealeau

Walworth

Established

Taylor

Established

Established

St. Croix

Reported

Established

Sheboygan

Vilas

Reported

Vernon

Established

Shawano

Author Manuscript
Sawyer

Status change from
Dennis et al. (1998)b

Author Manuscript
Status by August 2015a

Author Manuscript

State and county

Eisen et al.
Page 71

Author Manuscript
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Table 3

Author Manuscript

Records of I. pacificus by state and county. Fields left blank indicate status was inherited from Dennis et al.
(1998)
State and county

Status by Aug. 2015a

Status change from
Dennis et al. (1998)b

Source for change of status from
Dennis et al. (1998) survey

Arizona
Mohave

Established

California

Author Manuscript
Author Manuscript
Author Manuscript

Alameda

Established

Amador

Established

Butte

Established

Calaveras

Established

Colusa

Established

Contra Costa

Established

Del Norte

Established

El Dorado

Established

Fresno

Established

Glenn

Established

Humboldt

Established

Imperial

Established

Inyo

Established

Kern

Established

Kings

Established

Lake

Established

Lassen

Established

Los Angeles

Established

Madera

Established

Marin

Established

Mariposa

Established

Mendocino

Established

Merced

Established

Mono

Reported

Monterey

Established

Napa

Established

Nevada

Established

Orange

Established

Placer

Established

Plumas

Established

Riverside

Established

Sacramento

Established

San Benito

Established

San Bernardino

Established
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Status by Aug. 2015a

Author Manuscript
Author Manuscript

San Diego

Established

San Francisco

Established

San Joaquin

Established

San Luis Obispo

Established

San Mateo

Established

Santa Barbara

Established

Santa Clara

Established

Santa Cruz

Established

Shasta

Established

Sierra

Established

Siskiyou

Established

Solano

Established

Sonoma

Established

Stanislaus

Established

Sutter

Established

Tehama

Established

Trinity

Established

Tulare

Established

Tuolumne

Established

Ventura

Established

Yolo

Established

Yuba

Established

Status change from
Dennis et al. (1998)b

Source for change of status from
Dennis et al. (1998) survey

Nevada

Author Manuscript

Clark

Reported

Lincoln

Reported

Oregon

Author Manuscript

Benton

Established

Clackamas

Established

Clatsop

Established

Columbia

Reported

Coos

Established

Curry

Established

Douglas

Established

Hood River

Established

Jackson

Established

Jefferson

Reported

Josephine

Established

Lane

Established

Lincoln

Established

Linn

Established

Marion

Established
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Status by Aug. 2015a

Author Manuscript

Multnomah

Established

Polk

Reported

Sherman

Established

Tillamook

Established

Umatilla

Reported

Wasco

Established

Washington

Established

Status change from
Dennis et al. (1998)b

Source for change of status from
Dennis et al. (1998) survey

R-E

(Davis et al. 2015)

N-E

E. Dykstra, unpublished

R-E

E. Dykstra, unpublished

Utah

Author Manuscript

Beaver

Reported

Juab

Established

Millard

Reported

Piute

Reported

Salt Lake

Established

Tooele

Established

Utah

Established

Washington

Established

Washington

Author Manuscript
Author Manuscript

Chelan

Established

Clallam

Established

Clark

Established

Cowlitz

Established

Island

Reported

Jefferson

Established

King

Established

R-E

E. Dykstra, unpublished

Kitsap

Established

R-E

E. Dykstra, unpublished

Kittitas

Reported

N-R

E. Dykstra, unpublished

Klickitat

Established

Lewis

Established

Mason

Established

Okanogan

Reported

N-R

E. Dykstra, unpublished

Pacific

Reported

N-R

E. Dykstra, unpublished

Pierce

Established

San Juan

Established

Skagit

Established

Skamania

Established

Snohomish

Reported

Thurston

Established

Whatcom

Established

Yakima

Reported

N-R

E. Dykstra, unpublished

Fields left blank indicate status was inherited from Dennis et al. (1998)

a

Established: Six or more ticks or two or more tick life stages; Reported: Fewer than six ticks and one tick life stage only.
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b

N-R, change from No Records to Reported; N-E, change from No Records to Established; R-E, change from Reported to Established.

Author Manuscript
Author Manuscript
Author Manuscript
Author Manuscript
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Abstract
Since first introduced to North America in 1999, West Nile virus (WNV) has spread rapidly across the continent,
threatening wildlife populations and posing serious health risks to humans. While WNV incidence has been linked to
environmental factors, particularly temperature and rainfall, little is known about how future climate change may
affect the spread of the disease. Using available data on WNV infections in vectors and hosts collected from 2003–
2011 and using a suite of 10 species distribution models, weighted according to their predictive performance, we
modeled the incidence of WNV under current climate conditions at a continental scale. Models were found to accurately predict spatial patterns of WNV that were then used to examine how future climate may affect the spread of
the disease. Predictions were accurate for cases of human WNV infection in the following year (2012), with areas
reporting infections having significantly higher probability of presence as predicted by our models. Projected geographic distributions of WNV in North America under future climate for 2050 and 2080 show an expansion of suitable climate for the disease, driven by warmer temperatures and lower annual precipitation that will result in the
exposure of new and na€ıve host populations to the virus with potentially serious consequences. Our risk assessment
identifies current and future hotspots of West Nile virus where mitigation efforts should be focused and presents an
important new approach for monitoring vector-borne disease under climate change.
Keywords: climate change, disease ecology, ecological forecasting, ensemble distribution modeling, flavivirus, infectious
diseases, maxent, West Nile virus
Received 7 November 2013 and accepted 14 December 2013

Introduction
West Nile virus (WNV) (Flaviviridae: Flavivirus) is the
most prevalent flavivirus in the world. Transmitted by
mosquitoes, it was first detected in North America in
1999, and by 2004, the disease had spread across the
contiguous United States. Since its introduction, WNV
has infected over 30 000 humans and caused nearly
1500 deaths (Centers for Disease Control & Prevention
(CDC) 2012, Public Health Agency of Canada 2012),
and has had devastating impacts on native host
populations (Ladeau et al., 2007). WNV occurrence is
influenced by environmental factors, including the
composition of vertebrate host communities, climatic
conditions, features of the landscape, and anthropogenic stressors (Kilpatrick, 2011). The presence of the
virus is also intimately linked to its vector populations
of mosquitoes (primarily species in the genus Culex),
whose distributions are environmentally driven and
correspondence: Ryan J. Harrigan, tel. +1 310 206 6234,
fax +1 310 825 5446, e-mail: iluvsa@ucla.edu

© 2014 John Wiley & Sons Ltd

may be impacted by climate change (Soverow et al.,
2009; Kilpatrick, 2011). Despite intensive study, the
links between outbreaks and environmental conditions
remain unclear. Of particular interest to health professionals is how future climate conditions may influence
the distribution and spread of the disease, and how
outbreaks can be predicted.
Particular climatic conditions may facilitate WNV
spread and proliferation within a community, either
directly by influencing transmission or replication of the
virus, or indirectly, by influencing the arthropod vectors’
or avian hosts’ ecology. For example, severe outbreaks of
WNV in Europe and the United States have been associated with droughts (Marra et al., 2004; Shaman et al.,
2005). It is believed that drought may facilitate mosquitobreeding conditions by concentrating available water,
creating organically rich water bodies that congregate
hosts and vectors, and increase the frequency of transmission events (Shaman et al., 2005).
Previous studies linking environmental variables to
outbreaks of WNV in either vectors or hosts have been
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conducted at local geographic scales with limited temporal coverage. A wide range of correlates have been
identified in these studies, including: long-term temperature patterns (Wimberly et al., 2008), precipitation
(Shaman et al., 2005), land-use changes and urbanization (Ezenwa et al., 2007), socioeconomic factors (Harrigan et al., 2010), and host biodiversity (Kilpatrick et al.,
2006a). The many WNV environmental correlates
underscore the complexity of virus-vector-host interactions, especially with different mosquito species, with
different biological requirements (Rueda et al., 1990),
acting as the predominant vectors of WNV in different
geographic regions. While factors other than climate
have previously been reported to help predict distributions and prevalence of other vector-borne diseases,
climate conditions including temperature and precipitation still help explain much of the variation present
(Perez-Rodrıguez et al., 2013). For regional and continental scales, climatic factors provide excellent
predictive power in determining risk associated with
WNV and other vector-borne diseases (Wimberly et al.,
2008; Sehgal et al., 2011; Cornualt et al., 2013). Most
importantly, these climate factors can be modeled
under future warming conditions so that long-term predictions of shifts in risk can be estimated.
Using a suite of species distribution modeling
algorithms, available climate predictors, and WNV incidences in mosquito vectors, primary avian hosts, and
secondary human hosts (see Supporting Online Information), we: (i) combine WNV data for the continental
United States to map current distributions of the
disease in vector and host populations; (ii) identify the
most important climatic factors associated with WNV
presence under current conditions; (iii) predict spatial
and short-term temporal heterogeneity of WNV risk to
identify annual hotspots; and (iv) project how these
continental risks based on climate may shift under
future climate change. By deriving a risk assessment of
this devastating disease, we hope to inform mitigation
and control strategies in areas that are or will be under
threat due to suitable climatic conditions, as well as
provide a blueprint for how risk assessments for other
emerging infectious diseases may be modeled.

Materials and methods

Data collection
Data on West Nile virus ‘positives’, ‘negatives’, and ‘no collection records’ were processed from the Centers for Disease Control and Prevention website (www.cdc.gov/ncidod/dvbid/
westnile/index.htm) for years 2003–2011. This database is a
joint venture between the CDC and Arbonet, with maps of
records provided by the United States Geological Service

(USGS). Records are available at the county level within the United States, and each county for each year was assigned to one of
three categories: (i) positive for West Nile virus; (ii) negative for
West Nile virus; or (iii) no data reported on West Nile virus presence. The centroid of each county was calculated and used as
the point location for each record in further modeling analyses.
For each county and each year, three types of positives were
recorded: (i) those found in vectors (mosquitoes); (ii) those
found in primary hosts (birds); and (iii) those found in secondary hosts (humans). Although total counts were often reported
at the county level, only records of presence or absence were
used for a number of reasons. First, prevalence measures can
be greatly influenced by the way in which samples are collected and/or recorded. Second, prevalence counts in vectors
can be largely dependent upon vector control effort within
each county, which can in turn be dependent on financial constraints of individual counties. Third, primary host prevalence
(in birds) is difficult to measure, as only dead birds are actually tested for West Nile virus. Although some counties do
support wildbird and sentinel surveillance programs, the
majority of screening occurs within the avian family Corvidae,
and within this group, dead American crows (Corvus brachyrynchos) are the most often tested bird. Finally, the number of
reported cases of West Nile virus in secondary human hosts is
likely influenced by a number of factors including human
population density, health care reporting practices, and
screening and detection methods within hospitals.

Environmental datasets
Observed climate data for individual years were acquired
from the United States Historical Climatology Network, which
provides monthly averages of data for 1218 stations across the
contiguous United States (USHCN version 2.5.0, 10 October,
2012) (Menne et al., 2009). A continuous data surface was
interpolated from these data using ordinary kriging (Oliver &
Webster, 1990) with a cell size of 4 9 4 arcmin. Climatic variables were assigned to positive and negative WNV cases at
the county level by using the centroid of a county and sampling each variable as an average of the surrounding nine cells
(3 9 3 grid of 4 9 4 arcmin each). Due to the fact that counties (and parishes) within the study area were not equally
sized, we note here that climate estimates for larger counties
(particularly in environmentally heterogeneous areas such as
parts of the Midwest, California, and the Pacific Northwest)
must be taken with caution, as errors in estimates may be larger here. Fifty-year mean climatologies from the WorldClim
database [www.worldclim.org (Hijmans et al., 2005)] were
used as a baseline for projecting models under future climate
change. Initial models were performed using 19 bioclimatic
variables, comprising measurements of temperature and precipitation. Due to high correlation between several of these
variables (as determined by cross-correlational analyses, Pearson correlation coefficient > 0.9) and the fact that some of
these variables represent calculated values derived from raw
measurements, a subset of eight variables, reflecting both temperature and precipitation measurements, were selected and
used for subsequent analyses (See Table S1).

© 2014 John Wiley & Sons Ltd, Global Change Biology, 20, 2417–2425
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Distribution models & performance
Several classes of species distribution models have been used
to spatially predict diseases across various scales (Harrigan
et al., 2010; Sehgal et al., 2011), and the performance of these
models under a variety of conditions have been explored in
numerous studies (Elith et al., 2006; Siroky, 2009; Thomassen
et al., 2010). Often, one or a few of these models are selected
based on either predictive skill and/or appropriateness of the
model given the input dataset. Recently, however, ensemble
modeling methods have been used as a way to avoid selection
of any one particular model in favor of a community assemblage of models, either equally weighted or weighted according to the performance of each model. This ensemble
modeling technique has been implemented within the R
framework in the package BIOMOD (Thuiller et al., 2009).
However, these ensemble techniques compare models that
incorporate both presence and absence records of species, and
unfortunately do not include widely used stand-alone models
such as Maxent (Phillips et al., 2006) (Note: the option to run
Maxent models in BIOMOD was added in the new package
BIOMOD2). To include both presence and presence/absence
models (absence data were available for primary vectors and
hosts, but not for human cases), we compared the performance of 10 species distribution model techniques (Table S2),
using the standard measure of the Receiver Operator Characteristic (ROC) to compare the performance of each model
across each dataset. A total of 1620 runs were performed [six
runs for each of 10 models across 9 years of data for three species groups (vectors, primary hosts, and secondary hosts)], in
the following manner: five runs for which 80% of the data was
randomly selected in training of the model, with the remaining 20% used to test the model, followed by a sixth and final
run where all of the data were used in the training of the
model. These runs incorporating all data points were only
used for final visualizations of risk assessments. To measure
model and variable performance, cross-validation of the five
80/20 replications was used (using the score obtained from
the average of the cross-validations across five repetitions of
80/20 training/testing splits) for 27 separate datasets (vector,
primary host, and human presence data for years 2003–2011).
Maxent model performance was based on averages of the
models for which 20% of the data was held back for testing.
We used the following settings of Maxent: 10 000 background
points; auto features; regularization multiplier = 1.0; maximum iterations = 500; convergence threshold = 0.00005.

Weighted ensemble models
Model ensembles typically use either an unweighted mathematical average assembly or a weighted ensemble, for which
models are ranked numerically according to their score on a
standard measure of importance [i.e. Total Sum of Squares
(TSS), Kappa, or ROC curve]. In the program BIOMOD, models are weighted by their ranking. However, weights are determined by a uniform decay index (d) that does not consider
absolute differences between model performance scores (Thuiller et al., 2009). For instance, a model that is only slightly

© 2014 John Wiley & Sons Ltd, Global Change Biology, 20, 2417–2425

worse than another model would still be down-weighted by
the same decay index value as a model that performed much
worse. In this way, these decay indices may be incorrectly
penalizing models that perform well, but not as well as the
top models in the ensemble. This may be particularly problematic in cases where several models perform well on a single dataset or when there are large discrepancies in model
performances between classes of models.
To address these potential issues, we developed a weighting scheme that uses a decay index directly proportional to
the score of the model being weighted (Eqn 1).
E¼

Xn
i¼1

Mi wi

ð1Þ

Mi
where: wi ¼ M1 þM
, performance of model Mi as compared
2 ...Mi
to other models’ scores
E = Weighted ensemble model score at each pixel
i = Number of models evaluated in the ensemble
M = Single species distribution model performance score at
each pixel
This weighting scheme was applied to each prediction for
each of the 27 datasets (vectors, primary hosts, and secondary
hosts for years 2003–2011) to arrive at final weighted ensemble
predictions. Final pixel values were made spatially continuous
by means of ordinary kriging (Oliver & Webster, 1990).

Individual variable contributions
Individual environmental variables and their comparative
performance across models were determined using measures of importance; for all models except Maxent, this was
measured as the overall decrease in performance of each
model when the variable in question was removed from
the model. If the models do not differ greatly in predictive
performance, then the variable is deemed not important to
the overall model. For Maxent, importance scores were
measured slightly differently, as the variables are still
included in the model, but randomly permuted to assess
the decrease in ROC curve score as a measure of the actual
variable importance in determining the model performance.
Due to these slightly different means of importance calculations, importance scores were compared across all runs for
the eight SDMs (no model is constructed for SREs) within
BIOMOD, and then separately for the Maxent models
(Table S2). Differences in variable ranking likely reflect
these differences in importance calculations, as final spatial
predictions for the top models were highly concordant.

Future ensemble models
Future climate variables (the same suite used for current climate conditions in the study) were downloaded from
WorldClim (www.worldclim.org), in conjunction with the
Consultative Group on International Agricultural Research
(CGIAR) and the research program on Climate Change, Agriculture and Food Security [CCAFS, www.ccafs-climate.org
(Ramirez, 2008)]. Seven global climate models (GCMs, Table
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S5) from the IPCC 4th Assessment (Randall et al., 2007) were
used at a statistically downscaled resolution of 2.5 arcmin
(~4 km). Models were statistically downscaled using the Climgen (Mitchell & Osborn, 2005) generator. Models were mathematically averaged for the projection period 2050–2060 and
2080–2090, and ensemble models used to predict current risk
for West Nile virus were then applied to these future conditions. Future models were built under the intermediate A1B
scenario (describing a future world of rapid economic growth,
global population increases, and a balance of dependency on a
variety of energy sources). The A1B scenario was chosen
because these models represent the middle of the range for all
SRES scenarios and as such are considered more realistic than
models based on either extremely high A1 or extremely conservative B2 scenarios.

Results

Ensemble distribution model performance
We predicted the spatial distribution of WNV for individual years for which WNV occurrence data were
available (2003–2011). Results suggest that climate variables alone accurately predict spatial variation in the
probability of presence of WNV, even when using a
wide variety of species distribution models (Model
ROC curve mean = 0.745, std. = 0.070, range = 0.542–
0.935). Final ensemble models incorporating all models
weighted by individual performance (see Materials &
Methods) accurately predicted human cases of the disease in the following year (2012), including the first
human case in Maine, and the particularly severe Texas
outbreak in 2012, and assigned significantly higher risk

(a)

to counties with human cases (t = 12.78, P < 0.001,
Fig. 1). Severity of outbreaks was also well represented
by ensemble models, with areas in Texas and Southern
California receiving the highest probability of presence
in ensemble models and reporting the highest number
of human cases in the following year (2012). Conversely, small numbers of cases were reported in areas
predicted by our ensemble models to have overall low
probabilities of presence (i.e. Southeastern United
States and areas of the Pacific Northwest).
Model performance varied significantly among individual models (Fig. 2a and b). Among the 10 models
evaluated, Maxent, and two of the nonlinear bifurcating
models, Random Forests and Generalized Boosting
Models, consistently ranked among the best performers
across datasets (Fig. 2b; Table S4). While every dataset
is likely to provide unique variation that particular
models may perform well on, the consistency of our
top-ranked models’ performance across vectors and
hosts, and across years using varying environmental
predictors, suggests these nonlinear methods (Maxent,
Random Forests, and Generalized Boosting Models)
should be considered valuable tools in predicting the
distribution of diseases. Results also suggest that distributions of diseases based on single algorithms may not
always accurately capture the variation necessary for
forecasting current and emerging diseases.

Climate predictors of West Nile virus
The most important climate variables predicting WNV
occurrence were maximum temperature of the warmest

(b)

Fig. 1 Predicting the risk of West Nile virus (WNV) across the contiguous United States to identify annual outbreaks. (a) Predictions
represent the mathematical average of ensemble models of probability of presence in vectors from years 2003–2011. Overlayed on these
predictions are locations of human cases of WNV in 2012; circles are proportional to the number of cases reported. (b) Prediction models assigned significantly higher risk (t = 12.78, P < 0.001) to counties in the United States that had human cases of WNV in 2012 as
compared to those that reported no human cases. Violin plots show kernel density distributions of predicted probabilities of presence
for each county in the United States. Bars represent interquartile ranges.
© 2014 John Wiley & Sons Ltd, Global Change Biology, 20, 2417–2425
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(a)

(b)

Fig. 2 Evaluation of species distribution models according to their predictive performance on final models. (a) Receiver Operating
Characteristic (ROC) curve mean for each model, standard deviation is indicated by dashed lines, (b) Individual pairwise comparisons
of model performance as assessed by ROC score. The dashed vertical line indicates no significant difference (using a 95% confidence
interval) between mean scores. Comparisons that do not cross this vertical line are those where the model indicated to the left had significantly lower ROC scores than the model indicated within bracket.

month and measures of annual and seasonal precipitation (Table S2; Figure S1). Higher maximum temperatures in the warmest month were associated with higher
probability of presence in our analyses. Further, both
annual total precipitation and precipitation seasonality
were found to have an inverse relationship with the
probability of WNV presence in vectors, primary hosts,
and secondary hosts. Our findings suggest regions with
lower annual total precipitation have higher probability
of WNV cases. Regions with high annual precipitation
and lower seasonal variation, such as the southeastern
United States and the Pacific Northwest, were predicted
to have lower probabilities of presence than drier more
seasonal regions (Fig. 3, Figures S1–S3).
Comparisons of interannual variation in WNV probability of presence reveal that some regions are consistently at risk for WNV infections during summer
months, whereas others appear more stochastic in their
risk to WNV (Fig. 4). Regions such as the Pacific Northwest and Southeast have experienced consistently low
probabilities of WNV presence. The Midwestern United
States, a region often recording high numbers of WNV
cases (CDC, 2012), shows high year-to-year variation in
the probability of WNV presence, likely caused by a
decrease in the number of cases in recent years (Figure
S4). In contrast, the northeast regions and parts of the
southern United States have experienced consistently
higher probabilities of WNV presence, an indication
that these regions are rarely spared annual WNV
© 2014 John Wiley & Sons Ltd, Global Change Biology, 20, 2417–2425

outbreaks (Fig. 4). These results suggest that mitigation
efforts should be focused in these regions.

Future predictions
The projected geographic distribution of WNV in
North America under future climate conditions for midcentury shows a northward and altitudinal expansion of
the suitability of WNV under climate change (Fig. 5).
Because current WNV distributions are highly dependent on temperature variables (e.g., maximum temperature of the warmest month), the ensemble model
predicts that as temperatures in northern latitudes and
western mountain regions continue to increase (Figures
S5 and S6), conditions favorable for early amplification
cycles and expanding vector distributions will enhance
ecological conditions for WNV. Although projections of
future precipitation across North America are more
uncertain and seasonally dependent than those developed for temperature, annual mean precipitation is predicted to decrease across much of southern North
America (Randall et al., 2007) (Figures S5 and S6). Lower
rainfall, particularly in the spring seasons in the southeast and southern Midwest United States, is predicted to
increase WNV risk. Increases in rainfall across parts of
central United States may lead to decreases in the probability of WNV, although regions of decreased risk are relatively low compared to those regions that will be at
higher risk under climate change (Fig. 5).
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Fig. 3 Probability of presence of West Nile virus (WNV) in vectors from years 2003–2011, as determined by ensemble modeling of 60
runs across 10 separate models. Areas in red indicate high probability of presence (maximum probability = 1), while those in green represent areas of low predicted presence (minimum probability = 0).

Fig. 4 Variation in probability of presence of West Nile virus (WNV) in vectors, primary hosts, and secondary hosts from the year 2005
to the year 2011, as determined by ensemble models across years. While the Midwestern United States has historically had high numbers of WNV cases, recent years (2009–2011) saw a decrease in the number of cases in this region. Consistently low probabilities of presence in the Pacific Northwest and parts of the southwest region of the United States are contrasted with consistently high probabilities
of presence in portions of the northeast and the Gulf Coast region. 2003 and 2004 were excluded from variation measures as WNV had
not reached its current full continental range until 2005.

Discussion
Climate has previously been shown to be a strong predictor of the distribution of vector-borne diseases
(Wimberly et al., 2008; Sehgal et al., 2011), and we
find that at continental scale, both temperature and

precipitation can be used to accurately assess risk of
West Nile virus for both primary host and human
populations. Maximum temperatures of the warmest
months were shown to greatly influence the probability
of presence, perhaps not surprisingly, given that
variation in temperature has been shown to play an
© 2014 John Wiley & Sons Ltd, Global Change Biology, 20, 2417–2425
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Fig. 5 Probability of presence of West Nile virus (WNV) in vectors projected across North America, for the year 2050 and 2080 under
the A1B climate scenario. Areas in red indicate increased probability of presence (by at least 10% compared to current), while those in
blue represent areas of decreased predicted prevalence (by at least 10% compared to current). Northern latitude increases are driven
primarily by a positive relationship between temperature variables (BIO5, the maximum temperature of the warmest month), where as
increases in WNV probability in the middle of the continent are driven by the counterintuitive inverse relationship between lower precipitation and higher WNV probability of presence.

important role in vector life cycles, and vectorial capacity, particularly for members of the Culex sp. complex
(Rueda et al., 1990; Kilpatrick et al., 2008; Kilpatrick,
2011). Differences in vector life cycles may also lead to
variation in how effectively WNV is transmitted during
the course of typical spring and summer seasons (Miramontes et al., 2006). Precipitation, too, is likely an
important limiting factor for mosquito species, and several mechanistic hypotheses between precipitation and
disease occurrence have been previously suggested
(Epstein, 2001; Shaman et al., 2005; Wimberly et al.,
2008). Somewhat counterintuitive is our result that
lower annual precipitation is correlated with higher
numbers of WNV cases. This could be explained either
by reducing the number of predators and competitors
for mosquito populations (Chase & Knight, 2003; Wang
et al., 2010) or by forcing closer congregations of vectors
and hosts to areas with available standing water when
rainfall is scarce or during droughts (Shaman et al.,
2005).
Although total number of WNV cases is difficult to
predict among years, regions of highest risk appear to
be consistent across years. These ‘hotspots’ include
much of the California Central Valley, Southwest
Arizona, southern Texas, and Louisiana. In 2012,
one-third of all reported cases of WNV were from the
© 2014 John Wiley & Sons Ltd, Global Change Biology, 20, 2417–2425

state of Texas (Murray et al., 2013), centered around the
city of Dallas and its suburbs, a region that was identified by our models as being of high risk for WNV.
While total number of WNV cases was lower in this
region in 2013, the relative number of cases was still
highest in these climatically suitable regions.
Despite not including socioeconomic variables in our
models, highly urbanized areas of the Northeast United
States were also identified at risk for higher probabilities of WNV under present climate conditions. In 2012,
the first human case of the disease was reported from
Maine (CDC, 2012), and this county was ranked highest
for probability of presence (0.64) among counties in
Maine by our risk assessment model. This example
may suggest that a subtle northward movement of
WNV has already started, with shifting climate conditions that cause previously unsuitable, colder northern
latitudes to become suitable for vector-borne diseases
during summer months. Our results on future projections of WNV suggest that this temperature-driven
northward expansion substantially accelerates during
the course of a century, exposing many primary and
secondary hosts to infection for the first time, which
could have as devastating an impact on host populations as the initial emergence of WNV did in North
America (Ladeau et al., 2007; Kilpatrick, 2011). The
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inverse relationship between precipitation and WNV
presence can also contribute to future shifts in the distribution of the disease, because temperate regions are
likely to experience new precipitation regimes under
most climate change scenarios (Christensen et al., 2007;
Min et al., 2011). Lower precipitation estimates for
much of the southeastern Unites States suggest that
these areas, previously experiencing only sporadic outbreaks of WNV, will have increased risk of the disease
under climate change. Warmer temperatures are also
likely to shift vector distributions, such that mosquitoes
typically associated with more tropical distributions,
may increase their northern ranges. Other vector-borne
diseases, previously only found at more tropical latitudes, have been shown to have increasingly temperate
distributions under climate change (Hales et al., 2002;
Loiseau et al., 2012), underlining the importance of
new, routine surveillance in areas previously thought
to be immune to transmission of disease by vectors
once considered tropical in nature.
We present the first predictions of continental WNV
risk under present and future climate conditions for
North America. However, there are important factors
other than climate that influence infection risk. Local
land-use changes, socioeconomic conditions, host
switching by vectors, and host community diversity
may all contribute to explaining presence and increased
transmission of the disease (Kilpatrick, 2011; Brown,
2008; Ezenwa et al., 2007; Harrigan et al., 2010; Kilpatrick et al., 2006a,b). Predictions of future land-use
change or socioeconomic status carry with them even
more uncertainly than climate predictions, and so these
potentially important variables were excluded from
future risk assessments. Nevertheless, our results show
that the distribution of WNV across the continent is significantly influenced by large-scale climatic conditions
that are changing at an unprecedented rate (Coumou &
Rahmstorf, 2012). Most importantly, the distribution of
WNV is predicted to shift northward and to higher elevations under future climate conditions. This will likely
have significant negative consequences for na€ıve host
populations not currently exposed to the disease. Novel
host exposure to WNV (Ladeau et al., 2007; Lindsey
et al., 2008) and other diseases (Ouellet et al., 2005;
Beadell et al., 2006) has already been shown to have
devastating impacts on populations. Accurate forecasting and risk assessment will be an important first step
in mitigating threats to both wildlife and human populations.
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West Nile virus (WNV), the most widely distributed virus of the encephalitic
flaviviruses, is a vector-borne pathogen of global importance. The transmission cycle exists in rural and urban areas where the virus infects birds,
humans, horses and other mammals. Multiple factors impact the transmission and distribution of WNV, related to the dynamics and interactions
between pathogen, vector, vertebrate hosts and environment. Hence,
among other drivers, weather conditions have direct and indirect influences
on vector competence (the ability to acquire, maintain and transmit the
virus), on the vector population dynamic and on the virus replication rate
within the mosquito, which are mostly weather dependent. The importance
of climatic factors (temperature, precipitation, relative humidity and winds)
as drivers in WNV epidemiology is increasing under conditions of climate
change. Indeed, recent changes in climatic conditions, particularly increased
ambient temperature and fluctuations in rainfall amounts, contributed to the
maintenance (endemization process) of WNV in various locations in
southern Europe, western Asia, the eastern Mediterranean, the Canadian
Prairies, parts of the USA and Australia. As predictions show that the current trends are expected to continue, for better preparedness, any
assessment of future transmission of WNV should take into consideration
the impacts of climate change.

1. Climate change and vector-borne disease
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Climate change is a complex phenomenon [1] that affects human health. The
impacts are multifaceted and vary in scale and timing as a function of the
local environmental conditions and human vulnerability. As a part of that,
climatic change influences the emergence of vector-borne diseases such as
malaria, dengue and West Nile virus (WNV) by altering their rates, ranges, distribution and seasonality [2–7]. Vector-borne diseases are dynamic systems
with complex ecology, which tend to adjust continually to environmental
changes in multifaceted ways. Although climate is one of several factors that
influence the distribution of these diseases, it is known to be a major environmental driver influencing their epidemiology. Weather conditions (in particular
temperature, precipitation and humidity) affect the survival and reproduction
rates of the vectors, their habitat suitability, distribution and abundance.
Additionally, climatic factors impact the intensity and temporal activity of the
vector throughout the year and affect the rates of development, reproduction
and survival of pathogens within the vectors [5,8].
The Intergovernmental Panel on Climate Change (IPCC) [9] lists vectorborne diseases among the consequences most likely to change due to global
warming. Moreover, as these diseases are particularly sensitive to climatic fluctuations, they might serve as an alert to focus attention on climate change
threats [10,11].
The aim of this review is to examine and integrate the up-to-date knowledge
on the impacts of climate change on WNV transmission in a global context. All
available peer-reviewed studies that deal with linkages between climatic factors
and WNV have been collected for this paper, and most of them are mentioned
below. Special attention has been paid to recent publications that highlight
regional climatic change impacts on vector population dynamics and on
disease transmission.

& 2015 The Author(s) Published by the Royal Society. All rights reserved.

2. West Nile virus

Multiple factors impact the complex epidemiology of WNV
besides its transmission and distribution. These factors are
related to the dynamics and interactions between the pathogen,
vector, vertebrate hosts and environment. Hence, among other
drivers, weather conditions have direct and indirect influences
on vector competence (the ability to acquire, maintain and
transmit the virus), on the vector population dynamics and
on the virus replication rate within the mosquito, which are
mostly climate- and weather-dependent [23,30,31]. Table 1
summarizes the main impacts of climatic variables on the
epidemiology of WNV.

(a) Temperature
Ambient temperature plays an important role in viral replication rates and transmission of WNV by affecting the length of
extrinsic incubation, the seasonal phenology of mosquito host

A common dogma in epidemiology is that above-average
precipitation might lead to a higher abundance of mosquitoes and increase the potential for disease outbreaks in
humans [51,52]. This pattern of a positive association with
rainfall in the months preceding disease outbreaks has
been demonstrated for WNV [42,53]. However, the literature
shows a more complex picture. Although the patterns of disease incidence can be influenced by the amount of
precipitation, the response might change over large geographical regions, depending on differences in the ecology
of mosquito vectors [23,52,54]. For instance, heavy rainfall
increases the standing water surface which is necessary for
mosquito larval development. On the other hand, heavy
rainfall might dilute the nutrients for larvae, thus decreasing
the development rate [55]. It might also lead to a negative
association by flushing the ditches and drainage channels
used by Culex larvae [56,57].
Below-average precipitation can facilitate population outbreaks of some species of mosquitoes because the drying of
wetlands disrupts the aquatic food-web interactions that
limit larval mosquito populations [44,56,58]. Drought leads
to close contact between avian hosts and mosquitoes
around remaining water sources and therefore accelerates
the epizootic cycling and amplification of WNV within
these populations [59]. Furthermore, during drought conditions, standing water pools become richer in the organic
material that mosquitoes need in order to thrive [22]. Such
water areas might be attractive for several bird species also,
which might increase the bird–mosquito interaction.
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(b) Precipitation
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West Nile virus is one of more than 70 viruses of the family
Flaviviridae of the genus Flavivirus. Serologically, it is a
member of the Japanese encephalitis serocomplex. The
viruses can be designated into at least five phylogenetic
lineages but only lineages 1 and 2 have been associated
with significant disease outbreaks in humans [12,13]. The
enzootic cycle is driven by continuous virus transmission to
susceptible bird species through adult mosquito blood-meal
feeding, which results in virus amplification. Species from
the genus Culex mosquitoes (family Culicidae) are the primary amplification vectors and also act as bridge vectors.
The transmission cycle exists in rural ecosystems as well as
in urban areas where the virus infects birds, humans,
horses and other mammals [14– 23]. The distribution of
WNV is dependent on the occurrence of susceptible avian
reservoir hosts and competent mosquito vectors, mosquito
host preference and availability of hosts [12].
Most human infections occur in the summer or early
autumn [24]. West Nile fever (WNF) is a potentially serious
illness for humans and approximately 1 in 150 infected
people develop a serious illness with symptoms that might
last for several weeks. Up to 20% of patients have milder symptoms and approximately 80% show no symptoms at all [25].
Geographically, the virus has circulated in Africa since
1937, and up until the early 1990s human outbreaks were
reported in Africa and Israel, mainly associated with mild
febrile illnesses. Since then, new viral strains, probably of
African origin, have increased human disease incidence in
parts of Russia and southern and eastern Europe, with
large outbreaks of increased clinical severity occurring in
Romania, Russia, Israel and Greece [12,26].
The first appearance of WNV in the western hemisphere
occurred in New York City in 1999 [27]. The virus had
spread to the Pacific coast by 2003 and to Argentina by
2005 [28,29]. Currently, WNV has an extensive distribution
throughout Africa, the Middle East, southern and eastern
Europe, western Asia and Australia, which derives from its
ability to infect numerous mosquito and bird species.
Today, as WNV is the most widely distributed of the encephalitic flaviviruses, it is a vector-borne pathogen of
global importance [12].

populations and the geographical variations in human case
incidence [22,30,32 –34]. Increased temperatures cause an
upsurge in the growth rates of vector populations, decrease
the interval between blood meals, shorten the incubation
time from infection to infectiousness in mosquitoes, accelerate
the virus evolution rate and increase viral transmission
efficiency to birds [22,23,30,32,35,36].
Laboratory experiments demonstrated that the virus is
capable of replication across a wide range of temperatures,
from 148C in poikilothermic mosquitoes [37] to 458C in febrile
avian hosts [33]. However, it was shown that the replication
cycle is completed more quickly in mosquitoes at higher
temperatures [38,39], while a clear association was found
between extreme heat and outbreak intensity in humans
[4,18,22,35,40– 43]. At the same time, it is important to note
that, in some cases, extremely high temperatures begin to
slow down mosquito activity. For example, temperatures
above 308C reduced larval survival of Culex tarsalis [44] and
slowed WNV growth in Culex univittatus [45].
In addition, the change in environmental temperatures
might have an indirect impact on the spread of the virus. It
is well known that the transmission cycle involves birds as
the principal hosts (and mosquitoes, largely bird-feeding
species, as the primary vectors) [23]. In recent years, it has
been observed that several bird species have been migrating
to their breeding grounds earlier as a result of an early rise
of the mean spring temperatures, which is one of the effects
of global warming [46–50]. This phenomenon might influence the appearance and timing of the disease in locations
near or along migration routes. However, this assumption
needs further investigation.

Table 1. Impacts of climatic variables as drivers in the epidemiology of WNV.
impacts on the epidemiology of WNV

temperature

correlates positively with:
—viral replication rates
—seasonal phenology of mosquito host populations
—growth rates of vector populations
—viral transmission efﬁciency to birds

—interval between blood meals
precipitation

—incubation time from infection to infectiousness in mosquitoes
above average, ﬂoods
—leads to higher mosquito abundance

(contradictory
ﬁndings)

—reduces potential by ﬂushing drainage channels used by Culex larvae
—correlates positively with potential for disease outbreaks in humans
below average, drought

—facilitates population outbreaks of some mosquito species
—‘rich’ standing water attracts several species of mosquitoes and birds; this increases the
bird – mosquito interaction and accelerates the epizootic cycling and ampliﬁcation of WNV
within these populations

relative humidity

correlates positively with:
—vector population dynamics
—morbidity in humans

wind

contributes to virus spread by impact on wind-blown mosquitoes and on the arboviruses they transmit
affects bird migration through changes in the patterns of storm tracks

Moreover, ecological studies showed that drought conditions can facilitate population outbreaks of some species
of mosquitoes in the following year [58].

(c) Relative humidity
The research regarding the role of relative humidity in WNV
eruptions is very limited. Significant positive correlations
were found between hospital admission dates of patients and
relative humidity levels in the Tel Aviv metropolis (Israel)
[4]. A study in Maryland, USA, examined the effect of
off-season factors on mosquito population size. Among other
variables, the average maximum relative humidity was
associated with vector population dynamics [60]. A recent
analysis detected correlations between morbidity in humans
and weekly relative humidity in Europe and western Asia
[22]. All these studies found that air temperature is a better
predictor for increasing disease cases than air humidity.

(d) Wind
Wind patterns might contribute to virus spread by their
impact on wind-blown mosquitoes [61]. Storm fronts have
been proposed as dispersal mechanisms for mosquitoes
and the arboviruses they transmit [62 –64]. For example, it
was shown that wind is used by Culex tritaeniorhynchus
mosquitoes as a means of migration in China [65].
Winds might impact on WNV spreading also by affecting
bird migration through changes in the patterns of storm tracks.
In recent years, significant changes in the location and intensity of storms have been shown on a regional basis, as a part

of climate change observations and scenarios [66]. Thus, it
seems that change in storms might influence WNV dispersal
by impacting the dynamics of storm-driven birds [23].
The importance of climatic factors as drivers in the epidemiology of WNV is increasing under conditions of climate
change. Consequently, the aim of the following sections is
to highlight the linkages between climatic change and
WNV transmission in a global perspective (see also table 2).

4. Europe and Eurasia
(a) Main climatic change observations
Impacts of climate change vary by region, depending on the
change intensity and the vulnerability rate of the area. In
general, during recent decades Europe has warmed up; temperature rise was much larger than the global average,
especially in the north, and larger than the European average
in the mountain areas and the Mediterranean region. Over
the past 50 years, more frequent and more intense hot
extremes have occurred. This trend is expected to continue,
while predictions suggest a further temperature increase (of
between 2.58C and 4.08C) by the end of the century [67,68].
Changes in rainfall show more spatially variable trends
across Europe. Annual precipitation changes are already
exacerbating differences between the rainy northern part (an
increase of 10 –40% during the twentieth century) and the
dry southern region (a decrease of up to 20%). Heavy rain
events have increased in the past 50 years and are projected
to become more frequent. Dry periods are expected to increase
in length and frequency, especially in southern Europe.
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Table 2. The main climatic change observations (temperature and precipitation) in the study areas and their impacts on WNV transmission.

western
Asia

impact on WNV transmission

temperature increase

warmer conditions facilitated the establishment of WNV in new

increase in heat wave frequency and intensity

precipitation increase in the north and decrease (with dry

transmission
precipitation might increase standing water availability for
mosquitoes (but results for rainfall are less consistent)

in Eurasia and central Europe less summer precipitation
North America

and more river ﬂoods in winter
average temperature has risen

increased temperature is positively correlated with the rate of virus
evolution, with mosquito abundance and infection; it inﬂuences
WNV distribution and plays an important role in the
maintenance and ampliﬁcation of human infection

across the USA precipitation has increased by an average
of about 5%
increase in water scarcity in the Canadian Prairies
Australia

annual average daily mean temperature has increased by
0.98C since 1910

ﬁndings are inconsistent, particularly when the analyses include
different vectors: in general, human outbreaks of WNV are
preceded by above average rainfall in the eastern USA and by
below-average rainfall on the western side
in a warmer climate, C. annulirostris populations are expected to
reach high levels of abundance earlier and maintain them for
longer

increased spring and summer monsoonal rainfall across
northern Australia and decreased late autumn and

an outbreak of equine encephalitis (WNVKUN) followed extensive
ﬂooding across eastern Australia

winter rainfall across the south

Observations for Eurasia and central Europe show more temperature extremes, less summer precipitation, more river floods
in winter and higher water temperature [1,67,68]. The European Mediterranean region has become warmer with a
significant increase in the frequency, intensity and duration
of heatwaves [69,70] in parallel with a decrease in total precipitation. In this area, mutual enhancement ( positive feedback)
has been identified between droughts and heat waves [70].

(b) Climate change impact on West Nile virus
transmission
Since the mid-1990s, outbreaks in humans and horses have
been documented in Eurasia (Bucharest in Romania, the
Czech Republic, Hungary, and Volgograd in Russia), western
Europe (France, Italy, Spain and Portugal) and Israel. The lack
of cases in humans in northern Europe is possibly attributed to
the feeding behaviour of the predominant vector, Culex pipiens,
as well as to other factors, especially climate [71].
In 2010, large outbreaks occurred in northern Greece
(Macedonia), in Romania, Hungary, Italy and Spain, in
Russia (Volgograd), Turkey and Israel. These outbreaks in
humans were accompanied by infections in donkeys in Bulgaria and horses in Morocco, Portugal, southern Italy and
Greece. Since then, all subsequent years (2011 –2014) were
characterized by the re-emergence of WNV in Europe, with
human cases noted in almost all eastern, central and southern
countries [23,26,72].

The unprecedented upsurge in the number of human WNF
cases in summer 2010 was accompanied by extremely hot spells
in southeastern Europe and Eurasia [22]. According to the
World Meteorological Organization [73], this warming
peaked in this past decade ending in 2010, which was also
one of the three hottest years ever recorded. An analysis of
the climatic drivers of the 2010 outbreak found the ambient
temperature to be the most important [22]. The impact of climatic variables on the endemization of WNV in Europe and
western Asia has been reviewed recently by Paz & Semenza
[23]. They noted that in parts of Europe, climate change resulting in warmer conditions facilitated the establishment of WNV
in new areas through an expansion of range and seasonal abundance of vector species and by directly increasing competence
for transmission. These insights are reinforced by previous
studies from western Asia. A research about the linkage
between heatwaves and WNV upsurge in humans in Israel
showed that an early extreme rise in temperature in the hot
season is a good indicator of increased vector populations [4].
In addition, in their study on the outbreaks in the Volgograd
Province in Russia, Platonov et al. [31] showed that the abundance of Culex mosquitoes in an epidemic season is higher in
years with a mild winter and a hot summer.
Results for precipitation are less consistent. Papa et al. [74]
noted that increased rainfall and humidity (together with high
temperatures) have probably favoured the multiplication of
Culex species, leading to the occurrence of numerous cases of
WNV infection in humans in Central Macedonia in summer
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main climatic changes
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5. North America
Impacts of climate change in North America differ by region,
with coastal areas, mountains and flood plains being particularly vulnerable. Generally, during the past 50 years, the
average temperature across the USA has risen, while precipitation has increased by an average of about 5%. Some
extreme weather events, such as heat- and cold-waves,
intense precipitation events and regional droughts, have
become more frequent and intense [75– 77].
Northwards, Canada has already experienced warming
that is disproportionate to global climate change, with average temperatures in some northern regions increasing by
more than 28C. In the Canadian Prairies (where WNV is a significant concern) increase in water scarcity has been observed
in parallel with warmer and drier summers [78,79].
The IPCC projects that climatic and weather conditions in
North America in the coming decades are likely to include
warmer temperatures, shorter winters, increased proportion
of precipitation falling as rain rather than snow, increased frequency of heavy rainfall and other extreme weather events.
These changes pose risks to public health including the
emergence of vector-borne diseases [1,70,77].

(b) Climate change impact on West Nile virus
transmission
WNV was first reported in North America in New York City
in 1999, when it infected many species of birds as well as
humans and other mammals [36]. Later, the virus moved
across the continent, reaching Canada and Central America
by 2002 and was isolated in California in July 2003 [80]. In
fact, WNV became endemic across most temperate regions
of North America [12].
The effects of weather fluctuations on WNV transmission
in the USA and Canada have been analysed by several
researchers who showed that increased temperatures influence North American WNV distribution and play an
important role in the maintenance and amplification of
human infection [43,81]. Soverow et al. [42] assessed 16 298
human WNF cases from 2001 to 2005 across 17 states in the
USA. They found positive associations with increasing temperature over each of the four weeks prior to symptom onset.
Specifically, an increase of 58C in the mean maximum weekly
temperature was associated with a significant 32–50% higher
incidence of reported WNF infection.
In a study in Georgia, temperature was found to be
among the most important variables in predicting the distribution of WNV [82]. Warm temperature was associated
statistically with higher human infection risk in Connecticut
[83], with the virus spread into western states and with
county-level mosquito infectivity in California [32].
Higher winter temperatures and a warmer spring might
lead to larger summer mosquito populations [60]. In their
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(a) Main climatic change observations

study in Illinois, Kunkel et al. [39] showed a correlation
between the number of days when daily maximum temperature exceeded a threshold, the timing of a seasonal shift to a
higher proportion of C. pipiens among all Culex species, and
the onset of the amplification phase of seasonal WNV
transmission.
In a modelling research in the urban landscape of Chicago,
spatial and statistical techniques were used to analyse and forecast fine-scale spatial and weekly patterns of WNV mosquito
infection relative to changing weather conditions. The temperature was found to be the main factor that mediates the
magnitude and timing of the increased minimum infection
rate within the season. It was also strongly indicated as a key
factor for explaining much of the observable differences between
years while the effect of increased temperature on minimum
infection rate was especially strong within a week [36].
Temperature has been linked to the rate of virus evolution. A more quickly replicating virus spurred by warmer
conditions precedes an increase in mosquito infection
[59,84]. It was detected that warmer temperatures facilitated
the displacement of the WNV NY99 genotype by the WN02
genotype [30]. In a study in suburban Chicago, Bertolotti
et al. [85] discovered high genetic variation of WNV at
fine temporal and spatial scales, while variation in local
temperature was offered as one explanation for this.
As the impact of precipitation in WNV transmission is
more indirect, the findings regarding North America are inconsistent in particular when the analyses include different vectors
[36,42,86]. For instance, the population size of C. pipiens (the
primary enzootic and epidemic vector in the eastern USA
north of 368 N) is often impacted negatively by large rain
events due to the flushing of catch basins [57]. By contrast,
the vector C. tarsalis generally responds positively to heavy
precipitation, which provides the typical larval habitat in
rural areas in the western part of the USA [87,88].
Regional trends showed that prior drought contributed to
the initial USA WNV outbreak [86,89]. Drought conditions
can increase the abundance of some vector populations in
semi-permanent wetlands as they result in more larval breeding sites with fewer competitors and mosquito predators [58].
In Florida, spatial and temporal differences in periods of
drought and rain were associated with human WNF cases
and infection of sentinel chickens. Springtime drought followed by a wet summer was found to be a good predictor
of WNV incidence in humans. Close proximity of birds and
mosquito vectors during times of drought was detected as
responsible for the increased virus transmission [56,59,84].
Using county-level precipitation and human WNV incidence data (2002–2004), Landesman et al. [52] tested the
impacts of above- and below-average rainfall on the prevalence
of WNF in human populations both within and between years.
Although the mechanism is not fully understood, the authors
found evidence that human WNV incidence is most strongly
associated with annual precipitation from the preceding year
and noted that human outbreaks of WNV are preceded by
above-average rainfall in the eastern USA and by belowaverage rainfall on the western side in the previous year. In
the western USA, primary vectors of WNV include species
such as C. tarsalis [90], which are likely to undergo outbreaks
following years of low rainfall as a result of changes in foodweb structure. As the abundance of mosquito larvae is often
limited by predators and competitors, in years following a
drying event, both efficient mosquito predators and mosquito
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2010. Paz et al. [22] did not detect significant linkages between
rainfall amounts and WNV cases in the region; however,
they noted that three infected sites—Trapany (Sicily, Italy),
Campobasso (Molise, Italy) and Thessaloniki (Greece)—were
rainier than usual in July. Precipitation in these areas might
have increased the standing water availability, which is an
important breeding resource for mosquitoes.

(a) Main climatic change observations
The Australian continent is characterized by climate variability. Overall, each decade in Australia since the 1950s has been
warmer than its predecessor, while the annual average of the
daily mean temperature has increased by 0.98C since 1910. A
general trend towards increased spring and summer monsoonal rainfall across northern Australia and decreased late

(b) Climate change impact on West Nile virus
transmission
The Kunjin virus (WNVKUN), which is spread by the bite of
infected mosquitoes, is the Australian subtype of WNV. The
main mosquito associated with the virus spread is Culex
annulirostris that breeds in fresh water environments.
Although only a small number of cases are reported annually,
the virus is known to occur in many parts of Australia, particularly in the tropical northern regions. WNVKUN is less
virulent than the current USA strain of WNV. Infection
rarely causes disease in humans and most infected people
do not develop any symptoms [98,99].
In 2011, a highly pathogenic strain caused an unprecedented
outbreak of acute equine encephalitis leading to the isolation of
the first virulent strain of WNVKUN. This eruption followed
extensive flooding across eastern Australia that promoted
ideal conditions for freshwater C. annulirostris mosquito breeding [100]. Indeed, these mosquitoes require an increase in
precipitation amount to ensure larval habitat and to maintain
humidity for adult survival [101].
In addition, changes in temperature affect the transmission of WNVKUN. In a warmer climate, C. annulirostris
populations are expected to commence activity and reach
high levels of abundance earlier, and maintain them longer.
The season of arbovirus activity might be prolonged, with
potential transmission increase [101]. Moreover, as a result
of temperature increase, the vectors are expected to move
further south into currently cooler regions because summer
temperatures in southern areas will be more adequate for
initiating and maintaining the virus amplification [102,103].

7. South America
The recent IPCC report [1] indicated an overall increase in
warm days and heatwaves in South America, and more
regions where more precipitation increase than decrease
was observed, with spatially varying trends. However,
owing to lack of data and studies in South America, there
is medium to low confidence regarding climate change
observations in the continent [104].
Studies on the impact of climate change on WNV spreading
in South America are limited. The southward dissemination of
WNV into the Caribbean and Central and South America is
attributed to migratory birds. WNV was first detected in 2001
in Jamaica and the Cayman Islands. Cross-reactive WNV antibodies in humans have been detected in Mexico, the Bahamas
and Cuba [105]. In 2006, four serologically confirmed human
WNF encephalitis cases were reported in Argentina [106]. Serologic evidence of WNV infection in horses was reported in
Guadalupe, Mexico, Puerto Rico and Colombia. Resident
birds tested positive for antibodies to WNV in the Dominican
Republic and Venezuela [105]. Recently, WNV antibodies
were identified in several horses and birds in Brazil [107].
Although extensive, the spread has not been accompanied by
notable avian mortality or disease in humans or horses in
Latin America and the Caribbean [71], although the main concern is the absence of data on the disease burden in people,
horses or birds [108].
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6. Australia

autumn and winter rainfall across the south have been
observed [97].
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competitors are rare [58]. Instead, many of the important WNV
vectors in the eastern USA (e.g. C. pipiens, Culex restuans) breed
in natural and artificial containers [14] where increased rainfall
might lead to a larger population of overwintering mosquitoes
by increasing the number of available larval habitats [52].
In a large study in the USA, one or more days per
week of heavy precipitation (defined as greater than or
equal to 50 mm in a single day) were associated with a 33%
higher incidence of reported WNV infection during the
same week, while the incidence remained elevated in the
subsequent two weeks [42].
According to the Centers for Disease Control and Prevention
(CDC) [91], the recent unusually mild winters, early springs and
early summers aided transmission of the virus in Texas in the
summer of 2012. This outbreak was attributed in part to drought
conditions, which reduced water flow and created stagnant
water pools ideal for breeding mosquitoes [92].
As mentioned in §3(d), it has been proposed that winds
serve as dispersal mechanisms for mosquitoes and the arboviruses they transmit. Reisen et al. [64] mentioned that high
barometric pressure conditions over Nevada during the
summer of 2003 created a persistent clockwise airflow pattern
from Colorado into southeastern California through Arizona
and northern Mexico. They suggested that, based on surveillance in Arizona during 2003, which detected WNV in
concurrence with that in southeastern California, it is reasonable to assume that a climate-driven mechanism brought the
virus south-west from the Colorado epicentre.
In Canada, WNV is a significant concern for public health
and wildlife conservation in the Canadian Prairies, one of the
most highly endemic regions in North America [93]. In that
region, the mosquito species C. tarsalis Coquillett, whose distribution is determined by temperature and precipitation [94],
is the principal vector for WNV [95].
Laboratory experiments demonstrate that the temperature
threshold for survival of C. tarsalis is generally between 148C
and 358C, and within this range, temperature is positively correlated with the development rate of the vector [44,96]. In a
recent study, Chen et al. [93] integrated empirically derived,
biologically relevant temperature thresholds for C. tarsalis survival and WNV development, using statistical models to
predict the effects of climate change on the distribution and
abundance of C. tarsalis and WNV in the Canadian Prairies.
Their results suggest that the predicted mean monthly temperatures will not exceed the upper threshold for survival of
adult female C. tarsalis, whereas the temporal and spatial distribution of WNV will remain determined primarily by the lower
temperature limitation for WNV amplification. The authors
expect that elevated temperatures will increase the infection
rate of WNV in C. tarsalis, especially in the southern part of
the Canadian Prairies without a compensatory increase in
mosquito mortality [93].

Table 3. Examples of recent statistical models that aim to predict WNV transmission/dynamics based on climatic predictors.
study area

study aims to predict:

the most important predictor

Shaman et al. [56]

mosquito collection from

mosquito (Aedes vexans, Anopheles

surface wetness, positively associated with

northern New Jersey and
meteorological data for
Walsh et al. [60]

Allentown, PA, USA
Maryland, USA

walkeri and C. pipiens)
abundance
mosquito (Aedes sollicitans and
Culex salinarius) population size

A. vexans and Anopheles walkeri,
negatively associated with C. pipiens
temperature variables—average maximum

minimum temperature below freezing
during the winter months were
predictive of mosquito populations
Epp et al. [111]

province of Saskatchewan,
Canada

risk of WNV in humans

higher temperatures overall and decreasing
rainfall into July

Ruiz et al. [36]

urban landscape of Chicago,

ﬁne-scale spatial and weekly

increased air temperature was the

USA

patterns of WNV mosquito
(C. pipiens and C. restuans)

strongest temporal predictor

infection relative to changing
weather conditions
Chen et al. [93]

Canadian Prairies, Canada

effects of climate change on the
distribution and abundance of

temperature increase

C. tarsalis and WNV
Tran et al. [112]

Europe and neighbouring
countries

WNV risk in humans

anomalies of temperature in July, Modiﬁed
Normalized Difference Water Index in
early June, presence of wetlands,
location under migratory routes and
occurrence of a WNF outbreak in the
previous year were identiﬁed as risk
factors

8. Discussion
The recent Fifth Assessment Report of the IPCC [1] presents
stronger evidence than previously that multiple components
of the Earth’s climate system are changing. Global average air
temperature has risen by around 0.858C since 1880 and each
decade has been warmer than its predecessor [1]. Although
climate change impacts vary by region, it is well established
that it influences the distribution of vectors, pathogens of
vector-borne diseases and the habitat suitability for vectors.
Climate change also contributes to the expansion and shifting
of endemic regions [10,109].
WNV is the most widely distributed known arbovirus in
the world. The factors that explain this extensive distribution
are complex and include the interactions between the vector,
virus and host as well as climatic factors. Changes in climatic
patterns affect WNV transmission directly through relations
between the pathogen, host and vector (e.g. virus replication
rate within the mosquito), and indirectly via changes in ecosystem characteristics (such as water temperature).
According to Reisen et al. [32], WNV tended to disperse
into new areas during years with above-normal summer
temperatures while the amplification during the following
year occurred in summers with above-normal or normal

temperatures. This insight was evidenced recently in
Europe and western Asia, when the outbreaks in the summers of 2011–2013 occurred in most of the same disease
locations as in 2010, which was an extremely hot year
[22,72]. Another example appeared in the northern USA
when the increasing occurrences of warmer weather patterns
lead to increased incidence of WNV infections [110].
Based on the above review, it is suggested that recent variations in climatic conditions, particularly increased ambient
temperature and fluctuations in rainfall amounts, contributed
to the maintenance (endemization process) of WNV in various
locations in southern Europe, western Asia, the eastern Mediterranean, the Canadian Prairies, parts of the USA and
Australia. Limited knowledge is available regarding climatic
changes in South America and Africa. However, based on
the aforementioned insights, it is reasonable to expect that
global and continental warming will contribute to the risk of
WNV outbreaks in these continents also.
Despite the existence of surveillance systems in several
countries, outbreaks appear to be temporally and spatially
unpredictable [55]. The prediction of WNV spread and eruption is challenging as it propagates via a complex of
interrelationships. This notwithstanding, several statistical
and mathematical models have recently attempted to predict
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temperature, total heating degree-days
and the total number of days with a
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9. Conclusion
Recent climatic changes, particularly the increase in ambient
temperature and fluctuation in rainfall amounts, have contributed to the endemization of WNV in various locations
around the world. As predictions show that the current
trends are expected to continue, for better preparedness,
any assessment of future transmission of WNV should take
into consideration the impacts of climate change.
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the risk of WNV transmission. Many of them used climatic
factors ( parameters of temperature and/or rainfall) in their
analysis (table 3 summarizes the main recent statistical
models that aim to predict WNV transmission/dynamics
based on climatic predictors). For instance, a dynamic hydrology model used for predicting mosquito abundance showed
that local surface wetness was correlated with the subsequent
abundance of mosquito species [56]. A pair of Poisson
regression models was developed to examine the extent to
which off-season factors, in particular, temperature variables,
predict mosquito population size [60]. In a prediction model
in the province of Saskatchewan, Canada, precipitation and
temperature were important in the prediction of risk of
WNV in humans, while decreasing rainfall into July and
higher temperatures overall were associated with high-risk
areas [111]. In a recent study, Chen et al. [93] used statistical
models to predict the effects of climate change on the distribution and abundance of C. tarsalis and WNV in the
Canadian Prairies. Indeed, when using epidemiological prediction models, more attention should be paid to the impacts
of the changing climate on future transmission of WNV. In a
new study, Tran et al. [112] used logistic regression models to
analyse the status of infection by WNV in Europe and
its neighbouring countries in relation to environmental and
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were considered as explanatory variables. The anomalies of
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of wetlands, the location under migratory routes and the
occurrence of a WNF outbreak in the previous year were
identified as risk factors. This suggested model can be used
for direct surveillance activities and public health
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Linkages between climate and mental health are often theorized1, 2 but remain poorly quantified.3 In
particular, it is unknown whether suicide, a leading cause of death globally,4 is systematically affected
by climatic conditions. Using multiple decades of comprehensive data from both the US and Mexico,
we find that suicide rates rise 0.7% in US counties and 2.1% in Mexican municipalities for a 1◦ C
increase in monthly average temperature. This effect is similar in hotter versus cooler regions and has
not diminished over time, indicating limited historical adaptation. Analysis of depressive language
in >600 million social media updates further suggests that mental wellbeing deteriorates during
warmer periods. We project that unmitigated climate change (RCP8.5) could result in a combined
9-40 thousand additional suicides (95% CI) across the US and Mexico by 2050, representing an
change in suicide rates comparable to the estimated impact of economic recessions,5 suicide prevention
programs,6 or gun restriction laws.7
Climate is increasingly understood to influence many dimensions of human health,1, 8, 9 affecting health
outcomes ranging from vector-borne disease mortality to rates of cardiac arrest.9, 10 These relationships have
been shown to occur through direct physical stress or insults to the body (e.g. heat-stroke or cyclone-caused
drowning), changes in disease ecology (e.g. seasonal flu or malaria), and/or changes in socio-economic
conditions that support human health (e.g. drought-induced famine). Recent work has also demonstrated
that social conflicts between individuals, which cause intentional injuries and mortality, are particularly
responsive to changes in temperature, perhaps due to changes in underlying economic conditions or altered
individual-level aggressiveness.11
Potential linkages between climatic conditions and mental health are also increasingly hypothesized.3 However, unlike other key health outcomes, there remains limited quantitative evidence linking temperature to
suicide and related mental health outcomes.12, 13 Determining whether or not suicide responds to climatic
conditions is important, as suicide alone causes more deaths globally than all forms of interpersonal and
intergroup violence combined,4 is among the top 10-15 causes of death globally, among the top 5 causes of
lost life-years in many wealthy regions,14 and among the top 5 causes of death for individuals aged 10-54
in the US.15 It is the only cause of death among the top 10 in the US for which age-adjusted mortality rates
are not declining.16 Thus even modest changes in suicide rates due to climate change could portend large
changes in the associated global health burden, particularly in wealthier countries where current suicide rates
are relatively high and/or on the rise.
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Strong seasonal patterns in suicides (typically, an early summer “peak”) were recognized in the 19th century,
but it was unknown whether this pattern was caused by seasonally-varying temperature, by other seasonally
varying meteorological factors such as daylight exposure, or by other social or economic factors that also
vary seasonally.17 More recent work has moved away from this seasonal focus, instead examining whether
temperature and suicide are correlated in individual time-series for particular locations. This work has
been inconclusive, with studies finding no effect,18, 19 positive effects,20–22 and negative effects.23 These
discrepancies are likely due in part to limited sample sizes, difficulty in fully accounting for critical timevarying confounds (e.g. macroeconomic conditions5 ), and/or differences in baseline suicide rates across
locations that may be correlated with baseline temperature levels or seasonality. Due to the large number of
non-climate factors that may potentially contribute to suicide rates and the potential for complex interactions
between different possible causes—similar to the challenge of inferring whether climate is a contributing
factor to social conflict24 —reliably inferring whether temperature is a contributing factor to suicide risk
requires adequately accounting for these potential confounds.
Here we study the effect of local ambient temperature on rates of suicide across the US and Mexico – two
countries that, based on current estimates,25 account for roughly 7% of all global suicides. To eliminate
sources of potential confounding and small sample biases, we analyze the relationship between temperature
and suicide using monthly vital statistics data for thousands of US counties26 and Mexican municipalities27
over multiple decades (see Methods) – a drastically larger sample than has been available in past work
(NU SA = 851, 088; NM EX = 611, 366). By using longitudinal data on many geographic units over
time, we plausibly isolate the effect of temperature on suicide from other seasonal, time-trending, and/or
cross-sectional factors that might be correlated with both temperature and suicide.
We estimate the effect of random monthly temperature fluctuations on locality-level suicide using a fixed
effects estimator, where the suicide rate in a given locality-month is modeled as a function of the temperature
exposure during that month in that locality, accumulated precipitation over the same period, and a large
number of flexible nonparametric controls that account for (i) all average differences between suicide rates
across counties—such as those caused by regional poverty or gun-ownership rates; (ii) average monthly
changes in suicide rates within each county, which allows seasonal patterns to differ across counties and
accounts for factors such as location-specific effects of daylight exposure and holidays; and (iii) all timevarying confounds affecting all locations within each state simultaneously, including both gradual trends
and abrupt shocks, which accounts for factors such as economic growth and recessions or news of celebrity
suicides (see Methods). To ensure robustness of our findings, we measure temperature exposure during
a given month using two different approaches: as the average daily temperature during the month or as
the count of days during that month with average temperatures falling into different 3◦ C temperature bins
(Methods). Because the data strongly indicate an essentially linear response in daily average temperature
using the flexible non-parametric model, we focus here on the linear-in-monthly-average-temperature model
as our baseline. We use an identical research design to analyze a geocoded dataset of over 600 million social
media updates on the Twitter platform28 (“tweets"), and evaluate whether warmer-than-normal monthly
temperatures elevate the likelihood that social media users express abnormally depressive feelings in their
language.
Intuitively, our estimates of temperature effects derive from comparing suicide rates or depressive tweets
between an average January in a given county to a warmer-than-average January in the same county, after
having accounted for any changes common to all counties in a given state in that year. Whether a particular
location experienced a hotter January than normal is plausibly random and statistically independent from all
covariates, indicating that our temperature coefficients can be interpreted as the average causal effect of hotterthan-average temperatures on suicide rates. We test for the possibility that abnormally high temperatures do
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not cause additional suicides but instead hasten suicides that would have otherwise happened by estimating
distributed-lag models that allow for simultaneous influence of past, current, and future temperatures. If hot
temperatures merely hasten suicides, then responses to current and lagged temperatures should have opposite
signs and their effects should sum to zero.29
We then assess how responses differ across decades, by income level, sex, population level, and both
air conditioning (AC) and gun ownership rates, as well as across regions with different long-run average
temperatures. As is common in the literature30, 31 , stratifications by income, AC, time period, and baseline
temperature allow us to evaluate whether economic development or experience with warmer conditions
might have historically alleviated the burden of excess suicides via adaptation, a common theory in the
broader climate-health literature10 and putative cause of observed differences in suicide seasonality across
countries,32 but one which has received little direct empirical scrutiny.
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Finally, under the assumption that future suicide rates will respond shifts in mean temperature as they have
responded to past to temperature fluctuations in the recent past, we construct projections for the impact of
future climate change on suicide in the US and Mexico. We utilize output from 30 global climate models
run under a business-as-usual emissions scenario (RCP8.5) and compute a distribution of net changes in
excess suicides by mid-century. We then compare the estimated effect sizes from other known determinants
of suicide to the projected impact of climate change.
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Unlike all-cause mortality, which has been shown to increase at both hot and cold temperatures around the
world,29, 33 we find in both the US and Mexico that the relationship between temperature and suicide is
roughly linear: suicides decrease when a given location-month cools and increases when it warms (Figure
1). We find that a +1◦ C increase in average monthly temperature increases the monthly suicide rate by
0.68% (95% CI: 0.53% to 0.83%) in the US over the years 1968-2004, and increases the suicide rate in
Mexico by 2.1% (95% CI: 1.2% to 3.0%; Figure 3, top panel) over the years 1990-2010. For comparison,
the average standard deviation of temperature variation over time (after accounting for seasonality) is 1.7◦ C
at the county level in the US, suggesting that monthly suicide rates rose >2% due to temperature in the
hottest months on record. We confirm our US results using a second annually-resolved suicide dataset from
the CDC,34 finding slightly larger point estimates for these more recent data (1.3% per +1◦ C increase in
annual average temperature). Our results contrast with past studies in the US, which have shown varied
response.18, 19, 35, 36 To our knowledge, the only comparable studies of the temperature-suicide relationship
conducted in developing or middle-income countries during this period is ref[13 ] in India, which finds larger
effects than those we report here.
Results are robust to a large range of alternate models, including the use of more and less-restrictive fixed
effects, inclusion of additional time controls, inclusion or exclusion of populations weights, more flexible
functional forms for modeling the temperature/response relationship including higher order polynomials and
splines, alternate codings for the outcome variable, and alternate methods for clustering the standard errors
(Figure 1 and Tables S1-S3). A binned model that relates the monthly suicide rate to the distribution of daily
temperatures within that month similarly uncovers a roughly linear relationship between daily temperatures
and monthly suicide rates (Figures S1-S2).
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Heterogeneous effects and adaptation
Earlier work highlights the potential for various adaptations to lessen the health-related impacts of climate
over time. For example, the proliferation of AC in the US is likely to have mitigated the relationship between
temperature and all-cause mortality.30 Similarly, a broader literature highlights the potential for economic
development to mitigate climate-health linkages, either because wealthier countries can better invest in health
or because other aspects of development lessen environmental exposures.10
In contrast to this literature, we find little evidence of adaptation in the temperature-suicide relationship. First,
we find no qualitatively or statistically significant decline in the suicide-temperature relationship over our
study period in either the US or Mexico (Figure 2, top panel). Point estimates are roughly stable in Mexico,
and if anything trend up over time in the US, and are robust to restricting the data to only those countries
reporting data in all years (Figure S3). Second, we find no evidence that individuals more frequently exposed
to hot temperatures are less sensitive to their effects: effects in locations with hotter average temperatures are
statistically indistinguishable from effects in cooler regions (Figures 3 and S2b), and state-specific estimates
in both the US and Mexico are largely statistically indistinguishable from national estimates (Figure 2, bottom
panel). Third, income differences within countries do not mediate the temperature-suicide relationship: we
find no significant difference in suicide response to temperature between rich and poor municipalities or
counties. In the US, using data on county-level AC adoption from multiple waves of the US census30 and
one Mexican census, we similarly find no evidence that higher air-conditioning adoption is associated with
reduced effects of temperature on suicide (Figure 3); this hold true for exposure to extremely hot (>30◦ C
) days as well (Figure S2), although limited current exposure to these temperatures in counties with low
air conditioning penetration makes estimates imprecise. Because average temperature, average income, and
average AC penetration co-vary in the US, we estimate an additional model that interacts each covariate with
temperature in a joint regression; we again find that none of these variables reduces the effect of temperature
on suicide, with estimated interactions small in magnitude and not significant (Table S4).
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We also find no clear evidence of different effects of temperature on suicide by sex in either country, no
differential effects by method of suicide in the US (data on method of suicide are unavailable in Mexico),
no difference by county population size and, using state-level data on self-reported gun ownership in 2002
in the US,37 no evidence that states with higher gun ownership have larger suicide responses to temperature
(Figure 3). While there could remain other unobserved covariates that modify the temperature/suicide
relationship, the broadly uniform structure of the temperature effects across a range of observed populations
in both countries and the absence of evidence that these effects change over time suggest that the underlying
mechanism linking temperature to suicide is highly generalizable across contexts and individuals.
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Temporal displacement
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We evaluate whether hot temperatures hasten suicides that would have happened anyway or trigger “excess”
suicides that would never have occurred in a cooler counterfactual scenario. Using a distributed lag model
(Methods), we find evidence of temporal displacement in both the US and Mexico (Figure 3, bottom panel),
with higher temperatures in a previous month having negative and statistically significant effects on suicide
in the current month. Summing the contemporaneous and lagged effects provides an estimate of the total
number of excess suicides generated by hot temperatures, net of any temporal displacement.29, 38 As expected,
we find no evidence that temperatures one month in the future affect current suicide rates.
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Depressive language on social media
Although the absence of heterogeneous effects across subpopulations and countries suggests that the mechanism(s) linking suicide to temperature are similar across contexts, isolating specific responsible mechanism(s)
in our mortality data is difficult. Alternate data, however, allow us to indirectly explore certain potential
mechanisms. One hypothesis is that high temperatures alter the mental wellbeing of individuals directly, perhaps due to side-effects of thermoregulation (e.g. altered brain perfusion39 ) or other neurological responses
to temperature. Notably, this hypothesis is consistent with suicide responding to very short-run (e.g. daily
or monthly) variation in temperature, as well as with the finding that depressive disorders are implicated in
over half of all suicides.40
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If exposure to high temperatures directly alters the mental wellbeing of individuals, then this relationship
should be observable using non-suicide outcome measures across a broad population, including individuals
not immediately at risk of suicide. We test for such a pattern by examining whether monthly temperature
also correlates with patterns of language on social media that express declining mental wellbeing.28 To do
this, we collect and analyze 622,749,655 geolocated Twitter updates occurring in the US between May 22,
2014 and July 2, 2015, noting that previous work has shown that analysis of Twitter updates can be used to
predict variation in suicide in the US.41 Using a statistical approach directly comparable to the analysis of
suicides above (see Methods), we find that the probability a tweet expresses “depressive" language increases
with contemporaneous local monthly temperature (Figure 4), similar to our findings for suicide. While
baseline estimates for the effects of contemporaneous temperature are only statistically significant for one
coding (p < 0.01 for Coding 1, p > 0.1 for Coding 2), estimates for both codings are significant once lagged
effects are also accounted for (p < 0.05, Figure S4). Accounting for lags, we find that each additional +1◦ C
in monthly average temperature increases the likelihood an update is depressive by 0.79% [95% CI: 0.23%
- 1.35%] and 0.36% [95% CI: 0.05% - 0.68%] for the two different coding procedures we use. As shown in
Figure 4, we estimate statistically and qualitatively similar effects under a variety of fixed effects and time
controls.
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Projected excess suicides under future climate change
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To project potential impacts of future climate change on suicide, we use projected changes in temperature
under a “business-as-usual" scenario (RCP8.5) to 2050 from 30 global climate models used in the recent
Intergovernmental Panel on Climate Change (IPCC) 5th Assessment.42 Relative to the year 2000, the climate
models project a population-weighted average temperature increase by 2050 of 2.5◦ C [95% range: 1.3◦ C
-3.7◦ C ] in the US and 2.1◦ C [95% range: 1.5◦ C -3.2◦ C ] in Mexico. To calculate the change in the suicide
rate due to climate change, holding other social and economic factors fixed, we multiply projected increases
in temperature in each future year by our estimated effect of past warming on the suicide rate, accounting
for uncertainty in both the historical suicide-temperature relationship (including temporal displacement) and
future climate projections43 (see Methods). Given that the effects of temperature on suicide in the US appear
to be trending up over time (recall Figure 2), we re-estimate the historical effect of temperature on suicide in
the US using post-1990 data, and use these estimates to define the temperature response in our projections;
for models that include temporal displacement, effects for the more recent 1990-2004 period are somewhat
higher than for the full 1968-2004 period (0.58% increase per 1◦ C versus 0.42%), as temperature impacts
have trended up over time (recall Figure 2).
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Assuming that future outcomes will respond to a given mean temperature increase in the same way as past
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outcomes have responded to temperature fluctuations is a common but untestable assumption in the climate
impacts literature,44–47 but it is an assumption perhaps partially supported by the observed stationarity (or
increase) in the temperature/suicide relationship over our study period. Under this assumption, and absent
unprecedented adaptation, we calculate an increase in suicide rate by 2050 of 1.4% [95% CI: 0.6%-2.6%] in
the US and 2.3% [95% CI: -0.3%-5.6%] in Mexico (Figure 5, left panel). Larger uncertainty for the effect
in Mexico is due to larger uncertainty in that country’s regression estimates once temporal displacement
is accounted for (recall Figure 3). Combining our estimated changes in the suicide rate with projections
of future population change in the two countries, we estimate that by 2050, climate change will cause a
total of 14,020 excess suicides in the US [95% CI: 5600-26,050] and 7,460 excess suicides in Mexico [95%
CI:-890-18,300] (Figure 5). Accounting for the covariance in US and Mexico temperatures within each
climate realization, this amounts to 21,770 [95% CI 8,950-39,260] total additional suicides when summed
across both countries.
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We provide longitudinal and country-scale evidence that local suicide rates in both a developed and a middleincome country are robustly associated with local temperatures, findings which are consistent with recent
work in both developed and developing countries.13, 22 The remarkable consistency of the measured association over time and across contexts suggests that any hypothesized mechanism explaining this relationship
must be widespread, and provides some confidence in generalizing these findings to other contexts and into
the future. While our social media results support the hypothesis that temperature induces changes in mental
state that follow the same pattern as suicides, and the generality of the suicide responses to temperature across
geographic and socioeconomic strata is consistent with a common biological response, we cannot decisively
reject other non-biologic explanations, such as that changes in temperature could affect social mediators of
suicide.
Nevertheless, our results do suggest that the mechanism through which temperature affects suicide is likely
distinct from temperature’s effects on many other causes of mortality. In contrast to all-cause mortality,
suicide increases at hot temperatures and decreases at cold temperatures; also unlike all-cause mortality, the
effect of temperature on suicide has not decreased over time and does not appear to decrease with rising
income or the adoption of air conditioning. The linear and stable structure of the suicide response is more
similar to previously recovered relationships between interpersonal/intergroup violence and temperature,11
which may plausibly have related biological origins.
Linearity and intertemporal stability in the suicide response has important implications for climate change
projections, as it leads to no projected reduction in suicide mortality from rising temperatures in cold regions
and no clear indication that secular societal trends or adaptation will reduce climate sensitivities. Both of
these conclusions contrast strongly with dominant themes in the existing climate-health literature,10 and
along with other recent studies13 contribute needed empirical evidence on the effects of changes in climate
on mental health.
Our calculations suggest that projected changes in suicide rates under future climate change could be as
important as other well-studied societal or policy determinants of suicide rates (see Figure 5 left panel). In
absolute value, the effect of climate change on the suicide rate in the US and Mexico by 2050 is roughly
two to four times the estimated effect of a 1% increase in the unemployment rate in the EU,5 half as large as
the immediate effect of a celebrity suicide in Japan,48 and roughly one-third as large in absolute magnitude
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(with opposite sign) as the estimated effect of gun restriction laws in the US7 or the effect of national suicide
prevention programs in OECD countries.6 The large magnitude of our results add further impetus to better
understand why temperature affects suicide and to implement policies to mitigate future temperature rise.
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Data on US suicides come from the Multiple Cause-of-Death Mortality Data from the National Vital Statistics
System (NVSS),26 which report county location, month, and cause of death for all individuals (prior to 1989),
or those individuals residing in counties with more than 100,000 people (post-1989), representing roughly
75% of the total US population. We calculate age-adjusted suicide rates in each county-month by combining
cause-of-death data with US census data on age-specific populations. County-level data from NVSS are
available beginning in the early 1960s, but data on cause-of-death using common re-codes do not begin until
1968. After 2004, county identifiers are no longer made available in the public use data. Our suicide data in
the US thus span the years 1968-2004.
In the US, we combine county-level suicide data with temperature and precipitation data from PRISM, a
high-resolution gridded climate dataset.49 PRISM data contain 4km-by-4km gridded estimates of monthly
temperature and precipitation for the contiguous US, with daily estimates beginning in 1981, constructed
by interpolating data from more than 10,000 weather stations. We aggregate these grid cells to the countyor municipality-month level, weighting by estimated grid-cell population from LandScan,50 following the
procedure in51 for our nonlinear models. We test robustness using alternate suicide statistics drawn from the
CDC’s Underlying Cause of Death database (available at the county-year level for the years 1999-2013).34
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Data on monthly suicide rates in Mexican municipalities come from Mexico’s Instituto Nacional de Estadística
y Geografía,27 which we match to gridded daily52 and monthly53 temperature and precipitation data (the
available daily data from ref [52 ] do not contain precipitation data, thus we use the UDel data53 as our source
of precipitation data). Our Mexican dataset spans the years 1990-2010.
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We estimate the following regression separately for our US and Mexican panels:
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yismt = f (Tismt ) + γPismt + µim + δst + εismt
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(1)

using ordinary least squares, where i indexes localities (county or municipality), s indexes the state that the
locality falls in, m indexes month-of-year, and t indexes year. yismt is the monthly suicide rate and Pismt
is monthly precipitation. µim and δst are, respectively, vectors of county-by-month effects and state-by-year
effects; the former account for other locally-seasonally-varying factors that could also be associated with
suicide, such as day length, or seasonal cycles in other factors, such as the school year, and the latter
account for shocks common to all counties in a given state in a given year, such as unemployment conditions.
Regressions are weighted by average population in each county or municipality, with standard errors clustered
at the i level to nonparameterically adjust54 for arbitrary within-unit autocorrelation in the disturbance term
εismt . We test robustness to alternate clustering regimes, including clustering at the state level and two-way
clustering at the county and year level, and find that standard errors are only modestly affected (Table S3.
For the temperature response function f (Tismt ) in Equation 1 we focus on models that are a function of
average monthly temperature Tismt (e.g. the average temperature in January of 1996 in Santa Clara County,
California), including linear models and higher order polynomials and spines. Estimates in the linear fixed
effects models can be equivalently interpreted as the impact of a +1◦ C deviation from normal temperature,
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or as the effect of an absolute +1◦ C temperature increase, as (e.g.) the impact of a temperature increase from
0◦ C to 1◦ C is estimated to be the same as an increase from 20◦ C to 21◦ C . While monthly data cannot easily
resolve sub-monthly responses to even shorter-run temperature variation (e.g. daily, as documented in past
studies22 ), it more easily captures potential multi-week displacement effects that have been demonstrated in
other weather-violence studies;55 indeed, we find displacement effects in both the US and Mexico that appear
to last months (Fig 3). A further reason for monthly aggregation is suicide data in Mexico are only available
at the monthly level, and our source for temperature data in the US does not provide daily temperature data
before 1980.
We also estimate binned modelsP
where suicide is modeled as a function of accumulated exposure to different
j
j=1
daily temperatures, f (Tismt ) = j βj Tismt
, with Tismt
indicating the number of days in location-month-year
j=2
◦
ismt when the average temperature fell below -6 C , Tismt as the number of days with average temperature
j=3
in the (-6◦ C ,-3◦ C ] interval, Tismt
as the number of days in the (-3◦ C ,0◦ C ] interval, and so on in 3◦ C
intervals up to a top bin of (30◦ C , ∞)—indexing these bins by j. The (15◦ C ,18◦ C ] bin is the omitted
category in our binned regressions, so the coefficients of interest shown in Figure S1 can be interpreted as the
effect on the monthly suicide rate from an additional day spent in bin j, relative to a day spent in the (15◦ C
,18◦ C ] bin. See ref. [51 ] for a derivation and complete discussion of this approach and its interpretation.
The outcome in each regression is the monthly suicide rate, and we divide the estimate of β by the baseline
suicide rate (the average suicide rate over the study period) to calculate percentage changes. As migration is
unobserved in our data, our approach cannot account for potential selective migration into or out of specific
counties – although migrants would have to differ in their suicide response to temperature for this to bias our
results. We also note that our approach using county- or municipal-level data is focused on making inferences
about average effects within these aggregate areas, and we do not attempt to draw any inferences regarding
the risk that any specific individual within an administrative unit will commit suicide in any particular month.
To estimate the heterogeneous responses reported in Figure 3, we estimate versions of equation 1 that contain
interactions:
yismt = β1 Tismt + β2 (Tismt ∗ Di ) + γ1 Pismt + γ2 (Pismt ∗ Di ) + µim + δst + εismt
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(2)

where Di is equal to one if location i has a specified value for a the mediating variable of interest (e.g. above
median income) and is zero otherwise. To estimate the year- or state-specific effects in Figure 2, we estimate
a version of Equation 2 where temperature and precipitation are interacted with either year dummies or state
dummies, and coefficients on these interactions are reported separately for each year or each state.
Because looking at heterogeneity in a linear model (Equation 2 might not directly reveal adaptation to
temperature extremes, we also estimate heterogeneous responses using the binned model, studying whether
the effect of extreme heat exposure differs by the average frequency of this exposure or by access to air
conditioning (Figure S2).
To estimate the potential displacement effects of hot temperatures on future suicides, we estimate distributed
lag models that include lags of monthly temperature and precipitation:
yismt =

1
X

(β L Tis(m−L)t + γ L Pis(m−L)t ) + µim + δst + εismt

(3)

L=0
309
310

where β L=0 indicates the effect of current month’s temperature and β L=1 the effect of previous month’s
temperature.A finding of β L=0 > 0 and β L=1 < 0 would be consistent with displacement (hot temperatures
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in a given month increase suicides in that month and decrease them in the following month), with the sum
of coefficients β L=0 + β L=1 giving the overall effect of a hot month, net of displacement. These estimates
are shown in the bottom panels of Figure 3.
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Depressive language in social media updates For the analysis of Twitter updates, we built on earlier
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work showing that certain keywords and phrases in tweets are predictive of local-level suicide.41 We coded
tweets as “depressive” using the keywords and phrases in this earlier work, but because this approach only
coded 0.02% of tweets in our sample as depressive, we developed an alternate approach that used a simpler
set of suicide-related keywords to code tweets. In this latter coding, we compiled an extensive list of words
associated with depression from various electronic sources, including more formal sources such as Crisis
Text Line website (www.crisistextline.org), as well as from a number of suicide-related blogs found through
Google searches (not listed here for privacy reasons). We retained words that were common across these
sources and removed words likely to generate false positives (for example, “mom” is frequently included
in suicidal texts). The dictionary of keywords that result from this procedure is (listed alphabetically):
addictive, alone, anxiety, appetite, attacks, bleak, depress, depressed, depression, drowsiness, episodes,
fatigue, frightened, lonely, nausea, nervousness, severe, sleep, suicidal, suicide, trapped. Using this simpler
dictionary, we code 1.4% of tweets in our sample as “depressive”. We designate this approach “Coding 1”
and the earlier-literature derived approach “Coding 2”.
Using each of these two keyword dictionaries, we computed the total number of Twitter updates in each of
885 Core-Based Statistical Areas (CBSA) (roughly, metropolitan areas) that contained at least one keyword
in each day as a fraction of all Twitter updates between May 2014 and July 2015, following the approach in
ref [28 ]. To reduce noise and to make estimates comparable to the suicide results, we limit our sample to
CBSAs in which at least one Twitter update was posted on 90% of the sampling frame, and we aggregate
up to the monthly level. Our dataset thus contains 24,780 CBSA-month observations. We then estimate the
effect of monthly temperature on the likelihood that a Twitter update contains a depressive keyword using
the following fixed effects regression
yismt = βTismt + γPismt + µi + λsm + δst + εimst
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(4)

via ordinary least squares where i indexes CBSAs, s indexes state, m indexes month, and t indexes year.
yismt is the proportion of tweets in a CBSA-month that contain a depressive word and Tismt and Pismt are
the average temperature and total precipitation for that CBSA-month. µi is a vector of CBSA fixed effects,
which we include to account for time-invariant local drivers of depressive social media use. To account for
local seasonality in both depressive tweets and temperature, we include state-by-month fixed effects λsm (i.e.
12 dummy variables for each state), and to account for local changes over time in either tweeting behavior or
temperature, we include state-by-year fixed effects δst . Regressions are weighted by the average number of
tweets in each CBSA. As in the suicide results, we report estimates of β normalized by the baseline rate of
depressive tweets (either 1.4% or 0.02% for the two codings), such that they can be interpreted as percentage
changes in the rate of depressive tweeting.
We show robustness under a range of alternate fixed effects, time trends, and the inclusion or exclusion
of weights (Figure 4, analogous to Figure 1 for suicide results), and show how depressive tweets in a
current month respond to temperature variation in that month, earlier months, and later months (Figure S4,
analogous to the bottom panel of Figure 3 for suicide). As in the suicide results, results are primarily driven
by contemporaneous responses to temperature.
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Calculating impacts of future climate change To calculate the potential impacts of future climate
change on suicide rates, we use climate projections drawn from the Coupled Model Intercomparison Project
5 (CMIP5). We utilize projections run under the RCP8.5 emissions scenario, in which emissions continue
to rise substantially through 2100. We obtain data from 30 global climate models56 that publish RCP 8.5
projections for changes in mean temperature.
Climate projection data are processed as follows, repeated separately for each of the 30 climate models.
Projected changes in monthly temperatures are calculated for each climate grid cell by averaging monthly
projected temperature around 2050 (2046-2055) and monthly projected temperature around the baseline
period (1986-2005), then differencing them. Model grids are then overlapped on the study administrative
units (e.g. US counties) and locality-specific changes are calculated by averaging over grid cells that overlap
the locality, weighting by the amount of the grid cell falling into the unit.
We then combine these locality-level projections with our historical estimates of the effect of temperature
on suicide to estimate (1) the potential percentage change in the suicide rate due to warming by 2050 and
(2) the total number of excess suicides that could occur by 2050. The percentage change in the rate for a
given country is calculated by multiplying the historical effect of temperature on suicide reported in Figure
3 for that country (using the combined effects of current and lagged temperature, to account for possible
displacement) by the population-weighted projected change in temperature between 2000 and 2050 from
each of the 30 climate models. Excess cumulative suicides in country c due to warming between 2000 and
2050 is then
2050
X
Yc =
popct ∗ (βc ∗ ∆Tct )
(5)
t=2000
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where popct is the projected population in year t in 100,000s (taken from UN population projections57 ),
βc is the estimated net change (lagged plus current) in the suicide rate per +1◦ C increase in temperature
(measured in deaths per 100,000/yr), and ∆Tct is the projected increase in temperature between 2000 and
year t. Again, because temperature effects in the US appear to be trending up over time, for the US we
estimate βc by applying Equation 1 to data from 1990 onwards. The application of future changes in annual
average temperature (∆Tct ) to monthly temperature-suicide coefficients (βc ) is appropriate given the limited
evidence over our study area that future climate change will lead to differential levels of warming across
seasons.58, 59
We quantify uncertainty in these projections by bootstrapping the historical estimates of the suicidetemperature relationship (1,000 times, sampling with replacement) and applying this distribution of estimated
temperature sensitivities to projections from each of the 30 climate model projections to construct 30,000
possible projections.43
It is sometimes suggested that constructing climate change projections using coefficients from a withinlocation fixed-effects estimator is inappropriate because temporary changes in environmental conditions
may trigger social responses that differ from the response to more permanent climate changes (see refs.
[31, 51 ] for a general discussion of this issue). The Marginal Treatment Comparability (MTC) assumption51
required for such an extrapolation to be valid appears to be well-supported in this context, based on evidence
that we recover. Our within-location estimator recovers the local slope of the temperature-suicide function
in the vicinity of average local conditions observed in each locality, in the sense of a local first-order Taylor
approximation. Our climate change projection then uses this local derivative to extrapolate local suicide
rates as each locality warms and experiences the climate of locations slightly further south (or with slightly
warmer temperatures). If the MTC assumption is violated, then once a county warms permanently, it will
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not necessarily experience a permanent change in its suicide rate that reflects our estimates. This could occur
for two reasons.
First, the overall average suicide rate of counties could be determined exclusively by non-temperature factors,
with temperature only determining the timing of when suicides occur within a given year. If this were true,
then temporary warm events would only appear to increase the suicide rate because they cause a temporary
surge in suicides that is offset later in the year by a reduction in suicides—a mathematical necessity required
to keep to total suicide rate fixed at the level determined by non-temperature factors. This phenomena is
known as “temporal displacement” or “harvesting” in the literature. As shown in Figure 3, we test for such
behavior in the data and find some evidence of temporal displacement, but also that a portion of the suicide
signal we observe is “additional” in the sense that they are not compensated for by delayed reductions in
suicide rates. This causes the sum of contemporaneous and lagged effects of temperature to be positive,
indicating that warming does lead to a net elevation of a locality’s total cumulative suicides and that average
suicide rates are not only determined by non-temperature factors. Importantly, we account only for this
additional effect, netting out any temporal displacement, when constructing climate change projections so
as to avoid over-estimating projected suicides.
A second case in which the application of the local derivative of the temperature-suicide relationship to
future warming would be inappropriate is if the slope of the temperature-suicide relationship depends on
average temperature, or similarly if the response of suicide to extreme heat days depends on the frequency of
exposure to these extremes – i.e. because populations adapt to warming. Indeed, prior studies of electricity
use60 and tropical cyclone mortality61 have shown that locations with more exposure to an environmental
stressors respond differently than those with less exposure, indicating adaptation. Using the same test but
in the suicide-temperature context, we check for evidence for adaptation by examining if locations that are
warmer on average had a shallower slope in their temperature-suicide response, or if suicides in locations
more frequently exposed to temperature extremes (e.g. days >30◦ C ) were less affected by these extremes
that locations less frequently exposed.
We test for such behavior by estimating the temperature-suicide relationship for localities above and below
the median temperature in both the US and Mexico (Figure 3), by estimating the local derivative for the
temperature-suicide function for every single state in the US and Mexico separately (Figure 2), and by
estimating the differential effect of exposure to extreme absolute temperatures for countries with less- and
more-frequent exposure to these extremes (Figure S2). In all cases we fail to find evidence that effects
diminish at higher temperatures: we see similar responses to temperature deviations in warmer and cooler
counties and between warmer and cooler states, and we do not find that counties more frequently exposed
to extreme absolute temperatures have diminished suicide responses compared to less-frequently-exposed
locations, although estimates are somewhat noisy for cooler regions given limited exposure to extremes (Fig
S2b). This evidence, along evidence that adoption of air conditioning has not reduced temperature-suicide
relationships (Fig S2c) and that temperature-suicide relationships have diminished over time (Fig 2), suggest
limited historical adaptation to either warmer-than-average mean temperatures or extreme heat exposure in
our context.
We note two important caveats to this adaptation analysis. First, average county-level temperature could be
correlated with other unobserved factors that also affect suicide risk (e.g. culture), and so any comparison of
temperature-suicide effects by climate zones risks confounding the effect of differences in average temperature
with differences in these other unobserved factors. Although we do not find differential effects across climate
zones or observable covariates that might plausibly matter (income, AC adoption, and population; Figure 3),
suggesting a potentially limited role for the influence of correlated unobservables in our analysis, we cannot
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decisively rule out the hypothesis that the effect of unobservables could exactly offset any differential impact
of average temperature. Second, we cannot rule out that unprecedented adaptations in the future could reduce
the temperature-suicide link in ways not observed historically. If this were to occur, then our estimates of
excess suicides due to future warming would be too high. However, we note that there is no downward
trend in the sensitivity of suicide to temperature during the period we observe (Figure 2), indicating that the
emergence of unprecedented adaptations would itself be without precedent.
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Figure 1: Effects of temperature on suicide rate. Lines show the estimated relationship between
monthly temperature and monthly suicide rate in the US (panel a; 1968-2004) or Mexico (panel b;
1990-2010), under different specifications of the fixed effects and increasingly flexible polynomials
or splines as described in the legend. Blue shaded areas are the bootstrapped 95% CI on Model
1 for each country. Histograms at the bottom display the distribution of monthly temperatures in
each sample. Fixed effects in Mexico are as in the US, except with municipality and state-month
FE in place of county-month FE.
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Figure 2: Temperature effects on suicide over time and space. a-b: Effects over time in US
and Mexico. Each dot is the year-specific effect of temperature on suicide (line is 95% confidence
interval), expressed as a percentage change above that year’s average suicide rate. The red dotted
line shows the average effect across the full sample in each country. c Effects by state. Colors
show the percentage increase in the state-specific monthly suicide rate per 1◦ C increase in monthly
temperature. Histograms show the distribution of estimates across states in US and Mexico. States
outlined in black have estimates that are statistically distinguishable from the nation-wide average
estimate.
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Figure 3: Effect of variation in temperature on monthly suicide rate across the full sample in
US (black circles), Mexico (white circles) and for sub-groups in those countries. Dots are point
estimates of the effect of monthly temperature on monthly suicide (from Equation 1 or 2), lines are
95% confidence intervals. Base rates are reported in deaths per 100,000 person-months.
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Figure 4: Effect of monthly temperature on the likelihood that a Twitter update in US
metropolitan areas contains depressive keywords. Lines show the estimated relationship between monthly average temperature and the monthly share of Twitter updates (“tweets”) that contain
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Figure 5: Change in suicide rate, and cumulative excess suicides, by 2050 due to projected
temperature change in RCP8.5. a: projected change in the suicide rate by 2050 for US and
Mexico, accounting for temporal displacement across months (current + previous) as shown in
Figure 2. Whiskers are 95% CI that account for uncertainty in both future temperature change and
in the historical response of suicide to temperature.43 Black markers are published estimates for the
impacts of other policies/events5–7, 48 displayed for comparison. b-c: distributions of total projected
cumulative excess suicides in US and Mexico over time. Black lines are median projections
with colored regions displaying the distribution of 30,000 Monte Carlo projections that resample
parameter estimates and climate models. Boxplots show median, interquartile range, and 95% CI
of projected cumulative excess suicides by 2050.

20

●

0

●

●
●

●

●

●

●

●

●

●
●

●

−1
3.5
0

−2
−10

0

10

20

exposure

●

30

●

1

●
●
●
●

0

●

●

●

−1

6.1
0

−2
−10

daily temperature (C)

●

0

10

20

exposure

1

2

avg days/month

2

% change in monthly suicide rate

Mexico, 1990−2010

avg days/month

% change in monthly suicide rate

United States, 1981−2004

30

daily temperature (C)

Figure S1: Effects of daily temperature on monthly suicide rate. Connected black markers
are the change in monthly suicides rates in US (left) and Mexico (right) caused by altering the
temperature of a single day in that month (blue shaded area is 95% CI). Effects are the relative
change in monthly suicides due to changing a day’s average temperature from 15-18◦ C to an
alternative average temperature (left vertical axis). Estimates are net of all constant differences
between locations, all within-location seasonal (monthly) variations, and all nationally coherent
annual changes in rates. Grey histograms display the distribution of individual days in each sample
(right vertical axis).

21

b

c

1.5

1.5

baseline model

0.5
0.0

−0.5

model with
more bins

−1.0

1.0

hotter counties

% change in monthly suicide rate

1.0

% change in monthly suicide rate

% change in monthly suicide rate

a
1.5

0.5
0.0

−0.5

0

10
20
daily temperature (C)

30

0.5
0.0

below-median AC

−1.0

−1.5
−10

above-median AC

−0.5

cooler counties

−1.0

−1.5

1.0

−1.5
−10

0

10
20
daily temperature (C)

30

−10

0

10
20
daily temperature (C)

30
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period for which we have daily temperature data.
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markers show the cumulative effect ( t−3 βt ) of current and previous-month temperature exposure.
See Methods for full description.
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Table S1: Estimates of the linear effect of temperature on suicide rate in the US are robust to
different statistical specifications. All models include county-month fixed effects (i.e. 12 dummy
variables for each county) as indicated in the FE1 row, and include time fixed effects as indicated
in the FE2 row, with ‘S’=state, ‘Yr’=year, ‘Mo’=month. Some models also contain linear time
trends, and are weighted by county population, as indicated in the bottom rows. The outcome
variable is the monthly suicide rate (models 1-5; mean = 1.03 suicides per 100,000 people), the log
of the monthly suicide rate (model 6), or the inverse hyperbolic sine-transformed monthly suicide
rate (model 7). Temperature is measured in ◦ C , precip in meters. Standard errors are shown in
parenthesis, clustered at the county level. Models 1-5 are analogous to lines 1-5 shown in Figure
1A.
Dependent variable:
suicide rate

log(rate)

ihs(rate)

(1)

(2)

(3)

(4)

(5)

(6)

(7)

temp. (◦ C )

0.007∗∗∗
(0.001)

0.008∗∗∗
(0.002)

0.006∗∗∗
(0.001)

0.006∗∗∗
(0.001)

0.005∗∗∗
(0.002)

0.005∗∗∗
(0.001)

0.004∗∗∗
(0.0005)

prec. (m)

−0.035
(0.024)

0.014
(0.073)

−0.059∗∗
(0.029)

−0.038
(0.024)

−0.048
(0.032)

−0.011
(0.032)

−0.016
(0.016)

FE1
FE2
Pop. weights
Observations
R2

C x Mo
S x Yr
Y
851,088
0.175

C x Mo
S x Yr
N
851,088
0.128

C x Mo
Yr
Y
851,088
0.166

C x Mo
Yr
Y
851,088
0.172

C x Mo
Yr x Mo
Y
851,088
0.167

C x Mo
S x Yr
Y
280,486
0.512

C x Mo
S x Yr
Y
851,088
0.232

∗

Note:
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p<0.1; ∗∗ p<0.05; ∗∗∗ p<0.01

Table S2: Estimates of the linear effect of temperature on suicide rate in Mexico are robust to
different statistical specifications. All models include Municipality fixed effects as indicated in
the FE1 row, state-month fixed effects (i.e. 12 dummies for each state) as indicated in the FE2 row,
and include time fixed effects as indicated in the FE3 row, with ‘S’=state, ‘Yr’=year, ‘Mo’=month.
Some models also contain linear time trends, and are weighted by municipality population, as
indicated in the bottom rows. The outcome variable is the monthly suicide rate (models 1-5; mean
= 0.22 suicides per 100,000 people), the log of the monthly suicide rate (model 6), or the inverse
hyperbolic sine-transformed monthly suicide rate (model 7). Temperature is measured in ◦ C ,
precip in meters. Standard errors are shown in parenthesis, clustered at the county level. Models
1-5 are analogous to lines 1-5 shown in Figure 1B.
Dependent variable:
suicide rate
(1)

(2)

(3)

(4)

(5)

log(rate)

ihs(rate)

(6)

(7)

temp. (C)

∗∗∗

0.006
(0.001)

∗∗

0.007
(0.003)

∗∗∗

0.005
(0.002)

∗∗∗

0.005
(0.002)

∗∗

0.005
(0.002)

∗

0.008
(0.004)

0.005∗∗∗
(0.001)

prec. (m)

0.011
(0.020)

0.009
(0.046)

−0.015
(0.027)

−0.010
(0.027)

−0.025
(0.028)

0.076
(0.055)

0.007
(0.013)

FE1
FE2
FE3
Pop. weights
Observations
R2

Mun.
S x Mo
S x Yr
Y
611,366
0.168

Mun.
S x Mo
S x Yr
N
611,366
0.018

Mun.
S x Mo
Yr
Y
611,366
0.164

Mun.
S x Mo
Yr
Y
611,366
0.166

Mun.
S x Mo
Yr x Mo
Y
611,366
0.164

Mun.
S x Mo
S x Yr
Y
40,701
0.736

Mun.
S x Mo
S x Yr
Y
611,366
0.298

∗

Note:
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p<0.1; ∗∗ p<0.05; ∗∗∗ p<0.01

Table S3: Estimates of the linear effect of temperature on suicide rate are robust to different
ways of clustering the standard errors. Top panel is United States, bottom panel is Mexico.
Columns show estimates under different clustering schemes: (1) county, (2) county + state-by-year,
(3) county + year, (4) state.
United States:
(1)

(2)

(3)

(4)

temp. (C)

0.0067∗∗∗
(0.0008)

0.0067∗∗∗
(0.0008)

0.0067∗∗∗
(0.0011)

0.0067∗∗∗
(0.0007)

prec. (m)

−0.0347
(0.0242)

−0.0347
(0.0238)

−0.0347
(0.0236)

−0.0347
(0.0300)

Clustering
Observations
R2

County
851,088
0.1754

County + State-Yr
851,088
0.1754

County + Yr
851,088
0.1754

State
851,088
0.1754

Mexico:
(1)

(2)

(3)

(4)

temp. (C)

∗∗∗

0.0063
(0.0014)

∗∗∗

0.0063
(0.0015)

∗∗∗

0.0063
(0.0014)

0.0063∗∗∗
(0.0017)

prec. (m)

0.0108
(0.0203)

0.0108
(0.0137)

0.0108
(0.0172)

0.0108
(0.0144)

Clustering
Observations
R2

Mun.
611,366
0.1684

Mun. + State-Yr
611,366
0.1684

Mun. + Yr
611,366
0.1684

State
611,366
0.1684

∗

Note:
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p<0.1; ∗∗ p<0.05; ∗∗∗ p<0.01

Table S4: Heterogeneous effect of temperature on suicide rate in the US. Covariates include
county income in each year (in $1000 USD), county average temperature averaged across all
years (in ◦ C ), and state-level AC penetration in each year (defined as percent of households with
residential AC, derived from Barreca et al30 ). Covariates are all de-meaned to ease interpretation.
All regressions include county-month FE and state-year FE and are weighted by county population.
Dependent variable:
suicide rate
(1)

(2)

(3)

(4)

temp

0.0068∗∗∗
(0.0008)

0.0065∗∗∗
(0.0008)

0.0067∗∗∗
(0.0008)

0.0065∗∗∗
(0.0008)

temp*income

0.0001∗∗∗
(0.00003)

−0.000003
(0.00004)
−0.0001
(0.0002)

temp*avgtemp

temp*AC

Observations
R2

806,448
0.1756

806,448
0.1755
∗

Note:
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−0.0002
(0.0002)
0.0037∗∗∗
(0.0012)

0.0037∗
(0.0020)

806,448
0.1755

806,448
0.1756

p<0.1; ∗∗ p<0.05; ∗∗∗ p<0.01
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Estimating economic damage from
climate change in the United States
Solomon Hsiang,1,2*† Robert Kopp,3*† Amir Jina,4† James Rising,1,5†
Michael Delgado,6 Shashank Mohan,6 D. J. Rasmussen,7 Robert Muir-Wood,8
Paul Wilson,8 Michael Oppenheimer,7,9 Kate Larsen,6 Trevor Houser6

E

conomically rational management of the
global climate requires that the costs of reducing greenhouse gas emissions be weighed
against the benefits of doing so (or, conversely, the costs of not doing so). A vast literature has considered this problem, developing,
among other insights, our understanding of the
optimal timing of investments (1), the role of uncertainty (2), the importance of future adaptation
(3), the role of trade (4), and the potentially large
impact of unanticipated tipping points (5, 6).
Integrated assessment models that value the benefits of greenhouse gas abatement are used by governments to estimate the social cost of climate
change (7, 8), which in turn informs the design
of greenhouse gas policies. However, the estimated benefits of greenhouse gas abatement—or
conversely, the “damages” from climate change—
are conceptually and computationally challenging to construct. Because of this difficulty, previous
analyses have relied on rough estimates, theorized
effects, or limited process modeling at continental scales or larger (9–11), with no systematic calibration to observed human-climate linkages (12).
Since the original development of these models,
methodological innovations (13) coupled with data
availability and computing power have fueled

rapid growth in a spatially resolved, empirical understanding of these relationships (14). Yet integrated assessments of climate change and their
calculation of the social cost of carbon do not reflect these advances (15–17).
Here, we develop an integrated architecture to
compute potential economic damages from climate change based on empirical evidence, which
we apply to the United States. Our risk-based
approach is grounded in empirical longitudinal
analyses of nonlinear, sector-specific impacts, supplemented with detailed energy system, inundation, and cyclone models. Built upon a calibrated
distribution of downscaled climate models, this
approach is probabilistic and highly resolved
across geographic space while taking into account
the spatial and sectoral covariance of impacts in
each possible future. Our framework is designed
to continuously integrate new empirical findings and new climate model projections as the
supporting subfields of research advance in the
future. When applied to the U.S. economy, this
approach provides a probabilistic and empirically
derived “damage function,” linking global mean
surface temperature (GMST) to market and nonmarket costs in the United States, built up from
empirical analyses using micro-level data.

1

System architecture

*Corresponding author. Email: shsiang@berkeley.edu (S.H.);
robert.kopp@rutgers.edu (R.K.) †These authors contributed
equally to this work.

We developed the Spatial Empirical Adaptive Globalto-Local Assessment System (SEAGLAS) to dynamically integrate and synthesize research outputs
across multiple fields in near-real time. We use
SEAGLAS to construct probabilistic, county-level
impact estimates that are benchmarked to GMST
changes. [See section A of the supplementary
materials (SM) for additional details (18).]
County-level projections of daily temperature
and precipitation are constructed and sampled
following a three-step process that simultaneously
captures the probability distribution of climate
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Estimates of climate change damage are central to the design of climate policies. Here,
we develop a flexible architecture for computing damages that integrates climate science,
econometric analyses, and process models. We use this approach to construct spatially
explicit, probabilistic, and empirically derived estimates of economic damage in the United
States from climate change. The combined value of market and nonmarket damage
across analyzed sectors—agriculture, crime, coastal storms, energy, human mortality, and
labor—increases quadratically in global mean temperature, costing roughly 1.2% of gross
domestic product per +1°C on average. Importantly, risk is distributed unequally across
locations, generating a large transfer of value northward and westward that increases
economic inequality. By the late 21st century, the poorest third of counties are projected
to experience damages between 2 and 20% of county income (90% chance) under
business-as-usual emissions (Representative Concentration Pathway 8.5).

responses to forcing, spatiotemporal structures
within each climate realization, and spatiotemporal autocorrelation of weather (19): (i) For
each forcing pathway considered [Representative Concentration Pathways (RCPs) 2.6, 4.5,
and 8.5] (20), a probability distribution for GMST
change is constructed based on an estimated
distribution of equilibrium climate sensitivity,
historical observations, and a simple climate model
(SCM) (19). (ii) The joint spatiotemporal distribution of monthly temperature and precipitation is
constructed from a broad range of global climate
models (GCMs), statistically downscaled from the
Coupled Model Intercomparison Project 5 (CMIP5)
archive (21) and assigned a probability of realization such that the distribution of 21st-century
GMST change mirrors the distribution from the
SCM. Tails of the distribution beyond the range
present in the CMIP5 archive are represented by
“model surrogates” constructed by scaling patterns from CMIP5 models using the GMST projections from the SCM. Together, we refer to the
union of monthly resolution GCM and model
surrogate output as the set of climate realizations
that are each weighted to reflect a single probability distribution (Fig. 1A). These weights are
used when we compute damage probability distributions for specific RCP scenarios. (iii) We then
construct a set of 10 daily projections for each
climate realization by superimposing daily weather
residuals relative to monthly climatologies that are
resampled in yearly blocks from the period 1981 to
2010 (Fig. 1B).
A distribution of empirically grounded economic impacts is computed for each joint realization
of county-level daily temperature and precipitation: (iv) Econometrically derived dose-response
functions (13) estimating the nonlinear effects
of temperature, rainfall, and CO2 on agriculture
(22, 23), mortality (24, 25), crime (26, 27), labor
(28), and energy demand (24) are constructed via
Bayesian meta-analysis (29) (e.g., Fig. 1, C to H,
and SM sections B and C). Following the approach
and criteria laid out in (30), we only employ studies
that are nationally representative, spatially disaggregated, and account for temporal displacement
and unobserved heterogeneity across locations,
along with the additional criterion that studies
statistically identify marginal distortions in the
distribution of experienced daily temperatures
(13, 14). (v) Econometric uncertainty is accounted
for by resampling from the 26 posterior functions
in (iv) (fig. S4). (vi) County-level daily projections
from (iii) are mapped onto the distribution of possible responses from (v) to construct 3143 countylevel joint distributions for 15 impacts across 29,000
possible states of the world during 2000 to 2099
(SM sections D and E), although for display purposes we primarily summarize 2080 to 2099 impacts here.
A parallel approach is necessary to estimate
energy demand changes and coastal impacts: (vii)
Energy demand estimated in (iv) is used as a
partial calibration for the National Energy Modeling System (NEMS) (31) (SM section G). NEMS
is then run with different weather realizations
to estimate energy supply costs. (viii) Cyclone
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Distribution of costs and benefits
Standard approaches to valuing climate damage
describe average impacts for large regions (e.g.,
North America) or the entire globe as a whole.
Yet examining county-level impacts reveals major
redistributive impacts of climate change on some
sectors that are not captured by regional or global
averages. Figure 2 and fig. S2 display the median
average impact during the period 2080 to 2099
due to climate changes in RCP8.5, a trajectory
consistent with fossil-fuel–intensive economic
growth, for each county. In cases where responses
to temperature are nonlinear (e.g., Fig. 1, C, E,
and H), the current climate of counties affects
Hsiang et al., Science 356, 1362–1369 (2017)

Fig. 1. Recombining previous research results
as composite inputs to SEAGLAS. (A) Fortyfour climate models (outlined maps) and model
surrogates (dimmed maps) are weighted so that
the distribution of the 2080 to 2099 GMST
anomaly exhibited by weighted models matches
the probability distribution of estimated GMST
responses (blue-gray line) under RCP8.5.
Analogous display for precipitation in fig. S1.
(B) Example of 10 months of daily residuals in
New York City, block resampled from historical
observations at the same location and
superimposed on monthly mean projections for
a single model (GFDL-CM3) and scenario
(RCP8.5) drawn from (A). (C to H) Examples of
composite (posterior) county- level doseresponse functions derived from nonlinear
Bayesian meta-analysis of empirical studies
based on selection criteria in (30). Median
estimate is black, central 95% credible interval is
blue-gray. To construct probabilistic impact projections, responses for each category are independently resampled from each distribution of
possible response functions and combined with
resampled climate realizations, as in (A), and
weather realizations, as in (B). [(C) and
(D)] Estimated causal effect of (C) 24 hours
temperature and (D) seasonal rainfall on maize
yields. (E) Daily average temperature on
all-cause mortality for the 45- to 64-year-old
population. (F) Daily maximum temperature on
daily labor supply in high-risk industries exposed
to outdoor temperatures. [(G) and (H)] Daily
maximum temperature on (G) monthly violent
crime rates and (H) annual residential electricity
demand. All sources are detailed in SM section B.

whether additional warming generates benefits,
has limited effect, or imposes costs. For example,
warming reduces mortality in cold northern
counties and elevates it in hot southern counties
(Fig. 2B). Sectors with roughly linear responses,
such as violent crime (Fig. 1G), have more uniform
effects across locations (Fig. 2H). Atlantic coast
counties suffer the largest losses from cyclone
intensification and mean sea level (MSL) rise (Fig.
2F and fig. S10). In general (except for crime and
some coastal damages), Southern and Midwestern
populations suffer the largest losses, while Northern and Western populations have smaller or
even negative damages, the latter amounting
to net gains from projected climate changes.
Combining impacts across sectors reveals that
warming causes a net transfer of value from Southern, Central, and Mid-Atlantic regions toward the
Pacific Northwest, the Great Lakes region, and
New England (Fig. 2I). In some counties, median
losses exceed 20% of gross county product (GCP),
while median gains sometimes exceed 10% of
GCP. Because losses are largest in regions that
are already poorer on average, climate change tends
to increase preexisting inequality in the United
States. Nationally averaged effects, used in previous assessments, do not capture this subnational restructuring of the U.S. economy.

30 June 2017

Nationally aggregated sectoral impacts
We recover sector-specific damages as a function
of GMST change by nationally aggregating countylevel impacts within each state of the world
defined by an RCP scenario, climate realization,
resampled weather, and econometrically derived
parameter estimate (SM sections D and E). The
distribution of sectoral impacts is compared with
GMST change in each realization in Fig. 3 (SM
section J). Although several sectors exhibit microlevel responses that are highly nonlinear with
respect to county temperature (e.g., Fig. 1C), aggregated damages exhibit less-extreme curvature
with respect to GMST change, as was hypothesized and derived in (42).
Average yields in agriculture decline with rising
GMST, but higher CO2 concentrations offset much
of the loss for the coolest climate realizations in
each of the three RCP scenarios. Accounting for
estimated effects of CO2 fertilization (SM section
B) and precipitation, warming still dominates, reducing national yields ∼9.1 (±0.6 SEM) % per °C
(Fig. 3A). Because effects of CO2 are highly uncertain and not derived using the same criteria
as other effects, we evaluate the sensitivity of
these projections by computing losses without
CO2 fertilization (Fig. 3B) and find that temperature and rainfall changes alone would be expected
2 of 7
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exposure is simulated via analytical wind field
models (32) that force a storm surge model (33),
with cyclogenesis and storm tracks generated via
either (i) semiparametrically resampling historical activity (34) or (ii) resampling from projected
storm tracks and intensities (35) (SM section H).
(ix) Inundation from localized probabilistic sea
level rise projections (36) interacting with storm
surge and wind exposure in (viii) are mapped onto
a database of all coastal properties maintained
by Risk Management Solutions, where engineering models predict damage (SM section H).
Finally, economic impacts are aggregated and
indexed against the GMST in their corresponding
climate realization to construct multidimensional
probabilistic damage functions suitable for application in integrated assessment modeling: (x)
Direct impacts from (vi), (vii), and (ix) are aggregated across space or time within each sector.
Monetizing the value of nonmarket impacts
(deaths and crime) using willingness-to-pay or
accounting estimates (37, 38), impacts across all
sectors are aggregated to compute total damages
(SM sections I and J).
Importantly, for clarity, our approach holds
the scale and spatial distribution of the U.S.
population and economy fixed at values observed in 2012, since current values are well
understood and widely agreed on. Various previous analyses [e.g., (39)] note that natural demographic change and economic growth may
dominate climate change effects in overall magnitude, although such comparisons are not our
focus here. Because we compute impacts using
scale-free intensive measures (e.g., percentage
changes), future expansion of the economy or
population does not affect our county-level estimates, and our aggregate results will be unbiased as long as this expansion is balanced
across space. If such expansion is not balanced
across space, then our aggregated results will require a second-order adjustment with a sign that
depends on the spatial covariance of changes in
climate exposure and changes in economic or population structure, as shown in (40). In previous
work (41), we demonstrated how results for some
direct impacts might change if future rates of
adaptation to climate mirror historical patterns
and rates. The paucity of existing quantitative
studies on adaptation prevents us from currently
applying this approach to all sectors, although such
additions are expected in future work.
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to reduce yields ∼12.1 (±0.7) % per °C (see also
figs. S11 and S12 and tables S10 and S11).
Rising mortality in hot locations more than
offsets reductions in cool regions, so annual national mortality rates rise ∼5.4 (±0.5) deaths per
100,000 per °C (Fig. 3C). For lower GMST changes,
this is driven by mortality between ages 1 and 44
and by infant mortality and ages ≥45 for larger
GMST increases (fig. S13 and table S12).
Electricity demand rises on net for all GMST
changes, roughly 5.3 (± 0.14) % per °C, because
rising demand from hot days more than offsets
falling demand on cool days (Fig. 3D and table
S13). Because total costs in the energy sector are
computed using NEMS, demand is not statistically resampled as other sectors are (SM section G).
Total hours of labor supplied declines ∼0.11
(±0.004) % per °C in GMST for low-risk workers,
who are predominantly not exposed to outdoor
temperatures, and 0.53 (±0.01) % per °C for highrisk workers who are exposed (∼23% of all employed workers, in sectors such as construction,
Hsiang et al., Science 356, 1362–1369 (2017)

average for maize, wheat, soybeans, and cotton. (B) Change in all-cause
mortality rates, across all age groups. (C) Change in electricity demand.
(D) Change in labor supply of full-time-equivalent workers for low-risk
jobs where workers are minimally exposed to outdoor temperature.
(E) Same as (D), except for high-risk jobs where workers are heavily
exposed to outdoor temperatures. (F) Change in damages from
coastal storms. (G) Change in property-crime rates. (H) Change
in violent-crime rates. (I) Median total direct economic damage across
all sectors [(A) to (H)].

mining, agriculture, and manufacturing) (Fig. 3,
E and F, and table S14).
Property crime increases as the number of cold
days—which suppress property crime rates (fig.
S4)—falls but then flattens for higher levels of
warming because hot days do not affect property
crime rates. Violent crime rates increase linearly
at a relatively precise 0.88 (±0.04) % per °C in
GMST (Fig. 3, G and H, and table S15).
Coastal impacts are driven by the amplification of tropical cyclone and extratropical cyclone
storm tides by local MSL rise and by the alteration of the frequency, distribution, and intensity
of these cyclones (SM section H). Rising MSL
increases the storm tide height and floodplain
during cyclones: Fig. 4, A to D, illustrates how 1in-100-year floodplains evolve over time due to
MSL rise (RCP8.5) with and without projected
changes in cyclones for two major coastal cities.
Coastal impacts are distributed highly unequally,
with acute impacts for eastern coastal states with
topographically low cities; MSL rise alone raises
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expected direct annual economic damage 0.6
to 1.3% of state gross domestic product (GDP) for
South Carolina, Louisiana, and Florida in the
median case, and 0.7 to 2.3% for the 95th percentile of MSL rise (Fig. 4E) (RCP8.5). Nationally, MSL rise would increase annual expected
storm damages roughly 0.0014% GDP per cm if
capital and storm frequency remain fixed (Fig.
4F). Accounting for the projected alteration of
the TC distribution roughly doubles the damage
from MSL rise, the two combined costing an estimated additional 0.5 (±0.2) % of GDP annually
in 2100 when aggregated nationally (Fig. 4G).
Uncertainty
At the county level, conditional upon RCP, uncertainty in direct damages is driven by climate
uncertainty (both in GMST and in the expected
spatiotemporal distribution of changes conditional
on GMST), by within-month weather exposure,
and by statistical assumptions and sampling used
to derive dose-response functions, as well as by
3 of 7
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Fig. 2. Spatial distributions of projected damages. County-level median
values for average 2080 to 2099 RCP8.5 impacts. Impacts are changes
relative to counterfactual “no additional climate change” trajectories.
Color indicates magnitude of impact in median projection; outline color
indicates level of agreement across projections (thin white outline, inner
66% of projections disagree in sign; no outline, ≥83% of projections agree
in sign; black outline, ≥95% agree in sign; thick white outline, state
borders; maps without outlines shown in fig. S2). Negative damages
indicate economic gains. (A) Percent change in yields, area-weighted
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the total variance by end of century, with econometric uncertainty in low-risk labor (88% of total
variance) being the only exception. Within-month
weather uncertainty has a negligible effect on
20-year averages. The interaction between climate
and dose-response uncertainty also contributes to
the total variance (negatively in some cases), because
impact functions are nonlinear (SM section F).
Nationally aggregated total damage

uncertainty generated by the interaction of these
factors. Figure 2 displays county-level uncertainty in the impact on each sector by indicating
the level of agreement among 11,000 projections
on the overall sign of impacts in each county.
Notably, process models (e.g., NEMS) and other
variables, such as baseline work hours or the VSL,
contain uncertainty that remains uncharacterized.
Hsiang et al., Science 356, 1362–1369 (2017)

Aggregating results nationally, we decompose
uncertainty into contributions from climate, withinmonth weather, and dose-response relationships
by resampling each individually while holding the
others fixed (43), recovering how these variances
combine to produce the total variance across projections (figs. S6 and S7). In general, climate uncertainty dominates, contributing 41 to 104% of
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Impacts across sectors can be aggregated into a
single measure of overall economic damage if
suitable values can be assigned to each impact
category. For nonmarket costs, we use current
U.S. Environmental Protection Agency values for
the value of a statistical life (37) and published
estimates for the cost of crime (38), which we combine with current average market valuations of
market impacts (SM section I). Summing across
impacts, we estimate the conditional distribution
of total direct damages as a function of GMST change
(Fig. 5A), finding that expected annual losses increase by ∼0.6% GDP per 1°C at +1°C of GMST
warming (relative to 1981 to 2010) to 1.7% GDP per
1°C at +5°C GMST (SM section J). This response
is well approximated by a quadratic function (fig.
S14) that is highly statistically significant for
changes above 1°C (P < 0.001) (table S16). Combined uncertainty in aggregate impacts grows
with warming, so the very likely (5th to 95th percentile) range of losses at 1.5°C of warming is −0.1
to 1.7% GDP, at 4°C of warming is 1.5 to 5.6% GDP,
and at 8°C warming is 6.4 to 15.7% GDP annually (gray band, Fig. 5A and table S17). Approximating this damage function with a linear
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Fig. 3. Probabilistic national aggregate
damage functions by sector. Dot-whiskers
indicate the distribution of direct damages in
2080 to 2099 (averaged) for multiple realizations of each combination of climate models
and scenario projection (dot, median; dark line,
inner 66% credible interval; medium line, inner
90%; light line, inner 95%). Green are from
RCP2.6, yellow from RCP4.5, red from RCP8.5.
Distributions are located on the horizontal axis
according to GMST change realized in each
model-scenario combination (blue axis is
change relative to preindustrial). Black lines are
restricted cubic spline regressions through
median values, and gray shaded regions are
bounded (above and below) by restricted cubic
spline regressions through the 5th and 95th
quantiles of each distribution, all of which are
restricted to intercept the origin. (A) Total
agricultural impact accounting for temperature,
rainfall, and CO2 fertilization (CO2 concentration
is uniform within each RCP, causing discontinuities across scenarios). (B) Without CO2
effect. (C) All-cause mortality for all ages.
(D) Electricity demand used in process model,
which does not resample statistical uncertainty
(SM section G). (E and F) Labor supply for (E)
low-risk and (F) high-risk worker groups.
(G) Property-crime rates. (H) Violent-crime rates.
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form suggests losses of ∼1.2% GDP per 1°C on
average in our sample of scenarios (table S16).
The greatest direct cost for GMST changes larger
than 2.5°C is the burden of excess mortality, with
sizable but smaller contributions from changes
in labor supply, energy demand, and agricultural
production (Fig. 5B). Coastal storm impacts are
also sizable but do not scale strongly with GMST
because projections of global MSL are dependent
on RCP but are not explicitly calculated as functions of GMST (36), causing the coastal storm
contribution to the slope of the damage function
to be relatively muted. It is possible to use alternative approaches to valuing mortality in which
the loss of lives for older and/or low-income individuals are assigned lower value than those of
younger and/or high-income individuals (44), an
adjustment that would alter damages differently
for different levels of warming based on the age
and income profile of affected individuals (e.g.,
fig. S13). Here, we focus on the approach legally
adopted by the U.S. government for environmental
cost-benefit analysis, in which the lives of all individuals are valued equally (37). Because the VSL
parameter is influential, challenging to measure
Hsiang et al., Science 356, 1362–1369 (2017)

held fixed at current levels. Bars indicate capital losses under current
sea level, median, 95th-percentile and 99th-percentile sea level rise in
RCP8.5 in 2100. (F) Nationally aggregated additional annual damages
above historical versus global mean sea level rise holding storm
frequency fixed. (G) Annual average direct property damages nationally
aggregated in RCP8.5, incorporating mean sea level rise and either
historical or projected tropical cyclone activity. Historical storm
damage is the dashed line.

empirically, and may evolve in the future, its influence on damages is an important area for future investigation.
Risk and inequality of total
local damages
Climate change increases the unpredictability and
between-county inequality of future economic outcomes, effects that may alter the valuation of climate damages beyond their nationally averaged
expected costs (45). Figure 5C displays the probability distribution of damage under RCP8.5 as a
fraction of county income, ordering counties by
their current income per capita. Median damages
are systematically larger in low-income counties,
increasing by 0.93% of county income (95% confidence interval = 0.85 to 1.01%) on average for
each reduction in current income decile. In the
richest third of counties, the average very likely
range (90% credible interval, determined as the
average of 5th and 95th percentile values across
counties) for damages is −1.2 to 6.8% of county
income (negative damages are benefits), whereas
for the poorest third of counties, the average
range is 2.0 to 19.6% of county income. These
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differences are more extreme for the richest 5%
and poorest 5% of counties, with average intervals for damage of −1.1 to 4.2% and 5.5 to 27.8%,
respectively.
We note that it is possible to adjust the aggregate damage function in Fig. 5A to capture societal aversion to both the risk and inequality in Fig.
5C. In SM section K, we demonstrate one approach
to constructing such inequality-neutral, certaintyequivalent damage functions. Depending on the
parameters used to value risk and inequality,
accounting for these factors may dramatically
influence society’s valuation of damages in a manner similar to the large influence of discount rates
on the valuation of future damages (46). This finding highlights risk and inequality valuation as critical areas for future research.
Discussion
Our results provide a probabilistic, national damage function based on spatially disaggregated,
empirical, longitudinal analyses of climate impacts and available global climate models, but
it will not be the last estimate. Because we use
stringent selection criteria for empirical studies,
5 of 7
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Fig. 4. Economic costs of sea level rise interacting with cyclones.
(A) Example 100-year floodplain in Miami, Florida, under median sea
level rise for RCP8.5, assuming no change in tropical cyclone activity.
(B) Same, but accounting for projected changes in tropical cyclone
activity. (C) Same as (A), but for New York, New York. (D) Same as (B), but
for New York, New York. (E) Annual average direct property damages from
tropical cyclones and extratropical cyclones in the five most-affected
states, assuming that installed infrastructure and cyclone activity is
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there are multiple known sectors of the U.S. economy for which no suitable studies exist and
were thus omitted from this analysis [e.g., effects of morbidity (47), worker productivity (48),
or biodiversity loss (49)]. The SEAGLAS architecture is constructed around the idea that rigorous future studies will quantify climate impacts
in these “missing sectors” and thus should be included in future assessments. Our approach therefore allows for updating based on new econometric
results or climate model projections, and our results should be interpreted as current best estimates that will be dynamically adjusted as research
in the community advances.
Hsiang et al., Science 356, 1362–1369 (2017)

We stress that the results presented here are
projections relative to a counterfactual baseline
economic trajectory that is unknown and will
evolve based on numerous factors unrelated to
climate change. As constructed, knowledge of this
baseline trajectory is not essential to estimating the relative first-order impact imposed by
climate change.
We should expect that populations will adapt
to climate change in numerous ways (14). Some
actions, such as use of air conditioning (25), likely limit the impact of climatic exposure, whereas
other actions, such as social conflict (30), likely
exacerbate impacts. Because the empirical results

30 June 2017
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Fig. 5. Estimates of total direct economic damage from climate change. (A) Total direct
damage to U.S. economy, summed across all assessed sectors, as a function of global mean
temperature change. Dot-whisker markers as in Fig. 3. The black line is quadratic regression through
all simulations (damage = 0.283 DGMST + 0.146 DGMST2); the shaded region is bounded by quantile
regressions through the 5th and 95th percentiles. Alternative polynomial forms and statistical
uncertainty are reported in fig. S14 and tables S16 and S17. (B) Contributions to median estimate of
aggregate damage by impact category. (Coastal impacts do not scale with temperature.) (C) Probability
distribution damage in each of 3143 U.S. counties as a fraction of county income, ordered by
current county income. Dots, median; dark whiskers, inner 66% credible interval; light whiskers,
inner 90%. (D) Distributions of GDP loss compared with direct damages when a CGE model is
forced by direct damages each period. Black line, median (labeled); boxes, interquartile range;
dots, outliers. Energy, Ag., Labor, and Mortality indicate comparisons when the model is forced by
damages only in the specified sector and GDP losses are compared with direct damages in that
sector under the same forcing. CGE mortality only affects GDP through lost earnings, but direct
mortality damages in (A) to (C) account for nonmarket VSL. “All” indicates the ratio of total
costs (excluding mortality for consistency) in complete simulations where all sectors in the CGE
model are forced by direct damages simultaneously.

that we use describe how populations have
actually responded to climatic conditions in the
past, our damage estimates capture numerous
forms of adaptation to the extent that populations
have previously employed them (50). For example, if farmers have been adjusting their planting
conditions based on observable rainfall, the effect of these adjustments will be captured by our
results. Although, if there are trends in adaptive
behaviors, previously unobserved adaptation “tipping points,” or qualitative gains in adaptationrelated technologies, then our findings may require
adjustment. In previous work, we demonstrated
how to employ empirical approaches to project
trends in adaptive behaviors and recomputed impacts in some sectors (41), but sufficient data do
not yet exist to estimate these effects in all the
sectors we cover here. Yet in cases where sufficient data do exist to simulate these adaptations,
the net effect of this correction is small in magnitude relative to the large uncertainty that is
introduced by such adjustments (41), a result of
the high uncertainty in current estimates for trends
in adaptation (25, 51).
As mentioned above, populations may move
across space in response to altered climate conditions. This response will not alter our local
projections, but it will cause our estimates to overor underpredict nationally aggregated impacts,
depending on the spatial covariance between population changes and local economic losses caused
by climate change. This adjustment will tend to
be second order relative to the direct effect of climate change (13); nonetheless, accounting for this
adjustment is an area for future investigation.
Another possible adjustment that may occur
in response to climate damages is for the economy to reallocate nonlabor resources, partially shifting the locations of economic activity, to cope with
these changes. We consider the extent to which
this response might alter the direct economic damages that we characterize above by developing a
computable general equilibrium (CGE) model
that reallocates capital across locations and industries in response to the capital and productivity
losses described above during each period of a
century-long integration (SM section L). Theoretically, it is possible for these reallocations to
reduce damages, as production migrates away
from adverse climates, or for them to increase
damages, as losses in one location alter economic
decisions in other locations and/or later periods
by influencing markets through prices. We simulate the trajectory of the future economy under
each RCP8.5 climate realization, imposing our
computed direct damages each period. When direct damages are imposed on only one sector at
a time, the total end-of-century economic loss may
be larger or smaller than the corresponding direct
damages estimate, depending on the sector and
climate realization (Fig. 5D). Market costs of mortality computed with this approach are dramatically lower than nonmarket costs described
above because the foregone earnings in the market equilibrium are much smaller than the VSL
used to compute direct damages. Overall, in a
complete simulation where national markets are
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simultaneously forced by direct damages in all
sectors, net market losses in general equilibrium
tend to be larger than direct damages by ∼50%
(mortality is excluded from both). These simulations are relatively coarse approximations of
the complex national economy and do not capture international trade effects, but they suggest
that the spatial reallocation of economic activity
within the United States may not easily mitigate
the economic damage from climate change.
Our results are “bottom-up” micro-founded
estimates of U.S. damages, although parallel analyses have employed “top-down” macro-level approaches that estimate how overall productivity
measures (such as GDP) directly respond to temperature or cyclone changes without knowledge
of the underlying mechanisms generating those
losses. This alternative approach can be compared
to our estimates of market losses only, as they will
not account for nonmarket valuations. Our market estimates are for a 1.0 to 3.0% loss of annual
national average GDP under RCP8.5 at the end
of the century. Previous top-down county-level
analysis of productivity estimates that national
output would decline 1.2 to 3.1% after 20 years
of exposure to RCP8.5 temperatures at the end of
the century (52). In top-down global analyses of
all countries, the 10.3% intensification of average
U.S. tropical cyclone exposure in emissions scenario A1B (roughly comparable to RCP8.5) (35) is
estimated to reduce GDP ∼0.09% per year (53)
(not accounting for MSL rise), and the cumulative effect of linear national warming by an
additional 1°C over 75 years is estimated to reduce GDP ∼2.9% (2080 to 2099 average) (42). In
comparison, we estimate that losses to cyclone
intensification are ∼0.07% of annual GDP per
1°C in global mean temperature change and that
economy-wide direct damages are ∼1.2% of annual
GDP per year per 1°C. Overall, such comparisons
suggest that top-down and bottom-up empirical
estimates are beginning to converge, although important differences—in accounting procedures
as well as recovered magnitudes and temporal
structure—remain. Future investigation should
reconcile these differences.
We have focused on the U.S. economy, although
the bulk of the economic damage from climate
change will be borne outside of the United States
(42), and impacts outside the United States will
have indirect effects on the United States through
trade, migration, and possibly other channels. In
ongoing work, we are expanding SEAGLAS to
cover the global economy and to account for
additional sectors, such as social conflict (30), in
order to construct a global damage function that
is essential to estimating the global social cost
of carbon and designing rational global climate
policies (7, 9).
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Costing out the effects of climate change
Episodes of severe weather in the United States, such as the present abundance of rainfall in California, are
brandished as tangible evidence of the future costs of current climate trends. Hsiang et al. collected national data
documenting the responses in six economic sectors to short-term weather fluctuations. These data were integrated with
probabilistic distributions from a set of global climate models and used to estimate future costs during the remainder of
this century across a range of scenarios (see the Perspective by Pizer). In terms of overall effects on gross domestic
product, the authors predict negative impacts in the southern United States and positive impacts in some parts of the
Pacific Northwest and New England.
Science, this issue p. 1362; see also p. 1330
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Societal risks increase as Earth warms, but also for emissions trajectories accepting relatively high
levels of near-term emissions while assuming future negative emissions will compensate even if
they lead to identical warming [1]. Accelerating carbon dioxide (CO2) emissions reductions,
including as a substitute for negative emissions, hence reduces long-term risks but requires
dramatic near-term societal transformations [2]. A major barrier to emissions reductions is the
difficulty of reconciling immediate, localized costs with global, long-term benefits [3, 4].
However, 2°C trajectories not relying on negative emissions or 1.5°C trajectories require
elimination of most fossil fuel related emissions. This generally reduces co-emissions that cause
ambient air pollution, resulting in near-term, localized health benefits. We therefore examine the
human health benefits of increasing ambition of 21st century CO2 reductions by 180 GtC; an
amount that would shift a ‘standard’ 2°C scenario to 1.5°C or could achieve 2°C without negative
emissions. The decreased air pollution leads to 153±43 million fewer premature deaths worldwide,
with ~40% occurring during the next 40 years, and minimal climate disbenefits. More than a
million premature deaths would be prevented in many metropolitan areas in Asia and Africa, and
>200,000 in individual urban areas on every inhabited continent except Australia.
The world’s nations have agreed to limit the global mean temperature rise to well below
2°C. Cumulative CO2 emissions need to remain below ~820 GtC to maintain a 50% chance
of meeting the 2°C temperature goal accounting for non-CO2 emissions [5, 6]. Though the
share of the world’s energy produced by low- or zero-carbon sources continues to grow, the
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pace of change is too slow to have put the world on an emissions trajectory consistent with
this carbon budget.
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Societies do not seem to place enough value on climate change mitigation to overcome the
many socio-economic barriers to transformation to a zero-carbon society [2]. Though studies
have suggested that a complete transformation to renewables in the near-term is practical
(e.g. [7, 8]), most scenarios that stabilize warming at or below 2°C, and virtually all
scenarios that achieve the 1.5°C target, do so by relying heavily on negative emissions
technologies and practices [9]. The bulk of these negative emissions come from technologies
that have not been demonstrated at commercial scales and may not materialize (e.g. [1, 9]).
The primary negative emissions technology in these scenarios is biofuel energy with carbon
capture and sequestration (BECCS). This faces biophysical, logistical and social constraints,
and if it were to be deployed at the scales envisioned would require a substantial fraction of
the world’s arable land and water resources, with potentially severe consequences for
biodiversity and food security [1, 9, 10]. Assuming that negative emissions technologies will
be widely deployed is attractive, however, in that it allows slower reductions in near-term
emissions while still maintaining the 2°C or 1.5°C targets. Indeed, the Paris Climate
Agreement’s language specifically calls for the world to achieve a balance between
anthropogenic emissions and sinks of greenhouse gases rather than to eliminate positive
emissions. Yet even if net zero emissions achieved identical temperature goals to zero
positive emissions (with no negative emissions), this would not imply all other impacts of
the emissions would be the same. In particular, public health impacts have not previously
been evaluated, but should be included in consideration of risks and benefits.
The ‘co-benefits’ associated with low carbon trajectories are important from a sociological
perspective as well as a physical one. The collective, long-term nature of climate change
makes it an especially challenging problem. Many risks are difficult to quantify reliably, and
psychological research has shown that most people greatly discount uncertain future events
when considering costs and benefits that occur over multiple timescales (e.g. [3]). People
also discount risks that occur remotely and tend to believe climate change will largely
influence people in far away places [4], which has led to suggestions to highlight local risks
(see Supplemental Information section 2; SI.2).
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Hence it becomes important that, in addition to reducing long-term risks, the transition to
low- or zero-carbon emissions would also provide near-term, localized benefits, primarily
via improved human health due to reduced co-emissions that lead to ambient air pollution.
Using a metric that monetizes both climate and air quality impacts [11], we evaluated the
portion of emissions-reduction benefits accruing within the first decade and at the level of a
large nation (see SI.2). The majority of damages attributable to coal fired power generation
and surface transportation are near-term and national, 51–78% depending on national
conditions and discounting rate. Owing to the relatively well-quantified relationship between
pollution exposure and health impacts combined with the very large population sample size
in metropolitan areas, this means that an important, tangible impact of the transition to
carbon neutrality can be quantified and localized with comparatively low uncertainty.
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We construct scenarios designed to explore two questions: (1) if negative emissions
technologies consistent with a ‘standard’ 2°C scenario were to indeed be achieved, what
would be the additional health and climate impacts of accelerating carbon emissions
reductions via greater reliance on renewables (i.e. non-polluting energy rather than a source
such as biomass) so as to enable a high likelihood of achieving the 1.5°C target?, and (2) if
we were to follow a 2°C trajectory via such accelerated carbon emissions reductions rather
than reliance on future negative emissions, what would be the additional health and climate
impacts? Despite air pollution being the largest environmental source of premature deaths
[12], studies that have noted the link between carbon trajectories and air pollution [13, 14]
have utilized simple metrics for the latter (such as SO2 emissions), meaning the fuller health
impacts have not yet been examined. These air quality-related health impacts would be
complemented by additional health benefits of climate change mitigation (e.g. [15, 16]) in
the first case (but not in the second).
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We develop three scenarios to compare with the widely used Representative Concentration
Pathway 2.6 (RCP2.6) (Figure 1; and Methods). The first includes accelerated reductions in
positive carbon emissions and almost no negative carbon emissions to produce the same
cumulative net emissions over the remainder of the 21st century (hereafter NoNegRCP2.6).
The difference between RCP2.6 and NoNegRCP2.6 can be visualized by considering on the
one hand a coal-fired power plant and a BECCS facility that removes as much CO2 as the
coal plant emits, so that the net CO2 output is zero, and on the other hand a set of renewables
such as wind and solar generating the same electricity output and again zero CO2; obviously
the coal-fired power plant’s co-emitted air pollution (and any from the BECCS plant) is only
present in the first case. The second scenario is an alternative ‘reference’ with slightly
greater carbon emissions than in RCP2.6, consistent with 2°C warming (hereafter 2°C). The
final scenario applies the accelerated emissions reductions of the NoNegRCP2.6 scenario to
this reference, leading to ~1.5°C warming (hereafter 1.5°C). Comparison between these last
two yields the effects of accelerating carbon emissions reductions to achieve a lower target
(with no change in assumptions regarding negative emissions) (see SI.5).
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Simulations were performed using the global composition-climate model GISS-E2 (see
Methods). We use a newly developed method enabling simulation of PM2.5 at substantially
higher resolution than in the underlying climate model. We calculate human health impacts
of pollution exposure changes using established methodologies based on epidemiological
studies characterizing both median estimates and uncertainty ranges, and also calculate
impacts without assuming low exposure thresholds (see Methods).
Accelerating CO2 reductions, either in addition to or instead of negative emissions, leads to
substantial decreases in adverse health impacts (Figure 2). Premature deaths due to PM2.5
exposure decline greatly in both scenarios, but markedly earlier and by considerably more in
the accelerated CO2 reduction scenarios, which have less than half as many cumulative
deaths. In contrast, total deaths due to ozone exposure only decrease in the last decades of
the 21st century in the standard scenarios, whereas they decline greatly under the accelerated
CO2 reductions. Ozone-related premature deaths drop to near-zero around 2080 under the
accelerated scenario due to the assumption of a lower threshold for impacts (see SI.4). Under
the standard scenario, premature deaths from ozone remain high despite emissions decreases
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due to population growth, as in prior studies [17], and as ozone decreases more slowly than
PM2.5 they account for more than one-third of all air quality-related premature deaths from
the 2050s onward, suggesting increased focus on ozone reductions may be warranted.
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Integrated over 2020 through 2100, the accelerated CO2 reduction scenarios would prevent
153±43 million premature deaths worldwide, with 93±41 million attributable to reduced
PM2.5 and 60±18 million to ozone (uncertainties represent exposure-response relationships
and modeled biases; the former is typically greater [18]). Without including low exposure
thresholds (see SI.4), values are modestly greater at 99±27 million for PM2.5 and 75±22
million for ozone.
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Unsurprisingly, benefits are especially large in regions with high current levels of pollution,
such as South Asia, Indonesia, China, and Nigeria (Figure 3). Individual urban centers are
visible around the world (Figure 4). Given the importance of local scale information to the
public, illustrative avoided premature deaths for major metropolitan areas are presented in
Table 1. Values over 900,000 occur around many large cities in South and East Asia, but also
in Nigeria and in Cairo. Metropolitan area values are less certain than global totals, however,
and are also quite sensitive to the choice of whether or not to include low exposure
thresholds (see SI.4).
We also considered the climate implications of NoNegRCP2.6 relative to RCP2.6. As the
cumulative CO2 emissions were by design the same, the only impact of CO2 itself is from
the slightly earlier net emissions reductions (required due to the absence of net negative
emissions towards the end of the century), leading to negative radiative forcing relative to
2010 peaking at −0.13 W m−2 in the 2040s, turning to weak positive forcing (~0.04 W m−2)
during the 2090s. Co-emissions of course changed substantially, causing positive aerosol
forcing throughout the 21st century of at most +0.23 W m−2 (direct plus indirect effects on
clouds), negative forcing due to ozone decreases (primarily tropospheric) of at most −0.09
W m−2, and a forcing due to methane of up to +0.06 W m−2 attributable largely to reduced
oxidation (methane’s residence time increases by ~10%, and this effect outweighs reduced
emissions). Net non-CO2 forcing is at most +0.21 W m−2 (see SI.6).
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CO2 and non-CO2 forcings offset one another during the coming decades, so total forcing is
less than 0.03 W m−2 through 2060. Total forcing is weakly positive, from 0.1 to 0.25 W m
−2, from 2075 to 2100 however, which would mostly have an impact in the 22nd century,
leading to an additional warming of ~0.1–0.2°C. Factors such as potentially reduced
fertilizer production and albedo decrease associated with the lack of BECCS merit further
study, and the positive aerosol forcing may lead to larger changes at regional scales, but at
present we conclude that there appears to be little ‘climate penalty’ due to co-emissions
under an accelerated CO2 mitigation scenario.
As there is great socio-economic resistance to reducing positive emissions to near zero [2], it
is extremely important to have a full picture of the opportunities and challenges of such
trajectories. Much information is already available, e.g. the costs of 1.5°C relative to 2°C
scenarios are estimated to be roughly 1 to 2% of world GDP [19]. To put our results in
perspective, the OECD estimated losses of 0.55% of world GDP (market costs due to labor,
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capital, heath care expenditures, and agriculture) due to a projected increase of 2.4 million
annual premature deaths related to air quality from 2030 to 2060 [20]. Hence our estimated
reductions of 2060 premature deaths yr−1 of ~2.4 million (Figure 2) might be expected to
avert market losses of ~0.5–0.6% of world GDP, a substantial portion of the mitigation costs
(with benefits persisting into the future). Accompanying these benefits would be non-market
health benefits and reduced climate change impacts (e.g. [21, 22]), including additional
human health benefits associated with decreased climate change [15]. Our results contribute
new knowledge by showing that ~150 million air quality-related premature deaths could be
prevented by increasing ambition in carbon emissions reductions and hence quantify the
human costs of reliance on negative emissions to achieve 2°C (or reliance upon
geoengineering to compensate for inadequate carbon reductions). They further suggest such
impacts are not simply proportional to SO2 emissions (see SI.5).
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Results are dependent upon assumptions regarding technological development and
population trends, and the presumed offset between projected population aging and
improved baseline health (see Methods). They are also sensitive to physical uncertainties
such as how climate change affects pollutant lifetimes and how population exposures relate
to large-area ambient concentrations, and on biological uncertainties associated with
exposure-response functions. Hence results should not be regarded as predictions,
particularly at local scales. Growing urban populations would certainly reap large air
quality-related health benefits from decreased use of fossil fuels over the century, however,
with indicative magnitudes presented here.
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Near-term public health information resonates more strongly with most people than many
more widely known impacts of a transition to a low-carbon economy. That is, most people
can relate more directly to preventing millions of premature deaths during the next few
decades than to preventing a half a degree of warming in 80 years. Furthermore, information
about local consequences such as the number of potential lives saved in one’s own city is
easier to understand than remote or global change such as the consequences of melting of
polar ice sheets or biodiversity loss in remote regions. Even though public health impacts are
also statistical, given the large populations in metropolitan regions we can quantify the
number of premature deaths prevented in a particular decade in a way that is generally not
possible for many climate change impacts. Thus this information may help both the public
and policy makers to better grasp the benefits of accelerating carbon reductions in the nearterm, alongside the well-documented costs, the tradeoffs associated with reliance on
negative emissions, and to incorporate these alongside climate information in decisionmaking regarding the transition to a low carbon economy.

Methods
Emission Scenarios
The most widely studied scenario consistent with 2°C is the Representative Concentration
Pathway 2.6 (RCP2.6) [23]. This scenario is the only one of the marker scenarios used in the
Intergovernmental Panel on Climate Change’s Fifth Assessment Report (IPCC AR5) that
had a substantial probability of achieving the 2°C target. As cumulative CO2 emissions were
already ~560 GtC by 2016, only ~260 additional GtC can be emitted on a 2°C path. Net CO2
Nat Clim Chang. Author manuscript; available in PMC 2018 September 19.

Shindell et al.

Page 6

NASA Author Manuscript

emissions under the RCP2.6 scenario are ~220 GtC for the remainder of the century (2017–
2100), and consistent with those emissions being somewhat below the allowable budget the
mean temperature response projected by climate models is likewise ~0.1–0.2°C below 2°C.
Negative emissions are assumed to begin in the 2030s in this scenario. Their magnitude is
assumed to increase rapidly while the magnitude of positive emissions declines so that net
CO2 emissions become negative during the 2070s.
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To create the emissions associated with the NoNegRCP2.6 scenario, we first derived the
amount of positive CO2 emissions embodied in the RCP2.6 scenario, then phased in a
reduction in those emissions that compensates for the absence of massive deployment of
negative emissions technologies. We assume the reduction of positive emissions is ramped
up rapidly beginning in the 2020s with emissions decreasing by 25% in 2030 and by 90% in
2100 (relative to the positive emissions in the RCP2.6 scenario; see Figure 1). Achieving
such deep reductions in CO2 emissions would require cuts in emissions from all major
sectors, so we apply these reductions to energy, industry, transportation, residential and
shipping emissions. We do not alter emissions from solvents, aviation, agriculture,
agricultural waste burning, waste management or wildfires as these sectors either are not
major emitters of CO2 (e.g. solvents, agricultural waste burning) or it remains unclear how
deep reductions such as those envisioned here could be achieved while still providing the
needed services (e.g. aviation providing long-distance transportation, agriculture providing
adequate food for an increasing population). Our scenario is qualitatively consistent with
modeling showing that 1.5°C scenarios require large increases in the pace and amount of
decarbonization of energy sectors [19]. We assume that emissions are reduced by greater
reliance on renewable energy along with end-use electrification and hence the CO2
emissions reductions are accompanied by reductions in co-emitted pollutants (Figure S4).
We include a minimal amount of negative CO2 emissions (8 GtC, e.g. via improved landmanagement) along with accelerated carbon emissions reductions to produce 220 GtC
cumulative 21st century emissions as in RCP2.6, and hence approximately the same
temperature change as RCP2.6. The comparison between RCP2.6 and NoNegRCP2.6
therefore yields the impact of accelerating cuts in carbon emissions rather than relying upon
negative emissions or carbon offsets to achieve the same warming. Emissions of all
pollutants are based on the RCP2.6 scenario that projected emissions across world regions
by sector and then provided gridded estimates at 0.5 × 0.5 degree resolution.
In our alternative ‘reference’ 2°C scenario, 75% of the negative emissions assumed under
RCP2.6 are achieved, leading to ~265 GtC additional cumulative emissions and 2°C
warming. As the only difference between these scenarios is the smaller assumed negative
CO2 emissions, we therefore maintain all other pollutant emissions at identical levels (e.g.
there is less C removal via land management, or less deployment of BECCS is substituted
for by C-neutral renewables, either way with minimal effect on any other emissions).
The 1.5°C scenario maintains the 75% of assumed negative emissions as in 2°C which,
along with the accelerated positive carbon emissions reductions from the NoNegRCP2.6
scenario, yields ~85 GtC additional cumulative 21st century emissions. Hence the only
difference between these scenarios is the assumption regarding negative emissions, and we
therefore again keep emissions of all other pollutants constant (both have much lower
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emissions of non-CO2 co-pollutants than the RCP2.6 and 2°C scenarios). Thus, comparisons
of either the scenarios with changing temperature outcome but both with substantial negative
CO2 emissions (2°C versus 1.5°C) or the accelerated reductions replacing negative
emissions (NoNegRCP2.6 versus RCP2.6) have the same impacts on co-emissions and
hence on human health due to air pollution.

NASA Author Manuscript

Our scenarios eliminate 180 GtC cumulative positive emissions, reducing warming by
~0.5°C, and we note that the results are thus generally applicable to other low carbon
scenarios with equivalent carbon reductions. That is, our comparisons reveal the health
impacts of eliminating the lowest 180 GtC from energy systems that would be imposed upon
whatever similar baseline other policies brought us to (e.g. 2°C versus 2.5°C, or 1.5°C
without negative emissions versus 1.5°C with negative emissions). These results hold for the
multiple cases discussed here because strengthening reduction of positive CO2 emissions
beyond RCP2.6 essentially must also greatly reduce co-emitted pollutants, as virtually all
remaining combustion-related emissions are eliminated. Mitigation strategies applied to
higher baseline scenarios have a different mix of available mitigation options, but would
likely give qualitatively similar results. The relationship between emissions of CO2 and
traditional air pollutants is less clear for higher CO2 trajectories due to differing socioeconomic and technological assumptions among the underlying integrated assessment
models (IAMs) generating the scenarios. For example, RCP4.5 leads to fewer air pollutionrelated premature deaths than RCP2.6 whereas RCP6.0 has only a modestly larger amount
[17] despite their CO2 emissions following the target forcing reasonably closely. The
differences between the higher and lower scenarios explored here, however, are robust to
these types of assumptions as they all assume low carbon baselines.
Atmospheric Modeling
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Simulations were performed using the global composition-climate model GISS-E2 [24, 25]
to evaluate radiative forcing and surface concentration of air pollutants. The model was run
for two years once per decade with results linearly interpolated between the second
simulated year in each period. Climate change over the 21st century was incorporated. Fixed
meteorology was used in each pair of reference and reduced-emissions simulations,
eliminating meteorological noise but restricting aerosol-cloud (indirect) forcings to cloudalbedo effects and excluding cloud-lifetime changes. This has been shown to be a reasonable
approximation of the full aerosol-cloud forcing in our model [26].
We utilize high-resolution emissions data so that emissions alter not only constituent masses
but also the first- and second-order horizontal gradients used to allow realistic transport of
constituents (as well as heat and momentum) [27], and we incorporate chemical
transformation from sulfur dioxide into sulfate aerosol into those gradients. We then
calculate surface PM2.5 distributions incorporating the first- and second-order horizontal
gradients of all aerosol constituents. This allows us to simulate PM2.5 distributions at 0.5 ×
0.5 degree resolution despite the climate model’s native resolution being only 2 × 2.5
degrees, allowing us to better resolve urban centers and thereby map population exposures
(see SI.1). Ozone is simulated only at 2 × 2.5 degrees, and we perform bias corrections to
account for the model’s tendency to overpredict surface concentrations. Model biases are
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shown to nearly always play a smaller role than uncertainties related to health effects (see SI.
1, SI.3).
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Health Impact Methodology
Premature deaths are calculated as Mi = Mb × P × AFi, where M is the number of premature
deaths due to ozone or PM2.5, Mb is the cause-specific baseline mortality rate, P is
population, and AFi is the cause-specific attributable fraction of deaths due to PM2.5 or
ozone, all for simulation i. AF can be expressed in terms of relative risk (RR) as
AF=(RR-1)/RR. For PM2.5, we incorporate the substantial range in reported relative risk
functions by using 1000 variants within an integrated exposure-response model that includes
impacts of PM2.5 on ischemic heart disease, cerebrovascular disease (stroke), chronic
obstructive pulmonary disease, lung cancer, and acute lower respiratory infection [28]. This
model provides median estimates as well as uncertainty ranges, for which we use the 95%
confidence interval based on the variation across the 1000 functions specified for each cause.
Among the causes, ischemic heart disease is the largest. We calculate impacts both including
and excluding a low exposure threshold (see SI.4).
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For ozone, we rely on a recent analysis of the association of long-term ozone exposure with
premature death from circulatory and respiratory diseases as this study included more than
double the number of participant deaths than in prior studies [29]. The circulatory (including
diabetes) RR has a value of 1.03 (95% CI, 1.01–1.05), whereas the respiratory RR has a
value of 1.12 (95% CI, 1.08–1.16) per 10 ppb increase in the mean annual daily 8-hr
maximum concentration. These 95% confidence intervals are used to characterize
uncertainties. The lowest exposures in the study were 26.7 ppb, which was hence used as a
threshold. Since the RR for respiratory disease is much larger than in prior studies, we also
analyzed ozone-health impacts using ‘legacy’ methods for context, and as for PM2.5 we also
calculated impacts without low exposure thresholds (see SI.4). As with prior ozone
exposure-response relationships, epidemiological data comes from developed countries and
additional studies covering the higher exposures in many developing nations would be
valuable.
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To put our results into context, we performed 2010 simulations and evaluated the health
impacts of air pollution. Ambient pollution leads to 4.2±1.0 million premature deaths
(3.6±1.0 million from PM2.5 including thresholds, 0.6±0.1 from ozone using ‘legacy’
methods) based on our model results, within the range of 3.0 million per year estimated by
the World Health Organization [30] and 4.3 million (average of 2005 and 2015 values)
estimated by the Global Burden of Disease [12] using comparable ‘legacy’ methods for
ozone. With the increased relative risk functions based on the newer, larger sample,
unsurprisingly total ozone-related premature deaths are greater at 1.0±0.3 million (using a
threshold). Our value for respiratory-related premature deaths due to ozone using this
updated methodology [29] is 0.6±0.2 million for 2010, and 1.0±0.3 million without bias
adjustment, the latter consistent with the value of 1.0–1.2 million reported by a recent study
using the same epidemiology and ozone from a different model without any biasadjustments (see SI.4). Without thresholds, 2010 deaths due to PM2.5 and ozone are 5.0±1.2
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and 2.8±0.9 million, respectively, which are 2.9±0.8 and 1.5±0.6 million more than 2010
values based on preindustrial concentrations.
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For future cases, projected changes in population are included based on country-level data
for a medium fertility scenario [31]. Changes in baseline mortality rates were not included
here as these are poorly constrained, are not available for scenarios fully consistent with the
underlying emissions, and appear less important than demographic changes in the case of
PM2.5 [17, 32]. Population aging, which is estimated to affect IHD and stroke modestly [28],
was also excluded as this appears to roughly offset changes in baseline mortality in another
study [33]. Furthermore, as the burden of disease shifts from infectious to chronic in
developing countries while health care spending and technology advance, baseline changes
can be of either sign: e.g., they increase ozone-related mortalities but decrease PM2.5-related
deaths in one analysis [17].
Data Availability
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Emissions are available from: http://tntcat.iiasa.ac.at:8787/RcpDb/. Baseline health and
population data are available from the World Health Organization [30] and the United
Nations [31], respectively. The NASA GISS ModelE2 is available at: https://
www.giss.nasa.gov/tools/modelE/. Data from composition-climate modeling that support the
findings of this study are available from the corresponding author upon request.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
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CO2 emissions in the four scenarios used here. Net CO2 emissions are shown for the 2°C,
1.5°C and NoNegRCP2.6 scenarios whereas both net and separate positive and negative
values are shown for the original RCP2.6 scenario. Note that NoNegRCP2.6 net and
NoNegRCP2.6 positive are nearly identical.
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Figure 2.
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Global total annual premature deaths (all-cause) due to PM2.5 and ozone exposure. Values
are given for the standard scenarios (RCP2.6 and 2°C) and under those with accelerated CO2
emissions reductions (NoNegRCP2.6 and 1.5°C) both assuming low exposure thresholds
below which there are no impacts and without such assumptions (in the latter case,
comparisons to preindustrial levels would reduce values by 2.2 and 1.6 million in 2020 for
PM2.5 and ozone, respectively).
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Figure 3.
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Reduction in annual premature deaths due to PM2.5 and ozone over 2020–2100 from coemissions accompanying accelerated CO2 emissions reductions. Values are all-cause per 0.5
× 0.5 degree area (~50 × 50 km at mid-latitudes) without low exposure thresholds.
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Figure 4.

Regional highlights of reduction in annual premature deaths due to PM2.5 and ozone over
2020–2100 as shown in Figure 3. Note change in range between panels.
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Health benefits due to reduced PM2.5 and ozone exposure over 2020–2100 attributable to co-emissions
accompanying accelerated CO2 emissions reductions for metropolitan areas with over 1.5 million current
population. These are illustrative values from calculations including low exposure thresholds.
Metropolitan Area

Avoided premature deaths

NASA Author Manuscript

Kolkata

4,400,000

Delhi

4,000,000

Dhaka

3,600,000

Patna

3,200,000

Lahore

2,600,000

Mumbai

2,000,000

Faisalabad

2,000,000

Lucknow

1,900,000

Ibadan

1,900,000

Agra

1,800,000

Jakarta

1,600,000

Kanpur

1,500,000

Lagos

1,400,000

Bandung

1,100,000

Dongguan

1,100,000

NASA Author Manuscript

Guangzhou

930,000

Cairo

930,000

Ludhiana

870,000

Pune

850,000

Ahmedabad

830,000

Shanghai

800,000

Vadodara

800,000

Rawalpindi

750,000

Hanoi

690,000

Hyderabad

690,000

Chittagong

680,000

Shenzhen

670,000

Karachi

630,000

Saidu

620,000

Nagpur

590,000

Manila

590,000

Chennai

530,000

Zhengzhou

510,000

Ho Chi Minh City

490,000

Surat

490,000

Kinshasa

490,000

Hong Kong

490,000

Nat Clim Chang. Author manuscript; available in PMC 2018 September 19.

Shindell et al.

Metropolitan Area

Page 17

Avoided premature deaths
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Jaipur

470,000

Indore

440,000

Xuzhou

440,000

Suzhou

430,000

Taian

400,000

Wuhan

390,000

Hangzhou

390,000

Tokyo

360,000

Bangalore

360,000

Beijing

360,000

Additional urban areas

See Table S1

Uncertainties are estimated at ±50–55% for metropolitan area values based on exposure-response relationship uncertainties and modeling
uncertainty evaluated from the mean absolute bias relative to observations for a given health methodology (with or without low exposure
thresholds). Note that model biases for PM2.5 tend to be fractionally larger in more polluted areas, but the PM2.5 exposure-response curve is less
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sensitive at high exposure levels so that overall uncertainty is fairly uniform across regions. City locations obtained from http://simplemaps.com/
data/world-cities#anchor_updates (downloaded 20 April 2017). Metropolitan areas are defined here as 1.5 × 1.5 boxes incorporating the city
located within the central 0.5 × 0.5 degree grid. Some neighboring cities have been combined but some areas shown here may overlap.
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Ground-level ozone and fine particulate matter (PM2.5) are associated with premature human
mortality1–4; their future concentrations depend on changes in emissions, which dominate
the near-term5, and on climate change6,7. Previous global studies of the air quality-related
health effects of future climate change8,9 used single atmospheric models. However, in
related studies, mortality results differ among models10–12. Here we use an ensemble of
global chemistry-climate models13 to show that premature mortality from changes in air
pollution attributable to climate change, under the high greenhouse gas scenario RCP8.514,
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is likely positive. We estimate 3,340 (−30,300 to 47,100) ozone-related deaths in 2030,
relative to 2000 climate, and 43,600 (−195,000 to 237,000) in 2100 (14% of the increase in
global ozone-related mortality). For PM2.5, we estimate 55,600 (−34,300 to 164,000) deaths
in 2030 and 215,000 (−76,100 to 595,000) in 2100 (countering by 16% the global decrease
in PM2.5-related mortality). Premature mortality attributable to climate change is estimated
to be positive in all regions except Africa, and is greatest in India and East Asia. Most
individual models yield increased mortality from climate change, but some yield decreases,
suggesting caution in interpreting results from a single model. Climate change mitigation
will likely reduce air pollution-related mortality.
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Climate change can affect air quality through several pathways, including changes in the
ventilation and dilution of air pollutants, photochemical reaction rates, removal processes,
stratosphere−troposphere exchange of ozone, wildfires, and natural biogenic and lightning
emissions6,7. Overall, changes in these processes are expected to increase ozone in polluted
regions during the warm season, especially in urban areas and during pollution episodes, but
decrease ozone in remote regions due to greater water vapour concentrations leading to
greater ozone destruction. These effects are exacerbated by the greater decomposition of
reservoir species such as PAN7. PM2.5 will also be affected by climate change, but impacts
vary in sign among models and show regional variation related to differences in
precipitation, wildfires, biogenic emissions, PM2.5 composition, and other factors.
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Previous studies have examined the impact of future climate change on human health via air
quality globally8–9,15, in the US10, 16–20, and in Europe21. However, only two studies have
previously used an ensemble of models to assess air pollution-related mortality attributable
to climate change: one for the US10, and our previous global work with the same ensemble
used here, but evaluating the effects of historical climate change prior to 200011. Both
studies found a large spread of mortality outcomes depending on the atmospheric model
used. Silva et al.11 found that the multi-model average suggested a small detrimental effect
of climate change on global present-day air pollution-related mortality, but individual
models yielded estimates of opposing sign.
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The Atmospheric Chemistry and Climate Model Intercomparison Project (ACCMIP)
ensemble (Supplementary Table 1) simulated air quality in 2000, and in 2030, 2050 and
2100 for the four global Representative Concentration Pathway scenarios (RCPs)22. We
previously estimated future air pollution premature mortality under all four RCP scenarios,
estimating the net effect of both emissions changes and climate change12. Under RCP8.5,
ozone concentrations increase in most locations in 2100 relative to 2000, due to increases in
methane emissions and the effect of climate change7,23, but PM2.5 decreases in 2100 due to
a projected decrease in particulate and precursor emissions24. These changes in pollutant
concentrations lead to 316,000 (95% C.I.: −187,000 to 1.38 million) ozone-related excess
deaths yr−1 and −1.31 (−2.04 to −0.17) million PM2.5-related (avoided) deaths yr−1 in
210012. Here we present results from additional ACCMIP simulations that were designed to
isolate the influences of future climate change under RCP8.5, by simulating the projected
climates of 2030 and 2100 (imposed by prescribing sea-surface temperatures, sea ice cover,
and greenhouse gas concentrations for radiation) together with air pollutant emissions from
2000. The effects of climate change are then isolated by a difference with historical 2000

Nat Clim Chang. Author manuscript; available in PMC 2018 September 21.

Silva et al.

Page 3

Author Manuscript

simulations. Premature mortality attributable to RCP8.5 climate change is estimated
following the methods of Silva et al.12, including projected population and baseline
mortality rates (see Methods), such that mortality estimates here can be compared directly
with overall changes in air pollution-related mortality in RCP8.5.
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We estimate that global ozone mortality attributable to RCP8.5 climate change will be 3,340
(−30,300 to 47,100) deaths yr−1 in 2030 and 43,600 (−195,000 to 237,000) deaths yr−1 in
2100 (Figures 1a and 2a). In 2100, ozone mortality increases in most regions, especially in
highly populated and highly polluted areas, with marked spatial differences within regions
that include both positive and negative mortality changes (Figure 3a, Supplementary Table 2,
Supplementary Figures 1 and 2a). The effect on ozone mortality in 2100 is greatest in East
Asia (45,600 deaths yr−1, 41 deaths yr−1 per million people), India (16,000 deaths yr−1, 8
deaths yr−1 per million people) and North America (9,830 deaths yr−1, 13 deaths yr−1 per
million people), but some areas within these and other regions show decreases in mortality.
East Asia has high mortality effects per person in part because of its higher projected
mortality rate from respiratory diseases. Climate change contributes 14% of the overall
increase in ozone mortality estimated for RCP8.5 in 2100 relative to 200012. However, three
of 8 models in 2030 and three of 9 in 2100 show global decreases in ozone mortality due to
climate change. For each model, the uncertainty range does not include zero; only the spread
of models causes the overall uncertainty to span zero. Uncertainty in modeled ozone
concentrations contributes over 97% to the overall uncertainty in both 2030 and 2100, with
the remainder from uncertainties in relative risk (RR). Results from a sensitivity analysis
using present-day population and baseline mortality rates (Table 1) show 32% and 67%
lower mortality estimates in 2030 and 2100, respectively, largely because the projected
baseline mortality rates of chronic respiratory diseases increase through 2100. The models
agree that ozone will increase due to climate change in some polluted regions, notably the
northeast US as found in other studies6 and decrease in the tropics over the oceans
(Supplementary Figures 3 and 4a). These changes are consistent with those analysed by
Schnell et al.25 for 2100, using four of these same models, and were attributed to a greater
efficiency of precursor emissions to generate surface ozone in polluted regions, along with
reductions in the export of precursors to downwind regions.
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The impact of climate change on PM2.5 mortality is estimated to result in 55,600 (−34,300
to 164,000) deaths yr−1 in 2030 and 215,000 (−76,100 to 595,000) deaths yr−1 in 2100
(Figures 1b and 2b). Mean estimates of PM2.5 mortality increase in 2100 in all regions
except Africa (−25,200 deaths yr−1) (Figure 3b, Supplementary Table 3, Supplementary
Figure 2b). The greatest increases in mortality in 2100 occur in India (80,200 deaths yr−1, 40
deaths yr−1 per million people), Middle East (50,400 deaths yr−1, 45 deaths yr−1 per million
people) and East Asia (47,200 deaths yr−1, 43 deaths yr−1 per million people), although the
Former Soviet Union shows greater mortality per million people in 2100 (11,800 deaths yr
−1, 57 deaths yr−1 per million people). Similar to ozone mortality, there are substantial
spatial differences within each region, including both increases and decreases in mortality.
For PM2.5, a large decrease in mortality is projected in RCP8.5 relative to 2000 (when
accounting for changes in both emissions and climate)12, but climate change alone increases
mortality, partially counteracting the decrease associated with declining emissions in
RCP8.5. Without climate change, the decrease in PM2.5-related mortality would be roughly
Nat Clim Chang. Author manuscript; available in PMC 2018 September 21.
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16% greater in 2100 relative to 2000. Propagating uncertainty in RR to the mortality
estimates leads to coefficients of variation (CVs) of 8–31% (2030) and 11–46% (2100) for
the different models, but the spread of model results increases overall CVs to 123% in 2030
and 106% in 2100. In both years, one model (GISS-E2-R) yields a decrease in global
mortality from climate change while the other three (2030) or four (2100) show an increase.
Uncertainty in modeled PM2.5 concentrations in 2000 makes a similar contribution to the
overall uncertainty (50% in 2030 and 52% in 2100) compared with uncertainty in modeled
PM2.5 concentrations in future years (50% in 2030, 48% in 2100). Uncertainty in RR makes
a negligible contribution in both periods (<1%), as the multi-model mean is small and
different models disagree on the sign of the influence. Considering present-day population
and baseline mortality rates (Table 1), we estimate 23% and 33% lower mortality in 2030
and 2100, respectively, mostly associated with the increase in projected baseline mortality
rates through 2100.
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PM2.5-related mortality was estimated above for the sum of PM2.5 species reported by five
models, using a common formula (see Methods), to increase the number of models
considered and to increase consistency among PM2.5 estimates. Additionally, we present a
sensitivity analysis considering the PM2.5 concentrations reported by four models using
their own PM2.5 formulas, for which multi-model average mortality results are modestly
higher: 15% greater in 2030 and 12% in 2100 (Supplementary Figure 5). The degree of
agreement between the two estimates varies among the four models, and for one model
(GISS-E2-R) the two sources of PM2.5 estimates yield impacts of different sign in 2030.

Author Manuscript
Author Manuscript

There is considerable agreement among models regarding the increase in PM2.5
concentrations in many locations in 2100, including most polluted regions, due to RCP8.5
climate change (Supplementary Figure 4b). Allen et al.26 analysed four of these same
models in 2100 and found that global average surface PM2.5 concentrations increased due to
climate change, reflecting increases in nearly all relevant species for each model. They
attributed this increase in PM2.5 mainly to a decrease in wet deposition associated with less
large-scale precipitation over land. Our multi-model mean estimates of global populationweighted changes for PM2.5 and individual species (Supplementary Table 4; Supplementary
Figure 6) are similar to those of Allen et al.26. Unlike Allen et al.26, however, GISS-E2-R
shows a net decrease in global population-weighted concentrations of total PM2.5 and of
each PM2.5 species except sea salt, in 2100, likely due to projected concentration decreases
over densely-populated eastern China. Models also differ strongly in the sign and magnitude
of changes in dust, particularly over North Africa and the Middle East; HadGEM2 projects
increases in PM2.5 for all species except dust, but a strong decrease in dust over the Middle
East and South Asia. In Africa, the decrease in PM2.5 near the equator is likely caused by
increased precipitation, whereas PM2.5 increases are associated with precipitation decreases
in Southern Africa26. Differences in PM2.5 (and ozone) responses to climate change among
models likely result from differences in large-scale meteorological changes, and different
treatments of atmospheric chemistry and feedback processes among the models (such as the
response of dust to climate change).
In the US, our multi-model mean mortality estimates for the impact of RCP8.5 climate
change for ozone (1,130 deaths yr−1 in 2030; 8,810 deaths yr−1 in 2100) compare well with
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those of Fann et al.20, who report 420 to 1900 ozone-related deaths yr−1 for RCP8.5 climate
change in 2030, despite differences in concentration-response functions and population and
baseline mortality projections. These results for ozone and those for PM2.5 (6,900 deaths yr
−1 in 2030; 19,400 deaths yr−1in 2100) are also consistent with the increases in mortality and
spatial heterogeneity attributed to climate change in 2050 by Bell et al.16 for ozone and
Tagaris et al.17 for ozone and PM2.5, although these studies used different climate change
scenarios besides other methodological differences. Across models, our estimates for ozone
mortality in the US vary between −435 and 4,750 deaths yr−1 in 2030 and between −1,820
and 27,012 deaths yr−1 in 2100. This spread of model results, with a few models suggesting
avoided mortality due to climate change, is similar to that of Post et al.10 (−600 to 2,500
deaths yr−1 in 2050) using SRES scenarios of GHG emissions. Similarly, results show
spatial heterogeneity within several regions (Figure 2) that is similar to Post et al.10 for the
US and Orru et al.21 for Europe.
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The spread of results among models highlights the uncertainty in the effect of climate
change on air quality. Further improvements in chemistry climate models are needed to
better model the interaction and feedbacks between climate and air quality, including the
sensitivity of biogenic emissions to climate change, the effects of meteorological changes on
air quality (e.g., aerosol-cloud interactions, secondary aerosol formation, wet deposition, and
gas-aerosol partitioning), and the impact of climate change on wildfires. Stratospheretroposphere exchange of ozone is also important, as is the impact of land use changes on
regional climate and air pollution. Our results are specific to climate change as projected
under RCP8.5 and would differ for other scenarios. We estimate the effect of climate change
as the difference between simulations with future climate and year 2000 climate, both with
year 2000 emissions, although global emissions of PM2.5 and its main precursors decrease
under RCP8.5. Had we instead modelled future emissions with present vs. future climate, we
would likely have attributed smaller changes in air pollution and mortality to climate change,
given the projected emission reductions. Whereas the net effect of missing and uncertain
processes does not clearly indicate an under- or overestimate for the effect of climate change
on air quality, we likely underestimate the magnitude of the health impact by omitting
mortality for people under 25, and morbidity effects. We also neglect possible synergistic
effects of a warmer climate to modify air pollution-mortality relationships. Although a few
studies have suggested stronger relationships between ozone27 and PM2.528 and health at
higher temperatures, there is insufficient evidence to include those effects here.

Author Manuscript

Despite these uncertainties, this study is the first to use a multi-model ensemble to show that
global air pollution-related mortality attributable to climate change is likely positive. The
spread of results among models within the ensemble, including differences in the sign of
global and regional mortality estimates, suggests that results from studies using a single
model and a small number of model years should be interpreted cautiously. Actions to
mitigate climate change, such as reductions in long-lived GHG emissions, will likely benefit
human health by reducing the effect of climate change on air quality in many locations.
These health benefits are likely to be smaller than those from reducing co-emitted air
pollutants29, but both types of health benefits via changes in air quality would add to
reductions in many other influences of climate change on human health30.
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The Atmospheric Chemistry and Climate Model Intercomparison Project (ACCMIP)13
included contributions from 14 modelling groups, of which 9 completed simulations that are
used here (Supplementary Table 1). ACCMIP models incorporate chemistry-climate
interactions, including mechanisms by which climate change affects ozone and PM2.5,
although models do not all include the same interactions, and do not always agree on their
net effects7. Of these nine, three models are not truly coupled chemistry-climate models:
MOCAGE is a chemical transport model driven by external meteorology, and UM-CAM and
STOC-HadAM3 do not model the feedback of chemistry on climate13. As a result, these
models do not fully capture the effects of changes in air pollutant concentrations on
processes that affect meteorology, such as through radiative transfer and clouds. Prescribed
anthropogenic and biomass burning emissions were very similar for the different models, but
they used different natural emissions (e.g. biogenic volatile organic compounds, ocean
emissions, soil and lightning NOx)14, 23. Modelled 2000 concentrations show good
agreement with observations for ozone23 and PM2.524, although models tend to overestimate
ozone in the Northern Hemisphere and underestimate it in the Southern Hemisphere, and to
underestimate PM2.5, particularly in East Asia.
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We isolate the effect of climate change on air quality as the difference in concentrations
between ACCMIP simulations using year 2000 emissions together with future year climate,
imposed by prescribing RCP8.531 sea surface temperatures, sea ice cover, and GHGs (for
radiation) for 2030 and 2100 (referred to as “Em2000Cl2030” and “Em2000Cl2100”), and
simulations with 2000 emissions and climate (“acchist2000”)13. We analyse results from the
nine models reporting ozone from the Em2000Cl2030/2100 simulations, and the five
reporting PM2.5 (Supplementary Table 1). Ozone and PM2.5 species surface concentrations
from each model are calculated in each grid cell, after regridding output from the native
horizontal resolutions of each model (1.9°×1.2° to 5°×5°) to a common 0.5°×0.5° resolution.
To be consistent with the epidemiological studies considered1,4, we use the seasonal average
of daily 1-hr maximum ozone concentrations for the six consecutive months with highest
concentrations in each grid cell, and annual average PM2.5 concentration.
Seven of the nine models with Em2000Cl2030/2100 simulations reported both hourly and
monthly ozone concentrations, while two reported only monthly values. We calculate the
ratio of the 6-month average of daily 1-hr maximum concentrations to the annual average
concentrations, for each grid cell and each year, for those models that reported both hourly
and monthly concentrations; then, we apply that ratio to the annual average ozone
concentrations for the other two models, following Silva et al.11,12.
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We calculate PM2.5 concentration using the sum of PM2.5 species mass mixing ratios
reported by five models and a common formula:
PM2.5 = BC + OA + SO4 + SOA + NH4 + 0.25 ∗ SS + 0.1 ∗ Dust,

where BC – Black Carbon, OA – (Primary) Organic Aerosol corrected to include species
other than carbon, NH4 – NH4 in ammonium sulfate, SOA – Secondary Organic Aerosol,
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and SS – Sea Salt, as had been done previously by Fiore et al.33 and Silva et al.11,12. The
factors 0.25 and 0.1 are intended to approximate the fractions of sea salt and dust that are in
the PM2.5 size range. Nitrate was reported by three models, but we chose to omit nitrate
from our PM2.5 formula to avoid imposing changes inconsistent with the effect of climate
change for other models, following Silva et al.11, although nitrate was included in estimates
of total PM2.5 by Silva et al.12. Four of these models also reported their own estimate of
PM2.5 (Supplementary Table 1).
The impact of climate change on global population-weighted differences
(Em2000Cl2030/2100 minus acchist2000) in PM2.5 and ozone concentrations for the
different models are shown in Supplementary Tables 4 and 5, respectively, while regional
multi-model average differences are shown in Supplementary Figures 7 and 8.
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We estimate premature mortality by calculating the fraction of cause-specific mortality
attributable to long-term changes in pollutant concentrations, using methods that are
identical to those of Silva et al.12, so that mortality attributable to climate change can be
compared simply with changes in mortality under the RCP scenarios. We use relative risks
(RRs) from Jerrett et al.1 for ozone and respiratory diseases and Burnett et al.4 for PM2.5 and
cardiopulmonary diseases and lung cancer. Then, we apply that attributable fraction in each
grid cell to future adult population (age 25 and older) and baseline mortality rates based on
projections from the International Futures (IFs) integrated modelling system32. Using
country-level projections per age group, we mapped and gridded to the 0.5°×0.5° grid
assuming that the present-day spatial distribution of total population within each country is
unchanged in the future, as well as the present-day ratio of baseline mortality for the specific
causes included in the epidemiological studies and for three disease groups projected in IFs
(chronic respiratory diseases, cardiovascular diseases and malignant neoplasms). We select
population projections from IFs instead of those underlying RCP8.5 to ensure consistency
between projections of population and baseline mortality, since the latter are not available
for RCP8.5, and for consistency with Silva et al.12. IFs projections of future total population
are lower than those of RCP8.5 (−5% in 2030 and −27% in 2100) (Supplementary Figure 9).
Had we used projections of population underlying RCP8.5, we would have likely estimated
greater changes in premature mortality relative to 2000. IFs projections of baseline mortality
rates reflect an aging population and regional demographic changes, showing a steep rise in
chronic respiratory diseases (roughly tripling globally by 2100), particularly in East Asia
and India, some regional increases in cardiovascular diseases (e.g. Middle East, Africa), and
global decreases in lung cancer.
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Overall uncertainty in mortality estimates includes uncertainty from the RRs and from air
pollutant concentrations. First, we conduct 1000 Monte Carlo (MC) simulations separately
for each model-year to propagate uncertainty from the RRs to mortality estimates. For
ozone, we use the 95% Confidence Intervals (CIs) for RR reported by Jerrett et al.1 and
assume a normal distribution, while for PM2.5 we use the parameter values of Burnett et al.4
for 1000 MC simulations. Then, we calculate the average and 95% CI for the pooled results
of the 1000 MC simulations for each model to quantify the spread of model results. We do
not include uncertainties associated with population and baseline mortality rates, since these
are not reported. As ACCMIP models used the same anthropogenic and biomass burning
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emissions, we do not consider uncertainty in emissions inventories, however we
acknowledge that this is an important source of uncertainty, especially in particular
regions34–37. Our mortality estimates are affected by our choices of and underlying
assumptions regarding concentration-response functions, population, and baseline mortality
rates. Although a number of factors, such as vulnerability of the exposed population and
PM2.5 composition, vary spatially and possibly temporally, we assume that the RRs
estimated for the present day apply on a global scale and in future time periods. Also, our
assumption that the spatial distribution of population within each country is constant in the
future likely understates the effects of rural-to-urban migration, which is currently underway
and expected to continue. However, the effects of climate change on air pollutant
concentrations may be somewhat spatially uniform (as opposed to changes in emissions),
and the coarse grid resolution of global models would not resolve air pollutant
concentrations well in urban areas.
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Data Availability
Data used in this project are archived here:
Air pollutant concentrations
Atmospheric Chemistry & Climate Model Intercomparison Project (ACCMIP) datasets http://catalogue.ceda.ac.uk/uuid/b46c58786d3e5a3f985043166aeb862d. Data retrieved from
08/2012 to 12/2013.
Present-day population
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Oak Ridge National Laboratory (ONRL) - LandScan 2011 Global Population Dataset, http://
spruce.lib.unc.edu.libproxy.lib.unc.edu/content/gis/LandScan/. Data retrieved on 12/05/2012.
Present-day baseline mortality
Institute for Health Metrics and Evaluation (IHME): Global Burden of Disease Study 2010
(GBD 2010) Results by Cause 1990–2010 - Country Level, Seattle, United States, 2013.
https://cloud.ihme.washington.edu/index.php/s/d559026958b38c3f4d12029b36d783da?
path=%2F2010. Data retrieved from 12/2013 to 03/2014.
Future population and baseline mortality
Web-Based IFs - The International Futures (IFs) modeling system, version 6.54.,
www.ifs.du.edu. Data retrieved on 07/2012.
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IER model
Global Burden of Disease Study 2010. Global Burden of Disease Study 2010 (GBD 2010) Ambient Air Pollution Risk Model 1990 – 2010. Seattle, United States: Institute for Health
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Figure 1.

Impact of RCP8.5 climate change on global mortality for individual models and the multimodel average. Estimates are for 2030 and 2100 for (a) ozone respiratory mortality (9
models) and (b) PM2.5 IHD+STROKE+COPD+LC mortality (5 models). PM2.5 is
calculated as a sum of species. Uncertainty for each model is the 95% CI taking into account
uncertainty in RR. Uncertainty for the multi-model average is the 95% CI including
uncertainty in RR and across models.

Nat Clim Chang. Author manuscript; available in PMC 2018 September 21.

Silva et al.

Page 13

Author Manuscript
Author Manuscript
Author Manuscript

Figure 2.

Geographical impact of climate change on mortality. Estimates are for 2030 and 2100 for (a)
ozone respiratory mortality and (b) PM2.5 IHD+STROKE+COPD+LC mortality, showing
the multi-model average in each 0.5°×0.5° grid cell. PM2.5 is calculated as a sum of species.
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Figure 3.

Projected mortality for ten world regions. Estimates are for 2030 and 2100 for (a) ozone
respiratory mortality and (b) PM2.5 IHD+STROKE+COPD+LC mortality, showing the
multi-model regional average. PM2.5 is calculated as a sum of species. Uncertainty for the
multi-model regional average is the 95% CI including uncertainty in RR and across models.
World regions are shown in Supplementary Figure 1.
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Sensitivity analysis for changes in global air pollution-related mortality attributable to climate change.
Estimates are for multi-model averages (deaths yr−1) for the deterministic results.
PM2.5-related mortality

Base results
PM2.5 using Krewski et

al.2

Ozone-related mortality

2030

2100

2030

2100

56,300

218,000

10,700

128,000

66,200

318,000

–

–

Present-day (2011) population

35,500

93,800

2,970

59,400

Present-day (2010) baseline mortality rates

69,600

510,000

2,790

13,300

Present-day population and baseline mortality rates

43,300

144,000

2,300

14,500
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EXECUTIVE SUMMARY
The California legless lizard, Anniella, is a fossorial lizard that is found only in California and
Baja California, Mexico. In 2013, four new species of California legless lizards were described
using genetic and morphological techniques (Papenfuss and Parham, 2013). The description of
these new species prompted a need to define their distribution and conservation status, especially
since the two most distinctive new species have very restricted ranges within the highly modified
San Joaquin Valley.
We conducted surveys and genetic and ecological analyses to better understand the distribution
of Anniella species and further test the validity of the newly described species. This project
provides substantial changes to the distribution of A. alexanderae (along the eastern margin of
the Coast Ranges) and A. grinnelli (throughout the southern San Joaquin Valley), and expands
the known range of A. campi (to the area of Lake Isabella). We also report the first sympatric
occurrence of Anniella species within California, samples of the two cryptic species (A. pulchra
and A. stebbinsi) were genetically confirmed from the Piute Mountains. The genetic evidence for
the new species is bolstered by analysis of nuclear DNA markers that correspond to the
groupings recovered by mitochondrial DNA, chromosomes, and morphology. In addition, the
data from this report reveal significant morphological and genetic variation among subspecific
lineages within Central California such as the A. pulchra samples in Tulare County and the A.
stebbinsi samples in the Piute Mountains.
We provide frequency histograms for California Wildlife Habitats to demonstrate differences
among the collected samples of each species. We use Ecological Niche Modeling to generate
predictive range maps based on 270 vetted samples. In all predictive maps there is overprediction
into areas that have been developed (i.e., no suitable habitat) that may indicate potential
extirpation from recent human development. For example, the range of A. alexanderae is
predicted to extend into the San Joaquin Valley, which may have been possible before the area
was developed. In other cases, such as the prediction of A. campi in the Owens Valley, the
models suggest areas worthy of future survey.
Our recommendations are: 1) Anniella species should continue to be afforded special status in
California as five distinct species; 2) Assess two subspecific units of Anniella separately; 3)
Explore the possibility of a federal or state listing for A. alexanderae; 4) Undertake systematic
study using genomic methods; 5) Undertake additional morphological study of museum
specimens using micro computed tomography (micro-CT); 6) Perform additional surveys for
Anniella; 7) Refine Ecological Niche Models with high resolution categorical data.

INTRODUCTION
The California leglesss lizard, Anniella, consists of six fossorial, wormlike lizard species that are
found in California and Baja California Norte, Mexico (Parham and Papenfuss 2009; Figure 1).
Four of the six known new species of California Legless Lizards were recently described using
genetic and morphological data (Papenfuss and Parham 2013). The discovery of these new
species increased the number of Anniella species in Central California from one to five and was
followed by news outlets around the world. The description of these new species prompted a
need to define their distribution and conservation status, especially since the two most distinctive
5
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new species have very restricted ranges within the highly modified San Joaquin Valley (Parham
and Papenfuss 2009, Papenfuss and Parham 2013; Figure 1).

Figure 1. Range map of Anniella based on previous study. Map from Papenfuss and
Parham (2013) showing status of work prior to the beginning of the project. The traditional
(inset) distribution of Anniella pulchra and a detail (main) showing the hypothesized
distribution of the newly described species. White stars indicate type localities, black dots
show referred specimens used in this study. Dotted lines demonstrate the hypothesized
distribution at that time. The uncolored areas in and around the San Joaquin Valley show
regions of uncertainty (i.e., inability to predict which species is present).
Recent research has documented that Anniella are genetically more distinct from each other than
the federally protected blunt-nosed leopard lizard (Gambelia sila) is from its closest relative (G.
wislizenii). Moreover, the known ranges of two Anniella species (A. alexanderae and A.
grinnelli) are entirely within the range of federally protected G. sila, suggesting that additional
conservation protections for these species may be warranted. The fact that Anniella species are
genetically distinct with small geographic ranges is clear, but more data from field surveys can
establish the extent of their ranges and conservation status. Genetic surveys are needed to help
assess the genetic diversity among populations, and identify other evolutionary significant units
including further new species. The comparison of distributional and genetic studies will allow us
to identify which species or evolutionary significant units occur on protected and private lands,
thereby impacting land use, habitat recovery plans, and project permitting. Based on preliminary
field surveys, CDFW Ecological Reserves serve as an important refuge for several Anniella
species, including A. alexanderae and A. grinnelli. CDFW expects that surveys on additional
CDFW Ecological Reserves will expand the known range of the restricted San Joaquin Valley
species.
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The specific objectives of this project were to survey the distribution and genetic diversity of
four newly recognized, likely endangered, endemic species of legless lizard (Anniella). To reach
these objectives we completed four major tasks:
1. Identification of applicable and accessible sites throughout the range of the four newly
described Anniella species
2. Field surveys at sites identified, habitat assessment, and ecological niche modeling
3. Genetic and morphological analysis of Anniella collected
4. Assessment of data collected and recommendations for future conservation efforts
New distributional field data discovered as part of this project was combined with those from
museum records to provide a range-wide analysis of the species’ status and occurrence on private
and protected lands. This work was benefited from established field sites, including >1,000 cover
objects throughout California, many of which are located on existing California Department of
Fish and Wildlife (CDFW) Ecological Reserves throughout Region 4.

METHODS
STUDY AREA AND SURVEY METHODS
This project involved surveys throughout the historic range of the five Anniella species (Figure
1) in the following counties: Fresno, Inyo, Kern, Los Angeles, San Luis Obispo, and Tulare.
Most of the surveys took place in Kern County because it includes all five of the species known
from the USA (including all four of the newly described species) and therefore the contact zones
among them. Surveys were complemented by sampling tissues from museum specimens from
the following counties: Alameda, Contra Costa, Madera, Merced, Monterey, Riverside, San
Benito, San Diego, Santa Barbara, Stanislaus, Ventura.
Anniella are restricted to habitats that include loose soil or other substrate (e.g., sand or leaf
litter) that allow for their fossorial ecology. Although they are fossorial and reclusive, Anniella
can be detected under cover objects that are placed in the field. To complete surveys for
Anniella, we used cover boards, which consisted of large pieces of cardboard or plywood,
approximately 0.61m x 0.61m (2 ft x 2 ft). Cover boards are typically placed in the field in the
summer or fall, covered with soil, and checked in the spring when Anniella are most active.
Sometimes at sites where Anniella have previously been detected boards are also checked in the
fall. To check the boards for Anneilla, the boards are flipped over and the soil under the boards is
lightly raked with a potato rake or similar tool. When locations for cover boards are established
we typically set a linear or circular transect of approximately 10-30 cover boards. Often a named
site can have multiple separate locations with cover board transects.
One of the main objectives of this project was to establish species range boundaries and
evolutionary lineages. With that in mind, we focused field surveys on new sites between the
samples/known ranges of species described by Papenfuss and Parham (2013). Major field effort
was planned for Tejon Ranch, Kern Co., where a transect of sites was established between the
predicted sites of two known species (A. grinnelli and A. pulchra). Additional field sites were
established at contact zones between the ranges of A. grinnelli and A. pulchra at the Bitter Creek
Wildlife Refuge, Kern Co., and Carrizo Plain National Monument, Kern Co. and San Luis
Obispo Cos. Several sites were established between A. alexanderae and A. pulchra on private
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and BLM land in western Fresno Co. Based on the results of the genetic work in this project, we
also prioritized expanding the coverage in Tulare Co. where a distinct lineage was detected and
another site in Kern Co. where two species were found together. A few other areas outside the
main areas outlined here were surveyed less intensively on an ad hoc basis.

DISTRIBUTION AND ECOLOGICAL NICHE MODELING METHODS
With the additional sampled sites, identified to species by molecular and morphological analysis,
we generated new range estimates and analyzed the ecological niche of the six Anniella species
(alexanderae, campi, geronimensis, grinnelli, pulchra, and stebbinsi). These new range maps
were then used to look at the frequency of California Wildlife Habitats among the collected
samples as well as to estimate the total range of each species that occurs on state or federal lands.
For the species localities, we used the new field sites and museum localities which have been
used in the molecular analysis for all spatial analysis. The only exception was samples for A.
geronimensis from Isla San Jerónimo, Mexico, which had no climate data available. We also
downloaded, unvetted data for Anniella pulchra from VertNet (Accessed August 5, 2019) as
reference localities for the range maps. Since specimen identifications were not verified, we only
used these as general localities for the genus, not for any analysis. To combine with the vetted
specimen sites, we acquired both continuous climate and categorical land and aquifer datasets to
examine the spatial and environmental correlations of the six species. We used Worldclim v2
(Fick and Hijmans 2017) for the climate variables, which are bioclimatic averages. We also
examined the samples and their relationship to the California Department of Forestry and Fire
Protection's CALFIRE Fire and Resource Assessment Program (FRAP) high-resolution
vegetation landcover (FVEG 2015), which covered five of the six species (excludes Baja
endemic geronimensis).
We performed the niche analysis in two phases. First, we performed a principal components
analysis (PCA) to examine the possibly correlated variables and to identify the variables with the
highest eigenvalues to best explain the variance in the data. Then, armed with a subset of
informative variables from the PCA, we performed ecological niche modeling (ENM) using
Maxent (3.4.1) for both visualizing the extrapolated spatial distribution models and comparing
the species. For the ENM, we used sampled sites for six species and the bioclimatic variables
which comprised the first two PCA components (see Results for full list). Models are then
analyzed with the value of the minimum training sample used to threshold the output, such that
all values above the threshold is considered suitable habitat or niche for the given species. We
used R (FactoMineR package) for the PCA and Maxent v.3.4.1 (Phillips et al 2019) with ArcGIS
(ESRI v10.5.1) for GIS vetting and figures.

GENETIC AND MORPHOLOGICAL ANALYSIS METHODS
For the genetic analysis we used seven genetic markers (one mitochondrial [ND2] and six
nuclear [BDNF, KIAA1217, KIAA1548, KIF24, NKTR, WDR81]) for 228 samples derived
from the fieldwork of this study as well as tissues from specimens at the Museum of Vertebrate
Zoology, University of California, Berkeley, the California Academy of Sciences in San
Francisco, and Santa Barbara Museum of Natural History. This sampling constitutes a greaterthan three-fold increase from that of the most recent genetic study (Parham and Papenfuss, 2009;
n=69 samples).
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For all seven markers, raw ABI sequence data were processed in Geneious 11.1.5 and consensus
sequences were aligned for each marker in Mafft v7.388 (Katoh and Standley 2013) using the EINS-i algorithm, a scoring matrix of 200PAM/k=2, and a gap open penalty of 1.53. All
alignments were concatenated in Geneious with the "Concatenate Sequences" tool. The complete
concatenated alignment was exported from Geneious as a phylip formatted file using a relaxed
naming convention. Alignments were analyzed in RAxML v8.2.12 (Stamatakis, 2014). A total of
500 bootstrap replicates were completed as determined by the autoMRE bootstrap evaluation
algorithm. In order to test for agreement between data sets, we analyzed the mitochondrial and
nuclear markers separately. The nuclear data were further visualized using SplitsTree v4.14.4
(Huson and Bryant, 2006) with uncorrected ‘p’ genetic distances and the NeighborNet algorithm
to visualize overall divergence patterns.
For the morphological part of this study, we focused on vertebral counts of one of the genetic
lineages revealed by our phylogenetic analysis, the A. pulchra populations of Tulare County.
This lineage was chosen for a more detailed analysis because it had not been part of the original
morphological analysis of Papenfuss and Parham (2013), previous workers had noted its
morphological distinctiveness (Gorman, 1957), and it was distinct from other A. pulchra when
comparing either mitochondrial DNA and nuclear markers. Other candidates for morphological
study (e.g., Piute A. stebbinsi) had either been included in previous morphological analyses and
not found to be distinctive or else showed conflict between mitochondrial and nuclear markers
(e.g., subclades of A. grinnelli).
The best characters for distinguishing Anniella species are ventral coloration, vertebral counts,
and scale counts (the last two of which track each other; Papenfuss and Parham, 2013). In
addition to discussing ventral coloration, for this project we x-rayed 10 individuals from Tulare
County and then compared vertebral counts to those from previously studied samples from other
parts of their range. Whereas Parham and Papenfuss (2013) referred to the counted vertebrae as
“trunk vertebrae,” these counts also includes postaxial cervical vertebrae (these cannot readily be
distinguished from thoracic vertebrae in x-rays). Therefore, the vertebral counts from that study,
and this report, are more accurately defined as being based on postaxial, presacral vertebrae (Bell
et al., 1995). Papenfuss and Parham (2013) compared combined samples from throughout the
range of A. pulchra sensu stricto, which includes both of the other major subclades with the
species (the third being the Tulare County samples). Those data were sufficient to show
statistical differences between A. pulchra and two of the newly described species that had higher
vertebral counts (A. alexanderae, A. grinnelli). Because of the geographic subclades recovered
among samples of A. pulchra sensu stricto (see Parham and Papenfuss, 2009; this report), and
because we are interested in comparing populations within A. pulchra, for the morphological
comparisons here we compare the Tulare County samples to other A. pulchra on a site by site
basis including topotypes (Pinnacles, San Benito Co.; n=13), samples from another San Joaquin
Valley site (Antioch, Contra Costa Co.; n=12), and samples from the Mojave Desert (Palmdale,
Los Angeles Co.; n=11).
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RESULTS
SURVEY, DISTRIBUTION, AND ECOLOGICAL NICHE MODELING RESULTS
We repaired, expanded, or newly established cover boards at locations within the San Joaquin
Valley (Appendix A). The ongoing drought has suppressed populations. For example, during the
second reporting period (July 2017 – June 2018), we were able to collect just four samples
(compared to n=26 of the previous year). This decline is expected because of two factors, 1) the
ongoing drought; 2) in Year 1 we were able to collect from many of the best sites, after which we
focused on the more marginal sites. Despite these drought conditions, over the four years of the
project we collected 39 Anniella (Appendix B) from sites that include new localities and range
extensions for all species. New range estimates for six Anniella species based on analyzed
specimen sites are illustrated in Figure 2. We show both analyzed sites from this study and
unvetted specimen sites in the detailed inset maps (Fig. 2B). Areas of contact are speculative and
are shown as gaps between range estimates.
The most significant range extension involved A. alexanderae, which was previously known
from one area east of the Temblor Mountains. We have extended its range as far north as
Coalinga. Additional samples of A. grinnelli have greatly expanded its known range in the
southern San Joaquin Valley. In the area of the Carrizo Plain National Monument, three species
(A. alexanderae, grinnelli, pulchra) can be found in close contact (Fig. 2B). Similarly, we have
extended the range of four species in the Piute Mountains so that we can now identify areas of
close contact and one case of sympatry (Fig. 2B). Finally, through sequencing previously
unstudied samples, we have greatly expanded the range of A. stebbinsi to fill the uncertain area
within Ventura and Santa Barbara Counties. Although we do not have a single site where both
species are sympatric in Santa Barbara County, we predict a contact zone between A. pulchra
and A. stebbinsi, possibly within the limits of the City of Santa Barbara.
Frequency histograms for California Wildlife Habitats show differences among the collected
samples (Figs. 3,4). Anniella campi is known from such few samples that no single habitat type
has yielded significantly more specimens. Most specimens of the San Joaquin Valley endemics,
A. alexanderae and A. grinnelli, were found in the alkali desert scrub habitat or annual
grasslands. No samples of the two widespread species, A. pulchra and A. stebbinsi, were found in
alkali desert scrub, but they were frequently collected from annual grasslands. The two
widespread species were also collected frequently form “urban” areas (especially A. stebbinsi),
barren habitat, and coastal scrub. Figure 5 and Table 1 show Anniella range estimates compared
to state and federal lands.
PCA results (Fig. 6; Table 2) are not indicative of strong climatic differentiation among the six
species (although the first two components captured almost 77% of the variation of bioclimatic
variables). The first principle component was largely made of temperature variables, specifically:
temperature seasonality (Bio 4), maximum temperature of warmest month (Bio 5), temperature
annual range (Bio 7), mean temperature of the driest quarter (Bio 9), mean temperature of the
warmest quarter (Bio 10), and precipitation seasonality (Bio 15). The second component is
comprised of: Annual Mean Temperature (Bio 1), Minimum Temperature of Coldest Month (Bio
6), Mean Temperature of Wettest Quarter (Bio 8), Mean Temperature of Coldest Quarter (Bio
11), Annual Precipitation (Bio 12), Precipitation of Driest Month (Bio 14), Precipitation of
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Wettest Quarter (Bio16), and Precipitation of Driest Quarter (Bio 17). These were used in the
ENM.

Figure 2. New map of ranges for six Anniella species. A. Overview of ranges with sample
sites and counts colored by species in southern California through Baja California, Mexico.
B. Detail of western San Joaquin Basin and Carrizo Plain where contact of A. alexanderae
(white), A. pulchra (yellow), and A. grinnelli (purple) are uncertain. C. Detail of southern
Sierra Nevada and Mojave Desert interface through the Tehachapi Range; in both B and
C, gray squares are unvetted specimens.
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Figure 3. Frequency histogram of California Wildlife Habitats. California WHR Life Form
(fveg15) by species, excluding Baja species A. geronimensis (occurrences in water are
artefacts of riparian zones).

Figure 4. Frequency histogram of California Wildlife Habitats with specific habitat types.
WHR Life Form (fveg15) by species, excluding A. geronimensis.
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Figure 5. Anniella species range estimates showing state and federal lands. Federal lands
shown include: BLM - Bureau of Land Management, BOR - Bureau of Reclamation, DODDept of Defense, FS - Forest Service, FWS- Fish and Wildlife Service, NPS - National Park
Service. California Owned and Operated lands (CDFW) are shown in light green.
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Table 1. Summary of Anniella on CDFW lands. California DFW owned, operated, and
conservation easement parcels, total square kilometers of CDFW protected area within
each species range estimate shown here as a percentage of each species’ range estimate.
Lastly, total federal land area (km2) and percentage of range is included (area covered by
BLM, BOR, DOD, FS, FWS, NPS).
Species

Total estimated
range (km2)

CDFW
parcels

CDFW area in
range (km2)

% of CDFW
area in range

Total (km2) / % of
federal land in range

alexanderae

1,719.54

18

9.32

0.5%

91 / 5%

campi

1,317.95

10

31.99

2.4%

1,142 / 87%

grinnelli

4,936.57

39

70.46

1.4%

211.25 / 4%

pulchra

56,247.23

227

451.37

0.8%

11,701.2 / 21%

stebbinsi

39,620.65

286

642.33

1.6%

10,775 / 27%

Table 2. Summary of ENM data. Specimen count, Unique localities used in the ENM,
Elevation range of localities, Bioclim variable contributing most to ENM by species.
*Excludes Isla San Jerónimo localities where no climate data exists.
Anniella

Specimen
(unique localities)

Elevation
range (m)

Majority contribution to ENM

alexanderae

27 (7)

168-466

Bio 17 - Precipitation of Driest Quarter

campi

11 (6)

851-1735

Bio 9 - Mean Temp Driest Quarter

geronimensis

14 (6*)

7-51

Bio 3 - Isothermality

grinnelli

58 (21)

72-878

Bio 14 - Precipitation of Driest Month

pulchra

72 (45)

0-1206

Bio 14 - Precipitation of Driest Month

stebbinsi

87 (37)

2-1602

Bio 14 - Precipitation of Driest Month
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Figure 6. Plot of first two PCA dimensions in the niche analysis by species.

Figure 7. Ecological Niche Models for six species of Anniella. For all maps, estimated
ranges of the species are provided for reference, models are thresholded with the value of
its minimum training sample, and we show higher habitat suitability with stronger red
gradient. Range estimates for species available as GIS shapefiles. Contact authors for
access.
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Overall there is general concordance between the ENMs and estimated ranges with one notable
exception (A. campi, discussed further below). While there is consistent overprediction of each
species’ ENM, they may also serve as useful clues as to suitable habitat or biogeographic barriers
at play since ENM ignore such biological factors. In the case of A. alexanderae, its narrow range
was predicted as part of a larger swath of the northern San Joaquin Valley, much of which has
been developed. Anniella campi has the most problematic ENM as its suitable habitat
overpredicts below its currently known elevational range. This overprediction likely results from
the fact that we have very few sites. Figure 8 corrects for the elevation by excluding model
results below 800m.

Figure 8. Anniella campi ENM thresholded by minimum presence and elevation (>800 m).
This was to apply the presumption there is an elevational limit to their current distribution.

GENETIC AND MORPHOLOGICAL ANALYSIS RESULTS
The results of the analyses of mitochondrial and nuclear DNA are shown in Figures 9 and 10.
The mitochondrial results expand upon those of Parham and Papenfuss (2009) by more than
tripling the included samples and confirming range extensions for most species. Our genetic
analysis also revealed the first instance of sympatry between any two species of Anniella.
Among the five recognized species, A. pulchra and A. stebbinsi are the two that are considered
cryptic, i,e., they cannot be distinguished without genetic analysis. Our study has detected both
cryptic species at a single site in the Tehachapi mountains on the Cattani Ranch (Kern Co).
Analysis of the SNPs do not reveal any evidence of hybridization among these samples.
The phylogenetic analyses of mitochondrial (n=228) and nuclear DNA (n=220) in this report
more than triple the number of samples from the published study (Parhama and Papenfuss, 2009;
n=69) and greatly expand the number of nuclear markers (from one to six). We chose to analyze
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the nuclear and mitochondrial DNA data separately in order to provide an independent genetic
test of the new species.
Support for all of the species-level clades in the mitochondrial DNA analysis is very high
(Bootstrap 99 or 100) except for A. grinnelli for which each of the strongly-supported subclades
are united with low support. Mitochondrial clades correspond to the species described by
Papenfuss and Parham (2013) and the genetic lineages found by Parham and Papenfuss (2009),
including the recovery of three subclades with A. grinnelli, low mitochondrial DNA variation
within A. alexanderae and A. campi, the recognition of a distinct, although nested, Piute clade for
the disjunct populations of A. stebbinsi in the southern Sierra Nevada. Whereas the previous
study placed the Tulare County A. pulchra at the base of the A. pulchra clade, in the current
study it is nested within A. pulchra (with low statistical support).
The phylogenetic analysis based entirely on nuclear DNA shows overall agreement with the
mitochondrial and morphological hypotheses, except where noted below. The nuclear markers
are much less variable than mitochondrial DNA, with low numbers of SNPs among samples, so
the phylogenetic analysis resulted in low bootstrap support for all nodes. Because of the low
statistical support of the nuclear DNA analysis, it is shown with an unrooted tree and only the
broad scale patterns of the nuclear signal are considered in the discussion below. Discrepancies
between the nuclear and DNA tree occur between the subclades of A. grinnelli and in
geographically isolated populations of A. pulchra (Tulare mt clade) and A. stebbinsi (Piute mt
clade), there is no indication of hybridization at the edges of the ranges. All of the species
described by Papenfus and Parham (2013) are clearly supported by the nuclear DNA.
As noted above, two mitochondrial DNA subclades were shown to be further distinct. The Tulare
mitochondrial DNA clade (A. pulchra in part) and Piute mitochondrial DNA clade (A. stebbinsi
in part) are both placed separate from the conspecific samples. In the mitochondrial DNA
phylogenetic analysis these samples are nested within clades of conspecific samples, although in
the case of the Tulare mt clade, the support for this nested position is low (bootstrap= 24).
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Figure 9. Phylogenetic (RaxML) tree based on mitochondrial DNA (ND2, 228 samples).
Colors corresponding to other trees and maps. Bootstrap proportions >90 are shown.
Tulare and Piute subclades (further distinguished by nuclear DNA) are indicated. Note
that A. geronimensis (green) does not occur in Central California (is restricted to Baja
California, Mexico).
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Figure 10. Nuclear variation based on concatenated data sets of six markers. Colors
corresponding to other trees and maps. Tulare and Piute mt clades are indicated, showing
that their nuclear DNA is distinct from that of conspecific sample. TOP: Phylogenetic
(RaxML) tree of 220 samples. BOTTOM: An unrooted phylogenetic network of a
concatenated nuDNA dataset of the 168 samples with the most consistent marker coverage
(samples with partial sequences eliminated).
Our observations of A. pulchra from the Porterville area of Tulare Co. (Fig. 11) confirm the
presence of melanic scales first described by Gorman (1957) and later reported by other sources
(e.g., Stebbins, 2003). For the 10 x-rayed specimens (Fig. 12), postaxial-presacral vertebral
counts ranged for 77 to 78, with nine of the 10 samples having 77 (mean = 77.1, SD= 0.3).
These values overlapped with the samples from Antioch (73-78, mean = 74.9, SD =1.2),
Pinnacles (72-78, mean= 74.5, SD=1.6), and Palmdale (78-80, mean = 78.6, SD=0.6). But in all
three cases, the samples from Porterville were found to be statistically different from the other
samples using an unpaired t-test (P value < 0.0001). The results of these comparisons are shown
in Figure 13. The Tulare and Palmdale samples are also statistically different from each other
and the samples from Antioch and Pinnacles.
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Figure 11. Anniella pulchra from Tulare County. LEFT: Ventral view of A. pulchra from
Porterville, Tulare Co., CA, showing darkened ventral scales. RIGHT: Figure 3 from
Papenfus and Parham (2013) showing a typical yellow-bellied Anniella (A. stebbinsi,
identical to A. pulchra) compared to grey-bellied (A. alexanderae) and purple-bellied (A.
grinnelli) species.

Figure 12. X-rays of Anniella pulchra from Tulare County.
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Figure 13. Box and whisker plot showing postaxial-presacral vertebral counts of Anniella
pulchra. The Tulare and Palmdale samples are statistically different from each other and
the samples from Antioch and Pinnacles.

DISCUSSION
DISTRIBUTION AND ECOLOGICAL NICHE MODELING DISCUSSION
The results of this project have greatly enhanced our understanding of the known ranges of
Anniella species within central California. By expanding the known ranges of all species, we
have been able to find one area of sympatry as well as highlight areas for future surveys.
Although much of the range of the species in the San Joaquin Valley has been developed, there
are still some areas with suitable habitat that likely have Anniella but are undersampled. In
Central California, the Carrizo Plain (and surrounding ranges) and the Piute Mountains both
show areas of uncertainty because these areas are bordered by different species, with A.
alexanderae and/or A. grinnelli occurring at lower elevations and A. pulchra and/or A. stebbinsi
and A. campi occurring at higher elevations. In some areas, such as the Greenhorn Mountains,
there are historic samples (Fig. 5C), but it is unclear whether they are A. pulchra or A. stebbinsi.
Additional fieldwork and collection of fresh samples could answer this question, although it
could also be answered by more refined analysis of morphological characters in existing
specimens.
Frequency histograms for California Wildlife Habitats show differences among the collected
samples (Figs. 3,4). The differences among the species is highly sensitive to collection bias, but
some of the broadest patterns are illustrative. The lack of a clear pattern in A. campi reflects the
small number of collected samples. The small sample size of A. campi is also a factor for the
ENM predictive ranges (below). A strong pattern in the data, is that specimens of the San
Joaquin Valley endemics, A. alexanderae and A. grinnelli, were more frequently found in the
alkali desert scrub habitat than any other habitat. In contrast, the two widespread species, A.
pulchra and A. stebbinsi, were never found in alkali desert scrub.
When the estimated ranges are plotted against state or federally owned lands, it shows that very
little of the species ranges are protected by CDFW or any federal agency (Fig 5, Table 1).
Anniella campi has the most protection, with the estimated range of this species covered by 87%
federal lands; however, the majority of these lands are owned by the Forest Service or Bureau of
Land Management which are multipurpose and not necessarily under the strongest protections
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for habitat conservation. For A. alexanderae, all known sites are on private land with the
exception of a single site on the CDFW Pleasant Valley Ecological Reserve. We estimate that
~100 km2 of its potential range is covered by BLM land and another ~9 km2 by CDFW parcels.
The PCA from our niche analysis (Fig. 6) shows that A. geronimensis, from Baja California,
Mexico, has a narrow and distinctive environmental envelope. In contrast, A. stebbinsi has the
widest environmental envelope, overlapping with some portion of the other five species. The
largest overlap with A. stebbinsi is with the other broadly distributed taxon, A. pulchra. The two
forms restricted to the San Joaquin Valley (A. alexanderae and A. grinnelli) have narrow, but
broadly overlapping environmental envelopes.
The estimated range maps based on ENMs are largely consistent with their known ranges (Fig.
7), with some exceptions (e.g., A. campi). In all predictive maps there is overprediction into areas
that have been developed (i.e., no suitable habitat) that may indicate potential extirpation from
recent human development. In other cases, the predicted range extends into the ranges of other
species which may indicate ecological factors that are not in the model (e.g., competition). The
range of A. alexanderae is predicted to extend into the San Joaquin Valley, which may have been
possible before the area was developed. The occurrence of A. alexanderae further west into the
Coast Ranges (Fig. 7A) can be tested with further sampling although all known samples from
this area are confirmed to be A. pulchra (Fig. 2A). In the case of A. campi, without enforcing an
elevational constraint on its estimated distribution, the model predicts that A. campi could rage
throughout the San Joaquin Valley and western Mojave Desert (Fig 7B). When we enforce an
elevational constraint (Fig. 8) the suitable habitat is restricted to the Transverse Ranges, the Piute
Mountains, other parts of the southern Sierra Nevada, and the Owens Valley. The suitability of
the Owens Valley is particularly interesting because of the reported recovery of a Quaternary
(Pleistocene or Holocene) Anniella fossil from near Owens Lake (Garcia and Associates, 2006).
Given that Anniella can be difficult to find, the possibility that A. campi still occurs within
Owens Valley cannot be ruled out. The predicted range for A. grinnelli, A. pulchra, and A.
stebbinsi are concordant with their known ranges.

GENETIC AND MORPHOLOGICAL ANALYSIS DISCUSSION
Two of the currently recognized species of Anniella show limited genetic variation (e.g., A.
alexanderae and A. campi) whereas other species show obvious subclades. Anniella grinnelli has
three divergent mitochondrial DNA clades (clades Cx-z of Parham and Papenfuss, 2009), but
these clades do not correspond to the variation shown by the nuclear DNA or any morphological
characters. The apparent lack of agreement between classes of genetic data suggest recent
admixture. An unexpected level of nuclear genetic diversity was found within A. pulchra and A.
stebbinsi. The Tulare mt clade (A. pulchra in part) and Piute mt clade (A. stebbinsi in part) are
both placed separately from conspecific samples in the nuclear analysis. In both cases these
populations are geographically disjunct from other conspecific samples.
With the exception of the Piute clade, A. stebbinsi is otherwise restricted to west of the
Peninsular Ranges and south of the Transverse Ranges in Southern California (Fig. 2). With the
exception of the Tulare clade, the next closest samples of A. pulchra in the San Joaquin Valley
are from Antioch, and the next closest samples from Central California are from the Coast
Ranges, separated by the highly modified habitat of the valley floor as well as the distribution of
A. alexanderae. The phylogenetic analysis of mitochondrial DNA presented in this report places
Tulare A. pulchra with other A. pulchra with high statistical support, but the statistical support
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for placing Tulare A. pulchra as nested within A. pulchra is low. Therefore, the possibility that
the Tulare lineage is sister to all other A. pulchra, as shown by Parham and Papenfuss (2009), is
still plausible. Sampling gaps and geographic isolation both likely play a role in the genetic
pattern shown here, especially given the low genetic variation of the nuclear DNA. A
reassessment of both of these clades (Tulare and Piute), as well as the deep divergences with A.
grinnelli, using genomic methods, such as ddRADseq (e.g., Richmond et al., 2017), would help
further clarify the taxonomic status of Anniella subclades. There is, however, enough data to
warrant the recognition of the Tulare and Piute populations as distinct population segments of A.
pulchra and A. stebbinsi.
Three of the four new species described by Papenfuss and Parham (2013) can be diagnosed by
morphological characters (A. alexanderae, A. campi, A. grinnelli) whereas the fourth (A.
stebbinsi) is cryptic with A. pulchra. For most other lizards, counting scales on the limbs is one
of the best ways to discover diagnostic characters. Because they are limbless, Anniella present a
challenge that is only amplified by their overall simplified morphology and small size. Papenfuss
and Parham (2013) show that the best characters for distinguishing most currently-recognized
Anniella species are ventral coloration, vertebral counts, and scale counts (the last two of which
track each other). In this regard, the genetic distinctiveness of the Tulare populations of A.
pulchra is significant because (similar to A. alexanderae and A. grinnelli) the ventral coloration
is distinct from that of a typical yellow-bellied Anniella (Fig. 11 Right). Gorman (1957)
remarked that “...continuous melanic areas are found on the belly of some of the animals taken
near Porterville, Tulare County, California.” Later, Stebbins (2003) notes that, “Animals from
Porterville area, Tulare Co., have dark blotches in underparts.” Our observations confirm the
darkened scales of Tulare A. pulchra (Fig. 11 Left), although the pattern is not as striking as the
color differences shown by A. alexanderae and A. grinnelli (Fig. 11 Right).
In addition to samples from the Tulare mitochondrial DNA clade, melanism occurs elsewhere in
A. pulchra, most notably in the subspecies Anniella pulchra nigra from the Monterey Peninsula,
but also in a lesser extent in other coastal forms as far south as Santa Barbara County (Pearse and
Pogson, 2000; Stebbins, 2003). The melanism of A. p. nigra and other coastal A. pulchra is
restricted to the dorsal scales and does not correspond to significant genetic differences (Pearse
and Pogson, 2000; Parham and Papenfuss, 2009). Samples from the Tulare mitochondrial DNA
clade show ventral melanism (i.e., in the same anatomical region that distinguishes others
Anniella species) as well as genetic distinctiveness.
Given the apparent correspondence between coloration the genetic variation, we further explored
the morphological variation within A. pulchra by using x-rays to study their osteology.
Papenfuss and Parham (2013) demonstrated that the two new species diagnosed by ventral
coloration also showed statistically different vertebral counts from A. pulchra sensu lato.
Papenfuss and Parham (2013) lumped all specimens from Clade A (A. pulchra sensu stricto) into
one bin. For the current project we looked at the variation within A. pulchra at a site by site
basis. This approach showed that the A. pulchra samples from Tulare County are statistically
different from other samples of A. pulchra from the Central California. However, variation
within A. pulchra revealed a confounding variable for the use of vertebral counts to diagnose
species. Vertebral counts of samples from Palmdale, CA, part of the Mojave Clade of Parham
and Papenfuss (2009), are also statistically different from those of A. pulchra from Central
California. Without more detailed morphological analysis of samples throughout the range of A.
pulchra the significance of this result remains unclear. The Palmdale, Tulare, and Central
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California (Antioch and Pinnacles) samples are from three different mitochondrial DNA
subclades of A. pulchra. This correspondence could indicate that osteological and genetic
variation may even be useful to distinguish samples at a more fine-grained level than the current
species boundaries. Taken together, the genetic distinctiveness, coloration, and osteological
variation strongly suggest that the Tulare populations of A. pulchra may eventually warrant
description as a new species. However, further confirmation on both genomic and morphological
grounds is warranted (see Recommendations 4 and 5 below).

RECOMMENDATIONS
Based on the results of this project, the following recommendations are offered for Legless
Lizard conservation:

1. CONTINUE SPECIAL SPECIES STATUS OF ANNIELLA
Anniella species should continue to be afforded special status in California as five distinct
species, each with the CDFW status of Species of Special Concern (California Department of
Fish and Wildlife, Natural Diversity Database, 2019). Since all but one of the species (A.
stebbinsi) are restricted to California, the current Global (G) and State (S) rankings for all five
species in California are identical (California Department of Fish and Wildlife, Natural Diversity
Database, 2019): A. alexanderae G1 S1; A. campi G1G2 S1S2; A. grinnelli G2G3 S2S3; A.
pulchra G3 S3; A. stebbinsi G3 S3. The document with these ranking can be found at
https://nrm.dfg.ca.gov/FileHandler.ashx?DocumentID=109406&inline

2. CONTINUE WORK ON TULARE AND PIUTE DISTINCT POPULATIONS
Based on our results, we recommend that two subspecific units (the Tulare region populations of
A. pulchra and the Piute region populations of A. stebbinsi) be considered separately from other
populations. These two units are genetically distinct and may both be geographically disjunct
from other conspecific samples. They should be assessed separately from other populations of
the same species (i.e., should be given T-ranks according to the terminology of the California
Department of Fish and Wildlife, Natural Diversity Database, 2019).

3. EXPLORE A FEDERAL OR STATE LISTING FOR A. ALEXANDERAE
It would be prudent to consider the possibility of a Federal or State listing for A. alexanderae.
The State of California already considers this species to be critically imperiled (G1 S1), but more
protection may be warranted. The discovery of new sites for this species provide additional hope
for its conservation, but currently all but one known site for this species is on private land.

4. EXPAND GENOMIC TECHNIQUES USED FOR ANALYSIS
The next step to understanding Anniella taxonomy is to undertake a systematic study using
genomic methods. The genetic work done at the California Academy of Sciences (CAS) for this
project confirms the validity of the four new species of Anniella that were described in 2013, and
further demonstrates divergent lineages within the species. However, with more cutting-edge
genomic methods we can investigate the potential for additional new species (e.g., Tulare
pulchra, Piute stebbinsi, grinnelli mt clades), further test for hybridization in areas of sympatry
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(none so far detected), and better understand genetic connectivity among regions. We
recommend the use of ddRADseq, a genomic technique that has been applied to endangered
Blunt-nosed leopard lizards in Kern County (Richmond et al., 2017) as well as low coverage
genomes.

5. ADDITIONAL MORPHOLOGICAL STUDY
Additional morphological study of museum specimens using micro computed tomography
(micro-CT) is also warranted. Thus far, the morphological study of Anniella has relied on color
patterns, scale, and vertebral counts. The osteological analysis of Papenfuss and Parham (2013)
is expanded here showing that there is considerable variation in the vertebral counts. Given the
consistent patterns recovered thus far, more fine-grained study of osteological variation could be
beneficial by providing additional support for the existence for new species and helping identify
specimens from historic localities.

6. ADDITIONAL FIELD SURVEYS
Additional field surveys for Anniella are needed to discover new sites and samples for each
species. Given the potentially imperiled status of A. alexanderae, identifying additional sites for
this species should be a top priority. In the Coast Ranges, Transverse Ranges, and Southern
Sierra Nevada, there are also areas where it is unclear what species may occur. By further
sampling these areas we can identify areas of sympatry, better understand their geographic
ranges, and better understand the factors that shape their distribution. With this information we
can make more informed statements about their conservation status.

7. FURTHER REFINE ECOLOGICAL MODELS
Additional work to refine Ecological Niche Models with high resolution categorical data such as
soil structure, NDVI Landsat, aquifer and other ecophysiographic data is needed. With better
ENMs, CDFW and other agencies will be able to make stronger recommendations on
Environmental Impact Assessments or other related documents about a highly cryptic species.
Because Anniella detection rates are so low it is unlikely that they would appear in
Environmental Impact Surveys, therefore informed ENMs may provide a basis for predicting
their presence for land use planning and mitigation purposes. ENMs may also be useful for other
amphibian and reptile species with similar habitat requirements (Batrachoseps stebbinsi, B.
altasierrae, B. nigroventris, Rana boylii, R. muscosa, Spea hammondi, Aspidoscelis tigris,
Gambelia sila, Plestiodon gilberti, etc.).
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APPENDIX A. SITES WHERE COVER BOARDS WERE REPAIRED,
EXPANDED, OR NEWLY ESTABLISHED FOR ANNIELLA SURVEY.
Some of these listed sites (e.g., “Tejon and Caliente Creeks, Tejon Ranch”) represent transects that include multiple
board arrays.

Date

County

Location description

Task

October 2-7, 2016

Kern

Devil’s Gulch, South of Maricopa

Repair/replace

October 2-7, 2016

Fresno

Warthan Creek, Coalinga area

New site

October 2-7, 2016

Kern

Tejon and Caliente Creeks, Tejon
Ranch

Expanded

October 2-7, 2016

San Luis
Obispo

Carrizo Plain – BLM

New site

December 12-14, 2016

Kern

Bittercreek National Wildlife
Refuge - USFWS

New site

December 12-14, 2016

Fresno

Warthan Creek

Expanded

March 3-7, 2017

Merced

New Columbia Ranch

Expanded

March 29, 2017

Kern

Bittercreek North – BLM

New site

March 29, 2017

San Luis
Obispo

Carrizo Plain – BLM

Repair/replace

April 7, 2017

Kern

Cattani Cattle Ranch

Expanded

May 18, 2017

Kern

Bakersfield Cactus ER – San Ridge
- CDFW

Repair/replace

May 31, 2017

Kern

Windwolves Preserve

New sites

May 30 - June 2, 2017

Inyo

Sand Canyon

Repair/replace

May 30 - June 2, 2017

Kern and Tulare

Areas around Lake Isabella

Repair/replace

May 30 - June 2, 2017

Kings

Atwell Island area

Repair/replace

July 7, 2017

Kern

Ilmon, Caliente Creek, Tejon Ranch

Repair/replace

November 30, 2017 December 3, 2017

Fresno

Warthan Creek, Coalinga area

Expanded

November 30, 2017 December 3, 2017

Fresno

Jacalitos Creek, Coalinga area BLM

Expanded

February 1-7, 2018

San Bernardino

Joshua Tree National Park - NPS

New sites

March 28 – April 5, 2018

Fresno

San Joaquin River area

Expanded

March 28 – April 5, 2018

Fresno

Coalinga Nose

New site

March 28 – April 5, 2018

Fresno

Jacalitos Creek, Coalinga area BLM

Expanded

March 28 – April 5, 2018

Kern

Greenhorn Mountains

Expanded

April 21-25, 2018

Fresno

Jacalitos Creek, Coalinga area BLM

Expanded

June 12-15, 2018

Fresno

Jacalitos Creek, Coalinga area BLM

Expanded
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June 12-15, 2018

Inyo

Cottonwood Creek

New site

December 20, 2018

San Luis
Obispo

Carrizo Plain solar mitigation areas
and ERs - CDFW

New sites

March 14, 2019

Kern

Temblor Ranch Guzzler – BLM

Repair/replace/Expand
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APPENDIX B. SURVEY SITES CHECKED FOR THE PRESENCE OF
ANNIELLA AND COLLECTION STATUS
Date

County

Location description

Collection

October 2-7, 2016

Kern

Devil’s Gulch, South of Maricopa

2 Anniella

December 12-14, 2016

Kern

Bittercreek North – BLM

No

February 15, 2017

Kern

Bakersfield Cactus ER – Sandridge, Hart Park
and Airport Units - CDFW

No

March 2017

Kern

McKittrick area

3 Anniella

March 2017

Tulare

Pixley National Wildlife Refuge - USFWS

2 Anniella

March 3-7, 2017

Fresno

Pleasant Valley, Coalinga area

2 Anniella

March 3-7, 2017

Kern

Bittercreek North – BLM

No

March 3-7, 2017

Kern

Carrizo Plain National Monument - BLM

No

March 3-7, 2017

Tulare

Pixley National Wildlife Refuge - USFWS

2 Anniella

March 26-29, 2017

Tulare

Pixley National Wildlife Refuge - USFWS

3 Anniella

March 26-29, 2017

Kern

Tejon Ranch areas

3 Anniella

March 26-29, 2017

Kern

No

March 26-29, 2017

Fresno

Bakersfield Cactus ER- Breckenridge Unit CDFW
Barrel Valley

March 26-29, 2017

San Luis
Obispo

San Juan Creek

1 Anniella

March 26-29, 2017

Los
Angeles

Sierra Pelonas

2 Anniella

March 26-29, 2017

Kern

Bittercreek National Wildlife Refuge - USFWS

No

April 4, 2017

Kern

No

April 20-23, 2017

Fresno

Bakersfield Cactus ER – Hart Park and Airport
Units - CDFW
Multiple sites

April 20-23, 2017

Tulare

Porterville area

1 Anniella

April 20-23 2017

Tulare

Pixley National Wildlife Refuge - USFWS

1 Anniella

April 21, 2017

Kern

Canebrake ER – multiple sites

No

May 8-9 2017

Kern

Tejon Ranch sites

No

May 8-9 2017

Kern

Cattani Cattle Ranch, Tehachapi Mountains

1 Anniella

May 30 - June 2, 2017

Inyo

Sage Canyon

No

May 30 - June 2, 2017

Kings

Atwell Island area

No

May 30 - June 2, 2017

Merced

New Columbia Ranch

No

February 1-7, 2018

Kern

Sand Creek, near Tehachapi

No

February 1-7, 2018

Fresno

Warthan Creek, Coalinga area

No

February 1-7, 2018

Fresno

Jacalitos Creek, Coalinga area – BLM

No

February 1-7, 2018

Fresno

Curry Mountain, Coalinga area

No
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March 28 – April 5, 2018

Fresno

Warthan Creek, Coalinga area

No

March 28 – April 5, 2018

Fresno

Jacalitos Creek, Coalinga area – BLM

No

March 28 – April 5, 2018

San Luis
Obispo

Carrizo Plain – BLM

1 Anniella

March 28 – April 5, 2018

Kern

Multiple sites Taft and McKittrick – BLM

No

March 28 – April 5, 2018

Kern

Tejon and Caliente Creeks on Tejon Ranch

No

March 28 – April 5, 2018

Fresno

Barrel Valley, Coalinga area

No

April 21-25, 2018

Kern

Cattani Cattle Ranch, Tehachapi Mountains

2 Anniella

April 21-25, 2018

Kern

Bitter Creek National Wildlife Refuge – USFWS

No

April 21-25, 2018

Kern

Tejon Ranch Transect

No

April 21-25, 2018

Fresno

Warthan Creek, Coalinga area

No

April 21-25, 2018

Kern

Wildwolves Preserve sites

No

May 1, 2018

Kern

Bakersfield Cactus ER – Sandridge Unit - CDFW

No

May 2, 2018

Kern

No

May 3, 2018

Kern

Bakersfield Cactus ER– Hart Park and Airport
Units
Canebrake ER – multiple sites

June 12-15, 2018

Fresno

Jacalitos Creek, Coalinga area – BLM

No

June 12-15, 2018

Kern

Greenhorn Mountains site

No

June 12-15, 2018

Inyo

Sage Canyon

No

June 16, 2018

Riverside

Murrieta

1 Anniella

March 14, 2019

Kern

Temblor Ranch Guzzler – BLM

No

March 19, 2019

Kern

No

March 24, 2019

Tulare

Bakersfield Cactus ER– Sandridge, Hart Park and
Airport Units - CDFW
Pixley National Wildlife Refuge - USFWS

March 25, 2019

Kern

Caliente Creek, Tejon Ranch

1 Anniella

March 25, 2019

San Luis
Obispo

Carrizo Plain solar mitigation areas and ERs CDFW

No

March 26, 2019

Kern

Devil’s Gulch, South of Maricopa

1 Anniella

March 26, 2019

San Luis
Obispo

Carrizo Plain

1 Anniella

March 28, 2019

Kern

Multiple sites Taft and McKittrick – BLM

No

April 10, 2019

Kern

Wildwolves Preserve – multiple sites

No

April 18, 2019

Kern

Canebrake ER – multiple sites – CDFW

No

April 19-21, 2019

Fresno

Jacalitos Creek, Coalinga area - BLM

4 Anniella

May 15, 2019

Kern

Cattani Cattle Ranch, Tehachapi Mountains

No
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a b s t r a c t
Oil and gas development in the southern San Joaquin Valley of California is extensive and
has impacted natural habitats for sensitive species. The effects of this habitat loss and
degradation on these species are not well understood. Our objective was to determine
habitat characteristics, wildlife community composition, and species abundance relative
to the level of oilfield development in saltbush scrub habitat. Sixteen study sites were
identified with 4 each in areas with high (>100 well pads), medium (11–50 well pads),
low (1–10 well pads), and no (0 well pads) oil field development, as measured by numbers
of well pads with active oil production and the proportion of habitat disturbed. Surveys
were conducted from March 2008 to May 2010 to assess the abundance and diversity
of herbaceous plants, shrubs, birds, reptiles, and small and medium-sized mammals. As
oilfield development and associated habitat disturbance increased, herbaceous plant cover
and shrub abundance decreased while herbaceous plant diversity increased, largely due
to colonization by non-native species. Among animals, generalist lizard, bird, and mammal
species increased, as did non-endemic species particularly birds. Conversely, some endemic
species, including several special status species, declined or were not detected as the
level of oilfield development increased. Ecological community composition remains largely
intact at low levels of oilfield development, but is profoundly altered at higher levels with
some effects apparent at moderate levels. Best management practices such as spatially
consolidating facilities, limiting road construction, and controlling non-native plants could
reduce ecological impacts from oilfield activities in saltbush scrub habitat.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
Over 95% of the San Joaquin Valley in California has been converted from native habitat to urban or agricultural uses (U.S.
Fish and Wildlife Service [USFWS], 1998). Oil and gas production occurs in much of the remaining areas (Feinstein et al.,
2015). Such production began with the discovery of the McKittrick field in 1898 and has steadily expanded (Therkelsen,
1973). As of 2008, the 5 largest producing oilfields in California were located in Kern County, making it one of the
nation’s most important energy resource areas (California Division of Oil, Gas, and Geothermal Resources, 2009). Much
of this production is in saltbush scrub habitat, which supports a number of rare species (USFWS, 1998; Germano et al.,
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2011). Consequently, this habitat type has experienced significant loss, degradation, and fragmentation associated with
hydrocarbon production activities (USFWS, 1998; Cypher et al., 2000; Feinstein et al., 2015). Of the estimated 7041 km2
of saltbush scrub habitat that occurred in the San Joaquin Valley, only approximately 25% (1733 km2 ) remains (S. Phillips,
California State University-Stanislaus, unpublished data).
The magnitude of impacts from oil and gas development on wildlife communities has not been well quantified (Feinstein
et al., 2015). Unlike severe urbanization or intensive agriculture, oil and gas development and its associated infrastructure
often retain some natural habitat components (Spiegel, 1996). Oil production activities such as well, road, and pipeline
construction, generation of hazardous materials, increased vehicular and human activity and invasive non-native plants are
some of the many threats to wildlife species in active oilfields. Despite these threats, many species of wildlife persist in active
oilfields (O’Farrell and Scrivner, 1987). Impacts of oil and gas activities have been investigated for some sensitive species in
the San Joaquin Valley including Hoover’s wooly star (Eriastrum hooveri), San Joaquin kit fox (Vulpes macrotis mutica), giant
kangaroo rat (Dipodomys ingens), and blunt-nosed leopard lizard (Gambelia sila) (Spiegel, 1996; Otten and Cypher, 1997;
Cypher et al., 2000). However, impacts to wildlife and plant community composition and integrity associated with increasing
levels of oil field disturbance have not been investigated.
The objective of this project was to determine habitat characteristics, vertebrate community composition, and species
abundance in high, medium, and low intensity oil fields relative to undisturbed natural areas in western Kern County,
California. This information will assist in the design and implementation of habitat mitigation measures and best management practices within active oil fields. This information will also contribute to assessments of cumulative effects on natural
communities and endangered species occurring within oil production landscapes.
2. Methods
2.1. Study area
The study was conducted in the southwestern corner of the San Joaquin valley (Fig. 1). The region is part of the San Joaquin
Desert (Germano et al., 2011), and has an arid Mediterranean climate with hot, dry summers and cool, wet winters (Dallman,
1998). At Taft, which is located approximately in the center of the study area, average high temperatures in July are 35.7 C
and lows are 19.2 C, and average highs in January are 12.7 C and lows are 4.7 C (U.S. Climate Data, 2015). Average annual
precipitation at Taft is 161 mm with most rain falling from late October through and early April. All study plots all were
located in areas with flat or gently sloping (2–5%) terrain with alluvial soils classified as Kimberlina sandy loam or Kimberlina
gravelly sandy loams (Soil Conservation Service, 1988).
The vegetation communities on the plots were a mosaic of arid shrubland, annual grassland, and disturbed oil production
areas. The predominant natural community in the study area was Valley Saltbush Scrub (Holland, 1986). This community
is characterized by open shrublands with a ground cover comprised of annual plants representative of Nonnative Grassland
(Holland, 1986). Common shrubs on the plots included desert saltbush (Atriplex polycarpa), spiny saltbush (Atriplex spinifera),
cheesebush (Hymenoclea salsola), bladderpod (Isomeris arborea), alkali goldenbush (Isocoma acradenia), and matchweed
(Guttierezia californica). Common forbs included red-stemmed filaree (Erodium cicutarium), popcorn flower (Plagiobothrys
sp.), fiddleneck (Amsinckia sp.), and shiny peppergrass (Lepidium nitidum). Common grasses included red brome (Bromus
madritensis ssp. rubens), barley (Hordeum murinum ssp. glaucum), and Arabian grass (Schismus arabicus).
Sixteen 36-ha plots were established within the study area (Fig. 1). Most of the plots were on Federal lands managed by
the U.S. Bureau of Land Management, while others were on private lands owned by Chevron Corporation, Occidental of Elk
Hills Inc., and Plains Exploration and Production Company. Study plots were selected along a gradient of oilfield development
intensity based on the number of well pads with active oil or gas wells present and the level of surface disturbance. Plots
were grouped into Control, Low, Medium, and High treatments with 4 plots per treatment. Control plots had no producing
oil or gas wells. The number of wells on the 4 Low plots was 1, 1, 2, and 9. The number of wells on the 4 Medium plots was
11, 12, 13, and 15. The number of wells on the 4 High plots was 102, 298, 347, and 393. Well pads generally were 0.5–2 ha
in size. Pads typically had one well although occasionally more than one well was present.
The well pads provided a standardized indicator of disturbance, although actual disturbance was not only from pads
but also from roads (mostly unpaved), well pads, oil collection and conveyance facilities, storage yards, offices and support
buildings, and other vegetation clearing related to oilfield activities. We estimated habitat disturbance on each study plot
using a point count method. High-resolution aerial imagery for each 36-ha plot was digitally overlain with a point grid
containing 100 points. Each point was classified as disturbed or undisturbed. If the point fell in an area with human-made
structures or areas without shrubs or any vegetation, it was classified as disturbed. Any point that was on natural vegetative
cover was classified as undisturbed. The proportion of points with disturbance was calculated for each plot.
2.2. Species surveys
Beginning in March 2008 and continuing through May 2010, surveys were conducted to quantitatively describe the predominant wildlife and plant communities present on the various study plots. Specifically, we quantified habitat disturbance,
and assessed species diversity and abundance for plants, birds, small mammals, medium mammals, and reptiles.
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Fig. 1. Locations of major roads, towns, oil wells, and the 16 study plots along the southwestern edge of the San Joaquin Valley, Kern County, California.
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Fig. 2. The layout of a typical study plot, in this case, control plot 2 (C2). Nine points were arranged in a 3 × 3 grid with 300-m spacing. The dotted line is
the visual encounter survey transect.

We used a modified Daubenmire cover method to sample herbaceous vegetation in April each year (Daubenmire,
1959). Vegetation composition around each avian point-count station (see below) was obtained using a frame modified
from Daubenmire (1959). At each of the 9 stations in each treatment plot, a 35.5 × 70-cm quadrat (inside dimensions) was
located 10 m away from the station in each of the cardinal directions. The canopy coverage of each plant species inside the
frame was estimated using the following cover classes: 1 = 1%–5%, 2 = 6%–25%, 3 = 26%–50%, 4 = 51%–75%, 5 = 76%–95%,
and 6 = 96%–100%. The quadrat frames were observed from directly above and canopies that extended into the quadrat were
counted even if the plants were not rooted in the quadrat. Canopy coverage data were collected during a time of maximum
growth for the predominant species. Live and dead shrubs were counted in 30 × 1-m belt transects that radiated from the
point-count stations. At each station, a random bearing between 1 and 360◦ was chosen and a measuring tape was extended
30 m in the chosen direction. The observer then walked the belt transect and recorded number of live and dead shrubs of
each species that fell within or contacted the transect. Any surface disturbance such as well pads, roads, or pavement were
also noted and the amount of the transect occupied by the disturbance was recorded.
To survey bird populations, we conducted variable circular plot (VCP) point-counts (Reynolds et al., 1980) at each study
plot twice during the breeding season from mid-April to late May 2008 and once during the breeding season from midMarch to mid-April 2009. On each study plot, we established 9 point-count stations (Fig. 2) spaced 300 m apart to avoid
potential double counting (Hutto et al., 1986). We began our counts at sunrise and completed each survey by 1000 h.
We recorded all birds seen or heard during a 5-min period at each station. We classified all bird species as ‘‘native’’ or
‘‘cosmopolitan’’. We considered cosmopolitan species to be birds that commonly are associated (i.e., increased abundance)
with human disturbance (Merola-Zwartjes and DeLong, 2005). These species included: Killdeer (Charadrius vociferous),
Rock Pigeon (Columbia livia), Mourning Dove (Zenaida macroura), Western Kingbird (Tyrannus verticalis), Common Raven
(Corvus corax), Northern Mockingbird (Mimus polyglottis), European Starling (Sturnus vulgaris), Brewer’s Blackbird (Euphagus
cyanocephalus), Brown-headed Cowbird (Molothrus ater), and House Finch (Carpodacus mexicanus). These species are not
present or only found in low numbers in undisturbed saltbush scrub habitat. All other species were considered to be native.
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We conducted small mammal trapping on each study plot from mid-February to mid-March 2009. We established
transects at 5 randomly chosen locations on each plot. Each transect consisted of 10 Sherman live traps (Sherman Traps Inc.,
Tallahassee, Florida) at 10-m intervals for a total length of 90 m per transect. We trapped on each transect for 3 consecutive
nights. All animals captured were identified to species, aged, sexed, and marked. We applied a numbered ear tag (1005 size
1 Monel; National Band and Tag Co., Newport, KY) at the time of first capture for all kangaroo rat species. All other species
captured were marked ventrally with a non-toxic felt-tipped marker (red for females and blue for males) and released. Data
from all 5 transects were combined to produce composite values for each plot.
We conducted visual encounter surveys (VES) to identify and index diurnally-active species on the plots, particularly
mammals and reptiles, although bird observations were recorded as well. The VES involved systematically walking through
an area for a prescribed amount of time, searching for animals or animal sign (e.g., scats, tracks, dens, burrows; Crump and
Scott Jr, 1994). We used the avian point-count stations as the framework for establishing a 2400-m sinuous transect on each
study plot (Fig. 2). One observer walked the transect recording every animal or animal sign that was encountered along the
way and the time of observation. We conducted VES during weather conditions that were optimal for blunt-nosed leopard
lizard (Federal and California Endangered) activity (25–35 ◦ C; California Department of Fish and Wildlife [CDFW], 2004).
The VES were conducted in spring and fall 2008 and spring 2009.
In September 2008, automated digital field cameras (Stealth Cam 3.0 MP Digital Scouting Cameras, Stealth Cam LLC,
Bedford, TX) were deployed in an effort to opportunistically detect the presence and relative abundance of mammalian
carnivores on the study plots. The cameras were secured to 1.3-m U-posts in the vicinity of 2 randomly selected avian pointcount stations per plot. A fatty acid scent-tab (USDA Pocatello Supply Depot, Pocatello, ID) and a cotton pad soaked in Canine
Call scent lure (Carman’s Superior Animal Lures, New Milford, PA) were placed near each camera to attract animals. Cameras
were deployed for approximately 4 weeks at a time. Camera trapping was conducted again in October 2009. During this
effort, a can of cat food was staked to the ground using a tent stake and cotton balls soaked in fish oil were scattered in
the nearby area. Cameras were deployed for no less than 29 days at each site. A detection was recorded if a species was
recorded during a given 24-hr period (defined as noon to noon). One detection was recorded per 24-hr period unless more
than one individual was observed in a single camera image. We calculated detection rates for each species and level of oilfield
development. Rates were calculated by dividing the total number of detections for a species among all camera stations in a
given level of development by the number of 24-hr survey periods for that level and multiplying this value by 100.
Mean values were compared among the 4 treatment levels (Control, Low, Medium, and High) using a one-way ANOVA
and associated F statistic. When differences between means were significant, a Fisher’s Least Significant Difference post-hoc
analysis was conducted for a pair-wise comparison of means. A standard t-test was used to compare pairs of means within
treatments. An arcsin transformation (Zar, 1984) was used to normalize all proportion data prior to analysis. Bird and small
mammal species diversity was calculated using the Shannon Diversity Index:
H′ = −

∑

pi loge pi

where pi is the proportion of the community made up of species i (Shannon and Weaver, 1963). For birds, we calculated
the Shannon Index for each survey and averaged them over the 2 surveys for each plot. We used the non-parametric
Kruskal–Wallis median test to compare diversity indices among treatments. Spearman rank product–moment correlation
analysis was used to examine relationships among variables. To help control the experiment-wise error rate in multiple
correlations, we used the Dunn–Sidák formula:
P = 1 − (0.951/k )
where k is the number of correlations, to reduce the critical value, P (Dytham, 2003). For all other analyses, P-values less
than 0.05 were considered significant.
3. Results
Based on point counts, mean habitat disturbance differed significantly among treatments (F3,12 = 22.3, P < 0.001)
except for between Control and Low. Habitat disturbance was 3.3 ± 1.0% (mean ± SE) on Control plots, 9.0 ± 1.8% on Low
plots, 33.0 ± 12.8% on Medium plots, and 71.8 ± 6.0% on High plots. Habitat on Control plots was mostly contiguous habitat
with almost no disturbance except for infrequent 2-track dirt roads and abandoned, reclaimed well pads. Disturbances in
the other treatments are described in the study area description.
Among vegetation attributes, several significant differences were observed among the different treatments and between
2008 and 2009 (Table 1). Mean number of shrubs (live and dead combined) was significantly less on High plots (F3,28 = 3.76,
P = 0.022). Mean number of shrubs was marginally inversely related to percent habitat disturbance on study plots
(r = −0.48, 15 df, P = 0.057). Mean number of herbaceous species was significantly greater on Medium and High plots
in 2008 (F3,12 = 4.57, P = 0.024) but not in 2009 (F3,12 = 0.30, P = 0.824). Mean percent total cover was significantly
greater on Control plots in 2008 (F3,12 = 4.61, P = 0.023) and on Control and Low plots in 2009 (F3,12 = 5.68, P = 0.012).
Mean percent non-native cover was greater than native cover on all plots in 2008, but in 2009 it was only greater on Medium
and High plots. Total cover was inversely related to habitat disturbance in both 2008 (r = −0.52, 15 df, P = 0.036) and
2009 (r = −0.72, 15 df, P = 0.002). Differences in herbaceous vegetation between years likely was attributable to annual
precipitation. The annual growing season (July to June) precipitation in the nearby town of Taft was 50.6 mm in 2007–2008
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Table 1
Mean values for various vegetation attributes on plots with no (control), low, medium, and high levels of oil field development in Kern County, California,
2008 to 2009. For each treatment, n = 4 plots for herbaceous vegetation and 8 plots for shrubs. Means with similar superscript letters are not significantly
different. For t-tests, * indicates significant p-values (α = 0.05) and (*) indicates marginally significant p-values (0.05 < α < 0.01).
Variables

Control
x̄

Low
SE

Medium

High

x̄

SE

x̄

SE

x̄

SE

117.1A

11.9

98.5AB

16.7

60.4B

9.4

Total shrubs — 2008 and 2009 combined

86.6AB

Total species
Total cover (%)
Native cover (%)
Non-native cover (%)
Native vs. non-native cover: t6 , p

6.75A
1.11
15.82A
2.66
3.11
1.85
12.71
2.11
−3.28, 0.017*

2008 herbaceous vegetation
5.25A
0.85
9.00AB
0.41
B
7.41
1.68
8.56B
2.03
1.25
0.32
1.66
0.55
6.16
1.41
6.90
2.18
−4.11, 0.006*
−2.60, 0.041*

11.75B
2.21
6.18B
0.34
2.50
0.69
3.68
0.90
−1.06, 0.331

Total species
Total cover (%)
Native cover (%)
Non-native cover (%)
Native vs. non-native cover: t6 , p

11.50A
0.87
55.5A
10.84
26.67
12.01
28.87
2.16
−0.43, 0.682

2009 herbaceous vegetation
12.00A
1.78
11.50A
1.19
36.15AB
7.85
21.84B
5.10
18.94
3.75
4.72
1.05
17.20
4.47
17.20
5.33
−0.31, 0.765
−2.31, 0.060(∗)

13.25A
1.93
14.67B
4.85
3.66
2.84
11.01
2.35
−2.25, 0.066(∗)

9.7

Table 2
Mean values for various avian community attributes on plots with no (control), low, medium, and high levels of oil field development in Kern County,
California, 2008 to 2009. For each treatment, n = 4 plots. Means with similar superscript letters are not significantly different.
Variables

Bird abundance 2008
Bird abundance 2009
Species richness 2008
Species richness 2009
Cosmopolitan species 2008 (%)
Cosmopolitan species 2009 (%)
Total species 2008/2009
Diversity index 2008
Diversity index 2009

Control

Low

Medium

High

x̄

SE

x̄

SE

x̄

SE

x̄

SE

11.0A
54.0A
3.5A
5.5A
5A
6A
6.5A
0.50A
1.23A

2.7
15.3
0.9
0.3
2
3
0.6
0.17
0.05

11.8A
41.0A
5.3A
5.3A
10A
11A
7.8A
0.84A
1.06A

3.6
5.9
1.3
0.6
4
7
1.1
0.23
0.18

21.8B
55.5A
9.5B
7.3A
13A
5A
17.0B
1.39B
1.32A

1.3
12.3
1.0
1.1
7
1
1.8
0.15
0.09

21.1B
26.5A
12.0B
8.3A
78B
69B
16.5B
1.74B
1.77B

3.8
6.8
1.2
1.7
5
13
1.3
0.14
0.18

and 93.5 mm in 2008–2009 (U.S. Climate Data, 2015). Both totals were considerably below the annual average of 161 mm
for this area.
During avian surveys in 2008 and 2009, we observed 33 bird species. We detected 12 species on Control plots, 14 on Low
plots, 23 on Medium plots, and 22 on High plots. As with vegetation attributes, some avian community attributes differed
among treatments and between 2008 and 2009 (Table 2). Mean bird abundance was greater on Medium and High intensity
plots than on Control and Low plots in 2008 (F3,12 = 3.76, P = 0.041) but not in 2009 (F3,12 = 1.57, P = 0.248). The mean
number of species (species richness) was greater on Medium and High intensity plots in 2008 (F3,12 = 12.77, P < 0.001);
the trend also was evident in 2009 although the means were not significantly different (F3,12 = 1.85, P = 0.191). The
mean proportion of cosmopolitan birds was significantly greater on High plots compared to all other plots in both 2008
(F3,12 = 24.90, P < 0.001) and 2009 (F3,12 = 13.07, P < 0.001). Cosmopolitan birds outnumbered native birds on the high
plots whereas native birds outnumbered cosmopolitan birds on Medium, Low, and Control plots (Fig. 3). The total number
of unique species observed in 2008 and 2009 combined (Table 2) was greater on Medium and High plots (F3,12 = 18.54,
P < 0.001). Mean diversity indices were greater on High and Medium plots compared to Medium and Low plots in 2008
(F3,12 = 19.81, P = 0.001), and greater on High plots compared to all other plots in 2009 (F3,12 = 4.93, P = 0.019).
In 2008, bird abundance (r = 0.55, 15 df, P = 0.027), number of bird species (r = 0.83, 15 df, P < 0.001), proportion
of cosmopolitan birds (r = 0.88, 15 df, P < 0.001), and Shannon diversity index (r = 0.79, 15 df, P < 0.001) all were
positively related to percent habitat disturbance. In 2009, proportion of cosmopolitan birds (r = 0.76, 15 df, P < 0.001) and
Shannon diversity index (r = 0.56, 15 df, P = 0.027) were positively related to percent habitat disturbance. In 2008, the
proportion of native birds was negatively related to total plant species (r = −0.65, 15 df, P = 0.006) and positively related
to total shrubs (r = 0.65, 15 df, P = 0.007)
In 2400 trap nights, we captured 324 individuals of 8 small mammal species (Table 3). Deer mouse (Peromyscus maniculatus), short-nosed kangaroo rat (Dipodomys nitratoides brevinasus), California pocket mouse (Chaetodipus californicus), and
Heermann’s kangaroo rat (D. heermanni) were the 4 most frequently captured species. Two special status species, shortnosed kangaroo rat and Nelson’s antelope squirrel (Ammospermophilus nelsoni), were captured on all treatments except for
the High plots. Other species captured included San Joaquin pocket mouse (Perognathus inornatus), Western harvest mouse
(Reithrodontomys megalotis), and a house mouse (Mus musculus). Some differences in small mammal community attributes
were observed among treatments (Table 4). The mean number of individual animals captured varied among treatments
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Fig. 3. Mean number of native and cosmopolitan birds on plots with no (control), low, medium, and high levels of oil field development in Kern County,
California, in 2008 and 2009.
Table 3
Number of unique individuals for small mammal species captured on plots with
no (control), low, medium, and high levels of oil field development in Kern
County, California, in 2009.
Species

Control

Low

Deer mouse
Short-nosed kangaroo rat
California pocket mouse
Heermann’s kangaroo rat
Nelson’s antelope squirrel
San Joaquin pocket mouse
Western harvest mouse
House mouse
Totals

–
12
–
1
2
–
–
–
15

30
27
–
1
3
1
–
–
62

Medium
86
5

High

Total

95

211
44
25
22
10
5
6
1
324

–

–

25
15

5
5

–

–
–

4
6

1
102

–
145

Table 4
Mean values for small mammal capture results attributes on plots with no (control), low, medium, and high levels of oil field development in Kern County,
California, 2009. For each treatment, n = 4 plots. Means with similar superscript letters are not significantly different.
Variables

Individuals
No. of species
Diversity index (H ′ )

Control

Low

Medium

High

x̄

SE

x̄

SE

x̄

SE

x̄

SE

3.75A
1.00A

1.75
0.41

15.50AB
2.25AB

7.71
0.75

25.50AB
2.50AB

16.13
0.65

36.25B
4.00B

8.33
0.41

0.125A

0.450AB

0.423AB

0.906B

(F3,12 = 16.72, P = 0.002) and in particular was greater on the High plots compared to the Control plots. Also, on individual
plots the number of animals was positively related to percent habitat disturbance. The mean number of species captured was
greatest on High plots and least on Control plots (F3,12 = 4.62, P = 0.023). The number of species captured on individual
plots ranged from 0 to 5. Based on a Kruskal–Wallis median test, small mammal diversity indices were marginally different
among the 4 treatments (H3 = 7.24, P = 0.065). Diversity was greatest on High plots and least on the Control plots. On
individual plots, number of unique animals (r = 0.61, 15 df, P = 0.012), number of species (r = 0.77, 15 df, P < 0.001),
and Shannon diversity index (r = 0.69, 15 df, P = 0.003) all were positively related to percent habitat disturbance.
During the VES (Table 5), the most commonly encountered species were side-blotched lizards (Uta stansburiana) and
California whiptails (Aspidoscelis tigris munda). We also observed individuals or sign for 6 special status species including
San Joaquin kit fox (Federal Endangered, California Threatened) scats and dens, American badger (Taxidea taxus; California
Species of Special Concern [CSSC]) digs and dens, Nelson’s antelope squirrels (California Threatened), burrowing owls (Athene
cunicularia; CSSC), LeConte’s thrashers (Toxostoma leconte; CSSC), and Loggerhead shrikes (Lanius ludovicianus; CSSC). All of
these special status species were detected on Control plots and all but Loggerhead shrikes were detected on Low plots.
Conversely, only Loggerhead shrikes were observed on High plots while shrikes, Nelson’s antelope squirrels, and badger
sign were observed on Medium plots. No endangered blunt-nosed leopard lizards were observed during the VES surveys,
but 1 individual was observed on a Low plot during cover-board deployment in 2008. Two California ground squirrels
(Spermophilus beecheyi) were observed on a High plot during a VES survey.
During camera trapping, we detected 29 kit foxes, 5 American badgers, 87 coyotes, 1 bobcat, 6 Nelson’s antelope squirrels,
and 24 black-tailed jackrabbits (Table 6). Among the special status species, kit foxes were detected on all Control, 2 Low, and
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Table 5
Individuals or sign of mammal, reptile, and special status bird species observed during visual encounter surveys (VES) on plots with no (control), low,
medium, and high levels of oil field development, September 2009–February
2010, Kern County, CA.
Species

Level of oil field development

Side-blotched lizard
Whiptail
Burrowing owl
Le Conte’s thrasher
Loggerhead shrike
Jackrabbit
California ground squirrel
Nelson’s antelope squirrel
Badger dig
Coyote
San Joaquin kit fox den/scat

Control

Low

Medium

High

91
23
1
4
4
9

105
26
1
7

123
44

124
30

=

=
=

=
8

7
2
19

6
6
2

=

=

=

12
15

4
4
1
1

20
1
5

1

=

=

=
4

=
=

Table 6
Detection rates for select species at camera stations on plots with no (control), low, medium, and high levels of oilfield development, September 2009–
February 2010, Kern County, CA. (Detection rates are the number of individuals detected per night/total nights × 100.)
Treatment

Control
Low
Medium
High

Total nights

302
282
257
232

Detection rates
San Joaquin Kit fox

American Badger

Coyote

Nelson’s Antelope Squirrel

Black-tailed Jackrabbit

4.97
0.71
4.67
0.0

0.0
0.0
0.78
1.29

7.28
1.42
10.12
15.09

0.0
0.35
1.95
0.0

0.66
3.19
1.17
4.31

2 Medium plots; badgers were detected on 2 Medium and 1 High plot; and antelope squirrels were detected on 1 Low and
2 Medium plots.
4. Discussion
4.1. Oilfield effects
A potential bias in our results is that our plots were not randomly nor equally spaced across our study area. We had two
significant limitations to our selection of study plots. One was simply access. We attempted to locate most plots on BLM
lands but 16 sites were not available. Thus, we had to supplement with plots on private lands but only had access to lands
of select owners who granted permission. Access to lands of other owners was denied due to liability concerns or because
owners were reluctant to have information about listed species on their lands revealed. A second limitation to plot selection
is that oilfield development is not random. Instead, well densities are higher on lands overlaying productive oil and gas
reservoirs, and these reservoirs occur in specific, non-random locations based on subterranean geologic stratification. Thus,
the distribution of the sites available to us potentially could have resulted in some biases in our data, particularly if species
were substantially heterogeneously distributed based on some landscape attribute(s) other than oilfield development.
Although we acknowledge the potential for biases, we felt that level of oilfield development was the primary factor
influencing the animal communities and habitat attributes we assessed.
Based on our results, native animal and plant species composition in saltbush scrub habitat was affected by oil field
disturbance, particularly at higher levels of development. Very few differences were found between Control and Low plots,
where mean habitat disturbance only differed by about 6% (3.3% and 9.0%, respectively). A few attributes differed between
Low and Medium (33.0% mean disturbance) plots. A number of ecological attributes differed significantly on High plots
(71.8% mean disturbance) compared to other treatments.
Forb and grass species richness generally increased with increasingly disturbance. Much of this increase was due to the
occurrence of non-native species, many of which are invasive. Increases in non-native plants resulting from disturbances
associated with energy production activities also have been documented elsewhere (Bergquist et al., 2007). Examples
included tocalote (Centaurea melitensis), false barley (Hordeum murinum), mustards (Sisymbrium irio and S. orientale), Russian
thistle (Salsola tragus), and common sunflower (Helianthus annuum). These species were absent or uncommon on Control and
Low plots. Soil disturbance commonly favors non-native plants (Hobbs and Huenneke, 1992; D’Antonio et al., 1999; Gelbard
and Belnap, 2003; Cypher, 2005; Merriam et al., 2006). Saltbush scrub communities have been significantly impacted by
invasive non-native plants (USFWS, 1998; Cypher, 2005; Germano et al., 2001, 2012). Non-native cover usually exceeded
native cover on most plots in 2008 when primary productivity was relatively low due to very low precipitation, but this
discrepancy was only obvious on Medium and High plots in 2009 when vegetation growth was more robust. Not surprisingly,
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herbaceous cover and shrub abundance generally declined with increasing habitat disturbance. Mean total shrub abundance
on Low and Medium plots actually exceed that on Control plots. Precipitation runoff and pooling along roads and around
facilities commonly results in dense shrub growth along the margins of these features, and this may explain the higher shrub
abundance on these plots. This effect likely was less obvious on High plots due to more extensive vegetation clearing.
Attributes of avian communities also exhibited changes with increasing oilfield disturbance. Bird species richness and
diversity and bird abundance in 2008 all tended to be higher on High and Medium plots. These trends were attributable to
a higher number and abundance of cosmopolitan bird species and a lower number and abundance of locally adapted native
species. The increase in cosmopolitan species appeared to be associated with alterations in vegetation attributes, such as
fewer native shrubs and an increase in non-native plant species. Habitat fragmentation and anthropogenic structures in
High and Medium plots likely favored human-commensal bird species such as Brewer’s blackbirds and European starlings
as well as nest predators and nest parasites such as Common ravens and Brown-headed cowbirds.
Previous studies have documented an increase in cosmopolitan bird species at intermediate levels of urbanization (Blair,
1996, 1999), but unlike in urban settings, species richness and abundance peaked at the highest levels of disturbance in
oilfields. This difference is probably due to the intensity of the disturbance. Highly disturbed urban areas have lost almost
all native habitat as most of the land is covered in pavement and buildings, thereby supporting few species (Blair, 1996).
In contrast, in many cases high intensity oilfields still retain some natural habitat components including unpaved areas,
patches of shrubs, and natural topography. There was an abundance of habitat edges in the disturbed oilfields. In general,
habitat edges typically support a higher diversity of species due to increased vegetative complexity, and increased access to
a variety of habitat types (Yahner, 1988; Harris, 1988; Andren, 1994).
Based on the avian surveys, saltbush scrub obligate species such as Le Conte’s thrashers and Sage sparrows (Amphispiza
belli) were greatly reduced or completely absent in High plots. The VES also indicated an absence of Le Conte’s thrashers
at higher levels of disturbance. This is most likely due to lack of shrubs for nest sites and cover on these heavily impacted
areas. Although not a saltbush scrub obligate, Burrowing owls, another CSSC, also were not found in highly disturbed areas,
based on the VES. Interestingly, Loggerhead shrikes (Lanius ludovicianus), also a CSSC, were commonly seen in high density
oilfields during both the avian surveys and the VES. Shrikes usually were observed perched on overhead powerlines or other
structures. Shrikes hunt from perches and are commonly observed using anthropogenic structures, such as fences (Cornell
Laboratory of Ornithology, 2015). The abundance of structures along with the apparent persistence of shrike prey (e.g., large
insects, small lizards) may facilitate shrike persistence in highly disturbed oil production landscapes. Indeed, side-blotched
lizards were abundant in Medium and High plots, based on the VES surveys. Shrikes also are commonly observed in nearby
urban areas (Cypher, personal observation).
Similar to the avian results, small mammal community attributes also were altered by oilfield development. Small
mammal abundance and species richness and diversity all increased with greater oilfield disturbance. The greater habitat
disturbance and fragmentation resulting from higher levels of oilfield activities clearly favored habitat generalists, such as
deer mice. Spiegel and Small (1996) found that house mice were extremely abundant in highly developed oilfields, but were
not found in nearby undisturbed habitat. Previous studies have shown that small mammal generalists benefit from habitat
disturbance while specialists suffer (Getz et al., 1978; Adams and Geis, 1983). Saltbush scrub specialists such as Nelson’s
antelope squirrels and short-nosed kangaroo rats persisted in areas with low and even medium levels of disturbance, but
were not present at high levels of disturbance. The VES and camera station surveys further indicated an absence of antelope
squirrels in areas with high oilfield disturbance. The degree of habitat loss and fragmentation at higher levels of oilfield
activity may exceed some tolerance threshold for these species. Also, another habitat generalist, the California ground
squirrel, was observed on one of the High plots. This species rarely occurs in intact saltbush scrub habitat but is commonly
observed in disturbed areas. California ground squirrels may adversely affect smaller Nelson’s antelope squirrels through
interference and exploitative competition (Best et al., 1990; Harris and Stearns, 1991), which may be a reason that the latter
species was not detected in areas of high oilfield activity.
Two special status carnivore species, San Joaquin kit foxes and badgers, were detected during this study. San Joaquin
kit foxes were not detected on any High plots. Kit foxes have been detected using highly developed oilfield areas although
typically their density is substantially lower in such areas (Spiegel, 1996; Warrick and Cypher, 1998; Cypher et al., 2000).
Kit foxes are highly adaptable and tolerant of human activities as evidenced by the fact that they thrive in some urban areas
(Frost, 2005; Cypher, 2010; Cypher and Van Horn Job, 2012). In our study, the lack of detections of kit foxes in areas with
high levels of oilfield activities may have been attributable to the greater abundance of coyotes. Coyotes are the primary
cause of mortality for San Joaquin kit foxes in saltbush scrub habitat (Ralls and White, 1995; Spiegel, 1996; Cypher et al.,
2000; Nelson et al., 2007) and also engage in exploitation competition with foxes (White et al., 1995; Cypher and Spencer,
1998). Thus, anthropogenically enhanced coyote abundance could limit use of high oilfield activity areas by kit foxes.
In addition to cosmopolitan birds and generalist small mammals such as deer mice, several other species appear to occur
in moderately and highly disturbed oilfield areas at frequencies similar to or even greater than observed in less disturbed
or control areas. Abundance of both side-blotched lizards and California whiptails appeared to increase with level of oilfield
disturbance. These species are habitat generalists that can tolerate a wide range of habitat conditions (Tinkle, 1967; Heaton
et al., 2006). Similarly, black-tailed jackrabbits were observed on all of the treatment plots during the course of the study
and may have been more abundant in highly disturbed areas, based on camera station surveys. As discussed previously,
dense patches of shrubs commonly are present in disturbed areas due to runoff and pooling of water during rain events.
Jackrabbits in this region rely on shrubs for food and cover (Warrick and Cypher, 1998; Nelson et al., 2007). Coyotes also
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appeared to increase in abundance with level of oilfield development. This could have been in response to the increased
abundance of jackrabbits and small mammals, which are primary prey items for coyotes in this region (Cypher et al., 1994;
Nelson et al., 2007). Coyotes also are opportunistic and may benefit from anthropogenic food sources (e.g., trash) present in
oilfield areas (Cypher et al., 1994).
Based on our results, native animal and plant species composition in saltbush scrub habitat appears to be profoundly
impacted by oil field disturbance, particularly at higher levels of development. At these higher levels, not only is composition
altered, but native species begin to disappear from the community, particularly special status species that already are at
risk due to range-wide rarity. Exacerbating the situation, non-native or cosmopolitan native species are able to establish in
the community and, in some cases, become dominants. Thus, the ecological community and processes are radically altered
imperiling the integrity and viability of the native ecosystem. Unresolved is whether alterations to natural communities
were a result of the oilfield activities themselves (e.g., facility construction and operation, increased vehicle traffic, noise and
lights, fumes), the resulting loss and fragmentation of habitat, or a combination.
4.2. Conclusions and recommendations
The results of this study suggest that ecological communities in saltbush scrub habitat, particularly species assemblages,
begin to exhibit some changes at medium oil field development levels (ca. 30% habitat disturbance), based on comparison
with control sites. Communities appear to be profoundly altered at high levels of development, where 70% or more of
habitat is disturbed. At high levels of development, vegetation structure and composition are significantly altered, largely
due to habitat fragmentation, increased edge, and the proliferation of non-native species. The presence of oilfield facilities
(e.g., buildings, pumping units, fences), landscape plantings, and water sources (e.g., water line leaks, pooled runoff) further
alter the native habitat structure and create novel niches. These profound changes in habitat attributes result in altered
animal communities. Alterations include the reduced abundance and even absence of some native species, and increased
abundance of generalist species and colonization by non-endemic species. A potential concern is that in addition to sitespecific displacement of endemic species, areas of high development could serve as refugia for non-endemics resulting in
possible adverse impacts to nearby areas of intact natural habitat.
Of particular concern was the absence of some special status species at high levels of oilfield development. These included
Le Conte’s thrashers, short-nosed kangaroo rats, Nelson’s antelope squirrels, and San Joaquin kit foxes. These species already
are rare and additional impacts increase extinction risk. These species clearly are indicator species with their absence
signaling that development levels in a given area have exceeded a threshold such that the ecological community has been
significantly altered. Colonization or establishment of these specialist species could also be useful in assessing the success
of ecological restoration of lands in oilfields. Of some encouragement was the presence of two other special status species,
loggerhead shrikes and badgers, in areas with high levels of oilfield development.
Finally, strategies to reduce habitat impacts should be emphasized and implemented in oilfields in saltbush scrub
habitat. The potential for such impacts could increase significantly, particularly with the expanding use of oil production
enhancement methods, such as well stimulation (e.g., hydraulic fracturing), in the San Joaquin Valley (Feinstein et al.,
2015; Jordan et al., 2015). Impact minimization strategies include siting multiple wells on a single well pad, grouping
facilities together to the extent possible, limiting road building to the minimum necessary, restricting the creation of artificial
water sources, eliminating or controlling non-native plants including landscaping plantings, and conducting environmental
restoration when roads and facilities are no longer in use. Many of these practices are becoming more common as best
management practices in developing oilfields (Feinstein et al., 2015).
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Cymric Incident Update 10/11/19

Cleanup is now complete
at the site of a surface expression of water and oil at the Cymric 1Y Oil Field in Kern County.
The Uniﬁed Command overseeing the response agreed on cleanup endpoints proposed by scientists
from the California Department of Fish and Wildlife’s Oﬃce of Spill Prevention and Response (OSPR).
The site inspections included visual observations and comprehensive drone observations of the dry
streambed impacted by the incident.
An estimated 31,903 barrels (1,339,926 gallons) of ﬂuid (oil and water) was recovered from the site since
May 10, when the surface expression was ﬁrst reported.
A Uniﬁed Command had been established to enact strategies for cleanup and resource protection at the
site. This Command includes representatives from OSPR, the California Department of Conservation’s
Division of Oil, Gas and Geothermal Resources (DOGGR), Kern County Public Health Department, and
Chevron.
Wildlife protection measures continued at the site until all visible oil was removed. Four oiled birds,
(three barn owls and a lesser nighthawk) were recovered over the course of the response and did not
survive.
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Cymric Incident update 10/4/19

Cleanup is nearly
complete at the site of a surface expression of oil and water in Kern County. OSPR scientists are working
with the Uniﬁed Command to develop cleanup endpoints and drone ﬂights are ongoing to help in these
https://calspillwatch.wordpress.com/tag/cymric-oil-field-incident/
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assessments.
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Cymric Incident Update 10/1/19

Excavators worked today
to remove oiled sediment surrounding a surface expression that previously discharged oil and water
into a dry streambed in Kern County.
Much of the site has now been cleaned, and OSPR scientists are conducting ongoing assessments to
develop ﬁnal cleanup endpoints.
The scientists are also continuing regular drone ﬂights to provide detailed environmental analysis of the
site.
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Cymric Incident Update 9/25/19

Biological monitors remain onsite as cleanup continues. The monitors observed an oiled barn owl in the
expression yesterday, which was recovered and did not survive. Previously, two other barn owls (9/16)
and a lesser nighthawk (8/14) had been collected oiled and did not survive.
The Oiled Wildlife Care Network remains engaged in the response and methods to deter wildlife from
the area will continue.
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Cymric Incident Update 9/20/19

Excavators moved in today to begin cleaning up the ﬁnal section of the Kern County dry creek bed
impacted by a surface expression of oil and water. Cleanup in the section had been suspended since last
month while engineers tested wells in the vicinity to determine the cause of the incident. Well testing
will continue, but at a minimum of 600 feet from the excavation site.
Biological monitors will be onsite full time during active remediation operations. Wildlife hazing
measures to deter wildlife from the area continue. The hazing program is modiﬁed weekly to optimize
eﬀectiveness and to avoid habituation by wildlife in the area. To date, two barn owls and a lesser
nighthawk, have been discovered oiled. All were recovered and treated by veterinarians but none
survived.
OSPR is also continuing weekly drone ﬂights to survey inaccessible areas and generate detailed
mapping data for the ongoing response.
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Cymric Incident Update 9/16/19

Two live barn owls were
observed in the expression oil today by a biological monitor during a morning survey. The owls were
recovered and transported by OSPR to the Paciﬁc Wildlife Care facility in Morro Bay, under the
guidance of the Oiled Wildlife Care Network.
Cymric Oil Field Incident
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Cymric Incident Update 9/14/19

Crews continue to
monitor the site of a surface expression of oil and water in Kern County, while engineers continue
testing wells in the vicinity to determine the cause of the ﬂow.
At this time, cleanup eﬀorts in one section of the site are limited pending completion of the diagnostic
work. In the meantime, solids and liquids continue to be handled for disposal.
Biological monitors continue to observe the site twice daily. Wildlife hazing measures to deter wildlife
from the area (including propane cannons) continue, and are adjusted to optimize eﬀectiveness and to
avoid habituation by wildlife in the area. Staﬀ from the Oiled Wildlife Care Network are also on-site
supporting operations. To date, one bird, a lesser nighthawk, was discovered oiled and did not survive.
OSPR is also conducting weekly drone ﬂights to survey inaccessible areas and generate detailed
mapping data for the ongoing response.
These photos from Sept. 11 show cleanup progress at the site.
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Cymric Incident Update 8/31/19

Diagnostic work continues on wells in vicinity of a surface expression of oil and water in Kern County,
in search of the cause of the expression.
At this time, cleanup eﬀorts in one section of the site are limited pending completion of the diagnostic
work. In the meantime, solid and liquids continue to be taken to disposal for handling.
OSPR scientists are continuing daily operations to deter wildlife from the site. To date, one bird, a lesser
nighthawk was discovered oiled and did not survive.
These photos from last week show cleanup progress at the site. The ﬁrst one is a drone composite map of
more than 800 individual photos, taken 200 feet above. The second photo shows the yet to be cleaned
section, and the site of an expression.
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Cymric Incident Update 8/15/19
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Cymric Incident Update:
Crews are conducting diagnostic testing of wells in vicinity of a surface expression of oil and water in
Kern County.
OSPR scientists signed oﬀ on cleanup for about 50 percent of the site last week. Further cleanup will
continue following well testing.
An oiled bird, a lesser nighthawk, was recovered from the site on August 14. It was transported to a
wildlife care center where it later had to be euthanized. No other oiled wildlife have been observed and
hazing techniques are still being used to deter birds and other animals from the site.
There has been no ﬂow of oil or water since August 2. As of August 8, the amount recovered is 31,903
barrels (1,339,926 gallons), with the ﬂuid ratio being 30 percent oil & 70 percent water.
Cymric Oil Field Incident

Posted on August 8, 2019August 8, 2019  ׀by osprpio  ׀Press Release

Cymric Incident Update 8/7/19

Cleanup continues at the
site of a surface expression of oil and water in Kern County. Cleanup has been completed for about 51
percent of the impacted area, and OSPR staﬀ are expected to sign oﬀ on cleanup endpoints for four
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sections of the site this week. As of Aug. 6, approximately 31,980 barrels (1,339,800 gallons) of oil and
water (30% oil & 70% water) has been recovered. The last ﬂow of oil and water was observed August 2.

Cal OES reports
The ﬁrst surface expression associated with this incident was reported to OES on May 10 and notice of
this incident was posted that day on OES’ Emergency Warning Center website. Additional updates were
reported to OES and posted on the Emergency Warning Center website in June and July as additional
surface expressions occurred at the site. Cal OES reports are located at:
Cal OES Cymric Surface Expression 19-3668
(h ps://w3.calema.ca.gov/operational/malhaz.nsf/f1841a103c102734882563e200760c4a/2942220d63bc455a8
OpenDocument&Highlight=0,19-3668%20)(Search 19-3668 for June 8, 2019; June 23, 2019; July 17, 2019
releases; July 24, 2019; July 29, 2019 reports)
Cal OES Cymric Surface Expression 19-3040
(h ps://w3.calema.ca.gov/operational/malhaz.nsf/f1841a103c102734882563e200760c4a/cc26f7c9b78bd3518
OpenDocument)
(Search 19-3040 for May 10, 2019 release)
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a b s t r a c t
In the last decade, unconventional drilling for natural gas from the Marcellus-Utica shale has increased exponentially in the central Appalachians. This heavily forested region contains important breeding habitat for many neotropical migratory songbirds, including several species of conservation concern. Our goal was to examine effects
of unconventional gas development on forest habitat and breeding songbirds at a predominantly forested site
from 2008 to 2015. Construction of gas well pads and infrastructure (e.g., roads, pipelines) contributed to an
overall 4.5% loss in forest cover at the site, a 12.4% loss in core forest, and a 51.7% increase in forest edge density.
We evaluated the relationship between land-cover metrics and species richness within three avian guilds: forestinterior, early-successional, and synanthropic, in addition to abundances of 21 focal species. Land-cover impacts
were evaluated at two spatial extents: a point-level within 100-m and 500-m buffers of each avian survey station,
and a landscape-level across the study area (4326 ha). Although we observed variability in species-speciﬁc responses, we found distinct trends in long-term response among the three avian guilds. Forest-interior guild richness declined at all points across the site and at points impacted within 100 m by shale gas but did not change at
unimpacted points. Early-successional and synanthropic guild richness increased at all points and at impacted
points. Our results suggest that shale gas development has the potential to fragment regional forests and alter
avian communities, and that efforts to minimize new development in core forests will reduce negative impacts
to forest dependent species.
© 2016 Elsevier Ltd. All rights reserved.

1. Introduction
The combined use of advanced horizontal drilling techniques and highvolume hydraulic fracturing (i.e., fracking) has increased access to large reserves of unconventional gas trapped in deep shale formations, which were
previously considered inaccessible and uneconomical (Johnson et al.,
2010). In contrast with conventional drilling for shallow gas deposits, unconventional gas development occurs at a much larger scale both in
terms of land use and water consumption (Brittingham et al., 2014).
Spurred by technological advances and energy demands, the rapid expansion of drilling for unconventional gas has largely outpaced research on potential environmental and biotic impacts in the United States (Kiviat, 2013;
Souther et al., 2014) and in other countries (EIA, 2015).
Over the last decade, unconventional drilling for natural gas from the
Marcellus-Utica shale has increased exponentially in the central Appalachian region (EIA, 2012), with 111 wells on the landscape in 2005, and
approximately 14,022 wells by the end of 2015 (MCOR, 2016). While
⁎ Corresponding author.
E-mail address: lsfarwell@mix.wvu.edu (L.S. Farwell).
1
Current address: Department of Biology, Delaware Valley University, Doylestown, PA,
USA.
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drilling in the Marcellus-Utica region has occurred in both forested
and agricultural landscapes, the majority of future wells are projected
to be drilled on forested lands, many of which lie in large areas of undisturbed forest (Johnson et al., 2010). The rapid expansion of shale gas
wells and extensive linear infrastructure (roads and pipelines) has the
potential to reduce regional forest cover and to leave remaining forests
heavily fragmented (Drohan et al., 2012).
The Marcellus-Utica region is an area also known for its mature forests and diverse ﬂora and fauna (Hinkle et al., 1993). It is considered a
key conservation area for forest songbirds, and comprises important
breeding habitat for many neotropical migrants, including several species of conservation concern (AMJV, 2015). Forest loss and fragmentation pose serious threats to biodiversity (Pimm and Askins, 1995;
Collinge, 1996; Brooks et al., 2002), and are considered major drivers
of population declines of forest birds (Robinson et al., 1995; Boulinier
et al., 2001). There is growing concern that the rapid expansion of
shale gas development will increase impacts of forest loss and fragmentation on breeding birds in the Marcellus-Utica region, particularly in
previously intact forests (Kiviat, 2013; Brittingham et al., 2014). In addition to the direct impacts of deforestation, fragmentation, large-scale
freshwater consumption (3–5 million gallons per well), increased impervious surfaces, and noise and light pollution, unconventional gas
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development poses potential secondary impacts on forest ecosystems
and wildlife, including soil and water contamination, sedimentation of
streams, increased human activity, and altered biotic communities and
interactions (Kiviat, 2013; Souther et al., 2014), all of which may have
auxiliary effects on avian assemblages.
Terrestrial birds are often used to assess how complex communities
respond to human-modiﬁed landscapes, and are effective biological indicators of environmental degradation (Bradford et al., 1999; O'Connell
et al., 2000). Birds also exhibit a wide range of habitat associations and
space-use behaviors, and can reveal a diversity of responses to land
use change (Leonard et al., 2008). To date, few studies have directly
quantiﬁed impacts of unconventional oil and gas development on
birds, and even fewer have focused on effects of forest disturbance associated with unconventional gas development on birds. In the boreal forests of Alberta, Canada, ovenbirds exhibited a threshold response to
seismic line density and their territories did not cross seismic lines
(Bayne et al., 2005; see Table 1 for scientiﬁc names of all species), and
abundance of forest songbirds decreased near active compressor stations (Bayne et al., 2008). Other studies of unconventional oil and gas
impacts on birds have primarily occurred in the western U.S., with a
focus on sagebrush obligate species (Gilbert and Chalfoun, 2011;
Blickley and Patricelli, 2012; Mutter et al., 2015), grassland birds
(Thompson et al., 2015), and noise impacts of compressor stations in
northwestern New Mexico (Francis et al., 2009, 2011). While there
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has been an increase in interest and research on the effects of unconventional oil and gas development on birds and other wildlife in the eastern
U.S., this method of extraction is still relatively new in the region and
much is still unknown about region-speciﬁc effects on forest ecosystems
(Kiviat, 2013; Souther et al., 2014).
We monitored annual breeding bird abundances and changes in
land cover associated with shale gas development at a long-term
study site in northern West Virginia, to evaluate potential biological impacts. The speciﬁc objectives of our study were to (1) quantify the effects of shale gas development on forest cover at the site, both in
terms of forest loss and fragmentation, and (2) determine if changes
in species richness and relative abundance of songbirds reﬂect sensitivity to forest disturbance associated with unconventional gas development. Quantifying how breeding songbirds respond to this changing
landscape is a valuable ﬁrst step in developing spatially explicit management strategies to mitigate potential negative effects of ongoing unconventional gas development in forested landscapes.
2. Methods
2.1. Study area
Lewis Wetzel Wildlife Management Area (LWWMA) overlays the
Marcellus and Utica shale gas basins in northwestern West Virginia

Table 1
Passerines and near-passerines surveyed at Lewis Wetzel Wildlife Management Area, West Virginia, from 2008–2015. Species were categorized into three guilds impacted by anthropogenic disturbance: forest interior, early successional, and synanthropic species. Birds with no assigned guild were excluded from analyses. Priority conservation species are shown in bold.
Forest interior

Early successional

Synanthropic

No assigned guild

Acadian ﬂycatcher1
Empidonax virescens
American redstart
Setophaga ruticilla
Black-and-white warbler1
Mniotilta varia
Black-throated green warbler
Setophaga virens
Blue-headed vireo
Vireo solitarius
Brown creeper
Certhia americana
Cerulean warbler1,2,3
Setophaga cerulea
Eastern wood peewee1
Contopus virens
Hairy woodpecker
Picoides villosus
Hooded warbler1
Setophaga citrina
Kentucky warbler1,2
Geothlypis formosa
Louisiana waterthrush1
Parkesia motacilla
Ovenbird
Seiurus aurocapilla
Pileated woodpecker
Dryocopus pileatus
Red-eyed vireo
Vireo olivaceus
Rose-breasted grosbeak
Pheucticus ludovicianus
Scarlet tanager1
Piranga olivacea
Wood thrush1,2
Hylocichla mustelina
Worm-eating warbler1,2
Helmitheros vermivorum
Yellow-throated warbler1
Setophaga dominica

Brown thrasher1
Toxostoma rufum
Blue-winged warbler1,2
Vermivora cyanoptera
Common yellowthroat
Geothlypis trichas
Eastern bluebird
Sialia sialis
Eastern towhee1
Pipilo erythrophthalmus
Field sparrow1
Spizella pusilla
Golden-winged warbler1,2,3
Vermivora chrysoptera
Gray catbird
Dumetella carolinensis
Indigo bunting1
Passerina cyanea
Orchard oriole
Icterus spurius
Prairie warbler1,2
Setophaga discolor
White-eyed vireo
Vireo griseus
Willow ﬂycatcher
Empidonax traillii
Yellow-breasted chat1
Icteria virens

American goldﬁnch
Spinus tristis
American robin
Turdus migratorius
Baltimore oriole
Icterus galbula
Blue jay
Cyanocitta cristata
Brown-headed cowbird
Molothrus ater
Carolina wren
Thryothorus ludovicianus
Chipping sparrow
Spizella passerina
Eastern phoebe
Sayornis phoebe
European starling
Sturnus vulgaris
Mourning dove
Zenaida macroura
Northern cardinal
Cardinalis cardinalis
Song sparrow
Melospiza melodia

Black-billed cuckoo
Coccyzus erythropthalmus
Blue-gray gnatcatcher
Polioptila caerulea
Carolina chickadee
Poecile carolinensis
Cedar waxwing
Bombycilla cedrorum
Downy woodpecker
Picoides pubescens
Great-crested ﬂycatcher
Myiarchus crinitus
Northern ﬂicker
Colaptes auratus
Northern parula
Setophaga americana
Red-bellied woodpecker
Melanerpes carolinus
Ruby-throated hummingbird
Archilochus colubris
Summer tanager
Piranga rubra
Tufted titmouse
Baeolophus bicolor
White-breasted nuthatch
Sitta carolinensis
Yellow warbler
Setophaga petechia
Yellow-billed cuckoo
Coccyzus americanus
Yellow-throated vireo
Vireo ﬂavifrons

1
2
3

Appalachian Mountains Joint Venture Conservation Priority Species (AMJV, 2015).
USFWS Birds of Conservation Concern, National List (USFWS, 2008).
IUCN Red List Species (IUCN, 2015).
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(Fig. 1). The site lies in the Permian Hills subdivision of the Western Allegheny Plateau ecoregion, and covers 6521 ha. The Permian Hills are
known for their rugged topography, characterized by steep ridges and
narrow stream valleys. The site is predominantly forested with mature,
second-growth Appalachian oak and mixed mesophytic forests, with elevations of 221–480 m.
The ﬁrst unconventional gas well at the study site was developed in
2007, with gas production rising dramatically at LWWMA and the surrounding region from 2008 to 2015 (WVGES, 2015). The site also has
a history of conventional oil and gas development; however, we excluded from our study the 2195-ha section of LWWMA that contains the
majority of older, shallow gas wells at the site. We focused on the remaining two-thirds of the LWWMA (4326 ha), which also contains
older and narrow forest access roads, a powerline right-of-way, small
openings maintained for wildlife, and recent timber harvests, most of
which were present at the beginning of the study. Unconventional gas

development activities included removal of timber for new drilling
sites, the building of well pads, widening of existing roads and pipelines,
and construction of new roads and pipelines (we refer to all of these unconventional gas development activities as “shale gas” throughout the
rest of the paper). Shale gas related activities resulted in the majority
of forest loss and fragmentation over the study period (see Results section). At the start of the study in 2008, the site was 95.3% forested.
2.2. Land cover mapping and derivation of landscape metrics
We manually digitized annual changes in forest cover from 2008 to
2015, using a sequence of leaf-off and leaf-on aerial imagery (WV
SAMB 2003, NAIP 2007, NAIP 2011, NAIP 2014) and satellite imagery
(Landsat 7, Quickbird 2009; see Appendix A for a list of image sources),
as well as personal knowledge of disturbance events at the site. We
accessed public gas well records (WVDEP, 2015) to verify target shale

Fig. 1. Star represents location of study site (Lewis Wetzel Wildlife Management Area, West Virginia) in relation to the Marcellus shale formation, shaded in gray (from U.S. Energy
Information Administration, updated 2/8/2015: http://www.eia.gov). Lower inset shows locations of 142 point count locations (black dots) within the extent of the focal study area
(shown in white). Locations of completed unconventional shale gas wells (black crosses) at the study site and surrounding area are also shown (from West Virginia Geological and
Economic Survey, updated 11/2015: http://www.wvgs.wvnet.edu).
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formations and drilling start dates. We digitally mapped all impacts
using a GIS (Fig. 2), then speciﬁed which breeding seasons were affected
and whether each impact was related to shale gas (well pads, new or
widening of roads and pipelines) or unrelated (even-aged timber harvests). Pre-existing impacts were also digitized and classiﬁed, and
were treated as baseline disturbance. Three partial harvests (113 ha
combined total) that occurred prior to 2008 were classed as baseline
forest rather than harvests because most of the canopy trees were
retained, which generally results in relatively minimal changes to this
forest bird community (Sheehan et al., 2014).
We converted annual vector maps to 1-m resolution raster land
cover grids, and used FRAGSTATS v.4 (McGarigal et al., 2012) to assess
site-wide changes in annual land cover and forest edge density. We calculated the percent of the study site covered in forest, shale gas, evenaged timber harvests, and core forest (areas of forest N 100 m from
any forest edge). We selected a 100-m depth of edge based on its widespread use to quantify edge inﬂuence (Robbins et al., 1989; Howell et al.,
2007; Johnson et al., 2010; Drohan et al., 2012; Becker et al., 2015). Lastly, we calculated forest edge density, or the aggregate lengths of all forest edges (m) divided by the total landscape area (ha). Because forest
edges associated with timber harvests have lower structural contrast
and fewer negative effects on area-sensitive species in forested landscapes than other, more static types of edge (Schmiegelow et al.,
1997; Hansen and Rotella, 2000), we weighted forest edges with harvests at 0.5, and all other types of forest edge (primarily with shale
gas) at 1.0, following McGarigal (2015) and previous studies (Rempel
et al., 2007; Purcell et al., 2012). For core area and edge density calculations, artiﬁcial edges created by the study area boundary were excluded.
To evaluate both the effects of local patch characteristics and landscape context on avian responses at the point-level, we selected two
spatial extents for land cover metrics. We used a 100-m radius area
(3.14 ha) to represent a local extent surrounding each survey point,
and a 500-m radius area (78.5 ha) to represent a neighborhood or intermediate landscape extent (Desrochers et al., 2010). At the 100-m extent, we selected forest edge density (Edge100 m) as a measure of local
forest fragmentation, and percent of landscape occupied by shale gas
and infrastructure (pGAS100 m) as a measure of local forest loss directly
associated with the footprint of shale gas. At the 500-m extent, we selected percent forest cover (pFOR500 m) as a measure of broader forest
context. We selected these landscape metrics to assess whether species
appear to respond more strongly to forest conﬁguration and gas impacts
at a local scale or to overall forest cover at a broader spatial extent
(Wiens et al., 1997; Smith et al., 2011).
We used overlapping, concentric circles (i.e., non-independent) primarily because we were not interested in bird responses at two independent distances from each survey, but rather across entire
landscapes within two spatial extents (Desrochers et al., 2010). There
was also minimal overlap in area; the smaller 3.14 ha circle overlapped
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only 4% of the larger 78.5 radius circle. We assessed collinearity among
all three landscape metrics with pairwise Pearson correlations, since
measures of habitat fragmentation are frequently correlated with measures of habitat amount, even across scales (Fahrig, 2003; Battin and
Lawler, 2006). Our values were ± 0.43–0.47, below a cut-off of ± 0.5
suggested as an indicator of high collinearity (Booth et al., 1994). We
also examined variance inﬂation factors (VIFs) for the three landscape
metrics using the package ‘car’ (Fox and Weisberg, 2011) in program
R version 3.1.1 (R Core Team, 2014). Iterative addition of individual variables to generalized linear models did not cause marked increases in
VIFs of other model variables, and all three landscape metrics maintained VIFs below 1.5 in all models, indicating they can be evaluated
as non-proxy variables in subsequent analyses (Booth et al., 1994;
Zuur et al., 2009).
2.3. Point count surveys
During 2008–2015, we conducted avian point count surveys (Bibby
et al., 1992) at 142 sampling points placed systematically throughout
the study area (Fig. 1); 87 points were along ridges and 55 points
along 50.4 km of 1st- and 2nd-order tributary streams. To minimize
counting individual birds at more than one station, we placed points a
minimum distance of 250 m apart.
Observers conducted 10-minute surveys at each point, recording all
birds detected by sight or sound. We conducted two surveys at each
point from mid-May to late June annually, between sunrise and 4 h
after sunrise to coincide with peak singing activity (Ralph et al., 1995).
Surveys were not conducted when wind or environmental conditions
interfered with audibility or visibility of birds. If there was active drilling
or construction near a survey point, we resurveyed on a subsequent day
when activity had stopped or subsided. There was only one point in
2014 that we were unable to survey due to constant shale gas noise interference. We conducted a total of 2270 surveys from 2008 to 2015,
and used maximum detections at each point from within-year visits in
analyses (n = 1135).
Detections were recorded in 7 time intervals (0–2, N2–3, N 3–4,
N4–5, N5–6, N 6–7, N7–10 min) and four distance intervals (0–25 m,
N25–50 m, N50–100 m, N100 m), to allow for estimation of detection
probabilities using a combined time removal and distance sampling approach (Sólymos et al., 2013), and to allow for comparison with other
studies (Ralph et al., 1995). Multiple observers conducted surveys
each year of the study with observer overlap between years; 5 of 29 observers completed 61.5% of counts. All observers were experienced in
bird identiﬁcation and distance estimation and also completed training
in both prior to conducting counts. We varied the order in which stations were visited and the observers conducting surveys over withinseason visits, to minimize any systematic biases due to time of day
and observer skill.

Fig. 2. Example of land cover disturbance associated with unconventional shale gas development. (a) Aerial photo of forest before development (National Agriculture Imagery Program,
2009); (b) following development of shale gas well pad and surrounding infrastructure (National Agriculture Imagery Program, 2014); (c) with spatially explicit digitization of disturbance
features overlaid in white. Note expansion of pre-existing forest roads. Black dots inside white circles represent avian point count locations.
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2.4. Detection probability
To account for species-speciﬁc differences in detection probabilities,
we used the QPAD approach (Sólymos et al., 2013), which combines
time removal and distance sampling methods to estimate p (availability) and q (perceptibility). The approach provides conditional maximum
likelihood estimates for the two components of detectability, and accounts for detection error using survey-speciﬁc covariates likely to affect abundance and detection (Sólymos et al., 2013).
We included serial date, time since sunrise, and quadratic terms of
each as survey-speciﬁc covariates of availability, since numbers of
birds singing and rates of singing are inﬂuenced by time of day and survey date (Ralph et al., 1995). We included observer as a survey-speciﬁc
covariate of perceptibility to account for potential differences in observer skill, as well as percent forest cover within 100 m because foliage affects amplitude reduction, with sounds attenuating at shorter distances
in forested settings (Huisman and Attenborough, 1991). Percent forest
cover within 100 m of each sample point was calculated using our 1m resolution annual land cover grids and FRAGSTATS v.4 (McGarigal
et al., 2012).
We used the package ‘detect’ (Sólymos et al., 2016) in program R
version 3.1.1 (R Core Team, 2014) to calculate species-speciﬁc detection
probabilities based on maximum detections from two within-year
visits, during 10 min surveys (7 time intervals) and within a 50-m radius (2 distance intervals). Although using the maximum count at a point
within a season helps to reduce observer effects and false zeros, we used
counts within a 50-m radius to further minimize observer effects (Ralph
et al., 1995) and potential inconsistencies in distance estimation
(Alldredge et al., 2007). We ﬁt count data for each species to nine removal and four distance models (including intercept only models; see
Appendix B for full models). The best-ﬁtting models for each species
were then used to calculate custom offsets to account for detectability
in subsequent analyses (see Data analysis section).
2.5. Avian guilds and focal species
To test general trends in avian community response to changes in
land cover associated with shale gas, we classiﬁed birds a priori into
three habitat guilds of interest (Table 1) based on breeding biology of
regional bird species (Ehrlich et al., 1988) and previous guild studies
from the region (Whitcomb et al., 1981; O'Connell et al., 2000;
McDermott and Wood, 2009; Thomas et al., 2014). Forest interior
birds (n = 20) were species most commonly found in large tracts of mature forest in the region; this included species associated with small
openings and canopy gaps within core forests. Early successional birds
(n = 14) were species associated with young forests, recently disturbed
edges, and areas dominated by shrubby, heterogeneous vegetation.
Synanthropic birds (n = 13) were species that exhibit a symbiotic relationship with humans, and are known to capitalize on increased resources associated with human disturbance (Johnston, 2001; Marzluff,
2005).
For analyses, we excluded non-breeding migrants, species detected
only once during the eight-year study, and birds not adequately sampled by point counts (i.e., gamebirds and other non-passerines, primarily aerial species such as swallows, and species that range over large
areas, such as raptors, crows, and ravens). Of the remaining 62 passerine
and near-passerine species detected, 74% were classiﬁed into guilds; the
remaining 26% did not ﬁt clearly into any of the three guilds of interest,
and were omitted from further analysis (Table 1). We modeled guild
species richness as a community-level measure of response to land
cover metrics, based on the total number of species detected at each
point across two within-year visits.
We also examined responses of 21 focal species to shale gas. We selected our focal species from among the most commonly detected, to
ensure sufﬁcient abundance to test for a response across disturbance
gradients. We also selected species to represent a range of resource

needs and space-use behaviors. We included eleven forest interior
(Table 3), ﬁve early successional, and ﬁve synanthropic species
(Table 4); more forest birds were included due to conservation concern
about impacts of shale gas on area-sensitive, forest interior dependent
species in the Marcellus-Utica region (Kiviat, 2013; Brittingham et al.,
2014). Of the eleven forest interior birds selected, eight are listed as regional conservation priority species by the Appalachian Mountains Joint
Venture (AMJV, 2015), four are birds of conservation concern on the U.S.
Fish and Wildlife Service National List (USFWS, 2008), and one species,
the cerulean warbler, is a focal species of high conservation priority and
is also listed as vulnerable on the IUCN Red List (IUCN, 2015; see
Table 1). We used abundance per point per year as a measure of each
focal species response, based on maximum detections from withinyear visits corrected for detection probabilities.
2.6. Data analysis
To evaluate general trends in land cover change at the site across the
eight-year study, we modeled annual site-wide land cover metrics (percent forest cover, percent core forest, percent shale gas cover, and forest
edge density) using Gaussian generalized linear models (GLMs). We
also used GLMs with a Poisson distribution and a log link to evaluate
three general trends in guild species richness and cerulean warbler
abundance: (1) across all points over time, (2) only at points impacted
by shale gas disturbance at a local extent (pGAS100 m N 0), and (3) only
at unimpacted points (pGAS100 m = 0). We considered differences signiﬁcant at p ≤ 0.10. Use of a higher alpha level is justiﬁed when studying
conservation issues to avoid making a Type II error (Askins et al., 1990).
For ease of graphical interpretation, we plotted line graphs of site-wide
land cover metrics by year, as well as annual averages of guild species
richness and cerulean warbler abundance at impacted versus
unimpacted points, over time. We plotted best-ﬁt linear trend lines on
each graph to simply illustrate the general slope and direction of longterm trends, using ordinary least squares regression
To relate avian responses directly to point-level land cover metrics
(Edge100 m, pGAS100 m, pFOR500 m), we used generalized linear mixed
models (GLMMs) with a Poisson distribution and a log link. We included year and point as random effects to account for variation associated
with repeated measures over space and time (Zuur et al., 2009). Logarithms of correction factors for detection error were applied as offsets
in count models for focal species (Sólymos et al., 2013). Before
conducting statistical analyses, we evaluated our data and found they
were neither overdispersed nor zero-inﬂated (Zuur et al., 2010). Blue
jay counts were the single exception, with slight zero-inﬂation. After
comparing log-likelihood ratios for Poisson, zero-inﬂated Poisson, and
negative binomial blue jay models, we found the Poisson model was
the best ﬁt. For all species, we initially modeled both linear and quadratic terms of land cover metrics to evaluate potential linear and nonlinear
responses. However, inclusion of quadratic terms increased model nonconvergence, resulted in higher model AICc scores for the majority of
species, and we found evidence of linear responses in the few species
that also showed a quadratic response. Thus, we included only linear
terms in ﬁnal models.
Lastly, we used Akaike's information criterion with a second-order
bias correction (AICc) to evaluate and summarize GLMM results. Because our intent was to determine which point-level land cover metrics
exerted the most inﬂuence on guild species richness and focal species
abundances, and not to rank individual models or ﬁnd the “best”
model, we used a model-averaging approach (Burnham and
Anderson, 1998; Mazerolle, 2006). We calculated model-averaged parameter estimates and 85% unconditional conﬁdence intervals
(Arnold, 2010), and determined the relative importance of each landscape metric by summing the AICc weights across the models containing
that term in the full model set (Burnham and Anderson, 1998).
Data exploration and statistical analyses were performed in R version 3.1.1 (R Core Team, 2014). We used the package “lme4” (Bates
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et al., 2015) for GLMMs, “glmmADMB” (Skaug et al., 2006) for testing a
zero-inﬂated Poisson GLMM for blue jays, and “AICcmodavg”
(Mazerolle, 2016) for calculating AICc values, model averaged parameter estimates, and relative importance values.
3. Results
3.1. Land cover change
Forest cover decreased across the study area by 4.5% (193.4 ha),
dropping from 95.3% forest cover in 2008 to 90.8% in 2015, and had a
consistent negative trend over the eight-year period (Fig. 3a; F1,6 =
54.11, p b 0.001). The total amount of core forest area at the site decreased by 12.4% (533.7 ha), dropping from 66.1% in 2008 to 53.7% in
2015 (Fig. 3b; F1,6 = 81.84, p b 0.001). At the same time, we observed
a 51.7% increase in forest edge density, which expanded from 36.0 m/
ha in 2008 to 54.7 m/ha in 2015 (Fig. 3c; F1,6 = 71.71, p b 0.001).
Site-wide annual increases in forest loss and fragmentation were
largely due to shale gas, which increased from 0.4% cover in 2008 to
3.9% of total land cover in 2015 (Fig. 3d; F1,6 = 95.40, p b 0.001). Linear
features comprised the majority of gas-related development at the site,
with pipelines and access roads altering 2.4% of total land cover in 2015.
Drilling sites for gas wells (well pads, ﬂuid impoundments, storage
areas, and associated buffers) made up the remaining 1.5% of shale gas
disturbance. Although some new shale gas development overlapped
or expanded pre-existing disturbances (e.g., older forest roads, ﬁelds,
timber cuts), 83.1% of shale gas development at the site resulted in direct loss of forest. The site also experienced a 1.5% increase in area impacted by timber harvests, which occurred between the 2010 and
2011 breeding seasons, and consisted of moderate intensity harvests
with green-tree retention which did not result in complete loss of canopy cover.
At the point level, the percentage of point count locations directly
impacted by the footprint of shale gas within 100 m (pGAS100 m N 0)
rose by 31.0%, increasing from 12.0% of points (n = 17) impacted in
2008, 21.8% (n = 31) in 2009 and 2010, 26.8% (n = 38) in 2011,
33.8% (n = 48) in 2012, 40.8% (n = 58) in 2013 and 2014, and ending
with 43.0% of points (n = 61) impacted in 2015. In contrast, the percentage of points directly impacted by even-aged timber harvests within 100 m rose by 3.6%, increasing from 7.0% of points (n = 10) impacted
in 2008 to 10.6% of points (n = 15) impacted in 2015.
3.2. Avian guild responses
We observed some year-to-year variation in landscape-level trends
of guild species richness over the eight-year study (Fig. 4). However, despite inter-annual variability, all three guilds showed distinct patterns of
long-term response across the study site.
Forest interior guild species richness decreased over time across all
points (χ2(1,N = 1135) = 2.74, p = 0.098) and at points impacted by
shale gas within 100 m (Fig. 4a; χ2(1,N = 341) = 18.45, p b 0.001), but
did not change at points unimpacted by shale gas (χ2(1,N = 794) =
1.16, p = 0.28). During the ﬁrst three years of the study (2008–2010),
we detected higher forest interior species richness at points impacted
by shale gas; however this trend reversed in 2011, with consistently
fewer forest interior species detected at impacted points during
2011–2015.
Conversely, early successional guild species richness increased over
time across all points (χ2(1,N = 1135) = 12.10, p b 0.001), and at points
impacted by shale gas within 100 m (Fig. 4b; χ2(1,N = 341) = 8.42,
p = 0.004), but did not change at points unimpacted by shale gas
(χ2(1,N = 794) = 0.39, p = 0.53). The early successional guild had consistently higher richness at points impacted by shale gas compared to
unimpacted points, across years.
Synanthropic guild species richness also signiﬁcantly increased over
time across all points (χ2(1,N = 1135) = 41.63, p b 0.001) and at points

Fig. 3. Line graphs illustrating site-wide changes in land cover at the study area from 2008
to 2015: (a) percent forest cover; (b) percent core forest cover, (c) forest edge density in
m/ha, and (d) percent of the landscape disturbed by shale gas development (dotted lines
are linear trends obtained from ordinary least squares regression).

impacted by shale gas (Fig. 4c; χ2(1,N = 341) = 24.54, p b 0.001), but
did not show a signiﬁcant change at points unimpacted by shale gas
(χ2(1,N = 794) = 0.39, p = 0.53). The synanthropic guild also had consistently higher species richness at impacted points than at unimpacted
points.
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Conversely, early successional guild species richness showed a
strong positive response to edge density at a local extent and it was
the most important predictor of species richness, with a relative importance value of 1.00. Importance values for percent forest cover (0.40)
and shale gas cover (0.27) were comparatively low, and conﬁdence intervals for these parameter estimates included zero.
For the synanthropic guild, species richness was positively related to
edge density and shale gas cover at a local extent, and negatively related
to forest cover at a neighborhood extent. All three predictor variables
had similar relative importance values (0.97–0.99).
3.3. Focal species responses
Model-averaged results from GLMMs relating focal species abundances to land cover metrics were generally consistent with overall
guild species richness trends. However, there were clear speciesspeciﬁc differences and variability in responses among guild members,
particularly among forest interior species (Tables 3, 4).
For forest interior focal species (Table 3), four species showed consistent negative responses to shale gas at a local extent, and also had
high relative importance values for shale gas: hooded warbler (0.82),
Kentucky warbler (0.95), red-eyed vireo (0.92), and worm-eating warbler (0.99). There was weaker evidence that Acadian ﬂycatcher,
American redstart, black-and-white warbler, ovenbird, and wood
thrush were negatively impacted by shale gas. Relative importance of
shale gas was low to moderate for these species (0.30–0.52), and conﬁdence intervals for shale gas parameter estimates for these species included zero. Relative importance of forest cover was moderate to high
for ﬁve forest interior species: Kentucky warbler (0.68), ovenbird
(1.00), red-eyed vireo (0.74), scarlet tanager (0.77), and wood thrush

Fig. 4. Line graphs illustrating average annual species richness from 2008 to 2015, at points
impacted by shale gas development within 100 m (“Gas”) and points unimpacted within
100 m (“No Gas”), for species in three habitat guilds: (a) forest interior, (b) early
successional, and (c) synanthropic (dotted lines indicate linear trends obtained from
ordinary least squares regression).

Model-averaged results of GLMMs directly relating guild species
richness to point-level land cover metrics revealed similar trends, with
all three guilds exhibiting distinct patterns of response to predictor variables (Table 2). For the forest interior guild, species richness was negatively related to shale gas cover within a local extent (100 m) and
positively related to forest cover within a neighborhood extent
(500 m). Shale gas was the most important predictor of species richness
with a relative importance value of 1.00, followed closely by percent forest cover (0.94 relative importance). Edge density at a local extent had
comparatively low relative importance (0.28), and conﬁdence intervals
for this parameter estimate included zero.

Table 3
Summary results of GLMMs relating forest interior focal bird abundances and point-level
land cover metrics, after model-averaging. (See Appendix D for full model sets included in
AICc analysis.)

Acadian ﬂycatcher

American redstart

Black-and-white warbler

Cerulean warbler

Hooded warbler

Kentucky warbler
Table 2
Summary results of GLMMs relating avian guild species richness and point-level land cover metrics, after model-averaging. (See Appendix C for full model sets included in AICc
analysis.)
Avian guild

Forest interior guild

Early successional guild

Synanthropic guild

Parameter

Estimate

Conﬁdence
interval⁎

Relative
importance

Edge100 m
pGAS100 m
pFOR500 m
Edge100 m
pGAS100 m
pFOR500 m
Edge100 m
pGAS100 m
pFOR500 m

0.01
−0.08
0.06
0.53
0.002
−0.05
0.25
0.11
−0.11

(−0.02, 0.04)
(−0.11, −0.05)
(0.03, 0.08)
(0.46, 0.61)
(−0.05, 0.05)
(−0.11, 0.02)
(0.20, 0.30)
(0.07, 0.15)
(−0.16, −0.06)

0.28
1.00
0.94
1.00
0.27
0.40
0.99
0.99
0.97

⁎ 85% unconditional conﬁdence intervals provided, following Arnold (2010).

Ovenbird

Red-eyed vireo

Scarlet tanager

Wood thrush

Worm-eating warbler

Parameter

Estimate

Conﬁdence
interval⁎

Relative
importance

Edge100 m
pGAS100 m
pFOR500 m
Edge100 m
pGAS100 m
pFOR500 m
Edge100 m
pGAS100 m
pFOR500 m
Edge100 m
pGAS100 m
pFOR500 m
Edge100 m
pGAS100 m
pFOR500 m
Edge100 m
pGAS100 m
pFOR500 m
Edge100 m
pGAS100 m
pFOR500 m
Edge100 m
pGAS100 m
pFOR500 m
Edge100 m
pGAS100 m
pFOR500 m
Edge100 m
pGAS100 m
pFOR500 m
Edge100 m
pGAS100 m
pFOR500 m

−0.06
−0.19
0.004
0.12
−0.08
0.04
0.05
−0.07
−0.01
0.14
−0.03
−0.04
0.06
−0.11
−0.01
0.28
−0.57
0.28
−0.34
−0.16
0.33
−0.04
−0.11
0.07
−0.01
−0.03
0.09
−0.07
−0.06
0.11
−0.28
−0.65
−0.02

(−0.28, 0.17)
(−0.38, 0.00)
(−0.15, 0.16)
(0.02, 0.22)
(−0.18, 0.02)
(−0.05, 0.12)
(−0.03, 0.12)
(−0.15, 0.02)
(−0.09, 0.06)
(0.03, 0.24)
(−0.13, 0.07)
(−0.14, 0.07)
(−0.02, 0.13)
(−0.19, −0.04)
(−0.08, 0.07)
(0.07, 0.49)
(−0.91, −0.23)
(0.06, 0.51)
(−0.47, −0.21)
(−0.33, 0.01)
(0.2, 0.46)
(−0.09, 0.01)
(−0.17, −0.05)
(0.02, 0.13)
(−0.07, 0.06)
(−0.1, 0.04)
(0.03, 0.16)
(−0.16, 0.02)
(−0.16, 0.03)
(0.02, 0.19)
(−0.49, −0.08)
(−0.99, −0.31)
(−0.19, 0.16)

0.30
0.52
0.28
0.63
0.45
0.31
0.36
0.43
0.28
0.68
0.30
0.30
0.41
0.82
0.28
0.70
0.95
0.68
1.00
0.51
1.00
0.41
0.92
0.74
0.28
0.31
0.77
0.42
0.38
0.62
0.72
0.99
0.27

⁎ 85% unconditional conﬁdence intervals provided, following Arnold (2010).
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Table 4
Summary results of GLMMs relating early successional and synanthropic focal bird abundances and point-level land cover metrics, after model-averaging. (See Appendices E, F for
full model sets included in AICc analysis.)
Parameter
Early successional species:
Blue-winged warbler
Edge100 m
pGAS100 m
pFOR500 m
Common yellowthroat
Edge100 m
pGAS100 m
pFOR500 m
Eastern towhee
Edge100 m
pGAS100 m
pFOR500 m
Field sparrow
Edge100 m
pGAS100 m
pFOR500 m
Indigo bunting
Edge100 m
pGAS100 m
pFOR500 m
Synanthropic species:
American robin

Blue jay

Brown-headed cowbird

Chipping sparrow

Northern cardinal

Edge100 m
pGAS100 m
pFOR500 m
Edge100 m
pGAS100 m
pFOR500 m
Edge100 m
pGAS100 m
pFOR500 m
Edge100 m
pGAS100 m
pFOR500 m
Edge100 m
pGAS100 m
pFOR500 m

Estimate

Conﬁdence
interval⁎

Relative
importance

0.60
−0.31
0.03
1.02
0.07
−0.02
0.26
−0.05
0.03
1.31
0.07
−0.74
0.79
0.06
−0.21

(0.37, 0.84)
(−0.55, −0.07)
(−0.22, 0.28)
(0.84, 1.19)
(−0.05, 0.19)
(−0.18, 0.14)
(0.19, 0.33)
(−0.11, 0.01)
(−0.04, 0.1)
(0.85, 1.77)
(−0.2, 0.34)
(−1.13, −0.35)
(0.66, 0.93)
(−0.03, 0.15)
(−0.33, −0.09)

1.00
0.75
0.28
1.00
0.33
0.27
1.00
0.42
0.31
1.00
0.29
0.92
1.00
0.38
0.89

0.22
0.05
−0.10
−0.33
0.13
0.10
0.61
0.36
−0.20
0.83
0.30
−0.11
0.25
−0.08
−0.02

(0.16, 0.28)
(0.03, 0.08)
(−0.17, −0.02)
(−0.37, −0.29)
(0.11, 0.15)
(0.06, 0.14)
(0.43, 0.79)
(0.25, 0.47)
(−0.35, −0.04)
(0.64, 1.02)
(0.19, 0.4)
(−0.27, 0.04)
(0.18, 0.31)
(−0.17, 0.01)
(−0.05, 0.02)

0.99
0.35
0.54
1.00
0.66
0.40
1.00
1.00
0.65
1.00
1.00
0.38
0.98
0.39
0.28

⁎ 85% unconditional conﬁdence intervals provided, following Arnold (2010).

(0.62), all of which responded positively to percent forest cover at a
neighborhood extent (500 m). Relative importance of edge density
was moderate to high for American redstart (0.63), cerulean warbler
(0.68), and Kentucky warbler (0.70), all of which responded positively
to edges, and ovenbird (1.00) and worm-eating warbler (0.72), both
of which showed negative responses to edge. For Acadian ﬂycatcher
and black-and-white warbler, conﬁdence intervals for all parameter estimates included zero, which suggests the predictor variables either had
no effect or highly variable effects on these two forest interior species.
Cerulean warbler, a forest interior species of high conservation priority
(Table 1), showed an overall 34.8% decline in abundance over the
eight-year study, dropping from an average annual relative abundance
of 0.90 in 2008 to 0.59 in 2015. GLMs of cerulean warbler abundance
over time showed these declines were signiﬁcant across all points
(χ2(1,N = 1135) = 33.08, p b 0.001), at points impacted by gas within
100 m (Fig. 5; χ2(1,N = 341) = 20.93, p b 0.001), and at unimpacted points
(χ2(1,N = 794) = 23.42, p b 0.001).
Among early successional focal species (Table 4), local edge density
was the most important predictor for abundances of all ﬁve species,
which showed positive responses to edge density within 100 m. Forest
cover at a neighborhood extent also had high relative importance values
for ﬁeld sparrow (0.92) and indigo bunting (0.89), both of which
responded negatively to percent forest within 500 m. Shale gas cover
within 100 m was only an important predictor for blue-winged warbler
(0.75), which showed a negative response to shale gas.
For the synanthropic focal species (Table 4), edge density had high
relative importance values for all ﬁve focal species (0.98–1.00), with
American robin, brown-headed cowbird, chipping sparrow, and northern cardinal showing a positive response to edges; blue jay was the
only focal synanthropic species that showed a negative response in

Fig. 5. Line graph illustrating average annual relative abundance of Cerulean Warblers
from 2008 to 2015, at points impacted by shale gas development within 100 m (“Gas”)
and points unimpacted within 100 m (“No Gas”) (dotted lines are linear trends obtained
from ordinary least squares regression).

abundance to edge density. Shale gas was another important predictor
for brown-headed cowbird and chipping sparrow; both had relative importance values of 1.00. These two species, in addition to American
robin and blue jay, showed a positive response in abundance to shale
gas at a local extent. Brown-headed cowbirds, in particular, showed
steep increases; they were detected at 2.1% of points (n = 3) at the
start of the study in 2008, and at 27.5% of points (n = 39) by the end
of the study in 2015. Although percent forest cover within 500 m had
lower relative importance values for synanthropic species compared
with local edge density and shale gas, American robin (0.54) and
brown-headed cowbird (0.65) responded negatively to neighborhood
forest cover, while blue jay (0.40) was the only focal synanthropic species to show a positive response to forest cover.
4. Discussion
As unconventional shale gas development continues to expand in
the Marcellus-Utica shale region, there is a need for increased understanding of potential biological impacts, particularly in core forest
areas. Here we have provided a region-speciﬁc, eight-year case study
of the impacts of shale gas development on predominantly mature forest habitat and breeding songbirds, at a long-term study site in the central Appalachian region.
4.1. Land cover change
Shale gas development altered forest conﬁguration at our study site
over time, primarily through the process of forest fragmentation. The removal of forest cover for drilling pads and new pipelines, in particular,
dissected much of what was previously continuous, uninterrupted
core forest. Although the site only experienced an overall loss of 4.5%
forest cover, the 51.7% increase in edge density and 12.4% loss of core
forest suggest that even at a relatively small footprint of forest removal,
edge effects appear to exacerbate impacts of unconventional shale gas
development on forest ecosystems.
Increasing rates of forest loss and fragmentation associated with
shale gas development are of particular concern in the Marcellus-Utica
region, given that this area contains some of the largest expanses of
core forest remaining in the eastern U.S., and much of the development
is occurring in previously intact forests (Johnson et al., 2010; Drohan
et al., 2012). Preliminary analyses of existing shale gas disturbance combined with projections of future development suggest that shale gas is
already driving substantial land use change, and will continue to significantly alter forested landscapes in the central Appalachian region for
decades to come (Johnson et al., 2010; Drohan et al., 2012; EIA, 2012;
Evans and Kiesecker, 2014). The potential for cumulative effects of multiple anthropogenic disturbances is also high in the central Appalachian
region (Johnson et al., 2010; Kiviat, 2013), due to forest loss associated
with other industries (e.g., agriculture, urban development, silviculture,
coal mining, conventional gas, and wind energy development). Forest
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loss and fragmentation have been implicated in declines of multiple bird
species of conservation concern in Pennsylvania and West Virginia, including wood thrush and cerulean warbler, among others (Wood
et al., 2006; Steele et al., 2010). Species most likely to be at risk are
those with ranges that closely overlap the Marcellus-Utica shale gas
basin, and which are additionally vulnerable due to small population
sizes, restricted ranges, narrow habitat requirements, and/or speciﬁc
sensitivities to disturbance (Johnson et al., 2010, Brittingham et al.,
2014).
Although shale gas comprised the majority of forest disturbance
during our study, a 1.5% increase in area impacted by even-aged timber
harvests also affected forest cover at the site. However, there are several
indications that forest disturbance associated with shale gas was the
main driver of negative impacts to forest interior species. First, few overall points had harvests within 100 m, with only 5 points impacted by
new timber harvests over the eight-year period, compared with 44
points impacted by new shale gas development. Second, the forest interior guild showed declines prior to 2011, the year when new harvests
occurred, and only showed signiﬁcant declines at points impacted by
shale gas within 100 m (Fig. 4a). Lastly, fragmentation generally has
fewer negative effects on forest interior species in landscapes where
regenerating timber harvests form a dynamic mosaic with surrounding
forests, compared with forests interrupted by more permanent disturbances (Schmiegelow et al., 1997; Hansen and Rotella, 2000; Lichstein
et al., 2002). Shale gas well pads are covered with a thick layer of
crushed limestone and compacted gravel to support the weight of
heavy machinery and drilling rigs. Buffer areas surrounding these well
pads and extensive networks of shale gas pipelines are typically seeded
with non-native grasses and clover, and are maintained by mowing
and/or application of herbicides. Thus, shale gas constitutes a relatively
long-term impact on the landscape, given that well pads can be redrilled for multiple well bores, and forest regeneration is suppressed
for the lifespan of active wells. In contrast, timber harvests created less
severe land cover transitions, with retention and regeneration of native
vegetation and in many cases residual trees, post-harvest (Sheehan
et al., 2014).
4.2. Avian response
Although we observed variability in species-speciﬁc responses, we
found trends in both avian community- and species-level responses
that indicate sensitivity to shale gas development, at our long-term
study site. We observed general patterns of decline in the forest interior
guild, moderate increases in the early successional guild, and overall
gains in the synanthropic guild. To the best of our knowledge, there
are no published studies investigating forest fragmentation effects of
shale gas development on wildlife in the eastern U.S. However, our ﬁndings are consistent with patterns of avian community response to other
sources of anthropogenic disturbance in regional core forests, including
exurban development (Lumpkin and Pearson, 2013), mountaintop removal coal mining (Becker et al., 2015), and conventional (shallow)
gas development (Thomas et al., 2014).
Declines in forest interior species richness across the site, particularly at points impacted by shale gas development, and the negative response in species richness and several forest interior focal species
abundances to shale gas cover within 100 m are of concern. The hooded
warbler is a species of conservation priority regionally (AMJV, 2015),
and worm-eating warbler and Kentucky warbler are species of high
conservation priority both regionally (AMJV, 2015) and nationally
(USFWS, 2008). The lack of a clear response to forest edge density within the forest interior guild may reﬂect the highly variable responses to
edge we observed among our forest interior focal species. Within large
areas of mature forest, the relatively small clear-cuts for well pad construction and corridors cut for pipelines may mimic natural canopy
openings (Buchanan and Hart, 2012). That at least initially may attract
forest interior species known to prefer canopy gaps (e.g., American

redstart, black-and-white warbler, cerulean warbler; Perkins and
Wood, 2014). This is consistent with our observed trend of initially
greater forest interior guild species richness at points impacted by
shale gas within 100 m. The reversal of this trend during the last ﬁve
years of the study suggests a redistribution of forest interior species
away from points impacted by shale gas. It is possible that gas-related
gaps over time prove to be suboptimal habitat for forest interior gap
specialists, and may function as ecological traps as suggested for other
anthropogenic forest disturbances (Weldon and Haddad, 2005; Boves
et al., 2013). Examples of this would be forest interior gap species establishing breeding territories along pipeline corridors, only to experience
increased rates of nest predation and parasitism by species that travel
along linear disturbances (Brittingham and Temple, 1983; Chalfoun
et al., 2002), or nesting near well pads or compressor stations and
experiencing nest failure from excessive noise (Francis et al., 2009;
Schroeder et al., 2012).
Conversely, disturbance-dependent, early successional species are
commonly thought to beneﬁt from clearings and edge habitat created
by anthropogenic disturbance (Askins, 1994; McDermott and Wood,
2009). We observed an increasing trend in early successional guild species richness across our study site with an increase in shale gas development, and species richness was consistently higher at points impacted
by shale gas compared with unimpacted points. Although we did not
observe a clear point-level response to shale gas cover at either the
guild or species levels, the strong positive response of both guild richness and species abundance to forest edge density may reﬂect an attraction to pipeline corridors, which create a high ratio of edge compared to
the overall footprint of shale gas cover. This may in part be due to increased prey availability; linear corridors have been shown to act as
windbreaks which collect large numbers of insects, particularly on the
leeward side (Lewis, 1970; Whitaker et al., 2000). Although early successional species generally appeared to beneﬁt from increased edge
density likely in response to increasing shale gas development at the
site, blue-winged warbler, an early successional species of high conservation concern both regionally (AMJV, 2015) and nationally (USFWS,
2008), showed a fairly strong negative response to shale gas cover.
The synanthropic guild showed the most signiﬁcant gains from
expanding shale gas, both at a landscape and a local spatial extent. At
the community level, synanthropic guild species richness showed a signiﬁcantly increasing trend across the site over time, increased speciﬁcally in areas impacted by shale gas but not in unimpacted areas, and
also showed a positive response to percent shale gas cover within
100 m. At the species level, four of ﬁve synanthropic focal species tested
responded positively to point-level shale gas cover, including American
robin, blue jay, brown-headed cowbird, and chipping sparrow. All four
species are habitat generalists known to beneﬁt from increased resources associated with human development (Johnston, 2001). Increasing abundances of brown-headed cowbirds pose a speciﬁc threat to
forest birds in fragmented forests (Brittingham and Temple, 1983;
Howell et al., 2007); this nest parasite has been implicated in declines
of several songbird species of conservation concern (Eckrich et al.,
1999; Kus, 1999; DeCapita, 2000). Brown-headed cowbirds increased
primarily at points impacted by shale gas; however, they also were detected in undisturbed areas of forest in later years where they did not
occur at the beginning of the study. European starlings are another
synanthropic species that pose a potential problem for other species,
since they may negatively impact native cavity-nesting birds through
aggressive competition for limited nest sites (Koenig, 2003). Although
European starlings were rarely detected during our study, it is worth
noting that they were not known to occur at the site until two ﬂocks
were observed during point counts in 2013, and one ﬂock in 2014; all
three ﬂocks were detected within 100 m of a shale gas well pad or
pipeline.
The direct mechanism most likely driving the general patterns we
observed in avian response to shale gas is habitat conversion. This includes the direct loss of mature forest on which many forest interior
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species rely (Becker et al., 2015), coupled with an increase in open
spaces and forest edges avoided by area-sensitive species (Askins,
1994; Banks-Leite et al., 2010). At the same time, shale gas development
creates linear corridors and edge environments that beneﬁt early successional and synanthropic species, leading to biotic homogenization
(McKinney and Lockwood, 1999). Another direct mechanism potentially driving songbird response to shale gas development is noise pollution
(Kempenaers et al., 2010; Halfwerk et al., 2011). During active phases of
drilling and hydraulic fracturing, operations typically run 24 h per day
until well completion, which requires lights surrounding well pads at
night and high volumes of truck trafﬁc to transport water, sand, and
chemicals (Kiviat, 2013). These activities create acute noise impacts
that can last from weeks to months, depending on the number of
wells being drilled at any given time on the landscape (Brittingham
et al., 2014). Compressor stations that move gas through pipelines also
run 24 h per day, and are a source of long-term, chronic noise (Francis
et al., 2011). Noise pollution poses a particular problem for animals
that rely on acoustic communication, since acoustic signals play an important role in mate selection, parent-offspring communication, and
predator-prey interactions (Rabin et al., 2003). The declines we observed in red-eyed vireo abundance in response to increasing shale
gas disturbance were consistent with ﬁndings from a study in Alberta,
Canada, which found that red-eyed vireos occurred in lower abundances near noisy gas compressor facilities compared with quiet facilities (Bayne et al., 2008).
A related indirect mechanism potentially affecting avian responses
in forested landscapes fragmented by shale gas development is overall
increased human access and activity (Bayne and Dale, 2011). Some of
the interannual variability we observed in avian response was likely
driven by differing levels of shale gas-related activity across years. The
study site experienced noticeable ‘pulses’ of drilling activity, typiﬁed
by higher volumes of truck trafﬁc, increased human presence, and
greater overall noise levels, which likely impacted breeding songbirds
at the site (Ingelﬁnger and Anderson, 2004). Although we did not directly monitor drilling activity or trafﬁc volume, ﬁeld personnel noted
steady levels of shale gas-related activity at the site during the
2008–2014 breeding seasons, with levels of drilling and truck trafﬁc
reaching relatively high intensities in 2011 and 2013–2014. These anecdotal patterns of overall increased human presence and drilling activity
correspond with the general patterns of decline we observed in forest
interior guild species richness and abundance of forest interior focal
species such as the cerulean warbler. Conversely, the 2015 breeding
season was comparatively quiet with little gas-related activity and no
drilling; that year we observed increases in species richness across
avian guilds.
While our ability to draw inferences about the broader region is limited because we sampled only one site over time, we would expect
other predominantly forested systems in the region to experience similar patterns of forest change and avian response. Repeating this study in
other areas within the Marcellus-Utica shale region would broaden our
understanding of region-wide impacts. Additionally, our study was limited to species richness and abundance; studies incorporating demographic parameters such as reproductive success and survivorship are
still needed. Further investigations could focus on spatial redistributions
of species in response to speciﬁc types of shale gas infrastructure
(e.g., well pads versus pipelines), and on speciﬁc mechanisms driving
observed patterns of avian response to shale gas such as noise impact
studies and nest monitoring for brood parasitism.
Site-wide declines in cerulean warbler abundance over the eightyear study (Fig. 5) are of particular concern given that this is a species
of global conservation concern (IUCN, 2015). Based on regional declines
of 3.1% per year across the Appalachian Mountains from 2003 to 2013
(Sauer et al., 2014), we estimate that cerulean warblers declined regionally by 19.8% from 2008 to 2015, a rate 15.0% lower than the 34.8% decline we observed at our study site over the same eight-year period.
The majority of the core breeding range of this species overlies the
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Marcellus-Utica shale gas basin, and our long-term study site
(LWWMA) was designated as a globally Important Bird Area for cerulean warblers in 2010 (National Audubon Society, 2013). One driver of cerulean warbler declines is the extensive loss and fragmentation of
forests within their breeding range (Hamel et al., 2004). The steep declines we observed across our long-term study site suggest that shale
gas development may be increasing pressures on this species of high
conservation concern, and that further research is warranted.
4.3. Management implications
Our results suggest that although shale gas development has the potential to negatively impact forest ecosystems by reducing overall forest
cover, forest fragmentation and reduction of core forest habitat are the
greater potential impacts. Even given the relatively small amount of forest cover lost at our study site due to shale gas development, the larger
increase in forest edge density and reduction of core forest habitat suggests the footprint of well pads and pipelines is magniﬁed by associated
edge effects, particularly for vulnerable species. The use of guild analyses helped reveal general patterns of songbird response to shale gas development among species with overlapping habitat associations, which
might not have been clear had we only evaluated individual species responses, and which may be useful for managers trying to mitigate impacts for multiple species (Verner, 1984). However, the diversity of
responses among our focal species, particularly within the forest interior guild, underscores the importance of also considering speciesspeciﬁc responses across multiple spatial extents, particularly when
species of conservation concern are involved.
The extensive horizontal reach (1.5 km or more) of unconventional
gas wells allows some ﬂexibility in placement of pads and infrastructure
in relation to target gas basins (Johnson et al., 2010). Given this ﬂexibility, strategies for mitigation of negative impacts to sensitive species
could be incorporated into site planning (Evans and Kiesecker, 2014).
Because many forest interior species decline with even small amounts
of forest cover lost in the landscape (Becker et al., 2015), placement of
pipeline corridors and access roads around the periphery of larger tracts
of mature forest would help maintain core forest habitat for bird species
and other taxa associated with interior forests (Askins, 1994). Concentration of well pads along existing road and pipeline networks, and reduction of new well pad construction by drilling multiple bores on
existing well pads would further minimize impacts to core forest habitat
(Johnson et al., 2010; Thompson et al., 2015). At the same time, implementation of integrated vegetation management practices along pipeline and well pad borders, by creating ‘feathered’ cut-back borders
along hard forest edges (Bramble et al., 1994) and promoting establishment of native vegetation which biologically suppresses tree growth
while providing heterogeneous structure (De Blois et al., 2004) may decrease barrier effects for forest interior species, while increasing suitable
habitat for early successional birds (Yahner et al., 2004). Planning the
timing of construction, drilling, and mowing or spraying of pipeline corridors to avoid critical nesting periods could potentially reduce impacts
on breeding birds. Lastly, monitoring the effectiveness of mitigation efforts is a critical step towards improved understanding of how to minimize negative impacts of shale gas development on wildlife in forested
systems of the Marcellus-Utica region, and perhaps in other forested
shale gas regions world-wide.
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Appendix A. Sources of imagery for the manual digitization of forest
and non-forest cover.

Year
2003
2007
2008
2009
2010
2011
2014

Platform Season

Source

Aerial
Aerial
Satellite
Satellite
Satellite
Aerial
Aerial

West Virginia Statewide Addressing and Mapping
Board (SAMB) project
USDA National Agricultural Imagery Project (NAIP)
Landsat 7
Quickbird
Landsat 7
USDA National Agricultural Imagery Project (NAIP)
USDA National Agricultural Imagery Project (NAIP)

Leaf-off
Leaf-on
Leaf-on
Leaf-on
Leaf-on
Leaf-on
Leaf-on

Forest interior
species
Acadian ﬂycatcher

American redstart
1. Time removal models:

Black-and-white
warbler

2. Distance sampling models:
Intercept-only
Percent forest (within 100 m)
Observer
Observer + Percent forest (within 100 m)
Cerulean warbler

Appendix C. Full model sets included in AICc analysis of generalized
linear mixed models relating guild species richness and land cover
metrics.
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Early successional
guild
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w

Hooded warbler
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6
4
5
4
5
4
3
4
5
5

−2445.41
−2449.20
−2449.14
−2452.67
−2452.22
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1.91
5.45
7.35
12.38
13.50
28.12
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0.00
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1.96
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0.02
0.00
0.00
0.00
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0.16

6
5
4
4

−1439.14
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2.84
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0.00
0.00
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0.00
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Appendix D. Full model sets for forest interior focal species included
in AICc analysis of species-speciﬁc generalized linear mixed models
relating focal bird abundances and land cover metrics.

Appendix B. Model sets included in AICc analysis of detection probabilities using (1) time removal and (2) distance sampling. Models included intercept-only models as well as models incorporating
survey-speciﬁc covariates.

Intercept-only
Time since sunrise
Time since sunrise + (Time since sunrise)2
Serial date
Serial date + (Serial date)2
Serial date + Time since sunrise
Serial date + (Serial date)2 + Time since sunrise
Serial date + Time since sunrise + (Time since sunrise)2
Serial date + (Serial date)2 + Time since sunrise + (Time since sunrise)2

6
5
5
4
5
4
4
3

ΔAICC

Kentucky warbler

ΔAICC w

Model

k LL

pGAS100 m
Null
Edge100 m
pGAS100 m, pFOR500 m
Edge100 m, pGAS100 m
pFOR500 m
Edge100 m, pFOR500 m
Edge100 m, pGAS100 m,
pFOR500 m
Edge100 m, pGAS100 m
Edge100 m
Null
Edge100 m, pFOR500 m
Edge100 m, pGAS100 m,
pFOR500 m
pGAS100 m
pFOR500 m
pGAS100 m, pFOR500 m
Null
pGAS100 m
Edge100 m, pGAS100 m
Edge100 m
pFOR500 m
pGAS100 m, pFOR500 m
Edge100 m, pGAS100 m,
pFOR500 m
Edge100 m, pFOR500 m
Edge100 m
Null
Edge100 m, pGAS100 m
Edge100 m, pFOR500 m
pFOR500 m
Edge100 m, pGAS100 m,
pFOR500 m
pGAS100 m
pGAS100 m, pFOR500 m
pGAS100 m
Edge100 m, pGAS100 m
pGAS100 m, pFOR500 m
Edge100 m, pGAS100 m,
pFOR500 m
Null
pFOR500 m
Edge100 m
Edge100 m, pFOR500 m
Edge100 m, pGAS100 m,
pFOR500 m
Edge100 m, pGAS100 m
pGAS100 m, pFOR500 m
pGAS100 m
pFOR500 m
Edge100 m, pFOR500 m
Null
Edge100 m

4
3
4
5
5
4
5
6

−793.16
−794.36
−793.99
−793.12
−793.16
−794.24
−793.96
−793.12

0.00
0.38
1.67
1.95
2.02
2.17
3.63
3.97

0.27
0.23
0.12
0.10
0.10
0.09
0.04
0.04

5
4
3
5
6

−1123.94
−1125.18
−1126.22
−1124.65
−1123.82

0.00
0.46
0.54
1.44
1.79

0.24
0.19
0.18
0.11
0.10

4 −1125.96
4 −1126.14
5 −1125.96
3
−917.00
4
−916.51
5
−915.74
4
−916.76
4
−916.98
5
−916.29
6
−915.69

2.03
2.39
4.05
0.00
1.04
1.51
1.54
1.98
2.62
3.43

0.09
0.07
0.03
0.28
0.17
0.13
0.13
0.11
0.08
0.05

5
4
3
5
5
4
6

−916.75
−953.23
−955.03
−953.02
−953.21
−954.65
−952.90

3.54
0.00
1.58
1.59
1.97
2.83
3.38

0.05
0.34
0.15
0.15
0.13
0.08
0.06

4
5
4
5
5
6

−955.01
−954.63
−1163.26
−1162.47
−1163.17
−1162.47

3.56
4.80
0.00
0.43
1.83
2.45

0.06
0.03
0.33
0.26
0.13
0.10

3
4
4
5
6

−1165.57
−1165.39
−1165.56
−1165.30
−442.77

2.59
4.24
4.59
6.09
0.00

0.09
0.04
0.03
0.02
0.50

−444.76
1.96
−445.09
2.61
−446.13
2.68
−447.65
5.71
−447.27
6.97
−451.26 10.92
−451.19 12.79

0.19
0.14
0.13
0.03
0.02
0.00
0.00

5
5
4
4
5
3
4
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(continued)

(continued)
Forest interior
species
Ovenbird

Red-eyed vireo

Scarlet tanager

Wood thrush

Worm-eating
warbler

Model

k LL

Edge100 m, pGAS100 m,
pFOR500 m
Edge100 m, pFOR500 m
pGAS100 m, pFOR500 m
Edge100 m, pGAS100 m
Edge100 m
pFOR500 m
pGAS100 m
Null
pGAS100 m, pFOR500 m
Edge100 m, pGAS100 m,
pFOR500 m
Edge100 m, pGAS100 m
pGAS100 m
Edge100 m, pFOR500 m
pFOR500 m
Edge100 m
Null
pFOR500 m
pGAS100 m, pFOR500 m
Edge100 m, pFOR500 m
Null
pGAS100 m
Edge100 m, pGAS100 m,
pFOR500 m
Edge100 m
Edge100 m, pGAS100 m
pFOR500 m
Edge100 m, pFOR500 m
pGAS100 m, pFOR500 m
Edge100 m
pGAS100 m
Null
Edge100 m, pGAS100 m
Edge100 m, pGAS100 m,
pFOR500 m
Edge100 m, pGAS100 m
pGAS100 m
Edge100 m, pGAS100 m,
pFOR500 m
pGAS100 m, pFOR500 m
Edge100 m
Edge100 m, pFOR500 m
pFOR500 m
Null

6

ΔAICC w

−851.40

0.00

0.50

5
−852.43
5
−857.35
5
−858.09
4
−861.94
4
−862.30
4
−867.04
3
−883.61
5 −1325.81
6 −1325.46

0.03
9.88
11.35
17.05
17.76
27.24
58.37
0.00
1.30

0.49
0.00
0.00
0.00
0.00
0.00
0.00
0.44
0.23

5
4
5
4
4
3
4
5
5
3
4
6

−1327.05
2.48
−1328.07
2.50
−1328.06
4.50
−1329.58
5.51
−1331.50
9.36
−1336.73 17.80
−1071.08
0.00
−1071.03
1.91
−1071.08
2.02
−1073.69
3.21
−1072.82
3.47
−1071.02
3.91

0.13
0.13
0.05
0.03
0.00
0.00
0.41
0.16
0.15
0.08
0.07
0.06

4
5
4
5
5
4
4
3
5
6

−1073.22
−1072.73
−1073.42
−1072.95
−1073.11
−1074.21
−1074.33
−1075.72
−1073.71
−1072.83

4.27
5.30
0.00
1.08
1.41
1.59
1.82
2.59
2.61
2.86

0.05
0.03
0.27
0.16
0.13
0.12
0.11
0.07
0.07
0.06

5
4
6

−579.74
−581.65
−579.71

0.00
1.80
1.96

0.51
0.21
0.19

5
4
5
4
3

−581.64
3.80
−585.06
8.63
−584.78 10.09
−591.58 21.66
−593.77 24.03

0.08
0.01
0.00
0.00
0.00

Appendix E. Full model sets for early successional focal species included in AICc analysis of species-speciﬁc generalized linear mixed
models relating focal bird abundances and land cover metrics.

Early successional
species
Blue-winged warbler

Common
yellowthroat

89

Early successional
species
Eastern towhee

Field sparrow

Indigo bunting

k LL

Edge100 m, pGAS100 m
Edge100 m, pGAS100 m,
pFOR500 m
Edge100 m
Edge100 m, pFOR500 m
Null
pFOR500 m
pGAS100 m
pGAS100 m, pFOR500 m
Edge100 m
Edge100 m, pGAS100 m
Edge100 m, pFOR500 m
Edge100 m, pGAS100 m,
pFOR500 m
pGAS100 m
pGAS100 m, pFOR500 m
pFOR500 m
Null

5
6

−345.71
−345.71

0.00
2.02

0.55
0.20

4
5
3
4
4
5
4
5
5
6

−347.91
−347.69
−353.88
−353.56
−353.81
−353.23
−416.68
−416.35
−416.63
−416.35

2.37
3.95
12.31
13.68
14.18
15.04
0.00
1.36
1.93
3.38

0.17
0.08
0.00
0.00
0.00
0.00
0.48
0.24
0.18
0.09

4
5
4
3

−449.73
−448.85
−452.05
−456.00

66.12
66.37
70.75
76.63

0.00
0.00
0.00
0.00

k LL

Edge100 m
Edge100 m, pGAS100 m
Edge100 m, pFOR500 m
Edge100 m, pGAS100 m,
pFOR500 m
pFOR500 m
Null
pGAS100 m
pGAS100 m, pFOR500 m
Edge100 m, pFOR500 m
Edge100 m, pGAS100 m,
pFOR500 m
Edge100 m
Edge100 m, pGAS100 m
pFOR500 m
pGAS100 m, pFOR500 m
pGAS100 m
Null
Edge100 m, pFOR500 m
Edge100 m, pGAS100 m,
pFOR500 m
Edge100 m, pGAS100 m
Edge100 m
pGAS100 m, pFOR500 m
pFOR500 m
pGAS100 m
Null

4
5
5
6

−1204.66
−1203.90
−1204.34
−1203.82

0.00
0.51
1.37
2.36

0.39
0.30
0.19
0.12

4
3
4
5
5
6

−1218.44
−1219.60
−1219.13
−1218.39
−164.07
−164.03

27.57
27.87
28.95
29.48
0.00
1.95

0.00
0.00
0.00
0.00
0.67
0.25

4
5
4
5
4
3
5
6

−167.87
−166.97
−171.15
−170.87
−173.17
−175.02
−732.29
−731.91

5.58
5.81
12.15
13.59
16.18
17.87
0.00
1.26

0.04
0.04
0.00
0.00
0.00
0.00
0.58
0.31

5
4
5
4
4
3

−734.44
−736.01
−766.48
−768.76
−774.08
−784.13

4.30
5.42
68.38
70.92
81.56
99.66

0.07
0.04
0.00
0.00
0.00
0.00

Appendix F. Full model sets for synanthropic focal species included
in AICc analysis of species-speciﬁc generalized linear mixed models
relating focal bird abundances and land cover metrics.

ΔAICc w

Synanthropic species

Model

k LL

American robin

Edge100 m, pFOR500 m
Edge100 m
Edge100 m, pGAS100 m
Edge100 m, pGAS100 m,
pFOR500 m
pGAS100 m, pFOR500 m
pFOR500 m
pGAS100 m
Null
Edge100 m, pGAS100 m
Edge100 m, pGAS100 m,
pFOR500 m
Edge100 m
Edge100 m, pFOR500 m
pFOR500 m
pGAS100 m, pFOR500 m
Null
pGAS100 m
Edge100 m, pGAS100 m,
pFOR500 m
Edge100 m, pGAS100 m
Edge100 m, pFOR500 m
pGAS100 m, pFOR500 m
pGAS100 m
Edge100 m
pFOR500 m
Null
Edge100 m, pGAS100 m
Edge100 m, pGAS100 m,
pFOR500 m
Edge100 m, pFOR500 m
Edge100 m
pGAS100 m, pFOR500 m
pGAS100 m
pFOR500 m
Null

5
4
5
6

−905.80
−907.12
−906.47
−905.63

0.00
0.62
1.35
1.69

0.37
0.27
0.19
0.16

5
4
4
3
5
6

−910.30
9.00
−911.36
9.11
−912.57 11.51
−916.38 17.13
−687.18
0.00
−686.37
0.40

0.00
0.00
0.00
0.00
0.36
0.30

4
5
4
5
3
4
6

−688.63
−688.45
−693.38
−692.69
−695.68
−695.68
−448.05

0.88
2.54
10.38
11.01
12.96
14.97
0.00

0.23
0.10
0.00
0.00
0.00
0.00
0.65

5
5
5
4
4
4
3
5
6

−449.67
−457.17
−460.12
−464.05
−464.82
−471.71
−488.03
−358.60
−358.07

1.22
16.23
22.12
27.97
29.51
43.29
73.91
0.00
0.97

0.35
0.00
0.00
0.00
0.00
0.00
0.00
0.62
0.38

5
4
5
4
4
3

−364.37
−368.24
−378.94
−381.90
−388.05
−401.55

11.56
17.28
40.69
44.59
56.89
81.87

0.00
0.00
0.00
0.00
0.00
0.00

Blue jay

ΔAICc w

Model

ΔAICc w

Model

Brown-headed
cowbird

Chipping sparrow

(continued on next page)
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(continued)
ΔAICc w

Synanthropic species

Model

k LL

Northern cardinal

Edge100 m
Edge100 m, pGAS100 m
Edge100 m, pFOR500 m
Edge100 m, pGAS100 m,
pFOR500 m
Null
pFOR500 m
pGAS100 m
pGAS100 m, pFOR500 m

4
5
5
6

−701.93
−701.39
−701.93
−701.32

0.00
0.93
2.02
2.82

0.44
0.28
0.16
0.11

3
4
4
5

−707.19
8.50
−706.24
8.61
−707.10 10.35
−706.22 10.59

0.01
0.01
0.00
0.00
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Abstract
A “zone of influence” is the difference between an anthropogenic activity’s spatial footprint
and the extent of the activity’s effects on surrounding habitat and wildlife. This article reviews studies that have measured zones of influence for site-level activities that are relevant
to oil and gas activities in British Columbia in order to inform the development of policies
and procedures to manage their effects on terrestrial habitats and wildlife. Creation of
edges, as well as noise and activity associated with industrial sites and roads, are the major
stressors that generate zones of influence. These stressors create cascading effects that
can result in altered ecosystems through a variety of mechanisms. Stressors can create
abiotic and floristic effects that generally extend < 100 m into surrounding intact habitat,
but effects on wildlife can extend up to 5 km and sometimes farther. Mitigating stressors
at their source should reduce zones of influence and the need to apply management buffers
to separate industrial activities from ecological resources.
KEYWORDS:

edge effects; oil and gas development; sensory disturbance; zones of influence

Introduction
Oil and gas exploration and development is a dominant land use in northeast British
Columbia. The effects of industrial development on ecosystems that are common to the
Northeast have been the focus of extensive research. Venier et al. (2014) reviewed > 600
studies that examined effects caused by habitat conversion, changes to forest age and patch
size distributions, expanding road systems, and a variety of other human-caused alterations
that vary in scope and persistence. Declines in species’ abundance and range contractions
have been correlated with the extent of these ecosystem changes (Robinson et al. 2010,
Venier et al. 2014, Jones et al. 2015). Because effects on terrestrial wildlife can occur at
multiple spatial scales, mitigating effects of industrial development requires scale-specific
management responses.
Regulation of oil and gas activities in British Columbia is tied directly to land tenure.
At the landscape scale, tenuring for exploration and development is prohibited or restricted in some areas (e.g., parks) to protect a variety of values. At the site level, permitted
boundaries define areas where proponents are allowed to conduct specific activities. In
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only some circumstances (i.e., water consumption or redirection, as well as the release
of deleterious substances into air and water) do regulations recognize that effects of projects may occur outside their direct footprints.
Reviewed in this article is the potential for site-level oil and gas activities to affect
wildlife and habitats beyond project boundaries, as well as mitigation measures for managing these zones of influence.
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Methods
A “zone of influence” is the difference between an anthropogenic activity’s spatial footprint
and the extent of the activity’s effects on surrounding habitat and wildlife. Available scientific literature related to zones of influence on wildlife and habitats was reviewed; in particular, studies of differences in abiotic or habitat characteristics, habitat use by wildlife,
species’ abundance, species richness, and reproductive success at distances from industrial
activity or similar disturbances. The review focused on site-level effects rather than on
landscape-level effects (e.g., road density [e.g., Boulanger and Stenhouse 2014], well site
density [e.g., Hethcoat & Chalfoun 2015], and habitat fragmentation [e.g., Saunders et al.
1991]) because landscape-level effects and mitigation measures have been discussed extensively elsewhere (e.g., Gilbert & Chalfoun 2011, Environment Canada 2012, Thomas
et al. 2014).
Included in this study were reviews and meta-analyses from boreal and temperate
ecosystems that addressed oil and gas development and other industrial activities with
similar effects. Research that specifically addressed species and habitats associated with
hydro-riparian ecosystems was omitted because oil and gas activities near these features
are already regulated by management zones and practice requirements (BC Oil and Gas
Commission 2015).
The article summarizes available research results regarding the extent of zones of influence of different activities, develops a conceptual framework to classify and characterize
potential effects, and summarizes management actions to mitigate zones of influence.

Summary of research
Research on zone-of-influence effects on wildlife and habitat can be grouped into two major
categories:
1. effects resulting from noise and/or activity associated with roads and industrial activities; or
2. effects on biotic and abiotic conditions that penetrate into surrounding intact ecosystems from edges associated with roads or industrial sites.
Light pollution may also be a stressor associated with oil and gas activity; however, assessments of these effects independent of the confounding factors of noise and activity
have not been conducted (Jones et al. 2015). In a rare study of effect size, de Molenaar et
al. (2006) found that road lighting reduced breeding bird density at distances of up to 300
m. Artificial lighting can have a variety of physiological and behavioural effects on many
taxa, but understanding is limited, particularly in field situations (Longcore & Rich 2004).
As a result, light pollution was on considered further in the review or framework.

Noise and activity
The effects of noise on wildlife have been studied extensively in laboratory and field settings,
but no general framework for estimating effects has yet emerged (Francis & Barber 2013).
Laboratory results are not applicable because experiments often involve noise intensities
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and durations that are uncommon in field settings (U.S. Environmental Protection Agency
1980), and animals cannot respond behaviourally by moving away from stimuli.
Field studies have used a variety of experimental designs to identify noise effects on
wildlife species (e.g., U.S. Environmental Protection Agency 1980, Bowles 1995, Kaseloo
2005, Barber et al. 2009, Francis & Barber 2013). Birds and ungulates have been the focus
of most research on terrestrial species due to their visibility and abundance. Documented
effects have been variable because noise is difficult to characterize in field situations due
to variations in the physical environment (e.g., wind, temperature, physical barriers, vegetation), as well as variation among species (e.g., hearing capability) and individuals (e.g.,
age, sex, group size, experience with stimulus). Many studies have failed to control for
other confounding effects, such as the visual stimuli associated with noise (i.e., vehicles),
habitat differences, and altered predator-prey communities (Reijnen et al. 1995, 1996,
Kaseloo 2005, Barber et al. 2009, Ortega 2012).
Field studies of birds have commonly involved assessing differences in densities at
various distances from roads. Effects have been detected 2–3.5 km from multi-lane highways (Kaseloo 2005) and at low ambient noise levels (42–48 dBA) (Forman & Alexander
1998). Kaseloo (2005) concluded that sound levels above 50 dBA could be “potentially
deleterious” and that effect distances averaged 1000 m. Forman et al. (2002) found that
breeding bird densities and breeding success were lower within 1200 m of roads that had
very high traffic volumes (> 30,000 vehicles/day).
Bayne et al. (2008) found that bird densities were 1.5 times higher near oil and gas
well pads, which are associated with little noise, than near compressor stations, which
produce 75–90 dBA. Greater Sage-Grouse (Centrocercus urophasianus) lek attendance
by males declined by 29% and 73% when exposed to experimental drilling and road noise,
respectively (Blickley et al. 2012). The authors speculated that the intermittent noise of
roads, or perhaps the association of road noise with dangerous vehicle traffic, was responsible for the difference.
Lower reproductive success can also be a consequence of noise exposure (Foppen &
Reijnen 1994, Halfwerk et al. 2011). For example, pairing success of Ovenbirds (Seiurus
aurocapilla) was lower near compressor stations than near well pads (Habib et al. 2007).
The assumed mechanism was “masking,” in which noise affects bird calls and disrupts
breeding behaviour (Klump 1996, Barber et al. 2009). This suggests that apparently habituated individuals remaining near noisy sites may still be subject to fitness consequences, although some species have been shown to shift song frequencies to compensate
(Ortega 2012).
Francis et al. (2009) found lower species richness but higher nest success for birds
that remained near compressor stations compared to gas wells. This suggests that elevated
noise can also have more nuanced effects; while most species shifted their use away from
the noisy sites, some species were able to exploit the change in community structure and
increase their nesting success (Barber et al. 2009).
Although the response of ungulates to noise has been studied extensively, most work
has involved observing the behaviour of individuals to overflights of fixed-wing aircraft
or helicopters. Most of these studies confound the effects of noise with the visual stimulus
of an aircraft (e.g., Côté 1996, Goldstein et al. 2005), and those that have examined these
effects separately have produced equivocal results (Frid 2003, Cadsand 2012). There is
only weak evidence for habituation or sensitization to repeated exposure (Stankowich
2008, Côté et al. 2013). Animal responses likely depend on the intensity of the perceived
threat rather than on the noise intensity (Barber et al. 2009).
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Studies have detected avoidance of human-related infrastructure by some ungulates
(e.g., caribou and reindeer [Rangifer tarandus] [Environment Canada 2011], and pronghorn [Antilocapra americana] [(Beckmann et al. 2012] but not others (e.g., white-tailed
deer [Odocoileus virginianus] [Polfus & Krausman 2012]). Again, these studies have not
isolated noise effects from other potential stressors of human-related activity. Few studies
have linked human-related disturbance to population declines (Hebblewhite 2011, Johnson
& St-Laurent 2011).
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Edge effects
Edge effects are the result of interactions between adjacent ecosystems (Saunders et al.
1991). Anthropogenic edges are created when habitat is cleared or altered, which results
in adjacent ecosystems where originally there was only one. The resulting interactions can
cause a series of abiotic and subsequent biotic changes that penetrate some distance from
the new edge (Harris 1984, Murcia 1995). Both the contrast between the adjacent ecosystems and the permanence of the edge influence the magnitude and distance of effects
(Kremsater & Bunnell 1999).
As with noise research, a common analytical framework to both characterize edges
and measure their effects is lacking (Murcia 1995, Laurance et al. 2001, Cadenasso et al.
2003, Ries et al. 2004). This has led to a series of studies with inadequate or no replication
to address confounding effects, and differences in methods that make comparisons among
studies difficult (Murcia 1995).
Cleared or altered areas generally allow more solar radiation to reach the ground during
the day and more to re-radiate to the atmosphere at night. This results in larger temperature
and moisture gradients and higher variances near edges than in interior conditions. Where
studied, differences in variables such as air temperature, air and soil moisture, and light intensity have been estimated to extend from 30 m to > 240 m of forest edges (Chen et al.
1995), although most studies have reported distances of < 100 m (Murcia 1995, Avon et al.
2010, Thomas et al. 2014). Effect distances vary among response variables and are particularly sensitive to edge orientation and weather (Chen et al. 1995, Murcia 1995).
Abiotic changes (e.g., temperature, wind, humidity) in areas adjacent to edges directly
affect biotic processes such as plant desiccation, growth rates, and windthrow, but these
effects can be complex. For example, forest edges might be associated with higher tree
mortality rates but also higher rates of seedling establishment (Chen et al. 1992). This can
lead to effects that do not decay monotonically with greater distances from edge but more
complex “competition-induced waves of biomass” (Sprugel 1984, Reichman et al. 1993).
Introduction of invasive plants can occur where edge habitat is associated with human
activities that facilitate the movement of seeds or other propagules (e.g., vehicles and road
edges). Studies have demonstrated consistently that human-caused alterations of native
ecosystems result in higher rates of invasion by non-natives (Evangelista et al. 2011).
With regard to animals, responses at distances from edges become more difficult to
generalize than those of plants, with the numerical response of some species being positive and others negative, and sometimes but not always associated with corresponding
changes in species richness or other measures of overall community structure. For example, Bayne and Dale (2011) reviewed 25 studies that compared songbird abundance
between areas “near” and those “far” from edges created by energy sector activities and
found that 10 species showed “typically negative responses to edge” while six showed “occasional negative responses to edge.” Machtans (2006) found that in general, bird communities in boreal forests did not respond dramatically to the cutting of 6-m seismic lines,

4

JEM

Vol 16, No 1
JOURNAL OF

Ecosystems &
Management

but Ovenbirds specifically moved their territories away from newly cut lines, declined in
abundance, and were not observed crossing lines.
Many studies have correlated habitat use by mammals, bird density, and reproductive
success with distances from edges created by linear features (Robinson et al. 2010) or by
infrastructure in general (Benítiz-López et al. 2010). Fewer studies have controlled for
the noise and activity associated with different types of infrastructure. Reported effect distances generally vary between 0 m and 5000 m, depending on species and feature type,
but can extend farther (e.g., 14 km for barren-ground caribou [Rangifer tarandus groenlandicus]) (Boulanger et al. 2012). In general, large-bodied mammals with large home
ranges in open habitats exhibit the largest avoidance distances, while density or reproductive effects on birds are limited to approximately 1 km (Benítez-López et al. 2010).
Individuals can also differ in their response. For example, Johnson et al. (2015) found
that different woodland caribou herds were not consistent in their avoidance of different
types of infrastructure.
Increased mortality rates of wildlife have also been linked to areas adjacent to anthropogenic edges, either as a result of changes in predator abundance and/or predator efficiency in modified habitats (e.g., Paton 1994, Flaspohler et al. 2001, Malt & Lank 2009,
Hethcoat & Chalfoun 2015), or as a result of increasing proximity to humans and resulting increases in hunting success (e.g., elk [Cervus elaphus] [Gratson & Whitman 2000],
grizzly bears [Ursus arctos] [Mattson et al. 2002]). Most of these effects have been studied
in relation to roads (Robinson et al. 2010).
Summarizing maximum reported zones of influence illustrates the extent of variability among systems (Table 1).
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Table 1. Summary of selected literature that relates development activities to
maximum zone-of-influence effects for terrestrial wildlife and temperate or boreal
ecosystems.
Stressor

Proximate
effects and
outcomes

Maximum
References
estimated
radius of
zone of
influence (m)

Creation
of edges

Changes in
light,
temperature,
moisture in
temperate
forests

> 240

Vegetation
characteristic
changes in
temperate
forests

56

Non-vascular
plant changes in
boreal forests

50

Chen et al.
(1995)

Murcia (1995)

Notes

Review of available literature
for temperate and tropical
forests found effects generally
extended < 50 m (Murcia
1995), which has been
corroborated by more recent
studies (e.g., Avon et al. 2010)
Review of available literature
for temperate and tropical
forests

5
Moen & Gunnar
Jonsson (2003),
Hylander (2005),
Esseen &
Renhom (1998)
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Table 1. (continued)
Stressor

Proximate
effects and
outcomes

Structure and
composition
changes in
mixed-wood
boreal forests

Noise
and
activity

Maximum
References
estimated
radius of
zone of
influence (m)
60

Structure and
composition
changes among
various forest
types

< 100

Changes in
songbird density
in temperate
deciduous forest
Changes in
avian nest
success in
forests and
mixed habitats

Notes
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Harper &
Macdonald
(2002)

Harper
et al.
(2005)

Review of 44 published studies

60

Kroodsma
(1982)

Measured next to a powerline
corridor, presumably without
appreciable noise or activity

50

Paton
(1994)

Review of 26 papers focused on
predation and brood parasitism of
natural and artificial nests

Changes in
avian nest
success in
temperate
forests

300

Flaspohler
et al.
(2001)

Avoidance of
roads and
single-bore and
multi-bore well
pads by
grassland birds

350

Thompson
et al.
(2015)

Varied by species; largest avoidance
distances for single-bore well pads

Bird abundance
changes in
grassland and
woodlands

3530

Kaseloo
(2005)

Review of 19 studies; largest
distances for grassland birds near
highways with high traffic volumes

Songbird
abundance
changes in
boreal forest

700

Bayne et
al. (2008)

Based on noise from compressor
stations

Grizzly and
black bears
avoidance of
roads in interior
wet belt forests

914

6
Kasworm
& Manley
(1990)
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Table 1. (continued)
Stressor

All

Proximate
effects and
outcomes

Maximum
References
estimated
radius of
zone of
influence (m)

Notes
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Ungulate
avoidance of
well sites

2000

Hebblewhite
(2011)

Review of 8 studies

Ungulate
avoidance of
roads

2700

Hebblewhite
(2011)

Review of 8 studies

Bird responses
to infrastructure
in a variety of
habitats

1000

BenítezLópez et
al. (2010)

Meta-analysis of studies related to
201 species

Woodland bird
responses in
temperate
forests near
roads

800

Forman &
Deblinger
(2000)

Both edge and noise effects

Mammal
responses to
infrastructure in
a variety of
habitats

5000

BenítezLópez et
al. (2010)

Meta-analysis of studies related to
33 species

Boreal ecotype
caribou
responses to
anthropogenic
footprint

500

Environment
Canada
(2012)

Recommendation based on relevant
literature

Northern
ecotype caribou
avoidance of
infrastructure

4250

Polfus et
al. (2011),
Johnson et
al. (2015)

Highest for oil and gas features in
South Peace region of British
Columbia, as low as 1000 m for
roads

Conceptual Framework
Zone-of-influence effects can be hypothesized in relation to causal relationships among
anthropogenic stressors, proximate effects, and outcomes (Figure 1). Anthropogenic stressors are characteristics of development activities that can have negative effects on wildlife
or habitats, and, as noted above, can be categorized into two main classes:
1. creation of edges, which result in abiotic and biotic changes that penetrate
into adjacent ecosystems. Edges can be characterized by their contrast and
permanence (Kremsater and Bunnell 1999); and
2. noise and activity, which alter the behaviour of some wildlife species without
directly affecting components of their habitat. Noise intensity is characterized by its amplitude and frequency profile (Blickley and Patricelli 2010),
and both noise and activity vary in duration, timing, and context (e.g., Frid
2003, Blickley and Patricelli 2010).
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Stressors

Proximate Effects

Creation of edges

Microclimate changes

Contrast, permanence

Noise & activity

Intensity, duration, timing, context

Light, wind temperature,
humidity, physical stability

Displacement

Habituation, sensitization

Outcomes
Altered ecosystems

Distribution and abundance,
natural disturbance characteristics

Species changes

Distribution and abundance of
alternative habitat, demography

MANAGING ZONEOF-INFLUENCE
EFFECTS OF OIL AND
GAS ACTIVITIES ON
TERRESTRIAL
WILDLIFE AND
HABITATS IN BRITISH
COLUMBIA

Wilson

Signal masking

Behavioural adaptation

Figure 1. Conceptual framework of zone-of-influence effects characterized by
potential anthropogenic stressors generated by oil and gas activities and their
possible causal effects on wildlife and habitat.
These stressors, either independently or collectively, can generate the following proximate effects:
1. microclimate changes – physical changes to the environment that can
favour some species over others. Effects depend on factors such as changes
in light, wind, temperature, humidity, or other ambient characteristics that
alter growing conditions for plants or residences of animals (e.g., Chen et
al. 1995, Murcia 1995).
2. mortality – through both direct (e.g., desiccation, physical injury [Chen et
al. 1992, Murcia 1995]) and indirect (e.g., nest predation [Paton 1994])
mechanisms.
3. displacement – temporary or permanent abandonment of preferred habitats
by individuals, which may be affected by habituation or sensitization to
stressors (Stankowich 2008).
4. signal masking – reduced audibility of important cues used by some wildlife
species for breeding or anti-predator behaviour (Barber et al. 2009).
These proximate effects lead to changes in population densities, species composition,
and ultimately, altered (e.g., Venier et al. 2014).

Mitigation Measures
Two general strategies can be used to mitigate zones of influence and reduce potential effects on important ecological features:
1. on-site mitigation measures, which are actions taken on permitted areas to
reduce the size of zones of influence; and
2. application of a management buffer around an ecological feature, within
which activity is restricted or prohibited, and which thereby separates activities from ecological features in order to reduce potential effects.
The effects of a stressor decline with distance, although the shape of the effect curve,
the slope, and the intercept depend on the type of stressor, mitigating factors, and responses of species and ecosystems. Without on-site mitigation, management buffers can
be applied to ecological features to reduce the risk of the stressor having an unacceptable
effect. But implementing on-site mitigation can potentially reduce the size of the buffer,
or perhaps even eliminate the need for one, depending on the effectiveness of the mitigation (e.g., Francis et al. 2011) (Figure 2).
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Increasing impact of activities on a feature
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Apply mitigation

Wilson

Apply management
buffer
Increasing distance from a feature

Figure 2. Hypothetical benefit of on-site mitigation and management buffers.
Reducing effects from A to B can be achieved by applying on-site mitigation (to
shift from the solid curve to the dashed) or by applying a management buffer of
distance C. The shape of the effect curve and the relative benefits of mitigation
measures and management buffers will vary for different activities
A number of on-site mitigation measures could be used to address both noise and activity stressors as well as effects resulting from anthropogenic edges. Not all mitigation
measures are suitable or required for different types of activity (Table 2).
Table 2. Potential on-site actions to mitigate oil and gas activities that generate
zones of influence.
Stressors

On-site
mitigation

Relevant
infrastructure

Relevant
activities

Target wildlife
and habitat

Examples of
actions

Noise
and
activity

Noise
abatement

Compressor
stations, gas
plants, other
facilities

Construction,
operation

Breeding birds
and
mammals

Silencers, walls,
sheds

Timing
restrictions

Roads, well
sites, facilities

Construction,
maintenance,
operation

Breeding birds
and
mammals

Seasonal or
time of day
prohibitions

Minimum
disturbance
techniques

Roads,
pipelines,
wells, facilities

Construction,
maintenance

Rare and
sensitive
ecosystems,
protected
wildlife
habitat

Minimizing
disturbed area
(relative edge
length), handcutting and tree
retention (edge
contrast),
revegetation,
winter
construction (less
soil disturbance)

Edge
effects

Invasive
species
control

Roads,
pipelines,
wells, facilities

Construction,
operation
maintenance

Rare and
sensitive
ecosystems,
protected
wildlife habitat

Machinery
cleaning and
transport
guidelines,
herbicides,
reseeding
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Application
Mitigating effects by requiring on-site actions or by applying management buffers involves
different trade-offs. On-site mitigation can increase costs for project proponents, while application of management buffers can increase opportunity costs by limiting development.
A mix of both strategies can be appropriate. For example, timing restrictions during critical
periods might address effects of some stressors associated with relatively large zones of influence (e.g., noise and breeding birds), but management buffers might still be required
to manage effects of stressors with smaller zones of influence (e.g., biotic and abiotic
changes due to creation of anthropogenic edges).
An important management consideration is the level of acceptable impact. A decision
to avoid all potential effects would require more aggressive on-site mitigation and/or relatively large management buffers. But a zone of influence does not imply a total loss of
habitat (Hebblewhite 2011). Effects are not uniform throughout zones, and while measurable, they might be acceptable to decision-makers, considering the multiple values
being balanced by a management decision.
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Limitations
Prohibiting or limiting activity within management buffers can be an effective strategy
for discrete features (e.g., a nest colony, hibernaculum, sensitive ecosystems), but less so
for wide-ranging species or more dispersed guilds, communities, or common habitats
that are nonetheless important for maintaining general biodiversity. In these instances,
zones of influence can be used to estimate the cumulative landscape effect of industrial
activity. Effects can then be reduced by use of on-site mitigation measures (e.g., Francis
et al. 2011) or by altering the density or configuration of activities through broader landscape-level objectives (e.g., Gilbert & Chalfoun 2011, Environment Canada 2012, Thomas
et al. 2014).
The effects on ecological systems of edge creation, noise, and activity have been the
focus of significant research, but the lack of a common analytical framework among studies has contributed to the lack of a consensus on effects (e.g., Yahner 1988, Paton 1994,
Murcia 1995, Parker et al. 2005, Frances & Barber 2013), and most research has necessarily focused on correlations rather than on isolating and testing causal mechanisms.
In addition, effects are influenced by many factors (e.g., Chen et al. 1995) and species
(e.g., Thompson et al. 2015), as well as groups or individuals within species (e.g., Johnson
et al. 2015) can vary in their responses. Some species can also benefit from the ecological
niche vacated by others (Francis et al. 2009), and some might exhibit apparent habituation
but suffer lower fitness (e.g., Habib et al. 2007).
Despite variation in results and the paucity of research that has examined causal
mechanisms, there are some general conclusions that emerge. Specifically, studies that
have examined abiotic and floristic changes resulting from the creation of edges suggest
that changes generally penetrate < 100 m into surrounding native ecosystems, but effects
on wildlife populations extend much farther: effects on birds can reach 1 km, while effects
on wide-ranging mammals can extend to about 5 km or farther in some circumstances
(Benítez-López et al. 2010, Boulanger et al. 2012).
Managing effects of oil and gas activities requires application of management actions at multiple scales. While mitigating zones of influence addresses site-level concerns, integration with landscape-level approaches is required to address the issue
comprehensively.
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About DOGGR
The Division of Oil, Gas, and Geothermal Resources (DOGGR) prioritizes the protection of public
health, safety, and the environment in its oversight of the oil, natural gas, and geothermal operations
in California. To do that, DOGGR uses science and sound engineering practices to regulate the
drilling, operation, and permanent closure of energy resource wells. DOGGR also regulates certain
pipelines and facilities associated with production and injection. These duties include witnessing
tests, inspections, and operations that DOGGR is both authorized and required to perform.
When DOGGR was established in 1915, the initial focus of regulation was the protection of oil and
gas resources in the State from production practices that could harm the ultimate level of
hydrocarbon recovery. Early DOGGR regulations included well spacing requirements and authority to
limit production rates. However, those regulations and the focus of DOGGR evolved and came to
include the protection of public health, safety, and the environment.
DOGGR has grown signi cantly since it was established in 1915 and has taken major steps to
ensure it will be able to handle challenges in a manner consistent with public expectations for a
modern, e cient, collaborative, and science-driven regulatory agency.
https://www.conservation.ca.gov/calgem/idle_well/Pages/idle-well-program-report.aspx
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DOGGR Districts
DOGGR operates out of four districts to best serve the needs of the State: Northern, Coastal, Inland,
and Southern. Each district has its own o ces where staff are available to assist the public and
stakeholders with any requests. For more information about DOGGR, visit DOGGR’s website.

DOGGR Districts (Click on image for larger
view.)

Executive Summary
The Department of Conservation (DOC) submits this report to satisfy the legislative report
requirements of Assembly Bill 2729 (AB 2729) (Williams, Ch. 272, Statutes of 2016) regarding the
status of idle and long-term idle wells (LTIW) for the 2018 calendar year. This report spans the
period between January 1, 2018 and December 31, 2018.
Oil and gas wells that are not operated and maintained on a regular basis present several hazards to
the environment as well as public health and safety. Deteriorating wells can create a conduit for
contaminants such as hydrocarbons, lead, salt and sulfates to enter freshwater aquifers and pose
potential risks to surface water, air quality, soils and vegetation.

 may
Idle wells also present a liability risk to California. Operators with a large inventory of idle wells
be postponing the cost to permanently plug and abandon the wells for nancial reasons. If the
https://www.conservation.ca.gov/calgem/idle_well/Pages/idle-well-program-report.aspx
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operator becomes insolvent, the State may inherit liability to plug those idle wells.
Because of the risk and potential liability posed by idle wells in the State, DOC sponsored AB 2729 to
discourage operators from leaving their wells in an idle state. Speci cally, AB 2729 established new
de nitions for “idle well” and “long-term idle well,” updated fees assessed on idle wells, revised
parameters for plans for the management and elimination of long-term idle wells (LTIW), and
mandated the review, evaluation, and update of DOGGR idle well regulations. The reporting period
addressed in this report re ects DOGGR’s rst year implementing these revised statutory
requirements. DOGGR invested signi cant resources in 2017 and 2018 to prepare for
implementation, including processes to identify idle wells under the new de nition, calculate and
invoice new fee requirements, track fee payments, facilitate Idle Well Management Plan (IWMP)
requirements, approve submitted IWMPs, and monitor IWMPs for compliance and annual reviews.
In 2018, DOGGR collected $4.3 million in idle well fees for all wells that met the de nition of idle well
in the preceding calendar year. DOGGR also oversaw the implementation of 76 IWMPs, resulting in
the elimination of 988 LTIW. These numbers represent a substantial increase in revenue available to
remediate hazardous well conditions to protect public health and the environment, and a dramatic
increase in the rate of plugging LTIWs. Additionally, DOGGR updated its regulations for the
management and testing of idle wells. These idle well regulations provide for the most rigorous
testing standards for idle wells in the country to prevent damage to life, health, property, and natural
resources. DOGGR anticipates that the new rules will further accelerate plugging of idle wells and
LTIW.

The following key facts are included in this report:
29,292 wells met the de nition of idle well and 17,576 of those met the de nition of long-term
idle well at some point during the reporting period.
During the reporting period, the status of 1,346 idle wells changed from idle to plugged.
During the reporting period, the status of 107 idle wells changed from idle to active.
76 operators submitted IWMPs for DOGGR approval.
52 operators were found to be in compliance with the terms of their approved IWMPs at
the conclusion of DOGGR’s annual review.
16 operators voluntarily voided their 2018 IWMP and led idle well fees, totaling
$461,550 to remain in compliance with Public Resources Code section 3206.
Eight operators had their IWMP canceled by DOGGR due to failure to comply with the
terms of their approved IWMPs. Two of the operators paid the idle well fees owed, and
DOGGR is pursuing enforcement action against the remaining six operators. Four
other
operators received a Notice of Cancellation from DOGGR and appealed the cancellations,
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but in each of those cases the issues were resolved. Those four operators are included in
the 52 operators found to be in compliance.
Based upon the terms of the approved IWMPS, operators were expected to eliminate a
minimum of 596 LTIW across the State.
Operators eliminated 988 LTIW, signi cantly exceeding expectations.
9 operators eliminated more long-term idle wells than was required by their approved
IWMP, resulting in those operators earning 453 elimination credits, which can be used for
IWMP compliance for up to two years.
DOGGR issued orders to plug wells to 14 operators in response to failure to le idle well fees in
2018.
The nal draft of the Requirements for Idle Well Testing and Management regulations were
submitted to the O ce of Administrative Law on December 21, 2018 and took effect on April 1,
2019.
In sum, this report demonstrates that DOGGR has made signi cant progress to identify idle wells,
increase funds to address wells that have not been appropriately plugged, and work with operators
to reduce the overall inventory of idle wells.
This report is divided into two parts: Part 1 summarizes the objective and scope of this report and
Part 2 ful lls the legislative reporting requirements prescribed in Public Resources Code section
3206.3. The appendices provide the most current lists of idle wells, references and sources of the
data, and a glossary of terms.

Introduction
Objective and Scope of Report
This report provides a comprehensive accounting of the idle well population to the California
Legislature and the public. This report covers the idle well counts, orphan well counts, and IWMP
statistics in California from January 1, 2018 through December 31, 2018.
A primary concern with idle wells is that they pose a risk to underground sources of drinking water
and are possible sources of hydrocarbon emissions. Deteriorating wells can become conduits for
contamination because many go through a fresh water resource. Poorly maintained idle wells can
be sources of methane and hydrogen sul de leaks. Additionally, a large inventory of idle wells pose
an increased risk that wells will become deserted when operators become nancially insolvent,
potentially leaving the State to fund environmental remediation.
https://www.conservation.ca.gov/calgem/idle_well/Pages/idle-well-program-report.aspx
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To address these problems, DOC sponsored AB 2729 to increase bonding requirements, require
operators to maintain bonds for the life of the well, increase idle well fees, reauthorize the use of idle
well management plans, and direct DOGGR to promulgate regulations to better protect public health,
safety, natural resources, and the environment from risks associated with idle wells.
This report presents idle well information drawn from operator records submitted to DOGGR. These
records include monthly volumetric reporting, IWMPs, and well histories required for permits to
abandon wells.
Public Resources Code section 3206.3(a)(1) requires that this report address the following:
1. A list of all idle and long-term idle wells in the State by American Petroleum Institute
identi cation number, operator, eld, and pool.
2. A list of all wells whose idle or long-term idle status changed in the preceding year by
American Petroleum Institute identi cation number with the disposition and current status of
each well.
3. A list of orphan wells remaining, the estimated costs to abandon those orphan wells, and a
timeline for future orphan well abandonment with a speci c schedule of goals. Idle and LTIW
that have become orphan wells shall be identi ed in the list. For the purposes of this report, an
orphan well is a well that has no party responsible for it, leaving the State to plug it.
4. A list of all operators with plans led with the Supervisor for the management and elimination
of all long-term idle wells and the status of those plans.
5. Any additional relevant information as determined by the Supervisor.

Contact Information
For more information about the Idle Well Program, visit the Idle Well program webpage.
For questions regarding the content of this report, contact DOC’s Public Affairs O ce.

Acronyms and Abbreviations
DOGGR: Division of Oil, Gas, and Geothermal Resources
IWMP: Idle Well Management Plan
LTIW: Long-term idle wells



NTO: Notice to Operators
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PY: Personnel Year
WellSTAR: Well Statewide Tracking and Reporting

Idle and Long-Term Idle Wells in California
1. Idle and Long-Term Idle Wells
Public Resources Code section 3206.3(a)(1)(A): A list of all idle and long-term idle wells in the state
by American Petroleum Institute identi cation number and indicating the operator, eld, and pool.
Public Resources Code section 3206.3(a)(1)(B): A list of all wells whose idle or long-term idle status
changed in the preceding year by American Petroleum Institute identi cation number with the
disposition and current status of each well.
See Appendix A-1 for the list of all wells that met the de nition of idle well at any point in the 2018
calendar year.
See Appendix A-2 for the list of all wells that had a status change from idle to long-term idle in the
2018 calendar year.
See Appendix A-3 for the list of all wells that had a status change from idle well to plugged.
See Appendix A-4 for the list of wells that had a status change from idle well to active.

1.1 Idle and Long-Term Idle Wells in the State
In alignment with the 2017 Renewal Plan (for more information: Renewal Plan), DOGGR remains
committed to improving its data management via deployment of the WellSTAR application. As of
March 1, 2018, DOGGR implemented the WellSTAR release associated with reporting of monthly
produced and injected volumes of oil, gas, and water as required in accordance with California Code
of Regulations Title 14 section 1937.1 (d) and (e). This release changed the process for how
operators report the monthly volumes to DOGGR. The reporting of monthly volumes is critical to the
identi cation of idle wells and wells that return to active status. DOGGR utilizes the monthly
reported volumes for each well in the State to evaluate which wells meet the de nition of idle well
and which wells qualify to have their status changed from idle to active.
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The 2017 idle well inventory contains all wells that met the new de nition of idle well and long-term
idle well at any point in the 2017 calendar year. This inventory was updated by DOGGR when an
operator self-reported a well changing status and DOGGR was able to verify the change and when an
idle well was plugged and abandoned in accordance with Public Resources Code section 3208.
At the end of this reporting period, a known 29,292 wells met the de nition of idle well at some point
during the 2018 calendar year. Based on DOGGR’s idle well inventory records, DOGGR estimates that
an additional 1,200-2,400 wells became idle in 2018 which are unaccounted for in the 2018
inventory. Of the total idle well population, 17,576 idle wells had been idle for eight or more years at
any point during the 2018 calendar year and thus meet the new statutory de nition of long-term idle
well.

1.2 Idle and Long-Term Idle Wells That Changed Since 2018
As of January 1, 2018, an estimated 29,324 wells were classi ed as idle wells and 17,595 of these
idle wells were classi ed as LTIW. As of December 31, 2018, an estimated 28,032 wells were
classi ed as idle wells and 17,870 of these idle wells were classi ed as LTIW. A total of 1,287 idle
wells changed status to LTIW during the calendar year.
During the 2018 reporting period a total of 1,453 wells no longer met the de nition of idle well. A
total of 1,346 idle wells changed status from idle to plugged as they were plugged in accordance
with Public Resources Code section 3208. A total of 107 idle wells are known to have changed
status from idle to active. These wells returned to active status as a result of maintaining production
of oil or natural gas, maintaining production of water used in production stimulation, or being used
for enhanced oil recovery, reservoir pressure management, or injection for six continuous months
within the year (Public Resources Code section 3008(d)). Due to the issues generating the idle well
inventory described in section 1.1, DOGGR does not yet have an accurate accounting of all idle wells
that changed status from idle to active during this reporting period.

2. Orphan Wells
Public Resources Code section 3206.3(a)(1)(C): A list of orphan wells remaining, the estimated
costs of abandoning those orphan wells, and a timeline for future orphan well abandonment with a
speci c schedule of goals. Idle and long-term idle wells that have become orphan wells shall be
identi ed in the list. For the purposes of this report, an orphan well is a well that has no party
responsible for it, leaving the state to plug and abandon it.
See Appendix A-5 for the list of idle wells determined to be deserted.
https://www.conservation.ca.gov/calgem/idle_well/Pages/idle-well-program-report.aspx
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2.1 Orphan Well Process
For purposes of this report, an orphan well has been de ned as “a well that has no party responsible
for it, leaving the State to plug and abandon it” (Public Resources Code section 3206.3(a)(1)(C)).
DOGGR’s determination that a well is orphan is a multi-step process that requires DOGGR to
determine whether the well has been deserted by the operator, and then to determine whether there
is a solvent entity responsible to plug the well. Therefore, the number of orphan wells identi ed in
this report only re ects those orphan wells for which DOGGR has gathered su cient information to
issue a nding of desertion, and for which DOGGR has completed a nancial solvency test.
Before issuing an order to plug a well, DOGGR must gather su cient evidence to demonstrate the
well has been deserted. If the operator fails to respond to the plugging order, then DOGGR will
conduct a nancial solvency test to decide whether to commit resources to enforcing the order or
simply declare the well orphan. The nancial solvency test is a factual inquiry into the solvency of
the current operator and any other party responsible for plugging the well under Public Resources
Code section 3237. If DOGGR determines the current operator does not have the nancial resources
to fully cover the cost to plug the well, previous operators that made a valid transfer after January 1,
1996, may be held responsible for the cost to plug the well (Public Resources Code section
3206.3(c)(1) & (2)). The statute does not allow DOGGR to hold a mineral interest owner responsible
to plug the well unless the mineral interest owner retained a right to control the well operations that
exceeds the scope of an interest customarily reserved in the lease (Public Resources Code section
3237(c)(3)). If, after researching the nancial solvency for all potentially responsible parties, DOGGR
determines there is no party with the nancial resources to fully cover the cost to plug the well, the
well can be declared orphan (Public Resources Code sections 3237(c)(1), 3251(b) & (e), 3206.3(a)
(1)(C)).
DOGGR is continuing to gather evidence of desertion and conduct nancial solvency tests for wells
that are likely orphaned. The statutory changes implemented under AB 2729 have provided DOGGR
the ability to more easily identify the wells that are likely orphan. Failure to comply with the new idle
well requirements is conclusive evidence of desertion of the well. DOGGR’s comprehensive efforts
to implement and enforce these new requirements are facilitating systematic identi cation of each
deserted well for which there is no solvent responsible party (Public Resources Code section
3206(c)).
The orphan well process can include multiple wells associated with the same operator and takes
approximately 4-6 months to complete per order. Completion of the orphan process may result in
the determination that the well is orphaned or identi cation of a solvent responsible party.
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2.2 Orphan Well Inventory
DOGGR’s Idle Well Program and Enforcement Unit are actively working the orphan well process to
identify idle wells that have been deserted and for which there is no solvent responsible party, and
can be considered orphan. During the 2018 reporting period, DOGGR issued orders to plug wells to
14 operators for a total of 55 idle wells. Eight operators failed to respond to the plugging orders
resulting in the identi cation of 35 deserted wells.
The solvent entity research on the 35 deserted wells was still ongoing at the end of this reporting
period with no wells being declared orphan on or before December 31, 2018. DOGGR estimates
there are approximately 2,500 idle wells belonging to 943 operators that may be deserted and
require orders to plug wells to initiate the orphan well process. An analysis of prior transfers and
nancial responsibility will require sustained effort.

2.3 Cost of Abandonment
Plugging costs on deserted wells are highly variable and, in many cases, di cult to predict. When an
operator plugs one of their own wells, they are generally aware of the situation at a well including
problems with obstructions that they may encounter based on having worked with the well. When
DOGGR approaches a hazardous deserted well that could be as old as 100 years, it may not know if
the previous operator had attempted to plug it in the past, what material may have been emplaced in
the well, if the casing is intact, and other information that is critical to understanding potential cost
drivers in a plugging job. Costs can range from as low as $11/foot in a well in Kern County if the
project goes smoothly to well over $200/foot in an urbanized area with high ancillary costs, such as
temporarily moving utility lines, higher staging and mobilization costs, and where “junk” obstructs
downhole operations and leads to delays and cost overruns.
More detailed estimates will be provided in the next reporting period as DOGGR will have completed
the orphan well process for the deserted wells identi ed in the section 2.2 and awarded contracts to
plug and abandon those wells declared orphan.

2.4 Timeline of Future Orphan Well Abandonment
DOGGR is appropriated funds annually to plug wells that have been declared orphan. Senate Bill 724
(SB 724) (Lara, Chapter 652, Statutes of 2017) temporarily increased the annual appropriation for
orphan well abandonment from $1 million to $3 million per scal year commencing on July 1, 2018
(Public Resources Code section 3258(a)(1)). This appropriation will revert to $1 million per 
scal
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year commencing with the 2022-2023 scal year. DOGGR intends to utilize the full amount of these
funds annually to plug orphan wells.
Based on the cost range provided above, it is estimated that 23 to 100 wells may be plugged and
abandoned for scal years 2018-2019 through 2021-2022. For scal year 2022-2023 and beyond, an
estimated 7 to 33 wells may be plugged and abandoned annually. These annual benchmarks will
uctuate depending on the cost to plug each orphan well. Many of the costs to plug wells are driven
by conditions downhole that remain unknown until projects commence work. The prioritization of
orphan wells to be plugged each year will be based upon the prioritization factors for idle wells
described in California Code of Regulations Title 14 section 1772.4, which includes economic
e ciencies associated with grouping wells by location.
DOGGR utilized the 2018 reporting period to develop and implement a more standardized orphan
well process, including new methods to identify wells that may be orphan. The 35 wells that
commenced the orphan well process in 2018 will complete the process in 2019. The wells from this
grouping that have been determined to be orphan will be plugged and abandoned using the
appropriated funds for the 2018-2019 scal year.
DOGGR is working to streamline both the orphan well determination and contracting processes. This
year will also be used to identify orphan wells to plug in Fiscal Year 2019-2020 and build a queue of
orphan wells for subsequent scal years.
The identi cation of wells requiring the orphan well process will be an ongoing effort. The two most
common means by which these wells may be identi ed are: 1) failure to le annual idle well fees;
and, 2) identi cation at the DOGGR district level based on nding of desertion under Public
Resources Code section 3237.

3. Plans for the Management and Elimination of Long-Term Idle
Wells
Public Resources Code section 3206.3(a)(1)(D): A list of all operators with plans led with the
supervisor for the management and elimination of all long-term idle wells and the status of those
plans.
See Appendix A-6 for the list of operators with 2018 IWMPs and their status.

3.1 Idle Well Management Plans
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Under Public Resources Code section 3206(a)(2), operators may, in lieu of paying annual idle well
fees, le an IWMP that provides for the management and elimination of all the operator’s LTIW. An
operator may eliminate a LTIW by either properly plugging and abandoning the well in accordance
with the requirements of Public Resources Code section 3208 or demonstrating to DOGGR’s
satisfaction that the well has maintained production of oil or gas or been used for injection for a
continuous six-month period.
Under the requirements of AB 2729, IWMPs must commit operators to eliminating a minimum
percentage of their LTIW each calendar year. The required rate of elimination of LTIW is based on the
total number of statewide idle wells in the operator’s possession on January 1 of each year. Unless
and until the operator has no LTIW, the operator must eliminate the required rate of wells annually.
The required elimination rates are as follows:
Operators with 250 or fewer idle wells must eliminate at least 4% of their LTIW.
Operators with 251 to 1,250 idle wells must eliminate at least 5% of their LTIW.
Operators with more than 1,205 idle wells must eliminate at least 6% of their LTIW.
Public Resources Code section 3206(a)(2)(B)(iii) affords operators the opportunity to receive credits
for eliminating greater than the minimum required number of LTIW. These credits may be applied to
future minimum elimination requirements in the operator’s IWMP but expire after two years.
In this reporting period, DOGGR received and approved IWMPs from 76 oil and gas operators. Based
upon the terms of the approved IWMPS, operators were expected to eliminate a minimum of 596
LTIW. Operators signi cantly exceeded the expected number of eliminations and eliminated 988
LTIW. 19 operators eliminated more LTIW than was required by their approved IWMP, resulting in
those operators earning 453 elimination credits, which can be used for IWMP compliance for up to
two years. On January 1, 2019, the Supervisor conducted an annual review of each 2018 IWMP
which yielded the following results:
52 operators were found to be in compliance with the terms of their approved IWMPs.
988 LTIW were eliminated in 2018 as part of approved IWMPs.
Four operators eliminated all their LTIW in the State. Two of these operators plugged all their
idle wells in the State.
16 operators voluntarily voided their 2018 IWMP and led idle well fees, totaling $461,550 to
remain in compliance with Public Resources Code section 3206.
Eight operators had their IWMP canceled by DOGGR due to failure to comply with the terms of
their approved IWMPs. Two of the operators paid the idle well fees owed, and DOGGR is
pursuing enforcement action against the remaining six operators. Four other operators
received a Notice of Cancellation from DOGGR and appealed the cancellations, but in each of
https://www.conservation.ca.gov/calgem/idle_well/Pages/idle-well-program-report.aspx

11/18

9/16/2020

Idle Well Program Report

those cases the issues were resolved. Those four operators are included in the 52 operators
found to be in compliance.

3.2 Non-Compliant Idle Well Management Plans
If an operator fails to comply with their approved IWMP, then the IWMP for that operator is revoked
and the operator is not eligible to propose a new IWMP for any of its idle wells for the next ve
years. An operator may appeal to DOC’s Director regarding the Supervisor’s determination of noncompliance. If the Supervisor’s determination that the operator failed to comply with the IWMP is
not timely appealed, or if the Director upholds the Supervisor’s determination upon appeal, then the
operator is required to immediately le the idle well fees due for each year that the operator failed to
comply with the IWMP.
Furthermore, failure to le the idle well fee due for any well is conclusive evidence of desertion,
permitting the Supervisor to order the well abandoned pursuant to Public Resources Code section
3237.
DOGGR issued Notices of Cancellation to 12 operators for failing to comply with the requirements of
the IWMPs submitted in 2018. One operator appealed the Notice of Cancellation and provided the
required documentation to demonstrate compliance resulting in rescission of the Notice of
Cancellation. Three operators appealed the Notice of Cancellation and settlement agreements were
reached. Eight operators had their IWMPs revoked as they failed to appeal the cancellation of their
plan and to pay the required idle well fees. Two operators had their IWMP revoked and led the idle
well fees required.

3.2.1 Notice of Cancellation – Rescinded
DOGGR rescinded one Notice of Cancellation after the operator provided the necessary
documentation to demonstrate compliance. During this demonstration, DOGGR determined that the
operator exceeded the minimum elimination requirement in its IWMP. This operator is eligible to
propose an IWMP for the 2019 calendar year.
E & B Natural Resources, Operator Code E0100

3.2.2 Notice of Cancellation - Settlement Agreements
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DOGGR reached settlement agreements with all three operators that appealed the Notice of
Cancellation.
TEG Oil & Gas U.S.A., Inc., Operator Code T0135
First Oil and Gas Company, Operator Code T0275
HVI Cat Canyon, Operator Code G3515

3.2.3 Notice of Cancellation – IWMP Revoked
DOGGR revoked the IWMPs for eight operators that failed to appeal the cancellation of their plan.
These operators will be prohibited from submitting an IWMP for ve years, regardless of whether the
operator pays the required fees in future years.
Two operators led the idle well fees due in response to the Notice of Cancellation.
White Knight Production LLC, Operator Code W2050
Miocene Operating Services Inc, Operator Code M6655
Six operators have failed to pay the required idle well fees. DOGGR is pursuing enforcement action
against these operators in 2019 and will provide the results in the 2020 Annual Report on Idle and
Long-Term Idle Wells in California.
Caltico Oil Corp., Operator Code C1380
H2O-CH4, LLC, Operator Code H0070
Citadel Exploration Inc, Operator Code C5845
R. J. Bellevue, Inc, Operator Code B3079
Valid Energy Company, Operator Code V0175
Jaco Production Company, Operator Code J0700

4. DOGGR Enforcement
DOGGR’s Idle Well Program and Enforcement Unit work closely together to pursue enforcement
actions against operators that fail to comply with idle well statutory and regulatory requirements.

well
During this reporting period, DOGGR’s Idle Well program focused primarily on failure to le idle
fees and comply with IWMPs. Failure to le the annual idle well fee prescribed in Public Resources
https://www.conservation.ca.gov/calgem/idle_well/Pages/idle-well-program-report.aspx

13/18

9/16/2020

Idle Well Program Report

Code section 3206(a) is conclusive evidence of desertion. This permits the Supervisor to order that
the well be plugged pursuant to Public Resources Code section 3237.
Idle well fees are assessed annually for the preceding calendar year. During this reporting period,
idle well fees were assessed based on the idle well inventory for the 2017 calendar year. In this
effort, DOGGR collected $4,311,200 in idle well fees in 2018. DOGGR identi ed 957 operators that
failed to le idle well fees for 2,555 idle wells in 2018. Within the reporting period, 14 of these
operators were issued orders to plug 55 wells. There is also a backlog of pending orders for 943
operators to plug a total of 2,500 idle wells.
These enforcement efforts support the orphan well process as described in section 2.1 of this
report. Future enforcement efforts will expand the focus to comply with new idle well regulations in
addition to statutory requirements.

Appendix A - Idle Well Lists
A-1 2018 Calendar Year Idle Well Inventory
List of all wells that met the de nition of idle well at any point in the 2018 reporting period. The list
includes the API number and designation of the well, well type, operator, eld, pool, idle start date,
and LTIW status identi ed for each well.

A-2 Idle Wells That Changed Status from Idle to Long-Term Idle
Well
List of all idle wells that met the de nition of LTIW for the rst time in the 2018 reporting period. The
list includes the API number and designation of the well, well type, operator, eld, pool, and idle start
date.

A-3 Idle Wells That Changed Status from Idle to Plugged
List of all idle wells that changed status to plugged in the 2018 reporting period. The list includes
the API number and designation of the well, well type, operator, eld, pool, and idle start date.

A-4 Idle Wells That Changed Status from Idle to Active
https://www.conservation.ca.gov/calgem/idle_well/Pages/idle-well-program-report.aspx
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List of all idle wells that changed status to active in the 2018 reporting period. The list includes the
API number and designation of the well, well type, operator, eld, pool, and idle start date.

A-5 Idle Wells Determined to be Deserted
List of all idle wells that have been determined to be deserted. The list includes the API number and
designation of the well, last known operator, eld, and order number and date for each well. These
wells commenced the orphan well process in 2018.

A-6 Operators with 2018 IWMPs & Current Status
List of all operators with IWMPs submitted in 2018 and the status of each IWMP as of the annual
review, including the minimum number of LTIW required to be eliminated, the actual number of LTIW
eliminated, and credits earned for LTIW eliminated in excess of the minimum requirement.

Appendix B - References and Data Sources
The following were used as references for this report:
California Statutes and Regulations for Conservation of Oil, Gas, and Geothermal Resources
(April 2019)
Notice to Operators 2018-03: WellSTAR Release 2.0 – New and updated forms, e-permitting,
and electronic reporting (March 7, 2018).
Notice to Operators 2018-14: WellSTAR – New and updated forms, and electronic reporting
(December 7, 2018).
Notice to Operators 2019-01: WellSTAR – New and updated forms, and electronic reporting
(January 15, 2019).
Renewal Plan for Oil and Gas Regulation: Changing past practices to usher in a new era of oil
and gas regulation (October 2015).
The following were used as data sources for this report:
California Well Information Management System (CalWIMS) is an internal electronic database
used to maintain, monitor, and track well information.
IWMP documents submitted by operators.
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WellSTAR: Well Statewide Tracking and Reporting a new electronic database used to maintain,
monitor, and track well information.
WellSTAR: Internal database used to maintain, monitor, and track well information pertaining
to monthly production and injection volumes. Decommissioned March 2018.

Appendix C - Glossary
AB 2729
AB 2729 (Williams, Ch. 272, Statutes of 2016) rede ned an idle well and a long-term idle well;
removed the option for a large operator to secure an escrow account or post a “super blanket bond”
to avoid paying idle well fees; allowed an operator to implement an IWMP in lieu of paying idle well
fees; and provided a means through which a person who acquires land with one or more wells on it
to re-plug and abandon the well(s). It also required the Supervisor, on or before July 1, 2019, and
annually thereafter until July 1, 2026, to submit to the Legislature a comprehensive report on the
status of idle and LTIW for the preceding calendar year.
Idle Well
Public Resources Code section 3008, subdivision (d): “Idle well” means any well that for a period of
24 consecutive months has not either produced oil or natural gas, produced water to be used in
production stimulation, or been used for enhanced oil recovery, reservoir pressure management, or
injection. For the purpose of determining whether a well is an idle well, production or injection is
subject to veri cation by the division. An idle well continues to be an idle well until it has been
properly abandoned in accordance with Section 3208 or it has been shown to the division’s
satisfaction that, since the well became an idle well, the well has for a continuous six-month period
either maintained production of oil or natural gas, maintained production of water used in
production stimulation, or been used for enhanced oil recovery, reservoir pressure management, or
injection. An idle well does not include an active observation well.
Idle Well Fees
Public Resources Code section 3206, subdivision (a)(1): No later than May 1 of each year, for each
idle well that was an idle well at any time in the last calendar year, le with the Supervisor an annual
fee equal to the sum of the following amounts: (A) One hundred fty dollars ($150) for each idle well
that has been an idle well for three years or longer, but less than eight years. (B) Three hundred
dollars ($300) for each idle well that has been an idle well for eight years or longer, but less than 15
years. (C) Seven hundred fty dollars ($750) for each idle well that has been an idle well for 15 years
or longer, but less than 20 years. (D) One thousand ve hundred dollars ($1,500) for each idle well
that has been an idle well for 20 years or longer.
https://www.conservation.ca.gov/calgem/idle_well/Pages/idle-well-program-report.aspx
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Idle Well Management Plan (IWMP)
Public Resources Code section 3206, subdivision (a)(2): File a plan with the Supervisor to provide for
the management and elimination of all LTIW. (A) For the purposes of the plan required by this
paragraph, elimination of an idle well shall be accomplished when the well has been properly
abandoned in accordance with Section 3208, or it has been shown to the division’s satisfaction that,
since the well became an idle well, the well has maintained production of oil or gas or been used for
injection for a continuous six-month period.
Long-Term Idle Well (LTIW)
Public Resources Code section 3008, subdivision (e): “Long-term idle well” means any well that has
been an idle well for eight or more years.
Measured Depth
The length of the wellbore measured along the path of the well.
Plug and Abandon
Public Resources Code section 3208, subdivision (a): For the purposes of Sections 3206 and 3207, a
well is properly abandoned when it has been shown, to the satisfaction of the Supervisor, that all
proper steps have been taken to isolate all oil-bearing or gas-bearing strata encountered in the well,
and to protect underground or surface water suitable for irrigation or farm or domestic purposes
from the in ltration or addition of any detrimental substance and to prevent subsequent damage to
life, health, property, and other resources. For purposes of this subdivision, proper steps include the
plugging of the well, decommissioning the attendant production facilities of the well, or both, if
determined necessary by the Supervisor.
SB 724
SB 724 (Lara, Ch. 652, Statutes of 2017) temporarily increased funding to plug and remediate
deserted oil and gas wells and oil eld facilities from $1 million to $3 million. It required the Division
to establish criteria to prioritize deserted wells and facilities for remediation. This bill made several
technical and conforming changes to the Public Resources Code related to time lines for permitting
and idling of oil wells. This bill clari ed existing law to specify that the Division, as a part of an order
requiring the plugging and abandonment of a deserted well, may also require the operator to
address the adjacent production equipment associated with the well and conduct site remediation if
necessary.

IDLE WELL MENU
https://www.conservation.ca.gov/calgem/idle_well/Pages/idle-well-program-report.aspx
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Executive Summary

T

he oil and gas industry dumps 9 million
tons of methane and toxic pollutants like
benzene into our air each year. Methane
is a greenhouse gas 87 times more
potent than carbon dioxide at driving climate
change and the oil and gas industry is now the
largest source of methane pollution in the U.S.
But methane is just one harmful air pollutant from
the oil and gas industry. This paper sheds light on
the health impacts of air pollutants from oil and
gas facilities that specifically threaten the health
of African American communities living near oil
and gas facilities and in areas far from oil and
gas production.
The life-threatening burdens placed on communities of color near oil and gas facilities are
the result of systemic oppression perpetuated
by the traditional energy industry, which exposes
communities to health, economic, and social
hazards. Communities impacted by oil and gas
facility operations remain affected due to energy
companies’ heavy polluting, low wages for dangerous work, and government lobbying against local
interests. The nature of the vulnerability of African
American and other person of color fence-line
communities is intersectional--subject to connected systems of discrimination based on social
categorizations such as race, gender, class, etc.
Health impacts from the natural gas supply
chain (natural gas facilities as well as oil production facilities with associated gas) were quantified
in two reports published by Clean Air Task Force
(CATF). As demonstrated in the CATF’s Fossil
Fumes report, many of these toxic pollutants are
linked to increased risk of cancer and respiratory
disorders in dozens of counties that exceed U.S.
EPA’s level of concern. These pollutants from the
natural gas supply chain also contribute to the

The life-threatening burdens placed
on communities of color near oil
and gas facilities are the result of
systemic oppression perpetuated by
the traditional energy industry, which
exposes communities to health,
economic, and social hazards.
ozone smog pollution that blankets the U.S. in
the warmer months. The 2016 Gasping for Breath
report, published by CATF, found that ozone smog
from natural gas industry pollution is associated
with 750,000 summertime asthma attacks in
children and 500,000 missed school days. Among
adults, this pollution results in 2,000 asthma
related emergency room visits and 600 hospital
admissions and 1.5 million reduced activity
days. (Chapter 2)
This paper also shows the health impacts
from petroleum refinery pollution. While we do
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Air pollution is emitted from dozens
of types of equipment and processes
throughout the oil and gas sector.
Many proven, low-cost technologies
and practices are available to reduce
these emissions, while also reducing
emissions of methane, the main
constituent of natural gas.
not quantify health impacts from oil refineries, as
we did for impacts from natural gas facilities, we
include case studies and stories from community
members that have been impacted by pollution
from these facilities. In this chapter, we focus
solely on petroleum refineries, not the entire
petroleum supply chain. (Chapter 3)
	Many African American communities face
serious health risks caused by air pollution.
Higher poverty levels increase these health
threats from air pollution translating into a bigger
health burden on African American communities.
And, companies often site high polluting facilities
in or near communities of color, furthering the
unequal distribution of health impacts. This paper
for the first time quantifies the elevated health
risk that millions of African Americans face due
to pollution from oil and gas facilities. Specifically,
the paper finds that:

• More than 1 million African Americans live
within a half mile of existing natural gas facilities
and the number is growing every year.
• As a result, many African American communities face an elevated risk of cancer due to
air toxics emissions from natural gas development: Over 1 million African Americans live
in counties that face a cancer risk above EPA’s
level of concern from toxics emitted by natural
gas facilities.
• The air in many African American communities
violates air quality standards for ozone smog.
Rates of asthma are relatively high in African
American communities. And, as a result of
ozone increases due to natural gas emissions
during the summer ozone season, African
American children are burdened by 138,000
asthma attacks and 101,000 lost school
days each year.
• More than 6.7 million African Americans live
in the 91 counties with oil refineries.
The impacts described in this paper are just one
layer of the many public health issues that these
communities face. For example, this analysis
only accounts for the risks associated with air
pollution from oil and gas facilities—water and
soil contamination may also harm communities
living near oil and gas facilities. We also only
included health impacts directly linked to oil
and gas facilities—oil and gas development may
also bring increased truck traffic, oil trains, and
changes in land use, which can have significant
public health impacts. In addition, many African
American communities are located near other
major sources of pollution, like power plants,
chemical plants, hazardous waste facilities, and
others. These communities already face high
levels of pollution from various sources, and
the added health threats from oil and gas 		
development exacerbate their problems.
Air pollution is emitted from dozens of types
of equipment and processes throughout the oil
and gas sector, such as wells, completion equipment, storage tanks, compressors, and valves.
Many proven, low-cost technologies and practices
are available to reduce these emissions, while
also reducing emissions of methane, the main
constituent of natural gas. Thus, policies that
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and low-income communities are disproportionately affected by exposure to air pollution, and
standards that protect communities from this
pollution are critical. In addition, these communities have a lot to gain from the transition from
the current fossil fuel energy economy to one
based on equitable, affordable, and clean energy
sources. African American and other fence-line
communities, such as people who are low-income,
can organize to fight the intentional polluting of
their neighborhoods. The first step is to address
the many ways fossil fuels taint our communities,
including the air pollution from oil and gas
development.

© CATF

reduce pollution from the oil and gas industry
can help protect the health of local communities
while addressing global climate change. In the
Waste Not report, Clean Air Task Force (CATF), the
Natural Resources Defense Council (NRDC), and
the Sierra Club called for EPA regulations to cut
methane emissions from the oil and gas industry
by half. These methane standards would also
significantly cut toxic and ozone-causing air pollution, which could have important benefits for air
quality and public health in and downwind of oil
and gas producing areas. In addition, stringent
standards specifically for toxic and ozone causing
pollutants emitted throughout the oil and gas
supply chain are needed to ensure compliance
with the Clean Air Act and protect public health.
Defending the safeguards finalized during the
Obama administration and pushing for additional
protections against pollution from the oil and
gas industry will help improve the health of many
African American communities while addressing
global climate change. In June 2016, the EPA
finalized strong methane standards covering
new and modified oil and gas facilities. Although
cutting methane from new oil and gas facilities
is a step in the right direction, more important
is cutting pollution from the nearly 1.3 million
existing oil and gas facilities. These standards
will reduce the risk from the air toxics and ozone
smog-forming pollutants from this industry, but
without a comprehensive standard, the vast majority, at least 75 percent, of all of the wells and oil
and gas infrastructure in use today, will remain
virtually unregulated and can continue to pollute
without limit. Existing facilities spewed over 8 million metric tons of methane in 2015—equivalent
in near-term warming potential to the greenhouse
gas emissions from 200+ coal-fired power plants.
To reduce the risk from air toxics and smogforming pollution from this industry, EPA must
require pollution reductions from all oil and gas
facilities, and not roll back the protections that
are already in place.
	Environmental and energy justice issues are
multilayered. Thus, the approach to tackling these
issues must also be multilayered. People of color
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Equipment at a gas well.

Defending the safeguards finalized
during the Obama administration
and pushing for additional
protections against pollution from
the oil and gas industry will help
improve the health of many African
American communities while
addressing global climate change.
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chapt e r 1

Environmental Pollution and
the Health Impact in African
American Communities

T

he racial disparities among communities
impacted by environmental pollution in the
United States are stark. African Americans
are exposed to 38 percent more polluted
air than Caucasian Americans, and they are 75
percent more likely to live in fence-line communities than the average American.1 Fence-line communities are communities
that are next to a company,
industrial, or service facility
and are directly affected in
some way by the facility’s
operation (e.g. noise, odor,
traffic, and chemical emissions). Most fence-line
communities in the United
States are low-income individuals and communities
of color who experience
systemic oppression such
as environmental racism.

It is not a coincidence
that so many African
Americans live near
oil gas development.
Historically, polluting
facilities have often
been sited in or near
African American
communities.

Many African Americans are exposed
to high levels of pollution.
The air in many African American communities
violates air quality standards intended to protect
human health.
	Over 1 million, or two percent of African Americans, live in areas where toxic air pollution from
natural gas facilities is so high that the cancer
risk due to this industry alone exceeds EPA’s level
of concern.2 And, over 1 million African American
individuals live within a half mile of an oil and gas
facility—those within this half mile radius have

cause for concern about potential health impacts
from oil and gas toxic air pollution.3 These figures
only account for air pollution from wells and
natural gas compressors and processors—the
numbers would be much higher if pollution from
oil refineries was factored.
It is not a coincidence that so many African
Americans live near oil gas development. Historically, polluting facilities have often been sited in
or near African American communities. Companies
take advantage of communities that have low
levels of political power.4 In these communities,
companies may face lower transaction costs
associated with getting needed permits, and they
have more of an ability to influence local government in their favor.5
African Americans and other environmental
justice communities face heavy burdens because
of the millions of pounds of hazardous emissions
released by the oil and gas industry each year.
Many African American communities face serious
health risks as a result of toxic pollution from industrial facilities that are often located blocks
from their homes. These life-threatening burdens
are the result of systemic oppression perpetuated
by the traditional energy industry, which exposes
communities to health, economic, and social
hazards. Communities impacted by oil and gas
facility operations remain affected due to energy
companies’ heavy polluting, low wages for dangerous work, and government lobbying against local
interests.6 African American and other person of
color living in fence-line communities experience
connected systems of discrimination based on
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social categorizations such as race, gender, class,
disability, etc. These communities are impacted by
the negative health impacts of oil and gas facility
operations because of discrimination.
The impacts described in this paper are just
one layer of the many public health issues that

African American and other communities of color
face as a result of oil and gas operations. For example, this analysis only accounts for the risks
associated with air pollution from oil and gas facilities—the exposure risks from water and soil contamination may also harm communities living near

c a s e s t u dy

Siting of natural gas infrastructure in environmental
justice communities
The Atlantic Coast Pipeline (ACP), North Carolina,
Virginia, and West Virginia

S

et for completion in 2019, Duke Energy and Dominion Resources have begun steps to build
a 600-mile transmission pipeline from West Virginia through eastern North Carolina. The
Atlantic Coast Pipeline (ACP), being built to bring natural gas from hydraulic fracturing sites in
West Virginia and Pennsylvania to power plants in North Carolina.10 This expansion of coastal
infrastructure along the densely populated East Coast, will increase the likelihood of facilities
being sited in heavily populated areas. Typically, areas with a high concentration of low-income
and people of color, as well as other fence-line communities.
The North Carolinian coastline from the Outer Banks north to the Virginia line, is heavily
populated by low-income, African American residents. The proposed route of the ACP directly
impacts a number of African-American, and other vulnerable communities, in the state. In seven
of the eight counties along the proposed route the African American population ranges from
24.3 to 58.4 percent, compared to the 21.3 percent at the state level. These counties also
reflect income vulnerability, as seven of the eight counties have median household incomes
below the statewide median of $46,693. Seven of the eight counties along the proposed route
have poverty levels higher than the state average (17.2 percent), ranging from 17.6 to 33.1
percent.11 The expansion of the ACP and other natural gas infrastructure along the North
Carolinian coast would have unavoidable adverse impacts on already vulnerable communities.
The pipeline is not the only piece of infrastructure to be established as a part of the project.
As part of the plan for the Atlantic Coast Pipeline, Dominion intends to build a compressor
station in Northampton County, North Carolina, a county that share’s a border with Virginia.
Northampton’s African American population is 54.6 percent, and the median household income
in $31,453, nearly $15,000 below the state average. Almost 32 percent of Northampton
residents live in poverty, compared to 17.2 percent statewide.12
The overall cancer rate in Northampton County exceeds that for the state of North Carolina 		
at 516.6 per 100,000 (the state average is 488.9 per 100,000 people). Lung and bronchial
cancers, two forms of cancer caused by common air pollutant, are specifically elevated: 80.5 per
100,000 people compared to 70.1 per 100,000.13 Given the current state of vulnerable populations in the area of impact of the proposed pipeline, particularly in in North Hampton, a
compressor station, pipeline, and other natural gas infrastructure, could exacerbate health
problems from increased air pollution.
For more on the communities affected by the ACP project visit the Southern Environmental
Law Center, Path of the Pipeline.14
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oil and gas facilities.7 We also only included
health impacts directly associated with oil and
gas facilities—oil and gas development may
also entail increased truck traffic, oil trains, and
changes in land use, which can have significant
public health impacts.8 In addition, many African
American communities are located near other
major sources of pollution, like power plants,
chemical plants, hazardous waste facilities, and
others.9 These communities already face high
levels of pollution from various sources, and the
added health threats from oil and gas development exacerbate their problems.
This paper sheds light on the health impacts
many African American communities face from oil
and natural gas production, processing, and transmission facilities. It also underscores both the
need to implement commonsense standards that
reduce pollution from these facilities, and the
need to transform the current energy economy

figure 1
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Source: U.S. Census Bureau, National Center for Health Statistics

into one that is based on clean energy sources
and the principles of energy democracy (local
energy choice) and energy sovereignty (local control of energy systems). This new energy economy
will need to address the overlapping systems
of oppression that allow whole communities
to be poisoned.
Asthma threatens the health of children
in African American communities.
Approximately 13.4 percent of African American
children have asthma (over 1.3 million children),
compared to 7.3 percent for white children.15 The
death rate for African American children with asthma is one per 1 million, while for white children it
is one per 10 million.16
Many African Americans are particularly burdened
with the health impacts from air pollution, due
to high levels of poverty and relatively lower
rates of health insurance.
Individuals living below the poverty level are
particularly burdened by the effects of air pollution. In 2015, 24 percent of the African American
population (including 32 percent of African American children) were living in poverty, compared
to 14 percent for the overall US population (and
20 percent of US children).17 High poverty rates
restrict housing options for African American
families. African Americans are also somewhat
less likely to have health insurance than the population as a whole. In 2015, 11.5 percent was the
uninsured rate for African Americans under the
age of 65, versus 10.8 percent for the population
as a whole and 7.5 percent for the white population.18 The combination of higher poverty rates
and lower prevalence of health insurance exacerbates the impact air pollution has on low-income
African American families.

“Common sense would suggest that a pipeline carrying a highly
flammable substance and a massive polluting industrial facility
should not be placed in any residential community, much less
an environmental justice community.”
– Congressman Sanford D. Bishop, Jr. John Lewis, Hank Johnson Jr., and David Scott in a 2015 response to the Saber Trail
Pipeline Project in Alabama, Southern Georgia, and Central Florida.19
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C om m uni t y S to ry

“My parents grew up on the Permian Basin where we have some of the largest frack fields
and very old oil wells, as well. Thinking about the impacts of these chemicals and toxins
that persist in the area, I realized that I never been out of this stuff. Even in the womb of
my mother and her own sort of chemistry and biology that she grew up with having spent
her whole life there…. The city of Houston did a study and identified 12 carcinogens and
that research is available and some of the highest concentrations are in areas that I grew
up in and spent majority of my childhood in. Some of the things that I experienced were 		
frequent headaches, irritability, and nose bleeds, gastrointestinal problems, a lot of things
that I said I can show and we have seen are the same symptoms are as a result from 		
being exposed to some of these carcinogens.”
— Bryan Parras, Houston, TX

A large number of African Americans live in
states with large numbers of polluting oil and
gas facilities.
Many of the states with the highest amount of
oil and gas development also have large African
American populations. In three of the top ten oil
and gas production states of 2015—Louisiana,

Texas, and Pennsylvania—African Americans made
up more than 10 percent of the population. And,
in two of the other top oil and gas states--North
Dakota and Wyoming--the African American population has grown significantly since 2000, a time
when oil and gas production in these states has
also grown.20

figure 2

African American Percent of Population in 200 Counties with
Highest Oil and Gas Production (2015)

African American Percent
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n 16%–25%
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Source: U.S. Census Bureau, DI Desktop
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Earthworks released the “Oil and Gas Threat
Map,” an interactive map of the nearly 1.3 million
active oil and gas wells, compressors and processors in the U.S.21 The map shows how many African
Americans live within a half mile of oil and gas
facilities, and it indicates that those within this
radius have cause for concern about potential
health impacts from oil and gas pollution. It is

not a declaration that those near oil and gas
facilities will definitely have negative health
impacts, and it also does not mean that people
living further than a half mile are safe from health
impacts. As we document later in this paper, there
is ample evidence that the pollution from oil and
gas operations impacts individuals and communities both close to and far from these facilities.

figure 3

Threat Radius—The Area within a Half Mile of Active Oil and Gas Wells, Compressors,
and Processing Plants

The oil and gas well data was downloaded directly from state government agencies, and it includes all active conventional and unconventional wells in 2016 and 2017. Gas compressor and processing plant data were primarily taken from
a variety of state and federal databases. State and federal agencies do not monitor compressors and processing plants
as closely as they do wells, so this data is not comprehensive in all states.
Source: http://oilandgasthreatmap.com/threat-map

C om m uni t y S to ry

“Fortunately, no one was seriously injured as a result of the explosion, but nearby residents
were concerned about what they might be exposed to as a result of the explosion [BP Amoco
and Enterprise Products, LLC gas processing plant in Jackson County, MS]…Unlike oil and
chemical plants, gas processing plants are not required to report the list and quantity of
hazard pollutants they release to the Environmental Protection Agency’s Toxic Release 		
Inventory (TRI) Program.”
— Steps Coalition, Biloxi, MS

f u me s ac ro s s t h e f e n c e -li n e

More than 1 million African Americans nationally
(2.4 percent of the total African American population) live within a a half mile radius of oil and
gas facilities (see Table 1).
• Ohio, Texas, and California have the most
African Americans living within a half mile
radius of oil and gas facilities.
• And, in Oklahoma, Ohio, and West Virginia,
approximately one in five African Americans
in the states live within the half mile radius
of oil and gas facilities.

Ta b l e 1

Top 10 States by African American Population Living within
a Half Mile Radius of Oil and Gas Facilities (2010 Census)

State

African American
Population within a
Half Mile Radius

Percent of African American
Population in State within
a Half Mile Radius

Texas

337,011

10%

Ohio

291,733

19%

California

103,713

4%

Louisiana

79,810

5%

Pennsylvania

79,352

5%

Oklahoma

73,303

22%

West Virginia

13,453

17%

Arkansas

10,477

2%

Mississippi

10,448

1%

Illinois

10,227

1%

TOTAL

1,052,680

2%

Source: http://oilandgasthreatmap.com

Equipment at a gas well.
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Box 1

Air Pollutants & Associated Health Concerns
from Oil and Gas
Methane, the primary component of natural gas, is over 80 times more potent than carbon
pollution’s projected disruption to our climate over the coming decades. Methane also
contributes to ozone smog formation.
Toxic and Hazardous Air Pollutants include a wide range of chemicals that are known or
probable carcinogens and/or cause other serious health impacts. Among other chemicals of concern, oil and natural gas facilities are responsible for the following air pollutants, either emitted
as a component of raw natural gas or a by-product of natural gas combustion that occurs at
these sites. Exposure studies based on air measurements have identified levels of benzene,
hydrogen sulfide, and formaldehyde near oil and gas sites that exceed health-based thresholds.
• Benzene has been linked to cancer, anemia, brain damage, and birth defects, and it is
asso-ciated with respiratory tract irritation.22 Over time, benzene exposure can also lead to
reproductive, developmental, blood, and neurological disorders. A 2012 study estimated a
10 in a million cancer risk--well over EPA’s level of concern--for residents near a well pad,
attributable primarily to benzene levels measured in the air near the well site.23 The EPA’s
National Emissions Inventory (NEI) estimates that over 20,000 tons of benzene was emitted
by oil and gas sources in 2011.24 Benzene is a constituent of raw natural gas, so leaks
and vents are the primary source of benzene pollution from the oil and gas industry.
• Ethylbenzene has been associated with respiratory and eye irritation, as well as blood and
neurological disorders.25 The NEI estimates that over 2,000 tons of ethylbenzene was emitted
by oil and gas sources in 2011.26 Like benzene, ethylbenzene is a constituent of raw natural
gas and leaks and vents of gas are the primary sources of ethylbenzene.
• Hydrogen sulfide gas is primarily found near wells producing “sour gas.” At high concentrations, it can cause severe respiratory irritation and death. At lower levels, it can lead to eye,
nose, and throat irritation; asthma attacks; headaches, dizziness, nausea, and difficulty
breathing.27
• Formaldehyde has been linked to certain types of cancer, and chronic exposure is known to
cause respiratory symptoms.28 The NEI estimates that nearly 22,000 tons of formaldehyde
was emitted by oil and gas sources in 2011.29 Formaldehyde is primarily emitted from
combustion sources such as flares and compressor engines.
Volatile Organic Compounds (VOCs) are precursors to ground level ozone smog. Ozone
smog can impair lung function, trigger asthma attacks, and aggravate conditions of people
with bronchitis and emphysema.30 Children, the elderly, and people with existing respiratory
conditions are the most at risk from ozone pollution.
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Box 2

Air Pollution Sources in the Oil and Gas Industry

T

he oil and gas industry includes a large number of industrial sites across the country. These
include hundreds of thousands of wellpads where oil and gas are produced, thousands of
compressor stations which move natural gas from wells to markets, and hundreds of processing
plants which prepare gas for high-pressure pipelines that take it to markets.
	Raw natural gas (i.e., gas as it is produced from underground formations, before significant
processing is done) usually contains significant amounts of ozone-forming volatile organic compounds (VOCs) and often contains significant amounts of toxic hazardous air pollutants (HAPs),
though gas varies in composition from source to source. The HAPs in raw gas include hexane,
benzene, and other aromatic chemicals; poisonous gases like hydrogen sulfide can also be
present. As such, natural gas wellpads and the natural gas gathering pipeline and compression
systems that move gas from wells emit substantial amounts of VOCs and HAPs, as do the
processing plants that separate natural gas liquids (VOC species that are valuable components
of raw natural gas) from the natural gas that is sent through pipelines to customers. Some 		
of those pollutants remain in the gas even after processing. Emissions from facilities further
downstream in the natural gas supply chain, like transmission compressor stations and local
distribution equipment, still include some of these pollutants.
Crude oil production operations also emit substantial amounts of VOCs and HAPs. Methane,
as the main constituent of natural gas, is emitted from all types of oil and natural gas facilities,
from wellpads to the natural gas distribution systems in urban areas.
• Oil and Gas Production: The oil and gas production segment includes many diverse activities,
such as production of hydrocarbons from underground geologic formations; separation of
natural gas, oil, and, water; and collection of gas from multiple wells through natural gas
gathering pipeline and compressor systems. These activities in turn involve processes such
as well drilling, hydraulic fracturing or other well stimulation, and well workovers; and they
require equipment such as tanks, piping, valves, meters, separators, dehydrators, pipelines,
and gathering compressors.
• Natural Gas Processing: Gas processing plants separate raw natural gas into natural gas
liquids and processed natural gas that meets specifications for transport in high-pressure
pipelines and consumption in furnaces and power plants. Natural gas liquids are hydrocarbons
such as propane, butane, etc., which are valuable products of gas processing. The processing
removes most of the toxic components from the gas, but some toxins remain.
• Natural Gas Transmission and Storage: Natural gas transmission pipelines carry gas from
production regions to markets. This segment also includes facilities where gas is stored,
either underground or in tanks. Compressor stations along pipelines maintain pressure
and provide the energy to move the gas.
• Natural Gas Distribution: Finally, natural gas is delivered to customers (residential, 		
commercial, and light industrial) via low-pressure underground distribution pipelines.
• Oil Refineries: Refineries are large industrial plants that process crude oil into various
petroleum products, such as gasoline, diesel fuel, jet fuel, and others. Emissions of toxic
and hazardous pollution from these facilities are very high, while methane emissions
are relatively small.
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chapt e r 2

Health Impacts
from Natural Gas Facilities

N

atural gas facilities emit toxic air 		
pollution and pollution that forms ozone
smog. In two previous reports, “Fossil
Fumes” and “Gasping for Breath,” CATF
presented the public health impact of toxic air
pollution and ozone smog,
respectively, from the natural gas industry. Here, we
break out and discuss the
public health impacts of
these pollutants specifically
for African American communities.
The health impacts
described in this chapter
are the result of air pollu— Charles Zacharie, Baldwin Village
tion that is directly due to
resident, Los Angeles, CA32
natural gas facilities and
equipment (for impacts of
petroleum refineries, see Chapter 3).31 As noted
above, we are not fully accounting for the public
health impact of natural gas development: water
pollution and soil con-tamination can also have a
significant public health impact, as can ancillary
activities such as increased truck traffic. As
such, the impacts presented in this chapter
should be understood as minimum amount of impact; the true public health impact of natural gas
development is certainly much higher.

“Just because the oil
company brings jobs
and other benefits,
doesn’t mean it can
do it at the expense
of my health and
well-being.”

In this chapter, we discuss the following public
health impacts of natural gas facilities:
• Excessive concentrations of ozone (smog)
• Increased risk of cancer due to toxic air
emissions.

The air in many African American communities
violates air quality standards for ozone.
High ozone levels are caused by emissions from a
variety of industries, but it is possible to separate
out the increase in ozone that can be directly
attributed to emissions from natural gas facilities
and its associated health impact.33 CATF’s 		
“Gasping for Breath” describes an ozone modeling analysis that compares ozone levels in a 2025
“Baseline” case and a 2025 “Zero Natural Gas
Emissions” case. The difference in ozone levels
between these two cases is the ozone that can
be directly attributable to natural gas.34
The increased level of ozone can be associated
with an increase in a variety of health impacts.
The EPA uses peer-reviewed literature to estimate
how these changes in ozone will affect public
health.35 Using the same studies and methodology
as the EPA used in its recent Ozone National
Ambient Air Quality Standards (NAAQS) rulemaking
process, CATF’s ozone modeling estimates the
impact on public health that can be directly attributable to ozone caused by emissions from the
natural gas sector. Nationally, CATF estimates that
over 750,000 asthma attacks for children and
over 500,000 lost school days during the summer
ozone season are due to ozone increases resulting
from natural gas emissions.36 After adjusting
these total incidence rates based on the county
level African American population, the African
American population is burdened by approximately
138,000 asthma attacks and 101,000 lost
school days attributable to natural gas air pollution each year. The burden of these health impacts
falls more heavily on populations that already
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figure 4

Number of Asthma Attacks Experienced by African American Children Caused by Ozone
Attributable to Oil and Gas by Metropolitan Area

Number of Asthma
Attacks per Ozone Season
25–250
251–500
501–1,000
1,001–2,000
2,001–3,000
> 3,000

Source: “Gasping for Breath,” US Census Bureau

Ta b l e 2

Top 10 Metropolitan Areas by African American Health Impacts Attributable to Ozone
caused by Natural Gas Pollution
Metropolitan Area

Asthma Attacks
(per year)

Lost School Days
(per year)

Dallas-Fort Worth (TX, OK)

8,059

5,896

Atlanta (GA)

7,499

5,469

Washington-Baltimore (DC, MD, VA, WV, PA)

7,216

5,269

New York-Newark (NY, NJ, CT, PA)

5,235

3,821

Houston (TX)

4,256

3,111

Chicago (IL, IN, WI)

3,777

2,760

Memphis (TN, MS, AR)

3,674

2,692

Philadelphia (PA, NJ, DE, MD)

2,887

2,104

Shreveport-Bossier City (LA)

2,536

1,871

Detroit (MI)

2,402

1,751

137,688

100,564

National African American Total
Source: “Gasping for Breath,” US Census Bureau
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have high levels of asthma or who are already
systemically oppressed. Figure 4 on page 15 shows
the number of asthma attacks due to natural gas
air pollution among African American children in
metropolitan areas across the county each year.37
Two of the ten metropolitan areas with the
most asthma attacks attributable to natural gas
ozone pollution are located in Texas: the areas in

and around Dallas and Houston. The Shreveport,
Louisiana metropolitan area is located near
natural gas production. In addition, the air pollution from natural gas facilities has a large impact
on some metropolitan areas that are located far
from natural gas producing regions, like in Atlanta,
Washington DC, New York, Chicago, Memphis,
Philadelphia, and Detroit.

c a s e s t u dy

Downwind Air Pollution in the Mid-Atlantic
Baltimore, MD

W

hile health risks are greatest near the original sources of pollution, airborne pollution
from oil and gas facilities can have health impacts far downwind. The air pollution from
natural gas facilities in Pennsylvania and West Virginia has had significant impacts on air quality
in 	Maryland, particularly in the Baltimore—District of Columbia (D.C.) corridor where there is 		
a high concentration of African Americans and other people of color.
A 2015 study from the University of Maryland evaluated the longer-term and long-range effects
of hydraulic fracturing on regional air pollution. The study analyzed hourly measurements of air
pollutants, including ethane—gases found in natural gas mixtures—in Baltimore and Washington,
D.C. between 2010 and 2013. It found that ethane measurements increased by 25 percent between 2010 and 2013 in the region. Ethane is the second-most abundant compound in natural
gas, which when inhaled can cause nausea, headaches, and dizziness. While there has been an
overall decline in non-methane organic carbons and improvement in air quality since 1996, the
atmospheric concentration of ethane in the region managed to rise between 2010 and 2013.38
	Maryland officially banned the practice of hydraulic fracturing in 2017, although even before
the ban, hydraulic fracturing was a rare practice. After comparing the rise in ethane to natural
gas extraction in neighboring states, the researchers found a correlation. After tracking the wind
direction, distribution, and speed in the Marcellus shale play region, researchers determined that
Baltimore and other areas in Maryland and Washington DC were on the tail end of natural gas
emissions originating from sites in Pennsylvania, West Virginia, and Ohio.
In 2015, people in Baltimore experienced 89 days of elevated smog, and on 20 days it was 		
at unhealthy levels, increasing the risk of premature death, asthma attacks, and other adverse
health impacts.39 Baltimore is a predominately African American city, with African Americans
accounting for 63 percent of the city’s population. The city’s fence-line neighborhoods have a
history steeped in toxic fumes, industry dumping, and hazardous air pollutants. The impacts 		
of methane and other gases from out of state have further worsened of air quality in these
communities and the entire region. With poor air quality already, residents of Baltimore should
not also be exposed to pollution from oil and gas development in other states.
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“Over 200 cities in Texas have local ordinances regulating oil and gas activity where people
are living with these consequences. Cities all over Texas have ordinances regulating things
like reasonable distances for drilling away from neighborhoods. They have rules to protect
fresh water to decide where pipelines can be constructed. They even regulate where trucks
can drive and the hours in which facilities can operate and these are all locally regulated…
Ordinances like Dallas’s and any of the other ordinances across Texas could be overturned
as soon as the company sues the city and future ordinances have to move industry standards…. This is a human rights violation because people pass these laws to protect their
health and safety from explosions and to prevent water and air pollution and the state
agencies and the federal government will not. It was a power grab and it weakens our
most democratic institution.”
— Melanie Scruggs, TX

figure 5

African American Percent of Population in Counties above EPA’s Level of Concern
for Cancer Risk from Oil and Gas Emissions

African American Percent
of Population

n <1%
n 2%–5%
n 6%–10%

n 11%–15%
n 16%–25%
n > 25%

Source: “Fossil Fumes,” U.S. Census Bureau

Many African American communities face
an elevated risk of cancer due to toxic air
emissions from natural gas development.
In the EPA’s National Air Toxics Assessment
(NATA), the EPA identifies and prioritizes air toxics,
emission source types, and locations that are of
greatest potential concern when looking at health

risk from air emissions in populations. NATA
estimates cancer risk that can result from toxic
air emissions. The metric for cancer risk is the
number of cancer cases per million people exposed;
areas with cancer risk above one-in-a-million are
considered to be above EPA’s level of concern.
In CATF’s Fossil Fumes report, 238 counties in
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21 states faced a cancer risk above EPA’s one-ina-million level of concern due to toxic emissions
from natural gas operations.40 In 2015, over
9 million people lived in these counties, of whom
1.1 million were African American.
	Of the African Americans living in counties
above EPA’s level of concern for cancer risk,
most live in Texas, Louisiana, and Oklahoma.
The inventory that our analysis relied on, the
National Emissions Inventory, may underestimate
the total emissions of toxics from natural gas.41
Many peer-reviewed studies based on independent measurements conducted in both natural
gas producing basins and urban areas consuming
natural gas have concluded that official emissions

inventories such as the National Emissions
Inventory (NEI)underestimate actual emissions
from natural gas.
While the cancer risk estimates are based on
the EPA’s most recent NEI projections, there is still
a degree of uncertainty regarding emissions levels
reported to the NEI. For example, in 2015, an
expert review analysis in California identified the
need to update emissions estimates, particularly
in relation to understanding health threats for
communities in the Los Angeles Basin. Thus,
while no counties in California are above EPA’s
level of concern in the current analysis, this may
be a result of underestimated emissions reported
to EPA, not an actual indication of low risk levels.

Ta b l e 3

Top 10 States with African American Population Living in Counties Above EPA’s Level
of Concern for Cancer Risk (2015 Population Data)
Total African
American
Population in High
Risk Counties

Percent of
Population in High
Risk Counties that
is African American

State

Number of Counties
Above EPA’s Level
of Concern for
Cancer Risk

Texas

82

4,189,179

528,357

13%

Louisiana

19

1,027,556

354,952

35%

Oklahoma

40

796,695

37,130

5%

West Virginia

28

804,850

30,589

4%

Pennsylvania

8

624,764

25,071

4%

North Carolina

1

169,866

22,682

13%

Mississippi

2

37,135

17,039

46%

Colorado

6

419,023

7,458

2%

13

205,829

7,417

4%

3

247,495

7,093

3%

238

9,086,228

1,050,372

12%

Illinois
New Mexico
Total

Total Population in
High Risk Counties

Source: “Fossil Fumes,” US Census Bureau

C ommu n ity S to ry

“Oil and gas development poses more elevated health risks when conducted
in areas of high population density, such as the Los Angeles Basin, because
it results in larger population exposures to toxic air contaminants.”
— The California Council on Science & Technology
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A History of Urban Drilling
Inglewood Oilfield, Inglewood, CA

L

© CATF

Oil wells in a residential neighborhood in Los Angeles.

© CATF

os Angeles has a long history of urban oil drilling.
Across Los Angeles, drilling pumps can be found
in and near public parks, as well as throughout commercial and residential areas. The 1000-acre Inglewood Oil
Field, operated by Freeport-McMoRan Oil and Gas, is
one of the largest urban oil fields in the United States.
The field contains 959 wells that extract over three
million barrels of oil a year. The environmental hazards
of this urban drilling have caused countless environmental and public health issues, lawsuits, and community
actions.
Inglewood oil field, located in the north-western area
of the Los Angeles Basin, has more than one million
residents within five miles of the oil field. 50,000 households sit immediately next to the field.42 Many of these
fence-line communities are predominately communities
of color. The neighborhoods surrounding the oilfield include Baldwin Hills, Inglewood, and Culver City neighborhoods, which together are 50 percent African American.
Residents and local organizations surrounding the
Inglewood Oil Fields have expressed concerns about
the environmental, health, and seismic effects of drilling
in their community. Given the proximity of the oil field
to residential areas, emissions from the site result in
continuous human exposure.
People have detailed smelling diesel or industrial
smells, as well as soapy smelling odor suppressants.
A number of advocacy groups in Los Angeles, including
the coalition Stand Together Against Neighborhood
Drilling (STAND L.A.), have called for a 2,500 foot setback requirement for oil facilities to protect the health
and safety of nearby residents. This distance is on the
lower end of the range researchers have recommended
as necessary to protect human health and quality of life
from the impacts of toxic emissions and exposures.43
Although community groups and members have come
forward about the toxic nature of the fumes and other
air pollutants coming from the Inglewood oilfield, local
decision makers have not addressed these concerns,
claiming that the public health impacts of this air
pollution are still unknown.44

Oil wells in a residential neighborhood in Los Angeles.
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Uneven Responses to Community Oil and Gas
Air Pollution
Los Angeles, CA

N

ot only are the rates of health impacts from oil and gas facilities drastically different between
communities, so is local and state responses to air pollution from these facilities. Low-income
and communities of color seldom receive the same amount of attention as higher income, white
communities when faced with major pollution related events. From October 2015 to February
2016, the affluent, suburban Los Angeles neighborhood of Porter Ranch experienced the worst
reported methane leak in the United States. The $400,000 plus homes inside gated communities are located a mile away from the Aliso Canyon natural gas storage facility, which leaked 		
a total of 96,000 metric tons of methane as well as other air pollutants over the course of five
months.45 This pollution caused many to experience symptoms including vomiting, rashes,
headaches, dizziness, and bloody noses.46
With the declaration of a state of emergency from Governor Jerry Brown, came an overwhelming response. Over 4,000 households in Porter Ranch were evacuated. Alongside community
and state insistence for the shut-down of the facility, the city ordered the gas company to provide
temporary housing for residents. As the largest methane leak in U.S. history, the Porter Ranch
disaster, unique in its size and suddenness, deserved a substantial response. However, Los
Angeles residents who live right next to some of the 5,000 active drilling sites in the city-disproportionately low-income communities of color--have dealt with similar issues for years
and deserve a similar response to their plight.47
	Oil operations look a lot different in low-income communities of color, where drilling sites
are often adjacent to residential areas. Jefferson Park, a South L.A. neighborhood impacted by
drilling, is 90 percent African American or Latinx This is in stark contrast to Porter Ranch, where
the majority of the population is white and median household income is more than triple that 		
of Jefferson Park and other neighborhoods.48
The AllenCo drilling site in Jefferson Park—now closed but pending reopening—was 30
feet away from the nearest home. Residents filed hundreds of complaints about odors, nausea,
body spasms, and respiratory illnesses, before the site was finally closed in 2013.49 Despite
the efforts of community members, the site was only closed after EPA officials became sick
while investigating the site. Communities across Los Angeles have faced the same burdens
from urban oil and gas drilling faced by the residents of Porter Ranch. The major difference 		
is the amount of time and the nature of the response. Other communities have faced these
health impacts for decades, with no evacuations or government response.
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chapt e r 3

Health Impacts
from Oil Refineries

I

n this chapter, we include case studies and
stories of community members that have
been impacted by pollution from oil refineries.
We do not quantify health impacts from oil
refineries, as we did for impacts from natural gas
facilities, but the case studies demonstrate the
range of impacts that are felt by fence-line communities around the country. In addition, in this
chapter, we focus solely on petroleum refineries,
not the entire petroleum supply chain.
Refineries release toxic air pollution in communities in 32 states. This toxic mix of carcinogens,
neurotoxins, and hazardous metals—such as
benzene, hydrogen cyanide, and lead—can cause
cancer, birth defects, and chronic conditions like
asthma. While about 90 million Americans live
within 30 miles of at least one refinery, 6.1 million
Americans live within three miles of one refinery
or more.50 There are even cases, similar to natural
gas and other oil facilities, where houses are a
mere few feet away from refinery property lines.
There are 142 large refineries in the United
States, the majority of which are sited in low-income
areas and communities of color. In 2010, oil
refineries reported approximately 22,000 tons of
hazardous air pollution to the U.S. Environmental
Protection Agency (EPA).51 However, this number
fails to take into account unreported emissions
from refinery sources, like flares, tanks, and
cooling towers, as well as accidents, which can
release 10 or even 100 times more pollution than
what is reported.52 Proximity to oil refineries and
other oil and gas facilities also poses serious risk
during natural disasters. Air pollution from refineries
during and after extreme weather events severely
impacts fence-line communities. As during Hurricane

Harvey in August 2017, refineries in the
Houston, TX metro area released thousands of
pounds of toxic air pollutants, resulting in further
evacuations and curfews for local residents. The
full impact of these chemical released during
natural disasters and other events are often
immeasurable.

While about 90 million Americans
live within 30 miles of at least one
refinery, 6.1 million Americans live
within three miles of one refinery
or more.
	Oil refineries are one of numerous plights for
African American and other fence-line communities,
who are subject to the environmental burdens of
the fossil fuel industry. People of color, including
African Americans and Hispanic Americans, have
a higher cancer risk from toxic air emissions from
refineries than the average person. Risk factors
are increased when also looking at adults living
in poverty.
• Most counties with oil refineries and higher
percentages of African American residents are
concentrated in the Gulf Coast Basin (Texas,
Louisiana, Alabama, and Mississippi).
• Texas, California, and Pennsylvania have the
most African American residents living in
counties with oil refineries.
• Michigan, Louisiana, and Tennessee have the
highest percent of African American residents
living in oil refinery counties.
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Figure 6 (p. 22) shows the percent of African
Americans in U.S. counties with oil refineries.
This chapter highlights the health impacts of
oil refinery air pollution on predominately African
American fence-line communities—communities
that sit adjacent to polluting facilities and sources.
We do not quantify health impacts using atmospheric models, as we did for air pollution from

natural gas facilities, as we did in Chapter 2.
However, through case studies in Port Arthur,
Texas; Baton Rouge, Louisiana; East Bay, 		
California; and South Philadelphia, Pennsylvania
we explore the various impacts oil refinery operation and related events impact African American
and fence-line communities.

figure 6

African American Percent of Population in Counties with Oil Refineries

African American Percent
of Population

n <1%
n 2%–5%
n 6%–10%

n 11%–15%
n 16%–25%
n > 25%

Source: U.S. Census, Energy Information Administration Form 820

Ta b l e 4

Top 10 States by African American Population Living Counties with Oil Refineries
State
Texas
California
Pennsylvania

Total Population in
Refinery Counties

African American Population
in Refinery Counties

Percent African American
in Refinery Counties

8,973,679

1,397,018

16%

13,060,074

1,302,860

10%

2,214,144

848,064

38%

Michigan

1,759,335

712,290

40%

Louisiana

1,358,443

540,435

40%

Tennessee

938,069

509,942

54%

Alabama

657,160

228,846

35%

New Jersey

847,265

173,852

21%

Delaware

556,779

148,994

27%

Ohio

913,279

146,192

16%

Total

39,793,311

6,709,206

17%

Source: U.S. Census, Energy Information Administration Form 820
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East Bay Refinery Corridor
East Bay, CA

T

he burden placed on communities of color in the north coast of the East Bay region, which 		
is home to a variety of petrochemical industry sites, cannot be ignored. The five petroleum
refineries in this region emit a unique cocktail of toxic and carcinogenic compounds that impact
cardiovascular health of surrounding communities. This region, nicknamed the “refinery corridor,”
has a petroleum refining capacity of roughly 800,000 barrels per day of crude oil.53 While there
have been many strides to clean up these major sources of air pollution, health impacts in the
region, including cancer rates, are still disproportionately high. The City of Richmond’s residents
of color disproportionately live near the refineries and chemical plants.

c a s e s t u dy

Burdens of a FenceLine Community:
Valero Oil and Gas
Refinery

The Carver
Terrace housing
project sits next
to an oil refinery
in West Port
Arthur, Texas.

West Port Arthur, TX
n the border of Texas and
Louisiana lies the city of Port
Arthur, Texas, which houses two notorious oil refineries: a 3,600-acre
Motiva Enterprises plant, to the
northeast, and a 4,000-acre plant
owned by Texas-based Valero to the
west. The two facilities refine more than 900,000 barrels of crude per day. Like many Gulf Coast
cities and towns, Port Arthur is not only exposed to the hazards of neighboring oil and gas infrastructure, it is also downwind of nearly every coastal refinery in Texas, as well as other industrial
facilities.54
The western Valero refinery—one of the largest in the world—borders West Port Arthur, a
predominately African American community (95 percent African American in 2013) with several
complexes of low-income public housing that exist directly on the refineries’ fence. For decades,
West Port Arthur’s enormous refineries have released and leaked benzene, carbon monoxide,
sulfur dioxide, and other pollutants. The U.S. Environmental Protection Agency’s Toxics Release
Inventory ranks Jefferson County, Texas among the worst nationally for chemical emissions
known to cause cancer, birth defects, and reproductive disorders. Port Arthur is near the top of
the list of offending cities.55 According to the Texas Cancer Registry, cancer rates among African
Americans in Jefferson County are 15 percent higher than for the average Texan. The mortality
— c o n ti n u e d —

© AP Photo/LM Otero
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Valero Refinery
in West Port Arthur,
Texas

© Eugene Richards, OnEarth

rate from cancer is more than 40 percent higher. 56 In addition to higher cancer rates, residents
of Port Arthur were found to be four times more likely than people approximately 100 miles
upwind to report suffering from heart and respiratory conditions; nervous system and skin
disorders; headaches and muscle aches; and ear, nose, and throat ailments.57
Community activists in Port Arthur have been fighting against the refineries polluting their
communities’ air for more than a decade. Organizations, such as the Community in-Power Development Association (CIDA, Inc.), work with community members in Port Arthur to collect and
analyze air, water, and soil samples, conduct direct action events, lobby local and state legislatures, and hold large industries accountable for the pollution they create. CIDA has won many
victories alongside other local groups in Port Arthur. In 2007, CIDA Inc. was able to negotiate
an agreement for the Valero oil refinery to assist with health care cost for residents West Port
Arthur residents and for the construction of a health clinic in the community.58
The organization, with other major environmental groups, helped establish the national
Start-up Shut-down and Malfunction (SSM) Law for refineries. SSM removes exemptions for large
industrial pollution sources from meeting protective standards during facility start up, shutdown,
or malfunction and bars the use of the “affirmative defense” by industrial facilities—the defense
allowed facilities to avoid paying penalties if violations occurred because of malfunctions.59
— c o n ti n u e d —

C o mmu n ity S tory

“Our communities have had to work hard to force the EPA to do
something about the hazardous pollution from these refineries that
we live with every day and we will keep fighting to protect our families’
and our children’s health. We refuse to just stand by while the petroleum industry tries to undo important progress to finally reduce the
toxic air coming from oil refineries.”
— Hilton Kelley, executive director of Community In-Power & Development Association,
Port Arthur, TX

f u me s ac ro s s t h e f e n c e -li n e

Challenges to SSM were denied by the Supreme Court in the summer of 2017.60 The role of community organizations, like CIDA Inc., as well as community members themselves was
critical and preserving this law.
In addition to air pollution from refinery operations, those from accidents and natural disasters must also be acknowledged. Air pollution from refineries during and after extreme weather
events severely impacts fence-line communities. During Hurricane Harvey, in September 2017,
many oil refineries along the Gulf Coast of Texas and Louisiana shutdown due to severe flooding.
Refinery shutdowns, even under normal circumstances, are a major cause of abnormal emission
events. Sudden shutdown events can release large plumes of sulfur dioxide or toxic chemicals 		
in a matter of hours, worsening already life-threatening situations, exposing downwind communities to peak levels of pollution that increase the prevalence of negative health conditions.61
The Port Arthur community was not spared these extra pollutants in the wake of this storm.
The ills brought onto the West Port Arthur community violate basic human rights to a clean
and livable environment. Air pollution from oil and gas facilities, permitted or otherwise, is a
continued violation of this basic right.
A video by Hilton Kelley, a local Port Arthur environmental and community activist, and Executive
Director of CIDA Inc., shows Valero refinery towers spewing huge flags of orange fire and thick,
black smoke into over West Port Arthur.

Ca s e S t u d y

Toxic Emission in
South Philadelphia
Pennsylvania, PA

I

© Grid Magazine

mpacts are also severely felt by communities in South Philadelphia that share a
neighborhood with the Philadelphia Energy
Solutions (PES), the largest fossil fuel refinery
on the East Coast and one of the oldest in the
world. The refinery is responsible for 72 percent of the toxic air emissions in Philadelphia,
which contributes largely to a citywide childhood asthma rate that is more than two times
the national average.62 Toxics released from the
refinery include ammonia, hydrogen cyanide,
benzene, and sulfuric acid, which cause
effects ranging from headaches to cancer.63

Philadelphia Energy Solutions (PES) fossil fuel refinery
in South Philadelphia.
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Ca s e S t u d y

Accidents at Oil and Gas Facilities:
ExxonMobil Refinery
Baton Rouge, LA

I

n 2010, there was significant increase in air pollution released due to accidents at oil and gas
refineries in Louisiana. That year, facilities released 950,750 pounds of toxic pollution to the
air. Between 2005 and 2014, Louisiana’s refineries experienced 3,339 accidents that released
24 million pounds of air pollution. According to the Louisiana Bucket Brigade, from January to
April 2017 there have been 647 petrochemical accidents. 117 of these accidents were reported
from oil and gas facilities in April 2017 alone.64 These accidents are common for the majority of
oil and gas facilities nationwide. Leaks, holes, ruptures in pipelines and other infrastructure are
common and often unreported. Over 200,000 people live within two miles of most of Louisiana’s
refineries. The potential public health impacts of oil and gas accidents is considerable.
In an effort to document the impact of petrochemical accidents on local communities, a
number of community and labor groups in Louisiana—including the Louisiana Bucket Brigade,
United Steelworkers, Standard Heights Community Association, and Residents for Air Neutralization—have produced a series of reports entitled, Common Ground, since 2009. The fourth
publication, released in 2012, found that Louisiana’s 17 oil and gas refineries reported 301
accidents that leaked over a million pounds of toxic chemicals into the air. Among these air
pollutants were large quantities of benzene, a chemical known to cause cancer, and sulfur
dioxide, which triggers asthma attacks. These types of accidents are an ongoing burden
for Louisiana’s vulnerable populations.
	ExxonMobil, one of the many petrochemical companies present in Louisiana, reported
the most accidents of any refiner in the state, in 2011. The company reported 138 accidents
between two of its facilities in Chalmette and Baton Rouge. The 1,800-acre ExxonMobil Standard
Heights plant in Baton Rouge, like many refineries, sits adjacent to a number of low-income and
communities of color. The city of Baton Rouge is 50 percent African American and the child
— c o n ti n u e d —

A mostly abandoned
square of the
Standard Heights
neighborhood tucks
into a corner of the
Exxon Mobile plant
in North Baton
Rouge.
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poverty rate in the Standard Heights neighborhood next to Exxon Mobil refinery is 45 percent.
The Baton Rouge refinery is the second largest in the country and is part of a 67 million square
foot (6.25 million m2) industrial complex. Tens of thousands of people live within two miles of
the complex, which produces gasoline for much of the East Coast.65
The state permits Exxon to release millions of pounds of air pollution each year from its
Baton Rouge complex. However, air pollution exceeds allowed levels due to accidents and leaks.
From 2008 to 2011 the Exxon Mobil Baton Rouge complex released four million pounds of
unpermitted volatile organic compounds (VOCs).66 VOCs contribute to increases in ozone
concentration and smog. East Baton Rouge and adjacent parishes have teetered between
normal and hazardous levels of ozone.
In 2016, the EPA finally indicated that the air quality in Baton Rouge was compliant with
EPA standards. Despite this declaration, concerned community members still report accidents or
otherwise unhealthy conditions. One citizen complaint received by the Louisiana Bucket Brigade
in April 2017, detailed air contaminants from Exxon’s Baton Rouge Refinery. One individual who
lives close to the Exxon Refinery in north Baton Rouge, made 11 calls reporting: 67
• “foul gassy odor”
• “a strong odor of sulfur”
• “a smell that makes me sick of the stomach nauseous”
• “a flame that is burning real high and there’s a foul odor in the air”
• “a really strong odor that is like burning your nose.”
The constant release of air pollutants from oil and gas facilities, whether legal or illegal, intentional or accidental, contributes to the health problems plaguing African American and vulnerable
communities. The efforts of local organizations in Louisiana to document accidents and make
that information transparent to citizens has greatly benefited community action. Information
gathered by community groups has been critical in the many actions against the construction
of the Bayou Bridge Pipeline that will cut through more low income and communities of color
in 11 South Louisianan parishes. To learn more about this pipeline and the impacts potential
accidents may have visit the Louisiana Bucket Brigade website here.

C om m unity S to ry

“It’s often not worth risking a dangerous encounter in a small 		
southern town to stop and record pollution. What we’re recording
is another form of violence—this kind the long, steady attack of
carcinogens and neurotoxins that ruin the health and the lives of
those in Louisiana, usually African Americans, who are unfortunate
enough to live cheek to cheek with Big Oil’s refineries.”
— Anna Rolfes, Founding Director, Louisiana Bucket Brigade
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chapt e r 4

Call to Action

A

ir pollution that affects many African
American communities is emitted
throughout the oil and gas sector. In
the current regulatory environment,
the disproportionate burden of pollution will only
increase for low-income communities and communities of color. That means more “code red”
air quality days, more trips to the emergency

Oil and gas infrastructure including
drilling sites, pipelines, and refineries
are typically located in low-income
communities and communities of
color. These are also the areas where
drilling is likely to expand and new
pipelines will likely be built.
room for asthma sufferers, and more instances
of cancer and respiratory disease. It is critical to
remember that:
• More than 1 million African Americans live
within ½ mile of existing oil and gas facilities
and the number is growing every year.
• Many African Americans are particularly 		
burdened with health impacts from this air
pollution due to high levels of poverty.
• The air in many African Americans communities
violates air quality standards for ozone smog.
Rates of asthma are relatively high in African
American communities. And, due to ozone increases resulting from natural gas emissions,
African American children are burdened by
138,000 asthma attacks and 101,000 lost
school days each year.

• Many African American communities face
an elevated risk of cancer due to air toxics
emissions from natural gas development. Over
one million Americans live in counties that face
a cancer risk above EPA’s level of concern from
toxics emitted by oil and gas facilities.
• 6.7 million African Americans live in counties
with petroleum refineries.
Oil and gas infrastructure including drilling sites,
pipelines, and refineries are typically located in
low-income communities and communities of
color. These are also the areas where drilling is
likely to expand and new pipelines will likely be
built. The energy industry has and continues to
commit the same oppressive behaviors that have
ravaged communities of color for centuries. In
order to create an energy economy that upholds
communities’ rights to a healthy environment,
communities must demand changes in the oil
and gas industry, and regulators and companies
must be held accountable for the continued
suffering of fence-line communities.
We must reform the energy and industrial 		
sectors into cleaner, sustainable, and vibrant
economies, that work for the communities
they serve.
This means more than shifting to clean energy
sources; it requires also giving local communities
control over their energy sources and promoting
local economic growth through stable employment
opportunities. Intersectional issues demand intersectional solutions that uphold social, economic,
and ecological justice. The just energy future will
serve to reduce both the poverty and the pollution
plaguing communities throughout the United
States.
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In order to combat the often overlooked, lifethreatening actions of oil and gas operations, we
must both implement commonsense standards
that reduce pollution from these facilities, and
transform the current energy economy.
It will take the combined effort of community
members, decision-makers, industry, and others
to create meaningful change, which is grounded
in principles of energy democracy (local energy
choice), energy sovereignty (local control over
energy systems), and the right to live free from
pollution. Before the transition to a clean energy
economy can be achieved, it is first necessary to
eliminate the injustices that are taking human life
now. In the short term, more needs to be done
to address the air pollution resulting from the
oil and gas sector that harms the health of our
families and our communities:
1. We must all learn about the oil and gas
facilities that are located in our communities.

© CATF

Companies disproportionately build polluting
facilities in or near communities of color, leading
to unequal health impacts. In order to change
this, we need to make more communities aware
that their safety, health, and longevity are at
stake. Go to www.oilandgasthreatmap.com to
learn more about the oil and gas facilities that
are located in your community. Be sure to learn
about the impacts these facilities have in your
community. The NAACP’s Environmental and
Climate Justice Program’s publication, Just Energy
Policies and Practices Action Toolkit, can be used
to help guide community groups through energy
justice campaigns. The toolkit provides resources
and guidance for communities to organize around
energy justice issues and execute community
projects that move power back to communities
and improve local quality of life. It is crucial to
remember that any community can change, that
every community can be healthy, and that every
community has power.
It is now more important than ever for communities to become informed about nearby polluting
facilities. If the current administration has its way,
the EPA’s Office of Environmental Justice will be
dismantled. The purpose of this office has been to
ensure that all communities, regardless of race,

Completion equipment at a gas well.

national origin, or income, have the same degree
of protection from environmental and health
hazards. The loss of this office means one fewer
safeguard from the unequal impacts of all types
of air pollution.
2. We must support technology that cuts air
pollution.
Many proven, low-cost technologies and practices
are available to reduce methane pollution and toxic
chemicals released along with it. In fact, dozens
of companies in the methane mitigation industry
are providing technologies and services to the
oil and gas industry to help reduce methane and
other air polluting emissions. These companies
employ people at 531 locations in 46 states and
are often offering well-paying and secure manufacturing jobs.68 The companies that do this work
can create jobs that should be targeted to local
communities.
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Existing facilities spewed over 8 million metric
tons of methane in 2014—equivalent to 200+
coal-fired power plants.70 Common sense, lowcost standards can both cut methane pollution
by at least half and also significantly cut toxic
and ozone smog-forming air pollution, which
would have important benefits for air quality
and public health in and downwind of oil and
gas producing areas.
4. We must urge our states to reduce oil and
gas air pollution.

3. We must urge national leaders to address
the pollution from the oil and gas sector.
Defending the methane pollution safeguards
finalized during the Obama administration and
pushing for additional protections against pollution from the oil and gas industry will help improve
the health of many African American communities
while also addressing global climate change.
In June 2016, the EPA finalized strong methane
standards covering new and modified oil and
gas facilities. The rule will cut 510,000 tons of
methane pollution from new and modified oil
and gas facilities—the equivalent of 11 coal-fired
power plants, or taking 8.5 million cars off the
road every year. In addition, the rule is also expected to reduce 210,000 tons of volatile organic
compounds and 3,900 tons of air toxics annually
by 2025. These EPA standards must be enforced,
and more also needs to be done to address the
nearly 1.3 million existing oil and gas facilities
across the country. Without government intervention, the vast majority, at least 75 percent, of all
of the wells and oil and gas infrastructure in use
today, will remain virtually unregulated and can
continue to pollute methane without limit.69

Several states have stepped up to work on cleaning up the existing infrastructure within their borders,
including California, Colorado, and Wyoming, and
we call on additional states to follow their lead
and protect the health of communities.
Please visit www.methanefacts.org to learn
more and connect with organizations involved
in the campaign.
...................
Environmental and energy justice issues are
multilayered. Thus, the approach to tackling these
issues must also be multilayered. People of color
and low-income communities are disproportionately affected by exposure to air pollution, and
standards that protect communities from this pollution are critical. In addition, these communities
have a lot to gain from the transition from the
current fossil fuel energy economy to one based
on equitable, affordable, and clean energy sources.
The first step is to address the many ways fossil
fuels taint our communities, including the air
pollution from oil and gas development.
The fight against the oil and gas air pollution
is not about making things better for fence-line
communities; it is about eliminating poverty,
racism, and other social and structural inequities
that render communities vulnerable. The air pollution that plagues communities across the country
does not have to and should not exist. It is time
to ask ourselves, what are we willing to do to
ensure a clean and healthy future?
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Correction for “Identification and characterization of high
methane-emitting abandoned oil and gas wells,” by Mary Kang,
Shanna Christian, Michael A. Celia, Denise L. Mauzerall,
Markus Bill, Alana R. Miller, Yuheng Chen, Mark E. Conrad,
Thomas H. Darrah, and Robert B. Jackson, which was first

published November 14, 2016; 10.1073/pnas.1605913113 (Proc
Natl Acad Sci USA 113:13636–13641).
The authors note that, due to a printer’s error, Table 2
appeared incorrectly. The corrected table appears below.

Table 2. Emission factors based on coal indicator, plugging status, and well type
Emission factor
(mg·hr−1·well−1)
Well type and coal area designation
All
None
Coal
Noncoal
Oil and Combined oil and gas
None
Coal
Noncoal
Gas
None
Coal
Noncoal

No. of measured wells

SE

Unplugged

Plugged

Unplugged

Plugged

Unplugged

Plugged

2.2 × 104
1.2 × 103
3.1 × 104

1.5 × 104
4.3 × 104
4.5 × 102

53
17
36

35
12
23

9.2 × 103
9.9 × 102
1.3 × 104

1.0 × 104
2.9 × 104
2.8 × 102

1.9 × 102
1.1
3.1 × 102

3.3 × 102
1.2 × 10−2
3.6 × 102

34
13
21

13
1
12

9.7 × 101
9.1 × 10−1
1.5 × 102

2.6 × 102
n/a
2.8 × 102

6.0 × 104*
5.2 × 103
7.5 × 104*

2.4 × 104
4.7 × 104*,†
5.4 × 102

19
4
15

22
11
11

2.4 × 104
3.9 × 103
2.9 × 104

1.6 × 104
3.2 × 104
5.1 × 102

The emission factors are averages of mean methane flow rate measurements per well (mg·hr−1·well−1). The corresponding
numbers of wells and SEs are shown in the next columns. Coal areas are defined here as wells that overlap with one or more
workable coal seams. Boldface indicates the number that was incorrect in the original table. n/a, not applicable.
*The three highest emission factors are shown.
†
The measured plugged wells in coal areas are vented, as required by regulations.
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Recent measurements of methane emissions from abandoned oil/gas
wells show that these wells can be a substantial source of methane
to the atmosphere, particularly from a small proportion of highemitting wells. However, identifying high emitters remains a challenge. We couple 163 well measurements of methane flow rates;
ethane, propane, and n-butane concentrations; isotopes of methane;
and noble gas concentrations from 88 wells in Pennsylvania with
synthesized data from historical documents, field investigations,
and state databases. Using our databases, we (i) improve estimates
of the number of abandoned wells in Pennsylvania; (ii) characterize
key attributes that accompany high emitters, including depth, type,
plugging status, and coal area designation; and (iii) estimate attribute-specific and overall methane emissions from abandoned wells.
High emitters are best predicted as unplugged gas wells and
plugged/vented gas wells in coal areas and appear to be unrelated
to the presence of underground natural gas storage areas or unconventional oil/gas production. Repeat measurements over 2 years
show that flow rates of high emitters are sustained through time.
Our attribute-based methane emission data and our comprehensive
estimate of 470,000–750,000 abandoned wells in Pennsylvania result
in estimated state-wide emissions of 0.04–0.07 Mt (1012 g) CH4 per
year. This estimate represents 5–8% of annual anthropogenic methane emissions in Pennsylvania. Our methodology combining new
field measurements with data mining of previously unavailable well
attributes and numbers of wells can be used to improve methane
emission estimates and prioritize cost-effective mitigation strategies
for Pennsylvania and beyond.

|

abandoned wells oil and gas development
high emitters climate change

|

has resulted in millions of abandoned wells, and in many cases,
poorly documented or missing well records (3, 9–11). As a result,
there is a lack of data to characterize abandoned oil and gas wells
and the possible relationship between methane emissions and well
attributes. Well attributes that may be correlated with methane
emissions include depth, plugging status, well type, age, wellbore
deviation, geographic location, oil/gas production, and abandonment method (9, 10, 12–14). Previous studies have been limited to
wells and attributes with readily available data (12, 14). However,
compilation and analysis of historical documents, modern digital
databases, and field investigations can be used to infer well attributes of the many wells without data. In this work, we focus on
Pennsylvania, which has the longest history of oil and gas development, to determine and explore the role of well attributes,
mainly depth, plugging status, well type (e.g., gas or oil), and coal
area designation as well as proximity to subsurface-based energy
activities, on methane leakage.
Previously estimated numbers of abandoned wells in Pennsylvania range from 300,000 to 500,000 (3, 15) and are based on either
incomplete databases or qualitative expert opinion. The Pennsylvania Department of Environmental Protection (DEP) manages
oil and gas well data and has records of only 31,676 abandoned oil
and gas wells for the state as of October of 2015. Only 5% of the
wells in Pennsylvania measured in an earlier study (3) were on the
DEP’s list. Furthermore, because of changes in governing bodies
and regulations over time, the quality of available records is likely to
be poorer for older wells (15). To estimate the actual number of wells,

| methane emissions |

Significance
Millions of abandoned oil and gas wells exist across the United
States and around the world. Our study analyzes historical and
new field datasets to quantify the number of abandoned wells
in Pennsylvania, individual and cumulative methane emissions,
and the attributes that help explain these emissions. We show
that (i) methane emissions from abandoned wells persist over
multiple years and likely decades, (ii) high emitters appear to be
unplugged gas wells and plugged/vented gas wells, as required
in coal areas, and (iii) the number of abandoned wells may be as
high as 750,000 in Pennsylvania alone. Knowing the attributes of
high emitters will lead to cost-effective mitigation strategies
that target high methane-emitting wells.

M

ethane is a potent greenhouse gas (GHG) with a global
warming potential 86 times greater than carbon dioxide over
a 20-y time horizon (1). A reduction of methane emissions can lead
to substantial climate benefits, especially in the short term (2).
Recent measurements of methane emissions from abandoned oil
and gas wells in Pennsylvania indicate that these wells may be a
significant source of methane to the atmosphere (3). Across the
United States, the number of abandoned oil/gas wells is estimated
to be 3 million or more (4, 5), and this number will continue to
increase in the future. As of February of 2016, abandoned oil/gas
wells remain outside of GHG emissions inventories, despite evidence that emissions may be substantial nationally. As interest in
mitigation of GHG emissions increases, quantifying persistent and
large emissions and mitigating them will be increasingly important.
Methane emissions from abandoned wells, as with other fugitive
sources in the oil and gas sector, appear to be governed by relatively few high emitters (3, 6–8). It is important for current and
future abandoned wells to identify the characteristics that lead
to high emissions. This information can provide a rationale for
prioritized mitigation.
The century-and-a-half-long history of oil and gas development
in Pennsylvania and other US states, such as Texas and California,
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Methane Flow Rates and Well Attributes. Methane flow rates span
from below detection (BD) to 105 mg h−1 well−1 for positive
methane flow rates (sources of methane to the atmosphere) and
from BD to −101 mg h−1 well−1 for negative methane flow rates
(sinks of methane from the atmosphere) (Fig. 2). Most methane
flow rates from abandoned wells (90%) are positive, and all negative numbers are small in magnitude.

Fig. 1. The 88 measured abandoned oil and gas wells in Pennsylvania
overlaid with conventional oil and gas pools (34), underground natural gas
storage fields (34), and workable coal seams within the study area (38).
Kang et al.

Methane flow rates are measured from different categories
of abandoned wells in Pennsylvania. For the measured wells
without well records, plugging status is determined based on
field observations, and the well type (gas vs. oil or combined oil
and gas) is determined based on our estimates of well attributes
from our assembled database (SI Appendix). Across the dataset,
abandoned gas wells, specifically unplugged and plugged/vented
wells (Pennsylvania Code, Chapter 78), have the highest observed
rates of methane emissions (Fig. 2). Abandoned oil wells have
consistently lower emissions compared with abandoned gas wells
(Fig. 2). The highest measured methane flow rate is 3.5 ×105 mg h−1
well−1 at an unplugged gas well in McKean County, and the second
highest is 2.9 ×105 mg h−1 well−1 at a plugged but vented gas well in
Clearfield County. Venting of plugged wells is required in coal
areas, which in Pennsylvania, include regions where mineable coal
seams exist (SI Appendix).
Methane flow rates are most strongly related to well type (W; gas
vs. oil or combined oil and gas), plugging status (P), and coal area
designation (C) (Table 1 and SI Appendix, Table S3). No strong
trends are observed between methane flow rates and well depth (d),
distance to the nearest unconventional well (rU ), or distance to the
nearest underground natural gas storage field (rS). A multilinear fit
_ where m_ (mg hour−1 well−1) is the
of d, W, P, C, rU , and rS to ln m,
methane flow rate, gives an R2 value of 0.44 and a P value of
4.4 × 10−8. The P values for the intercept, C, P, and W are below 0.05
and range from 2 × 10−6 (for C) to 0.04 (for the intercept). The P
values for d, rS, and rU are high at 0.3, 0.8, and 0.4, respectively. The
statistically significant well attributes (P values < 0.05) based on the
multilinear regression analysis (Table 1 and SI Appendix, Table S3)
are used in methane emissions estimation. The methane emission
factors for nine well categories defined by combinations of W, P, and
C range from 1.2 × 10−2 to 6.0 × 104 mg h−1 well−1 (Table 2).
Methane Flow Rates over Time. Repeat measurements of the same
abandoned wells conducted 2–10 times (July of 2013 to June of
2015) (SI Appendix, Table S2) show that high emitters (≥104 mg h−1
well−1) have relatively low coefficients of variation, with values
ranging from 0.04 to 0.3 (Fig. 2). This result implies that high
emitters are emitting methane at consistent levels over multiple
years. The coefficient of variation decreases with increasing
methane flow rates, implying that lower emitters are more likely to
be influenced by variable factors, such as seasonal impacts and
measurement error. We also find that the coefficient of variation is
PNAS | November 29, 2016 | vol. 113 | no. 48 | 13637
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Results

Fig. 2. Methane flow rates of 88 abandoned wells in Pennsylvania and the
coefficient of variation of methane flow rates measured from 2 to 10 times over
2 years (July of 2013 to June of 2015) at 27 wells. If more than one measurement has been made at the given well, the methane flow rates represent an
average of all measurements taken. Plugging status is determined based on
field observations, and the well type (gas vs. oil or combined oil and gas) is
determined using our database-based estimates of well attributes. Methane
flow rates below detection (BD) limits (P values > 0.2) are shown in the gray
portion of the plot between the plots of positive and negative flow rates.
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historical documents and other data sources from oil and gas
development need to supplement state records.
Pennsylvania, Ohio, West Virginia, and Kentucky, states through
which the Appalachian Basin extends, are among the top 10 US
states in terms of the number of inactive and total oil and gas wells
(10). Questions remain about potential links between abandoned
wells and other active subsurface-based energy activities commonly
found in theses states, such as, underground natural gas storage
and unconventional oil/gas production (9, 16). For example, could
nearby unconventional gas production or underground gas storage
reservoirs lead to larger methane leaks from abandoned wells?
Previously available measurements and data are insufficient to
explore these potential effects. Therefore, we conducted additional field measurement campaigns to fill the data gaps. In the
process, we expanded the geographic coverage, previously limited to northwestern Pennsylvania (3), to cover much of the
western portion of the state (Fig. 1).
Geochemical information including methane and noble gas isotopes is useful for understanding methane sources (16–18). To
evaluate wellbore integrity and design effective mitigation strategies, it is important to identify the source of methane, including
whether it is microbial or thermogenic, and if possible, the source
formation and migration pathway. It is also important to know as
many well attributes as possible and cross-check those attributes
with geochemical data when possible. Here, we provide an expanded set of geochemical information including carbon and hydrogen isotopes of methane and concentrations of ethane, propane,
n-butane, and noble gases.
To identify and characterize high methane-emitting abandoned
oil/gas wells, we provide in this paper (i) a database of previously
unavailable attributes of measured abandoned wells; (ii) 122 additional field measurements over multiple seasons of methane
flow rates and geochemical data, including previously unavailable
hydrogen isotopes of methane and noble gas data; (iii) improved
estimates of well numbers based on all available data sources; and
(iv) an attribute-based methane emissions estimate for abandoned
oil and gas wells in Pennsylvania. These data and the associated
analysis framework will improve estimates of methane emissions
from abandoned oil and gas wells and help develop mitigation
strategies across Pennsylvania and beyond.

Table 1. Variable coefficients of the multilinear model with R2
value of 0.44 and P value of 4.4 × 10−8
Variable in model
Intercept
D
C = coal area
P = unplugged
P = plugged/vented
W = oil
rS
rU

Variable coefficient
2.84*
0.00039
−5.50***
3.99***
8.33***
−2.88*
0.016
−0.087

These results are for model L6b in SI Appendix, Table S3. The results of
additional models are shown and discussed in SI Appendix. P values are
noted (*P < 0.05; ***P < 0.001).

unrelated to the number of repeat measurements (SI Appendix,
Fig. S2).
Geochemistry. The origin of methane from high-emitting wells
is predominantly thermogenic, with δ13C-CH4 values ranging
from −33 to −45‰ (Fig. 3). [Thermogenic methane typically has
δ13C-CH4 values greater than ∼ −40 to −50‰, whereas microbial
methane typically has δ13C-CH4 values below −50‰ (17, 19, 20);
intermediate δ13C-CH4 values, around −50‰, can represent mixed
thermogenic and microbial sources.] The ratio of C2−4/C1 confirms
the thermogenic source of high emitters, because the ratio ranges
from 0.01 to 0.2. [Microbial sources of methane typically have ratios
less than 0.0005 (19, 21).] A larger range in both δ13C-CH4 and
C2−4/C1 values is observed for oil compared with gas wells, with
oil wells more likely to emit methane in the microbial range.
We do not observe a strong difference in methane isotopes or
hydrocarbon ratios between plugged and unplugged wells, although we find that plugged/vented wells have narrower ranges
in δ13C-CH4 and C2−4/C1 values. Wells in coal areas tend to have
lower C2−4/C1 ratios, regardless of their plugging status or well
type, with ratios ranging from 0.001 to 0.04. For wells (in any area)
where both δ13C-CH4 and δ2H-CH4 are analyzed, most are found
to be within the thermogenic range for gases associated with oil
reservoirs (17).
High methane-emitting gas wells are found to have the following noble gas ratios: 3He/4He < 0.10RA (where R/RA is the

ratio of 3He to 4He in a sample compared with the ratio of those
isotopes in air, and RA nomenclature denotes the 3He/4He ratios
of samples with respect to air), 4He/22Ne > 100, and CH4/36Ar >
1,000 (Fig. 3 and SI Appendix, Fig. S4). 4He occurs in very low
abundances in the atmosphere and is not produced in association
with biogenic methane (22). By comparison, 22Ne and 36Ar are
ubiquitous, well-mixed, and uniform in the atmosphere. As a result, the noble gases and specifically, elevated levels of 4He or
ratios of thermogenic gases (4He or CH4) to atmospheric gases are
able to identify high thermogenic methane-emitting gas wells,
which cannot always be achieved with hydrocarbon-based geochemical information alone (23).
Number of Abandoned Wells. Using comprehensive databases (15,
24) and analysis of historical documents (25–28) (SI Appendix), we
estimate the number of abandoned wells in Pennsylvania to be
between 470,000 and 750,000 (SI Appendix, Table S4). The key
difference between our well numbers and previous lower estimates
is that we include additional wells drilled for enhanced recovery
(ER) purposes (SI Appendix). Similar to oil and gas wells used for
production, injection wells drilled for water flooding, a widely used
enhanced oil recovery technique (26, 29), can also act as pathways
for methane and other fluid migration. The data show that the
inclusion of ER wells leads to an increase in estimated well
numbers by multiplicative factors of 1.7–3.5. We base our estimate
of ER wells using these factors for years before 1950, for which the
number of ER wells is unknown. There also are discrepancies
among the numerous data sources available in historical documents and modern digital datasets (Fig. 4). We compare the data
sources to estimate the potential degree of error, which is included
as multiplicative factors of 1.3–1.5 in the upper bound estimate (SI
Appendix, Table S4).
Methane Emission Estimates. The emission factors (Table 2) are
combined with the number of wells in each well category in the
Pennsylvania DEP database (24) (Fig. 5). The methane emissions
contributed by gas wells and wells in coal areas are significantly
larger than their share in well numbers. Considering each attribute
independently, wells in coal areas represent 21% of the DEP database but 72% of the estimated methane emissions; similarly, gas
wells represent 32% of the DEP database but 77% of the methane
emissions (Fig. 5). Plugged wells, including those that are vented,
represent an estimated 74% of the methane emissions, slightly

Table 2. Emission factors based on coal indicator, plugging status, and well type
Emission factor
(mg·h−1·well−1)
Well type and coal area designation
All
None
Coal
Noncoal
Oil and combined oil and gas
None
Coal
Noncoal
Gas
None
Coal
Noncoal

Unplugged
2.2 × 104
1.2 × 103
3.1 × 104

Plugged
11.5 × 104
4.3 × 104
4.5 × 102

No. of measured wells

SE

Unplugged

Plugged

Unplugged

Plugged

53
17
36

35
12
23

9.2 × 103
9.9 × 102
1.3 × 104

1.0 × 104
2.9 × 104
2.8 × 102

1.9 × 102
1.1
3.1 × 102

3.3 × 102
1.2 × 10−2
3.6 × 102

34
13
21

13
1
12

9.7 × 101
9.1 × 10−1
1.5 × 102

2.6 × 102
n/a
2.8 × 102

6.0 × 104*
5.2 × 103
7.5 × 104*

2.4 × 104
4.7 × 104*,†
5.4 × 102

19
4
15

22
11
11

2.4 × 104
3.9 × 103
2.9 × 104

1.6 × 104
3.2 × 104
5.1 × 102

The emission factors are averages of mean methane flow rate measurements per well (mg·hour−1·well−1). The corresponding
numbers of wells and SEs are shown in the next columns. Coal areas are defined here as wells that overlap with one or more workable
coal seams. n/a, not applicable.
*The three highest emission factors are shown.
†
The measured plugged wells in coal areas are vented as required by regulations.
13638 | www.pnas.org/cgi/doi/10.1073/pnas.1605913113
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does not include injection wells drilled for ER or undocumented
wells. In addition, our upper limit in the number of abandoned
wells in Pennsylvania of 750,000 may also be an underestimate
because of uncertainties associated with differences in terminology
among databases and the accuracy of modern digital databases,
even in recent records (SI Appendix).
The uncertainties associated with well numbers may be
addressed through the application of well-finding technologies
(31), field verifications, and database updates. These activities
can also help estimate well attributes. In addition, more field
measurements of methane emissions are needed from abandoned wells with different attributes and in other geographical
locations (i.e., states and countries) to reduce uncertainties in
emission factors (32) (Table 2).

Discussion

Mitigation. Targeting high emitters will lower mitigation costs
per unit of methane emissions avoided. The identification of
abandoned conventional gas wells and plugged/vented gas wells as
the highest emitters allows government agencies to prioritize gas
fields and coal areas in their mitigation efforts. Furthermore, explicit categorization of plugged/vented wells, which are found to
be high emitters, in state databases may be useful. In addition
to database analysis, noble gases, specifically low 3He/4He and high
4
He/22Ne ratios, provide an independent approach to identify attributes of high methane-emitting abandoned wells.
Because abandoned wells emit methane continuously, over
multiple years and presumably many decades, mitigating their
emissions will have a larger apparent benefit when longer time
periods are considered. Our multiyear measurements show that
the high emitters are likely to emit methane at consistently high
levels. Such wells may have been emitting at these levels for many
decades and will likely continue for decades into the future. A
comparison of the benefits of methane emissions reductions from
abandoned wells with reductions from intermittent, short-term
sources, such as unconventional oil/gas well development, should
be performed using emissions integrated over many years.
Well plugging, which is currently viewed as the main mitigation
solution (5, 10), does not guarantee a reduction in methane
emissions. Plugging was required originally to protect oil and gas
reservoirs, reduce risks of explosions, and more recently, protect
groundwater. Plugged wells that are vented, as required by regulations in coal areas in Pennsylvania, are very likely to be high

Methane Emissions. Well attributes determined for the measured

wells in this paper likely remain unavailable for many wells across
the United States. Therefore, well attribute estimation studies
similar to this analysis may be valuable for many states. For example, West Virginia has at least 57,597 wells that were drilled before
1929 (34% of Pennsylvania wells over the same time period) (25),
and records for many wells in the state are likely to be missing.
Determining well attributes and numbers is as important as collecting additional measurements for estimating methane emissions.
The attributes of high methane-emitting abandoned oil and gas
wells identified here as plugging status (P), well type (W), and coal
area designation (C) may also be indicative of high emitters elsewhere. In the United States, there are 31 oil-producing states, 33
natural gas-producing states, and 25 coal-producing states (30), with
many states simultaneously producing oil, natural gas, and coal.
Other well attributes, such as age, wellbore deviation, and operator
(12), may also be predictors of methane flow rates. However, we do
not explore these attributes here because of a lack of data. Efforts to
collect and compile additional well attributes are needed to explore
the role of attributes not considered in this study.
The total number of abandoned oil and gas wells remains uncertain in Pennsylvania and across the United States. Documented
numbers of wells are more likely to represent lower bounds, because they may not include certain types of wells (e.g., injection
wells for ER) and may be missing records. For example, the estimate of 3 million abandoned wells across the United States (4)
Kang et al.
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higher than the number for plugged wells (70%) in the DEP database. The DEP database does not distinguish between plugged
wells and plugged/vented wells; both are simply categorized as
plugged. In our estimate, plugged/vented wells are those that are
both plugged and in coal areas, following regulatory requirements
in Pennsylvania. Therefore, the methane emissions for all plugged
wells (Fig. 5) represent both a large contribution from high
methane-emitting plugged/vented gas wells (in coal areas) and a
smaller contribution from low methane-emitting plugged wells that
are not vented.
Our attribute-based methane emissions estimates for Pennsylvania using improved well numbers range from 0.04 to 0.07 Mt CH4
per year, which correspond to 5–8% of estimated annual anthropogenic methane emissions for 2011 in Pennsylvania (SI Appendix).
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Fig. 3. Carbon and hydrogen isotopes of methane
(δ13C-CH4 and δ2H-CH4), hydrocarbon concentration
ratios (C2−4/C1), noble gas data, and methane flow
rate data shown colored by well type, circled by
plugging status, and marked with green diamond
outlines if in a coal area. For repeat measurements,
the average of the data for the well is shown. The
regions representing thermogenic methane associated and not associated with oil are from ref. 17.

Fig. 4. Number of drilled and/or completed oil and gas wells in Pennsylvania from various historical documents and databases (SI Appendix). The thick black lines
represent the 1929–2013 data used to estimate the total number of wells (SI Appendix, Table S4, second column). For 1859–1928, we use a total well number
provided in ref. 25, and the curves shown here are not used to estimate well numbers.

emitters. There are many oil- and gas-producing states with geographically extensive coal layers (e.g., Colorado, Illinois, Indiana,
Kentucky, Ohio, Oklahoma, Pennsylvania, West Virginia, and
Wyoming). These states have special decommissioning or plugging
requirements for coal areas (10). States that require venting in
coal areas may want to consider alternatives that ensure safety
while reducing methane emissions.
Conclusions
High methane-emitting abandoned wells are found to be unplugged
gas wells in noncoal areas and plugged but vented gas wells in
coal areas, and they seem to be unrelated to the presence of underground natural gas storage areas or unconventional oil/gas
production. The identification of these high emitters provides an
opportunity to target mitigation efforts and reduce mitigation costs.
Our attribute-based estimate of 5–8% of estimated annual anthropogenic methane emissions in Pennsylvania is higher than
previous estimates, which were based on a single emission factor
for all wells and a smaller well count (3, 8, 15). The methane flow
rates characterized by well attributes may provide insight into potential emissions outside of Pennsylvania in the 33 oil- and gasproducing US states and other oil- and gas-producing countries.
Using the analysis framework presented here, scientists and policymakers can better estimate methane emissions and develop costeffective mitigation strategies for the millions of abandoned oil and
gas wells across the United States and abroad.

field investigations, and state databases. Historical documents include Pennsylvania
agency reports (26–28) and books (25, 33). State databases, including geospatial
data, were obtained from the Pennsylvania Department of Conservation
and Natural Resources (DCNR) (34) and the Pennsylvania DEP (24), agencies
that emerged in 1995 from the Pennsylvania Department of Environmental
Resources (DER). We combine and analyze the information to estimate attributes of measured wells based mainly on their location with respect to
nearby or overlying oil/gas wells, pools, and fields with attributes in the DCNR
database. The attributes determined are depth (d), coal area designation (C),
plugging status (P), well type (W), distance to nearest natural gas storage field
(rS), and distance to nearest unconventional oil and gas well (rU ). To estimate
the number of abandoned wells, we sum the number of wells drilled annually
compiled from multiple sources (15, 24, 25, 27, 28, 33, 35) and subtract the
number of active wells from the total (24). We include wells drilled for ER
purposes and estimate missing well numbers by scaling available well and
production data. We also compare data sources to quantify uncertainties in
well numbers. Details on the attribute estimation methodology and the well
number estimation are provided in SI Appendix, SI Materials and Methods.

Materials and Methods

Field and Laboratory Methods. The measurements of methane flow rates and
light hydrocarbon (ethane, propane, and n-butane) concentrations (January,
March, and June of 2015 samples) followed methods presented in ref. 3. The
measurements were performed across seven counties in Pennsylvania (SI Appendix, Table S2). The measurements of methane isotopes were performed at
Princeton University (3, 36) and Lawrence Berkeley National Laboratory (LBNL).
At LBNL, we also analyzed hydrogen isotopes of methane if concentrations
were sufficiently high (∼1,200 ppmv). For October of 2014 and January, March,
and June of 2015, we analyzed the samples for the following noble gases, He,
Ne, and Ar, at Ohio State University following methods presented in ref. 22.
Additional information on the field sampling and the analysis procedures is
provided in SI Appendix, SI Materials and Methods.

Well Attributes and Numbers. To determine attributes of the measured wells and
estimate the number of abandoned oil and gas wells, we combine information
from different types of data sources: historical documents, published literature,

Multilinear Regression. We perform a multilinear regression using the following linear model expressed in Wilkinson notation (37):
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Methane Emission Estimates. Based on the multilinear regression results, we
use C, P, and W as the key attributes for methane emission estimation:
Eabandoned wells =

XXX
w

p

EFw,p,c · nw,p,c ,

[2]
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Fig. 5. Number of wells in the PA DEP database (Left) and the corresponding relative methane emissions distribution (Right) based on plugging
status, coal area designation, and well type. Each of three attributes is
considered independently.

ln m_ ∼ 1 + d + C + P + W + rS + rU .

Kang et al.
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Note that the categorical variables, C, P, and W, are denoted using uppercase
letters. Multilinear regression is also performed on other linear models,
which are summarized in SI Appendix, SI Materials and Methods.
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where E is the total methane emissions, EF is the emission factor, n is the
number of wells, and subscripts w, p, and c represent the appropriate
values of W, P, and C, respectively. We consider two well types (w = oil or
combined oil & gas and gas), two plugging statuses (P = plugged and
unplugged), and two coal area designations (c = coal and noncoal area). We
use the Pennsylvania DEP’s wells database (24) and the above attributes to
determine the proportion of wells in each category. Additional details,
including discussions on uncertainties, are given in SI Appendix, SI Materials
and Methods.
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Correction for “Identification and characterization of high
methane-emitting abandoned oil and gas wells,” by Mary Kang,
Shanna Christian, Michael A. Celia, Denise L. Mauzerall,
Markus Bill, Alana R. Miller, Yuheng Chen, Mark E. Conrad,
Thomas H. Darrah, and Robert B. Jackson, which was first

published November 14, 2016; 10.1073/pnas.1605913113 (Proc
Natl Acad Sci USA 113:13636–13641).
The authors note that, due to a printer’s error, Table 2
appeared incorrectly. The corrected table appears below.

Table 2. Emission factors based on coal indicator, plugging status, and well type
Emission factor
(mg·hr−1·well−1)
Well type and coal area designation
All
None
Coal
Noncoal
Oil and Combined oil and gas
None
Coal
Noncoal
Gas
None
Coal
Noncoal

No. of measured wells

SE

Unplugged

Plugged

Unplugged

Plugged

Unplugged

Plugged

2.2 × 104
1.2 × 103
3.1 × 104

1.5 × 104
4.3 × 104
4.5 × 102

53
17
36

35
12
23

9.2 × 103
9.9 × 102
1.3 × 104

1.0 × 104
2.9 × 104
2.8 × 102

1.9 × 102
1.1
3.1 × 102

3.3 × 102
1.2 × 10−2
3.6 × 102

34
13
21

13
1
12

9.7 × 101
9.1 × 10−1
1.5 × 102

2.6 × 102
n/a
2.8 × 102

6.0 × 104*
5.2 × 103
7.5 × 104*

2.4 × 104
4.7 × 104*,†
5.4 × 102

19
4
15

22
11
11

2.4 × 104
3.9 × 103
2.9 × 104

1.6 × 104
3.2 × 104
5.1 × 102

The emission factors are averages of mean methane flow rate measurements per well (mg·hr−1·well−1). The corresponding
numbers of wells and SEs are shown in the next columns. Coal areas are defined here as wells that overlap with one or more
workable coal seams. Boldface indicates the number that was incorrect in the original table. n/a, not applicable.
*The three highest emission factors are shown.
†
The measured plugged wells in coal areas are vented, as required by regulations.
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Recent measurements of methane emissions from abandoned oil/gas
wells show that these wells can be a substantial source of methane
to the atmosphere, particularly from a small proportion of highemitting wells. However, identifying high emitters remains a challenge. We couple 163 well measurements of methane flow rates;
ethane, propane, and n-butane concentrations; isotopes of methane;
and noble gas concentrations from 88 wells in Pennsylvania with
synthesized data from historical documents, field investigations,
and state databases. Using our databases, we (i) improve estimates
of the number of abandoned wells in Pennsylvania; (ii) characterize
key attributes that accompany high emitters, including depth, type,
plugging status, and coal area designation; and (iii) estimate attribute-specific and overall methane emissions from abandoned wells.
High emitters are best predicted as unplugged gas wells and
plugged/vented gas wells in coal areas and appear to be unrelated
to the presence of underground natural gas storage areas or unconventional oil/gas production. Repeat measurements over 2 years
show that flow rates of high emitters are sustained through time.
Our attribute-based methane emission data and our comprehensive
estimate of 470,000–750,000 abandoned wells in Pennsylvania result
in estimated state-wide emissions of 0.04–0.07 Mt (1012 g) CH4 per
year. This estimate represents 5–8% of annual anthropogenic methane emissions in Pennsylvania. Our methodology combining new
field measurements with data mining of previously unavailable well
attributes and numbers of wells can be used to improve methane
emission estimates and prioritize cost-effective mitigation strategies
for Pennsylvania and beyond.

|

abandoned wells oil and gas development
high emitters climate change

|

has resulted in millions of abandoned wells, and in many cases,
poorly documented or missing well records (3, 9–11). As a result,
there is a lack of data to characterize abandoned oil and gas wells
and the possible relationship between methane emissions and well
attributes. Well attributes that may be correlated with methane
emissions include depth, plugging status, well type, age, wellbore
deviation, geographic location, oil/gas production, and abandonment method (9, 10, 12–14). Previous studies have been limited to
wells and attributes with readily available data (12, 14). However,
compilation and analysis of historical documents, modern digital
databases, and field investigations can be used to infer well attributes of the many wells without data. In this work, we focus on
Pennsylvania, which has the longest history of oil and gas development, to determine and explore the role of well attributes,
mainly depth, plugging status, well type (e.g., gas or oil), and coal
area designation as well as proximity to subsurface-based energy
activities, on methane leakage.
Previously estimated numbers of abandoned wells in Pennsylvania range from 300,000 to 500,000 (3, 15) and are based on either
incomplete databases or qualitative expert opinion. The Pennsylvania Department of Environmental Protection (DEP) manages
oil and gas well data and has records of only 31,676 abandoned oil
and gas wells for the state as of October of 2015. Only 5% of the
wells in Pennsylvania measured in an earlier study (3) were on the
DEP’s list. Furthermore, because of changes in governing bodies
and regulations over time, the quality of available records is likely to
be poorer for older wells (15). To estimate the actual number of wells,

| methane emissions |

Significance
Millions of abandoned oil and gas wells exist across the United
States and around the world. Our study analyzes historical and
new field datasets to quantify the number of abandoned wells
in Pennsylvania, individual and cumulative methane emissions,
and the attributes that help explain these emissions. We show
that (i) methane emissions from abandoned wells persist over
multiple years and likely decades, (ii) high emitters appear to be
unplugged gas wells and plugged/vented gas wells, as required
in coal areas, and (iii) the number of abandoned wells may be as
high as 750,000 in Pennsylvania alone. Knowing the attributes of
high emitters will lead to cost-effective mitigation strategies
that target high methane-emitting wells.

M

ethane is a potent greenhouse gas (GHG) with a global
warming potential 86 times greater than carbon dioxide over
a 20-y time horizon (1). A reduction of methane emissions can lead
to substantial climate benefits, especially in the short term (2).
Recent measurements of methane emissions from abandoned oil
and gas wells in Pennsylvania indicate that these wells may be a
significant source of methane to the atmosphere (3). Across the
United States, the number of abandoned oil/gas wells is estimated
to be 3 million or more (4, 5), and this number will continue to
increase in the future. As of February of 2016, abandoned oil/gas
wells remain outside of GHG emissions inventories, despite evidence that emissions may be substantial nationally. As interest in
mitigation of GHG emissions increases, quantifying persistent and
large emissions and mitigating them will be increasingly important.
Methane emissions from abandoned wells, as with other fugitive
sources in the oil and gas sector, appear to be governed by relatively few high emitters (3, 6–8). It is important for current and
future abandoned wells to identify the characteristics that lead
to high emissions. This information can provide a rationale for
prioritized mitigation.
The century-and-a-half-long history of oil and gas development
in Pennsylvania and other US states, such as Texas and California,
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Methane Flow Rates and Well Attributes. Methane flow rates span
from below detection (BD) to 105 mg h−1 well−1 for positive
methane flow rates (sources of methane to the atmosphere) and
from BD to −101 mg h−1 well−1 for negative methane flow rates
(sinks of methane from the atmosphere) (Fig. 2). Most methane
flow rates from abandoned wells (90%) are positive, and all negative numbers are small in magnitude.

Fig. 1. The 88 measured abandoned oil and gas wells in Pennsylvania
overlaid with conventional oil and gas pools (34), underground natural gas
storage fields (34), and workable coal seams within the study area (38).
Kang et al.

Methane flow rates are measured from different categories
of abandoned wells in Pennsylvania. For the measured wells
without well records, plugging status is determined based on
field observations, and the well type (gas vs. oil or combined oil
and gas) is determined based on our estimates of well attributes
from our assembled database (SI Appendix). Across the dataset,
abandoned gas wells, specifically unplugged and plugged/vented
wells (Pennsylvania Code, Chapter 78), have the highest observed
rates of methane emissions (Fig. 2). Abandoned oil wells have
consistently lower emissions compared with abandoned gas wells
(Fig. 2). The highest measured methane flow rate is 3.5 ×105 mg h−1
well−1 at an unplugged gas well in McKean County, and the second
highest is 2.9 ×105 mg h−1 well−1 at a plugged but vented gas well in
Clearfield County. Venting of plugged wells is required in coal
areas, which in Pennsylvania, include regions where mineable coal
seams exist (SI Appendix).
Methane flow rates are most strongly related to well type (W; gas
vs. oil or combined oil and gas), plugging status (P), and coal area
designation (C) (Table 1 and SI Appendix, Table S3). No strong
trends are observed between methane flow rates and well depth (d),
distance to the nearest unconventional well (rU ), or distance to the
nearest underground natural gas storage field (rS). A multilinear fit
_ where m_ (mg hour−1 well−1) is the
of d, W, P, C, rU , and rS to ln m,
methane flow rate, gives an R2 value of 0.44 and a P value of
4.4 × 10−8. The P values for the intercept, C, P, and W are below 0.05
and range from 2 × 10−6 (for C) to 0.04 (for the intercept). The P
values for d, rS, and rU are high at 0.3, 0.8, and 0.4, respectively. The
statistically significant well attributes (P values < 0.05) based on the
multilinear regression analysis (Table 1 and SI Appendix, Table S3)
are used in methane emissions estimation. The methane emission
factors for nine well categories defined by combinations of W, P, and
C range from 1.2 × 10−2 to 6.0 × 104 mg h−1 well−1 (Table 2).
Methane Flow Rates over Time. Repeat measurements of the same
abandoned wells conducted 2–10 times (July of 2013 to June of
2015) (SI Appendix, Table S2) show that high emitters (≥104 mg h−1
well−1) have relatively low coefficients of variation, with values
ranging from 0.04 to 0.3 (Fig. 2). This result implies that high
emitters are emitting methane at consistent levels over multiple
years. The coefficient of variation decreases with increasing
methane flow rates, implying that lower emitters are more likely to
be influenced by variable factors, such as seasonal impacts and
measurement error. We also find that the coefficient of variation is
PNAS | November 29, 2016 | vol. 113 | no. 48 | 13637
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Results

Fig. 2. Methane flow rates of 88 abandoned wells in Pennsylvania and the
coefficient of variation of methane flow rates measured from 2 to 10 times over
2 years (July of 2013 to June of 2015) at 27 wells. If more than one measurement has been made at the given well, the methane flow rates represent an
average of all measurements taken. Plugging status is determined based on
field observations, and the well type (gas vs. oil or combined oil and gas) is
determined using our database-based estimates of well attributes. Methane
flow rates below detection (BD) limits (P values > 0.2) are shown in the gray
portion of the plot between the plots of positive and negative flow rates.
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historical documents and other data sources from oil and gas
development need to supplement state records.
Pennsylvania, Ohio, West Virginia, and Kentucky, states through
which the Appalachian Basin extends, are among the top 10 US
states in terms of the number of inactive and total oil and gas wells
(10). Questions remain about potential links between abandoned
wells and other active subsurface-based energy activities commonly
found in theses states, such as, underground natural gas storage
and unconventional oil/gas production (9, 16). For example, could
nearby unconventional gas production or underground gas storage
reservoirs lead to larger methane leaks from abandoned wells?
Previously available measurements and data are insufficient to
explore these potential effects. Therefore, we conducted additional field measurement campaigns to fill the data gaps. In the
process, we expanded the geographic coverage, previously limited to northwestern Pennsylvania (3), to cover much of the
western portion of the state (Fig. 1).
Geochemical information including methane and noble gas isotopes is useful for understanding methane sources (16–18). To
evaluate wellbore integrity and design effective mitigation strategies, it is important to identify the source of methane, including
whether it is microbial or thermogenic, and if possible, the source
formation and migration pathway. It is also important to know as
many well attributes as possible and cross-check those attributes
with geochemical data when possible. Here, we provide an expanded set of geochemical information including carbon and hydrogen isotopes of methane and concentrations of ethane, propane,
n-butane, and noble gases.
To identify and characterize high methane-emitting abandoned
oil/gas wells, we provide in this paper (i) a database of previously
unavailable attributes of measured abandoned wells; (ii) 122 additional field measurements over multiple seasons of methane
flow rates and geochemical data, including previously unavailable
hydrogen isotopes of methane and noble gas data; (iii) improved
estimates of well numbers based on all available data sources; and
(iv) an attribute-based methane emissions estimate for abandoned
oil and gas wells in Pennsylvania. These data and the associated
analysis framework will improve estimates of methane emissions
from abandoned oil and gas wells and help develop mitigation
strategies across Pennsylvania and beyond.

Table 1. Variable coefficients of the multilinear model with R2
value of 0.44 and P value of 4.4 × 10−8
Variable in model
Intercept
D
C = coal area
P = unplugged
P = plugged/vented
W = oil
rS
rU

Variable coefficient
2.84*
0.00039
−5.50***
3.99***
8.33***
−2.88*
0.016
−0.087

These results are for model L6b in SI Appendix, Table S3. The results of
additional models are shown and discussed in SI Appendix. P values are
noted (*P < 0.05; ***P < 0.001).

unrelated to the number of repeat measurements (SI Appendix,
Fig. S2).
Geochemistry. The origin of methane from high-emitting wells
is predominantly thermogenic, with δ13C-CH4 values ranging
from −33 to −45‰ (Fig. 3). [Thermogenic methane typically has
δ13C-CH4 values greater than ∼ −40 to −50‰, whereas microbial
methane typically has δ13C-CH4 values below −50‰ (17, 19, 20);
intermediate δ13C-CH4 values, around −50‰, can represent mixed
thermogenic and microbial sources.] The ratio of C2−4/C1 confirms
the thermogenic source of high emitters, because the ratio ranges
from 0.01 to 0.2. [Microbial sources of methane typically have ratios
less than 0.0005 (19, 21).] A larger range in both δ13C-CH4 and
C2−4/C1 values is observed for oil compared with gas wells, with
oil wells more likely to emit methane in the microbial range.
We do not observe a strong difference in methane isotopes or
hydrocarbon ratios between plugged and unplugged wells, although we find that plugged/vented wells have narrower ranges
in δ13C-CH4 and C2−4/C1 values. Wells in coal areas tend to have
lower C2−4/C1 ratios, regardless of their plugging status or well
type, with ratios ranging from 0.001 to 0.04. For wells (in any area)
where both δ13C-CH4 and δ2H-CH4 are analyzed, most are found
to be within the thermogenic range for gases associated with oil
reservoirs (17).
High methane-emitting gas wells are found to have the following noble gas ratios: 3He/4He < 0.10RA (where R/RA is the

ratio of 3He to 4He in a sample compared with the ratio of those
isotopes in air, and RA nomenclature denotes the 3He/4He ratios
of samples with respect to air), 4He/22Ne > 100, and CH4/36Ar >
1,000 (Fig. 3 and SI Appendix, Fig. S4). 4He occurs in very low
abundances in the atmosphere and is not produced in association
with biogenic methane (22). By comparison, 22Ne and 36Ar are
ubiquitous, well-mixed, and uniform in the atmosphere. As a result, the noble gases and specifically, elevated levels of 4He or
ratios of thermogenic gases (4He or CH4) to atmospheric gases are
able to identify high thermogenic methane-emitting gas wells,
which cannot always be achieved with hydrocarbon-based geochemical information alone (23).
Number of Abandoned Wells. Using comprehensive databases (15,
24) and analysis of historical documents (25–28) (SI Appendix), we
estimate the number of abandoned wells in Pennsylvania to be
between 470,000 and 750,000 (SI Appendix, Table S4). The key
difference between our well numbers and previous lower estimates
is that we include additional wells drilled for enhanced recovery
(ER) purposes (SI Appendix). Similar to oil and gas wells used for
production, injection wells drilled for water flooding, a widely used
enhanced oil recovery technique (26, 29), can also act as pathways
for methane and other fluid migration. The data show that the
inclusion of ER wells leads to an increase in estimated well
numbers by multiplicative factors of 1.7–3.5. We base our estimate
of ER wells using these factors for years before 1950, for which the
number of ER wells is unknown. There also are discrepancies
among the numerous data sources available in historical documents and modern digital datasets (Fig. 4). We compare the data
sources to estimate the potential degree of error, which is included
as multiplicative factors of 1.3–1.5 in the upper bound estimate (SI
Appendix, Table S4).
Methane Emission Estimates. The emission factors (Table 2) are
combined with the number of wells in each well category in the
Pennsylvania DEP database (24) (Fig. 5). The methane emissions
contributed by gas wells and wells in coal areas are significantly
larger than their share in well numbers. Considering each attribute
independently, wells in coal areas represent 21% of the DEP database but 72% of the estimated methane emissions; similarly, gas
wells represent 32% of the DEP database but 77% of the methane
emissions (Fig. 5). Plugged wells, including those that are vented,
represent an estimated 74% of the methane emissions, slightly

Table 2. Emission factors based on coal indicator, plugging status, and well type
Emission factor
(mg·h−1·well−1)
Well type and coal area designation
All
None
Coal
Noncoal
Oil and combined oil and gas
None
Coal
Noncoal
Gas
None
Coal
Noncoal

Unplugged
2.2 × 104
1.2 × 103
3.1 × 104

Plugged
11.5 × 104
4.3 × 104
4.5 × 102

No. of measured wells

SE

Unplugged

Plugged

Unplugged

Plugged

53
17
36

35
12
23

9.2 × 103
9.9 × 102
1.3 × 104

1.0 × 104
2.9 × 104
2.8 × 102

1.9 × 102
1.1
3.1 × 102

3.3 × 102
1.2 × 10−2
3.6 × 102

34
13
21

13
1
12

9.7 × 101
9.1 × 10−1
1.5 × 102

2.6 × 102
n/a
2.8 × 102

6.0 × 104*
5.2 × 103
7.5 × 104*

2.4 × 104
4.7 × 104*,†
5.4 × 102

19
4
15

22
11
11

2.4 × 104
3.9 × 103
2.9 × 104

1.6 × 104
3.2 × 104
5.1 × 102

The emission factors are averages of mean methane flow rate measurements per well (mg·hour−1·well−1). The corresponding
numbers of wells and SEs are shown in the next columns. Coal areas are defined here as wells that overlap with one or more workable
coal seams. n/a, not applicable.
*The three highest emission factors are shown.
†
The measured plugged wells in coal areas are vented as required by regulations.
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does not include injection wells drilled for ER or undocumented
wells. In addition, our upper limit in the number of abandoned
wells in Pennsylvania of 750,000 may also be an underestimate
because of uncertainties associated with differences in terminology
among databases and the accuracy of modern digital databases,
even in recent records (SI Appendix).
The uncertainties associated with well numbers may be
addressed through the application of well-finding technologies
(31), field verifications, and database updates. These activities
can also help estimate well attributes. In addition, more field
measurements of methane emissions are needed from abandoned wells with different attributes and in other geographical
locations (i.e., states and countries) to reduce uncertainties in
emission factors (32) (Table 2).

Discussion

Mitigation. Targeting high emitters will lower mitigation costs
per unit of methane emissions avoided. The identification of
abandoned conventional gas wells and plugged/vented gas wells as
the highest emitters allows government agencies to prioritize gas
fields and coal areas in their mitigation efforts. Furthermore, explicit categorization of plugged/vented wells, which are found to
be high emitters, in state databases may be useful. In addition
to database analysis, noble gases, specifically low 3He/4He and high
4
He/22Ne ratios, provide an independent approach to identify attributes of high methane-emitting abandoned wells.
Because abandoned wells emit methane continuously, over
multiple years and presumably many decades, mitigating their
emissions will have a larger apparent benefit when longer time
periods are considered. Our multiyear measurements show that
the high emitters are likely to emit methane at consistently high
levels. Such wells may have been emitting at these levels for many
decades and will likely continue for decades into the future. A
comparison of the benefits of methane emissions reductions from
abandoned wells with reductions from intermittent, short-term
sources, such as unconventional oil/gas well development, should
be performed using emissions integrated over many years.
Well plugging, which is currently viewed as the main mitigation
solution (5, 10), does not guarantee a reduction in methane
emissions. Plugging was required originally to protect oil and gas
reservoirs, reduce risks of explosions, and more recently, protect
groundwater. Plugged wells that are vented, as required by regulations in coal areas in Pennsylvania, are very likely to be high

Methane Emissions. Well attributes determined for the measured

wells in this paper likely remain unavailable for many wells across
the United States. Therefore, well attribute estimation studies
similar to this analysis may be valuable for many states. For example, West Virginia has at least 57,597 wells that were drilled before
1929 (34% of Pennsylvania wells over the same time period) (25),
and records for many wells in the state are likely to be missing.
Determining well attributes and numbers is as important as collecting additional measurements for estimating methane emissions.
The attributes of high methane-emitting abandoned oil and gas
wells identified here as plugging status (P), well type (W), and coal
area designation (C) may also be indicative of high emitters elsewhere. In the United States, there are 31 oil-producing states, 33
natural gas-producing states, and 25 coal-producing states (30), with
many states simultaneously producing oil, natural gas, and coal.
Other well attributes, such as age, wellbore deviation, and operator
(12), may also be predictors of methane flow rates. However, we do
not explore these attributes here because of a lack of data. Efforts to
collect and compile additional well attributes are needed to explore
the role of attributes not considered in this study.
The total number of abandoned oil and gas wells remains uncertain in Pennsylvania and across the United States. Documented
numbers of wells are more likely to represent lower bounds, because they may not include certain types of wells (e.g., injection
wells for ER) and may be missing records. For example, the estimate of 3 million abandoned wells across the United States (4)
Kang et al.
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higher than the number for plugged wells (70%) in the DEP database. The DEP database does not distinguish between plugged
wells and plugged/vented wells; both are simply categorized as
plugged. In our estimate, plugged/vented wells are those that are
both plugged and in coal areas, following regulatory requirements
in Pennsylvania. Therefore, the methane emissions for all plugged
wells (Fig. 5) represent both a large contribution from high
methane-emitting plugged/vented gas wells (in coal areas) and a
smaller contribution from low methane-emitting plugged wells that
are not vented.
Our attribute-based methane emissions estimates for Pennsylvania using improved well numbers range from 0.04 to 0.07 Mt CH4
per year, which correspond to 5–8% of estimated annual anthropogenic methane emissions for 2011 in Pennsylvania (SI Appendix).
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Fig. 3. Carbon and hydrogen isotopes of methane
(δ13C-CH4 and δ2H-CH4), hydrocarbon concentration
ratios (C2−4/C1), noble gas data, and methane flow
rate data shown colored by well type, circled by
plugging status, and marked with green diamond
outlines if in a coal area. For repeat measurements,
the average of the data for the well is shown. The
regions representing thermogenic methane associated and not associated with oil are from ref. 17.

Fig. 4. Number of drilled and/or completed oil and gas wells in Pennsylvania from various historical documents and databases (SI Appendix). The thick black lines
represent the 1929–2013 data used to estimate the total number of wells (SI Appendix, Table S4, second column). For 1859–1928, we use a total well number
provided in ref. 25, and the curves shown here are not used to estimate well numbers.

emitters. There are many oil- and gas-producing states with geographically extensive coal layers (e.g., Colorado, Illinois, Indiana,
Kentucky, Ohio, Oklahoma, Pennsylvania, West Virginia, and
Wyoming). These states have special decommissioning or plugging
requirements for coal areas (10). States that require venting in
coal areas may want to consider alternatives that ensure safety
while reducing methane emissions.
Conclusions
High methane-emitting abandoned wells are found to be unplugged
gas wells in noncoal areas and plugged but vented gas wells in
coal areas, and they seem to be unrelated to the presence of underground natural gas storage areas or unconventional oil/gas
production. The identification of these high emitters provides an
opportunity to target mitigation efforts and reduce mitigation costs.
Our attribute-based estimate of 5–8% of estimated annual anthropogenic methane emissions in Pennsylvania is higher than
previous estimates, which were based on a single emission factor
for all wells and a smaller well count (3, 8, 15). The methane flow
rates characterized by well attributes may provide insight into potential emissions outside of Pennsylvania in the 33 oil- and gasproducing US states and other oil- and gas-producing countries.
Using the analysis framework presented here, scientists and policymakers can better estimate methane emissions and develop costeffective mitigation strategies for the millions of abandoned oil and
gas wells across the United States and abroad.

field investigations, and state databases. Historical documents include Pennsylvania
agency reports (26–28) and books (25, 33). State databases, including geospatial
data, were obtained from the Pennsylvania Department of Conservation
and Natural Resources (DCNR) (34) and the Pennsylvania DEP (24), agencies
that emerged in 1995 from the Pennsylvania Department of Environmental
Resources (DER). We combine and analyze the information to estimate attributes of measured wells based mainly on their location with respect to
nearby or overlying oil/gas wells, pools, and fields with attributes in the DCNR
database. The attributes determined are depth (d), coal area designation (C),
plugging status (P), well type (W), distance to nearest natural gas storage field
(rS), and distance to nearest unconventional oil and gas well (rU ). To estimate
the number of abandoned wells, we sum the number of wells drilled annually
compiled from multiple sources (15, 24, 25, 27, 28, 33, 35) and subtract the
number of active wells from the total (24). We include wells drilled for ER
purposes and estimate missing well numbers by scaling available well and
production data. We also compare data sources to quantify uncertainties in
well numbers. Details on the attribute estimation methodology and the well
number estimation are provided in SI Appendix, SI Materials and Methods.

Materials and Methods

Field and Laboratory Methods. The measurements of methane flow rates and
light hydrocarbon (ethane, propane, and n-butane) concentrations (January,
March, and June of 2015 samples) followed methods presented in ref. 3. The
measurements were performed across seven counties in Pennsylvania (SI Appendix, Table S2). The measurements of methane isotopes were performed at
Princeton University (3, 36) and Lawrence Berkeley National Laboratory (LBNL).
At LBNL, we also analyzed hydrogen isotopes of methane if concentrations
were sufficiently high (∼1,200 ppmv). For October of 2014 and January, March,
and June of 2015, we analyzed the samples for the following noble gases, He,
Ne, and Ar, at Ohio State University following methods presented in ref. 22.
Additional information on the field sampling and the analysis procedures is
provided in SI Appendix, SI Materials and Methods.

Well Attributes and Numbers. To determine attributes of the measured wells and
estimate the number of abandoned oil and gas wells, we combine information
from different types of data sources: historical documents, published literature,

Multilinear Regression. We perform a multilinear regression using the following linear model expressed in Wilkinson notation (37):
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Methane Emission Estimates. Based on the multilinear regression results, we
use C, P, and W as the key attributes for methane emission estimation:
Eabandoned wells =

XXX
w

p

EFw,p,c · nw,p,c ,

[2]

c
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Fig. 5. Number of wells in the PA DEP database (Left) and the corresponding relative methane emissions distribution (Right) based on plugging
status, coal area designation, and well type. Each of three attributes is
considered independently.

ln m_ ∼ 1 + d + C + P + W + rS + rU .

Kang et al.
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Note that the categorical variables, C, P, and W, are denoted using uppercase
letters. Multilinear regression is also performed on other linear models,
which are summarized in SI Appendix, SI Materials and Methods.
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where E is the total methane emissions, EF is the emission factor, n is the
number of wells, and subscripts w, p, and c represent the appropriate
values of W, P, and C, respectively. We consider two well types (w = oil or
combined oil & gas and gas), two plugging statuses (P = plugged and
unplugged), and two coal area designations (c = coal and noncoal area). We
use the Pennsylvania DEP’s wells database (24) and the above attributes to
determine the proportion of wells in each category. Additional details,
including discussions on uncertainties, are given in SI Appendix, SI Materials
and Methods.

Abandoned wells can be ‘superemitters’ of greenhouse gas
by John Sullivan, Ofﬁce of Engineering Communications
Dec. 9, 2014 11:15 a.m.

Princeton University researchers have uncovered a previously
unknown, and possibly substantial, source of the greenhouse gas
methane to the Earth’s atmosphere.
After testing a sample of abandoned oil and natural gas wells in
northwestern Pennsylvania, the researchers found that many of the
old wells leaked substantial quantities of methane. Because there
are so many abandoned wells nationwide (a recent study from
Stanford University concluded there were roughly 3 million
abandoned wells in the United States) the researchers believe the
overall contribution of leaking wells could be signiﬁcant.

The researchers said their ﬁndings identify a need to make
measurements across a wide variety of regions in Pennsylvania but
also in other states with a long history of oil and gas development
such as California and Texas.

Alana Miller (left), a
Princeton senior
majoring in civil and
environmental
engineering, and
Mary Kang, then a
doctoral researcher
in civil and
environmental
engineering at
Princeton, conduct
research that found
abandoned oil and
gas wells emit
methane, a powerful
greenhouse gas.
Kang, now at
Stanford University,
is the lead author of
a recent journal
article describing the
ﬁndings. (Photo
/

“The research indicates that this is a source of methane that should
not be ignored,” said Michael Celia
(http://www.princeton.edu/cee/people/display_person/?netid=celia), the
Theodore Shelton Pitney Professor of Environmental Studies and
professor of civil and environmental engineering
(http://www.princeton.edu/cee/) at Princeton. “We need to determine
how signiﬁcant it is on a wider basis.”

courtesy of Robert
Jackson, Stanford
University)

Methane is the unprocessed form of natural gas. Scientists say that
after carbon dioxide, methane is the most important contributor to
the greenhouse effect, in which gases in the atmosphere trap heat
that would otherwise radiate from the Earth. Pound for pound,
methane has about 20 times the heat-trapping effect as carbon
dioxide. Methane is produced naturally, by processes including
decomposition, and by human activity such as landﬁlls and oil and
gas production.
While oil and gas companies work to minimize the amount of
methane emitted by their operations, almost no attention has been
paid to wells that were drilled decades ago. These wells, some of
which date back to the 19th century, are typically abandoned and not
recorded on ofﬁcial records.
Mary Kang, then a doctoral candidate in civil and environmental
engineering at Princeton, originally began looking into methane
emissions from old wells after researching techniques to store carbon
dioxide by injecting it deep underground. While examining ways that
carbon dioxide could escape underground storage, Kang wondered
about the effect of old wells on methane emissions.
“I was looking for data, but it didn’t exist,” said Kang, now a
postdoctoral researcher at Stanford.
In a paper
(http://www.pnas.org/content/early/2014/12/04/1408315111.full.pdf+html)

published Dec. 8 in the Proceedings of the National Academy of
Sciences, the researchers describe how they chose 19 wells in the
adjacent McKean and Potter counties in northwestern Pennsylvania.
The wells chosen were all abandoned, and records about the origin of
the wells and their conditions did not exist. Only one of the wells was
on the state’s list of abandoned wells. Some of the wells, which can
look like a pipe emerging from the ground, are located in forests and

/

others in people’s yards. Kang said the lack of documentation made
it hard to tell when the wells were originally drilled or whether any
attempt had been made to plug them.
“What surprised me was that every well we measured had some
methane coming out,” said Celia.

A well pipe emerges
from the ground in
the Allegheny
National Forest in
northwestern
Pennsylvania.
Researchers covered
pipes from 19 wells
with instruments to
measuring gases
emitted by the well.
(Photo courtesy of
Mary Kang,
Department of Civil
and Environmental
Engineering)

To conduct the research, the team placed enclosures called ﬂux
chambers over the tops of the wells. They also placed ﬂux chambers
nearby to measure the background emissions from the terrain and
make sure the methane was emitted from the wells and not the
surrounding area.
Although all the wells registered some level of methane, about 15
percent emitted the gas at a markedly higher level — thousands of
times greater than the lower-level wells. Denise Mauzerall
(http://www.princeton.edu/cee/people/display_person/?
netid=mauzeral), a Princeton professor and a member of the research

team, said a critical task is to discover the characteristics of these
super-emitting wells.
Mauzerall said the relatively low number of high-emitting wells could
offer a workable solution: while trying to plug every abandoned well in
the country might be too costly to be realistic, dealing with the
smaller number of high emitters could be possible.
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About the Emissions Inventory
EPA has prepared the Inventory of U.S. Greenhouse Gas Emissions and Sinks
since the early 1990s. This annual report provides a comprehensive accounting of
total greenhouse gas emissions for all man-made sources in the United States. The
gases covered by the Inventory include carbon dioxide, methane, nitrous oxide,
hydrofluorocarbons, perfluorocarbons, sulfur hexafluoride, and nitrogen
https://www.epa.gov/ghgemissions/inventory-us-greenhouse-gas-emissions-and-sinks
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trifluoride. The Inventory also calculates carbon dioxide removal from the
atmosphere by “sinks,” e.g., through the uptake of carbon and storage in forests,
vegetation, and soils.
The national greenhouse gas inventory is submitted to the United Nations in
accordance with the Framework Convention on Climate Change EXIT .
In preparing the annual emissions inventory report, EPA collaborates with
hundreds of experts representing more than a dozen U.S. government agencies,
academic institutions, industry associations, consultants and environmental
organizations. EPA also collects greenhouse gas emissions data from individual
facilities and suppliers of certain fossil fuels and industrial gases through the
Greenhouse Gas Reporting Program.

Overview of Greenhouse Gases and Sources of
Emissions
Key findings from the 1990-2018 U.S. Inventory include:
In 2018, U.S. greenhouse gas emissions totaled 6,677 million metric tons of
carbon dioxide equivalents, or 5,903 million metric tons of carbon dioxide
equivalents after accounting for sequestration from the land sector.

Larger image to save or print
Emissions increased from 2017 to 2018 by 3.1 percent (after accounting for
sequestration from the land sector). This increase was largely driven by an
https://www.epa.gov/ghgemissions/inventory-us-greenhouse-gas-emissions-and-sinks
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increase in emissions from fossil fuel combustion, which was a result of
multiple factors, including more electricity use greater due to greater
heating and cooling needs due to a colder winter and hotter summer in 2018
in comparison to 2017.
Greenhouse gas emissions in 2018 (after accounting for sequestration from
the land sector) were 10.2 percent below 2005 levels.

Larger image to save or print
The graphs to the right provide an overview of greenhouse gas emissions in the
United States based on information from the Inventory. To learn more about each
of these topics, click on the links below:
Data Highlights
Overview of Greenhouse Gases
Sources of Greenhouse Gas Emissions

See the Data
EPA has developed an interactive tool that provides access to data from the
national greenhouse gas inventory. Visit the Greenhouse Gas Inventory Data
Explorer to create customized graphs, examine trends over time, and download
the data. The graphs below are examples from EPA’s Greenhouse Gas Inventory
Data Explorer. Click either image to enter the tool and explore an interactive
version of the graph.
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Exploration and production of natural gas and oil are rapidly expanding across the country due
to technological developments that have made extraction of previously untapped unconventional
resources, such as shale gas, economically feasible. In part due to expansion of operations to
locations where the industry has never been active, emissions of air pollutants, along with other
potential environmental and public health impacts, have come under increasing scrutiny.
An overview of environmental and public health
risks and the need for improved regulation and
industry practices is presented in a recent report of
the National Petroleum Council.1 Although some
efforts are underway to improve our knowledge
about air emissions from the oil and gas industry,
there remains much uncertainty about the actual
amount released. Notwithstanding this uncertainty,
studies suggest that emissions from the oil and gas
industry could be comparable to other major
source categories in some concentrated areas.
Moreover, while smokestack emissions of greenhouse gases (GHGs) from coal-fired power plants
are substantially higher than from natural gas (NG)fired plants, questions have been raised about how
the upstream emissions associated with the extraction, processing, and transportation of each fuel
affect the relative climate footprint of NG when the
complete fuel cycles are considered.
This article reviews key air pollution concerns and
air policy considerations associated with the gas
and oil industries.

Sources of Air Emissions
Leaks and routine venting during the extraction,
processing, and transportation of NG result in
emissions of GHGs and, depending on the local
composition of unprocessed gas, other pollutants
that contribute to locally- and regionally-elevated
air pollution that may threaten public health. There
are numerous individual components used throughout NG and oil production systems that are prone
to leaks, including compressors, valves, pumps,
flanges, gauges, and pipe connectors.
In addition to unintentional leaks, a number of
sources intentionally vent gas. For example, one
technology used throughout NG systems is pneumatic valves, which operate on pressurized NG
and by design bleed small quantities of gas during
normal operation. Additionally, gas is often vented
from storage tanks, dehydrators, depressurization
of equipment before maintenance, and wells after
hydraulic fracturing or when accumulated liquids
are removed. Within the oil sector, nearly all
methane (CH4) emissions come from production
fields in the form of venting from oil wells, storage
tanks, and processing equipment.2
Engines and other combustion sources associated
with the upstream and midstream segments of the
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with Natural Gas and Oil Operations
NG and oil industry also produce emissions that
can affect local and regional air quality.

Air Pollution Concerns
The fugitive and vented emissions from NG operations consist predominantly of CH4, a potent
GHG, but often also include organic compounds
that contribute to the formation of ground-level
ozone (smog), as well as hazardous air pollutants
like benzene.
Methane
Methane is the principal component of NG and is
a potent GHG with a warming potential 25 times
that of carbon dioxide (CO2) over the long term
(100-year time horizon) and 72 times over the
short term (20-year time horizon). [Note: The values
of 25 and 72 are CH4’s global warming potential
(GWP); GWP is a commonly used concept to compare the radiative forcing of GHGs relative to that
of CO2. The Intergovernmental Panel on Climate
Change (IPCC) typically uses a 100-year time
horizon for the calculation of GWP; but a 20-year
horizon is sometimes used.]
In addition to its climate impacts, CH4 contributes
to higher global background levels of ozone pollution.3-5 Natural gas and oil operations are the
largest source of U.S. CH4 emissions. The U.S.
Environmental Protection Agency’s (EPA) estimate
of the amount of CH4 released in 2009 because of
leaks and venting in the NG network between
production wells and the local distribution network
is 10.5 million metric tons (MMT);6 this corresponds
to just over 2% of gross U.S. NG production. A
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recent paper based on a pilot study using innovative air sampling approaches concluded that NG
leakage in the Denver–Julesburg Basin might be
even higher than EPA’s estimate; although the
measurements provide only one snapshot of what
is happening in NG production fields, 4% was the
central estimate reported.7 This discrepancy points
to the need for more direct measurement of emissions, as discussed later.
Ozone Precursors
Natural gas and oil industry activities also emit
Volatile Organic Compounds (VOCs) and oxides
of nitrogen (NOx), which are precursors to groundlevel ozone. In areas of concentrated activity, the
emissions can be substantial.
For example, NG and oil activities were the single
largest source of ozone precursor pollutants in
Colorado in 2008.9 The Texas Commission on
Environmental Quality has reported that storage
tanks used in the exploration and production of
NG and oil are the single largest source of VOCs
in Texas.10 In the Barnett Shale of North Texas, the
combined VOC and NOx emissions from NG and oil
production have been estimated to be comparable
to those from the roughly 4 million cars and trucks
in the adjoining Dallas Fort-Worth metro area.11
The air quality impacts of these emissions vary
based on local conditions, but they can be important, especially in rural areas.12 Wintertime ozone
levels in excess of the nation’s health-based air
quality standards have been recorded in remote
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parts of Wyoming and Utah, where little industrial
activity other than NG and oil production occurs.
Air modeling for the Haynesville Shale projects an
increase in ozone levels near NG drilling and production and in adjacent regions due to ozone
transport.13
Hazardous Air Pollutants
Hazardous air pollutants (HAPs) from NG and oil
operations include hydrogen sulfide and certain
hydrocarbons such as benzene, a known human
carcinogen. Formaldehyde is a HAP found in the
exhaust of compressor engines. Elevated levels of
benzene have been detected near NG production
sites in Texas14 and Colorado.15,16 In these cases,
ambient concentrations appear to be variable and
lower than health-based screening levels. Although
little work has been done to characterize the health
effects of such exposures, media reports anecdotally
suggest growing complaints of health concerns
(e.g., respiratory and skin irritation, neurological
problems, dizziness, and headaches) by people
living near NG operations.17,18

Policy Considerations
Methane Emissions
Although NG burns cleaner than coal and
petroleum- based fuels, uncombusted CH4 leaked
along the NG supply chain erases some of the
carbon advantage that NG has over other fossil
fuels at the point of combustion. At some point,
NG leakage can be large enough to make NG use
worse overall for climate for some period of time. A
number of scientific papers on the climatic implications
of NG production and use relative to other fuels
have been published in the past 18 months.19-24
These papers have inadvertently figured into a growing sense of confusion due to sometimes divergent
conclusions and approaches.

There are two main differences among these
papers. The first is how they compare the timedependent effects on climate of CH4 and CO2, the
principal contributor to man-made climate change.
CH4 is a much more potent GHG than CO2,
molecule for molecule, but it is removed from the
atmosphere much more quickly; these competing
effects complicate the comparison of their climate
impacts. The second, more fundamental difference
is the choice of CH4 leakage assumed for the NG
supply. This choice is challenging due to the limited
empirical data available on the actual amount of
CH 4 released to the atmosphere across the
NG supply chain, including during production,
processing, and delivery to customers.
A recent paper proposed a more transparent analytical approach that reveals the inherent climatic
trade-offs of different policy and investment choices
involving NG for electricity and transportation.25
Using the best available data from EPA on CH4
leakage in the NG supply and similar data for other
fuel cycles, this paper concluded that new NG combined cycle plants are beneficial on all time frames
for climate compared to new coal plants, as long as
leakage stays under 3.2%. On the other hand, for
NG vehicles to produce climate benefits on all
time frames, well-to-wheels CH4 leakage would
have to be reduced to 1.0–1.6%.26
Because of the pivotal role that NG leakage plays in
determining whether fuel switching scenarios
involving NG are better or worse for the climate, it
is critical that definitive, scientifically rigorous measurements of actual emissions be made. While NG
operators will begin reporting CH4 emissions to
EPA later this year, it is unclear how accurate these
data will be, especially during the first year or two
of reporting because companies have been allowed
a grace period to use less rigorous estimation methods than technically required in EPA’s rules.

How Important Is CH4 Leakage from NG Systems?
Over a 100-year time horizon, EPA’s estimate that NG systems emitted 10.5 MMT
of CH4 in 2009 has the same effect on climate as 263 MMT of CO2. For comparison,
263 MMT of CO2 is the same amount of CO2 that is released annually by 62 coalfired power plants or 52 million passenger vehicles.8 The cumulative climate “influence” (more specifically, the cumulative radiative forcing) of this CH4 leakage is 3.9%
of the total from all U.S. GHG emissions over a 100-year time horizon. Considering
a 20-year time-horizon, which more fully captures the short-term climate influence
of CH4, NG leakage accounts for 9.1% of the total climate influence from all U.S.
GHG emissions.
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VOC and HAP Emissions
On April 17, 2012, EPA adopted final rules establishing—for the first time—emission standards for
NG well sites and strengthening existing standards
for gas processing plants and pipeline compressors.27
While EPA’s rules represent an important step
forward in reducing pollution from hydraulically
fractured gas wells and discrete equipment types,
gaps remain. Additional standards are needed to
reduce VOC and HAP emissions from other
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sources, such as wells that co-produce oil and NG
and certain existing sources, as are standards
that directly limit CH4.

reducing CH4 leakage, although more must be
done to reduce CH4 leaks directly.

Conclusion
EPA’s rules will reduce air pollution through proven
and highly cost-effective air pollution controls; they
will standardize many common sense practices and
technologies already implemented in states such
as Colorado and Wyoming, and that are already
being used by many NG companies throughout
the country. The rules will also prevent the needless
waste of a valuable domestic energy source by preventing leaks and venting of NG. Though EPA’s
new rules do not directly regulate CH 4, it will be
reduced as a co-benefit of the required controls.
Consequently, EPA’s rules will lead to some
improvement in the climate footprint of NG by

Achieving and maintaining low emissions of air
pollutants from NG and oil operations is crucial to
minimizing adverse health impacts in adjacent
communities and maximizing the climate benefits
of NG fuel switching pathways. Significant
progress (surpassing that expected through
implementation of EPA’s new air emissions rules)
appears possible given the economic benefits of
capturing and selling lost NG and the availability of
proven technologies.28 Additionally, better emissions data are needed to confidently evaluate the
risks of NG and oil operations to health and
climate and to effectively manage operations. em

Though EPA’s new
rules do not directly
regulate CH4, it will
be reduced as a
co-benefit of the
required controls.
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The State of the Air 2019
Too many cities across
the nation experienced
more ozone and more
particle pollution in
2015-2017. Many
reached or tied their
highest levels ever.

The “State of the Air” 2019 found that, in 2015-2017, more cities had high days of
ozone and short-term particle pollution compared to 2014-2016 and many cities
measured increased levels of year-round particle pollution.
The “State of the Air” 2019 report shows that too many cities across the nation
increased the number of days when particle pollution, often called “soot,” soared to
often record-breaking levels. More cities suffered from higher numbers of days when
ground-level ozone, also known as “smog,” reached unhealthy levels. Many cities saw
their year-round levels of particle pollution increase as well.
The “State of the Air” 2019 report adds to the evidence that a changing climate is
making it harder to protect human health. The three years covered in this report
ranked as the hottest years on record globally. High ozone days and spikes in particle
pollution zoomed, putting millions more people at risk and adding challenges to the
work cities are doing across the nation to clean up.
The 2019 report—the 20th annual release—uses the most recent quality-assured air
pollution data, collected by the federal, state and local governments and tribes in 2015,
2016 and 2017. The “State of the Air” 2019 report looks at levels of ozone and particle
pollution found in official monitoring sites across the United States in 2015, 2016 and
2017. For comparison, the “State of the Air” 2018 report covered data from 2014, 2015
and 2016.1 The report uses the most current quality-assured nationwide data available
for these analyses.
The report examines particle pollution (PM2.5) in two separate ways: averaged yearround (annual average) and short-term levels (24-hour). For both ozone and shortterm particle pollution, the analysis uses a weighted average number of days that
allows recognition of places with higher levels of pollution. For the year-round particle
pollution rankings, the report uses averages calculated and reported by the U.S.
Environmental Protection Agency (EPA).

The “State of the Air” 2019 found that ozone and short-term particle pollution
worsened in many cities in 2015-2017, compared to 2014-2016. Even levels of
year-round particle pollution increased in some cities.

Overall Trends

More than four in 10 Americans, approximately 43.3 percent of the population, live in
counties that have monitored unhealthy ozone and/or particle pollution. The number
of people exposed to unhealthy air increased to nearly 141.1 million. That represents
an increase from the past two reports: higher than the 133.9 million in the 2018 report
(covering 2014-2016) and the 125 million in the 2017 report (covering 2013-2015).
Close to 20.2 million people, or 6.2 percent, live in 12 counties with unhealthful levels
for all three measures.
Still, progress continues, thanks to the tools in the Clean Air Act. While this is a
significant spike in areas with unhealthy levels of ozone and particle pollution, it remains
still far below the 166 million in the years covered in the 2016 report (2012-2014).
Los Angeles remains the city with the worst ozone pollution as it has for 19 years of
the 20-year history of the report. Fresno-Madera-Hanford, CA returned to the mostpolluted slot for year-round particle pollution, while Bakersfield, CA, maintains its
rank as the city with the worst short-term particle pollution.
More must be done to address climate change and to protect communities from the
growing risks to public health. This year’s report covered the three warmest years in
modern history and demonstrates the increased risk of harm from air pollution that
comes despite other protective measures being in place. The Clean Air Act must remain
intact and enforced to enable the nation to continue to protect all Americans from the
dangers of air pollution. This law has driven improvements in air quality for nearly 50
4
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years, improvements that the “State of the Air” 2019 continues to document. Figure 1
from EPA shows that since 1970, the air has gotten cleaner while the population, the
economy, energy use and miles driven increased greatly.2 We must ensure that the
Clean Air Act’s tools remain in place, funded, and followed.
Comparison of Growth Areas and Emissions, 1970–2017
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Figure 1: Air pollution emissions have dropped steadily since 1970 thanks to the Clean Air Act. Source: U.S.
EPA, Air Trends: Air Quality National Summary, 2019.

As climate change
continues, cleaning up
these pollutants will
become ever more
challenging.

Increased heat in 2017,
the third warmest year
on record in the United
States, likely drove this
increase in ozone. All
three years in this report
mark the warmest years
ever recorded.
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The “State of the Air” 2019 report shows, again, that climate change makes it harder
to protect human health. This year’s report shows the spike in high ozone days and in
unhealthy particle pollution episodes driven by wildfires. While most of the nation has
much cleaner air quality than even a decade ago, too many cities suffered increased
ozone from the increased temperature and continued high particle pollution from
wildfires driven by changing rain patterns.
As climate change continues, cleaning up these pollutants will become ever more
challenging. Climate change poses many threats to human health, including worsened
air quality and extreme weather events. The nation must work to reduce emissions that
worsen climate.
The Clean Air Act must remain intact and enforced to enable the nation to continue
to protect all Americans from the dangers of air pollution. At its core, the Clean Air Act
protects public health and has driven improvements in air quality for nearly 50 years,
as shown in Figure 1. Since 2000, the “State of the Air” reports have also documented
these improvements, as shown in trend charts for counties and cities available at
www.stateoftheair.org. That progress is not certain to continue, as some in Congress
seek to remove or weaken that law, and as the administration seeks to repeal or reverse
the safeguards in place to enforce the law.

Ozone Pollution
Ozone pollution worsened in much of the nation. Of the 25 most-ozone-polluted
cities in the U.S, 17 had more high ozone days on weighted average during 20152017, than in the 2018 report that covered 2014-2016. Eight of the 25 cities had fewer
days, three reaching their fewest days ever.
Increased heat in 2017 likely drove this increase in ozone. Warmer temperatures
stimulate the reactions in the atmosphere that cause ozone to form, and 2017 saw the
second warmest temperatures on record in the United States. All three years covered in
this report rank as the three warmest years ever recorded.3
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Los Angeles remains at the top of this list as it has for all but one of the 20 reports. Los
Angeles also recorded more unhealthy ozone days in this report, measured by weighted
average.
In addition to Los Angeles, 16 others among the 25 cities with the worst ozone
pollution each had a higher average of unhealthy days in 2015-2017, including some
of the nation’s largest metropolitan areas: New York City; Chicago; San Diego; Denver;
Phoenix; Houston; Las Vegas; Philadelphia; Washington-Baltimore; and Salt Lake City.
Many smaller cities on that list also suffered from more ozone: Visalia, CA; Sacramento,
CA; El Centro, CA; Chico, CA; El Paso-Las Cruces, TX-NM; and Sheboygan, WI.
Eight cities had fewer unhealthy ozone days on average in 2015-2017, including three
that reached their fewest unhealthy days ever: Bakersfield, CA; Dallas-Fort Worth; and
San Jose-San Francisco (with additional counties in the metro area). Other cities that
had fewer high-ozone days included: Fresno-Madera-Hanford, CA; Atlanta, GA; Fort
Collins, CO; Redding-Red Bluff, CA; and Hartford, CT.
These rankings are all based on unhealthy air days as recorded using the Air Quality
Index adopted with the 2015 ozone national air quality standard. In 2018, EPA officially
designated all or parts of the 25 most polluted cities as “nonattainment” for the 2015
ozone national air quality standard. That action requires all to take steps to clean up the
sources of pollution going forward.
Regional Differences. Cities in the West and the Southwest continue to dominate the
most-ozone-polluted list. California retains its historic distinction with 10 of the 25
most-polluted cities in that state. The Southwest continues to fill most of the remaining
slots, with eight of the 25 cities. Texas has three cities in the 25 most-polluted list:
Houston, Dallas-Fort Worth and El Paso. Colorado has two: Denver and Fort Collins.
Arizona, Nevada and Utah each have one.
Only seven cities are east of the Mississippi River, including the New York City metro
area, where Fairfield, CT suffers from the highest levels in the metropolitan area.
Others in the Northeast and Mid-Atlantic in the 25 most-polluted list are Philadelphia;
Washington, DC-Baltimore, MD; and Hartford, CT. The Midwest has two: Chicago and
Sheboygan, WI. Atlanta remains the only southeast city to remain on the list.
The findings show the continued impact of transported pollution that moves ozone and
ozone precursors across state lines. Chicago’s ozone crosses Lake Michigan to reach
Sheboygan, WI. Fairfield County, CT, remains the county with the highest ozone in the
eastern half of the nation because of the transported ozone from other states.
Increased heat played a major role in the higher number of unhealthy air days. This
year’s report covers the three warmest years on record in the U.S. According to the
National Oceanic and Atmospheric Administration, 2017 was the second warmest year
on record, following 2016, which was the warmest year, and just ahead of 2015, which
was the third warmest. Warmer weather makes ozone more likely to form.
Those changes reflect changes seen in the past four reports, where increased oil and
gas extraction in the Southwest and cleanup of power plants in the eastern U.S. have
shifted the cities that experienced the greatest number of unhealthy air days.

Short-Term Particle Pollution
Bakersfield (CA) remains the city most polluted by spikes in particle pollution.
Bakersfield has held this position for all but two years since the 2010 report covering
data from 2006-2008. Twenty of the 26 most polluted cities had more days on average
in the 2019 report. Many of these are due to wildfires.
Eight cities had their highest-ever weighted average number of days with spikes in particle
levels: Fairbanks, AK; Missoula, MT; Yakima, WA; Spokane-Spokane Valley-Coeur d’Alene,
WA-ID; Santa Maria-Santa Barbara, CA; Salinas, CA; Bend-Prineville, OR; and Bismarck, ND.
6
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Wildfire smoke shifted
Santa Maria—Santa
Barbara, CA off the list of
cleanest cities for shortterm particle pollution for
the past six years to rank as
the 17th most polluted city.

Showing the impact of wildfires, prior to this year’s report, Santa Maria—Santa Barbara,
CA had been on the list of cleanest cities for short-term PM for the past six years.
Twelve others also suffered from more days when particle pollution spiked into
unhealthy levels. San Jose-San Francisco, Los Angeles, Seattle and Pittsburgh, Logan,
UT; Phoenix; Sacramento; Medford-Grants Pass, OR; Eugene, OR; Reno, NV; Portland,
OR; and Pocatello, ID.
San Jose-San Francisco CSA added two counties from the former Modesto-Merced
MSA, which had ranked fifth most polluted in the 2018 report. Their addition increased
the weighted average, but, even without those counties, the metro area had more days.
Six of the 26 most-polluted cities improved and had fewer unhealthy air days on
average than in the 2018 report. Despite being among the 10 most-polluted, Salt Lake
City dropped to its fewest days ever reported on average. Five other cities had fewer
unhealthy days on average: Bakersfield, CA; Fresno-Madera-Hanford, CA; Anchorage;
Visalia, CA; and El Centro, CA.
In California, Washington and Oregon, extended wildfires increased the days when
PM levels spiked. The Los Angeles metro area had two days when levels spiked to
“hazardous,” the highest “maroon” level in the Air Quality Index. Medford-Grants Pass,
OR, Eugene, OR and Calaveras County, CA each had one maroon day.
Wildfires are not the only source of high particle pollution days. Other sources including
wood stove use (especially in Fairbanks), older diesel vehicles and equipment, and
industrial sources (as in Pittsburgh) contribute to a lot of particle pollution. Changes in
weather patterns can create atmospheric inversions that trap particles in place, leading
to days with spikes. Pittsburgh is the only city in the 25 most polluted that is east of the
Mississippi River.

Year-Round Particle Pollution
Fresno-Madera-Hanford, CA returned to the rank of most polluted by year-round
particle pollution in 2015-2017. This metro area now officially includes Kings County,
the county with the highest year-round levels of particle pollution in the nation. This
ties the highest year-round levels ever for Kings County, and for the metro area.
Fourteen of the 25 cities most polluted year-round by particle pollution improved over
the levels in the 2018 report. Bakersfield, Visalia (CA), and El Centro (CA) continued
to improve as they had in the 2018 report. Last year’s most-polluted city, Fairbanks,
AK, dropped back to #3. Ten reached their lowest annual level ever: Cleveland;
Detroit; Birmingham; Lancaster, PA; Houston, TX, Philadelphia; Chicago; Indianapolis;
Harrisburg, PA; and Knoxville, TN. This is Chicago’s first year back with complete data
on particle pollution in Illinois.

Fourteen of the 25 cities
with the highest yearround particle levels
experienced lower levels
in the 2019 report.

Eleven of the 25 cities suffered worse year-round levels. Two, Fresno-Madera-Hanford,
CA and Missoula, MT, tied their worst annual average levels of particle pollution. Others
that had higher levels were Los Angeles; San Jose-San Francisco; Pittsburgh; MedfordGrants Pass, OR; Cincinnati; Johnstown-Somerset, PA; Atlanta; McAllen-Edinburg, TX;
and Shreveport, LA.
All the cities below the seven most-polluted meet the current national air quality
standards. Often annual levels vary in cities once they clean up enough to meet that
standard. However, evidence shows that no threshold exists for harmful effects from
particle pollution, even below the official standard.
California continues to dominate this list, with six of the 10 most-polluted, and five of
the seven cities that fail to meet the annual standard. Pennsylvania has five cities on
this list, although only Pittsburgh fails to meet the standard. Other areas with several
cities on the list include the Midwest with five cities; Southeast with four cities; the
Northwest with three cities; and Texas with two.
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For San Jose-San Francisco, the higher levels came in the two counties added to the
metro area by the Office of Management and Budget. Both had been part of the former
Merced-Modesto, CA MSA. They were incorporated into the larger CSA because of
increased integration with the larger metro area.
Cities with high power plant emissions as well as local, industrial sources continue
to show up on the list. That list includes Pittsburgh; Philadelphia; Detroit; Cincinnati;
Cleveland; Chicago; Birmingham; Atlanta; Indianapolis; Youngstown; and Shreveport, LA.
Fortunately, year-round particle pollution continues to decline across most of the
nation, unlike the days with high ozone and high short-term particle pollutions.
Because of the high numbers and long duration, the western wildfires contributed
to some of the elevated annual averages in western cities. That is especially true in
Missoula, MT, Medford-Grants Pass, OR, and likely in Los Angeles as well.

Cleanest Cities
Six cities ranked on all three cleanest cities lists for ozone, year-round particle pollution
and short-term particle pollution. They had zero high ozone or high particle pollution
days and were among the 25 cities with the lowest year-round particle levels. Four
have repeated their ranking on this list, but two join this list for the first time. Listed
alphabetically below, these six cities are:
Bangor, ME
Lincoln-Beatrice, NE
Burlington-South Burlington, VT
Palm Bay-Melbourne-Titusville, FL
Honolulu, HI
Wilmington, NC
Eight other cities ranked among the cleanest cities for both year-round and short-term
levels of particle pollution. That means they had no days in the unhealthy level for
short-term particle pollution and were on the list of the cleanest cities for year-round
particle pollution. They are:
Cape Coral-Fort Myers-Naples, FL
Elmira-Corning, NY
Gainesville-Lake City, FL
Grand Island, NE

North Port-Sarasota, FL
Pittsfield, MA
St. George, UT
Syracuse-Auburn, NY

Nineteen other cities ranked among the cleanest for ozone and short-term particle
pollution. That means they had no days in the unhealthy level for ozone or for shortterm particle pollution. They are:
Bowling Green-Glasgow, KY
Clarksville, TN-KY
Eau Claire-Menomonie, WI
Fayetteville-Sanford-Lumberton, NC
Fayetteville-Springdale-Rogers, AR
Florence, SC
Fort Smith, AR-OK
Gadsden, AL
Greenville-Kinston-Washington, NC
Houma-Thibodaux, LA

Jackson-Vicksburg-Brookhaven, MS
La Crosse-Onalaska, WI-MN
McAllen-Edinburg, TX
Monroe-Ruston, LA
Roanoke, VA
Springfield, MO
Tallahassee, FL
Tuscaloosa, AL
Waterloo-Cedar Falls, IA

Four cities ranked on both lists for ozone and year-round particle pollution levels. These
cities had no days in the unhealthy level for ozone pollution and were on the list of the
cleanest cities for year-round particle pollution. They are:
Anchorage, AK
Bellingham, WA
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The “State of the Air” 2019 shows that too many people in the United States live
where the air is unhealthy for them to breathe.

People at Risk

More than four in 10 people (43.3 percent) in the United States live in counties that
have unhealthful levels of either ozone or particle pollution. Nearly 141.1 million
Americans live in 244 counties where they breathe unhealthful levels of air pollution
in the form of either ozone or short-term or year-round levels of particles.
●● The number has increased—again. More people suffered unhealthy air in this
year’s report covering 2015-2017, than in the years covered by the 2018 report
(2014-2016) when the total was 133.9 million and more than in the 2017 report
(2013-2015), when the total was only 125 million. Fortunately, these are still far
below the 166 million in the years covered in the 2016 report (2012-2014).
●● Why? One big reason is climate change. Warmer weather, different rain
patterns create continued challenges to long-term progress in reducing harmful
air pollution under the Clean Air Act.
■■ More than four in 10 (41.1 percent) of the people in the United States live in areas
with unhealthy levels of ozone pollution. More than 134.0 million people live in
197 counties that earned an F for ozone in this year’s report, significantly more than
the approximately 128.9 million people who lived in counties earning an F in 20142016, the period covered in last year’s report.
■■ Nearly one in six people (15.2 percent) in the United States—more than 49.6
million—live in an area with too many days with unhealthful levels of particle
pollution. More people experienced those unhealthy spikes than in the last two
reports. In the 2018 report, approximately 35.1 million people and in the 2017
report, approximately 43 million people experienced too many unhealthy days.
■■ More than 20.5 million people (6.3 percent) suffered from unhealthy year-round
levels of particle pollution in 2015-2017. These people lived in 18 counties
where the annual average concentration of particle pollution was too high. This
population estimate is considerably higher than in last year’s report, when the
data showed only 9.8 million people who lived where the year-round levels were
unhealthy. As explained last year, the lower tally of populations exposed was
likely due to missing population data from two counties with incomplete data—
Los Angeles County and San Bernardino County in California. Data from those
counties are available again and included in this estimate, so their populations
were included in the tally this year.
■■ Nearly 20.2 million people (6.2 percent) live in 12 counties with unhealthful levels
of all three: ozone and short-term and year-round particle pollution in 2015-2017.
The difference in this year’s and the 2018 report’s estimate of 7.7 million exposed
to unhealthy levels for all three measures also comes largely because of the missing
data from the two California counties. However, a better comparison is with the
2017 report which covered 2013-2015, when both California counties reported
data. This year’s report found an additional 2.1 million people lived in counties in
2015-2017 with unhealthy air for all three measures than the 18 million people
reported in the 2017 report.
Many people are at greater risk because of their age or because they have asthma or
other chronic lung disease, cardiovascular disease or diabetes, or because they have
low socioeconomic status. With the risks from airborne pollution so great, the Lung
Association seeks to inform people who may be in danger. The following list identifies
the numbers of people in each at-risk group.
■■

■■
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Older and Younger—Nearly 20 million adults age 65 and over and more than 32.5
million children under 18 years old live in counties that received an F for at least
one pollutant. More than 2.6 million seniors and nearly 4.9 million children live in
counties failing all three tests.
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■■

■■

■■

■■

Seven threats to the
nation’s air quality

People with Asthma—More than 2.5 million children and more than 9.7 million
adults with asthma live in counties of the United States that received an F for at least
one pollutant. More than 306,000 children and more than 1.2 million adults with
asthma live in counties failing all three tests.
Chronic Obstructive Pulmonary Disease (COPD)—More than 6.2 million people
with COPD live in counties that received an F for at least one pollutant. More than
686,000 people with COPD live in counties failing all three tests.
Lung Cancer—More than 75,200 people with lung cancer live in counties that
received an F for at least one pollutant. More than 8,600 people with lung cancer live
in counties failing all three tests.
Cardiovascular Disease—More than 8.2 million people with cardiovascular diseases
live in counties that received an F for at least one pollutant; nearly 968,000 people
live in counties failing all three tests.
Diabetes—More than 3.7 million people with diabetes live in counties that received
an F for either short-term or year-round particle pollution; more than 1.5 million
live in counties failing both tests. Having diabetes increases the risk of harm from
particle pollution.
Poverty—More than 17.9 million people with incomes meeting the federal poverty
definition live in counties that received an F for at least one pollutant. More than
3 million people in poverty live in counties failing all three tests. Evidence shows that
people who have low incomes may face higher risk from air pollution.

The nation has made significant strides to clean up the air we breathe over the past two
decades since our first “State of the Air” Report. Serious challenges remain, especially
tackling the growing threats from climate change. Cleaning up air pollution requires a
strong, coordinated effort on the part of our federal, state, tribal and local leaders.
Stopping or retreating cannot be an option.
Unfortunately, this Administration has focused on steps to roll back or create loopholes
in core healthy air protections put in place to comply with the Clean Air Act. These
attacks began under the former U.S. EPA Administrator Scott Pruitt and have continued
and expanded under the current Administrator, Andrew Wheeler. Not only has this
Administration targeted specific Clean Air Act safeguards for rollbacks, it has also
sought to weaken the scientific review and undermine the basis for current and future
protections.
Below are seven key threats to the nation’s progress toward cleaner, healthier air. The
Lung Association strongly opposes these actions that pave the way for more pollution in
the air we breathe, and we hope you will speak up for healthy air as well.

The American Lung
Association opposes
efforts to repeal the
Clean Power Plan and will
continue to push for a
system-wide reduction in
carbon dioxide emissions
from power plants.
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Threat 1: Repealing plans to reduce carbon pollution from power plants
To protect public health, the nation must act to fight climate change. This means
dramatically cutting carbon pollution. Unfortunately, the current EPA has taken steps to
dismantle our nation’s best federal plan to limit carbon pollution from power plants, the
Clean Power Plan, and has proposed a weaker approach that would increase harmful
emissions.
Scientists tell us that carbon pollution contributes to a warming climate, enhancing
conditions for ozone formation and making it harder to reduce this lethal pollutant.
The increased ozone problems reflected in this year’s report came in large part because
2015, 2016, and 2017 represent the three warmest years in global history.4 Climate
change also leads to particle pollution from worsened droughts and wildfires, leading to
many of the high particle pollution days recorded in 2015-2017 and documented in this
report.
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Power plants comprise the largest stationary source of carbon pollution in the United
States. The electric sector produced 28.4 percent of all energy-related greenhouse gas
emissions in 2016, with coal-fired power plants contributing approximately 67 percent
of those emissions.5 These utilities emitted 24 percent of the total industrial carbon
dioxide emissions in 2016.6
The current Administration has proposed to repeal the Clean Power Plan, the only
nationwide plan to clean up carbon pollution from these power plants. Adopted in
2015, the Clean Power Plan delivered a flexible, practical toolkit for states to reduce
carbon pollution from power plants approximately 32 percent (below 2005 levels) by
2030. States could choose a variety of ways to cut carbon pollution, including requiring
cleaner fuels for existing utilities, improving energy efficiency, producing more clean
energy or partnering with other states to jointly reduce carbon pollution.
Reducing carbon to tackle climate change was only one of the anticipated benefits from
the Clean Power Plan. Steps to reduce carbon using the tools in the Clean Power Plan
also reduce other air pollutants that themselves worsen asthma, cause cardiovascular
harm and cause premature deaths. EPA’s original analysis estimated that reducing these
other pollutants would prevent up to 3,600 premature deaths and up to 90,000 asthma
attacks in children in 2030.7 In an updated analysis in 2017 published along with EPA’s
proposal to repeal the Plan, the Agency projected even greater benefits from putting
the Plan in place, including preventing up to 4,500 premature deaths in 2030.8
Even though EPA has proposed to repeal the Clean Power Plan, the Clean Air Act still
requires that the agency reduce carbon pollution, which means that EPA must clean
up carbon pollution from power plants. In August 2018, EPA proposed a dangerous
replacement, called the “Affordable Clean Energy (ACE)” Rule. The ACE plan only sets
minimal limits on carbon emissions at power plants themselves, rejecting the approach
of the Clean Power Plan that embraced a wide range of solutions to reduce carbon
emissions from the entire electrical system. The ACE rule is especially dangerous
because, not only would the plan have far less impact on reducing carbon pollution,
independent scientists found that this type of approach could actually increase
emissions of at least one other dangerous air pollutant, and, with that, increase the risk
of premature deaths and asthma attacks.9 In short, EPA’s proposed replacement for the
Clean Power Plan could be worse than doing nothing at all.
The Lung Association spoke out in opposition to the ACE proposal with our medical and
health partners10 and will continue to oppose efforts to repeal the Clean Power Plan.
The nation urgently needs a system-wide reduction in carbon dioxide emissions from
power plants and other sources to combat climate change.
Given the threats to public health from climate change, the Lung Association calls on
members of Congress and the administration to protect public health with measures
that address climate change and reduce air pollution at the same time. The American
Lung Association also calls on states and local governments to develop strong plans to
reduce carbon pollution from power plants and protect public health. Several states and
cities have moved ahead to adopt goals to cut carbon emissions and begin this work.

Threat 2: Removing limits on methane and other emissions from
oil and gas operations
Currently, EPA provides only minimal protection from emissions from the existing oil
and gas infrastructure. Oil and gas production wells, processing plants, transmission
pipelines and storage units have long emitted harmful gases, including methane, volatile
organic compounds and other pollutants. For the last few years, “State of the Air” has
reported elevated levels of unhealthy ozone in places where oil and gas production
has expanded, even in largely rural counties in the West. Despite this, in 2018, EPA
proposed steps to weaken or roll back health-protective standards the agency had
11
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Rolling back limits on
emissions from oil and
gas operations means
more people will be
forced to breathe cancercausing emissions and
other toxic gases that
also worsen ozone and
climate change.

adopted in 2016 to reduce harmful emissions of these gases from new and modified
sources within the oil and natural gas industry.11 EPA also stated that the agency will
consider weakening this rule even further with additional changes, including changes
specifically weakening limits on greenhouse gas emissions.12
Strong standards would not only help to mitigate climate change and its associated
health risks by curtailing emissions of methane, an especially potent greenhouse gas,
but would also limit emissions of major precursors to ozone, as well as other toxic and
carcinogenic air pollutants, benefiting public health in communities across the country.
EPA even reversed course on a 2016 effort to collect data from the oil and gas industry
about the location and size of their facilities. Gathering this information is an essential
step for EPA to more fully understand and eventually limit harmful emissions from these
existing sources. However, after industry objected, in March 2017 EPA withdrew its
request for updated information on these facilities.
EPA’s efforts to roll back these protections reflect a much higher priority on eliminating
so-called “burdensome regulations” on polluters than protecting the health of the
American people.13

Threat 3: Opening doors for more polluting cars and trucks
More polluting cars. In 2018, EPA and the Department of Transportation proposed
new rules to weaken limits on greenhouse gas emissions from cars, SUVs, and personal
trucks. Labeling their proposal the “Safer Affordable Fuel-Efficient (SAFE) Vehicles Rule,”
the agencies are seeking to roll back limits for greenhouse gas emissions and standards
for fuel economy that were adopted in 2012 and are scheduled to go into place for
model year 2021-2025 vehicles.
Together with rules that apply to model years 2017-2020 vehicles, these limits would
cut 6 billion metric tons of greenhouse gas emissions.
The rollback also attacks states’ rights to set stronger standards to protect their
residents. Under the Clean Air Act, California has the right to establish its own emission
standards for cars and trucks. Other states have the option of adopting California’s
standards, and many have done so. California’s ability to set more protective emissions
standards has helped drive lifesaving reductions in harmful pollution from vehicles
nationwide; maintaining this authority is critical.
The Lung Association has strongly opposed these proposed rollbacks and recruited
nearly 100 national, state and local health organizations to join comments to EPA in
opposition.

EPA’s proposed glider
loophole exempts trucks
that emit up to 450 times
more than other diesel
trucks from having to
clean up.
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Dirtiest diesel. Pollution from heavy-duty diesel trucks causes cancer, heart attacks,
asthma attacks and premature death. Thanks to long-adopted requirements for cleaner
fuels and engines, people living near heavily traveled highways and busy city streets
have had to breathe less of these dangerous emissions. But now, that progress is
threatened by a loophole that the current EPA has tried to open.
The loophole benefits “gliders.” “Gliders” is the name used for trucks that embed an
old, dirty engine in a new truck body. Originally conceived to help truck owners whose
truck body had been damaged, but whose engine remained intact, the use of gliders has
expanded to become a cottage industry repackaging old, polluting diesel engines in new
truck bodies. One EPA study found that these engines produced emissions up to 450
times higher than a comparable 2014 or 2015 model year truck.14
In 2016, EPA put in place a new rule to require that these glider trucks meet the
same limits on emissions as all new trucks, a position that the trucking industry fully
supported. However, in 2017, despite broad opposition from the rest of the trucking
industry and public health advocates, the new EPA administration proposed to eliminate
the requirement that gliders meet current emissions limits, creating a loophole for these
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dirtier trucks to keep polluting long into the future.15 The Lung Association spoke up to
oppose this proposed change at EPA’s public hearing and in comments with 11 other
health and medical groups.16
Two potential bright spots present opportunities to reduce diesel vehicle emissions.
First, in November 2018, then-acting EPA Administrator Andrew Wheeler announced
plans to reduce nitrogen oxide emissions from heavy-duty trucks.17 In stark contrast to
other EPA actions, the Cleaner Trucks Initiative has the potential to reduce emissions.
Time will tell whether this is indeed the case: EPA has yet to make a specific proposal
and the implementation would not occur until the middle of the decade.
Legal action presents a second cleanup opportunity. As the world learned from the
Volkswagen diesel cheating scandal, even new diesel vehicles must be subject to strict
oversight and enforcement to ensure compliance with emissions standards.18 In
January 2019, EPA and the Department of Justice announced a civil settlement to
address emissions cheating from Fiat Chrysler.19

Threat 4: Cutting funding and expertise needed to clean up the air

The Trump
Administration’s proposed
budget would greatly
reduce the ability of EPA
to protect public health.

EPA has taken steps to
remove independent
science advisors from key
advisory committees.

EPA is stacking the deck
to deny the evidence.

The Clean Air Act set up smart, open processes for protecting Americans from air
pollution, which have enabled the U.S. to reduce some of the most common pollutants
by more than 70 percent, as shown in the earlier chart. Still, these processes only
work if EPA has the funding, staffing and scientific advisors it needs to implement
and enforce the law. The Trump Administration proposed a budget that would greatly
reduce the ability of EPA to protect public health, including slashing overall funding for
the agency and reducing grants to support the work of state and local agencies and
tribes to implement the requirements of the Clean Air Act and other critical laws. The
proposed budget for FY 2020 claims that a priority goal is to “improve air quality” but
would cut EPA funding for that work substantially.20
The Lung Association calls on Congress to ensure that EPA has sufficient funding to
protect public health with the full range of programs, including state, local and tribal
grants. In many cases, key EPA and other public health programs need funding increases
to keep pace with their role in protecting the public. Investment in clean air and public
health protections is critical.

Threat 5: Stacking the deck to deny the scientific evidence
Scientific Reviews. A fundamental reason for the success of the Clean Air Act is the
requirement that EPA base decisions and actions on up-to-date science to protect
public health. This requires ensuring that independent expert scientists regularly
analyze current, peer-reviewed research and then provide their conclusions and
perspectives to the EPA staff scientists and the Administrator. Unfortunately, the
current EPA has taken steps to remove independent science advisors from key advisory
committees, including the Clean Air Scientific Advisory Committee (CASAC), and replace
them with people paid by polluting industries.21 EPA also dismissed a panel of experts
that had been providing advice based on their deep understanding of the complex
research on particle pollution. Many former participants and independent health and
medical groups, including the Lung Association, urged EPA to reinstitute the panel.22
Former chairs and members of CASAC have raised concerns about the lack of scientific
expertise in the new members of the CASAC, as well as the dramatically reduced
capacity for scientific reviews.23
EPA has also signaled that the agency will restrict what research it will allow its
scientists to consider, essentially eliminating from consideration major scientific
research that supports strong clean air safeguards.24 Specifically, these proposals would
block EPA from using studies that cannot make all the underlying data fully open for
public review. Some members of Congress have proposed similar limitations. The
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arguments cite a need for “transparency,” but the reality is that they seek to stack the
deck against stronger air pollution standards.
Many databases that scientists use today do allow unrestricted access to the
information, but others do not because of the need for patient confidentiality for
subjects included in the research. The studies are available and transparent, but the
private health data they are based on must be protected. Blocking the use of these key
studies that have been through multiple independent reviews and show widespread
harm from outdoor air pollutants introduces dangerous bias that could limit the
evidence, risking weaker air pollution safeguards.
The Lung Association calls on EPA to return to its historic practice of appointing
qualified, independent scientists to its scientific review committees and to reject
artificial and inappropriate limitations on what peer-reviewed research it accepts.
Benefits Assessment. In addition to undermining the science that shows the need for
clean air protections, recent EPA actions also undermine the math—that is, the analysis
that identifies and estimates the costs and benefits of these protections.
In late 2018, EPA issued a proposal that would undermine the Mercury and Air Toxics
Standards (MATS), lifesaving protections that are fully implemented, widely supported,
and successful in reducing a long list of dangerous emissions. In its proposal, EPA
deliberately undercounted the benefits of these protections.
EPA adopted the Mercury and Air Toxics Standards in 2011 to limit emissions of
mercury and other hazardous air pollutants, including carcinogens, like arsenic, acid
gases and other dangerous toxins. Reducing these emissions from power plants results
in the reduction of other harmful emissions at the same time. This is great news,
because it means that the standards have not only slashed mercury and air toxics
emissions but have also prevented thousands of premature deaths and asthma attacks
every year. EPA has proposed not to count the benefits stemming from reductions
of particulate matter and other pollutants not explicitly covered by the rule, which
artificially tips the balance to make the rule appear less cost-effective than it is. This
approach to calculating benefits, by design, obscures the enormous positive health
impacts resulting from the MATS rule.
EPA relies on this same approach in its proposed ACE rule for power plants. EPA
proposed a method of calculating the costs and benefits of this proposal that ignores
key health impacts. The science is clear that there is no level of particulate matter
that is safe to breathe. EPA specifically requested comment on whether it would be
appropriate to ignore health impacts of particle pollution below a certain threshold,
looking for support to once again tip the scales away from the health impacts of their
proposal.

Threat 6: Weakening Clean Air Act Implementation
EPA has issued several directives to roll back or undermine steps to implement the
Clean Air Act’s requirements for reducing major air pollutants, weakening both current
pollution cleanup and likely future air pollution standards, including for ozone and
particulate matter.
EPA rejected requests by states to recognize and address ozone transported across
state lines.25 In addition, in 2018, the agency put forward a very aggressive timeline
and process for completing a full review of both the ozone and particulate matter
standards before the end of 2020.26 Such a shortened review would severely limit what
is supposed to be a thorough assessment of the science.
EPA also proposed weakening “New Source Review” requirements, which would allow
new polluting sources to add to the burden of unhealthy air from industrial sources in
communities in several ways.
14
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■■

■■

■■

EPA proposed redefining “ambient air” to allow industries to pollute more on their
own facilities. EPA seeks to reverse a decades-old policy that narrowed the area that
an industry could use to limit public access to its emissions.27
As part of the ACE proposal, EPA would allow emissions to be calculated at an hourly
rate as opposed to an annual one. The result would be that emissions could increase
dramatically, but facilities would not have to install and operate modern pollution
controls as long as their hourly rate of emissions did not increase.
Finally, EPA also announced an end to its decades-old “Once-In, Always-In” policy,
allowing facilities to increase toxic air emissions.28

Threat 7: Weakening the Clean Air Act

Congress must make
certain that the Clean Air
Act remains strong, fully
implemented and fully
enforced.

The Clean Air Act remains a strong public health law put in place by an overwhelming
bipartisan majority in Congress nearly 50 years ago. Congress wrote the Clean Air Act
to set up science-based, technology-fostering steps to protect public health by reducing
pollution. Under the Clean Air Act, Congress directed EPA and each state to take steps
to clean up the air to protect public health. For 20 years, the “State of the Air” report
has chronicled the slow but steady improvement in the nation’s air quality thanks to the
Clean Air Act—a trend that continues even as climate change makes pollution cleanup
more difficult.
Now, that positive trend is threatened, and not just by the impacts of climate change.
Unfortunately, some in Congress seek changes to the Clean Air Act that would
dismantle key provisions of the law and threaten the progress made over nearly five
decades.
Undermining the Act itself is one of the fundamental goals of polluters and their allies.
They have repeatedly challenged Clean Air Act provisions in court, and have repeatedly
lost, so now they seek to weaken the law. Recent proposed efforts include exempting
certain polluting facilities from some emissions controls, delaying science-based
updates to air pollution standards, and undermining public health as the core premise of
the Act’s key pollution limits.
To protect the lives and health of millions of Americans, the Lung Association calls on
Congress to reject attempts to weaken the Clean Air Act and make certain the law
remains strong, fully implemented and fully enforced.

We need your help in the fight for healthy air! You can help reduce air pollution
outdoors by taking a few simple steps:

What You Can Do

Speak Up Today:
Send a message to Congress and to the White House: Protect health from climate
change! This report shows that Americans are already experiencing worsened ozone
and particle pollution due to warmer temperatures and increased wildfires. Join us in
urging Congress and the administration to adopt science-based solutions to reduce
emissions that are causing climate change, ensuring that no community near a polluting
source gets left behind. All members of Congress, as well as the president, must act now
to protect health from climate change.

Other Ways You Can Help:
Share your story. Do you or any member of your family have a personal reason to fight
for healthier, cleaner air? Go to Lung.org/healthyair to let us know how healthy air
affects you. Your story helps us remind decision makers what is at stake when it comes
to clean air.
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Sign up for alerts. Sign up for more information about times when your voice can be
particularly helpful in the fight for healthy air at Lung.org/healthyair.
Get involved locally. Participate in state and local efforts to clean up air pollution
and address climate change. To find your local air pollution control agency, go to
www.4cleanair.org.

Step up to Curb Pollution in Your Community.
Drive less. Combine trips, walk, bike, carpool or vanpool, and use buses, subways or
other alternatives to driving. Vehicle emissions are a major source of air pollution.
Support community plans that provide ways to get around that don’t require a car, such
as more sidewalks, bike trails and transit systems.
Use less electricity. Turn out the lights and use energy-efficient appliances. Generating
electricity is one of the biggest sources of pollution, particularly in the eastern United
States.
Don’t burn wood or trash. Burning firewood and trash is among the largest sources of
particle pollution in many parts of the country. If you must use a fireplace or stove for
heat, convert your woodstove to natural gas, which has far fewer polluting emissions.
Compost and recycle as much as possible and dispose of other waste properly; don’t
burn it. Support efforts in your community to ban outdoor burning of construction
and yard wastes. Avoid the use of outdoor hydronic heaters, also called outdoor wood
boilers, which are frequently much more polluting than woodstoves.
Make sure your local school system requires cleaner school buses, which includes
replacing or retrofitting old school buses with filters and other equipment to reduce
emissions. Make sure your local schools don’t idle their buses, a step that can
immediately reduce emissions. Parents shouldn’t idle in their cars outside of schools
either.
Thank you for being part of the fight for healthy air.

1. A complete discussion of the sources of data and the methodology is included in Methodology.
2. U.S. Environmental Protection Agency. Air Trends National Summary, 2019. Sources are: CO2 emissions estimate through
2016 (Source: 2015 US Greenhouse Gas Inventory Report); Gross Domestic Product: Bureau of Economic Analysis; Vehicle
Miles Traveled: Federal Highway Administration; Population: Census Bureau, Energy Consumption: Dept. of Energy, Energy
Information Administration; Aggregate Emissions: EPA's Air Pollutant Emissions Trends Data.
3. NOAA National Centers for Environmental Information, Global Climate Report--Annual 2017, published online January 2018.
Accessed at https://www.ncdc.noaa.gov/sotc/global/201713.
4. National Oceanic and Atmospheric Administration. News Release: 2018 was 4th hottest year on record for the globe.
February 6, 2019.
5. U.S. Environmental Protection Agency. Inventory of Greenhouse Gas Emissions and Sinks: 1990-2016. Washington, DC: U.S. EPA,
2017. Accessed at https://www.epa.gov/ghgemissions/sources-greenhouse-gas-emissions#electricity.
6. U.S. EPA Inventory of Greenhouse Gas Emissions and Sinks: 1990-2016.
7. U.S. EPA. Regulatory Impact Analysis for the Clean Power Plant Final Rule. August 2015. EPA-452/R-15-003.
8. U.S. EPA. Regulatory Impact Analysis for the Review of the Clean Power Plant: Proposal (RIA). October 2017.
EPA-452/R-17-004.
9. Driscoll C, Buonocore J, Levy J, Lambert K, et al. 2015 US power plant carbon standards and clean air and health co-benefits.
Nature Climate Change 5: 525-540. Schwartz J, Buonocore J, Levy J, Driscoll C, Fallon Lambert K, and Reid S. Health CoBenefits of Carbon Standard for existing Power Plants: Part 2 of the Co-Benefits of Carbon Standards Study. September 30,
2014. Harvard School of Public Health, Syracuse University, Boston University. Available at Health Co-Benefits of Carbon
Standards for Existing Power Plants.
10. These comments are available at http://www.lung.org/get-involved/become-an-advocate/advocacy-archive.html.
11. U.S. EPA. Proposed Improvements 2016 New Source Performance Standards, September 11, 2018.
12. U.S. EPA. Fact Sheet: EPA Proposes Amendments to the 2016 New Source Performance Standards for the Oil and Natural Gas
Industry. 2018.
13. U.S. EPA. EPA Year in Review: 2017-2018. March 5, 2018.
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14. U.S. EPA. 2017. Chassis Dynamometer Testing of Two Recent Model Year Heavy-Duty On-Highway Diesel Glider Vehicles.
p. 3. Accessed at https://www.regulations.gov/document?D=EPA-HQ-OAR-2014-0827-2417
15. 82 Federal Register 53442.
16. These comments are available at http://www.lung.org/get-involved/become-an-advocate/advocacy-archive.html.
17. U.S. EPA. Cleaner Trucks Initiative. November 13, 2018.
18. Schwartz J and Bryan V. “VW’s Dieselgate bill hits $30 bln after another charge.” Reuters, September 29, 2017.
19. U.S. EPA. News Release: Fiat Chrysler Automobiles Clean Air Act Civil Settlement Information Sheet. January 10, 2019.
20. U.S. EPA. FY 2020: EPA Budget in Brief. March 2019. EPA 190-R-19-001.
21. Memo from EPA Administrator Scott Pruitt. Subject: Strengthening and Improving Membership on EPA Federal Advisory
Committees. October 31, 2017.
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Comments from the Attorney Generals of the States of New York, Connecticut, Maryland, and New Jersey and the City of New
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National Ambient Air Quality Standard,” August 31, 2018.
26. Memo from Scott Pruitt, EPA Administrator, Re: Back-to-Basics Process for Reviewing National Ambient Air Quality Standards,
May 9, 2018.
27. U.S. EPA. Draft Guidance: Revised Policy on Exclusions from “Ambient Air.” November 2018.
28. U.S. EPA. News Release: Reducing Regulatory Burdens: EPA withdraws “once in always in” policy for major sources under
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RANKINGS

People at Risk from Short-Term Particle Pollution (24-Hour PM2.5)
Chronic Diseases

Age Groups

											
In Counties where
Adult
Pediatric		
Lung
CV				
65 and
Total
the Grades were:
Asthma
Asthma
COPD
Cancer
Disease
Diabetes
Poverty
Under 18
Over
Population

Number
of
Counties

Grade A (0.0)

6,228,833 1,715,893

4,523,623

52,198

5,760,789

7,197,301 11,508,084 19,008,951 13,458,218

86,085,108

291

Grade B (0.3-0.9)

3,625,570

954,955

2,655,737

31,068

3,359,377

4,177,403

6,808,522 11,939,728

7,569,535

52,522,037

147

Grade C (1.0-2.0)

1,682,876

430,014

1,168,029

14,351

1,500,643

1,982,899

3,433,849

5,686,208

3,448,511

24,562,119

50

Grade D (2.1-3.2)

471,481

107,366

318,738

3,724

409,143

532,013

808,037

1,412,958

979,965

6,575,557

25

3,294,046

781,999

1,864,181

21,769

2,545,912

3,746,111

6,352,702 11,722,580

6,845,711

49,627,268

76

National Population
in Counties with
PM2.5 Monitors
15,796,219 4,130,392 10,879,545 126,978 14,051,547 18,202,029 29,621,210 51,178,684 33,441,228 225,819,641

642

Grade F (3.3+)

People at Risk from Year-Round Particle Pollution (Annual PM2.5)
Chronic Diseases

Age Groups

											
In Counties where
Adult
Pediatric		
Lung
CV				
65 and
Total
the Grades were:
Asthma
Asthma
COPD
Cancer
Disease
Diabetes
Poverty
Under 18
Over
Population

Pass
Fail

13,418,282 3,512,903
1,257,027

9,374,161 109,100 12,024,392 15,358,900 24,622,490 42,804,581 28,256,251 189,965,697

313,806

700,338

8,841

988,045

1,573,141

3,123,419

4,922,189

2,714,286

Number
of
Counties

519

20,545,762

18

National Population
in Counties with
PM2.5 Monitors
15,796,219 4,130,392 10,879,545 126,978 14,051,547 18,202,029 29,621,210 51,178,684 33,441,228 225,819,641

642

People at Risk from Ozone
Chronic Diseases

Age Groups

									
In Counties where
Adult
Pediatric					
65 and
Total
the Grades were:
Asthma
Asthma
COPD
CV Disease
Poverty
Under 18
Over
Population

Number
of
Counties

Grade A (0.0)

1,550,643

405,848

1,163,336

1,518,471

3,115,108

5,076,647

3,706,956

22,722,823

189

Grade B (0.3-0.9)

2,216,025

577,540

1,753,703

2,226,065

3,719,115

6,818,126

5,245,297

31,212,793

177

Grade C (1.0-2.0)

2,348,750

619,078

1,849,706

2,280,647

4,210,356

7,243,551

5,182,789

32,820,374

138

Grade D (2.1-3.2)

1,477,709

390,422

991,835

1,283,622

2,307,415

4,343,019

3,090,489

19,523,528

65

Grade F (3.3+)

9,201,005

2,429,735

5,923,239

7,836,766

17,103,277

30,969,353

18,878,076

134,017,168

197

16,928,849

4,453,835

11,786,243

15,280,976

30,684,779

54,831,386

36,430,210

242,075,694

802

National Population
in Counties with
Ozone Monitors

Note: The State of the Air 2019 covers the period 2015-2017. The Appendix provides a full discussion of the methodology.
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RANKINGS

People at Risk In 25 U.S. Cities Most Polluted by Short-Term Particle Pollution (24-hour PM2.5)
2019
Rank1 Metropolitan Statistical Areas

1

Bakersfield, CA

2

Fresno-Madera-Hanford, CA

3

Fairbanks, AK

4

San Jose-San Francisco-Oakland, CA

5
6
7

Los Angeles-Long Beach, CA

8

Salt Lake City-Provo-Orem, UT

9

Total
Population2

Under 183

65 and
Over3

Pediatric
Asthma.4,6

Adult
Asthma5,6

COPD7

Lung
Cancer8

CV
Disease9

Diabetes10

Poverty11

893,119
1,296,246

259,120

95,307

16,083

49,617

26,076

373

35,790

60,013

182,948

365,661

155,133

22,695

73,023

39,469

540

54,813

90,788

261,425

99,703

23,931

9,706

1,901

6,431

4,187

55

4,477

5,207

7,051

9,658,361

2,098,636

1,400,989

130,254

598,339

340,714

4,015

480,965

793,588

942,299

Missoula, MT

117,441

22,463

17,656

1,926

8,760

5,358

61

6,195

6,528

16,351

Yakima, WA

250,193

74,414

33,654

5,440

18,628

9,904

133

13,019

15,674

44,726

18,788,800

4,317,234

2,511,924

267,954

1,142,240

636,210

7,806

890,929 1,479,796

2,582,162

2,559,350

771,143

252,835

46,981

159,617

68,111

662

102,957

121,102

224,867

Seattle-Tacoma, WA

4,764,736

1,024,114

674,955

74,861

397,192

210,671

2,540

273,648

333,479

438,522

10
		

Pittsburgh-New Castle-Weirton,
PA-OH-WV

2,623,639

499,580

515,760

44,395

214,890

151,013

1,699

229,913

235,133

292,380

11

Logan, UT-ID

138,002

42,374

13,331

2,664

8,545

3,552

39

5,233

6,074

19,171

12

Visalia, CA

464,493

143,726

51,669

8,921

25,149

13,466

193

18,628

30,984

110,299

13

Phoenix-Mesa, AZ

4,790,771

1,155,134

738,748

93,121

360,835

227,133

2,243

281,706

372,324

635,629

14

El Centro, CA

182,830

52,296

23,042

3,246

10,266

5,654

76

7,909

13,022

35,830

15
		

Spokane-Spokane Valley-Coeur d'Alene,
WA-ID

708,519

158,514

118,839

11,819

56,016

31,682

373

43,622

51,551

92,465

15

Sacramento-Roseville, CA

2,598,377

598,140

399,007

37,124

158,830

92,789

1,079

132,172

216,432

330,612

17

Medford-Grants Pass, OR

303,831

61,967

68,735

3,580

26,255

14,284

150

22,166

25,603

45,917

17

Santa Maria-Santa Barbara, CA

448,150

99,713

66,887

6,189

27,419

15,374

186

21,688

35,228

60,921

19

Eugene-Springfield, OR

374,748

70,090

70,206

4,049

33,306

16,508

185

24,127

28,664

60,773

20

Salinas, CA

437,907

114,861

57,637

7,129

25,455

14,154

183

19,847

32,724

49,860

21

Anchorage, AK

400,888

100,962

42,686

8,022

25,620

16,979

218

19,230

22,425

39,431

22

Bend-Prineville, OR

23

Portland-Vancouver-Salem, OR-WA

23
25
25

209,998

42,822

41,936

2,474

18,196

9,501

104

14,264

16,943

20,994

3,201,058

705,750

477,266

42,953

271,786

131,850

1,605

181,273

223,680

372,765

Reno-Carson City-Fernley, NV

621,769

132,305

109,892

10,264

50,864

36,065

289

44,032

53,668

65,928

Bismarck, ND

127,766

29,752

19,989

1,936

8,362

5,045

70

7,852

9,170

9,360

Pocatello, ID

92,869

25,099

13,036

1,994

6,064

3,277

47

4,825

5,600

12,945

Notes:
1. Cities are ranked using the highest weighted average for any county within that Combined Metropolitan Statistical Area or Metropolitan Statistical Area.
2. Total Population represents the at-risk populations for all counties within the respective Combined Metropolitan Statistical Area or Metropolitan Statistical Area.
3. Those under 18 and 65 and over are vulnerable to PM2.5 and are, therefore, included. They should not be used as population denominators for disease estimates.
4. Pediatric asthma estimates are for those under 18 years of age and represent the estimated number of people who had asthma in 2017 based on state rates (BRFSS) applied to population estimates (U.S. Census).
5. Adult asthma estimates are for those 18 years and older and represent the estimated number of people who had asthma in 2017 based on state rates (BRFSS) applied to population estimates (U.S. Census).
6. Adding across rows does not produce valid estimates. Adding the disease categories (asthma, COPD, etc.) will double-count people who have been diagnosed with more than one disease.
7. COPD estimates are for adults 18 and over who have been diagnosed within their lifetime, based on state rates (BRFSS) applied to population estimates (U.S. Census).
8. Lung cancer estimates are the number of new cases diagnosed in 2015.
9. CV disease is cardiovascular disease and estimates are for adults 18 and over who have been diagnosed within their lifetime, based on state rates (BRFSS) applied to population estimates (U.S. Census).
10. Diabetes estimates are for adults 18 and over who have been diagnosed within their lifetime, based on state rates (BRFSS) applied to population estimates (U.S. Census).
11. Poverty estimates come from the U.S. Census Bureau and are for all ages.

19

LUNG.org

AMERICAN LUNG ASSOCIATION STATE OF THE AIR 2019

RANKINGS

People at Risk In 25 U.S. Cities Most Polluted by Year-Round Particle Pollution (Annual PM2.5)
2019
Rank1 Metropolitan Statistical Areas

Total
Population2

Under 183

65 and
Over3

Pediatric
Asthma.4,6

Adult
Asthma5,6

COPD7

Lung
Cancer8

CV
Disease9

Diabetes10

Poverty11

1,296,246

365,661

155,133

22,695

73,023

39,469

540

54,813

90,788

261,425

893,119

259,120

95,307

16,083

49,617

26,076

373

35,790

60,013

182,948

99,703

23,931

9,706

1,901

6,431

4,187

55

4,477

5,207

7,051

464,493

143,726

51,669

8,921

25,149

13,466

193

18,628

30,984

110,299

18,788,800

4,317,234

2,511,924

267,954

1,142,240

636,210

7,806

890,929 1,479,796

2,582,162

1

Fresno-Madera-Hanford, CA

2

Bakersfield, CA

3

Fairbanks, AK

4

Visalia, CA

5

Los Angeles-Long Beach, CA

6

San Jose-San Francisco-Oakland, CA

9,658,361

2,098,636

1,400,989

130,254

598,339

340,714

4,015

480,965

793,588

942,299

Pittsburgh-New Castle-Weirton,
PA-OH-WV

2,623,639

499,580

515,760

44,395

214,890

151,013

1,699

229,913

235,133

292,380

182,830

52,296

23,042

3,246

10,266

5,654

76

7,909

13,022

35,830

3,601,729

770,358

649,514

66,584

280,646

242,995

2,464

292,281

329,890

501,805

7
		
8

El Centro, CA

9

Cleveland-Akron-Canton, OH

10

Medford-Grants Pass, OR

303,831

61,967

68,735

3,580

26,255

14,284

150

22,166

25,603

45,917

11

Missoula, MT

117,441

22,463

17,656

1,926

8,760

5,358

61

6,195

6,528

16,351

12

Detroit-Warren-Ann Arbor, MI

5,336,286

1,175,204

853,415

102,969

450,730

361,918

3,372

431,324

456,731

766,549

13
		

Cincinnati-Wilmington-Maysville,
OH-KY-IN

2,260,884

533,124

336,754

44,850

175,289

155,121

1,659

174,859

195,404

266,137

14

Birmingham-Hoover-Talladega, AL

1,312,627

300,572

210,001

39,667

110,809

109,790

856

122,776

142,980

190,057

15

Johnstown-Somerset, PA

207,555

39,085

45,583

3,472

16,688

12,118

134

19,202

19,461

27,921

15

Lancaster, PA

542,903

129,134

94,984

11,470

42,083

27,532

350

42,676

43,500

52,380

17

Houston-The Woodlands, TX

7,078,523

1,883,271

773,341

149,026

383,590

242,452

3,571

393,149

604,115

972,819

18
		

Philadelphia-Reading-Camden,
PA-NJ-DE-MD

7,206,807

1,575,227

1,144,047

136,258

556,551

367,119

4,538

509,782

588,136

898,948

19
		

Atlanta-Athens-Clarke CountySandy Springs, GA-AL

6,700,650

1,645,466

821,284

149,930

428,139

347,810

4,160

405,995

562,004

839,136

19

Chicago-Naperville, IL-IN-WI

9,901,711

2,273,535

1,414,413

132,523

640,267

514,131

6,522

577,235

827,021

1,160,829

19

Indianapolis-Carmel-Muncie, IN

2,411,086

586,531

335,722

40,314

184,112

153,166

1,779

168,860

209,343

295,169

22

McAllen-Edinburg, TX

925,115

305,550

100,660

24,179

45,214

28,176

465

46,616

70,176

271,937

22

Shreveport-Bossier City-Minden, LA

440,933

106,798

70,737

9,345

29,214

30,351

293

38,480

46,215

97,000

24

Harrisburg-York-Lebanon, PA

1,260,071

274,361

222,169

24,369

99,963

66,627

812

102,540

105,052

117,983

25

Knoxville-Morristown-Sevierville, TN

1,128,379

235,474

205,629

22,933

90,025

87,636

885

110,071

123,181

160,962

Notes:
1. Cities are ranked using the highest weighted average for any county within that Combined Metropolitan Statistical Area or Metropolitan Statistical Area.
2. Total Population represents the at-risk populations for all counties within the respective Combined Metropolitan Statistical Area or Metropolitan Statistical Area.
3. Those under 18 and 65 and over are vulnerable to PM2.5 and are, therefore, included. They should not be used as population denominators for disease estimates.
4. Pediatric asthma estimates are for those under 18 years of age and represent the estimated number of people who had asthma in 2017 based on state rates (BRFSS) applied to population estimates (U.S. Census).
5. Adult asthma estimates are for those 18 years and older and represent the estimated number of people who had asthma in 2017 based on state rates (BRFSS) applied to population estimates (U.S. Census).
6. Adding across rows does not produce valid estimates. Adding the disease categories (asthma, COPD, etc.) will double-count people who have been diagnosed with more than one disease.
7. COPD estimates are for adults 18 and over who have been diagnosed within their lifetime, based on state rates (BRFSS) applied to population estimates (U.S. Census).
8. Lung cancer estimates are the number of new cases diagnosed in 2015.
9. CV disease is cardiovascular disease and estimates are for adults 18 and over who have been diagnosed within their lifetime, based on state rates (BRFSS) applied to population estimates (U.S. Census).
10. Diabetes estimates are for adults 18 and over who have been diagnosed within their lifetime, based on state rates (BRFSS) applied to population estimates (U.S. Census).
11. Poverty estimates come from the U.S. Census Bureau and are for all ages.
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RANKINGS

People at Risk In 25 Most Ozone-Polluted Cities
2019
Rank1 Metropolitan Statistical Areas

Total
Population2

Under 183

65 and
Over3

Pediatric
Asthma.4,6

Adult
Asthma5,6

COPD7

CV
Disease8

Poverty9

1

Los Angeles-Long Beach, CA

18,788,800

4,317,234

2,511,924

267,954

1,142,240

636,210

7,806

1,479,796

2

Visalia, CA

464,493

143,726

51,669

8,921

25,149

13,466

193

30,984

3

Bakersfield, CA

893,119

259,120

95,307

16,083

49,617

26,076

373

60,013

4

Fresno-Madera-Hanford, CA

1,296,246

365,661

155,133

22,695

73,023

39,469

540

90,788

5

Sacramento-Roseville, CA

2,598,377

598,140

399,007

37,124

158,830

92,789

1,079

216,432

6

San Diego-Chula Vista-Carlsbad, CA

3,337,685

728,528

454,826

45,217

205,392

113,301

1,389

261,785

7

Phoenix-Mesa, AZ

4,790,771

1,155,134

738,748

93,121

360,835

227,133

2,243

372,324

8

San Jose-San Francisco-Oakland, CA

9,658,361

2,098,636

1,400,989

130,254

598,339

340,714

4,015

793,588

9

Houston-The Woodlands, TX

7,078,523

1,883,271

773,341

149,026

383,590

242,452

3,571

604,115

23,035,605

4,945,052

3,552,752

448,996

1,651,293

996,592

13,532

1,881,665

243,847

54,095

48,761

3,357

15,277

9,848

101

23,119

10

New York-Newark, NY-NJ-CT-PA

11

Redding-Red Bluff, CA

12

Denver-Aurora, CO

3,515,374

802,822

443,992

63,790

253,103

115,044

1,440

193,028

13

Las Vegas-Henderson, NV

2,248,281

521,582

330,243

40,464

180,576

118,876

1,047

175,054

14

Salt Lake City-Provo-Orem, UT

2,559,350

771,143

252,835

46,981

159,617

68,111

662

121,102

15

El Centro, CA

182,830

52,296

23,042

3,246

10,266

5,654

76

13,022

16

Washington-Baltimore-Arlington, DC-MD-VA-WV-PA

9,763,116

2,211,348

1,334,881

202,583

709,893

466,200

5,438

765,847

17

Dallas-Fort Worth, TX-OK

7,800,952

2,033,735

894,992

161,137

428,063

276,303

3,936

685,209

18

Chicago-Naperville, IL-IN-WI

9,901,711

2,273,535

1,414,413

132,523

640,267

514,131

6,522

827,021

19

Chico, CA

229,294

45,870

41,618

2,847

14,563

8,724

95

20,120

20

Sheboygan, WI

115,344

25,882

20,148

1,915

8,546

4,646

67

8,459

21

Philadelphia-Reading-Camden, PA-NJ-DE-MD

7,206,807

1,575,227

1,144,047

136,258

556,551

367,119

4,538

588,136

22

El Paso-Las Cruces, TX-NM

1,060,397

285,683

134,286

23,353

62,184

37,728

508

87,607

23

Hartford-East Hartford, CT

1,479,292

297,120

253,171

38,314

126,918

68,132

856

115,129

24

Fort Collins, CO

25

Atlanta—Athens-Clarke County—Sandy Springs, GA-AL

343,976

68,427

51,994

5,437

25,587

11,943

141

19,935

6,700,650

1,645,466

821,284

149,930

428,139

347,810

4,160

562,004

Notes:
1. Cities are ranked using the highest weighted average for any county within that Combined Metropolitan Statistical Area or Metropolitan Statistical Area.
2. Total Population represents the at-risk populations for all counties within the respective Combined Metropolitan Statistical Area or Metropolitan Statistical Area.
3. Those under 18 and 65 and over are vulnerable to PM2.5 and are, therefore, included. They should not be used as population denominators for disease estimates.
4. Pediatric asthma estimates are for those under 18 years of age and represent the estimated number of people who had asthma in 2017 based on state rates (BRFSS) applied to population estimates (U.S. Census).
5. Adult asthma estimates are for those 18 years and older and represent the estimated number of people who had asthma in 2017 based on state rates (BRFSS) applied to population estimates (U.S. Census).
6. Adding across rows does not produce valid estimates. Adding the disease categories (asthma, COPD, etc.) will double-count people who have been diagnosed with more than one disease.
7. COPD estimates are for adults 18 and over who have been diagnosed within their lifetime, based on state rates (BRFSS) applied to population estimates (U.S. Census).
8. CV disease is cardiovascular disease and estimates are for adults 18 and over who have been diagnosed within their lifetime, based on state rates (BRFSS) applied to population estimates (U.S. Census).
9. Poverty estimates come from the U.S. Census Bureau and are for all ages.
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RANKINGS

People at Risk in 25 Counties Most Polluted by Short-Term Particle Pollution (24-hour PM2.5)
		
		
At-Risk Groups
2019			
Rank1 County
ST

Total		
Population2 Under 183

65 and
Over3

Pediatric
Asthma4,6

High PM2.5 Days in
Unhealthy Ranges,
2015–2017

Adult
Asthma5,6

COPD7

Lung
Cancer8

CV			
Disease9 Diabetes10 Poverty11

Weighted
Avg.12 Grade13

1 Kern

CA

893,119

259,120

95,307

16,083

49,617

26,076

373

35,790

60,013

182,948

34.8

F

2 Kings

CA

150,101

40,964

15,054

2,542

8,492

4,296

63

5,818

9,791

24,810

32.5

F

3 Ravalli

MT

42,563

8,262

10,661

708

3,063

2,458

22

3,165

3,151

5,275

29.3

F

4 Fresno

CA

989,255

281,684

118,527

17,483

55,536

30,071

411

41,788

69,186

205,046

29.0

F

5 Fairbanks North
		 Star Borough
AK

99,703

23,931

9,706

1,901

6,431

4,187

55

4,477

5,207

7,051

26.2

F

6 Stanislaus

CA

547,899

148,525

70,316

9,218

31,501

17,541

228

24,583

40,690

75,614

21.7

F

7 Lewis and Clark

MT

67,773

14,599

12,239

1,252

4,817

3,390

35

4,106

4,266

5,474

19.2

F

8 San Joaquin

CA

745,424

203,134

92,800

12,608

42,757

23,656

310

33,057

54,941

113,375

17.0

F

9 Missoula

MT

117,441

22,463

17,656

1,926

8,760

5,358

61

6,195

6,528

16,351

16.5

F

10 Plumas

CA

18,742

3,153

5,211

196

1,279

928

8

1,409

2,197

2,640

16.3

F

11 Merced

CA

272,673

80,640

30,187

5,005

15,042

7,992

114

11,023

18,379

61,297

15.8

F

12 Shoshone

ID

12,542

2,532

2,859

201

887

583

6

920

1,047

2,143

15.3

F

13 Yakima

WA

250,193

74,414

33,654

5,440

18,628

9,904

133

13,019

15,674

44,726

14.8

F

14 Lincoln

MT

19,440

3,540

5,401

304

1,410

1,194

10

1,564

1,542

3,001

14.7

F

15 Los Angeles

CA

10,163,507

2,224,905

1,343,960

138,091

625,653

344,960

4,221

481,419

801,001 1,490,853

13.2

F

15 Madera

CA

156,890

43,013

21,552

2,670

8,995

5,103

65

7,207

11,811

31,569

13.2

F

15 Riverside

CA

2,423,266

616,211

340,498

38,246

142,917

81,395

1,008

115,017

189,009

309,235

13.2

F

18 Silver Bow

MT

34,602

7,026

6,420

602

2,506

1,736

18

2,106

2,173

5,487

13.0

F

19 Salt Lake

UT

1,135,649

312,338

120,002

19,029

73,451

31,885

294

48,668

57,300

103,384

11.7

F

20 San Bernardino

CA

2,157,404

571,669

243,122

35,481

124,484

66,466

897

91,640

153,951

339,748

11.3

F

21 Benewah

ID

9,184

2,096

2,014

167

629

415

5

653

745

1,297

10.8

F

21 Snohomish

WA

801,633

182,237

104,535

13,321

65,891

35,107

427

45,016

55,645

58,157

10.8

F

23 Flathead

MT

100,000

22,100

18,805

1,895

7,038

5,066

52

6,196

6,399

10,824

10.7

F

24 Allegheny

PA

1,223,048

230,313

225,605

20,457

101,080

65,853

786

101,908

103,941

132,929

10.5

F

25 Cache

UT

124,438

37,922

11,447

2,310

7,729

3,093

32

4,549

5,281

18,068

10.2

F

Notes:
1. Counties are ranked by weighted average. See note 12 below.
2. Total Population represents the at-risk populations in counties with PM2.5 monitors.
3. Those under 18 and 65 and over are vulnerable to PM2.5 and are, therefore, included. They should not be used as population denominators for disease estimates.
4. Pediatric asthma estimates are for those under 18 years of age and represent the estimated number of people who had asthma in 2017 based on state rates (BRFSS) applied to population estimates (U.S. Census).
5. Adult asthma estimates are for those 18 years and older and represent the estimated number of people who had asthma in 2017 based on state rates (BRFSS) applied to population estimates (U.S. Census).
6. Adding across rows does not produce valid estimates. Adding the disease categories (asthma, COPD, etc.) will double-count people who have been diagnosed with more than one disease.
7. COPD estimates are for adults 18 and over who have been diagnosed within their lifetime, based on state rates (BRFSS) applied to population estimates (U.S. Census).
8. Lung cancer estimates are the number of new cases diagnosed in 2015.
9. CV disease is cardiovascular disease and estimates are for adults 18 and over who have been diagnosed within their lifetime, based on state rates (BRFSS) applied to population estimates (U.S. Census).
10. Diabetes estimates are for adults 18 and over who have been diagnosed within their lifetime, based on state rates (BRFSS) applied to population estimates (U.S. Census).
11. Poverty estimates come from the U.S. Census Bureau and are for all ages.
12. The Weighted Average was derived by counting the number of days in each unhealthful range (orange, red, purple, maroon) in each year (2015-2017), multiplying the total in each range by the assigned standard
weights (i.e., 1 for orange, 1.5 for red, 2.0 for purple, 2.5 for maroon), and calculating the average.
13. Grade is assigned by weighted average as follows: A=0.0, B=0.3-0.9, C=1.0-2.0, D=2.1-3.2, F=3.3+.
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RANKINGS

People at Risk in 25 Counties Most Polluted by Year-Round Particle Pollution (Annual PM2.5)
		
At-Risk Groups
2019			
Rank1 County
ST

Total		
Population2 Under 183

65 and
Over3

Pediatric
Asthma4,6

Adult
Asthma5,6

COPD7

Lung
Cancer8

CV			
Disease9 Diabetes10 Poverty11

PM2.5 Annual,
2015–2017
Design
Value12

Pass/
Fail13

1 Kings

CA

150,101

40,964

15,054

2,542

8,492

4,296

63

5,818

9,791

24,810

22.2

Fail

2 Kern

CA

893,119

259,120

95,307

16,083

49,617

26,076

373

35,790

60,013

182,948

17.3

Fail

3 Fairbanks North
		 Star Borough
AK

99,703

23,931

9,706

1,901

6,431

4,187

55

4,477

5,207

7,051

16.5

Fail

4 Tulare

CA

464,493

143,726

51,669

8,921

25,149

13,466

193

18,628

30,984

110,299

15.7

Fail

5 Plumas

CA

18,742

3,153

5,211

196

1,279

928

8

1,409

2,197

2,640

15.1

Fail

6 San Bernardino

CA

2,157,404

571,669

243,122

35,481

124,484

66,466

897

91,640

153,951

339,748

14.7

Fail

7 Fresno

CA

989,255

281,684

118,527

17,483

55,536

30,071

411

41,788

69,186

205,046

14.0

Fail

8 Riverside

CA

2,423,266

616,211

340,498

38,246

142,917

81,395

1,008

115,017

189,009

309,235

13.6

Fail

9 Stanislaus

CA

547,899

148,525

70,316

9,218

31,501

17,541

228

24,583

40,690

75,614

13.2

Fail

10 Lincoln

MT

19,440

3,540

5,401

304

1,410

1,194

10

1,564

1,542

3,001

13.0

Fail

10 Allegheny

PA

1,223,048

230,313

225,605

20,457

101,080

65,853

786

101,908

103,941

132,929

13.0

Fail

12 Madera

CA

156,890

43,013

21,552

2,670

8,995

5,103

65

7,207

11,811

31,569

12.8

Fail

12 Hawaii

HI

200,381

43,658

40,185

4,283

15,244

6,172

90

11,128

18,713

29,604

12.8

Fail

14 Merced

CA

272,673

80,640

30,187

5,005

15,042

7,992

114

11,023

18,379

61,297

12.7

Fail

15 Los Angeles

CA

10,163,507

2,224,905

1,343,960

138,091

625,653

344,960

4,221

481,419

801,001 1,490,853

12.6

Fail

15 Lemhi

ID

7,875

1,471

2,327

117

555

401

4

668

737

1,257

12.6

Fail

17 Shoshone

ID

12,542

2,532

2,859

201

887

583

6

920

1,047

2,143

12.4

Fail

18 San Joaquin

CA

745,424

203,134

92,800

12,608

42,757

23,656

310

33,057

54,941

113,375

12.2

Fail

19 Imperial

CA

182,830

52,296

23,042

3,246

10,266

5,654

76

7,909

13,022

35,830

12.0

Pass

20 Ravalli

MT

42,563

8,262

10,661

708

3,063

2,458

22

3,165

3,151

5,275

11.7

Pass

20 Cuyahoga

OH

1,248,514

260,986

221,994

22,558

97,925

83,455

852

100,086

113,146

221,287

11.7

Pass

22 Jackson

OR

217,479

45,040

46,790

2,602

18,748

9,994

107

15,309

17,806

30,774

11.6

Pass

23 Missoula

MT

117,441

22,463

17,656

1,926

8,760

5,358

61

6,195

6,528

16,351

11.4

Pass

24 Wayne

MI

1,753,616

416,178

265,150

36,465

145,113

114,437

1,107

135,536

143,598

392,205

11.2

Pass

25 Butler

OH

380,604

90,111

54,537

7,788

28,986

23,237

261

26,998

31,056

39,242

11.1

Pass

Notes:
1. Counties are ranked by Design Value. See note 12 below.
2. Total Population represents the at-risk populations in counties with PM2.5 monitors.
3. Those under 18 and 65 and over are vulnerable to PM2.5 and are, therefore, included. They should not be used as population denominators for disease estimates.
4. Pediatric asthma estimates are for those under 18 years of age and represent the estimated number of people who had asthma in 2017 based on state rates (BRFSS) applied to population estimates (U.S. Census).
5. Adult asthma estimates are for those 18 years and older and represent the estimated number of people who had asthma in 2017 based on state rates (BRFSS) applied to population estimates (U.S. Census).
6. Adding across rows does not produce valid estimates. Adding the disease categories (asthma, COPD, etc.) will double-count people who have been diagnosed with more than one disease.
7. COPD estimates are for adults 18 and over who have been diagnosed within their lifetime, based on state rates (BRFSS) applied to population estimates (U.S. Census).
8. Lung cancer estimates are the number of new cases diagnosed in 2015.
9. CV disease is cardiovascular disease and estimates are for adults 18 and over who have been diagnosed within their lifetime, based on state rates (BRFSS) applied to population estimates (U.S. Census).
10. Diabetes estimates are for adults 18 and over who have been diagnosed within their lifetime, based on state rates (BRFSS) applied to population estimates (U.S. Census).
11. Poverty estimates come from the U.S. Census Bureau and are for all ages.
12. The Design Value is the calculated concentration of a pollutant based on the form of the Annual PM2.5 National Ambient Air Quality Standard, and is used by EPA to determine whether the air quality in a county meets
the current (2012) standard (U.S. EPA).
13. Grades are based on EPA's determination of meeting or failure to meet the NAAQS for annual PM2.5 levels during 2015-2017. Counties meeting the NAAQS received grades of Pass; counties not meeting the NAAQS
received grades of Fail.
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RANKINGS

People at Risk in 25 Most Ozone-Polluted Counties

		
		
At-Risk Groups
2019			
Rank1 County
ST

Total		
Population2
Under 183

2,157,404

571,669

High Ozone Days in
Unhealthy Ranges,
2015–2017

65 and
Over3

Pediatric
Asthma4,6

Adult
Asthma5,6

COPD7

243,122

35,481

124,484

66,466

91,640

1

San Bernardino

CA

2

Riverside

CA

2,423,266

616,211

340,498

38,246

142,917

81,395

3

Los Angeles

CA

10,163,507

2,224,905

1,343,960

138,091

625,653

344,960

4

Tulare

CA

464,493

143,726

51,669

8,921

25,149

5

Kern

CA

893,119

259,120

95,307

16,083

6

Fresno

CA

989,255

281,684

118,527

7

Nevada

CA

99,814

17,304

26,471

8

San Diego

CA

3,337,685

728,528

9

Kings

CA

150,101

10

Madera

CA

11

El Dorado

CA

12

Maricopa

13

CV		
Disease8
Poverty9

Weighted
Avg.10

Grade11

339,748

161.2

F

115,017

309,235

130.0

F

481,419

1,490,853

119.2

F

13,466

18,628

110,299

101.2

F

49,617

26,076

35,790

182,948

98.8

F

17,483

55,536

30,071

41,788

205,046

91.0

F

1,074

6,748

4,800

7,252

10,889

52.2

F

454,826

45,217

205,392

113,301

158,403

385,479

45.0

F

40,964

15,054

2,542

8,492

4,296

5,818

24,810

44.2

F

156,890

43,013

21,552

2,670

8,995

5,103

7,207

31,569

37.7

F

188,987

37,869

38,464

2,350

12,256

8,071

11,892

15,620

34.3

F

AZ

4,307,033

1,045,266

638,316

84,264

323,906

201,670

248,553

570,402

33.8

F

Stanislaus

CA

547,899

148,525

70,316

9,218

31,501

17,541

24,583

75,614

32.5

F

14

Placer

CA

386,166

86,233

73,776

5,352

24,132

15,381

22,510

29,873

31.0

F

15

Tuolumne

CA

54,248

9,060

13,844

562

3,674

2,542

3,817

6,205

28.2

F

16

Harris

TX

4,652,980

1,249,484

473,982

98,873

249,914

153,431

248,554

733,605

26.7

F

17

Fairfield

CT

949,921

214,902

147,210

27,712

79,093

42,045

53,941

82,428

25.8

F

18

Sacramento

CA

1,530,615

364,311

209,612

22,611

92,167

51,889

72,961

213,232

25.5

F

19

Merced

CA

272,673

80,640

30,187

5,005

15,042

7,992

11,023

61,297

25.0

F

20

Tehama

CA

63,926

15,345

12,219

952

3,908

2,502

3,670

12,718

22.8

F

21

Jefferson

CO

574,613

114,968

92,236

9,135

42,578

21,412

29,286

42,729

22.5

F

22

Clark

NV

2,204,079

514,192

317,010

39,891

176,845

115,546

139,163

305,802

22.0

F

23

Salt Lake

UT

1,135,649

312,338

120,002

19,029

73,451

31,885

48,668

103,384

21.0

F

24

Imperial

CA

182,830

52,296

23,042

3,246

10,266

5,654

7,909

35,830

19.2

F

25

Calaveras

CA

45,670

7,786

12,276

483

3,110

2,240

3,391

5,904

17.8

F

25

Orange

CA

3,190,400

705,999

456,229

43,819

197,038

112,878

159,434

362,109

17.8

F

Notes:
1. Counties are ranked by weighted average. See note 10 below.
2. Total Population represents the at-risk populations in counties with PM2.5 monitors.
3. Those under 18 and 65 and over are vulnerable to PM2.5 and are, therefore, included. They should not be used as population denominators for disease estimates.
4. Pediatric asthma estimates are for those under 18 years of age and represent the estimated number of people who had asthma in 2017 based on state rates (BRFSS) applied to population estimates (U.S. Census).
5. Adult asthma estimates are for those 18 years and older and represent the estimated number of people who had asthma in 2017 based on state rates (BRFSS) applied to population estimates (U.S. Census).
6. Adding across rows does not produce valid estimates. Adding the disease categories (asthma, COPD, etc.) will double-count people who have been diagnosed with more than one disease.
7. COPD estimates are for adults 18 and over who have been diagnosed within their lifetime, based on state rates (BRFSS) applied to population estimates (U.S. Census).
8. CV disease is cardiovascular disease and estimates are for adults 18 and over who have been diagnosed within their lifetime, based on state rates (BRFSS) applied to population estimates (U.S. Census).
9. Poverty estimates come from the U.S. Census Bureau and are for all ages.
10. The Weighted Average was derived by counting the number of days in each unhealthful range (orange, red, purple) in each year (2015-2017), multiplying the total in each range by the assigned standard weights
(i.e., 1 for orange, 1.5 for red, 2.0 for purple), and calculating the average.
11. Grade is assigned by weighted average as follows: A=0.0, B=0.3-0.9, C=1.0-2.0, D=2.1-3.2, F=3.3+.
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Cleanest U.S. Cities for Short-Term Particle Pollution (24-hour PM2.5)1
Metropolitan Statistical Area

Population

Metropolitan Statistical Area

Albany-Schenectady, NY

1,176,079

Green Bay-Shawano, WI

Albuquerque-Santa Fe-Las Vegas, NM

1,149,672

Population

Metropolitan Statistical Area

Population

365,600

Orlando-Lakeland-Deltona, FL

3,998,092

Greenville-Kinston-Washington, NC

283,013

Owensboro, KY

118,376

Alexandria, LA

153,984

Gulfport-Biloxi, MS

412,344

Palm Bay-Melbourne-Titusville, FL

589,162

Altoona-Huntingdon, PA

168,948

Harrisonburg-Staunton, VA

256,441

Parkersburg-Marietta-Vienna, WV-OH

151,316

Appleton-Oshkosh-Neenah, WI

406,540

Hartford-East Hartford, CT

1,479,292

Pensacola-Ferry Pass, FL-AL

525,231

151,957

Hattiesburg-Laurel, MS

252,468

Peoria, IL

407,537

Hot Springs-Malvern, AR

132,232

Pittsfield, MA

126,313

Bangor, ME
Birmingham-Hoover-Talladega, AL

1,312,627

Bloomington-Bedford, IN

213,491

Houma-Thibodaux, LA

210,512

Portland-Lewiston-South Portland, ME

Bloomington-Pontiac, IL

208,808

Huntsville-Decatur, AL

607,315

Richmond, VA

228,743

Jackson-Brownsville, TN

195,919

Roanoke, VA

Jackson-Vicksburg-Brookhaven, MS

677,569

Rochester-Batavia-Seneca Falls, NY

Johnstown-Somerset, PA

207,555

Rockford-Freeport-Rochelle, IL

434,408

Kalamazoo-Battle Creek-Portage, MI

501,470

Saginaw-Midland-Bay City, MI

379,584

La Crosse-Onalaska, WI-MN

136,934

Salisbury-Cambridge, MD-DE

438,015

Lafayette-Opelousas-Morgan City, LA

626,028

Scranton—Wilkes-Barre, PA

555,426

Lafayette-West Lafayette-Frankfort, IN

259,757

Shreveport-Bossier City-Minden, LA

440,933

Lake Charles-Jennings, LA

240,834

Sierra Vista-Douglas, AZ

124,756

Lansing-East Lansing, MI

546,102

Springfield, MA

702,354

Lawton, OK

127,349

Springfield, MO

462,369

Springfield-Jacksonville-Lincoln, IL

309,844

St. George, UT

165,662

State College-DuBois, PA

242,345

Syracuse-Auburn, NY

732,444

Tallahassee, FL

382,627

Bowling Green-Glasgow, KY
Buffalo-Cheektowaga-Olean, NY

1,214,204

Burlington-Fort Madison-Keokuk,
IA-IL-MO

105,250

Burlington-South Burlington-Barre, VT

276,685

Cape Coral-Fort Myers-Naples, FL
Champaign-Urbana, IL
Charlotte-Concord, NC-SC
Charlottesville, VA
Cincinnati-Wilmington-Maysville,
OH-KY-IN

1,152,451
225,844
2,709,112
216,728
2,260,884

Clarksville, TN-KY

298,397

Corpus Christi-Kingsville-Alice, TX

537,657

Dallas-Fort Worth, TX-OK

7,800,952

Dayton-Springfield-Kettering, OH

1,077,108

Decatur, IL

105,801

Eau Claire-Menomonie, WI

212,177

Edwards-Glenwood Springs, CO

131,780

Elmira-Corning, NY

181,838

Erie-Meadville, PA

360,700

Fayetteville-Sanford-Lumberton, NC

844,809

Fayetteville-Springdale-Rogers, AR

514,635

Florence, SC

205,831

Florence-Muscle Shoals, AL

147,038

Fort Smith, AR-OK

250,245

Gadsden, AL
Gainesville-Lake City, FL
Grand Island, NE

Lexington-Fayette—Richmond—
Frankfort, KY

737,943

Lima-Van Wert-Celina, OH

218,066

Lincoln-Beatrice, NE

353,120

Little Rock-North Little Rock, AR

908,323

Longview, TX

284,142

Lynchburg, VA

261,254

Madison-Janesville-Beloit, WI

880,520

McAllen-Edinburg, TX

925,115

Memphis-Forrest City, TN-MS-AR

1,365,878

Mobile-Daphne-Fairhope, AL

643,114

Monroe-Ruston, LA

251,830

Montgomery-Selma-Alexander City, AL

464,553

Morgantown-Fairmont, WV

195,046

102,755

New Orleans-Metairie-Hammond,
LA-MS

1,510,162

394,654

North Port-Sarasota, FL

1,023,585

Oklahoma City-Shawnee, OK

1,455,963

75,838

Tampa-St. Petersburg-Clearwater, FL

LUNG.org

314,128
1,170,402

3,091,399

Texarkana, TX-AR

150,355

Topeka, KS

233,149

Tuscaloosa, AL

251,129

Urban Honolulu, HI
Virginia Beach-Norfolk, VA-NC

988,650
1,851,069

Waterloo-Cedar Falls, IA

169,892

Wheeling, WV-OH

141,254

Wichita-Winfield, KS

673,629

Wilmington, NC

288,156

Note:
1. Monitors in these cities reported no days when PM2.5 levels reached the unhealthful range using the Air Quality Index based on the 2006 NAAQS.
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Top 25 Cleanest U.S. Cities for Year-Round
Particle Pollution (Annual PM2.5)1
		
Rank2

Design
Value3

1

4.2

Cheyenne, WY

1

4.2

Kahului-Wailuku-Lahaina, HI

166,260

1

4.2

Urban Honolulu, HI

988,650

4

4.9

Casper, WY

4

4.9

St. George, UT

165,662

6

5.0

Elmira-Corning, NY

181,838

7

5.2

Duluth, MN-WI

289,306

7

5.2

Pueblo-Cañon City, CO

214,034

9

5.4

Bismarck, ND

127,766

10

5.5

Bellingham, WA

221,404

10

5.5

Syracuse-Auburn, NY

732,444

12

5.6

Burlington-South Burlington-Barre, VT

276,685

13

5.7

Colorado Springs, CO

723,878

13

5.7

Palm Bay-Melbourne-Titusville, FL

589,162

13

5.7

Wilmington, NC

288,156

16

5.9

Grand Island, NE

17

6.1

Anchorage, AK

17

6.1

Cape Coral-Fort Myers-Naples, FL

17

6.1

Gainesville-Lake City, FL

394,654

17

6.1

Grand Junction, CO

151,616

17

6.1

Salinas, CA

437,907

22

6.3

Pittsfield, MA

126,313

23

6.4

Bangor, ME

151,957

23

6.4

Lincoln-Beatrice, NE

23

6.4

North Port-Sarasota, FL

Metropolitan Statistical Area

Population

98,327

79,547

75,838
400,888
1,152,451

353,120
1,023,585

Notes:
1. This list represents cities with the lowest levels of annual PM2.5 air pollution.
2. Cities are ranked by using the highest design value for any county within that metropolitan area.
3. The Design Value is the calculated concentration of a pollutant based on the form of the Annual
PM2.5 National Ambient Air Quality Standard, and is used by EPA to determine whether the air
quality in a county meets the current (2012) standard (U.S. EPA).
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Cleanest U.S. Cities for Ozone Air Pollution1
Metropolitan Statistical Area

Population

Metropolitan Statistical Area

Population

Anchorage, AK

400,888

Joplin-Miami, MO-OK

209,819

Bangor, ME

151,957

La Crosse-Onalaska, WI-MN

136,934

Bellingham, WA

221,404

Laredo, TX

274,794

Bowling Green-Glasgow, KY

228,743

Lincoln-Beatrice, NE

353,120

Brownsville-Harlingen-Raymondville, TX

445,309

McAllen-Edinburg, TX

925,115

Brunswick, GA

118,119

Missoula, MT

117,441

Burlington-South Burlington-Barre, VT

276,685

Monroe-Ruston, LA

251,830

New Bern-Morehead City, NC

193,745

Casper, WY

79,547

Cedar Rapids-Iowa City, IA

441,784

Palm Bay-Melbourne-Titusville, FL

589,162

Clarksville, TN-KY

298,397

Panama City, FL

183,563

Cleveland-Indianola, MS

Rapid City-Spearfish, SD

163,588

Columbia-Moberly-Mexico, MO

256,640

57,926

Roanoke, VA

314,128

Crestview-Fort Walton Beach-Destin, FL

271,346

Rochester-Austin, MN

257,846

Des Moines-Ames-West Des Moines, IA

862,203

Rocky Mount-Wilson-Roanoke Rapids, NC

299,581

Dothan-Ozark, AL

197,140

Salinas, CA

437,907

Eau Claire-Menomonie, WI

212,177

Savannah-Hinesville-Statesboro, GA

573,909

Fairbanks, AK

99,703

Sebring-Avon Park, FL

102,883

264,031

Sioux City, IA-NE-SD

143,398

Fayetteville-Sanford-Lumberton, NC

844,809

Springfield, MO

462,369

Fayetteville-Springdale-Rogers, AR

514,635

Steamboat Springs-Craig, CO

Florence, SC

205,831

Tallahassee, FL

382,627

Fort Smith, AR-OK

250,245

Tupelo-Corinth, MS

202,552

Gadsden, AL

102,755

Tuscaloosa, AL

251,129

Greenville-Kinston-Washington, NC

283,013

Urban Honolulu, HI

988,650

Hickory-Lenoir-Morganton, NC

366,534

Waterloo-Cedar Falls, IA

169,892

Houma-Thibodaux, LA

210,512

Wausau-Stevens Point-Wisconsin Rapids, WI

307,170

Idaho Falls-Rexburg-Blackfoot, ID

243,805

Wilmington, NC

288,156

Jackson-Vicksburg-Brookhaven, MS

677,569

Fargo-Wahpeton, ND-MN

Notes:
1. This list represents cities with no monitored ozone air pollution in unhealthful ranges using the Air Quality Index based on 2015 NAAQS.
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RANKINGS

Cleanest Counties for Short-Term Particle Pollution (24-hour PM2.5)1
County

State MSAs and Respective CSA2

County

State MSAs and Respective CSA2

Baldwin

AL

Polk

FL

Orlando-Lakeland-Deltona, FL

Clay

AL

Sarasota

FL

North Port-Sarasota, FL

Colbert

AL

Florence-Muscle Shoals, AL

Seminole

FL

Orlando-Lakeland-Deltona, FL

Etowah

AL

Gadsden, AL

Volusia

FL

Orlando-Lakeland-Deltona, FL

Jefferson

AL

Birmingham-Hoover-Talladega, AL

Floyd

Madison

AL

Huntsville-Decatur, AL

GA Atlanta—Athens-Clarke County—Sandy Springs,
GA-AL

Mobile

AL

Mobile-Daphne-Fairhope, AL

Paulding

Montgomery

AL

Montgomery-Selma-Alexander City, AL

GA Atlanta—Athens-Clarke County—Sandy Springs,
GA-AL

Morgan

AL

Huntsville-Decatur, AL

Honolulu

HI

Russell

AL

Columbus-Auburn-Opelika, GA-AL

Kauai

HI

Talladega

AL

Birmingham-Hoover-Talladega, AL

Champaign

IL

Champaign-Urbana, IL

Tuscaloosa

AL

Tuscaloosa, AL

Jersey

IL

St. Louis-St. Charles-Farmington, MO-IL

Apache

AZ

McHenry

IL

Chicago-Naperville, IL-IN-WI

Cochise

AZ

McLean

IL

Bloomington-Pontiac, IL

La Paz

AZ

Macon

IL

Decatur, IL

Pima

AZ

Peoria

IL

Peoria, IL

Arkansas

AR

Randolph

IL

Ashley

AR

Rock Island

IL

Davenport-Moline, IA-IL

Crittenden

AR Memphis-Forrest City, TN-MS-AR

Sangamon

IL

Springfield-Jacksonville-Lincoln, IL

Garland

AR Hot Springs-Malvern, AR

Will

IL

Chicago-Naperville, IL-IN-WI

Jackson

AR

Winnebago

IL

Rockford-Freeport-Rochelle, IL

Polk

AR

Bartholomew

IN

Indianapolis-Carmel-Muncie, IN

Pulaski

AR Little Rock-North Little Rock, AR

Clark

IN

Louisville/Jefferson County—Elizabethtown—
Bardstown, KY-IN

Union

AR

Dubois

IN

Washington

AR Fayetteville-Springdale-Rogers, AR

Greene

IN

Garfield

CO Edwards-Glenwood Springs, CO

Hamilton

IN

Indianapolis-Carmel-Muncie, IN

La Plata

CO

Henry

IN

Indianapolis-Carmel-Muncie, IN

Rio Blanco

CO

LaPorte

IN

Chicago-Naperville, IL-IN-WI

Fairfield

CT

New York-Newark, NY-NJ-CT-PA

Madison

IN

Indianapolis-Carmel-Muncie, IN

Hartford

CT

Hartford-East Hartford, CT

Monroe

IN

Bloomington-Bedford, IN

New Haven

CT

New York-Newark, NY-NJ-CT-PA

Spencer

IN

New London

CT

Hartford-East Hartford, CT

Tippecanoe

IN

Lafayette-West Lafayette-Frankfort, IN

Kent

DE Philadelphia-Reading-Camden, PA-NJ-DE-MD

Vanderburgh

IN

Evansville, IN-KY

Sussex

DE Salisbury-Cambridge, MD-DE

Whitley

IN

Fort Wayne-Huntington-Auburn, IN

Alachua

FL

Gainesville-Lake City, FL

Black Hawk

IA

Waterloo-Cedar Falls, IA

Brevard

FL

Palm Bay-Melbourne-Titusville, FL

Delaware

IA

Broward

FL

Miami-Port St. Lucie-Fort Lauderdale, FL

Lee

IA

Escambia

FL

Pensacola-Ferry Pass, FL-AL

Montgomery

IA

Hillsborough

FL

Tampa-St. Petersburg-Clearwater, FL

Palo Alto

IA

Lee

FL

Cape Coral-Fort Myers-Naples, FL

Pottawattamie

IA

Leon

FL

Tallahassee, FL

Van Buren

IA

Orange

FL

Orlando-Lakeland-Deltona, FL

Woodbury

IA

Sioux City, IA-NE-SD

Palm Beach

FL

Miami-Port St. Lucie-Fort Lauderdale, FL

Johnson

KS

Kansas City-Overland Park-Kansas City, MO-KS

Pinellas

FL

Tampa-St. Petersburg-Clearwater, FL

Neosho

KS

Sierra Vista-Douglas, AZ
Tucson-Nogales, AZ

Urban Honolulu, HI

Burlington-Fort Madison-Keokuk, IA-IL-MO

Omaha-Council Bluffs-Fremont, NE-IA

Notes:
1. Monitors in these counties reported no days when PM2.5 levels reached the unhealthful range using the Air Quality Index based on the 2006 NAAQS.
2. MSA and CSA are terms used by the U.S. Office of Management and Budget for statistical purposes. MSA stands for Metropolitan Statistical Area. CSA stands for Combined Statistical Area, which may include
multiples and individual counties.

28

LUNG.org

AMERICAN LUNG ASSOCIATION STATE OF THE AIR 2019

RANKINGS

Cleanest Counties for Short-Term Particle Pollution (24-hour PM2.5)1 (cont.)
County

State MSAs and Respective CSA2

County

State MSAs and Respective CSA2

Sedgwick

KS

Wichita-Winfield, KS

Bristol

MA Boston-Worcester-Providence, MA-RI-NH-CT

Shawnee

KS

Topeka, KS

Essex

MA Boston-Worcester-Providence, MA-RI-NH-CT

Sumner

KS

Wichita-Winfield, KS

Franklin

MA Springfield, MA

Wyandotte

KS

Kansas City-Overland Park-Kansas City, MO-KS

Hampden

MA Springfield, MA

Boyd

KY Charleston-Huntington-Ashland, WV-OH-KY

Hampshire

MA Springfield, MA

Campbell

KY Cincinnati-Wilmington-Maysville, OH-KY-IN

Plymouth

MA Boston-Worcester-Providence, MA-RI-NH-CT

Christian

KY Clarksville, TN-KY

Suffolk

MA Boston-Worcester-Providence, MA-RI-NH-CT

Daviess

KY Owensboro, KY

Worcester

MA Boston-Worcester-Providence, MA-RI-NH-CT

Fayette

KY Lexington-Fayette—Richmond—Frankfort, KY

Allegan

MI

Grand Rapids-Kentwood-Muskegon, MI

Hardin

KY Louisville/Jefferson County—Elizabethtown—
Bardstown, KY-IN

Bay

MI

Saginaw-Midland-Bay City, MI

Madison

KY Lexington-Fayette—Richmond—Frankfort, KY

Berrien

MI

South Bend-Elkhart-Mishawaka, IN-MI

Pulaski

KY

Chippewa

MI

Warren

KY Bowling Green-Glasgow, KY

Genesee

MI

Detroit-Warren-Ann Arbor, MI

Caddo Parish

LA

Shreveport-Bossier City-Minden, LA

Ingham

MI

Lansing-East Lansing, MI

Calcasieu Parish

LA

Lake Charles-Jennings, LA

Kalamazoo

MI

Kalamazoo-Battle Creek-Portage, MI

Iberville Parish

LA

Baton Rouge, LA

Lenawee

MI

Detroit-Warren-Ann Arbor, MI

Jefferson Parish

LA

New Orleans-Metairie-Hammond, LA-MS

Manistee

MI

Lafayette Parish

LA

Lafayette-Opelousas-Morgan City, LA

Missaukee

MI

Orleans Parish

LA

New Orleans-Metairie-Hammond, LA-MS

St. Clair

MI

Detroit-Warren-Ann Arbor, MI

Ouachita Parish

LA

Monroe-Ruston, LA

Washtenaw

MI

Detroit-Warren-Ann Arbor, MI

Rapides Parish

LA

Alexandria, LA

Scott

MN Minneapolis-St. Paul, MN-WI

St. Bernard Parish

LA

New Orleans-Metairie-Hammond, LA-MS

DeSoto

MS Memphis-Forrest City, TN-MS-AR

Tangipahoa Parish

LA

New Orleans-Metairie-Hammond, LA-MS

Forrest

MS Hattiesburg-Laurel, MS

Terrebonne Parish

LA

Houma-Thibodaux, LA

Grenada

MS

Hancock

MS Gulfport-Biloxi, MS

Harrison

MS Gulfport-Biloxi, MS

Hinds

MS Jackson-Vicksburg-Brookhaven, MS

Jackson

MS Gulfport-Biloxi, MS

Cedar

MO

Greene

MO Springfield, MO

Hall

NE Grand Island, NE

Lancaster

NE Lincoln-Beatrice, NE

Washington

NE Omaha-Council Bluffs-Fremont, NE-IA

Belknap

NH Boston-Worcester-Providence, MA-RI-NH-CT

Grafton

NH

Hillsborough

NH Boston-Worcester-Providence, MA-RI-NH-CT

Rockingham

NH Boston-Worcester-Providence, MA-RI-NH-CT

West Baton Rouge Parish LA

Baton Rouge, LA

Androscoggin

ME Portland-Lewiston-South Portland, ME

Cumberland

ME Portland-Lewiston-South Portland, ME

Hancock

ME

Kennebec

ME

Oxford

ME

Penobscot

ME Bangor, ME

Baltimore

MD Washington-Baltimore-Arlington, DC-MD-VAWV-PA

Cecil

MD Philadelphia-Reading-Camden, PA-NJ-DE-MD

Dorchester

MD Salisbury-Cambridge, MD-DE

Garrett

MD

Howard

MD Washington-Baltimore-Arlington, DC-MD-VAWV-PA

Atlantic

NJ

Philadelphia-Reading-Camden, PA-NJ-DE-MD

Kent

MD

Essex

NJ

New York-Newark, NY-NJ-CT-PA

Montgomery

MD Washington-Baltimore-Arlington, DC-MD-VAWV-PA

Gloucester

NJ

Philadelphia-Reading-Camden, PA-NJ-DE-MD

Hudson

NJ

New York-Newark, NY-NJ-CT-PA

Mercer

NJ

New York-Newark, NY-NJ-CT-PA

Middlesex

NJ

New York-Newark, NY-NJ-CT-PA

Morris

NJ

New York-Newark, NY-NJ-CT-PA

Prince George's

MD Washington-Baltimore-Arlington, DC-MD-VAWV-PA

Berkshire

MA Pittsfield, MA

Notes:
1. Monitors in these counties reported no days when PM2.5 levels reached the unhealthful range using the Air Quality Index based on the 2006 NAAQS.
2. MSA and CSA are terms used by the U.S. Office of Management and Budget for statistical purposes. MSA stands for Metropolitan Statistical Area. CSA stands for Combined Statistical Area, which may include
multiples and individual counties.
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Cleanest Counties for Short-Term Particle Pollution (24-hour PM2.5)1 (cont.)
County

State MSAs and Respective CSA2

County

State MSAs and Respective CSA2

Passaic

NJ

New York-Newark, NY-NJ-CT-PA

Cambria

PA

Johnstown-Somerset, PA

Warren

NJ

Allentown-Bethlehem-Easton, PA-NJ

Centre

PA

State College-DuBois, PA

Bernalillo

NM Albuquerque-Santa Fe-Las Vegas, NM

Chester

PA

Philadelphia-Reading-Camden, PA-NJ-DE-MD

Albany

NY Albany-Schenectady, NY

Erie

PA

Erie-Meadville, PA

Bronx

NY New York-Newark, NY-NJ-CT-PA

Lackawanna

PA

Scranton—Wilkes-Barre, PA

Chautauqua

NY

Monroe

PA

New York-Newark, NY-NJ-CT-PA

Erie

NY Buffalo-Cheektowaga-Olean, NY

Tioga

PA

Essex

NY

Westmoreland

PA

Pittsburgh-New Castle-Weirton, PA-OH-WV

Kings

NY New York-Newark, NY-NJ-CT-PA

Kent

RI

Boston-Worcester-Providence, MA-RI-NH-CT

Monroe

NY Rochester-Batavia-Seneca Falls, NY

Washington

RI

Boston-Worcester-Providence, MA-RI-NH-CT

New York

NY New York-Newark, NY-NJ-CT-PA

Chesterfield

SC

Onondaga

NY Syracuse-Auburn, NY

Florence

SC

Florence, SC

Orange

NY New York-Newark, NY-NJ-CT-PA

Oconee

SC

Greenville-Spartanburg-Anderson, SC

Queens

NY New York-Newark, NY-NJ-CT-PA

Spartanburg

SC

Greenville-Spartanburg-Anderson, SC

Richmond

NY New York-Newark, NY-NJ-CT-PA

Brown

SD

Steuben

NY Elmira-Corning, NY

Dyer

TN

Suffolk

NY New York-Newark, NY-NJ-CT-PA

Lawrence

TN Nashville-Davidson—Murfreesboro, TN

Cumberland

NC Fayetteville-Sanford-Lumberton, NC

Madison

TN Jackson-Brownsville, TN

Davidson

NC Greensboro—Winston-Salem—High Point, NC

Maury

TN Nashville-Davidson—Murfreesboro, TN

Forsyth

NC Greensboro—Winston-Salem—High Point, NC

Montgomery

TN Clarksville, TN-KY

Mecklenburg

NC Charlotte-Concord, NC-SC

Putnam

TN

Montgomery

NC

Shelby

TN Memphis-Forrest City, TN-MS-AR

New Hanover

NC Wilmington, NC

Sumner

TN Nashville-Davidson—Murfreesboro, TN

Pitt

NC Greenville-Kinston-Washington, NC

Bowie

TX

Texarkana, TX-AR

Allen

OH Lima-Van Wert-Celina, OH

Dallas

TX

Dallas-Fort Worth, TX-OK

Athens

OH

Ellis

TX

Dallas-Fort Worth, TX-OK

Belmont

OH Wheeling, WV-OH

Galveston

TX

Houston-The Woodlands, TX

Butler

OH Cincinnati-Wilmington-Maysville, OH-KY-IN

Harrison

TX

Longview, TX

Clark

OH Dayton-Springfield-Kettering, OH

Hidalgo

TX

McAllen-Edinburg, TX

Greene

OH Dayton-Springfield-Kettering, OH

Nueces

TX

Corpus Christi-Kingsville-Alice, TX

Hamilton

OH Cincinnati-Wilmington-Maysville, OH-KY-IN

Tarrant

TX

Dallas-Fort Worth, TX-OK

Lake

OH Cleveland-Akron-Canton, OH

Uintah

UT

Lorain

OH Cleveland-Akron-Canton, OH

Washington

UT St. George, UT

Mahoning

OH Youngstown-Warren, OH-PA

Bennington

VT

Montgomery

OH Dayton-Springfield-Kettering, OH

Chittenden

VT

Portage

OH Cleveland-Akron-Canton, OH

Albemarle

VA Charlottesville, VA

Preble

OH

Charles City

VA Richmond, VA

Cleveland

OK Oklahoma City-Shawnee, OK

Chesterfield

VA Richmond, VA

Comanche

OK Lawton, OK

Frederick

Oklahoma

OK Oklahoma City-Shawnee, OK

VA Washington-Baltimore-Arlington, DC-MD-VAWV-PA

Pittsburg

OK

Henrico

VA Richmond, VA

Sequoyah

OK Fort Smith, AR-OK

Loudoun

VA Washington-Baltimore-Arlington, DC-MD-VAWV-PA

Roanoke

VA Roanoke, VA

Armstrong

PA

Pittsburgh-New Castle-Weirton, PA-OH-WV

Blair

PA

Altoona-Huntingdon, PA

Burlington-South Burlington-Barre, VT

Notes:
1. Monitors in these counties reported no days when PM2.5 levels reached the unhealthful range using the Air Quality Index based on the 2006 NAAQS.
2. MSA and CSA are terms used by the U.S. Office of Management and Budget for statistical purposes. MSA stands for Metropolitan Statistical Area. CSA stands for Combined Statistical Area, which may include
multiples and individual counties.
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Cleanest Counties for Short-Term Particle Pollution (24-hour PM2.5)1 (cont.)
County

State MSAs and Respective CSA2

Rockingham

VA Harrisonburg-Staunton, VA

Hampton City

VA Virginia Beach-Norfolk, VA-NC

Lynchburg City

VA Lynchburg, VA

Norfolk City

VA Virginia Beach-Norfolk, VA-NC

Richmond City

VA Richmond, VA

Salem City

VA Roanoke, VA

Virginia Beach City

VA Virginia Beach-Norfolk, VA-NC

Skagit

WA Seattle-Tacoma, WA

Berkeley

WV Washington-Baltimore-Arlington, DC-MD-VAWV-PA

Brooke

WV Pittsburgh-New Castle-Weirton, PA-OH-WV

Cabell

WV Charleston-Huntington-Ashland, WV-OH-KY

Hancock

WV Pittsburgh-New Castle-Weirton, PA-OH-WV

Harrison

WV

Kanawha

WV Charleston-Huntington-Ashland, WV-OH-KY

Marion

WV Morgantown-Fairmont, WV

Marshall

WV Wheeling, WV-OH

Monongalia

WV Morgantown-Fairmont, WV

Ohio

WV Wheeling, WV-OH

Wood

WV Parkersburg-Marietta-Vienna, WV-OH

Ashland

WI

Brown

WI Green Bay-Shawano, WI

Dane

WI Madison-Janesville-Beloit, WI

Eau Claire

WI Eau Claire-Menomonie, WI

Forest

WI

Grant

WI

La Crosse

WI La Crosse-Onalaska, WI-MN

Milwaukee

WI Milwaukee-Racine-Waukesha, WI

Outagamie

WI Appleton-Oshkosh-Neenah, WI

Ozaukee

WI Milwaukee-Racine-Waukesha, WI

Sauk

WI Madison-Janesville-Beloit, WI

Taylor

WI

Vilas

WI

Waukesha

WI Milwaukee-Racine-Waukesha, WI

Park

WY

Sweetwater

WY

Notes:
1. Monitors in these counties reported no days when PM2.5 levels reached the unhealthful range using the Air Quality Index based on the 2006 NAAQS.
2. MSA and CSA are terms used by the U.S. Office of Management and Budget for statistical purposes. MSA stands for Metropolitan Statistical Area. CSA stands for Combined Statistical Area, which may include
multiples and individual counties.
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Top 25 Cleanest Counties for Year-Round
Particle Pollution (Annual PM2.5)1
2019
Rank2

County

State

Design Value3

1

La Paz

AZ

3.0

2

Kauai

HI

3.1

3

Jackson

SD

3.5

4

McKenzie

ND

3.7

4

Custer

SD

3.7

6

Essex

NY

3.9

7

Lake

MN

4.0

8

Hancock

ME

4.1

8

Williams

ND

4.1

8

Hughes

SD

4.1

8

Ashland

WI

4.1

12

Honolulu

HI

4.2

12

Maui

HI

4.2

12

Laramie

WY

4.2

15

Lake

CA

4.3

15

Burke

ND

4.3

15

Albany

WY

4.3

15

Park

WY

4.3

19

Vilas

WI

4.5

20

San Benito

CA

4.6

20

Litchfield

CT

4.6

20

Hillsborough

NH

4.6

20

Forest

WI

4.6

20

Teton

WY

4.6

25

Nevada

CA

4.7

25

Belknap

NH

4.7

25

Kitsap

WA

4.7

Notes:
1. This list represents counties with the lowest levels of monitored annual PM2.5 air pollution.
2. Counties are ranked by Design Value.
3. The Design Value is the calculated concentration of a pollutant based on the form of the Annual
PM2.5 National Ambient Air Quality Standard, and is used by EPA to determine whether the air
quality in a county meets the current (2012) standard (U.S. EPA).
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Cleanest Counties for Ozone Air Pollution1
County

State Metropolitan Statistical Area

County

Etowah

AL

Gadsden, AL

Linn

IA

Houston

AL

Dothan-Ozark, AL

Montgomery

IA

Morgan

AL

Huntsville-Decatur, AL

Palo Alto

IA

Sumter

AL

Polk

IA

Tuscaloosa

AL

Van Buren

IA

Denali Borough

AK

Warren

IA

Des Moines-Ames-West Des Moines, IA

Fairbanks North Star
Borough

AK

Fairbanks, AK

Johnson

KS

Kansas City-Overland Park-Kansas City, MO-KS

Matanuska-Susitna
Borough

AK

Anchorage, AK

Leavenworth

KS

Kansas City-Overland Park-Kansas City, MO-KS

Sumner

KS

Wichita-Winfield, KS

Clark

AR

Trego

KS

Newton

AR

Bell

KY

Polk

AR

Carter

KY

Charleston-Huntington-Ashland, WV-OH-KY

Washington

AR

Christian

KY

Clarksville, TN-KY

Colusa

CA

Edmonson

KY

Bowling Green-Glasgow, KY

Glenn

CA

Greenup

KY

Charleston-Huntington-Ashland, WV-OH-KY

Lake

CA

Perry

KY

Marin

CA

Pike

KY

Mendocino

CA

Pulaski

KY

Monterey

CA

Salinas, CA

Trigg

KY

Clarksville, TN-KY

San Francisco

CA

San Jose-San Francisco-Oakland, CA

Warren

KY

Bowling Green-Glasgow, KY

Siskiyou

CA

Caddo Parish

LA

Shreveport-Bossier City-Minden, LA

Moffat

CO

Lafourche Parish

LA

Houma-Thibodaux, LA

Rio Blanco

CO

Ouachita Parish

LA

Monroe-Ruston, LA

Baker

FL

Androscoggin

ME

Portland-Lewiston-South Portland, ME

Aroostook

ME

Kennebec

ME

Oxford

ME

Penobscot

ME

Garrett

MD

Becker

MN

Crow Wing

MN

Goodhue

MN Minneapolis-St. Paul, MN-WI

Hennepin

MN Minneapolis-St. Paul, MN-WI

Lake

MN Duluth, MN-WI

Mille Lacs

MN Minneapolis-St. Paul, MN-WI

Olmsted

MN Rochester-Austin, MN

St. Louis

MN Duluth, MN-WI

Scott

MN Minneapolis-St. Paul, MN-WI

Stearns

MN Minneapolis-St. Paul, MN-WI

Washington

MN Minneapolis-St. Paul, MN-WI

Bolivar

MS

Cleveland-Indianola, MS

Hancock

MS

Gulfport-Biloxi, MS

Hinds

MS

Jackson-Vicksburg-Brookhaven, MS

Lauderdale

MS

Lee

MS

Yalobusha

MS

Boone

MO Columbia-Moberly-Mexico, MO

Cedar

MO

Tuscaloosa, AL

Fayetteville-Springdale-Rogers, AR

San Jose-San Francisco-Oakland, CA

Steamboat Springs-Craig, CO
Jacksonville-St. Mary’s-Palatka, FL-GA

Bay

FL

Panama City, FL

Brevard

FL

Palm Bay-Melbourne-Titusville, FL

Collier

FL

Cape Coral-Fort Myers-Naples, FL

Columbia

FL

Gainesville-Lake City, FL

Flagler

FL

Orlando-Lakeland-Deltona, FL

Highlands

FL

Sebring-Avon Park, FL

Holmes

FL

Leon

FL

Liberty

FL

Okaloosa

FL

Crestview-Fort Walton Beach-Destin, FL

Santa Rosa

FL

Pensacola-Ferry Pass, FL-AL

Volusia

FL

Orlando-Lakeland-Deltona, FL

Wakulla

FL

Tallahassee, FL

Chatham

GA

Savannah-Hinesville-Statesboro, GA

Chattooga

GA

Chattanooga-Cleveland-Dalton, TN-GA

Glynn

GA

Brunswick, GA

Richmond

GA

Augusta-Richmond County, GA-SC

Honolulu

HI

Urban Honolulu, HI

Butte

ID

Idaho Falls-Rexburg-Blackfoot, ID

Hamilton

IL

Macoupin

IL

St. Louis-St. Charles-Farmington, MO-IL

Hendricks

IN

Indianapolis-Carmel-Muncie, IN

Johnson

IN

Indianapolis-Carmel-Muncie, IN

Bremer

IA

Waterloo-Cedar Falls, IA

Tallahassee, FL

State Metropolitan Statistical Area

Cedar Rapids-Iowa City, IA

Des Moines-Ames-West Des Moines, IA

Bangor, ME

Tupelo-Corinth, MS

Notes:
1. This list represents counties with no monitored ozone air pollution in unhealthful ranges using the Air Quality Index based on 2008 NAAQS.
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Cleanest Counties for Ozone Air Pollution1 (cont.)
County

State Metropolitan Statistical Area

County

Greene

MO Springfield, MO

Bradford

PA

Jasper

MO Joplin-Miami, MO-OK

Cambria

PA

Johnstown-Somerset, PA

Monroe

MO

Franklin

PA

Taney

MO

Washington-Baltimore-Arlington, DC-MDVA-WV-PA

Fergus

MT

Aiken

SC

Augusta-Richmond County, GA-SC

Flathead

MT

Anderson

SC

Greenville-Spartanburg-Anderson, SC

Lewis and Clark

MT

Berkeley

SC

Charleston-North Charleston, SC

Missoula

MT

Colleton

SC

Phillips

MT

Darlington

SC

Powder River

MT

Custer

SD

Richland

MT

Jackson

SD

Rosebud

MT

Meade

SD

Rapid City-Spearfish, SD

Lancaster

NE

Lincoln-Beatrice, NE

Union

SD

Sioux City, IA-NE-SD

Belknap

NH

Boston-Worcester-Providence, MA-RI-NH-CT

Anderson

TN

Knoxville-Morristown-Sevierville, TN

Grafton

NH

DeKalb

TN

Santa Fe

NM Albuquerque-Santa Fe-Las Vegas, NM

Wilson

TN

Alexander

NC

Hickory-Lenoir-Morganton, NC

Brewster

TX

Caldwell

NC

Hickory-Lenoir-Morganton, NC

Cameron

TX

Brownsville-Harlingen-Raymondville, TX

Carteret

NC

New Bern-Morehead City, NC

Harrison

TX

Longview, TX

Caswell

NC

Hidalgo

TX

McAllen-Edinburg, TX

Cumberland

NC

Fayetteville-Sanford-Lumberton, NC

Hunt

TX

Dallas-Fort Worth, TX-OK

Durham

NC

Raleigh-Durham-Cary, NC

Polk

TX

Edgecombe

NC

Rocky Mount-Wilson-Roanoke Rapids, NC

Webb

TX

Laredo, TX

Granville

NC

Raleigh-Durham-Cary, NC

Chittenden

VT

Burlington-South Burlington-Barre, VT

Johnston

NC

Raleigh-Durham-Cary, NC

Fauquier

VA

Lee

NC

Fayetteville-Sanford-Lumberton, NC

Washington-Baltimore-Arlington, DC-MDVA-WV-PA

Lenoir

NC

Greenville-Kinston-Washington, NC

Frederick

VA

Washington-Baltimore-Arlington, DC-MDVA-WV-PA

Martin

NC

Roanoke

VA

Roanoke, VA

Montgomery

NC

Rockbridge

VA

New Hanover

NC

Wilmington, NC

Wythe

VA

Pitt

NC

Greenville-Kinston-Washington, NC

Clallam

WA

Swain

NC

Skagit

WA Seattle-Tacoma, WA

Billings

ND

Whatcom

WA Bellingham, WA

Burke

ND

Greenbrier

WV

Burleigh

ND

Bismarck, ND

Ashland

WI

Cass

ND

Fargo-Wahpeton, ND-MN

Dane

WI

Madison-Janesville-Beloit, WI

McKenzie

ND

Eau Claire

WI

Eau Claire-Menomonie, WI

Mercer

ND

Forest

WI

Williams

ND

La Crosse

WI

La Crosse-Onalaska, WI-MN

Portage

OH Cleveland-Akron-Canton, OH

Marathon

WI

Wausau-Stevens Point-Wisconsin Rapids, WI

Adair

OK

Taylor

WI

Caddo

OK

Vilas

WI

Cherokee

OK

Big Horn

WY

Creek

OK

Converse

WY

Dewey

OK

Fremont

WY

Ottawa

OK

Natrona

WY Casper, WY

Pittsburg

OK

Teton

WY

Sequoyah

OK

Weston

WY

Missoula, MT

Tulsa-Muskogee-Bartlesville, OK
Joplin-Miami, MO-OK
Fort Smith, AR-OK

State Metropolitan Statistical Area

Florence, SC

Nashville-Davidson--Murfreesboro, TN

Notes:
1. This list represents counties with no monitored ozone air pollution in unhealthful ranges using the Air Quality Index based on 2008 NAAQS.
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Health Effects of Ozone
and Particle Pollution

Two types of air pollution dominate in the U.S.: ozone and particle pollution.1 These two
pollutants threaten the health and the lives of millions of Americans. Thanks to the
Clean Air Act, the U.S. has far less of both pollutants now than in the past. Still, more
than 141 million people live in counties where monitors show unhealthy levels of one or
both—meaning the air a family breathes could shorten life, cause lung cancer or other
harmful effects.
So what are ozone and particle pollution?

Ozone

It may be hard to imagine that pollution could be invisible, but ozone is. It is currently
one of the least well controlled pollutants in the United States.2 And it is also one of the
most dangerous.
Scientists have studied the effects of ozone on health for decades. Hundreds of
research studies have confirmed that ozone harms people at levels currently found in
the United States. In the last few years, we’ve learned that it can also be deadly.

What Is Ozone?
Ozone (O3) is a gas molecule composed of three oxygen atoms. Often called “smog,”
ozone is harmful to breathe. Ozone aggressively attacks lung tissue by reacting
chemically with it. When ozone is present, there are other harmful pollutants created by
the same processes that make ozone.

oxygen
oxygen

oxygen

The ozone layer found high in the upper atmosphere (the stratosphere) shields us from
much of the sun’s ultraviolet radiation. However, ozone air pollution at ground level
where we can breathe it (in the troposphere) causes serious health problems.

Where Does Ozone Come From?
Ozone develops in the atmosphere from gases that come out of tailpipes, smokestacks
and many other sources. When these gases come in contact with sunlight, they react
and form ozone smog.
The essential raw ingredients for ozone are nitrogen oxides (NOx) and volatile organic
compounds (VOCs). They are produced primarily when fossil fuels like gasoline, oil or
coal are burned or when some chemicals, like solvents, evaporate. NOx is emitted from
power plants, motor vehicles and other sources of high-heat combustion. VOCs are
emitted from motor vehicles, chemical plants, refineries, factories, gas stations, paint
and other sources.3
If the ingredients are present under the right conditions, they react to form ozone.
Sunlight is key. And because the reaction takes place in the atmosphere, the ozone often
shows up downwind of the sources of the original gases. In addition, winds can carry
ozone far from where it was formed, even internationally across borders and even across
the oceans.
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You may have wondered why “ozone action day” warnings are sometimes followed
by recommendations to avoid activities such as mowing your lawn or driving your car.
Lawn mower exhaust and gasoline vapors contain VOCs that are key to the formation
of ozone in the presence of heat and sunlight.

Who Is at Risk from Breathing Ozone?
Anyone who spends time outdoors where ozone pollution levels are high may be at risk.
Five groups of people are especially vulnerable to the effects of breathing ozone:
children and teens;4
■■ anyone 65 and older;5
■■ people who work or exercise outdoors;6
■■ people with existing lung diseases, such as asthma and chronic obstructive
pulmonary disease (also known as COPD, which includes emphysema and chronic
bronchitis);7 and
■■ people with cardiovascular disease.8
In addition, some evidence suggests that other groups—including women, people
who suffer from obesity and people with low incomes—may also face higher risk from
ozone.9 More research is needed to confirm these findings.
■■

The impact on your health can depend on many factors, however. For example, the risks
would be greater if ozone levels are higher, if you are breathing faster because you’re
working outdoors or if you spend more time outdoors.
A 2008 study of lifeguards in Galveston, Texas, provided evidence of the impact of even
short-term exposure to ozone on healthy, active adults. Testing the breathing capacity
of these outdoor workers several times a day, researchers found that many lifeguards
had greater obstruction of their airways when ozone levels were high. Because of this
research, Galveston became the first city in the nation to install an air quality warning
flag system on the beach.10

How Ozone Pollution Harms Your Health
Premature death. Breathing ozone can shorten your life. Strong evidence exists of the
deadly impact of ozone from large studies conducted in cities across the U.S., in Europe
and in Asia. Researchers repeatedly found that the risk of premature death increased
with higher levels of ozone.11 Newer research has confirmed that ozone increased the
risk of premature death even when other pollutants also exist.12
Immediate breathing problems. Many areas in the United States produce enough
ozone during the summer months to cause health problems that can be felt right away.
Immediate problems—in addition to increased risk of premature death—include:
■■
■■
■■
■■
■■
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shortness of breath, wheezing and coughing;
asthma attacks;
increased risk of respiratory infections;
increased susceptibility to pulmonary inflammation; and
increased need for people with lung diseases, like asthma or chronic obstructive
pulmonary disease (COPD), to receive medical treatment and to go to the hospital.13
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Cardiovascular effects. Inhaling ozone may affect the heart as well as the lungs. A 2006
study linked exposures to high ozone levels for as little as one hour to a particular type
of cardiac arrhythmia that itself increases the risk of premature death and stroke.14 A
French study found that exposure to elevated ozone levels for one to two days
increased the risk of heart attacks for middle-aged adults without heart disease.15
Several studies around the world have found increased risk of hospital admissions or
emergency department visits for cardiovascular disease.16
Long-term exposure risks. New studies warn of serious effects from breathing ozone
over longer periods. With more long-term data, scientists are finding that long-term
exposure—that is, for periods longer than eight hours, including days, months or years—
may increase the risk of early death.
Examining the records from a long-term national database, researchers found a
higher risk of death from respiratory diseases associated with increases in ozone.17
■■ New York researchers looking at hospital records for children’s asthma found that the
risk of admission to hospitals for asthma increased with chronic exposure to ozone.
Younger children and children from low-income families were more likely than other
children to need hospital admissions even during the same time periods.18
■■ California researchers analyzing data from their long-term Southern California
Children’s Health Study found that some children with certain genes were more likely
to develop asthma as adolescents in response to the variations in ozone levels in
their communities.19
■■ Studies link lower birth weight and decreased lung function in newborns to ozone
levels in their community.20 This research provides increasing evidence that ozone
may harm newborns.
Breathing other pollutants in the air may make your lungs more responsive to
ozone—and breathing ozone may increase your body’s response to other pollutants.
For example, research warns that breathing sulfur dioxide and nitrogen oxide—two
pollutants common in the eastern U.S.—can make the lungs react more strongly than to
just breathing ozone alone. Breathing ozone may also increase the response to allergens
in people with allergies. A large study published in 2009 found that children were more
likely to suffer from hay fever and respiratory allergies when ozone and PM2.5 levels
were high.21
■■

Research shows lower level of ozone causes harm. The EPA released their latest
complete review of the current research on ozone pollution in February 2013.22 The
EPA had engaged a panel of expert scientists, the Clean Air Scientific Advisory
Committee, to help them assess the evidence that was brought together by the EPA;
in particular, they examined research published between 2006 and 2012. The experts
on the committee and EPA concluded that ozone pollution posed multiple, serious
threats to health. Their findings are highlighted in the box below. Based on that review,
EPA strengthened the official limit on ozone, called the National Ambient Air Quality
Standard, in 2015.
However, new research provides evidence that ozone can cause serious harm even
at much lower levels. In a 2017 scientific paper, researchers further evidence in a
nationwide study that older adults faced a higher risk of premature death even when
levels of ozone pollution remained well below the current national standard.23
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EPA Concludes Ozone Pollution Poses Serious Health Threats (2013)
■■ Causes respiratory harm (e.g., worsened asthma, worsened COPD, inflammation)
■■ Likely to cause early death (both short-term and long-term exposure)
■■ Likely to cause cardiovascular harm (e.g., heart attacks, strokes, heart disease,
congestive heart failure)
■■ May cause harm to the central nervous system
■■ May cause reproductive and developmental harm
—U.S. Environmental Protection Agency, Integrated Science Assessment for Ozone and Related Photochemical
Oxidants, 2013. EPA/600/R-10/076F.

Particle Pollution

Ever look at dirty truck exhaust?
The dirty, smoky part of that stream of exhaust is made of particle pollution.
Overwhelming evidence shows that particle pollution—like that coming from that
exhaust smoke—can kill. Particle pollution can increase the risk of heart disease, lung
cancer and asthma attacks and can interfere with the growth and work of the lungs.

What Is Particle Pollution?
Particle pollution refers to a mix of tiny solid and liquid particles that are in the air we
breathe. Many of the particles are so small as to be invisible, but when levels are high,
the air becomes opaque. But nothing about particle pollution is simple. And it is so
dangerous that it can shorten your life.
Size matters. Particles themselves are different sizes. Some are one-tenth the diameter
of a strand of hair. Many are even tinier; some are so small they can only be seen with
an electron microscope. Because of their size, you can’t see the individual particles. You
can only see the haze that forms when millions of particles blur the spread of sunlight.
PM 2.5

HUMAN HAIR
50-70μm

(microns) in diameter

Combustion particles, organic
compounds, metals, etc.

< 2.5μm (microns) in diameter

PM 10

Dust, pollen, mold, etc.

< 10μm (microns) in diameter

90μm (microns) in diameter
FINE BEACH SAND

Image courtesy of the U.S. EPA

The differences in size make a big difference in how they affect us. Our natural defenses
help us to cough or sneeze larger particles out of our bodies. But those defenses don’t
keep out smaller particles, those that are smaller than 10 microns (or micrometers) in
diameter, or about one-seventh the diameter of a single human hair. These particles get
trapped in the lungs, while the smallest are so minute that they can pass through the
lungs into the bloodstream, just like the essential oxygen molecules we need to survive.
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Researchers categorize particles according to size, grouping them as coarse, fine and
ultrafine. Coarse particles (shown as blue dots in the illustration) fall between 2.5
microns and 10 microns in diameter and are called PM10-2.5. Fine particles (shown as
pink dots in the illustration) are 2.5 microns in diameter or smaller and are called PM2.5.
Ultrafine particles (not shown) are smaller than 0.1 micron in diameter24 and are small
enough to pass through the lung tissue into the blood stream, circulating like the
oxygen molecules themselves. No matter what the size, particles can harm your health.
“A mixture of mixtures.” Because particles form in so many ways, they can be composed
of many different compounds. Although we often think of particles as solids, not all
are. Some are completely liquid; others are solids suspended in liquids. As EPA put it,
particles are really “a mixture of mixtures.”25
The mixtures differ between the eastern and western United States and in different
times of the year. For example, the Midwest, Southeast and Northeast states have
more sulfate particles than the West on average, largely due to the high levels of sulfur
dioxide emitted by large, coal-fired power plants. By contrast, nitrate particles from
motor vehicle exhaust form a larger proportion of the unhealthful mix in the winter in
the Northeast, Southern California, the Northwest, and North Central U.S.26

Who Is at Risk?
Anyone who lives where particle pollution levels are high is at risk. Some people face
higher risk, however. People at the greatest risk from particle pollution exposure
include:
Infants, children and teens;27
■■ People over 65 years of age;28
■■ People with lung disease such as asthma and chronic obstructive pulmonary disease
(COPD), which includes chronic bronchitis and emphysema;
■■ People with heart disease29 or diabetes;30
■■ People with low incomes;31 and
■■ People who work or are active outdoors.32
Diabetics face increased risk at least in part because of their higher risk for
cardiovascular disease.33
■■

People with lung cancer also appear to be at higher risk from particle pollution,
according to a 2016 study of more than 350,000 patients in California. Researchers
looked at the exposure they experienced between 1988 and 2011 and found that
where higher concentrations of particle pollution existed, people with lung cancer had
poorer survival.34

What Can Particles Do to Your Health?
Particle pollution can be very dangerous to breathe depending on the level. Breathing
particle pollution may trigger illness, hospitalization and premature death, risks that are
showing up in new studies that validate earlier research.
Thanks to steps taken to reduce particle pollution, good news is growing from
researchers who study the drop in year-round levels of particle pollution.
■■

■■
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Looking at air quality in 545 counties in the U.S. between 2000 and 2007,
researchers found that people had approximately four months added to their life
expectancy on average due to cleaner air. Women and people who lived in urban and
densely populated counties benefited the most.35
Another long-term study of people in six U.S. cities tracked from 1974 to 2009
added more evidence of the benefits. The findings suggest that cleaning up particle
pollution had almost immediate health benefits. The researchers estimated that the
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U.S. could prevent approximately 34,000 premature deaths a year if the nation could
lower annual levels of particle pollution by 1 µg/m3.36
■■ Other researchers estimated that reductions in air pollution can be expected to
produce rapid improvements in public health, with fewer deaths occurring within the
first two years after reductions.37
These studies add to the growing research that cleaning up air pollution improves life
and health.

Short-Term Exposure Can Be Deadly
First and foremost, short-term exposure to particle pollution can kill. Peaks or spikes in
particle pollution can last from hours to days. Premature deaths from breathing these
particles can occur on the very day that particle levels are high, or within one to two
months afterward. Particle pollution does not just make people die a few days earlier
than they might otherwise—these are deaths that would not have occurred so early if
the air were cleaner.38
Even low levels of particles can be deadly. A 2016 study found that people aged
65 and older in New England faced a higher risk of premature death from particle
pollution, even in places that met current standards for short-term particle pollution.39
Another study in 2017 looked more closely at Boston and found a similar higher risk
of premature death from particle pollution in a city that meets current limits on shortterm particle pollution.40 Looking nationwide in a 2017 study, researchers found more
evidence that older adults faced a higher risk of premature death even when levels of
short-term particle pollution remained well below the current national standards. This
was consistent whether the older adults lived in cities, suburbs or rural areas.41
Particle pollution also diminishes lung function, causes greater use of asthma
medications and increased rates of school absenteeism, emergency room visits and
hospital admissions. Other adverse effects include coughing, wheezing, cardiac
arrhythmias and heart attacks. According to extensive research, short-term increases in
particle pollution have been linked to:
death from respiratory and cardiovascular causes, including strokes;42,43,44,45
■■ increased mortality in infants and young children;46
■■ increased numbers of heart attacks, especially among the elderly and in people with
heart conditions;47
■■ inflammation of lung tissue in young, healthy adults;48
■■ increased hospitalization for cardiovascular disease, including strokes and congestive
heart failure;49,50,51
■■ increased emergency room visits for patients suffering from acute respiratory
ailments;52
■■ increased hospitalization for asthma among children;53,54,55 and
■■ increased severity of asthma attacks in children.56
Again, the impact of even short-term exposure to particle pollution on healthy adults
was demonstrated in the Galveston lifeguard study. In addition to the harmful effects
of ozone pollution, lifeguards had reduced lung volume at the end of the day when fine
particle levels were high.57
■■

Year-Round Exposure
Breathing high levels of particle pollution day in and day out can also be deadly, as
landmark studies in the 1990s conclusively showed58 and as later studies confirmed.59
Chronic exposure to particle pollution can shorten life by one to three years.60 Recent
research has confirmed that long-term exposure to particle pollution still kills, even with
the declining levels in the U.S. since 200061 and even in areas, such as New England,
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that currently meet the official limit, or standard, for year-round particle pollution.62
In 2013, the International Agency for Research on Cancer (known as IARC), part of the
World Health Organization, concluded that particle pollution causes lung cancer. The
IARC based its decision on the review of multiple studies from the U.S., Europe, and
Asia and the presence of carcinogens on the particles.63
Year-round exposure to particle pollution has also been linked to:
increased hospitalization for asthma attacks for children living near roads with heavy
truck or trailer traffic;64,65
■■ slowed lung function growth in children and teenagers;66,67
■■ development of asthma in children up to age 14;68
■■ significant damage to the small airways of the lungs;69
■■ increased risk of death from cardiovascular disease;70 and
■■ increased risk of lower birth weight and infant mortality.71
Research has found evidence that long-term exposure to particle pollution may increase
the risk of developing diabetes. Two independent reviews of published research found
that particle pollution may increase the risk of developing type 2 diabetes mellitus.
■■

Studies examining the impact on the nervous system of long-term exposure to particle
pollution have found links to cognitive affects in adults including dementia and
Alzheimer’s Disease.73 Scientists have found links between particle pollution and other
mental health concerns.74,75
The EPA is conducting their new review of the current research on particle pollution.
Their findings from the last review, completed in December 2009,76 are highlighted in
the box below.
EPA Concludes Fine Particle Pollution Poses Serious Health Threats (2009)
Causes early death (both short-term and long-term exposure)
Causes cardiovascular harm (e.g., heart attacks, strokes, heart disease, congestive
heart failure)
■■ Likely to cause respiratory harm (e.g., worsened asthma, worsened COPD,
inflammation)
■■ May cause cancer
■■ May cause reproductive and developmental harm
■■
■■

—U.S. Environmental Protection Agency, Integrated Science Assessment for Particulate Matter, December 2009.
EPA 600/R-08/139F

Where Does Particle Pollution Come From?
Particle pollution is produced through two separate processes—mechanical and
chemical.
Mechanical processes break down bigger bits into smaller bits with the material
remaining essentially the same, only becoming smaller. Mechanical processes primarily
create coarse particles.77 Dust storms, construction and demolition, mining operations,
and agriculture are among the activities that produce coarse particles. Tire, brake pad
and road wear can also create coarse particles. Bacteria, pollen, mold, and plant and
animal debris are also included as coarse particles.78
By contrast, chemical processes in the atmosphere create most of the tiniest fine and
ultrafine particles in the air. Burning fuels or other human activity or by natural sources
emit gases that form particles in the air. These gases can oxidize and then condense to
become a particle of a simple chemical compound. Or they can react with other gases
or particles in the atmosphere to form a particle of a different or of multiple chemical
compounds. Particles formed by this latter process come from the reaction of elemental
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carbon (soot), heavy metals, sulfur dioxide (SO2), nitrogen oxides (NOX) and volatile
organic compounds with water and other compounds in the atmosphere.79 Burning fossil
fuels in factories, power plants, diesel- and gasoline-powered motor vehicles (cars and
trucks) and equipment generate a large part of the raw materials for fine particles. Other
sources include burning wood in residential fireplaces and wood stoves or wildfires.

Are Some Particles More Dangerous Than Others?
With so many sources of particles, researchers want to know if some particles pose
greater risk than others. Researchers are exploring possible differences in health effects
of the sizes of particles and particles from different sources, such as diesel particles
from trucks and buses or sulfates from coal-fired power plants. Recent studies have
tried to answer this question. So far, the answers are complicated.
Each particle may have many different components. The building blocks of each
can include several biological and chemical components. Bacteria, pollen and other
biological ingredients can combine in the particle with chemical agents, such as heavy
metals, elemental carbon, dust and secondary species like sulfates and nitrates. These
combinations mean that particles can have complex effects on the body.80
Some studies have found different kinds of particles may have greater risk for different
health outcomes.81,82,83
Other studies have identified the challenges of exploring all the kinds of particles and
their health effects with the limited monitoring across the nation.84 Some particles serve
as carriers for other chemicals that are also toxic, and the combination may worsen the
impact.85,86
The best evidence shows that having less of all types of particles in the air leads to
better health and longer lives.

Focusing on Children’s
Health

Children face special risks from air pollution because their lungs are growing and
because they are so active and breathe in a great deal of air.
Just like the arms and legs, the largest portion of a child’s lungs will grow long after he
or she is born. Eighty percent of their tiny air sacs develop after birth. Those sacs, called
the alveoli, are where the life-sustaining transfer of oxygen to the blood takes place.
The lungs and their alveoli aren’t fully grown until children become adults.87 In addition,
the body’s defenses that help adults fight off infections are still developing in young
bodies.88 Children have more respiratory infections than adults, which also seems to
increase their susceptibility to air pollution.89
Furthermore, children don’t behave like adults, and their behavior also affects their
vulnerability. They are outside for longer periods and are usually more active when
outdoors. Consequently, they inhale more polluted outdoor air than adults typically do.90

Air Pollution Affects Children Before They Are Born
Several studies have found air pollution linked to harm to children while they are still
in the womb. A large study in California found that higher particle pollution levels
increased the risk of preterm birth.91 Pregnant women exposed to even low levels of
particle pollution had higher risk for preterm birth in a Boston study.92 Preterm births
occurred more frequently when particle pollution spiked, as an Australian study found,
even when they controlled for other risk factors.93

Air Pollution Limits Lung Growth in Children
The Southern California Children’s Health study looked at the long-term effects of air
pollution on children and teenagers. Tracking 1,759 children who were between ages 10
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and 18 from 1993 to 2001, researchers found that those who grew up in more polluted
areas face the increased risk of having reduced lung growth, which may never recover
to their full capacity. The average drop in lung function was similar to the impact of
growing up in a home with parents who smoked.94
Community health studies are pointing to less obvious, but serious effects from yearround exposure to ozone, especially for children. Scientists followed 500 Yale University
students and determined that living just four years in a region with high levels of ozone
and related co-pollutants was associated with diminished lung function and frequent
reports of respiratory symptoms.95 Another earlier report from the Children’s Health
study of 3,300 schoolchildren in Southern California found reduced lung function in
girls with asthma and boys who spent more time outdoors in areas with high levels of
ozone.96

Cleaning Up Pollution Can Reduce Risk to Children
There is also real-world evidence that reducing air pollution can help protect children.
A 2015 follow-up to the Southern California Children’s Health study showed that
reducing pollution could improve children’s health. They compared the children who
had been part of their earlier studies to a new group of 863 children living in the same
area, but growing up between 2007 and 2011, when the air in Southern California was
much cleaner. Children growing up in the cleaner air had much greater lung function,
a benefit that may help them throughout their lives. As the researchers noted, their
study suggested that “all children have the potential to benefit from improvements in air
quality.”97
Further evidence that cleaner air provides real benefits to children’s health came in a
2016 report from the same study exploring changes to 4,602 children’s respiratory
symptoms such as coughing, congestion and phlegm. The study looked at the changes
in these symptoms in three groups of children living in Southern California over
different periods of time when air quality also differed (1993-2001, 1996-2004, and
2003-2012). As air quality improved, the children in the study suffered fewer bronchial
symptoms whether they had asthma or not. In communities where the air quality
improved the most, the children experienced even fewer symptoms.98
So, does cleaning up the air really improve children’s health? In 2017, the researchers
reviewed these long-term studies of children in Southern California and the impact
of improvements in air quality on their health. They concluded that the 20 years of
collected data provided strong evidence of the potential to improve children’s health by
reducing some of the most common outdoor air pollutants.99
The U.S. is not alone in this finding. In Switzerland, particle pollution dropped during
a period in the 1990s. Researchers there tracked 9,000 children over a nine-year
period, following their respiratory symptoms. After taking other factors such as family
characteristics and indoor air pollution into account, the researchers noted that
during the years with less pollution, the children had fewer episodes of chronic cough,
bronchitis, common cold and conjunctivitis symptoms.100

Disparities in the Impact
of Air Pollution
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The burden of air pollution is not evenly shared. Poorer people and some racial and
ethnic groups are among those who often face higher exposure to pollutants and who
may experience greater responses to such pollution. Many studies have explored the
differences in harm from air pollution to racial or ethnic groups and people who are in a
low socioeconomic position, have less education, or live nearer to major sources,101
including a workshop the American Lung Association held in 2001 that focused on
urban air pollution and health inequities.102
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Many studies have looked at differences in the impact of air pollution on premature
death. Results have varied widely, particularly for effects between racial groups.
Some studies have found no differences among races,103 while others found greater
responsiveness for whites and Hispanics, but not African Americans,104 or for African
Americans but not other races or ethnic groups.105 Other researchers have found
greater risk for African Americans from hazardous air pollutants, including those
pollutants that also come from traffic sources.106
Socioeconomic position has been more consistently associated with greater harm from
air pollution. Multiple large studies show evidence of that link. Low socioeconomic
status consistently increased the risk of premature death from fine particle pollution
among 13.2 million Medicare recipients studied in the largest examination of particle
pollution-related mortality nationwide.107 In the 2008 study that found greater risk
for premature death for communities with higher African American populations,
researchers also found greater risk for people living in areas with higher unemployment
or higher use of public transportation.108 A 2008 study of Washington, DC, found that
while poor air quality and worsened asthma went hand in hand in areas where Medicaid
enrollment was high, the areas with the highest Medicaid enrollment did not always
have the strongest association of high air pollution and asthma attacks.109 A 2016 study
of New Jersey residents found that the risk of dying early from long-term exposure to
particle pollution was higher in communities with larger African-American populations,
lower home values and lower median income.110 However, two other studies in France
have found no association with lower income and asthma attacks.111
Scientists have speculated that there are three broad reasons why disparities may
exist. First, groups may face greater exposure to pollution because of factors ranging
from racism to class bias to housing market dynamics and land costs. For example,
pollution sources may be located near disadvantaged communities, increasing exposure
to harmful pollutants. Second, low social position may make some groups more
susceptible to health threats because of factors related to their disadvantage. Lack of
access to health care, grocery stores and good jobs; poorer job opportunities; dirtier
workplaces or higher traffic exposure are among the factors that could handicap groups
and increase the risk of harm. Finally, existing health conditions, behaviors or traits may
predispose some groups to greater risk. For example, diabetics are among the groups
most at risk from air pollutants, and the elderly, African Americans, Mexican Americans
and people living near a central city have higher incidence of diabetes.112
People of color also may be more likely to live in counties with higher levels of pollution.
Non-Hispanic blacks and Hispanics were more likely to live in counties that had worse
problems with particle pollution, researchers found in a 2011 analysis. Non-Hispanic
blacks were also more likely to live in counties with worse ozone pollution. Income
groups, by contrast, differed little in these exposures. However, since few rural counties
have monitors, the primarily older, non-Hispanic white residents of those counties lack
information about the air quality in their communities.113
Unemployed people, those with low income or low education and non-Hispanic blacks
were found to be more likely to live in areas with higher exposures to particle pollution
in a 2012 study. However, the different racial/ethnic and income groups were often
breathing very different kinds of particles; the different composition and structure of
these particles may have different health impacts.114

Highways May Be Especially Dangerous for Breathing
Being in heavy traffic or living near a road may be risky compared with being in other
places in a community. Growing evidence shows that pollution levels along busy
highways may be higher than in the community as a whole, increasing the risk of harm
to people who live or work near busy roads.
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The number of people living “next to a busy road” may include 30 to 45 percent of
the urban population in North America, according to the most recent review of the
evidence. In January 2010, the Health Effects Institute published a major review of the
evidence put together by a panel of expert scientists. The panel looked at over 700
studies from around the world, examining the health effects of traffic pollution. They
concluded that traffic pollution causes asthma attacks in children, and may cause a wide
range of other effects including the onset of childhood asthma, impaired lung function,
premature death and death from cardiovascular diseases, and cardiovascular morbidity.
The area most affected, they concluded, was roughly the band within 0.2 to 0.3 miles
(300 to 500 meters) of the highway.115
Children and teenagers are among the most vulnerable—though not the only ones at
risk. A Danish study found that long-term exposure to traffic air pollution may increase
the risk of developing chronic obstructive pulmonary disease (COPD). They found that
those most at risk were people who already had asthma or diabetes.116 Studies have
found increased risk of premature death from living near a major highway or an urban
road.117 Another study found an increase in risk of heart attacks from being in traffic,
whether driving or taking public transportation.118 Urban women in a Boston study
experienced decreased lung function associated with traffic-related pollution.119
Adults living closer to the road—within 300 meters—may risk dementia. In 2017, a
study of residents of Ontario, Canada, found that those who lived close to heavy traffic
had a higher risk of dementia, although not for Parkinson’s disease or multiple sclerosis.
Researchers found the strongest association among those who lived closest to the
roads (less than 50 meters), who had never moved and who lived in major cities.120
A study of older men in 2011 also found that long-term exposure to traffic pollution
increased their risk of having poor cognition.121

How to Protect Yourself
from Ozone and Particle
Pollution

To minimize your exposure to ozone and particle pollution:
Pay attention to forecasts for high air pollution days to know when to take
precautions;
■■ Avoid exercising near high-traffic areas;
■■ Avoid exercising outdoors when pollution levels are high, or substitute an activity
that requires less exertion;
■■ Do not let anyone smoke indoors and support measures to make all places
smokefree; and
■■ Reduce the use of fireplaces and wood-burning stoves.
Bottom line: Help yourself and everyone else breathe easier. Support national, state and
local efforts to clean up sources of pollution. Your life and the life of someone you love
may depend on it.
■■
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Statistical Methodology:
The Air Quality Data

Data Sources
Ozone and short-term particle pollution. The data on air quality throughout the United
States were obtained from the U.S. Environmental Protection Agency’s Air Quality
System (AQS), formerly called Aerometric Information Retrieval System (AIRS) database.
The American Lung Association contracted with Dr. Allen S. Lefohn, A.S.L. & Associates,
Helena, Montana, to characterize the hourly averaged ozone concentration information
and the 24-hour averaged PM2.5 concentration information for the three-year period for
2015-2017 for each monitoring site.
Year-round particle pollution. Design values for the annual PM2.5 concentrations by
county for the period 2015-2017 were retrieved from data posted on July 23, 2018,
at the U.S. Environmental Protection Agency’s website at https://www.epa.gov/sites/
production/files/2018-07/pm10_designvalues_20152017_final_07_24_18.xlsx.

Ozone Data Analysis
The 2015, 2016, and 2017 AQS hourly ozone data were used to calculate the daily
8-hour maximum concentration for each ozone-monitoring site. The hourly averaged
ozone data were downloaded on June 30, 2018, following the close of the authorized
period for quality review and assurance certification of data. Only the hourly average
ozone concentrations derived from FRM and FEM monitors were used in the analysis.
The data were considered for a three-year period for the same reason that the EPA
uses three years of data to determine compliance with the ozone standard: to prevent
a situation in any single year, where anomalies of weather or other factors create air
pollution levels, which inaccurately reflect the normal conditions. The highest 8-hour
daily maximum concentration in each county for 2015, 2016, and 2017, based on the
EPA-defined ozone season, was identified.
The current national ambient air quality standard for ozone is 70 parts per billion
(ppb) measured over eight hours. The EPA’s Air Quality Index reflects the 70 ppb
standard. A.S.L. & Associates prepared a table by county that summarized, for each of
the three years, the number of days the ozone level was within the ranges identified by
the EPA based on the EPA Air Quality Index:
8-hour Ozone Concentration

Air Quality Index Levels

0 – 54 ppb

n Good (Green)

55 – 70 ppb

n Moderate (Yellow)

71 – 85 ppb

n Unhealthy for Sensitive Groups (Orange)

86 – 105 ppb

n Unhealthy (Red)

106 – 200 ppb

n Very Unhealthy (Purple)

>200 ppb

n Hazardous (Maroon)

The goal of this report was to identify the number of days that 8-hour daily maximum
concentrations in each county occurred within the defined ranges. This approach
provided an indication of the level of pollution for all monitored days, not just those
days that fell under the requirements for attaining the national ambient air quality
standards. Therefore, no data capture criteria were applied to eliminate monitoring sites
or to require a number of valid days for the ozone season.
The daily maximum 8-hour average concentration for a given day is derived from the
highest of the 17 consecutive 8-hour averages beginning with the 8-hour period from
7:00 a.m. to 3:00 p.m. and ending with the 8-hour period from 11:00 p.m. to 7:00 a.m.
the following day. This follows the process EPA uses for the current ozone standard
adopted in 2015, but differs from the form used under the previous 0.075 ppm 8-hour
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average ozone standard that was established in 2008. All valid days of data within the
ozone season were used in the analysis. However, for computing an 8-hour average,
at least 75 percent of the hourly concentrations (i.e., 6-8 hours) had to be available
for the 8-hour period. In addition, an 8-hour daily maximum average was identified if
valid 8-hour averages were available for at least 75 percent of possible hours in the
day (i.e., at least 13 of the possible 17 8-hour averages). Because the EPA includes days
with inadequate data (i.e., not 75 percent complete) if the standard value is exceeded,
our data capture methodology also included the site’s 8-hour value if at least one valid
8-hour period were available and it was 71 ppb or higher.
As instructed by the Lung Association, A.S.L. & Associates included the exceptional
and natural events that were identified in the database and identified for the Lung
Association the dates and monitoring sites that experienced such events. Some data
have been flagged by the state or local air pollution control agency to indicate that
they had raised issues with EPA about those data. For each day across all sites within
a specific county, the highest daily maximum 8-hour average ozone concentration was
recorded and then the results were summarized by county for the number of days the
ozone levels were within the ranges identified above.
Following receipt of the above information, the American Lung Association identified
the number of days each county, with at least one ozone monitor, experienced air
quality designated as orange (Unhealthy for Sensitive Groups), red (Unhealthy), or
purple (Very Unhealthy).

Short-Term Particle Pollution Data Analysis
A.S.L. & Associates identified the maximum daily 24-hour AQS PM2.5 concentration for
each county in 2015, 2016, and 2017 with monitoring information. The 24-hour PM2.5 data
were downloaded on August 13, 2018, following the close of the authorized period for
quality review and assurance certification of data. In addition, on August 9, 2018, hourly
averaged PM2.5 concentration data were characterized into 24-hour average PM2.5 values
by the EPA and provided to A.S.L. & Associates. Using these results, A.S.L. & Associates
prepared a table by county that summarized, for each of the three years, the number of
days the maximum of the daily PM2.5 concentration was within the ranges identified by the
EPA based on the EPA Air Quality Index, as adopted by the EPA on December 14, 2012:
24-hour PM2.5 Concentration

Air Quality Index Levels

0.0 mg/m3 to 12.0 mg/m3

n	 Good (Green)

12.1 mg/m3 to 35.4 mg/m3

n	 Moderate (Yellow)

35.5 mg/m3 to 55.4 mg/m3

n	 Unhealthy for Sensitive Groups (Orange)

55.5 mg/m3 to 150.4 mg/m3

n	 Unhealthy (Red)

150.5 mg/m3 to 250.4 mg/m3

n	 Very Unhealthy (Purple)

equal to or greater than 250.5 mg/m3

n	 Hazardous (Maroon)

All previous data collected for 24-hour average PM2.5 were characterized using the AQI
thresholds listed above.
The goal of this report was to identify the number of days that the maximum in each
county of the daily PM2.5 concentration occurred within the defined ranges. This approach
provided an indication of the level of pollution for all monitored days, not just those days
that fell under the requirements for attaining the national ambient air quality standards.
Therefore, no data capture criteria were used to eliminate monitoring sites. Both 24hour averaged PM data, as well as hourly averaged PM data averaged over 24 hours
were used. Included in the analysis are data collected using only FRM and FEM methods,
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which reported hourly and 24-hour averaged data. As instructed by the Lung Association,
A.S.L. & Associates included the exceptional and natural events that were identified in
the database and identified for the Lung Association the dates and monitoring sites that
experienced such events. Some data have been flagged by the state or local air pollution
control agency to indicate that they had raised issues with EPA about those data. For
each day across all sites within a specific county, the highest daily maximum 24-h PM2.5
concentration was recorded and then the results were summarized by county for the
number of days the concentration levels were within the ranges identified above.
Following receipt of the above information, the American Lung Association identified
the number of days each county, with at least one PM2.5 monitor, experienced air quality
designated as orange (Unhealthy for Sensitive Groups), red (Unhealthy), purple (Very
Unhealthy) or maroon (Hazardous).

Description of County
Grading System

Ozone and Short-Term Particle Pollution (24-hour PM2.5)

The grades for ozone and short-term particle pollution (24-hour PM2.5) were based
on a weighted average for each county. To determine the weighted average, the Lung
Association followed these steps:
1. First, assigned weighting factors to each category of the Air Quality Index. The
number of orange days experienced by each county received a factor of 1; red days,
a factor of 1.5; purple days, a factor of 2; and maroon days, a factor of 2.5. This
allowed days where the air pollution levels were higher to receive greater weight.
2. Next, multiplied the total number of days within each category by their assigned
factor, and then summed all the categories to calculate a total.
3. Finally, divided the total by three to determine the weighted average, since the
monitoring data were collected over a three-year period.
The weighted average determined each county’s grades for ozone and 24-hour PM2.5.
■■

■■

■■

All counties with a weighted average of zero (corresponding to no exceedances of
the standard over the three-year period) were given a grade of “A.”
For ozone, an “F” grade was set to generally correlate with the number of unhealthy
air days that would place a county in nonattainment for the ozone standard.
For short-term particle pollution, fewer unhealthy air days are required for an F than
for nonattainment under the PM2.5 standard. The national air quality standard is set
to allow two percent of the days during the three years to exceed 35 µg/m3 (called
a “98th percentile” form) before violating the standard. That would be roughly 21
unhealthy days in three years. The grading used in this report would allow only about
one percent of the days to be over 35 µg/m3 (called a “99th percentile” form) of the
PM2.5. The American Lung Association supports using the tighter limits in a 99th
percentile form as a more appropriate standard that is intended to protect the public
from short-term episodes or spikes in pollution.

Grading System
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Grade

Weighted Average

Approximate Number of Allowable
Orange/Red/Purple/Maroon days

A

0.0

None

B

0.3 to 0.9

1 to 2 orange days with no red

C

1.0 to 2.0

3 to 6 days over the standard: 3 to 5 orange with no more
than 1 red OR 6 orange with no red

D

2.1 to 3.2

7 to 9 days over the standard: 7 total (including up to 2 red) to
9 orange with no red

F

3.3 or higher

9 days or more over the standard: 10 orange days or 9 total
including at least 1 or more red, purple or maroon
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Weighted averages allow comparisons to be drawn based on severity of air pollution.
For example, if one county had nine orange days and no red days, it would earn a
weighted average of 3.0 and a D grade. However, another county that had only eight
orange days but also two red days, which signify days with more serious air pollution,
would receive an F. That second county would have a weighted average of 3.7.
Note that this system differs significantly from the methodology the EPA uses to
determine violations of both the ozone and the 24-hour PM2.5 standards. The EPA
determines whether a county violates the standard based on the fourth maximum daily
8-hour ozone reading each year averaged over three years. Multiple days of unhealthy
air beyond the highest four in each year are not considered. By contrast, the system
used in this report recognizes when a community’s air quality repeatedly results in
unhealthy air throughout the three years. Consequently, some counties will receive
grades of “F” in this report, showing repeated instances of unhealthy air, while still
meeting the EPA’s 2015 ozone standard. The American Lung Association’s position is
that the evidence shows that the 2015 ozone standard, although stronger than the
2008 standard, still fails to adequately protect public health.
The Lung Association calculates the county population at risk from these pollutants
based on the population from the entire county where the monitor is located. The Lung
Association then calculates the metropolitan population at risk based upon the largest
metropolitan area that contains that county. Not only do people from that county
or metropolitan area circulate within the county and the metropolitan area, the air
pollution circulates to that monitor through the county and metropolitan area.
Counties were ranked by weighted average. Metropolitan areas were ranked by the
highest weighted average among the counties within a given Metropolitan Statistical
Area as of 2018 as defined by the White House Office of Management and Budget
(OMB).

Year-Round Particle Pollution (Annual PM2.5)

Since no comparable Air Quality Index exists for year-round particle pollution (annual
PM2.5), the grading was based on the 2012 National Ambient Air Quality Standard for
annual PM2.5 of 12 µg/m3. Counties that EPA listed as being at or below 12 µg/m3 were
given grades of “Pass.” Counties EPA listed as being at or above 12.1 µg/m3 were given
grades of “Fail.” Where insufficient data existed for EPA to determine a design value,
those counties received a grade of “Incomplete.”
Design value is the calculated concentration of a pollutant based on the form of the
national ambient air quality standard and is used by EPA to determine whether the
air quality in a county meets the standard. Counties were ranked by design value.
Metropolitan areas were ranked by the highest design value among the counties within
a given Metropolitan Statistical Area as of 2018 as defined by the OMB.
The Lung Association received critical assistance from members of the National
Association of Clean Air Agencies and the Association of Air Pollution Control Agencies.
With their assistance, all state and local agencies were provided the opportunity
to review and comment on the data in draft tabular form. The Lung Association
reviewed all discrepancies with the agencies and, if needed, with Dr. Lefohn at A.S.L. &
Associates. The American Lung Association wishes to express its continued appreciation
to the state and local air directors for their willingness to assist in ensuring that the
characterized data used in this report are correct.
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Presently county-specific measurements of the number of persons with chronic
conditions are not generally available. To assess the magnitude of chronic conditions at
the state and county levels, we have employed a synthetic estimation technique
originally developed by the U.S. Census Bureau. This method uses age-specific national
and state estimates of self-reported conditions to project disease prevalence to the
county level. The exception to this is poverty, for which estimates are available at the
county level.

Calculations of
Populations at Risk

Population Estimates
The Lung Association includes the total county population in discussions of populations
at risk from exposure to pollution in each county. The Lung Association uses that
conservative count based on several factors: the recognized limited number and
locations of monitors in most counties and metropolitan areas; the movement of the
population both in daily activities, including outdoor activities, such as exercise or work;
and the transport of emission from sources into and across the county to reach the
monitor.
Not only do people from that county or metropolitan area circulate within the county
and the metropolitan area, the air pollution circulates to that monitor through the
county and metropolitan area. For that reason, the Lung Association calculates the
county population at risk from these pollutants based on the population from the
entire county where the monitor is located. The Lung Association then calculates the
metropolitan population at risk based upon the largest metropolitan area that contains
that county.
The counties assigned to a metropolitan area follow the groupings determined by the
White House Office of Management and Budget (OMB) and used by the U.S. Census
Bureau. The Lung Association uses the largest definition of a metropolitan area for
these groupings where at least one urban core of 50,000 people or more is present.
The Metropolitan Statistical Areas and Combined Statistical Areas are used as the basis
for considering populations at risk in these urban areas because they reflect the “high
degree of social and economic interaction as measured by commuting ties,” as OMB
describes them.1 The definitions of these areas reflect review and analysis of such
patterns by these agencies.
The U.S. Census Bureau estimated data on the total population of each county in the
United States for 2017. The Census Bureau also estimated the age-specific breakdown
of the population and the number of individuals living in poverty by county. These
estimates are the best information on population demographics available between
decennial censuses.
Poverty estimates came from the Census Bureau’s Small Area Income and Poverty
Estimates (SAIPE) program. The program does not use direct counts or estimates from
sample surveys, as these methods would not provide sufficient data for all counties.
Instead, a model based on estimates of income or poverty from the Annual Social
and Economic Supplement (ASEC) to the Current Population Survey (CPS) is used to
develop estimates for all states and counties.

Prevalence Estimates
Chronic Obstructive Pulmonary Disease, Cardiovascular Disease, Asthma and
Diabetes. In 2017, the Behavioral Risk Factor Surveillance System (BRFSS) survey found
that approximately 22.5 million (9.2 percent) of adults residing in the United States and
7.9 percent of children from 27 states and Washington D.C. reported currently having
asthma. Among adults in the United States in 2017, 16.3 million (6.6 percent) had ever
1 Executive Office of the President, Office of Management and Budget Bulletin No. 18-04. September 14, 2018.
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been diagnosed with chronic obstructive pulmonary disease (COPD), 21.1 million
(8.3 percent) had ever been diagnosed with cardiovascular disease, and 27.0 million
(9.0 percent) had ever been diagnosed with diabetes.
The prevalence estimate for pediatric asthma is calculated for those younger than
18 years. Local area prevalence of pediatric asthma is estimated by applying 2017
state prevalence rates, or, if not available, the national rate from the BRFSS to
pediatric county-level resident populations obtained from the U.S. Census Bureau
website. Pediatric asthma data from the 2017 BRFSS were available for 27 states and
Washington D.C., from the 2016 BRFSS for four states, from the 2015 BRFSS for three
states, from the 2014 BRFSS for five states, from the 2012 BRFSS for two states, from
the 2011 BRFSS for one state, and national data were used for the eight states2 that
had no data available. Data from earlier years were not used due to changes in the 2011
survey methodology.
The prevalence estimate for COPD, cardiovascular disease, adult asthma and diabetes
is calculated for those aged 18-44 years, 45-64 years and 65 years and older. Local area
prevalence for these diseases is estimated by applying age-specific state prevalence
rates from the 2017 BRFSS to age-specific county-level resident populations obtained
from the U.S. Census Bureau website. Cardiovascular disease included ever having been
diagnosed with a heart attack, angina or coronary heart disease, or stroke.

Incidence Estimates
Lung Cancer. State- and gender-specific lung cancer incidence rates for 2015 were
obtained from StateCancerProfiles.gov, a system that provides access to statistics from
both the NCI’s Surveillance, Epidemiology and End Results (SEER) program and the
CDC’s National Program of Cancer Registries.
Local area incidence of lung cancer is estimated by applying 2015 age-adjusted and
sex-specific incidence rates to 2017 county populations obtained from the U.S. Census
Bureau. Thereafter, the incidence estimates for each county within a state are summed
to determine overall incidence.
Limitations of Estimates. Since the statistics presented by the BRFSS and SAIPE are
based on a sample, they will differ (due to random sampling variability) from figures that
would be derived from a complete census or case registry of people in the U.S. with
these diseases. The results are also subject to reporting, non-response and processing
errors. These types of errors are kept to a minimum by methods built into the survey.
Additionally, a major limitation of the BRFSS is that the information collected represents
self-reports of medically diagnosed conditions, which may underestimate disease
prevalence since not all individuals with these conditions have been properly diagnosed.
However, the BRFSS is the best available source for information on the magnitude
of chronic disease at the state level. The conditions covered in the survey may vary
considerably in the accuracy and completeness with which they are reported.
Local estimates of chronic diseases are scaled in direct proportion to the base
population of the county and its age distribution. No adjustments are made for other
factors that may affect local prevalence (e.g., local prevalence of cigarette smokers
or occupational exposures) since the health surveys that obtain such data are rarely
conducted on the county level. Because the estimates do not account for geographic
differences in the prevalence of chronic and acute diseases, the sum of the estimates
for each of the counties in the United States may not exactly reflect the national or
state estimates derived from the BRFSS.

2 2016: Arizona, Kentucky, Oklahoma, Washington. 2015: Louisiana, New Hampshire, Texas. 2014: Alabama, Maryland, North
Carolina, Tennessee, West Virginia. 2012: North Dakota and Wyoming. 2011: Iowa. National: Alaska, Arkansas, Colorado,
Delaware, Idaho, South Carolina, South Dakota, and Virginia.

56

LUNG.org

AMERICAN LUNG ASSOCIATION STATE OF THE AIR 2019

METHODOLOGY

References
1. Irwin, R. Guide to Local Area Populations. U.S. Bureau of the Census, Technical Paper Number 39 (1972).
2. Centers for Disease Control and Prevention. Behavioral Risk Factor Surveillance System, 2017.
3. StateCancerProfile.gov, 2018. Cancer Incidence by State and Gender, 2015.
4. Population Estimates Branch, U.S. Census Bureau. Annual Estimates of the Resident Population by Selected Age Groups and
Sex for Counties: April 1, 2010 to July 1, 2017.
5. Office of Management and Budget. Revised Delineations of Metropolitan Statistical Areas, Micropolitan Statistical Areas, and
Combined Statistical Areas, and Guidance on Uses of the Delineations of These Areas. OMB Bulletin 18-04 September 14,
2018.
6. U.S. Census Bureau. Small Area Income and Poverty Estimates. State and County Data, 2017.

57

LUNG.org

AMERICAN LUNG ASSOCIATION STATE OF THE AIR 2019

S TAT E TA B L E S

State Table Notes

A full explanation of the sources of data and methodology is in Methodology.
Notes for all state data tables

Notes for all state grades tables.

1. Total Population is based on 2017 U.S. Census and represents the
at-risk populations in counties with ozone or PM2.5 pollution monitors;
it does not represent the entire state’s sensitive populations.

1. Not all counties have monitors for either ozone or particle pollution.
If a county does not have a monitor, that county’s name is not on the
list in these tables. The decision about monitors in the county is made
by the state and the U.S. Environmental Protection Agency, not by the
American Lung Association.

2. Those 18 & under and 65 & over are vulnerable to ozone and PM2.5.
Do not use them as population denominators for disease estimates—
that will lead to incorrect estimates.
3. Pediatric asthma estimates are for those under 18 years of age and
represent the estimated number of people who had asthma in 2017
based on the state rates when available or national rates when not
(Behavioral Risk Factor Surveillance System, or BRFSS), applied to
county population estimates (U.S. Census).
4. Adult asthma estimates are for those 18 years and older and represent
the estimated number of people who had asthma during 2017 based
on state rates (BRFSS) applied to county population estimates (U.S.
Census).
5. COPD estimates are for adults 18 and over who had ever been
diagnosed with chronic obstructive pulmonary disease, which includes
chronic bronchitis and emphysema, based on state rates (BRFSS)
applied to county population estimates (U.S. Census).
6. Lung cancer estimates are for all ages and represent the estimated
number of people diagnosed with lung cancer in 2015 based on state
rates (StateCancerProfiles.gov) applied to county population estimates
(U.S. Census).
7. Cardiovascular disease estimates are for adults 18 and over who have
been diagnosed within their lifetime, based on state rates (BRFSS)
applied to county population estimates (U.S. Census). CV disease
includes coronary heart disease, stroke and heart attack.
8. Diabetes estimates are for adults 18 and over who have been
diagnosed within their lifetime based on state rates (BRFSS) applied to
county population estimates (U.S. Census).
9. Poverty estimates include all ages and come from the U.S. Census
Bureau’s Small Area Income and Poverty Estimates program. The
estimates are derived from a model using estimates of income or
poverty from the Annual Social and Economic Supplement and the
Current Population Survey, 2017.

2. INC (Incomplete) indicates that monitoring is underway for that
pollutant in that county, but that the data are incomplete for all
three years. For particle pollution, some states collected data, but
experienced laboratory quality issues that meant the data could not be
used for assessing pollution levels.
3. DNC (Data Not Collected) indicates that data on that particular
pollutant is not collected in that county.
4. The Weighted Average (Wgt. Avg) was derived by adding the three
years of individual level data (2015-2017), multiplying the sums of
each level by the assigned standard weights (i.e. 1=orange, 1.5=red,
2.0=purple and 2.5=maroon) and calculating the average. Grades are
assigned based on the weighted averages as follows: A=0.0, B=0.3-0.9,
C=1.0-2.0, D=2.1-3.2, F=3.3+.
5. The Design Value is the calculated concentration of a pollutant based
on the form of the National Ambient Air Quality Standard, and is used
by EPA to determine whether the air quality in a county meets the
standard. The numbers refer to micrograms per cubic meter, or µg/
m3. Design values for the annual PM2.5 concentrations by county for
the period 2015-2017 are as posted on July 24, 2018 at EPA’s website
at https://www.epa.gov/sites/production/files/2018-07/pm25_
designvalues_20152017_final_07_24_18.xlsx. Many design values
are missing because state data did not meet EPA quality requirements
according to EPA’s review.
6. The annual average National Ambient Air Quality Standard for PM2.5 is
12 µg/m3 as of December 14, 2012. Counties with design values of 12
or lower received a grade of “Pass.” Counties with design values of 12.1
or higher received a grade of “Fail.”

10. Adding across rows does not produce valid estimates. Adding the
at-risk categories (asthma, COPD, poverty, etc.) will double-count
people who fall into more than one category.
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AT-RISK GROUPS
Lung Diseases
County

Baldwin

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

212,628

46,456

42,413

6,131

18,223

19,201

139

22,331

25,520

21,199

Clay

13,367

2,750

2,706

363

1,165

1,233

9

1,435

1,642

2,363

Colbert

54,500

11,451

10,682

1,511

4,718

4,916

36

5,684

6,510

8,324

DeKalb

71,617

17,544

12,051

2,315

5,924

5,993

47

6,792

7,860

13,785

Elmore

81,677

18,232

12,026

2,406

6,947

6,754

53

7,440

8,743

9,151

Etowah

102,755

22,220

19,092

2,932

8,826

9,084

67

10,415

11,982

18,257

Houston

104,346

24,187

18,143

3,192

8,778

8,884

68

10,090

11,650

17,095

Jefferson

659,197

150,913

101,476

19,916

55,591

54,186

428

60,077

70,124

107,752

Madison

361,046

79,506

52,852

10,493

30,858

30,136

236

33,199

39,099

44,979

Mobile

413,955

97,621

65,209

12,883

34,611

34,075

269

38,016

44,258

80,116

Montgomery

226,646

53,448

33,102

7,054

18,924

18,144

147

19,929

23,330

46,315

Morgan

118,818

27,083

20,325

3,574

10,060

10,229

78

11,600

13,450

17,301

Russell

57,045

13,989

7,992

1,846

4,712

4,539

37

4,976

5,855

13,078

Shelby

213,605

50,772

31,636

6,700

17,848

17,563

140

19,460

22,844

15,585

Sumter

12,687

2,468

2,213

326

1,116

1,093

8

1,226

1,415

4,238

Talladega
Tuscaloosa
Totals

80,065

17,156

14,032

2,264

6,898

7,023

52

7,972

9,236

14,062

207,811

43,888

26,661

5,792

17,838

16,039

136

16,983

20,077

31,238

2,991,765

679,684

472,611

89,699

253,037

249,093

1,951

277,624

323,594

464,838
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HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Baldwin

Design
Value

Pass/
Fail

2

0

0

0.7

B

0

0

0

0

0.0

A

7.7

PASS

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

7.8

PASS

Colbert

1

0

0

0.3

B

0

0

0

0

0.0

A

7.9

PASS

DeKalb

1

0

0

0.3

B

1

0

0

0

0.3

B

8.3

PASS

Elmore

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Etowah

0

0

0

0.0

A

0

0

0

0

0.0

A

8.7

PASS

Houston

0

0

0

0.0

A

1

0

0

0

0.3

B

7.7

PASS

Jefferson

13

1

0

4.8

F

0

0

0

0

0.0

A

11.0

PASS

Madison

1

0

0

0.3

B

0

0

0

0

0.0

A

7.7

PASS

Mobile

5

0

0

1.7

C

0

0

0

0

0.0

A

8.1

PASS

Montgomery

2

0

0

0.7

B

0

0

0

0

0.0

A

8.8

PASS

Morgan

0

0

0

0.0

A

0

0

0

0

0.0

A

7.9

PASS

Russell

1

0

0

0.3

B

0

0

0

0

0.0

A

INC

INC

Shelby

6

0

0

2.0

C

INC

INC

INC

INC

INC

INC

INC

INC

Sumter

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

9.1

PASS

0

0

0

0.0

A

0

0

0

0

0.0

A

8.1

PASS

Clay

Talladega
Tuscaloosa

LUNG.org

AMERICAN LUNG ASSOCIATION STATE OF THE AIR 2019

S TAT E TA B L E S

ALASK A
American Lung Association in Alaska
www.lung.org/alaska

AT-RISK GROUPS
Lung Diseases
County

Anchorage
Municipality

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

294,356

72,040

30,841

5,724

18,970

12,519

160

14,027

16,356

27,663

2,074

392

208

31

145

95

1

111

132

158

Fairbanks North Star
Borough

99,703

23,931

9,706

1,901

6,431

4,187

55

4,477

5,207

7,051

Juneau City and
Borough

32,094

6,932

4,040

551

2,158

1,460

17

1,728

2,013

2,596

Denali Borough

Matanuska-Susitna
Borough

106,532

28,922

11,845

2,298

6,650

4,460

58

5,203

6,068

11,768

Totals

534,759

132,217

56,640

10,506

34,355

22,721

291

25,547

29,776

49,236
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S TAT E TA B L E S

ALASK A
American Lung Association in Alaska
www.lung.org/alaska

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Anchorage Municipality DNC

Design
Value

Pass/
Fail

DNC

DNC

DNC

DNC

1

0

0

0

0.3

B

6.1

PASS

Denali Borough

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Fairbanks North Star
Borough

0

0

0

0.0

A

35

29

0

0

26.2

F

16.5

FAIL

DNC

DNC

DNC

DNC

DNC

1

0

0

0

0.3

B

6.1

PASS

0

0

0

0.0

A

13

2

0

0

5.3

F

6.1

PASS

Juneau City and
Borough
Matanuska-Susitna
Borough

LUNG.org
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S TAT E TA B L E S

ARIZONA
American Lung Association in Arizona
www.lung.org/arizona

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Apache

71,606

19,778

10,647

1,594

Cochise

124,756

27,294

27,394

2,200

9,631

6,813

Coconino

140,776

29,439

17,001

2,373

11,033

6,154

Gila

53,501

10,864

15,070

876

4,207

3,338

La Paz

20,601

3,488

8,103

281

1,665

4,307,033 1,045,266

Maricopa

5,153

3,304

Lung
Cancer

34

Cardiovascular
Disease
Diabetes

Poverty

4,106

5,445

23,426

59

8,939

11,224

19,219

66

7,265

9,912

23,946

25

4,554

5,551

12,661

1,466

10

2,116

2,416

4,263

638,316

84,264

323,906

201,670

2,016

248,553

330,517

570,402

Mohave

207,200

36,215

61,447

2,919

16,865

13,471

97

18,433

22,404

34,891

Navajo

108,956

29,397

19,185

2,370

7,894

5,339

51

6,818

8,816

28,216

Pima

1,022,769

216,857

196,634

17,482

79,691

52,865

479

67,673

86,591

165,811

Pinal

430,237

99,004

85,362

7,981

32,721

22,125

202

28,599

36,256

52,566

46,212

12,604

8,027

1,016

3,335

2,246

22

2,864

3,708

10,858

Yavapai

228,168

37,774

70,166

3,045

18,782

15,236

107

20,932

25,382

31,166

Yuma

207,534

52,667

38,002

4,246

15,263

9,908

97

12,702

16,092

37,751

6,969,349 1,620,647 1,195,354

130,649

530,147

343,936

3,264

433,554

Santa Cruz

Totals

LUNG.org
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564,313 1,015,176

S TAT E TA B L E S

ARIZONA
American Lung Association in Arizona
www.lung.org/arizona

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Apache

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

Cochise

2

0

0

0.7

B

0

0

0

0

Coconino

4

0

0

1.3

C

DNC

DNC

DNC

Gila

15

1

0

5.5

F

DNC

DNC

La Paz

6

0

0

2.0

C

0

0

Maricopa

97

3

0

33.8

F

9

Mohave

DNC

DNC

DNC

DNC

DNC

Navajo

1

0

0

0.3

Pima

8

0

0

2.7

Pinal

37

1

0

12.8

DNC

DNC

DNC

Santa Cruz

Design
Value

Pass/
Fail

A

INC

INC

0.0

A

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

0

0

0.0

A

3.0

PASS

2

1

0

4.7

F

9.6

PASS

INC

INC

INC

INC

INC

INC

INC

INC

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

D

0

0

0

0

0.0

A

6.1

PASS

F

18

2

0

0

7.0

F

8.6

PASS

DNC

DNC

5

3

0

0

3.2

D

9.2

PASS

Yavapai

5

0

0

1.7

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Yuma

21

0

0

7.0

F

5

0

0

0

1.7

C

7.5

PASS
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S TAT E TA B L E S

ARK ANSAS
American Lung Association in Arkansas
www.lung.org/arkansas

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

17,967

4,091

3,421

325

1,343

1,445

14

1,923

Ashley

20,283

4,647

4,021

369

1,512

1,644

16

2,204

2,091

3,980

Clark

22,293

4,226

3,585

336

1,731

1,670

17

2,111

2,030

4,142

Crittenden

48,750

13,380

6,628

1,063

3,432

3,421

38

4,345

4,212

10,070

Garland

98,658

19,945

23,375

1,585

7,572

8,520

78

11,695

10,971

15,384

Jackson

17,135

3,470

3,023

276

1,321

1,365

14

1,778

1,704

3,292

Newton

7,828

1,536

2,021

122

606

708

6

988

923

1,534

20,118

4,627

4,520

368

1,494

1,684

16

2,307

2,169

4,645

Pulaski

393,956

92,013

58,908

7,311

29,206

29,099

309

37,085

35,826

57,780

Union

39,449

9,572

6,858

761

2,896

3,058

31

4,023

3,849

6,801

Washington

231,996

56,975

26,650

4,527

16,832

15,316

184

18,535

18,157

30,938

Totals

918,433

214,482

143,010

17,042

67,946

67,930

723

86,993

83,763

142,081

Polk

LUNG.org
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1,831

Poverty

Arkansas

3,515

S TAT E TA B L E S

ARK ANSAS
American Lung Association in Arkansas
www.lung.org/arkansas

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Arkansas

DNC

DNC

DNC

DNC

DNC

0.0

Ashley

0

0

0

0

A

Design
Value

Pass/
Fail

8.3

PASS

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

8.2

PASS

Clark

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Crittenden

4

1

0

1.8

C

0

0

0

0

0.0

A

8.3

PASS

Garland

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

8.5

PASS

Jackson

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

8.2

PASS

Newton

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Polk

0

0

0

0.0

A

0

0

0

0

0.0

A

8.2

PASS

Pulaski

1

0

0

0.3

B

0

0

0

0

0.0

A

9.8

PASS

Union

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

8.9

PASS

0

0

0

0.0

A

0

0

0

0

0.0

A

7.9

PASS

Washington
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S TAT E TA B L E S

CALIFORNIA
American Lung Association in California
www.lung.org/california

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

Alameda

1,663,190

Amador

65 &
Over

344,663

224,171

Pediatric
Asthma

21,392

Adult		
Asthma
COPD

103,924

57,361

Lung
Cancer

Cardiovascular
Disease
Diabetes

691

80,089

133,180

Poverty

152,087

38,626

5,870

10,283

364

2,675

1,886

16

2,842

4,457

3,762

229,294

45,870

41,618

2,847

14,563

8,724

95

12,582

20,120

40,728

Calaveras

45,670

7,786

12,276

483

3,110

2,240

19

3,391

5,321

5,904

Colusa

21,805

5,995

3,118

372

1,254

728

9

1,035

1,696

2,633

Butte

Contra Costa

1,147,439

262,016

175,456

16,262

70,570

41,734

476

59,548

98,185

103,883

Del Norte

27,470

5,912

4,863

367

1,723

1,056

12

1,528

2,474

6,113

El Dorado

188,987

37,869

38,464

2,350

12,256

8,071

79

11,892

19,233

15,620

Fresno

989,255

281,684

118,527

17,483

55,536

30,071

411

41,788

69,186

205,046

Glenn

28,094

7,423

4,389

461

1,646

983

12

1,410

2,293

4,111

Humboldt

136,754

26,310

23,544

1,633

8,752

5,141

57

7,361

11,870

26,262

Imperial

182,830

52,296

23,042

3,246

10,266

5,654

76

7,909

13,022

35,830

Inyo

18,026

3,691

4,108

229

1,164

789

8

1,176

1,862

2,087

Kern

893,119

259,120

95,307

16,083

49,617

26,076

373

35,790

60,013

182,948

Kings

150,101

40,964

15,054

2,542

8,492

4,296

63

5,818

9,791

24,810

Lake

64,246

13,326

14,363

827

4,134

2,793

27

4,158

6,603

12,817

10,163,507 2,224,905 1,343,960

138,091

625,653

344,960

4,221

481,419

Los Angeles

801,001 1,490,853

Madera

156,890

43,013

21,552

2,670

8,995

5,103

65

7,207

11,811

31,569

Marin

260,955

52,487

56,424

3,258

16,965

11,437

108

16,971

27,262

20,222

Mariposa

17,569

2,877

4,743

179

1,203

861

7

1,302

2,038

2,641

Mendocino

88,018

19,048

18,671

1,182

5,565

3,655

37

5,407

8,576

14,156

Merced

272,673

80,640

30,187

5,005

15,042

7,992

114

11,023

18,379

61,297

Monterey

437,907

114,861

57,637

7,129

25,455

14,154

183

19,847

32,724

49,860

Napa

140,973

29,647

25,920

1,840

8,917

5,536

59

8,042

12,980

9,301

Nevada

99,814

17,304

26,471

1,074

6,748

4,800

41

7,252

11,345

10,889

Orange

3,190,400

705,999

456,229

43,819

197,038

112,878

1,325

159,434

264,313

362,109

386,166

86,233

73,776

5,352

24,132

15,381

160

22,510

36,210

29,873

Placer
Plumas

18,742

3,153

5,211

196

1,279

928

8

1,409

2,197

2,640

Riverside

2,423,266

616,211

340,498

38,246

142,917

81,395

1,008

115,017

189,009

309,235

Sacramento

1,530,615

364,311

209,612

22,611

92,167

51,889

635

72,961

120,713

213,232

San Benito

60,310

15,508

7,598

963

3,543

1,980

25

2,770

4,632

5,029

San Bernardino

2,157,404

571,669

243,122

35,481

124,484

66,466

897

91,640

153,951

339,748

San Diego

3,337,685

728,528

454,826

45,217

205,392

113,301

1,389

158,403

261,785

385,479

San Francisco

884,363

118,837

135,945

7,376

60,044

32,761

369

45,754

74,919

87,314

San Joaquin

745,424

203,134

92,800

12,608

42,757

23,656

310

33,057

54,941

113,375

San Luis Obispo

283,405

50,492

54,893

3,134

18,559

11,347

118

16,460

26,288

31,826

San Mateo

771,410

160,264

121,720

9,947

48,603

28,543

320

40,691

66,809

48,795

Santa Barbara

448,150

99,713

66,887

6,189

27,419

15,374

186

21,688

35,228

60,921
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S TAT E TA B L E S

CALIFORNIA (cont.)
American Lung Association in California
www.lung.org/california

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

Santa Clara

1,938,153

Santa Cruz

275,897

Shasta

179,921

Siskiyou

43,853

Solano

445,458

Sonoma
Stanislaus
Sutter
Tehama

430,081

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

254,723

26,693

118,941

65,745

807

91,786

152,953

142,603

53,710

43,108

3,334

17,599

10,134

115

14,374

23,558

33,262

38,750

36,542

2,405

11,368

7,346

75

10,808

17,241

30,155

8,843

10,831

549

2,853

1,991

18

2,995

4,695

7,679

99,216

67,597

6,158

27,515

16,055

185

22,834

37,576

43,352

504,217

99,908

95,024

6,201

32,419

20,240

209

29,444

47,523

46,165

547,899

148,525

70,316

9,218

31,501

17,541

228

24,583

40,690

75,614

96,648

25,087

14,599

1,557

5,682

3,333

40

4,758

7,761

12,628

63,926

15,345

12,219

952

3,908

2,502

27

3,670

5,878

12,718

464,493

143,726

51,669

8,921

25,149

13,466

193

18,628

30,984

110,299

54,248

9,060

13,844

562

3,674

2,542

23

3,817

5,975

6,205

Ventura

854,223

198,450

128,115

12,317

52,149

30,512

355

43,418

71,521

80,217

Yolo

219,116

46,251

26,495

2,871

13,446

6,907

91

9,442

15,617

36,761

560,244 2,398,766 1,350,312

16,374

Tulare
Tuolumne

Totals

39,388,604 9,026,581 5,482,347
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1,899,137 3,138,392 5,142,663

S TAT E TA B L E S

CALIFORNIA
American Lung Association in California
www.lung.org/california

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Alameda

26

3

1

10.8

F

12

3

0

0

5.5

Amador

17

0

0

5.7

F

DNC

DNC

DNC

DNC

Butte

39

0

0

13.0

F

5

0

0

0

Calaveras

49

3

0

17.8

F

5

1

1

Colusa

0

0

0

0.0

A

5

2

0

Contra Costa

Design
Value

Pass/
Fail

F

10.6

PASS

DNC

DNC

DNC

DNC

1.7

C

8.6

PASS

1

3.7

F

INC

INC

0

2.7

D

7.6

PASS

14

0

0

4.7

F

6

4

0

0

4.0

F

9.3

PASS

Del Norte

DNC

DNC

DNC

DNC

DNC

INC

INC

INC

INC

INC

INC

INC

INC

El Dorado

82

14

0

34.3

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Fresno

194

50

2

91.0

F

54

22

0

0

29.0

F

14.0

FAIL

Glenn

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Humboldt

1

0

0

0.3

B

4

4

1

0

4.0

F

6.8

PASS

Imperial

56

1

0

19.2

F

16

3

0

0

6.8

F

12.0

PASS

Inyo

11

0

0

3.7

F

9

8

1

0

7.7

F

7.2

PASS

Kern

236

39

1

98.8

F

67

25

0

0

34.8

F

17.3

FAIL

Kings

122

7

0

44.2

F

60

25

0

0

32.5

F

22.2

FAIL

Lake

0

0

0

0.0

A

2

1

0

0

1.2

C

4.3

PASS

Los Angeles

209

83

12

119.2

F

29

7

0

0

13.2

F

12.6

FAIL

Madera

101

8

0

37.7

F

32

5

0

0

13.2

F

12.8

FAIL

Marin

0

0

0

0.0

A

7

3

0

0

3.8

F

8.2

PASS

Mariposa

39

2

0

14.0

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Mendocino

0

0

0

0.0

A

9

3

0

0

4.5

F

8.1

PASS

Merced

69

4

0

25.0

F

40

5

0

0

15.8

F

12.7

FAIL

Monterey

0

0

0

0.0

A

5

8

0

0

5.7

F

6.1

PASS

Napa

2

0

0

0.7

B

7

5

2

0

6.2

F

10.9

PASS

Nevada

119

25

0

52.2

F

0

1

0

0

0.5

B

4.7

PASS

Orange

46

5

0

17.8

F

11

0

0

0

3.7

F

7.5

PASS

Placer

78

10

0

31.0

F

0

1

0

0

0.5

B

7.4

PASS

Plumas

DNC

DNC

DNC

DNC

DNC

34

10

0

0

16.3

F

15.1

FAIL

Riverside

219

102

9

130.0

F

35

3

0

0

13.2

F

13.6

FAIL

Sacramento

60

11

0

25.5

F

20

0

0

0

6.7

F

9.6

PASS

San Benito

6

0

0

2.0

C

1

0

0

0

0.3

B

4.6

PASS

San Bernardino

204

133

40

161.2

F

31

2

0

0

11.3

F

14.7

FAIL

San Diego

123

8

0

45.0

F

2

0

0

0

0.7

B

8.9

PASS

San Francisco

0

0

0

0.0

A

7

0

0

0

2.3

D

8.3

PASS

San Joaquin

41

3

0

15.2

F

48

2

0

0

17.0

F

12.2

FAIL

San Luis Obispo

17

1

0

6.2

F

1

0

0

0

0.3

B

9.6

PASS

San Mateo

2

1

0

1.2

C

4

2

0

0

2.3

D

7.7

PASS

Santa Barbara

7

0

0

2.3

D

3

9

1

0

6.2

F

8.2

PASS
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S TAT E TA B L E S

CALIFORNIA (cont.)
American Lung Association in California
www.lung.org/california

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Santa Clara

9

3

0

4.5

F

12

0

0

0

4.0

Santa Cruz

1

0

0

0.3

B

3

0

0

0

Shasta

39

1

0

13.5

F

0

2

0

0

Siskiyou

0

0

0

0.0

A

5

1

0

Solano

5

1

0

2.2

D

8

4

0

Sonoma

1

0

0

0.3

B

1

3

0

Stanislaus

84

9

0

32.5

F

56

6

0

Sutter

39

0

0

13.0

F

4

0

0

0

1.3

Tehama

61

5

0

22.8

F

INC

INC

INC

INC

INC

Tulare

230

49

0

101.2

F

13

8

0

0

8.3

Tuolumne

74

7

0

28.2

F

DNC

DNC

DNC

DNC

DNC

Ventura

39

2

0

14.0

F

2

5

3

2

Yolo

9

0

0

3.0

D

1

1

0

0

LUNG.org

Design
Value

Pass/
Fail

F

9.4

PASS

1.0

C

5.7

PASS

1.0

C

6.8

PASS

0

2.2

D

7.8

PASS

0

4.7

F

9.5

PASS

0

1.8

C

6.5

PASS

0

21.7

F

13.2

FAIL

C

9.0

PASS

INC

INC

INC

F

15.7

FAIL

DNC

DNC

DNC

6.8

F

9.7

PASS

0.8

B

7.5

PASS
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S TAT E TA B L E S

COLOR ADO
American Lung Association in Colorado
www.lung.org/colorado

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

Adams

503,167

135,396

50,831

10,758

34,486

14,696

206

19,485

24,597

52,536

Arapahoe

643,052

153,189

81,353

12,172

45,686

21,028

263

28,305

35,340

49,795

Archuleta

13,315

2,446

3,354

194

986

615

5

878

1,043

1,549

Boulder

322,514

62,618

44,222

4,975

24,220

11,072

132

14,999

18,547

39,084

Chaffee

19,638

2,951

4,832

234

1,519

898

8

1,281

1,516

2,073

Clear Creek

9,574

1,501

1,852

119

744

417

4

571

712

735

Denver

704,621

140,016

81,648

11,125

52,882

21,727

289

29,294

35,956

86,353

Douglas

335,299

89,210

38,180

7,088

22,998

10,900

137

14,391

18,517

10,574

El Paso

699,232

170,198

86,788

13,523

49,360

22,205

287

29,986

37,167

73,008

Garfield

59,118

14,997

7,347

1,192

4,114

1,931

24

2,588

3,258

4,429

Grand

15,321

2,625

2,587

209

1,175

616

6

837

1,048

1,332

Gunnison

16,939

2,891

2,144

230

1,314

564

7

760

939

2,349

1,385

235

306

19

105

61

1

86

104

189

574,613

114,968

92,236

9,135

42,578

21,412

235

29,286

36,137

42,729

La Plata

55,589

10,629

9,157

845

4,162

2,092

23

2,871

3,526

4,961

Larimer

343,976

68,427

51,994

5,437

25,587

11,943

141

16,436

19,935

36,954

Mesa

151,616

33,042

27,932

2,625

10,909

5,729

62

8,028

9,623

21,957

Moffat

13,131

3,389

1,948

269

903

457

5

623

772

1,428

Montezuma

26,140

5,856

5,574

465

1,852

1,076

11

1,522

1,819

3,944

Montrose

41,784

9,189

9,450

730

2,967

1,757

17

2,505

2,965

5,312

Park

17,905

2,781

3,474

221

1,393

811

7

1,101

1,395

1,526

Jackson
Jefferson

Pueblo

166,475

37,831

30,040

3,006

11,840

6,238

68

8,716

10,494

29,408

Rio Blanco

6,420

1,539

968

122

452

225

3

308

380

579

San Miguel

7,967

1,401

1,082

111

612

297

3

394

504

614

304,633

80,558

36,146

6,401

20,918

9,431

125

12,688

15,813

28,171

5,053,424 1,147,883

675,445

91,207

363,763

168,199

2,070

227,939

282,109

501,589

Weld
Totals
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S TAT E TA B L E S

COLOR ADO
American Lung Association in Colorado
www.lung.org/colorado

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Adams

1.7

0.3

5

0

0

C

1

0

0

0

B

Design
Value

Pass/
Fail

INC

INC

Arapahoe

15

0

0

5.0

F

1

0

0

0

0.3

B

5.9

PASS

Archuleta

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Boulder

17

0

0

5.7

F

1

0

0

0

0.3

B

6.7

PASS

Chaffee

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Clear Creek

13

1

0

4.8

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Denver

7

0

0

2.3

D

8

0

0

0

2.7

D

8.5

PASS

Douglas

41

3

0

15.2

F

0

1

0

0

0.5

B

5.4

PASS

El Paso

5

0

0

1.7

C

1

0

0

0

0.3

B

5.7

PASS

Garfield

8

0

0

2.7

D

0

0

0

0

0.0

A

INC

INC

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

4

0

0

1.3

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Jackson

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Jefferson

60

5

0

22.5

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

La Plata

13

0

0

4.3

F

0

0

0

0

0.0

A

4.9

PASS

Larimer

31

1

0

10.8

F

1

2

0

0

1.3

C

7.1

PASS

Mesa

3

0

0

1.0

C

1

0

0

0

0.3

B

6.1

PASS

Moffat

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Montezuma

1

0

0

0.3

B

INC

INC

INC

INC

INC

INC

INC

INC

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Grand
Gunnison

Montrose
Park

7

0

0

2.3

D

2

0

0

0

0.7

B

INC

INC

DNC

DNC

DNC

DNC

DNC

1

0

0

0

0.3

B

5.2

PASS

Rio Blanco

0

0

0

0.0

A

0

0

0

0

0.0

A

7.8

PASS

San Miguel

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Weld

16

0

0

5.3

F

3

1

0

0

1.5

C

8.3

PASS

Pueblo

LUNG.org
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S TAT E TA B L E S

CONNECTICUT
American Lung Association in Connecticut
www.lung.org/connecticut

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

Fairfield

949,921

214,902

147,210

27,712

79,093

42,045

549

53,941

71,130

82,428

Hartford

895,388

188,505

150,427

24,308

75,963

40,598

518

52,641

68,508

96,200

Litchfield

182,177

33,691

37,489

4,345

15,567

9,296

105

12,573

16,176

12,481

Middlesex

163,410

29,541

32,135

3,809

14,153

8,147

95

10,881

14,035

10,796

New Haven

860,435

175,065

145,632

22,575

73,698

39,267

497

50,880

66,182

91,639

New London

269,033

52,658

47,336

6,790

23,179

12,571

156

16,408

21,298

22,246

Tolland

151,461

26,416

23,273

3,406

13,624

6,816

88

8,559

11,288

10,043

Windham

116,359

23,048

18,908

2,972

10,038

5,342

67

6,867

9,033

12,818

3,588,184

743,826

602,410

95,918

305,315

164,082

2,076

212,750

277,650

338,651

Totals

LUNG.org
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S TAT E TA B L E S

CONNECTICUT
American Lung Association in Connecticut
www.lung.org/connecticut

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Design
Value

Pass/
Fail

Fairfield

52

17

0

25.8

F

0

0

0

0

0.0

A

8.6

PASS

Hartford

17

1

0

6.2

F

0

0

0

0

Litchfield

13

1

0

4.8

F

1

0

0

0

0.0

A

8.2

PASS

0.3

B

4.6

PASS

Middlesex

30

3

0

11.5

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

New Haven

32

10

0

15.7

F

0

0

0

0

0.0

A

7.0

PASS

New London

26

4

0

10.7

F

0

0

0

0

0.0

A

5.5

PASS

Tolland

14

0

0

4.7

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Windham

10

1

0

3.8

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

LUNG.org
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S TAT E TA B L E S

DELAWARE
American Lung Association in Delaware
www.lung.org/delaware

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

Kent

176,824

40,612

29,407

3,227

14,549

10,889

129

11,491

14,931

22,671

New Castle

559,793

121,394

84,505

9,646

46,974

34,546

409

35,664

46,805

72,551

Sussex

225,322

42,478

60,216

3,375

19,167

16,747

165

19,643

24,771

26,370

Totals

961,939

204,484

174,128

16,248

80,689

62,183

703

66,799

86,507

121,592

LUNG.org
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S TAT E TA B L E S

DELAWARE
American Lung Association in Delaware
www.lung.org/delaware

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Kent

3

0

0

1.0

New Castle

23

2

0

8.7

Sussex

7

0

0

2.3

LUNG.org

C

Design
Value

Pass/
Fail

INC

0

0

0

0

0.0

A

INC

F

5

0

0

0

1.7

C

INC

INC

D

0

0

0

0

0.0

A

7.4

PASS
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S TAT E TA B L E S

DISTRICT OF COLUMBIA
American Lung Association in the District of Columbia
www.lung.org/districtofcolumbia

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

District of Columbia

693,972

124,492

83,734

14,174

53,855

28,397

297

34,208

41,546

109,502

Totals

693,972

124,492

83,734

14,174

53,855

28,397

297

34,208

41,546

109,502

LUNG.org
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S TAT E TA B L E S

DISTRICT OF COLUMBIA
American Lung Association in the District of Columbia
www.lung.org/districtofcolumbia

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

District of Columbia

4.7

0.7

14

0

LUNG.org

0

F

2

0

0

0

AMERICAN LUNG ASSOCIATION STATE OF THE AIR 2019

B

Design
Value

Pass/
Fail

9.2

PASS

S TAT E TA B L E S

FLORIDA
American Lung Association in Florida
www.lung.org/florida

AT-RISK GROUPS
Lung Diseases
County

Alachua
Baker

Total		
Population Under 18

266,944

47,915

65 &
Over

36,299

Pediatric
Asthma

3,509

Adult		
Asthma
COPD

16,474

14,418

Lung
Cancer

Cardiovascular
Disease
Diabetes

148

16,543

17,614

Poverty

53,816

28,283

6,826

3,917

500

1,633

1,559

16

1,849

2,008

3,900

Bay

183,563

39,612

30,867

2,901

10,914

10,937

102

13,355

14,427

26,663

Brevard

589,162

108,792

137,262

7,967

36,128

40,191

327

51,798

55,469

72,303

1,935,878

411,519

314,473

30,135

115,804

115,093

1,073

139,676

151,297

252,288

Broward
Citrus

145,647

21,780

52,302

1,595

9,073

11,709

81

16,247

17,004

20,654

Collier

372,880

64,749

117,384

4,741

22,634

27,539

207

37,424

39,164

43,075

69,612

15,278

12,835

1,119

4,101

4,213

39

5,230

5,617

10,720

Duval

937,934

211,784

128,236

15,509

55,215

51,859

519

61,071

66,231

138,069

Escambia

313,512

65,715

51,659

4,812

18,725

18,309

174

22,168

23,832

48,602

Flagler

110,510

19,082

33,207

1,397

6,767

8,177

61

11,018

11,619

13,137

Columbia

Highlands

102,883

17,876

35,789

1,309

6,186

7,823

57

10,842

11,261

20,051

1,408,566

321,547

197,468

23,546

82,582

78,098

781

92,404

100,080

214,442

19,558

3,912

3,856

286

1,180

1,233

11

1,543

1,656

3,756

Indian River

154,383

25,266

49,778

1,850

9,506

11,734

85

15,992

16,787

16,249

Lake

346,017

67,047

91,769

4,910

20,710

23,825

192

31,468

33,230

43,020

Lee

739,224

132,325

206,879

9,690

44,944

52,376

410

69,651

73,386

85,844

Leon

290,292

54,259

37,479

3,973

17,795

15,492

160

17,670

18,885

50,010

8,242

1,491

1,192

109

513

482

5

568

616

1,449

Manatee

385,571

71,646

103,459

5,247

23,347

27,042

213

35,751

37,838

41,057

Marion

354,353

66,514

101,460

4,871

21,262

25,080

196

33,568

35,288

55,880

Hillsborough
Holmes

Liberty

Martin

159,923

26,374

48,686

1,931

9,891

12,003

89

16,189

17,088

17,002

2,751,796

557,885

439,045

40,853

166,519

162,902

1,524

196,343

212,396

452,649

202,970

45,065

31,858

3,300

11,949

11,591

113

13,956

15,032

21,667

Orange

1,348,975

301,983

157,506

22,114

79,714

71,188

748

81,377

88,428

201,528

Osceola

352,180

86,747

45,587

6,352

20,168

18,694

195

21,876

23,697

48,892

1,471,150

283,212

346,685

20,739

88,725

97,482

815

125,803

133,570

170,868

Pasco

525,643

107,248

118,369

7,854

31,363

34,328

291

44,084

47,006

67,635

Pinellas

970,637

159,888

235,248

11,708

60,876

67,883

537

87,701

93,740

115,990

Polk

686,483

153,297

138,226

11,226

39,954

41,800

381

52,683

56,083

107,844

St. Lucie

313,506

62,999

74,017

4,613

18,726

20,771

174

26,886

28,584

39,839

Santa Rosa

174,272

38,606

27,256

2,827

10,325

10,222

97

12,358

13,419

17,183

Sarasota

419,119

60,303

151,299

4,416

26,246

33,710

232

46,758

48,856

38,065

Seminole

462,659

98,067

69,962

7,181

27,725

26,879

256

32,182

34,906

51,321

Volusia

538,692

95,946

129,802

7,026

33,148

36,806

299

47,594

50,693

79,877

Wakulla

32,120

6,882

4,854

504

1,925

1,891

18

2,271

2,474

3,746

282,620 1,152,750 1,195,339

10,625

Miami-Dade
Okaloosa

Palm Beach

Totals

19,173,139 3,859,437 3,765,970
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1,493,901 1,599,282 2,649,091

S TAT E TA B L E S

FLORIDA
American Lung Association in Florida
www.lung.org/florida

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Alachua

0.3

0

0.0

A

1

0

0

B

0

0

0

Design
Value

Pass/
Fail

6.1

PASS

Baker

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Bay

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Brevard

0

0

0

0.0

A

0

0

0

0

0.0

A

5.7

PASS

Broward

6

0

0

2.0

C

0

0

0

0

0.0

A

6.6

PASS

Citrus

DNC

DNC

DNC

DNC

DNC

INC

INC

INC

INC

INC

INC

INC

INC

Collier

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Columbia

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Duval

1

0

0

0.3

B

1

0

0

0

0.3

B

INC

INC

Escambia

3

0

0

1.0

C

0

0

0

0

0.0

A

7.4

PASS

Flagler

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Highlands

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Hillsborough

6

1

0

2.5

D

0

0

0

0

0.0

A

8.0

PASS

Holmes

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Indian River

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Lake

3

0

0

1.0

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Lee

1

0

0

0.3

B

0

0

0

0

0.0

A

6.1

PASS

Leon

0

0

0

0.0

A

0

0

0

0

0.0

A

7.4

PASS

Liberty

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Manatee

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Marion

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Martin

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Miami-Dade

5

0

0

1.7

C

1

0

0

0

0.3

B

7.5

PASS

Okaloosa

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Orange

3

0

0

1.0

C

0

0

0

0

0.0

A

7.1

PASS

Osceola

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Palm Beach

2

0

0

0.7

B

0

0

0

0

0.0

A

6.0

PASS

Pasco

3

0

0

1.0

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Pinellas

1

0

0

0.3

B

0

0

0

0

0.0

A

7.1

PASS

Polk

5

0

0

1.7

C

0

0

0

0

0.0

A

6.5

PASS

St. Lucie

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Santa Rosa

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Sarasota

3

0

0

1.0

C

0

0

0

0

0.0

A

6.4

PASS

Seminole

2

0

0

0.7

B

0

0

0

0

0.0

A

5.9

PASS

Volusia

0

0

0

0.0

A

0

0

0

0

0.0

A

6.1

PASS

Wakulla

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC
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S TAT E TA B L E S

GEORGIA
American Lung Association in Georgia
www.lung.org/georgia

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

Bibb

152,862

37,803

23,431

3,438

9,636

8,357

94

10,011

13,547

36,728

Chatham

290,501

62,795

42,932

5,711

19,136

15,837

180

18,539

25,269

45,057

Chattooga

24,770

5,559

4,262

506

1,602

1,457

16

1,782

2,392

4,732

Clarke

127,064

22,144

13,378

2,014

8,940

6,122

79

6,423

9,124

31,067

Clayton

285,153

79,860

25,759

7,262

17,505

13,127

176

14,766

20,979

45,572

Cobb

755,754

181,097

89,337

16,469

48,667

39,047

469

45,395

63,193

71,120

Coffee

43,014

10,495

5,787

954

2,740

2,262

27

2,655

3,645

9,921

Columbia

151,579

38,835

19,715

3,532

9,506

7,885

94

9,292

12,783

9,942

Coweta

143,114

35,456

19,242

3,224

9,069

7,733

89

9,255

12,713

14,806

Dawson

24,379

5,064

4,810

461

1,601

1,539

15

1,923

2,553

2,258

DeKalb

753,253

175,289

90,367

15,941

48,935

38,740

465

44,632

62,077

112,844

Dougherty

89,502

21,781

13,783

1,981

5,672

4,883

55

5,825

7,880

24,373

143,882

37,558

16,211

3,416

9,011

7,280

89

8,511

11,873

16,770

97,613

22,759

16,178

2,070

6,251

5,547

61

6,705

9,017

17,913

Fulton

1,041,423

232,219

118,221

21,118

68,674

53,139

647

60,548

84,783

149,652

Glynn

85,282

18,931

16,580

1,722

5,498

5,226

53

6,491

8,601

14,304

Gwinnett

920,260

250,418

88,425

22,773

57,035

44,098

572

50,511

71,417

97,757

Hall

199,335

51,009

29,205

4,639

12,442

10,729

125

12,840

17,446

25,982

Henry

225,813

58,658

25,594

5,334

14,165

11,503

140

13,488

18,810

22,065

Houston

153,479

39,514

19,042

3,593

9,626

7,852

95

9,184

12,691

19,675

Lowndes

115,489

27,756

13,808

2,524

7,425

5,658

72

6,349

8,816

27,533

Douglas
Floyd

Murray

39,782

9,900

5,651

900

2,511

2,167

25

2,602

3,552

6,765

Muscogee

194,058

48,147

25,504

4,378

12,301

9,982

121

11,601

15,946

42,476

Paulding

159,445

42,357

16,451

3,852

9,951

7,866

99

9,111

12,808

13,225

Pike

18,217

4,225

2,869

384

1,172

1,050

11

1,281

1,735

1,920

Richmond

201,800

46,610

27,355

4,239

13,079

10,638

125

12,376

16,995

45,089

Rockdale

90,312

22,593

12,574

2,055

5,696

4,929

56

5,936

8,124

12,585

Sumter

29,847

6,771

4,925

616

1,928

1,689

18

2,028

2,729

7,169

Walker

68,939

15,160

12,638

1,379

4,472

4,167

43

5,145

6,865

10,520

Washington

20,313

4,508

3,439

410

1,320

1,194

13

1,459

1,963

4,966

8,959

2,070

1,682

188

572

548

6

685

912

2,074

6,655,193 1,617,341

809,155

147,080

426,136

342,252

4,129

397,349

551,239

946,860

Wilkinson
Totals
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S TAT E TA B L E S

GEORGIA
American Lung Association in Georgia
www.lung.org/georgia

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Bibb

3

0

0

1.0

0.7

Chatham

0

0

0

0.0

A

1

0

0

0

0.3

Chattooga

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

Clarke

1

0

0

0.3

B

0

1

0

0

0.5

DNC

DNC

DNC

DNC

DNC

1

0

0

0

0.3

Clayton

C

2

0

0

0

Design
Value

Pass/
Fail

9.6

PASS

B

8.2

PASS

DNC

DNC

DNC

B

8.2

PASS

B

9.6

PASS

B

Cobb

3

1

0

1.5

C

1

0

0

0

0.3

B

9.0

PASS

Coffee

DNC

DNC

DNC

DNC

DNC

INC

INC

INC

INC

INC

INC

INC

INC

Columbia

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Coweta

2

1

0

1.2

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Dawson

5

0

0

1.7

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DeKalb

12

0

0

4.0

F

1

1

0

0

0.8

B

9.0

PASS

DNC

DNC

DNC

DNC

DNC

1

1

0

0

0.8

B

9.0

PASS

Dougherty
Douglas

8

1

0

3.2

D

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Floyd

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

INC

INC

Fulton

25

3

0

9.8

F

1

0

0

0

0.3

B

10.5

PASS

Glynn

0

0

0

0.0

A

2

0

0

0

0.7

B

7.5

PASS

Gwinnett

9

1

0

3.5

F

1

0

0

0

0.3

B

8.7

PASS

DNC

DNC

DNC

DNC

DNC

1

1

0

0

0.8

B

8.0

PASS

13

1

0

4.8

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Houston

DNC

DNC

DNC

DNC

DNC

1

0

0

0

0.3

B

8.3

PASS

Lowndes

Hall
Henry

DNC

DNC

DNC

DNC

DNC

1

0

0

0

0.3

B

7.8

PASS

Murray

1

1

0

0.8

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Muscogee

1

0

0

0.3

B

2

0

0

0

0.7

B

9.5

PASS

INC

INC

INC

INC

INC

0

0

0

0

0.0

A

INC

INC

Paulding
Pike

7

1

0

2.8

D

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Richmond

0

0

0

0.0

A

1

1

0

0

0.8

B

9.3

PASS

Rockdale

13

0

0

4.3

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Sumter

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Walker

DNC

DNC

DNC

DNC

DNC

0

1

0

0

0.5

B

9.0

PASS

Washington

DNC

DNC

DNC

DNC

DNC

1

0

0

0

0.3

B

8.3

PASS

Wilkinson

DNC

DNC

DNC

DNC

DNC

INC

INC

INC

INC

INC

INC

INC

INC
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S TAT E TA B L E S

HAWAII
American Lung Association in Hawaii
www.lung.org/hawaii

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

Hawaii

200,381

43,658

40,185

4,283

15,244

6,172

90

11,128

18,713

29,604

Honolulu

988,650

209,809

170,319

20,582

76,876

28,309

443

49,586

84,098

79,084

Kauai

72,159

16,020

13,889

1,572

5,471

2,189

32

3,925

6,625

7,172

Maui

166,260

36,257

29,133

3,557

12,726

4,945

74

8,733

14,890

16,342

1,427,450

305,744

253,526

29,993

110,317

41,615

639

73,372

124,326

132,202

Totals
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S TAT E TA B L E S

HAWAII
American Lung Association in Hawaii
www.lung.org/hawaii

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Hawaii

DNC

Honolulu

DNC

DNC

DNC

Design
Value

Pass/
Fail

DNC

5

0

0

0

1.7

C

12.8

FAIL

0

0

0

0.0

A

0

0

0

0

0.0

A

4.2

PASS

Kauai

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

3.1

PASS

Maui

DNC

DNC

DNC

DNC

DNC

1

0

0

0

0.3

B

4.2

PASS
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S TAT E TA B L E S

IDAHO
American Lung Association in Idaho
www.lung.org/idaho

AT-RISK GROUPS
Lung Diseases
County

Ada

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

456,849

110,456

63,583

8,777

31,208

17,005

230

24,724

29,075

47,955

Bannock

85,269

22,717

11,899

1,805

5,597

3,006

43

4,418

5,128

11,846

Benewah

9,184

2,096

2,014

167

629

415

5

653

745

1,297

Butte

2,602

633

613

50

173

116

1

187

210

437

Canyon

216,699

62,811

29,216

4,991

13,802

7,493

109

10,988

12,811

33,022

Franklin

13,564

4,452

1,884

354

816

459

7

684

794

1,103

Idaho

16,369

3,202

4,423

254

1,149

803

8

1,314

1,463

2,400

Jerome

23,627

7,312

3,019

581

1,468

797

12

1,162

1,362

3,222

Lemhi
Shoshone
Totals

7,875

1,471

2,327

117

555

401

4

668

737

1,257

12,542

2,532

2,859

201

887

583

6

920

1,047

2,143

844,580

217,682

121,837

17,296

56,282

31,077

425

45,718

53,372

104,682
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S TAT E TA B L E S

IDAHO
American Lung Association in Idaho
www.lung.org/idaho

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Ada

2.8

0

0

PASS

0

6.7

F

Bannock

DNC

DNC

DNC

DNC

DNC

5

4

0

0

3.7

F

7.7

PASS

Benewah

DNC

DNC

DNC

DNC

DNC

21

5

2

0

10.8

F

10.5

PASS

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Canyon

DNC

DNC

DNC

DNC

DNC

7

1

0

0

2.8

D

9.4

PASS

Franklin

DNC

DNC

DNC

DNC

DNC

5

3

0

0

3.2

D

7.0

PASS

Idaho

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Jerome

DNC

DNC

DNC

DNC

DNC

5

1

0

0

2.2

D

INC

INC

Lemhi

DNC

DNC

DNC

DNC

DNC

18

7

0

0

9.5

F

12.6

FAIL

Shoshone

DNC

DNC

DNC

DNC

DNC

32

8

1

0

15.3

F

12.4

FAIL

AMERICAN LUNG ASSOCIATION STATE OF THE AIR 2019

D

7.6

0

LUNG.org

1

Pass/
Fail

20

Butte

7

Design
Value

S TAT E TA B L E S

ILLINOIS
American Lung Association in Illinois
www.lung.org/illinois

AT-RISK GROUPS
Lung Diseases
County

Adams
Champaign
Clark
Cook
DuPage

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

66,234

14,911

13,155

850

4,226

3,787

43

4,474

6,191

8,608

209,399

39,717

25,933

2,265

13,824

9,815

137

10,569

15,670

37,106

15,767

3,624

3,009

207

1,002

900

10

1,058

1,477

1,697

5,211,263 1,146,789

743,329

65,406

333,569

263,815

3,398

294,723

429,201

746,194

139,351

12,119

59,139

49,049

607

55,489

80,518

56,794

930,128

212,491

Effingham

34,132

8,101

5,843

462

2,145

1,852

22

2,142

3,035

3,256

Hamilton

8,194

1,823

1,763

104

525

488

5

584

799

1,046

21,941

4,467

4,200

255

1,442

1,285

14

1,504

2,112

2,164

Jersey
Jo Daviess

21,594

4,201

5,881

240

1,437

1,450

14

1,794

2,379

1,980

Kane

534,667

138,340

70,160

7,890

32,637

26,277

350

29,301

43,097

48,756

Lake

703,520

171,620

96,469

9,788

43,852

35,842

460

40,150

58,925

52,630

Macon

105,801

23,524

20,614

1,342

6,772

6,006

69

7,068

9,813

14,566

Macoupin

45,446

9,651

8,886

550

2,953

2,657

30

3,125

4,364

6,152

Madison

265,428

58,298

44,448

3,325

17,062

14,511

173

16,666

23,782

37,768

McHenry

309,122

73,814

43,235

4,210

19,442

16,205

202

18,220

26,764

18,686

McLean

172,290

37,501

21,980

2,139

11,030

8,270

112

9,049

13,364

25,273

Peoria

183,011

43,611

30,204

2,487

11,456

9,605

119

11,033

15,660

27,364

Randolph

32,423

6,223

5,890

355

2,156

1,848

22

2,137

3,022

4,402

Rock Island

144,808

32,420

27,144

1,849

9,247

8,087

95

9,460

13,209

18,069

Sangamon

196,452

44,162

33,765

2,519

12,546

10,779

128

12,445

17,665

29,676

St. Clair

262,479

61,967

40,022

3,534

16,511

13,717

171

15,574

22,474

41,174

Will

692,661

174,819

87,293

9,971

42,675

34,140

453

37,823

56,106

47,639

Winnebago

284,778

66,743

48,725

3,807

17,961

15,467

186

17,878

25,343

39,766

10,451,538 2,378,817 1,521,299

135,675

663,608

535,852

6,822

602,265

Totals

LUNG.org
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874,971 1,270,766

S TAT E TA B L E S

ILLINOIS
American Lung Association in Illinois
www.lung.org/illinois

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Adams

1

0

0

0.3

DNC

Champaign

1

0

0

0.3

B

0

0

0

0

0.0

A

7.9

Pass

Clark

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Cook

36

4

0

14.0

F

2

1

0

0

1.2

C

10.5

Pass

DuPage

11

0

0

3.7

F

1

0

0

0

0.3

B

8.3

Pass

Effingham

3

0

0

1.0

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Hamilton

0

0

0

0.0

A

1

0

0

0

0.3

B

8.2

Pass

Jersey

9

0

0

3.0

D

0

0

0

0

0.0

A

INC

INC

Jo Daviess

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Kane

9

0

0

3.0

D

1

0

0

0

0.3

B

8.3

Pass

Lake

18

0

0

6.0

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Macon

3

0

0

1.0

C

0

0

0

0

0.0

A

8.4

Pass

B

DNC

DNC

DNC

DNC

DNC

Design
Value

Pass/
Fail

DNC

DNC

Macoupin

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Madison

23

0

0

7.7

F

1

0

0

0

0.3

B

9.7

Pass

McHenry

10

0

0

3.3

F

0

0

0

0

0.0

A

INC

INC

McLean

1

0

0

0.3

B

0

0

0

0

0.0

A

8.0

Pass

Peoria

5

0

0

1.7

C

0

0

0

0

0.0

A

8.2

Pass

Randolph

2

0

0

0.7

B

0

0

0

0

0.0

A

8.5

Pass

Rock Island

2

0

0

0.7

B

0

0

0

0

0.0

A

8.1

Pass

Sangamon

3

0

0

1.0

C

0

0

0

0

0.0

A

8.2

Pass

St. Clair

6

0

0

2.0

C

1

0

0

0

0.3

B

9.8

Pass

Will

1

0

0

0.3

B

0

0

0

0

0.0

A

7.9

Pass

Winnebago

4

0

0

1.3

C

0

0

0

0

0.0

A

8.3

Pass
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S TAT E TA B L E S

INDIANA
American Lung Association in Indiana
www.lung.org/indiana

AT-RISK GROUPS
Lung Diseases
County

Allen

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

372,877

96,418

52,940

6,627

27,856

23,377

275

25,942

32,034

47,818

Bartholomew

82,040

19,505

13,152

1,341

6,278

5,409

61

6,101

7,463

8,555

Boone

65,875

17,531

8,585

1,205

4,884

4,136

49

4,547

5,656

3,707

Brown

15,035

2,752

3,546

189

1,214

1,246

11

1,493

1,771

1,614

Carroll

20,039

4,457

3,856

306

1,553

1,461

15

1,700

2,047

1,910

Clark

116,973

26,533

17,939

1,824

9,100

7,831

86

8,756

10,775

12,285

Delaware

115,184

21,400

19,387

1,471

9,423

7,764

85

8,698

10,654

22,020

Dubois

42,558

10,336

7,201

710

3,226

2,944

31

3,366

4,095

3,445

Elkhart

205,032

56,784

29,484

3,903

14,916

12,668

151

14,151

17,409

21,670

Floyd

77,071

17,540

12,131

1,206

5,983

5,271

57

5,930

7,278

7,971

Greene

32,177

7,114

6,166

489

2,498

2,358

24

2,742

3,304

3,696

Hamilton

323,747

88,657

38,382

6,094

23,817

19,643

239

21,297

26,699

12,284

Hancock

74,985

17,653

11,891

1,213

5,758

5,111

55

5,768

7,068

4,075

Hendricks

163,685

41,609

22,029

2,860

12,326

10,355

121

11,399

14,157

8,120

Henry

48,476

9,972

9,096

685

3,845

3,534

36

4,077

4,931

5,739

Howard

82,363

18,678

15,731

1,284

6,346

5,883

61

6,840

8,233

11,727

Huntington

36,337

7,872

6,093

541

2,855

2,536

27

2,876

3,513

3,570

Jackson

43,884

10,749

7,043

739

3,325

2,927

32

3,313

4,049

5,467

Johnson

153,897

38,252

21,965

2,629

11,656

9,789

114

10,851

13,411

13,267

Knox

37,508

8,013

6,469

551

2,956

2,567

28

2,916

3,551

6,587

Lake

485,640

115,082

78,166

7,910

37,193

32,673

357

36,931

45,171

76,220

LaPorte

110,029

23,793

19,204

1,635

8,635

7,732

82

8,824

10,734

15,005

Madison

129,498

28,315

23,179

1,946

10,119

9,101

96

10,435

12,657

21,478

Marion

950,082

234,906

116,958

16,146

72,461

57,127

699

61,569

77,233

163,573

Monroe

146,986

23,388

18,469

1,608

12,561

8,811

109

9,211

11,687

28,462

Montgomery

38,525

8,883

6,731

611

2,966

2,682

29

3,072

3,730

4,510

Morgan

69,713

15,857

11,465

1,090

5,403

4,929

52

5,597

6,842

6,799

Perry

19,081

4,056

3,483

279

1,502

1,364

14

1,568

1,900

2,130

Porter

168,404

37,477

26,811

2,576

13,157

11,495

124

12,931

15,863

17,078

Posey

25,595

5,675

4,600

390

1,991

1,853

19

2,132

2,585

2,290

St. Joseph

270,434

64,054

41,733

4,403

20,751

17,577

199

19,678

24,166

41,378

Shelby

44,395

10,140

7,438

697

3,434

3,114

33

3,544

4,324

3,666

Spencer

20,394

4,508

3,861

310

1,584

1,502

15

1,745

2,105

2,086

Sullivan

20,746

4,069

3,618

280

1,672

1,466

16

1,663

2,029

2,710

Tippecanoe

190,587

39,883

21,560

2,741

15,334

10,724

142

11,139

14,194

31,692

Vanderburgh

181,616

39,236

29,726

2,697

14,297

12,307

134

13,864

16,972

30,495
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S TAT E TA B L E S

INDIANA (cont.)
American Lung Association in Indiana
www.lung.org/indiana

AT-RISK GROUPS
Lung Diseases
County

Vigo

Total		
Population Under 18

107,516

22,077

65 &
Over

17,129

Pediatric
Asthma

1,517

Adult		
Asthma
COPD

8,594

7,093

Lung
Cancer

80

Cardiovascular
Disease
Diabetes

7,911

9,722

Poverty

18,964

Wabash

31,443

6,563

6,411

451

2,474

2,320

23

2,718

3,257

3,913

Warrick

62,530

15,266

10,533

1,049

4,732

4,295

46

4,907

5,971

4,180

Whitley

33,756

7,768

5,908

534

2,600

2,379

25

2,728

3,313

2,822

5,216,713 1,232,821

770,069

84,736

401,277

337,356

3,850

374,931

462,556

684,978

Totals
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S TAT E TA B L E S

INDIANA
American Lung Association in Indiana
www.lung.org/indiana

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Design
Value

Pass/
Fail

Allen

4

0

0

1.3

C

1

1

0

0

0.8

B

8.9

PASS

Bartholomew

7

0

0

2.3

D

0

0

0

0

0.0

A

8.3

PASS

Boone

4

0

0

1.3

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Brown

2

0

0

0.7

B

DNC

DNC

Carroll

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Clark

11

1

0

4.2

F

0

0

0

0

0.0

A

9.6

PASS

Delaware

2

0

0

0.7

B

1

0

0

0

0.3

B

8.1

PASS

Dubois

DNC

DNC

DNC

DNC

Elkhart

7

0

0

2.3

DNC

0

0

0

0

0.0

A

8.9

PASS

D

5

0

0

0

1.7

C

9.1

PASS

Floyd

12

0

0

4.0

F

1

0

0

0

0.3

B

8.5

PASS

Greene

6

0

0

2.0

C

0

0

0

0

0.0

A

8.1

PASS

Hamilton

5

0

0

1.7

C

0

0

0

0

0.0

A

8.3

PASS

Hancock

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Hendricks

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Henry

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

7.5

PASS

Howard

DNC

DNC

DNC

DNC

DNC

1

0

0

0

0.3

B

9.5

PASS

Huntington

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Jackson

3

0

0

1.0

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Johnson

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Knox

4

0

0

1.3

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Lake

12

0

0

4.0

F

2

2

1

0

2.3

D

9.3

PASS

LaPorte

13

0

0

4.3

F

0

0

0

0

0.0

A

8.1

PASS

Madison

1

0

0

0.3

B

0

0

0

0

0.0

A

8.2

PASS

Marion

11

0

0

3.7

F

6

1

0

0

2.5

D

10.5

PASS

Monroe

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

7.9

PASS

Montgomery

DNC

DNC

DNC

DNC

DNC

INC

INC

INC

INC

INC

INC

INC

INC

Morgan

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Perry

6

0

0

2.0

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Porter

17

0

0

5.7

F

1

1

0

0

0.8

B

8.3

PASS

Posey

5

0

0

1.7

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

St. Joseph

13

0

0

4.3

F

1

0

0

0

0.3

B

8.7

PASS

Shelby

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Spencer

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

8.7

PASS

Sullivan

DNC

DNC

DNC

DNC

DNC

INC

INC

INC

INC

INC

INC

INC

INC

Tippecanoe

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

8.2

PASS

Vanderburgh

12

0

0

4.0

F

0

0

0

0

0.0

A

9.3

PASS
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S TAT E TA B L E S

INDIANA (cont.)
American Lung Association in Indiana
www.lung.org/indiana

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Vigo

3

0

0

1.0

C

0

1

0

0

0.5

Wabash

8

0

0

2.7

D

DNC

DNC

DNC

DNC

Warrick

9

1

0

3.5

F

DNC

DNC

DNC

Whitley

DNC

DNC

DNC

DNC

DNC

0

0

0

LUNG.org

Design
Value

Pass/
Fail

B

9.0

PASS

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

0

0.0

A

8.1

PASS

AMERICAN LUNG ASSOCIATION STATE OF THE AIR 2019

S TAT E TA B L E S

IOWA
American Lung Association in Iowa
www.lung.org/iowa

AT-RISK GROUPS
Lung Diseases
County

Black Hawk

Total		
Population Under 18

132,648

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

28,836

21,181

1,660

9,658

6,292

85

7,960

9,198

19,469

Bremer

24,911

5,577

4,813

321

1,783

1,270

16

1,669

1,913

1,661

Clinton

47,010

10,859

9,054

625

3,327

2,471

30

3,244

3,756

6,207

Delaware

17,153

4,073

3,219

234

1,204

903

11

1,181

1,375

1,571

Harrison

14,136

3,259

2,764

188

1,000

753

9

990

1,148

1,390

Johnson

149,210

30,215

16,719

1,739

11,210

6,252

96

7,374

8,612

21,574

Lee

34,295

7,362

6,731

424

2,479

1,838

22

2,412

2,793

4,621

Linn

224,115

52,619

34,453

3,029

15,938

10,700

143

13,491

15,752

19,688

Montgomery

10,137

2,293

2,146

132

719

555

6

740

853

1,239

Muscatine

42,880

10,796

6,952

621

2,972

2,072

27

2,649

3,088

4,522

9,092

2,065

1,966

119

644

488

6

655

748

916

481,830

120,645

61,337

6,944

33,755

21,370

308

26,142

30,792

45,028

93,386

22,142

15,823

1,274

6,592

4,646

60

5,966

6,947

9,661

Scott

172,509

41,198

27,310

2,371

12,185

8,331

110

10,570

12,336

19,061

Story

97,502

16,127

11,330

928

7,679

4,113

63

4,832

5,584

14,508

7,157

1,639

1,526

94

505

392

5

525

604

1,000

50,163

12,367

7,785

712

3,507

2,405

32

3,046

3,563

2,950

Palo Alto
Polk
Pottawattamie

Van Buren
Warren
Woodbury
Totals

102,429

26,840

15,095

1,545

7,028

4,690

66

5,907

6,892

13,330

1,710,563

398,912

250,204

22,961

122,186

79,542

1,095

99,351

115,953

188,396
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S TAT E TA B L E S

IOWA
American Lung Association in Iowa
www.lung.org/iowa

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Black Hawk

DNC

DNC

DNC

DNC

Bremer

0

0

0

Clinton

1

0

0

Delaware

DNC

DNC

Harrison

1

Johnson
Lee
Linn
Montgomery

Design
Value

Pass/
Fail

PASS

DNC

0

0

0

0

0.0

A

7.9

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

0.3

B

1

0

0

0

0.3

B

8.6

PASS

DNC

DNC

DNC

0

0

0

0

0.0

A

INC

INC

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

1

0

0

0

0.3

B

7.7

PASS

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

8.4

PASS

0

0

0

0.0

A

2

0

0

0

0.7

B

8.1

PASS

0

0

0

0.0

A

0

0

0

0

0.0

A

6.5

PASS

DNC

DNC

DNC

DNC

DNC

1

0

0

0

0.3

B

8.3

PASS

Palo Alto

0

0

0

0.0

A

0

0

0

0

0.0

A

6.8

PASS

Polk

0

0

0

0.0

A

2

0

0

0

0.7

B

7.4

PASS

Muscatine

Pottawattamie

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

7.7

PASS

Scott

2

0

0

0.7

B

2

0

0

0

0.7

B

8.7

PASS

Story

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

0

0

0

0.0

A

0

0

0

0

0.0

A

6.9

PASS

Van Buren
Warren
Woodbury

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

INC

INC

LUNG.org
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S TAT E TA B L E S

K ANSAS
American Lung Association in Kansas
www.lung.org/kansas

AT-RISK GROUPS
Lung Diseases
County

Johnson

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

591,178

145,917

83,028

13,735

40,966

28,573

353

35,984

45,934

30,974

Leavenworth

81,095

19,311

11,348

1,818

5,687

3,937

49

4,945

6,318

5,490

Neosho

16,015

3,897

3,101

367

1,101

857

10

1,143

1,415

2,389

Sedgwick

513,687

132,966

72,113

12,516

35,006

24,203

307

30,564

38,886

72,015

Shawnee

178,187

42,524

31,353

4,003

12,379

9,256

106

12,113

15,146

20,386

23,159

5,707

4,190

537

1,590

1,223

14

1,611

2,011

2,687

2,884

566

707

53

209

178

2

244

298

326

165,288

46,268

19,813

4,355

10,989

7,284

99

8,994

11,577

30,151

1,571,493

397,156

225,653

37,384

107,927

75,511

940

95,598

121,586

164,418

Sumner
Trego
Wyandotte
Totals

LUNG.org
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S TAT E TA B L E S

K ANSAS
American Lung Association in Kansas
www.lung.org/kansas

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Johnson

0

0.0

Leavenworth

0

0

0

Neosho

1

0

0

Sedgwick

0

1

0

Shawnee

1

0

Sumner

0

Trego

0

Wyandotte

3

0

Pass/
Fail

PASS

A

0

0

0

0

0.0

A

7.3

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

0.3

B

0

0

0

0

0.0

A

7.8

PASS

0.5

B

0

0

0

0

0.0

A

7.9

PASS

0

0.3

B

0

0

0

0

0.0

A

7.7

PASS

0

0

0.0

A

0

0

0

0

0.0

A

7.0

PASS

0

0

0.0

A

INC

INC

INC

INC

INC

INC

INC

INC

0

0

1.0

C

0

0

0

0

0.0

A

8.8

PASS

LUNG.org
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S TAT E TA B L E S

KENTUCKY
American Lung Association in Kentucky
www.lung.org/kentucky

AT-RISK GROUPS
Lung Diseases
County

Bell
Boone

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

26,894

5,668

5,067

445

2,312

2,710

25

2,897

2,910

9,494

130,728

34,416

16,976

2,700

10,442

11,535

119

11,614

11,876

9,250

Boyd

47,979

10,320

9,161

809

4,105

4,838

44

5,194

5,213

9,179

Bullitt

80,246

17,766

12,212

1,394

6,793

7,693

73

7,904

8,043

7,345

Campbell

92,488

19,452

13,999

1,526

7,905

8,752

84

8,941

9,079

9,700

Carter

27,144

6,143

4,967

482

2,286

2,668

25

2,847

2,860

7,430

Christian

70,416

19,007

8,572

1,491

5,463

5,450

65

5,357

5,406

12,545

Daviess

100,374

24,503

16,711

1,922

8,239

9,429

92

9,910

9,990

15,714

Edmonson

12,226

2,293

2,494

180

1,082

1,278

11

1,380

1,381

2,036

Fayette

321,959

67,492

41,564

5,294

27,247

28,153

294

27,726

28,210

50,981

Greenup

35,518

7,620

7,347

598

3,045

3,654

32

3,989

3,983

5,609

Hancock

8,801

2,281

1,450

179

710

826

8

871

880

1,065

108,071

26,586

14,805

2,085

8,819

9,700

99

9,810

9,998

13,394

45,928

10,687

7,805

838

3,835

4,433

42

4,668

4,712

7,288

Jefferson

771,158

171,882

121,282

13,482

64,853

72,279

702

74,610

75,467

105,999

Jessamine

53,375

13,128

7,751

1,030

4,360

4,852

49

4,963

5,042

7,559

Livingston

9,269

1,898

1,983

149

809

998

8

1,095

1,096

1,406

McCracken

65,385

14,586

12,653

1,144

5,532

6,521

59

7,033

7,042

9,743

Madison

91,226

19,041

12,246

1,494

7,736

8,065

83

8,004

8,129

14,330

Morgan

13,188

2,469

2,105

194

1,163

1,304

12

1,339

1,360

3,418

Oldham

66,415

16,892

8,408

1,325

5,388

6,022

61

6,036

6,204

3,106

Perry

26,553

6,060

4,358

475

2,234

2,586

24

2,702

2,739

6,706

Pike

58,883

12,159

10,696

954

5,096

5,973

54

6,334

6,390

16,502

Pulaski

64,449

14,451

11,981

1,134

5,450

6,414

59

6,864

6,897

15,049

Simpson

18,108

4,381

2,997

344

1,493

1,717

17

1,802

1,820

2,550

Trigg

14,444

3,133

3,209

246

1,241

1,538

13

1,707

1,702

2,011

128,845

29,322

16,373

2,300

10,647

10,965

118

10,806

10,981

19,562

Hardin
Henderson

Warren
Washington
Totals

12,126

2,828

2,132

222

1,013

1,183

11

1,255

1,265

1,792

2,502,196

566,464

381,304

44,433

209,297

231,537

2,284

237,658

240,674

370,763
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S TAT E TA B L E S

KENTUCKY
American Lung Association in Kentucky
www.lung.org/kentucky

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Bell

0

0

0

0.0

Boone

1

0

0

Boyd

5

0

0

Bullitt

3

0

Campbell

10

Carter
Christian

Design
Value

Pass/
Fail

PASS

A

1

1

0

0

0.8

B

8.8

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

1.7

C

0

0

0

0

0.0

A

8.0

PASS

0

1.0

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

0

0

3.3

F

0

0

0

0

0.0

A

8.4

PASS

0

0

0

0.0

A

1

0

0

0

0.3

B

6.7

PASS

0

0

0

0.0

A

0

0

0

0

0.0

A

8.5

PASS

Daviess

2

1

0

1.2

C

0

0

0

0

0.0

A

8.8

PASS

Edmonson

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Fayette

4

0

0

1.3

C

0

0

0

0

0.0

A

8.2

PASS

Greenup

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Hancock

8

0

0

2.7

D

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Hardin

2

0

0

0.7

B

0

0

0

0

0.0

A

8.5

PASS

Henderson

6

0

0

2.0

C

1

0

0

0

0.3

B

8.9

PASS

Jefferson

22

4

0

9.3

F

1

1

0

0

0.8

B

9.7

PASS

Jessamine

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Livingston

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

McCracken

2

0

0

0.7

B

1

0

0

0

0.3

B

8.6

PASS

Madison

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

7.7

PASS

Morgan

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Oldham

8

0

0

2.7

D

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Perry

0

0

0

0.0

A

0

1

0

0

0.5

B

8.0

PASS

Pike

0

0

0

0.0

A

2

0

0

0

0.7

B

7.4

PASS

Pulaski

0

0

0

0.0

A

0

0

0

0

0.0

A

7.9

PASS

Simpson

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Trigg

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Warren

0

0

0

0.0

A

0

0

0

0

0.0

A

8.2

PASS

Washington

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC
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S TAT E TA B L E S

LOUISIANA
American Lung Association in Louisiana
www.lung.org/louisiana

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Ascension Parish

122,948

33,080

14,039

2,895

Bossier Parish

127,634

32,024

17,681

2,802

8,421

8,323

85

Caddo Parish

246,581

59,169

40,667

5,178

16,362

17,156

163

Calcasieu Parish

202,445

50,403

29,245

4,410

13,364

13,538

135

East Baton Rouge
Parish

446,268

101,307

60,934

8,865

30,451

29,376

Iberville Parish

33,027

6,918

5,060

605

2,294

Jefferson Parish

439,036

96,191

72,595

8,417

Lafayette Parish

242,485

57,539

30,574

5,035

Lafourche Parish

98,426

23,053

14,789

2,017

Livingston Parish

138,228

35,800

17,629

3,133

9,053

Orleans Parish

393,292

79,030

55,284

6,915

27,747

Ouachita Parish

155,874

39,012

22,267

3,414

10,277

Pointe Coupee Parish

7,977

7,770

Lung
Cancer

82

Cardiovascular
Disease
Diabetes

9,302

Poverty

11,647

15,316

10,214

12,480

20,997

21,880

26,193

62,114

16,826

20,480

28,177

296

35,552

43,659

82,191

2,349

22

2,932

3,569

6,689

29,975

31,444

292

39,975

48,065

74,274

16,376

15,821

161

19,006

23,586

41,306

6,618

6,817

66

8,536

10,375

15,279

8,954

92

10,895

13,466

15,669

27,145

260

32,993

40,598

99,613

10,328

103

12,789

15,578

37,173

22,268

5,016

4,351

439

1,492

1,679

15

2,225

2,617

4,167

131,648

32,758

20,949

2,866

8,646

9,044

88

11,490

13,810

25,427

St. Bernard Parish

46,202

12,353

5,094

1,081

3,009

2,869

31

3,394

4,265

9,166

St. James Parish

21,367

4,915

3,471

430

1,439

1,533

14

1,956

2,358

3,532

St. John the Baptist
Parish

43,441

10,781

5,942

943

2,879

2,939

29

3,636

4,469

7,777

Rapides Parish

St. Martin Parish

54,171

13,402

7,750

1,173

3,586

3,688

36

4,598

5,616

10,246

St. Tammany Parish

256,327

61,866

41,703

5,414

16,990

18,210

171

23,326

28,059

28,338

Tangipahoa Parish

132,497

32,651

18,468

2,857

8,794

8,759

88

10,776

13,177

26,919

Terrebonne Parish

112,086

28,724

15,422

2,513

7,342

7,429

75

9,185

11,249

21,712

West Baton Rouge
Parish

26,265

6,399

3,504

560

1,754

1,751

18

2,143

2,641

3,471

3,492,516

822,391

507,418

71,963

234,844

236,924

2,322

293,627

357,959

639,553

Totals
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S TAT E TA B L E S

LOUISIANA
American Lung Association in Louisiana
www.lung.org/louisiana

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
Parish
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Design
Value

Pass/
Fail

Ascension Parish

11

0

0

3.7

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Bossier Parish

1

0

0

0.3

B

DNC

DNC

DNC

DNC

Caddo Parish

0

0

0

0.0

A

0

0

0

0

DNC

DNC

DNC

DNC

0.0

A

10.2

PASS

Calcasieu Parish

6

1

0

2.5

D

0

0

0

0

0.0

A

7.6

PASS

East Baton Rouge
Parish

17

2

0

6.7

F

2

0

0

0

0.7

B

9.0

PASS

Iberville Parish

12

0

0

4.0

F

0

0

0

0

0.0

A

8.2

PASS

Jefferson Parish

3

0

0

1.0

C

Lafayette Parish

1

0

0

0.3

B

0

0

0

0

0.0

A

7.5

PASS

0

0

0

0

0.0

A

7.6

PASS

Lafourche Parish

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Livingston Parish

7

0

0

2.3

D

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Orleans Parish

DNC

DNC

Ouachita Parish

0

0

DNC

DNC

DNC

0

0

0

0

0.0

A

8.2

PASS

0

0.0

A

0

0

0

0

0.0

A

INC

INC

Pointe Coupee Parish

4

0

0

1.3

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

INC

INC

St. Bernard Parish

2

0

0

0.7

B

0

0

0

0

0.0

A

8.5

PASS

St. James Parish

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Rapides Parish

St. John the Baptist
Parish

3

0

0

1.0

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

St. Martin Parish

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

St. Tammany Parish

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Tangipahoa Parish

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

7.5

PASS

Terrebonne Parish

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

7.1

PASS

West Baton Rouge
Parish

8

0

0

2.7

D

0

0

0

0

0.0

A

9.1

PASS
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S TAT E TA B L E S

MAINE
American Lung Association in Maine
www.lung.org/maine

AT-RISK GROUPS
Lung Diseases
County

Androscoggin
Aroostook

Total		
Population Under 18

107,651

23,469

65 &
Over

18,496

Pediatric
Asthma

1,880

Adult		
Asthma
COPD

9,412

6,272

Lung
Cancer

76

Cardiovascular
Disease
Diabetes

7,658

8,613

Poverty

12,975

67,653

12,398

15,773

993

6,156

4,518

48

5,761

6,316

9,499

292,500

55,311

52,146

4,430

26,513

17,581

206

21,506

24,117

22,900

Franklin

29,988

5,321

6,474

426

2,751

1,946

21

2,450

2,703

3,950

Hancock

54,497

9,430

12,972

755

5,020

3,692

38

4,716

5,163

5,914

Kennebec

Cumberland

121,821

23,726

23,288

1,900

10,959

7,558

86

9,322

10,447

14,707

Knox

39,790

7,129

9,721

571

3,635

2,686

28

3,462

3,760

4,099

Oxford

57,439

10,714

12,023

858

5,216

3,747

41

4,664

5,218

7,636

Penobscot

151,957

27,771

27,241

2,224

13,880

9,148

107

11,207

12,534

20,627

Sagadahoc

35,392

6,759

7,591

541

3,194

2,292

25

2,880

3,192

3,416

Washington

31,593

5,929

7,548

475

2,857

2,114

22

2,713

2,960

6,473

York
Totals

204,191

38,877

40,300

3,114

18,463

12,867

144

15,932

17,818

15,776

1,194,472

226,834

233,573

18,167

108,055

74,423

843

92,272

102,840

127,972
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S TAT E TA B L E S

MAINE
American Lung Association in Maine
www.lung.org/maine

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Androscoggin

0

0.0

Aroostook

0

0

0

0.0

A

Cumberland

3

0

0

1.0

C

Franklin

DNC

DNC

DNC

DNC

DNC

Hancock

9

1

0

3.5

F

Kennebec

0

0

0

0.0

A

0

0

0

0

0.0

A

INC

INC

Knox

5

0

0

1.7

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Oxford

0

0

0

0.0

A

0

0

0

0

0.0

A

6.6

Pass

0

0

A

0

Design
Value

Pass/
Fail

0

0

0

0.0

A

7.0

Pass

0

1

0

0

0.5

B

7.3

Pass

0

0

0

0

0.0

A

7.0

Pass

INC

INC

INC

INC

INC

INC

INC

INC

0

0

0

0

0.0

A

4.1

Pass

Penobscot

0

0

0

0.0

A

0

0

0

0

0.0

A

6.4

Pass

Sagadahoc

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Washington

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

York

5

1

0

2.2

D

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC
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S TAT E TA B L E S

MARYLAND
American Lung Association in Maryland
www.lung.org/maryland

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

Anne Arundel

573,235

127,512

82,263

12,329

42,503

25,323

323

33,460

46,057

34,314

Baltimore

832,468

180,026

139,448

17,406

61,949

38,835

467

52,105

70,307

67,176

Calvert

91,502

21,405

13,194

2,070

6,619

4,144

52

5,516

7,672

5,415

Carroll

167,781

36,659

27,504

3,544

12,345

8,007

94

10,771

14,762

8,298

Cecil

102,746

23,470

15,672

2,269

7,495

4,713

58

6,295

8,668

9,862

Charles

159,700

38,648

19,386

3,737

11,530

6,724

90

8,787

12,403

11,823

32,162

6,802

6,781

658

2,373

1,670

18

2,302

3,037

4,962

252,022

58,661

35,571

5,672

18,369

11,133

142

14,739

20,411

16,626

Dorchester
Frederick
Garrett

29,233

5,503

6,369

532

2,218

1,571

16

2,166

2,861

3,377

Harford

252,160

56,494

39,773

5,462

18,510

11,674

142

15,624

21,391

17,620

Howard

321,113

78,588

42,981

7,598

23,082

13,768

181

18,152

25,229

18,895

Kent
Montgomery
Prince George's

19,384

3,081

5,104

298

1,523

1,126

11

1,575

2,016

2,312

1,058,810

246,303

158,187

23,814

77,262

47,152

595

62,695

85,851

73,280

912,756

203,066

116,434

19,634

68,009

38,678

512

50,438

70,300

76,564

Washington

150,578

33,247

25,321

3,215

11,104

7,080

85

9,524

12,890

19,017

Baltimore City

611,648

126,316

82,925

12,213

46,743

26,133

342

34,075

46,804

130,267

5,567,298 1,245,781

816,913

120,450

411,636

247,727

3,127

328,225

450,660

499,808

Totals
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S TAT E TA B L E S

MARYLAND
American Lung Association in Maryland
www.lung.org/maryland

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Anne Arundel

18

0

0

6.0

INC

Baltimore

41

5

1

16.8

F

0

0

0

0

0.0

Calvert

4

0

0

1.3

C

DNC

DNC

DNC

DNC

DNC

Carroll

7

0

0

2.3

D

DNC

DNC

DNC

DNC

DNC

Cecil

20

3

0

8.2

F

0

0

0

0

F

INC

INC

INC

INC

Design
Value

Pass/
Fail

INC

INC

A

8.9

PASS

DNC

DNC

DNC

DNC

DNC

DNC

0.0

A

8.4

PASS

INC

Charles

7

0

0

2.3

D

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Dorchester

4

0

0

1.3

C

0

0

0

0

0.0

A

7.8

PASS

Frederick

6

0

0

2.0

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Garrett

0

0

0

0.0

A

0

0

0

0

0.0

A

5.5

PASS

Harford

22

4

0

9.3

F

1

0

0

0

0.3

B

8.1

PASS

Howard

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

9.1

PASS

14

0

0

4.7

F

0

0

0

0

0.0

A

7.9

PASS

Kent
Montgomery

7

0

0

2.3

D

0

0

0

0

0.0

A

7.4

PASS

Prince George's

21

1

0

7.5

F

0

0

0

0

0.0

A

8.4

PASS

Washington

5

0

0

1.7

C

1

0

0

0

0.3

B

8.6

PASS

Baltimore City

12

1

0

4.5

F

2

0

0

0

0.7

B

8.7

PASS
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S TAT E TA B L E S

MASSACHUSETTS
American Lung Association in Massachusetts
www.lung.org/massachusetts

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

Barnstable

213,444

Berkshire

126,313

21,550

Bristol

561,483

116,076

Dukes

17,325

3,051

Essex

785,205

168,153

Franklin

32,333

65 &
Over

63,768

Pediatric
Asthma

Adult		
Asthma
COPD

5,124

19,938

12,769

28,800

3,415

11,767

6,552

93,547

18,395

50,862

24,890

4,049

483

1,597

914

130,723

26,647

70,408

34,672

Lung
Cancer

133

Cardiovascular
Disease
Diabetes

Poverty

18,656

22,266

15,846

79

9,338

11,420

12,744

351

34,519

43,371

60,780

11

1,304

1,599

1,299

490

48,103

60,460

78,610

70,702

12,453

14,984

1,973

6,561

3,578

44

5,050

6,259

7,218

Hampden

469,818

101,902

77,379

16,148

42,097

20,272

293

28,214

35,150

77,905

Hampshire

161,834

23,974

26,801

3,799

15,927

7,063

101

9,851

12,062

14,206

Middlesex

1,602,947

319,236

240,158

50,590

147,883

67,184

1,002

92,577

116,162

124,404

Norfolk

700,322

147,936

116,110

23,444

63,074

30,882

437

42,831

53,814

45,495

Plymouth

515,142

111,411

90,682

17,655

45,814

23,574

322

32,780

41,318

36,645

Suffolk

797,939

133,837

93,737

21,209

78,053

29,324

498

39,971

49,271

134,360

Worcester

826,116

175,693

126,229

27,842

74,527

35,438

516

48,714

61,838

82,794

6,848,590 1,367,605 1,106,967

216,725

628,507

297,113

4,278

411,908

514,991

692,306

Totals
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S TAT E TA B L E S

MASSACHUSETTS
American Lung Association in Massachusetts
www.lung.org/massachusetts

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Design
Value

Pass/
Fail

Barnstable

10

0

0

3.3

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Berkshire

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

6.3

PASS

Bristol

14

1

0

5.2

F

0

0

0

0

0.0

A

6.1

PASS

Dukes

6

2

0

3.0

D

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Essex

9

0

0

3.0

D

0

0

0

0

0.0

A

5.3

PASS

Franklin

3

0

0

1.0

C

0

0

0

0

0.0

A

5.5

PASS

Hampden

12

1

0

4.5

F

0

0

0

0

0.0

A

6.9

PASS

Hampshire

10

1

0

3.8

F

0

0

0

0

0.0

A

INC

INC

Middlesex

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Norfolk

8

1

0

3.2

D

INC

INC

INC

INC

INC

INC

INC

INC

Plymouth

6

0

0

2.0

C

0

0

0

0

0.0

A

5.3

PASS

Suffolk

4

0

0

1.3

C

0

0

0

0

0.0

A

7.2

PASS

Worcester

7

0

0

2.3

D

0

0

0

0

0.0

A

5.9

PASS
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S TAT E TA B L E S

MICHIGAN
American Lung Association in Michigan
www.lung.org/michigan

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Allegan

116,447

28,398

18,665

2,488

9,519

7,832

74

9,387

Bay

Poverty

9,946

10,969

104,239

21,277

20,718

1,864

8,907

7,643

66

9,469

9,917

14,920

Benzie

17,573

3,239

4,486

284

1,519

1,437

11

1,862

1,929

1,627

Berrien

154,259

33,922

29,756

2,972

12,928

11,024

98

13,634

14,280

26,055

Cass

51,381

10,754

10,468

942

4,351

3,849

33

4,791

5,026

6,065

Chippewa

37,711

6,933

6,582

607

3,333

2,625

24

3,159

3,317

5,570

Clinton

78,443

17,645

12,819

1,546

6,575

5,380

50

6,443

6,824

5,718

407,385

92,644

69,353

8,117

33,985

28,014

257

33,849

35,720

73,568

Genesee
Huron

31,280

6,024

7,691

528

2,681

2,513

20

3,238

3,361

4,122

Ingham

290,186

57,751

38,008

5,060

25,466

17,576

183

20,086

21,203

53,746

Kalamazoo

262,985

57,117

38,344

5,004

22,440

16,386

166

19,208

20,206

35,561

Kent

648,594

158,211

85,882

13,862

53,497

39,764

410

46,021

48,892

66,316

Lenawee

98,623

20,970

18,160

1,837

8,365

6,992

63

8,552

8,985

9,679

Macomb

871,375

185,308

144,709

16,236

74,206

60,568

551

72,550

76,805

96,264

Manistee

24,427

4,290

6,140

376

2,138

1,996

16

2,573

2,668

3,110

Mason

29,073

5,901

6,648

517

2,469

2,241

18

2,856

2,969

3,798

Missaukee

14,998

3,472

3,034

304

1,234

1,089

10

1,363

1,425

2,100

Monroe

149,649

32,208

26,266

2,822

12,663

10,681

95

12,930

13,677

17,416

Muskegon

173,693

40,424

28,456

3,542

14,415

11,658

110

14,007

14,784

25,478

1,250,836

265,817

204,842

23,290

106,599

86,715

791

103,581

109,764

95,968

Ottawa

286,383

69,249

41,775

6,067

23,619

17,829

181

21,019

22,168

22,831

St. Clair

159,350

33,599

29,085

2,944

13,533

11,644

101

14,181

14,994

19,533

8,049

1,351

2,127

118

708

688

5

892

927

1,151

52,764

10,890

10,459

954

4,492

3,927

33

4,859

5,105

7,375

Oakland

Schoolcraft
Tuscola
Washtenaw
Wayne
Wexford
Totals

367,627

68,709

49,147

6,020

32,733

22,842

233

26,130

27,624

44,394

1,753,616

416,178

265,150

36,465

145,113

114,437

1,107

135,536

143,598

392,205

33,276

7,826

6,223

686

2,734

2,344

21

2,890

3,034

4,425

7,474,222 1,660,107 1,184,993

145,455

630,222

499,691

4,724

595,065
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629,146 1,049,964

S TAT E TA B L E S

MICHIGAN
American Lung Association in Michigan
www.lung.org/michigan

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Allegan

0.0

Bay

17

0

0

5.7

F

0

0

0

0

A

Design
Value

Pass/
Fail

7.5

PASS

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

7.1

PASS

Benzie

10

0

0

3.3

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Berrien

18

0

0

6.0

F

0

0

0

0

0.0

A

7.8

PASS

Cass

17

0

0

5.7

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Chippewa

1

0

0

0.3

B

0

0

0

0

0.0

A

INC

INC

Clinton

7

0

0

2.3

D

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Genesee

11

0

0

3.7

F

0

0

0

0

0.0

A

7.5

PASS

Huron

7

0

0

2.3

D

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Ingham

6

0

0

2.0

C

0

0

0

0

0.0

A

7.7

PASS

Kalamazoo

10

0

0

3.3

F

0

0

0

0

0.0

A

8.4

PASS

Kent

10

0

0

3.3

F

0

1

0

0

0.5

B

9.1

PASS

Lenawee

3

0

0

1.0

C

0

0

0

0

0.0

A

7.8

PASS

Macomb

15

0

0

5.0

F

0

1

0

0

0.5

B

8.2

PASS

Manistee

5

0

0

1.7

C

0

0

0

0

0.0

A

5.9

PASS

Mason

8

0

0

2.7

D

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Missaukee

8

0

0

2.7

D

0

0

0

0

0.0

A

5.1

PASS

DNC

DNC

DNC

DNC

DNC

1

0

0

0

0.3

B

8.2

PASS

Muskegon

15

3

0

6.5

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Oakland

11

0

0

3.7

F

1

0

0

0

0.3

B

8.5

PASS

Monroe

Ottawa

8

0

0

2.7

D

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

St. Clair

16

0

0

5.3

F

0

0

0

0

0.0

A

8.4

PASS

Schoolcraft

12

0

0

4.0

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Tuscola

4

0

0

1.3

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Washtenaw

9

0

0

3.0

D

0

0

0

0

0.0

A

8.4

PASS

Wayne

18

0

0

6.0

F

5

0

0

0

1.7

C

11.2

PASS

Wexford

7

0

0

2.3

D

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC
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S TAT E TA B L E S

MINNESOTA
American Lung Association in Minnesota
www.lung.org/minnesota

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

Anoka

351,373

Becker

34,098

Beltrami

46,513

Carlton

35,498
5,398

Cook
Crow Wing

84,276

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

47,582

3,812

19,583

11,534

203

17,283

20,335

18,795

8,350

6,884

378

1,873

1,266

20

2,079

2,271

3,909

11,777

7,239

533

2,545

1,495

27

2,317

2,620

8,329

8,017

6,042

363

2,007

1,266

21

1,989

2,253

3,158

858

1,477

39

328

245

3

421

445

471

64,424

14,059

14,155

636

3,659

2,528

37

4,199

4,546

6,220

421,751

103,532

57,393

4,683

23,331

13,727

244

20,620

24,187

24,329

Goodhue

46,304

10,379

8,823

469

2,617

1,727

27

2,781

3,092

3,650

Hennepin

Dakota

1,252,024

275,532

170,885

12,463

71,730

40,351

724

60,095

70,394

129,217

Lake

10,524

1,931

2,681

87

622

457

6

776

828

869

Lyon

25,831

6,485

3,936

293

1,417

841

15

1,297

1,480

3,027

Mille Lacs

25,872

6,276

4,632

284

1,429

927

15

1,479

1,654

2,782

Olmsted

154,930

37,946

23,252

1,716

8,571

5,081

89

7,795

8,942

12,737

Ramsey

547,974

127,779

77,087

5,780

30,855

17,434

316

26,234

30,402

74,390

St. Louis

200,000

38,171

37,558

1,727

11,819

7,422

116

11,801

13,165

27,827

Scott

145,827

40,626

15,199

1,838

7,737

4,288

84

6,143

7,493

5,759

Stearns

157,822

36,346

23,157

1,644

8,914

5,105

91

7,751

8,921

16,561

Washington

256,348

63,271

36,887

2,862

14,136

8,555

148

13,020

15,146

10,617

Wright

134,286

37,776

16,528

1,709

7,083

4,088

78

6,070

7,182

7,204

3,916,797

913,387

561,397

41,315

220,257

128,337

2,264

194,152

225,357

359,851

Totals
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S TAT E TA B L E S

MINNESOTA
American Lung Association in Minnesota
www.lung.org/minnesota

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Anoka

0.3

Becker

1

0

0

B

2

Design
Value

Pass/
Fail

0

0

0

0.7

B

6.7

PASS

0

0

0

0.0

A

2

0

0

0

0.7

B

4.8

PASS

Beltrami

DNC

DNC

DNC

DNC

DNC

2

0

0

0

0.7

B

5.2

PASS

Carlton

1

0

0

0.3

B

1

0

0

0

0.3

B

INC

INC

DNC

DNC

DNC

DNC

DNC

INC

INC

INC

INC

INC

INC

INC

INC

Cook
Crow Wing

0

0

0

0.0

A

2

0

0

0

0.7

B

5.8

PASS

DNC

DNC

DNC

DNC

DNC

1

0

0

0

0.3

B

6.7

PASS

Goodhue

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Hennepin

0

0

0

0.0

A

2

0

0

0

0.7

B

8.0

PASS

Lake

0

0

0

0.0

A

1

0

0

0

0.3

B

4.0

PASS

Lyon

1

0

0

0.3

B

1

0

0

0

0.3

B

5.0

PASS

Mille Lacs

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Dakota

Olmsted

0

0

0

0.0

A

2

0

0

0

0.7

B

6.7

PASS

Ramsey

DNC

DNC

DNC

DNC

DNC

3

1

0

0

1.5

C

7.5

PASS

St. Louis

0

0

0

0.0

A

1

0

0

0

0.3

B

5.2

PASS

Scott

0

0

0

0.0

A

0

0

0

0

0.0

A

6.4

PASS

Stearns

0

0

0

0.0

A

0

1

0

0

0.5

B

5.7

PASS

Washington

0

0

0

0.0

A

2

0

0

0

0.7

B

6.4

PASS

Wright

1

0

0

0.3

B

1

0

0

0

0.3

B

6.3

PASS
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S TAT E TA B L E S

MISSISSIPPI
American Lung Association in Mississippi
www.lung.org/mississippi

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Bolivar

31,945

7,778

4,875

DeSoto

178,751

46,276

Forrest

75,471

17,411

Grenada

21,087

Hancock

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

885

1,989

1,975

24

2,739

3,391

22,578

5,264

10,913

10,635

133

14,352

18,220

15,440

10,080

1,981

4,716

4,439

56

5,985

7,458

16,401

4,999

3,713

569

1,340

1,398

16

1,987

2,442

4,246

47,053

9,956

8,996

1,133

3,114

3,330

35

4,775

5,873

7,921

Harrison

205,027

49,384

29,702

5,618

12,824

12,680

153

17,424

21,775

39,266

Hinds

239,497

58,754

32,519

6,683

14,822

14,370

177

19,537

24,493

46,575

Jackson

142,152

33,494

21,935

3,810

9,015

9,137

106

12,688

15,847

20,359

Lauderdale

76,155

18,009

12,810

2,049

4,820

4,936

57

6,956

8,567

14,922

Lee

84,933

21,629

12,281

2,460

5,234

5,232

63

7,213

9,027

11,739

Yalobusha

12,497

2,829

2,427

322

809

865

9

1,248

1,521

2,626

1,114,568

270,519

161,916

30,772

69,597

68,997

829

94,902

118,615

189,260

Totals
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9,765

S TAT E TA B L E S

MISSISSIPPI
American Lung Association in Mississippi
www.lung.org/mississippi

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Bolivar

0.0

DNC

0

0

0

A

DNC

DNC

DNC

DNC

DNC

Design
Value

Pass/
Fail

DNC

DNC

DeSoto

1

0

0

0.3

B

0

0

0

0

0.0

A

8.1

Pass

Forrest

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

8.9

Pass

Grenada

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

7.2

Pass

Hancock

0

0

0

0.0

A

0

0

0

0

0.0

A

8.1

Pass

Harrison

3

0

0

1.0

C

0

0

0

0

0.0

A

8.1

Pass

Hinds

0

0

0

0.0

A

0

0

0

0

0.0

A

8.9

Pass

Jackson

1

0

0

0.3

B

0

0

0

0

0.0

A

8.3

Pass

Lauderdale

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Lee

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Yalobusha

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC
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S TAT E TA B L E S

MISSOURI
American Lung Association in Missouri
www.lung.org/missouri

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

Andrew

17,555

4,017

3,273

390

1,257

1,243

13

1,522

1,539

1,378

Boone

178,271

36,168

21,123

3,508

13,350

10,135

128

11,807

11,976

25,432

Buchanan

89,065

20,244

13,891

1,963

6,420

5,764

65

6,925

7,022

13,197

Callaway

45,032

9,458

7,102

917

3,318

2,996

33

3,591

3,651

5,033

103,724

25,297

17,126

2,453

7,298

6,921

75

8,372

8,501

9,435

Cass
Cedar

14,073

3,367

3,255

327

991

1,053

10

1,331

1,324

2,377

242,874

58,948

33,562

5,717

17,174

15,060

175

17,855

18,230

17,794

Clinton

20,554

4,833

3,660

469

1,460

1,435

15

1,747

1,772

2,229

Greene

289,805

60,664

46,801

5,883

21,415

18,549

209

22,412

22,529

45,036

Jackson

698,895

165,940

101,792

16,093

49,749

44,002

503

52,487

53,407

94,910

Jasper

120,217

30,199

18,329

2,929

8,403

7,461

87

8,987

9,083

19,719

Jefferson

Clay

223,810

52,350

32,419

5,077

15,971

14,737

162

17,482

17,954

23,704

Lincoln

56,183

14,315

7,430

1,388

3,904

3,520

41

4,146

4,269

5,436

Monroe

8,612

1,888

1,968

183

622

662

6

831

831

1,146

Perry
St. Charles
Ste. Genevieve
St. Louis
Taney
St. Louis City
Totals

19,225

4,513

3,380

438

1,368

1,320

14

1,607

1,627

1,837

395,504

93,319

58,031

9,050

28,175

25,517

285

30,393

31,049

20,661

17,843

3,899

3,372

378

1,294

1,306

13

1,595

1,619

1,885

996,726

219,750

176,498

21,311

72,298

68,716

716

83,637

84,555

97,993

55,355

11,669

11,758

1,132

4,059

4,003

40

4,997

4,978

7,401

308,626

59,774

40,262

5,797

23,304

19,101

222

22,385

22,853

64,108

3,901,949

880,612

605,032

85,402

281,829

253,501

2,811

304,108

308,769

460,711
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S TAT E TA B L E S

MISSOURI
American Lung Association in Missouri
www.lung.org/missouri

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Andrew

0.3

Boone

1

0

0

Design
Value

Pass/
Fail

DNC

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Buchanan

DNC

DNC

DNC

DNC

DNC

1

0

0

0

0.3

B

8.8

PASS

Callaway

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Cass

2

0

0

0.7

B

1

0

0

0

0.3

B

7.3

PASS

Cedar

0

0

0

0.0

A

0

0

0

0

0.0

A

6.8

PASS

Clay

9

0

0

3.0

D

2

0

0

0

0.7

B

7.1

PASS

Clinton

5

0

0

1.7

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Greene

0

0

0

0.0

A

0

0

0

0

0.0

A

INC

INC

Jackson

DNC

DNC

DNC

DNC

DNC

3

0

0

0

1.0

C

9.0

PASS

Jasper

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Jefferson

3

0

0

1.0

C

3

0

0

0

1.0

C

9.3

PASS

Lincoln

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Monroe

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Perry

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

St. Charles

17

2

0

6.7

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Ste. Genevieve

4

0

0

1.3

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

St. Louis

11

0

0

3.7

F

2

0

0

0

0.7

B

9.5

PASS

Taney

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

St. Louis City

3

0

0

1.0

C

3

2

0

0

2.0

C

9.0

PASS

LUNG.org
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S TAT E TA B L E S

MONTANA
American Lung Association in Montana
www.lung.org/montana

AT-RISK GROUPS
Lung Diseases
County

Fergus

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

11,291

2,380

2,664

204

800

620

6

792

789

1,396

Flathead

100,000

22,100

18,805

1,895

7,038

5,066

52

6,196

6,399

10,824

Gallatin

107,810

21,733

13,075

1,864

8,000

4,523

56

5,011

5,415

10,195

Lewis and Clark

67,773

14,599

12,239

1,252

4,817

3,390

35

4,106

4,266

5,474

Lincoln

19,440

3,540

5,401

304

1,410

1,194

10

1,564

1,542

3,001

Missoula

117,441

22,463

17,656

1,926

8,760

5,358

61

6,195

6,528

16,351

Phillips

4,119

985

886

84

281

218

2

276

279

585

Powder River

1,752

294

446

25

130

105

1

135

136

209

Ravalli

42,563

8,262

10,661

708

3,063

2,458

22

3,165

3,151

5,275

Richland

11,039

2,823

1,580

242

748

497

6

580

620

957

Rosebud

9,248

2,688

1,391

230

596

408

5

486

512

1,577

Silver Bow

34,602

7,026

6,420

602

2,506

1,736

18

2,106

2,173

5,487

Yellowstone

158,980

37,545

26,229

3,220

11,065

7,452

83

8,905

9,288

15,983

Totals

686,058

146,438

117,453

12,557

49,213

33,026

359

39,518

41,098

77,314

LUNG.org
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S TAT E TA B L E S

MONTANA
American Lung Association in Montana
www.lung.org/montana

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Fergus

0.0

0

6.2

0

0

0

A

11

5

0

F

Design
Value

Pass/
Fail

5.1

PASS

Flathead

0

0

0

0.0

A

8

12

3

0

10.7

F

9.1

PASS

Gallatin

DNC

DNC

DNC

DNC

DNC

8

3

0

1

5.0

F

INC

INC

0

0

0

0.0

A

32

17

0

0

19.2

F

9.8

PASS

DNC

DNC

DNC

DNC

DNC

13

18

2

0

14.7

F

13.0

FAIL

Missoula

0

0

0

0.0

A

16

21

1

0

16.5

F

11.4

PASS

Phillips

0

0

0

0.0

A

7

4

0

0

4.3

F

5.7

PASS

Powder River

0

0

0

0.0

A

8

6

0

0

5.7

F

7.8

PASS

Lewis and Clark
Lincoln

Ravalli

DNC

DNC

DNC

DNC

DNC

42

28

2

0

29.3

F

11.7

PASS

Richland

0

0

0

0.0

A

4

4

0

0

3.3

F

INC

INC

Rosebud

0

0

0

0.0

A

8

6

0

0

5.7

F

6.5

PASS

Silver Bow

DNC

DNC

DNC

DNC

DNC

24

10

0

0

13.0

F

10.3

PASS

Yellowstone

DNC

DNC

DNC

DNC

DNC

7

0

0

0

2.3

D

INC

INC

LUNG.org
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S TAT E TA B L E S

NEBR ASK A
American Lung Association in Nebraska
www.lung.org/nebraska

AT-RISK GROUPS
Lung Diseases
County

Douglas

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

561,620

144,522

71,090

8,860

34,655

22,403

328

30,638

39,392

62,619

Hall

61,519

16,758

9,003

1,027

3,694

2,572

36

3,626

4,535

7,247

Knox

8,472

2,058

2,060

126

516

451

5

693

800

1,034

Lancaster

314,358

72,148

42,403

4,423

20,118

12,714

184

17,460

22,295

33,985

Sarpy

181,439

50,162

20,488

3,075

10,937

6,944

106

9,353

12,213

9,108

Scotts Bluff

36,363

9,109

6,750

558

2,228

1,688

21

2,473

2,982

4,733

Washington

20,721

4,928

3,642

302

1,295

984

12

1,421

1,742

1,458

2,556,608

592,561

390,342

43,487

171,868

113,808

1,409

144,701

166,157

274,812

Totals

LUNG.org
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S TAT E TA B L E S

NEBR ASK A
American Lung Association in Nebraska
www.lung.org/nebraska

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Douglas

1.0

0

0

0

8.9

PASS

0

0

0.3

B

Hall

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

5.9

PASS

Knox

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Lancaster

0

0

0

0.0

A

0

0

0

0

0.0

A

6.4

PASS

Sarpy

DNC

DNC

DNC

DNC

DNC

2

0

0

0

0.7

B

8.7

PASS

Scotts Bluff

DNC

DNC

DNC

DNC

DNC

1

0

0

0

0.3

B

INC

INC

Washington

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

6.6

PASS

AMERICAN LUNG ASSOCIATION STATE OF THE AIR 2019

C

Pass/
Fail

1

LUNG.org

3

Design
Value

S TAT E TA B L E S

NEVADA
American Lung Association in Nevada
www.lung.org/nevada

AT-RISK GROUPS
Lung Diseases
County

Churchill
Clark

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

24,230

5,536

4,501

429

1,937

1,412

11

1,732

2,106

2,747

2,204,079

514,192

317,010

39,891

176,845

115,546

1,026

139,163

169,997

305,802

Douglas

48,309

8,336

13,128

647

4,073

3,518

22

4,418

5,351

3,931

Elko

52,649

14,476

5,705

1,123

4,021

2,477

24

2,948

3,640

5,476

Lyon

54,122

11,736

11,425

910

4,368

3,373

25

4,172

5,064

5,779

Washoe

460,587

100,677

73,095

7,811

37,552

25,464

214

30,861

37,681

50,261

White Pine

9,592

1,915

1,667

149

799

556

4

677

825

1,131

Carson City

54,745

11,065

11,026

858

4,515

3,386

25

4,171

5,073

5,679

2,908,313

667,933

437,557

51,818

234,109

155,732

1,354

188,143

229,737

380,806

Totals

LUNG.org
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S TAT E TA B L E S

NEVADA
American Lung Association in Nevada
www.lung.org/nevada

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Churchill

2.0

DNC

Clark

6

0

0

C

DNC

DNC

DNC

DNC

DNC

Design
Value

Pass/
Fail

DNC

DNC

63

2

0

22.0

F

9

1

0

0

3.5

F

9.8

PASS

Douglas

DNC

DNC

DNC

DNC

DNC

8

3

0

0

4.2

F

7.9

PASS

Elko

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Lyon

8

0

0

2.7

D

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Washoe

21

0

0

7.0

F

3

0

0

0

1.0

C

7.6

PASS

White Pine

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Carson City

2

0

0

0.7

B

2

1

0

0

1.2

C

5.0

PASS

LUNG.org

AMERICAN LUNG ASSOCIATION STATE OF THE AIR 2019

S TAT E TA B L E S

NEW HAMPSHIRE
American Lung Association in New Hampshire
www.lung.org/newhampshire

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

Belknap

60,785

11,326

13,093

817

6,487

3,584

38

3,948

4,601

4,953

Cheshire

75,960

13,720

14,671

990

8,259

4,256

48

4,554

5,346

6,687

Coos

31,634

5,230

7,339

377

3,452

1,937

20

2,160

2,503

3,415

Grafton

89,386

14,701

17,925

1,060

9,913

5,083

56

5,464

6,387

7,770

409,697

84,639

62,856

6,105

43,549

21,362

258

21,780

26,177

31,832

Hillsborough
Merrimack

149,216

28,806

26,517

2,078

16,015

8,180

94

8,608

10,204

10,392

Rockingham

306,363

60,226

52,881

4,344

32,694

16,927

193

17,714

21,136

15,533

1,123,041

218,648

195,282

15,771

120,369

61,328

707

64,228

76,354

80,582

Totals

LUNG.org
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S TAT E TA B L E S

NEW HAMPSHIRE
American Lung Association in New Hampshire
www.lung.org/newhampshire

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Belknap

0

0

0

0.0

0.0

Cheshire

1

0

0

0.3

B

0

1

0

0

0.5

Coos

7

0

0

2.3

D

DNC

DNC

DNC

DNC

DNC

Grafton

0

0

0

0.0

A

0

0

0

0

0.0

Hillsborough

6

0

0

2.0

C

0

0

0

0

Merrimack

1

0

0

0.3

B

DNC

DNC

DNC

Rockingham

6

0

0

2.0

C

0

0

0

LUNG.org

A

0

0

0

Design
Value

Pass/
Fail

4.7

PASS

B

6.5

PASS

DNC

DNC

DNC

A

5.8

PASS

0.0

A

4.6

PASS

DNC

DNC

DNC

DNC

DNC

0

0.0

A

5.8

PASS

0
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A

S TAT E TA B L E S

NEW JERSEY
American Lung Association in New Jersey
www.lung.org/newjersey

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

151

58,018

46,703

4,815

Bergen

948,406

201,468

159,694

16,722

63,972

46,413

531

57,970

84,999

62,037

Camden

510,719

116,529

77,865

9,672

33,579

23,760

286

29,143

42,972

58,696

Cumberland

152,538

36,267

22,819

3,010

9,864

6,929

86

8,468

12,445

26,129

Essex

808,285

190,779

107,641

15,835

52,391

35,904

452

42,909

64,082

123,806

Gloucester

292,206

64,660

44,846

5,367

19,477

13,865

164

17,046

25,261

19,238

Hudson

691,643

139,805

79,986

11,604

46,041

29,693

388

33,859

50,884

96,125

Hunterdon

125,059

24,795

22,251

2,058

8,722

6,511

70

8,253

12,216

4,793

Mercer

374,733

79,884

55,346

6,630

25,058

17,480

210

21,204

31,409

40,622

Middlesex

842,798

182,065

122,235

15,111

56,101

38,962

472

47,106

69,849

69,518

Monmouth

626,351

133,890

106,513

11,113

42,459

31,155

351

39,131

57,649

45,085

Morris

499,693

106,917

82,840

8,874

33,787

24,576

280

30,686

45,267

24,225

Ocean

597,943

142,047

133,920

11,790

39,051

30,783

334

40,996

57,414

60,406

Passaic

512,607

122,618

72,866

10,177

33,108

23,036

287

27,900

41,309

82,865

Union

563,892

131,357

79,612

10,903

36,831

25,655

316

31,045

46,198

52,052

Warren

106,798

21,523

18,811

1,786

7,358

5,430

60

6,848

10,069

7,770

7,923,589 1,752,622 1,233,948

145,467

525,962

373,433

4,436

459,257

676,415

811,459

AMERICAN LUNG ASSOCIATION STATE OF THE AIR 2019

16,693

24,389

Poverty

269,918

LUNG.org

13,282

Cardiovascular
Disease
Diabetes

Atlantic

Totals

18,161

Lung
Cancer

38,092

S TAT E TA B L E S

NEW JERSEY
American Lung Association in New Jersey
www.lung.org/newjersey

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Design
Value

Pass/
Fail

Atlantic

3

0

0

1.0

C

0

0

0

0

0.0

7.3

PASS

Bergen

25

1

0

8.8

F

1

0

0

0

0.3

Camden

31

1

0

10.8

F

4

0

0

0

1.3

B

8.5

PASS

C

10.3

PASS

Cumberland

3

0

0

1.0

C

INC

INC

INC

INC

INC

INC

INC

INC

Essex

9

0

0

3.0

D

0

0

0

0

0.0

A

8.6

PASS

Gloucester

18

0

0

6.0

F

0

0

0

Hudson

20

1

0

7.2

F

0

0

0

0

0.0

A

INC

INC

0

0.0

A

8.4

PASS

Hunterdon

14

1

0

5.2

F

INC

INC

INC

INC

INC

INC

INC

INC

Mercer

26

1

0

9.2

F

0

Middlesex

26

1

0

9.2

F

0

0

0

0

0.0

A

7.7

PASS

0

0

0

0.0

A

INC

INC

Monmouth

9

1

0

3.5

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Morris

8

1

0

3.2

D

0

0

0

0

0.0

A

6.4

PASS

A

Ocean

17

2

0

6.7

F

1

0

0

0

0.3

B

6.9

PASS

Passaic

13

0

0

4.3

F

0

0

0

0

0.0

A

8.0

PASS

Union

DNC

DNC

DNC

DNC

DNC

1

0

0

0

0.3

B

9.7

PASS

5

0

0

1.7

C

0

0

0

0

0.0

A

8.6

PASS

Warren

LUNG.org
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S TAT E TA B L E S

NEW MEXICO
American Lung Association in New Mexico
www.lung.org/newmexico

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

Bernalillo

676,773

149,686

106,580

13,930

55,794

30,803

261

37,640

54,895

97,103

Doña Ana

215,579

53,579

33,137

4,986

17,191

9,093

83

11,210

16,280

55,541

Eddy

56,997

15,018

8,259

1,398

4,450

2,443

22

2,972

4,349

9,492

Lea

68,759

20,682

7,743

1,925

5,157

2,606

27

3,097

4,623

10,704

Rio Arriba

39,159

9,292

7,313

865

3,114

1,905

15

2,378

3,403

11,221

Sandoval

142,507

33,537

24,348

3,121

11,440

6,718

55

8,289

11,977

21,684

San Juan

126,926

34,390

18,090

3,200

9,812

5,377

49

6,536

9,570

28,936

Santa Fe

148,750

27,436

34,519

2,553

12,500

8,106

57

10,350

14,553

17,838

Taos

32,795

5,926

8,297

551

2,747

1,858

13

2,398

3,342

7,405

Valencia

75,940

17,961

13,049

1,672

6,084

3,579

29

4,421

6,382

12,951

1,584,185

367,507

261,335

34,201

128,289

72,486

611

89,291

129,375

272,875

Totals
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S TAT E TA B L E S

NEW MEXICO
American Lung Association in New Mexico
www.lung.org/newmexico

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Bernalillo

0

2.7

0.0

8

0

D

0

0

0

0

A

Design
Value

Pass/
Fail

7.2

PASS

Doña Ana

34

1

0

11.8

F

4

1

0

0

1.8

C

9.0

PASS

Eddy

10

0

0

3.3

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Lea

3

0

0

1.0

C

1

1

0

0

0.8

B

7.5

PASS

Rio Arriba

3

0

0

1.0

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Sandoval

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

San Juan

9

0

0

3.0

D

INC

INC

INC

INC

INC

INC

INC

INC

Santa Fe

0

0

0

0.0

A

INC

INC

INC

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

INC

INC

INC

INC

INC

INC

INC

INC

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Taos
Valencia

LUNG.org
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S TAT E TA B L E S

NEW YORK
American Lung Association in New York
www.lung.org/newyork

AT-RISK GROUPS
Lung Diseases
County

Albany
Bronx

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

309,612

57,509

50,798

5,144

23,122

13,035

186

18,432

25,773

33,186

1,471,160

365,774

181,313

32,719

101,218

53,635

884

73,061

104,165

400,473

Chautauqua

129,046

26,352

25,231

2,357

9,481

5,881

78

8,606

11,869

21,835

Dutchess

295,568

56,452

50,271

5,050

22,098

13,199

179

18,752

26,313

28,178

Erie

925,528

188,721

161,921

16,881

67,901

40,362

557

57,885

80,619

130,831

Essex

37,956

6,189

8,508

554

2,941

1,900

23

2,821

3,866

3,778

Franklin

51,116

9,856

8,257

882

3,799

2,189

31

3,087

4,337

8,454

Hamilton

4,485

620

1,359

55

361

265

3

412

553

436

Herkimer

62,240

12,990

12,448

1,162

4,555

2,877

38

4,228

5,824

8,679

Jefferson

114,187

27,383

14,936

2,449

7,915

4,119

69

5,665

8,001

16,133

2,648,771

605,655

356,714

54,177

186,719

99,106

1,592

136,596

193,116

518,422

Kings
Monroe

747,642

156,669

124,996

14,014

54,402

31,790

450

45,289

63,257

105,493

1,664,727

239,543

266,384

21,427

129,929

69,024

1,000

96,435

135,001

262,605

Niagara

211,328

42,453

39,168

3,797

15,622

9,636

127

13,933

19,371

25,656

Onondaga

465,398

99,681

77,203

8,917

33,697

19,794

280

28,177

39,403

61,647

Orange

382,226

97,396

52,106

8,712

26,265

14,949

231

20,730

29,439

40,379

Oswego

118,478

24,948

18,786

2,232

8,640

5,086

72

7,167

10,099

18,492

New York

Putnam

99,323

19,847

16,583

1,775

7,380

4,522

60

6,403

9,033

5,305

Queens

2,358,582

473,915

354,809

42,392

173,188

97,117

1,421

135,506

191,211

285,222

Richmond

479,458

104,843

75,801

9,378

34,548

20,178

289

28,491

40,053

56,434

Rockland

328,868

91,816

50,897

8,213

21,833

12,850

198

18,353

25,608

43,147

Saratoga

229,869

46,829

40,141

4,189

16,924

10,253

139

14,675

20,513

14,898

Steuben

96,281

20,897

18,463

1,869

6,973

4,368

58

6,380

8,819

12,161

1,492,953

319,381

244,461

28,569

108,549

65,009

901

92,167

129,563

102,014

Suffolk
Tompkins
Wayne
Westchester
Totals

104,802

15,466

14,454

1,383

8,107

4,017

63

5,466

7,727

17,027

90,670

19,550

16,561

1,749

6,594

4,126

55

5,964

8,307

10,866

980,244

217,479

162,696

19,454

70,420

41,972

590

59,811

83,718

81,192

299,503 1,153,180

651,261

9,575

15,900,518 3,348,214 2,445,265
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914,492 1,285,558 2,312,943

S TAT E TA B L E S

NEW YORK
American Lung Association in New York
www.lung.org/newyork

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Albany

2

0

0

0.7

B

0

0

0

0

0.0

Bronx

11

0

0

3.7

F

0

0

0

0

Chautauqua

10

0

0

3.3

F

0

0

0

0

Dutchess

8

0

0

2.7

D

DNC

DNC

DNC

Erie

11

0

0

3.7

F

0

0

0

Essex

2

0

0

0.7

B

0

0

0

0

0.0

Franklin

4

0

0

1.3

C

DNC

DNC

DNC

DNC

DNC

Hamilton

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

Herkimer

4

0

0

1.3

C

DNC

DNC

DNC

DNC

Jefferson

3

0

0

1.0

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

0

0

0

Monroe

5

0

0

1.7

C

0

0

0

New York

10

0

0

3.3

F

0

0

0

0

0.0

Niagara

5

0

0

1.7

C

DNC

DNC

DNC

DNC

DNC

Onondaga

2

0

0

0.7

B

0

0

0

0

0.0

Orange

5

0

0

1.7

C

0

0

0

0

0.0

Oswego

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Putnam

9

1

0

3.5

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Queens

16

1

0

5.8

F

0

0

0

0

0.0

A

7.3

PASS

Richmond

26

1

0

9.2

F

0

0

0

0

0.0

A

7.7

PASS

Rockland

10

0

0

3.3

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Saratoga

4

0

0

1.3

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Steuben

2

0

0

0.7

B

0

0

0

0

0.0

A

5.0

PASS

Suffolk

29

2

0

10.7

F

0

0

0

0

0.0

A

6.9

PASS

Tompkins

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Wayne

3

0

0

1.0

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Westchester

20

0

0

6.7

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Kings

LUNG.org

Design
Value

Pass/
Fail

A

7.0

PASS

0.0

A

8.6

PASS

0.0

A

6.6

PASS

DNC

DNC

DNC

DNC

DNC

0

0.0

A

7.8

PASS

A

3.9

PASS

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

0

0.0

A

8.2

PASS

0

0.0

A

7.0

PASS

A

9.7

PASS

DNC

DNC

DNC

A

5.5

PASS

A

6.6

PASS
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S TAT E TA B L E S

NORTH CAROLINA
American Lung Association in North Carolina
www.lung.org/northcarolina

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

Alamance

162,391

36,657

27,212

4,212

11,665

10,064

111

12,119

14,808

22,721

Alexander

37,286

7,596

7,405

873

2,774

2,536

26

3,098

3,723

4,182

Avery

17,536

2,696

3,719

310

1,379

1,243

12

1,517

1,816

2,806

257,607

48,446

49,934

5,567

19,394

17,163

176

20,841

25,102

28,715

Caldwell

81,981

16,785

15,861

1,929

6,104

5,574

56

6,800

8,211

13,222

Carteret

68,881

12,361

16,698

1,420

5,324

5,227

47

6,495

7,647

9,050

Caswell

22,646

4,244

4,724

488

1,726

1,607

16

1,970

2,363

4,117

Catawba

157,974

35,595

27,317

4,090

11,400

10,029

108

12,126

14,783

19,427

Buncombe

Chatham

71,472

14,542

16,959

1,671

5,359

5,265

49

6,545

7,693

7,305

Cumberland

332,546

81,988

39,113

9,422

22,737

16,899

229

19,583

24,755

58,888

Davidson

165,466

36,710

29,586

4,219

12,033

10,762

114

13,059

15,882

24,941

Duplin

59,039

14,282

10,521

1,641

4,166

3,710

41

4,504

5,449

12,119

311,640

65,988

39,429

7,583

22,401

17,034

213

19,843

25,045

47,090

52,747

12,107

9,965

1,391

3,792

3,438

36

4,193

5,047

13,222

Forsyth

376,320

87,349

58,535

10,038

26,728

22,469

257

26,874

33,092

60,638

Franklin

66,168

14,750

10,821

1,695

4,794

4,162

46

5,009

6,159

10,129

Gaston

220,182

50,111

34,831

5,759

15,785

13,440

151

16,112

19,843

32,751

Durham
Edgecombe

Graham

8,541

1,765

1,989

203

636

616

6

765

899

1,518

Granville

59,557

12,156

9,953

1,397

4,424

3,849

41

4,634

5,702

7,037

Guilford

526,953

118,163

78,185

13,579

37,688

30,930

360

36,766

45,558

73,862

61,084

11,189

14,927

1,286

4,685

4,584

42

5,698

6,683

8,779

Haywood
Jackson

42,973

7,354

8,218

845

3,272

2,794

30

3,372

4,060

6,656

Johnston

196,708

50,573

25,622

5,812

13,533

11,025

135

13,040

16,377

29,365

Lee

60,430

14,657

9,615

1,684

4,246

3,633

41

4,363

5,353

8,760

Lenoir

56,883

12,711

11,013

1,461

4,127

3,773

39

4,610

5,540

13,882

Lincoln

82,403

17,576

14,385

2,020

6,069

5,404

57

6,541

8,001

10,218

McDowell

45,159

9,278

9,068

1,066

3,355

3,085

31

3,775

4,530

7,138

Macon

34,732

6,567

9,778

755

2,653

2,747

24

3,463

3,976

5,585

Martin

22,789

4,628

5,107

532

1,708

1,645

16

2,034

2,410

4,645

1,076,837

257,248

117,564

29,562

74,835

55,776

737

64,438

82,535

120,634

Mecklenburg
Mitchell

15,072

2,768

3,759

318

1,157

1,143

10

1,424

1,666

2,466

Montgomery

27,435

6,184

5,475

711

1,984

1,827

19

2,238

2,676

4,719

New Hanover

227,198

42,857

39,318

4,925

16,972

14,269

155

17,112

20,869

34,283

Person
Pitt

39,370

8,380

7,501

963

2,902

2,648

27

3,230

3,903

5,882

179,042

38,559

22,879

4,431

12,767

9,629

122

11,209

14,099

37,388
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S TAT E TA B L E S

NORTH CAROLINA (cont.)
American Lung Association in North Carolina
www.lung.org/northcarolina

AT-RISK GROUPS
Lung Diseases
County

Rockingham

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

90,949

18,577

18,119

2,135

6,788

6,275

62

7,678

9,242

14,628

Rowan

140,644

31,530

24,068

3,623

10,145

8,849

97

10,682

13,031

20,790

Swain

14,294

3,189

2,702

366

1,033

927

10

1,129

1,358

2,226

Union

231,366

63,059

28,554

7,246

15,632

12,755

159

15,068

19,025

20,824

Wake

1,072,203

259,375

120,454

29,806

74,531

56,725

735

65,869

84,159

93,924

Watauga

55,121

7,198

8,628

827

4,338

3,309

38

3,878

4,801

10,129

Wayne

124,172

29,112

20,039

3,345

8,785

7,444

85

8,931

10,932

24,577

Yancey

17,744

3,291

4,483

378

1,359

1,348

12

1,682

1,963

2,903

6,971,541 1,580,151 1,024,033

181,584

497,181

407,636

4,777

484,318

600,768

944,141

Totals
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S TAT E TA B L E S

NORTH CAROLINA
American Lung Association in North Carolina
www.lung.org/northcarolina

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Alamance

DNC

DNC

DNC

DNC

Alexander

0

0

0

Avery

3

0

0

Buncombe

1

0

Caldwell

0

Carteret
Caswell

Design
Value

Pass/
Fail

DNC

INC

INC

INC

INC

INC

INC

INC

INC

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

1.0

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

0

0.3

B

3

4

0

0

3.0

D

7.4

PASS

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

0

0

0

0.0

A

INC

INC

INC

INC

INC

INC

INC

INC

Catawba

DNC

DNC

DNC

DNC

DNC

1

2

0

0

1.3

C

8.7

PASS

Chatham

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

0

0

0

0.0

A

0

0

0

0

0.0

A

8.3

PASS

Davidson

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

8.4

PASS

Duplin

DNC

DNC

DNC

DNC

DNC

INC

INC

INC

INC

INC

INC

INC

INC

Durham

0

0

0

0.0

A

1

0

0

0

0.3

B

8.8

PASS

Edgecombe

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Forsyth

6

0

0

2.0

C

0

0

0

0

0.0

A

7.6

PASS

Franklin

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Gaston

DNC

DNC

DNC

DNC

DNC

INC

INC

INC

INC

INC

INC

INC

INC

Graham

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Granville

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Guilford

5

0

0

1.7

C

1

0

0

0

0.3

B

8.2

PASS

Haywood

3

0

0

1.0

C

INC

INC

INC

INC

INC

INC

INC

INC

Jackson

4

0

0

1.3

C

3

2

0

0

2.0

C

7.8

PASS

Johnston

0

0

0

0.0

A

1

0

0

0

0.3

B

7.4

PASS

Lee

0

0

0

0.0

A

INC

INC

INC

INC

INC

INC

INC

INC

Lenoir

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Lincoln

2

1

0

1.2

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

INC

INC

INC

INC

INC

INC

INC

INC

Macon

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Martin

0

0

0

0.0

A

INC

INC

INC

INC

INC

INC

INC

INC

Mecklenburg

18

0

0

6.0

F

0

0

0

0

0.0

A

8.7

PASS

DNC

DNC

DNC

DNC

DNC

1

3

0

0

1.8

C

7.5

PASS

Cumberland

McDowell

Mitchell
Montgomery

0

0

0

0.0

A

0

0

0

0

0.0

A

6.5

PASS

New Hanover

0

0

0

0.0

A

0

0

0

0

0.0

A

5.7

PASS

Person

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Pitt

0

0

0

0.0

A

0

0

0

0

0.0

A

6.9

PASS

Rockingham

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC
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S TAT E TA B L E S

NORTH CAROLINA (cont.)
American Lung Association in North Carolina
www.lung.org/northcarolina

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Rowan

1

0

0

0.3

B

INC

INC

INC

INC

INC

Swain

0

0

0

0.0

A

8

4

0

0

Union

5

0

0

1.7

C

DNC

DNC

DNC

DNC

Wake

Design
Value

Pass/
Fail

INC

INC

INC

4.7

F

8.1

PASS

DNC

DNC

DNC

DNC

2

0

0

0.7

B

4

0

0

0

1.3

C

8.8

PASS

Watauga

DNC

DNC

DNC

DNC

DNC

INC

INC

INC

INC

INC

INC

INC

INC

Wayne

DNC

DNC

DNC

DNC

DNC

INC

INC

INC

INC

INC

INC

INC

INC

Yancey

3

0

0

1.0

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC
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S TAT E TA B L E S

NORTH DAKOTA
American Lung Association in North Dakota
www.lung.org/northdakota

AT-RISK GROUPS
Lung Diseases
County

Billings
Burke
Burleigh
Cass
Dunn
McKenzie

Total		
Population Under 18

940

182

65 &
Over

199

Pediatric
Asthma

12

Adult		
Asthma
COPD

64

43

Lung
Cancer

Cardiovascular
Disease
Diabetes

1

70

79

Poverty

86

2,131

529

431

34

135

94

1

154

174

193

95,030

22,123

14,657

1,439

6,226

3,723

52

5,782

6,761

6,666

177,787

39,710

20,735

2,584

11,957

6,129

97

9,079

10,927

14,859

4,289

989

665

64

280

176

2

272

322

444

12,724

3,918

1,187

255

758

400

7

579

718

1,066

Mercer

8,465

1,917

1,570

125

550

377

5

600

695

518

Oliver

1,940

482

417

31

122

90

1

147

166

181

Ward

68,946

16,108

8,534

1,048

4,573

2,385

38

3,582

4,259

6,670

Williams

33,349

9,310

3,265

606

2,073

1,078

18

1,562

1,928

2,184

405,601

95,268

51,660

6,199

26,738

14,495

222

21,827

26,029

32,867

Totals
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S TAT E TA B L E S

NORTH DAKOTA
American Lung Association in North Dakota
www.lung.org/northdakota

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Billings

0

0

0

0.0

A

4

2

0

0

2.3

Burke

0

0

0

0.0

A

6

4

0

0

Burleigh

0

0

0

0.0

A

8

2

0

0

Cass

0

0

0

0.0

A

3

0

0

Dunn

1

0

0

0.3

B

10

2

McKenzie

0

0

0

0.0

A

5

Mercer

0

0

0

0.0

A

6

Oliver

1

0

0

0.3

B

Ward

INC

INC

INC

INC

0

0

0

0.0

Williams

LUNG.org

Design
Value

Pass/
Fail

D

INC

INC

4.0

F

4.3

PASS

3.7

F

5.4

PASS

0

1.0

C

INC

INC

0

0

4.3

F

5.8

PASS

3

0

0

3.2

D

3.7

PASS

3

0

0

3.5

F

INC

INC

5

2

0

0

2.7

D

4.9

PASS

INC

INC

INC

INC

INC

INC

INC

INC

INC

A

7

2

0

0

3.3

F

4.1

PASS
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S TAT E TA B L E S

OHIO
American Lung Association in Ohio
www.lung.org/ohio

AT-RISK GROUPS
Lung Diseases
County

Allen

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

103,198

23,897

17,781

2,065

7,862

6,655

71

7,981

9,023

14,723

Ashtabula

97,807

21,702

18,163

1,876

7,536

6,716

67

8,125

9,142

18,127

Athens

66,597

9,680

8,346

837

5,699

3,860

46

4,307

5,067

16,259

Belmont

68,029

12,941

13,776

1,119

5,442

4,873

47

5,952

6,662

7,114

Butler

380,604

90,111

54,537

7,788

28,986

23,237

261

26,998

31,056

39,242

Clark

134,557

30,415

25,602

2,629

10,291

9,083

92

11,068

12,404

20,082

Clermont

204,214

47,652

32,195

4,119

15,592

13,229

140

15,590

17,794

17,597

42,009

9,795

7,021

847

3,200

2,733

29

3,256

3,694

5,314

Cuyahoga

1,248,514

260,986

221,994

22,558

97,925

83,455

852

100,086

113,146

221,287

Delaware

200,464

53,779

26,487

4,648

14,674

12,036

138

13,872

16,029

9,502

Fayette

28,752

6,801

5,040

588

2,176

1,889

20

2,272

2,565

4,370

Franklin

1,291,981

302,103

151,356

26,111

99,238

72,604

885

81,536

95,583

201,260

Geauga

93,918

21,760

18,498

1,881

7,129

6,625

64

8,106

9,065

5,933

Greene

166,752

34,438

27,949

2,977

13,143

10,805

114

12,827

14,581

15,587

Hamilton

813,822

187,514

122,312

16,207

62,400

50,352

556

58,923

67,512

128,431

Jefferson

66,359

12,833

13,955

1,109

5,277

4,798

45

5,906

6,584

11,251

Knox

61,261

13,966

10,858

1,207

4,686

4,014

42

4,833

5,451

6,165

Lake

230,117

46,727

44,804

4,039

18,141

16,266

158

19,767

22,186

19,693

60,249

13,200

11,175

1,141

4,658

4,099

41

4,960

5,580

11,563

Licking

173,448

40,335

28,043

3,486

13,242

11,251

119

13,320

15,165

15,130

Lorain

307,924

68,598

54,876

5,929

23,729

20,681

211

24,860

28,068

40,404

Lucas

430,887

99,506

68,150

8,601

32,969

27,291

295

32,211

36,733

75,376

44,036

9,066

6,639

784

3,491

2,865

31

3,332

3,831

3,743

Mahoning

229,796

46,179

47,159

3,991

18,112

16,282

157

19,998

22,318

40,879

Medina

178,371

40,393

30,798

3,491

13,705

12,038

122

14,384

16,294

10,629

Miami

105,122

24,259

19,231

2,097

8,005

7,051

72

8,533

9,599

9,387

Montgomery

531,542

118,015

93,680

10,200

40,982

34,770

363

41,781

47,183

81,984

Clinton

Lawrence

Madison

Noble

14,406

2,662

3,821

230

1,146

1,168

10

1,493

1,631

1,893

162,277

30,724

25,845

2,656

13,103

10,566

111

12,379

14,174

18,263

41,120

9,303

7,704

804

3,148

2,813

28

3,413

3,834

4,017

Scioto

75,929

16,421

13,581

1,419

5,897

5,038

52

6,059

6,839

15,481

Stark

372,542

80,517

70,724

6,959

28,882

25,488

255

30,961

34,759

51,852

Summit

541,228

114,124

94,518

9,864

42,396

36,312

370

43,392

49,150

68,434

Trumbull

200,380

41,218

42,012

3,563

15,684

14,324

137

17,671

19,674

30,109

Warren

228,882

57,420

32,371

4,963

17,131

14,277

157

16,575

19,075

10,548

60,418

11,974

12,430

1,035

4,779

4,311

41

5,291

5,907

8,560

130,492

26,445

19,459

2,286

10,367

7,964

89

9,265

10,649

13,328

9,188,004 2,037,459 1,502,890

176,102

710,824

591,816

6,290

701,285

Portage
Preble

Washington
Wood
Totals
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798,008 1,273,517

S TAT E TA B L E S

OHIO
American Lung Association in Ohio
www.lung.org/ohio

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Allen

1.7

Ashtabula

5

0

0

Design
Value

Pass/
Fail

PASS

C

0

0

0

0

0.0

A

8.3

11

0

0

3.7

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Athens

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

6.7

PASS

Belmont

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

INC

INC

Butler

20

0

0

6.7

F

0

0

0

0

0.0

A

11.1

PASS

Clark

12

0

0

4.0

F

0

0

0

0

0.0

A

8.5

PASS

Clermont

10

0

0

3.3

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Clinton

10

0

0

3.3

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Cuyahoga

13

0

0

4.3

F

1

0

0

0

0.3

B

11.7

PASS

Delaware

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Fayette

5

0

0

1.7

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Franklin

16

0

0

5.3

F

1

0

0

0

0.3

B

9.0

PASS

Geauga

21

0

0

7.0

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Greene

6

0

0

2.0

C

0

0

0

0

0.0

A

7.8

PASS

Hamilton

21

1

0

7.5

F

0

0

0

0

0.0

A

10.1

PASS

Jefferson

1

0

0

0.3

B

5

0

0

0

1.7

C

10.7

PASS

Knox

4

0

0

1.3

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Lake

23

0

0

7.7

F

0

0

0

0

0.0

A

7.4

PASS

Lawrence

6

0

0

2.0

C

1

0

0

0

0.3

B

6.8

PASS

Licking

5

0

0

1.7

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Lorain

3

0

0

1.0

C

0

0

0

0

0.0

A

7.6

PASS

Lucas

7

0

0

2.3

D

2

0

0

0

0.7

B

9.0

PASS

Madison

4

0

0

1.3

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Mahoning

1

0

0

0.3

B

0

0

0

0

0.0

A

9.0

PASS

Medina

1

0

0

0.3

B

5

0

0

0

1.7

C

8.4

PASS

Miami

6

0

0

2.0

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Montgomery

9

0

0

3.0

D

0

0

0

0

0.0

A

8.9

PASS

Noble

3

0

0

1.0

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Portage

0

0

0

0.0

A

0

0

0

0

0.0

A

7.8

PASS

Preble

3

0

0

1.0

C

0

0

0

0

0.0

A

7.7

PASS

Scioto

DNC

DNC

DNC

DNC

DNC

1

0

0

0

0.3

B

INC

INC

Stark

14

0

0

4.7

F

1

0

0

0

0.3

B

10.1

PASS

Summit

1

0

0

0.3

B

1

0

0

0

0.3

B

10.2

PASS

Trumbull

9

0

0

3.0

D

1

0

0

0

0.3

B

INC

INC

Warren

14

0

0

4.7

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Washington

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Wood

3

0

0

1.0

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC
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S TAT E TA B L E S

OKLAHOMA
American Lung Association in Oklahoma
www.lung.org/oklahoma

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

Adair

21,909

5,712

3,473

560

1,559

1,454

15

1,870

2,153

5,905

Bryan

46,319

10,850

8,263

1,063

3,405

3,178

31

4,133

4,676

8,219

Caddo

29,173

7,330

4,819

718

2,101

1,955

20

2,525

2,888

5,733

139,926

36,477

17,884

3,574

9,975

8,570

95

10,756

12,663

10,231

48,190

12,290

7,813

1,204

3,455

3,226

33

4,157

4,773

8,014

Cherokee

48,888

11,035

7,906

1,081

3,637

3,224

33

4,139

4,731

9,987

Choctaw

14,863

3,596

3,015

352

1,082

1,098

10

1,449

1,625

3,842

Cleveland

279,641

61,145

35,977

5,991

21,040

17,184

191

21,451

25,194

31,096

Comanche

Canadian
Carter

121,526

28,849

14,890

2,827

8,928

7,263

83

9,040

10,656

18,665

Cotton

5,823

1,296

1,112

127

436

435

4

569

647

1,062

Creek

71,704

17,320

12,402

1,697

5,234

5,017

49

6,499

7,438

11,514

Dewey

4,878

1,340

934

131

339

339

3

447

501

645

Jefferson

6,183

1,477

1,283

145

452

461

4

610

681

1,384

Johnston

11,060

2,598

2,088

255

813

787

8

1,030

1,162

1,929

Kay

44,544

11,192

8,456

1,097

3,200

3,116

30

4,093

4,595

7,168

Lincoln

35,142

8,579

6,287

841

2,556

2,507

24

3,261

3,724

5,616

Love

10,034

2,487

1,887

244

724

703

7

922

1,037

1,328

McClain

39,343

10,079

6,009

988

2,819

2,601

27

3,328

3,856

4,078

Mayes

40,921

9,649

7,432

945

3,007

2,914

28

3,793

4,315

6,923

787,958

202,850

104,689

19,876

56,360

48,247

536

60,798

71,072

122,953

Osage

47,233

10,507

9,059

1,030

3,532

3,502

32

4,578

5,197

7,642

Ottawa

31,312

7,832

5,673

767

2,255

2,158

21

2,818

3,183

6,007

Pittsburg

44,184

9,811

8,710

961

3,299

3,224

30

4,233

4,757

7,376

Sequoyah

41,252

9,417

7,634

923

3,061

2,972

28

3,874

4,400

8,360

646,266

164,013

90,426

16,071

46,450

40,683

439

51,539

60,031

91,757

51,932

12,439

9,954

1,219

3,791

3,706

35

4,863

5,473

7,277

2,670,204

660,170

388,075

64,686

193,509

170,525

1,819

216,775

251,430

394,711

Oklahoma

Tulsa
Washington
Totals
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S TAT E TA B L E S

OKLAHOMA
American Lung Association in Oklahoma
www.lung.org/oklahoma

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Adair

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

Bryan

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

Caddo

0

0

0

0.0

A

DNC

DNC

DNC

DNC

Canadian

1

0

0

0.3

B

DNC

DNC

DNC

INC

INC

INC

INC

INC

INC

INC

Carter

Design
Value

Pass/
Fail

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

INC

INC

INC

INC

INC

INC

Cherokee

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Choctaw

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Cleveland

3

0

0

1.0

C

0

0

0

0

0.0

A

7.9

PASS

Comanche

1

0

0

0.3

B

0

0

0

0

0.0

A

7.1

PASS

Cotton

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Creek

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Dewey

0

0

0

0.0

A

2

0

0

0

0.7

B

INC

INC

Jefferson

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Johnston

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

2

0

0

0.7

B

2

0

0

0

0.7

B

INC

INC

Lincoln

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Love

Kay

INC

INC

INC

INC

INC

INC

INC

INC

INC

INC

INC

INC

INC

McClain

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Mayes

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Oklahoma

9

0

0

3.0

D

0

0

0

0

0.0

A

8.1

PASS

Osage

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Ottawa

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Pittsburg

0

0

0

0.0

A

0

0

0

0

0.0

A

7.7

PASS

Sequoyah

0

0

0

0.0

A

0

0

0

0

0.0

A

8.1

PASS

Tulsa
Washington

3

1

0

1.5

C

2

0

0

0

0.7

B

8.8

PASS

INC

INC

INC

INC

INC

INC

INC

INC

INC

INC

INC

INC

INC
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S TAT E TA B L E S

OREGON
American Lung Association in Oregon
www.lung.org/oregon

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

35,218

17,795

Lung
Cancer

Cardiovascular
Disease
Diabetes

204

25,922

31,663

Poverty

Clackamas

412,672

89,732

71,997

Columbia

51,782

11,110

9,462

642

4,426

2,294

26

3,386

4,134

6,326

Crook

23,123

4,537

5,667

262

2,011

1,136

11

1,799

2,065

3,062

186,875

38,285

36,269

2,212

16,185

8,364

92

12,465

14,878

17,932

Harney

7,289

1,544

1,707

89

622

347

4

545

627

1,122

Jackson

Deschutes

5,184

Adult		
Asthma
COPD

34,173

217,479

45,040

46,790

2,602

18,748

9,994

107

15,309

17,806

30,774

Josephine

86,352

16,927

21,945

978

7,507

4,290

43

6,857

7,797

15,143

Klamath

66,935

14,458

13,907

835

5,706

3,029

33

4,613

5,407

12,659

Lake

7,863

1,545

1,905

89

683

386

4

610

705

1,405

Lane

374,748

70,090

70,206

4,049

33,306

16,508

185

24,127

28,664

60,773

Marion

341,286

84,787

52,060

4,899

28,095

13,459

169

19,030

23,285

50,264

Multnomah

807,555

154,317

105,006

8,916

71,917

31,903

399

42,297

53,703

114,241

Umatilla

76,985

19,573

11,695

1,131

6,286

3,023

38

4,281

5,245

11,330

Wasco

26,437

5,933

5,289

343

2,232

1,168

13

1,765

2,074

3,567

Washington
Totals

588,957

137,047

76,183

7,918

49,647

22,624

291

30,491

38,745

46,428

3,276,338

694,925

530,088

40,150

282,591

136,320

1,619

193,497

236,799

409,199
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S TAT E TA B L E S

OREGON
American Lung Association in Oregon
www.lung.org/oregon

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Clackamas

4.2

Columbia

9

1

1

Design
Value

Pass/
Fail

DNC

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

1

1

0

0.8

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Crook

DNC

DNC

DNC

DNC

DNC

6

5

0

0

4.5

F

9.2

PASS

Deschutes

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Harney

DNC

DNC

DNC

DNC

DNC

6

1

0

0

2.5

D

9.2

PASS

Jackson

6

1

0

2.5

D

7

5

2

0

6.2

F

11.6

PASS

Josephine

DNC

DNC

DNC

DNC

DNC

0

3

0

1

2.3

D

10.0

PASS

Klamath

DNC

DNC

DNC

DNC

DNC

6

3

0

0

3.5

F

9.3

PASS

Lake

DNC

DNC

DNC

DNC

DNC

7

5

0

0

4.8

F

8.6

PASS

Lane

6

2

0

3.0

D

9

4

0

1

5.8

F

9.5

PASS

Marion

7

0

0

2.3

D

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Multnomah

1

1

0

0.8

B

2

1

0

0

1.2

C

6.9

PASS

Umatilla

11

0

0

3.7

F

INC

INC

INC

INC

INC

INC

INC

INC

Wasco

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

4

2

0

2.3

D

4

1

0

0

1.8

C

7.4

PASS

Washington
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S TAT E TA B L E S

PENNSYLVANIA
American Lung Association in Pennsylvania
www.lung.org/pennsylvania

County

Adams
Allegheny
Armstrong

AT-RISK GROUPS
Lung Diseases

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

102,336

20,711

20,161

1,840

8,162

5,754

66

8,963

9,153

8,041

1,223,048

230,313

225,605

20,457

101,080

65,853

786

101,908

103,941

132,929

65,642

12,615

14,016

1,120

5,243

3,860

42

6,067

6,181

8,359

Beaver

166,140

32,434

34,818

2,881

13,289

9,563

107

15,034

15,295

18,164

Berks

417,854

94,013

70,792

8,350

32,971

21,635

269

33,150

34,010

47,405

Blair

123,457

25,496

24,954

2,265

9,798

6,859

79

10,776

10,950

17,382

60,853

13,368

12,731

1,187

4,697

3,442

39

5,433

5,521

7,956

Bucks

628,341

129,881

113,655

11,536

50,090

34,932

405

53,524

55,121

38,058

Cambria

133,054

25,569

29,285

2,271

10,645

7,725

86

12,264

12,416

19,126

Centre

162,660

24,799

22,286

2,203

14,721

7,671

106

11,408

11,699

24,611

Chester

519,293

118,914

82,069

10,562

40,859

26,764

335

40,453

41,811

31,826

79,685

14,595

15,972

1,296

6,518

4,569

52

7,112

7,263

11,130

Cumberland

250,066

50,972

45,244

4,527

20,263

13,231

161

20,467

20,882

17,244

Dauphin

275,710

61,922

45,591

5,500

21,825

14,177

177

21,637

22,232

32,684

Delaware

564,696

123,993

90,774

11,013

45,182

28,845

363

43,808

45,084

53,255

Bradford

Clearfield

Elk

30,197

5,845

6,535

519

2,391

1,815

19

2,849

2,910

2,937

Erie

274,541

59,063

47,541

5,246

21,960

14,313

177

21,999

22,522

41,288

Franklin

154,234

34,442

29,597

3,059

12,030

8,298

99

12,974

13,206

14,759

Greene

36,770

7,114

6,737

632

3,005

2,008

24

3,095

3,168

4,965

Indiana

84,953

15,436

16,022

1,371

7,087

4,575

55

7,114

7,233

11,763

Lackawanna

210,761

42,870

41,312

3,808

16,886

11,566

136

18,086

18,399

29,008

Lancaster

542,903

129,134

94,984

11,470

42,083

27,532

350

42,676

43,500

52,380

Lawrence

87,069

17,430

18,785

1,548

6,895

5,020

56

7,945

8,059

11,300

Lebanon

139,754

31,982

26,708

2,841

10,843

7,404

90

11,603

11,788

14,717

Lehigh

366,494

83,327

60,030

7,401

28,999

18,536

236

28,324

29,054

44,362

Luzerne

317,343

62,153

62,299

5,521

25,669

17,597

205

27,462

27,970

42,326

Lycoming

113,841

23,368

21,377

2,076

9,138

6,170

73

9,579

9,775

13,968

Mercer

111,750

22,010

23,515

1,955

8,930

6,379

72

10,057

10,211

13,040

Monroe

168,046

33,409

28,089

2,967

13,661

9,200

108

13,901

14,395

15,190

Montgomery

826,075

178,573

143,176

15,861

65,724

43,743

532

67,049

68,838

47,041

Northampton

303,405

60,865

56,361

5,406

24,527

16,503

195

25,537

26,101

29,356

Philadelphia

1,580,863

345,077

211,624

30,651

130,354

72,721

1,014

108,369

111,616

388,221

Somerset

74,501

13,516

16,298

1,201

6,042

4,393

48

6,938

7,045

8,795

Tioga

40,793

8,111

8,737

720

3,245

2,335

26

3,694

3,745

5,936

Washington

207,298

40,480

41,638

3,596

16,666

11,781

134

18,389

18,761

18,913

Westmoreland

352,627

65,057

78,037

5,779

28,347

21,067

227

33,274

33,827

34,404

York

446,078

98,853

76,155

8,780

35,229

23,533

288

35,986

37,003

40,966

11,243,131 2,357,710 1,963,510

209,418

905,052

591,369

7,237

908,905

Totals
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930,683 1,353,805

S TAT E TA B L E S

PENNSYLVANIA
American Lung Association in Pennsylvania
www.lung.org/pennsylvania

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Design
Value

Pass/
Fail

Adams

6

0

0

2.0

B

8.3

PASS

Allegheny

25

0

0

Armstrong

8

0

0

Beaver

10

0

Berks

14

Blair
Bradford

C

1

0

0

0

0.3

8.3

F

27

3

0

0

10.5

F

13.0

FAIL

2.7

D

0

0

0

0

0.0

A

10.4

PASS

0

3.3

F

1

0

0

0

0.3

B

9.5

PASS

0

0

4.7

F

4

0

0

0

1.3

C

9.1

PASS

4

0

0

1.3

C

0

0

0

0

0.0

A

9.2

PASS

0

0

0

0.0

A

INC

INC

INC

INC

INC

INC

INC

INC

Bucks

35

1

0

12.2

F

INC

INC

INC

INC

INC

INC

INC

INC

Cambria

0

0

0

0.0

A

0

0

0

0

0.0

A

10.8

PASS

Centre

4

0

0

1.3

C

0

0

0

0

0.0

A

8.0

PASS

Chester

15

1

0

5.5

F

0

0

0

0

0.0

A

10.1

PASS

Clearfield

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Cumberland

DNC

DNC

DNC

DNC

DNC

3

0

0

0

1.0

C

8.7

PASS

Dauphin

8

0

0

2.7

D

7

0

0

0

2.3

D

9.5

PASS

Delaware

15

0

0

5.0

F

1

0

0

0

0.3

B

10.3

PASS

Elk

4

0

0

1.3

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Erie

5

0

0

1.7

C

0

0

0

0

0.0

A

8.3

PASS

Franklin

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Greene

5

0

0

1.7

C

INC

INC

INC

INC

INC

INC

INC

INC

Indiana

8

0

0

2.7

D

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Lackawanna

7

0

0

2.3

D

0

0

0

0

0.0

A

9.1

PASS

Lancaster

10

0

0

3.3

F

10

0

0

0

3.3

F

10.8

PASS

Lawrence

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Lebanon

14

0

0

4.7

F

6

0

0

0

2.0

C

10.1

PASS

Lehigh

9

0

0

3.0

D

INC

INC

INC

INC

INC

INC

INC

INC

Luzerne

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Lycoming

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Mercer

7

0

0

2.3

D

0

1

0

0

0.5

B

9.8

PASS

Monroe

4

0

0

1.3

C

0

0

0

0

0.0

A

7.1

PASS

Montgomery

18

0

0

6.0

F

INC

INC

INC

INC

INC

INC

INC

INC

Northampton

11

0

0

3.7

F

4

0

0

0

1.3

C

9.0

PASS

Philadelphia

31

4

0

12.3

F

2

0

0

0

0.7

B

10.6

PASS

Somerset

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Tioga

2

0

0

0.7

B

0

0

0

0

0.0

A

8.5

PASS

Washington

9

0

0

3.0

D

1

0

0

0

0.3

B

9.4

PASS

Westmoreland

8

0

0

2.7

D

0

0

0

0

0.0

A

9.4

PASS

York

12

0

0

4.0

F

2

0

0

0

0.7

B

9.6

PASS
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S TAT E TA B L E S

RHODE ISLAND
American Lung Association in Rhode Island
www.lung.org/rhodeisland

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

Kent

163,760

31,015

30,085

3,204

16,407

10,455

115

11,455

12,525

13,853

Providence

637,357

131,447

95,553

13,579

62,618

36,642

448

37,804

42,548

90,056

Washington

126,150

21,244

25,080

2,195

12,900

8,312

89

9,153

9,939

10,592

Totals

927,267

183,706

150,718

18,977

91,925

55,409

652

58,411

65,012

114,501
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S TAT E TA B L E S

RHODE ISLAND
American Lung Association in Rhode Island
www.lung.org/rhodeisland

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Kent

12

1

0

4.5

F

0

0

0

0

0.0

Providence

11

1

0

4.2

F

0

1

0

0

Washington

14

2

0

5.7

F

0

0

0

0

LUNG.org
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Design
Value

Pass/
Fail

A

4.8

PASS

0.5

B

9.1

PASS

0.0

A

5.7

PASS

S TAT E TA B L E S

SOUTH CAROLINA
American Lung Association in South Carolina
www.lung.org/southcarolina

AT-RISK GROUPS
Lung Diseases
County

Abbeville

Total		
Population Under 18

24,722

5,107

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

5,242

406

1,839

1,694

16

2,192

2,876

4,850

Aiken

168,179

36,954

31,803

2,936

12,254

10,925

111

13,916

18,476

24,465

Anderson

198,759

45,659

35,473

3,628

14,292

12,607

131

15,945

21,302

28,083

Berkeley

217,937

52,296

29,847

4,155

15,298

12,443

144

15,127

20,797

25,085

Charleston

401,438

79,756

63,510

6,337

29,685

24,507

265

30,203

41,001

51,780

Cherokee

57,105

13,376

9,303

1,063

4,070

3,498

38

4,365

5,892

11,258

Chesterfield

45,948

10,325

8,088

820

3,338

2,961

30

3,734

5,012

9,993

Colleton

37,611

8,465

7,364

673

2,732

2,485

25

3,186

4,214

8,325

Darlington

67,265

15,047

12,509

1,196

4,883

4,360

44

5,544

7,378

14,391

Edgefield

26,693

4,945

4,843

393

2,031

1,780

18

2,237

3,006

4,146

Florence

138,566

33,090

22,700

2,629

9,808

8,425

91

10,531

14,184

25,235

Greenville

506,837

117,631

77,985

9,347

36,089

30,308

334

37,461

50,878

61,200

Horry

333,268

61,339

76,686

4,874

25,507

23,844

220

31,129

40,528

52,862

Lexington

290,642

67,908

44,629

5,396

20,734

17,613

192

21,780

29,639

33,761

Oconee

77,270

15,535

17,597

1,234

5,803

5,468

51

7,150

9,305

12,237

Pickens

123,479

23,703

19,954

1,883

9,180

7,531

82

9,296

12,577

17,775

Richland

411,592

88,508

50,663

7,033

29,515

22,622

271

26,874

37,424

64,234

Spartanburg

306,854

71,079

49,168

5,648

21,906

18,654

202

23,202

31,374

41,025

York

266,439

65,024

37,198

5,167

18,725

15,604

175

19,062

26,204

29,456

3,700,604

815,747

604,562

64,817

267,690

227,328

2,440

282,932

382,067

520,161

Totals
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S TAT E TA B L E S

SOUTH CAROLINA
American Lung Association in South Carolina
www.lung.org/southcarolina

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Abbeville

INC

INC

DNC

DNC

DNC

DNC

DNC

INC

INC

INC

Design
Value

Pass/
Fail

DNC

DNC

DNC

Aiken

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Anderson

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Berkeley

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Charleston

1

0

0

0.3

B

2

2

0

0

1.7

C

7.1

PASS

Cherokee

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Chesterfield

1

0

0

0.3

B

0

0

0

0

0.0

A

7.2

PASS

Colleton

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Darlington

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Edgefield

2

0

0

0.7

B

1

1

0

0

0.8

B

8.3

PASS

Florence

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

INC

INC

2

0

0

0.7

B

4

2

0

0

2.3

D

9.1

PASS

Greenville
Horry

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Lexington

DNC

DNC

DNC

DNC

DNC

0

2

0

0

1.0

C

8.8

PASS

Oconee

1

0

0

0.3

B

0

0

0

0

0.0

A

INC

INC

Pickens

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Richland

4

0

0

1.3

C

0

2

0

0

1.0

C

8.1

PASS

Spartanburg

3

0

0

1.0

C

0

0

0

0

0.0

A

8.3

PASS

York

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC
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S TAT E TA B L E S

SOUTH DAKOTA
American Lung Association in South Dakota
www.lung.org/southdakota

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

Brookings

34,255

7,013

4,000

557

1,920

1,063

20

1,954

2,459

3,998

Brown

39,178

9,469

6,522

752

2,175

1,385

22

2,751

3,309

4,141

Codington

28,099

6,808

4,787

541

1,567

1,009

16

2,017

2,417

3,114

Custer

8,691

1,369

2,487

109

556

418

5

886

1,028

957

Hughes

17,666

4,249

2,954

338

987

632

10

1,261

1,512

1,742

Jackson

3,289

1,064

446

85

163

101

2

199

240

1,174

Meade

28,018

6,509

4,107

517

1,562

951

16

1,851

2,252

2,476

Minnehaha

188,616

47,882

24,161

3,805

10,210

6,056

108

11,665

14,268

16,492

Pennington

110,141

25,591

19,101

2,033

6,211

4,001

63

7,989

9,581

13,866

Union

15,029

3,608

2,714

287

845

556

9

1,122

1,337

903

Totals

472,982

113,562

71,279

9,023

26,195

16,173

271

31,694

38,404

48,863
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S TAT E TA B L E S

SOUTH DAKOTA
American Lung Association in South Dakota
www.lung.org/southdakota

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Design
Value

Pass/
Fail

Brookings

B

5.0

PASS

1

0

0

0.3

B

1

0

0

0

0.3

Brown

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

5.8

PASS

Codington

DNC

DNC

DNC

DNC

DNC

1

0

0

0

0.3

B

6.5

PASS

Custer

0

0

0

0.0

A

4

1

0

0

1.8

C

3.7

PASS

Hughes

DNC

DNC

DNC

DNC

DNC

1

1

0

0

0.8

B

4.1

PASS

Jackson

0

0

0

0.0

A

4

0

0

0

1.3

C

3.5

PASS

Meade

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Minnehaha

2

0

0

0.7

B

2

0

0

0

0.7

B

6.9

PASS

Pennington

DNC

DNC

DNC

DNC

DNC

6

1

0

0

2.5

D

7.7

PASS

0

0

0

0.0

A

4

0

0

0

1.3

C

6.8

PASS

Union

LUNG.org

AMERICAN LUNG ASSOCIATION STATE OF THE AIR 2019

S TAT E TA B L E S

TENNESSEE
American Lung Association in Tennessee
www.lung.org/tennessee

AT-RISK GROUPS
Lung Diseases
County

Anderson
Blount

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

76,257

16,138

15,095

1,572

6,068

6,129

60

7,787

8,665

11,482

129,929

26,549

25,578

2,586

10,428

10,555

102

13,384

14,905

15,425

Claiborne

31,609

6,031

6,177

587

2,581

2,555

25

3,229

3,602

6,801

Davidson

691,243

145,667

82,484

14,187

54,810

45,262

541

53,785

61,914

97,343

19,852

4,328

3,582

422

1,564

1,555

16

1,955

2,186

3,342

DeKalb
Dyer

37,463

8,976

6,490

874

2,871

2,796

29

3,508

3,928

6,360

Hamilton

361,613

75,521

62,052

7,355

28,831

27,266

283

33,972

38,175

44,007

Jefferson

53,804

10,727

10,545

1,045

4,345

4,378

42

5,544

6,178

7,304

Knox

461,860

97,811

71,210

9,526

36,650

33,243

362

40,855

46,228

62,320

Lawrence

43,396

10,912

7,650

1,063

3,275

3,240

34

4,082

4,561

6,684

Loudon

52,152

10,238

13,521

997

4,255

4,625

41

6,077

6,656

6,496

Madison

97,643

21,994

16,173

2,142

7,620

7,225

76

8,988

10,106

16,341

Maury

92,163

21,703

14,288

2,114

7,088

6,688

72

8,267

9,323

9,474

McMinn

52,877

11,286

10,298

1,099

4,196

4,242

41

5,380

5,991

11,621

Montgomery

200,182

53,780

18,130

5,238

14,690

11,363

158

13,165

15,356

25,124

Putnam

77,674

16,479

12,728

1,605

6,173

5,558

61

6,880

7,761

14,277

Roane

53,036

10,055

11,916

979

4,342

4,621

42

5,948

6,575

7,955

Sevier

97,638

20,345

18,699

1,981

7,793

7,841

77

9,915

11,056

12,135

Shelby

936,961

234,376

122,917

22,826

70,577

63,214

731

76,682

87,296

173,777

Sullivan

157,158

30,652

33,782

2,985

12,782

13,177

123

16,877

18,707

24,258

Sumner

183,545

43,699

28,290

4,256

14,061

13,409

144

16,575

18,688

15,921

Williamson

226,257

62,134

29,058

6,051

16,447

15,696

177

19,128

21,703

8,667

Wilson

136,442

32,651

20,964

3,180

10,433

10,005

107

12,368

13,943

11,336

4,270,754

972,052

641,627

94,670

331,878

304,647

3,343

374,351

423,505

598,450

Totals
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S TAT E TA B L E S

TENNESSEE
American Lung Association in Tennessee
www.lung.org/tennessee

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Anderson

0.0

A

DNC

0

0

0

DNC

DNC

DNC

DNC

DNC

Design
Value

Pass/
Fail

DNC

DNC

Blount

5

0

0

1.7

C

1

2

0

0

1.3

C

8.0

PASS

Claiborne

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Davidson

5

0

0

1.7

C

1

0

0

0

0.3

B

8.9

PASS

DeKalb

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Dyer

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

6.9

PASS

Hamilton

7

0

0

2.3

D

0

1

0

0

0.5

B

8.7

PASS

Jefferson

4

0

0

1.3

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Knox

3

0

0

1.0

C

2

3

0

0

2.2

D

10.0

PASS

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

6.7

PASS

Loudon

7

0

0

2.3

D

0

2

0

0

1.0

C

INC

INC

Madison

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

6.9

PASS

Maury

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

INC

INC

McMinn

DNC

DNC

DNC

DNC

DNC

0

1

0

0

0.5

B

8.3

PASS

Montgomery

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

8.1

PASS

Putnam

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

7.3

PASS

Roane

DNC

DNC

DNC

DNC

DNC

0

1

0

0

0.5

B

8.1

PASS

Sevier

3

0

0

1.0

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Shelby

12

1

0

4.5

F

0

0

0

0

0.0

A

7.6

PASS

Sullivan

2

0

0

0.7

B

1

0

0

0

0.3

B

7.5

PASS

Sumner

2

0

0

0.7

B

0

0

0

0

0.0

A

7.9

PASS

Williamson

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Wilson

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Lawrence
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S TAT E TA B L E S

TEXAS
American Lung Association in Texas
www.lung.org/texas

AT-RISK GROUPS
Lung Diseases
County

Bell

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

347,833

96,935

36,863

7,671

18,239

10,992

176

18,079

27,381

46,542

Bexar

1,958,578

505,510

231,882

40,002

106,687

67,366

987

110,579

167,811

299,023

Bowie

94,012

22,236

15,350

1,760

5,366

3,806

48

6,335

9,479

13,959

362,457

96,832

41,560

7,662

19,724

12,793

183

20,734

31,876

31,735

Brewster

9,337

1,813

2,033

143

567

438

5

743

1,091

1,298

Cameron

423,725

130,648

55,795

10,338

21,628

14,427

213

23,997

35,927

116,191

Collin

969,603

254,823

104,176

20,164

53,239

34,328

488

55,105

85,551

56,725

Dallas

2,618,148

692,168

274,524

54,772

141,524

87,471

1,319

141,909

217,948

382,477

Denton

836,210

210,065

82,286

16,623

46,261

28,595

421

45,809

71,269

58,411

Ellis

173,620

46,632

21,911

3,690

9,493

6,399

87

10,409

15,943

14,521

El Paso

840,410

231,103

100,456

18,287

44,744

28,471

423

46,880

70,918

172,972

Galveston

335,036

82,095

46,324

6,496

18,964

13,049

169

21,301

32,509

39,606

Gregg

123,367

31,905

18,739

2,525

6,817

4,749

62

7,887

11,826

19,769

4,652,980 1,249,484

473,982

98,873

249,914

153,431

2,347

248,554

382,312

733,605

Brazoria

Harris
Harrison

66,661

17,003

10,983

1,345

3,737

2,717

34

4,511

6,766

11,315

Hidalgo

860,661

284,190

93,379

22,488

42,062

26,180

433

43,309

65,206

251,593

58,273

12,406

14,262

982

3,515

2,923

29

4,977

7,277

6,074

Hood
Hunt

93,872

22,445

14,840

1,776

5,371

3,834

47

6,328

9,550

15,389

Jefferson

256,299

61,474

36,082

4,865

14,483

9,781

130

16,109

24,362

44,734

Johnson

167,301

43,550

23,305

3,446

9,266

6,396

84

10,483

15,932

17,019

Kaufman

122,883

33,956

14,654

2,687

6,621

4,372

62

7,105

10,893

11,316

McLennan

251,259

62,200

35,605

4,922

13,917

9,198

126

15,319

22,904

42,008

Montgomery

570,934

151,044

73,407

11,952

31,439

21,339

288

34,708

53,166

50,397

Navarro

48,701

12,774

8,205

1,011

2,709

1,994

25

3,318

4,967

8,105

Nueces

361,221

89,636

50,806

7,093

20,144

13,557

182

22,399

33,766

57,008

Orange

85,047

21,241

13,258

1,681

4,796

3,421

43

5,648

8,521

11,526

Parker

133,463

32,972

20,359

2,609

7,604

5,476

67

8,964

13,642

10,515

Polk
Randall
Rockwall
Smith

49,162

10,096

9,172

799

2,975

2,254

25

3,731

5,614

8,060

134,442

32,318

19,619

2,557

7,566

5,109

68

8,474

12,723

11,635

96,788

26,335

11,939

2,084

5,286

3,583

49

5,798

8,928

5,039

227,727

56,132

36,913

4,442

12,797

9,040

114

15,087

22,510

34,767

Tarrant

2,054,475

546,088

226,582

43,213

111,609

71,096

1,033

115,154

177,153

234,362

Travis

1,226,698

271,230

117,274

21,463

69,459

40,385

621

65,331

100,634

139,071

92,084

23,636

14,427

1,870

5,099

3,574

46

5,958

8,901

14,191

274,794

91,739

25,354

7,259

13,347

8,016

138

13,071

19,972

74,061

439,552 1,136,966

720,559

10,572

Victoria
Webb
Totals

20,978,061 5,554,714 2,376,306
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1,174,104 1,795,224 3,045,019

S TAT E TA B L E S

TEXAS
American Lung Association in Texas
www.lung.org/texas

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Bell

3.3

10

0

0

F

DNC

DNC

DNC

DNC

DNC

DNC

Design
Value

Pass/
Fail

DNC

DNC

Bexar

20

4

0

8.7

F

1

0

0

0

0.3

B

8.4

PASS

Bowie

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

INC

INC

Brazoria

20

5

0

9.2

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Brewster

0

0

0

0.0

A

INC

INC

INC

INC

INC

INC

INC

INC

Cameron

0

0

0

0.0

A

1

0

0

0

0.3

B

INC

INC

Collin

20

0

0

6.7

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Dallas

20

0

0

6.7

F

0

0

0

0

0.0

A

8.9

PASS

Denton

37

4

0

14.3

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Ellis

6

0

0

2.0

C

0

0

0

0

0.0

A

8.7

PASS

El Paso

23

0

0

7.7

F

1

0

0

0

0.3

B

8.9

PASS

Galveston

27

3

0

10.5

F

0

0

0

0

0.0

A

6.7

PASS

Gregg

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Harris

57

14

1

26.7

F

3

0

0

0

1.0

C

10.7

PASS

Harrison

0

0

0

0.0

A

0

0

0

0

0.0

A

8.6

PASS

Hidalgo

0

0

0

0.0

A

0

0

0

0

0.0

A

10.2

PASS

Hood

10

1

0

3.8

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Hunt

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Jefferson

15

1

0

5.5

F

INC

INC

INC

INC

INC

INC

INC

INC

Johnson

17

1

0

6.2

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Kaufman

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

McLennan

4

0

0

1.3

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Montgomery

16

0

0

5.3

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Navarro

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Nueces

2

0

0

0.7

B

0

0

0

0

0.0

A

9.3

PASS

Orange

1

0

0

0.3

B

INC

INC

INC

INC

INC

INC

INC

INC

Parker

18

1

0

6.5

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Polk

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Randall

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Rockwall

8

0

0

2.7

D

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Smith

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Tarrant

43

3

0

15.8

F

0

0

0

0

0.0

A

8.7

PASS

Travis

14

0

0

4.7

F

1

0

0

0

0.3

B

9.6

PASS

Victoria

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Webb

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

LUNG.org
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S TAT E TA B L E S

UTAH
American Lung Association in Utah
www.lung.org/utah

AT-RISK GROUPS
Lung Diseases
County

Box Elder

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

54,079

17,343

6,890

1,057

3,259

1,529

14

Cache

124,438

37,922

11,447

2,310

7,729

3,093

32

Carbon

20,295

5,355

3,440

326

1,318

664

5

347,637

113,071

34,226

6,889

20,926

9,074

90

20,026

6,880

2,338

419

1,168

536

5

Davis
Duchesne
Garfield

2,501

Poverty

2,889

4,253

4,549

5,281

18,068

1,151

1,308

3,016

13,851

16,298

18,584

864

1,000

2,625

5,078

1,186

1,159

72

340

189

1

353

392

484

Salt Lake

1,135,649

312,338

120,002

19,029

73,451

31,885

294

48,668

57,300

103,384

San Juan

15,356

4,708

2,096

287

943

454

4

753

869

3,895

Tooele

67,456

22,383

6,092

1,364

4,027

1,735

17

2,602

3,096

4,541

Uintah

35,150

11,692

3,729

712

2,089

928

9

1,450

1,694

4,434

606,425

205,468

45,755

12,518

35,909

13,900

157

19,644

23,090

62,063

Utah
Washington

165,662

44,018

34,810

2,682

10,643

5,657

43

10,437

11,513

18,252

Weber

251,769

71,894

28,838

4,380

16,016

7,154

65

11,207

13,104

26,782

2,849,020

854,258

300,822

52,045

177,819

76,799

737

118,028

137,835

270,381

Totals

LUNG.org
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S TAT E TA B L E S

UTAH
American Lung Association in Utah
www.lung.org/utah

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Box Elder

5

1.7

C

5.5

Cache

2

0

0

0.7

B

23

5

0

0

10.2

Carbon

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

Davis

33

0

0

11.0

F

17

0

0

0

5.7

Duchesne

13

6

0

7.3

F

2

0

0

0

Garfield

INC

INC

INC

INC

INC

DNC

DNC

DNC

Salt Lake

63

0

0

21.0

F

26

6

0

San Juan

1

0

0

0.3

B

DNC

DNC

Tooele

25

1

0

8.8

F

INC

Uintah

9

11

4

11.2

F

0

Utah

23

1

0

8.2

F

Washington

4

0

0

1.3

Weber

33

0

0

11.0

0

LUNG.org

0

Design
Value

Pass/
Fail

7.2

PASS

F

7.5

PASS

DNC

DNC

DNC

F

7.8

PASS

0.7

B

6.1

PASS

DNC

DNC

DNC

DNC

DNC

0

11.7

F

8.7

PASS

DNC

DNC

DNC

DNC

DNC

DNC

INC

INC

INC

INC

INC

INC

INC

0

0

0

0.0

A

INC

INC

15

4

0

0

7.0

F

8.2

PASS

C

0

0

0

0

0.0

A

4.9

PASS

F

22

2

0

0

8.3

F

8.8

PASS

15

1

0

0

AMERICAN LUNG ASSOCIATION STATE OF THE AIR 2019
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S TAT E TA B L E S

VERMONT
American Lung Association in Vermont
www.lung.org/vermont

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

Bennington

35,594

Chittenden

162,372
59,087
257,053

46,534

Rutland
Totals

6,774

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

7,930

495

3,346

2,036

22

2,679

2,611

4,201

29,221

23,620

2,135

16,268

7,657

99

9,363

9,409

16,489

10,539

12,644

770

5,665

3,366

36

4,380

4,290

6,106

44,194

3,400

25,279

13,060

157

16,422

16,310

26,796

LUNG.org
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S TAT E TA B L E S

VERMONT
American Lung Association in Vermont
www.lung.org/vermont

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Bennington

0.7

Chittenden
Rutland

2

0

0

B

0

0

0

0

0.0

Design
Value

Pass/
Fail

A

5.5

PASS

0

0

0

0.0

A

0

0

0

0

0.0

A

5.6

PASS

INC

INC

INC

INC

INC

3

0

0

0

1.0

C

7.5

PASS

LUNG.org
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S TAT E TA B L E S

VIRGINIA
American Lung Association in Virginia
www.lung.org/virginia

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

Albemarle

107,702

21,636

19,153

1,719

7,565

6,096

60

7,727

9,288

8,015

Arlington

234,965

41,976

24,214

3,335

17,211

11,442

131

13,063

16,367

13,284

Caroline

30,461

7,141

4,876

567

2,056

1,672

17

2,104

2,565

2,859

Charles City

7,004

1,091

1,644

87

516

480

4

637

763

835

Chesterfield

343,599

81,895

49,565

6,507

23,149

18,381

191

22,774

28,055

22,626

Fairfax

1,148,433

269,030

150,075

21,376

78,010

59,927

640

72,952

90,614

75,911

Fauquier

69,465

16,253

11,150

1,291

4,695

3,929

39

4,966

6,097

3,947

Frederick

86,484

20,091

14,555

1,596

5,845

4,848

48

6,156

7,481

5,723

Giles

16,837

3,503

3,642

278

1,164

1,036

9

1,366

1,623

1,900

Hanover

105,923

23,560

18,271

1,872

7,251

6,129

59

7,813

9,522

5,655

Henrico

327,898

75,050

49,189

5,963

22,339

17,646

182

21,917

26,842

30,836

Loudoun

398,080

113,312

35,607

9,003

25,450

18,346

222

21,361

27,292

11,895

Madison

13,277

2,703

2,885

215

923

830

7

1,096

1,306

1,488

Page

23,731

4,761

4,983

378

1,659

1,467

13

1,923

2,298

3,618

Prince Edward

22,703

3,770

3,689

300

1,670

1,234

13

1,517

1,823

4,392

Prince William

463,023

126,361

43,886

10,040

30,053

21,607

258

25,239

32,058

28,074

Roanoke

93,730

18,887

19,552

1,501

6,543

5,718

52

7,481

8,920

6,681

Rockbridge

22,659

3,938

5,728

313

1,625

1,509

13

2,032

2,385

2,787

Rockingham

80,227

17,679

14,933

1,405

5,487

4,623

45

5,949

7,146

6,611

Stafford

146,649

38,437

14,782

3,054

9,653

7,086

82

8,353

10,595

6,522

Wythe

28,882

5,764

6,095

458

2,021

1,791

16

2,350

2,808

3,959

Bristol City

16,790

3,428

3,507

272

1,167

1,005

9

1,314

1,559

3,206

Hampton City

134,669

28,278

20,276

2,247

9,400

7,225

75

8,912

10,872

20,069

Lynchburg City

80,995

15,690

11,669

1,247

5,769

4,038

45

4,857

5,835

13,132

Norfolk City

244,703

48,483

26,519

3,852

17,467

11,652

137

13,417

16,648

44,181

Richmond City

227,032

40,328

28,999

3,204

16,576

11,707

126

13,871

17,107

51,609

25,862

5,200

4,798

413

1,814

1,496

14

1,913

2,296

2,567

Salem City
Suffolk City
Virginia Beach City
Totals

90,237

22,197

12,586

1,764

6,023

4,747

50

5,859

7,232

10,067

450,435

100,136

61,631

7,957

31,023

23,332

251

28,394

34,905

36,669

5,042,455 1,160,578

668,459

92,216

344,125

260,998

2,806

317,313

392,300

429,118

LUNG.org
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S TAT E TA B L E S

VIRGINIA
American Lung Association in Virginia
www.lung.org/virginia

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Albemarle

1

0

0

0.3

0.0

Arlington

15

0

0

5.0

F

1

0

0

0

0.3

Caroline

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

Charles City

2

0

0

0.7

B

0

0

0

0

0.0

Chesterfield

1

0

0

0.3

B

0

0

0

0

0.0

Fairfax

10

0

0

3.3

F

1

0

0

0

0.3

Fauquier

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

Frederick

0

0

0

0.0

A

0

0

0

0

0.0

A

B

0

0

0

0

Design
Value

Pass/
Fail

6.9

PASS

B

8.1

PASS

DNC

DNC

DNC

A

7.0

PASS

A

INC

INC

B

7.2

PASS

DNC

DNC

DNC

8.0

PASS

A

Giles

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Hanover

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Henrico

6

1

0

2.5

D

0

0

0

0

0.0

A

7.4

PASS

Loudoun

5

0

0

1.7

C

0

0

0

0

0.0

A

7.8

PASS

Madison

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

INC

INC

INC

INC

INC

INC

INC

INC

INC

INC

INC

INC

INC

Prince Edward

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Prince William

3

0

0

1.0

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Roanoke

0

0

0

0.0

A

0

0

0

0

0.0

A

7.0

PASS

Rockbridge

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Rockingham

1

0

0

0.3

B

0

0

0

0

0.0

A

7.5

PASS

Stafford

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Page

Wythe

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

1

0

0

0

0.3

B

7.6

PASS

Hampton City

2

0

0

0.7

B

0

0

0

0

0.0

A

6.6

PASS

Lynchburg City

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

6.8

PASS

Norfolk City

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

7.1

PASS

Richmond City

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

INC

INC

Salem City

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

7.7

PASS

Bristol City

Suffolk City
Virginia Beach City

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

7.1

PASS
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S TAT E TA B L E S

WASHINGTON
American Lung Association in Washington
www.lung.org/washington

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

Benton

198,171

53,089

28,617

3,881

15,345

8,367

106

11,058

13,293

23,587

Chelan

76,533

18,277

14,061

1,336

6,096

3,595

41

4,946

5,770

10,059

Clallam

75,474

13,094

21,730

957

6,363

4,365

40

6,487

7,125

12,090

Clark

474,643

115,420

70,927

8,437

37,971

21,017

253

27,769

33,474

48,088

King

2,188,649

447,350

283,909

32,700

185,713

94,736

1,167

120,716

149,098

200,415

Kitsap

266,414

54,934

46,087

4,016

22,258

12,560

142

16,933

20,046

21,357

Kittitas

46,205

7,948

7,262

581

4,061

2,081

25

2,734

3,273

6,185

Okanogan

41,742

9,696

8,840

709

3,324

2,090

22

2,952

3,381

8,415

Pierce

876,764

206,931

117,898

15,126

71,199

37,482

467

48,456

59,270

87,596

Skagit

125,619

27,508

25,393

2,011

10,225

6,172

67

8,616

9,934

14,061

Snohomish

801,633

182,237

104,535

13,321

65,891

35,107

427

45,016

55,645

58,157

Spokane

506,152

112,391

79,709

8,216

41,600

22,819

270

30,317

36,282

69,334

Thurston

280,588

60,724

46,769

4,439

23,170

12,952

149

17,378

20,647

29,034

Whatcom

221,404

43,256

37,381

3,162

18,805

10,197

118

13,661

16,177

28,131

250,193

74,414

33,654

5,440

18,628

9,904

133

13,019

15,674

44,726

6,430,184 1,427,269

926,772

104,331

530,649

283,442

3,427

370,057

449,092

661,235

Yakima
Totals
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S TAT E TA B L E S

WASHINGTON
American Lung Association in Washington
www.lung.org/washington

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Benton

14

0

0

4.7

F

DNC

Chelan

DNC

DNC

DNC

DNC

DNC

1

0

0

0

0.3

B

INC

INC

Clallam

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Clark

4

0

0

1.3

C

5

5

0

0

4.2

F

INC

INC

King

11

6

0

6.7

F

9

2

0

0

4.0

F

8.7

PASS

DNC

DNC

DNC

DNC

DNC

Design
Value

Pass/
Fail

DNC

DNC

Kitsap

DNC

DNC

DNC

DNC

DNC

5

0

0

0

1.7

C

4.7

PASS

Kittitas

DNC

DNC

DNC

DNC

DNC

13

2

2

0

6.7

F

7.6

PASS

Okanogan

DNC

DNC

DNC

DNC

DNC

INC

INC

INC

INC

INC

INC

INC

INC

Pierce

2

0

0

0.7

B

11

6

0

0

6.7

F

7.4

PASS

Skagit

0

0

0

0.0

A

0

0

0

0

0.0

A

5.9

PASS

DNC

DNC

DNC

DNC

DNC

25

5

0

0

10.8

F

7.4

PASS

Spokane

2

0

0

0.7

B

11

2

3

0

6.7

F

INC

INC

Thurston

1

1

0

0.8

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Whatcom

0

0

0

0.0

A

4

0

0

0

1.3

C

5.5

PASS

DNC

DNC

DNC

DNC

DNC

25

9

3

0

14.8

F

9.5

PASS

Snohomish

Yakima
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S TAT E TA B L E S

WEST VIRGINIA
American Lung Association in West Virginia
www.lung.org/westvirginia

AT-RISK GROUPS
Lung Diseases
County

Berkeley

Total		
Population Under 18

114,920

27,115

65 &
Over

16,614

Pediatric
Asthma

Adult		
Asthma
COPD

2,553

11,159

Lung
Cancer

Cardiovascular
Disease
Diabetes

12,675

91

11,521

12,500

Poverty

13,394

Brooke

22,443

3,982

5,202

375

2,358

2,872

18

2,861

2,986

2,864

Cabell

94,958

18,856

17,345

1,775

9,540

10,922

75

10,281

10,791

23,726

Gilmer

8,005

1,135

1,375

107

856

952

7

868

918

1,632

Greenbrier

35,287

6,940

7,980

653

3,621

4,411

28

4,395

4,588

6,381

Hancock

29,448

5,676

6,536

534

3,052

3,726

23

3,695

3,886

4,337

Harrison

67,811

14,595

12,859

1,374

6,788

8,036

54

7,717

8,185

11,220

Kanawha

183,293

36,950

36,642

3,479

18,639

22,154

144

21,443

22,621

32,592

Marion

56,337

11,363

10,740

1,070

5,683

6,629

45

6,328

6,661

8,882

Marshall

31,190

6,114

6,742

576

3,213

3,895

25

3,840

4,040

5,823

105,030

17,140

12,708

1,614

10,782

11,213

84

9,425

10,121

16,945

Monongalia
Ohio

42,035

8,079

8,918

761

4,314

5,151

33

5,039

5,274

5,072

Raleigh

75,022

15,723

15,018

1,480

7,519

8,899

60

8,624

9,047

14,153

Tucker

6,915

1,176

1,741

111

737

917

6

931

968

1,088

Wood

85,104

17,947

16,924

1,690

8,576

10,238

67

9,933

10,496

15,268

Totals

957,798

192,791

177,344

18,151

96,836

112,690

758

106,902

113,082

163,377
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S TAT E TA B L E S

WEST VIRGINIA
American Lung Association in West Virginia
www.lung.org/westvirginia

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Berkeley

1

0

0

0.3

B

Brooke

DNC

DNC

DNC

DNC

Cabell

4

0

0

1.3

Gilmer

1

0

0

Greenbrier

0

0

0

Design
Value

Pass/
Fail

0

0

0

0

0.0

A

9.3

PASS

DNC

0

0

0

0

0.0

A

9.8

PASS

C

0

0

0

0

0.0

A

8.2

PASS

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Hancock

2

0

0

0.7

B

0

0

0

0

0.0

A

8.7

PASS

Harrison

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

8.0

PASS

Kanawha

4

0

0

1.3

C

0

0

0

0

0.0

A

8.2

PASS

Marion

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

INC

INC

Marshall

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

9.6

PASS

Monongalia

2

0

0

0.7

B

0

0

0

0

0.0

A

7.6

PASS

Ohio

5

0

0

1.7

C

0

0

0

0

0.0

A

8.8

PASS

Raleigh

DNC

DNC

DNC

DNC

DNC

INC

INC

INC

INC

INC

INC

INC

INC

Tucker

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Wood

5

0

0

1.7

C

0

0

0

0

0.0

A

8.5

PASS
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S TAT E TA B L E S

WISCONSIN
American Lung Association in Wisconsin
www.lung.org/wisconsin

AT-RISK GROUPS
Lung Diseases
County

Ashland

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

15,500

3,403

2,954

252

1,150

645

9

907

1,173

2,238

262,052

62,930

37,533

4,656

19,254

9,572

153

12,677

17,456

24,743

57,248

12,385

9,912

916

4,287

2,329

34

3,220

4,244

4,241

Dane

536,416

110,838

70,829

8,200

41,573

18,954

313

23,963

34,500

59,174

Dodge

87,786

17,737

14,988

1,312

6,710

3,581

52

4,912

6,530

7,001

Brown
Columbia

Door

27,483

4,530

7,931

335

2,118

1,430

16

2,162

2,582

2,092

Eau Claire

103,671

21,146

15,864

1,564

8,010

3,832

60

4,988

6,952

14,304

Fond du Lac

102,548

22,170

18,495

1,640

7,672

4,191

60

5,817

7,625

8,544

Forest

8,970

1,787

2,040

132

675

410

5

595

743

1,321

Grant

51,999

10,695

8,735

791

3,984

2,003

31

2,676

3,631

6,385

Jefferson

84,832

18,099

14,008

1,339

6,405

3,367

50

4,586

6,136

7,012

Kenosha

168,521

39,039

23,096

2,888

12,536

6,196

98

8,169

11,327

18,729

Kewaunee

20,445

4,439

4,068

328

1,515

876

12

1,247

1,593

1,614

La Crosse

118,274

23,563

18,835

1,743

9,166

4,493

69

5,923

8,157

13,535

Manitowoc

79,175

16,411

15,801

1,214

5,943

3,436

46

4,886

6,250

7,178

Marathon

135,732

31,123

23,231

2,303

10,005

5,393

79

7,435

9,820

13,353

Milwaukee

952,085

228,621

126,081

16,915

70,423

33,105

554

42,577

60,294

177,959

Outagamie

186,059

44,166

26,555

3,268

13,713

6,856

109

9,102

12,516

13,045

88,429

18,924

17,003

1,400

6,597

3,750

52

5,295

6,823

4,244

Racine

196,071

45,713

31,455

3,382

14,426

7,615

114

10,389

13,887

20,857

Rock

162,309

37,933

26,162

2,806

11,940

6,264

95

8,524

11,412

19,338

Ozaukee

Sauk
Sheboygan
Taylor
Vilas

63,981

14,570

11,523

1,078

4,713

2,585

37

3,596

4,701

6,266

115,344

25,882

20,148

1,915

8,546

4,646

67

6,430

8,459

8,789

20,321

4,853

3,809

359

1,466

843

12

1,196

1,535

2,083

21,683

3,686

6,596

273

1,648

1,162

13

1,782

2,098

2,979

Walworth

103,082

21,777

17,627

1,611

7,797

4,118

60

5,625

7,493

10,618

Waukesha

400,621

87,072

72,379

6,442

29,869

16,586

234

23,166

30,218

19,090

4,170,637

933,492

647,658

69,065

312,141

158,239

2,434

211,845

288,152

476,732

Totals
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S TAT E TA B L E S

WISCONSIN
American Lung Association in Wisconsin
www.lung.org/wisconsin

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Ashland

0

0

0

0.0

A

0.0

Brown

4

0

0

1.3

C

0

0

0

0

0.0

Columbia

3

0

0

1.0

C

DNC

DNC

DNC

DNC

DNC

Dane

0

0

0

0.0

A

0

0

0

0

0.0

Dodge

3

0

0

1.0

C

2

0

0

0

Door

16

0

0

5.3

F

DNC

DNC

DNC

Eau Claire

0

0

0

0.0

A

0

0

0

Fond du Lac

3

0

0

1.0

C

DNC

DNC

0

0

Design
Value

Pass/
Fail

4.1

PASS

A

7.0

PASS

DNC

DNC

DNC

A

8.0

PASS

0.7

B

6.8

PASS

DNC

DNC

DNC

DNC

DNC

0

0.0

A

6.6

PASS

DNC

DNC

DNC

DNC

DNC

DNC

0

0

A

Forest

0

0

0

0.0

A

0

0

0

0

0.0

A

4.6

PASS

Grant

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

7.2

PASS

Jefferson

4

0

0

1.3

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Kenosha

29

2

0

10.7

F

0

1

0

0

0.5

B

7.4

PASS

Kewaunee

10

0

0

3.3

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

La Crosse

0

0

0

0.0

A

0

0

0

0

0.0

A

6.7

PASS

Manitowoc

16

0

0

5.3

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Marathon

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Milwaukee

14

1

0

5.2

F

0

0

0

0

0.0

A

8.3

PASS

Outagamie

2

0

0

0.7

B

0

0

0

0

0.0

A

6.6

PASS

Ozaukee

21

1

0

7.5

F

0

0

0

0

0.0

A

6.8

PASS

Racine

20

1

0

7.2

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Rock

5

0

0

1.7

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Sauk

1

0

0

0.3

B

0

0

0

0

0.0

A

6.6

PASS

Sheboygan

33

3

0

12.5

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Taylor

0

0

0

0.0

A

0

0

0

0

0.0

A

5.5

PASS

Vilas

0

0

0

0.0

A

0

0

0

0

0.0

A

4.5

PASS

Walworth

6

0

0

2.0

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Waukesha

1

0

0

0.3

B

0

0

0

0

0.0

A

8.3

PASS

LUNG.org

AMERICAN LUNG ASSOCIATION STATE OF THE AIR 2019

S TAT E TA B L E S

WYOMING
American Lung Association in Wyoming
www.lung.org/wyoming

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

Albany

38,332

Big Horn
Campbell

65 &
Over

Pediatric
Asthma

2,957

1,669

Lung
Cancer

Cardiovascular
Disease
Diabetes

16

1,906

Poverty

6,312

4,286

11,906

3,013

2,441

259

810

666

5

46,242

12,841

4,287

1,103

3,095

1,947

20

Carbon

15,303

3,576

2,485

307

1,076

789

6

Converse

13,809

3,466

2,208

298

949

712

Fremont

39,803

10,149

7,050

872

2,712

Goshen

13,378

2,684

2,893

231

974

Laramie

98,327

22,984

15,309

1,975

6,916

Natrona

79,547

19,288

11,679

1,657

5,538

3,910

34

4,891

5,373

8,631

Park

29,568

6,128

6,577

526

2,133

1,770

12

2,346

2,432

2,694

Sheridan

30,210

6,540

6,058

562

2,160

1,725

13

2,256

2,377

2,673

Sublette

542

Adult		
Asthma
COPD

2,160

7,075

879

915

1,433

2,309

2,712

4,271

1,001

1,085

1,723

6

909

991

1,260

2,090

17

2,701

2,876

6,291

787

6

1,036

1,076

1,572

4,943

42

6,218

6,766

9,294

9,799

2,248

1,795

193

691

539

4

698

747

643

Sweetwater

43,534

11,544

4,952

992

2,954

1,939

18

2,350

2,677

4,253

Teton

23,265

4,373

3,349

376

1,740

1,186

10

1,462

1,628

1,348

Uinta

20,495

5,987

2,703

514

1,335

942

9

1,175

1,305

2,067

6,927

1,445

1,345

124

501

399

3

520

555

699

520,445

122,578

79,417

10,531

36,540

26,012

220

32,658

35,673

55,927

Weston
Totals
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WYOMING
American Lung Association in Wyoming
www.lung.org/wyoming

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Design
Value

Pass/
Fail

Albany

1

0

0

0.3

B

0

1

0

0

0.5

B

4.3

PASS

Big Horn

0

0

0

0.0

A

INC

INC

INC

INC

INC

INC

INC

INC

Campbell

2

0

0

0.7

B

3

3

0

0

2.5

D

4.8

PASS

Carbon

1

0

0

0.3

B

INC

INC

Converse

0

0

0

0.0

A

4

0

INC

INC

INC

INC

INC

INC

0

0

1.3

C

INC

INC

Fremont

0

0

0

0.0

A

2

0

0

0

0.7

B

6.8

PASS

Goshen

INC

INC

INC

INC

INC

INC

INC

INC

INC

INC

INC

INC

INC

Laramie

1

0

0

0.3

B

Natrona

0

0

0

0.0

A

0

3

0

0

1.5

C

4.2

PASS

2

0

0

0

0.7

B

4.9

PASS

Park

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

4.3

PASS

Sheridan

INC

INC

INC

INC

INC

5

1

0

0

2.2

D

7.3

PASS

Sublette

8

0

0

2.7

D

2

0

0

0

0.7

B

5.1

PASS

Sweetwater

5

0

0

1.7

C

0

0

0

0

0.0

A

5.1

PASS

Teton

0

0

0

0.0

A

1

0

0

0

0.3

B

4.6

PASS

Uinta

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Weston

0

0

0

0.0

A

INC

INC

INC

INC

INC

INC

INC

INC
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About the American Lung Association
The American Lung Association is the leading organization working to save lives by
improving lung health and preventing lung disease, through research, education and
advocacy. The work of the American Lung Association is focused on four strategic
imperatives: to defeat lung cancer; to improve the air we breathe; to reduce the burden
of lung disease on individuals and their families; and to eliminate tobacco use and tobaccorelated diseases. For more information about the American Lung Association, a holder of
the Better Business Bureau Wise Giving Guide Seal, or to support the work it does, call
1-800-LUNGUSA (1-800-586-4872) or visit: www.Lung.org.
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19, 2017 Web Snapshot.
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What is Ozone?
What is ozone and where is it in the atmosphere?
Are high ambient ozone concentrations found only in heavily urbanized
areas?
How does atmospheric ozone affect human health?

What is ozone and where is it in the atmosphere?
Ozone (O3) is a highly reactive gas composed of three oxygen atoms. It is both a
natural and a man-made product that occurs in the Earth's upper atmosphere

(the stratosphere) and lower atmosphere (the troposphere). Depending on where
it is in the atmosphere, ozone affects life on Earth in either good or bad ways.
Stratospheric ozone is formed naturally through the interaction of solar ultraviolet
(UV) radiation with molecular oxygen (O2). The "ozone layer," approximately 6
through 30 miles above the Earth's surface, reduces the amount of harmful UV
radiation reaching the Earth's surface.
Tropospheric or ground-level ozone – what we breathe – is formed primarily from
photochemical reactions between two major classes of air pollutants, volatile
organic compounds (VOC) and nitrogen oxides (NOx). These reactions have
traditionally been viewed as depending upon the presence of heat and sunlight,
resulting in higher ambient ozone concentrations in summer months. Within the
last decade, however, high ozone concentrations have also been observed under
specific circumstances in cold months, where a few high elevation areas in the
https://www.epa.gov/ozone-pollution-and-your-patients-health/what-ozone
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Western U.S. with high levels of local VOC and NOx emissions have formed
ozone when snow is on the ground and temperatures are near or below freezing.
Ozone contributes to what we typically experience as "smog" or haze, which still
occurs most frequently in the summertime, but can occur throughout the year in
some southern and mountain regions.
Although some stratospheric ozone is transported into the troposphere, and some
VOC and NOx occur naturally, the majority of ground-level ozone is the result of
reactions of man-made VOC and NOx. Significant sources of VOC are chemical
plants, gasoline pumps, oil-based paints, autobody shops, and print shops.
Nitrogen oxides result primarily from high temperature combustion. Significant
sources are power plants, industrial furnaces and boilers, and motor vehicles.

Are high ambient ozone concentrations found only
in heavily urbanized areas?
Many people mistakenly believe that tropospheric ozone concentrations are high
only in major urban areas, but high ambient ozone concentrations can and do
occur anywhere. Ozone formation is not limited to big cities like Los Angeles,
Houston, Atlanta, and New York City. It is also formed in smaller cities like
Raleigh, NC and Cincinnati, OH, and it is transported hundreds of miles
downwind from where it is created to affect ambient air quality in other urban and
rural areas. Where ozone is formed, peak concentrations usually occur during
afternoon hours, when sunlight is the most intense. However, areas downwind of
major sources of VOC and NOx may experience ozone peaks in the afternoon and
evening, after wind has carried ozone and its VOC and NOx precursors many
miles from their sources. Thus, high ozone concentrations can occur in remote
areas and at various times of day, including during the early evening or night.

https://www.epa.gov/ozone-pollution-and-your-patients-health/what-ozone
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Figure 1: U.S. counties with high ozone concentrations in 2009. This map depicts ozone
concentrations by U.S. county for 2009, showing where high ambient ozone concentrations were
found in the continental United States. The map's color key is based on the categories of the Air
Quality Index (AQI) (see Patient Exposure and the Air Quality Index). All orange, red, and purple
areas exceeded the 8-hour ambient air quality standard for ozone during 2009. The map illustrates
how likely it may be for a particular area to experience air quality advisories for ozone.

How does atmospheric ozone affect human health?
Ozone has two properties of interest to human health. First, it absorbs UV light,
reducing human exposure to harmful UV radiation that causes skin cancer and
cataracts. Second, when inhaled, it reacts chemically with many biological
molecules in the respiratory tract, leading to a number of adverse health effects.
This course addresses this second property.
Review Key Points

PREVIOUS | NEXT

https://www.epa.gov/ozone-pollution-and-your-patients-health/what-ozone
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The State of the Air 2019
Too many cities across
the nation experienced
more ozone and more
particle pollution in
2015-2017. Many
reached or tied their
highest levels ever.

The “State of the Air” 2019 found that, in 2015-2017, more cities had high days of
ozone and short-term particle pollution compared to 2014-2016 and many cities
measured increased levels of year-round particle pollution.
The “State of the Air” 2019 report shows that too many cities across the nation
increased the number of days when particle pollution, often called “soot,” soared to
often record-breaking levels. More cities suffered from higher numbers of days when
ground-level ozone, also known as “smog,” reached unhealthy levels. Many cities saw
their year-round levels of particle pollution increase as well.
The “State of the Air” 2019 report adds to the evidence that a changing climate is
making it harder to protect human health. The three years covered in this report
ranked as the hottest years on record globally. High ozone days and spikes in particle
pollution zoomed, putting millions more people at risk and adding challenges to the
work cities are doing across the nation to clean up.
The 2019 report—the 20th annual release—uses the most recent quality-assured air
pollution data, collected by the federal, state and local governments and tribes in 2015,
2016 and 2017. The “State of the Air” 2019 report looks at levels of ozone and particle
pollution found in official monitoring sites across the United States in 2015, 2016 and
2017. For comparison, the “State of the Air” 2018 report covered data from 2014, 2015
and 2016.1 The report uses the most current quality-assured nationwide data available
for these analyses.
The report examines particle pollution (PM2.5) in two separate ways: averaged yearround (annual average) and short-term levels (24-hour). For both ozone and shortterm particle pollution, the analysis uses a weighted average number of days that
allows recognition of places with higher levels of pollution. For the year-round particle
pollution rankings, the report uses averages calculated and reported by the U.S.
Environmental Protection Agency (EPA).

The “State of the Air” 2019 found that ozone and short-term particle pollution
worsened in many cities in 2015-2017, compared to 2014-2016. Even levels of
year-round particle pollution increased in some cities.

Overall Trends

More than four in 10 Americans, approximately 43.3 percent of the population, live in
counties that have monitored unhealthy ozone and/or particle pollution. The number
of people exposed to unhealthy air increased to nearly 141.1 million. That represents
an increase from the past two reports: higher than the 133.9 million in the 2018 report
(covering 2014-2016) and the 125 million in the 2017 report (covering 2013-2015).
Close to 20.2 million people, or 6.2 percent, live in 12 counties with unhealthful levels
for all three measures.
Still, progress continues, thanks to the tools in the Clean Air Act. While this is a
significant spike in areas with unhealthy levels of ozone and particle pollution, it remains
still far below the 166 million in the years covered in the 2016 report (2012-2014).
Los Angeles remains the city with the worst ozone pollution as it has for 19 years of
the 20-year history of the report. Fresno-Madera-Hanford, CA returned to the mostpolluted slot for year-round particle pollution, while Bakersfield, CA, maintains its
rank as the city with the worst short-term particle pollution.
More must be done to address climate change and to protect communities from the
growing risks to public health. This year’s report covered the three warmest years in
modern history and demonstrates the increased risk of harm from air pollution that
comes despite other protective measures being in place. The Clean Air Act must remain
intact and enforced to enable the nation to continue to protect all Americans from the
dangers of air pollution. This law has driven improvements in air quality for nearly 50
4
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years, improvements that the “State of the Air” 2019 continues to document. Figure 1
from EPA shows that since 1970, the air has gotten cleaner while the population, the
economy, energy use and miles driven increased greatly.2 We must ensure that the
Clean Air Act’s tools remain in place, funded, and followed.
Comparison of Growth Areas and Emissions, 1970–2017
280%
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260%
240%
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220%
200%
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180%
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160%
140%
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Figure 1: Air pollution emissions have dropped steadily since 1970 thanks to the Clean Air Act. Source: U.S.
EPA, Air Trends: Air Quality National Summary, 2019.

As climate change
continues, cleaning up
these pollutants will
become ever more
challenging.

Increased heat in 2017,
the third warmest year
on record in the United
States, likely drove this
increase in ozone. All
three years in this report
mark the warmest years
ever recorded.
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The “State of the Air” 2019 report shows, again, that climate change makes it harder
to protect human health. This year’s report shows the spike in high ozone days and in
unhealthy particle pollution episodes driven by wildfires. While most of the nation has
much cleaner air quality than even a decade ago, too many cities suffered increased
ozone from the increased temperature and continued high particle pollution from
wildfires driven by changing rain patterns.
As climate change continues, cleaning up these pollutants will become ever more
challenging. Climate change poses many threats to human health, including worsened
air quality and extreme weather events. The nation must work to reduce emissions that
worsen climate.
The Clean Air Act must remain intact and enforced to enable the nation to continue
to protect all Americans from the dangers of air pollution. At its core, the Clean Air Act
protects public health and has driven improvements in air quality for nearly 50 years,
as shown in Figure 1. Since 2000, the “State of the Air” reports have also documented
these improvements, as shown in trend charts for counties and cities available at
www.stateoftheair.org. That progress is not certain to continue, as some in Congress
seek to remove or weaken that law, and as the administration seeks to repeal or reverse
the safeguards in place to enforce the law.

Ozone Pollution
Ozone pollution worsened in much of the nation. Of the 25 most-ozone-polluted
cities in the U.S, 17 had more high ozone days on weighted average during 20152017, than in the 2018 report that covered 2014-2016. Eight of the 25 cities had fewer
days, three reaching their fewest days ever.
Increased heat in 2017 likely drove this increase in ozone. Warmer temperatures
stimulate the reactions in the atmosphere that cause ozone to form, and 2017 saw the
second warmest temperatures on record in the United States. All three years covered in
this report rank as the three warmest years ever recorded.3
AMERICAN LUNG ASSOCIATION STATE OF THE AIR 2019
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Los Angeles remains at the top of this list as it has for all but one of the 20 reports. Los
Angeles also recorded more unhealthy ozone days in this report, measured by weighted
average.
In addition to Los Angeles, 16 others among the 25 cities with the worst ozone
pollution each had a higher average of unhealthy days in 2015-2017, including some
of the nation’s largest metropolitan areas: New York City; Chicago; San Diego; Denver;
Phoenix; Houston; Las Vegas; Philadelphia; Washington-Baltimore; and Salt Lake City.
Many smaller cities on that list also suffered from more ozone: Visalia, CA; Sacramento,
CA; El Centro, CA; Chico, CA; El Paso-Las Cruces, TX-NM; and Sheboygan, WI.
Eight cities had fewer unhealthy ozone days on average in 2015-2017, including three
that reached their fewest unhealthy days ever: Bakersfield, CA; Dallas-Fort Worth; and
San Jose-San Francisco (with additional counties in the metro area). Other cities that
had fewer high-ozone days included: Fresno-Madera-Hanford, CA; Atlanta, GA; Fort
Collins, CO; Redding-Red Bluff, CA; and Hartford, CT.
These rankings are all based on unhealthy air days as recorded using the Air Quality
Index adopted with the 2015 ozone national air quality standard. In 2018, EPA officially
designated all or parts of the 25 most polluted cities as “nonattainment” for the 2015
ozone national air quality standard. That action requires all to take steps to clean up the
sources of pollution going forward.
Regional Differences. Cities in the West and the Southwest continue to dominate the
most-ozone-polluted list. California retains its historic distinction with 10 of the 25
most-polluted cities in that state. The Southwest continues to fill most of the remaining
slots, with eight of the 25 cities. Texas has three cities in the 25 most-polluted list:
Houston, Dallas-Fort Worth and El Paso. Colorado has two: Denver and Fort Collins.
Arizona, Nevada and Utah each have one.
Only seven cities are east of the Mississippi River, including the New York City metro
area, where Fairfield, CT suffers from the highest levels in the metropolitan area.
Others in the Northeast and Mid-Atlantic in the 25 most-polluted list are Philadelphia;
Washington, DC-Baltimore, MD; and Hartford, CT. The Midwest has two: Chicago and
Sheboygan, WI. Atlanta remains the only southeast city to remain on the list.
The findings show the continued impact of transported pollution that moves ozone and
ozone precursors across state lines. Chicago’s ozone crosses Lake Michigan to reach
Sheboygan, WI. Fairfield County, CT, remains the county with the highest ozone in the
eastern half of the nation because of the transported ozone from other states.
Increased heat played a major role in the higher number of unhealthy air days. This
year’s report covers the three warmest years on record in the U.S. According to the
National Oceanic and Atmospheric Administration, 2017 was the second warmest year
on record, following 2016, which was the warmest year, and just ahead of 2015, which
was the third warmest. Warmer weather makes ozone more likely to form.
Those changes reflect changes seen in the past four reports, where increased oil and
gas extraction in the Southwest and cleanup of power plants in the eastern U.S. have
shifted the cities that experienced the greatest number of unhealthy air days.

Short-Term Particle Pollution
Bakersfield (CA) remains the city most polluted by spikes in particle pollution.
Bakersfield has held this position for all but two years since the 2010 report covering
data from 2006-2008. Twenty of the 26 most polluted cities had more days on average
in the 2019 report. Many of these are due to wildfires.
Eight cities had their highest-ever weighted average number of days with spikes in particle
levels: Fairbanks, AK; Missoula, MT; Yakima, WA; Spokane-Spokane Valley-Coeur d’Alene,
WA-ID; Santa Maria-Santa Barbara, CA; Salinas, CA; Bend-Prineville, OR; and Bismarck, ND.
6
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Wildfire smoke shifted
Santa Maria—Santa
Barbara, CA off the list of
cleanest cities for shortterm particle pollution for
the past six years to rank as
the 17th most polluted city.

Showing the impact of wildfires, prior to this year’s report, Santa Maria—Santa Barbara,
CA had been on the list of cleanest cities for short-term PM for the past six years.
Twelve others also suffered from more days when particle pollution spiked into
unhealthy levels. San Jose-San Francisco, Los Angeles, Seattle and Pittsburgh, Logan,
UT; Phoenix; Sacramento; Medford-Grants Pass, OR; Eugene, OR; Reno, NV; Portland,
OR; and Pocatello, ID.
San Jose-San Francisco CSA added two counties from the former Modesto-Merced
MSA, which had ranked fifth most polluted in the 2018 report. Their addition increased
the weighted average, but, even without those counties, the metro area had more days.
Six of the 26 most-polluted cities improved and had fewer unhealthy air days on
average than in the 2018 report. Despite being among the 10 most-polluted, Salt Lake
City dropped to its fewest days ever reported on average. Five other cities had fewer
unhealthy days on average: Bakersfield, CA; Fresno-Madera-Hanford, CA; Anchorage;
Visalia, CA; and El Centro, CA.
In California, Washington and Oregon, extended wildfires increased the days when
PM levels spiked. The Los Angeles metro area had two days when levels spiked to
“hazardous,” the highest “maroon” level in the Air Quality Index. Medford-Grants Pass,
OR, Eugene, OR and Calaveras County, CA each had one maroon day.
Wildfires are not the only source of high particle pollution days. Other sources including
wood stove use (especially in Fairbanks), older diesel vehicles and equipment, and
industrial sources (as in Pittsburgh) contribute to a lot of particle pollution. Changes in
weather patterns can create atmospheric inversions that trap particles in place, leading
to days with spikes. Pittsburgh is the only city in the 25 most polluted that is east of the
Mississippi River.

Year-Round Particle Pollution
Fresno-Madera-Hanford, CA returned to the rank of most polluted by year-round
particle pollution in 2015-2017. This metro area now officially includes Kings County,
the county with the highest year-round levels of particle pollution in the nation. This
ties the highest year-round levels ever for Kings County, and for the metro area.
Fourteen of the 25 cities most polluted year-round by particle pollution improved over
the levels in the 2018 report. Bakersfield, Visalia (CA), and El Centro (CA) continued
to improve as they had in the 2018 report. Last year’s most-polluted city, Fairbanks,
AK, dropped back to #3. Ten reached their lowest annual level ever: Cleveland;
Detroit; Birmingham; Lancaster, PA; Houston, TX, Philadelphia; Chicago; Indianapolis;
Harrisburg, PA; and Knoxville, TN. This is Chicago’s first year back with complete data
on particle pollution in Illinois.

Fourteen of the 25 cities
with the highest yearround particle levels
experienced lower levels
in the 2019 report.

Eleven of the 25 cities suffered worse year-round levels. Two, Fresno-Madera-Hanford,
CA and Missoula, MT, tied their worst annual average levels of particle pollution. Others
that had higher levels were Los Angeles; San Jose-San Francisco; Pittsburgh; MedfordGrants Pass, OR; Cincinnati; Johnstown-Somerset, PA; Atlanta; McAllen-Edinburg, TX;
and Shreveport, LA.
All the cities below the seven most-polluted meet the current national air quality
standards. Often annual levels vary in cities once they clean up enough to meet that
standard. However, evidence shows that no threshold exists for harmful effects from
particle pollution, even below the official standard.
California continues to dominate this list, with six of the 10 most-polluted, and five of
the seven cities that fail to meet the annual standard. Pennsylvania has five cities on
this list, although only Pittsburgh fails to meet the standard. Other areas with several
cities on the list include the Midwest with five cities; Southeast with four cities; the
Northwest with three cities; and Texas with two.
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For San Jose-San Francisco, the higher levels came in the two counties added to the
metro area by the Office of Management and Budget. Both had been part of the former
Merced-Modesto, CA MSA. They were incorporated into the larger CSA because of
increased integration with the larger metro area.
Cities with high power plant emissions as well as local, industrial sources continue
to show up on the list. That list includes Pittsburgh; Philadelphia; Detroit; Cincinnati;
Cleveland; Chicago; Birmingham; Atlanta; Indianapolis; Youngstown; and Shreveport, LA.
Fortunately, year-round particle pollution continues to decline across most of the
nation, unlike the days with high ozone and high short-term particle pollutions.
Because of the high numbers and long duration, the western wildfires contributed
to some of the elevated annual averages in western cities. That is especially true in
Missoula, MT, Medford-Grants Pass, OR, and likely in Los Angeles as well.

Cleanest Cities
Six cities ranked on all three cleanest cities lists for ozone, year-round particle pollution
and short-term particle pollution. They had zero high ozone or high particle pollution
days and were among the 25 cities with the lowest year-round particle levels. Four
have repeated their ranking on this list, but two join this list for the first time. Listed
alphabetically below, these six cities are:
Bangor, ME
Lincoln-Beatrice, NE
Burlington-South Burlington, VT
Palm Bay-Melbourne-Titusville, FL
Honolulu, HI
Wilmington, NC
Eight other cities ranked among the cleanest cities for both year-round and short-term
levels of particle pollution. That means they had no days in the unhealthy level for
short-term particle pollution and were on the list of the cleanest cities for year-round
particle pollution. They are:
Cape Coral-Fort Myers-Naples, FL
Elmira-Corning, NY
Gainesville-Lake City, FL
Grand Island, NE

North Port-Sarasota, FL
Pittsfield, MA
St. George, UT
Syracuse-Auburn, NY

Nineteen other cities ranked among the cleanest for ozone and short-term particle
pollution. That means they had no days in the unhealthy level for ozone or for shortterm particle pollution. They are:
Bowling Green-Glasgow, KY
Clarksville, TN-KY
Eau Claire-Menomonie, WI
Fayetteville-Sanford-Lumberton, NC
Fayetteville-Springdale-Rogers, AR
Florence, SC
Fort Smith, AR-OK
Gadsden, AL
Greenville-Kinston-Washington, NC
Houma-Thibodaux, LA

Jackson-Vicksburg-Brookhaven, MS
La Crosse-Onalaska, WI-MN
McAllen-Edinburg, TX
Monroe-Ruston, LA
Roanoke, VA
Springfield, MO
Tallahassee, FL
Tuscaloosa, AL
Waterloo-Cedar Falls, IA

Four cities ranked on both lists for ozone and year-round particle pollution levels. These
cities had no days in the unhealthy level for ozone pollution and were on the list of the
cleanest cities for year-round particle pollution. They are:
Anchorage, AK
Bellingham, WA
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The “State of the Air” 2019 shows that too many people in the United States live
where the air is unhealthy for them to breathe.

People at Risk

More than four in 10 people (43.3 percent) in the United States live in counties that
have unhealthful levels of either ozone or particle pollution. Nearly 141.1 million
Americans live in 244 counties where they breathe unhealthful levels of air pollution
in the form of either ozone or short-term or year-round levels of particles.
●● The number has increased—again. More people suffered unhealthy air in this
year’s report covering 2015-2017, than in the years covered by the 2018 report
(2014-2016) when the total was 133.9 million and more than in the 2017 report
(2013-2015), when the total was only 125 million. Fortunately, these are still far
below the 166 million in the years covered in the 2016 report (2012-2014).
●● Why? One big reason is climate change. Warmer weather, different rain
patterns create continued challenges to long-term progress in reducing harmful
air pollution under the Clean Air Act.
■■ More than four in 10 (41.1 percent) of the people in the United States live in areas
with unhealthy levels of ozone pollution. More than 134.0 million people live in
197 counties that earned an F for ozone in this year’s report, significantly more than
the approximately 128.9 million people who lived in counties earning an F in 20142016, the period covered in last year’s report.
■■ Nearly one in six people (15.2 percent) in the United States—more than 49.6
million—live in an area with too many days with unhealthful levels of particle
pollution. More people experienced those unhealthy spikes than in the last two
reports. In the 2018 report, approximately 35.1 million people and in the 2017
report, approximately 43 million people experienced too many unhealthy days.
■■ More than 20.5 million people (6.3 percent) suffered from unhealthy year-round
levels of particle pollution in 2015-2017. These people lived in 18 counties
where the annual average concentration of particle pollution was too high. This
population estimate is considerably higher than in last year’s report, when the
data showed only 9.8 million people who lived where the year-round levels were
unhealthy. As explained last year, the lower tally of populations exposed was
likely due to missing population data from two counties with incomplete data—
Los Angeles County and San Bernardino County in California. Data from those
counties are available again and included in this estimate, so their populations
were included in the tally this year.
■■ Nearly 20.2 million people (6.2 percent) live in 12 counties with unhealthful levels
of all three: ozone and short-term and year-round particle pollution in 2015-2017.
The difference in this year’s and the 2018 report’s estimate of 7.7 million exposed
to unhealthy levels for all three measures also comes largely because of the missing
data from the two California counties. However, a better comparison is with the
2017 report which covered 2013-2015, when both California counties reported
data. This year’s report found an additional 2.1 million people lived in counties in
2015-2017 with unhealthy air for all three measures than the 18 million people
reported in the 2017 report.
Many people are at greater risk because of their age or because they have asthma or
other chronic lung disease, cardiovascular disease or diabetes, or because they have
low socioeconomic status. With the risks from airborne pollution so great, the Lung
Association seeks to inform people who may be in danger. The following list identifies
the numbers of people in each at-risk group.
■■

■■
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Older and Younger—Nearly 20 million adults age 65 and over and more than 32.5
million children under 18 years old live in counties that received an F for at least
one pollutant. More than 2.6 million seniors and nearly 4.9 million children live in
counties failing all three tests.
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■■

■■

■■

■■

Seven threats to the
nation’s air quality

People with Asthma—More than 2.5 million children and more than 9.7 million
adults with asthma live in counties of the United States that received an F for at least
one pollutant. More than 306,000 children and more than 1.2 million adults with
asthma live in counties failing all three tests.
Chronic Obstructive Pulmonary Disease (COPD)—More than 6.2 million people
with COPD live in counties that received an F for at least one pollutant. More than
686,000 people with COPD live in counties failing all three tests.
Lung Cancer—More than 75,200 people with lung cancer live in counties that
received an F for at least one pollutant. More than 8,600 people with lung cancer live
in counties failing all three tests.
Cardiovascular Disease—More than 8.2 million people with cardiovascular diseases
live in counties that received an F for at least one pollutant; nearly 968,000 people
live in counties failing all three tests.
Diabetes—More than 3.7 million people with diabetes live in counties that received
an F for either short-term or year-round particle pollution; more than 1.5 million
live in counties failing both tests. Having diabetes increases the risk of harm from
particle pollution.
Poverty—More than 17.9 million people with incomes meeting the federal poverty
definition live in counties that received an F for at least one pollutant. More than
3 million people in poverty live in counties failing all three tests. Evidence shows that
people who have low incomes may face higher risk from air pollution.

The nation has made significant strides to clean up the air we breathe over the past two
decades since our first “State of the Air” Report. Serious challenges remain, especially
tackling the growing threats from climate change. Cleaning up air pollution requires a
strong, coordinated effort on the part of our federal, state, tribal and local leaders.
Stopping or retreating cannot be an option.
Unfortunately, this Administration has focused on steps to roll back or create loopholes
in core healthy air protections put in place to comply with the Clean Air Act. These
attacks began under the former U.S. EPA Administrator Scott Pruitt and have continued
and expanded under the current Administrator, Andrew Wheeler. Not only has this
Administration targeted specific Clean Air Act safeguards for rollbacks, it has also
sought to weaken the scientific review and undermine the basis for current and future
protections.
Below are seven key threats to the nation’s progress toward cleaner, healthier air. The
Lung Association strongly opposes these actions that pave the way for more pollution in
the air we breathe, and we hope you will speak up for healthy air as well.

The American Lung
Association opposes
efforts to repeal the
Clean Power Plan and will
continue to push for a
system-wide reduction in
carbon dioxide emissions
from power plants.
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Threat 1: Repealing plans to reduce carbon pollution from power plants
To protect public health, the nation must act to fight climate change. This means
dramatically cutting carbon pollution. Unfortunately, the current EPA has taken steps to
dismantle our nation’s best federal plan to limit carbon pollution from power plants, the
Clean Power Plan, and has proposed a weaker approach that would increase harmful
emissions.
Scientists tell us that carbon pollution contributes to a warming climate, enhancing
conditions for ozone formation and making it harder to reduce this lethal pollutant.
The increased ozone problems reflected in this year’s report came in large part because
2015, 2016, and 2017 represent the three warmest years in global history.4 Climate
change also leads to particle pollution from worsened droughts and wildfires, leading to
many of the high particle pollution days recorded in 2015-2017 and documented in this
report.
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Power plants comprise the largest stationary source of carbon pollution in the United
States. The electric sector produced 28.4 percent of all energy-related greenhouse gas
emissions in 2016, with coal-fired power plants contributing approximately 67 percent
of those emissions.5 These utilities emitted 24 percent of the total industrial carbon
dioxide emissions in 2016.6
The current Administration has proposed to repeal the Clean Power Plan, the only
nationwide plan to clean up carbon pollution from these power plants. Adopted in
2015, the Clean Power Plan delivered a flexible, practical toolkit for states to reduce
carbon pollution from power plants approximately 32 percent (below 2005 levels) by
2030. States could choose a variety of ways to cut carbon pollution, including requiring
cleaner fuels for existing utilities, improving energy efficiency, producing more clean
energy or partnering with other states to jointly reduce carbon pollution.
Reducing carbon to tackle climate change was only one of the anticipated benefits from
the Clean Power Plan. Steps to reduce carbon using the tools in the Clean Power Plan
also reduce other air pollutants that themselves worsen asthma, cause cardiovascular
harm and cause premature deaths. EPA’s original analysis estimated that reducing these
other pollutants would prevent up to 3,600 premature deaths and up to 90,000 asthma
attacks in children in 2030.7 In an updated analysis in 2017 published along with EPA’s
proposal to repeal the Plan, the Agency projected even greater benefits from putting
the Plan in place, including preventing up to 4,500 premature deaths in 2030.8
Even though EPA has proposed to repeal the Clean Power Plan, the Clean Air Act still
requires that the agency reduce carbon pollution, which means that EPA must clean
up carbon pollution from power plants. In August 2018, EPA proposed a dangerous
replacement, called the “Affordable Clean Energy (ACE)” Rule. The ACE plan only sets
minimal limits on carbon emissions at power plants themselves, rejecting the approach
of the Clean Power Plan that embraced a wide range of solutions to reduce carbon
emissions from the entire electrical system. The ACE rule is especially dangerous
because, not only would the plan have far less impact on reducing carbon pollution,
independent scientists found that this type of approach could actually increase
emissions of at least one other dangerous air pollutant, and, with that, increase the risk
of premature deaths and asthma attacks.9 In short, EPA’s proposed replacement for the
Clean Power Plan could be worse than doing nothing at all.
The Lung Association spoke out in opposition to the ACE proposal with our medical and
health partners10 and will continue to oppose efforts to repeal the Clean Power Plan.
The nation urgently needs a system-wide reduction in carbon dioxide emissions from
power plants and other sources to combat climate change.
Given the threats to public health from climate change, the Lung Association calls on
members of Congress and the administration to protect public health with measures
that address climate change and reduce air pollution at the same time. The American
Lung Association also calls on states and local governments to develop strong plans to
reduce carbon pollution from power plants and protect public health. Several states and
cities have moved ahead to adopt goals to cut carbon emissions and begin this work.

Threat 2: Removing limits on methane and other emissions from
oil and gas operations
Currently, EPA provides only minimal protection from emissions from the existing oil
and gas infrastructure. Oil and gas production wells, processing plants, transmission
pipelines and storage units have long emitted harmful gases, including methane, volatile
organic compounds and other pollutants. For the last few years, “State of the Air” has
reported elevated levels of unhealthy ozone in places where oil and gas production
has expanded, even in largely rural counties in the West. Despite this, in 2018, EPA
proposed steps to weaken or roll back health-protective standards the agency had
11
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Rolling back limits on
emissions from oil and
gas operations means
more people will be
forced to breathe cancercausing emissions and
other toxic gases that
also worsen ozone and
climate change.

adopted in 2016 to reduce harmful emissions of these gases from new and modified
sources within the oil and natural gas industry.11 EPA also stated that the agency will
consider weakening this rule even further with additional changes, including changes
specifically weakening limits on greenhouse gas emissions.12
Strong standards would not only help to mitigate climate change and its associated
health risks by curtailing emissions of methane, an especially potent greenhouse gas,
but would also limit emissions of major precursors to ozone, as well as other toxic and
carcinogenic air pollutants, benefiting public health in communities across the country.
EPA even reversed course on a 2016 effort to collect data from the oil and gas industry
about the location and size of their facilities. Gathering this information is an essential
step for EPA to more fully understand and eventually limit harmful emissions from these
existing sources. However, after industry objected, in March 2017 EPA withdrew its
request for updated information on these facilities.
EPA’s efforts to roll back these protections reflect a much higher priority on eliminating
so-called “burdensome regulations” on polluters than protecting the health of the
American people.13

Threat 3: Opening doors for more polluting cars and trucks
More polluting cars. In 2018, EPA and the Department of Transportation proposed
new rules to weaken limits on greenhouse gas emissions from cars, SUVs, and personal
trucks. Labeling their proposal the “Safer Affordable Fuel-Efficient (SAFE) Vehicles Rule,”
the agencies are seeking to roll back limits for greenhouse gas emissions and standards
for fuel economy that were adopted in 2012 and are scheduled to go into place for
model year 2021-2025 vehicles.
Together with rules that apply to model years 2017-2020 vehicles, these limits would
cut 6 billion metric tons of greenhouse gas emissions.
The rollback also attacks states’ rights to set stronger standards to protect their
residents. Under the Clean Air Act, California has the right to establish its own emission
standards for cars and trucks. Other states have the option of adopting California’s
standards, and many have done so. California’s ability to set more protective emissions
standards has helped drive lifesaving reductions in harmful pollution from vehicles
nationwide; maintaining this authority is critical.
The Lung Association has strongly opposed these proposed rollbacks and recruited
nearly 100 national, state and local health organizations to join comments to EPA in
opposition.

EPA’s proposed glider
loophole exempts trucks
that emit up to 450 times
more than other diesel
trucks from having to
clean up.
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Dirtiest diesel. Pollution from heavy-duty diesel trucks causes cancer, heart attacks,
asthma attacks and premature death. Thanks to long-adopted requirements for cleaner
fuels and engines, people living near heavily traveled highways and busy city streets
have had to breathe less of these dangerous emissions. But now, that progress is
threatened by a loophole that the current EPA has tried to open.
The loophole benefits “gliders.” “Gliders” is the name used for trucks that embed an
old, dirty engine in a new truck body. Originally conceived to help truck owners whose
truck body had been damaged, but whose engine remained intact, the use of gliders has
expanded to become a cottage industry repackaging old, polluting diesel engines in new
truck bodies. One EPA study found that these engines produced emissions up to 450
times higher than a comparable 2014 or 2015 model year truck.14
In 2016, EPA put in place a new rule to require that these glider trucks meet the
same limits on emissions as all new trucks, a position that the trucking industry fully
supported. However, in 2017, despite broad opposition from the rest of the trucking
industry and public health advocates, the new EPA administration proposed to eliminate
the requirement that gliders meet current emissions limits, creating a loophole for these
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dirtier trucks to keep polluting long into the future.15 The Lung Association spoke up to
oppose this proposed change at EPA’s public hearing and in comments with 11 other
health and medical groups.16
Two potential bright spots present opportunities to reduce diesel vehicle emissions.
First, in November 2018, then-acting EPA Administrator Andrew Wheeler announced
plans to reduce nitrogen oxide emissions from heavy-duty trucks.17 In stark contrast to
other EPA actions, the Cleaner Trucks Initiative has the potential to reduce emissions.
Time will tell whether this is indeed the case: EPA has yet to make a specific proposal
and the implementation would not occur until the middle of the decade.
Legal action presents a second cleanup opportunity. As the world learned from the
Volkswagen diesel cheating scandal, even new diesel vehicles must be subject to strict
oversight and enforcement to ensure compliance with emissions standards.18 In
January 2019, EPA and the Department of Justice announced a civil settlement to
address emissions cheating from Fiat Chrysler.19

Threat 4: Cutting funding and expertise needed to clean up the air

The Trump
Administration’s proposed
budget would greatly
reduce the ability of EPA
to protect public health.

EPA has taken steps to
remove independent
science advisors from key
advisory committees.

EPA is stacking the deck
to deny the evidence.

The Clean Air Act set up smart, open processes for protecting Americans from air
pollution, which have enabled the U.S. to reduce some of the most common pollutants
by more than 70 percent, as shown in the earlier chart. Still, these processes only
work if EPA has the funding, staffing and scientific advisors it needs to implement
and enforce the law. The Trump Administration proposed a budget that would greatly
reduce the ability of EPA to protect public health, including slashing overall funding for
the agency and reducing grants to support the work of state and local agencies and
tribes to implement the requirements of the Clean Air Act and other critical laws. The
proposed budget for FY 2020 claims that a priority goal is to “improve air quality” but
would cut EPA funding for that work substantially.20
The Lung Association calls on Congress to ensure that EPA has sufficient funding to
protect public health with the full range of programs, including state, local and tribal
grants. In many cases, key EPA and other public health programs need funding increases
to keep pace with their role in protecting the public. Investment in clean air and public
health protections is critical.

Threat 5: Stacking the deck to deny the scientific evidence
Scientific Reviews. A fundamental reason for the success of the Clean Air Act is the
requirement that EPA base decisions and actions on up-to-date science to protect
public health. This requires ensuring that independent expert scientists regularly
analyze current, peer-reviewed research and then provide their conclusions and
perspectives to the EPA staff scientists and the Administrator. Unfortunately, the
current EPA has taken steps to remove independent science advisors from key advisory
committees, including the Clean Air Scientific Advisory Committee (CASAC), and replace
them with people paid by polluting industries.21 EPA also dismissed a panel of experts
that had been providing advice based on their deep understanding of the complex
research on particle pollution. Many former participants and independent health and
medical groups, including the Lung Association, urged EPA to reinstitute the panel.22
Former chairs and members of CASAC have raised concerns about the lack of scientific
expertise in the new members of the CASAC, as well as the dramatically reduced
capacity for scientific reviews.23
EPA has also signaled that the agency will restrict what research it will allow its
scientists to consider, essentially eliminating from consideration major scientific
research that supports strong clean air safeguards.24 Specifically, these proposals would
block EPA from using studies that cannot make all the underlying data fully open for
public review. Some members of Congress have proposed similar limitations. The
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arguments cite a need for “transparency,” but the reality is that they seek to stack the
deck against stronger air pollution standards.
Many databases that scientists use today do allow unrestricted access to the
information, but others do not because of the need for patient confidentiality for
subjects included in the research. The studies are available and transparent, but the
private health data they are based on must be protected. Blocking the use of these key
studies that have been through multiple independent reviews and show widespread
harm from outdoor air pollutants introduces dangerous bias that could limit the
evidence, risking weaker air pollution safeguards.
The Lung Association calls on EPA to return to its historic practice of appointing
qualified, independent scientists to its scientific review committees and to reject
artificial and inappropriate limitations on what peer-reviewed research it accepts.
Benefits Assessment. In addition to undermining the science that shows the need for
clean air protections, recent EPA actions also undermine the math—that is, the analysis
that identifies and estimates the costs and benefits of these protections.
In late 2018, EPA issued a proposal that would undermine the Mercury and Air Toxics
Standards (MATS), lifesaving protections that are fully implemented, widely supported,
and successful in reducing a long list of dangerous emissions. In its proposal, EPA
deliberately undercounted the benefits of these protections.
EPA adopted the Mercury and Air Toxics Standards in 2011 to limit emissions of
mercury and other hazardous air pollutants, including carcinogens, like arsenic, acid
gases and other dangerous toxins. Reducing these emissions from power plants results
in the reduction of other harmful emissions at the same time. This is great news,
because it means that the standards have not only slashed mercury and air toxics
emissions but have also prevented thousands of premature deaths and asthma attacks
every year. EPA has proposed not to count the benefits stemming from reductions
of particulate matter and other pollutants not explicitly covered by the rule, which
artificially tips the balance to make the rule appear less cost-effective than it is. This
approach to calculating benefits, by design, obscures the enormous positive health
impacts resulting from the MATS rule.
EPA relies on this same approach in its proposed ACE rule for power plants. EPA
proposed a method of calculating the costs and benefits of this proposal that ignores
key health impacts. The science is clear that there is no level of particulate matter
that is safe to breathe. EPA specifically requested comment on whether it would be
appropriate to ignore health impacts of particle pollution below a certain threshold,
looking for support to once again tip the scales away from the health impacts of their
proposal.

Threat 6: Weakening Clean Air Act Implementation
EPA has issued several directives to roll back or undermine steps to implement the
Clean Air Act’s requirements for reducing major air pollutants, weakening both current
pollution cleanup and likely future air pollution standards, including for ozone and
particulate matter.
EPA rejected requests by states to recognize and address ozone transported across
state lines.25 In addition, in 2018, the agency put forward a very aggressive timeline
and process for completing a full review of both the ozone and particulate matter
standards before the end of 2020.26 Such a shortened review would severely limit what
is supposed to be a thorough assessment of the science.
EPA also proposed weakening “New Source Review” requirements, which would allow
new polluting sources to add to the burden of unhealthy air from industrial sources in
communities in several ways.
14
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■■

■■
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EPA proposed redefining “ambient air” to allow industries to pollute more on their
own facilities. EPA seeks to reverse a decades-old policy that narrowed the area that
an industry could use to limit public access to its emissions.27
As part of the ACE proposal, EPA would allow emissions to be calculated at an hourly
rate as opposed to an annual one. The result would be that emissions could increase
dramatically, but facilities would not have to install and operate modern pollution
controls as long as their hourly rate of emissions did not increase.
Finally, EPA also announced an end to its decades-old “Once-In, Always-In” policy,
allowing facilities to increase toxic air emissions.28

Threat 7: Weakening the Clean Air Act

Congress must make
certain that the Clean Air
Act remains strong, fully
implemented and fully
enforced.

The Clean Air Act remains a strong public health law put in place by an overwhelming
bipartisan majority in Congress nearly 50 years ago. Congress wrote the Clean Air Act
to set up science-based, technology-fostering steps to protect public health by reducing
pollution. Under the Clean Air Act, Congress directed EPA and each state to take steps
to clean up the air to protect public health. For 20 years, the “State of the Air” report
has chronicled the slow but steady improvement in the nation’s air quality thanks to the
Clean Air Act—a trend that continues even as climate change makes pollution cleanup
more difficult.
Now, that positive trend is threatened, and not just by the impacts of climate change.
Unfortunately, some in Congress seek changes to the Clean Air Act that would
dismantle key provisions of the law and threaten the progress made over nearly five
decades.
Undermining the Act itself is one of the fundamental goals of polluters and their allies.
They have repeatedly challenged Clean Air Act provisions in court, and have repeatedly
lost, so now they seek to weaken the law. Recent proposed efforts include exempting
certain polluting facilities from some emissions controls, delaying science-based
updates to air pollution standards, and undermining public health as the core premise of
the Act’s key pollution limits.
To protect the lives and health of millions of Americans, the Lung Association calls on
Congress to reject attempts to weaken the Clean Air Act and make certain the law
remains strong, fully implemented and fully enforced.

We need your help in the fight for healthy air! You can help reduce air pollution
outdoors by taking a few simple steps:

What You Can Do

Speak Up Today:
Send a message to Congress and to the White House: Protect health from climate
change! This report shows that Americans are already experiencing worsened ozone
and particle pollution due to warmer temperatures and increased wildfires. Join us in
urging Congress and the administration to adopt science-based solutions to reduce
emissions that are causing climate change, ensuring that no community near a polluting
source gets left behind. All members of Congress, as well as the president, must act now
to protect health from climate change.

Other Ways You Can Help:
Share your story. Do you or any member of your family have a personal reason to fight
for healthier, cleaner air? Go to Lung.org/healthyair to let us know how healthy air
affects you. Your story helps us remind decision makers what is at stake when it comes
to clean air.
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Sign up for alerts. Sign up for more information about times when your voice can be
particularly helpful in the fight for healthy air at Lung.org/healthyair.
Get involved locally. Participate in state and local efforts to clean up air pollution
and address climate change. To find your local air pollution control agency, go to
www.4cleanair.org.

Step up to Curb Pollution in Your Community.
Drive less. Combine trips, walk, bike, carpool or vanpool, and use buses, subways or
other alternatives to driving. Vehicle emissions are a major source of air pollution.
Support community plans that provide ways to get around that don’t require a car, such
as more sidewalks, bike trails and transit systems.
Use less electricity. Turn out the lights and use energy-efficient appliances. Generating
electricity is one of the biggest sources of pollution, particularly in the eastern United
States.
Don’t burn wood or trash. Burning firewood and trash is among the largest sources of
particle pollution in many parts of the country. If you must use a fireplace or stove for
heat, convert your woodstove to natural gas, which has far fewer polluting emissions.
Compost and recycle as much as possible and dispose of other waste properly; don’t
burn it. Support efforts in your community to ban outdoor burning of construction
and yard wastes. Avoid the use of outdoor hydronic heaters, also called outdoor wood
boilers, which are frequently much more polluting than woodstoves.
Make sure your local school system requires cleaner school buses, which includes
replacing or retrofitting old school buses with filters and other equipment to reduce
emissions. Make sure your local schools don’t idle their buses, a step that can
immediately reduce emissions. Parents shouldn’t idle in their cars outside of schools
either.
Thank you for being part of the fight for healthy air.

1. A complete discussion of the sources of data and the methodology is included in Methodology.
2. U.S. Environmental Protection Agency. Air Trends National Summary, 2019. Sources are: CO2 emissions estimate through
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Miles Traveled: Federal Highway Administration; Population: Census Bureau, Energy Consumption: Dept. of Energy, Energy
Information Administration; Aggregate Emissions: EPA's Air Pollutant Emissions Trends Data.
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RANKINGS

People at Risk from Short-Term Particle Pollution (24-Hour PM2.5)
Chronic Diseases

Age Groups

											
In Counties where
Adult
Pediatric		
Lung
CV				
65 and
Total
the Grades were:
Asthma
Asthma
COPD
Cancer
Disease
Diabetes
Poverty
Under 18
Over
Population

Number
of
Counties

Grade A (0.0)

6,228,833 1,715,893

4,523,623

52,198

5,760,789

7,197,301 11,508,084 19,008,951 13,458,218

86,085,108

291

Grade B (0.3-0.9)

3,625,570

954,955

2,655,737

31,068

3,359,377

4,177,403

6,808,522 11,939,728

7,569,535

52,522,037

147

Grade C (1.0-2.0)

1,682,876

430,014

1,168,029

14,351

1,500,643

1,982,899

3,433,849

5,686,208

3,448,511

24,562,119

50

Grade D (2.1-3.2)

471,481

107,366

318,738

3,724

409,143

532,013

808,037

1,412,958

979,965

6,575,557

25

3,294,046

781,999

1,864,181

21,769

2,545,912

3,746,111

6,352,702 11,722,580

6,845,711

49,627,268

76

National Population
in Counties with
PM2.5 Monitors
15,796,219 4,130,392 10,879,545 126,978 14,051,547 18,202,029 29,621,210 51,178,684 33,441,228 225,819,641

642

Grade F (3.3+)

People at Risk from Year-Round Particle Pollution (Annual PM2.5)
Chronic Diseases

Age Groups

											
In Counties where
Adult
Pediatric		
Lung
CV				
65 and
Total
the Grades were:
Asthma
Asthma
COPD
Cancer
Disease
Diabetes
Poverty
Under 18
Over
Population

Pass
Fail

13,418,282 3,512,903
1,257,027

9,374,161 109,100 12,024,392 15,358,900 24,622,490 42,804,581 28,256,251 189,965,697

313,806

700,338

8,841

988,045

1,573,141

3,123,419

4,922,189

2,714,286

Number
of
Counties

519

20,545,762

18

National Population
in Counties with
PM2.5 Monitors
15,796,219 4,130,392 10,879,545 126,978 14,051,547 18,202,029 29,621,210 51,178,684 33,441,228 225,819,641

642

People at Risk from Ozone
Chronic Diseases

Age Groups

									
In Counties where
Adult
Pediatric					
65 and
Total
the Grades were:
Asthma
Asthma
COPD
CV Disease
Poverty
Under 18
Over
Population

Number
of
Counties

Grade A (0.0)

1,550,643

405,848

1,163,336

1,518,471

3,115,108

5,076,647

3,706,956

22,722,823

189

Grade B (0.3-0.9)

2,216,025

577,540

1,753,703

2,226,065

3,719,115

6,818,126

5,245,297

31,212,793

177

Grade C (1.0-2.0)

2,348,750

619,078

1,849,706

2,280,647

4,210,356

7,243,551

5,182,789

32,820,374

138

Grade D (2.1-3.2)

1,477,709

390,422

991,835

1,283,622

2,307,415

4,343,019

3,090,489

19,523,528

65

Grade F (3.3+)

9,201,005

2,429,735

5,923,239

7,836,766

17,103,277

30,969,353

18,878,076

134,017,168

197

16,928,849

4,453,835

11,786,243

15,280,976

30,684,779

54,831,386

36,430,210

242,075,694

802

National Population
in Counties with
Ozone Monitors

Note: The State of the Air 2019 covers the period 2015-2017. The Appendix provides a full discussion of the methodology.
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RANKINGS

People at Risk In 25 U.S. Cities Most Polluted by Short-Term Particle Pollution (24-hour PM2.5)
2019
Rank1 Metropolitan Statistical Areas

1

Bakersfield, CA

2

Fresno-Madera-Hanford, CA

3

Fairbanks, AK

4

San Jose-San Francisco-Oakland, CA

5
6
7

Los Angeles-Long Beach, CA

8

Salt Lake City-Provo-Orem, UT

9

Total
Population2

Under 183

65 and
Over3

Pediatric
Asthma.4,6

Adult
Asthma5,6

COPD7

Lung
Cancer8

CV
Disease9

Diabetes10

Poverty11

893,119
1,296,246

259,120

95,307

16,083

49,617

26,076

373

35,790

60,013

182,948

365,661

155,133

22,695

73,023

39,469

540

54,813

90,788

261,425

99,703

23,931

9,706

1,901

6,431

4,187

55

4,477

5,207

7,051

9,658,361

2,098,636

1,400,989

130,254

598,339

340,714

4,015

480,965

793,588

942,299

Missoula, MT

117,441

22,463

17,656

1,926

8,760

5,358

61

6,195

6,528

16,351

Yakima, WA

250,193

74,414

33,654

5,440

18,628

9,904

133

13,019

15,674

44,726

18,788,800

4,317,234

2,511,924

267,954

1,142,240

636,210

7,806

890,929 1,479,796

2,582,162

2,559,350

771,143

252,835

46,981

159,617

68,111

662

102,957

121,102

224,867

Seattle-Tacoma, WA

4,764,736

1,024,114

674,955

74,861

397,192

210,671

2,540

273,648

333,479

438,522

10
		

Pittsburgh-New Castle-Weirton,
PA-OH-WV

2,623,639

499,580

515,760

44,395

214,890

151,013

1,699

229,913

235,133

292,380

11

Logan, UT-ID

138,002

42,374

13,331

2,664

8,545

3,552

39

5,233

6,074

19,171

12

Visalia, CA

464,493

143,726

51,669

8,921

25,149

13,466

193

18,628

30,984

110,299

13

Phoenix-Mesa, AZ

4,790,771

1,155,134

738,748

93,121

360,835

227,133

2,243

281,706

372,324

635,629

14

El Centro, CA

182,830

52,296

23,042

3,246

10,266

5,654

76

7,909

13,022

35,830

15
		

Spokane-Spokane Valley-Coeur d'Alene,
WA-ID

708,519

158,514

118,839

11,819

56,016

31,682

373

43,622

51,551

92,465

15

Sacramento-Roseville, CA

2,598,377

598,140

399,007

37,124

158,830

92,789

1,079

132,172

216,432

330,612

17

Medford-Grants Pass, OR

303,831

61,967

68,735

3,580

26,255

14,284

150

22,166

25,603

45,917

17

Santa Maria-Santa Barbara, CA

448,150

99,713

66,887

6,189

27,419

15,374

186

21,688

35,228

60,921

19

Eugene-Springfield, OR

374,748

70,090

70,206

4,049

33,306

16,508

185

24,127

28,664

60,773

20

Salinas, CA

437,907

114,861

57,637

7,129

25,455

14,154

183

19,847

32,724

49,860

21

Anchorage, AK

400,888

100,962

42,686

8,022

25,620

16,979

218

19,230

22,425

39,431

22

Bend-Prineville, OR

23

Portland-Vancouver-Salem, OR-WA

23
25
25

209,998

42,822

41,936

2,474

18,196

9,501

104

14,264

16,943

20,994

3,201,058

705,750

477,266

42,953

271,786

131,850

1,605

181,273

223,680

372,765

Reno-Carson City-Fernley, NV

621,769

132,305

109,892

10,264

50,864

36,065

289

44,032

53,668

65,928

Bismarck, ND

127,766

29,752

19,989

1,936

8,362

5,045

70

7,852

9,170

9,360

Pocatello, ID

92,869

25,099

13,036

1,994

6,064

3,277

47

4,825

5,600

12,945

Notes:
1. Cities are ranked using the highest weighted average for any county within that Combined Metropolitan Statistical Area or Metropolitan Statistical Area.
2. Total Population represents the at-risk populations for all counties within the respective Combined Metropolitan Statistical Area or Metropolitan Statistical Area.
3. Those under 18 and 65 and over are vulnerable to PM2.5 and are, therefore, included. They should not be used as population denominators for disease estimates.
4. Pediatric asthma estimates are for those under 18 years of age and represent the estimated number of people who had asthma in 2017 based on state rates (BRFSS) applied to population estimates (U.S. Census).
5. Adult asthma estimates are for those 18 years and older and represent the estimated number of people who had asthma in 2017 based on state rates (BRFSS) applied to population estimates (U.S. Census).
6. Adding across rows does not produce valid estimates. Adding the disease categories (asthma, COPD, etc.) will double-count people who have been diagnosed with more than one disease.
7. COPD estimates are for adults 18 and over who have been diagnosed within their lifetime, based on state rates (BRFSS) applied to population estimates (U.S. Census).
8. Lung cancer estimates are the number of new cases diagnosed in 2015.
9. CV disease is cardiovascular disease and estimates are for adults 18 and over who have been diagnosed within their lifetime, based on state rates (BRFSS) applied to population estimates (U.S. Census).
10. Diabetes estimates are for adults 18 and over who have been diagnosed within their lifetime, based on state rates (BRFSS) applied to population estimates (U.S. Census).
11. Poverty estimates come from the U.S. Census Bureau and are for all ages.
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RANKINGS

People at Risk In 25 U.S. Cities Most Polluted by Year-Round Particle Pollution (Annual PM2.5)
2019
Rank1 Metropolitan Statistical Areas

Total
Population2

Under 183

65 and
Over3

Pediatric
Asthma.4,6

Adult
Asthma5,6

COPD7

Lung
Cancer8

CV
Disease9

Diabetes10

Poverty11

1,296,246

365,661

155,133

22,695

73,023

39,469

540

54,813

90,788

261,425

893,119

259,120

95,307

16,083

49,617

26,076

373

35,790

60,013

182,948

99,703

23,931

9,706

1,901

6,431

4,187

55

4,477

5,207

7,051

464,493

143,726

51,669

8,921

25,149

13,466

193

18,628

30,984

110,299

18,788,800

4,317,234

2,511,924

267,954

1,142,240

636,210

7,806

890,929 1,479,796

2,582,162

1

Fresno-Madera-Hanford, CA

2

Bakersfield, CA

3

Fairbanks, AK

4

Visalia, CA

5

Los Angeles-Long Beach, CA

6

San Jose-San Francisco-Oakland, CA

9,658,361

2,098,636

1,400,989

130,254

598,339

340,714

4,015

480,965

793,588

942,299

Pittsburgh-New Castle-Weirton,
PA-OH-WV

2,623,639

499,580

515,760

44,395

214,890

151,013

1,699

229,913

235,133

292,380

182,830

52,296

23,042

3,246

10,266

5,654

76

7,909

13,022

35,830

3,601,729

770,358

649,514

66,584

280,646

242,995

2,464

292,281

329,890

501,805

7
		
8

El Centro, CA

9

Cleveland-Akron-Canton, OH

10

Medford-Grants Pass, OR

303,831

61,967

68,735

3,580

26,255

14,284

150

22,166

25,603

45,917

11

Missoula, MT

117,441

22,463

17,656

1,926

8,760

5,358

61

6,195

6,528

16,351

12

Detroit-Warren-Ann Arbor, MI

5,336,286

1,175,204

853,415

102,969

450,730

361,918

3,372

431,324

456,731

766,549

13
		

Cincinnati-Wilmington-Maysville,
OH-KY-IN

2,260,884

533,124

336,754

44,850

175,289

155,121

1,659

174,859

195,404

266,137

14

Birmingham-Hoover-Talladega, AL

1,312,627

300,572

210,001

39,667

110,809

109,790

856

122,776

142,980

190,057

15

Johnstown-Somerset, PA

207,555

39,085

45,583

3,472

16,688

12,118

134

19,202

19,461

27,921

15

Lancaster, PA

542,903

129,134

94,984

11,470

42,083

27,532

350

42,676

43,500

52,380

17

Houston-The Woodlands, TX

7,078,523

1,883,271

773,341

149,026

383,590

242,452

3,571

393,149

604,115

972,819

18
		

Philadelphia-Reading-Camden,
PA-NJ-DE-MD

7,206,807

1,575,227

1,144,047

136,258

556,551

367,119

4,538

509,782

588,136

898,948

19
		

Atlanta-Athens-Clarke CountySandy Springs, GA-AL

6,700,650

1,645,466

821,284

149,930

428,139

347,810

4,160

405,995

562,004

839,136

19

Chicago-Naperville, IL-IN-WI

9,901,711

2,273,535

1,414,413

132,523

640,267

514,131

6,522

577,235

827,021

1,160,829

19

Indianapolis-Carmel-Muncie, IN

2,411,086

586,531

335,722

40,314

184,112

153,166

1,779

168,860

209,343

295,169

22

McAllen-Edinburg, TX

925,115

305,550

100,660

24,179

45,214

28,176

465

46,616

70,176

271,937

22

Shreveport-Bossier City-Minden, LA

440,933

106,798

70,737

9,345

29,214

30,351

293

38,480

46,215

97,000

24

Harrisburg-York-Lebanon, PA

1,260,071

274,361

222,169

24,369

99,963

66,627

812

102,540

105,052

117,983

25

Knoxville-Morristown-Sevierville, TN

1,128,379

235,474

205,629

22,933

90,025

87,636

885

110,071

123,181

160,962

Notes:
1. Cities are ranked using the highest weighted average for any county within that Combined Metropolitan Statistical Area or Metropolitan Statistical Area.
2. Total Population represents the at-risk populations for all counties within the respective Combined Metropolitan Statistical Area or Metropolitan Statistical Area.
3. Those under 18 and 65 and over are vulnerable to PM2.5 and are, therefore, included. They should not be used as population denominators for disease estimates.
4. Pediatric asthma estimates are for those under 18 years of age and represent the estimated number of people who had asthma in 2017 based on state rates (BRFSS) applied to population estimates (U.S. Census).
5. Adult asthma estimates are for those 18 years and older and represent the estimated number of people who had asthma in 2017 based on state rates (BRFSS) applied to population estimates (U.S. Census).
6. Adding across rows does not produce valid estimates. Adding the disease categories (asthma, COPD, etc.) will double-count people who have been diagnosed with more than one disease.
7. COPD estimates are for adults 18 and over who have been diagnosed within their lifetime, based on state rates (BRFSS) applied to population estimates (U.S. Census).
8. Lung cancer estimates are the number of new cases diagnosed in 2015.
9. CV disease is cardiovascular disease and estimates are for adults 18 and over who have been diagnosed within their lifetime, based on state rates (BRFSS) applied to population estimates (U.S. Census).
10. Diabetes estimates are for adults 18 and over who have been diagnosed within their lifetime, based on state rates (BRFSS) applied to population estimates (U.S. Census).
11. Poverty estimates come from the U.S. Census Bureau and are for all ages.
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RANKINGS

People at Risk In 25 Most Ozone-Polluted Cities
2019
Rank1 Metropolitan Statistical Areas

Total
Population2

Under 183

65 and
Over3

Pediatric
Asthma.4,6

Adult
Asthma5,6

COPD7

CV
Disease8

Poverty9

1

Los Angeles-Long Beach, CA

18,788,800

4,317,234

2,511,924

267,954

1,142,240

636,210

7,806

1,479,796

2

Visalia, CA

464,493

143,726

51,669

8,921

25,149

13,466

193

30,984

3

Bakersfield, CA

893,119

259,120

95,307

16,083

49,617

26,076

373

60,013

4

Fresno-Madera-Hanford, CA

1,296,246

365,661

155,133

22,695

73,023

39,469

540

90,788

5

Sacramento-Roseville, CA

2,598,377

598,140

399,007

37,124

158,830

92,789

1,079

216,432

6

San Diego-Chula Vista-Carlsbad, CA

3,337,685

728,528

454,826

45,217

205,392

113,301

1,389

261,785

7

Phoenix-Mesa, AZ

4,790,771

1,155,134

738,748

93,121

360,835

227,133

2,243

372,324

8

San Jose-San Francisco-Oakland, CA

9,658,361

2,098,636

1,400,989

130,254

598,339

340,714

4,015

793,588

9

Houston-The Woodlands, TX

7,078,523

1,883,271

773,341

149,026

383,590

242,452

3,571

604,115

23,035,605

4,945,052

3,552,752

448,996

1,651,293

996,592

13,532

1,881,665

243,847

54,095

48,761

3,357

15,277

9,848

101

23,119

10

New York-Newark, NY-NJ-CT-PA

11

Redding-Red Bluff, CA

12

Denver-Aurora, CO

3,515,374

802,822

443,992

63,790

253,103

115,044

1,440

193,028

13

Las Vegas-Henderson, NV

2,248,281

521,582

330,243

40,464

180,576

118,876

1,047

175,054

14

Salt Lake City-Provo-Orem, UT

2,559,350

771,143

252,835

46,981

159,617

68,111

662

121,102

15

El Centro, CA

182,830

52,296

23,042

3,246

10,266

5,654

76

13,022

16

Washington-Baltimore-Arlington, DC-MD-VA-WV-PA

9,763,116

2,211,348

1,334,881

202,583

709,893

466,200

5,438

765,847

17

Dallas-Fort Worth, TX-OK

7,800,952

2,033,735

894,992

161,137

428,063

276,303

3,936

685,209

18

Chicago-Naperville, IL-IN-WI

9,901,711

2,273,535

1,414,413

132,523

640,267

514,131

6,522

827,021

19

Chico, CA

229,294

45,870

41,618

2,847

14,563

8,724

95

20,120

20

Sheboygan, WI

115,344

25,882

20,148

1,915

8,546

4,646

67

8,459

21

Philadelphia-Reading-Camden, PA-NJ-DE-MD

7,206,807

1,575,227

1,144,047

136,258

556,551

367,119

4,538

588,136

22

El Paso-Las Cruces, TX-NM

1,060,397

285,683

134,286

23,353

62,184

37,728

508

87,607

23

Hartford-East Hartford, CT

1,479,292

297,120

253,171

38,314

126,918

68,132

856

115,129

24

Fort Collins, CO

25

Atlanta—Athens-Clarke County—Sandy Springs, GA-AL

343,976

68,427

51,994

5,437

25,587

11,943

141

19,935

6,700,650

1,645,466

821,284

149,930

428,139

347,810

4,160

562,004

Notes:
1. Cities are ranked using the highest weighted average for any county within that Combined Metropolitan Statistical Area or Metropolitan Statistical Area.
2. Total Population represents the at-risk populations for all counties within the respective Combined Metropolitan Statistical Area or Metropolitan Statistical Area.
3. Those under 18 and 65 and over are vulnerable to PM2.5 and are, therefore, included. They should not be used as population denominators for disease estimates.
4. Pediatric asthma estimates are for those under 18 years of age and represent the estimated number of people who had asthma in 2017 based on state rates (BRFSS) applied to population estimates (U.S. Census).
5. Adult asthma estimates are for those 18 years and older and represent the estimated number of people who had asthma in 2017 based on state rates (BRFSS) applied to population estimates (U.S. Census).
6. Adding across rows does not produce valid estimates. Adding the disease categories (asthma, COPD, etc.) will double-count people who have been diagnosed with more than one disease.
7. COPD estimates are for adults 18 and over who have been diagnosed within their lifetime, based on state rates (BRFSS) applied to population estimates (U.S. Census).
8. CV disease is cardiovascular disease and estimates are for adults 18 and over who have been diagnosed within their lifetime, based on state rates (BRFSS) applied to population estimates (U.S. Census).
9. Poverty estimates come from the U.S. Census Bureau and are for all ages.
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RANKINGS

People at Risk in 25 Counties Most Polluted by Short-Term Particle Pollution (24-hour PM2.5)
		
		
At-Risk Groups
2019			
Rank1 County
ST

Total		
Population2 Under 183

65 and
Over3

Pediatric
Asthma4,6

High PM2.5 Days in
Unhealthy Ranges,
2015–2017

Adult
Asthma5,6

COPD7

Lung
Cancer8

CV			
Disease9 Diabetes10 Poverty11

Weighted
Avg.12 Grade13

1 Kern

CA

893,119

259,120

95,307

16,083

49,617

26,076

373

35,790

60,013

182,948

34.8

F

2 Kings

CA

150,101

40,964

15,054

2,542

8,492

4,296

63

5,818

9,791

24,810

32.5

F

3 Ravalli

MT

42,563

8,262

10,661

708

3,063

2,458

22

3,165

3,151

5,275

29.3

F

4 Fresno

CA

989,255

281,684

118,527

17,483

55,536

30,071

411

41,788

69,186

205,046

29.0

F

5 Fairbanks North
		 Star Borough
AK

99,703

23,931

9,706

1,901

6,431

4,187

55

4,477

5,207

7,051

26.2

F

6 Stanislaus

CA

547,899

148,525

70,316

9,218

31,501

17,541

228

24,583

40,690

75,614

21.7

F

7 Lewis and Clark

MT

67,773

14,599

12,239

1,252

4,817

3,390

35

4,106

4,266

5,474

19.2

F

8 San Joaquin

CA

745,424

203,134

92,800

12,608

42,757

23,656

310

33,057

54,941

113,375

17.0

F

9 Missoula

MT

117,441

22,463

17,656

1,926

8,760

5,358

61

6,195

6,528

16,351

16.5

F

10 Plumas

CA

18,742

3,153

5,211

196

1,279

928

8

1,409

2,197

2,640

16.3

F

11 Merced

CA

272,673

80,640

30,187

5,005

15,042

7,992

114

11,023

18,379

61,297

15.8

F

12 Shoshone

ID

12,542

2,532

2,859

201

887

583

6

920

1,047

2,143

15.3

F

13 Yakima

WA

250,193

74,414

33,654

5,440

18,628

9,904

133

13,019

15,674

44,726

14.8

F

14 Lincoln

MT

19,440

3,540

5,401

304

1,410

1,194

10

1,564

1,542

3,001

14.7

F

15 Los Angeles

CA

10,163,507

2,224,905

1,343,960

138,091

625,653

344,960

4,221

481,419

801,001 1,490,853

13.2

F

15 Madera

CA

156,890

43,013

21,552

2,670

8,995

5,103

65

7,207

11,811

31,569

13.2

F

15 Riverside

CA

2,423,266

616,211

340,498

38,246

142,917

81,395

1,008

115,017

189,009

309,235

13.2

F

18 Silver Bow

MT

34,602

7,026

6,420

602

2,506

1,736

18

2,106

2,173

5,487

13.0

F

19 Salt Lake

UT

1,135,649

312,338

120,002

19,029

73,451

31,885

294

48,668

57,300

103,384

11.7

F

20 San Bernardino

CA

2,157,404

571,669

243,122

35,481

124,484

66,466

897

91,640

153,951

339,748

11.3

F

21 Benewah

ID

9,184

2,096

2,014

167

629

415

5

653

745

1,297

10.8

F

21 Snohomish

WA

801,633

182,237

104,535

13,321

65,891

35,107

427

45,016

55,645

58,157

10.8

F

23 Flathead

MT

100,000

22,100

18,805

1,895

7,038

5,066

52

6,196

6,399

10,824

10.7

F

24 Allegheny

PA

1,223,048

230,313

225,605

20,457

101,080

65,853

786

101,908

103,941

132,929

10.5

F

25 Cache

UT

124,438

37,922

11,447

2,310

7,729

3,093

32

4,549

5,281

18,068

10.2

F

Notes:
1. Counties are ranked by weighted average. See note 12 below.
2. Total Population represents the at-risk populations in counties with PM2.5 monitors.
3. Those under 18 and 65 and over are vulnerable to PM2.5 and are, therefore, included. They should not be used as population denominators for disease estimates.
4. Pediatric asthma estimates are for those under 18 years of age and represent the estimated number of people who had asthma in 2017 based on state rates (BRFSS) applied to population estimates (U.S. Census).
5. Adult asthma estimates are for those 18 years and older and represent the estimated number of people who had asthma in 2017 based on state rates (BRFSS) applied to population estimates (U.S. Census).
6. Adding across rows does not produce valid estimates. Adding the disease categories (asthma, COPD, etc.) will double-count people who have been diagnosed with more than one disease.
7. COPD estimates are for adults 18 and over who have been diagnosed within their lifetime, based on state rates (BRFSS) applied to population estimates (U.S. Census).
8. Lung cancer estimates are the number of new cases diagnosed in 2015.
9. CV disease is cardiovascular disease and estimates are for adults 18 and over who have been diagnosed within their lifetime, based on state rates (BRFSS) applied to population estimates (U.S. Census).
10. Diabetes estimates are for adults 18 and over who have been diagnosed within their lifetime, based on state rates (BRFSS) applied to population estimates (U.S. Census).
11. Poverty estimates come from the U.S. Census Bureau and are for all ages.
12. The Weighted Average was derived by counting the number of days in each unhealthful range (orange, red, purple, maroon) in each year (2015-2017), multiplying the total in each range by the assigned standard
weights (i.e., 1 for orange, 1.5 for red, 2.0 for purple, 2.5 for maroon), and calculating the average.
13. Grade is assigned by weighted average as follows: A=0.0, B=0.3-0.9, C=1.0-2.0, D=2.1-3.2, F=3.3+.
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RANKINGS

People at Risk in 25 Counties Most Polluted by Year-Round Particle Pollution (Annual PM2.5)
		
At-Risk Groups
2019			
Rank1 County
ST

Total		
Population2 Under 183

65 and
Over3

Pediatric
Asthma4,6

Adult
Asthma5,6

COPD7

Lung
Cancer8

CV			
Disease9 Diabetes10 Poverty11

PM2.5 Annual,
2015–2017
Design
Value12

Pass/
Fail13

1 Kings

CA

150,101

40,964

15,054

2,542

8,492

4,296

63

5,818

9,791

24,810

22.2

Fail

2 Kern

CA

893,119

259,120

95,307

16,083

49,617

26,076

373

35,790

60,013

182,948

17.3

Fail

3 Fairbanks North
		 Star Borough
AK

99,703

23,931

9,706

1,901

6,431

4,187

55

4,477

5,207

7,051

16.5

Fail

4 Tulare

CA

464,493

143,726

51,669

8,921

25,149

13,466

193

18,628

30,984

110,299

15.7

Fail

5 Plumas

CA

18,742

3,153

5,211

196

1,279

928

8

1,409

2,197

2,640

15.1

Fail

6 San Bernardino

CA

2,157,404

571,669

243,122

35,481

124,484

66,466

897

91,640

153,951

339,748

14.7

Fail

7 Fresno

CA

989,255

281,684

118,527

17,483

55,536

30,071

411

41,788

69,186

205,046

14.0

Fail

8 Riverside

CA

2,423,266

616,211

340,498

38,246

142,917

81,395

1,008

115,017

189,009

309,235

13.6

Fail

9 Stanislaus

CA

547,899

148,525

70,316

9,218

31,501

17,541

228

24,583

40,690

75,614

13.2

Fail

10 Lincoln

MT

19,440

3,540

5,401

304

1,410

1,194

10

1,564

1,542

3,001

13.0

Fail

10 Allegheny

PA

1,223,048

230,313

225,605

20,457

101,080

65,853

786

101,908

103,941

132,929

13.0

Fail

12 Madera

CA

156,890

43,013

21,552

2,670

8,995

5,103

65

7,207

11,811

31,569

12.8

Fail

12 Hawaii

HI

200,381

43,658

40,185

4,283

15,244

6,172

90

11,128

18,713

29,604

12.8

Fail

14 Merced

CA

272,673

80,640

30,187

5,005

15,042

7,992

114

11,023

18,379

61,297

12.7

Fail

15 Los Angeles

CA

10,163,507

2,224,905

1,343,960

138,091

625,653

344,960

4,221

481,419

801,001 1,490,853

12.6

Fail

15 Lemhi

ID

7,875

1,471

2,327

117

555

401

4

668

737

1,257

12.6

Fail

17 Shoshone

ID

12,542

2,532

2,859

201

887

583

6

920

1,047

2,143

12.4

Fail

18 San Joaquin

CA

745,424

203,134

92,800

12,608

42,757

23,656

310

33,057

54,941

113,375

12.2

Fail

19 Imperial

CA

182,830

52,296

23,042

3,246

10,266

5,654

76

7,909

13,022

35,830

12.0

Pass

20 Ravalli

MT

42,563

8,262

10,661

708

3,063

2,458

22

3,165

3,151

5,275

11.7

Pass

20 Cuyahoga

OH

1,248,514

260,986

221,994

22,558

97,925

83,455

852

100,086

113,146

221,287

11.7

Pass

22 Jackson

OR

217,479

45,040

46,790

2,602

18,748

9,994

107

15,309

17,806

30,774

11.6

Pass

23 Missoula

MT

117,441

22,463

17,656

1,926

8,760

5,358

61

6,195

6,528

16,351

11.4

Pass

24 Wayne

MI

1,753,616

416,178

265,150

36,465

145,113

114,437

1,107

135,536

143,598

392,205

11.2

Pass

25 Butler

OH

380,604

90,111

54,537

7,788

28,986

23,237

261

26,998

31,056

39,242

11.1

Pass

Notes:
1. Counties are ranked by Design Value. See note 12 below.
2. Total Population represents the at-risk populations in counties with PM2.5 monitors.
3. Those under 18 and 65 and over are vulnerable to PM2.5 and are, therefore, included. They should not be used as population denominators for disease estimates.
4. Pediatric asthma estimates are for those under 18 years of age and represent the estimated number of people who had asthma in 2017 based on state rates (BRFSS) applied to population estimates (U.S. Census).
5. Adult asthma estimates are for those 18 years and older and represent the estimated number of people who had asthma in 2017 based on state rates (BRFSS) applied to population estimates (U.S. Census).
6. Adding across rows does not produce valid estimates. Adding the disease categories (asthma, COPD, etc.) will double-count people who have been diagnosed with more than one disease.
7. COPD estimates are for adults 18 and over who have been diagnosed within their lifetime, based on state rates (BRFSS) applied to population estimates (U.S. Census).
8. Lung cancer estimates are the number of new cases diagnosed in 2015.
9. CV disease is cardiovascular disease and estimates are for adults 18 and over who have been diagnosed within their lifetime, based on state rates (BRFSS) applied to population estimates (U.S. Census).
10. Diabetes estimates are for adults 18 and over who have been diagnosed within their lifetime, based on state rates (BRFSS) applied to population estimates (U.S. Census).
11. Poverty estimates come from the U.S. Census Bureau and are for all ages.
12. The Design Value is the calculated concentration of a pollutant based on the form of the Annual PM2.5 National Ambient Air Quality Standard, and is used by EPA to determine whether the air quality in a county meets
the current (2012) standard (U.S. EPA).
13. Grades are based on EPA's determination of meeting or failure to meet the NAAQS for annual PM2.5 levels during 2015-2017. Counties meeting the NAAQS received grades of Pass; counties not meeting the NAAQS
received grades of Fail.
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RANKINGS

People at Risk in 25 Most Ozone-Polluted Counties

		
		
At-Risk Groups
2019			
Rank1 County
ST

Total		
Population2
Under 183

2,157,404

571,669

High Ozone Days in
Unhealthy Ranges,
2015–2017

65 and
Over3

Pediatric
Asthma4,6

Adult
Asthma5,6

COPD7

243,122

35,481

124,484

66,466

91,640

1

San Bernardino

CA

2

Riverside

CA

2,423,266

616,211

340,498

38,246

142,917

81,395

3

Los Angeles

CA

10,163,507

2,224,905

1,343,960

138,091

625,653

344,960

4

Tulare

CA

464,493

143,726

51,669

8,921

25,149

5

Kern

CA

893,119

259,120

95,307

16,083

6

Fresno

CA

989,255

281,684

118,527

7

Nevada

CA

99,814

17,304

26,471

8

San Diego

CA

3,337,685

728,528

9

Kings

CA

150,101

10

Madera

CA

11

El Dorado

CA

12

Maricopa

13

CV		
Disease8
Poverty9

Weighted
Avg.10

Grade11

339,748

161.2

F

115,017

309,235

130.0

F

481,419

1,490,853

119.2

F

13,466

18,628

110,299

101.2

F

49,617

26,076

35,790

182,948

98.8

F

17,483

55,536

30,071

41,788

205,046

91.0

F

1,074

6,748

4,800

7,252

10,889

52.2

F

454,826

45,217

205,392

113,301

158,403

385,479

45.0

F

40,964

15,054

2,542

8,492

4,296

5,818

24,810

44.2

F

156,890

43,013

21,552

2,670

8,995

5,103

7,207

31,569

37.7

F

188,987

37,869

38,464

2,350

12,256

8,071

11,892

15,620

34.3

F

AZ

4,307,033

1,045,266

638,316

84,264

323,906

201,670

248,553

570,402

33.8

F

Stanislaus

CA

547,899

148,525

70,316

9,218

31,501

17,541

24,583

75,614

32.5

F

14

Placer

CA

386,166

86,233

73,776

5,352

24,132

15,381

22,510

29,873

31.0

F

15

Tuolumne

CA

54,248

9,060

13,844

562

3,674

2,542

3,817

6,205

28.2

F

16

Harris

TX

4,652,980

1,249,484

473,982

98,873

249,914

153,431

248,554

733,605

26.7

F

17

Fairfield

CT

949,921

214,902

147,210

27,712

79,093

42,045

53,941

82,428

25.8

F

18

Sacramento

CA

1,530,615

364,311

209,612

22,611

92,167

51,889

72,961

213,232

25.5

F

19

Merced

CA

272,673

80,640

30,187

5,005

15,042

7,992

11,023

61,297

25.0

F

20

Tehama

CA

63,926

15,345

12,219

952

3,908

2,502

3,670

12,718

22.8

F

21

Jefferson

CO

574,613

114,968

92,236

9,135

42,578

21,412

29,286

42,729

22.5

F

22

Clark

NV

2,204,079

514,192

317,010

39,891

176,845

115,546

139,163

305,802

22.0

F

23

Salt Lake

UT

1,135,649

312,338

120,002

19,029

73,451

31,885

48,668

103,384

21.0

F

24

Imperial

CA

182,830

52,296

23,042

3,246

10,266

5,654

7,909

35,830

19.2

F

25

Calaveras

CA

45,670

7,786

12,276

483

3,110

2,240

3,391

5,904

17.8

F

25

Orange

CA

3,190,400

705,999

456,229

43,819

197,038

112,878

159,434

362,109

17.8

F

Notes:
1. Counties are ranked by weighted average. See note 10 below.
2. Total Population represents the at-risk populations in counties with PM2.5 monitors.
3. Those under 18 and 65 and over are vulnerable to PM2.5 and are, therefore, included. They should not be used as population denominators for disease estimates.
4. Pediatric asthma estimates are for those under 18 years of age and represent the estimated number of people who had asthma in 2017 based on state rates (BRFSS) applied to population estimates (U.S. Census).
5. Adult asthma estimates are for those 18 years and older and represent the estimated number of people who had asthma in 2017 based on state rates (BRFSS) applied to population estimates (U.S. Census).
6. Adding across rows does not produce valid estimates. Adding the disease categories (asthma, COPD, etc.) will double-count people who have been diagnosed with more than one disease.
7. COPD estimates are for adults 18 and over who have been diagnosed within their lifetime, based on state rates (BRFSS) applied to population estimates (U.S. Census).
8. CV disease is cardiovascular disease and estimates are for adults 18 and over who have been diagnosed within their lifetime, based on state rates (BRFSS) applied to population estimates (U.S. Census).
9. Poverty estimates come from the U.S. Census Bureau and are for all ages.
10. The Weighted Average was derived by counting the number of days in each unhealthful range (orange, red, purple) in each year (2015-2017), multiplying the total in each range by the assigned standard weights
(i.e., 1 for orange, 1.5 for red, 2.0 for purple), and calculating the average.
11. Grade is assigned by weighted average as follows: A=0.0, B=0.3-0.9, C=1.0-2.0, D=2.1-3.2, F=3.3+.
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Cleanest U.S. Cities for Short-Term Particle Pollution (24-hour PM2.5)1
Metropolitan Statistical Area

Population

Metropolitan Statistical Area

Albany-Schenectady, NY

1,176,079

Green Bay-Shawano, WI

Albuquerque-Santa Fe-Las Vegas, NM

1,149,672

Population

Metropolitan Statistical Area

Population

365,600

Orlando-Lakeland-Deltona, FL

3,998,092

Greenville-Kinston-Washington, NC

283,013

Owensboro, KY

118,376

Alexandria, LA

153,984

Gulfport-Biloxi, MS

412,344

Palm Bay-Melbourne-Titusville, FL

589,162

Altoona-Huntingdon, PA

168,948

Harrisonburg-Staunton, VA

256,441

Parkersburg-Marietta-Vienna, WV-OH

151,316

Appleton-Oshkosh-Neenah, WI

406,540

Hartford-East Hartford, CT

1,479,292

Pensacola-Ferry Pass, FL-AL

525,231

151,957

Hattiesburg-Laurel, MS

252,468

Peoria, IL

407,537

Hot Springs-Malvern, AR

132,232

Pittsfield, MA

126,313

Bangor, ME
Birmingham-Hoover-Talladega, AL

1,312,627

Bloomington-Bedford, IN

213,491

Houma-Thibodaux, LA

210,512

Portland-Lewiston-South Portland, ME

Bloomington-Pontiac, IL

208,808

Huntsville-Decatur, AL

607,315

Richmond, VA

228,743

Jackson-Brownsville, TN

195,919

Roanoke, VA

Jackson-Vicksburg-Brookhaven, MS

677,569

Rochester-Batavia-Seneca Falls, NY

Johnstown-Somerset, PA

207,555

Rockford-Freeport-Rochelle, IL

434,408

Kalamazoo-Battle Creek-Portage, MI

501,470

Saginaw-Midland-Bay City, MI

379,584

La Crosse-Onalaska, WI-MN

136,934

Salisbury-Cambridge, MD-DE

438,015

Lafayette-Opelousas-Morgan City, LA

626,028

Scranton—Wilkes-Barre, PA

555,426

Lafayette-West Lafayette-Frankfort, IN

259,757

Shreveport-Bossier City-Minden, LA

440,933

Lake Charles-Jennings, LA

240,834

Sierra Vista-Douglas, AZ

124,756

Lansing-East Lansing, MI

546,102

Springfield, MA

702,354

Lawton, OK

127,349

Springfield, MO

462,369

Springfield-Jacksonville-Lincoln, IL

309,844

St. George, UT

165,662

State College-DuBois, PA

242,345

Syracuse-Auburn, NY

732,444

Tallahassee, FL

382,627

Bowling Green-Glasgow, KY
Buffalo-Cheektowaga-Olean, NY

1,214,204

Burlington-Fort Madison-Keokuk,
IA-IL-MO

105,250

Burlington-South Burlington-Barre, VT

276,685

Cape Coral-Fort Myers-Naples, FL
Champaign-Urbana, IL
Charlotte-Concord, NC-SC
Charlottesville, VA
Cincinnati-Wilmington-Maysville,
OH-KY-IN

1,152,451
225,844
2,709,112
216,728
2,260,884

Clarksville, TN-KY

298,397

Corpus Christi-Kingsville-Alice, TX

537,657

Dallas-Fort Worth, TX-OK

7,800,952

Dayton-Springfield-Kettering, OH

1,077,108

Decatur, IL

105,801

Eau Claire-Menomonie, WI

212,177

Edwards-Glenwood Springs, CO

131,780

Elmira-Corning, NY

181,838

Erie-Meadville, PA

360,700

Fayetteville-Sanford-Lumberton, NC

844,809

Fayetteville-Springdale-Rogers, AR

514,635

Florence, SC

205,831

Florence-Muscle Shoals, AL

147,038

Fort Smith, AR-OK

250,245

Gadsden, AL
Gainesville-Lake City, FL
Grand Island, NE

Lexington-Fayette—Richmond—
Frankfort, KY

737,943

Lima-Van Wert-Celina, OH

218,066

Lincoln-Beatrice, NE

353,120

Little Rock-North Little Rock, AR

908,323

Longview, TX

284,142

Lynchburg, VA

261,254

Madison-Janesville-Beloit, WI

880,520

McAllen-Edinburg, TX

925,115

Memphis-Forrest City, TN-MS-AR

1,365,878

Mobile-Daphne-Fairhope, AL

643,114

Monroe-Ruston, LA

251,830

Montgomery-Selma-Alexander City, AL

464,553

Morgantown-Fairmont, WV

195,046

102,755

New Orleans-Metairie-Hammond,
LA-MS

1,510,162

394,654

North Port-Sarasota, FL

1,023,585

Oklahoma City-Shawnee, OK

1,455,963

75,838

Tampa-St. Petersburg-Clearwater, FL

LUNG.org

314,128
1,170,402

3,091,399

Texarkana, TX-AR

150,355

Topeka, KS

233,149

Tuscaloosa, AL

251,129

Urban Honolulu, HI
Virginia Beach-Norfolk, VA-NC

988,650
1,851,069

Waterloo-Cedar Falls, IA

169,892

Wheeling, WV-OH

141,254

Wichita-Winfield, KS

673,629

Wilmington, NC

288,156

Note:
1. Monitors in these cities reported no days when PM2.5 levels reached the unhealthful range using the Air Quality Index based on the 2006 NAAQS.
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Top 25 Cleanest U.S. Cities for Year-Round
Particle Pollution (Annual PM2.5)1
		
Rank2

Design
Value3

1

4.2

Cheyenne, WY

1

4.2

Kahului-Wailuku-Lahaina, HI

166,260

1

4.2

Urban Honolulu, HI

988,650

4

4.9

Casper, WY

4

4.9

St. George, UT

165,662

6

5.0

Elmira-Corning, NY

181,838

7

5.2

Duluth, MN-WI

289,306

7

5.2

Pueblo-Cañon City, CO

214,034

9

5.4

Bismarck, ND

127,766

10

5.5

Bellingham, WA

221,404

10

5.5

Syracuse-Auburn, NY

732,444

12

5.6

Burlington-South Burlington-Barre, VT

276,685

13

5.7

Colorado Springs, CO

723,878

13

5.7

Palm Bay-Melbourne-Titusville, FL

589,162

13

5.7

Wilmington, NC

288,156

16

5.9

Grand Island, NE

17

6.1

Anchorage, AK

17

6.1

Cape Coral-Fort Myers-Naples, FL

17

6.1

Gainesville-Lake City, FL

394,654

17

6.1

Grand Junction, CO

151,616

17

6.1

Salinas, CA

437,907

22

6.3

Pittsfield, MA

126,313

23

6.4

Bangor, ME

151,957

23

6.4

Lincoln-Beatrice, NE

23

6.4

North Port-Sarasota, FL

Metropolitan Statistical Area

Population

98,327

79,547

75,838
400,888
1,152,451

353,120
1,023,585

Notes:
1. This list represents cities with the lowest levels of annual PM2.5 air pollution.
2. Cities are ranked by using the highest design value for any county within that metropolitan area.
3. The Design Value is the calculated concentration of a pollutant based on the form of the Annual
PM2.5 National Ambient Air Quality Standard, and is used by EPA to determine whether the air
quality in a county meets the current (2012) standard (U.S. EPA).
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Cleanest U.S. Cities for Ozone Air Pollution1
Metropolitan Statistical Area

Population

Metropolitan Statistical Area

Population

Anchorage, AK

400,888

Joplin-Miami, MO-OK

209,819

Bangor, ME

151,957

La Crosse-Onalaska, WI-MN

136,934

Bellingham, WA

221,404

Laredo, TX

274,794

Bowling Green-Glasgow, KY

228,743

Lincoln-Beatrice, NE

353,120

Brownsville-Harlingen-Raymondville, TX

445,309

McAllen-Edinburg, TX

925,115

Brunswick, GA

118,119

Missoula, MT

117,441

Burlington-South Burlington-Barre, VT

276,685

Monroe-Ruston, LA

251,830

New Bern-Morehead City, NC

193,745

Casper, WY

79,547

Cedar Rapids-Iowa City, IA

441,784

Palm Bay-Melbourne-Titusville, FL

589,162

Clarksville, TN-KY

298,397

Panama City, FL

183,563

Cleveland-Indianola, MS

Rapid City-Spearfish, SD

163,588

Columbia-Moberly-Mexico, MO

256,640

57,926

Roanoke, VA

314,128

Crestview-Fort Walton Beach-Destin, FL

271,346

Rochester-Austin, MN

257,846

Des Moines-Ames-West Des Moines, IA

862,203

Rocky Mount-Wilson-Roanoke Rapids, NC

299,581

Dothan-Ozark, AL

197,140

Salinas, CA

437,907

Eau Claire-Menomonie, WI

212,177

Savannah-Hinesville-Statesboro, GA

573,909

Fairbanks, AK

99,703

Sebring-Avon Park, FL

102,883

264,031

Sioux City, IA-NE-SD

143,398

Fayetteville-Sanford-Lumberton, NC

844,809

Springfield, MO

462,369

Fayetteville-Springdale-Rogers, AR

514,635

Steamboat Springs-Craig, CO

Florence, SC

205,831

Tallahassee, FL

382,627

Fort Smith, AR-OK

250,245

Tupelo-Corinth, MS

202,552

Gadsden, AL

102,755

Tuscaloosa, AL

251,129

Greenville-Kinston-Washington, NC

283,013

Urban Honolulu, HI

988,650

Hickory-Lenoir-Morganton, NC

366,534

Waterloo-Cedar Falls, IA

169,892

Houma-Thibodaux, LA

210,512

Wausau-Stevens Point-Wisconsin Rapids, WI

307,170

Idaho Falls-Rexburg-Blackfoot, ID

243,805

Wilmington, NC

288,156

Jackson-Vicksburg-Brookhaven, MS

677,569

Fargo-Wahpeton, ND-MN

Notes:
1. This list represents cities with no monitored ozone air pollution in unhealthful ranges using the Air Quality Index based on 2015 NAAQS.
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38,351

RANKINGS

Cleanest Counties for Short-Term Particle Pollution (24-hour PM2.5)1
County

State MSAs and Respective CSA2

County

State MSAs and Respective CSA2

Baldwin

AL

Polk

FL

Orlando-Lakeland-Deltona, FL

Clay

AL

Sarasota

FL

North Port-Sarasota, FL

Colbert

AL

Florence-Muscle Shoals, AL

Seminole

FL

Orlando-Lakeland-Deltona, FL

Etowah

AL

Gadsden, AL

Volusia

FL

Orlando-Lakeland-Deltona, FL

Jefferson

AL

Birmingham-Hoover-Talladega, AL

Floyd

Madison

AL

Huntsville-Decatur, AL

GA Atlanta—Athens-Clarke County—Sandy Springs,
GA-AL

Mobile

AL

Mobile-Daphne-Fairhope, AL

Paulding

Montgomery

AL

Montgomery-Selma-Alexander City, AL

GA Atlanta—Athens-Clarke County—Sandy Springs,
GA-AL

Morgan

AL

Huntsville-Decatur, AL

Honolulu

HI

Russell

AL

Columbus-Auburn-Opelika, GA-AL

Kauai

HI

Talladega

AL

Birmingham-Hoover-Talladega, AL

Champaign

IL

Champaign-Urbana, IL

Tuscaloosa

AL

Tuscaloosa, AL

Jersey

IL

St. Louis-St. Charles-Farmington, MO-IL

Apache

AZ

McHenry

IL

Chicago-Naperville, IL-IN-WI

Cochise

AZ

McLean

IL

Bloomington-Pontiac, IL

La Paz

AZ

Macon

IL

Decatur, IL

Pima

AZ

Peoria

IL

Peoria, IL

Arkansas

AR

Randolph

IL

Ashley

AR

Rock Island

IL

Davenport-Moline, IA-IL

Crittenden

AR Memphis-Forrest City, TN-MS-AR

Sangamon

IL

Springfield-Jacksonville-Lincoln, IL

Garland

AR Hot Springs-Malvern, AR

Will

IL

Chicago-Naperville, IL-IN-WI

Jackson

AR

Winnebago

IL

Rockford-Freeport-Rochelle, IL

Polk

AR

Bartholomew

IN

Indianapolis-Carmel-Muncie, IN

Pulaski

AR Little Rock-North Little Rock, AR

Clark

IN

Louisville/Jefferson County—Elizabethtown—
Bardstown, KY-IN

Union

AR

Dubois

IN

Washington

AR Fayetteville-Springdale-Rogers, AR

Greene

IN

Garfield

CO Edwards-Glenwood Springs, CO

Hamilton

IN

Indianapolis-Carmel-Muncie, IN

La Plata

CO

Henry

IN

Indianapolis-Carmel-Muncie, IN

Rio Blanco

CO

LaPorte

IN

Chicago-Naperville, IL-IN-WI

Fairfield

CT

New York-Newark, NY-NJ-CT-PA

Madison

IN

Indianapolis-Carmel-Muncie, IN

Hartford

CT

Hartford-East Hartford, CT

Monroe

IN

Bloomington-Bedford, IN

New Haven

CT

New York-Newark, NY-NJ-CT-PA

Spencer

IN

New London

CT

Hartford-East Hartford, CT

Tippecanoe

IN

Lafayette-West Lafayette-Frankfort, IN

Kent

DE Philadelphia-Reading-Camden, PA-NJ-DE-MD

Vanderburgh

IN

Evansville, IN-KY

Sussex

DE Salisbury-Cambridge, MD-DE

Whitley

IN

Fort Wayne-Huntington-Auburn, IN

Alachua

FL

Gainesville-Lake City, FL

Black Hawk

IA

Waterloo-Cedar Falls, IA

Brevard

FL

Palm Bay-Melbourne-Titusville, FL

Delaware

IA

Broward

FL

Miami-Port St. Lucie-Fort Lauderdale, FL

Lee

IA

Escambia

FL

Pensacola-Ferry Pass, FL-AL

Montgomery

IA

Hillsborough

FL

Tampa-St. Petersburg-Clearwater, FL

Palo Alto

IA

Lee

FL

Cape Coral-Fort Myers-Naples, FL

Pottawattamie

IA

Leon

FL

Tallahassee, FL

Van Buren

IA

Orange

FL

Orlando-Lakeland-Deltona, FL

Woodbury

IA

Sioux City, IA-NE-SD

Palm Beach

FL

Miami-Port St. Lucie-Fort Lauderdale, FL

Johnson

KS

Kansas City-Overland Park-Kansas City, MO-KS

Pinellas

FL

Tampa-St. Petersburg-Clearwater, FL

Neosho

KS

Sierra Vista-Douglas, AZ
Tucson-Nogales, AZ

Urban Honolulu, HI

Burlington-Fort Madison-Keokuk, IA-IL-MO

Omaha-Council Bluffs-Fremont, NE-IA

Notes:
1. Monitors in these counties reported no days when PM2.5 levels reached the unhealthful range using the Air Quality Index based on the 2006 NAAQS.
2. MSA and CSA are terms used by the U.S. Office of Management and Budget for statistical purposes. MSA stands for Metropolitan Statistical Area. CSA stands for Combined Statistical Area, which may include
multiples and individual counties.
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Cleanest Counties for Short-Term Particle Pollution (24-hour PM2.5)1 (cont.)
County

State MSAs and Respective CSA2

County

State MSAs and Respective CSA2

Sedgwick

KS

Wichita-Winfield, KS

Bristol

MA Boston-Worcester-Providence, MA-RI-NH-CT

Shawnee

KS

Topeka, KS

Essex

MA Boston-Worcester-Providence, MA-RI-NH-CT

Sumner

KS

Wichita-Winfield, KS

Franklin

MA Springfield, MA

Wyandotte

KS

Kansas City-Overland Park-Kansas City, MO-KS

Hampden

MA Springfield, MA

Boyd

KY Charleston-Huntington-Ashland, WV-OH-KY

Hampshire

MA Springfield, MA

Campbell

KY Cincinnati-Wilmington-Maysville, OH-KY-IN

Plymouth

MA Boston-Worcester-Providence, MA-RI-NH-CT

Christian

KY Clarksville, TN-KY

Suffolk

MA Boston-Worcester-Providence, MA-RI-NH-CT

Daviess

KY Owensboro, KY

Worcester

MA Boston-Worcester-Providence, MA-RI-NH-CT

Fayette

KY Lexington-Fayette—Richmond—Frankfort, KY

Allegan

MI

Grand Rapids-Kentwood-Muskegon, MI

Hardin

KY Louisville/Jefferson County—Elizabethtown—
Bardstown, KY-IN

Bay

MI

Saginaw-Midland-Bay City, MI

Madison

KY Lexington-Fayette—Richmond—Frankfort, KY

Berrien

MI

South Bend-Elkhart-Mishawaka, IN-MI

Pulaski

KY

Chippewa

MI

Warren

KY Bowling Green-Glasgow, KY

Genesee

MI

Detroit-Warren-Ann Arbor, MI

Caddo Parish

LA

Shreveport-Bossier City-Minden, LA

Ingham

MI

Lansing-East Lansing, MI

Calcasieu Parish

LA

Lake Charles-Jennings, LA

Kalamazoo

MI

Kalamazoo-Battle Creek-Portage, MI

Iberville Parish

LA

Baton Rouge, LA

Lenawee

MI

Detroit-Warren-Ann Arbor, MI

Jefferson Parish

LA

New Orleans-Metairie-Hammond, LA-MS

Manistee

MI

Lafayette Parish

LA

Lafayette-Opelousas-Morgan City, LA

Missaukee

MI

Orleans Parish

LA

New Orleans-Metairie-Hammond, LA-MS

St. Clair

MI

Detroit-Warren-Ann Arbor, MI

Ouachita Parish

LA

Monroe-Ruston, LA

Washtenaw

MI

Detroit-Warren-Ann Arbor, MI

Rapides Parish

LA

Alexandria, LA

Scott

MN Minneapolis-St. Paul, MN-WI

St. Bernard Parish

LA

New Orleans-Metairie-Hammond, LA-MS

DeSoto

MS Memphis-Forrest City, TN-MS-AR

Tangipahoa Parish

LA

New Orleans-Metairie-Hammond, LA-MS

Forrest

MS Hattiesburg-Laurel, MS

Terrebonne Parish

LA

Houma-Thibodaux, LA

Grenada

MS

Hancock

MS Gulfport-Biloxi, MS

Harrison

MS Gulfport-Biloxi, MS

Hinds

MS Jackson-Vicksburg-Brookhaven, MS

Jackson

MS Gulfport-Biloxi, MS

Cedar

MO

Greene

MO Springfield, MO

Hall

NE Grand Island, NE

Lancaster

NE Lincoln-Beatrice, NE

Washington

NE Omaha-Council Bluffs-Fremont, NE-IA

Belknap

NH Boston-Worcester-Providence, MA-RI-NH-CT

Grafton

NH

Hillsborough

NH Boston-Worcester-Providence, MA-RI-NH-CT

Rockingham

NH Boston-Worcester-Providence, MA-RI-NH-CT

West Baton Rouge Parish LA

Baton Rouge, LA

Androscoggin

ME Portland-Lewiston-South Portland, ME

Cumberland

ME Portland-Lewiston-South Portland, ME

Hancock

ME

Kennebec

ME

Oxford

ME

Penobscot

ME Bangor, ME

Baltimore

MD Washington-Baltimore-Arlington, DC-MD-VAWV-PA

Cecil

MD Philadelphia-Reading-Camden, PA-NJ-DE-MD

Dorchester

MD Salisbury-Cambridge, MD-DE

Garrett

MD

Howard

MD Washington-Baltimore-Arlington, DC-MD-VAWV-PA

Atlantic

NJ

Philadelphia-Reading-Camden, PA-NJ-DE-MD

Kent

MD

Essex

NJ

New York-Newark, NY-NJ-CT-PA

Montgomery

MD Washington-Baltimore-Arlington, DC-MD-VAWV-PA

Gloucester

NJ

Philadelphia-Reading-Camden, PA-NJ-DE-MD

Hudson

NJ

New York-Newark, NY-NJ-CT-PA

Mercer

NJ

New York-Newark, NY-NJ-CT-PA

Middlesex

NJ

New York-Newark, NY-NJ-CT-PA

Morris

NJ

New York-Newark, NY-NJ-CT-PA

Prince George's

MD Washington-Baltimore-Arlington, DC-MD-VAWV-PA

Berkshire

MA Pittsfield, MA

Notes:
1. Monitors in these counties reported no days when PM2.5 levels reached the unhealthful range using the Air Quality Index based on the 2006 NAAQS.
2. MSA and CSA are terms used by the U.S. Office of Management and Budget for statistical purposes. MSA stands for Metropolitan Statistical Area. CSA stands for Combined Statistical Area, which may include
multiples and individual counties.
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Cleanest Counties for Short-Term Particle Pollution (24-hour PM2.5)1 (cont.)
County

State MSAs and Respective CSA2

County

State MSAs and Respective CSA2

Passaic

NJ

New York-Newark, NY-NJ-CT-PA

Cambria

PA

Johnstown-Somerset, PA

Warren

NJ

Allentown-Bethlehem-Easton, PA-NJ

Centre

PA

State College-DuBois, PA

Bernalillo

NM Albuquerque-Santa Fe-Las Vegas, NM

Chester

PA

Philadelphia-Reading-Camden, PA-NJ-DE-MD

Albany

NY Albany-Schenectady, NY

Erie

PA

Erie-Meadville, PA

Bronx

NY New York-Newark, NY-NJ-CT-PA

Lackawanna

PA

Scranton—Wilkes-Barre, PA

Chautauqua

NY

Monroe

PA

New York-Newark, NY-NJ-CT-PA

Erie

NY Buffalo-Cheektowaga-Olean, NY

Tioga

PA

Essex

NY

Westmoreland

PA

Pittsburgh-New Castle-Weirton, PA-OH-WV

Kings

NY New York-Newark, NY-NJ-CT-PA

Kent

RI

Boston-Worcester-Providence, MA-RI-NH-CT

Monroe

NY Rochester-Batavia-Seneca Falls, NY

Washington

RI

Boston-Worcester-Providence, MA-RI-NH-CT

New York

NY New York-Newark, NY-NJ-CT-PA

Chesterfield

SC

Onondaga

NY Syracuse-Auburn, NY

Florence

SC

Florence, SC

Orange

NY New York-Newark, NY-NJ-CT-PA

Oconee

SC

Greenville-Spartanburg-Anderson, SC

Queens

NY New York-Newark, NY-NJ-CT-PA

Spartanburg

SC

Greenville-Spartanburg-Anderson, SC

Richmond

NY New York-Newark, NY-NJ-CT-PA

Brown

SD

Steuben

NY Elmira-Corning, NY

Dyer

TN

Suffolk

NY New York-Newark, NY-NJ-CT-PA

Lawrence

TN Nashville-Davidson—Murfreesboro, TN

Cumberland

NC Fayetteville-Sanford-Lumberton, NC

Madison

TN Jackson-Brownsville, TN

Davidson

NC Greensboro—Winston-Salem—High Point, NC

Maury

TN Nashville-Davidson—Murfreesboro, TN

Forsyth

NC Greensboro—Winston-Salem—High Point, NC

Montgomery

TN Clarksville, TN-KY

Mecklenburg

NC Charlotte-Concord, NC-SC

Putnam

TN

Montgomery

NC

Shelby

TN Memphis-Forrest City, TN-MS-AR

New Hanover

NC Wilmington, NC

Sumner

TN Nashville-Davidson—Murfreesboro, TN

Pitt

NC Greenville-Kinston-Washington, NC

Bowie

TX

Texarkana, TX-AR

Allen

OH Lima-Van Wert-Celina, OH

Dallas

TX

Dallas-Fort Worth, TX-OK

Athens

OH

Ellis

TX

Dallas-Fort Worth, TX-OK

Belmont

OH Wheeling, WV-OH

Galveston

TX

Houston-The Woodlands, TX

Butler

OH Cincinnati-Wilmington-Maysville, OH-KY-IN

Harrison

TX

Longview, TX

Clark

OH Dayton-Springfield-Kettering, OH

Hidalgo

TX

McAllen-Edinburg, TX

Greene

OH Dayton-Springfield-Kettering, OH

Nueces

TX

Corpus Christi-Kingsville-Alice, TX

Hamilton

OH Cincinnati-Wilmington-Maysville, OH-KY-IN

Tarrant

TX

Dallas-Fort Worth, TX-OK

Lake

OH Cleveland-Akron-Canton, OH

Uintah

UT

Lorain

OH Cleveland-Akron-Canton, OH

Washington

UT St. George, UT

Mahoning

OH Youngstown-Warren, OH-PA

Bennington

VT

Montgomery

OH Dayton-Springfield-Kettering, OH

Chittenden

VT

Portage

OH Cleveland-Akron-Canton, OH

Albemarle

VA Charlottesville, VA

Preble

OH

Charles City

VA Richmond, VA

Cleveland

OK Oklahoma City-Shawnee, OK

Chesterfield

VA Richmond, VA

Comanche

OK Lawton, OK

Frederick

Oklahoma

OK Oklahoma City-Shawnee, OK

VA Washington-Baltimore-Arlington, DC-MD-VAWV-PA

Pittsburg

OK

Henrico

VA Richmond, VA

Sequoyah

OK Fort Smith, AR-OK

Loudoun

VA Washington-Baltimore-Arlington, DC-MD-VAWV-PA

Roanoke

VA Roanoke, VA

Armstrong

PA

Pittsburgh-New Castle-Weirton, PA-OH-WV

Blair

PA

Altoona-Huntingdon, PA

Burlington-South Burlington-Barre, VT

Notes:
1. Monitors in these counties reported no days when PM2.5 levels reached the unhealthful range using the Air Quality Index based on the 2006 NAAQS.
2. MSA and CSA are terms used by the U.S. Office of Management and Budget for statistical purposes. MSA stands for Metropolitan Statistical Area. CSA stands for Combined Statistical Area, which may include
multiples and individual counties.
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Cleanest Counties for Short-Term Particle Pollution (24-hour PM2.5)1 (cont.)
County

State MSAs and Respective CSA2

Rockingham

VA Harrisonburg-Staunton, VA

Hampton City

VA Virginia Beach-Norfolk, VA-NC

Lynchburg City

VA Lynchburg, VA

Norfolk City

VA Virginia Beach-Norfolk, VA-NC

Richmond City

VA Richmond, VA

Salem City

VA Roanoke, VA

Virginia Beach City

VA Virginia Beach-Norfolk, VA-NC

Skagit

WA Seattle-Tacoma, WA

Berkeley

WV Washington-Baltimore-Arlington, DC-MD-VAWV-PA

Brooke

WV Pittsburgh-New Castle-Weirton, PA-OH-WV

Cabell

WV Charleston-Huntington-Ashland, WV-OH-KY

Hancock

WV Pittsburgh-New Castle-Weirton, PA-OH-WV

Harrison

WV

Kanawha

WV Charleston-Huntington-Ashland, WV-OH-KY

Marion

WV Morgantown-Fairmont, WV

Marshall

WV Wheeling, WV-OH

Monongalia

WV Morgantown-Fairmont, WV

Ohio

WV Wheeling, WV-OH

Wood

WV Parkersburg-Marietta-Vienna, WV-OH

Ashland

WI

Brown

WI Green Bay-Shawano, WI

Dane

WI Madison-Janesville-Beloit, WI

Eau Claire

WI Eau Claire-Menomonie, WI

Forest

WI

Grant

WI

La Crosse

WI La Crosse-Onalaska, WI-MN

Milwaukee

WI Milwaukee-Racine-Waukesha, WI

Outagamie

WI Appleton-Oshkosh-Neenah, WI

Ozaukee

WI Milwaukee-Racine-Waukesha, WI

Sauk

WI Madison-Janesville-Beloit, WI

Taylor

WI

Vilas

WI

Waukesha

WI Milwaukee-Racine-Waukesha, WI

Park

WY

Sweetwater

WY

Notes:
1. Monitors in these counties reported no days when PM2.5 levels reached the unhealthful range using the Air Quality Index based on the 2006 NAAQS.
2. MSA and CSA are terms used by the U.S. Office of Management and Budget for statistical purposes. MSA stands for Metropolitan Statistical Area. CSA stands for Combined Statistical Area, which may include
multiples and individual counties.
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Top 25 Cleanest Counties for Year-Round
Particle Pollution (Annual PM2.5)1
2019
Rank2

County

State

Design Value3

1

La Paz

AZ

3.0

2

Kauai

HI

3.1

3

Jackson

SD

3.5

4

McKenzie

ND

3.7

4

Custer

SD

3.7

6

Essex

NY

3.9

7

Lake

MN

4.0

8

Hancock

ME

4.1

8

Williams

ND

4.1

8

Hughes

SD

4.1

8

Ashland

WI

4.1

12

Honolulu

HI

4.2

12

Maui

HI

4.2

12

Laramie

WY

4.2

15

Lake

CA

4.3

15

Burke

ND

4.3

15

Albany

WY

4.3

15

Park

WY

4.3

19

Vilas

WI

4.5

20

San Benito

CA

4.6

20

Litchfield

CT

4.6

20

Hillsborough

NH

4.6

20

Forest

WI

4.6

20

Teton

WY

4.6

25

Nevada

CA

4.7

25

Belknap

NH

4.7

25

Kitsap

WA

4.7

Notes:
1. This list represents counties with the lowest levels of monitored annual PM2.5 air pollution.
2. Counties are ranked by Design Value.
3. The Design Value is the calculated concentration of a pollutant based on the form of the Annual
PM2.5 National Ambient Air Quality Standard, and is used by EPA to determine whether the air
quality in a county meets the current (2012) standard (U.S. EPA).
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Cleanest Counties for Ozone Air Pollution1
County

State Metropolitan Statistical Area

County

Etowah

AL

Gadsden, AL

Linn

IA

Houston

AL

Dothan-Ozark, AL

Montgomery

IA

Morgan

AL

Huntsville-Decatur, AL

Palo Alto

IA

Sumter

AL

Polk

IA

Tuscaloosa

AL

Van Buren

IA

Denali Borough

AK

Warren

IA

Des Moines-Ames-West Des Moines, IA

Fairbanks North Star
Borough

AK

Fairbanks, AK

Johnson

KS

Kansas City-Overland Park-Kansas City, MO-KS

Matanuska-Susitna
Borough

AK

Anchorage, AK

Leavenworth

KS

Kansas City-Overland Park-Kansas City, MO-KS

Sumner

KS

Wichita-Winfield, KS

Clark

AR

Trego

KS

Newton

AR

Bell

KY

Polk

AR

Carter

KY

Charleston-Huntington-Ashland, WV-OH-KY

Washington

AR

Christian

KY

Clarksville, TN-KY

Colusa

CA

Edmonson

KY

Bowling Green-Glasgow, KY

Glenn

CA

Greenup

KY

Charleston-Huntington-Ashland, WV-OH-KY

Lake

CA

Perry

KY

Marin

CA

Pike

KY

Mendocino

CA

Pulaski

KY

Monterey

CA

Salinas, CA

Trigg

KY

Clarksville, TN-KY

San Francisco

CA

San Jose-San Francisco-Oakland, CA

Warren

KY

Bowling Green-Glasgow, KY

Siskiyou

CA

Caddo Parish

LA

Shreveport-Bossier City-Minden, LA

Moffat

CO

Lafourche Parish

LA

Houma-Thibodaux, LA

Rio Blanco

CO

Ouachita Parish

LA

Monroe-Ruston, LA

Baker

FL

Androscoggin

ME

Portland-Lewiston-South Portland, ME

Aroostook

ME

Kennebec

ME

Oxford

ME

Penobscot

ME

Garrett

MD

Becker

MN

Crow Wing

MN

Goodhue

MN Minneapolis-St. Paul, MN-WI

Hennepin

MN Minneapolis-St. Paul, MN-WI

Lake

MN Duluth, MN-WI

Mille Lacs

MN Minneapolis-St. Paul, MN-WI

Olmsted

MN Rochester-Austin, MN

St. Louis

MN Duluth, MN-WI

Scott

MN Minneapolis-St. Paul, MN-WI

Stearns

MN Minneapolis-St. Paul, MN-WI

Washington

MN Minneapolis-St. Paul, MN-WI

Bolivar

MS

Cleveland-Indianola, MS

Hancock

MS

Gulfport-Biloxi, MS

Hinds

MS

Jackson-Vicksburg-Brookhaven, MS

Lauderdale

MS

Lee

MS

Yalobusha

MS

Boone

MO Columbia-Moberly-Mexico, MO

Cedar

MO

Tuscaloosa, AL

Fayetteville-Springdale-Rogers, AR

San Jose-San Francisco-Oakland, CA

Steamboat Springs-Craig, CO
Jacksonville-St. Mary’s-Palatka, FL-GA

Bay

FL

Panama City, FL

Brevard

FL

Palm Bay-Melbourne-Titusville, FL

Collier

FL

Cape Coral-Fort Myers-Naples, FL

Columbia

FL

Gainesville-Lake City, FL

Flagler

FL

Orlando-Lakeland-Deltona, FL

Highlands

FL

Sebring-Avon Park, FL

Holmes

FL

Leon

FL

Liberty

FL

Okaloosa

FL

Crestview-Fort Walton Beach-Destin, FL

Santa Rosa

FL

Pensacola-Ferry Pass, FL-AL

Volusia

FL

Orlando-Lakeland-Deltona, FL

Wakulla

FL

Tallahassee, FL

Chatham

GA

Savannah-Hinesville-Statesboro, GA

Chattooga

GA

Chattanooga-Cleveland-Dalton, TN-GA

Glynn

GA

Brunswick, GA

Richmond

GA

Augusta-Richmond County, GA-SC

Honolulu

HI

Urban Honolulu, HI

Butte

ID

Idaho Falls-Rexburg-Blackfoot, ID

Hamilton

IL

Macoupin

IL

St. Louis-St. Charles-Farmington, MO-IL

Hendricks

IN

Indianapolis-Carmel-Muncie, IN

Johnson

IN

Indianapolis-Carmel-Muncie, IN

Bremer

IA

Waterloo-Cedar Falls, IA

Tallahassee, FL

State Metropolitan Statistical Area

Cedar Rapids-Iowa City, IA

Des Moines-Ames-West Des Moines, IA

Bangor, ME

Tupelo-Corinth, MS

Notes:
1. This list represents counties with no monitored ozone air pollution in unhealthful ranges using the Air Quality Index based on 2008 NAAQS.
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Cleanest Counties for Ozone Air Pollution1 (cont.)
County

State Metropolitan Statistical Area

County

Greene

MO Springfield, MO

Bradford

PA

Jasper

MO Joplin-Miami, MO-OK

Cambria

PA

Johnstown-Somerset, PA

Monroe

MO

Franklin

PA

Taney

MO

Washington-Baltimore-Arlington, DC-MDVA-WV-PA

Fergus

MT

Aiken

SC

Augusta-Richmond County, GA-SC

Flathead

MT

Anderson

SC

Greenville-Spartanburg-Anderson, SC

Lewis and Clark

MT

Berkeley

SC

Charleston-North Charleston, SC

Missoula

MT

Colleton

SC

Phillips

MT

Darlington

SC

Powder River

MT

Custer

SD

Richland

MT

Jackson

SD

Rosebud

MT

Meade

SD

Rapid City-Spearfish, SD

Lancaster

NE

Lincoln-Beatrice, NE

Union

SD

Sioux City, IA-NE-SD

Belknap

NH

Boston-Worcester-Providence, MA-RI-NH-CT

Anderson

TN

Knoxville-Morristown-Sevierville, TN

Grafton

NH

DeKalb

TN

Santa Fe

NM Albuquerque-Santa Fe-Las Vegas, NM

Wilson

TN

Alexander

NC

Hickory-Lenoir-Morganton, NC

Brewster

TX

Caldwell

NC

Hickory-Lenoir-Morganton, NC

Cameron

TX

Brownsville-Harlingen-Raymondville, TX

Carteret

NC

New Bern-Morehead City, NC

Harrison

TX

Longview, TX

Caswell

NC

Hidalgo

TX

McAllen-Edinburg, TX

Cumberland

NC

Fayetteville-Sanford-Lumberton, NC

Hunt

TX

Dallas-Fort Worth, TX-OK

Durham

NC

Raleigh-Durham-Cary, NC

Polk

TX

Edgecombe

NC

Rocky Mount-Wilson-Roanoke Rapids, NC

Webb

TX

Laredo, TX

Granville

NC

Raleigh-Durham-Cary, NC

Chittenden

VT

Burlington-South Burlington-Barre, VT

Johnston

NC

Raleigh-Durham-Cary, NC

Fauquier

VA

Lee

NC

Fayetteville-Sanford-Lumberton, NC

Washington-Baltimore-Arlington, DC-MDVA-WV-PA

Lenoir

NC

Greenville-Kinston-Washington, NC

Frederick

VA

Washington-Baltimore-Arlington, DC-MDVA-WV-PA

Martin

NC

Roanoke

VA

Roanoke, VA

Montgomery

NC

Rockbridge

VA

New Hanover

NC

Wilmington, NC

Wythe

VA

Pitt

NC

Greenville-Kinston-Washington, NC

Clallam

WA

Swain

NC

Skagit

WA Seattle-Tacoma, WA

Billings

ND

Whatcom

WA Bellingham, WA

Burke

ND

Greenbrier

WV

Burleigh

ND

Bismarck, ND

Ashland

WI

Cass

ND

Fargo-Wahpeton, ND-MN

Dane

WI

Madison-Janesville-Beloit, WI

McKenzie

ND

Eau Claire

WI

Eau Claire-Menomonie, WI

Mercer

ND

Forest

WI

Williams

ND

La Crosse

WI

La Crosse-Onalaska, WI-MN

Portage

OH Cleveland-Akron-Canton, OH

Marathon

WI

Wausau-Stevens Point-Wisconsin Rapids, WI

Adair

OK

Taylor

WI

Caddo

OK

Vilas

WI

Cherokee

OK

Big Horn

WY

Creek

OK

Converse

WY

Dewey

OK

Fremont

WY

Ottawa

OK

Natrona

WY Casper, WY

Pittsburg

OK

Teton

WY

Sequoyah

OK

Weston

WY

Missoula, MT

Tulsa-Muskogee-Bartlesville, OK
Joplin-Miami, MO-OK
Fort Smith, AR-OK

State Metropolitan Statistical Area

Florence, SC

Nashville-Davidson--Murfreesboro, TN

Notes:
1. This list represents counties with no monitored ozone air pollution in unhealthful ranges using the Air Quality Index based on 2008 NAAQS.
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Health Effects of Ozone
and Particle Pollution

Two types of air pollution dominate in the U.S.: ozone and particle pollution.1 These two
pollutants threaten the health and the lives of millions of Americans. Thanks to the
Clean Air Act, the U.S. has far less of both pollutants now than in the past. Still, more
than 141 million people live in counties where monitors show unhealthy levels of one or
both—meaning the air a family breathes could shorten life, cause lung cancer or other
harmful effects.
So what are ozone and particle pollution?

Ozone

It may be hard to imagine that pollution could be invisible, but ozone is. It is currently
one of the least well controlled pollutants in the United States.2 And it is also one of the
most dangerous.
Scientists have studied the effects of ozone on health for decades. Hundreds of
research studies have confirmed that ozone harms people at levels currently found in
the United States. In the last few years, we’ve learned that it can also be deadly.

What Is Ozone?
Ozone (O3) is a gas molecule composed of three oxygen atoms. Often called “smog,”
ozone is harmful to breathe. Ozone aggressively attacks lung tissue by reacting
chemically with it. When ozone is present, there are other harmful pollutants created by
the same processes that make ozone.

oxygen
oxygen

oxygen

The ozone layer found high in the upper atmosphere (the stratosphere) shields us from
much of the sun’s ultraviolet radiation. However, ozone air pollution at ground level
where we can breathe it (in the troposphere) causes serious health problems.

Where Does Ozone Come From?
Ozone develops in the atmosphere from gases that come out of tailpipes, smokestacks
and many other sources. When these gases come in contact with sunlight, they react
and form ozone smog.
The essential raw ingredients for ozone are nitrogen oxides (NOx) and volatile organic
compounds (VOCs). They are produced primarily when fossil fuels like gasoline, oil or
coal are burned or when some chemicals, like solvents, evaporate. NOx is emitted from
power plants, motor vehicles and other sources of high-heat combustion. VOCs are
emitted from motor vehicles, chemical plants, refineries, factories, gas stations, paint
and other sources.3
If the ingredients are present under the right conditions, they react to form ozone.
Sunlight is key. And because the reaction takes place in the atmosphere, the ozone often
shows up downwind of the sources of the original gases. In addition, winds can carry
ozone far from where it was formed, even internationally across borders and even across
the oceans.
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You may have wondered why “ozone action day” warnings are sometimes followed
by recommendations to avoid activities such as mowing your lawn or driving your car.
Lawn mower exhaust and gasoline vapors contain VOCs that are key to the formation
of ozone in the presence of heat and sunlight.

Who Is at Risk from Breathing Ozone?
Anyone who spends time outdoors where ozone pollution levels are high may be at risk.
Five groups of people are especially vulnerable to the effects of breathing ozone:
children and teens;4
■■ anyone 65 and older;5
■■ people who work or exercise outdoors;6
■■ people with existing lung diseases, such as asthma and chronic obstructive
pulmonary disease (also known as COPD, which includes emphysema and chronic
bronchitis);7 and
■■ people with cardiovascular disease.8
In addition, some evidence suggests that other groups—including women, people
who suffer from obesity and people with low incomes—may also face higher risk from
ozone.9 More research is needed to confirm these findings.
■■

The impact on your health can depend on many factors, however. For example, the risks
would be greater if ozone levels are higher, if you are breathing faster because you’re
working outdoors or if you spend more time outdoors.
A 2008 study of lifeguards in Galveston, Texas, provided evidence of the impact of even
short-term exposure to ozone on healthy, active adults. Testing the breathing capacity
of these outdoor workers several times a day, researchers found that many lifeguards
had greater obstruction of their airways when ozone levels were high. Because of this
research, Galveston became the first city in the nation to install an air quality warning
flag system on the beach.10

How Ozone Pollution Harms Your Health
Premature death. Breathing ozone can shorten your life. Strong evidence exists of the
deadly impact of ozone from large studies conducted in cities across the U.S., in Europe
and in Asia. Researchers repeatedly found that the risk of premature death increased
with higher levels of ozone.11 Newer research has confirmed that ozone increased the
risk of premature death even when other pollutants also exist.12
Immediate breathing problems. Many areas in the United States produce enough
ozone during the summer months to cause health problems that can be felt right away.
Immediate problems—in addition to increased risk of premature death—include:
■■
■■
■■
■■
■■
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shortness of breath, wheezing and coughing;
asthma attacks;
increased risk of respiratory infections;
increased susceptibility to pulmonary inflammation; and
increased need for people with lung diseases, like asthma or chronic obstructive
pulmonary disease (COPD), to receive medical treatment and to go to the hospital.13
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Cardiovascular effects. Inhaling ozone may affect the heart as well as the lungs. A 2006
study linked exposures to high ozone levels for as little as one hour to a particular type
of cardiac arrhythmia that itself increases the risk of premature death and stroke.14 A
French study found that exposure to elevated ozone levels for one to two days
increased the risk of heart attacks for middle-aged adults without heart disease.15
Several studies around the world have found increased risk of hospital admissions or
emergency department visits for cardiovascular disease.16
Long-term exposure risks. New studies warn of serious effects from breathing ozone
over longer periods. With more long-term data, scientists are finding that long-term
exposure—that is, for periods longer than eight hours, including days, months or years—
may increase the risk of early death.
Examining the records from a long-term national database, researchers found a
higher risk of death from respiratory diseases associated with increases in ozone.17
■■ New York researchers looking at hospital records for children’s asthma found that the
risk of admission to hospitals for asthma increased with chronic exposure to ozone.
Younger children and children from low-income families were more likely than other
children to need hospital admissions even during the same time periods.18
■■ California researchers analyzing data from their long-term Southern California
Children’s Health Study found that some children with certain genes were more likely
to develop asthma as adolescents in response to the variations in ozone levels in
their communities.19
■■ Studies link lower birth weight and decreased lung function in newborns to ozone
levels in their community.20 This research provides increasing evidence that ozone
may harm newborns.
Breathing other pollutants in the air may make your lungs more responsive to
ozone—and breathing ozone may increase your body’s response to other pollutants.
For example, research warns that breathing sulfur dioxide and nitrogen oxide—two
pollutants common in the eastern U.S.—can make the lungs react more strongly than to
just breathing ozone alone. Breathing ozone may also increase the response to allergens
in people with allergies. A large study published in 2009 found that children were more
likely to suffer from hay fever and respiratory allergies when ozone and PM2.5 levels
were high.21
■■

Research shows lower level of ozone causes harm. The EPA released their latest
complete review of the current research on ozone pollution in February 2013.22 The
EPA had engaged a panel of expert scientists, the Clean Air Scientific Advisory
Committee, to help them assess the evidence that was brought together by the EPA;
in particular, they examined research published between 2006 and 2012. The experts
on the committee and EPA concluded that ozone pollution posed multiple, serious
threats to health. Their findings are highlighted in the box below. Based on that review,
EPA strengthened the official limit on ozone, called the National Ambient Air Quality
Standard, in 2015.
However, new research provides evidence that ozone can cause serious harm even
at much lower levels. In a 2017 scientific paper, researchers further evidence in a
nationwide study that older adults faced a higher risk of premature death even when
levels of ozone pollution remained well below the current national standard.23
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EPA Concludes Ozone Pollution Poses Serious Health Threats (2013)
■■ Causes respiratory harm (e.g., worsened asthma, worsened COPD, inflammation)
■■ Likely to cause early death (both short-term and long-term exposure)
■■ Likely to cause cardiovascular harm (e.g., heart attacks, strokes, heart disease,
congestive heart failure)
■■ May cause harm to the central nervous system
■■ May cause reproductive and developmental harm
—U.S. Environmental Protection Agency, Integrated Science Assessment for Ozone and Related Photochemical
Oxidants, 2013. EPA/600/R-10/076F.

Particle Pollution

Ever look at dirty truck exhaust?
The dirty, smoky part of that stream of exhaust is made of particle pollution.
Overwhelming evidence shows that particle pollution—like that coming from that
exhaust smoke—can kill. Particle pollution can increase the risk of heart disease, lung
cancer and asthma attacks and can interfere with the growth and work of the lungs.

What Is Particle Pollution?
Particle pollution refers to a mix of tiny solid and liquid particles that are in the air we
breathe. Many of the particles are so small as to be invisible, but when levels are high,
the air becomes opaque. But nothing about particle pollution is simple. And it is so
dangerous that it can shorten your life.
Size matters. Particles themselves are different sizes. Some are one-tenth the diameter
of a strand of hair. Many are even tinier; some are so small they can only be seen with
an electron microscope. Because of their size, you can’t see the individual particles. You
can only see the haze that forms when millions of particles blur the spread of sunlight.
PM 2.5

HUMAN HAIR
50-70μm

(microns) in diameter

Combustion particles, organic
compounds, metals, etc.

< 2.5μm (microns) in diameter

PM 10

Dust, pollen, mold, etc.

< 10μm (microns) in diameter

90μm (microns) in diameter
FINE BEACH SAND

Image courtesy of the U.S. EPA

The differences in size make a big difference in how they affect us. Our natural defenses
help us to cough or sneeze larger particles out of our bodies. But those defenses don’t
keep out smaller particles, those that are smaller than 10 microns (or micrometers) in
diameter, or about one-seventh the diameter of a single human hair. These particles get
trapped in the lungs, while the smallest are so minute that they can pass through the
lungs into the bloodstream, just like the essential oxygen molecules we need to survive.
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Researchers categorize particles according to size, grouping them as coarse, fine and
ultrafine. Coarse particles (shown as blue dots in the illustration) fall between 2.5
microns and 10 microns in diameter and are called PM10-2.5. Fine particles (shown as
pink dots in the illustration) are 2.5 microns in diameter or smaller and are called PM2.5.
Ultrafine particles (not shown) are smaller than 0.1 micron in diameter24 and are small
enough to pass through the lung tissue into the blood stream, circulating like the
oxygen molecules themselves. No matter what the size, particles can harm your health.
“A mixture of mixtures.” Because particles form in so many ways, they can be composed
of many different compounds. Although we often think of particles as solids, not all
are. Some are completely liquid; others are solids suspended in liquids. As EPA put it,
particles are really “a mixture of mixtures.”25
The mixtures differ between the eastern and western United States and in different
times of the year. For example, the Midwest, Southeast and Northeast states have
more sulfate particles than the West on average, largely due to the high levels of sulfur
dioxide emitted by large, coal-fired power plants. By contrast, nitrate particles from
motor vehicle exhaust form a larger proportion of the unhealthful mix in the winter in
the Northeast, Southern California, the Northwest, and North Central U.S.26

Who Is at Risk?
Anyone who lives where particle pollution levels are high is at risk. Some people face
higher risk, however. People at the greatest risk from particle pollution exposure
include:
Infants, children and teens;27
■■ People over 65 years of age;28
■■ People with lung disease such as asthma and chronic obstructive pulmonary disease
(COPD), which includes chronic bronchitis and emphysema;
■■ People with heart disease29 or diabetes;30
■■ People with low incomes;31 and
■■ People who work or are active outdoors.32
Diabetics face increased risk at least in part because of their higher risk for
cardiovascular disease.33
■■

People with lung cancer also appear to be at higher risk from particle pollution,
according to a 2016 study of more than 350,000 patients in California. Researchers
looked at the exposure they experienced between 1988 and 2011 and found that
where higher concentrations of particle pollution existed, people with lung cancer had
poorer survival.34

What Can Particles Do to Your Health?
Particle pollution can be very dangerous to breathe depending on the level. Breathing
particle pollution may trigger illness, hospitalization and premature death, risks that are
showing up in new studies that validate earlier research.
Thanks to steps taken to reduce particle pollution, good news is growing from
researchers who study the drop in year-round levels of particle pollution.
■■

■■
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Looking at air quality in 545 counties in the U.S. between 2000 and 2007,
researchers found that people had approximately four months added to their life
expectancy on average due to cleaner air. Women and people who lived in urban and
densely populated counties benefited the most.35
Another long-term study of people in six U.S. cities tracked from 1974 to 2009
added more evidence of the benefits. The findings suggest that cleaning up particle
pollution had almost immediate health benefits. The researchers estimated that the
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U.S. could prevent approximately 34,000 premature deaths a year if the nation could
lower annual levels of particle pollution by 1 µg/m3.36
■■ Other researchers estimated that reductions in air pollution can be expected to
produce rapid improvements in public health, with fewer deaths occurring within the
first two years after reductions.37
These studies add to the growing research that cleaning up air pollution improves life
and health.

Short-Term Exposure Can Be Deadly
First and foremost, short-term exposure to particle pollution can kill. Peaks or spikes in
particle pollution can last from hours to days. Premature deaths from breathing these
particles can occur on the very day that particle levels are high, or within one to two
months afterward. Particle pollution does not just make people die a few days earlier
than they might otherwise—these are deaths that would not have occurred so early if
the air were cleaner.38
Even low levels of particles can be deadly. A 2016 study found that people aged
65 and older in New England faced a higher risk of premature death from particle
pollution, even in places that met current standards for short-term particle pollution.39
Another study in 2017 looked more closely at Boston and found a similar higher risk
of premature death from particle pollution in a city that meets current limits on shortterm particle pollution.40 Looking nationwide in a 2017 study, researchers found more
evidence that older adults faced a higher risk of premature death even when levels of
short-term particle pollution remained well below the current national standards. This
was consistent whether the older adults lived in cities, suburbs or rural areas.41
Particle pollution also diminishes lung function, causes greater use of asthma
medications and increased rates of school absenteeism, emergency room visits and
hospital admissions. Other adverse effects include coughing, wheezing, cardiac
arrhythmias and heart attacks. According to extensive research, short-term increases in
particle pollution have been linked to:
death from respiratory and cardiovascular causes, including strokes;42,43,44,45
■■ increased mortality in infants and young children;46
■■ increased numbers of heart attacks, especially among the elderly and in people with
heart conditions;47
■■ inflammation of lung tissue in young, healthy adults;48
■■ increased hospitalization for cardiovascular disease, including strokes and congestive
heart failure;49,50,51
■■ increased emergency room visits for patients suffering from acute respiratory
ailments;52
■■ increased hospitalization for asthma among children;53,54,55 and
■■ increased severity of asthma attacks in children.56
Again, the impact of even short-term exposure to particle pollution on healthy adults
was demonstrated in the Galveston lifeguard study. In addition to the harmful effects
of ozone pollution, lifeguards had reduced lung volume at the end of the day when fine
particle levels were high.57
■■

Year-Round Exposure
Breathing high levels of particle pollution day in and day out can also be deadly, as
landmark studies in the 1990s conclusively showed58 and as later studies confirmed.59
Chronic exposure to particle pollution can shorten life by one to three years.60 Recent
research has confirmed that long-term exposure to particle pollution still kills, even with
the declining levels in the U.S. since 200061 and even in areas, such as New England,
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that currently meet the official limit, or standard, for year-round particle pollution.62
In 2013, the International Agency for Research on Cancer (known as IARC), part of the
World Health Organization, concluded that particle pollution causes lung cancer. The
IARC based its decision on the review of multiple studies from the U.S., Europe, and
Asia and the presence of carcinogens on the particles.63
Year-round exposure to particle pollution has also been linked to:
increased hospitalization for asthma attacks for children living near roads with heavy
truck or trailer traffic;64,65
■■ slowed lung function growth in children and teenagers;66,67
■■ development of asthma in children up to age 14;68
■■ significant damage to the small airways of the lungs;69
■■ increased risk of death from cardiovascular disease;70 and
■■ increased risk of lower birth weight and infant mortality.71
Research has found evidence that long-term exposure to particle pollution may increase
the risk of developing diabetes. Two independent reviews of published research found
that particle pollution may increase the risk of developing type 2 diabetes mellitus.
■■

Studies examining the impact on the nervous system of long-term exposure to particle
pollution have found links to cognitive affects in adults including dementia and
Alzheimer’s Disease.73 Scientists have found links between particle pollution and other
mental health concerns.74,75
The EPA is conducting their new review of the current research on particle pollution.
Their findings from the last review, completed in December 2009,76 are highlighted in
the box below.
EPA Concludes Fine Particle Pollution Poses Serious Health Threats (2009)
Causes early death (both short-term and long-term exposure)
Causes cardiovascular harm (e.g., heart attacks, strokes, heart disease, congestive
heart failure)
■■ Likely to cause respiratory harm (e.g., worsened asthma, worsened COPD,
inflammation)
■■ May cause cancer
■■ May cause reproductive and developmental harm
■■
■■

—U.S. Environmental Protection Agency, Integrated Science Assessment for Particulate Matter, December 2009.
EPA 600/R-08/139F

Where Does Particle Pollution Come From?
Particle pollution is produced through two separate processes—mechanical and
chemical.
Mechanical processes break down bigger bits into smaller bits with the material
remaining essentially the same, only becoming smaller. Mechanical processes primarily
create coarse particles.77 Dust storms, construction and demolition, mining operations,
and agriculture are among the activities that produce coarse particles. Tire, brake pad
and road wear can also create coarse particles. Bacteria, pollen, mold, and plant and
animal debris are also included as coarse particles.78
By contrast, chemical processes in the atmosphere create most of the tiniest fine and
ultrafine particles in the air. Burning fuels or other human activity or by natural sources
emit gases that form particles in the air. These gases can oxidize and then condense to
become a particle of a simple chemical compound. Or they can react with other gases
or particles in the atmosphere to form a particle of a different or of multiple chemical
compounds. Particles formed by this latter process come from the reaction of elemental
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carbon (soot), heavy metals, sulfur dioxide (SO2), nitrogen oxides (NOX) and volatile
organic compounds with water and other compounds in the atmosphere.79 Burning fossil
fuels in factories, power plants, diesel- and gasoline-powered motor vehicles (cars and
trucks) and equipment generate a large part of the raw materials for fine particles. Other
sources include burning wood in residential fireplaces and wood stoves or wildfires.

Are Some Particles More Dangerous Than Others?
With so many sources of particles, researchers want to know if some particles pose
greater risk than others. Researchers are exploring possible differences in health effects
of the sizes of particles and particles from different sources, such as diesel particles
from trucks and buses or sulfates from coal-fired power plants. Recent studies have
tried to answer this question. So far, the answers are complicated.
Each particle may have many different components. The building blocks of each
can include several biological and chemical components. Bacteria, pollen and other
biological ingredients can combine in the particle with chemical agents, such as heavy
metals, elemental carbon, dust and secondary species like sulfates and nitrates. These
combinations mean that particles can have complex effects on the body.80
Some studies have found different kinds of particles may have greater risk for different
health outcomes.81,82,83
Other studies have identified the challenges of exploring all the kinds of particles and
their health effects with the limited monitoring across the nation.84 Some particles serve
as carriers for other chemicals that are also toxic, and the combination may worsen the
impact.85,86
The best evidence shows that having less of all types of particles in the air leads to
better health and longer lives.

Focusing on Children’s
Health

Children face special risks from air pollution because their lungs are growing and
because they are so active and breathe in a great deal of air.
Just like the arms and legs, the largest portion of a child’s lungs will grow long after he
or she is born. Eighty percent of their tiny air sacs develop after birth. Those sacs, called
the alveoli, are where the life-sustaining transfer of oxygen to the blood takes place.
The lungs and their alveoli aren’t fully grown until children become adults.87 In addition,
the body’s defenses that help adults fight off infections are still developing in young
bodies.88 Children have more respiratory infections than adults, which also seems to
increase their susceptibility to air pollution.89
Furthermore, children don’t behave like adults, and their behavior also affects their
vulnerability. They are outside for longer periods and are usually more active when
outdoors. Consequently, they inhale more polluted outdoor air than adults typically do.90

Air Pollution Affects Children Before They Are Born
Several studies have found air pollution linked to harm to children while they are still
in the womb. A large study in California found that higher particle pollution levels
increased the risk of preterm birth.91 Pregnant women exposed to even low levels of
particle pollution had higher risk for preterm birth in a Boston study.92 Preterm births
occurred more frequently when particle pollution spiked, as an Australian study found,
even when they controlled for other risk factors.93

Air Pollution Limits Lung Growth in Children
The Southern California Children’s Health study looked at the long-term effects of air
pollution on children and teenagers. Tracking 1,759 children who were between ages 10
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and 18 from 1993 to 2001, researchers found that those who grew up in more polluted
areas face the increased risk of having reduced lung growth, which may never recover
to their full capacity. The average drop in lung function was similar to the impact of
growing up in a home with parents who smoked.94
Community health studies are pointing to less obvious, but serious effects from yearround exposure to ozone, especially for children. Scientists followed 500 Yale University
students and determined that living just four years in a region with high levels of ozone
and related co-pollutants was associated with diminished lung function and frequent
reports of respiratory symptoms.95 Another earlier report from the Children’s Health
study of 3,300 schoolchildren in Southern California found reduced lung function in
girls with asthma and boys who spent more time outdoors in areas with high levels of
ozone.96

Cleaning Up Pollution Can Reduce Risk to Children
There is also real-world evidence that reducing air pollution can help protect children.
A 2015 follow-up to the Southern California Children’s Health study showed that
reducing pollution could improve children’s health. They compared the children who
had been part of their earlier studies to a new group of 863 children living in the same
area, but growing up between 2007 and 2011, when the air in Southern California was
much cleaner. Children growing up in the cleaner air had much greater lung function,
a benefit that may help them throughout their lives. As the researchers noted, their
study suggested that “all children have the potential to benefit from improvements in air
quality.”97
Further evidence that cleaner air provides real benefits to children’s health came in a
2016 report from the same study exploring changes to 4,602 children’s respiratory
symptoms such as coughing, congestion and phlegm. The study looked at the changes
in these symptoms in three groups of children living in Southern California over
different periods of time when air quality also differed (1993-2001, 1996-2004, and
2003-2012). As air quality improved, the children in the study suffered fewer bronchial
symptoms whether they had asthma or not. In communities where the air quality
improved the most, the children experienced even fewer symptoms.98
So, does cleaning up the air really improve children’s health? In 2017, the researchers
reviewed these long-term studies of children in Southern California and the impact
of improvements in air quality on their health. They concluded that the 20 years of
collected data provided strong evidence of the potential to improve children’s health by
reducing some of the most common outdoor air pollutants.99
The U.S. is not alone in this finding. In Switzerland, particle pollution dropped during
a period in the 1990s. Researchers there tracked 9,000 children over a nine-year
period, following their respiratory symptoms. After taking other factors such as family
characteristics and indoor air pollution into account, the researchers noted that
during the years with less pollution, the children had fewer episodes of chronic cough,
bronchitis, common cold and conjunctivitis symptoms.100

Disparities in the Impact
of Air Pollution
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The burden of air pollution is not evenly shared. Poorer people and some racial and
ethnic groups are among those who often face higher exposure to pollutants and who
may experience greater responses to such pollution. Many studies have explored the
differences in harm from air pollution to racial or ethnic groups and people who are in a
low socioeconomic position, have less education, or live nearer to major sources,101
including a workshop the American Lung Association held in 2001 that focused on
urban air pollution and health inequities.102
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Many studies have looked at differences in the impact of air pollution on premature
death. Results have varied widely, particularly for effects between racial groups.
Some studies have found no differences among races,103 while others found greater
responsiveness for whites and Hispanics, but not African Americans,104 or for African
Americans but not other races or ethnic groups.105 Other researchers have found
greater risk for African Americans from hazardous air pollutants, including those
pollutants that also come from traffic sources.106
Socioeconomic position has been more consistently associated with greater harm from
air pollution. Multiple large studies show evidence of that link. Low socioeconomic
status consistently increased the risk of premature death from fine particle pollution
among 13.2 million Medicare recipients studied in the largest examination of particle
pollution-related mortality nationwide.107 In the 2008 study that found greater risk
for premature death for communities with higher African American populations,
researchers also found greater risk for people living in areas with higher unemployment
or higher use of public transportation.108 A 2008 study of Washington, DC, found that
while poor air quality and worsened asthma went hand in hand in areas where Medicaid
enrollment was high, the areas with the highest Medicaid enrollment did not always
have the strongest association of high air pollution and asthma attacks.109 A 2016 study
of New Jersey residents found that the risk of dying early from long-term exposure to
particle pollution was higher in communities with larger African-American populations,
lower home values and lower median income.110 However, two other studies in France
have found no association with lower income and asthma attacks.111
Scientists have speculated that there are three broad reasons why disparities may
exist. First, groups may face greater exposure to pollution because of factors ranging
from racism to class bias to housing market dynamics and land costs. For example,
pollution sources may be located near disadvantaged communities, increasing exposure
to harmful pollutants. Second, low social position may make some groups more
susceptible to health threats because of factors related to their disadvantage. Lack of
access to health care, grocery stores and good jobs; poorer job opportunities; dirtier
workplaces or higher traffic exposure are among the factors that could handicap groups
and increase the risk of harm. Finally, existing health conditions, behaviors or traits may
predispose some groups to greater risk. For example, diabetics are among the groups
most at risk from air pollutants, and the elderly, African Americans, Mexican Americans
and people living near a central city have higher incidence of diabetes.112
People of color also may be more likely to live in counties with higher levels of pollution.
Non-Hispanic blacks and Hispanics were more likely to live in counties that had worse
problems with particle pollution, researchers found in a 2011 analysis. Non-Hispanic
blacks were also more likely to live in counties with worse ozone pollution. Income
groups, by contrast, differed little in these exposures. However, since few rural counties
have monitors, the primarily older, non-Hispanic white residents of those counties lack
information about the air quality in their communities.113
Unemployed people, those with low income or low education and non-Hispanic blacks
were found to be more likely to live in areas with higher exposures to particle pollution
in a 2012 study. However, the different racial/ethnic and income groups were often
breathing very different kinds of particles; the different composition and structure of
these particles may have different health impacts.114

Highways May Be Especially Dangerous for Breathing
Being in heavy traffic or living near a road may be risky compared with being in other
places in a community. Growing evidence shows that pollution levels along busy
highways may be higher than in the community as a whole, increasing the risk of harm
to people who live or work near busy roads.
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The number of people living “next to a busy road” may include 30 to 45 percent of
the urban population in North America, according to the most recent review of the
evidence. In January 2010, the Health Effects Institute published a major review of the
evidence put together by a panel of expert scientists. The panel looked at over 700
studies from around the world, examining the health effects of traffic pollution. They
concluded that traffic pollution causes asthma attacks in children, and may cause a wide
range of other effects including the onset of childhood asthma, impaired lung function,
premature death and death from cardiovascular diseases, and cardiovascular morbidity.
The area most affected, they concluded, was roughly the band within 0.2 to 0.3 miles
(300 to 500 meters) of the highway.115
Children and teenagers are among the most vulnerable—though not the only ones at
risk. A Danish study found that long-term exposure to traffic air pollution may increase
the risk of developing chronic obstructive pulmonary disease (COPD). They found that
those most at risk were people who already had asthma or diabetes.116 Studies have
found increased risk of premature death from living near a major highway or an urban
road.117 Another study found an increase in risk of heart attacks from being in traffic,
whether driving or taking public transportation.118 Urban women in a Boston study
experienced decreased lung function associated with traffic-related pollution.119
Adults living closer to the road—within 300 meters—may risk dementia. In 2017, a
study of residents of Ontario, Canada, found that those who lived close to heavy traffic
had a higher risk of dementia, although not for Parkinson’s disease or multiple sclerosis.
Researchers found the strongest association among those who lived closest to the
roads (less than 50 meters), who had never moved and who lived in major cities.120
A study of older men in 2011 also found that long-term exposure to traffic pollution
increased their risk of having poor cognition.121

How to Protect Yourself
from Ozone and Particle
Pollution

To minimize your exposure to ozone and particle pollution:
Pay attention to forecasts for high air pollution days to know when to take
precautions;
■■ Avoid exercising near high-traffic areas;
■■ Avoid exercising outdoors when pollution levels are high, or substitute an activity
that requires less exertion;
■■ Do not let anyone smoke indoors and support measures to make all places
smokefree; and
■■ Reduce the use of fireplaces and wood-burning stoves.
Bottom line: Help yourself and everyone else breathe easier. Support national, state and
local efforts to clean up sources of pollution. Your life and the life of someone you love
may depend on it.
■■
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Statistical Methodology:
The Air Quality Data

Data Sources
Ozone and short-term particle pollution. The data on air quality throughout the United
States were obtained from the U.S. Environmental Protection Agency’s Air Quality
System (AQS), formerly called Aerometric Information Retrieval System (AIRS) database.
The American Lung Association contracted with Dr. Allen S. Lefohn, A.S.L. & Associates,
Helena, Montana, to characterize the hourly averaged ozone concentration information
and the 24-hour averaged PM2.5 concentration information for the three-year period for
2015-2017 for each monitoring site.
Year-round particle pollution. Design values for the annual PM2.5 concentrations by
county for the period 2015-2017 were retrieved from data posted on July 23, 2018,
at the U.S. Environmental Protection Agency’s website at https://www.epa.gov/sites/
production/files/2018-07/pm10_designvalues_20152017_final_07_24_18.xlsx.

Ozone Data Analysis
The 2015, 2016, and 2017 AQS hourly ozone data were used to calculate the daily
8-hour maximum concentration for each ozone-monitoring site. The hourly averaged
ozone data were downloaded on June 30, 2018, following the close of the authorized
period for quality review and assurance certification of data. Only the hourly average
ozone concentrations derived from FRM and FEM monitors were used in the analysis.
The data were considered for a three-year period for the same reason that the EPA
uses three years of data to determine compliance with the ozone standard: to prevent
a situation in any single year, where anomalies of weather or other factors create air
pollution levels, which inaccurately reflect the normal conditions. The highest 8-hour
daily maximum concentration in each county for 2015, 2016, and 2017, based on the
EPA-defined ozone season, was identified.
The current national ambient air quality standard for ozone is 70 parts per billion
(ppb) measured over eight hours. The EPA’s Air Quality Index reflects the 70 ppb
standard. A.S.L. & Associates prepared a table by county that summarized, for each of
the three years, the number of days the ozone level was within the ranges identified by
the EPA based on the EPA Air Quality Index:
8-hour Ozone Concentration

Air Quality Index Levels

0 – 54 ppb

n Good (Green)

55 – 70 ppb

n Moderate (Yellow)

71 – 85 ppb

n Unhealthy for Sensitive Groups (Orange)

86 – 105 ppb

n Unhealthy (Red)

106 – 200 ppb

n Very Unhealthy (Purple)

>200 ppb

n Hazardous (Maroon)

The goal of this report was to identify the number of days that 8-hour daily maximum
concentrations in each county occurred within the defined ranges. This approach
provided an indication of the level of pollution for all monitored days, not just those
days that fell under the requirements for attaining the national ambient air quality
standards. Therefore, no data capture criteria were applied to eliminate monitoring sites
or to require a number of valid days for the ozone season.
The daily maximum 8-hour average concentration for a given day is derived from the
highest of the 17 consecutive 8-hour averages beginning with the 8-hour period from
7:00 a.m. to 3:00 p.m. and ending with the 8-hour period from 11:00 p.m. to 7:00 a.m.
the following day. This follows the process EPA uses for the current ozone standard
adopted in 2015, but differs from the form used under the previous 0.075 ppm 8-hour
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average ozone standard that was established in 2008. All valid days of data within the
ozone season were used in the analysis. However, for computing an 8-hour average,
at least 75 percent of the hourly concentrations (i.e., 6-8 hours) had to be available
for the 8-hour period. In addition, an 8-hour daily maximum average was identified if
valid 8-hour averages were available for at least 75 percent of possible hours in the
day (i.e., at least 13 of the possible 17 8-hour averages). Because the EPA includes days
with inadequate data (i.e., not 75 percent complete) if the standard value is exceeded,
our data capture methodology also included the site’s 8-hour value if at least one valid
8-hour period were available and it was 71 ppb or higher.
As instructed by the Lung Association, A.S.L. & Associates included the exceptional
and natural events that were identified in the database and identified for the Lung
Association the dates and monitoring sites that experienced such events. Some data
have been flagged by the state or local air pollution control agency to indicate that
they had raised issues with EPA about those data. For each day across all sites within
a specific county, the highest daily maximum 8-hour average ozone concentration was
recorded and then the results were summarized by county for the number of days the
ozone levels were within the ranges identified above.
Following receipt of the above information, the American Lung Association identified
the number of days each county, with at least one ozone monitor, experienced air
quality designated as orange (Unhealthy for Sensitive Groups), red (Unhealthy), or
purple (Very Unhealthy).

Short-Term Particle Pollution Data Analysis
A.S.L. & Associates identified the maximum daily 24-hour AQS PM2.5 concentration for
each county in 2015, 2016, and 2017 with monitoring information. The 24-hour PM2.5 data
were downloaded on August 13, 2018, following the close of the authorized period for
quality review and assurance certification of data. In addition, on August 9, 2018, hourly
averaged PM2.5 concentration data were characterized into 24-hour average PM2.5 values
by the EPA and provided to A.S.L. & Associates. Using these results, A.S.L. & Associates
prepared a table by county that summarized, for each of the three years, the number of
days the maximum of the daily PM2.5 concentration was within the ranges identified by the
EPA based on the EPA Air Quality Index, as adopted by the EPA on December 14, 2012:
24-hour PM2.5 Concentration

Air Quality Index Levels

0.0 mg/m3 to 12.0 mg/m3

n	 Good (Green)

12.1 mg/m3 to 35.4 mg/m3

n	 Moderate (Yellow)

35.5 mg/m3 to 55.4 mg/m3

n	 Unhealthy for Sensitive Groups (Orange)

55.5 mg/m3 to 150.4 mg/m3

n	 Unhealthy (Red)

150.5 mg/m3 to 250.4 mg/m3

n	 Very Unhealthy (Purple)

equal to or greater than 250.5 mg/m3

n	 Hazardous (Maroon)

All previous data collected for 24-hour average PM2.5 were characterized using the AQI
thresholds listed above.
The goal of this report was to identify the number of days that the maximum in each
county of the daily PM2.5 concentration occurred within the defined ranges. This approach
provided an indication of the level of pollution for all monitored days, not just those days
that fell under the requirements for attaining the national ambient air quality standards.
Therefore, no data capture criteria were used to eliminate monitoring sites. Both 24hour averaged PM data, as well as hourly averaged PM data averaged over 24 hours
were used. Included in the analysis are data collected using only FRM and FEM methods,
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which reported hourly and 24-hour averaged data. As instructed by the Lung Association,
A.S.L. & Associates included the exceptional and natural events that were identified in
the database and identified for the Lung Association the dates and monitoring sites that
experienced such events. Some data have been flagged by the state or local air pollution
control agency to indicate that they had raised issues with EPA about those data. For
each day across all sites within a specific county, the highest daily maximum 24-h PM2.5
concentration was recorded and then the results were summarized by county for the
number of days the concentration levels were within the ranges identified above.
Following receipt of the above information, the American Lung Association identified
the number of days each county, with at least one PM2.5 monitor, experienced air quality
designated as orange (Unhealthy for Sensitive Groups), red (Unhealthy), purple (Very
Unhealthy) or maroon (Hazardous).

Description of County
Grading System

Ozone and Short-Term Particle Pollution (24-hour PM2.5)

The grades for ozone and short-term particle pollution (24-hour PM2.5) were based
on a weighted average for each county. To determine the weighted average, the Lung
Association followed these steps:
1. First, assigned weighting factors to each category of the Air Quality Index. The
number of orange days experienced by each county received a factor of 1; red days,
a factor of 1.5; purple days, a factor of 2; and maroon days, a factor of 2.5. This
allowed days where the air pollution levels were higher to receive greater weight.
2. Next, multiplied the total number of days within each category by their assigned
factor, and then summed all the categories to calculate a total.
3. Finally, divided the total by three to determine the weighted average, since the
monitoring data were collected over a three-year period.
The weighted average determined each county’s grades for ozone and 24-hour PM2.5.
■■

■■

■■

All counties with a weighted average of zero (corresponding to no exceedances of
the standard over the three-year period) were given a grade of “A.”
For ozone, an “F” grade was set to generally correlate with the number of unhealthy
air days that would place a county in nonattainment for the ozone standard.
For short-term particle pollution, fewer unhealthy air days are required for an F than
for nonattainment under the PM2.5 standard. The national air quality standard is set
to allow two percent of the days during the three years to exceed 35 µg/m3 (called
a “98th percentile” form) before violating the standard. That would be roughly 21
unhealthy days in three years. The grading used in this report would allow only about
one percent of the days to be over 35 µg/m3 (called a “99th percentile” form) of the
PM2.5. The American Lung Association supports using the tighter limits in a 99th
percentile form as a more appropriate standard that is intended to protect the public
from short-term episodes or spikes in pollution.

Grading System
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Grade

Weighted Average

Approximate Number of Allowable
Orange/Red/Purple/Maroon days

A

0.0

None

B

0.3 to 0.9

1 to 2 orange days with no red

C

1.0 to 2.0

3 to 6 days over the standard: 3 to 5 orange with no more
than 1 red OR 6 orange with no red

D

2.1 to 3.2

7 to 9 days over the standard: 7 total (including up to 2 red) to
9 orange with no red

F

3.3 or higher

9 days or more over the standard: 10 orange days or 9 total
including at least 1 or more red, purple or maroon
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Weighted averages allow comparisons to be drawn based on severity of air pollution.
For example, if one county had nine orange days and no red days, it would earn a
weighted average of 3.0 and a D grade. However, another county that had only eight
orange days but also two red days, which signify days with more serious air pollution,
would receive an F. That second county would have a weighted average of 3.7.
Note that this system differs significantly from the methodology the EPA uses to
determine violations of both the ozone and the 24-hour PM2.5 standards. The EPA
determines whether a county violates the standard based on the fourth maximum daily
8-hour ozone reading each year averaged over three years. Multiple days of unhealthy
air beyond the highest four in each year are not considered. By contrast, the system
used in this report recognizes when a community’s air quality repeatedly results in
unhealthy air throughout the three years. Consequently, some counties will receive
grades of “F” in this report, showing repeated instances of unhealthy air, while still
meeting the EPA’s 2015 ozone standard. The American Lung Association’s position is
that the evidence shows that the 2015 ozone standard, although stronger than the
2008 standard, still fails to adequately protect public health.
The Lung Association calculates the county population at risk from these pollutants
based on the population from the entire county where the monitor is located. The Lung
Association then calculates the metropolitan population at risk based upon the largest
metropolitan area that contains that county. Not only do people from that county
or metropolitan area circulate within the county and the metropolitan area, the air
pollution circulates to that monitor through the county and metropolitan area.
Counties were ranked by weighted average. Metropolitan areas were ranked by the
highest weighted average among the counties within a given Metropolitan Statistical
Area as of 2018 as defined by the White House Office of Management and Budget
(OMB).

Year-Round Particle Pollution (Annual PM2.5)

Since no comparable Air Quality Index exists for year-round particle pollution (annual
PM2.5), the grading was based on the 2012 National Ambient Air Quality Standard for
annual PM2.5 of 12 µg/m3. Counties that EPA listed as being at or below 12 µg/m3 were
given grades of “Pass.” Counties EPA listed as being at or above 12.1 µg/m3 were given
grades of “Fail.” Where insufficient data existed for EPA to determine a design value,
those counties received a grade of “Incomplete.”
Design value is the calculated concentration of a pollutant based on the form of the
national ambient air quality standard and is used by EPA to determine whether the
air quality in a county meets the standard. Counties were ranked by design value.
Metropolitan areas were ranked by the highest design value among the counties within
a given Metropolitan Statistical Area as of 2018 as defined by the OMB.
The Lung Association received critical assistance from members of the National
Association of Clean Air Agencies and the Association of Air Pollution Control Agencies.
With their assistance, all state and local agencies were provided the opportunity
to review and comment on the data in draft tabular form. The Lung Association
reviewed all discrepancies with the agencies and, if needed, with Dr. Lefohn at A.S.L. &
Associates. The American Lung Association wishes to express its continued appreciation
to the state and local air directors for their willingness to assist in ensuring that the
characterized data used in this report are correct.
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Presently county-specific measurements of the number of persons with chronic
conditions are not generally available. To assess the magnitude of chronic conditions at
the state and county levels, we have employed a synthetic estimation technique
originally developed by the U.S. Census Bureau. This method uses age-specific national
and state estimates of self-reported conditions to project disease prevalence to the
county level. The exception to this is poverty, for which estimates are available at the
county level.

Calculations of
Populations at Risk

Population Estimates
The Lung Association includes the total county population in discussions of populations
at risk from exposure to pollution in each county. The Lung Association uses that
conservative count based on several factors: the recognized limited number and
locations of monitors in most counties and metropolitan areas; the movement of the
population both in daily activities, including outdoor activities, such as exercise or work;
and the transport of emission from sources into and across the county to reach the
monitor.
Not only do people from that county or metropolitan area circulate within the county
and the metropolitan area, the air pollution circulates to that monitor through the
county and metropolitan area. For that reason, the Lung Association calculates the
county population at risk from these pollutants based on the population from the
entire county where the monitor is located. The Lung Association then calculates the
metropolitan population at risk based upon the largest metropolitan area that contains
that county.
The counties assigned to a metropolitan area follow the groupings determined by the
White House Office of Management and Budget (OMB) and used by the U.S. Census
Bureau. The Lung Association uses the largest definition of a metropolitan area for
these groupings where at least one urban core of 50,000 people or more is present.
The Metropolitan Statistical Areas and Combined Statistical Areas are used as the basis
for considering populations at risk in these urban areas because they reflect the “high
degree of social and economic interaction as measured by commuting ties,” as OMB
describes them.1 The definitions of these areas reflect review and analysis of such
patterns by these agencies.
The U.S. Census Bureau estimated data on the total population of each county in the
United States for 2017. The Census Bureau also estimated the age-specific breakdown
of the population and the number of individuals living in poverty by county. These
estimates are the best information on population demographics available between
decennial censuses.
Poverty estimates came from the Census Bureau’s Small Area Income and Poverty
Estimates (SAIPE) program. The program does not use direct counts or estimates from
sample surveys, as these methods would not provide sufficient data for all counties.
Instead, a model based on estimates of income or poverty from the Annual Social
and Economic Supplement (ASEC) to the Current Population Survey (CPS) is used to
develop estimates for all states and counties.

Prevalence Estimates
Chronic Obstructive Pulmonary Disease, Cardiovascular Disease, Asthma and
Diabetes. In 2017, the Behavioral Risk Factor Surveillance System (BRFSS) survey found
that approximately 22.5 million (9.2 percent) of adults residing in the United States and
7.9 percent of children from 27 states and Washington D.C. reported currently having
asthma. Among adults in the United States in 2017, 16.3 million (6.6 percent) had ever
1 Executive Office of the President, Office of Management and Budget Bulletin No. 18-04. September 14, 2018.
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been diagnosed with chronic obstructive pulmonary disease (COPD), 21.1 million
(8.3 percent) had ever been diagnosed with cardiovascular disease, and 27.0 million
(9.0 percent) had ever been diagnosed with diabetes.
The prevalence estimate for pediatric asthma is calculated for those younger than
18 years. Local area prevalence of pediatric asthma is estimated by applying 2017
state prevalence rates, or, if not available, the national rate from the BRFSS to
pediatric county-level resident populations obtained from the U.S. Census Bureau
website. Pediatric asthma data from the 2017 BRFSS were available for 27 states and
Washington D.C., from the 2016 BRFSS for four states, from the 2015 BRFSS for three
states, from the 2014 BRFSS for five states, from the 2012 BRFSS for two states, from
the 2011 BRFSS for one state, and national data were used for the eight states2 that
had no data available. Data from earlier years were not used due to changes in the 2011
survey methodology.
The prevalence estimate for COPD, cardiovascular disease, adult asthma and diabetes
is calculated for those aged 18-44 years, 45-64 years and 65 years and older. Local area
prevalence for these diseases is estimated by applying age-specific state prevalence
rates from the 2017 BRFSS to age-specific county-level resident populations obtained
from the U.S. Census Bureau website. Cardiovascular disease included ever having been
diagnosed with a heart attack, angina or coronary heart disease, or stroke.

Incidence Estimates
Lung Cancer. State- and gender-specific lung cancer incidence rates for 2015 were
obtained from StateCancerProfiles.gov, a system that provides access to statistics from
both the NCI’s Surveillance, Epidemiology and End Results (SEER) program and the
CDC’s National Program of Cancer Registries.
Local area incidence of lung cancer is estimated by applying 2015 age-adjusted and
sex-specific incidence rates to 2017 county populations obtained from the U.S. Census
Bureau. Thereafter, the incidence estimates for each county within a state are summed
to determine overall incidence.
Limitations of Estimates. Since the statistics presented by the BRFSS and SAIPE are
based on a sample, they will differ (due to random sampling variability) from figures that
would be derived from a complete census or case registry of people in the U.S. with
these diseases. The results are also subject to reporting, non-response and processing
errors. These types of errors are kept to a minimum by methods built into the survey.
Additionally, a major limitation of the BRFSS is that the information collected represents
self-reports of medically diagnosed conditions, which may underestimate disease
prevalence since not all individuals with these conditions have been properly diagnosed.
However, the BRFSS is the best available source for information on the magnitude
of chronic disease at the state level. The conditions covered in the survey may vary
considerably in the accuracy and completeness with which they are reported.
Local estimates of chronic diseases are scaled in direct proportion to the base
population of the county and its age distribution. No adjustments are made for other
factors that may affect local prevalence (e.g., local prevalence of cigarette smokers
or occupational exposures) since the health surveys that obtain such data are rarely
conducted on the county level. Because the estimates do not account for geographic
differences in the prevalence of chronic and acute diseases, the sum of the estimates
for each of the counties in the United States may not exactly reflect the national or
state estimates derived from the BRFSS.

2 2016: Arizona, Kentucky, Oklahoma, Washington. 2015: Louisiana, New Hampshire, Texas. 2014: Alabama, Maryland, North
Carolina, Tennessee, West Virginia. 2012: North Dakota and Wyoming. 2011: Iowa. National: Alaska, Arkansas, Colorado,
Delaware, Idaho, South Carolina, South Dakota, and Virginia.
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State Table Notes

A full explanation of the sources of data and methodology is in Methodology.
Notes for all state data tables

Notes for all state grades tables.

1. Total Population is based on 2017 U.S. Census and represents the
at-risk populations in counties with ozone or PM2.5 pollution monitors;
it does not represent the entire state’s sensitive populations.

1. Not all counties have monitors for either ozone or particle pollution.
If a county does not have a monitor, that county’s name is not on the
list in these tables. The decision about monitors in the county is made
by the state and the U.S. Environmental Protection Agency, not by the
American Lung Association.

2. Those 18 & under and 65 & over are vulnerable to ozone and PM2.5.
Do not use them as population denominators for disease estimates—
that will lead to incorrect estimates.
3. Pediatric asthma estimates are for those under 18 years of age and
represent the estimated number of people who had asthma in 2017
based on the state rates when available or national rates when not
(Behavioral Risk Factor Surveillance System, or BRFSS), applied to
county population estimates (U.S. Census).
4. Adult asthma estimates are for those 18 years and older and represent
the estimated number of people who had asthma during 2017 based
on state rates (BRFSS) applied to county population estimates (U.S.
Census).
5. COPD estimates are for adults 18 and over who had ever been
diagnosed with chronic obstructive pulmonary disease, which includes
chronic bronchitis and emphysema, based on state rates (BRFSS)
applied to county population estimates (U.S. Census).
6. Lung cancer estimates are for all ages and represent the estimated
number of people diagnosed with lung cancer in 2015 based on state
rates (StateCancerProfiles.gov) applied to county population estimates
(U.S. Census).
7. Cardiovascular disease estimates are for adults 18 and over who have
been diagnosed within their lifetime, based on state rates (BRFSS)
applied to county population estimates (U.S. Census). CV disease
includes coronary heart disease, stroke and heart attack.
8. Diabetes estimates are for adults 18 and over who have been
diagnosed within their lifetime based on state rates (BRFSS) applied to
county population estimates (U.S. Census).
9. Poverty estimates include all ages and come from the U.S. Census
Bureau’s Small Area Income and Poverty Estimates program. The
estimates are derived from a model using estimates of income or
poverty from the Annual Social and Economic Supplement and the
Current Population Survey, 2017.

2. INC (Incomplete) indicates that monitoring is underway for that
pollutant in that county, but that the data are incomplete for all
three years. For particle pollution, some states collected data, but
experienced laboratory quality issues that meant the data could not be
used for assessing pollution levels.
3. DNC (Data Not Collected) indicates that data on that particular
pollutant is not collected in that county.
4. The Weighted Average (Wgt. Avg) was derived by adding the three
years of individual level data (2015-2017), multiplying the sums of
each level by the assigned standard weights (i.e. 1=orange, 1.5=red,
2.0=purple and 2.5=maroon) and calculating the average. Grades are
assigned based on the weighted averages as follows: A=0.0, B=0.3-0.9,
C=1.0-2.0, D=2.1-3.2, F=3.3+.
5. The Design Value is the calculated concentration of a pollutant based
on the form of the National Ambient Air Quality Standard, and is used
by EPA to determine whether the air quality in a county meets the
standard. The numbers refer to micrograms per cubic meter, or µg/
m3. Design values for the annual PM2.5 concentrations by county for
the period 2015-2017 are as posted on July 24, 2018 at EPA’s website
at https://www.epa.gov/sites/production/files/2018-07/pm25_
designvalues_20152017_final_07_24_18.xlsx. Many design values
are missing because state data did not meet EPA quality requirements
according to EPA’s review.
6. The annual average National Ambient Air Quality Standard for PM2.5 is
12 µg/m3 as of December 14, 2012. Counties with design values of 12
or lower received a grade of “Pass.” Counties with design values of 12.1
or higher received a grade of “Fail.”

10. Adding across rows does not produce valid estimates. Adding the
at-risk categories (asthma, COPD, poverty, etc.) will double-count
people who fall into more than one category.
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ALABAMA
American Lung Association in Alabama
www.lung.org/alabama

AT-RISK GROUPS
Lung Diseases
County

Baldwin

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

212,628

46,456

42,413

6,131

18,223

19,201

139

22,331

25,520

21,199

Clay

13,367

2,750

2,706

363

1,165

1,233

9

1,435

1,642

2,363

Colbert

54,500

11,451

10,682

1,511

4,718

4,916

36

5,684

6,510

8,324

DeKalb

71,617

17,544

12,051

2,315

5,924

5,993

47

6,792

7,860

13,785

Elmore

81,677

18,232

12,026

2,406

6,947

6,754

53

7,440

8,743

9,151

Etowah

102,755

22,220

19,092

2,932

8,826

9,084

67

10,415

11,982

18,257

Houston

104,346

24,187

18,143

3,192

8,778

8,884

68

10,090

11,650

17,095

Jefferson

659,197

150,913

101,476

19,916

55,591

54,186

428

60,077

70,124

107,752

Madison

361,046

79,506

52,852

10,493

30,858

30,136

236

33,199

39,099

44,979

Mobile

413,955

97,621

65,209

12,883

34,611

34,075

269

38,016

44,258

80,116

Montgomery

226,646

53,448

33,102

7,054

18,924

18,144

147

19,929

23,330

46,315

Morgan

118,818

27,083

20,325

3,574

10,060

10,229

78

11,600

13,450

17,301

Russell

57,045

13,989

7,992

1,846

4,712

4,539

37

4,976

5,855

13,078

Shelby

213,605

50,772

31,636

6,700

17,848

17,563

140

19,460

22,844

15,585

Sumter

12,687

2,468

2,213

326

1,116

1,093

8

1,226

1,415

4,238

Talladega
Tuscaloosa
Totals

80,065

17,156

14,032

2,264

6,898

7,023

52

7,972

9,236

14,062

207,811

43,888

26,661

5,792

17,838

16,039

136

16,983

20,077

31,238

2,991,765

679,684

472,611

89,699

253,037

249,093

1,951

277,624

323,594

464,838
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ALABAMA
American Lung Association in Alabama
www.lung.org/alabama

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Baldwin

Design
Value

Pass/
Fail

2

0

0

0.7

B

0

0

0

0

0.0

A

7.7

PASS

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

7.8

PASS

Colbert

1

0

0

0.3

B

0

0

0

0

0.0

A

7.9

PASS

DeKalb

1

0

0

0.3

B

1

0

0

0

0.3

B

8.3

PASS

Elmore

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Etowah

0

0

0

0.0

A

0

0

0

0

0.0

A

8.7

PASS

Houston

0

0

0

0.0

A

1

0

0

0

0.3

B

7.7

PASS

Jefferson

13

1

0

4.8

F

0

0

0

0

0.0

A

11.0

PASS

Madison

1

0

0

0.3

B

0

0

0

0

0.0

A

7.7

PASS

Mobile

5

0

0

1.7

C

0

0

0

0

0.0

A

8.1

PASS

Montgomery

2

0

0

0.7

B

0

0

0

0

0.0

A

8.8

PASS

Morgan

0

0

0

0.0

A

0

0

0

0

0.0

A

7.9

PASS

Russell

1

0

0

0.3

B

0

0

0

0

0.0

A

INC

INC

Shelby

6

0

0

2.0

C

INC

INC

INC

INC

INC

INC

INC

INC

Sumter

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

9.1

PASS

0

0

0

0.0

A

0

0

0

0

0.0

A

8.1

PASS

Clay

Talladega
Tuscaloosa
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ALASK A
American Lung Association in Alaska
www.lung.org/alaska

AT-RISK GROUPS
Lung Diseases
County

Anchorage
Municipality

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

294,356

72,040

30,841

5,724

18,970

12,519

160

14,027

16,356

27,663

2,074

392

208

31

145

95

1

111

132

158

Fairbanks North Star
Borough

99,703

23,931

9,706

1,901

6,431

4,187

55

4,477

5,207

7,051

Juneau City and
Borough

32,094

6,932

4,040

551

2,158

1,460

17

1,728

2,013

2,596

Denali Borough

Matanuska-Susitna
Borough

106,532

28,922

11,845

2,298

6,650

4,460

58

5,203

6,068

11,768

Totals

534,759

132,217

56,640

10,506

34,355

22,721

291

25,547

29,776

49,236
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ALASK A
American Lung Association in Alaska
www.lung.org/alaska

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Anchorage Municipality DNC

Design
Value

Pass/
Fail

DNC

DNC

DNC

DNC

1

0

0

0

0.3

B

6.1

PASS

Denali Borough

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Fairbanks North Star
Borough

0

0

0

0.0

A

35

29

0

0

26.2

F

16.5

FAIL

DNC

DNC

DNC

DNC

DNC

1

0

0

0

0.3

B

6.1

PASS

0

0

0

0.0

A

13

2

0

0

5.3

F

6.1

PASS

Juneau City and
Borough
Matanuska-Susitna
Borough
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ARIZONA
American Lung Association in Arizona
www.lung.org/arizona

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Apache

71,606

19,778

10,647

1,594

Cochise

124,756

27,294

27,394

2,200

9,631

6,813

Coconino

140,776

29,439

17,001

2,373

11,033

6,154

Gila

53,501

10,864

15,070

876

4,207

3,338

La Paz

20,601

3,488

8,103

281

1,665

4,307,033 1,045,266

Maricopa

5,153

3,304

Lung
Cancer

34

Cardiovascular
Disease
Diabetes

Poverty

4,106

5,445

23,426

59

8,939

11,224

19,219

66

7,265

9,912

23,946

25

4,554

5,551

12,661

1,466

10

2,116

2,416

4,263

638,316

84,264

323,906

201,670

2,016

248,553

330,517

570,402

Mohave

207,200

36,215

61,447

2,919

16,865

13,471

97

18,433

22,404

34,891

Navajo

108,956

29,397

19,185

2,370

7,894

5,339

51

6,818

8,816

28,216

Pima

1,022,769

216,857

196,634

17,482

79,691

52,865

479

67,673

86,591

165,811

Pinal

430,237

99,004

85,362

7,981

32,721

22,125

202

28,599

36,256

52,566

46,212

12,604

8,027

1,016

3,335

2,246

22

2,864

3,708

10,858

Yavapai

228,168

37,774

70,166

3,045

18,782

15,236

107

20,932

25,382

31,166

Yuma

207,534

52,667

38,002

4,246

15,263

9,908

97

12,702

16,092

37,751

6,969,349 1,620,647 1,195,354

130,649

530,147

343,936

3,264

433,554

Santa Cruz

Totals
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564,313 1,015,176

S TAT E TA B L E S

ARIZONA
American Lung Association in Arizona
www.lung.org/arizona

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Apache

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

Cochise

2

0

0

0.7

B

0

0

0

0

Coconino

4

0

0

1.3

C

DNC

DNC

DNC

Gila

15

1

0

5.5

F

DNC

DNC

La Paz

6

0

0

2.0

C

0

0

Maricopa

97

3

0

33.8

F

9

Mohave

DNC

DNC

DNC

DNC

DNC

Navajo

1

0

0

0.3

Pima

8

0

0

2.7

Pinal

37

1

0

12.8

DNC

DNC

DNC

Santa Cruz

Design
Value

Pass/
Fail

A

INC

INC

0.0

A

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

0

0

0.0

A

3.0

PASS

2

1

0

4.7

F

9.6

PASS

INC

INC

INC

INC

INC

INC

INC

INC

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

D

0

0

0

0

0.0

A

6.1

PASS

F

18

2

0

0

7.0

F

8.6

PASS

DNC

DNC

5

3

0

0

3.2

D

9.2

PASS

Yavapai

5

0

0

1.7

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Yuma

21

0

0

7.0

F

5

0

0

0

1.7

C

7.5

PASS
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S TAT E TA B L E S

ARK ANSAS
American Lung Association in Arkansas
www.lung.org/arkansas

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

17,967

4,091

3,421

325

1,343

1,445

14

1,923

Ashley

20,283

4,647

4,021

369

1,512

1,644

16

2,204

2,091

3,980

Clark

22,293

4,226

3,585

336

1,731

1,670

17

2,111

2,030

4,142

Crittenden

48,750

13,380

6,628

1,063

3,432

3,421

38

4,345

4,212

10,070

Garland

98,658

19,945

23,375

1,585

7,572

8,520

78

11,695

10,971

15,384

Jackson

17,135

3,470

3,023

276

1,321

1,365

14

1,778

1,704

3,292

Newton

7,828

1,536

2,021

122

606

708

6

988

923

1,534

20,118

4,627

4,520

368

1,494

1,684

16

2,307

2,169

4,645

Pulaski

393,956

92,013

58,908

7,311

29,206

29,099

309

37,085

35,826

57,780

Union

39,449

9,572

6,858

761

2,896

3,058

31

4,023

3,849

6,801

Washington

231,996

56,975

26,650

4,527

16,832

15,316

184

18,535

18,157

30,938

Totals

918,433

214,482

143,010

17,042

67,946

67,930

723

86,993

83,763

142,081

Polk
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1,831

Poverty

Arkansas

3,515

S TAT E TA B L E S

ARK ANSAS
American Lung Association in Arkansas
www.lung.org/arkansas

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Arkansas

DNC

DNC

DNC

DNC

DNC

0.0

Ashley

0

0

0

0

A

Design
Value

Pass/
Fail

8.3

PASS

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

8.2

PASS

Clark

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Crittenden

4

1

0

1.8

C

0

0

0

0

0.0

A

8.3

PASS

Garland

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

8.5

PASS

Jackson

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

8.2

PASS

Newton

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Polk

0

0

0

0.0

A

0

0

0

0

0.0

A

8.2

PASS

Pulaski

1

0

0

0.3

B

0

0

0

0

0.0

A

9.8

PASS

Union

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

8.9

PASS

0

0

0

0.0

A

0

0

0

0

0.0

A

7.9

PASS

Washington
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S TAT E TA B L E S

CALIFORNIA
American Lung Association in California
www.lung.org/california

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

Alameda

1,663,190

Amador

65 &
Over

344,663

224,171

Pediatric
Asthma

21,392

Adult		
Asthma
COPD

103,924

57,361

Lung
Cancer

Cardiovascular
Disease
Diabetes

691

80,089

133,180

Poverty

152,087

38,626

5,870

10,283

364

2,675

1,886

16

2,842

4,457

3,762

229,294

45,870

41,618

2,847

14,563

8,724

95

12,582

20,120

40,728

Calaveras

45,670

7,786

12,276

483

3,110

2,240

19

3,391

5,321

5,904

Colusa

21,805

5,995

3,118

372

1,254

728

9

1,035

1,696

2,633

Butte

Contra Costa

1,147,439

262,016

175,456

16,262

70,570

41,734

476

59,548

98,185

103,883

Del Norte

27,470

5,912

4,863

367

1,723

1,056

12

1,528

2,474

6,113

El Dorado

188,987

37,869

38,464

2,350

12,256

8,071

79

11,892

19,233

15,620

Fresno

989,255

281,684

118,527

17,483

55,536

30,071

411

41,788

69,186

205,046

Glenn

28,094

7,423

4,389

461

1,646

983

12

1,410

2,293

4,111

Humboldt

136,754

26,310

23,544

1,633

8,752

5,141

57

7,361

11,870

26,262

Imperial

182,830

52,296

23,042

3,246

10,266

5,654

76

7,909

13,022

35,830

Inyo

18,026

3,691

4,108

229

1,164

789

8

1,176

1,862

2,087

Kern

893,119

259,120

95,307

16,083

49,617

26,076

373

35,790

60,013

182,948

Kings

150,101

40,964

15,054

2,542

8,492

4,296

63

5,818

9,791

24,810

Lake

64,246

13,326

14,363

827

4,134

2,793

27

4,158

6,603

12,817

10,163,507 2,224,905 1,343,960

138,091

625,653

344,960

4,221

481,419

Los Angeles

801,001 1,490,853

Madera

156,890

43,013

21,552

2,670

8,995

5,103

65

7,207

11,811

31,569

Marin

260,955

52,487

56,424

3,258

16,965

11,437

108

16,971

27,262

20,222

Mariposa

17,569

2,877

4,743

179

1,203

861

7

1,302

2,038

2,641

Mendocino

88,018

19,048

18,671

1,182

5,565

3,655

37

5,407

8,576

14,156

Merced

272,673

80,640

30,187

5,005

15,042

7,992

114

11,023

18,379

61,297

Monterey

437,907

114,861

57,637

7,129

25,455

14,154

183

19,847

32,724

49,860

Napa

140,973

29,647

25,920

1,840

8,917

5,536

59

8,042

12,980

9,301

Nevada

99,814

17,304

26,471

1,074

6,748

4,800

41

7,252

11,345

10,889

Orange

3,190,400

705,999

456,229

43,819

197,038

112,878

1,325

159,434

264,313

362,109

386,166

86,233

73,776

5,352

24,132

15,381

160

22,510

36,210

29,873

Placer
Plumas

18,742

3,153

5,211

196

1,279

928

8

1,409

2,197

2,640

Riverside

2,423,266

616,211

340,498

38,246

142,917

81,395

1,008

115,017

189,009

309,235

Sacramento

1,530,615

364,311

209,612

22,611

92,167

51,889

635

72,961

120,713

213,232

San Benito

60,310

15,508

7,598

963

3,543

1,980

25

2,770

4,632

5,029

San Bernardino

2,157,404

571,669

243,122

35,481

124,484

66,466

897

91,640

153,951

339,748

San Diego

3,337,685

728,528

454,826

45,217

205,392

113,301

1,389

158,403

261,785

385,479

San Francisco

884,363

118,837

135,945

7,376

60,044

32,761

369

45,754

74,919

87,314

San Joaquin

745,424

203,134

92,800

12,608

42,757

23,656

310

33,057

54,941

113,375

San Luis Obispo

283,405

50,492

54,893

3,134

18,559

11,347

118

16,460

26,288

31,826

San Mateo

771,410

160,264

121,720

9,947

48,603

28,543

320

40,691

66,809

48,795

Santa Barbara

448,150

99,713

66,887

6,189

27,419

15,374

186

21,688

35,228

60,921
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S TAT E TA B L E S

CALIFORNIA (cont.)
American Lung Association in California
www.lung.org/california

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

Santa Clara

1,938,153

Santa Cruz

275,897

Shasta

179,921

Siskiyou

43,853

Solano

445,458

Sonoma
Stanislaus
Sutter
Tehama

430,081

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

254,723

26,693

118,941

65,745

807

91,786

152,953

142,603

53,710

43,108

3,334

17,599

10,134

115

14,374

23,558

33,262

38,750

36,542

2,405

11,368

7,346

75

10,808

17,241

30,155

8,843

10,831

549

2,853

1,991

18

2,995

4,695

7,679

99,216

67,597

6,158

27,515

16,055

185

22,834

37,576

43,352

504,217

99,908

95,024

6,201

32,419

20,240

209

29,444

47,523

46,165

547,899

148,525

70,316

9,218

31,501

17,541

228

24,583

40,690

75,614

96,648

25,087

14,599

1,557

5,682

3,333

40

4,758

7,761

12,628

63,926

15,345

12,219

952

3,908

2,502

27

3,670

5,878

12,718

464,493

143,726

51,669

8,921

25,149

13,466

193

18,628

30,984

110,299

54,248

9,060

13,844

562

3,674

2,542

23

3,817

5,975

6,205

Ventura

854,223

198,450

128,115

12,317

52,149

30,512

355

43,418

71,521

80,217

Yolo

219,116

46,251

26,495

2,871

13,446

6,907

91

9,442

15,617

36,761

560,244 2,398,766 1,350,312

16,374

Tulare
Tuolumne

Totals

39,388,604 9,026,581 5,482,347
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1,899,137 3,138,392 5,142,663

S TAT E TA B L E S

CALIFORNIA
American Lung Association in California
www.lung.org/california

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Alameda

26

3

1

10.8

F

12

3

0

0

5.5

Amador

17

0

0

5.7

F

DNC

DNC

DNC

DNC

Butte

39

0

0

13.0

F

5

0

0

0

Calaveras

49

3

0

17.8

F

5

1

1

Colusa

0

0

0

0.0

A

5

2

0

Contra Costa

Design
Value

Pass/
Fail

F

10.6

PASS

DNC

DNC

DNC

DNC

1.7

C

8.6

PASS

1

3.7

F

INC

INC

0

2.7

D

7.6

PASS

14

0

0

4.7

F

6

4

0

0

4.0

F

9.3

PASS

Del Norte

DNC

DNC

DNC

DNC

DNC

INC

INC

INC

INC

INC

INC

INC

INC

El Dorado

82

14

0

34.3

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Fresno

194

50

2

91.0

F

54

22

0

0

29.0

F

14.0

FAIL

Glenn

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Humboldt

1

0

0

0.3

B

4

4

1

0

4.0

F

6.8

PASS

Imperial

56

1

0

19.2

F

16

3

0

0

6.8

F

12.0

PASS

Inyo

11

0

0

3.7

F

9

8

1

0

7.7

F

7.2

PASS

Kern

236

39

1

98.8

F

67

25

0

0

34.8

F

17.3

FAIL

Kings

122

7

0

44.2

F

60

25

0

0

32.5

F

22.2

FAIL

Lake

0

0

0

0.0

A

2

1

0

0

1.2

C

4.3

PASS

Los Angeles

209

83

12

119.2

F

29

7

0

0

13.2

F

12.6

FAIL

Madera

101

8

0

37.7

F

32

5

0

0

13.2

F

12.8

FAIL

Marin

0

0

0

0.0

A

7

3

0

0

3.8

F

8.2

PASS

Mariposa

39

2

0

14.0

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Mendocino

0

0

0

0.0

A

9

3

0

0

4.5

F

8.1

PASS

Merced

69

4

0

25.0

F

40

5

0

0

15.8

F

12.7

FAIL

Monterey

0

0

0

0.0

A

5

8

0

0

5.7

F

6.1

PASS

Napa

2

0

0

0.7

B

7

5

2

0

6.2

F

10.9

PASS

Nevada

119

25

0

52.2

F

0

1

0

0

0.5

B

4.7

PASS

Orange

46

5

0

17.8

F

11

0

0

0

3.7

F

7.5

PASS

Placer

78

10

0

31.0

F

0

1

0

0

0.5

B

7.4

PASS

Plumas

DNC

DNC

DNC

DNC

DNC

34

10

0

0

16.3

F

15.1

FAIL

Riverside

219

102

9

130.0

F

35

3

0

0

13.2

F

13.6

FAIL

Sacramento

60

11

0

25.5

F

20

0

0

0

6.7

F

9.6

PASS

San Benito

6

0

0

2.0

C

1

0

0

0

0.3

B

4.6

PASS

San Bernardino

204

133

40

161.2

F

31

2

0

0

11.3

F

14.7

FAIL

San Diego

123

8

0

45.0

F

2

0

0

0

0.7

B

8.9

PASS

San Francisco

0

0

0

0.0

A

7

0

0

0

2.3

D

8.3

PASS

San Joaquin

41

3

0

15.2

F

48

2

0

0

17.0

F

12.2

FAIL

San Luis Obispo

17

1

0

6.2

F

1

0

0

0

0.3

B

9.6

PASS

San Mateo

2

1

0

1.2

C

4

2

0

0

2.3

D

7.7

PASS

Santa Barbara

7

0

0

2.3

D

3

9

1

0

6.2

F

8.2

PASS
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S TAT E TA B L E S

CALIFORNIA (cont.)
American Lung Association in California
www.lung.org/california

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Santa Clara

9

3

0

4.5

F

12

0

0

0

4.0

Santa Cruz

1

0

0

0.3

B

3

0

0

0

Shasta

39

1

0

13.5

F

0

2

0

0

Siskiyou

0

0

0

0.0

A

5

1

0

Solano

5

1

0

2.2

D

8

4

0

Sonoma

1

0

0

0.3

B

1

3

0

Stanislaus

84

9

0

32.5

F

56

6

0

Sutter

39

0

0

13.0

F

4

0

0

0

1.3

Tehama

61

5

0

22.8

F

INC

INC

INC

INC

INC

Tulare

230

49

0

101.2

F

13

8

0

0

8.3

Tuolumne

74

7

0

28.2

F

DNC

DNC

DNC

DNC

DNC

Ventura

39

2

0

14.0

F

2

5

3

2

Yolo

9

0

0

3.0

D

1

1

0

0

LUNG.org

Design
Value

Pass/
Fail

F

9.4

PASS

1.0

C

5.7

PASS

1.0

C

6.8

PASS

0

2.2

D

7.8

PASS

0

4.7

F

9.5

PASS

0

1.8

C

6.5

PASS

0

21.7

F

13.2

FAIL

C

9.0

PASS

INC

INC

INC

F

15.7

FAIL

DNC

DNC

DNC

6.8

F

9.7

PASS

0.8

B

7.5

PASS
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S TAT E TA B L E S

COLOR ADO
American Lung Association in Colorado
www.lung.org/colorado

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

Adams

503,167

135,396

50,831

10,758

34,486

14,696

206

19,485

24,597

52,536

Arapahoe

643,052

153,189

81,353

12,172

45,686

21,028

263

28,305

35,340

49,795

Archuleta

13,315

2,446

3,354

194

986

615

5

878

1,043

1,549

Boulder

322,514

62,618

44,222

4,975

24,220

11,072

132

14,999

18,547

39,084

Chaffee

19,638

2,951

4,832

234

1,519

898

8

1,281

1,516

2,073

Clear Creek

9,574

1,501

1,852

119

744

417

4

571

712

735

Denver

704,621

140,016

81,648

11,125

52,882

21,727

289

29,294

35,956

86,353

Douglas

335,299

89,210

38,180

7,088

22,998

10,900

137

14,391

18,517

10,574

El Paso

699,232

170,198

86,788

13,523

49,360

22,205

287

29,986

37,167

73,008

Garfield

59,118

14,997

7,347

1,192

4,114

1,931

24

2,588

3,258

4,429

Grand

15,321

2,625

2,587

209

1,175

616

6

837

1,048

1,332

Gunnison

16,939

2,891

2,144

230

1,314

564

7

760

939

2,349

1,385

235

306

19

105

61

1

86

104

189

574,613

114,968

92,236

9,135

42,578

21,412

235

29,286

36,137

42,729

La Plata

55,589

10,629

9,157

845

4,162

2,092

23

2,871

3,526

4,961

Larimer

343,976

68,427

51,994

5,437

25,587

11,943

141

16,436

19,935

36,954

Mesa

151,616

33,042

27,932

2,625

10,909

5,729

62

8,028

9,623

21,957

Moffat

13,131

3,389

1,948

269

903

457

5

623

772

1,428

Montezuma

26,140

5,856

5,574

465

1,852

1,076

11

1,522

1,819

3,944

Montrose

41,784

9,189

9,450

730

2,967

1,757

17

2,505

2,965

5,312

Park

17,905

2,781

3,474

221

1,393

811

7

1,101

1,395

1,526

Jackson
Jefferson

Pueblo

166,475

37,831

30,040

3,006

11,840

6,238

68

8,716

10,494

29,408

Rio Blanco

6,420

1,539

968

122

452

225

3

308

380

579

San Miguel

7,967

1,401

1,082

111

612

297

3

394

504

614

304,633

80,558

36,146

6,401

20,918

9,431

125

12,688

15,813

28,171

5,053,424 1,147,883

675,445

91,207

363,763

168,199

2,070

227,939

282,109

501,589

Weld
Totals

LUNG.org
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S TAT E TA B L E S

COLOR ADO
American Lung Association in Colorado
www.lung.org/colorado

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Adams

1.7

0.3

5

0

0

C

1

0

0

0

B

Design
Value

Pass/
Fail

INC

INC

Arapahoe

15

0

0

5.0

F

1

0

0

0

0.3

B

5.9

PASS

Archuleta

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Boulder

17

0

0

5.7

F

1

0

0

0

0.3

B

6.7

PASS

Chaffee

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Clear Creek

13

1

0

4.8

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Denver

7

0

0

2.3

D

8

0

0

0

2.7

D

8.5

PASS

Douglas

41

3

0

15.2

F

0

1

0

0

0.5

B

5.4

PASS

El Paso

5

0

0

1.7

C

1

0

0

0

0.3

B

5.7

PASS

Garfield

8

0

0

2.7

D

0

0

0

0

0.0

A

INC

INC

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

4

0

0

1.3

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Jackson

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Jefferson

60

5

0

22.5

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

La Plata

13

0

0

4.3

F

0

0

0

0

0.0

A

4.9

PASS

Larimer

31

1

0

10.8

F

1

2

0

0

1.3

C

7.1

PASS

Mesa

3

0

0

1.0

C

1

0

0

0

0.3

B

6.1

PASS

Moffat

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Montezuma

1

0

0

0.3

B

INC

INC

INC

INC

INC

INC

INC

INC

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Grand
Gunnison

Montrose
Park

7

0

0

2.3

D

2

0

0

0

0.7

B

INC

INC

DNC

DNC

DNC

DNC

DNC

1

0

0

0

0.3

B

5.2

PASS

Rio Blanco

0

0

0

0.0

A

0

0

0

0

0.0

A

7.8

PASS

San Miguel

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Weld

16

0

0

5.3

F

3

1

0

0

1.5

C

8.3

PASS

Pueblo

LUNG.org
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S TAT E TA B L E S

CONNECTICUT
American Lung Association in Connecticut
www.lung.org/connecticut

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

Fairfield

949,921

214,902

147,210

27,712

79,093

42,045

549

53,941

71,130

82,428

Hartford

895,388

188,505

150,427

24,308

75,963

40,598

518

52,641

68,508

96,200

Litchfield

182,177

33,691

37,489

4,345

15,567

9,296

105

12,573

16,176

12,481

Middlesex

163,410

29,541

32,135

3,809

14,153

8,147

95

10,881

14,035

10,796

New Haven

860,435

175,065

145,632

22,575

73,698

39,267

497

50,880

66,182

91,639

New London

269,033

52,658

47,336

6,790

23,179

12,571

156

16,408

21,298

22,246

Tolland

151,461

26,416

23,273

3,406

13,624

6,816

88

8,559

11,288

10,043

Windham

116,359

23,048

18,908

2,972

10,038

5,342

67

6,867

9,033

12,818

3,588,184

743,826

602,410

95,918

305,315

164,082

2,076

212,750

277,650

338,651

Totals

LUNG.org

AMERICAN LUNG ASSOCIATION STATE OF THE AIR 2019

S TAT E TA B L E S

CONNECTICUT
American Lung Association in Connecticut
www.lung.org/connecticut

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Design
Value

Pass/
Fail

Fairfield

52

17

0

25.8

F

0

0

0

0

0.0

A

8.6

PASS

Hartford

17

1

0

6.2

F

0

0

0

0

Litchfield

13

1

0

4.8

F

1

0

0

0

0.0

A

8.2

PASS

0.3

B

4.6

PASS

Middlesex

30

3

0

11.5

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

New Haven

32

10

0

15.7

F

0

0

0

0

0.0

A

7.0

PASS

New London

26

4

0

10.7

F

0

0

0

0

0.0

A

5.5

PASS

Tolland

14

0

0

4.7

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Windham

10

1

0

3.8

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

LUNG.org
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S TAT E TA B L E S

DELAWARE
American Lung Association in Delaware
www.lung.org/delaware

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

Kent

176,824

40,612

29,407

3,227

14,549

10,889

129

11,491

14,931

22,671

New Castle

559,793

121,394

84,505

9,646

46,974

34,546

409

35,664

46,805

72,551

Sussex

225,322

42,478

60,216

3,375

19,167

16,747

165

19,643

24,771

26,370

Totals

961,939

204,484

174,128

16,248

80,689

62,183

703

66,799

86,507

121,592

LUNG.org
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S TAT E TA B L E S

DELAWARE
American Lung Association in Delaware
www.lung.org/delaware

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Kent

3

0

0

1.0

New Castle

23

2

0

8.7

Sussex

7

0

0

2.3

LUNG.org

C

Design
Value

Pass/
Fail

INC

0

0

0

0

0.0

A

INC

F

5

0

0

0

1.7

C

INC

INC

D

0

0

0

0

0.0

A

7.4

PASS
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S TAT E TA B L E S

DISTRICT OF COLUMBIA
American Lung Association in the District of Columbia
www.lung.org/districtofcolumbia

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

District of Columbia

693,972

124,492

83,734

14,174

53,855

28,397

297

34,208

41,546

109,502

Totals

693,972

124,492

83,734

14,174

53,855

28,397

297

34,208

41,546

109,502

LUNG.org
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S TAT E TA B L E S

DISTRICT OF COLUMBIA
American Lung Association in the District of Columbia
www.lung.org/districtofcolumbia

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

District of Columbia

4.7

0.7

14

0

LUNG.org

0

F

2

0

0

0

AMERICAN LUNG ASSOCIATION STATE OF THE AIR 2019

B

Design
Value

Pass/
Fail

9.2

PASS

S TAT E TA B L E S

FLORIDA
American Lung Association in Florida
www.lung.org/florida

AT-RISK GROUPS
Lung Diseases
County

Alachua
Baker

Total		
Population Under 18

266,944

47,915

65 &
Over

36,299

Pediatric
Asthma

3,509

Adult		
Asthma
COPD

16,474

14,418

Lung
Cancer

Cardiovascular
Disease
Diabetes

148

16,543

17,614

Poverty

53,816

28,283

6,826

3,917

500

1,633

1,559

16

1,849

2,008

3,900

Bay

183,563

39,612

30,867

2,901

10,914

10,937

102

13,355

14,427

26,663

Brevard

589,162

108,792

137,262

7,967

36,128

40,191

327

51,798

55,469

72,303

1,935,878

411,519

314,473

30,135

115,804

115,093

1,073

139,676

151,297

252,288

Broward
Citrus

145,647

21,780

52,302

1,595

9,073

11,709

81

16,247

17,004

20,654

Collier

372,880

64,749

117,384

4,741

22,634

27,539

207

37,424

39,164

43,075

69,612

15,278

12,835

1,119

4,101

4,213

39

5,230

5,617

10,720

Duval

937,934

211,784

128,236

15,509

55,215

51,859

519

61,071

66,231

138,069

Escambia

313,512

65,715

51,659

4,812

18,725

18,309

174

22,168

23,832

48,602

Flagler

110,510

19,082

33,207

1,397

6,767

8,177

61

11,018

11,619

13,137

Columbia

Highlands

102,883

17,876

35,789

1,309

6,186

7,823

57

10,842

11,261

20,051

1,408,566

321,547

197,468

23,546

82,582

78,098

781

92,404

100,080

214,442

19,558

3,912

3,856

286

1,180

1,233

11

1,543

1,656

3,756

Indian River

154,383

25,266

49,778

1,850

9,506

11,734

85

15,992

16,787

16,249

Lake

346,017

67,047

91,769

4,910

20,710

23,825

192

31,468

33,230

43,020

Lee

739,224

132,325

206,879

9,690

44,944

52,376

410

69,651

73,386

85,844

Leon

290,292

54,259

37,479

3,973

17,795

15,492

160

17,670

18,885

50,010

8,242

1,491

1,192

109

513

482

5

568

616

1,449

Manatee

385,571

71,646

103,459

5,247

23,347

27,042

213

35,751

37,838

41,057

Marion

354,353

66,514

101,460

4,871

21,262

25,080

196

33,568

35,288

55,880

Hillsborough
Holmes

Liberty

Martin

159,923

26,374

48,686

1,931

9,891

12,003

89

16,189

17,088

17,002

2,751,796

557,885

439,045

40,853

166,519

162,902

1,524

196,343

212,396

452,649

202,970

45,065

31,858

3,300

11,949

11,591

113

13,956

15,032

21,667

Orange

1,348,975

301,983

157,506

22,114

79,714

71,188

748

81,377

88,428

201,528

Osceola

352,180

86,747

45,587

6,352

20,168

18,694

195

21,876

23,697

48,892

1,471,150

283,212

346,685

20,739

88,725

97,482

815

125,803

133,570

170,868

Pasco

525,643

107,248

118,369

7,854

31,363

34,328

291

44,084

47,006

67,635

Pinellas

970,637

159,888

235,248

11,708

60,876

67,883

537

87,701

93,740

115,990

Polk

686,483

153,297

138,226

11,226

39,954

41,800

381

52,683

56,083

107,844

St. Lucie

313,506

62,999

74,017

4,613

18,726

20,771

174

26,886

28,584

39,839

Santa Rosa

174,272

38,606

27,256

2,827

10,325

10,222

97

12,358

13,419

17,183

Sarasota

419,119

60,303

151,299

4,416

26,246

33,710

232

46,758

48,856

38,065

Seminole

462,659

98,067

69,962

7,181

27,725

26,879

256

32,182

34,906

51,321

Volusia

538,692

95,946

129,802

7,026

33,148

36,806

299

47,594

50,693

79,877

Wakulla

32,120

6,882

4,854

504

1,925

1,891

18

2,271

2,474

3,746

282,620 1,152,750 1,195,339

10,625

Miami-Dade
Okaloosa

Palm Beach

Totals

19,173,139 3,859,437 3,765,970

LUNG.org

AMERICAN LUNG ASSOCIATION STATE OF THE AIR 2019

1,493,901 1,599,282 2,649,091

S TAT E TA B L E S

FLORIDA
American Lung Association in Florida
www.lung.org/florida

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Alachua

0.3

0

0.0

A

1

0

0

B

0

0

0

Design
Value

Pass/
Fail

6.1

PASS

Baker

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Bay

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Brevard

0

0

0

0.0

A

0

0

0

0

0.0

A

5.7

PASS

Broward

6

0

0

2.0

C

0

0

0

0

0.0

A

6.6

PASS

Citrus

DNC

DNC

DNC

DNC

DNC

INC

INC

INC

INC

INC

INC

INC

INC

Collier

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Columbia

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Duval

1

0

0

0.3

B

1

0

0

0

0.3

B

INC

INC

Escambia

3

0

0

1.0

C

0

0

0

0

0.0

A

7.4

PASS

Flagler

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Highlands

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Hillsborough

6

1

0

2.5

D

0

0

0

0

0.0

A

8.0

PASS

Holmes

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Indian River

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Lake

3

0

0

1.0

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Lee

1

0

0

0.3

B

0

0

0

0

0.0

A

6.1

PASS

Leon

0

0

0

0.0

A

0

0

0

0

0.0

A

7.4

PASS

Liberty

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Manatee

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Marion

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Martin

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Miami-Dade

5

0

0

1.7

C

1

0

0

0

0.3

B

7.5

PASS

Okaloosa

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Orange

3

0

0

1.0

C

0

0

0

0

0.0

A

7.1

PASS

Osceola

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Palm Beach

2

0

0

0.7

B

0

0

0

0

0.0

A

6.0

PASS

Pasco

3

0

0

1.0

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Pinellas

1

0

0

0.3

B

0

0

0

0

0.0

A

7.1

PASS

Polk

5

0

0

1.7

C

0

0

0

0

0.0

A

6.5

PASS

St. Lucie

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Santa Rosa

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Sarasota

3

0

0

1.0

C

0

0

0

0

0.0

A

6.4

PASS

Seminole

2

0

0

0.7

B

0

0

0

0

0.0

A

5.9

PASS

Volusia

0

0

0

0.0

A

0

0

0

0

0.0

A

6.1

PASS

Wakulla

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC
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S TAT E TA B L E S

GEORGIA
American Lung Association in Georgia
www.lung.org/georgia

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

Bibb

152,862

37,803

23,431

3,438

9,636

8,357

94

10,011

13,547

36,728

Chatham

290,501

62,795

42,932

5,711

19,136

15,837

180

18,539

25,269

45,057

Chattooga

24,770

5,559

4,262

506

1,602

1,457

16

1,782

2,392

4,732

Clarke

127,064

22,144

13,378

2,014

8,940

6,122

79

6,423

9,124

31,067

Clayton

285,153

79,860

25,759

7,262

17,505

13,127

176

14,766

20,979

45,572

Cobb

755,754

181,097

89,337

16,469

48,667

39,047

469

45,395

63,193

71,120

Coffee

43,014

10,495

5,787

954

2,740

2,262

27

2,655

3,645

9,921

Columbia

151,579

38,835

19,715

3,532

9,506

7,885

94

9,292

12,783

9,942

Coweta

143,114

35,456

19,242

3,224

9,069

7,733

89

9,255

12,713

14,806

Dawson

24,379

5,064

4,810

461

1,601

1,539

15

1,923

2,553

2,258

DeKalb

753,253

175,289

90,367

15,941

48,935

38,740

465

44,632

62,077

112,844

Dougherty

89,502

21,781

13,783

1,981

5,672

4,883

55

5,825

7,880

24,373

143,882

37,558

16,211

3,416

9,011

7,280

89

8,511

11,873

16,770

97,613

22,759

16,178

2,070

6,251

5,547

61

6,705

9,017

17,913

Fulton

1,041,423

232,219

118,221

21,118

68,674

53,139

647

60,548

84,783

149,652

Glynn

85,282

18,931

16,580

1,722

5,498

5,226

53

6,491

8,601

14,304

Gwinnett

920,260

250,418

88,425

22,773

57,035

44,098

572

50,511

71,417

97,757

Hall

199,335

51,009

29,205

4,639

12,442

10,729

125

12,840

17,446

25,982

Henry

225,813

58,658

25,594

5,334

14,165

11,503

140

13,488

18,810

22,065

Houston

153,479

39,514

19,042

3,593

9,626

7,852

95

9,184

12,691

19,675

Lowndes

115,489

27,756

13,808

2,524

7,425

5,658

72

6,349

8,816

27,533

Douglas
Floyd

Murray

39,782

9,900

5,651

900

2,511

2,167

25

2,602

3,552

6,765

Muscogee

194,058

48,147

25,504

4,378

12,301

9,982

121

11,601

15,946

42,476

Paulding

159,445

42,357

16,451

3,852

9,951

7,866

99

9,111

12,808

13,225

Pike

18,217

4,225

2,869

384

1,172

1,050

11

1,281

1,735

1,920

Richmond

201,800

46,610

27,355

4,239

13,079

10,638

125

12,376

16,995

45,089

Rockdale

90,312

22,593

12,574

2,055

5,696

4,929

56

5,936

8,124

12,585

Sumter

29,847

6,771

4,925

616

1,928

1,689

18

2,028

2,729

7,169

Walker

68,939

15,160

12,638

1,379

4,472

4,167

43

5,145

6,865

10,520

Washington

20,313

4,508

3,439

410

1,320

1,194

13

1,459

1,963

4,966

8,959

2,070

1,682

188

572

548

6

685

912

2,074

6,655,193 1,617,341

809,155

147,080

426,136

342,252

4,129

397,349

551,239

946,860

Wilkinson
Totals
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S TAT E TA B L E S

GEORGIA
American Lung Association in Georgia
www.lung.org/georgia

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Bibb

3

0

0

1.0

0.7

Chatham

0

0

0

0.0

A

1

0

0

0

0.3

Chattooga

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

Clarke

1

0

0

0.3

B

0

1

0

0

0.5

DNC

DNC

DNC

DNC

DNC

1

0

0

0

0.3

Clayton

C

2

0

0

0

Design
Value

Pass/
Fail

9.6

PASS

B

8.2

PASS

DNC

DNC

DNC

B

8.2

PASS

B

9.6

PASS

B

Cobb

3

1

0

1.5

C

1

0

0

0

0.3

B

9.0

PASS

Coffee

DNC

DNC

DNC

DNC

DNC

INC

INC

INC

INC

INC

INC

INC

INC

Columbia

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Coweta

2

1

0

1.2

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Dawson

5

0

0

1.7

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DeKalb

12

0

0

4.0

F

1

1

0

0

0.8

B

9.0

PASS

DNC

DNC

DNC

DNC

DNC

1

1

0

0

0.8

B

9.0

PASS

Dougherty
Douglas

8

1

0

3.2

D

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Floyd

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

INC

INC

Fulton

25

3

0

9.8

F

1

0

0

0

0.3

B

10.5

PASS

Glynn

0

0

0

0.0

A

2

0

0

0

0.7

B

7.5

PASS

Gwinnett

9

1

0

3.5

F

1

0

0

0

0.3

B

8.7

PASS

DNC

DNC

DNC

DNC

DNC

1

1

0

0

0.8

B

8.0

PASS

13

1

0

4.8

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Houston

DNC

DNC

DNC

DNC

DNC

1

0

0

0

0.3

B

8.3

PASS

Lowndes

Hall
Henry

DNC

DNC

DNC

DNC

DNC

1

0

0

0

0.3

B

7.8

PASS

Murray

1

1

0

0.8

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Muscogee

1

0

0

0.3

B

2

0

0

0

0.7

B

9.5

PASS

INC

INC

INC

INC

INC

0

0

0

0

0.0

A

INC

INC

Paulding
Pike

7

1

0

2.8

D

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Richmond

0

0

0

0.0

A

1

1

0

0

0.8

B

9.3

PASS

Rockdale

13

0

0

4.3

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Sumter

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Walker

DNC

DNC

DNC

DNC

DNC

0

1

0

0

0.5

B

9.0

PASS

Washington

DNC

DNC

DNC

DNC

DNC

1

0

0

0

0.3

B

8.3

PASS

Wilkinson

DNC

DNC

DNC

DNC

DNC

INC

INC

INC

INC

INC

INC

INC

INC
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S TAT E TA B L E S

HAWAII
American Lung Association in Hawaii
www.lung.org/hawaii

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

Hawaii

200,381

43,658

40,185

4,283

15,244

6,172

90

11,128

18,713

29,604

Honolulu

988,650

209,809

170,319

20,582

76,876

28,309

443

49,586

84,098

79,084

Kauai

72,159

16,020

13,889

1,572

5,471

2,189

32

3,925

6,625

7,172

Maui

166,260

36,257

29,133

3,557

12,726

4,945

74

8,733

14,890

16,342

1,427,450

305,744

253,526

29,993

110,317

41,615

639

73,372

124,326

132,202

Totals
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S TAT E TA B L E S

HAWAII
American Lung Association in Hawaii
www.lung.org/hawaii

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Hawaii

DNC

Honolulu

DNC

DNC

DNC

Design
Value

Pass/
Fail

DNC

5

0

0

0

1.7

C

12.8

FAIL

0

0

0

0.0

A

0

0

0

0

0.0

A

4.2

PASS

Kauai

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

3.1

PASS

Maui

DNC

DNC

DNC

DNC

DNC

1

0

0

0

0.3

B

4.2

PASS
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S TAT E TA B L E S

IDAHO
American Lung Association in Idaho
www.lung.org/idaho

AT-RISK GROUPS
Lung Diseases
County

Ada

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

456,849

110,456

63,583

8,777

31,208

17,005

230

24,724

29,075

47,955

Bannock

85,269

22,717

11,899

1,805

5,597

3,006

43

4,418

5,128

11,846

Benewah

9,184

2,096

2,014

167

629

415

5

653

745

1,297

Butte

2,602

633

613

50

173

116

1

187

210

437

Canyon

216,699

62,811

29,216

4,991

13,802

7,493

109

10,988

12,811

33,022

Franklin

13,564

4,452

1,884

354

816

459

7

684

794

1,103

Idaho

16,369

3,202

4,423

254

1,149

803

8

1,314

1,463

2,400

Jerome

23,627

7,312

3,019

581

1,468

797

12

1,162

1,362

3,222

Lemhi
Shoshone
Totals

7,875

1,471

2,327

117

555

401

4

668

737

1,257

12,542

2,532

2,859

201

887

583

6

920

1,047

2,143

844,580

217,682

121,837

17,296

56,282

31,077

425

45,718

53,372

104,682
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S TAT E TA B L E S

IDAHO
American Lung Association in Idaho
www.lung.org/idaho

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Ada

2.8

0

0

PASS

0

6.7

F

Bannock

DNC

DNC

DNC

DNC

DNC

5

4

0

0

3.7

F

7.7

PASS

Benewah

DNC

DNC

DNC

DNC

DNC

21

5

2

0

10.8

F

10.5

PASS

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Canyon

DNC

DNC

DNC

DNC

DNC

7

1

0

0

2.8

D

9.4

PASS

Franklin

DNC

DNC

DNC

DNC

DNC

5

3

0

0

3.2

D

7.0

PASS

Idaho

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Jerome

DNC

DNC

DNC

DNC

DNC

5

1

0

0

2.2

D

INC

INC

Lemhi

DNC

DNC

DNC

DNC

DNC

18

7

0

0

9.5

F

12.6

FAIL

Shoshone

DNC

DNC

DNC

DNC

DNC

32

8

1

0

15.3

F

12.4

FAIL

AMERICAN LUNG ASSOCIATION STATE OF THE AIR 2019

D

7.6

0

LUNG.org

1

Pass/
Fail

20

Butte

7

Design
Value

S TAT E TA B L E S

ILLINOIS
American Lung Association in Illinois
www.lung.org/illinois

AT-RISK GROUPS
Lung Diseases
County

Adams
Champaign
Clark
Cook
DuPage

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

66,234

14,911

13,155

850

4,226

3,787

43

4,474

6,191

8,608

209,399

39,717

25,933

2,265

13,824

9,815

137

10,569

15,670

37,106

15,767

3,624

3,009

207

1,002

900

10

1,058

1,477

1,697

5,211,263 1,146,789

743,329

65,406

333,569

263,815

3,398

294,723

429,201

746,194

139,351

12,119

59,139

49,049

607

55,489

80,518

56,794

930,128

212,491

Effingham

34,132

8,101

5,843

462

2,145

1,852

22

2,142

3,035

3,256

Hamilton

8,194

1,823

1,763

104

525

488

5

584

799

1,046

21,941

4,467

4,200

255

1,442

1,285

14

1,504

2,112

2,164

Jersey
Jo Daviess

21,594

4,201

5,881

240

1,437

1,450

14

1,794

2,379

1,980

Kane

534,667

138,340

70,160

7,890

32,637

26,277

350

29,301

43,097

48,756

Lake

703,520

171,620

96,469

9,788

43,852

35,842

460

40,150

58,925

52,630

Macon

105,801

23,524

20,614

1,342

6,772

6,006

69

7,068

9,813

14,566

Macoupin

45,446

9,651

8,886

550

2,953

2,657

30

3,125

4,364

6,152

Madison

265,428

58,298

44,448

3,325

17,062

14,511

173

16,666

23,782

37,768

McHenry

309,122

73,814

43,235

4,210

19,442

16,205

202

18,220

26,764

18,686

McLean

172,290

37,501

21,980

2,139

11,030

8,270

112

9,049

13,364

25,273

Peoria

183,011

43,611

30,204

2,487

11,456

9,605

119

11,033

15,660

27,364

Randolph

32,423

6,223

5,890

355

2,156

1,848

22

2,137

3,022

4,402

Rock Island

144,808

32,420

27,144

1,849

9,247

8,087

95

9,460

13,209

18,069

Sangamon

196,452

44,162

33,765

2,519

12,546

10,779

128

12,445

17,665

29,676

St. Clair

262,479

61,967

40,022

3,534

16,511

13,717

171

15,574

22,474

41,174

Will

692,661

174,819

87,293

9,971

42,675

34,140

453

37,823

56,106

47,639

Winnebago

284,778

66,743

48,725

3,807

17,961

15,467

186

17,878

25,343

39,766

10,451,538 2,378,817 1,521,299

135,675

663,608

535,852

6,822

602,265

Totals
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874,971 1,270,766

S TAT E TA B L E S

ILLINOIS
American Lung Association in Illinois
www.lung.org/illinois

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Adams

1

0

0

0.3

DNC

Champaign

1

0

0

0.3

B

0

0

0

0

0.0

A

7.9

Pass

Clark

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Cook

36

4

0

14.0

F

2

1

0

0

1.2

C

10.5

Pass

DuPage

11

0

0

3.7

F

1

0

0

0

0.3

B

8.3

Pass

Effingham

3

0

0

1.0

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Hamilton

0

0

0

0.0

A

1

0

0

0

0.3

B

8.2

Pass

Jersey

9

0

0

3.0

D

0

0

0

0

0.0

A

INC

INC

Jo Daviess

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Kane

9

0

0

3.0

D

1

0

0

0

0.3

B

8.3

Pass

Lake

18

0

0

6.0

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Macon

3

0

0

1.0

C

0

0

0

0

0.0

A

8.4

Pass

B

DNC

DNC

DNC

DNC

DNC

Design
Value

Pass/
Fail

DNC

DNC

Macoupin

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Madison

23

0

0

7.7

F

1

0

0

0

0.3

B

9.7

Pass

McHenry

10

0

0

3.3

F

0

0

0

0

0.0

A

INC

INC

McLean

1

0

0

0.3

B

0

0

0

0

0.0

A

8.0

Pass

Peoria

5

0

0

1.7

C

0

0

0

0

0.0

A

8.2

Pass

Randolph

2

0

0

0.7

B

0

0

0

0

0.0

A

8.5

Pass

Rock Island

2

0

0

0.7

B

0

0

0

0

0.0

A

8.1

Pass

Sangamon

3

0

0

1.0

C

0

0

0

0

0.0

A

8.2

Pass

St. Clair

6

0

0

2.0

C

1

0

0

0

0.3

B

9.8

Pass

Will

1

0

0

0.3

B

0

0

0

0

0.0

A

7.9

Pass

Winnebago

4

0

0

1.3

C

0

0

0

0

0.0

A

8.3

Pass
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S TAT E TA B L E S

INDIANA
American Lung Association in Indiana
www.lung.org/indiana

AT-RISK GROUPS
Lung Diseases
County

Allen

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

372,877

96,418

52,940

6,627

27,856

23,377

275

25,942

32,034

47,818

Bartholomew

82,040

19,505

13,152

1,341

6,278

5,409

61

6,101

7,463

8,555

Boone

65,875

17,531

8,585

1,205

4,884

4,136

49

4,547

5,656

3,707

Brown

15,035

2,752

3,546

189

1,214

1,246

11

1,493

1,771

1,614

Carroll

20,039

4,457

3,856

306

1,553

1,461

15

1,700

2,047

1,910

Clark

116,973

26,533

17,939

1,824

9,100

7,831

86

8,756

10,775

12,285

Delaware

115,184

21,400

19,387

1,471

9,423

7,764

85

8,698

10,654

22,020

Dubois

42,558

10,336

7,201

710

3,226

2,944

31

3,366

4,095

3,445

Elkhart

205,032

56,784

29,484

3,903

14,916

12,668

151

14,151

17,409

21,670

Floyd

77,071

17,540

12,131

1,206

5,983

5,271

57

5,930

7,278

7,971

Greene

32,177

7,114

6,166

489

2,498

2,358

24

2,742

3,304

3,696

Hamilton

323,747

88,657

38,382

6,094

23,817

19,643

239

21,297

26,699

12,284

Hancock

74,985

17,653

11,891

1,213

5,758

5,111

55

5,768

7,068

4,075

Hendricks

163,685

41,609

22,029

2,860

12,326

10,355

121

11,399

14,157

8,120

Henry

48,476

9,972

9,096

685

3,845

3,534

36

4,077

4,931

5,739

Howard

82,363

18,678

15,731

1,284

6,346

5,883

61

6,840

8,233

11,727

Huntington

36,337

7,872

6,093

541

2,855

2,536

27

2,876

3,513

3,570

Jackson

43,884

10,749

7,043

739

3,325

2,927

32

3,313

4,049

5,467

Johnson

153,897

38,252

21,965

2,629

11,656

9,789

114

10,851

13,411

13,267

Knox

37,508

8,013

6,469

551

2,956

2,567

28

2,916

3,551

6,587

Lake

485,640

115,082

78,166

7,910

37,193

32,673

357

36,931

45,171

76,220

LaPorte

110,029

23,793

19,204

1,635

8,635

7,732

82

8,824

10,734

15,005

Madison

129,498

28,315

23,179

1,946

10,119

9,101

96

10,435

12,657

21,478

Marion

950,082

234,906

116,958

16,146

72,461

57,127

699

61,569

77,233

163,573

Monroe

146,986

23,388

18,469

1,608

12,561

8,811

109

9,211

11,687

28,462

Montgomery

38,525

8,883

6,731

611

2,966

2,682

29

3,072

3,730

4,510

Morgan

69,713

15,857

11,465

1,090

5,403

4,929

52

5,597

6,842

6,799

Perry

19,081

4,056

3,483

279

1,502

1,364

14

1,568

1,900

2,130

Porter

168,404

37,477

26,811

2,576

13,157

11,495

124

12,931

15,863

17,078

Posey

25,595

5,675

4,600

390

1,991

1,853

19

2,132

2,585

2,290

St. Joseph

270,434

64,054

41,733

4,403

20,751

17,577

199

19,678

24,166

41,378

Shelby

44,395

10,140

7,438

697

3,434

3,114

33

3,544

4,324

3,666

Spencer

20,394

4,508

3,861

310

1,584

1,502

15

1,745

2,105

2,086

Sullivan

20,746

4,069

3,618

280

1,672

1,466

16

1,663

2,029

2,710

Tippecanoe

190,587

39,883

21,560

2,741

15,334

10,724

142

11,139

14,194

31,692

Vanderburgh

181,616

39,236

29,726

2,697

14,297

12,307

134

13,864

16,972

30,495
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S TAT E TA B L E S

INDIANA (cont.)
American Lung Association in Indiana
www.lung.org/indiana

AT-RISK GROUPS
Lung Diseases
County

Vigo

Total		
Population Under 18

107,516

22,077

65 &
Over

17,129

Pediatric
Asthma

1,517

Adult		
Asthma
COPD

8,594

7,093

Lung
Cancer

80

Cardiovascular
Disease
Diabetes

7,911

9,722

Poverty

18,964

Wabash

31,443

6,563

6,411

451

2,474

2,320

23

2,718

3,257

3,913

Warrick

62,530

15,266

10,533

1,049

4,732

4,295

46

4,907

5,971

4,180

Whitley

33,756

7,768

5,908

534

2,600

2,379

25

2,728

3,313

2,822

5,216,713 1,232,821

770,069

84,736

401,277

337,356

3,850

374,931

462,556

684,978

Totals
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S TAT E TA B L E S

INDIANA
American Lung Association in Indiana
www.lung.org/indiana

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Design
Value

Pass/
Fail

Allen

4

0

0

1.3

C

1

1

0

0

0.8

B

8.9

PASS

Bartholomew

7

0

0

2.3

D

0

0

0

0

0.0

A

8.3

PASS

Boone

4

0

0

1.3

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Brown

2

0

0

0.7

B

DNC

DNC

Carroll

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Clark

11

1

0

4.2

F

0

0

0

0

0.0

A

9.6

PASS

Delaware

2

0

0

0.7

B

1

0

0

0

0.3

B

8.1

PASS

Dubois

DNC

DNC

DNC

DNC

Elkhart

7

0

0

2.3

DNC

0

0

0

0

0.0

A

8.9

PASS

D

5

0

0

0

1.7

C

9.1

PASS

Floyd

12

0

0

4.0

F

1

0

0

0

0.3

B

8.5

PASS

Greene

6

0

0

2.0

C

0

0

0

0

0.0

A

8.1

PASS

Hamilton

5

0

0

1.7

C

0

0

0

0

0.0

A

8.3

PASS

Hancock

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Hendricks

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Henry

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

7.5

PASS

Howard

DNC

DNC

DNC

DNC

DNC

1

0

0

0

0.3

B

9.5

PASS

Huntington

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Jackson

3

0

0

1.0

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Johnson

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Knox

4

0

0

1.3

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Lake

12

0

0

4.0

F

2

2

1

0

2.3

D

9.3

PASS

LaPorte

13

0

0

4.3

F

0

0

0

0

0.0

A

8.1

PASS

Madison

1

0

0

0.3

B

0

0

0

0

0.0

A

8.2

PASS

Marion

11

0

0

3.7

F

6

1

0

0

2.5

D

10.5

PASS

Monroe

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

7.9

PASS

Montgomery

DNC

DNC

DNC

DNC

DNC

INC

INC

INC

INC

INC

INC

INC

INC

Morgan

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Perry

6

0

0

2.0

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Porter

17

0

0

5.7

F

1

1

0

0

0.8

B

8.3

PASS

Posey

5

0

0

1.7

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

St. Joseph

13

0

0

4.3

F

1

0

0

0

0.3

B

8.7

PASS

Shelby

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Spencer

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

8.7

PASS

Sullivan

DNC

DNC

DNC

DNC

DNC

INC

INC

INC

INC

INC

INC

INC

INC

Tippecanoe

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

8.2

PASS

Vanderburgh

12

0

0

4.0

F

0

0

0

0

0.0

A

9.3

PASS
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S TAT E TA B L E S

INDIANA (cont.)
American Lung Association in Indiana
www.lung.org/indiana

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Vigo

3

0

0

1.0

C

0

1

0

0

0.5

Wabash

8

0

0

2.7

D

DNC

DNC

DNC

DNC

Warrick

9

1

0

3.5

F

DNC

DNC

DNC

Whitley

DNC

DNC

DNC

DNC

DNC

0

0

0

LUNG.org

Design
Value

Pass/
Fail

B

9.0

PASS

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

0

0.0

A

8.1

PASS
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S TAT E TA B L E S

IOWA
American Lung Association in Iowa
www.lung.org/iowa

AT-RISK GROUPS
Lung Diseases
County

Black Hawk

Total		
Population Under 18

132,648

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

28,836

21,181

1,660

9,658

6,292

85

7,960

9,198

19,469

Bremer

24,911

5,577

4,813

321

1,783

1,270

16

1,669

1,913

1,661

Clinton

47,010

10,859

9,054

625

3,327

2,471

30

3,244

3,756

6,207

Delaware

17,153

4,073

3,219

234

1,204

903

11

1,181

1,375

1,571

Harrison

14,136

3,259

2,764

188

1,000

753

9

990

1,148

1,390

Johnson

149,210

30,215

16,719

1,739

11,210

6,252

96

7,374

8,612

21,574

Lee

34,295

7,362

6,731

424

2,479

1,838

22

2,412

2,793

4,621

Linn

224,115

52,619

34,453

3,029

15,938

10,700

143

13,491

15,752

19,688

Montgomery

10,137

2,293

2,146

132

719

555

6

740

853

1,239

Muscatine

42,880

10,796

6,952

621

2,972

2,072

27

2,649

3,088

4,522

9,092

2,065

1,966

119

644

488

6

655

748

916

481,830

120,645

61,337

6,944

33,755

21,370

308

26,142

30,792

45,028

93,386

22,142

15,823

1,274

6,592

4,646

60

5,966

6,947

9,661

Scott

172,509

41,198

27,310

2,371

12,185

8,331

110

10,570

12,336

19,061

Story

97,502

16,127

11,330

928

7,679

4,113

63

4,832

5,584

14,508

7,157

1,639

1,526

94

505

392

5

525

604

1,000

50,163

12,367

7,785

712

3,507

2,405

32

3,046

3,563

2,950

Palo Alto
Polk
Pottawattamie

Van Buren
Warren
Woodbury
Totals

102,429

26,840

15,095

1,545

7,028

4,690

66

5,907

6,892

13,330

1,710,563

398,912

250,204

22,961

122,186

79,542

1,095

99,351

115,953

188,396
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S TAT E TA B L E S

IOWA
American Lung Association in Iowa
www.lung.org/iowa

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Black Hawk

DNC

DNC

DNC

DNC

Bremer

0

0

0

Clinton

1

0

0

Delaware

DNC

DNC

Harrison

1

Johnson
Lee
Linn
Montgomery

Design
Value

Pass/
Fail

PASS

DNC

0

0

0

0

0.0

A

7.9

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

0.3

B

1

0

0

0

0.3

B

8.6

PASS

DNC

DNC

DNC

0

0

0

0

0.0

A

INC

INC

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

1

0

0

0

0.3

B

7.7

PASS

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

8.4

PASS

0

0

0

0.0

A

2

0

0

0

0.7

B

8.1

PASS

0

0

0

0.0

A

0

0

0

0

0.0

A

6.5

PASS

DNC

DNC

DNC

DNC

DNC

1

0

0

0

0.3

B

8.3

PASS

Palo Alto

0

0

0

0.0

A

0

0

0

0

0.0

A

6.8

PASS

Polk

0

0

0

0.0

A

2

0

0

0

0.7

B

7.4

PASS

Muscatine

Pottawattamie

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

7.7

PASS

Scott

2

0

0

0.7

B

2

0

0

0

0.7

B

8.7

PASS

Story

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

0

0

0

0.0

A

0

0

0

0

0.0

A

6.9

PASS

Van Buren
Warren
Woodbury

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

INC

INC
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S TAT E TA B L E S

K ANSAS
American Lung Association in Kansas
www.lung.org/kansas

AT-RISK GROUPS
Lung Diseases
County

Johnson

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

591,178

145,917

83,028

13,735

40,966

28,573

353

35,984

45,934

30,974

Leavenworth

81,095

19,311

11,348

1,818

5,687

3,937

49

4,945

6,318

5,490

Neosho

16,015

3,897

3,101

367

1,101

857

10

1,143

1,415

2,389

Sedgwick

513,687

132,966

72,113

12,516

35,006

24,203

307

30,564

38,886

72,015

Shawnee

178,187

42,524

31,353

4,003

12,379

9,256

106

12,113

15,146

20,386

23,159

5,707

4,190

537

1,590

1,223

14

1,611

2,011

2,687

2,884

566

707

53

209

178

2

244

298

326

165,288

46,268

19,813

4,355

10,989

7,284

99

8,994

11,577

30,151

1,571,493

397,156

225,653

37,384

107,927

75,511

940

95,598

121,586

164,418

Sumner
Trego
Wyandotte
Totals

LUNG.org
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S TAT E TA B L E S

K ANSAS
American Lung Association in Kansas
www.lung.org/kansas

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Johnson

0

0.0

Leavenworth

0

0

0

Neosho

1

0

0

Sedgwick

0

1

0

Shawnee

1

0

Sumner

0

Trego

0

Wyandotte

3

0

Pass/
Fail

PASS

A

0

0

0

0

0.0

A

7.3

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

0.3

B

0

0

0

0

0.0

A

7.8

PASS

0.5

B

0

0

0

0

0.0

A

7.9

PASS

0

0.3

B

0

0

0

0

0.0

A

7.7

PASS

0

0

0.0

A

0

0

0

0

0.0

A

7.0

PASS

0

0

0.0

A

INC

INC

INC

INC

INC

INC

INC

INC

0

0

1.0

C

0

0

0

0

0.0

A

8.8

PASS

LUNG.org
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S TAT E TA B L E S

KENTUCKY
American Lung Association in Kentucky
www.lung.org/kentucky

AT-RISK GROUPS
Lung Diseases
County

Bell
Boone

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

26,894

5,668

5,067

445

2,312

2,710

25

2,897

2,910

9,494

130,728

34,416

16,976

2,700

10,442

11,535

119

11,614

11,876

9,250

Boyd

47,979

10,320

9,161

809

4,105

4,838

44

5,194

5,213

9,179

Bullitt

80,246

17,766

12,212

1,394

6,793

7,693

73

7,904

8,043

7,345

Campbell

92,488

19,452

13,999

1,526

7,905

8,752

84

8,941

9,079

9,700

Carter

27,144

6,143

4,967

482

2,286

2,668

25

2,847

2,860

7,430

Christian

70,416

19,007

8,572

1,491

5,463

5,450

65

5,357

5,406

12,545

Daviess

100,374

24,503

16,711

1,922

8,239

9,429

92

9,910

9,990

15,714

Edmonson

12,226

2,293

2,494

180

1,082

1,278

11

1,380

1,381

2,036

Fayette

321,959

67,492

41,564

5,294

27,247

28,153

294

27,726

28,210

50,981

Greenup

35,518

7,620

7,347

598

3,045

3,654

32

3,989

3,983

5,609

Hancock

8,801

2,281

1,450

179

710

826

8

871

880

1,065

108,071

26,586

14,805

2,085

8,819

9,700

99

9,810

9,998

13,394

45,928

10,687

7,805

838

3,835

4,433

42

4,668

4,712

7,288

Jefferson

771,158

171,882

121,282

13,482

64,853

72,279

702

74,610

75,467

105,999

Jessamine

53,375

13,128

7,751

1,030

4,360

4,852

49

4,963

5,042

7,559

Livingston

9,269

1,898

1,983

149

809

998

8

1,095

1,096

1,406

McCracken

65,385

14,586

12,653

1,144

5,532

6,521

59

7,033

7,042

9,743

Madison

91,226

19,041

12,246

1,494

7,736

8,065

83

8,004

8,129

14,330

Morgan

13,188

2,469

2,105

194

1,163

1,304

12

1,339

1,360

3,418

Oldham

66,415

16,892

8,408

1,325

5,388

6,022

61

6,036

6,204

3,106

Perry

26,553

6,060

4,358

475

2,234

2,586

24

2,702

2,739

6,706

Pike

58,883

12,159

10,696

954

5,096

5,973

54

6,334

6,390

16,502

Pulaski

64,449

14,451

11,981

1,134

5,450

6,414

59

6,864

6,897

15,049

Simpson

18,108

4,381

2,997

344

1,493

1,717

17

1,802

1,820

2,550

Trigg

14,444

3,133

3,209

246

1,241

1,538

13

1,707

1,702

2,011

128,845

29,322

16,373

2,300

10,647

10,965

118

10,806

10,981

19,562

Hardin
Henderson

Warren
Washington
Totals

12,126

2,828

2,132

222

1,013

1,183

11

1,255

1,265

1,792

2,502,196

566,464

381,304

44,433

209,297

231,537

2,284

237,658

240,674

370,763
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S TAT E TA B L E S

KENTUCKY
American Lung Association in Kentucky
www.lung.org/kentucky

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Bell

0

0

0

0.0

Boone

1

0

0

Boyd

5

0

0

Bullitt

3

0

Campbell

10

Carter
Christian

Design
Value

Pass/
Fail

PASS

A

1

1

0

0

0.8

B

8.8

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

1.7

C

0

0

0

0

0.0

A

8.0

PASS

0

1.0

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

0

0

3.3

F

0

0

0

0

0.0

A

8.4

PASS

0

0

0

0.0

A

1

0

0

0

0.3

B

6.7

PASS

0

0

0

0.0

A

0

0

0

0

0.0

A

8.5

PASS

Daviess

2

1

0

1.2

C

0

0

0

0

0.0

A

8.8

PASS

Edmonson

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Fayette

4

0

0

1.3

C

0

0

0

0

0.0

A

8.2

PASS

Greenup

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Hancock

8

0

0

2.7

D

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Hardin

2

0

0

0.7

B

0

0

0

0

0.0

A

8.5

PASS

Henderson

6

0

0

2.0

C

1

0

0

0

0.3

B

8.9

PASS

Jefferson

22

4

0

9.3

F

1

1

0

0

0.8

B

9.7

PASS

Jessamine

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Livingston

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

McCracken

2

0

0

0.7

B

1

0

0

0

0.3

B

8.6

PASS

Madison

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

7.7

PASS

Morgan

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Oldham

8

0

0

2.7

D

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Perry

0

0

0

0.0

A

0

1

0

0

0.5

B

8.0

PASS

Pike

0

0

0

0.0

A

2

0

0

0

0.7

B

7.4

PASS

Pulaski

0

0

0

0.0

A

0

0

0

0

0.0

A

7.9

PASS

Simpson

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Trigg

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Warren

0

0

0

0.0

A

0

0

0

0

0.0

A

8.2

PASS

Washington

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC
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S TAT E TA B L E S

LOUISIANA
American Lung Association in Louisiana
www.lung.org/louisiana

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Ascension Parish

122,948

33,080

14,039

2,895

Bossier Parish

127,634

32,024

17,681

2,802

8,421

8,323

85

Caddo Parish

246,581

59,169

40,667

5,178

16,362

17,156

163

Calcasieu Parish

202,445

50,403

29,245

4,410

13,364

13,538

135

East Baton Rouge
Parish

446,268

101,307

60,934

8,865

30,451

29,376

Iberville Parish

33,027

6,918

5,060

605

2,294

Jefferson Parish

439,036

96,191

72,595

8,417

Lafayette Parish

242,485

57,539

30,574

5,035

Lafourche Parish

98,426

23,053

14,789

2,017

Livingston Parish

138,228

35,800

17,629

3,133

9,053

Orleans Parish

393,292

79,030

55,284

6,915

27,747

Ouachita Parish

155,874

39,012

22,267

3,414

10,277

Pointe Coupee Parish

7,977

7,770

Lung
Cancer

82

Cardiovascular
Disease
Diabetes

9,302

Poverty

11,647

15,316

10,214

12,480

20,997

21,880

26,193

62,114

16,826

20,480

28,177

296

35,552

43,659

82,191

2,349

22

2,932

3,569

6,689

29,975

31,444

292

39,975

48,065

74,274

16,376

15,821

161

19,006

23,586

41,306

6,618

6,817

66

8,536

10,375

15,279

8,954

92

10,895

13,466

15,669

27,145

260

32,993

40,598

99,613

10,328

103

12,789

15,578

37,173

22,268

5,016

4,351

439

1,492

1,679

15

2,225

2,617

4,167

131,648

32,758

20,949

2,866

8,646

9,044

88

11,490

13,810

25,427

St. Bernard Parish

46,202

12,353

5,094

1,081

3,009

2,869

31

3,394

4,265

9,166

St. James Parish

21,367

4,915

3,471

430

1,439

1,533

14

1,956

2,358

3,532

St. John the Baptist
Parish

43,441

10,781

5,942

943

2,879

2,939

29

3,636

4,469

7,777

Rapides Parish

St. Martin Parish

54,171

13,402

7,750

1,173

3,586

3,688

36

4,598

5,616

10,246

St. Tammany Parish

256,327

61,866

41,703

5,414

16,990

18,210

171

23,326

28,059

28,338

Tangipahoa Parish

132,497

32,651

18,468

2,857

8,794

8,759

88

10,776

13,177

26,919

Terrebonne Parish

112,086

28,724

15,422

2,513

7,342

7,429

75

9,185

11,249

21,712

West Baton Rouge
Parish

26,265

6,399

3,504

560

1,754

1,751

18

2,143

2,641

3,471

3,492,516

822,391

507,418

71,963

234,844

236,924

2,322

293,627

357,959

639,553

Totals
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S TAT E TA B L E S

LOUISIANA
American Lung Association in Louisiana
www.lung.org/louisiana

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
Parish
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Design
Value

Pass/
Fail

Ascension Parish

11

0

0

3.7

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Bossier Parish

1

0

0

0.3

B

DNC

DNC

DNC

DNC

Caddo Parish

0

0

0

0.0

A

0

0

0

0

DNC

DNC

DNC

DNC

0.0

A

10.2

PASS

Calcasieu Parish

6

1

0

2.5

D

0

0

0

0

0.0

A

7.6

PASS

East Baton Rouge
Parish

17

2

0

6.7

F

2

0

0

0

0.7

B

9.0

PASS

Iberville Parish

12

0

0

4.0

F

0

0

0

0

0.0

A

8.2

PASS

Jefferson Parish

3

0

0

1.0

C

Lafayette Parish

1

0

0

0.3

B

0

0

0

0

0.0

A

7.5

PASS

0

0

0

0

0.0

A

7.6

PASS

Lafourche Parish

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Livingston Parish

7

0

0

2.3

D

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Orleans Parish

DNC

DNC

Ouachita Parish

0

0

DNC

DNC

DNC

0

0

0

0

0.0

A

8.2

PASS

0

0.0

A

0

0

0

0

0.0

A

INC

INC

Pointe Coupee Parish

4

0

0

1.3

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

INC

INC

St. Bernard Parish

2

0

0

0.7

B

0

0

0

0

0.0

A

8.5

PASS

St. James Parish

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Rapides Parish

St. John the Baptist
Parish

3

0

0

1.0

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

St. Martin Parish

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

St. Tammany Parish

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Tangipahoa Parish

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

7.5

PASS

Terrebonne Parish

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

7.1

PASS

West Baton Rouge
Parish

8

0

0

2.7

D

0

0

0

0

0.0

A

9.1

PASS
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S TAT E TA B L E S

MAINE
American Lung Association in Maine
www.lung.org/maine

AT-RISK GROUPS
Lung Diseases
County

Androscoggin
Aroostook

Total		
Population Under 18

107,651

23,469

65 &
Over

18,496

Pediatric
Asthma

1,880

Adult		
Asthma
COPD

9,412

6,272

Lung
Cancer

76

Cardiovascular
Disease
Diabetes

7,658

8,613

Poverty

12,975

67,653

12,398

15,773

993

6,156

4,518

48

5,761

6,316

9,499

292,500

55,311

52,146

4,430

26,513

17,581

206

21,506

24,117

22,900

Franklin

29,988

5,321

6,474

426

2,751

1,946

21

2,450

2,703

3,950

Hancock

54,497

9,430

12,972

755

5,020

3,692

38

4,716

5,163

5,914

Kennebec

Cumberland

121,821

23,726

23,288

1,900

10,959

7,558

86

9,322

10,447

14,707

Knox

39,790

7,129

9,721

571

3,635

2,686

28

3,462

3,760

4,099

Oxford

57,439

10,714

12,023

858

5,216

3,747

41

4,664

5,218

7,636

Penobscot

151,957

27,771

27,241

2,224

13,880

9,148

107

11,207

12,534

20,627

Sagadahoc

35,392

6,759

7,591

541

3,194

2,292

25

2,880

3,192

3,416

Washington

31,593

5,929

7,548

475

2,857

2,114

22

2,713

2,960

6,473

York
Totals

204,191

38,877

40,300

3,114

18,463

12,867

144

15,932

17,818

15,776

1,194,472

226,834

233,573

18,167

108,055

74,423

843

92,272

102,840

127,972
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S TAT E TA B L E S

MAINE
American Lung Association in Maine
www.lung.org/maine

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Androscoggin

0

0.0

Aroostook

0

0

0

0.0

A

Cumberland

3

0

0

1.0

C

Franklin

DNC

DNC

DNC

DNC

DNC

Hancock

9

1

0

3.5

F

Kennebec

0

0

0

0.0

A

0

0

0

0

0.0

A

INC

INC

Knox

5

0

0

1.7

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Oxford

0

0

0

0.0

A

0

0

0

0

0.0

A

6.6

Pass

0

0

A

0

Design
Value

Pass/
Fail

0

0

0

0.0

A

7.0

Pass

0

1

0

0

0.5

B

7.3

Pass

0

0

0

0

0.0

A

7.0

Pass

INC

INC

INC

INC

INC

INC

INC

INC

0

0

0

0

0.0

A

4.1

Pass

Penobscot

0

0

0

0.0

A

0

0

0

0

0.0

A

6.4

Pass

Sagadahoc

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Washington

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

York

5

1

0

2.2

D

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC
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S TAT E TA B L E S

MARYLAND
American Lung Association in Maryland
www.lung.org/maryland

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

Anne Arundel

573,235

127,512

82,263

12,329

42,503

25,323

323

33,460

46,057

34,314

Baltimore

832,468

180,026

139,448

17,406

61,949

38,835

467

52,105

70,307

67,176

Calvert

91,502

21,405

13,194

2,070

6,619

4,144

52

5,516

7,672

5,415

Carroll

167,781

36,659

27,504

3,544

12,345

8,007

94

10,771

14,762

8,298

Cecil

102,746

23,470

15,672

2,269

7,495

4,713

58

6,295

8,668

9,862

Charles

159,700

38,648

19,386

3,737

11,530

6,724

90

8,787

12,403

11,823

32,162

6,802

6,781

658

2,373

1,670

18

2,302

3,037

4,962

252,022

58,661

35,571

5,672

18,369

11,133

142

14,739

20,411

16,626

Dorchester
Frederick
Garrett

29,233

5,503

6,369

532

2,218

1,571

16

2,166

2,861

3,377

Harford

252,160

56,494

39,773

5,462

18,510

11,674

142

15,624

21,391

17,620

Howard

321,113

78,588

42,981

7,598

23,082

13,768

181

18,152

25,229

18,895

Kent
Montgomery
Prince George's

19,384

3,081

5,104

298

1,523

1,126

11

1,575

2,016

2,312

1,058,810

246,303

158,187

23,814

77,262

47,152

595

62,695

85,851

73,280

912,756

203,066

116,434

19,634

68,009

38,678

512

50,438

70,300

76,564

Washington

150,578

33,247

25,321

3,215

11,104

7,080

85

9,524

12,890

19,017

Baltimore City

611,648

126,316

82,925

12,213

46,743

26,133

342

34,075

46,804

130,267

5,567,298 1,245,781

816,913

120,450

411,636

247,727

3,127

328,225

450,660

499,808

Totals
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S TAT E TA B L E S

MARYLAND
American Lung Association in Maryland
www.lung.org/maryland

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Anne Arundel

18

0

0

6.0

INC

Baltimore

41

5

1

16.8

F

0

0

0

0

0.0

Calvert

4

0

0

1.3

C

DNC

DNC

DNC

DNC

DNC

Carroll

7

0

0

2.3

D

DNC

DNC

DNC

DNC

DNC

Cecil

20

3

0

8.2

F

0

0

0

0

F

INC

INC

INC

INC

Design
Value

Pass/
Fail

INC

INC

A

8.9

PASS

DNC

DNC

DNC

DNC

DNC

DNC

0.0

A

8.4

PASS

INC

Charles

7

0

0

2.3

D

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Dorchester

4

0

0

1.3

C

0

0

0

0

0.0

A

7.8

PASS

Frederick

6

0

0

2.0

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Garrett

0

0

0

0.0

A

0

0

0

0

0.0

A

5.5

PASS

Harford

22

4

0

9.3

F

1

0

0

0

0.3

B

8.1

PASS

Howard

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

9.1

PASS

14

0

0

4.7

F

0

0

0

0

0.0

A

7.9

PASS

Kent
Montgomery

7

0

0

2.3

D

0

0

0

0

0.0

A

7.4

PASS

Prince George's

21

1

0

7.5

F

0

0

0

0

0.0

A

8.4

PASS

Washington

5

0

0

1.7

C

1

0

0

0

0.3

B

8.6

PASS

Baltimore City

12

1

0

4.5

F

2

0

0

0

0.7

B

8.7

PASS
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S TAT E TA B L E S

MASSACHUSETTS
American Lung Association in Massachusetts
www.lung.org/massachusetts

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

Barnstable

213,444

Berkshire

126,313

21,550

Bristol

561,483

116,076

Dukes

17,325

3,051

Essex

785,205

168,153

Franklin

32,333

65 &
Over

63,768

Pediatric
Asthma

Adult		
Asthma
COPD

5,124

19,938

12,769

28,800

3,415

11,767

6,552

93,547

18,395

50,862

24,890

4,049

483

1,597

914

130,723

26,647

70,408

34,672

Lung
Cancer

133

Cardiovascular
Disease
Diabetes

Poverty

18,656

22,266

15,846

79

9,338

11,420

12,744

351

34,519

43,371

60,780

11

1,304

1,599

1,299

490

48,103

60,460

78,610

70,702

12,453

14,984

1,973

6,561

3,578

44

5,050

6,259

7,218

Hampden

469,818

101,902

77,379

16,148

42,097

20,272

293

28,214

35,150

77,905

Hampshire

161,834

23,974

26,801

3,799

15,927

7,063

101

9,851

12,062

14,206

Middlesex

1,602,947

319,236

240,158

50,590

147,883

67,184

1,002

92,577

116,162

124,404

Norfolk

700,322

147,936

116,110

23,444

63,074

30,882

437

42,831

53,814

45,495

Plymouth

515,142

111,411

90,682

17,655

45,814

23,574

322

32,780

41,318

36,645

Suffolk

797,939

133,837

93,737

21,209

78,053

29,324

498

39,971

49,271

134,360

Worcester

826,116

175,693

126,229

27,842

74,527

35,438

516

48,714

61,838

82,794

6,848,590 1,367,605 1,106,967

216,725

628,507

297,113

4,278

411,908

514,991

692,306

Totals
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S TAT E TA B L E S

MASSACHUSETTS
American Lung Association in Massachusetts
www.lung.org/massachusetts

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Design
Value

Pass/
Fail

Barnstable

10

0

0

3.3

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Berkshire

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

6.3

PASS

Bristol

14

1

0

5.2

F

0

0

0

0

0.0

A

6.1

PASS

Dukes

6

2

0

3.0

D

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Essex

9

0

0

3.0

D

0

0

0

0

0.0

A

5.3

PASS

Franklin

3

0

0

1.0

C

0

0

0

0

0.0

A

5.5

PASS

Hampden

12

1

0

4.5

F

0

0

0

0

0.0

A

6.9

PASS

Hampshire

10

1

0

3.8

F

0

0

0

0

0.0

A

INC

INC

Middlesex

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Norfolk

8

1

0

3.2

D

INC

INC

INC

INC

INC

INC

INC

INC

Plymouth

6

0

0

2.0

C

0

0

0

0

0.0

A

5.3

PASS

Suffolk

4

0

0

1.3

C

0

0

0

0

0.0

A

7.2

PASS

Worcester

7

0

0

2.3

D

0

0

0

0

0.0

A

5.9

PASS
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S TAT E TA B L E S

MICHIGAN
American Lung Association in Michigan
www.lung.org/michigan

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Allegan

116,447

28,398

18,665

2,488

9,519

7,832

74

9,387

Bay

Poverty

9,946

10,969

104,239

21,277

20,718

1,864

8,907

7,643

66

9,469

9,917

14,920

Benzie

17,573

3,239

4,486

284

1,519

1,437

11

1,862

1,929

1,627

Berrien

154,259

33,922

29,756

2,972

12,928

11,024

98

13,634

14,280

26,055

Cass

51,381

10,754

10,468

942

4,351

3,849

33

4,791

5,026

6,065

Chippewa

37,711

6,933

6,582

607

3,333

2,625

24

3,159

3,317

5,570

Clinton

78,443

17,645

12,819

1,546

6,575

5,380

50

6,443

6,824

5,718

407,385

92,644

69,353

8,117

33,985

28,014

257

33,849

35,720

73,568

Genesee
Huron

31,280

6,024

7,691

528

2,681

2,513

20

3,238

3,361

4,122

Ingham

290,186

57,751

38,008

5,060

25,466

17,576

183

20,086

21,203

53,746

Kalamazoo

262,985

57,117

38,344

5,004

22,440

16,386

166

19,208

20,206

35,561

Kent

648,594

158,211

85,882

13,862

53,497

39,764

410

46,021

48,892

66,316

Lenawee

98,623

20,970

18,160

1,837

8,365

6,992

63

8,552

8,985

9,679

Macomb

871,375

185,308

144,709

16,236

74,206

60,568

551

72,550

76,805

96,264

Manistee

24,427

4,290

6,140

376

2,138

1,996

16

2,573

2,668

3,110

Mason

29,073

5,901

6,648

517

2,469

2,241

18

2,856

2,969

3,798

Missaukee

14,998

3,472

3,034

304

1,234

1,089

10

1,363

1,425

2,100

Monroe

149,649

32,208

26,266

2,822

12,663

10,681

95

12,930

13,677

17,416

Muskegon

173,693

40,424

28,456

3,542

14,415

11,658

110

14,007

14,784

25,478

1,250,836

265,817

204,842

23,290

106,599

86,715

791

103,581

109,764

95,968

Ottawa

286,383

69,249

41,775

6,067

23,619

17,829

181

21,019

22,168

22,831

St. Clair

159,350

33,599

29,085

2,944

13,533

11,644

101

14,181

14,994

19,533

8,049

1,351

2,127

118

708

688

5

892

927

1,151

52,764

10,890

10,459

954

4,492

3,927

33

4,859

5,105

7,375

Oakland

Schoolcraft
Tuscola
Washtenaw
Wayne
Wexford
Totals

367,627

68,709

49,147

6,020

32,733

22,842

233

26,130

27,624

44,394

1,753,616

416,178

265,150

36,465

145,113

114,437

1,107

135,536

143,598

392,205

33,276

7,826

6,223

686

2,734

2,344

21

2,890

3,034

4,425

7,474,222 1,660,107 1,184,993

145,455

630,222

499,691

4,724

595,065
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629,146 1,049,964

S TAT E TA B L E S

MICHIGAN
American Lung Association in Michigan
www.lung.org/michigan

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Allegan

0.0

Bay

17

0

0

5.7

F

0

0

0

0

A

Design
Value

Pass/
Fail

7.5

PASS

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

7.1

PASS

Benzie

10

0

0

3.3

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Berrien

18

0

0

6.0

F

0

0

0

0

0.0

A

7.8

PASS

Cass

17

0

0

5.7

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Chippewa

1

0

0

0.3

B

0

0

0

0

0.0

A

INC

INC

Clinton

7

0

0

2.3

D

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Genesee

11

0

0

3.7

F

0

0

0

0

0.0

A

7.5

PASS

Huron

7

0

0

2.3

D

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Ingham

6

0

0

2.0

C

0

0

0

0

0.0

A

7.7

PASS

Kalamazoo

10

0

0

3.3

F

0

0

0

0

0.0

A

8.4

PASS

Kent

10

0

0

3.3

F

0

1

0

0

0.5

B

9.1

PASS

Lenawee

3

0

0

1.0

C

0

0

0

0

0.0

A

7.8

PASS

Macomb

15

0

0

5.0

F

0

1

0

0

0.5

B

8.2

PASS

Manistee

5

0

0

1.7

C

0

0

0

0

0.0

A

5.9

PASS

Mason

8

0

0

2.7

D

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Missaukee

8

0

0

2.7

D

0

0

0

0

0.0

A

5.1

PASS

DNC

DNC

DNC

DNC

DNC

1

0

0

0

0.3

B

8.2

PASS

Muskegon

15

3

0

6.5

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Oakland

11

0

0

3.7

F

1

0

0

0

0.3

B

8.5

PASS

Monroe

Ottawa

8

0

0

2.7

D

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

St. Clair

16

0

0

5.3

F

0

0

0

0

0.0

A

8.4

PASS

Schoolcraft

12

0

0

4.0

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Tuscola

4

0

0

1.3

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Washtenaw

9

0

0

3.0

D

0

0

0

0

0.0

A

8.4

PASS

Wayne

18

0

0

6.0

F

5

0

0

0

1.7

C

11.2

PASS

Wexford

7

0

0

2.3

D

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC
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S TAT E TA B L E S

MINNESOTA
American Lung Association in Minnesota
www.lung.org/minnesota

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

Anoka

351,373

Becker

34,098

Beltrami

46,513

Carlton

35,498
5,398

Cook
Crow Wing

84,276

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

47,582

3,812

19,583

11,534

203

17,283

20,335

18,795

8,350

6,884

378

1,873

1,266

20

2,079

2,271

3,909

11,777

7,239

533

2,545

1,495

27

2,317

2,620

8,329

8,017

6,042

363

2,007

1,266

21

1,989

2,253

3,158

858

1,477

39

328

245

3

421

445

471

64,424

14,059

14,155

636

3,659

2,528

37

4,199

4,546

6,220

421,751

103,532

57,393

4,683

23,331

13,727

244

20,620

24,187

24,329

Goodhue

46,304

10,379

8,823

469

2,617

1,727

27

2,781

3,092

3,650

Hennepin

Dakota

1,252,024

275,532

170,885

12,463

71,730

40,351

724

60,095

70,394

129,217

Lake

10,524

1,931

2,681

87

622

457

6

776

828

869

Lyon

25,831

6,485

3,936

293

1,417

841

15

1,297

1,480

3,027

Mille Lacs

25,872

6,276

4,632

284

1,429

927

15

1,479

1,654

2,782

Olmsted

154,930

37,946

23,252

1,716

8,571

5,081

89

7,795

8,942

12,737

Ramsey

547,974

127,779

77,087

5,780

30,855

17,434

316

26,234

30,402

74,390

St. Louis

200,000

38,171

37,558

1,727

11,819

7,422

116

11,801

13,165

27,827

Scott

145,827

40,626

15,199

1,838

7,737

4,288

84

6,143

7,493

5,759

Stearns

157,822

36,346

23,157

1,644

8,914

5,105

91

7,751

8,921

16,561

Washington

256,348

63,271

36,887

2,862

14,136

8,555

148

13,020

15,146

10,617

Wright

134,286

37,776

16,528

1,709

7,083

4,088

78

6,070

7,182

7,204

3,916,797

913,387

561,397

41,315

220,257

128,337

2,264

194,152

225,357

359,851

Totals
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S TAT E TA B L E S

MINNESOTA
American Lung Association in Minnesota
www.lung.org/minnesota

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Anoka

0.3

Becker

1

0

0

B

2

Design
Value

Pass/
Fail

0

0

0

0.7

B

6.7

PASS

0

0

0

0.0

A

2

0

0

0

0.7

B

4.8

PASS

Beltrami

DNC

DNC

DNC

DNC

DNC

2

0

0

0

0.7

B

5.2

PASS

Carlton

1

0

0

0.3

B

1

0

0

0

0.3

B

INC

INC

DNC

DNC

DNC

DNC

DNC

INC

INC

INC

INC

INC

INC

INC

INC

Cook
Crow Wing

0

0

0

0.0

A

2

0

0

0

0.7

B

5.8

PASS

DNC

DNC

DNC

DNC

DNC

1

0

0

0

0.3

B

6.7

PASS

Goodhue

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Hennepin

0

0

0

0.0

A

2

0

0

0

0.7

B

8.0

PASS

Lake

0

0

0

0.0

A

1

0

0

0

0.3

B

4.0

PASS

Lyon

1

0

0

0.3

B

1

0

0

0

0.3

B

5.0

PASS

Mille Lacs

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Dakota

Olmsted

0

0

0

0.0

A

2

0

0

0

0.7

B

6.7

PASS

Ramsey

DNC

DNC

DNC

DNC

DNC

3

1

0

0

1.5

C

7.5

PASS

St. Louis

0

0

0

0.0

A

1

0

0

0

0.3

B

5.2

PASS

Scott

0

0

0

0.0

A

0

0

0

0

0.0

A

6.4

PASS

Stearns

0

0

0

0.0

A

0

1

0

0

0.5

B

5.7

PASS

Washington

0

0

0

0.0

A

2

0

0

0

0.7

B

6.4

PASS

Wright

1

0

0

0.3

B

1

0

0

0

0.3

B

6.3

PASS
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S TAT E TA B L E S

MISSISSIPPI
American Lung Association in Mississippi
www.lung.org/mississippi

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Bolivar

31,945

7,778

4,875

DeSoto

178,751

46,276

Forrest

75,471

17,411

Grenada

21,087

Hancock

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

885

1,989

1,975

24

2,739

3,391

22,578

5,264

10,913

10,635

133

14,352

18,220

15,440

10,080

1,981

4,716

4,439

56

5,985

7,458

16,401

4,999

3,713

569

1,340

1,398

16

1,987

2,442

4,246

47,053

9,956

8,996

1,133

3,114

3,330

35

4,775

5,873

7,921

Harrison

205,027

49,384

29,702

5,618

12,824

12,680

153

17,424

21,775

39,266

Hinds

239,497

58,754

32,519

6,683

14,822

14,370

177

19,537

24,493

46,575

Jackson

142,152

33,494

21,935

3,810

9,015

9,137

106

12,688

15,847

20,359

Lauderdale

76,155

18,009

12,810

2,049

4,820

4,936

57

6,956

8,567

14,922

Lee

84,933

21,629

12,281

2,460

5,234

5,232

63

7,213

9,027

11,739

Yalobusha

12,497

2,829

2,427

322

809

865

9

1,248

1,521

2,626

1,114,568

270,519

161,916

30,772

69,597

68,997

829

94,902

118,615

189,260

Totals
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9,765

S TAT E TA B L E S

MISSISSIPPI
American Lung Association in Mississippi
www.lung.org/mississippi

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Bolivar

0.0

DNC

0

0

0

A

DNC

DNC

DNC

DNC

DNC

Design
Value

Pass/
Fail

DNC

DNC

DeSoto

1

0

0

0.3

B

0

0

0

0

0.0

A

8.1

Pass

Forrest

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

8.9

Pass

Grenada

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

7.2

Pass

Hancock

0

0

0

0.0

A

0

0

0

0

0.0

A

8.1

Pass

Harrison

3

0

0

1.0

C

0

0

0

0

0.0

A

8.1

Pass

Hinds

0

0

0

0.0

A

0

0

0

0

0.0

A

8.9

Pass

Jackson

1

0

0

0.3

B

0

0

0

0

0.0

A

8.3

Pass

Lauderdale

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Lee

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Yalobusha

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC
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S TAT E TA B L E S

MISSOURI
American Lung Association in Missouri
www.lung.org/missouri

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

Andrew

17,555

4,017

3,273

390

1,257

1,243

13

1,522

1,539

1,378

Boone

178,271

36,168

21,123

3,508

13,350

10,135

128

11,807

11,976

25,432

Buchanan

89,065

20,244

13,891

1,963

6,420

5,764

65

6,925

7,022

13,197

Callaway

45,032

9,458

7,102

917

3,318

2,996

33

3,591

3,651

5,033

103,724

25,297

17,126

2,453

7,298

6,921

75

8,372

8,501

9,435

Cass
Cedar

14,073

3,367

3,255

327

991

1,053

10

1,331

1,324

2,377

242,874

58,948

33,562

5,717

17,174

15,060

175

17,855

18,230

17,794

Clinton

20,554

4,833

3,660

469

1,460

1,435

15

1,747

1,772

2,229

Greene

289,805

60,664

46,801

5,883

21,415

18,549

209

22,412

22,529

45,036

Jackson

698,895

165,940

101,792

16,093

49,749

44,002

503

52,487

53,407

94,910

Jasper

120,217

30,199

18,329

2,929

8,403

7,461

87

8,987

9,083

19,719

Jefferson

Clay

223,810

52,350

32,419

5,077

15,971

14,737

162

17,482

17,954

23,704

Lincoln

56,183

14,315

7,430

1,388

3,904

3,520

41

4,146

4,269

5,436

Monroe

8,612

1,888

1,968

183

622

662

6

831

831

1,146

Perry
St. Charles
Ste. Genevieve
St. Louis
Taney
St. Louis City
Totals

19,225

4,513

3,380

438

1,368

1,320

14

1,607

1,627

1,837

395,504

93,319

58,031

9,050

28,175

25,517

285

30,393

31,049

20,661

17,843

3,899

3,372

378

1,294

1,306

13

1,595

1,619

1,885

996,726

219,750

176,498

21,311

72,298

68,716

716

83,637

84,555

97,993

55,355

11,669

11,758

1,132

4,059

4,003

40

4,997

4,978

7,401

308,626

59,774

40,262

5,797

23,304

19,101

222

22,385

22,853

64,108

3,901,949

880,612

605,032

85,402

281,829

253,501

2,811

304,108

308,769

460,711
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S TAT E TA B L E S

MISSOURI
American Lung Association in Missouri
www.lung.org/missouri

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Andrew

0.3

Boone

1

0

0

Design
Value

Pass/
Fail

DNC

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Buchanan

DNC

DNC

DNC

DNC

DNC

1

0

0

0

0.3

B

8.8

PASS

Callaway

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Cass

2

0

0

0.7

B

1

0

0

0

0.3

B

7.3

PASS

Cedar

0

0

0

0.0

A

0

0

0

0

0.0

A

6.8

PASS

Clay

9

0

0

3.0

D

2

0

0

0

0.7

B

7.1

PASS

Clinton

5

0

0

1.7

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Greene

0

0

0

0.0

A

0

0

0

0

0.0

A

INC

INC

Jackson

DNC

DNC

DNC

DNC

DNC

3

0

0

0

1.0

C

9.0

PASS

Jasper

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Jefferson

3

0

0

1.0

C

3

0

0

0

1.0

C

9.3

PASS

Lincoln

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Monroe

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Perry

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

St. Charles

17

2

0

6.7

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Ste. Genevieve

4

0

0

1.3

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

St. Louis

11

0

0

3.7

F

2

0

0

0

0.7

B

9.5

PASS

Taney

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

St. Louis City

3

0

0

1.0

C

3

2

0

0

2.0

C

9.0

PASS
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S TAT E TA B L E S

MONTANA
American Lung Association in Montana
www.lung.org/montana

AT-RISK GROUPS
Lung Diseases
County

Fergus

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

11,291

2,380

2,664

204

800

620

6

792

789

1,396

Flathead

100,000

22,100

18,805

1,895

7,038

5,066

52

6,196

6,399

10,824

Gallatin

107,810

21,733

13,075

1,864

8,000

4,523

56

5,011

5,415

10,195

Lewis and Clark

67,773

14,599

12,239

1,252

4,817

3,390

35

4,106

4,266

5,474

Lincoln

19,440

3,540

5,401

304

1,410

1,194

10

1,564

1,542

3,001

Missoula

117,441

22,463

17,656

1,926

8,760

5,358

61

6,195

6,528

16,351

Phillips

4,119

985

886

84

281

218

2

276

279

585

Powder River

1,752

294

446

25

130

105

1

135

136

209

Ravalli

42,563

8,262

10,661

708

3,063

2,458

22

3,165

3,151

5,275

Richland

11,039

2,823

1,580

242

748

497

6

580

620

957

Rosebud

9,248

2,688

1,391

230

596

408

5

486

512

1,577

Silver Bow

34,602

7,026

6,420

602

2,506

1,736

18

2,106

2,173

5,487

Yellowstone

158,980

37,545

26,229

3,220

11,065

7,452

83

8,905

9,288

15,983

Totals

686,058

146,438

117,453

12,557

49,213

33,026

359

39,518

41,098

77,314
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S TAT E TA B L E S

MONTANA
American Lung Association in Montana
www.lung.org/montana

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Fergus

0.0

0

6.2

0

0

0

A

11

5

0

F

Design
Value

Pass/
Fail

5.1

PASS

Flathead

0

0

0

0.0

A

8

12

3

0

10.7

F

9.1

PASS

Gallatin

DNC

DNC

DNC

DNC

DNC

8

3

0

1

5.0

F

INC

INC

0

0

0

0.0

A

32

17

0

0

19.2

F

9.8

PASS

DNC

DNC

DNC

DNC

DNC

13

18

2

0

14.7

F

13.0

FAIL

Missoula

0

0

0

0.0

A

16

21

1

0

16.5

F

11.4

PASS

Phillips

0

0

0

0.0

A

7

4

0

0

4.3

F

5.7

PASS

Powder River

0

0

0

0.0

A

8

6

0

0

5.7

F

7.8

PASS

Lewis and Clark
Lincoln

Ravalli

DNC

DNC

DNC

DNC

DNC

42

28

2

0

29.3

F

11.7

PASS

Richland

0

0

0

0.0

A

4

4

0

0

3.3

F

INC

INC

Rosebud

0

0

0

0.0

A

8

6

0

0

5.7

F

6.5

PASS

Silver Bow

DNC

DNC

DNC

DNC

DNC

24

10

0

0

13.0

F

10.3

PASS

Yellowstone

DNC

DNC

DNC

DNC

DNC

7

0

0

0

2.3

D

INC

INC

LUNG.org
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S TAT E TA B L E S

NEBR ASK A
American Lung Association in Nebraska
www.lung.org/nebraska

AT-RISK GROUPS
Lung Diseases
County

Douglas

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

561,620

144,522

71,090

8,860

34,655

22,403

328

30,638

39,392

62,619

Hall

61,519

16,758

9,003

1,027

3,694

2,572

36

3,626

4,535

7,247

Knox

8,472

2,058

2,060

126

516

451

5

693

800

1,034

Lancaster

314,358

72,148

42,403

4,423

20,118

12,714

184

17,460

22,295

33,985

Sarpy

181,439

50,162

20,488

3,075

10,937

6,944

106

9,353

12,213

9,108

Scotts Bluff

36,363

9,109

6,750

558

2,228

1,688

21

2,473

2,982

4,733

Washington

20,721

4,928

3,642

302

1,295

984

12

1,421

1,742

1,458

2,556,608

592,561

390,342

43,487

171,868

113,808

1,409

144,701

166,157

274,812

Totals

LUNG.org
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S TAT E TA B L E S

NEBR ASK A
American Lung Association in Nebraska
www.lung.org/nebraska

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Douglas

1.0

0

0

0

8.9

PASS

0

0

0.3

B

Hall

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

5.9

PASS

Knox

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Lancaster

0

0

0

0.0

A

0

0

0

0

0.0

A

6.4

PASS

Sarpy

DNC

DNC

DNC

DNC

DNC

2

0

0

0

0.7

B

8.7

PASS

Scotts Bluff

DNC

DNC

DNC

DNC

DNC

1

0

0

0

0.3

B

INC

INC

Washington

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

6.6

PASS

AMERICAN LUNG ASSOCIATION STATE OF THE AIR 2019

C

Pass/
Fail

1

LUNG.org

3

Design
Value

S TAT E TA B L E S

NEVADA
American Lung Association in Nevada
www.lung.org/nevada

AT-RISK GROUPS
Lung Diseases
County

Churchill
Clark

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

24,230

5,536

4,501

429

1,937

1,412

11

1,732

2,106

2,747

2,204,079

514,192

317,010

39,891

176,845

115,546

1,026

139,163

169,997

305,802

Douglas

48,309

8,336

13,128

647

4,073

3,518

22

4,418

5,351

3,931

Elko

52,649

14,476

5,705

1,123

4,021

2,477

24

2,948

3,640

5,476

Lyon

54,122

11,736

11,425

910

4,368

3,373

25

4,172

5,064

5,779

Washoe

460,587

100,677

73,095

7,811

37,552

25,464

214

30,861

37,681

50,261

White Pine

9,592

1,915

1,667

149

799

556

4

677

825

1,131

Carson City

54,745

11,065

11,026

858

4,515

3,386

25

4,171

5,073

5,679

2,908,313

667,933

437,557

51,818

234,109

155,732

1,354

188,143

229,737

380,806

Totals

LUNG.org
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S TAT E TA B L E S

NEVADA
American Lung Association in Nevada
www.lung.org/nevada

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Churchill

2.0

DNC

Clark

6

0

0

C

DNC

DNC

DNC

DNC

DNC

Design
Value

Pass/
Fail

DNC

DNC

63

2

0

22.0

F

9

1

0

0

3.5

F

9.8

PASS

Douglas

DNC

DNC

DNC

DNC

DNC

8

3

0

0

4.2

F

7.9

PASS

Elko

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Lyon

8

0

0

2.7

D

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Washoe

21

0

0

7.0

F

3

0

0

0

1.0

C

7.6

PASS

White Pine

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Carson City

2

0

0

0.7

B

2

1

0

0

1.2

C

5.0

PASS

LUNG.org
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S TAT E TA B L E S

NEW HAMPSHIRE
American Lung Association in New Hampshire
www.lung.org/newhampshire

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

Belknap

60,785

11,326

13,093

817

6,487

3,584

38

3,948

4,601

4,953

Cheshire

75,960

13,720

14,671

990

8,259

4,256

48

4,554

5,346

6,687

Coos

31,634

5,230

7,339

377

3,452

1,937

20

2,160

2,503

3,415

Grafton

89,386

14,701

17,925

1,060

9,913

5,083

56

5,464

6,387

7,770

409,697

84,639

62,856

6,105

43,549

21,362

258

21,780

26,177

31,832

Hillsborough
Merrimack

149,216

28,806

26,517

2,078

16,015

8,180

94

8,608

10,204

10,392

Rockingham

306,363

60,226

52,881

4,344

32,694

16,927

193

17,714

21,136

15,533

1,123,041

218,648

195,282

15,771

120,369

61,328

707

64,228

76,354

80,582

Totals

LUNG.org
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S TAT E TA B L E S

NEW HAMPSHIRE
American Lung Association in New Hampshire
www.lung.org/newhampshire

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Belknap

0

0

0

0.0

0.0

Cheshire

1

0

0

0.3

B

0

1

0

0

0.5

Coos

7

0

0

2.3

D

DNC

DNC

DNC

DNC

DNC

Grafton

0

0

0

0.0

A

0

0

0

0

0.0

Hillsborough

6

0

0

2.0

C

0

0

0

0

Merrimack

1

0

0

0.3

B

DNC

DNC

DNC

Rockingham

6

0

0

2.0

C

0

0

0

LUNG.org

A

0

0

0

Design
Value

Pass/
Fail

4.7

PASS

B

6.5

PASS

DNC

DNC

DNC

A

5.8

PASS

0.0

A

4.6

PASS

DNC

DNC

DNC

DNC

DNC

0

0.0

A

5.8

PASS

0
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A

S TAT E TA B L E S

NEW JERSEY
American Lung Association in New Jersey
www.lung.org/newjersey

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

151

58,018

46,703

4,815

Bergen

948,406

201,468

159,694

16,722

63,972

46,413

531

57,970

84,999

62,037

Camden

510,719

116,529

77,865

9,672

33,579

23,760

286

29,143

42,972

58,696

Cumberland

152,538

36,267

22,819

3,010

9,864

6,929

86

8,468

12,445

26,129

Essex

808,285

190,779

107,641

15,835

52,391

35,904

452

42,909

64,082

123,806

Gloucester

292,206

64,660

44,846

5,367

19,477

13,865

164

17,046

25,261

19,238

Hudson

691,643

139,805

79,986

11,604

46,041

29,693

388

33,859

50,884

96,125

Hunterdon

125,059

24,795

22,251

2,058

8,722

6,511

70

8,253

12,216

4,793

Mercer

374,733

79,884

55,346

6,630

25,058

17,480

210

21,204

31,409

40,622

Middlesex

842,798

182,065

122,235

15,111

56,101

38,962

472

47,106

69,849

69,518

Monmouth

626,351

133,890

106,513

11,113

42,459

31,155

351

39,131

57,649

45,085

Morris

499,693

106,917

82,840

8,874

33,787

24,576

280

30,686

45,267

24,225

Ocean

597,943

142,047

133,920

11,790

39,051

30,783

334

40,996

57,414

60,406

Passaic

512,607

122,618

72,866

10,177

33,108

23,036

287

27,900

41,309

82,865

Union

563,892

131,357

79,612

10,903

36,831

25,655

316

31,045

46,198

52,052

Warren

106,798

21,523

18,811

1,786

7,358

5,430

60

6,848

10,069

7,770

7,923,589 1,752,622 1,233,948

145,467

525,962

373,433

4,436

459,257

676,415

811,459

AMERICAN LUNG ASSOCIATION STATE OF THE AIR 2019

16,693

24,389

Poverty

269,918

LUNG.org

13,282

Cardiovascular
Disease
Diabetes

Atlantic

Totals

18,161

Lung
Cancer

38,092

S TAT E TA B L E S

NEW JERSEY
American Lung Association in New Jersey
www.lung.org/newjersey

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Design
Value

Pass/
Fail

Atlantic

3

0

0

1.0

C

0

0

0

0

0.0

7.3

PASS

Bergen

25

1

0

8.8

F

1

0

0

0

0.3

Camden

31

1

0

10.8

F

4

0

0

0

1.3

B

8.5

PASS

C

10.3

PASS

Cumberland

3

0

0

1.0

C

INC

INC

INC

INC

INC

INC

INC

INC

Essex

9

0

0

3.0

D

0

0

0

0

0.0

A

8.6

PASS

Gloucester

18

0

0

6.0

F

0

0

0

Hudson

20

1

0

7.2

F

0

0

0

0

0.0

A

INC

INC

0

0.0

A

8.4

PASS

Hunterdon

14

1

0

5.2

F

INC

INC

INC

INC

INC

INC

INC

INC

Mercer

26

1

0

9.2

F

0

Middlesex

26

1

0

9.2

F

0

0

0

0

0.0

A

7.7

PASS

0

0

0

0.0

A

INC

INC

Monmouth

9

1

0

3.5

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Morris

8

1

0

3.2

D

0

0

0

0

0.0

A

6.4

PASS

A

Ocean

17

2

0

6.7

F

1

0

0

0

0.3

B

6.9

PASS

Passaic

13

0

0

4.3

F

0

0

0

0

0.0

A

8.0

PASS

Union

DNC

DNC

DNC

DNC

DNC

1

0

0

0

0.3

B

9.7

PASS

5

0

0

1.7

C

0

0

0

0

0.0

A

8.6

PASS

Warren

LUNG.org
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S TAT E TA B L E S

NEW MEXICO
American Lung Association in New Mexico
www.lung.org/newmexico

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

Bernalillo

676,773

149,686

106,580

13,930

55,794

30,803

261

37,640

54,895

97,103

Doña Ana

215,579

53,579

33,137

4,986

17,191

9,093

83

11,210

16,280

55,541

Eddy

56,997

15,018

8,259

1,398

4,450

2,443

22

2,972

4,349

9,492

Lea

68,759

20,682

7,743

1,925

5,157

2,606

27

3,097

4,623

10,704

Rio Arriba

39,159

9,292

7,313

865

3,114

1,905

15

2,378

3,403

11,221

Sandoval

142,507

33,537

24,348

3,121

11,440

6,718

55

8,289

11,977

21,684

San Juan

126,926

34,390

18,090

3,200

9,812

5,377

49

6,536

9,570

28,936

Santa Fe

148,750

27,436

34,519

2,553

12,500

8,106

57

10,350

14,553

17,838

Taos

32,795

5,926

8,297

551

2,747

1,858

13

2,398

3,342

7,405

Valencia

75,940

17,961

13,049

1,672

6,084

3,579

29

4,421

6,382

12,951

1,584,185

367,507

261,335

34,201

128,289

72,486

611

89,291

129,375

272,875

Totals

LUNG.org

AMERICAN LUNG ASSOCIATION STATE OF THE AIR 2019

S TAT E TA B L E S

NEW MEXICO
American Lung Association in New Mexico
www.lung.org/newmexico

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Bernalillo

0

2.7

0.0

8

0

D

0

0

0

0

A

Design
Value

Pass/
Fail

7.2

PASS

Doña Ana

34

1

0

11.8

F

4

1

0

0

1.8

C

9.0

PASS

Eddy

10

0

0

3.3

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Lea

3

0

0

1.0

C

1

1

0

0

0.8

B

7.5

PASS

Rio Arriba

3

0

0

1.0

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Sandoval

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

San Juan

9

0

0

3.0

D

INC

INC

INC

INC

INC

INC

INC

INC

Santa Fe

0

0

0

0.0

A

INC

INC

INC

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

INC

INC

INC

INC

INC

INC

INC

INC

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Taos
Valencia

LUNG.org
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S TAT E TA B L E S

NEW YORK
American Lung Association in New York
www.lung.org/newyork

AT-RISK GROUPS
Lung Diseases
County

Albany
Bronx

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

309,612

57,509

50,798

5,144

23,122

13,035

186

18,432

25,773

33,186

1,471,160

365,774

181,313

32,719

101,218

53,635

884

73,061

104,165

400,473

Chautauqua

129,046

26,352

25,231

2,357

9,481

5,881

78

8,606

11,869

21,835

Dutchess

295,568

56,452

50,271

5,050

22,098

13,199

179

18,752

26,313

28,178

Erie

925,528

188,721

161,921

16,881

67,901

40,362

557

57,885

80,619

130,831

Essex

37,956

6,189

8,508

554

2,941

1,900

23

2,821

3,866

3,778

Franklin

51,116

9,856

8,257

882

3,799

2,189

31

3,087

4,337

8,454

Hamilton

4,485

620

1,359

55

361

265

3

412

553

436

Herkimer

62,240

12,990

12,448

1,162

4,555

2,877

38

4,228

5,824

8,679

Jefferson

114,187

27,383

14,936

2,449

7,915

4,119

69

5,665

8,001

16,133

2,648,771

605,655

356,714

54,177

186,719

99,106

1,592

136,596

193,116

518,422

Kings
Monroe

747,642

156,669

124,996

14,014

54,402

31,790

450

45,289

63,257

105,493

1,664,727

239,543

266,384

21,427

129,929

69,024

1,000

96,435

135,001

262,605

Niagara

211,328

42,453

39,168

3,797

15,622

9,636

127

13,933

19,371

25,656

Onondaga

465,398

99,681

77,203

8,917

33,697

19,794

280

28,177

39,403

61,647

Orange

382,226

97,396

52,106

8,712

26,265

14,949

231

20,730

29,439

40,379

Oswego

118,478

24,948

18,786

2,232

8,640

5,086

72

7,167

10,099

18,492

New York

Putnam

99,323

19,847

16,583

1,775

7,380

4,522

60

6,403

9,033

5,305

Queens

2,358,582

473,915

354,809

42,392

173,188

97,117

1,421

135,506

191,211

285,222

Richmond

479,458

104,843

75,801

9,378

34,548

20,178

289

28,491

40,053

56,434

Rockland

328,868

91,816

50,897

8,213

21,833

12,850

198

18,353

25,608

43,147

Saratoga

229,869

46,829

40,141

4,189

16,924

10,253

139

14,675

20,513

14,898

Steuben

96,281

20,897

18,463

1,869

6,973

4,368

58

6,380

8,819

12,161

1,492,953

319,381

244,461

28,569

108,549

65,009

901

92,167

129,563

102,014

Suffolk
Tompkins
Wayne
Westchester
Totals

104,802

15,466

14,454

1,383

8,107

4,017

63

5,466

7,727

17,027

90,670

19,550

16,561

1,749

6,594

4,126

55

5,964

8,307

10,866

980,244

217,479

162,696

19,454

70,420

41,972

590

59,811

83,718

81,192

299,503 1,153,180

651,261

9,575

15,900,518 3,348,214 2,445,265
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914,492 1,285,558 2,312,943

S TAT E TA B L E S

NEW YORK
American Lung Association in New York
www.lung.org/newyork

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Albany

2

0

0

0.7

B

0

0

0

0

0.0

Bronx

11

0

0

3.7

F

0

0

0

0

Chautauqua

10

0

0

3.3

F

0

0

0

0

Dutchess

8

0

0

2.7

D

DNC

DNC

DNC

Erie

11

0

0

3.7

F

0

0

0

Essex

2

0

0

0.7

B

0

0

0

0

0.0

Franklin

4

0

0

1.3

C

DNC

DNC

DNC

DNC

DNC

Hamilton

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

Herkimer

4

0

0

1.3

C

DNC

DNC

DNC

DNC

Jefferson

3

0

0

1.0

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

0

0

0

Monroe

5

0

0

1.7

C

0

0

0

New York

10

0

0

3.3

F

0

0

0

0

0.0

Niagara

5

0

0

1.7

C

DNC

DNC

DNC

DNC

DNC

Onondaga

2

0

0

0.7

B

0

0

0

0

0.0

Orange

5

0

0

1.7

C

0

0

0

0

0.0

Oswego

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Putnam

9

1

0

3.5

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Queens

16

1

0

5.8

F

0

0

0

0

0.0

A

7.3

PASS

Richmond

26

1

0

9.2

F

0

0

0

0

0.0

A

7.7

PASS

Rockland

10

0

0

3.3

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Saratoga

4

0

0

1.3

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Steuben

2

0

0

0.7

B

0

0

0

0

0.0

A

5.0

PASS

Suffolk

29

2

0

10.7

F

0

0

0

0

0.0

A

6.9

PASS

Tompkins

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Wayne

3

0

0

1.0

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Westchester

20

0

0

6.7

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Kings

LUNG.org

Design
Value

Pass/
Fail

A

7.0

PASS

0.0

A

8.6

PASS

0.0

A

6.6

PASS

DNC

DNC

DNC

DNC

DNC

0

0.0

A

7.8

PASS

A

3.9

PASS

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

0

0.0

A

8.2

PASS

0

0.0

A

7.0

PASS

A

9.7

PASS

DNC

DNC

DNC

A

5.5

PASS

A

6.6

PASS
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S TAT E TA B L E S

NORTH CAROLINA
American Lung Association in North Carolina
www.lung.org/northcarolina

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

Alamance

162,391

36,657

27,212

4,212

11,665

10,064

111

12,119

14,808

22,721

Alexander

37,286

7,596

7,405

873

2,774

2,536

26

3,098

3,723

4,182

Avery

17,536

2,696

3,719

310

1,379

1,243

12

1,517

1,816

2,806

257,607

48,446

49,934

5,567

19,394

17,163

176

20,841

25,102

28,715

Caldwell

81,981

16,785

15,861

1,929

6,104

5,574

56

6,800

8,211

13,222

Carteret

68,881

12,361

16,698

1,420

5,324

5,227

47

6,495

7,647

9,050

Caswell

22,646

4,244

4,724

488

1,726

1,607

16

1,970

2,363

4,117

Catawba

157,974

35,595

27,317

4,090

11,400

10,029

108

12,126

14,783

19,427

Buncombe

Chatham

71,472

14,542

16,959

1,671

5,359

5,265

49

6,545

7,693

7,305

Cumberland

332,546

81,988

39,113

9,422

22,737

16,899

229

19,583

24,755

58,888

Davidson

165,466

36,710

29,586

4,219

12,033

10,762

114

13,059

15,882

24,941

Duplin

59,039

14,282

10,521

1,641

4,166

3,710

41

4,504

5,449

12,119

311,640

65,988

39,429

7,583

22,401

17,034

213

19,843

25,045

47,090

52,747

12,107

9,965

1,391

3,792

3,438

36

4,193

5,047

13,222

Forsyth

376,320

87,349

58,535

10,038

26,728

22,469

257

26,874

33,092

60,638

Franklin

66,168

14,750

10,821

1,695

4,794

4,162

46

5,009

6,159

10,129

Gaston

220,182

50,111

34,831

5,759

15,785

13,440

151

16,112

19,843

32,751

Durham
Edgecombe

Graham

8,541

1,765

1,989

203

636

616

6

765

899

1,518

Granville

59,557

12,156

9,953

1,397

4,424

3,849

41

4,634

5,702

7,037

Guilford

526,953

118,163

78,185

13,579

37,688

30,930

360

36,766

45,558

73,862

61,084

11,189

14,927

1,286

4,685

4,584

42

5,698

6,683

8,779

Haywood
Jackson

42,973

7,354

8,218

845

3,272

2,794

30

3,372

4,060

6,656

Johnston

196,708

50,573

25,622

5,812

13,533

11,025

135

13,040

16,377

29,365

Lee

60,430

14,657

9,615

1,684

4,246

3,633

41

4,363

5,353

8,760

Lenoir

56,883

12,711

11,013

1,461

4,127

3,773

39

4,610

5,540

13,882

Lincoln

82,403

17,576

14,385

2,020

6,069

5,404

57

6,541

8,001

10,218

McDowell

45,159

9,278

9,068

1,066

3,355

3,085

31

3,775

4,530

7,138

Macon

34,732

6,567

9,778

755

2,653

2,747

24

3,463

3,976

5,585

Martin

22,789

4,628

5,107

532

1,708

1,645

16

2,034

2,410

4,645

1,076,837

257,248

117,564

29,562

74,835

55,776

737

64,438

82,535

120,634

Mecklenburg
Mitchell

15,072

2,768

3,759

318

1,157

1,143

10

1,424

1,666

2,466

Montgomery

27,435

6,184

5,475

711

1,984

1,827

19

2,238

2,676

4,719

New Hanover

227,198

42,857

39,318

4,925

16,972

14,269

155

17,112

20,869

34,283

Person
Pitt

39,370

8,380

7,501

963

2,902

2,648

27

3,230

3,903

5,882

179,042

38,559

22,879

4,431

12,767

9,629

122

11,209

14,099

37,388
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S TAT E TA B L E S

NORTH CAROLINA (cont.)
American Lung Association in North Carolina
www.lung.org/northcarolina

AT-RISK GROUPS
Lung Diseases
County

Rockingham

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

90,949

18,577

18,119

2,135

6,788

6,275

62

7,678

9,242

14,628

Rowan

140,644

31,530

24,068

3,623

10,145

8,849

97

10,682

13,031

20,790

Swain

14,294

3,189

2,702

366

1,033

927

10

1,129

1,358

2,226

Union

231,366

63,059

28,554

7,246

15,632

12,755

159

15,068

19,025

20,824

Wake

1,072,203

259,375

120,454

29,806

74,531

56,725

735

65,869

84,159

93,924

Watauga

55,121

7,198

8,628

827

4,338

3,309

38

3,878

4,801

10,129

Wayne

124,172

29,112

20,039

3,345

8,785

7,444

85

8,931

10,932

24,577

Yancey

17,744

3,291

4,483

378

1,359

1,348

12

1,682

1,963

2,903

6,971,541 1,580,151 1,024,033

181,584

497,181

407,636

4,777

484,318

600,768

944,141

Totals
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AMERICAN LUNG ASSOCIATION STATE OF THE AIR 2019

S TAT E TA B L E S

NORTH CAROLINA
American Lung Association in North Carolina
www.lung.org/northcarolina

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Alamance

DNC

DNC

DNC

DNC

Alexander

0

0

0

Avery

3

0

0

Buncombe

1

0

Caldwell

0

Carteret
Caswell

Design
Value

Pass/
Fail

DNC

INC

INC

INC

INC

INC

INC

INC

INC

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

1.0

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

0

0.3

B

3

4

0

0

3.0

D

7.4

PASS

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

0

0

0

0.0

A

INC

INC

INC

INC

INC

INC

INC

INC

Catawba

DNC

DNC

DNC

DNC

DNC

1

2

0

0

1.3

C

8.7

PASS

Chatham

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

0

0

0

0.0

A

0

0

0

0

0.0

A

8.3

PASS

Davidson

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

8.4

PASS

Duplin

DNC

DNC

DNC

DNC

DNC

INC

INC

INC

INC

INC

INC

INC

INC

Durham

0

0

0

0.0

A

1

0

0

0

0.3

B

8.8

PASS

Edgecombe

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Forsyth

6

0

0

2.0

C

0

0

0

0

0.0

A

7.6

PASS

Franklin

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Gaston

DNC

DNC

DNC

DNC

DNC

INC

INC

INC

INC

INC

INC

INC

INC

Graham

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Granville

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Guilford

5

0

0

1.7

C

1

0

0

0

0.3

B

8.2

PASS

Haywood

3

0

0

1.0

C

INC

INC

INC

INC

INC

INC

INC

INC

Jackson

4

0

0

1.3

C

3

2

0

0

2.0

C

7.8

PASS

Johnston

0

0

0

0.0

A

1

0

0

0

0.3

B

7.4

PASS

Lee

0

0

0

0.0

A

INC

INC

INC

INC

INC

INC

INC

INC

Lenoir

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Lincoln

2

1

0

1.2

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

INC

INC

INC

INC

INC

INC

INC

INC

Macon

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Martin

0

0

0

0.0

A

INC

INC

INC

INC

INC

INC

INC

INC

Mecklenburg

18

0

0

6.0

F

0

0

0

0

0.0

A

8.7

PASS

DNC

DNC

DNC

DNC

DNC

1

3

0

0

1.8

C

7.5

PASS

Cumberland

McDowell

Mitchell
Montgomery

0

0

0

0.0

A

0

0

0

0

0.0

A

6.5

PASS

New Hanover

0

0

0

0.0

A

0

0

0

0

0.0

A

5.7

PASS

Person

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Pitt

0

0

0

0.0

A

0

0

0

0

0.0

A

6.9

PASS

Rockingham

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC
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S TAT E TA B L E S

NORTH CAROLINA (cont.)
American Lung Association in North Carolina
www.lung.org/northcarolina

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Rowan

1

0

0

0.3

B

INC

INC

INC

INC

INC

Swain

0

0

0

0.0

A

8

4

0

0

Union

5

0

0

1.7

C

DNC

DNC

DNC

DNC

Wake

Design
Value

Pass/
Fail

INC

INC

INC

4.7

F

8.1

PASS

DNC

DNC

DNC

DNC

2

0

0

0.7

B

4

0

0

0

1.3

C

8.8

PASS

Watauga

DNC

DNC

DNC

DNC

DNC

INC

INC

INC

INC

INC

INC

INC

INC

Wayne

DNC

DNC

DNC

DNC

DNC

INC

INC

INC

INC

INC

INC

INC

INC

Yancey

3

0

0

1.0

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC
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S TAT E TA B L E S

NORTH DAKOTA
American Lung Association in North Dakota
www.lung.org/northdakota

AT-RISK GROUPS
Lung Diseases
County

Billings
Burke
Burleigh
Cass
Dunn
McKenzie

Total		
Population Under 18

940

182

65 &
Over

199

Pediatric
Asthma

12

Adult		
Asthma
COPD

64

43

Lung
Cancer

Cardiovascular
Disease
Diabetes

1

70

79

Poverty

86

2,131

529

431

34

135

94

1

154

174

193

95,030

22,123

14,657

1,439

6,226

3,723

52

5,782

6,761

6,666

177,787

39,710

20,735

2,584

11,957

6,129

97

9,079

10,927

14,859

4,289

989

665

64

280

176

2

272

322

444

12,724

3,918

1,187

255

758

400

7

579

718

1,066

Mercer

8,465

1,917

1,570

125

550

377

5

600

695

518

Oliver

1,940

482

417

31

122

90

1

147

166

181

Ward

68,946

16,108

8,534

1,048

4,573

2,385

38

3,582

4,259

6,670

Williams

33,349

9,310

3,265

606

2,073

1,078

18

1,562

1,928

2,184

405,601

95,268

51,660

6,199

26,738

14,495

222

21,827

26,029

32,867

Totals
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S TAT E TA B L E S

NORTH DAKOTA
American Lung Association in North Dakota
www.lung.org/northdakota

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Billings

0

0

0

0.0

A

4

2

0

0

2.3

Burke

0

0

0

0.0

A

6

4

0

0

Burleigh

0

0

0

0.0

A

8

2

0

0

Cass

0

0

0

0.0

A

3

0

0

Dunn

1

0

0

0.3

B

10

2

McKenzie

0

0

0

0.0

A

5

Mercer

0

0

0

0.0

A

6

Oliver

1

0

0

0.3

B

Ward

INC

INC

INC

INC

0

0

0

0.0

Williams

LUNG.org

Design
Value

Pass/
Fail

D

INC

INC

4.0

F

4.3

PASS

3.7

F

5.4

PASS

0

1.0

C

INC

INC

0

0

4.3

F

5.8

PASS

3

0

0

3.2

D

3.7

PASS

3

0

0

3.5

F

INC

INC

5

2

0

0

2.7

D

4.9

PASS

INC

INC

INC

INC

INC

INC

INC

INC

INC

A

7

2

0

0

3.3

F

4.1

PASS

AMERICAN LUNG ASSOCIATION STATE OF THE AIR 2019

S TAT E TA B L E S

OHIO
American Lung Association in Ohio
www.lung.org/ohio

AT-RISK GROUPS
Lung Diseases
County

Allen

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

103,198

23,897

17,781

2,065

7,862

6,655

71

7,981

9,023

14,723

Ashtabula

97,807

21,702

18,163

1,876

7,536

6,716

67

8,125

9,142

18,127

Athens

66,597

9,680

8,346

837

5,699

3,860

46

4,307

5,067

16,259

Belmont

68,029

12,941

13,776

1,119

5,442

4,873

47

5,952

6,662

7,114

Butler

380,604

90,111

54,537

7,788

28,986

23,237

261

26,998

31,056

39,242

Clark

134,557

30,415

25,602

2,629

10,291

9,083

92

11,068

12,404

20,082

Clermont

204,214

47,652

32,195

4,119

15,592

13,229

140

15,590

17,794

17,597

42,009

9,795

7,021

847

3,200

2,733

29

3,256

3,694

5,314

Cuyahoga

1,248,514

260,986

221,994

22,558

97,925

83,455

852

100,086

113,146

221,287

Delaware

200,464

53,779

26,487

4,648

14,674

12,036

138

13,872

16,029

9,502

Fayette

28,752

6,801

5,040

588

2,176

1,889

20

2,272

2,565

4,370

Franklin

1,291,981

302,103

151,356

26,111

99,238

72,604

885

81,536

95,583

201,260

Geauga

93,918

21,760

18,498

1,881

7,129

6,625

64

8,106

9,065

5,933

Greene

166,752

34,438

27,949

2,977

13,143

10,805

114

12,827

14,581

15,587

Hamilton

813,822

187,514

122,312

16,207

62,400

50,352

556

58,923

67,512

128,431

Jefferson

66,359

12,833

13,955

1,109

5,277

4,798

45

5,906

6,584

11,251

Knox

61,261

13,966

10,858

1,207

4,686

4,014

42

4,833

5,451

6,165

Lake

230,117

46,727

44,804

4,039

18,141

16,266

158

19,767

22,186

19,693

60,249

13,200

11,175

1,141

4,658

4,099

41

4,960

5,580

11,563

Licking

173,448

40,335

28,043

3,486

13,242

11,251

119

13,320

15,165

15,130

Lorain

307,924

68,598

54,876

5,929

23,729

20,681

211

24,860

28,068

40,404

Lucas

430,887

99,506

68,150

8,601

32,969

27,291

295

32,211

36,733

75,376

44,036

9,066

6,639

784

3,491

2,865

31

3,332

3,831

3,743

Mahoning

229,796

46,179

47,159

3,991

18,112

16,282

157

19,998

22,318

40,879

Medina

178,371

40,393

30,798

3,491

13,705

12,038

122

14,384

16,294

10,629

Miami

105,122

24,259

19,231

2,097

8,005

7,051

72

8,533

9,599

9,387

Montgomery

531,542

118,015

93,680

10,200

40,982

34,770

363

41,781

47,183

81,984

Clinton

Lawrence

Madison

Noble

14,406

2,662

3,821

230

1,146

1,168

10

1,493

1,631

1,893

162,277

30,724

25,845

2,656

13,103

10,566

111

12,379

14,174

18,263

41,120

9,303

7,704

804

3,148

2,813

28

3,413

3,834

4,017

Scioto

75,929

16,421

13,581

1,419

5,897

5,038

52

6,059

6,839

15,481

Stark

372,542

80,517

70,724

6,959

28,882

25,488

255

30,961

34,759

51,852

Summit

541,228

114,124

94,518

9,864

42,396

36,312

370

43,392

49,150

68,434

Trumbull

200,380

41,218

42,012

3,563

15,684

14,324

137

17,671

19,674

30,109

Warren

228,882

57,420

32,371

4,963

17,131

14,277

157

16,575

19,075

10,548

60,418

11,974

12,430

1,035

4,779

4,311

41

5,291

5,907

8,560

130,492

26,445

19,459

2,286

10,367

7,964

89

9,265

10,649

13,328

9,188,004 2,037,459 1,502,890

176,102

710,824

591,816

6,290

701,285

Portage
Preble

Washington
Wood
Totals

LUNG.org

AMERICAN LUNG ASSOCIATION STATE OF THE AIR 2019

798,008 1,273,517

S TAT E TA B L E S

OHIO
American Lung Association in Ohio
www.lung.org/ohio

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Allen

1.7

Ashtabula

5

0

0

Design
Value

Pass/
Fail

PASS

C

0

0

0

0

0.0

A

8.3

11

0

0

3.7

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Athens

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

6.7

PASS

Belmont

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

INC

INC

Butler

20

0

0

6.7

F

0

0

0

0

0.0

A

11.1

PASS

Clark

12

0

0

4.0

F

0

0

0

0

0.0

A

8.5

PASS

Clermont

10

0

0

3.3

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Clinton

10

0

0

3.3

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Cuyahoga

13

0

0

4.3

F

1

0

0

0

0.3

B

11.7

PASS

Delaware

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Fayette

5

0

0

1.7

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Franklin

16

0

0

5.3

F

1

0

0

0

0.3

B

9.0

PASS

Geauga

21

0

0

7.0

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Greene

6

0

0

2.0

C

0

0

0

0

0.0

A

7.8

PASS

Hamilton

21

1

0

7.5

F

0

0

0

0

0.0

A

10.1

PASS

Jefferson

1

0

0

0.3

B

5

0

0

0

1.7

C

10.7

PASS

Knox

4

0

0

1.3

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Lake

23

0

0

7.7

F

0

0

0

0

0.0

A

7.4

PASS

Lawrence

6

0

0

2.0

C

1

0

0

0

0.3

B

6.8

PASS

Licking

5

0

0

1.7

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Lorain

3

0

0

1.0

C

0

0

0

0

0.0

A

7.6

PASS

Lucas

7

0

0

2.3

D

2

0

0

0

0.7

B

9.0

PASS

Madison

4

0

0

1.3

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Mahoning

1

0

0

0.3

B

0

0

0

0

0.0

A

9.0

PASS

Medina

1

0

0

0.3

B

5

0

0

0

1.7

C

8.4

PASS

Miami

6

0

0

2.0

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Montgomery

9

0

0

3.0

D

0

0

0

0

0.0

A

8.9

PASS

Noble

3

0

0

1.0

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Portage

0

0

0

0.0

A

0

0

0

0

0.0

A

7.8

PASS

Preble

3

0

0

1.0

C

0

0

0

0

0.0

A

7.7

PASS

Scioto

DNC

DNC

DNC

DNC

DNC

1

0

0

0

0.3

B

INC

INC

Stark

14

0

0

4.7

F

1

0

0

0

0.3

B

10.1

PASS

Summit

1

0

0

0.3

B

1

0

0

0

0.3

B

10.2

PASS

Trumbull

9

0

0

3.0

D

1

0

0

0

0.3

B

INC

INC

Warren

14

0

0

4.7

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Washington

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Wood

3

0

0

1.0

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC
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S TAT E TA B L E S

OKLAHOMA
American Lung Association in Oklahoma
www.lung.org/oklahoma

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

Adair

21,909

5,712

3,473

560

1,559

1,454

15

1,870

2,153

5,905

Bryan

46,319

10,850

8,263

1,063

3,405

3,178

31

4,133

4,676

8,219

Caddo

29,173

7,330

4,819

718

2,101

1,955

20

2,525

2,888

5,733

139,926

36,477

17,884

3,574

9,975

8,570

95

10,756

12,663

10,231

48,190

12,290

7,813

1,204

3,455

3,226

33

4,157

4,773

8,014

Cherokee

48,888

11,035

7,906

1,081

3,637

3,224

33

4,139

4,731

9,987

Choctaw

14,863

3,596

3,015

352

1,082

1,098

10

1,449

1,625

3,842

Cleveland

279,641

61,145

35,977

5,991

21,040

17,184

191

21,451

25,194

31,096

Comanche

Canadian
Carter

121,526

28,849

14,890

2,827

8,928

7,263

83

9,040

10,656

18,665

Cotton

5,823

1,296

1,112

127

436

435

4

569

647

1,062

Creek

71,704

17,320

12,402

1,697

5,234

5,017

49

6,499

7,438

11,514

Dewey

4,878

1,340

934

131

339

339

3

447

501

645

Jefferson

6,183

1,477

1,283

145

452

461

4

610

681

1,384

Johnston

11,060

2,598

2,088

255

813

787

8

1,030

1,162

1,929

Kay

44,544

11,192

8,456

1,097

3,200

3,116

30

4,093

4,595

7,168

Lincoln

35,142

8,579

6,287

841

2,556

2,507

24

3,261

3,724

5,616

Love

10,034

2,487

1,887

244

724

703

7

922

1,037

1,328

McClain

39,343

10,079

6,009

988

2,819

2,601

27

3,328

3,856

4,078

Mayes

40,921

9,649

7,432

945

3,007

2,914

28

3,793

4,315

6,923

787,958

202,850

104,689

19,876

56,360

48,247

536

60,798

71,072

122,953

Osage

47,233

10,507

9,059

1,030

3,532

3,502

32

4,578

5,197

7,642

Ottawa

31,312

7,832

5,673

767

2,255

2,158

21

2,818

3,183

6,007

Pittsburg

44,184

9,811

8,710

961

3,299

3,224

30

4,233

4,757

7,376

Sequoyah

41,252

9,417

7,634

923

3,061

2,972

28

3,874

4,400

8,360

646,266

164,013

90,426

16,071

46,450

40,683

439

51,539

60,031

91,757

51,932

12,439

9,954

1,219

3,791

3,706

35

4,863

5,473

7,277

2,670,204

660,170

388,075

64,686

193,509

170,525

1,819

216,775

251,430

394,711

Oklahoma

Tulsa
Washington
Totals
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S TAT E TA B L E S

OKLAHOMA
American Lung Association in Oklahoma
www.lung.org/oklahoma

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Adair

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

Bryan

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

Caddo

0

0

0

0.0

A

DNC

DNC

DNC

DNC

Canadian

1

0

0

0.3

B

DNC

DNC

DNC

INC

INC

INC

INC

INC

INC

INC

Carter

Design
Value

Pass/
Fail

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

INC

INC

INC

INC

INC

INC

Cherokee

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Choctaw

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Cleveland

3

0

0

1.0

C

0

0

0

0

0.0

A

7.9

PASS

Comanche

1

0

0

0.3

B

0

0

0

0

0.0

A

7.1

PASS

Cotton

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Creek

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Dewey

0

0

0

0.0

A

2

0

0

0

0.7

B

INC

INC

Jefferson

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Johnston

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

2

0

0

0.7

B

2

0

0

0

0.7

B

INC

INC

Lincoln

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Love

Kay

INC

INC

INC

INC

INC

INC

INC

INC

INC

INC

INC

INC

INC

McClain

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Mayes

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Oklahoma

9

0

0

3.0

D

0

0

0

0

0.0

A

8.1

PASS

Osage

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Ottawa

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Pittsburg

0

0

0

0.0

A

0

0

0

0

0.0

A

7.7

PASS

Sequoyah

0

0

0

0.0

A

0

0

0

0

0.0

A

8.1

PASS

Tulsa
Washington

3

1

0

1.5

C

2

0

0

0

0.7

B

8.8

PASS

INC

INC

INC

INC

INC

INC

INC

INC

INC

INC

INC

INC

INC
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S TAT E TA B L E S

OREGON
American Lung Association in Oregon
www.lung.org/oregon

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

35,218

17,795

Lung
Cancer

Cardiovascular
Disease
Diabetes

204

25,922

31,663

Poverty

Clackamas

412,672

89,732

71,997

Columbia

51,782

11,110

9,462

642

4,426

2,294

26

3,386

4,134

6,326

Crook

23,123

4,537

5,667

262

2,011

1,136

11

1,799

2,065

3,062

186,875

38,285

36,269

2,212

16,185

8,364

92

12,465

14,878

17,932

Harney

7,289

1,544

1,707

89

622

347

4

545

627

1,122

Jackson

Deschutes

5,184

Adult		
Asthma
COPD

34,173

217,479

45,040

46,790

2,602

18,748

9,994

107

15,309

17,806

30,774

Josephine

86,352

16,927

21,945

978

7,507

4,290

43

6,857

7,797

15,143

Klamath

66,935

14,458

13,907

835

5,706

3,029

33

4,613

5,407

12,659

Lake

7,863

1,545

1,905

89

683

386

4

610

705

1,405

Lane

374,748

70,090

70,206

4,049

33,306

16,508

185

24,127

28,664

60,773

Marion

341,286

84,787

52,060

4,899

28,095

13,459

169

19,030

23,285

50,264

Multnomah

807,555

154,317

105,006

8,916

71,917

31,903

399

42,297

53,703

114,241

Umatilla

76,985

19,573

11,695

1,131

6,286

3,023

38

4,281

5,245

11,330

Wasco

26,437

5,933

5,289

343

2,232

1,168

13

1,765

2,074

3,567

Washington
Totals

588,957

137,047

76,183

7,918

49,647

22,624

291

30,491

38,745

46,428

3,276,338

694,925

530,088

40,150

282,591

136,320

1,619

193,497

236,799

409,199
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S TAT E TA B L E S

OREGON
American Lung Association in Oregon
www.lung.org/oregon

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Clackamas

4.2

Columbia

9

1

1

Design
Value

Pass/
Fail

DNC

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

1

1

0

0.8

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Crook

DNC

DNC

DNC

DNC

DNC

6

5

0

0

4.5

F

9.2

PASS

Deschutes

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Harney

DNC

DNC

DNC

DNC

DNC

6

1

0

0

2.5

D

9.2

PASS

Jackson

6

1

0

2.5

D

7

5

2

0

6.2

F

11.6

PASS

Josephine

DNC

DNC

DNC

DNC

DNC

0

3

0

1

2.3

D

10.0

PASS

Klamath

DNC

DNC

DNC

DNC

DNC

6

3

0

0

3.5

F

9.3

PASS

Lake

DNC

DNC

DNC

DNC

DNC

7

5

0

0

4.8

F

8.6

PASS

Lane

6

2

0

3.0

D

9

4

0

1

5.8

F

9.5

PASS

Marion

7

0

0

2.3

D

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Multnomah

1

1

0

0.8

B

2

1

0

0

1.2

C

6.9

PASS

Umatilla

11

0

0

3.7

F

INC

INC

INC

INC

INC

INC

INC

INC

Wasco

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

4

2

0

2.3

D

4

1

0

0

1.8

C

7.4

PASS

Washington
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S TAT E TA B L E S

PENNSYLVANIA
American Lung Association in Pennsylvania
www.lung.org/pennsylvania

County

Adams
Allegheny
Armstrong

AT-RISK GROUPS
Lung Diseases

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

102,336

20,711

20,161

1,840

8,162

5,754

66

8,963

9,153

8,041

1,223,048

230,313

225,605

20,457

101,080

65,853

786

101,908

103,941

132,929

65,642

12,615

14,016

1,120

5,243

3,860

42

6,067

6,181

8,359

Beaver

166,140

32,434

34,818

2,881

13,289

9,563

107

15,034

15,295

18,164

Berks

417,854

94,013

70,792

8,350

32,971

21,635

269

33,150

34,010

47,405

Blair

123,457

25,496

24,954

2,265

9,798

6,859

79

10,776

10,950

17,382

60,853

13,368

12,731

1,187

4,697

3,442

39

5,433

5,521

7,956

Bucks

628,341

129,881

113,655

11,536

50,090

34,932

405

53,524

55,121

38,058

Cambria

133,054

25,569

29,285

2,271

10,645

7,725

86

12,264

12,416

19,126

Centre

162,660

24,799

22,286

2,203

14,721

7,671

106

11,408

11,699

24,611

Chester

519,293

118,914

82,069

10,562

40,859

26,764

335

40,453

41,811

31,826

79,685

14,595

15,972

1,296

6,518

4,569

52

7,112

7,263

11,130

Cumberland

250,066

50,972

45,244

4,527

20,263

13,231

161

20,467

20,882

17,244

Dauphin

275,710

61,922

45,591

5,500

21,825

14,177

177

21,637

22,232

32,684

Delaware

564,696

123,993

90,774

11,013

45,182

28,845

363

43,808

45,084

53,255

Bradford

Clearfield

Elk

30,197

5,845

6,535

519

2,391

1,815

19

2,849

2,910

2,937

Erie

274,541

59,063

47,541

5,246

21,960

14,313

177

21,999

22,522

41,288

Franklin

154,234

34,442

29,597

3,059

12,030

8,298

99

12,974

13,206

14,759

Greene

36,770

7,114

6,737

632

3,005

2,008

24

3,095

3,168

4,965

Indiana

84,953

15,436

16,022

1,371

7,087

4,575

55

7,114

7,233

11,763

Lackawanna

210,761

42,870

41,312

3,808

16,886

11,566

136

18,086

18,399

29,008

Lancaster

542,903

129,134

94,984

11,470

42,083

27,532

350

42,676

43,500

52,380

Lawrence

87,069

17,430

18,785

1,548

6,895

5,020

56

7,945

8,059

11,300

Lebanon

139,754

31,982

26,708

2,841

10,843

7,404

90

11,603

11,788

14,717

Lehigh

366,494

83,327

60,030

7,401

28,999

18,536

236

28,324

29,054

44,362

Luzerne

317,343

62,153

62,299

5,521

25,669

17,597

205

27,462

27,970

42,326

Lycoming

113,841

23,368

21,377

2,076

9,138

6,170

73

9,579

9,775

13,968

Mercer

111,750

22,010

23,515

1,955

8,930

6,379

72

10,057

10,211

13,040

Monroe

168,046

33,409

28,089

2,967

13,661

9,200

108

13,901

14,395

15,190

Montgomery

826,075

178,573

143,176

15,861

65,724

43,743

532

67,049

68,838

47,041

Northampton

303,405

60,865

56,361

5,406

24,527

16,503

195

25,537

26,101

29,356

Philadelphia

1,580,863

345,077

211,624

30,651

130,354

72,721

1,014

108,369

111,616

388,221

Somerset

74,501

13,516

16,298

1,201

6,042

4,393

48

6,938

7,045

8,795

Tioga

40,793

8,111

8,737

720

3,245

2,335

26

3,694

3,745

5,936

Washington

207,298

40,480

41,638

3,596

16,666

11,781

134

18,389

18,761

18,913

Westmoreland

352,627

65,057

78,037

5,779

28,347

21,067

227

33,274

33,827

34,404

York

446,078

98,853

76,155

8,780

35,229

23,533

288

35,986

37,003

40,966

11,243,131 2,357,710 1,963,510

209,418

905,052

591,369

7,237

908,905

Totals
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930,683 1,353,805

S TAT E TA B L E S

PENNSYLVANIA
American Lung Association in Pennsylvania
www.lung.org/pennsylvania

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Design
Value

Pass/
Fail

Adams

6

0

0

2.0

B

8.3

PASS

Allegheny

25

0

0

Armstrong

8

0

0

Beaver

10

0

Berks

14

Blair
Bradford

C

1

0

0

0

0.3

8.3

F

27

3

0

0

10.5

F

13.0

FAIL

2.7

D

0

0

0

0

0.0

A

10.4

PASS

0

3.3

F

1

0

0

0

0.3

B

9.5

PASS

0

0

4.7

F

4

0

0

0

1.3

C

9.1

PASS

4

0

0

1.3

C

0

0

0

0

0.0

A

9.2

PASS

0

0

0

0.0

A

INC

INC

INC

INC

INC

INC

INC

INC

Bucks

35

1

0

12.2

F

INC

INC

INC

INC

INC

INC

INC

INC

Cambria

0

0

0

0.0

A

0

0

0

0

0.0

A

10.8

PASS

Centre

4

0

0

1.3

C

0

0

0

0

0.0

A

8.0

PASS

Chester

15

1

0

5.5

F

0

0

0

0

0.0

A

10.1

PASS

Clearfield

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Cumberland

DNC

DNC

DNC

DNC

DNC

3

0

0

0

1.0

C

8.7

PASS

Dauphin

8

0

0

2.7

D

7

0

0

0

2.3

D

9.5

PASS

Delaware

15

0

0

5.0

F

1

0

0

0

0.3

B

10.3

PASS

Elk

4

0

0

1.3

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Erie

5

0

0

1.7

C

0

0

0

0

0.0

A

8.3

PASS

Franklin

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Greene

5

0

0

1.7

C

INC

INC

INC

INC

INC

INC

INC

INC

Indiana

8

0

0

2.7

D

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Lackawanna

7

0

0

2.3

D

0

0

0

0

0.0

A

9.1

PASS

Lancaster

10

0

0

3.3

F

10

0

0

0

3.3

F

10.8

PASS

Lawrence

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Lebanon

14

0

0

4.7

F

6

0

0

0

2.0

C

10.1

PASS

Lehigh

9

0

0

3.0

D

INC

INC

INC

INC

INC

INC

INC

INC

Luzerne

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Lycoming

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Mercer

7

0

0

2.3

D

0

1

0

0

0.5

B

9.8

PASS

Monroe

4

0

0

1.3

C

0

0

0

0

0.0

A

7.1

PASS

Montgomery

18

0

0

6.0

F

INC

INC

INC

INC

INC

INC

INC

INC

Northampton

11

0

0

3.7

F

4

0

0

0

1.3

C

9.0

PASS

Philadelphia

31

4

0

12.3

F

2

0

0

0

0.7

B

10.6

PASS

Somerset

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Tioga

2

0

0

0.7

B

0

0

0

0

0.0

A

8.5

PASS

Washington

9

0

0

3.0

D

1

0

0

0

0.3

B

9.4

PASS

Westmoreland

8

0

0

2.7

D

0

0

0

0

0.0

A

9.4

PASS

York

12

0

0

4.0

F

2

0

0

0

0.7

B

9.6

PASS
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S TAT E TA B L E S

RHODE ISLAND
American Lung Association in Rhode Island
www.lung.org/rhodeisland

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

Kent

163,760

31,015

30,085

3,204

16,407

10,455

115

11,455

12,525

13,853

Providence

637,357

131,447

95,553

13,579

62,618

36,642

448

37,804

42,548

90,056

Washington

126,150

21,244

25,080

2,195

12,900

8,312

89

9,153

9,939

10,592

Totals

927,267

183,706

150,718

18,977

91,925

55,409

652

58,411

65,012

114,501
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S TAT E TA B L E S

RHODE ISLAND
American Lung Association in Rhode Island
www.lung.org/rhodeisland

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Kent

12

1

0

4.5

F

0

0

0

0

0.0

Providence

11

1

0

4.2

F

0

1

0

0

Washington

14

2

0

5.7

F

0

0

0

0
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Design
Value

Pass/
Fail

A

4.8

PASS

0.5

B

9.1

PASS

0.0

A

5.7

PASS

S TAT E TA B L E S

SOUTH CAROLINA
American Lung Association in South Carolina
www.lung.org/southcarolina

AT-RISK GROUPS
Lung Diseases
County

Abbeville

Total		
Population Under 18

24,722

5,107

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

5,242

406

1,839

1,694

16

2,192

2,876

4,850

Aiken

168,179

36,954

31,803

2,936

12,254

10,925

111

13,916

18,476

24,465

Anderson

198,759

45,659

35,473

3,628

14,292

12,607

131

15,945

21,302

28,083

Berkeley

217,937

52,296

29,847

4,155

15,298

12,443

144

15,127

20,797

25,085

Charleston

401,438

79,756

63,510

6,337

29,685

24,507

265

30,203

41,001

51,780

Cherokee

57,105

13,376

9,303

1,063

4,070

3,498

38

4,365

5,892

11,258

Chesterfield

45,948

10,325

8,088

820

3,338

2,961

30

3,734

5,012

9,993

Colleton

37,611

8,465

7,364

673

2,732

2,485

25

3,186

4,214

8,325

Darlington

67,265

15,047

12,509

1,196

4,883

4,360

44

5,544

7,378

14,391

Edgefield

26,693

4,945

4,843

393

2,031

1,780

18

2,237

3,006

4,146

Florence

138,566

33,090

22,700

2,629

9,808

8,425

91

10,531

14,184

25,235

Greenville

506,837

117,631

77,985

9,347

36,089

30,308

334

37,461

50,878

61,200

Horry

333,268

61,339

76,686

4,874

25,507

23,844

220

31,129

40,528

52,862

Lexington

290,642

67,908

44,629

5,396

20,734

17,613

192

21,780

29,639

33,761

Oconee

77,270

15,535

17,597

1,234

5,803

5,468

51

7,150

9,305

12,237

Pickens

123,479

23,703

19,954

1,883

9,180

7,531

82

9,296

12,577

17,775

Richland

411,592

88,508

50,663

7,033

29,515

22,622

271

26,874

37,424

64,234

Spartanburg

306,854

71,079

49,168

5,648

21,906

18,654

202

23,202

31,374

41,025

York

266,439

65,024

37,198

5,167

18,725

15,604

175

19,062

26,204

29,456

3,700,604

815,747

604,562

64,817

267,690

227,328

2,440

282,932

382,067

520,161

Totals
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S TAT E TA B L E S

SOUTH CAROLINA
American Lung Association in South Carolina
www.lung.org/southcarolina

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Abbeville

INC

INC

DNC

DNC

DNC

DNC

DNC

INC

INC

INC

Design
Value

Pass/
Fail

DNC

DNC

DNC

Aiken

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Anderson

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Berkeley

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Charleston

1

0

0

0.3

B

2

2

0

0

1.7

C

7.1

PASS

Cherokee

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Chesterfield

1

0

0

0.3

B

0

0

0

0

0.0

A

7.2

PASS

Colleton

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Darlington

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Edgefield

2

0

0

0.7

B

1

1

0

0

0.8

B

8.3

PASS

Florence

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

INC

INC

2

0

0

0.7

B

4

2

0

0

2.3

D

9.1

PASS

Greenville
Horry

INC

INC

INC

INC

INC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Lexington

DNC

DNC

DNC

DNC

DNC

0

2

0

0

1.0

C

8.8

PASS

Oconee

1

0

0

0.3

B

0

0

0

0

0.0

A

INC

INC

Pickens

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Richland

4

0

0

1.3

C

0

2

0

0

1.0

C

8.1

PASS

Spartanburg

3

0

0

1.0

C

0

0

0

0

0.0

A

8.3

PASS

York

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC
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S TAT E TA B L E S

SOUTH DAKOTA
American Lung Association in South Dakota
www.lung.org/southdakota

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

Brookings

34,255

7,013

4,000

557

1,920

1,063

20

1,954

2,459

3,998

Brown

39,178

9,469

6,522

752

2,175

1,385

22

2,751

3,309

4,141

Codington

28,099

6,808

4,787

541

1,567

1,009

16

2,017

2,417

3,114

Custer

8,691

1,369

2,487

109

556

418

5

886

1,028

957

Hughes

17,666

4,249

2,954

338

987

632

10

1,261

1,512

1,742

Jackson

3,289

1,064

446

85

163

101

2

199

240

1,174

Meade

28,018

6,509

4,107

517

1,562

951

16

1,851

2,252

2,476

Minnehaha

188,616

47,882

24,161

3,805

10,210

6,056

108

11,665

14,268

16,492

Pennington

110,141

25,591

19,101

2,033

6,211

4,001

63

7,989

9,581

13,866

Union

15,029

3,608

2,714

287

845

556

9

1,122

1,337

903

Totals

472,982

113,562

71,279

9,023

26,195

16,173

271

31,694

38,404

48,863
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S TAT E TA B L E S

SOUTH DAKOTA
American Lung Association in South Dakota
www.lung.org/southdakota

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Design
Value

Pass/
Fail

Brookings

B

5.0

PASS

1

0

0

0.3

B

1

0

0

0

0.3

Brown

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

5.8

PASS

Codington

DNC

DNC

DNC

DNC

DNC

1

0

0

0

0.3

B

6.5

PASS

Custer

0

0

0

0.0

A

4

1

0

0

1.8

C

3.7

PASS

Hughes

DNC

DNC

DNC

DNC

DNC

1

1

0

0

0.8

B

4.1

PASS

Jackson

0

0

0

0.0

A

4

0

0

0

1.3

C

3.5

PASS

Meade

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Minnehaha

2

0

0

0.7

B

2

0

0

0

0.7

B

6.9

PASS

Pennington

DNC

DNC

DNC

DNC

DNC

6

1

0

0

2.5

D

7.7

PASS

0

0

0

0.0

A

4

0

0

0

1.3

C

6.8

PASS

Union
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S TAT E TA B L E S

TENNESSEE
American Lung Association in Tennessee
www.lung.org/tennessee

AT-RISK GROUPS
Lung Diseases
County

Anderson
Blount

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

76,257

16,138

15,095

1,572

6,068

6,129

60

7,787

8,665

11,482

129,929

26,549

25,578

2,586

10,428

10,555

102

13,384

14,905

15,425

Claiborne

31,609

6,031

6,177

587

2,581

2,555

25

3,229

3,602

6,801

Davidson

691,243

145,667

82,484

14,187

54,810

45,262

541

53,785

61,914

97,343

19,852

4,328

3,582

422

1,564

1,555

16

1,955

2,186

3,342

DeKalb
Dyer

37,463

8,976

6,490

874

2,871

2,796

29

3,508

3,928

6,360

Hamilton

361,613

75,521

62,052

7,355

28,831

27,266

283

33,972

38,175

44,007

Jefferson

53,804

10,727

10,545

1,045

4,345

4,378

42

5,544

6,178

7,304

Knox

461,860

97,811

71,210

9,526

36,650

33,243

362

40,855

46,228

62,320

Lawrence

43,396

10,912

7,650

1,063

3,275

3,240

34

4,082

4,561

6,684

Loudon

52,152

10,238

13,521

997

4,255

4,625

41

6,077

6,656

6,496

Madison

97,643

21,994

16,173

2,142

7,620

7,225

76

8,988

10,106

16,341

Maury

92,163

21,703

14,288

2,114

7,088

6,688

72

8,267

9,323

9,474

McMinn

52,877

11,286

10,298

1,099

4,196

4,242

41

5,380

5,991

11,621

Montgomery

200,182

53,780

18,130

5,238

14,690

11,363

158

13,165

15,356

25,124

Putnam

77,674

16,479

12,728

1,605

6,173

5,558

61

6,880

7,761

14,277

Roane

53,036

10,055

11,916

979

4,342

4,621

42

5,948

6,575

7,955

Sevier

97,638

20,345

18,699

1,981

7,793

7,841

77

9,915

11,056

12,135

Shelby

936,961

234,376

122,917

22,826

70,577

63,214

731

76,682

87,296

173,777

Sullivan

157,158

30,652

33,782

2,985

12,782

13,177

123

16,877

18,707

24,258

Sumner

183,545

43,699

28,290

4,256

14,061

13,409

144

16,575

18,688

15,921

Williamson

226,257

62,134

29,058

6,051

16,447

15,696

177

19,128

21,703

8,667

Wilson

136,442

32,651

20,964

3,180

10,433

10,005

107

12,368

13,943

11,336

4,270,754

972,052

641,627

94,670

331,878

304,647

3,343

374,351

423,505

598,450

Totals
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S TAT E TA B L E S

TENNESSEE
American Lung Association in Tennessee
www.lung.org/tennessee

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Anderson

0.0

A

DNC

0

0

0

DNC

DNC

DNC

DNC

DNC

Design
Value

Pass/
Fail

DNC

DNC

Blount

5

0

0

1.7

C

1

2

0

0

1.3

C

8.0

PASS

Claiborne

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Davidson

5

0

0

1.7

C

1

0

0

0

0.3

B

8.9

PASS

DeKalb

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Dyer

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

6.9

PASS

Hamilton

7

0

0

2.3

D

0

1

0

0

0.5

B

8.7

PASS

Jefferson

4

0

0

1.3

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Knox

3

0

0

1.0

C

2

3

0

0

2.2

D

10.0

PASS

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

6.7

PASS

Loudon

7

0

0

2.3

D

0

2

0

0

1.0

C

INC

INC

Madison

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

6.9

PASS

Maury

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

INC

INC

McMinn

DNC

DNC

DNC

DNC

DNC

0

1

0

0

0.5

B

8.3

PASS

Montgomery

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

8.1

PASS

Putnam

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

7.3

PASS

Roane

DNC

DNC

DNC

DNC

DNC

0

1

0

0

0.5

B

8.1

PASS

Sevier

3

0

0

1.0

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Shelby

12

1

0

4.5

F

0

0

0

0

0.0

A

7.6

PASS

Sullivan

2

0

0

0.7

B

1

0

0

0

0.3

B

7.5

PASS

Sumner

2

0

0

0.7

B

0

0

0

0

0.0

A

7.9

PASS

Williamson

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Wilson

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Lawrence
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S TAT E TA B L E S

TEXAS
American Lung Association in Texas
www.lung.org/texas

AT-RISK GROUPS
Lung Diseases
County

Bell

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

347,833

96,935

36,863

7,671

18,239

10,992

176

18,079

27,381

46,542

Bexar

1,958,578

505,510

231,882

40,002

106,687

67,366

987

110,579

167,811

299,023

Bowie

94,012

22,236

15,350

1,760

5,366

3,806

48

6,335

9,479

13,959

362,457

96,832

41,560

7,662

19,724

12,793

183

20,734

31,876

31,735

Brewster

9,337

1,813

2,033

143

567

438

5

743

1,091

1,298

Cameron

423,725

130,648

55,795

10,338

21,628

14,427

213

23,997

35,927

116,191

Collin

969,603

254,823

104,176

20,164

53,239

34,328

488

55,105

85,551

56,725

Dallas

2,618,148

692,168

274,524

54,772

141,524

87,471

1,319

141,909

217,948

382,477

Denton

836,210

210,065

82,286

16,623

46,261

28,595

421

45,809

71,269

58,411

Ellis

173,620

46,632

21,911

3,690

9,493

6,399

87

10,409

15,943

14,521

El Paso

840,410

231,103

100,456

18,287

44,744

28,471

423

46,880

70,918

172,972

Galveston

335,036

82,095

46,324

6,496

18,964

13,049

169

21,301

32,509

39,606

Gregg

123,367

31,905

18,739

2,525

6,817

4,749

62

7,887

11,826

19,769

4,652,980 1,249,484

473,982

98,873

249,914

153,431

2,347

248,554

382,312

733,605

Brazoria

Harris
Harrison

66,661

17,003

10,983

1,345

3,737

2,717

34

4,511

6,766

11,315

Hidalgo

860,661

284,190

93,379

22,488

42,062

26,180

433

43,309

65,206

251,593

58,273

12,406

14,262

982

3,515

2,923

29

4,977

7,277

6,074

Hood
Hunt

93,872

22,445

14,840

1,776

5,371

3,834

47

6,328

9,550

15,389

Jefferson

256,299

61,474

36,082

4,865

14,483

9,781

130

16,109

24,362

44,734

Johnson

167,301

43,550

23,305

3,446

9,266

6,396

84

10,483

15,932

17,019

Kaufman

122,883

33,956

14,654

2,687

6,621

4,372

62

7,105

10,893

11,316

McLennan

251,259

62,200

35,605

4,922

13,917

9,198

126

15,319

22,904

42,008

Montgomery

570,934

151,044

73,407

11,952

31,439

21,339

288

34,708

53,166

50,397

Navarro

48,701

12,774

8,205

1,011

2,709

1,994

25

3,318

4,967

8,105

Nueces

361,221

89,636

50,806

7,093

20,144

13,557

182

22,399

33,766

57,008

Orange

85,047

21,241

13,258

1,681

4,796

3,421

43

5,648

8,521

11,526

Parker

133,463

32,972

20,359

2,609

7,604

5,476

67

8,964

13,642

10,515

Polk
Randall
Rockwall
Smith

49,162

10,096

9,172

799

2,975

2,254

25

3,731

5,614

8,060

134,442

32,318

19,619

2,557

7,566

5,109

68

8,474

12,723

11,635

96,788

26,335

11,939

2,084

5,286

3,583

49

5,798

8,928

5,039

227,727

56,132

36,913

4,442

12,797

9,040

114

15,087

22,510

34,767

Tarrant

2,054,475

546,088

226,582

43,213

111,609

71,096

1,033

115,154

177,153

234,362

Travis

1,226,698

271,230

117,274

21,463

69,459

40,385

621

65,331

100,634

139,071

92,084

23,636

14,427

1,870

5,099

3,574

46

5,958

8,901

14,191

274,794

91,739

25,354

7,259

13,347

8,016

138

13,071

19,972

74,061

439,552 1,136,966

720,559

10,572

Victoria
Webb
Totals

20,978,061 5,554,714 2,376,306
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1,174,104 1,795,224 3,045,019

S TAT E TA B L E S

TEXAS
American Lung Association in Texas
www.lung.org/texas

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Bell

3.3

10

0

0

F

DNC

DNC

DNC

DNC

DNC

DNC

Design
Value

Pass/
Fail

DNC

DNC

Bexar

20

4

0

8.7

F

1

0

0

0

0.3

B

8.4

PASS

Bowie

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

INC

INC

Brazoria

20

5

0

9.2

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Brewster

0

0

0

0.0

A

INC

INC

INC

INC

INC

INC

INC

INC

Cameron

0

0

0

0.0

A

1

0

0

0

0.3

B

INC

INC

Collin

20

0

0

6.7

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Dallas

20

0

0

6.7

F

0

0

0

0

0.0

A

8.9

PASS

Denton

37

4

0

14.3

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Ellis

6

0

0

2.0

C

0

0

0

0

0.0

A

8.7

PASS

El Paso

23

0

0

7.7

F

1

0

0

0

0.3

B

8.9

PASS

Galveston

27

3

0

10.5

F

0

0

0

0

0.0

A

6.7

PASS

Gregg

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Harris

57

14

1

26.7

F

3

0

0

0

1.0

C

10.7

PASS

Harrison

0

0

0

0.0

A

0

0

0

0

0.0

A

8.6

PASS

Hidalgo

0

0

0

0.0

A

0

0

0

0

0.0

A

10.2

PASS

Hood

10

1

0

3.8

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Hunt

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Jefferson

15

1

0

5.5

F

INC

INC

INC

INC

INC

INC

INC

INC

Johnson

17

1

0

6.2

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Kaufman

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

McLennan

4

0

0

1.3

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Montgomery

16

0

0

5.3

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Navarro

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Nueces

2

0

0

0.7

B

0

0

0

0

0.0

A

9.3

PASS

Orange

1

0

0

0.3

B

INC

INC

INC

INC

INC

INC

INC

INC

Parker

18

1

0

6.5

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Polk

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Randall

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Rockwall

8

0

0

2.7

D

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Smith

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Tarrant

43

3

0

15.8

F

0

0

0

0

0.0

A

8.7

PASS

Travis

14

0

0

4.7

F

1

0

0

0

0.3

B

9.6

PASS

Victoria

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Webb

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

LUNG.org
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S TAT E TA B L E S

UTAH
American Lung Association in Utah
www.lung.org/utah

AT-RISK GROUPS
Lung Diseases
County

Box Elder

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

54,079

17,343

6,890

1,057

3,259

1,529

14

Cache

124,438

37,922

11,447

2,310

7,729

3,093

32

Carbon

20,295

5,355

3,440

326

1,318

664

5

347,637

113,071

34,226

6,889

20,926

9,074

90

20,026

6,880

2,338

419

1,168

536

5

Davis
Duchesne
Garfield

2,501

Poverty

2,889

4,253

4,549

5,281

18,068

1,151

1,308

3,016

13,851

16,298

18,584

864

1,000

2,625

5,078

1,186

1,159

72

340

189

1

353

392

484

Salt Lake

1,135,649

312,338

120,002

19,029

73,451

31,885

294

48,668

57,300

103,384

San Juan

15,356

4,708

2,096

287

943

454

4

753

869

3,895

Tooele

67,456

22,383

6,092

1,364

4,027

1,735

17

2,602

3,096

4,541

Uintah

35,150

11,692

3,729

712

2,089

928

9

1,450

1,694

4,434

606,425

205,468

45,755

12,518

35,909

13,900

157

19,644

23,090

62,063

Utah
Washington

165,662

44,018

34,810

2,682

10,643

5,657

43

10,437

11,513

18,252

Weber

251,769

71,894

28,838

4,380

16,016

7,154

65

11,207

13,104

26,782

2,849,020

854,258

300,822

52,045

177,819

76,799

737

118,028

137,835

270,381

Totals

LUNG.org
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S TAT E TA B L E S

UTAH
American Lung Association in Utah
www.lung.org/utah

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Box Elder

5

1.7

C

5.5

Cache

2

0

0

0.7

B

23

5

0

0

10.2

Carbon

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

Davis

33

0

0

11.0

F

17

0

0

0

5.7

Duchesne

13

6

0

7.3

F

2

0

0

0

Garfield

INC

INC

INC

INC

INC

DNC

DNC

DNC

Salt Lake

63

0

0

21.0

F

26

6

0

San Juan

1

0

0

0.3

B

DNC

DNC

Tooele

25

1

0

8.8

F

INC

Uintah

9

11

4

11.2

F

0

Utah

23

1

0

8.2

F

Washington

4

0

0

1.3

Weber

33

0

0

11.0

0

LUNG.org

0

Design
Value

Pass/
Fail

7.2

PASS

F

7.5

PASS

DNC

DNC

DNC

F

7.8

PASS

0.7

B

6.1

PASS

DNC

DNC

DNC

DNC

DNC

0

11.7

F

8.7

PASS

DNC

DNC

DNC

DNC

DNC

DNC

INC

INC

INC

INC

INC

INC

INC

0

0

0

0.0

A

INC

INC

15

4

0

0

7.0

F

8.2

PASS

C

0

0

0

0

0.0

A

4.9

PASS

F

22

2

0

0

8.3

F

8.8

PASS

15

1

0

0

AMERICAN LUNG ASSOCIATION STATE OF THE AIR 2019

F

S TAT E TA B L E S

VERMONT
American Lung Association in Vermont
www.lung.org/vermont

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

Bennington

35,594

Chittenden

162,372
59,087
257,053

46,534

Rutland
Totals

6,774

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

7,930

495

3,346

2,036

22

2,679

2,611

4,201

29,221

23,620

2,135

16,268

7,657

99

9,363

9,409

16,489

10,539

12,644

770

5,665

3,366

36

4,380

4,290

6,106

44,194

3,400

25,279

13,060

157

16,422

16,310

26,796

LUNG.org
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S TAT E TA B L E S

VERMONT
American Lung Association in Vermont
www.lung.org/vermont

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Bennington

0.7

Chittenden
Rutland

2

0

0

B

0

0

0

0

0.0

Design
Value

Pass/
Fail

A

5.5

PASS

0

0

0

0.0

A

0

0

0

0

0.0

A

5.6

PASS

INC

INC

INC

INC

INC

3

0

0

0

1.0

C

7.5

PASS

LUNG.org
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S TAT E TA B L E S

VIRGINIA
American Lung Association in Virginia
www.lung.org/virginia

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

Albemarle

107,702

21,636

19,153

1,719

7,565

6,096

60

7,727

9,288

8,015

Arlington

234,965

41,976

24,214

3,335

17,211

11,442

131

13,063

16,367

13,284

Caroline

30,461

7,141

4,876

567

2,056

1,672

17

2,104

2,565

2,859

Charles City

7,004

1,091

1,644

87

516

480

4

637

763

835

Chesterfield

343,599

81,895

49,565

6,507

23,149

18,381

191

22,774

28,055

22,626

Fairfax

1,148,433

269,030

150,075

21,376

78,010

59,927

640

72,952

90,614

75,911

Fauquier

69,465

16,253

11,150

1,291

4,695

3,929

39

4,966

6,097

3,947

Frederick

86,484

20,091

14,555

1,596

5,845

4,848

48

6,156

7,481

5,723

Giles

16,837

3,503

3,642

278

1,164

1,036

9

1,366

1,623

1,900

Hanover

105,923

23,560

18,271

1,872

7,251

6,129

59

7,813

9,522

5,655

Henrico

327,898

75,050

49,189

5,963

22,339

17,646

182

21,917

26,842

30,836

Loudoun

398,080

113,312

35,607

9,003

25,450

18,346

222

21,361

27,292

11,895

Madison

13,277

2,703

2,885

215

923

830

7

1,096

1,306

1,488

Page

23,731

4,761

4,983

378

1,659

1,467

13

1,923

2,298

3,618

Prince Edward

22,703

3,770

3,689

300

1,670

1,234

13

1,517

1,823

4,392

Prince William

463,023

126,361

43,886

10,040

30,053

21,607

258

25,239

32,058

28,074

Roanoke

93,730

18,887

19,552

1,501

6,543

5,718

52

7,481

8,920

6,681

Rockbridge

22,659

3,938

5,728

313

1,625

1,509

13

2,032

2,385

2,787

Rockingham

80,227

17,679

14,933

1,405

5,487

4,623

45

5,949

7,146

6,611

Stafford

146,649

38,437

14,782

3,054

9,653

7,086

82

8,353

10,595

6,522

Wythe

28,882

5,764

6,095

458

2,021

1,791

16

2,350

2,808

3,959

Bristol City

16,790

3,428

3,507

272

1,167

1,005

9

1,314

1,559

3,206

Hampton City

134,669

28,278

20,276

2,247

9,400

7,225

75

8,912

10,872

20,069

Lynchburg City

80,995

15,690

11,669

1,247

5,769

4,038

45

4,857

5,835

13,132

Norfolk City

244,703

48,483

26,519

3,852

17,467

11,652

137

13,417

16,648

44,181

Richmond City

227,032

40,328

28,999

3,204

16,576

11,707

126

13,871

17,107

51,609

25,862

5,200

4,798

413

1,814

1,496

14

1,913

2,296

2,567

Salem City
Suffolk City
Virginia Beach City
Totals

90,237

22,197

12,586

1,764

6,023

4,747

50

5,859

7,232

10,067

450,435

100,136

61,631

7,957

31,023

23,332

251

28,394

34,905

36,669

5,042,455 1,160,578

668,459

92,216

344,125

260,998

2,806

317,313

392,300

429,118

LUNG.org
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S TAT E TA B L E S

VIRGINIA
American Lung Association in Virginia
www.lung.org/virginia

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Albemarle

1

0

0

0.3

0.0

Arlington

15

0

0

5.0

F

1

0

0

0

0.3

Caroline

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

Charles City

2

0

0

0.7

B

0

0

0

0

0.0

Chesterfield

1

0

0

0.3

B

0

0

0

0

0.0

Fairfax

10

0

0

3.3

F

1

0

0

0

0.3

Fauquier

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

Frederick

0

0

0

0.0

A

0

0

0

0

0.0

A

B

0

0

0

0

Design
Value

Pass/
Fail

6.9

PASS

B

8.1

PASS

DNC

DNC

DNC

A

7.0

PASS

A

INC

INC

B

7.2

PASS

DNC

DNC

DNC

8.0

PASS

A

Giles

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Hanover

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Henrico

6

1

0

2.5

D

0

0

0

0

0.0

A

7.4

PASS

Loudoun

5

0

0

1.7

C

0

0

0

0

0.0

A

7.8

PASS

Madison

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

INC

INC

INC

INC

INC

INC

INC

INC

INC

INC

INC

INC

INC

Prince Edward

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Prince William

3

0

0

1.0

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Roanoke

0

0

0

0.0

A

0

0

0

0

0.0

A

7.0

PASS

Rockbridge

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Rockingham

1

0

0

0.3

B

0

0

0

0

0.0

A

7.5

PASS

Stafford

1

0

0

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Page

Wythe

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

1

0

0

0

0.3

B

7.6

PASS

Hampton City

2

0

0

0.7

B

0

0

0

0

0.0

A

6.6

PASS

Lynchburg City

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

6.8

PASS

Norfolk City

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

7.1

PASS

Richmond City

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

INC

INC

Salem City

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

7.7

PASS

Bristol City

Suffolk City
Virginia Beach City

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

7.1

PASS

LUNG.org
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S TAT E TA B L E S

WASHINGTON
American Lung Association in Washington
www.lung.org/washington

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

Benton

198,171

53,089

28,617

3,881

15,345

8,367

106

11,058

13,293

23,587

Chelan

76,533

18,277

14,061

1,336

6,096

3,595

41

4,946

5,770

10,059

Clallam

75,474

13,094

21,730

957

6,363

4,365

40

6,487

7,125

12,090

Clark

474,643

115,420

70,927

8,437

37,971

21,017

253

27,769

33,474

48,088

King

2,188,649

447,350

283,909

32,700

185,713

94,736

1,167

120,716

149,098

200,415

Kitsap

266,414

54,934

46,087

4,016

22,258

12,560

142

16,933

20,046

21,357

Kittitas

46,205

7,948

7,262

581

4,061

2,081

25

2,734

3,273

6,185

Okanogan

41,742

9,696

8,840

709

3,324

2,090

22

2,952

3,381

8,415

Pierce

876,764

206,931

117,898

15,126

71,199

37,482

467

48,456

59,270

87,596

Skagit

125,619

27,508

25,393

2,011

10,225

6,172

67

8,616

9,934

14,061

Snohomish

801,633

182,237

104,535

13,321

65,891

35,107

427

45,016

55,645

58,157

Spokane

506,152

112,391

79,709

8,216

41,600

22,819

270

30,317

36,282

69,334

Thurston

280,588

60,724

46,769

4,439

23,170

12,952

149

17,378

20,647

29,034

Whatcom

221,404

43,256

37,381

3,162

18,805

10,197

118

13,661

16,177

28,131

250,193

74,414

33,654

5,440

18,628

9,904

133

13,019

15,674

44,726

6,430,184 1,427,269

926,772

104,331

530,649

283,442

3,427

370,057

449,092

661,235

Yakima
Totals

LUNG.org
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S TAT E TA B L E S

WASHINGTON
American Lung Association in Washington
www.lung.org/washington

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Benton

14

0

0

4.7

F

DNC

Chelan

DNC

DNC

DNC

DNC

DNC

1

0

0

0

0.3

B

INC

INC

Clallam

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Clark

4

0

0

1.3

C

5

5

0

0

4.2

F

INC

INC

King

11

6

0

6.7

F

9

2

0

0

4.0

F

8.7

PASS

DNC

DNC

DNC

DNC

DNC

Design
Value

Pass/
Fail

DNC

DNC

Kitsap

DNC

DNC

DNC

DNC

DNC

5

0

0

0

1.7

C

4.7

PASS

Kittitas

DNC

DNC

DNC

DNC

DNC

13

2

2

0

6.7

F

7.6

PASS

Okanogan

DNC

DNC

DNC

DNC

DNC

INC

INC

INC

INC

INC

INC

INC

INC

Pierce

2

0

0

0.7

B

11

6

0

0

6.7

F

7.4

PASS

Skagit

0

0

0

0.0

A

0

0

0

0

0.0

A

5.9

PASS

DNC

DNC

DNC

DNC

DNC

25

5

0

0

10.8

F

7.4

PASS

Spokane

2

0

0

0.7

B

11

2

3

0

6.7

F

INC

INC

Thurston

1

1

0

0.8

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Whatcom

0

0

0

0.0

A

4

0

0

0

1.3

C

5.5

PASS

DNC

DNC

DNC

DNC

DNC

25

9

3

0

14.8

F

9.5

PASS

Snohomish

Yakima
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S TAT E TA B L E S

WEST VIRGINIA
American Lung Association in West Virginia
www.lung.org/westvirginia

AT-RISK GROUPS
Lung Diseases
County

Berkeley

Total		
Population Under 18

114,920

27,115

65 &
Over

16,614

Pediatric
Asthma

Adult		
Asthma
COPD

2,553

11,159

Lung
Cancer

Cardiovascular
Disease
Diabetes

12,675

91

11,521

12,500

Poverty

13,394

Brooke

22,443

3,982

5,202

375

2,358

2,872

18

2,861

2,986

2,864

Cabell

94,958

18,856

17,345

1,775

9,540

10,922

75

10,281

10,791

23,726

Gilmer

8,005

1,135

1,375

107

856

952

7

868

918

1,632

Greenbrier

35,287

6,940

7,980

653

3,621

4,411

28

4,395

4,588

6,381

Hancock

29,448

5,676

6,536

534

3,052

3,726

23

3,695

3,886

4,337

Harrison

67,811

14,595

12,859

1,374

6,788

8,036

54

7,717

8,185

11,220

Kanawha

183,293

36,950

36,642

3,479

18,639

22,154

144

21,443

22,621

32,592

Marion

56,337

11,363

10,740

1,070

5,683

6,629

45

6,328

6,661

8,882

Marshall

31,190

6,114

6,742

576

3,213

3,895

25

3,840

4,040

5,823

105,030

17,140

12,708

1,614

10,782

11,213

84

9,425

10,121

16,945

Monongalia
Ohio

42,035

8,079

8,918

761

4,314

5,151

33

5,039

5,274

5,072

Raleigh

75,022

15,723

15,018

1,480

7,519

8,899

60

8,624

9,047

14,153

Tucker

6,915

1,176

1,741

111

737

917

6

931

968

1,088

Wood

85,104

17,947

16,924

1,690

8,576

10,238

67

9,933

10,496

15,268

Totals

957,798

192,791

177,344

18,151

96,836

112,690

758

106,902

113,082

163,377
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S TAT E TA B L E S

WEST VIRGINIA
American Lung Association in West Virginia
www.lung.org/westvirginia

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Berkeley

1

0

0

0.3

B

Brooke

DNC

DNC

DNC

DNC

Cabell

4

0

0

1.3

Gilmer

1

0

0

Greenbrier

0

0

0

Design
Value

Pass/
Fail

0

0

0

0

0.0

A

9.3

PASS

DNC

0

0

0

0

0.0

A

9.8

PASS

C

0

0

0

0

0.0

A

8.2

PASS

0.3

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Hancock

2

0

0

0.7

B

0

0

0

0

0.0

A

8.7

PASS

Harrison

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

8.0

PASS

Kanawha

4

0

0

1.3

C

0

0

0

0

0.0

A

8.2

PASS

Marion

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

INC

INC

Marshall

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

9.6

PASS

Monongalia

2

0

0

0.7

B

0

0

0

0

0.0

A

7.6

PASS

Ohio

5

0

0

1.7

C

0

0

0

0

0.0

A

8.8

PASS

Raleigh

DNC

DNC

DNC

DNC

DNC

INC

INC

INC

INC

INC

INC

INC

INC

Tucker

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Wood

5

0

0

1.7

C

0

0

0

0

0.0

A

8.5

PASS
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S TAT E TA B L E S

WISCONSIN
American Lung Association in Wisconsin
www.lung.org/wisconsin

AT-RISK GROUPS
Lung Diseases
County

Ashland

Total		
Population Under 18

65 &
Over

Pediatric
Asthma

Adult		
Asthma
COPD

Lung
Cancer

Cardiovascular
Disease
Diabetes

Poverty

15,500

3,403

2,954

252

1,150

645

9

907

1,173

2,238

262,052

62,930

37,533

4,656

19,254

9,572

153

12,677

17,456

24,743

57,248

12,385

9,912

916

4,287

2,329

34

3,220

4,244

4,241

Dane

536,416

110,838

70,829

8,200

41,573

18,954

313

23,963

34,500

59,174

Dodge

87,786

17,737

14,988

1,312

6,710

3,581

52

4,912

6,530

7,001

Brown
Columbia

Door

27,483

4,530

7,931

335

2,118

1,430

16

2,162

2,582

2,092

Eau Claire

103,671

21,146

15,864

1,564

8,010

3,832

60

4,988

6,952

14,304

Fond du Lac

102,548

22,170

18,495

1,640

7,672

4,191

60

5,817

7,625

8,544

Forest

8,970

1,787

2,040

132

675

410

5

595

743

1,321

Grant

51,999

10,695

8,735

791

3,984

2,003

31

2,676

3,631

6,385

Jefferson

84,832

18,099

14,008

1,339

6,405

3,367

50

4,586

6,136

7,012

Kenosha

168,521

39,039

23,096

2,888

12,536

6,196

98

8,169

11,327

18,729

Kewaunee

20,445

4,439

4,068

328

1,515

876

12

1,247

1,593

1,614

La Crosse

118,274

23,563

18,835

1,743

9,166

4,493

69

5,923

8,157

13,535

Manitowoc

79,175

16,411

15,801

1,214

5,943

3,436

46

4,886

6,250

7,178

Marathon

135,732

31,123

23,231

2,303

10,005

5,393

79

7,435

9,820

13,353

Milwaukee

952,085

228,621

126,081

16,915

70,423

33,105

554

42,577

60,294

177,959

Outagamie

186,059

44,166

26,555

3,268

13,713

6,856

109

9,102

12,516

13,045

88,429

18,924

17,003

1,400

6,597

3,750

52

5,295

6,823

4,244

Racine

196,071

45,713

31,455

3,382

14,426

7,615

114

10,389

13,887

20,857

Rock

162,309

37,933

26,162

2,806

11,940

6,264

95

8,524

11,412

19,338

Ozaukee

Sauk
Sheboygan
Taylor
Vilas

63,981

14,570

11,523

1,078

4,713

2,585

37

3,596

4,701

6,266

115,344

25,882

20,148

1,915

8,546

4,646

67

6,430

8,459

8,789

20,321

4,853

3,809

359

1,466

843

12

1,196

1,535

2,083

21,683

3,686

6,596

273

1,648

1,162

13

1,782

2,098

2,979

Walworth

103,082

21,777

17,627

1,611

7,797

4,118

60

5,625

7,493

10,618

Waukesha

400,621

87,072

72,379

6,442

29,869

16,586

234

23,166

30,218

19,090

4,170,637

933,492

647,658

69,065

312,141

158,239

2,434

211,845

288,152

476,732

Totals
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S TAT E TA B L E S

WISCONSIN
American Lung Association in Wisconsin
www.lung.org/wisconsin

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Ashland

0

0

0

0.0

A

0.0

Brown

4

0

0

1.3

C

0

0

0

0

0.0

Columbia

3

0

0

1.0

C

DNC

DNC

DNC

DNC

DNC

Dane

0

0

0

0.0

A

0

0

0

0

0.0

Dodge

3

0

0

1.0

C

2

0

0

0

Door

16

0

0

5.3

F

DNC

DNC

DNC

Eau Claire

0

0

0

0.0

A

0

0

0

Fond du Lac

3

0

0

1.0

C

DNC

DNC

0

0

Design
Value

Pass/
Fail

4.1

PASS

A

7.0

PASS

DNC

DNC

DNC

A

8.0

PASS

0.7

B

6.8

PASS

DNC

DNC

DNC

DNC

DNC

0

0.0

A

6.6

PASS

DNC

DNC

DNC

DNC

DNC

DNC

0

0

A

Forest

0

0

0

0.0

A

0

0

0

0

0.0

A

4.6

PASS

Grant

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

7.2

PASS

Jefferson

4

0

0

1.3

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Kenosha

29

2

0

10.7

F

0

1

0

0

0.5

B

7.4

PASS

Kewaunee

10

0

0

3.3

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

La Crosse

0

0

0

0.0

A

0

0

0

0

0.0

A

6.7

PASS

Manitowoc

16

0

0

5.3

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Marathon

0

0

0

0.0

A

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Milwaukee

14

1

0

5.2

F

0

0

0

0

0.0

A

8.3

PASS

Outagamie

2

0

0

0.7

B

0

0

0

0

0.0

A

6.6

PASS

Ozaukee

21

1

0

7.5

F

0

0

0

0

0.0

A

6.8

PASS

Racine

20

1

0

7.2

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Rock

5

0

0

1.7

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Sauk

1

0

0

0.3

B

0

0

0

0

0.0

A

6.6

PASS

Sheboygan

33

3

0

12.5

F

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Taylor

0

0

0

0.0

A

0

0

0

0

0.0

A

5.5

PASS

Vilas

0

0

0

0.0

A

0

0

0

0

0.0

A

4.5

PASS

Walworth

6

0

0

2.0

C

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Waukesha

1

0

0

0.3

B

0

0

0

0

0.0

A

8.3

PASS
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S TAT E TA B L E S

WYOMING
American Lung Association in Wyoming
www.lung.org/wyoming

AT-RISK GROUPS
Lung Diseases
County

Total		
Population Under 18

Albany

38,332

Big Horn
Campbell

65 &
Over

Pediatric
Asthma

2,957

1,669

Lung
Cancer

Cardiovascular
Disease
Diabetes

16

1,906

Poverty

6,312

4,286

11,906

3,013

2,441

259

810

666

5

46,242

12,841

4,287

1,103

3,095

1,947

20

Carbon

15,303

3,576

2,485

307

1,076

789

6

Converse

13,809

3,466

2,208

298

949

712

Fremont

39,803

10,149

7,050

872

2,712

Goshen

13,378

2,684

2,893

231

974

Laramie

98,327

22,984

15,309

1,975

6,916

Natrona

79,547

19,288

11,679

1,657

5,538

3,910

34

4,891

5,373

8,631

Park

29,568

6,128

6,577

526

2,133

1,770

12

2,346

2,432

2,694

Sheridan

30,210

6,540

6,058

562

2,160

1,725

13

2,256

2,377

2,673

Sublette

542

Adult		
Asthma
COPD

2,160

7,075

879

915

1,433

2,309

2,712

4,271

1,001

1,085

1,723

6

909

991

1,260

2,090

17

2,701

2,876

6,291

787

6

1,036

1,076

1,572

4,943

42

6,218

6,766

9,294

9,799

2,248

1,795

193

691

539

4

698

747

643

Sweetwater

43,534

11,544

4,952

992

2,954

1,939

18

2,350

2,677

4,253

Teton

23,265

4,373

3,349

376

1,740

1,186

10

1,462

1,628

1,348

Uinta

20,495

5,987

2,703

514

1,335

942

9

1,175

1,305

2,067

6,927

1,445

1,345

124

501

399

3

520

555

699

520,445

122,578

79,417

10,531

36,540

26,012

220

32,658

35,673

55,927

Weston
Totals
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S TAT E TA B L E S

WYOMING
American Lung Association in Wyoming
www.lung.org/wyoming

HIGH OZONE DAYS 2015–2017

HIGH PARTICLE POLLUTION DAYS 2015–2017
24-Hour

Annual

				
County
Orange
Red
Purple

Wgt. 						
Avg.
Grade
Orange
Red
Purple Maroon

Wgt. 		
Avg. Grade

Design
Value

Pass/
Fail

Albany

1

0

0

0.3

B

0

1

0

0

0.5

B

4.3

PASS

Big Horn

0

0

0

0.0

A

INC

INC

INC

INC

INC

INC

INC

INC

Campbell

2

0

0

0.7

B

3

3

0

0

2.5

D

4.8

PASS

Carbon

1

0

0

0.3

B

INC

INC

Converse

0

0

0

0.0

A

4

0

INC

INC

INC

INC

INC

INC

0

0

1.3

C

INC

INC

Fremont

0

0

0

0.0

A

2

0

0

0

0.7

B

6.8

PASS

Goshen

INC

INC

INC

INC

INC

INC

INC

INC

INC

INC

INC

INC

INC

Laramie

1

0

0

0.3

B

Natrona

0

0

0

0.0

A

0

3

0

0

1.5

C

4.2

PASS

2

0

0

0

0.7

B

4.9

PASS

Park

DNC

DNC

DNC

DNC

DNC

0

0

0

0

0.0

A

4.3

PASS

Sheridan

INC

INC

INC

INC

INC

5

1

0

0

2.2

D

7.3

PASS

Sublette

8

0

0

2.7

D

2

0

0

0

0.7

B

5.1

PASS

Sweetwater

5

0

0

1.7

C

0

0

0

0

0.0

A

5.1

PASS

Teton

0

0

0

0.0

A

1

0

0

0

0.3

B

4.6

PASS

Uinta

2

0

0

0.7

B

DNC

DNC

DNC

DNC

DNC

DNC

DNC

DNC

Weston

0

0

0

0.0

A

INC

INC

INC

INC

INC

INC

INC

INC
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About the American Lung Association
The American Lung Association is the leading organization working to save lives by
improving lung health and preventing lung disease, through research, education and
advocacy. The work of the American Lung Association is focused on four strategic
imperatives: to defeat lung cancer; to improve the air we breathe; to reduce the burden
of lung disease on individuals and their families; and to eliminate tobacco use and tobaccorelated diseases. For more information about the American Lung Association, a holder of
the Better Business Bureau Wise Giving Guide Seal, or to support the work it does, call
1-800-LUNGUSA (1-800-586-4872) or visit: www.Lung.org.
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Impact of a 2,500' Oil and Gas Well Setback in California - FracTracker Alliance



Impact of a 2,500′ Oil and Gas Well
Setback in California
July 2, 2019 / 0 Comments / in Articles, Health & Safety, Infrastructure, Legislation & Politics,
Social, Wells / by Kyle Ferrar, MPH

Why does California need setbacks?
A new bill proposed by California State Assembly Member Al Muratsuchi
(D), AB345, seeks to establish a minimum setback distance of 2,500′
between oil and gas wells and sensitive sites including occupied dwellings,
schools, healthcare facilities, and playgrounds. A setback distance for oil


and gas development is necessary from a public health standpoint, as the
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Impact of a 2,500' Oil and Gas Well Setback in California - FracTracker Alliance

literature unequivocally shows that oil and gas wells and the associated
infrastructure pose a signi cant risk to the communities that live near
them.
FracTracker Alliance conducted a spatial analysis to understand the impact
a 2,500’ well setback would have on oil and gas expansion in California. In a
previous

report,

The

Sky’s

Limit

California

[http://priceofoil.org/2018/05/22/skys-limit-california-oil-production-parisclimate-goals/] (Oil Change Internal, 2018), Fractracker data showed that
8,493 active or newly permitted oil and gas wells were located within a
2,500’ bu er of sensitive sites. At the time it was estimated that 850,000
Californians lived within the setback distance of at least one of these oil
and gas wells.
This does not bode well for Californians, as a recently published
FracTracker literature review [https://www.fractracker.org/2019/05/healtheconomic-impacts-of-fracking-in-pa/] found that health impacts resulting
from living near oil and gas development include cancer, infant mortality,
depression, pneumonia, asthma, skin-related hospitalizations, and other
general health symptoms. Studies also showed that health impacts
increased with the density of oil and gas development, suggesting that
health impacts are dose dependent. Living closer to more oil and gas sites
means you are exposed to more health-threatening contamination.
An established setback is therefore necessary to alleviate some of these
health burdens carried by the most vulnerable Environmental Justice (EJ)
communities. Health assessments by the Los Angeles County Department
of

Health

[http://publichealth.lacounty.gov/eh/docs/PH_OilGasFacilitiesPHSafetyRisks.pdf]
and studies on ambient air quality near oil

elds by Occidental College

Researchers [https://www.mdpi.com/1660-4601/15/1/138/pdf] support the
assumption that 2,500′ is the necessary distance to help alleviate the harsh
conditions of degraded air quality. Living at a distance beyond 2,500′ from


an oil and gas site does not mean you are not impacted by air and water
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contamination. Rather the concentrations of contaminants will be less
harmful. In fact studies showed that health impacts increased with
proximity to oil and gas, with associated impacts potentially experienced by
communities living at distances up to 9.3 miles (Currie et al. 2017
[https://advances.sciencemag.org/content/3/12/e1603021] ) and 10 miles
(Whitworth

et

al.

2017

[https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5522007/] ).

Assembly Bill 345
This analysis assesses the potential impact of State Assembly member Al
Muratsuchi’s

Assembly

Bill

345

[http://leginfo.legislature.ca.gov/faces/billNavClient.xhtml?
bill_id=201920200AB345] on California’s oil and gas extraction and
production. Speci cally, AB345 establishes a minimum 2,500’ setback
requirement for future oil and gas development. It does not however
directly address existing oil and gas permits.
The bill includes the following stipulations and de nitions:
All new oil and gas development, that is not on federal land, are
required to be located at least 2,500′ from residences, schools, childcare
facilities, playgrounds, hospitals, or health clinics.
In this case the redrilling of a previously plugged and abandoned oil or
gas well or other rework operation is to be considered new oil and gas
development.
“Oil and gas development” means exploration for and drilling
production and processing of oil, gas or other gaseous and liquid
hydrocarbons; the owlines; and the treatment of waste associated with
that exploration, drilling, production, and processing.
“Oil and gas development” also includes hydraulic fracturing and other
stimulation activities.
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“Rework operations” means operations performed in the well bore of an
oil or gas well after the well is completed and equipped for production,
done for the purpose of securing, restoring, or improving hydrocarbon
production in the subsurface interval that is the open to production in
the well bore.
The bill does not include routine repairs or well maintenance work.

Map
Figure 1. Map of Wells within a 2,500′ Setback Distance from Sensitive
Receptor Sites. The map below shows the oil and gas wells and permits
that fall within the 2,500′ setback distance from sensitive receptor sites.
Summaries of these well counts and discussions of these well types are
included below as well.

Map of Wells within a 2,500′ Setback Distance from Sensitive
Receptor Sites
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Environmental Justice
The California Environmental Justice Alliance (CEJA) has just released their
2018

Environmental

Justice

Agency

Assessment

[https://caleja.org/2019/06/2018-environmental-justice-agency

assessment/] , which used FracTracker’s data and mapping to assess
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environmental equity in the state regulation of oil permitting and drilling.
The report [https://caleja.org/wp-content/uploads/2019/06/CEJA-AgencyAssessment-FULL-FINAL-Web.pdf] issued the Division of Oil, Gas, and
Geothermal Resources (DOGGR) a failing grade of ‘F’. According to the
report, “DOGGR is aware that the proposed locations of many drilling
activities are in or near EJ communities, but approves permits irrespective
of known health and safety risks associated with neighborhood drilling.”
FracTracker’s analysis of low income communities in Kern County shows
the following:
There are 16,690 active oil and gas production wells located in
census blocks with median household incomes of less than 80% of
Kern’s area median income (AMI).
Therefore about 25% (16,690 out of 67,327 total) of Kern’s oil and
gas wells are located within low-income communities.
Of these 16,690 wells, 5,364 of them are located within the 2,500′
setback distance from sensitive receptor sites such as schools and
hospitals (32%) vs 13.1% for the rest of the state.
For more information on the breakdown of Kern County wells, see our
informational table, here. [https://www.fractracker.org/a5ej20sjfwe/wpcontent/uploads/2019/07/Kern-County-Active-Oil-and-Gas-WellsTable_5_28_19_CTquestions_KFedits.pdf]

DOGGR wells
Using freshly published Division of Oil, Gas, and Geothermal Resources
(DOGGR) data (6/3/19), we

nd that there are 9,835 active wells that fall

within the 2,500’ setback distance, representing 13.1% of the total 74,775
active wells in the state.
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There are 6,558 idle wells that fall within the 2,500’ setback distance, of
nearly 30,000 total idle wells in the state. Putting these idle wells back
online would be blocked if the wells require reworks to restart or ramp up
production. For the most part operators do not intend for most idle wells
to come back online. Rather operators are just avoiding the costs of
plugging and properly abandoning the wells. To learn more about this
issue,

see

our

recent

coverage

of

idle

wells

here

[https://www.fractracker.org/2019/04/idle-wells-are-a-major-risk/] .
Of the 3,783 permitted wells not yet in production, or “new wells,” 298
(7.8%) are located within the 2,500’ bu er zone.
Getting a count of plugged wells within the setback distance is more
di cult because there is not a complete dataset, but there are over 30,000
wells in areas with active production that would be blocked from being
redrilled. In total there are 122,209 plugged wells listed in the DOGGR
database.

Permits
We also looked at permit applications that were approved in 2018,
including permits for drilling new wells, well reworks, deepening wells and
well sidetracks. This may be the most insightful of all the analyses.
Within the 2018 permit data, we nd that 4,369 permits were approved. Of
those 518 permits (about 12%) were granted within the proposed 2,500’
setback. Of the permits 25% were for new drilling, 73% were for reworks,
and 2% were for deepening existing wells. By county, 42% were in Kern,
24% were in Los Angeles, 14% in Ventura, 6% in Santa Barbara, 3% in
Fresno, and 2% or less in Glenn, Monterey, Sutter, San Joaquin, Colusa,
Solano, Orange and Tehama, in descending order.



SCAQMD
    Notices
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In LA, Rule 1148.2 requires operators to notify the South Coast Air Quality
Management District (SCAQMD) of activities at well sites, including
stimulations and reworks. These data points are reiterative of the “permits”
discussed above, but the dataset is speci c to the SCAQMD and includes
additional activities. Of the 1,361 reports made to the air district since the
beginning of 2018 through April 1, 2019; 634 (47%) were for wells that
would be impacted by the setback distance; 412 incidences were for
something other than “well maintenance” of which 348 were for gravel
packing, 4 for matrix acidizing, and 65 were for well drilling. We are not

sure where gravel packing falls, in reference to AB345.
A major consideration is that this rule may force many active wells into an
idle status. If the onus of plugging wells falls on the state, these additional
idle wells could be a major liability for the public. Fortunately AB1328
recently de ned new idle well rules. The rules entice operators to plug and
abandon idle wells. If rule 1328 is e ective at reducing the stock of idle
wells, these two bills could complement each other. (For more information
on

idle

wells,

read

FracTracker’s

recent

analysis,

here:

https://www.fractracker.org/2019/04/idle-wells-are-a-major-risk/
[https://www.fractracker.org/2019/04/idle-wells-are-a-major-risk/] )

State Bill 4 Well Stimulation Reporting
We also analyzed data reported to DOGGR under the well stimulation
requirements of CA State Bill 4 (SB4), the 2013 bill that set a framework for
regulating hydraulic fracturing in California. Part of the bill required an
independent scienti c study to be conducted on oil and gas well
stimulation, including acid well stimulation and hydraulic fracturing. Since
2016 operators have been required to secure special permits to stimulate
wells, which includes hydraulic fracturing and several other techniques. To
learn more about this state regulation read FracTracker’s coverage of SB4
[https://www.fractracker.org/2014/01/mapping-ca-sb4/] . From January 1,


2016
 to April
 1,2019, there have been 576 well stimulation treatment
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permits granted under the SB4 regulations. Only 1 hydraulic fracturing
event, permitted in Goleta, would have been impacted by a 2,500’ setback
in 2018.

Support for AB345
After being approved by the CA Assembly Natural Resources Committee in
a 7-6 vote, the bill did not make it up for a vote in the Senate
Appropriations Committee during the 2019 legislative session. The bill was
described by the committee as “promising policies that need more time for
discussion.” AB345 is now a two-year bill [https://www.vision-ca.org/press]
in the state Senate and will be reconsidered by the committee in January of
2020. The Chairperson of the Appropriations Committee, Lorena Gonzalez,
indicated her general support for the policy and committed to working with
the author to nd a way to move the bill forward at the end of the session.

By Kyle Ferrar [https://www.fractracker.org/author/kyleferrar/] , Western
Program Coordinator, FracTracker Alliance
Feature image by David McNew, Getty Images
Tags: California
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Part 7

Abandoned Wells
What happens to oil and gas wells when they are no longer productive?
Introduction

of orphaned wells have been plugged by state and federal
regulators, as well as some voluntary industry programs. These
efforts are ongoing, and many orphaned wells have yet to be
properly plugged. The exact number is not known: some 3.7
million wells have been drilled in the U.S. since 1859,6 and their
history is not always well documented. Older wells, especially
those drilled before the 1950s, are particularly likely to have been
improperly abandoned and poorly documented.

In 2017, there were one million active oil and gas wells in the
United States.1 When a well reaches the end of its productive
life, or if it fails to find economic quantities of oil or gas, the well
operator is required by regulators to remove all equipment and
plug the well to prevent leaks.2 Usually, cement is pumped into
the well to fill at least the top and bottom portions of the well
and any parts where oil, gas, or water may leak into or out of the
well. This generally prevents contamination of groundwater and
leaks at the surface. State or federal regulators define specific
plugging procedures depending on the local conditions and
risks, and may monitor the plugging operation.

Risks to Groundwater, Air, and the Surface
Environment
Orphaned wells are often abandoned without any plugging
or cleanup, but even plugged wells may leak, especially those
plugged in the past, when plugging procedures were less rigorous
and used less durable materials. Unplugged or poorly plugged
wells may affect:

However, there are many cases in which wells are not properly
plugged before being abandoned, especially if the well operator
goes bankrupt, leaving its wells “orphaned”.3 This is more common
when oil prices fall rapidly, making many wells uneconomical, as in
the 1980s oil glut, the 2008 financial crisis, and the 2014 downturn.

• Groundwater – old wells may have degraded well casing
or cement that can allow oil, gas, or salty water to leak into
freshwater aquifers. An assessment of 185 groundwater
contamination incidents in Ohio from 1983 to 2007 found
41 incidents caused by leakage from orphaned wells,
compared to 113 incidents caused during drilling and
production.7

In the late 1980s, the U.S. Environmental Protection Agency
estimated that 200,000 of 1.2 million abandoned wells may not
have been properly plugged.4 Since then, tens of thousands

• Methane emissions – a study of 138 abandoned wells in
Wyoming, Colorado, Utah, and Ohio found that over 40%
of unplugged wells leaked methane, compared to less than
1% of plugged wells. This study estimated that abandoned
wells account for 2-4% of the methane emissions from oil
and gas activity.8
• The surface environment – orphaned sites may still have
old equipment, contaminated soil from small spills, and
other waste at the surface. In some unplugged or poorly
plugged wells, oil, gas, drilling mud, or salty water can rise
up the well and spill at the ground surface or, in the case of
offshore wells, into open water.9

Inoperable pumpjack at an abandoned well in Texas. Image credit:
Steve Hillebrand, U.S. Fish and Wildlife Service.5
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Abandoned Wells and Hydraulic Fracturing

drilling permit application fees,14 while Texas adds a 5/8-cent Oil
Field Cleanup surcharge to the state’s 4.6% oil production tax.15
The Oklahoma Energy Resources Board remediates abandoned
well sites using voluntary industry contributions amounting to
0.1% of oil and gas sales.16

Hydraulic fracturing uses the high-pressure injection of fluids
into oil- or gas-bearing rocks to fracture them and allow oil and/
or gas to flow out. The increased pressure in the rocks during
this process can push oil or salty water up nearby unidentified
or improperly plugged abandoned wells. In one of the more
extreme cases of this, the U.S. Environmental Protection Agency
cited an abandoned well in Tioga county, Pennsylvania, that
produced a 30-foot geyser of brine for more than a week as a
result of hydraulic fracturing of a nearby well.10 In addition to
these fluids contaminating soil and potentially reaching groundwater, the unexpected pressure release caused by this fluid escape
reduces the effectiveness of the hydraulic fracturing operation, so
there are both environmental and economic incentives to identify
and plug wells near a planned hydraulic fracturing operation.

Examples of Plugging Programs
• From 1984 to 2008, the Railroad Commission of Texas
(RRC, the state’s regulatory agency for oil and gas) plugged
almost 35,000 orphaned wells, including offshore wells,
at a cost of over $163 million.17 In fiscal year 2017, the
RRC plugged 918 orphaned wells at a cost of over $11.6
million.18 As of December 2017, there were roughly 10,000
known orphaned wells in Texas that required plugging; the
RRC aims to plug 1,500 of these in fiscal year 2018.19

Abandoned Well Plugging Campaigns

• From 1989 to 2017, the Pennsylvania Well Plugging Program
plugged over 3,000 orphaned wells.20

For several decades, states have increased enforcement of
plugging and cleanup requirements. States generally require a
performance bond or other financial assurance from the operator
that a well will be plugged and the well site restored. However,
bond amounts may not meet the plugging and cleanup expenses
if an operator goes bankrupt.11 Most states therefore collect fees
or a production surcharge from operators specifically for remediation of orphaned wells and associated surface equipment.12
For example, Pennsylvania adds an orphaned well surcharge to

• The voluntary Oklahoma program mentioned above has
cleaned up and restored 15,000 orphaned and abandoned
well sites in Oklahoma since 1994 at a cost of almost $100
million.21
• California has plugged more than 1,350 orphan wells since
1977 at a cost of over $27 million. In 2016, many wells
remained to be plugged, including about 900 in the city
of Los Angeles. The California Department of Conservation
is authorized to spend $1 million per year to remediate
orphan wells.22
• The U.S. Bureau of Land Management (BLM) reclaimed 295
orphaned well sites in ten states from 1988 to 2009 at a cost
of $3.8 million. As of 2010, BLM estimated that there were
144 orphan wells yet to be reclaimed in seven states.23

References & More Resources
For a complete listing of references, see the “References”
section of the full publication, Petroleum and the Environment,
or visit the online version at: www.americangeosciences.
org/critical-issues/petroleum-environment

An abandoned well site in Oklahoma before (top) and after (bottom)
being remediated. Image credit: Courtesy of the Oklahoma Energy
Resources Board.13
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State Oil and Gas Agency
Groundwater Investigations
And Their Role in Advancing
Regulatory Reforms
A Two-State Review: Ohio and Texas
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Groundwater investigations can be complex endeavors involving trained and
experienced specialists who exercise their technical skills in fields such as geology,
hydrogeology, geophysics, and chemistry, while evaluating possible causes of
contamination, including the full range of diverse oil and gas exploration and
production activities. Specialists collect, analyze, and evaluate evidence to develop
a “diagnosis”, a testable hypothesis regarding causation. The photographs on the
cover depict specialists with the Ohio Department of Natural Resources, Division
of Mineral Resources Management participating in the investigation process.
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FOREWORD
State oil and gas regulatory agencies place great emphasis on protecting groundwater resources.
Agencies typically have broad authority to promulgate regulations, establish field rules, issue
orders or directives, inspect permitted activities, enforce regulatory standards, require reports,
and order corrective action for all phases of oil and gas exploration and production (E&P)
activities from site preparation through eventual plugging, and final site reclamation. Oil and
gas statutes typically include broad performance-based standards that establish the necessary
authority to protect human health, safety, and the environment, while prohibiting contamination
of surface and groundwater. State regulatory agencies also issue permits that establish sitespecific terms and conditions for site development, drilling, and well construction that may be
tailored to address site or region-specific groundwater resource protection concerns.
In addition to regulatory requirements, state agencies employ a variety of non-regulatory
processes to supplement existing standards such as:
1.
2.
3.
4.
5.
6.
7.

Developing standard operating procedures;
Creating industry guidance documents;
Training and certifying inspectors;
Establishing risk-based inspection priorities;
Managing inspection and compliance history records;
Utilizing enhanced data management systems; and
Sponsoring and conducting research.

These regulatory and non-regulatory processes are designed to collectively manage risk and
provide the regulated industry with a framework for successful development of oil and gas
resources while protecting public safety and the environment. A central objective of every state
oil and gas agency is to prevent groundwater contamination.
A report published in May 2009 by the Ground Water Protection Council (GWPC), State Oil
and Gas Regulations Designed to Protect Water Resources, recognized a number of factors that
have shaped the evolution of state oil and gas regulations that protect groundwater resources
including: (1) the passage of federal environmental laws beginning in the 1970s; (2) peer reviews
conducted by the GWPC for state-administered Class II Underground Injection Control (UIC)

State Oil and Gas Agency Groundwater Investigations
Programs; (3) state reviews conducted by multi-stakeholder teams applying guidelines developed
by the State Review of Oil and Natural Gas Environmental Regulations, Inc. (STRONGER); and
(4) heightened public environmental awareness. In addition, state agencies have strengthened
their regulatory standards based on the findings of investigations that have identified groundwater
contamination or disruption as the result of specific oilfield activities.
A typical state groundwater investigation combines the experience of field inspectors, who
evaluate current and historic oil and gas exploration activities, with the technical expertise
of other specialists, such as geologists and engineers. These experts then draft reports that
summarize their findings and conclusions. Each report includes a “diagnosis” that identifies
the activity that caused the incident, if an investigation concludes that oilfield activity has
contaminated groundwater. Agencies then evaluate these incident reports over time to discern
and address patterns and/or common causation factors. These “diagnoses” have played a
significant role in advancing statutory and regulatory amendments, developing permit conditions,
and implementing other actions that refine and enhance groundwater protection.
This study categorizes state determinations regarding causes of groundwater contamination
resulting from the oil and gas industry E&P activities based on a review of agency records
and discussions with agency personnel in two selected states: Ohio and Texas. This study also
evaluates how those findings have contributed to the evolution of state regulatory authority and
improvement of standard industry practices.
The GWPC provides a forum for state groundwater protection officials to meet and discuss
groundwater resource issues and policies with the regulated community, Non-Governmental
Organizations (NGOs), and the public. The GWPC advocates development of policies and
regulations that are supported by “sound science”. To determine the cause of contamination,
incident investigations must be supported by sufficient facts and data collected according to
standard methods and protocols. The data must then be interpreted and analyzed by qualified
experts who apply accepted scientific principles within their specialized fields, including
hydrogeology, petroleum engineering, aqueous chemistry, and geophysics. This report describes
how these two state agencies have utilized the findings of groundwater investigations to prioritize
and implement regulatory reforms.
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EXECUTIVE SUMMARY
State agencies are responsible for investigating and addressing complaints about groundwater
contamination that may be caused by oilfield activities. State agency directors generally have
the authority to suspend oilfield operations, order corrective action, and order remediation or
replacement of disrupted groundwater supplies when the responsible parties have been identified.
State agencies identify the activities that cause groundwater contamination incidents and evaluate
contributory patterns over time. These investigations can be an important diagnostic tool for
supporting regulatory reform and prioritizing inspections of specifically identified higher-risk
oilfield activities. States evaluate the overall effectiveness of their current regulatory schemes by
monitoring groundwater incident trends over a given time period. This report evaluates agency
groundwater investigation findings in two states, Ohio and Texas.
Groundwater resources are crucially important in both Ohio and Texas. In 2005, Texas ranked
second nationwide in fresh groundwater withdrawals, while Ohio ranked nineteenth; both states
rank in the top ten for fresh groundwater withdrawals for public or private water supplies.
Accordingly, their long-term commitments to protecting their groundwater resources are
evidenced through a cumulative examination of investigation findings and resultant regulatory
reforms.
The Texas Railroad Commission (RRC) began conducting groundwater investigations related to
oil and gas operations in the 1950s, while the Ohio Division of Mineral Resources Management
(DMRM) began in 1983. In a number of cases, agency investigators have identified case-specific
causes of oilfield-related groundwater contamination. There are both similarities and differences
in agency findings regarding the causes of groundwater contamination incidents. Dissimilarities
in the scope and scale of regulated activities, land uses, population densities, and climatic and
geologic factors have contributed to the unique evolution of their respective regulatory programs.
There were significant levels of oil and gas E&P in both states during their respective study
periods. In Ohio, over 33,000 oil and gas wells were drilled and nearly 28,000 wells were
plugged from 1983 through 2007. The number of producing wells increased by 29 percent from
a low of 50,342 in 1983 to a high of 64,830 in 1991. Over 222 million barrels of crude oil and
3.2 trillion cubic feet (tcf) of natural gas were produced. Nearly 202 million barrels of produced
water was disposed. In Texas, 187,788 oil and gas wells were drilled and 140,818 wells were
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plugged from 1993 through 2008. During the 16 year study period the number of producing
wells increased 6.7 percent from 237,136 to 253,090. Texas operators produced nearly 6.7 billion
barrels of crude oil and 93.7 tcf of natural gas. Over 5.1 billion barrels of produced water was
disposed by injection annually.
During the 25 year study period (1983-2007), Ohio documented 185 groundwater contamination
incidents caused by historic or regulated oilfield activities. Of those, 144 groundwater
contamination incidents were caused by regulated activities, and 41 incidents resulted from
orphaned well leakage. Seventy-six of the incidents caused by regulated activities (52.7
percent) occurred during the first five years of the study (1983-1987). When viewed in five
year increments, the number of incidents caused by regulated activities declined significantly
(90.1 percent) during the study period. Seventy-eight percent (113) of all documented regulated
activity incidents were caused by drilling or production phase activities. Improper construction
or maintenance of reserve pits was the primary source of groundwater contamination, which
accounted for 43.8 percent of all regulated activity incidents (63) in Ohio.
During the 16 year study period (1993-2008), Texas documented 211 groundwater contamination
incidents. More than 35 percent of these incidents (75) resulted from waste management and
disposal activities including 57 legacy incidents caused by produced water disposal pits that
were banned in 1969 and closed no later than 1984. Releases that occurred during production
phase activities including storage tank or flow line leaks resulted in 26.5 percent of all regulated
activity incidents (56) in Texas.
During the study period, over 16,000 horizontal shale gas wells, with multi-staged hydraulic
fracturing stimulations, were completed in Texas. Prior to 2008, only one horizontal shale gas
well was completed in Ohio. During their respective study periods, neither the RRC or the
DMRM identified a single groundwater contamination incident resulting from site preparation,
drilling, well construction, completion, hydraulic fracturing stimulation, or production operations
at any of these horizontal shale gas wells.
Identifying state-specific activities and patterns of failures has allowed Ohio and Texas to
implement regulatory reforms and to strategically apply resources to improve groundwater
protection. Both states, for example, have established deep injection of produced water and
drilling wastes as the preferred disposal option. Since 1983, Ohio has eliminated earthen pit
storage of produced water, developed permit conditions for the construction, maintenance, and
reclamation of reserve pits, and established one of the first orphan well plugging programs
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in the Appalachian Basin. Texas has banned earthen disposal pits, tightened standards for
rule-authorized and permitted pits, and established an Oil Field Cleanup Program (OFCP) to
remediate contamination at both regulated and legacy sites. Although both states have made
improvements in their regulations and standards, the process is a continual evolution.
Neither state has documented a single occurrence of groundwater pollution during the site
preparation or well stimulation phase of operations. Despite this, Ohio has implemented more
detailed notification, inspection, record keeping, and reporting requirements in response to the
national debate on the process of hydraulic fracturing. Texas is currently placing summary data
online for new completions, has implemented new disposal well requirements in the Barnett
Shale play, and recently enacted statutes requiring public disclosure of hydraulic fracturing
chemicals.
Class II injection accounts for the disposal of more than 98 percent of all produced water in both
states. Accordingly, implementing effective regulations for injecting oilfield wastes and produced
water has significantly improved produced water management. Over the past 25 years, Ohio
has not identified a single incident of groundwater contamination from subsurface injection at a
permitted Class II disposal well. Texas has identified six contamination incidents directly caused
by Class II injection operations; however, documented groundwater contamination incidents
dropped significantly after subsurface injection replaced earthen pit disposal as the primary
method of produced water management. In summary, Class II injection has been a significant
improvement compared to previous waste management methods.
Ohio and Texas both have extensive petroleum production histories that predate state permitting
and regulatory agencies or current regulatory standards. A significant number of groundwater
contamination incidents, known as “legacy issues”, have been directly linked to abandoned wells
and sites. Legacy issue incidents cannot be addressed through simple regulatory reform for a
number of reasons; specifically, they are often directly linked to insolvent or defunct operators
and pre-regulated practices. Both states however, have established funding mechanisms and
programs to oversee plugging of orphaned wells and/or reclamation of abandoned sites. Since
2000, both states have passed legislation that increased spending levels for orphan well and site
cleanup funds through increased industry fees. They also have developed prioritization processes
that expedite responses when orphaned wells have contaminated, or pose a threat to groundwater
resources.
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BACKGROUND, PURPOSE, AND SCOPE
Background: Every land use activity, including resource extraction and energy development,
poses some degree of environmental risk. Those risks associated with oil and gas E&P are
managed through an extensive, perpetually evolving framework of federal, state, and local
regulations. Every oil and gas producing state has an oil and gas permitting and regulatory
program that manages risks associated with various phases of the oil and gas development
process that begins with site preparation and ends with well plugging and site reclamation. All
state oil and gas agencies recognize the protection of groundwater as a mission-critical objective
(GWPC, 2009).
Improving environmental protection through regulatory change is a continuous process. States
may enhance existing regulations and environmental protection by:
1.
2.
3.
4.
5.

Restructuring and improving waste management practices;
Upgrading quality standards for materials used in various practices;
Increasing monitoring and testing obligations;
Requiring increased inspector notifications; and
Improving reporting and data management in order to document and verify compliance.

The ultimate goals of regulatory change are to prevent environmental contamination, protect
public safety, and to promote early detection and corrective action when prevention fails.
In 1993, the U.S. Department of Energy and Interstate Oil and Gas Compact Commission
(IOGCC) released the results of a 17 state study that evaluated the evolution of state regulations
since the mid-1980s. The study concluded that “state regulatory programs have undergone major
improvements to increase environmental protection since the mid-1980s, and the pace of change
appears to be accelerating” (ICF Resources, Inc., 1993). While acknowledging that regulatory
change may be prompted by a variety of stimuli, the review concluded that “the greatest number
of modifications to regulatory requirements appear to stem from areas identified by the States
themselves as necessary for the protection of the different environmental settings within their
state” (ICF Resources, Inc., 1993). The report noted several encouraging regulatory trends
including: (1) an increased leadership role at the state level; (2) better cooperation between the
oil and gas industry and environmental and public interest groups; and (3) greater state focus on
environmental protection for regulated industry activities (ICF Resources, Inc., 1993).
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Purpose: The purposes of this report are to:
1. Summarize and characterize the findings of state groundwater investigations in two states
relative to the various phases and activities associated with oil and gas E&P operations
over time;
2. Evaluate and chronicle the history and evolution of regulations in relation to lessons
learned through groundwater contamination investigations; and
3. Evaluate, when possible, whether regulatory enhancements actually reduce groundwater
contamination incidents over time.
Scope: The scope of this review is limited to the evaluation of two oil and gas producing states.
Ohio and Texas were selected as the project states because of the differences in climate, geology,
demographics as well as the scope and scale of regulated E&P activities. These variables
are summarized in Table 1. The progression of regulatory developments in both states differ
significantly due to differences in climate, demographics, hydrogeology, groundwater usage,
land usage, the history and scale of industry activities, and differences in industry activities.
These differences provide each state agency with specific challenges that have shaped their
respective regulatory programs. Hence, the state evaluations are presented separately.
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Table 1 Variables
Category

Variables Within Areas of Oil and Gas Development

Climate

• Arid versus net precipitation

Demography

• Population density
• Groundwater dependence
• Prevalence of confined versus unconfined aquifers
• Relative reliance on shallow unconfined aquifers
• Prevalent types of groundwater usage
• Confined versus unconfined aquifer development by user category
• History and scale of pre-regulatory practices
• Prevalence of legacy issues
• Scale of regulated industry activities
• Waste volumes associated with various industry activities
• Waste characteristics (salinity, toxicity, etc.)
• Standard industry practices
• Evolving drilling and well completion practices
associated with new plays

Hydrogeology
Groundwater Usage
Oil and Gas Industry
History and Activities

Each state description includes a general characterization of groundwater usage, state
hydrogeology, and an historical overview of the development of its oil and gas industry. In
addition, there is a general description of the origins and development of each state’s regulatory
authority. These foundations provide context to help understand the evolution of state efforts to
protect their groundwater resources.
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INTRODUCTION
State Approaches: Ohio and Texas have developed different, yet effective approaches for
initiating, assessing, and resolving groundwater contamination incidents that reflect the variables
listed in Table 1. In Ohio, the DMRM initiates investigations primarily in response to citizen
complaints or inspection findings. It then resolves verified incidents determined to be caused
by regulated oilfield activities by requiring treatment or replacement of the contaminated water
supply (Figure 1). Depending on the nature and persistence of contamination, water supply
replacement may be temporary or permanent. The RRC initiates investigations as a response
to contaminant detections at monitored wells, citizen complaints, or through environmental
assessments conducted during property transactions. Verified incidents are resolved through
aquifer remediation projects conducted
by a variety of programs including:
the Operator Cleanup Program (OCP)
when a responsible owner can be
identified, the state OFCP for orphaned
wells or contaminated sites, or the
Voluntary Cleanup Program (VCP) that
provides remediation incentives for
parties that did not cause groundwater
contamination. A timely and effective
response to citizen complaints
alleging groundwater contamination is
Figure 1
essential to both their resolution and
Ohio DMRM investigators use a downhole
to the progress and evolution of state
camera to document conditions in a water well
regulatory programs.
Source: Ohio DMRM
For the purposes of this report, an incident is any reported or detected event associated with
upstream development of oil and gas resources and management or disposal of associated
wastes that caused contamination of groundwater, or disrupted water supply usage. This includes
contaminant detections in monitor well samples or groundwater used for any legitimate purpose
including: public or domestic water supplies, livestock, irrigation, aquaculture, industry, mining,
or thermoelectric power. The report does not include incidents that may be associated with
downstream, off-lease activities after custodial change. The RRC has broader authority than
most states and regulates a variety of downstream activities including: intrastate crude oil and
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natural gas distribution pipelines, associated compressor and booster stations, gas dehydration
and scrubber facilities, as well as gas processing plants. However, in most states these activities
are regulated by other federal or state agencies, and therefore were excluded from the scope of
this report.
The DMRM began conducting groundwater investigations in 1983. In Ohio, oil and gas law
requires agency personnel to respond to citizen complaints about suspected groundwater
contamination, and delegates remedial authority to the agency director. Section 1509.32 of
the Ohio Revised Code (ORC) mandates that the DMRM complete an investigation of every
citizen complaint alleging pollution or contamination by an oil and gas E&P activity, and to then
provide the complainant with a report summarizing their findings. Furthermore, ORC Section
1509.22(F), enacted in 1985, requires oil and gas well owners to replace any water supply used
for domestic, agricultural, industrial or other legitimate use, if the agency determines that the
supply was “substantially disrupted by contamination, diminution, or interruption proximately
resulting from the owner’s oil or gas operation” (DMRM, 2011).
The RRC began conducting groundwater investigations in the 1950s. The RRC’s complaint
policy requires a state response to citizen complaints within 24 hours, unless other mutually
agreeable arrangements are made with the complainant (STRONGER, 1993). The RRC
also identifies groundwater contamination through monitor wells that are required at certain
commercial oilfield E&P waste disposal facilities such as land farms, or other monitoring wells
required for regulatory or research purposes. In 2007, Texas had over 56,000 monitor wells in
use. Operators also identify groundwater contamination issues while reviewing monitor well
or environmental data during environmental assessments conducted in preparation for mergers,
divestitures, or acquisitions of oilfield properties. Therefore, many documented incidents do
not involve wells used for drinking water or any other legitimate purpose (RRC, personal
communication: Bill Renfro).
In 1991, the Texas Legislature established the Oil Field Cleanup Fund (OFCF)(SB 1103) with
an expanded balance cap of $10 million. The bill increased industry fees and provided funds
for the RRC to conduct investigations of contaminated sites. According to Sections 91.112 and
91.113 of the Texas Natural Resources Code (TNRC), the RRC may use Oil and Gas Cleanup
Fund (OGCF) monies to conduct site investigations or environmental assessments in order
to determine the nature and extent of contamination caused by oil and gas wastes or other
substances regulated by the RRC if:
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1. The responsible party has failed or refused to control or clean up wastes after notice and
an opportunity for a hearing;
2. The responsible party cannot be found; or
3. The wastes are causing surface or groundwater contamination.

TNRC Section 91.112 specifically authorizes RRC employees to enter properties in order to
conduct site investigations and environmental assessments, as well as to oversee the clean up of
oil and gas wastes. The RRC may seek penalties or other forms of relief from any person who
is required by laws, rules, or orders to control or clean up oilfield contaminants. Furthermore,
the RRC may file civil actions or issue orders requiring reimbursement of the OFCF. Although
the RRC assumes the lead role in conducting these investigations, it often coordinates work
with other state and local authorities, such as the Texas Commission on Environmental Quality
(TCEQ), local health departments, and local Groundwater Conservation Districts when findings
indicate non-oilfield sources of contamination (RRC, 2011-a.).
When RRC investigators conclude that oilfield contaminants are present as the result of current
or former operations, cases are referred to the OCP for resolution. Owner(s) of oilfield operations
identified as liable for contributing to specific groundwater contamination incidents are directed
to take appropriate actions to address the contaminants. Operator cleanups are typically complex
assessment and remediation projects. Based upon site-specific factors, an OCP project may
include:
1.
2.
3.
4.
5.
6.
7.

Installation of one or more monitoring wells;
Scheduled groundwater sampling and analyses;
Plume delineation using sample analyses and/or geophysical methods;
Evaluation of contaminant migration direction and extent;
Design and implementation of in situ remediation projects;
Contaminant recovery and disposal; and/or
Water supply replacement.

Every new case is assigned an OCP number during the calendar year the RRC determines oilfield
contaminants are present. The RRC then tracks project progress and requires periodic status
updates until it determines no further action is necessary.
Texas law requires members of the Texas Groundwater Protection Committee (TGPC), including
the RRC and nine other agencies, to publish an annual report on documented groundwater
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contamination incidents “reasonably suspected of having been caused by activities regulated
by state agencies” (Section 26 of the Texas Water Code). Accordingly, since 1993, the Joint
Groundwater Monitoring and Contamination (JGWMC) Report is published each June and
summarizes the previous calendar years’ investigations by describing each newly documented
case of groundwater contamination (TGPC, 1993-2008). The report further describes all
previously-reported incidents that have yet to be resolved through remedial action, or if
requirements of an enforcement action remain incomplete at the time of report issuance.
The Investigation Process: Groundwater investigations are exercises in applied science.
When an agency responds to a citizen complaint, the investigators first evaluate whether there
is sufficient evidence to conclude that groundwater is actually contaminated by substances or
chemicals that may be associated with oilfield activities. This process typically begins with
preliminary citizen interviews and water quality evaluations. The investigation process ultimately
leads to a “diagnosis”, a testable hypothesis regarding causation.
The investigation process has many parallels to the differential diagnosis method employed in
modern medicine. In modern medicine, a team of diagnosticians, representing a range of medical
specialties, work to identify the cause of a particular ailment by systematically evaluating
symptoms, listing possible causes, and dismissing possible etiologies by using rigorous tests that
should yield different results. The team persists through the process of elimination until the most
plausible explanation is evident. After making their diagnosis, the team prescribes treatment and
monitors the patient’s results to confirm or falsify their diagnosis. This process often requires
the team to reconsider their preliminary assumptions and observations. Incomplete information
or patient misrepresentations about symptoms, circumstances, or personal histories often further
complicate the process. The team is ultimately able to arrive at the singular and correct diagnosis
and its correlative treatment by faithfully adhering to the scientific method.
In a similar manner, state agencies conduct investigations with a team of specialists that deploy
the differential diagnosis method in order to identify the specific cause of a contamination
incident. Teams must consider the full range of plausible explanations such as: natural
occurrence, local land use practices, domestic practices, local industrial activities, and the
presence of both current and historic oilfield activities. A variety of investigative tests and
methods narrow the list of plausible causes before reaching a “diagnosis”. The “diagnosis” may
be tested through ongoing monitoring of groundwater quality after removing the source, peer
review by other qualified specialists, the administrative appeals process, or through the court
hearings.
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When an agency determines that specific oilfield activities have disrupted a water supply,
it typically requires remedial action and/or water replacement (temporary, permanent, or
both). These actions can be implemented cooperatively with a consent agreement, through an
adjudication order, or by civil action. To secure consensual corrective action or to enforce an
order, an agency must compile evidence sufficient in scope and quality to withstand judicial
scrutiny in court, before an appeals commission, or a less formal review process. As part of
this evidentiary responsibility, the agency typically identifies the specific operational phase
and activity(s) that resulted in the release of contaminants into groundwater. In other words,
investigators must compile and defend evidence that supports the state’s specific finding or
“diagnosis” regarding causation.
Experts must follow established protocols while collecting evidence, and then apply sound
scientific principals when interpreting and analyzing that data. There is often a dynamic tension
between the need to expeditiously address legitimate citizen concerns, particularly when the
public safety is at risk, while proceeding methodically to ensure evidence is defensible, and
conclusions are objective when identifying the actual cause of contamination. Consequently,
investigatory conclusions may be subject to review and testing by legal counsel and other
experts representing the defense, plaintiffs, or both. The agency specialists who participate in
the investigative process must be able to establish their credentials as experts by virtue of their
education, training, and experience.
In environmental litigation, case law has led to the development of standards that assess
opposing “expert” opinions to screen out testimony based on conjecture and speculation. The
Federal Rules of Evidence, effective in 1975, govern the admissibility of evidence in federal
court; they are also applied in some state courts. In 1993, the United States Supreme Court
enhanced admissibility standards for screening conflicting scientific testimony in Daubert vs.
Merrell Dow Pharmaceuticals, Inc. (Foster, Bernstein, and Huber, 1993). Under the enhanced
standards, known as the “Daubert Rule”, the judge or hearing officer acts as a gatekeeper, and
evaluates whether the data, inferences, reasonings, and methodologies used to support expert
testimony are scientifically valid and reliable based on accepted principles and standards.
Although only a small percentage of cases actually reach court hearings, agency officials
must conduct investigations with sufficient attention to detail when collecting, analyzing, and
interpreting data; as any findings set forth in an administrative order may someday face scrutiny
under appeal. When presenting an agency “diagnosis” to an operator or hearing officer, the
agency must establish its expertise by demonstrating its investigation: (1) was conducted by
qualified personnel; (2) is based upon sufficient facts and data; (3) is the product of generally
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accepted and reliable principles and methods; and (4) has reliably applied those principles and
methods to the facts in a particular case (Foster, Bernstein, and Huber, 1993). The successful
resolution of a case ultimately hinges on agency credibility as demonstrated through a
commitment to the factors listed above.
Agency experts review records, observe site conditions, conduct tests, and collect environmental
data before arriving at a “diagnosis” as to causation. Groundwater investigations vary
significantly in their scope and complexity, but every investigation involves the collection and
interpretation of evidence pertaining to at least five elements as follows:
1.
2.
3.
4.

Natural groundwater quality/chemistry;
Potential contaminant composition/chemistry;
Potential contamination sources;
Hydrogeologic framework including: groundwater flow directions, permeabilities of
vadose zone materials, aquifers and confining strata, contaminant migration pathways,
travel times, and driving mechanisms; and
5. Chronologic considerations.
Thus, the investigation process can be lengthy, but groundwater contamination caused by
different activities generally manifest different symptoms. This enables agency experts to
distinguish oilfield from non-oilfield causes, and to differentiate contamination incidents caused
by various types of oilfield activities.
Inferences or conclusions reached without consideration of these elements may be subject
to challenge as conjecture or speculation. For example, the analytical detection of chemical
compounds that may be present in some oilfield fluids or waste products is insufficient to
infer a source without further evaluation. The investigators must determine whether there are
natural or non-oilfield, anthropogenic sources for the same compounds within the investigation
area; evaluate alternative explanations for the presence of those compounds in groundwater;
and in some cases, use chemical “fingerprinting” methods and other tools to arrive at the best
hypothesis explaining the occurrence, concentration, and distribution of these compounds. For
example, chloride concentrations may be elevated in groundwater due to the release of oilfield
produced water, but they may also naturally exceed U.S. Environmental Protection Agency
(EPA) standards, or may be caused by upconing of deeper brackish groundwater due to excessive
pumping of the aquifer, the spreading of salt to deice roads, or the discharge of water softener
recharge brines through septic systems (GWPC, 2002). When multiple potential sources of
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chloride are present, investigators may use well-established fingerprinting methods that plot
bromide to chloride weight ratios in groundwater samples against chloride concentration
(Figure 2). When the bromide to chloride ratio of a groundwater sample is compared to
binary mixing curves that
characterize possible sources,
investigators can distinguish
various sources of chloride
in groundwater (Whittemore,
1988; Knuth, Jackson, and
Whittemore, 1990; GWPC,
2002). Investigators also
may employ geophysical
testing methods such as
electromagnetic conductivity
or resistivity surveys to
map the extent and relative
Figure 2
salinity of groundwater
Bromide: chloride weight ratios can be used to distinguish
relative to possible
sources of saline contaminants
contaminant sources.
Source: Ohio DMRM
In a similar manner, natural gas may naturally occur in developed aquifers and Underground
Sources of Drinking Water (USDW), and can also originate from organic shale or coal deposits,
abandoned or active underground coal mines, the decomposition of buried organic materials
in glacial sediments, or landfills. Stable isotopic signatures for natural gas components such as
methane and ethane can help discern the origins of natural gas in water wells (Breen, Revesz,
Baldessare, and McAuley, 2007). Isotopic signatures and compositional analyses can distinguish
shallow biogenic gas from deeper thermogenic gas, as well as thermogenic gases from different
hydrocarbon reservoirs or sources. When used in concert with other sources of information
compiled as part of a thorough investigation, isotopic along with compositional gas analyses can
help determine whether the source of natural gas in groundwater is caused by oilfield activities.
Table 2 summarizes the categories (evidentiary elements) that are typically evaluated during the
course of an agency investigation, and the potential sources of data that may be collected for
evaluation and synthesis into a testable hypothesis. A thorough and objective investigation will
include all of these elements.
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Table 2 Evidence Categories and Data Sources
Element

Evidence
Categories

Potential Evidence Sources

Water Quality

Ambient or
background water
quality/conditions

Pre-drilling survey well water analyses, USGS monitoring network well
water analyses, EPA ambient groundwater well analyses, resident
surveys, pre-existing water treatment and filtration systems, water
treatment company water analyses, analysis of water from wells with
similar construction adjacent to the investigation area, water well driller
interviews, state groundwater resource maps, down-hole video surveys
of water wells of similar vintage and construction in areas adjacent to
the investigation, published theses and dissertations

Quality of the allegedly Resident surveys, down-hole video surveys, analysis of water
impacted water supply well/spring samples
Contaminant
Composition

Chemical composition
of potential
contaminants

Produced water analyses, natural gas composition analyses, natural gas
isotopic analyses, drilling fluid additive records, well stimulation
additive records, hydrocarbon analyses

Potential
Contamination
Sources

Oilfield (historic)

Historic well-spot maps, orphan well files, metal detector surveys, 3-D
electromagnetic conductivity surveys, historic newspaper accounts,
geologic survey publications, aerial magnetometer surveys, long-term
resident surveys, resistivity surveys, electromagnetic conductivity
surveys, aerial photographs, well plugging records, vegetative stress

Oilfield (present)

Inspection records, digital images, surveillance film, cement tickets, job
logs, well completion records, electric logs, invoices, casing pressure
test/BOP test results, geolographs, drilling fluid additive records,
treatment pressure/rate charts, rig and service company employee
interviews, resistivity surveys, electromagnetic conductivity surveys,
annular pressure tests, produced water and/or solid waste transport and
disposal, reuse, or treatment records, vegetative stress, soil condition

Non-oilfield

Water softener salt usage surveys, county/state road salt records, septic
tank samples, resident surveys to evaluate chemical use/disposal
practices, inspection of fuel-oil and other hydrocarbon storage tanks,
pre-complaint water treatment systems, down-hole video surveys,
source rock/aquifer chemistry, other industrial or agricultural activities

Aquifer properties

Water well logs, down-hole videos, pump tests, groundwater resource
maps, stratigraphic section descriptions, local outcrop measurements
and observations, electric logs, relative porosity/permeability of
aquifers and confining strata

Contaminant transport
pathway(s)

Joint measurements, lineament analyses, down-hole videos, local
outcrop measurements and observations, soil maps, glacial geology
maps

Contaminant transport
driving mechanism

Static water level measurements, annular pressure readings

Temporal sequence
of events

Sequence of activities related to all potential contamination sources

Hydrogeologic
Framework

Chronology
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To determine if oilfield activities have disrupted or caused contamination of a water supply, an
agency must first establish that the groundwater was degraded by a release from an oil and gas
operation. For these purposes, the groundwater incident determinations are based on each state’s
unique criteria, definitions, and action levels. State oil and gas statutes may define the terms
“pollution” or “contamination” differently, or not at all; they also may establish different action
levels to guide administrative actions. Ohio oil and gas law [Section 1509.22 (A) ORC] prohibits
the placement of brine (produced water including hydraulic fracturing fluids recovered during
the flowback process), crude oil, natural gas or any other fluid associated with oil and gas E&P
activities into surface or groundwater “in such a manner as actually causes or could reasonably
be anticipated to cause water used for consumption by human or domestic animals to exceed
the standards of the Safe Drinking Water Act” (40 CFR Parts 140-149). The EPA establishes
Primary Maximum Contaminant Levels (PMCLs) as health-based standards for public drinking
water supplies and Secondary Maximum Contaminant Levels (SMCLs) as aesthetic standards for
public drinking water supplies (U.S.EPA, 2002-a. and b.). DMRM applies these federal standards
developed for public water systems to non-public systems including private and agricultural
wells. Furthermore, DMRM can order replacement of water supplies based on violations of
aesthetic standards (SMCLs) that are unrelated to public health or safety (DMRM, 2011).
The Chief of the DMRM may order the owner of an oil and gas operation to replace any water
supply used for public, private and agricultural, industrial or any other legitimate use if it is
determined that the operation “substantially disrupted” a water supply. The term “disruption”
is broader than “pollution or contamination” and provides the Chief discretionary authority
to require corrective action for impacts that limit water usage, but do not necessarily have
associated PMCLs, SMCLs, or known adverse health effects. For example, some oilfield
parameters of interest, particularly natural gas, do not have any known adverse health effects
when ingested, and therefore are not subject to PMCLs or SMCLs under the Safe Drinking Water
Act (SDWA). However, the Office of Surface Mining Reclamation and Enforcement (OSMRE)
within the U.S. Department of Interior has developed investigation and mitigation measures for
fugitive methane hazards associated with coal mining that can be applied to stray natural gas
incidents (Eltschlager, Hawkins, Ehler, and Baldessare, 2001). For the sake of this report, natural
gas is deemed to have disrupted or interrupted domestic or public use of a water supply when:
1. Dissolved methane levels exceed background concentrations and are sufficiently high to
necessitate venting of water wells or installation of methane removal systems;
2. Gas pressure causes artesian flow resulting in water use disruptions;
3. Gas bubbles cause gas lock of water well pumps;
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4. Gas perturbation results in persistent turbidity issues, including line pressure drops due to
sediment-clogged filters; or
5. Gas releases cause persistent, ignitable spurting at the spigot.
Under Chapter 27 of the Texas Water Code, pollution means “the alteration of the physical,
chemical, or biological quality of, or the contamination of, water that makes it harmful,
detrimental, or injurious to humans, animal life, vegetation, or property or to public health,
safety, or welfare, or impairs the usefulness or the public enjoyment of the water for any lawful
or reasonable practice”. Similar to Ohio, Texas law empowers the RRC to address contamination
incidents that could potentially affect public health, impair use or enjoyment, or make water use
unsafe (RRC, 2011-a.).
To determine if there is a significant, measurable impact on groundwater, agency investigators
must compare the aqueous chemistry and condition of groundwater in the allegedly impacted
water supply to ambient or background conditions for the aquifer(s) in the vicinity of the
complainant’s water supply. The agency should then compare the condition and aqueous
chemistry of the allegedly affected supply to a baseline in order to conclude that there is a
measurable impact. “Ambient conditions” refer to the natural or undegraded condition and
chemistry of groundwater in aquifers in the region. In some cases, ambient groundwater quality
does not meet federal SDWA standards. Aquifers may be naturally saline, or may have naturally
occurring concentrations of certain heavy metals, dissolved methane, or petroleum hydrocarbons.
Various dissolved chemical constituents may naturally exceed U.S. EPA PMCLs and/or SMCLs;
these naturally occurring conditions must be identified and factored into agency determinations.
The agency also should evaluate water quality relative to “background conditions”. Background
refers to the condition and chemistry of groundwater in the immediate vicinity of the complaint
including the affects of other sources of degradation that predate or are wholly unrelated to
local oilfield operation(s). For example, groundwater may be saline locally as a result of salt
spreading for road deicing or the release of water softener discharges via septic systems.
Petroleum products, surfactants, methane, and other chemicals or compounds that are not unique
to oil and gas E&P activities may enter groundwater from a variety of sources. When evaluating
specific complaints, agency experts strive to factor and evaluate local background conditions
in their determinations. As a result, in some investigations, agency experts may conclude that
groundwater supplies are degraded or fail to meet U.S. EPA or state standards for public water
supplies, but that oil and gas E&P activities were not the proximal cause.
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Geologists play a vital role in the investigatory process. Geologists must typically collect and
evaluate information regarding the site-specific, three-dimensional, hydrogeologic framework in
order to develop an understanding of potential contaminant migration pathways and the driving
mechanisms associated with activities of concern where there were potential or documented
releases to the environment. In addition to defining a source of contaminant release, the diagnosis
must scientifically demonstrate how released contaminants traveled from the source to affected
water supplies. Geologists also collect and evaluate data to assess the relative permeability of
soils, materials in the vadose zone, underlying aquifers, and the intervening confining strata
to understand the three-dimensional framework of groundwater movement and contaminant
migration. Potentiometric surface maps may be necessary to explain the direction and rate of
dissolved contaminant migration, whereas structural contour maps may explain the migration of
free gases within the subsurface.
Geologists must develop determinations that are chronologically coherent. While cause and
effect dictates that the alleged contaminant release must precede the alleged effect, simple
chronology is insufficient to establish causality. The arrival time for alleged changes in
groundwater quality must be consistent with reasonable groundwater or gas migration rates
based on evaluation of geologic conditions, or pressure gradients between the alleged source and
the impacted water supply.
This report proposes a framework or classification scheme, to categorize groundwater
contamination incidents caused by oilfield operations that are typically regulated by state
agencies by phase and activity (Appendix A). Each oil and gas E&P phase may include one
or more activities that pose potential risks to groundwater resources. Some states may have
restrictions on the use of listed activities, and industry practice may vary significantly from
one state to another or depending on the conditions present in any one field. Appendix A lists
potential activities by phase, potential contaminants associated with each activity, and possible
contaminant release mechanisms. This table was used to guide consistent classification of
groundwater contamination incidents identified by state agencies, but is not intended to be an
exhaustive list.
It is important to recognize that if a release occurs as described in Appendix A, measurable
groundwater contamination is possible, but not inevitable. To contaminate an aquifer, a
release would have to occur in sufficient volume to cause measurable or detectable water
quality degradation in a hydrogeologic setting susceptible to infiltration. A susceptible route
to contamination requires permeable pathways from the point of release into an aquifer.
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Furthermore, the volume and concentration of released contaminant must exceed an aquifer’s
capacity to mitigate adverse affects through natural attenuation processes, such as dilution,
dispersion, adsorption, dissolution, and biodegradation.
As with any “diagnosis”, an accurate assessment of causation is critical in prescribing an
appropriate cure. In the realm of medicine, misdiagnosis results in further deterioration, delayed
remedy, and wasted and ineffective use of resources. Likewise, misdiagnosis of groundwater
contamination results in the misdirection of regulatory reforms, misdirection of agency
inspection and enforcement priorities, and misapplication of compliance resources. Therefore,
agencies and the public have a vested interest in the accurate “diagnosis” of water supply
contamination incidents.
State groundwater incident findings and determinations are important risk management tools.
By identifying, assessing, and prioritizing risks, states can apply resources and amend standards
to minimize, monitor, and reduce the probability and/or impact of future activities. Prompt
responses to citizen complaints require sufficient numbers of well-trained, qualified personnel
to properly collect and review relevant evidence in a professional manner. Site inspection and
complaint investigations are two of the most resource-intensive components of any regulatory
oversight program. Agencies strive to maintain adequate levels of environmental protection
in the most cost-effective manner. The examination of groundwater contamination incidents
and their common risk factors and trends provides an important tool for targeting inspections
at higher-risk oilfield activities. By identifying, assessing, and prioritizing risks, states can
enhance regulations and target inspections in order to reduce the number, frequency, and severity
of incidents over time while improving the efficient allocation and focus of agency resources
(Belieu, Kell, Lowther, and Gillespie, 2007).
Oilfield operations may affect resources other than groundwater. Agency resources therefore
need to be allocated to address other competing priorities including: ensuring the public safety,
conserving oil and gas resources, and protecting soil and surface water resources. However,
protecting groundwater from contamination should be regarded among the highest priorities due
to the potential impacts on public health, the inconvenience and hardship imposed on affected
citizens and businesses who rely on groundwater, the cost and duration of remediation or
recovery, and the cost and challenges associated with supply remediation and replacement.
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METHODS
The following methods were used to develop this report:
1. Development of an Incident Classification Scheme: The report uses a classification scheme
that categorizes groundwater contamination incidents by oil and gas E&P phases (Figure 3).
Phases one through six involve activities that are typically subject to state permitting and
regulatory requirements. Phases one through four are sequential, while the production, onlease transport, and storage (phase four) and waste management and disposal (phase five)
continue simultaneously throughout the productive life of a well, prior to the plugging and
site reclamation (phase six). In addition to these sequential phases, the scheme also includes
a phase seven for legacy issues caused by orphaned wells and sites, which generally preceded
state bonding or regulatory standards. While state regulations aim to reduce incidents caused by
permitted and regulated activities, legacy issues can only be identified and remediated on a siteby-site basis over time.
2. Selection of States: This report evaluates documented contamination incidents for two
participating states: Ohio and Texas. The report provides a framework that could be used in other
states to perform further similar evaluations.
3. Characterization of State Context: The report provides state profiles for participating state
groundwater use and resource availability; the history, scale, and nature of oil and gas industry
activities; and an overview of oil and gas regulatory evolution.
4. Defining State Timeframe: Using the incident classification scheme and agency definitions
for contamination and disruption, groundwater incident determinations were categorized by
calendar year over a period of time determined by the participating state.
5. Classifying Incidents: Incident investigation determinations were derived from agency
records and discussions with agency personnel. These determinations were sorted by oilfield
operation phase and activity.
6. Statistical Analysis: Groundwater contamination incidents were categorized by phase and
activity, evaluated for trends over time, compared to activity levels when appropriate, and
presented as a percent of total incidents.

State Oil and Gas Agency Groundwater Investigations 20
7. Characterizing Regulatory Evolution: The author evaluated statute and rule amendments,
other regulatory program enhancements, and research that occurred in response to documented
incidents based upon a review of agency documents and interviews with agency personnel.
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Figure 3 Regulated Oil and Gas E&P Phases

1.) Site Preparation
Roads are constructed to access the well site. Well pads are constructed to
safely locate the drilling rig and associated equipment during the drilling process.
Pits may be excavated to contain drilling fluids and cuttings.




2.) Drilling and Completion
The well is drilled in stages and multiple layers of steel pipe, called casing,
are placed into the borehole and cemented in place. The casing protects freshwater
aquifers and isolates deeper oil and gas reservoirs. Drill cuttings, mud, and
fluids encountered while drilling are circulated into the reserve pit or tanks.

3.) Well Stimulation, including Hydraulic Fracturing
Fluid is pumped under pressure into the permitted oil and gas reservoir. The fluid usually
consists of water along with a proppant, usually sand, and chemical additives.
This treatment process creates fractures in the oil and gas reservoir allowing crude oil and
natural gas to flow into the well. Once the fractures are created, pressure is released and
fracturing fluids commingled with connate formation fluids flow to surface where they are
temporarily stored in steel tanks or lined pits prior to recycling or disposal.



4.) Production, On-lease Transport, and Storage
Once the well is placed into production, oil, natural gas, and/or produced water are
brought up the well and separated as needed. Oil and produced water are temporarily stored in
tanks. Operators may perform workover operations to clean, repair, and maintain the well for
the purposes of increasing or restoring production. States may also allow or permit a
variety of types of pits for waste segregation, temporary storage, or disposal.




5.) Waste Management and Disposal
Solid and liquid wastes are often transported from the production site for treatment,
recycling, or disposal by truck or pipeline. This includes: landfarming, landspreading,
road application, or disposal via injection at Class II injection wells.

6.) Plugging and Site Reclamation
Once a well has reached its economic limit, it is plugged according to state standards.
The disturbed areas are reclaimed back to the native vegetation and contours,
or to conditions requested by the surface owner.
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STATE ASSESSMENTS
Each state’s findings should be understood in the context of a number of variables including:
climate, population density, geology, hydrology, topography, land usage, groundwater usage,
history of the oil and gas industry, industry activity levels, and evolving state regulatory
structures. For this reason, the report includes a state profile to provide a quick-glance summary
of the key variables depicting differences between Ohio and Texas (Table 3). Each state
evaluation is preceded by introductory discussions on groundwater hydrogeology and water
usage, the history of its oil and gas industry, and a chronological overview of its oil and gas
regulatory programs for protecting groundwater.
A number of similarities and significant differences between Ohio and Texas have contributed
to the unique evolution of regulatory programs and approaches to addressing groundwater
contamination. Although both states regard groundwater as a vital resource, Texas groundwater
users withdrew eight to ten times as much groundwater annually as did Ohio users during the
study period. In Texas, groundwater is primarily withdrawn for irrigation, while in Ohio most
groundwater is withdrawn for consumption and domestic usage.
Ohio and Texas have substantially different climates. Ohio is a net precipitation state with
average annual precipitation ranging from 29 to 44 inches per year (Ohio Division of Water,
2011-a.). In Texas, annual precipitation ranges from over 55 inches per year in the coastal
areas to less than ten inches per year in southwest Texas. Average annual gross lake surface
evaporation ranges from less than 45 inches in east Texas to more than 90 inches in the far west.
Evaporation exceeds precipitation throughout most of Texas, which results in a semiarid climate
that shifts to arid in the west (Texas Water Development Board, 2007).
Both Ohio and Texas have extensive histories of oil and gas E&P predating the twentieth century,
and the advances in environmental awareness that typically began in the 1970s. The Ohio
industry began commercially producing natural gas and crude oil in the mid-1800s before Texas.
Both states have significant legacy issues created by the abandonment of wells and/or facilities
that continue to threaten groundwater resources. As a result, both states have implemented
programs to plug orphaned wells and remediate contamination at legacy sites.
Both states have had to address significant groundwater contamination issues caused by the
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percolation of produced water from earthen pits into shallow unconfined aquifers. Prior to 1969,
earthen pits and discharge into surface water were the primary means to dispose large volumes
of produced water in Texas (STRONGER, 1993). Ohio allowed “storage” of produced water in
earthen pits prior to 1986 (STRONGER, 1995). While produced water volumes are significantly
less than those in Texas, most produced water in Ohio is extremely saline, often exceeding
200,000 milligrams per liter (mg/L) chloride (Knapp and Stith, 1989). Today, Ohio and Texas
manage produced water by injection into Class II wells, which annually accounts for the disposal
of over 98 percent of all produced water in both states.
The current scale of oil and gas industry activities also differs significantly between the states.
On an average annual basis, the Texas oil and gas industry drilled nearly nine times as many
wells (11,737) as the Ohio industry (1,332). On an average annual basis during the study period,
the Texas industry produced 47 times as much crude oil as Ohio and over 800 times the volume
of produced water.
There appear to be significant differences in the persistence of groundwater contamination
issues being addressed in Ohio and Texas. According to the RRC, contamination problems
created by pre-1969 earthen pit disposal practices have persisted for decades after pit closures
(STRONGER, 2003). In Ohio, regulatory enhancements that addressed waste management
practices have been rewarded with relatively rapid declines in associated incidents. These
differences are likely the result of climate and geologic factors that affect aquifer recharge and
discharge rates, as well as contaminant attenuation processes.
Collectively, these differences explain why Ohio developed a program that emphasizes
replacement of affected domestic water supplies, while Texas has emphasized long-term
monitored aquifer remediation projects. The following chapters, describe in greater detail the
findings of state investigations, and summarize the state regulatory responses to the identified
issues. Both states have made exemplary progress reducing and managing the risks associated
with E&P activities by eliminating unacceptable waste management practices and improving
regulatory standards.
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Table 3 State Profiles
Category

Topic

Ohio

Texas

11,353,140

20,851,820

Square miles

44,828

268,601

Population density
(persons per sq. mi. 2000)
Population density national rank

277.3

79.6

9

28

Fresh groundwater withdrawal (2005)
(gallons per day in 2005)
National rank

946,000,000

8,020,000,000

19

2

Primary usage and percent of total

Public water (51.6%)

Irrigation (76.3%)

Percent used for public water supply

51.6%

15.1%

Percent used for private water supply

15.4%

3.2%

First year of natural gas production

1850

1872

First year of commercial oil production

1861

1866

Total number of wells drilled
(through 2007)
Number and percent of counties with
E&P activity (2007)
Wells drilled during study period

275,000

1,074,718

88 (64%)

254 (88%)

33,304

187,788

Producing wells (2007)

63,937

241,534

Average wells drilled annually
during study period
Average annual gas production
during study period (Mcf)
Average annual oil production
during study period (bbls)
Average annual produced water
volume during study period (bbls)
Maximum number of Class II EOR
wells operating during study period
Permitting/regulatory agency

1,332

11,737

128,869,878

5,858,575,998

8,896,479

418,302,687

8,088,054

6,455,474,300

194 (1993)

39,511 (1996)

Ohio Division of
Mineral Resources
Management
Chapter 1509. Ohio
Revised Code
1965

Texas Railroad
Commission

Year groundwater
investigations initiated
Years evaluated by the study

1983

1950

25 (1983-2007)

16 (1993-2008)

Class II Program Primacy

1983

1982

Demographics Population (2000 census)

Groundwater
Usage

Oil and Gas
Industry

Regulatory
Authority

Enabling legislation
Year enacted

Title 3. Texas Natural
Resources Code
1917
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OHIO
Groundwater Usage
Abundant fresh groundwater resources have played a vital role in Ohio’s development.
According to the United States Geological Survey, Ohio’s water users withdrew 946 million
gallons of groundwater per day, which accounts for 1,060,000 acre feet of withdrawal per year.
In 2005, Ohio ranked 19th among states in total fresh groundwater withdrawals (USGS, 2005).
Figure 4 depicts 2005 groundwater withdrawals by user category.

Ohio Fresh Groundwater Withdrawals by User Category
(Million Gallons per Day)

11.8%

Legend

2.4%

15.7%
51.6%
0.4%
0.8%

1.9%
15.4%

Mil. Gallons
per Day

Public

488

Domestic

146

Irrigation

17.7

Livestock

7.7

Aquaculture

3.6

Industrial

149

Mining

112

Thermoelectric

22.5

Figure 4
Groundwater withdrawals by user category
Sixty-seven percent of fresh groundwater withdrawals provide drinking water, including public
(51.6%) and private (15.4%) water supplies (USGS, 2005). Approximately 95 percent of
public water systems use groundwater as their source of drinking water, and more than 700,000
households use groundwater to meet domestic needs (Ohio Division of Water, 2011-b.).
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Figures 5 and 6 are maps depicting groundwater availability in unconsolidated alluvial or glacial
and bedrock aquifers. Approximately 70 percent of Ohio is blanketed with glacial deposits. The
most productive aquifers in Ohio are sand and gravel deposits in buried valleys. Water wells
developed in these sand and gravel deposits are capable of producing 500 gallons per minute,
and are the source of many municipal water supplies (Ohio Division of Water, 2011-b.).

Figure 5
Yields of unconsolidated aquifers in Ohio
Source: Ohio DNR Division of Water
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Figure 6
Yields of uppermost bedrock aquifers in Ohio
Source: Ohio DNR Division of Water
Water wells developed in the fractured carbonate aquifers of northwestern Ohio reliably yield
25 to 100 gallons of water per minute. Clastic aquifers including sandstones and conglomerates
of northeastern Ohio provide reliable yields of 5 to 100 gallons per minute. In southeast Ohio,
bedrock primarily consists of clay shale and laterally discontinuous lenses of siltstone, sandstone,
or limestone. Private water supplies may be developed with general yields of less than three
gallons per minute. In these areas, domestic water wells are typically less than 100 feet deep
(Ohio Division of Water, 2011-b.).
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Some portions of Ohio’s aquifers are protected by a thick blanket of glacial till, where sufficient
clay protects the underlying aquifers. However, in many areas domestic wells are developed
in shallow, unconfined aquifers near the surface and are therefore relatively vulnerable to
contamination from surface sources (Ohio Division of Water, 2011-b.).
In 1981, the DMRM commissioned the Ohio Department of Natural Resources (ODNR)
Division of Water (DoW) to collect samples from wells in the regional consolidated aquifers of
eastern Ohio. The project sought to define the down-gradient interface of potable versus saline
groundwater based on the 10,000 mg/L Total Dissolved Solids (TDS) threshold used by the EPA
(40 CFR § 146.3) to define USDWs (USEPA, 2002-c.). Using the maps generated by DoW, the
DMRM defined the basal elevation of these USDWs based upon a review of gamma ray logs
throughout eastern Ohio on a quarter township basis. Consequently, the DMRM established
standardized surface casing programs for oil and gas wells using glacial drift thickness maps
prepared by the ODNR Division of Geological Survey (DoGS), and quarter township data for
the bedrock aquifers. In 2002, DMRM commissioned DoGS to prepare structural contour maps
for the base of several regional bedrock aquifers in Ohio (Riley, 2001). These maps help ensure
that surface casing is installed through the deepest USDW at oil and gas wells drilled in Ohio, as
required by permit.
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History of Oil and Gas Exploration and Development
Ohio has an extensive history of oil and gas E&P predating the turn of the twentieth century.
Nearly 275,000 oil and gas wells have been drilled in Ohio, at depths ranging from less than 100
to over 11,500 feet. E&P activities have focused on the flanks of two major sedimentary basins:
the northwestern Michigan Basin and the eastern Appalachian Basin (McCormac, 1983-2007).
The Ohio oil and gas fields map (Figure 8) illustrates that drilling activity has primarily occurred
in the three of four quadrants. As of 2007, the Ohio oil and gas industry has produced over one
billion barrels of crude oil and over eight tcf of natural gas (McCormac, 1983-2007). Figure
7 illustrates crude oil and natural gas production trends from 1876 through 2007, and depicts
boom and bust cycles experienced by the industry as the result of new discoveries, emerging
technologies, commodity price fluctuations, and varying national tax policies.

Crude Oil and Natural Gas Production Trends
(1876-2007)

Figure 7
Crude oil and natural gas production trends (1876-2007)
Source: Ohio DNR Division of Geological Survey
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Figure 8
Oil and gas fields map of Ohio
Source: Ohio DNR Division of Geological Survey
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Scouts and early settlers of southeastern Ohio discovered crude oil and natural gas flowing
from natural seeps and springs. While exploring the Ohio River Valley in 1770, a pre-statehood
surveyor named George Washington recorded the discovery of burning springs in his field notes.
In 1814, Silas Thomas and Robert McKee made the first drilling discovery of crude oil in Ohio
while exploring for salt water in Noble County. Initially, crude oil was viewed as a nuisance and
a hindrance to extraction of salt water needed to preserve meat (McKain, 1994).
The first natural gas wells were drilled in the Ohio River Valley near Steubenville as early as
1850 to supply gas for domestic and manufacturing purposes. The first commercial production of
oil occurred in Macksburg, Washington County (southeastern Ohio), only one year after Colonel
Edwin Drake’s famous discovery well was completed in Titusville, Pennsylvania. From 1861
until the early 1890s, shallow Pennsylvanian sandstone reservoirs were extensively developed in
southeastern Ohio (Norling, 1970; Van Doren, 2004; Vogt and Wells, 2007; STRONGER, 2005).
In 1884, the giant Lima Oil Field
was discovered in northwestern
Ohio, which made Ohio the world’s
largest oil producer (Figure 9). Over
70,000 wells were drilled to the
northwestern Ordovician Trenton
Limestone between 1888 and 1937
and by the late 1800s the Trenton
Play was annually yielding over 24
million barrels of oil (Wickstrom,
Gray, and Stieglitz, 1992). However,
production declined rapidly due to
poor conservation practices, and by
1910 state production dropped to
less than 8 million barrels per year.

Figure 9
Drilling practices in the Lima Oil Field in 1885
Source: Ohio DNR Division of Geological Survey

In 1887, natural gas was discovered at the up-dip pinch out of the Silurian “Clinton sandstone”
in Fairfield County of south-central Ohio. Since its discovery, over 74,000 wells have been
completed in the “Clinton sandstone” throughout eastern Ohio (McCormac, 1983-2007;
STRONGER, 1995). As oil production from the Trenton Limestone declined after the turn-ofthe-century, exploration activity increasingly focused on reservoirs in the upslope region of the
Appalachian Basin in eastern Ohio.
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Although Ohio authorized waterflooding in 1939, Enhanced Oil Recovery (EOR) has not played
a significant role in Ohio oil production. Waterflooding operations peaked in 1943 when they
accounted for almost 16 percent of Ohio’s oil production. By 1998, there were fewer than 150
Class II EOR injection wells, and waterflooding accounted for less than one percent of annual oil
production (Tomastik, 1999).
Hydraulic fracturing became a routine well stimulation method for many, but not all, oil and
gas reservoirs in 1951. Prior to the advent of hydraulic fracturing, wells were stimulated by
detonating nitroglycerine that had been lowered down a borehole adjacent to the petroleum
reservoir. Hydraulic fracturing technology enabled the oil and gas industry to extend the downdip, commercial viability of “tight” (low-permeability) reservoirs, including the “Clinton
sandstone”, Berea Sandstones, and the Ohio Shale Formation. From 1951 through 2007, over
78,000 oil and gas wells were completed in reservoirs that typically required hydraulic fracturing
in order to be commercially productive (McCormac, 1983-2007). From 1983 to 2007, there was
only one horizontal well completed in Ohio using a multi-staged stimulation (McCormac, 2007).
A typical hydraulic fracturing operation in Ohio lasts five hours or less and uses approximately
50,000 to 200,000 gallons of water. Some operators prefer nitrogen or carbon dioxide (CO2)

foam over more conventional polymer-based or slickwater stimulations (DMRM, personal
communication: Steve Opritza).

In 1961, the discovery of crude oil in central Ohio’s Morrow County sparked a drilling boom.
Production peaked at nearly 16 million barrels in 1964, but by 1970, annual production declined
to 10 million barrels. In 1978, the federal Natural Gas Policy Act established price incentives for
production of natural gas from “unconventional sources”, including “tight [low-permeability]
formations”. The Devonian Ohio Shale formation, “Clinton sandstone”, and Second Berea
Sandstones met federal criteria for designation as “tight formations”. During the 1980s, high
prices and attractive “take or pay” contracts triggered a drilling boom that resulted in a 73
percent increase in the number of oil and gas wells from 37,296 to 64,590. Over 3,000 oil and
gas wells were annually drilled between 1978 and 1985. In 1981 alone, over 6,000 oil and gas
wells were drilled. Figure 10 illustrates drilling activity trends from 1983 through 2007. The
collapse in crude oil prices in the mid-1980s brought this boom to a halt though, and by 1992
fewer than 1,000 wells were drilled annually for the next fifteen years (McCormac, 1983-2007).
Although produced water to crude oil production ratios are low, many reservoirs produce highlysaline water. Since Ohio law first required reporting of produced water volumes in 1985, the
average ratio has ranged from 0.96-1.05 barrels of oil per barrel of produced water, including
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water generated during drilling and stimulation operations (Figure 11). On an annual basis, 70
to 75 percent of all wells drilled in Ohio penetrate the top of the Devonian Onandaga Limestone
(McCormac, 1983-2007). The salinity of produced waters from reservoirs below the top of the
Onandaga Limestone typically ranges from 170,000 to 220,000 mg/L chloride (Knapp and Stith,
1989).
During the 25 year study period (1983-2007), over 33,000 wells were drilled, and nearly 28,000
wells were plugged. The number of producing oil and gas wells increased 29 percent, from a low
of 50,342 in 1983 to a high of 64,830 in 1991. Over 222 million barrels of oil and over 3.2 tcf of
natural gas were produced over this period, and nearly 202 million barrels of produced water was
disposed (McCormac, 1983-2007). Appendix D summarizes Ohio industry activity levels by year
during the study period.
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Figure 10
Drilling operations (1983-2007)

State Oil and Gas Agency Groundwater Investigations 34

Crude Oil and Water Production
(Barrels)
16

Barrels Produced
(Millions)

14

Crude Oil

12
Water

10
8
6
4
2
0

Year
Figure 11
Crude oil and produced water volumes (1983-2007)
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History of Oil and Gas Regulation Pertaining to
Groundwater Protection (1883-1983)
Ohio enacted its first oil and gas statute in 1883, approximately 25 years after its first commercial
oil production from the shallow Pennsylvanian sandstones in southeastern Ohio, and one year
before the discovery of the major Lima-Indiana oil field in northwestern Ohio. The law required
the installation of casing while drilling wells, and that wells be plugged upon abandonment
to protect oil-bearing reservoirs from invasions of fresh water. The primary purpose of the
legislation was oil conservation, but these nominal well construction requirements provided a
measure of protection for fresh groundwater (Glosser, 1965).
In 1898, the Ohio General Assembly passed legislation requiring a map to be filed with the
Chief of the Division of Mines that showed the location of all wells on coal-bearing lands in
eastern Ohio. The law’s passage marked the beginning of requirements to maintain location
information for drilled oil and gas wells despite the fact that it was intended to protect coal
miners. Subsequent legislation in 1917 and 1927 expanded the Division of Mines’ authority by
requiring a map and permit application prior to drilling a well in a coal-bearing township, as well
as submission of a post-drilling well completion report. In 1933, the General Assembly enacted
legislation requiring well completion records for all oil and gas wells, regardless of the presence
of coal. Well location, depth, and construction records benefit current groundwater resource
protection by providing the data necessary to: (1) evaluate wells and require corrective action
within the Area of Review of future Class II injection wells or EOR projects, and (2) to design
well-specific plugging plans (Glosser, 1965).
In 1964, emergency rules were enacted that established bonding and well spacing standards
because of chaotic drilling activity in the Morrow County oil boom. One year later the General
Assembly passed House Bill (HB) 234, which created the Division of Oil and Gas within the
ODNR. This legislation established Chapter 1509 of the ORC and entrusted the Division of Oil
and Gas with a threefold mission:
1. To assure the protection of public health, safety, and the environment;
2. To allow the orderly and efficient development of oil and gas reserves; and
3. To assure conservation of other natural resources.
The new law expressly forbade groundwater contamination, and authorized the Chief of the
Division of Oil and Gas to promulgate rules necessary to enforce Chapter 1509 ORC (Glosser,
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1965). In 2000, the Division of Oil and Gas was merged with the Division of Mines and
Reclamation, which created the new DMRM. For the sake of simplicity, this report refers to both
the pre-and-post merger agency as the DMRM.
While the 1965 statute authorized injection of produced water and other oilfield wastes, as of
1965, only 20 injection wells were operational in Ohio and all were located in Morrow County
(central Ohio). The statute also authorized the “storage” of produced water in unlined earthen
pits; these pits became the standard method of “storing” produced water onsite. Over the
following decade, no significant legislation or rules clarified or enhanced existing measures for
protecting fresh groundwater resources.
In 1974, Ohio enacted preliminary and final restoration requirements to address soil erosion
issues that also included closure timeframes (five months) for reserve pits. The state next
established an orphan well program to plug orphaned wells and reclaim legacy sites in 1977. The
primary purpose was to address the public safety risks posed by improperly abandoned wells,
and some had been identified as sources of groundwater contamination.
The DMRM began to focus attention on improving waste management practices, particularly
the storage and disposal of produced water, in 1980. That year, the Ohio Water Development
Authority commissioned a report by Elmer Templeton and Associates, Inc. to estimate the
volume of “salt brines” (produced water) generated annually by Ohio E&P activities and
to recommend environmentally acceptable disposal options (Templeton, 1980). This report
provided the foundation for:
1. Enforcement actions to eliminate earthen pit produced water storage;
2. Shifts in DMRM policy towards establishing deep injection as the preferred method of
disposal;
3. DMRM’s pursuit of Class II primacy; and
4. Statewide debates that led to the passage of comprehensive produced water management
legislation (Am.Sub. HB 501) enacted in 1985.
Regulatory enhancements and research projects focused on waste management practices were
enacted or initiated nearly annually after 1980. Appendix B is a chronological summary of
program enhancements that have improved groundwater protection since the mid-1970s.
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Analysis of Documented Incidents and Regulatory
Enhancements by Phase
Introduction: In the 25 year study period (1983-2007), the DMRM documented 185
groundwater contamination incidents caused by historic or regulated oilfield activities. Nearly
all documented incidents (184) involved a temporary disruption of private water supplies. In
2007, investigators deemed a single non-consumption public water supply as “likely affected”.
The DMRM did not document any further incidents involving contamination or disruption
of wells used for municipal, industrial, irrigation, agricultural, aquacultural, or any other
legitimate purpose. Twenty-two percent of the 185 incidents (41) were caused by abandoned
sites (orphaned wells). The remaining 78 percent (144) were caused by violations at permitted or
regulated activities (Figure 12).
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The DMRM rendered determinations identifying contaminated private water supplies in each of
the 25 years reviewed by this study. The number of incidents per year ranged from one (1994,
1999, 2003, 2004, and 2007) to 23 (1985, 1986). Fifty-three percent of all documented incidents
caused by regulated activities (76) occurred during the first five years of the study (1983-1987),
and 69.4 percent of all incidents caused by regulated activities (100) occurred within the first ten
years. Viewed in five-year increments, the number of incidents from regulated activities declined
significantly (90.1 percent) over the course of the study (Figure 13).
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The DMRM has initiated numerous regulatory reforms and participated in numerous research
projects in response to issues identified through investigations of citizen water supply
complaints. Figure 14 depicts temporal incident trends alongside some of the most significant
regulatory reforms from 1983 to 2007. The following discussion depicts the evolution of Ohio’s
oil and gas E&P regulatory standards in response to documented incidents by their respective
phase and activity. Appendix B is a chronological summary of significant regulatory reforms and
actions.

Incidents Caused by Regulated Activities by Year
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Phase 1: Site Preparation
Phase Overview: Phase one involves construction of a well pad, access road, and
excavation of reserve pits by diesel-powered equipment. In Ohio, less than one acre is
typically disturbed during well pad construction for vertical completions. During the
study period, 33,304 drilling pads were constructed (McCormac, 1983-2007).
Phase Incident Summary: Between
1983 and 2007, the DMRM did
not identify a single incident of
groundwater contamination caused by
the accidental release of fuels or fluids
from mobile powered equipment during
site preparations. Figure 15 depicts
the preparation of a drilling site and
excavation of its reserve pit.
Phase Regulatory Enhancements: The
DMRM began to implement special
permit conditions in 1985 that required
operators to notify local inspectors
prior to excavation of reserve pits at
sensitive sites. HB 278 (2005) required
operators to notify inspectors prior to
Figure 15
commencement of site preparation,
Site preparation and reserve pit
primarily to ensure installation of
excavation, Geauga County, Ohio 2008
storm water runoff controls in urban
Source: Ohio DMRM
areas. As a result of these notification
requirements, DMRM inspectors are on location to witness phase one activities more
frequently. Previously, the first inspection of a drilling site was to witness installation and
cementing of conductor or surface casing.
Under the Federal Comprehensive Environmental Response, Compensation, and
Liability Act (CERCLA), an operator is required to report any release of fuels, lubricants,
transmission fluids, or antifreeze, to a variety of federal, state, and local authorities that
exceeds Reportable Quantities (RQ), or impacts navigable water. The RQ for a gasoline,
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diesel fuel, transmission fluid, or any other refined petroleum product release is 25
gallons, or any quantity that causes a visible sheen upon the surface of navigable water.
The RQ for antifreeze is 5000 pounds. Furthermore, under the Resource Conservation
and Recovery Act (RCRA), an operator is prohibited from mixing any released nonexempt substance with RCRA-exempt waste (40 CFR Part 261.3).
ORC Section 3750.06 (1993) requires that operators report the release of any regulated
chemical into the environment that exceeds the established RQ. Under rules promulgated
by the State Emergency Response Commission, the operator must notify the Ohio EPA,
the Local Emergency Planning Agency, and the jurisdictional fire department when
such releases occur. Furthermore, if released fluids cause a visible sheen on “navigable
waters”, which includes rivers, lakes, ponds or wetlands, the operator must additionally
notify the National Response Center. If wildlife has been affected by a release, the
operator must then notify the ODNR Division of Wildlife.
Phase 2: Drilling and Completion
Phase Overview: During the study
period, 33,304 oil and gas production
wells were drilled in Ohio. Most wells
are drilled using fluid or air rotary
systems. In areas where the target
reservoir is relatively shallow (<3000
feet), some wells are still drilled
with cable tools. Cable tool drilling
operations declined from over one
hundred per year to less than 30 from
1995 to 2007. The average depth of
wells drilled in Ohio ranged from 3,745
to 4,745 feet deep during the study; the
deepest historical well reached a depth
of 10,200 feet in 1989. Rotary drilling
operations typically last five to eight
days (Figure 16). Only one horizontal
well was drilled between 1983 and
2007 (McCormac, 1983-2007).

Figure 16
Typical rotary drilling operation using a
freshwater mud system,
Geauga County, Ohio 2008
Source: Ohio DMRM
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Phase Incident Summary: During the 25 year study period, the DMRM identified 74
incidents caused by activities during the drilling and completion phase. These incidents
accounted for 51.4 percent of all documented incidents caused by regulated activities.
Forty-nine incidents (66.2 percent) occurred within the first ten years of the study
(1983-1992) and sixty-three of the incidents (85.1 percent) were caused by inadequate
construction or maintenance of reserve pits. Eleven drilling operation incidents occurred
prior to installation and cementing of protective surface casing. The DMRM did not
identify any contamination incidents associated with steel tanks, emergency pits,
blowouts, or fuel spills during the study.
1) Activity- Surface-Hole Drilling: The surface borehole is typically drilled using
fresh water, fresh water mixed with clay (bentonite), or compressed air as a
fluid media to circulate cuttings out of a borehole. If lost-circulation zones are
anticipated or encountered, drillers may add non-toxic, biodegradable materials
such as cellophane strips or cottonseed hulls to the drilling fluid in order to seal
off permeable sections of the borehole and thus prevent migration of drilling
fluids into aquifers. When drilling with compressed air, surfactants may be added
to the system to both reduce the weight of the column of fluid in the borehole and
to create foam that assists the removal of borehole cuttings. While drilling the
surface hole, the drilling bit penetrates deeper aquifers that may be more saline
than the shallow aquifers. If uncased, shallow lost-circulation zones are present
while drilling the surface hole, drilling fluids may enter freshwater aquifers prior
to installation and cementing of the surface casing. Despite this potential risk,
contamination incidents are not common due to the brief duration of exposure,
which is typically less than 24 hours.
Activity Incident Summary: The DMRM determined that there were eleven
incidents of private water supply contamination or disruption by surface-hole
drilling fluids during the study, which accounted for 14.9 percent of drilling
and completion phase incidents. All eleven incidents occurred while drilling
the surface hole on compressed air. Three incidents involved contamination by
surfactants, and another four involved increased salinity causing groundwater
to temporarily exceed the SMCL for chloride (250 mg/L). The other three
disruptions were turbidity issues attributed to agitation of scale, sediment,
and biofilms in poorly maintained water wells, oxidation (aeration) causing a
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precipitation of naturally occurring iron, or of lost circulation of cement.
Activity Regulatory Enhancements: In 1982, the DMRM began to require 60
feet of “conductor casing” when drilling surface holes on air. This requirement
has undoubtedly protected some, but not all, shallow water supplies. Beginning
in the mid-1980s, the DMRM began to require operators to drill with freshwater
systems in mapped contamination-sensitive areas, or areas where naturally
occurring methane can be expected while drilling through or immediately below
the deepest USDW.
2) Activity- Reserve Pits: Reserve pits are constructed at most drilling operations
in Ohio. These pits are excavated to contain the cuttings and fluids that are
circulated out of the borehole while drilling below surface casing. While drilling
the production hole, drilling bits sometimes penetrate brine-bearing aquifers,
salt deposits, and sub-commercial accumulations of crude oil; fluids from these
zones are also circulated into the reserve pit. Reserve pits should therefore be
constructed to sufficiently contain these fluids prior to their removal for disposal
and site reclamation. Steel tanks may be required when drilling in flood plains
or in areas where the base of the pit would intersect the water table. During
the 25 year study period, there were 33,304 drilling operations; most involved
construction of a reserve pit (McCormac, 1983-2007).
Activity Incident Summary:
The DMRM identified 63
incidents of private water
supply contamination from
the infiltration of saline fluids
from unlined or inadequately
constructed reserve pits
(Figure 17). Forty-four (70
percent) of these incidents
occurred prior to 1990. Over
the 25 year study period,
inadequately constructed
or maintained reserve pits
were the number one cause

Figure 17
Poorly constructed and maintained reserve pit
showing naturally fractured bedrock exposed
to reserve pit fluids,
Columbiana County, Ohio 1986
Source: Ohio DMRM
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of oilfield-related groundwater contamination, accounting for 43.7 percent of all
incidents regardless of their phase. Incidents per 1,000 drilling operations peaked
at 8.1 in 1986, but remained at 0.0 for the final five years of the study (20032007).
Activity Regulatory Enhancements: Ohio oil and gas law authorizes the use
of reserve pits to contain cuttings and fluids, including the brine circulated
out of the borehole during drilling operations. While the law requires that
operators construct and maintain pits to prevent the escape of brine or other
waste substances, neither current laws nor rules establish specific construction
standards. During water supply complaint investigations in the 1980s, DMRM
geologists began to document a pattern of groundwater contamination incidents
within shallow, unconfined aquifers in several distinct hydrogeologic settings in
northeastern and north-central Ohio. Drilling pits were being constructed in, or
over, shallow, contamination-sensitive, unconfined aquifers, without liners or with
thin (3-mil.), low-density, polyethylene that often tore during drilling operations.
Contamination-prone aquifers included the sand and gravel beach deposits of the
Lake Plain Region bordering Lake Erie, and the fractured sandstone, ridge-top
aquifers overlain by thin deposits of glacial till.
DMRM geologists mapped these contamination-sensitive areas in the 1980s. In
1985, the General Assembly provided the DMRM with authority to issue permits
subject to special terms or conditions in areas where there is a “substantial risk”
of violations that could cause “damage to the environment” as part of Sub. HB
501. The DMRM developed and implemented special permit conditions that were
applied to the mapped sensitive aquifer areas, including standards for:
•
•
•
•
•
•
•

Inspector notification prior to excavation of the reserve pit;
Reserve pit grading;
Subliner preparation and soil sealants;
Synthetic liners and seams;
Maintenance and free-board requirements;
Rapid removal and disposal of free liquids; and
Cutting solidification and expedited reclamation.
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Since the implementation of these standards, the DMRM has not documented an
incident of groundwater contamination caused by infiltration of brine or fluids
from reserve pits within a mapped area subject to permit conditions (Figure 18).

Figure 18
Reserve pit constructed according to new standards, Geauga County, Ohio 2008
Source: Ohio DMRM
The standards applied to the mapped contamination-sensitive aquifers have
increasingly become standard industry practice throughout Ohio. As a result, the
DMRM has not documented any groundwater contamination incidents attributed
to faulty construction or maintenance of a reserve pit in the final five years of the
study, during which time 3,858 wells were drilled.
General site restoration standards adopted in 1974 allowed up to five months
for reclamation of the reserve pit. HB 501, enacted in 1985, authorized the
Chief of the DMRM to order reclamation of pits within five months if there was
evidence of integrity failure, such as a slumped liner. Beginning in the 1980s,
the reclamation timeframe for all reserve pits in mapped sensitive areas subject
to special reserve pit conditions was reduced to 14 days. Senate Bill (SB) 165,
enacted in 2010, required the closure of reserve pits within 14 days for all urban
drilling sites, regardless of the drilling location’s contamination sensitivity.
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Phase 3: Well Stimulation
Phase Overview: Stimulation by hydraulic fracturing has been a routine part of
completing most oil and gas wells in Ohio since 1951. During the study period (19832007), the DMRM estimated that 27,969 oil and gas wells were stimulated by hydraulic
fracturing. A typical hydraulic fracturing operation in Ohio lasts five hours or less, and
approximately uses between 50,000 to 200,000 gallons of water (Figure 19). Most
hydraulic fracturing stimulations use polymer-based systems or slickwater, though some
use nitrogen or CO2 foam.

Figure 19
Typical “Clinton sandstone” hydraulic fracturing operation,
Geauga County, Ohio 2008
Source: Ohio DMRM
Phase Incident Summary: During the 25 year study period, the DMRM did not identify
any groundwater contamination incidents caused by hydraulic fracturing.
Phase Regulatory Enhancements: The DMRM has not identified hydraulic fracturing as a
significant threat to fresh groundwater resources. Regardless, SB 165 (2010) establishes
notification and reporting requirements to improve documentation of the process and the
composition of stimulation fluids including additives. Among other provisions, SB 165
establishes clear well construction performance objectives that require the isolation of all
USDWs behind cemented surface casing, and the isolation of petroleum reservoirs prior
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to, during, and after well stimulation operations. SB 165 further requires:
1. Inspector notification prior to the commencement of stimulation operations;
2. Immediate notification of an inspector upon detection of defective cement or
casing during stimulation operations;
3. Submission of additional records, including job logs, pumping and pressure
charts, and invoices listing additives by volume; and
4. Disposal of produced water generated during the post-stimulation flowback
process at Class II injection wells.
Phase 4: Production, On-lease Transport, and Storage
Phase Overview: During the study period, the number of producing wells increased from
50,342 to a high of 64,830 in 1991. The number of active oil and gas wells has exceeded
62,000 each year thereafter through 2007. Most wells in Ohio are combination wells,
producing both crude oil and natural gas. During the study period, over 222 million
barrels of crude oil and 3.2 tcf of natural gas were produced (Appendix D). Typical
production facilities include the well, a distribution line from the well to the storage
facility, a fluid separator, one or more steel tanks for storage of crude oil and produced
water, and a spill contaminant dike. Prior to 1985, earthen pits were commonly used to
store produced water. Over 200 million barrels of produced water were generated during
the study period.
Phase Incident Summary: The DMRM identified 39 incidents that occurred during the
production phase of operations, which accounted for 27.5 percent of all regulated activity
incidents. Documented incidents resulted from leaking storage tanks (12), leaking
distribution lines (5), produced water pits (10), and well construction issues (12). Fiftynine percent (23) of these incidents occurred within the first ten years of the 25 year
study period. The DMRM did not identify any incidents caused by workover operations.
The Ohio oil and gas industry does not use skimming/settling pits, percolation pits,
evaporation pits, blowdown pits, basic sediment pits, or on-lease gas treatment systems;
accordingly, there were no documented incidents associated with these activities.
1) Activity- Produced Water Pits: Although the 1965 Conservation statute (Chapter
1509 ORC) prohibited pollution and contamination of groundwater, earthen
pits remained a standard industry practice for “storage” until 1985. Drainage
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of produced water (brine) from tanks into lined or unlined earthen pits was the
standard method of “storage” prior to 1985. The storage capacity of these earthen
pits ranged from less than ten to over 32,000 barrels. The estimated number of
earthen pits ranged from
2,500 to over 10,000 prior
to 1985. Rules required
earthen pits to be “liquid
tight”, but there were
no construction or liner
standards, or prescribed
tests for “liquid-tightness”
(Figure 20). Although the
rule was intended to prevent
contamination, enforcement
Figure 20
actions were almost always
Produced water pit, Morrow County, Ohio 1982
Source: Ohio DMRM
remedial in nature.
Activity Incident Summary: Ten of the 39 production phase incidents (25.6
percent) were caused by the failure of unlined water pits, all of which occurred
within the first five years of the study period and were caused by pits that had
been banned in 1985.
During the late 1960s, several studies were completed in Morrow and Delaware
Counties (central Ohio) that documented groundwater contamination associated
“with infiltration of produced water from earthen pits” (Shaw, 1966; Boster, 1967;
Lehr, 1968; and Pettijohn, W.A., 1971). These studies documented eight water
wells, including a municipal water well, where two year chloride concentrations
averaged over 250 mg/L. The village of Cardington, located in the center of the
Morrow County oil boom of the 1960s, was forced to abandon their municipal
water well due to a chloride concentration exceeding 3,700 mg/L. This shallow
water well had been developed in an unconfined glacial sand and gravel aquifer
150 feet away from an unlined earthen produced water pit. The Morrow County
case is the only documented incident involving contamination of municipal
water well by oilfield activities in Ohio. Researchers subsequently concluded
that “unlined evaporation pits in humid areas where fresh groundwater may be
contaminated by brines should be prohibited” (Lehr, 1968). From 1983 to 1986,
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the DMRM identified ten additional earthen pits that had contaminated one or
more private water supplies.
Activity Regulatory Enhancements: In 1982, the DMRM began to focus field
enforcement efforts on the identification and elimination of non-liquid tight
earthen pits based on site-by-site field observations. During the first year, 1,685
pits were eliminated. A three year debate over produced water management
practices in Ohio ensued, during which time DMRM geologists and field staff
advocated for the elimination of all earthen pit storage of produced water. As
a result, Am. Sub HB 501 (1985), required closure of all earthen pits storing
produced water by July 1986. Two remnant groundwater contaminations incidents
were identified in 1986. However, between 1987 to 2007, there has not been a
single additional contamination incident involving earthen pit storage.
2) Activity- Storage Tanks and Distribution Lines: Storage tanks and fluid separation
equipment are installed and connected to the well by distribution lines, if a well
is completed as productive. In accordance with federal spill control regulations
(CFR 40, Chapter 112), spill control containment structures, usually dikes, should
be constructed around the storage facility. During the study period, the number of
producing wells increased 28.8 percent from 50,342 to 64,830 in 1991, the peak
year (McCormac, 1983-2007).
Activity Incident Summary: The DMRM identified 17 incidents resulting
from leaks at storage tanks or distribution lines. These incidents accounted for
43.6 percent of production phase incidents throughout the study period. On
average, there were 0.76 incidents per year caused by failures at storage tanks or
distribution lines. Incident rates ranged from 0.0 during 14 of the 25 years, and
reached a high of 0.032 incidents per 1,000 production operations in 1986. In all
tank releases that resulted in contamination, the surface storage facilities was not
in compliance with federal spill control regulations.
Activity Regulatory Enhancements: The storage of crude oil at onshore facilities,
including crude oil storage tanks, is subject to federal regulations and liability
provisions. Specifically, Section 311 of the Clean Water Act (CWA) requires
operators to prepare and implement facility Spill Prevention Control and
Countermeasure (SPCC) plans that address prevention and response to accidental
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releases of crude oil and other hazardous substances. In 1994, the DMRM
acquired primacy (authority) to enact state spill control, reporting, and cleanup
regulations to supplement federal regulations. The DMRM has drafted, but not
enacted state regulations for spill control. The proposed regulations establish
containment system standards and require operators to notify the DMRM if there
is an unplanned release of any fluid or gas, including, but not limited to crude oil,
within or outside of the containment structure.
3) Activity- Well Construction: During the course of drilling a well, multiple layers
of coupled steel pipe (casing) are placed and cemented in the borehole. Widediameter conductor pipe is typically installed for borehole stabilization, to prevent
the collapse of unconsolidated materials, and to isolate shallow glacial sand and
gravel aquifers. Locally, the DMRM may require installation conductor pipe
in order to protect vulnerable, shallow bedrock aquifers before drilling through
deeper USDWs. Ohio requires that surface casing be installed through the deepest
USDW for the protection of all used and/or potentially treatable groundwater. For
all rotary drilled wells, surface casing must be cemented to the surface. However,
prior to 2010, it was a common and lawful practice to seal surface casing in cable
tool drilled wells with circulated prepared clay. From 1995 to 2007, fewer than 30
wells per year were drilled with cable tools (McCormac, 1983-2007).
Activity Incident Summary: The DMRM identified 12 incidents caused by
well construction deficiencies. Eleven of the twelve incidents were caused by
the corrosion of surface casing over time, after the well had been completed.
One incident in 2007 was the result of a deficient primary cement job on the
production casing caused by a deep thief zone, which had been created by local
faulting. As a result, the cement did not seal or isolate a sub-commercial gasbearing zone above the targeted petroleum reservoir. Compounded by operator
error, the annulus was shut in and overpressurized resulting in gas migration into
local aquifers.
Of the eleven incidents caused by corrosion of surface casing, six operations (55
percent) involved surface casing sealed with clay rather than cement in cable
tool-drilled wells. Two were caused by the migration of hydrogen sulfide in
the surface-production casing annulus, in an area of southeastern Ohio where
hydrogen sulfide concentrations in a non-commercial gas-bearing zone, above the
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target hydrocarbon reservoir, may be atypically high. The corrosive, hydrogen
sulfide-bearing zone was not sealed or isolated by cemented casing. All twelve
incidents resulted in migration of natural gas into aquifers causing disruption of
usage at one or more domestic water wells.
Activity Regulatory Enhancements: In 1988, the DMRM implemented permit
conditions that require corrosive, hydrogen sulfide-bearing zones to be isolated
with cement behind the production casing. SB 165 (2010) updates well
construction requirements by:
•
•
•
•
•

Establishing performance objectives for well construction activities;
Mandating cementing of all surface casings;
Requiring isolation of corrosive zones;
Prohibiting annular over pressurization; and
Requiring immediate agency notification upon detection of defective pipe,
cement, or any other well construction component.

Permit conditions for new wells in northeastern Ohio require surface casing
valves to be above grade and readily accessible. They must further be equipped
with a pressure gauge and properly functioning pressure relief valve that has
been set to release gas into the atmosphere if necessary to prevent annular
overpressurization. The operator must immediately notify the DMRM if a
pressure relief valve releases.
Phase 5: Waste Management and Disposal
Phase Overview: In 1983, U.S. EPA delegated U.I.C. regulatory authority to the DMRM
for the Class II Program. The Ohio Class II Program regulates three types of wells:
conventional Class II brine disposal wells, injection for EOR, and annular disposal of
produced water. Ohio also allows the spreading of produced water for dust or ice control
if authorized by the relevant local jurisdictional authority. Between 1985 and 2007,
produced water production declined from 15,056,651 to 6,842,115 barrels per year.
Because the volume released to the environment through unlined earthen pits cannot be
estimated, data regarding produced water volumes prior to the closure of earthen pits in
1986 is unreliable. Landspreading of and treatment of saline solids and bioremediation
of oily solids is allowed under certain circumstances, but in fact rarely occurs. The vast
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majority of saline and oily solids are excavated and disposed of at Ohio EPA approved
solid waste landfills. Ohio does not practice roadspreading of heavy hydrocarbons for
dust control, or annular disposal of drilling solids.
Phase Incident Summary: The DMRM documented 27 incidents (19 percent) caused
by waste management and disposal activities. Over half of these incidents (14) were
caused by annular disposal of produced water prior to the enactment of more stringent
construction and mechanical integrity testing standards in 1988 and 1990. Eighty-nine
percent of the incidents (23) occurred within the first ten years of the study period (19831992).
1) Activity- Annular Disposal: Produced water can be gravity fed into the annular
space between the surface and production casing of a producing oil and gas well,
if authorized by permit. When an annular disposal well functions properly, the
produced water enters permeable saline reservoirs below the base of the surface
casing, which extends through the deepest USDW. This produced water disposal
practice has been used by the Ohio oil and gas industry since the mid-1960s, and
is limited to disposing of water produced on or at a lease adjacent to where it was
produced. Produced water may not be hauled to an annular disposal well by truck.
Furthermore, operators may only dispose a maximum of ten barrels per day on
average, and pressure at the wellhead is restricted to the natural force of gravity
(Tomastik and Kell, 1987).
Even with these volume and pressure restrictions, many federal and state
officials were concerned with the practice of annular disposal as implemented in
Ohio because the surface casing was the sole casing string protecting USDWs.
This casing string was typically sealed with clay rather than cement. Prior to
1988, there was no practical method to test the mechanical integrity of the
surface casing. Potential for aquifer contamination exists if the surface casing
loses mechanical integrity and the hydrostatic head in the annulus exceeds the
hydrostatic pressure in the adjacent USDW (Tomastik and Kell, 1987).
Annular disposal regulations adopted in 1982 required that all operators
demonstrate the mechanical integrity of surface casings at least once every five
years. Therefore, owners of over 7,000 wells that were being used for annular
disposal prior to adoption of the rules were required to demonstrate casing
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mechanical integrity by June 1987. However, because there was no practical
method to test mechanical integrity, the Ohio General Assembly extended the test
deadline until September 1988 (Tomastik and Kell, 1987).
Activity Incident Summary: Between 1983 and 1985, the DMRM documented
fourteen annular disposal operations that had contaminated one or more private
water supplies.
Activity Regulatory Enhancements: In 1987, the DMRM completed a systematic
study evaluating annular disposal of produced water in order to assess the
environmental, public health, and safety risks associated with annular disposal as
practiced (Tomastik and Kell, 1987). Surface casing conditions and clay sealant
quality were evaluated at 100 oil and gas wells as the casing string was extracted
from the well during plugging operations. Hydrogeologic investigations were
conducted within a quarter-mile radius of wells which had exhibited evidence of
mechanical integrity failure (holes, severe corrosion, splits, partings, and lack of
sealant).
The study determined that only
three percent of the inspected wells
were constructed and maintained
in a manner consistent with the
EPA’s twofold requirements for
demonstrating mechanical integrity.
Eighty percent of the total recovered
surface casing was rated as being
in “fair to poor” condition. Surface
casings extracted from 29 wells had
observable mechanical integrity
failures. Specifically, the study
Figure 21
Badly corroded surface casing
documented a total of 150 holes in
extracted from a well used for
surface casings withdrawn from these
annular disposal,
29 wells (Figure 21). Fifty-four percent
Perry County, Ohio 1987
of the wells had no clay sealant on any
Source: Ohio DMRM
portion of the recovered surface casing.
Annular fluid levels were measured above the basal elevation of the deepest
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USDW in 88 percent of the 41 wells tested (Tomastik and Kell, 1987).
In 1988, the DMRM developed a mechanical integrity test for annular disposal
wells and the EPA’s National Technical Workgroup approved Ohio’s proposal for
the Positive Differential Test in April 1988. The DMRM subsequently established
a test schedule and revoked every well’s authorization that failed to conduct or, if
conducted, to pass the new test by a scheduled deadline.
The DMRM adopted amended rules concerning annular disposal operations on
June 19, 1989. These rules required the isolation and protection of USDWs by
cemented surface casing and verification of mechanical integrity before new
annular disposal operations could begin. Operators are further required to repeat
the test every five years to ensure a surface casing’s continued mechanical
integrity.
Since the new well construction and mechanical integrity test standards were
implemented in 1989, the number of annular disposal operations declined from
an estimated 7,500 in 1983 to 94 in 2007 (UIPC, 1989; DMRM, 2000-2007). The
DMRM did not subsequently identify a single case of groundwater contamination
caused by annular disposal for the remaining 17 years of the study.
2) Activity- Enhanced Oil Recovery: Ohio authorized waterflooding as a method of
EOR in 1939; however, EOR has not played a significant role in oil production or
produced water injection. During the study period, the maximum number of EOR
injection wells was 194 in 1993. Since 1998, fewer than 150 wells have injected
produced water at Ohio waterflooding operations. EOR currently accounts for less
than seven percent of produced water disposal (Tomastik, 1999).
Activity Incident Summary: The DMRM documented two contamination
incidents of private water supplies attributed to historic EOR injection operations
in Medina County of north-central Ohio. The oil reservoir was the Mississippian
Berea Sandstone where the depth to the pay zone ranged from 242 to 494 feet
below surface. These two incidents were remnant problems created by poor well
construction and operational practices allowed from 1939 to 1983, prior to the
adoption of SDWA regulations.
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Prior to 1983, injection wells in Medina County were typically constructed
without protective surface casing and minimal cement behind the base of injection
tubing. Compounding the problem was the fact that many injection wells were
operated at pressures exceeding formation-parting pressure (Tomastik, 1999).
The Ohio DoW’s Water Resource Map for Medina County delineates the areas in
two townships where substandard practices were employed from 1939 to 1983 as
areas where water wells typically encounter “oil residue and salt water resulting
from [historic] petroleum exploration” (Schmidt, 1978). The two incidents
involved private water supplies developed in these historically contaminated
areas.
Activity Regulation Enhancements: The practices that resulted in the extensive
contamination of Medina County aquifers were terminated in 1983. Rather than
grandfathering existing EOR wells into their Class II Programs, Ohio mandated
that all injection wells meet or exceed the new construction standards or terminate
injection by 1983. Most Medina County EOR project operators elected to
abandon their projects rather than meet the new standards for well construction,
operation, monitoring, mechanical integrity verification, and reporting. Between
1993 and 2007, the DMRM did not identify any further incidents from injection
for EOR or EOR-associated surface facilities
3) Activity- Class II D Injection Well Surface Facilities: Class II injection facilities
typically include bermed unloading pads, fluid segregation impoundments,
storage tanks and their associated spill containment dikes, pump houses, and
disposal lines. During the study period, the number of Class II disposal wells
nearly doubled, from 79 (1983) to 154 (2007).
Activity Incident Summary: The DMRM documented five groundwater incidents
caused by inadequate surface facilities at Class II produced water injection wells,
all prior to 1989. In those cases, contamination resulted from either corroded
distribution lines or concrete deterioration in the buried vaults that capture
produced water spillage at unloading pads.
Activity Regulatory Enhancements: In 1989, the DMRM chartered a task force
of agency, public, and industry representatives to define Best Management
Practices (BMPs) for construction of surface facilities. As a result, new BMPs
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have been established for unloading pads, storage tanks, distribution lines, and
runoff-collection vaults, which are implemented through permitting requirements.
The DMRM did not subsequently identify any further incidents from deficient
produced water management at Class II injection well surface facilities after the
new standards were established (Figure 22).

Figure 22
Class II injection well surface facility, Ohio 2008
Source: Ohio DMRM
4) Activity- Dumping: Dumping produced water has been illegal in Ohio since
1965.
Activity Incident Summary: The DMRM identified four incidents caused by
illegal dumping of transported produced water at abandoned mines during the
mid-1980s.
Activity Regulatory Enhancements: The 1980s were a transitory period for
produced water management. An estimated 10,000 earthen pits were eliminated
while the DMRM and the oil and gas industry more than doubled the number of
Class II injection wells to meet demand for increased produced water disposal
capacity. HB 501 (1985) established deep injection at Class II wells as the
preferred method of brine disposal. HB 501 also provided the DMRM with
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authority to revoke the registration of any brine hauler that had established a
pattern of violations that threatened public health, safety, or the environment.
Injection wells have since become geographically distributed throughout eastern
Ohio, and the DMRM has not documented a single additional groundwater
incident caused by illegally dumped produced water.
5) Activity- Brine Spreading: Ohio has allowed controlled spreading of produced
water (brine) for road deicing and dust control since the 1960s.
Activity Incident Summary: Brine spreading caused a single documented
case of groundwater contamination. In that case, the DMRM determined that
spreading produced water at excessive frequencies and volumes on a parking lot
and industrial work yard in violation of existing standards was to blame for the
contamination.
Activity Regulatory Enhancements: HB 501(1985) established minimum
standards for brine spreading and established local jurisdiction controls to enforce
them. Brine spreading is allowed when authorized through resolution by local
governments with authority over road maintenance. Local authorities may:
establish standards that exceed statewide minimum standards; rescind previouslygranted authorization; and are required to annually report the source, volume, and
location of all brine spreading to the DMRM. Local authorities may not, however,
authorize spreading of flowback or drilling fluids.
HB 501 also established the Brine Management Research Special Account
(BMRSA) to fund research regarding potential environmental impacts
associated with brine spreading. Between 1989 and 1991, the DMRM funded
four research projects on brine spreading through the BMRSA (Bair, Digel, and
Springfield,1989; Corbett,1990; Springfield,1988; Digel,1988).
Phase 6: Plugging and Site Reclamation
Phase Overview: During the study period, 20,374 oil and gas wells were plugged in Ohio
(McCormac, 1983-2007). The very first Ohio laws regarding oil and gas wells, enacted
in 1893, recognized the critical importance of plugging wells to prevent flooding of oil
and gas zones by fresh or salt water after casing was withdrawn during the plugging
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process. In 1982, the DMRM enacted plugging rules providing more specific standards
and elaborating on the generalized well plugging objectives listed in the statute. These
plugging rules require well owners to notify an inspector before commencement of
plugging operations. DMRM inspectors must approve plugging materials, methods, and a
plugging plan for each well based on site-specific geology and well construction records.
Wells must be plugged in a manner that confines oil, gas, and water in the reservoir rocks
in which they originate. Cement plugs must be placed across and above the reservoir
rock, across all other petroleum-bearing zones, at the top of the Onandaga Limestone,
across mineable coal seams, across the surface casing shoe, and at surface to effectively
isolate USDWs.
Phase Incident Summary: The DMRM identified four groundwater incidents prior to
1992 caused by plugging and site reclamation operations. Three of the incidents were
caused while circulating saline or oily fluids out of the borehole after removing mudded
surface casing at cable tool drilled wells. The fourth incident involved naturally occurring
crude oil in the deepest USDW that had been confined behind surface casing until the
casing was pulled during plugging. The DMRM study did not document any further
incidents related to temporary storage pits, decommissioned tanks, or pipelines removed
during site reclamation.
Phase Regulatory Enhancements: The DMRM amended its plugging rules in 1992.
The new rules require all brine and crude oil to be circulated out of the borehole prior
to pulling mudded surface casing during plug jobs for cable tool wells. Furthermore,
these amendments establish cement quality standards and require use of sulfate-resistant
cements across hydrogen sulfide-bearing zones. Prior to 2004, jurisdictional oversight
of plug jobs had been split between the Department of Industrial Relations’ Division
of Mine Safety for wells in coal-bearing townships, and the DMRM for all other wells.
That authority was centralized under the DMRM in 2004 when harmonized standards
for protection of groundwater, the public, and underground miners were adopted. SB
165 (2010) requires surface casing to be cemented in all wells, including those drilled by
cable tools, thereby eliminating potential problems that can occur when non-cemented
surface casing is pulled during plug jobs.
Phase 7: Orphaned Wells and Sites
Phase Overview: From 1978 to 2008, the DMRM spent over $20 million plugging 1,870
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orphaned wells and reclaiming abandoned sites without recorded owners. The DMRM
Idle and Orphan Well Program is funded by a portion of the severance tax on oil and
gas production and forfeited bonds. This program was established to: respond to public
complaints, research well ownership records so as to determine eligibility, contract
with well plugging services, and monitor well plugging and restoration work to ensure
contractual compliance.
Phase Incident Summary: The DMRM has identified 41 sites where fluid leaked from
orphaned wells and disrupted private water supplies. Orphaned wells accounted for 22.2
percent of all recorded incidents.
Phase Regulatory Enhancements: Ohio was one of the first states in the Appalachian
Basin to establish an Idle and Orphan Well Program (Figure 23). “Idle and orphaned
wells” are those that have been abandoned, and have no legally responsible party to
assume plugging or cleanup costs. In
1994, SB 182 authorized the Chief
of the DMRM to spend oil and gas
well fund monies in order to address
imminent public health and safety
risks without delays caused by
competitive bidding requirements or
State controlling board authorization.
As a result, the DMRM can expedite
corrective action at orphaned
wells which are threatening or
contaminating water supplies
without the inherent delays of bid
advertisement and contract processes.
SB 165 (2010) requires the DMRM to
spend 14 percent of its annual revenue
on orphaned well plugging contracts,
Figure 23
and is projected to raise annual
Orphaned well plug job at a site between
expenditures to approximately one
two homes in suburban Cleveland
Source: Ohio DMRM
million dollars.
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TEXAS
Groundwater Usage
Groundwater continues to be an important source of water for Texas. Texas ranks second
nationally in fresh groundwater withdrawals. In 2005, Texas withdrew over eight billion gallons
of groundwater per day, which translated to 8,990,000 acre feet of total withdrawal that year
and 34 percent of all fresh water used in 2005 (USGS, 2005). Farmers used 76.3 percent of this
groundwater to irrigate crops, and 18.3 percent was withdrawn for public and private drinking
water supplies. Figure 24 depicts 2005 groundwater withdrawals by user type.
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Groundwater withdrawals by user category
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Groundwater production has increased nearly tenfold above 1940 levels since the drought of the
1950s (Texas Water Development Board, 2006-a.). Prior to 1940, groundwater provided Texans
less than 1 million acre feet of water per year; it has provided approximately 10 million acre feet
per year since the drought.
The Texas Water Development Board (TWDB) monitors and manages the quality and quantity
of groundwater. In 2003, the TWDB recognized that nine major and twenty-one minor aquifers
provided approximately 59 percent of all fresh water used in Texas that year. Major aquifers
produce large volumes of groundwater over large areas, while minor aquifers produce minor
amounts of groundwater over large areas, or large amounts over small areas. Figures 25 and 26
depict the outcrop and subcrop areas of major and minor aquifers in Texas (TWDB, 2006-a. and
b.).

Figure 25
Major aquifers in Texas
Source: Texas WDB
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Figure 26
Minor aquifers in Texas
Source: Texas WDB
The TWDB has mapped the downdip boundaries that delineate the areas where these aquifers
contain groundwater with dissolved solids concentrations low enough to meet an aquifer’s
primary use. The quality limit for most protected aquifer groundwater is 3,000 mg/L TDS; others
are limited to 1,000, 5,000, or 10,000 mg/L TDS depending on whether the aquifers are currently
being used or have been identified for desalination. The TWDB delineated these downdip water
quality boundaries using a combination of sources including: geophysical logs, driller’s logs,
water quality sample analyses, and the results from earlier groundwater studies and reports
conducted by TWDB staff and others agencies (TWDB, 2007).
The RRC requires that oil and gas operators set and cement surface casing through the deepest
“useable-quality” groundwater aquifer at a depth determined by the TCEQ. The TCEQ bases
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its determinations on geological interpretations that identify freshwater zones and the base of
useable-quality water. The TCEQ then makes protection depth recommendations to the RRC for
oil and gas drilling operations, shot holes created during seismic surveys, and cathodic protection
wells. The geological interpretation also may require protection of lower quality groundwater
based on potential hydrological connectivity to useable-quality water. For recommendations
regarding injection into non-producing zones, the TCEQ provides geological interpretations on
the base of the deepest USDW, defined as an “aquifer or its portions: (1) which supplies drinking
water for human consumption; or (2) in which the groundwater contains fewer than 10,000 mg/L
TDS; and (3) which is not an exempted aquifer” (40 CFR Part 156.3).
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History of Oil and Gas Exploration and Development
Texas’ cultural and economic development is intertwined with the history of oil and gas E&P.
Petroleum began to displace agriculture as the principal engine driving the state economy at the
turn of the ninetieth century. Texas ranked first nationwide in drilling and production of both oil
and gas throughout most of the twentieth century (IPAA, 2009).
Over 1,074,000 wells have drilled in Texas since 1866 (IPAA, 2009). Oil and gas reservoirs have
been developed at depths from 100 to over 30,000 feet. As of 2007, 68,947 million barrels of
crude oil and 426,094 billion cubic feet (bcf) of natural gas have been produced. The Texas oil
and gas fields map (Figure 27) illustrates that drilling has occurred in virtually all of the state’s
254 counties (Texas Bureau of Economic Geology, 2005). In 2007, 223 counties (88 percent) had
oil and/or natural gas production (IPAA, 2009).
In 1866, less than a decade after Colonel Edwin Drake completed the first commercial oil well
in Titusville, Pennsylvania, L.T. Barret struck oil at a depth of 106 feet below surface at Oil
Springs, in East Texas. While the presence of natural oil seeps in Texas had been known for
centuries before the arrival of European explorers, this was the first purposeful attempt to drill
for crude oil. Since production could not economically compete with Appalachian production in
Ohio and Pennsylvania, the well was subsequently abandoned (RRC, 1991).
The first major oil discovery in Texas occurred in 1894 at Corsicana, southeast of Dallas.
However, it was the Lucas No.1 discovery at Spindletop in 1901 that jump-started the Texas
oil industry, when the well blew the drilling pipe, mud, gas, and crude oil out of the borehole.
The well was completed over one of the many gentle mounds that can be found in the Texas
and Louisiana Gulf Coast reflecting the presence of subsurface salt domes. Beginning with
Spindletop Dome, early explorers realized that these reservoirs contained prolific quantities of
crude oil. Initial production from the Lucas No. 1 well was approximately 100,000 barrels per
day, which flooded the market and collapsed the price of oil to $0.03 per barrel. Within two years
of this discovery, 1,200 oil wells were drilled over the 200 acre Spindletop salt dome (Figure 28).
Texas production dominated the market after Spindletop, leading to a drastic decrease in drilling
and production in Ohio and Pennsylvania (STRONGER, 1993).
Between 1902 and 1920, new fields were discovered in north-central Texas at Petrolia, Electra,
Burkburnett, Breckenridge, and Desdemona. During these early years, gushers were celebrated
as signs of success. In the infancy of the oil and gas industry, wellhead controls were primitive,
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and reservoir pressure was so great that it often took days to halt uncontrolled flow. With
each new well, oil saturated the ground, flowing into nearby creeks and gullies. Even when
captured, oil was typically stored in unlined earthen pits or open tanks, resulting in surface and
groundwater contamination (RRC, 1991).

Figure 27
Oil and gas fields map of Texas
Source: University of Texas Library
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Figure 28
Standard rigs on Spindletop Dome
Source: Texas RRC
Texas’ largest oil field, the East Texas Field, was discovered in 1930. Like the other booms, nonexistent spacing and conservation regulations resulted in excessive drilling and over production.
Without spacing controls, competing companies constructed drilling derricks in the shadows
of neighboring derricks. Each well was produced wide open, resulting in lost production as the
natural subsurface reservoir pressures prematurely dissipated. On August 17, 1931, Governor
Sterling placed the area under martial law until legal battles over production proration and well
spacing could be resolved (Ramos, 2001).
World War II led to the creation of the world’s then largest (24 inch diameter) and longest oil
transport pipeline, which stretched 1,400 miles from East Texas to refineries in Philadelphia.
Oil was historically transported by sea, but German submarines made reliable transport by ship
impossible (Beach, 2011). Today, the state hosts an extensive network of pipelines that transport
crude oil from fields to refineries along its Gulf Coast.
State oil production peaked in 1972 at 1,263,412,000 barrels (bbls) when operators were allowed
to continuously produce maximum efficient rates from 167,223 wells in response to the Arab oil
embargo. October 1973 marked the first time that Texas production was unable to make up for
world shortages. Natural gas tax incentives under the federal Natural Gas Policy Act resulted in
new record levels of drilling activity in 1982. However, by 1986, falling crude oil prices led to
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steep declines in exploratory drilling and production (RRC, 2011-b.). Figure 29 shows oil and
gas well completion trends in Texas from 1960 to 2010 (RRC, 2011-c.).
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Figure 29
Oil and gas wells completed (1960-2010)
Source: Texas RRC
Texas has always been a national leader in waterflooding and developing advanced EOR
technologies. The injection of produced water to restore reservoir driving pressure and to sweep
oil towards producing wells has been practiced in Texas since 1938. Texas has the largest
number of EOR injection wells in the nation, with over 38,000 in operation annually during the
study period (Appendix G). Texas also leads the nation in produced water generation, accounting
for between 35 to 43 percent of all nationally reported produced water volumes in 1995 and
2002 (Veil, Puder, Elcock, and Redweik, 2004). During the study period, the volume of injected
produced water ranged from 5,077,990,191 to 7,452, 248, 595 bbls. The ratio of produced water

State Oil and Gas Agency Groundwater Investigations 68
to crude oil generally exceeded 12:1 and reached a high of 21.5:1 in 2008 (Figure 30). Since
1969, over 98 percent of produced water has been reinjected, including 60 percent for EOR.
Annually, approximately 50 percent of Texas crude oil comes from enhanced production (RRC,
personal communication: Leslie Savage).
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Figure 30
Crude oil and produced water volumes (1993-2008)
Texas also is a world leader in CO2 injection for EOR. Texas has over forty years of experience
in CO2-based EOR, and has permitted more than 11,000 wells for CO2 injection. Currently, the
Permian Basin in west Texas is the world’s largest market for CO2 EOR (Future Gen Texas,
2010).
During the past decade, Texas has become a leader in the development of shale gas resources.
Texas has used reservoir stimulation by hydraulic fracturing since the 1950s. Advances in
horizontal drilling technology and the use of high volume, multi-stage, hydraulic fracturing
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stimulations have contributed to the economic potential of shale gas (GWPC and ALL
Consulting, 2009). Six significant shale gas basins are located, partially or solely, within Texas’
boundaries. The Barnett Shale, for example, accounts for six percent of all natural gas produced
in the lower 48 states. The first large-scale fracturing of the Barnett Shale occurred in 1986.
Since 1986, over 13,000 wells have been stimulated in the Barnett Shale alone (GWPC and ALL
Consulting, 2009).
During the 16 year study period (1993-2008), 187,788 oil and gas wells were drilled and 140,818
wells were plugged. The number of producing wells increased 6.7 percent from 237,136 to
253,090. Texas operators produced nearly 6.7 billion barrels of crude oil and 93.7 tcf of natural
gas. Figure 31 shows trends in oil and natural gas production from 1993 through 2008 (Appendix
G). Crude oil production declined by 39.7 percent during the study period, from 574,568,000
to 346,632,000 bbls. Conversely, natural gas production increased 29.7 percent during the same
period, from 5.61 to 7.27 trillion cubic feet. Over 5.1 billion barrels of produced water was
disposed by injection annually. Appendix G summarizes Texas oil and gas industry activity levels
by year during the study period.
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Crude oil and natural gas production trends (1993-2008)
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History of Oil and Gas Regulation Pertaining to
Groundwater Protection
Resource Conservation Challenges: The Texas Legislature (Legislature) created the Texas
RRC in 1891 to correct abuses and prevent unjust discrimination and extortion in railroad freight
rates and passenger tariffs. In 1919, the Legislature created the Oil and Gas Division (OGD)
within the RRC. The OGD is charged with regulating oil and gas E&P to protect correlative
rights and prevent waste and pollution of surface and groundwater. The RRC was given authority
to regulate the oil and gas industry in February 1917, when the state Legislature declared oil
pipelines as “common carriers” due to the fact that the pipeline operators had the same control
over well operators that the railroads formerly had over farmers and ranchers who had to
transport their goods to market (RRC, 1991).
Similar to all other states, early oil and gas legislation focused on the conservation of petroleum
resources. Although the Legislature passed several bills governing use and conservation of the
state’s oil and gas resources in the late 1800s and early 1900s, these laws were not enforced, and
there was no specific agency charged with bringing order to the oil field. In 1905, the Legislature
declared a state of emergency over the drilling, operation, and abandonment of oil, gas, and
water wells. Other laws were subsequently enacted to prevent waste, but the continued absence
of an enforcement body rendered them impotent (STRONGER, 1993).
The same 1919 bill that created the OGD further established well-spacing standards, prohibited
waste, and provided the OGD with broad enforcement powers. Rule 20, for example, was one of
the nation’s first regulations that sought to protect water while allowing continued development
of oil and gas resources. These rules persist in Texas’ regulatory program today, and cover every
phase of oil and gas operations (STRONGER, 1993). For the sake of simplicity, the OGD will be
referred to as the RRC for the remainder of this report.
Regulation did not truly take hold until the 1930s when the East Texas Oil Field was discovered.
Governor Sterling’s declaration of martial law signified the first state effort to level control over
oil and gas production. However, it was still several years before the courts and the Legislature
granted the RRC the right to prorate production to conserve the oil and gas resources, protect
correlative rights, and prevent pollution. A 1932 law authorized the RRC to limit production
based on market demand; in 1935, a comprehensive oil and gas statue was finally enacted to
prevent wasteful production (Ramos, 2001).
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Waste Management Challenges: Protecting groundwater has always been one of the RRC’s
greatest responsibilities. The RRC amended Rule 20 in 1931, requiring the protection of fresh
water during produced water disposal. During 1964 rule revisions, Rule 20 was combined with
Rule 55, a regulation on exploratory wells, to create Rule 8 (16 Texas Administrative Code §3.8).
The new Rule 8’s primary purpose was to protect water supplies by:
1.
2.
3.
4.

Prohibiting pollution of surface or groundwater;
Prohibiting any method of disposal not expressly authorized by rule or permit;
Establishing permit requirements for pits; and
Establishing allowable management practices for various waste streams.

Texas’ varied climate, topography, geology, hydrology, and wide spectrum of toxicity in various
waste streams are just a few of the factors that make water protection on a statewide basis a
complex challenge (STRONGER, 2003).
State E&P waste regulation historically focused on management of large volumes of produced
water. Beginning in the 1950s, groundwater pollution prompted the RRC to selectively ban
disposal of produced water in earthen pits in specific counties and fields; the RRC virtually
eliminated the practice altogether in 1969. The RRC further tightened regulations on all oil and
gas wastes in 1984 (STRONGER, 1993).
Virtually all produced water has been reinjected for EOR or disposal since the elimination of
disposal pits. The minute volume of remaining produced water is discharged in accordance with
federal National Pollutant Discharge Elimination System (NPDES) permits and RRC Rule 8
discharge permits. These discharges include those from four freshwater-bearing formations in
Texas that have been authorized by the EPA (STRONGER, 2003).
The first documented injection of produced water for EOR occurred in 1938. It was not until the
1950s though, that the RRC began to permit and regulate injection of produced water as a result
of pit closures. The number of Class II injection wells, including disposal and EOR injection
wells exceeded 49,000 annually throughout the study period, and the volume of injected
produced water increased 31.5 percent from 1998 to 2008 (Appendix G).
U.S. EPA awarded the RRC Class II Primacy in 1982. In 1983, the RRC created an
Environmental Services Section in order to administer the UIC and Waste Management
Programs. The Waste Management Program was responsible for source reduction, hazardous
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waste management, and pollution prevention. The RRC was recently further reorganized to
create the Technical Permitting Section (TPS). The TPS possesses all of the authority and
responsibilities of the old Environmental Services Section, and processes drilling permits and
performs engineering reviews. The RRC’s Field Operations Section is responsible for conducting
field inspections, ensuring field compliance, well plugging, and cleanup activities (RRC, 2011d.).
Over the past sixty years, tens of thousands of wells have been hydraulically fractured, primarily
to develop unconventional gas resources. The RRC regulates the practice of hydraulic fracturing
through:
1. Well construction regulations;
2. Management of associated produced flowback waters through permitted water recycling
facilities; or
3. Disposal by injection at Class II wells.
Operators are further required to submit summary data as part of their well completion records,
including the volumes and types of fluids used during fracturing.
In 2001, the RRC enacted pipeline safety regulations (Chapter 8 of Title 16 of the TAC). These
rules establish minimum testing standards for a variety of pipelines including onshore, intrastate,
crude oil and natural gas transmission pipelines. Texas became one of the first states in the nation
to require pipeline operators to participate in a Pipeline Integrity Management Program (PIMP),
effective April 30, 2001 and predating federal requirements by more than two years. PIMP
requires liquid petroleum transmission pipeline operators to verify the integrity of their pipelines
by either hydrostatic testing or other approved inline inspection tools. Regulations establish a
schedule for testing all lines based on risk-based criteria. Federal regulations require testing of
lines only in “high consequence areas”, whereas RRC regulations require integrity testing and
verification for all lines regardless of locality (RRC, 2011-e.).
The RRC is a certified agent in partnership with the U.S. Department of Transportation Pipeline
and Hazardous Material Safety Administration. The RRC’s Pipeline Safety Division investigates
pipeline-related accidents and complaints, and conducts roughly 2,500 inspections per year using
a risk-based evaluation model (RRC, 2011-d.). RRC regulations currently meet or exceed all
federal pipeline safety regulations.
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Today, the RRC is responsible for preventing pollution that could result from activities associated
with the exploration, development, and production of oil and gas resources. The RRC’s
environmental and safety programs regulate the following:
1.
2.
3.
4.
5.
6.
7.

Well drilling, operating, and plugging of wells;
Separating and treating produced fluids in the field or at natural gas processing plants;
Storage of pre-refined crude oil;
Hydrocarbon storage in salt caverns or depleted natural gas reservoirs;
Transportation of crude oil or natural gas by pipeline;
Drilling, operation, and plugging of brine wells; and
Storage, hauling, reclamation, or disposal of wastes generated by these activities.

Regulations and programs covering these activities have been developed over the years. The
RRC has revised and strengthened most major environmental standards within the past 20 years;
it has also adopted regulations for management of hazardous oil and gas wastes. Additionally, the
RRC has developed a nationally recognized Waste Minimization Program that encourages and
helps the oil and gas industry reduce the amount and toxicity of generated waste (RRC, 2011-f.).
Legacy issues including orphaned wells and sites polluted by produced water releases from pre1969 earthen pits continue to affect groundwater resources. In 1984, the Legislature clarified the
RRC’s authority to regulate all oil and gas wastes and established the Well Plugging Fund to plug
orphaned wells. The program was funded by a variety of fees and taxes collected from oil and
gas development. The Legislature enhanced this program in 1991, and again in 2001, by creating
the OFCF, further expanding the RRC’s authority, and increasing the fund balance cap. As a
result, the RRC now has authority and enhanced funding to: investigate citizen complaints about
contamination, remediate contaminated sites, manage a VCP, and an OCP. The VCP encourages
lenders, developers, and landowners, to remediate environmental damage, while the OCP
oversees long-term cleanup projects conducted by operators deemed responsible by the RRC
for contamination. In 2001, the OFCF’s balance cap was raised from $10 to $20 million. From
1984 to 2009, the RRC has plugged over 30,000 orphaned wells at a cost of $172.4 million, and
restored, assessed, or investigated over 4,300 sites with OFCF monies (RRC, 2011-a.). Appendix
E is a summary of regulatory enhancements enacted between 1982 and 2010 to both improve
groundwater protection and remediate contaminated groundwater.
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Analysis of Documented Incidents and Regulatory
Enhancements by Phase
Introduction: During the 16 year study period (1993-2008), the RRC documented 211
groundwater contamination incidents caused by historic or regulated oilfield activities, only some
of which involved domestic or public water supplies. Some incidents were reported as a result
of contaminants detected at monitor wells, or contamination detections during environmental
assessments, rather than citizen water supply complaints. More than 35 percent of these incidents
(75) resulted from waste management and disposal activities including 57 legacy incidents
caused by produced water disposal pits that were banned in 1969 and closed no later than 1984.
Releases that occurred during production phase activities including storage tank or flow line
leaks resulted in 26.5 percent of all incidents (56). Thirty incidents (14.2 percent) were caused by
orphaned wells or sites. Figure 32 depicts incidents by E&P phase from 1993 to 2008.

0.47%

Figure 32
Total incidents by phase
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The RRC tracks contamination incidents and publishes a yearly summary of its active
investigations in the annual Texas Joint Groundwater Monitoring and Contamination (JGWMC)
Report (TGPC, 1993-2008). The JGWMC provides a table summary of all groundwater
contamination incidents representing the full-range of activities regulated by the RRC. This
report focuses on those incidents that are typically permitted and regulated by state oil and gas
agencies, consistent with the scope of the classification scheme (Appendix A).
The JGWMC Report describes each newly documented case of groundwater contamination
from the previous calendar year, along with earlier, unresolved cases during previous years when
remedial action or requirements of an enforcement action remain incomplete at the time of report
issuance. This report summarizes the RRC’s determinations regarding the type and source of
each incident by the year that it was first included in the annual report.
The RRC identified new incidents caused by oil and gas activities within the scope of this study
in each of the study’s 16 years. Annually, the number of new incidents ranged from six (1997) to
a high of 32 (2005). There is no discernable correlation between the number of new documented
incidents and current E&P activity levels over the course of the study (Appendix F). The RRC
attributes the 2005 spike (32 incidents) to several factors including: improvements in the
complaint tracking processes, improved due diligence by operators performing environmental
assessments during property transactions, and an administrative determination to include
incidents that had previously been excluded from the list because the affected groundwater was
classified as unusable (RRC, personal communication: Bill Renfro).
The following discussion depicts the evolution of Texas’ oil and gas E&P regulatory standards in
response to documented incidents by their phase and activity. Appendix E summarizes significant
regulatory reforms and actions undertaken by the RRC during the study.
Phase 1: Site Preparation
Phase Overview: Phase one activities include construction of a well pad, access road,
and excavation of water storage and reserve pits. In Texas, the surface area disturbed
during well pad construction typically ranges from 0.5 to 2.0 acres based on rig size,
drilling depth, the number of wells to be drilled from a common pad, and the volume
of requisite fluids to be managed during stimulation operations. The first large scale
hydraulic fracturing of a horizontal well in the Barnett Shale occurred in 1992. Between
1992 and 2007, over 13,000 wells were subsequently drilled to the Barnett Shale (GWPC
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and ALL Consulting, 2009). In rural areas where multiple horizontal wells may be drilled
from a single pad, it is common practice to construct a large lined impoundment to hold
between one and three million gallons of fresh water for drilling and large volume, multistaged hydraulic fracturing operations. Even at sites without impoundments, a larger pad
is necessary to accommodate the number of water storage tanks and pumps necessary to
perform large volume hydraulic fracturing operations. Multi-well pads typically require
two to three acres. Multiple horizontal wells can be drilled from a single larger pad; this
can reduce habitat fragmentation and surface disturbance by reducing the number of
pads, access roads, pipeline routes, and production facilities that accompany conventional
operations. Four to eight wells drilled from a single pad can efficiently drain the same
natural gas reservoir that would require up to 16 vertical completions (GWPC and ALL
Consulting, 2009). During the study period, 187,788 oil or gas wells were drilled (RRC,
2011-c.). Since the practice of drilling multiple wells from a single pad covers the study
period (1993-2008), the number of pads constructed will be slightly less than the drilling
total.
Phase Incident Summary: Between 1993 and 2008, the RRC did not identify a single
incident of groundwater contamination caused by the accidental release of fuels or fluids
from mobile powered equipment during site preparation.
Phase Regulatory Enhancements: The federal Oil Pollution Act (OPA) of 1990 amended
Section 311 of the CWA, and established procedural and equipment standards to prevent
oil and fuel discharges from onshore facilities. Operators are obligated to report oil
discharges, including refined motor oil, diesel fuel, or transmission fluid if the release
exceeds the RQ (25 gallons) or creates a visible sheen on navigable waters. Surface
facilities that store over 1,320 gallons of fuel on location are subject to SPCC regulations.
Phase 2: Drilling and Completion
Phase Overview: During the study, 187,788 wells were drilled with fluid or air rotary
systems, including dry holes and completions. In 2007, average well depth was 8,258
feet below the surface (IPAA, 2009). Texas’ deepest well reached a depth of 29,670 feet
in 1983. Out of the 162,989 wells drilled and completed during the study, 16,819 (10
percent) were horizontal wells (Figure 33).
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Figure 33
Active rig drilling a horizontal well in the Barnett Shale Play
Source: Gas Drilling Rig in Texas by Wendy Lyons Sunshine
Phase Incident Summary: Drilling and completion phase activities were identified as the
source of ten groundwater contaminations during the study. This translates to one incident
per every 18,789 drilling operations and accounted for 4.7 percent of all incidents. Six
of the incidents involved natural gas contamination of groundwater from subsurface
blowouts, and four were caused by releases of drilling fluids from reserve pits.
Phase Regulatory Enhancements: Since the 1984 Rule 8 amendments, new reserve, mud
circulation, and fresh makeup water pits have been rule authorized by the RRC. Rule 8
establishes performance objectives, restricts fluid content, and establishes timeframes
for removal of fluids and pit reclamation. Pits must be constructed and restored in a
manner that prevents pollution of surface or groundwater. No wastes are allowed in the
freshwater makeup pits, and they must furthermore be backfilled within one year after
cessation of drilling operations. Reserve and mud circulation pits can contain drilling
fluids, cuttings, rig wash, drill stem test fluids, and blowout preventer test fluids. Pit
contents must be dewatered within 30 days after completion of drilling operations prior
to reclamation, if the chloride concentration of drilling fluids is greater than 6100 mg/L.
Placement of any other type of fluid, oil, or waste into a reserve pit or mud circulation pit
is strictly prohibited. Operators have one year to dewater and backfill a pit, if the chloride
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concentration of drilling fluids is less than 6100 mg/L. The RRC director may order pit
closure sooner than the standard timeframes if there are indications that fluid is likely to
escape or the pit is being used improperly for storage of unauthorized fluids or wastes.
Closed loop-circulation tank systems are encouraged in sensitive areas, and are required
in areas adjacent to wetlands (STRONGER, 2003).
Similar to Ohio, Texas rules do not include detailed standards for construction,
maintenance, or operation of rule authorized pits used during drilling operations.
However, the RRC publishes a Surface Waste Management Manual, most recently
updated in 2010, that provides guidance for industry consideration when designing and
constructing pits (RRC, 2011-g.). This guidance addresses factors such as:
1. Geologic and hydrologic conditions that affect relative susceptibility to
contamination;
2. Distance to nearby water supplies;
3. Water table depth;
4. Soil and subsoil characteristics;
5. Berms to prevent storm water discharges;
6. Subliners including geomembrane liners;
7. Synthetic liner properties; and
8. Installation and maintenance considerations.
Rule 13, adopted in 1976 and amended most recently in 2003, establishes performance
objectives and standards for well construction, mechanical integrity, and control. Texas
well construction and integrity standards are amongst the most thorough in the nation.
Operators must pressure test each cemented casing string prior to continuation of drilling
operations. Surface casing must be installed and cemented at a depth sufficient to isolate
useable groundwater, and must be in place before the drilling operation can encounter
natural gas or abnormally pressurized zones. A blowout preventer or control head must
be installed after surface casing is cemented to maintain well control while drilling below
the surface casing seat. Drilling must cease if tests indicate the blowout prevention or
diverter system is unable to function or operate as designed. According to Rule 20, an
operator must immediately notify the RRC if there is a blowout (RRC, 2011-e.).
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Phase 3: Well Stimulation
Phase Overview: Hydraulic fracturing has been practiced in Texas for over sixty years
at tens of thousands of wells. Hydraulic fracturing plays a key role in the development
of unconventional gas resources, including shale gas and tight (low-permeability)
formations. However, until the development of the Eagle Ford formation, oil wells were
typically developed without hydraulic fracturing stimulation in the state. During the
study period, 161,383 oil or gas wells were completed, 91,783 (56.9 percent) of which
were natural gas wells (RRC, 2011-e.).
Hydraulic fracturing of a vertical well can use over 1.2 million gallons (28,000 barrels)
of water; fracturing a horizontal well can use over 3.5 million gallons (over 83,000
barrels). Wells may be, and often are, refractured multiple times after producing for
several years (RRC, personal communication: Leslie Savage).
Since 1986, over 13,000 wells have been drilled to the Barnett Shale, the largest shale
gas play in Texas (GWPC and ALL Consulting, 2009). The Barnett Shale was first
hydraulically fractured with vertical wells in 1986, and with horizontal wells in 1992.
The target reservoir ranges in thickness from 100 to 600 feet, and lies between 6,500 and
8,500 feet below the surface. The intervening zone, the stratigraphic interval between the
base of the lowest useable water and the top of the Barnett Shale Play is typically over a
mile thick, ranging from 5,300 to 7,300
feet (GWPC and ALL Consulting, 2009).
As a result of continued improvements in
drilling, well construction and hydraulic
fracturing technology, shale gas
development has accelerated since the
late 1990s. The combination of horizontal
well completions, with sequenced, multistaged, hydraulic fracture stimulations
has dramatically increased production
and recoverable reserve estimates
(GWPC and ALL Consulting, 2009).
Figure 34
Figure 34 shows a high volume (3.5
Hydraulic fracturing job in the Barnett Shale
million gallons) stimulation operation in
Source: XTO Energy, a subsidiary of
the Barnett Shale.
ExxonMobil
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Since 1983, the RRC has required operators to submit summary data on stimulation
operations, including the depth of the target reservoir and hydraulic fracturing fluid
volumes. Fracturing stimulations in shale gas reservoirs typically use water-based
(slickwater) fluids, which consist of water, sand proppant, and a variety of other additives
selected to reduce friction, prevent microorganism growth, and prevent pipe corrosion
or scale deposition. The additives generally represent less than 0.5 percent of total fluid
volume (GWPC and ALL Consulting, 2009).
Phase Incident Summary: Between 1993 and 2008, the RRC did not identify a single
incident of groundwater contamination caused by hydraulic fracturing. Significantly, no
incidents have been identified after nearly two decades of large volume, multi-staged
hydraulic fracturing operations in over 13,000 Barnett Shale stimulations.
Phase Regulatory Enhancements: In 2003, the RRC began to issue permits for mobile
produced water treatment facilities. In December 2006, the RRC adopted new regulations
on commercial recycling facilities (RRC, 2011-e.). These facilities treat the produced
waters generated by post-stimulation flowback, by filtering solids and removing
organics through a thermal distillation process that allows the water to be reused at
subsequent hydraulic fracturing operations. Rule 4 requires operators of all mobile or
stationary commercial recycling facilities to have a permit, subject to public notice and
hearing requirements. Any hauler transporting waste to a stationary facility also must
be permitted. Permit applicants must submit plans with all geologic and engineering
data deemed necessary to demonstrate that the facility will not contaminate surface or
groundwater, or endanger public safety. Subchapter B, Chapter 4 of Title 16 establishes
requirements for information that must be included as part of a complete application, and
specifies minimum standards for siting, design, construction, operation, monitoring, and
closure.
As of September 2009, the RRC began to post summary well completion and stimulation
information online. Well completion records including Form G-1 (Gas Well Back
Pressure Test, Completion or Recompletion Report, and Log) and Form W-2 (Oil Well
Potential Test, Completion or Recompletion Report, and Log) are available online (RRC,
2011-h.).
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Phase 4: Production, On-lease Transport, and Storage
Phase Overview: Texas had more producing oil wells, gas wells, total wells, oil
production, and natural gas production than any other producing state during the study
period. The total number of wells declined slightly (6.5 percent) during the first eight
years (1993-2000), but then increased to a high of 253,090 producing wells in 2008.
Figure 35 shows trends in oil wells, gas wells, and total producing wells from 1993 to
2008. The number of producing oil wells declined by 20 percent, from 186,342 (1993)
to 156,588 (2008). The number of gas wells, however, increased 90 percent from 50,794
(1993) to 96,502 (2008) (RRC, 2011-c.).
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Crude oil production declined 39.7 percent from 574,568,000 (1993) to 346,632,000
barrels (2008). Natural gas production increased 29.7 percent from 5,606,497,721 Mcf
(1993) to 7,271,814,561 Mcf (2008) (Appendix G).
Similar to other state regulatory agencies, the RRC has jurisdiction over production wells,
on-lease flow lines, fluid separators, and storage tanks. Furthermore, the RRC permits
and regulates natural gas processing plants, distribution of crude oil and natural gas by
intrastate pipeline, including associated compressor and booster stations, and permitted
temporary waste storage pits. In addition to 253,090 producing wells (2008), the RRC
oversees approximately 1,275 dehydration, scrubber, compressor, separator, and drip
facilities. There are almost 170,000 miles of RRC-regulated pipelines in the state (RRC,
2011-d.). This report only evaluates groundwater contamination incidents caused by
releases during on-lease production, transport, fluid separation, and storage activities.
Since the 1969 “No Pit Order”, any new pit must be rule-authorized or authorized by
permit. The RRC requires pits intended to contain wastes for any extended period of time
(greater than 48 hours) to be lined and inspected. Rule-authorized E&P pits that may
be constructed at production sites include basic sediment pits and completion/workover
pits. These pits are authorized without a permit only if they are operated and backfilled
according to the requirements of Rule 8 so as not to cause pollution (RRC, 2011-e.).
Pits that require individual permits at production sites include emergency saltwater
storage pits and skimming pits. Permits specify notification, operating, and closure
criteria (STRONGER, 2003). The RRC tracks the number and disposition of permitted
pits and provides summary data in the annual JGWMC Report. During the study period,
the number of permitted pits declined by 24.2 percent from a high of 5,406 in 1994 to
4,100 in 2008. Forty-eight percent of those pits were authorized for short-term (24 to 72
hours) storage of E&P wastes (TGPC, 1993-2008).
Phase Incident Summary: The RRC identified 56 incidents (26.5 percent of the total)
caused by activities associated with on-lease production, flow line transport, fluid
separation, and product or waste storage activities. Of the incidents caused by phase four
activities, 35 (62.5 percent) were caused by releases from storage tanks. Releases from
flow lines and wellheads caused eight and four incidents, respectively.
Remnant groundwater contamination, caused by historic earthen oil storage pits, banned
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in 1939, was found at seven sites. The waste oil that had accumulated in these clay-lined
pits was typically buried in place during the reclamation of these facilities. Two incidents
were attributed to deficient well construction practices, including one incident caused
by short surface casing that did not adequately isolate all useable groundwater. Deficient
surface casing allowed natural gas to migrate from the surface-production casing annulus
into the unprotected basal section of the aquifer.
Phase Regulatory Enhancements: All production facilities are subject to the Rule 8
prohibition against contamination and unauthorized releases. The RRC further addresses
unauthorized releases from wells, flow lines, separators, and storage tanks through: (1)
spill notification requirements; (2) waste hauler standards; and (3) remediation standards
based upon that type of fluid released and the sensitivity of the environment where the
release occurred. Furthermore, the State OFCF (1991 and 2001) authorizes and provides
funds for the RRC to immediately respond to any spill that threatens human safety or the
environment. The RRC has the authority to seek reimbursement of these expended funds
from responsible parties.
Statewide Rule 20 (amended 2003) requires an operator to immediately report any oil
spill into surface water, or any release of oil on land greater than five barrels to the RRC.
Statewide Rule 91 (1993) establishes reporting and remediation standards for crude oil
releases in “non-sensitive areas”. The remediation standards apply to all spills, regardless
of volume. According to Rule 91, verbal notification must be followed by submittal of a
report (Form H-8) describing the surface area, depth, and volume of soil contaminated
with greater than 1.0 percent by weight of Total Petroleum Hydrocarbons (TPH), and
a detailed description of the plan for disposal or remediation method used for clean up
of the site. Any unauthorized release of oil or associated production is a violation, and
an enforcement action is undertaken when operators fail to properly notify the RRC or
remediate a contaminated site.
Rule 91 (1993) authorizes onsite remediation of crude oil (not including hydrocarbon
condensate) from spills in non-sensitive areas, but requires removal of oil spilled at
sensitive sites followed by offsite treatment or disposal. “Sensitive sites” are defined
in Rule 91 as areas that are relatively vulnerable to contamination based on factors
including: shallow groundwater, pathways into deeper groundwater, proximity to surface
water, wildlife areas, commercial, or residential areas. In non-sensitive areas, onsite
remediation is subject to the following cleanup requirements:
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1. All free oil must be removed immediately for reclamation or disposal;
2. Contaminated areas (all soils containing more than 1.0 percent TPH) must be
delineated;
3. All soil exceeding the 1.0 percent TPH standard must be excavated and brought to
surface for remediation or disposal; and
4. Storm water controls must be implemented for all excavated soils containing over
5.0 percent TPH.
Within one year after the release, treated soil must attain a final cleanup level of less
than 1.0 percent TPH. For crude oil spills exceeding 25 barrels, the operator must
submit analyses of soil samples representative of the site to verify that the target cleanup
concentration has been achieved (RRC, 2011-e.).
The RRC requires that all condensate spills or crude oil spills in sensitive areas be
removed from location, transported by a permitted waste hauler, and remediated or
disposed in accordance with Rule 91 (1993). Remediation standards for these types of
spills are determined by the RRC on a case-by-case basis. Offsite treatment typically
occurs at permitted commercial land farms or reclamation plants. Statewide Rule 57
amendments (1991) established bonding requirements for reclamation plants to ensure
that plants are operated and closed in accordance with RRC rules. Amendments to
Statewide Rule 8 (1984) require waste generators to maintain records of generated
waste and disposition. Waste haulers must track the types and volumes of waste, and the
disposal facility to which they haul the waste. Waste management facilities are required
to maintain records relating to the type, volume, and source of the waste they receive.
Amendments to Rule 20, enacted in 2003, clarify the circumstances that require an
operator to report natural gas or associated liquid hydrocarbon releases. That same year,
the RRC issued guidelines for the assessment and remediation of soil or groundwater that
has been contaminated with condensate (RRC, 2011-i.).
Phase 5: Waste Management and Disposal
Phase Overview: In Texas, oil and gas E&P waste streams include: produced water,
drilling mud, cuttings, completion/workover wastes, as well as basic sediment and
other oily solids such as contaminated soils. Produced water remains the largest volume
waste stream. During the study period, 5.1 to 7.5 billion barrels of produced water were
generated annually, the vast majority of which were injected into Class II wells. The EPA
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granted the RRC primary enforcement authority to permit and regulate Class II injection
wells in 1982 (STRONGER, 1993).
Drilling mud and cuttings are primarily disposed of by onsite burial in rule-authorized
drilling and reserve pits after dewatering. The RRC also regulates landspreading of solids,
annular disposal of drilling fluids, as well as Class II injection of drilling mud. Rule 8
allows rule-authorized landspreading of low-chloride (<3000 mg/L) drilling fluids and
cuttings on the same lease where the waste was generated with written permission from
the surface owner, provided that there is no runoff or pollution. The RRC also may permit
non-commercial disposal of drilling fluid into a dry hole, or into the surface-production
casing annulus of an oil and gas well. In order to receive authorization to dispose of
drilling fluid, surface casing must be set at least 500 feet deeper than the base of useablequality groundwater, or there must be at least 250 feet of impermeable formation between
the surface casing shoe and the base of useable water. The operator also must demonstrate
the mechanical integrity of the surface casing prior to beginning injection, monitor the
injection pressure during injection, and install a pop-off valve to prevent exceeding
the permitted injection pressure. Dewatered drill cuttings can be disposed at municipal
landfills pursuant to a Memorandum of Understanding (MOU) between the RRC and the
TCEQ (Statewide Rule 30). The RRC also regulates treatment or disposal of oily solids at
land farms or reclamation plants (RRC, 2011-e.).
The RRC’s 1992 Waste Minimization in the Oil Field manual advocates recycling,
product substitution, and source reduction as the preferred waste management
alternatives to disposal (RRC, 2011-f). The manual is complemented by the RRC’s
waste minimization training program, which has been presented at workshops
nationwide. Furthermore, the RRC sponsors an annual Oil and Gas Regulatory Expo
that showcases new waste minimization technologies and strategies. The RRC has
authority to regulate recycling practices and issues permits to recycle the produced
water collected during post-stimulation flowback.
In 1991, SB 1103 (72nd Texas Legislature, Regular Session) established the OFCF. The
OFCF included the RRC’s well plugging program and provided specific funding for the
RRC to investigate groundwater contamination. When the RRC identifies groundwater
contamination at a site, including legacy contamination from abandoned disposal pits,
the RRC requires the responsible party to remediate the groundwater to acceptable
levels. The RRC may initiate legal action if the responsible party does not volunteer
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remedial action. The remediation process continues until the RRC has determined that
site conditions satisfy public health, safety, and environmental standards, at which point
it issues a “no further action” letter to the responsible operator. The RRC can use the
OFCF to perform any necessary remediation, if the responsible party is no longer a viable
entity or is unable to perform the necessary remediation. Figures 36 and 37 show a site
investigated with OFCF monies, and remediated through the OCP.

Figure 36
Produced water contaminated soil and dead vegetation,
Howard County, Texas
Source: Texas RRC

Figure 37
Finished recovery trench with withdrawal wells,
Howard County, Texas
Source: Texas RRC
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Under Rule 8, oily wastes, such as tank bottoms, can be managed by roadspreading
if authorized by a minor permit. The RRC may issue these minor permits for county
roads provided the appropriate County Commissioners provide written authorization.
The RRC developed a guidance document that addressed standards in order to assist
Commissioners in deciding whether to allow roadspreading.
Phase Incident Summary: During the study period, the RRC identified 75 incidents
(35.5 percent of total incidents) caused by waste management and disposal activities.
Fifty-seven incidents (76 percent of phase five incidents) were remnant groundwater
contamination incidents caused by legacy (pre-1984) produced water releases from
unlined earthen disposal (percolation) pits at oil production facilities. The RRC also
identified groundwater contamination caused by Class II disposal wells or surface
facilities, as well as permit violations at two commercial landfarming facilities. The RRC
did not identify any incidents associated with the landspreading of saline solids, annular
disposal of drilling fluids, or other waste management practices.
1) Activity- Earthen Produced Water Disposal Pits: Prior to January 1, 1969, most
produced water was disposed of in unlined earthen percolation pits. Produced
water characteristics vary considerably from field to field, but most produced
water is saline or brackish, and typically contains small percentages of dissolved
and/emulsified hydrocarbons.
Activity Incident Summary: In many areas of Texas, the impacts from historic
earthen pit produced water disposal practices persist today (STRONGER,
1993 and 2003; and RRC, personal communication: Bill Renfro). Pit disposal
and discharge practices led to widespread groundwater contamination,
particularly within the outcrop areas of shallow, unconfined aquifers that
were vulnerable to contaminants released at the surface. As a result, in 1969,
the RRC issued its “No Pit Order” prohibiting the continued use of pits for
disposal of produced water without RRC authorization. Although all earthen
produced water disposal pits were eliminated by 1984, the RRC identified 57
remnant incidents caused by historic earthen disposal pits during the study
period. Figure 38 shows an abandoned earthen pit that was used for produced
water disposal prior to 1984. While the pit is currently filled with rain water,
elevated concentrations of chloride and benzene are still found in groundwater
samples collected from nearby monitor wells that were required by the OCP.
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Figure 38
Abandoned earthen dispoal pit
Source: Texas RRC
Activity Regulatory Enhancements: The RRC issued Order No. 20-804 on
July 21, 1939, which prohibited storage of oil in open pits. The RRC issued
its “No Pit Order” in 1969, which prohibited continued use of pits for the
disposal of produced water without RRC authorization. Following the order,
the RRC received over 13,000 applications for exceptions from owners of
produced water percolation pits. In 1969, the RRC issued exceptions for pits
in select fields in Loving and Upton Counties, believing that the pits posed no
threat of contamination. The Legislature subsequently amended the statute,
authorizing earthen disposal pits only if the applicant could conclusively
demonstrate that use of the pit could not contaminate surface or groundwater.
The RRC implemented the mandate when it amended Rule 8 (1984), which
required that a variety of pits be repermitted under the new standards,
including earthen disposal pits. The RRC denied permit renewals in the two
previously excepted counties after finding evidence that some of its pits may
have caused contamination, and that local operators could not conclusively
meet their new evidential burden.
Since elimination of pit disposal, over 99 percent of produced water,
workover, and completion fluids has been injected into permitted Class II
injection wells for EOR or disposal. As a result, intentional discharges of
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produced water into surface or groundwater have been virtually eliminated.
The RRC issues permits that authorize surface discharges of fresh produced
waters from stripper wells with low salinity (<3000 mg/L TDS), which
accounts for the remainder of this waste stream (STRONGER, 2003).
The RRC historically only regulated produced water haulers. However, the
1984 Rule 8 Amendments expanded RRC permitting authority to include
all waste haulers. Waste haulers are now only authorized to transport waste
to specific permitted facilities. Permitted waste haulers also are required to
maintain daily transport records that detail the type and volume of hauled
water, as well as its pickup and delivery points.
2) Activity- Class II Injection: During the study period, the yearly number of
operational Class II injection wells ranged from 49,503 (2007) to 51,821 (1998).
Operators drilled 5,743 new injection wells between 1993 and 2008. During the
study period, between 5.1 and 7.5 billion barrels of produced water were injected
annually (Appendix G).
Activity Incident Summary: During the study period, the RRC identified fourteen
incidents associated with Class II injection operations. Eight of these incidents
resulted from produced water releases from surface storage facilities, including
pits at Class II disposal wells or Class II waterflood projects. Five incidents were
caused by mechanical integrity failures at Class II disposal wells. One incident
was caused by leakage from historic, improperly plugged wells that penetrated
the producing zone that had been repressurized by produced water injection at an
EOR project.
Activity Regulatory Enhancements: Since 1984, the RRC has managed
storage of all E&P waste streams through rule-authorizations, permits, or
facility registrations. Individual permits are required to store liquid wastes
in pits at centralized and commercial facilities including oil skimming pits
at Class II injection well surface facilities. Each permit application must
include a well’s plans for construction, operation, monitoring, and closure.
Local topographic and geologic conditions are evaluated as part of the permit
application review. The RRC issues permits for all pits at commercial facilities
that contain design, construction, and operational requirements including:
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material specifications, dike standards, liner material and thickness standards,
installation procedures, inspection schedules, overflow warning devices, leak
detection system standards, and fencing requirements (RRC, 2011-e.).
The RRC also attaches special permit conditions for tanks at commercial Class
II disposal facilities that address construction materials, dikes, catch basins,
gauges, and alarms. Tanks must be maintained in a leak-free condition and
must be emptied and repaired or replaced when there are integrity issues.
In 1998, the RRC amended Rules 9 and 46 to expand public notice
requirements for Class II injection wells permit applications. The amendments
require notice to additional persons for commercial disposal well applications,
and any additional notice deemed necessary by the RRC. These amendments
also codified requirements and standards for conducting mechanical integrity
tests (RRC, 2011-e.).
3) Activity- Landfarming: Basic sediment and other oily solids are primarily
disposed of by on-lease treatment in non-sensitive areas or offsite treatment at
permitted commercial land farms or reclamation plants. Landfarming of oily
solids involves spreading a thin layer of oily solids onto a plot of land, and
tilling the waste into the soil. Bulking agents and nutrients are typically added
to the mixture within the incorporation zone to stimulate the feeding activity
of microbes to expedite the degradation, transformation, and immobilization of
hydrocarbons. The application of waste is subject to permitting standards that
limit spreading rates to prevent surface runoff, avoid groundwater contamination,
and facilitate rapid degradation of the waste. Unlike storing waste by burial
at landfills, land treatment uses natural chemical and biological processes to
transform hydrocarbons into various by-products, primarily water and CO2.
Activity Incident Summary: Permit violations at commercial land farms caused
two incidents during the study term.
Activity Regulatory Enhancements: Rule 91(1993) authorizes onsite remediation
of crude oil from spills in non-sensitive areas. Any other spill of crude oil into
sensitive environments, spills of hydrocarbon condensate, or any spill into water
must be remediated in accordance with a RRC-approved plan. Rule 8 establishes
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permitting requirements for all land treatment sites including commercial land
farms. In addition to general requirements, commercial facilities are subject to
public notice requirements. Applicants must submit all information listed in the
Surface Waste Management Manual including, but not limited to:
•
•
•
•
•
•
•
•
•
•
•

Tract dimensions and coordinates;
Land contour map and identification of all water courses and drainage
ways;
Depth to shallowest groundwater and distance and depth of domestic
water wells within one mile;
Groundwater flow direction;
Map showing cells, dikes, access roads, along with perpendicular crosssection views;
Storm water management plans based on a 25 year maximum 24 hour
rainfall event;
Proposed liner specifications;
List of anticipated types and volumes of wastes to be treated;
Waste application method and proposed loading rate;
Estimated duration of the land treatment operation; and
Closure plans.

Land treatment operations cannot be permitted in 100 year floodplain areas. The
landfarming permit specifies allowable waste streams and defines the operating
and monitoring standards for the site including: storm water management, soil
monitoring, groundwater monitoring, record keeping and reporting, closure
standards, and future land-use restrictions. Waste analyses including electrical
conductivity, soluble salts, and TPH must be submitted for non-commercial
bioremediation of RCRA exempt crude oil contaminated soils. Additional
parameters are required for other types of waste. Before a new facility is
permitted, treatment tests are performed to identify site-specific operating
measures to optimize waste degradation and immobilization. Furthermore,
commercial facilities must install monitor wells to compare upgradient and
downgradient groundwater chemistry immediately adjacent to the treatment area
to identify and correct any contamination found within the boundaries of the
permitted facility (RRC, 2011-g.).
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Phase 6: Plugging and Site Reclamation
Phase Overview: During the study period, 140,818 oil or gas wells were plugged in
Texas. The RRC first enacted rules for plugging wells in accordance with SB 350 (1919)
requiring that every “dry or abandoned well be plugged in such a way as to confine oil,
gas, and water in the strata in which they are found and prevent them from escaping
into other strata”. In 1934, the RRC issued specific plugging instructions that required
a producing formation be sealed with cement. It further required that surface casing be
set through the deepest usable water aquifer and cemented from casing shoe to surface.
When a well is abandoned, an operator is required to set a cement plug between 50
feet below and 50 feet above the zone. The RRC amended Rule 14 in 1966 to upgrade
plugging standards by establishing many of the current rule’s requirements. Figure 39
shows the number of wells plugged each year since 1993 (RRC, 2011-e.).
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Figure 39
Number of wells plugged (1993-2008)
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Phase Incident Summary: Phase six incidents occur when contaminants are released
into groundwater during plugging operations, or by an operator’s failure to comply with
temporal plugging standards. Wells plugged according to temporal rules and standards
that subsequently allowed vertical fluid migration into useable groundwater are assigned
to phase seven (orphaned wells and sites). There was one incident caused by deficient
plugging practices that violated prescribed standards accounting for 0.47 percent of all
incidents.
Phase Regulatory Enhancements: In 1992, the RRC began requiring testing for older
wells to determine whether they were eligible for plugging extensions. Annular fluid level
tests are required for inactive wells over 25 years old. An operator must conduct a test
to verify mechanical integrity in order to qualify for a plugging extension, if fluid in the
surface-production casing annulus is near or above the base of fresh water. Wells over 25
years old that have been inactive for more than ten years must be tested for mechanical
integrity every five years.
In 2003, the RRC revised Rule 14 to require that the operator verify the placement of
the plug required at the base of the deepest useable-quality water stratum by tagging
with tubing or drill pipe. Rule 14 requires an operator to plug wells that are no longer
productive, and to empty all tanks, vessels, their related piping, and flow lines that will
not be actively used within 120 days after plugging is completed.
Phase 7: Orphaned Wells and Sites
Phase Overview: From 1984 to 2009, the RRC plugged 30,335 orphaned wells at a cost
of $172.4 million. It has further remediated, assessed, or investigated 4,306 sites using
the OFCF and other state and federal funds. The OFCP is funded by oil and gas industry
fees including drilling permit applications and organizational report fees. It is further
supplemented by forfeited bonds, penalties, and proceeds from the sale of salvaged
equipment (RRC, 2011-a.).
The RRC continually tracks the status of all oil and gas wells including compliant
temporarily inactive wells that are owned by operators with Active Organization Reports
that meet all bonding and financial assurance requirements, and wells owned by operators
in non-compliance with RRC plugging rules. The RRC defines a well as “orphaned”
when:
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1.
2.
3.
4.

The well has not been plugged within the time prescribed by the RRC;
The operator fails to provide the required financial assurance for the well(s);
The RRC cannot locate the operator; and
The operator is not financially able to, or simply refuses to plug the well.

The number of orphaned wells is dynamic and updated regularly. The RRC tracks
monthly changes in the number of orphaned wells and prepares an annual report for the
General Assembly (RRC, 2011-a.).
Phase Incident Summary: The study noted 30 incidents involving contaminant
releases from orphaned wells and sites accounting for 14.2 percent of all incidents.
Vertical migration of fluids through inadequately sealed boreholes was the cause of 28
incidents (93 percent of phase seven incidents); most of these incidents involved wells
characterized as “old” or “historic”. Many of the wells were subsequently referred for
plugging through the State Well Plugging Fund. The remaining two sites that required
clean up with state funds involved historic releases from orphaned earthen pits.
Phase Regulatory Enhancements: During its 2003 follow-up program review, the
STRONGER team concluded that “Texas has been extremely proactive in addressing
the issues relating to existing orphaned wells and sites, as well as taking action to stem
the growth of this problem”. Appendix E includes a summary of the actions taken by
the Legislature and the RRC to address the threats to safety and the environment posed
by orphaned wells. Specifically, the RRC has diligently worked to reduce the number of
potential wells and sites that could be added to the inventory since 1991 by amending
rules that:
1. Increase state funds available to plug orphaned wells and remediate abandoned
sites;
2. Access other federal and private sources of funding, including establishment of a
VCP;
3. Progressively strengthen bonding standards;
4. Prohibit the transfer of wells to operators who do not meet current financial
assurance requirements;
5. Limit the number of time extensions an operator can receive before plugging a
well;
6. Provide tax incentives to restore inactive wells;
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7. Require financial security for reclamation plants and commercial E&P waste
disposal facilities to ensure their proper closure; and
8. Create a prioritization scheme that includes groundwater contamination risk
assessment as a tool to direct OFCF expenditures.
Texas first established a Well Plugging Fund in 1965 to address orphaned wells that
pose a pollution hazard. Initially, the fund was supplied by limited funds that had been
appropriated from the state’s general revenue. In 1983, a new Well Plugging Fund was
established that was primarily supported by a $100 per well drilling fee, as well as
administrative and civil penalties. These combined revenues provided approximately $3
million of annual income dedicated solely to plugging orphaned wells. Well Plugging
Fund receipts dropped sharply when the 1980s collapse in oil prices forced the oil and
gas industry to cut back drilling operations, resulting in a spike of inactive wells.
It became apparent by 1990 that the Well Plugging Fund was no longer adequate to
address the growing number of orphaned wells and their cleanup costs. Texas SB 1103
(1991) rolled the remaining monies from the Well Plugging Fund into the OFCF. The
OFCF expanded the RRC’s authority to investigate and remediate contaminated sites,
and to plug orphaned wells. The fund was a dedicated account of $10 million per year.
Figure 40 depicts the number of orphaned wells plugged from Fiscal Year (FY)92 to
FY09 with OFCF monies.
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Orphaned wells plugged (FY92-FY09)
Source: Texas RRC

SB 310 (2001) expanded the annual fund balance cap to $20 million by increasing the
severance tax on oil and gas production and increasing other fees. The RRC spends
approximately 50 percent of available OFCF funds to plug orphaned wells; the remaining
50 percent is utilized through state-funded cleanup operations that remediate orphaned
sites with surface and groundwater contamination. Table 4 illustrates the average number
of orphaned wells plugged, and the average annual plugging expenditures under each bill
since 1983.
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Table 4 Average Annual Orphan Well Plugging Activity and Expenditure
Senate Bill

Years
1984-1991

Orphaned Wells Plugged
(Annual Average)
510

Plugging Expenditures
(Average Annual)
$2,021,426

729
1103

1992-2001

1,248

$6,158,349

310

2002-2009

1,552

$11,836,575

The RRC also pursues other sources of private sector and federal funding to address the
problems posed by orphaned wells. For example, the Oil Spill Contingency Liability
Trust Fund (OSCLTF) has been a source of federal funding for the removal of imminent
threats to the waters of the U.S. from leaking oil wells and facilities. The OSCLTF was
enacted through the OPA of 1990. The EPA authorizes program expenditures either
directly through federally managed clean up, removal, and plugging operations, or
through a Pollution Removal Funding Agreement with the state or other relevant entities.
The federal Coastal Impact Assistance Program (CIAP) also has been a source of state
cleanup funds. The CIAP authorizes funds to states that produce oil and gas on the outer
continental shelf for the conservation, protection, and preservation of coastal areas.
The RRC has received $3,024,050 to plug abandoned wells in state coastal waters, and
$1,914,420 to remediate a number of abandoned sites in coastal counties.
SB 310 (2001) authorized the RRC to establish a VCP. The VCP incentivizes site
remediation by removing liability to the state for lenders, developers, owners, and
operators who are not responsible for contamination, but nonetheless wish to remediate
sites with RRC oversight. The VCP places formerly contaminated oil field properties
into productive use and reduces the number of sites that would otherwise have to be
remediated with OFCF funds. Participants pay for the both clean up and RRC oversight
costs.
In 1988, the RRC established a Well Plugging Priority System to ensure that wells posing
the greatest threat of pollution or risk to public safety are plugged first (RRC, 2011-a.).
The priority system includes a number of factors to address groundwater contamination
potential including:

99 State Oil and Gas Agency Groundwater Investigations
1. Well completion factors such as: wells without surface casing, wells with surface
casing that do not isolate all aquifers with useable groundwater, and wells that
penetrate corrosive or abnormally pressurized zones;
2. Well condition factors such as: a pressurized annulus, fluid levels above the base
of the deepest protected aquifer, or demonstrated mechanical integrity failure;
3. Well location factors such as proximity to domestic water wells; and
4. Other unique factors such as: proximity to an active waterflood project or Class II
disposal wells.
The benefits of the OFCF, increased funding, and other rule enhancements have been
demonstrated by increased plugging of orphaned wells, a general decrease in the number
of orphaned wells, and the number of sites that have been investigated, assessed, or
remediated. The RRC tracks the constantly changing number of orphaned wells, as
wells are placed in and out of compliance. These changes are reported on a monthly and
annual basis. Figure 41 depicts the total number of orphaned wells from FY03 through
FY09. The number of orphaned wells decreased 56 percent from 17,971 (2003) to 7,900
(2009). A total of 10,969 orphaned wells were plugged during this seven year period.
Since 2003, 78,867 wells were removed from the RRC inventory when they were either:
returned to active status (1,451), transferred to a bonded owner (12,639), as the result
of an Organizational Report renewal (53,458), and for various other reasons (350).
Collectively, these reductions protect the citizenry and significantly reduce threats to
groundwater resources (RRC, 2011-a.).
Abandoned oilfield sites are also prioritized based on the present or possible future
impact to the environment and public safety. Surface sites are classified as Priority A
(high), Priority B (medium), and Priority C (low). Priority A sites are those that require
emergency clean up due to: active or imminent pollution; a threat to public health,
safety, or sensitive environmental areas; or greater anticipated cleanup costs if action is
delayed. In determining priority ranking for other sites, the RRC considers such factors
as: type of contaminant and the media contaminated; the number of potentially affected
people; the potential for releases, leaks, or seeps; the need for repeated inspections; the
distance to surface water, municipal or domestic water wells, and known aquifers; annual
precipitation; and type of native soil (RRC, 2011-a.).
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With larger, more complex sites, the greatest challenges are to distinguish whether a
source of pollution is natural, and which type of remediation will be most effective. To
answer these questions, the RRC conducts specialized investigations with contractors
who conduct site assessments, propose cost-effective cleanup techniques, and conduct
cleanup activities in the field. The RRC also occasionally contracts with the Texas
Bureau of Economic Geology (the University of Texas at Austin) to participate in
such investigations. State managed remediation activities include: site assessment
investigation, routine remediation operations, and emergency operations (RRC, 2011-a.).
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Key Messages
1. Investigation Findings are Drivers of Regulatory Reform: All land use and energy
development activities present some level of associated environmental and public safety risk.
There are no risk-free energy development options. State agencies use groundwater investigation
findings as an important tool for identifying risks and deficiencies in their regulatory schemes.
The findings and determinations of state agency groundwater investigations are important drivers
of regulatory reform and improved industry practice. By identifying activities and patterns of
failure resulting in groundwater contamination, state agencies prioritize regulatory reforms and
strategically apply resources to improve standards that reduce risk associated with state-specific
compliance issues. Over time, both Ohio and Texas have strategically enhanced regulatory
standards for state-specific oil and gas E&P activities that have been found to cause groundwater
contamination incidents. Dissimilarities in the scope and scale of regulated activities, land usage,
groundwater usage, population densities, climatic, and geologic factors have contributed to the
unique evolution of their respective regulatory programs.
2. Investigations are Applied Science: Groundwater investigations are exercises in applied
science. An agency determination regarding the cause of groundwater contamination is a testable
hypothesis. Investigations are typically conducted by a team of specialists including inspectors
and geo-scientists. Determinations must be supported by sufficient facts and data, that are
collected and analyzed according to standard methods and protocols. Data and evidence must be
interpreted and analyzed by specialists that apply scientific principles that are generally accepted
within fields including: geology, hydrogeology, aqueous chemistry, geophysics, and petroleum
engineering. Investigation findings and determinations are subject to review and testing,
informally or formally through contested legal proceedings. Agency specialists must be able
to establish their credentials as experts in order to present evidence and professional opinions
during these review processes. This testing process, that is foundational to science, serves to filter
and discard conclusions that are based on speculation, conjecture, or insufficient evidence.
3. Sound Science is Foundational to Good Public Policy: Regulatory proposals and policy
should reflect sound science. Speculative conclusions and opinions about possible groundwater
contamination incidents that are based solely upon anecdotes, innuendo, and oversimplified
chronologies are not a sufficient foundation to advance national or state regulatory reforms or
policies. While state investigation findings should not be viewed as inerrant, they are typically
conducted by experienced and qualified personnel who recognize that their evidence, findings,
and conclusions may face scrutiny under appeal, or peer review. Accordingly, state agency
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investigation findings and determinations, associated rulings by commissions that hear appeals,
and court decisions should be valued and taken seriously when amending regulatory schemes
and establishing new policies.
4. Incidents are Caused by Diverse Activities: In addition to contamination caused by
legacy practices and orphaned sites, Ohio and Texas investigators have identified groundwater
contamination caused by a wide range of regulated industry practices. Appropriately, Ohio
and Texas have focused regulatory attention on those activities that have caused the majority
of groundwater contamination incidents. In recent years, the national debate on natural gas
E&P has been focused nearly exclusively on a single, brief, yet essential activity, hydraulic
fracturing. Neither state has identified hydraulic fracturing as the cause of a single documented
groundwater contamination incident. However, it has become increasingly apparent that in much
of the popular literature, the term “hydraulic fracturing” has become synonymous with any and
every E&P activity that can impact groundwater. When developing public policy, it is critical to
differentiate activities that can contribute to groundwater contamination in order to accurately
target and prioritize reforms. As in the practice of medicine, the physician must accurately
diagnose the specific cause of an ailment, in order to prescribe the appropriate remedy. Although
many states, including Ohio and Texas, have implemented or are considering new regulations
that significantly improve documentation of hydraulic fracturing operations, including
public disclosure of chemical additives in fracturing fluids, it is critical that states maintain
an appropriate focus on activities and practices that are actually found to cause groundwater
contamination.
5. Regulatory Evolution is a Continuing Process: Both Ohio and Texas have demonstrated a
commitment to the protection of groundwater resources as evidenced by the scope of regulatory
amendments that have been advanced since the early 1980s. While these regulatory efforts
are commendable, both states should continue to evaluate, update, and amend regulations
in response to new technologies, evolving effective management practices, peer review
recommendations such as those provided through the STRONGER process, and groundwater
investigation findings and determinations. The goal should be to prevent contamination to the
extent reasonably possible.
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ACRONYMS
bbls			
bcf			
BMP			
BMRSA		
CERCLA		
CFR			
CIAP			
CO2			
CWA			
DMRM		
DoGS			
DoW			
E&P			
EOR			
EPA			
FY			
GWPC			
HB			
IOGCC		
IPAA			
JGWMC		
Mcf			
mg/L			
MMcf			
NGO			
NPDES		
OCP			
ODNR			
OFCF			
OFCP			
OGD			
OPA			

barrels, petroleum (42 gallons)
billion cubic feet
Best Management Practices
Brine Management Research Special Account (Ohio)
Comprehensive Environmental Response, Compensation, and Liability Act
Code of Federal Regulations
Coastal Impact Assistance Program
Carbon dioxide
Clean Water Act
Division of Mineral Resources Management (within ODNR)
Division of Geological Survey (within ODNR)
Division of Water (within ODNR)
Exploration and Production
Enhanced Oil Recovery
Environmental Protection Agency (United States)
Fiscal Year
Ground Water Protection Council
House Bill (Ohio General Assembly)
Interstate Oil and Gas Compact Commission
Independent Producers of America Association
Joint Groundwater Monitoring and Contamination (Texas report)
Thousand cubic feet
milligrams per Liter
Million cubic feet
Non-Governmental Organization
National Pollutant Discharge Elimination System
Operator Cleanup Program (within Texas RRC)
Ohio Department of Natural Resources
Oil Field Cleanup Fund (within Texas RRC)
Oil Field Cleanup Program
Oil and Gas Division (within Texas RRC)
Oil Pollution Act
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OSCLTF		
OSMRE		
ORC			
PIMP
PMCL			
ppm			
RCRA			
RQ			
RRC			
SB			
SDWA			
SMCL			
SPCC			
STRONGER		
TAC			
TCEQ			
tcf			
TDS			
TGPC			
TNRC			
TPH			
TPS			
TWDB			
UIC			
USDW			
USGS			
VCP			

Oil Spill Contingency Liability Trust Fund
Office of Surface Mining Reclamation and Enforcement
Ohio Revised Code
Pipeline Integrity Management Program (Texas)
Primary Maximum Contaminant Level
parts per million
Resource Conservation and Recovery Act
Reportable Quantity
Railroad Commission (Texas)		
Senate Bill (Ohio General Assembly)
Safe Drinking Water Act
Secondary Maximum Contaminant Level
Spill Prevention Control and Countermeasures
State Review of Oil and Natural Gas Environmental Regulations
Texas Administrative Code
Texas Commission on Environmental Quality
trillion cubic feet
Total Dissolved Solids
Texas Groundwater Protection Committee
Texas Natural Resources Code
Total Petroleum Hydrocarbon
Technical Permitting Section (Texas)
Texas Water Development Board		
Underground Injection Control
Underground Source of Drinking Water
United States Geological Survey 		
Voluntary Cleanup Program (within Texas RRC)
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DEFINITIONS
A
Adjudication: An enforcement action subject to the legal process by which an arbiter or judge
reviews evidence and reasoning presented by opposing parties.
Ambient water quality: The natural or non-degraded condition and chemistry of groundwater in
aquifers within a defined area.
Annular disposal: The disposal of waste products, such as drilling mud or produced water,
between the surface and/or intermediate casing shoe and production casing strings into
permeable zones above the cemented portion of the production casing.
Annular overpressurization: A condition where the pressure of fluids in the surface-production
casing annulus exceeds hydrostatic pressure at the surface (water protection) casing shoe.
Aquifer: A geological formation, group of formations, or part of a formation that is capable of
yielding useable quantities of groundwater to a well or spring.
Area of Review: An area prescribed by regulations, surrounding a proposed injection well where
permit reviewers examine records to evaluate the presence and condition of other boreholes that
may penetrate the target injection zone.
B
Background water quality: The condition and chemistry of groundwater, including
contaminants that may be present, in the immediate vicinity of an activity that could potentially
alter the condition or chemistry of groundwater.
Barrel: A measure of volume for crude oil equivalent to 42 U.S. gallons.
Basic sediment: The sediment and other extraneous material present in crude oil.
Basic sediment pit: A lined pit used for temporary storage of production wastes during removal
or replacement of storage tanks.
Basin: A geologic structure in which strata dip, and generally thicken, toward a central location
known as the axis.
Biocide: A chemical substance used to kill or render harmless microorganisms in water.
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Biogenic gas: A natural gas produced by living organisms or biological processes.
Bioremediation: The natural or enhanced process of breaking down crude oil or other
contaminants entrained in soil into by-products by the action of living things, such as
microorganisms.
Blowdown pit: A pit constructed to temporarily contain waste fluids resulting from
depressurizing a vessel or well.
Blowout: An uncontrolled flow of pressurized fluid (natural gas, crude oil, or water) that can
occur during drilling or completion operations if subsurface formation pressure exceeds the
pressure applied by the column of drilling or well control fluid in the borehole.
Blowout preventer: An assemblage of specialized safety valves installed on a wellhead to
control subsurface fluid pressure during drilling and completion operations.
Brackish water: Water that contains relatively low concentrations of soluble solids. Brackish
water has more total dissolved solids than fresh water, but considerably less than sea water.
While classification schemes differ, brackish water typically contains 5,000 to 30,000 mg/L total
dissolved solids.
Brine: Water that has a large concentration of dissolved salts, especially sodium chloride. While
classification schemes differ, brine typically contains more than 30,000 mg/L total dissolved
solids.
C
Casing: The steel pipe installed in a well to maintain structural integrity, control the flow of
pressurized fluids, and isolate water zones from injection or oil and gas production zones.
Clean Water Act (CWA): The act that sets the basic structure for regulating discharges or
pollutants to surface waters of the United States, establishing contaminant limitations or
guidelines for all discharges of wastewater into the nation’s waterways.
Coal bed methane: A natural gas produced by coal seams.
Condensate: A low-density mixture of liquid hydrocarbons that may be present in raw
(untreated) natural gas and separates from the gaseous phase as a result of pressure and
temperature changes during production or transportation processes.
Conductor pipe: The first and broadest-diameter string of casing installed in a well, generally to
prevent collapse of unconsolidated sediments, such as sand and gravel, while drilling the deeper
portions of the borehole.
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Confined aquifer: An aquifer that is completely saturated and overlain by impermeable strata.
Contamination: The introduction of pollutants into a media, such as groundwater, causing
measured concentrations of chemical parameters of interest to exceed maximum concentrations
permitted by regulation, or to exceed “background” levels by designated amounts.
Completion operations: The work performed in an oil or gas well after the well has been drilled
to total depth. This work includes but is not limited to, setting the casing, perforating, production
testing, and equipping the well for production of oil or gas in paying quantities, or in the case of
an injection or service well, prior to when the well is plugged and abandoned.
Correlative rights: The legal doctrine that provides owners of subsurface mineral rights a
reasonable share of the value of an extracted resource, typically based on the amount of land
owned by the respective parties of a developed tract or unit.
Crude oil: Unrefined liquid petroleum.
D
Dip: The angle that strata tilts relative to a horizontal plane.
Directional drilling: The technique of drilling at an angle to reach a target not located directly
underneath the well pad.
Disposal well: A Class II well permitted through the UIC program under the SDWA which is
used for the injection of produced water and certain exploration and production wastes into an
underground formation.
Disruption: Any physical condition, in addition to contamination or diminution, that prevents
reasonable, uninterrupted use of a water well.
Dissolved solids: Salts and minerals that dissolve in water.
Drill cuttings: The fragments of rock that are created by drilling bit during the drilling process.
Drilling fluid: The circulating fluid used during rotary drilling of wells to clean and condition the
hole and counterbalance the pressure of fluids in the subsurface.
Drill stem test: A procedure for isolating and testing petroleum reservoir properties by
measuring pressure behavior at the drill pipe.
Drip gas: Synonymous with condensate.
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E
Effective management practices: Practices that are effective in achieving process objectives,
including but not limited to Best Management Practices that continually evolve.
Emergency pit: A pit constructed in the event of an emergency, to contain the unanticipated
release of fluids.
Enhanced Oil Recovery (EOR): A generic term for processes that improve the amount of crude
oil that can be extracted from an oil reservoir or field.
Evaporation pit: A lined pit used in arid regions to allow evaporation of water-based waste byproducts generated during drilling, production, or treatment operations.
Exploration: The process of identifying a potential subsurface geologic target and the drilling of
the borehole designed to access the petroleum reservoir.
F
Flowback fluids: The produced water recovered after the release of pressure at the end of
hydraulic fracturing operation, consisting of hydraulic fracturing fluids commingled with connate
brines or water from the stimulated zone.
Flow line: A small diameter pipeline that conveys fluids from a well to the initial separation and
storage facility.
Foam frac: A hydraulic fracturing fluid consisting of gaseous foam typically using nitrogen or
carbon dioxide.
G
Gas compressor station: A facility that helps transport natural gas moving through a
transmission line by boosting in-line pressure.
Gas processing plant: A facility that removes marketable liquid hydrocarbons, as well as water
and waste by-products from natural gas before it is placed into a transmission line.
Groundwater: The subsurface water within the zone of saturation.
Groundwater table: The upper surface of the zone of water saturation.
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H
Hazardous waste: A waste with properties that make it dangerous or capable of having a
harmful effect on human health and the environment. Under the Resource Conservation and
Recovery Act, hazardous wastes are specifically defined as wastes that meet a particular listing
description or that exhibit a characteristic of hazardous waste.
Horizontal drilling: A drilling procedure in which the wellbore is drilled vertically to a planned
kick off depth above the target formation and then angled through a 90 degree arc such that the
producing part of the well extends horizontally through the target formation.
Hydraulic fracturing: A method of stimulating production by increasing the permeability of the
producing formation. Under hydraulic pressure, a fluid is pumped down the well and out into the
formation. The fluid enters the formation and parts or fractures it.
Hydraulic fracturing fluids: The fluids, liquid or gas, used to fracture rock to increase the
permeability of a target zone to enhance injection or extraction of fluids.
Hydrocarbon: An organic compound consisting of hydrogen and carbon that includes natural
gas and crude oil.
Hydrostatic pressure: The natural pressure exerted by the weight of a column of groundwater in
the subsurface.
I
Incident: An event resulting in the pollution, contamination, or disruption of water well usage.
Injection well (Class II): A well used to inject fluids into an underground formation to enhance
recovery of petroleum or disposal of oilfield waste fluids.
Intermediate casing: A casing string that may be installed and cemented in a wellbore, after
surface casing but before production casing, to control pressurized zones or stabilize the
borehole.
L
Landfarming: An engineered, controlled process that incorporates small volumes of oily waste
into soil where bacteria and microorganisms decompose and immobilize hazardous components.
Landspreading: A method of treatment and disposal of low-toxicity, typically saline solid
wastes in which wastes are spread upon and mixed into soil to promote dilution of salts and
attenuation of metals.
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Lost circulation: During drilling operations, circulation is deemed lost when it flows into a
permeable, subsurface zone rather than returning up the annulus to surface.
M
Mechanical integrity: A condition in which the casing, mechanical, and cement components of a
well are effectively isolating specific zones, effectively preventing fluid movement into protected
groundwater.
N
Natural gas: A naturally occurring mixture of hydrocarbon and non-hydrocarbon gases found
in geologic formations beneath the earth’s surface. The principal hydrocarbon constituent is
methane.
O
Operator: The person or company, proprietor, contractor, or lessee, actually operating a well,
lease, or disposal facility.
Orphaned well: An abandoned well that no longer has a legally responsible owner.
Outcrop: The area in which a stratigraphic unit is exposed at land surface.
P
Percolation pit: A pit used to dispose waste liquids through the base or sides of the pit into
surrounding soils.
Permeability: The capacity of rock to transmit fluids, depending on the size, shape, and
interconnectivity of pore spaces.
Plugging: The placement of plugging materials, generally cement, into a well in order to restrict
vertical movement of fluids after site reclamation.
Primacy: The right granted by federal government authorizing states to implement federal
regulations subject to oversight agreements.
Produced water: The water brought up from the hydrocarbon-bearing strata during the drilling,
well completion, post stimulation flowback process, and/or production of oil and/or gas.
Production: The phase of the petroleum industry that deals with bringing the well fluids to the
surface, separating them, and storing, gauging, and otherwise preparing the product for sale.
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Production casing: The last, and narrowest, casing string cemented in a well to isolate the oil
and gas producing zone from the remainder of the borehole.
Proppant: The silica sand or other articles pumped into a target zone during a hydraulic
fracturing operation to keep fractures open and maintain permeability after pressure is released.
Proration: The regulatory practice of limiting oil production to promote efficient resource
development.
R
Reclamation: The process of returning a site or contaminated soil to an appropriate state of
environment acceptability.
Reserve pit: A temporary pit used to contain drill cuttings and drilling fluids during drilling
operations that is reclaimed after completion of the well.
Reservoir: A subsurface, porous, permeable rock body in which oil and/or gas are stored. Most
reservoir rocks are limestones, dolomites, sandstones, or a combination of these.
Roadspreading: The authorized placement on roads of specific exploration and production
wastes that exhibit properties similar to commercial road oils, dust suppressants, road
compaction, or deicing materials.
Rule-authorized: The establishment of standards by regulation, rather than by permit term or
condition, directive, or order.
S
Safe Drinking Water Act (SDWA): The act designed to protect the nation’s drinking water
supply by establishing national drinking water standards and by regulating UIC wells.
Salinity: The quantitative level of salt in an aqueous medium.
Salt dome: A structural feature caused by the intrusion of deep, subsurface salt deposits upwards
into overlying strata, as a result of salts relative low density and plasticity. Salt domes create
impermeable traps for hydrocarbons migrating upward through permeable strata.
Skimming pit: A lined pit, tank, or constructed impoundment to allow gravity segregation and
removal of free oil before disposing aqueous waste.
Slickwater: A water-based fluid consisting primarily of water mixed with friction reducing
agents that is used in hydraulic fracturing operations.
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Spent materials: The materials that have been used and can no longer serve the purpose for
which they were produced without processing.
Spill Prevention Control and Countermeasures (SPCC): Federal regulations establishing
spill prevention procedures for certain above-ground storage facilities including crude oil tanks,
pursuant to the Clean Water Act.
Stimulation: A process used to enhance near wellbore permeability, including hydraulic
fracturing.
Storage tank: A storage vessel at a producing well to store crude oil and/or produced water prior
to offsite transportation to market or disposal.
Structure contour map: A map depicting the surface elevation of a geologic formation of
interest relative to sea level.
Subcrop: The area where a stratigraphic unit occurs in the subsurface.		
Surface casing: A casing string cemented in place to isolate protected sources of groundwater
and to serve as a base for the blowout preventer.
Surface facility: The surface infrastructure at a Class II injection well to receive, segregate, treat,
store, filter, and pump fluids into the well.
Surfactants: The compounds that lower the surface tension of water include detergents, wetting
agents, emulsifiers, and dispersants.
T
Tank bottoms: The produced sand, formation solids, and/or emulsions that settle-out in
production operation process vessels.
Thermogenic gas: A natural gas that is formed deep in the earth by the combined forces of high
pressure and temperature.
Tight formation: A low-permeability formation that may contain significant volumes of
hydrocarbons.
Total Dissolved Solids (TDS): The dry weight of dissolved material in water usually expressed
in milligrams per liter or parts per million.
Transporter: A person engaged in the offsite transportation of waste.
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U
Unconfined aquifer: An aquifer that is partially saturated, and the water level responds to
changes in atmospheric pressure.
Underground Source of Drinking Water (USDW): An aquifer or portion of an aquifer that
supplies any public water system, or that contains a sufficient quantity of groundwater to supply
a public water system, and currently supplies drinking water for human consumption, or that
contains fewer than 10,000 mg/L total dissolved solids and is not an exempted aquifer.
Useable-quality water: Groundwater of sufficient quality that can be used for public, domestic,
agricultural, industrial, or any other legitimate purpose. Typically groundwater that is deemed
useable has less than 3,000 mg/L total dissolved solids.
W
Waste minimization: The reduction, to the extent feasible, in the amount of waste generated
prior to any treatment, storage, or disposal of the waste. Because waste minimization efforts
eliminate waste before it is generated, disposal costs may be reduced, and the impact on the
environment may be lessened.
Waterflood: A method used to enhance oil recovery in which water is injected into a reservoir to
remove additional quantities of oil that have been left behind after the primary recovery. Usually,
a waterflood involves the injection of water into strategically placed wells so that it sweeps
through the reservoir and moves remaining oil to the producing wells.
Workover: A remedial operation performed on a producing well to increase production
including deepening, plugging back, or resetting a liner.
Workover fluid: A special fluid used to keep a well under control when it is being worked over.
Workover pit: A temporary pit used to store fluids generated during a workover operation.
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Potential Sources

Potential Contaminants

2.) Drilling and
Completion

Natural gas, brine, crude oil,
and/or drilling fluids

Brine, drilling fluids, and/or
crude oil

d.) Blowout

e.) Emergency pit

Overflow or failure to properly construct or maintain
pits to contain unanticipated volume of fluids
circulating to surface

Improper control/confinement of reservoir fluids within the
production borehole, at pressures sufficient to
overpressurize the surface casing shoe, prior to installation
and cementing of production casing, or failure of the
surface casing primary cement job due to inadequate or
improper placement of cement leading to insufficient
cement bond

Lost circulation of drilling fluids into USDW while drilling
the surface hole, prior to isolation behind cemented
conductor and/or surface casing

Drilling mud, surfactants (if
drilling on compressed air),
brine (if drilling through
saline or brackish aquifers)

c.) Surface
hole drilling

Slump or tear of the synthetic liner, overtopping or breach
of the berm, or infiltration into subsurface in unlined pits
Valve or line leak, or integrity failure of the containment
system, or overtopping

Brackish water, brine,
circulated drilling fluids

Failure of tanks, valves, or distribution lines that store or
deliver fuel, lubricants, coolants, or transmission fluids for
mobile powered equipment

Possible Contaminant Release Mechanisms

b.) Steel tanks used Brackish water, brine,
in lieu of reserve pits circulated drilling fluids

a.) Reserve pit

1.) Site Preparation a.) Fuel storage tanks Diesel fuel, antifreeze,
(well pad and
or mobile powered transmission fluids, etc.
access road
equipment
construction
and reserve pit/
impoundment
excavation)

Activity/ Phase

Appendix A - Incident Classification Scheme
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Failure of tanks, valves, or distribution lines that store or
deliver fuel, lubricants, coolants, or transmission fluids for
powered equipment and inadequate secondary containment
and/or remedial action

Storage vessel or pressurized line leaks followed by
inadequate secondary containment and/or corrective action

Direct pumping of stimulation fluids containing additives in
sufficient volume and concentration to degrade
groundwater quality

f.) Fuel and other
Diesel fuel, antifreeze,
product storage tanks transmission fluids, etc.
or conveyance lines
for fixed-location
compressors and
engines associated
with drilling and
circulation of fluids
and cuttings

a.) Storage tanks for Stimulation fluids
stimulation fluids
and additives
and additives prior
to stimulation

b.) Pumping directly Stimulation fluids
into an aquifer
and additives
(typically for
stimulation of
shallow coal bed
methane bearing
zones)

3.) Well
Stimulation
(including
hydraulic
fracturing)

Possible Contaminant Release Mechanisms

2.) Drilling and
Completion

Potential Contaminants

Potential Sources

Activity/ Phase

Potential Contaminants
Produced water consisting of
stimulation fluids,
commingled with brine and
petroleum hydrocarbons

Produced water consisting of
stimulation fluids,
commingled with brine and
petroleum hydrocarbons

Produced water consisting of
stimulation fluids,
commingled with brine and
petroleum hydrocarbons
Produced water consisting of
stimulation fluids,
commingled with brine and
petroleum hydrocarbons

Potential Sources

c.) Migration of
pumped fluids from
a stimulated oil and
gas reservoir
hydraulically
connected to an
adjacent aquifer

d.) Out-of-zone
stimulation

e.) Storage tanks for
containment of
flowback fluids
following
f.) Impoundments
for temporary
storage of flowback
fluids

Activity/ Phase

3.) Well
Stimulation
(including
hydraulic
fracturing)

Synthetic liner failure, overtopping, or flow line leaks

Tank failure or flow line leaks followed by inadequate
secondary containment and/or corrective action, or
impoundment failure

Failure of the production casing primary cement job, or
failure of the production casing to confine pumped fluids
within the stimulated oil and gas reservoir, and failure to
monitor and terminate the job as a result of abnormal
annular pressure readings, vertical migration in the
uncemented surface-production casing annulus, and failure
of the surface casing cement job and/or defective surface

Vertical migration of stimulation fluids into an aquifer via:
1.) Proximal, unplugged, or improperly plugged boreholes
that penetrate the stimulated zone or overlying confining
strata with extended vertical fractures; or
2.) Offset, improperly constructed oil and gas wells
developed in the stimulated reservoir within the fracture
network created by the stimulation; or
3.) Inadequate confining strata (vertically limited confining
strata, or confining strata transected by transmissive fault(s)
or joints connecting the reservoir to the overlying aquifer);
and
4.) Failure to terminate the operation based on real-time
monitoring observations

Possible Contaminant Release Mechanisms

Synthetic liner failure, failure to install liner, overtopping,
or breach
Synthetic liner failure, or failure to install liner

Produced water and/or
crude oil
Produced water
Produced water
Produced water
Produced water and/or
crude oil
Crude oil

c.) Skimming/
settling pit

d.) Produced
water storage pit

e.) Emergency pit

f.) Evaporation pit

g.) Blowdown pit

h.) Basic sediment
pit

i.) Earthen crude oil Crude oil
storage pit

j.) Workover pit

k.) Well construction Natural gas, brine, or other
(subsurface)
annular fluids

Crude oil

Synthetic liner failure, failure to install liner, overtopping,
or breach

Produced water and/or
crude oil

b.) On-lease flow/
gathering lines

Annular overpressurization resulting from primary well
construction failure(s), or deterioration of casing and/or
casing cement during the productive life of the oil and gas
well

Synthetic liner failure, failure to install liner, overtopping,
or breach

Synthetic liner failure, failure to install liner, or breach

Volume and/or salinity of discharged wastes exceeds the
attenuation capacity of the aquifer

Synthetic liner failure, failure to install liner, overtopping,
or breach

Synthetic liner failure, failure to install liner, overtopping,
or breach

Defective materials, corrosion, or accidental damage to
distribution lines

Defective materials, corrosion, weather events, or
vandalism of storage vessels

Produced water and/or
crude oil

a.) Storage tanks/
separators

4.) Production,
On-lease
Transport, and
Storage

Possible Contaminant Release Mechanisms

Potential Contaminants

Potential Sources

Activity/ Phase

Crude oil

Produced water

Crude oil

b.) Landfarming
of oily solids for
bioremediation

c.) Roadspreading
of produced water
for dust or ice
control

d.) Roadspreading
of heavy
hydrocarbons for
dust control

e.) Annular disposal Drill cuttings and muds
of drilling solids

Salts

a.) Landspreading
of saline soils
or solids

5.) Waste
Management and
Disposal

Unauthorized direct injection into USDWs, or injection at
pressures exceeding regulatory limits

Improper spreading pattern, over-application, or poor road
selection (impervious surfaces, highly crowned roads,
application too close to road edge)

Spreading at rates exceeding regulatory limits or
poor site selection

Spreading at rates exceeding regulatory limits, poor site
selection, or improper management of bioremediation
process needs (e.g. nutrition, hydration, salt remediation
prior to bioremediation in salt affected soil)

Spreading at rates or frequencies exceeding regulatory
limits or poor site selection

Crude oil and produced water Equipment failures, corrosion, or valve or stuffing box
leaks

l.) Wellhead leaks

Possible Contaminant Release Mechanisms

4.) Production,
On-lease
Transport, and
Storage

Potential Contaminants

Potential Sources

Activity/ Phase

Mechanical integrity failure of tubing or packer with
simultaneous failure of cemented injection, intermediate
and surface casing strings, and/or associated casing sealants
Improper design, material type, or corrosion-related failure
of distribution lines, storage vessels, impoundments, and/or
vaults
Mechanical integrity failure of tubing or packer with
simultaneous failure of cemented injection, intermediate
and surface casing strings, and/or associated casing sealants

g.) Class II D
Produced water
injection for disposal

h.) Class II D surface Produced water
facilities
Produced water and/or
crude oil
Produced water

Produced water and/or crude Pressurized fluids migrating vertically through an unsealed
oil
borehole, usually without surface casing

Produced water
Produced water

i.) Class II EOR
injection

j.) Class II EOR
surface facilities

k.) Improperly
plugged wells in a
repressurized
reservoir

l.) Percolation pit

m.) Dumping

Illegal disposal of produced water by discharge from
produced water hauling trucks

Improper siting. Volume and/or salinity of discharged waste
exceeds the attenuation capacity of the aquifer

Improper design, material type, or corrosion-related failure
of distribution lines, storage vessels, impoundments, and/or
vaults

Mechanical failure (corrosion) of surface casing and failure
of casing sealant, and hydrostatic head of annular fluids
exceeding hydrostatic head of inadequately protected
USDWs

f.) Annular disposal Produced water
of produced water

Possible Contaminant Release Mechanisms

5.) Waste
Management and
Disposal

Potential Contaminants

Potential Sources

Activity/ Phase

Produced water and/or
crude oil

Produced water and/or
crude oil
Produced water and/or
crude oil
Produced water and/or
crude oil

Produced water and/or
crude oil or natural gas

a.) Pit reclamation

b.) Tank/ Pipeline
removal or closure

c.) Well plugging

a.) Pits/ Tanks/
Pipelines

b.) Abandoned/
Orphaned wells

6.) Plugging and
Site Reclamation

7.) Orphaned
Wells and Sites

Potential Contaminants

Potential Sources

Activity/ Phase

Inter-zonal migration of borehole fluids allowed by
corrosion or withdrawal of the surface casing string and
failure to isolate deeper pressurized zones with effective
plugging material by former insolvent owners

Unreclaimed pits and/or storage vessels (typically prebonding or pre-regulation). Failure to remove or reclaim oil
or brine contaminated soils inside the tank battery or
containment dike by former insolvent owners

Circulation of brine and/or oily fluids from the borehole
after withdrawal of uncemented surface casing

Failure to recover mobile fluids or oily bottom sediments
for storage equipment prior to removal

Failure to properly remove produced water and/or oily
wastes from production-related pits prior to reclamation, or
failure of the synthetic liner of temporary pit used to
contain fluids circulated from the borehole during plugging
operations, overtopping, or breach

Possible Contaminant Release Mechanisms

Year

Enhancement

Description

1992

Data
Management

Risk-Based Data Management System (RBDMS): The ODNR
worked with the Ground Water Protection Council, with funding
support of the U.S. Department of Energy to expand the
functionality of RBDMS to store and retrieve data for oil and gas
wells in addition to Class II injection wells. RBDMS is currently
used in 22 of 29 oil and gas producing states.

1992

Program
Certification

U.S. EPA Certification: DMRM submitted a program certification
to U.S. EPA required by the 1996 Safe Drinking Water Act
Amendments of 1986 demonstrating that Ohio’s regulatory program
is protective of groundwater resources and is protective of human
health. U.S. EPA certified Ohio’s program.

1993

Rule: Plugging
Material
Standards

Cement Quality Standards: The DMRM amended plugging rules
to include cement quality standards.

1994

Statute (SB 182) Orphan Well Emergency Expenditures: Authorized the Chief to
spend oil and gas well fund monies to address imminent public
health and safety risks not subject to competitive bidding
requirements, or controlling board authorization. As a result,
DMRM can respond expeditiously to fund corrective action at
orphaned wells that are threatening or contaminating water supplies
without delays formerly caused by bid advertisement and contract
processes.
Spill Control: Provided DMRM authority to enact and administer
Spill Prevention Control and Countermeasure (SPCC) regulations.
The DMRM assumed enforcement authority for tens-of-thousands of
spill control dikes at crude oil storage tanks statewide.

1996

Permit
Conditions:
WHPA

Wellhead Protection Area Permit Conditions: The DMRM
implemented special permit conditions for any oil and gas well
drilled within the five year Time-of-Travel zone of a municipal
water wellhead protection area. Extensive conditions include:
standards for well construction, BOP testing, reserve pit construction
and management, steel tanks, pit closure, and documentation of all
fluids and additives used on location during drilling, well
construction, and stimulation.

Site Preparation
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0
0
0
0
0
0
0

0

Year
1983
1984
1985
1986
1987
1988
1989
1990
1991
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2001
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2005
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Total

0
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Activity Excavation Other Total
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Reserve Pit Steel Tanks Surface Hole Blowout Emergency Fuel/ Other Total
Drilling
Pit
Fluids

Drilling and Completion

Appendix C - Ohio Incident Data by Phase and Activity (1983-2007)
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Out-of-zone Flowback
Impoundment Other Total
Stimulation Fluid Storage Failure
Tanks

Well Stimulation

Activity Storage Pumping
Migration due to Inadequate
Tanks Directly
Confinement or Improperly
Into Aquifer Plugged or Constructed

Phase
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0
0
1
2
0
1
0
1
1
0
0
0
1
0
1
1
0
1
1
0
0
0
0
1
0

12

Year
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007

Total

Activity Storage
On-lease
Tanks/
Flow/
Separators Gathering
Lines

Phase

5

0
0
0
0
3
0
0
0
0
0
0
0
0
0
0
1
0
0
0
0
0
0
1
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
10

1
1
6
2
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Skimming/ Produced Emergency Evaporation Blowdown Basic
Earthen
Workover
Settling
Water
Pit
Pit
Pit
Sediment Crude Oil Pit
Pit
Storage Pit
Pit
Storage Pit

Production, On-lease Transport, and Storage
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0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

12

0
1
0
0
1
0
1
0
1
0
3
0
0
2
0
0
0
1
0
0
0
0
1
0
1

0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

39

1
2
7
4
4
1
1
1
2
0
3
0
1
2
1
2
0
2
1
0
0
0
2
1
1

Well
Wellhead Other Total
Construction Leaks
(subsurface)

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0

Year
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007

Total

0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
14

0
4
4
1
3
2
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
5

0
0
3
1
0
0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
2

0
0
0
0
0
0
1
0
0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Class II D Class II D Class II
Injection Surface
EOR
for
Facilities Injection
Disposal

Waste Management and Disposal

Annular
Activity Landspreading Landfarming/ Roadspreading Roadspreading Annular
Disposal of Disposal of
of Saline Soils Bioremediation Produced
Heavy
Produced
or Solids
Oily-Solids
Water
Hydrocarbons Drilling
Solids
Water

Phase
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0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

Class II
EOR
Surface
Facilities

0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

4

0
0
2
0
2
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
4
9
2
5
2
2
0
0
1
0
0
0
0
0
0
0
1
0
0
0
0
0
0
0
26

Other Total
Improperly Percolation Illegal
Plugged
Pit
Dumping
Wells in
AOR

Plugging and Site Reclamation

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0

Year
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007

Total

0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
5

0
1
0
1
0
0
0
0
1
0
0
1
0
0
0
1
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
5

0
1
0
1
0
0
0
0
1
0
0
1
0
0
0
1
0
0
0
0
0
0
0
0
0

Activity Pit
Tank/ Pipe Well
Other Total
Reclamation Removal Plugging
or Closure

Phase

0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
41

0
0
1
1
2
0
0
3
2
3
3
3
0
3
5
5
3
1
1
3
1
1
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
41

0
0
1
1
2
0
0
3
2
3
3
3
0
3
5
5
3
1
1
3
1
1
0
0
0

Pits/
Abandoned/ Other Total
Tanks/
Orphaned
Pipelines Wells

Orphaned Wells and Sites
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0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0

Year
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007

Total

74

4
8
6
15
3
6
2
2
1
2
2
4
3
0
4
2
1
1
3
2
1
1
1
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
39

1
2
7
4
4
1
1
1
2
0
3
0
1
2
1
2
0
2
1
0
0
0
2
1
1
26

0
4
9
2
5
2
2
0
0
1
0
0
0
0
0
0
0
1
0
0
0
0
0
0
0

Activity Site
Production, On-lease Waste
Drilling & Well
Plugging &
Preparation Completion Stimulation Transport, & Storage Management Site
& Disposal Reclamation

TOTAL BY PHASE

5

0
1
0
1
0
0
0
0
1
0
0
1
0
0
0
1
0
0
0
0
0
0
0
0
0

Orphaned
Wells &
Sites
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41

0
0
1
1
2
0
0
3
2
3
3
3
0
3
5
5
3
1
1
3
1
1
0
0
0
185

5
15
23
23
14
9
5
6
6
6
8
8
4
5
10
10
4
5
5
5
2
2
3
1
1

144

5
15
22
22
12
9
5
3
4
3
5
5
4
2
5
5
1
4
4
2
1
1
3
1
1

Total Total
Regulated
Activity

Class II Injection Wells
Wells Wells
Wells
Wells Crude Oil
Natural Gas
Produced
Drilled Stimulated Producing Plugged Produced (bbls) Produced
Water (bbls) Disposal EOR Ann. Disposal
4,299
3,948
50,342
691
14,971,072
151,300,431
2,987,966
79
142
NRA
4,963
4,528
55,681
795
15,271,100
186,480,420
6,559,306
110
167
NRA
3,760
3,452
60,553 1,050
14,987,592
182,244,648 15,667,380
154
156
NRA
1,850
1,663
62,380
939
13,442,162
182,072,348 13,310,929
166
170
NRA
1,882
1,666
63,618 1,052
12,152,567
166,633,260 11,468,044
173
178
NRA
1,423
1,265
63,741 1,255
11,710,728
166,690,130
9,777,730
182
178
7,039
1,312
1,076
64,590 1,100
10,218,674
159,729,510
9,366,161
176
171
1,560
1,327
1,045
64,695 1,093
10,008,263
154,618,630
9,255,917
184
176
NRA
1,169
892
64,830
917
9,158,332
147,651,188
9,145,672
180
184
NRA
875
623
64,729
906
9,196,711
144,815,438
8,797,089
177
184
NRA
823
552
64,622
793
8,282,023
135,938,848
8,448,506
175
194
NRA
783
517
64,473
846
8,757,872
130,855,248
8,099,923
167
185
328
670
411
64,035
994
8,257,621
126,335,936
7,751,340
161
193
294
725
468
63,870
792
8,305,366
120,443,871
6,848,362
164
171
292
797
509
63,538
934
8,593,359
117,408,373
7,361,015
166
152
239
518
322
63,267
746
6,541,307
108,542,132
7,751,337
158
139
218
502
347
63,122
603
5,968,342
103,540,658
6,338,996
159
140
181
567
375
62,977
598
6,573,881
98,550,667
6,444,774
160
140
172
699
540
62,999
624
6,049,524
98,255,015
6,414,326
154
138
158
502
383
62,902
581
6,004,345
97,153,501
6,444,721
159
138
142
519
412
62,867
500
5,647,275
93,640,733
6,740,146
157
129
132
589
509
62,852
572
5,785,338
90,301,118
6,688,227
154
125
120
727
601
62,675
818
5,651,705
84,135,020
6,751,588
152
124
108
958
884
62,966
577
5,422,194
86,315,100
6,939,771
155
126
107
1,065
981
63,654
598
5,454,629
88,094,732
6,842,115
154
121
94
33,304
27,969
N/A 20,374
222,411,982 3,221,746,955 202,201,341
N/A
N/A
N/A

NRA: data not readily available
N/A: not applicable

1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
Total

Year
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Appendix E - Chronology of Texas Regulatory Enhancements for
Protection of Groundwater (1982-2010)
Year

Enhancement Description

1982

Rules 9 and
46 (16 TAC
3.9 and 16
TAC 3.46)

1983

Texas General Water Injection: Legislature amended the Water Code (see 1971
Laws, Ch. 996 Texas General Laws, supra) to require the RRC to determine the
feasibility of injecting substances other than fresh water when
injection well permits are sought for secondary recovery projects.

Class II UIC Primacy: U.S. Environmental Protection Agency
granted the RRC with enforcement primacy for the Class II UIC
program.

Texas General Well Plugging Fund: Legislature established a fund solely dedicated
Laws, Ch. 967 to plugging orphaned wells, with an annual cap of $3 million. Funding
from RRC assessment of a $100 drilling permit application fee for
each new or materially amended application to drill.
Texas General Civil Penalties: Various sections of the Natural Resources Code and
Laws, Ch. 967 the Water Code were amended to provide a maximum civil penalty of
$10,000 per day for pollution or safety violations of rules or orders.
1984

SWR 8
Pit Permits: Almost all previously permitted pits had to be
Amendments repermitted and other pits had to be permitted for the first time under
(16 TAC 3.8) new, more stringent standards. The amendments also increased record
keeping requirements and penalties. The amendments authorized by
rule common waste management methods, such as reserve pits and
workover/completion pits, as long as the pits are constructed and
operated consistent with conditions specified in the rule.

1985

HB 1867

Jurisdictional Clarification: Clarified that the RRC has the sole
responsibility for the control and disposition of waste and the
abatement and prevention of pollution of surface and subsurface water
resulting from activities associated with the exploration, development,
and production of oil or gas or geothermal resources.

HB 1942

Organization Reports: Required anyone performing any operation
under the RRC's jurisdiction to file an Organization Report.

Year

Enhancement Description

1987

Rule 8
MOU: Adopted by reference the MOU between the RRC, the Texas
Amendment Water Commission (now the Texas Commission on Environmental
(16 TAC 3.8) Quality), the Texas Department of Health (TDH), and the Texas Air
Control Board (TACB) (Duties of the TDH and TACB were later
adsorbed by the TCEQ). The MOU clarified the division of
jurisdiction among the agencies.

1988

RRC Order

Cathodic Protection Holes: RRC issued guidelines requiring drilling
permit applications for cathodic protection holes which penetrate the
base of useable water.

1990

SB 830

Waste Reduction Legislation: Legislature amended Chapter 91 of
the Texas Natural Resources Code (TNRC) to require the RRC to
implement a program to provide operators with training, technical
assistance, and incentives to reduce the volume and toxicity of E&P
wastes.

SWR 57
Reclamation Plant Bonding: Required operators of tank bottom
Amendment reclamation plants to file bonds to ensure that plants are operated and
(16 TAC 3.57) closed in accordance with RRC rules.
1991

SB 1103

Oil Field Cleanup Fund: Replaced previous Well Plugging Fund
with an expanded Oil Field Cleanup Fund, increased industry fees,
expanded the scope of the program to include investigation and clean
up of contaminated surface sites, and established a $10 million annual
cap. The legislation also created a hazardous oil and gas waste
regulatory program to be funded by fees levied on generators of such
waste with the fee determined by the type and quantity of waste
generated.

SWR 14 and Bonding Amendments: Established alternative financial assurance
78
mechanisms that are paid into the Oil Field Cleanup Fund.
Amendments
(16 TAC 3.14
and 16 TAC
3.78)
1992

SWR 8
Expanded Waste Hauler Requirements: Required permitted oil and
Amendment gas waste haulers to track and document all types of transported E&P
(16 TAC 3.8) wastes.

Year

Enhancement Description

1992

SWR 14
Well Plugging Extensions: Limited the number of time extensions
Amendments an operator can receive before plugging an inactive well without filing
(16 TAC 3.14) a bond. Shut-in wells, those with shut-in-wellhead pressure, become
subject to the plugging provisions of Statewide Rule 14(b)(2). Once
such a well has been inactive for a year, it must either be plugged,
put back into production, or have a 14(b)(2) extension based on a
financial assurance.
SWR 5
Drilling Permit Denial: Authorized the RRC to deny a drilling permit
Amendment submitted by an operator with an outstanding final order for a safety
(16 TAC 3.5) or pollution violation.

1993

1995

SWR 99

Cathodic Protection Wells: RRC adopted SWR 99 relating to
Cathodic Protection wells to place in rule the guidance issued in 1989
to require the protection of useable-quality groundwater during
installation of cathodic protection wells.

Guidelines

Source Reduction and Recycling Program: Established the Oil and
Gas Waste Reduction and Minimization Program to provide training
and technical assistance to operators and incentives for operators to
reduce and minimize waste. The goal of this voluntary program is to
reduce the potential for pollution of water, soil, and air resources by
reducing the volume and toxicity of E&P wastes, and to encourage
recycling.
www.rrc.state.tx.us/forms/publications/wasteminmanual/index.php

Guidelines

Orphan Well Plugging Priorities: The RRC established a formal
prioritization scheme for plugging orphaned wells that includes
weighting factors for protecting groundwater.

Rule 83
Amendment

Incentives to Restore Inactive Wells: Provided a severance tax
exemption for wells that had been inactive for at least three years and
were returned to production– reducing bond forfeiture risk and
potential liability to the Oil Field Cleanup Fund.

Rule 91

Oil Spill Cleanup: Established regulatory standards and procedures
for clean up of crude oil spills into non-sensitive areas.

HB 1407

Permit Denial/Revocation: Expanded the RRC’s authority to deny
and revoke permits held by operators that have unresolved violations
under an order.

Year

Enhancement Description

1996

SWR 98

Standards for Management of Hazardous Oil and Gas Waste:
Adopted new rules for management of hazardous oil and gas wastes.
Required identification of hazardous E&P wastes, compliance with
federal transportation requirements for hazardous oil and gas waste, as
well as other federal requirements for generation, storage, and
disposal of hazardous waste.

1997

SB 639

Outstanding Violation Disqualification: Provided the RRC with
authority to disqualify an operator from obtaining an Organization
Report (which is required to perform any E&P activity in Texas)
because of outstanding violations.

SWR 93

Water Quality Certification: §401 of the federal Clean Water Act
provided that states must certify that certain federal licenses and
permits comply with applicable state water quality requirements. Rule
93 governs issuance of §401 certifications by the RRC.

Other

State Fund Pluggings: The RRC streamlined the approval process for
plugging non-leaking wells with state funds by eliminating the
requirement of issuing a final order directing the operator to plug a
well prior to approving it for plugging with state funds. The result was
the approval of 2,155 wells for plugging with state funds in fiscal year
1997, the second highest number of approvals since the inception of
the Well Plugging Program in September 1983.

SWR 83

Inactive Wells: Provided tax exemption for two-year inactive wells
and three-year inactive wells to encourage production, and ultimate
plugging of inactive wells.

Year

Enhancement Description

1998

SWR 78
Amendment
(Fees,
Performance
Bonds, and
Alternate
Forms of
Financial
Assurance
Required to be
Filed)

Commercial Facility Financial Security: Established financial
assurance requirements for facilities that reclaim tank bottoms and
other hydrocarbon wastes and commercial disposal facilities.
Operators of such facilities are required to file financial security in an
amount sufficient to ensure proper closure after operations cease.

State Funded Orphan Well Priorities: The RRC approved the use of a revised
Well Plugging extended service, multiple well plugging contract designed to increase
Program
efficiencies in the bidding process and to achieve some economies of
scale by bidding multiple leases with multiple wells under one
contract. The revised contract allowed the RRC to reduce the number
of invitations to bid and attain overall lower plugging costs. In
addition, the RRC approved use of a revised well plugging priority
system, which improved on the previous system by placing additional
emphasis on risk factors addressing environmental and safety
concerns and allowed the RRC to focus its well plugging efforts on
wells posing a greater threat to the environment.
SWR 9 and 46 Disposal/Injection Wells: Expanded public notice requirements for
Amendments commercial Class II injection well permit applications. Codified
standards for conducting mechanical integrity tests.
SWR 14
Plugging: The RRC clarified standards regarding plugging
Amendments responsibility for inactive wells, established an approved plugging
contractors list, and amended procedures and plugging material
standards. New standards hold both operator and the plugging
contractor responsible for compliance with well plugging standards.
Provided RRC with authority to suspend an approved plugging
contractors' status for violations of RRC rules. Provided RRC
authority to require tagging, pressure testing, and/or respotting of
plugs if necessary to ensure that a well does not pose a potential threat
or harm to natural resources, including groundwater. Required
emptying and removal of tanks, vessels, surface and subsurface flow
lines after plugging last well on the lease.

Year

Enhancement Description

1999

SWR 91

Commercial Surface Disposal Facilities: Amended notification
requirements for commercial surface disposal facilities allowing
public hearing if in the public interest.

SWR 14 and
78

Temporary Inactive Wells: Required unbonded operator to obtain a
well plugging bond for any well that had been inactive for over 36
months, and prohibited transfer of any inactive well without a bond.

SWR 1

Organization Report Disqualification: Rules implement SB 639,
which authorized the RRC to disqualify an operator from obtaining
an organization report because of outstanding violations. Without an
organization report, the operator cannot obtain permits or conduct
E&P activities in Texas.

SWR 14

Plugging Extensions: Amended requirements for obtaining plugging
extension. Required fluid level test or mechanical integrity test before
granting of plugging extension.

SB 310

Oil Field Cleanup Fund Expansion: Increased several fees and
increased the cap from $10 million to $20 million. Authorized the
RRC to require bonds for all facilities and inactive wells effective
September 1, 2004. Required that financial assurance be in place upon
transfer of wells from one operator to another. Established the Oil
Field Cleanup Advisory Committee. Created the Voluntary
Cleanup Program.

Chapter 8

Pipeline Integrity Management: Required natural gas and petroleum
pipeline operators to verify the integrity of their pipelines.

SWR 14 and
78

Universal Bonding: Amended financial assurance provisions to be
consistent with new standards established under SB 310.

VCP

Voluntary Cleanup Program (VCP): Adopted regulations to
implement the VCP program, which provides an incentive to
remediate oil and gas related pollution by participants as long as they
did not cause or contribute to the contamination. Applicants to the
program receive a release of liability to the state in exchange for a
successful cleanup.

SWR 14

Plugging Standards: Required verification of the plug at the Base of
Useable-Quality Water (BUQW) and established an approval process
for alternative materials for plugging, removal of casing during
plugging operations, and amended standards for plug placement at
UQW zones.

2000

2001

2002

2003

Year

Enhancement Description

2003

HB 3442

Oil Field Cleanup Fund: Required the collection of the Oil Field
Cleanup Regulatory Fee on Crude Oil (5/8th of 1 cent/bbl) and the Oil
Field Cleanup Regulatory Fee on Natural Gas (1/30 of 1 cent/Mcf) on
production regardless of whether that production is exempt from
severance tax or has been granted a severance tax reduction.
Previously, the regulatory fee for gas was not collected on high-cost
gas production that was exempt from severance tax under the
provisions of §201.057 of the Tax Code.

SWR 1
(HB 2021)

Bankruptcy Notice: Amended §91.142, Natural Resources Code, to
require that an entity, required to file a Organization Report or an
affiliate of such an entity performing operations within the jurisdiction
of the RRC that files for federal bankruptcy protection, must give
written notice to the RRC's Office of General Counsel no later than
the 30th day after the date of filing.

SB 1484

Organization Reports: Increased the number of years of records the
RRC reviews in determining whether or not an officer in an
organization has violated a statute, rule, order, license, permit, or
certificate that relates to safety or the prevention or control of
pollution. The RRC now reviews an organization's seven year
compliance history when determining whether to accept an
organization report or permit application from an organization, or to
issue a certificate of compliance for that organization.

SWR 78

Reconnect Fees: Increased the reconnect fee for any oil lease or gas
well that had a Certificate of Compliance canceled by severance or
seal order. Currently, the fee to reconnect a lease or well and reissue a
Certificate of Compliance is $100 per lease. The new legislatively
mandated fee will be $300 per severance/seal order violation. The
effective date of this fee increase was September 1, 2003.

SWR 20

Release Reporting: Clarified circumstances that require an operator
to report gas releases or petroleum spills.

Guidance

Condensate Cleanup: Published a field guide for the assessment and
cleanup of soil and groundwater contaminated with condensate from a
spill incident.

Year

Enhancement Description

2004

SWR 78

Universal Bonding: Consistent with amendments adopted in 2001,
operators must provide a bond, letter of credit or cash deposit as
financial security with the filing of the annual organization report
renewal application.

SWR 14 and
78

Universal Bonding: Amendments to 16 TAC §3.14 (Plugging) and
16 TAC §3.78 (Financial Security Requirements) to implement
universal bonding and adoption of conforming amendments to §§3.5,
3.8, 3.32, 3.37, 3.38, 3.57, 3.73, 3.86, and 3.96, relating to
Application To Drill, Deepen, Reenter, or Plug Back; Water
Protection; Gas Well Gas and Casinghead Gas Shall Be Utilized for
Legal Purposes; Statewide Spacing Rule; Well Densities; Reclaiming
Tank Bottoms, Other Hydrocarbon Wastes, and Other Waste
Materials; Pipeline Connection; Cancellation of Certificate of
Compliance; Severance; Horizontal Drainhole Wells; and
Underground Storage of Gas in Productive or Depleted Reservoirs,
respectively.

SWR 78 and
HB 380

Financial Assurance: Amendment of 16 TAC §3.78 (Fees and
Financial Security Requirements) to implement HB 380, 79th
Legislature, RS (2005). An operator who files an application for a
drilling permit (Form W-1) who does not currently have financial
assurance on file with their Organization Report (Form P-5) filing will
be required to post financial assurance prior to the issuance of the
requested permit. After issuance of the drilling permit, and for so long
as the permit remains valid, the operator will be required to maintain
financial assurance on file. It also provides for single well insurance
policies.

HB 2161

Orphan Well Reduction Program: Established tax incentives and
credits to encourage production from marginal wells and reduce the
number of orphaned wells.

HB 380

Alternative Financial Security: Authorized RRC to accept wellspecific insurance policies as an alternative form of financial
assurance for plugging wells.

16 TAC 4.2

Commercial Recycling of Flowback Fluids: Established standards
for commercial recycling of hydraulic fracture flowback fluids.

2005

2006

Year

Enhancement Description

2007

SB 1670

Compliance Certificates: Clarified that any well under the RRC’s
jurisdiction, including an injection or disposal well, for which RRC
has cancelled the certificate of compliance cannot be used until RRC
has reissued the certificate of compliance. Provided that where an
operator uses a well, or reports such use, after the certificate of
compliance for the well has been canceled, RRC may refuse to renew
the operator's organization report until the operator has paid the
reconnect fee(s) and the certificate of compliance has been reissued.

HB 4

Tax Incentive for Reuse/Recycling of Fracturing Water: Amended
§151.355, Tax Code, relating to Water-Related Exemptions, to
include in the list of items that are exempt from sales, excise, and use
taxes, tangible personal property specifically used to process, reuse, or
recycle wastewater that will be used in fracturing work performed at
an oil or gas well.

HB 630

Operator Notice to Surface Owner of Certain Permits: Required
operators with permits issued on or after October 1, 2007, to notify the
surface owner within 15 days after the RRC issues a permit to drill a
new well, or re-enter a plugged well. “Surface owner” is defined as
the first person (and address) shown on the tax appraisal roles. Notice
is not required to plugback, rework, sidetrack or deepen an unplugged
well, for use of a surface location of an existing well to drill a
horizontal well, or if there is a written agreement regarding such
notice between the operator and the surface owner or a waiver of such
notice by the surface owner.

SB 714

Groundwater Withdrawals: Authorized a groundwater conservation
district to adopt rules to require an owner or operator of a water well
that is not an exempt low-capacity domestic or livestock water well
and that is required to be registered with or permitted by the
groundwater conservation district to report groundwater withdrawals
using reasonable and appropriate reporting methods and frequency.
Could require reporting of withdrawals from certain registered rig
supply wells and/or a permitted injection water source wells.

Year

Enhancement Description

2007

SWR 1, 58,
73, and 78

Organization Reports: Adopted amendments to implement SB 1670
regarding Seals and Severances Amendment of:
§3.1 (Organization Report; Retention of Records; Notice
Requirements)
§3.58 (Oil, Gas, or Geothermal Resource Operator's Reports)
§3.73 (Pipeline Connection; Cancellation of Certificate of
Compliance; Severance)
§3.78 (Fees and Financial Security Requirements)
Adoption of amendments to implement the provisions of SB 1670,
80th Leg (2007), regarding circumstances under which RRC may
refuse to renew an operator's organization report, and to make
conforming amendments; O&G 20-0252949.

2010

SWR 30

MOU: MOU between RRC and TCEQ amended to update and clarify
new issues.

SWR 1, 14,
15, 21, 78

Various Amendments: Repeal of current 16 TAC §3.15 (Surface
Casing To Be Left in Place); amendment of 16 TAC §3.1, relating to
Organization Report; Retention of Records; Notice Requirements;
amendment of 16 Tex. Admin. Code§3.14, relating to Plugging; new
16 Tex. Admin. Code §3.15, relating to Surface Equipment Removal
Requirements and Inactive Wells; amendment of 16 Tex. Admin.
Code §3.21, relating to Fire Prevention and Swabbing; and
amendment of 16 Tex. Admin. Code §3.78, relating to Fees and
Financial Security Requirements, to implement HB 2259, 81st
Legislature (Regular Session, 2009).

Chapter 5

CO2 Injection: Implemented provisions in the Texas Water Code and
the TNRC, as enacted by SB 1387, 81st Legislature (RS 2009),
relating to geologic sequestration of CO2 incidental to the production
of oil, gas, or geothermal resources (O&G Docket No. 20-0268565).

SWR 8

Drilling Mud and Waste Transport: In response to reports of
incidents in which drilling mud and other oil and gas waste had
escaped from open vehicles that were being used for transportation for
disposal, the RRC issued a notice to waste haulers and other operators
that under RRC jurisdiction to remind them of their duty to use the
appropriate vehicles for such transport and to operate and maintain
their vehicles in such a manner as to prevent spillage, leakage, or
other escape of oil and gas waste during transportation so as not to
cause or allow pollution.

Year

Enhancement Description

2010

SWR 9 and 46 Injection Well Monitoring: Notice of requirement for a RRC
inspection to validate wellhead monitoring for injection wells for
which the RRC has approved an alternative to five-year pressure
testing requirement.
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The hidden leaks of Pennsylvania's abandoned
oil and gas wells
Pennsylvanians are racing to ﬁnd old wells that spread fumes in homes and bubble
contaminants into drinking water, even as the industry continues to fuel the state’s
economy
Drinking water contaminated by shale gas boom
Peter Moskowitz in Bradford, Pennsylvania
Thu 18 Sep 2014 11.09 EDT

L

aurie Barr spent a recent Saturday like she spends a lot of her weekends:
trodding through the thorny and damp woodlands of rural north-western
Pennsylvania, juggling a point-and-shoot camera, a GPS navigator, a cell
phone, and, most importantly for the mission at hand, a methane
detector.
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“I found one!” Barr yelled from deep in the woods to her two friends – fellow
abandoned oil and gas well enthusiasts who were decidedly more hesitant to walk
oﬀ the pre-cut path.
“Here’s the spot they killed the last abandoned well hunter,” Barr joked from
somewhere deep in the woods. Then Barr did something she’s done hundreds of
times in the last three years – she leaned over a foot-wide hole in the ground and
waved around the gas detector until it began beeping. First the beeps were slow,
then rapid.
“I haven’t met a well that hasn’t leaked some amount,” she said, taking a picture of
the hole, marking the location on her GPS device, and walking back towards the
path. “Some are high emitters, some are low emitters, but they all leak.”
The problem for a well hunter like Barr, and for the state of Pennsylvania, is that
there are about 200,000 of them.
For much of its history Pennsylvania has been synonymous with oil, gas and coal
extraction. Many of its municipalities and geographic features are named after the
state’s main economic lifeline – Oil Creek, the village of Burning Well, the city of
Carbondale. Oil and coal museums, monuments, and landmarked oil rigs pay
tribute to the state’s pioneering past of fossil fuel development.
Even the McDonald’s in Bradford, one of Barr’s favorite locations to take visitors,
has a historical well in its parking lot. A sign on the fence that surrounds it
proclaims the well is the oldest in the area, producing oil from the 1870s to the
present.
But Pennsylvania’s incessant tribute to its past might mask the more troublesome,
and still ongoing eﬀects of 150 years of oil and gas production. The fragments of
infrastructure from decades of unregulated industry – a pipe in the woods, a few
bubbles under a lake – might not be as visible as the monuments to its main
industry. But when the less glamorous aspects of the state’s past do bubble up, the
results can be ugly.
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Gas well being drilled on a felter farm in Pennsylvania.
Photograph: Les Stone/ Les Stone/Corbis

No one knows exactly how many abandoned oil and gas wells litter Pennsylvania
or the US. The state’s Department of Environmental Protection estimates the
number is close to 200,000. Some estimates are a little lower, some much higher.
Across the country, the number could be more than a million. Most of the wells are
relic of of a time when states didn’t bother to regulate much of what happened on
private land, including oil and gas drilling, and when most Americans didn’t think
twice about a seemingly esoteric issue like the environment.
But hindsight has proven that losing track of hundreds of thousands of oil and gas
wells can lead to some problems. For decades, many of the wells have leaked
methane into the air, soil and water.
Now, as the state makes its way through the seventh year of a new drilling boom,
thanks to the technology of hydraulic fracturing, the old wells are posing an
increasing threat. The more companies drill in the state’s Marcellus Shale, the
more likely it becomes that the old wells will act as a pathways for newly-released
gas to make its way into the earth, streams, and even people’s homes, with
potentially deadly results.
The state has launched a renewed eﬀort into ﬁnding the wells, but no one,
including state regulators, thinks they’ll be able to ﬁnd most of the wells across the
state anytime soon. And even if they did, regulators acknowledge it would cost
untold sums and many decades to plug the wells with concrete to ensure the
methane stays in the ground.
“Trying to locate all the wells would be an impossible task, but we at least need to
raise awareness about them,” Barr said. “We need to face the fact that we’ve dug
ourselves into this massive hole.”
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Laurie Barr walks along a road near the Allegheny
National Forest on the way to a well. Photograph: Peter
Moskowitz

Barr, who lives a few towns south of Bradford, has been hunting for oil and gas
wells for three years. Until 2011 she was mainly a photographer and illustrator, and
an anti-fracking activist in her spare time.
But in the winter and spring of that year, a series of ﬁres and explosions in northwestern Pennsylvania, including a house explosion in Bradford, were linked to
abandoned wells. The explosion at 10 Helen Lane completely destroyed Tom
Federspiel’s house. Luckily, Federspiel had decided to shovel snow that morning,
and was outside when his house ignited. After an extensive investigation state
regulators found that methane had migrated through an abandoned well and up
through Federspiel’s basement. Three wells were ordered plugged by the state.
Barr realized that while thousands of activists fought against the fracking boom,
hardly anyone was paying attention to the threat posed by the oil and gas
industry’s past.
“There was a pipe in my yard but I thought it was just a pipe. Then I saw there
were pipes sticking out of our neighborhood everywhere,” she said. “I realized I
actually lived on an abandoned oil and gas ﬁeld, and I didn’t even know what
abandoned wells were.”
Now Barr spends nearly all of her time as the sole operator of Save Our Streams PA.
Often from early in the morning until late at night, and nearly every weekend she’s
either ﬁnding, mapping, photographing or talking about abandoned wells.
That involves driving around in her beat-up Jeep to libraries and local municipal
oﬃces and checking out maps so old they look like antiques. And sometimes it
involves long treks into the woods or canoe trips in towns like Bradford.
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The city is home to under 10,000 people, surrounded by oil and gas rigs, a large
reﬁnery, strip malls, woods and not much else.

Laurie Barr swipes her ﬁnger across a puddle of what she
believes is waste from a gas truck. Photograph: Peter
Moskowitz

Its streets are run down and many of its residents poor, but its hotels are booming,
ﬁlled with men in Timberland boots and neon safety vests. They crowd the
parking lots of the town’s bars with their pickup trucks after a days work in the
ﬁelds. “Tree Huggers Suck,” read one bumper sticker.
Joann Parrick and Mark Dalton, friends of Barr’s who also are interested in
abandoned wells, reckon they’re likely two of what can’t be more than a couple
dozen Bradford residents who are critical of the oil and gas industry. They, like
Barr, moved into a house without realizing it was surrounded by abandoned wells.
“I wouldn’t have bought this house if I had known,” Parrick said. “I wouldn’t have
even moved to this area. This is like swiss cheese land over here.”
Barr recently met up with the couple to go searching for a well Parrick and Dalton
happened upon during a canoe trip the previous weekend.
The three piled in Dalton’s truck with a canoe and kayaks strapped on the back and
headed down to the reservoir in the middle of the Allegheny National Forest.
When Congress authorized the creation of the Kinzua Dam and Reservoir in 1960 it
forced the relocation of hundreds of Seneca Native Americans, despite the land
being guaranteed to the tribe under federal treaty. The legal battle between the
Seneca and the Feds is well-documented. Less well-documented is the fact that
the dam ﬂooded an old oil ﬁeld, burying potentially hundreds of unplugged and
poorly plugged wells under water.

https://www.theguardian.com/environment/2014/sep/18/pennsylvania-abandoned-fracking-wells-methane-leaks-hidden
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Barr lowers a camera into the Allegheny Reservoir to
photograph methane bubbles from an abandoned well.
Photograph: Peter Moskowitz

Rotating between paddle, camera, and gas meter, Barr made her way toward the
middle of the reservoir. After about 20 minutes, she and her friends spotted it: a
steady stream of small bubbles coming to the surface that would disappear
anytime the water rippled. The bubbles are one of the only remaining signs that
there was once an entire industry beneath their feet.
Some wells are easier to spot than others: often a small section of rusty pipe might
be sticking out of the ground. But many wells are nothing more than holes in the
ground, their casings removed by scavengers, oil companies, or dutiful citizens
during the US’s drive to collect metal for the war eﬀort during World War II.
Wells were often drilled in speciﬁc patterns and often spaced only a few hundred
feet away from each other, so once Barr ﬁnds a few, it’s easier for her to ﬁnd more.
In seemingly pristine places like the Allegheny forest the wells are so densely
packed together and so prone to leaking that the EPA determined in the 1980s that
the forest was essentially experiencing a slow-motion environmental disaster. The
EPA spent millions to help plug some of the wells, but not without opposition from
the industry and the local residents who support it. One EPA inspector even
claimed he was shot at while walking through the forest.
Like every eﬀort to locate and plug abandoned wells, the EPA’s short-lived
program only addressed a tiny fraction of the problem.
Not knowing where the vast majority of the wells are obviously makes
determining their cumulative eﬀects diﬃcult. Studies are scarce. But according to
several experts, the wells could account for about 10% of the state’s total methane
emissions. Methane is an extremely potent greenhouse gas, several dozen more
times more eﬀective at trapping heat than carbon dioxide.
https://www.theguardian.com/environment/2014/sep/18/pennsylvania-abandoned-fracking-wells-methane-leaks-hidden
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A still from the documentary Gasland, which showed
natural gas levels so high that tap water could be set on
ﬁre. Photograph: PR

“If emissions from abandoned wells are indeed a tenth of the methane emissions,
that’s a real, substantive problem for global warming,” said Rob Jackson, a
professor of earth system science at Stanford University. “We could be setting
ourselves up for a situation that lasts centuries.”
The state’s Department of Environmental Protection recently launched an eﬀort to
digitize maps from various state agencies in an eﬀort to ﬁnd wells that are
documented in some form but still not on the DEP’s master list. So far the agency
only has about 8,700 on its list.
The state has also partnered with the National Energy Technology Laboratory, a
branch of the US Department of Energy, to conduct helicopter ﬂights over state
forests. The helicopter is equipped with an electromagnetic sensor that can ﬁnd
the general location of wells as long as the metal hasn’t been stripped out of them.
The NETL’s helicopter data is still being analyzed, but its researchers say they’ll
likely ﬁnd at least a couple hundred.
That still leaves the vast majority oﬀ the map. And it still leaves the question of
what to do with the wells once they’re found unanswered.
“Even if you knew where all the sites were, you could only do so many contracts
[to plug the wells] each year,” said Seth Pelepko, who heads the DEP’s abandoned
oil and gas well program. “So this is always going to be an incremental process.”
According to Barr, if the DEP planned to plug every oil and gas well in the state at
its current rate, getting to 200,000 would take hundreds if not thousands of years.

https://www.theguardian.com/environment/2014/sep/18/pennsylvania-abandoned-fracking-wells-methane-leaks-hidden
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Joann Parrick and Mark Dalton look at a map of oil wells
located near their property. They found the map in their
attic. Photograph: Peter Moskowitz

Given their limited budget, the state and NETL researchers say they’re focusing
their eﬀorts mostly on public land where new gas wells are likely to be drilled.
Once the NETL maps those wells, the idea is that either the state or fracking
companies can plug them before new drilling begins. That way the state can at
least help prevent new gas migration.
But activists like Barr say the state’s limited plugging won’t be enough.
Since 2007, Pennsylvania has issued nearly 45,000 new well permits. About a third
of those are for “unconventional” wells. That means they’re often thousands of
feet deep and hydraulically fracked, a process which requires myriad chemicals
and leaves holes signiﬁcantly more complicated to plug than traditional wells.
State leaders like Republican Governor Tom Corbett have made the case that
regulations today are much more strict than in the past. Before 1956, oil and gas
wells on private property didn’t even require permits. Now companies must go
through mountains of paperwork to drill a well. The current regulatory system
means newly drilled wells likely won’t go missing like their predecessors did. But
they might still be abandoned.
The state currently requires companies to put down a bond of $4,000 for shallow
wells and $10,000 for deeper ones. The state can (but is not required to) use that
money to plug the wells if the companies abandon them.

https://www.theguardian.com/environment/2014/sep/18/pennsylvania-abandoned-fracking-wells-methane-leaks-hidden
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Laurie Barr photographs an oil oil well in the Allegheny
National Forest. Photograph: Peter Moskowitz

The problem, according to experts, is that hiring plugging companies and buying
enough concrete to ﬁll many thousands of feet will almost always costs more than
the price of the state’s bonds, especially for unconventional wells. That may give
companies disincentive to plug their wells, and the state with the bill.
“It’s deﬁnitely not $10,000. Even $50,000 is a very optimistic number,” said Austin
Mitchell, a postdoctoral fellow in the engineering department at Carnegie Mellon
University who co-authored a study on the economics of abandoned wells.
“Usually you want either the carrot or the stick to be big enough, but that doesn’t
seem to be the case in Pennsylvania.”
It will be decades before anyone knows whether today’s oil and gas companies will
pay for their wells or leave that burden to the state. Neither of Pennsylvania’s main
industry groups – the Marcellus Shale Coalition and the Pennsylvania Independent
Oil and Gas Association – responded to comments for this story.
But given Pennsylvania’s industry-friendly attitude, Barr and others are worried
that the state’s oil and gas drilling past might be a prologue for the state’s
Marcellus-fueled future.
“We could be leaving our future generations with the same problem we’re left
with, only bigger,” Barr said. “We’re shovelling sand against the tide, and not doing
anything to stem the tide.”

The day after the election ...

... the US withdraws from the Paris climate accord, on 4 November. Five years ago
nearly 200 countries committed to a collective global response to tackle the
climate crisis. But when Donald Trump took oﬃce he announced that the US
would leave the Paris agreement. On the one issue that demands a worldwide
response to help safeguard the Earth for future generations, the US has chosen to
https://www.theguardian.com/environment/2014/sep/18/pennsylvania-abandoned-fracking-wells-methane-leaks-hidden
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walk away. The president is playing politics with the climate crisis – the most
deﬁning issue of our time.
The stakes could scarcely be higher and with your help we can put this issue at the
center of our 2020 election coverage. The election will be a referendum on the
future of democracy, racial justice, the supreme court and so much more. But
hovering over all of these is whether the US will play its role in helping take
collective responsibility for the future of the planet.
The period since the Paris agreement was signed has seen the ﬁve hottest years on
record. If carbon emissions continue substantial climate change is unavoidable.
The most impacted communities will also be the most vulnerable. Instead of
helping lead this discussion the White House prefers to roll back environmental
protections to placate the fossil fuel industry.
High-quality journalism that is grounded in science will be critical for raising
awareness of these dangers and driving change. You’ve read more than 9 articles
What's this? We would like to remind you how many Guardian articles you've
enjoyed on this device. Can we continue showing you this? Yes, that's OK No, opt
me out Please note you cannot undo this action or opt back in in the last year.
Because we believe every one of us deserves equal access to fact-based news and
analysis, we’ve decided to keep Guardian journalism free for all readers, regardless
of where they live or what they can aﬀord to pay. This is made possible thanks to
the support we receive from readers across America in all 50 states. If you can,
support the Guardian from as little as $1 – and it only takes a minute. Thank you.
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Chevron Says Attempt to Seal Off
Well May Have Triggered Big Kern
County Oil Spill
By Dan Brekke

, Ted Goldberg

Jul 19, 2019

Site of Chevron crude petroleum release near Kern County town of McKittrick, July 15, 2019. Pickup truck near top of
image shows scale of spill area. (California Department of Conservation)

Updated 12:30 p.m. Saturday, July 20
Chevron says that its crews' efforts to seal off a damaged and abandoned
well in a Kern County oil field are believed to have started a chain of
events that led to the unintentional release of an estimated 855,000
gallons of oil and water over the last two months.
The company also said in a background briefing Friday that it believes its
attempts to confirm the source of the original leak and shut it down
unleashed even higher flows in the weeks after the initial problem was
discovered.
The incident, which began May 10, led to an order
from state oil and gas regulators for Chevron to "take
all measures" to stop the spill.

MORE ON KERN COUNTY SPILL

Carbon Catches a Break

The flow reactivated this week, pouring about 62,000
additional gallons of liquid into a dry creek bed.
The spill, which state officials have said consists of

New Chevron Crude Spills
Emerge in Kern County Oil Field

about one-third crude oil, was first reported by KQED
last week and prompted calls from state legislators

A Fine Fine for Chevron

who want to know what happened at the well site and why it so long for
the incident to become public.
Chevron officials say they've traced the spill — formally called a surface
expression and which they refer to as a seep — to work the company says
it routinely does to keep tabs on wells that have been taken out of
production.
"We continue to evaluate the source of the seep, but believe the likely
cause to be related to the abandonment of a well," Chevron spokesman
Morgan Crinklaw said in an email.
The well was one of the 40 or so that Chevron typically abandons each
year in the Cymric oil field, just outside the town of McKittrick and 35
miles west of Bakersfield.
Chevron says the well in question had been taken out of production and
"plugged and abandoned" -- filled with concrete -- because of damage in
the bore hole that posed a risk of material flowing to the surface from the
Cymric's underground reservoir of crude oil and water.
To understand the abandonment process and why crude oil might have
begun flowing again from a plugged well requires a short detour into
some of what's going on inside an oil well.
Petroleum well bores include a casing -- basically a steel pipe -- that is run
down into a hole after it's drilled. Cement is pumped into the hole to hold
the casing in place and create a barrier around the casing to minimize the
possibility of an uncontrolled flow of crude oil, natural gas and
subterranean water.
That flow could enter groundwater or adjacent layers of rock and
gradually seep to the surface. In an extreme case, an uncontrolled flow
could occur as a blowout, an explosive release of oil and gas that
manifests itself as a fire or oil gusher.
Chevron says that when it abandons a well, it plugs the bore hole with
cement to a depth intended to ensure it's permanently sealed. If data from
oil field monitoring raises questions about the seal — perhaps because of
cracks in the cement plug — it may be "re-entered."
"Re-entry" is essentially a "redo" of the abandonment process: Crews use
instruments to investigate whether cement in the abandoned well is
faulty. If it is, they use a special rig to remove the old cement from the
bore hole, then replace it with new cement.
Chevron says that in May it was in the process of re-entering some of its
abandoned Cymric wells to provide new cement barriers.
The company says that the initial flows from the previously damaged well,
first reported to state officials on May 10, began when it was re-entered.
The releases occurred again at a larger scale on June 8 when Chevron
conducted a pressure test in the area to confirm the cause of the May
flow. Even more oil and water began pouring from the site on June 23

when crews attempted to complete the job of replacing cement in the reentered well.
Sponsored

Christine Ehlig-Economides, a professor of petroleum engineering at the
University of Houston, said in an email interview that the cement used to
seal bore holes can fracture and that the resulting gaps can allow liquid or
gas to begin flowing into adjacent rock areas or to the surface.
Ehlig-Economides said that cement cracks have a variety of potential
causes. They include high temperatures or other environmental
conditions in a bore hole, ground motion due to earthquakes or land
subsidence.
She added that while cement leaks are rare, oil field operators are well
versed in how to address them.
"This is analogous to indoor plumbing behind walls," Ehlig-Economides
said. "Once the plumber knows where the problem is, he/she knows how
to fix it."
But she also said the process of figuring out exactly what happened and
why can be challenging.
"It is frustrating for them (Chevron) and anyone who knows of the leak
problem that it takes time to fix it," Ehlig-Economides said. The fact the
company is dealing with a problem underground and out of sight means
"it takes time to work out exactly what happened and what to do about it."
Although the event appears to be the largest California oil spill since 1990,
when a tanker spilled 417,000 gallons of Alaskan crude into the Pacific
near the Orange County city of Huntington Beach, Chevron says the
current incident fouled less than an acre. The company also says about 90
percent of the spilled material, which wound up at the bottom of a dry
streambed, has been recaptured.
Chevron is expected to discuss information about the spill and its cause
with staff of the Division of Oil, Gas, and Geothermal Resources on
Tuesday.
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Hazardous Material Spill Update
CONTROL#: 20-1575 NRC#
NOTIFY DATE/TIME: 03/19/2020 /
0600

RECEIVED BY:
OCCURENCE DATE/TIME:
03/19/2020/0100

CITY/OP. AREA:
McKittrick/Kern County
SAN JOAQUIN VALLEY UNIFIED
APCD

1.a. PERSON NOTIFYING Cal OES:
AGENCY: Chevron
1.b. PERSON REPORTING SPILL (If different from above):
AGENCY:
SUBSTANCE TYPE:
a. SUBSTANCE:

b. QTY:
Amount

Measure

c. TYPE:

1.Crude

20

Bbl.(s)

PETROLEUM

oil and
Produced Water
2.

d. OTHER:

3.

e. PIPELINE
No

f. VESSEL
>= 300 Tons
No

No
No

Yes
No

Ext:

PAG/CELL:

Orignal Description:This

report of a seep/surface expression is per CalGems request. At this
time, Chevron does not believe the release meets objective reporting criteria. This is a
courtesy call. There is not a final estimate of the amount release but for immediate
reporting purposes the best estimate is 20 barrels. The amount could change. Vacuum
trucks are onscene conducting clean up. There was an impact to a dry stream bed. Gauge
Setting #5E is the name of the seep.
PERSON NOTIFYING Cal OES OF SPILL UPDATE:
NAME:
AGENCY:

PHONE#:

https://w3.calema.ca.gov/operational/malhaz.nsf/f1841a103c102734%E2%80%8C882563e200760c4a/38eb157ab071dd89882585310004e7cd?OpenDocument&Highlight=0%2c20-157
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Chevron
UPDATE QUANTITY

Measure

Amount
1. 80 Barrels of produced water

Bbl.(s)

2. 11 Barrels of crude oil

Bbl.(s)

3. 91 Barrels total volume

Bbl.(s)

4.
UPDATE KNOWN IMPACT:
UPDATE CAUSE:
SITUATION UPDATE:
RP states that upon further investigation the release meets objective reporting criteria. There was 80 barrels of produced water,
and 11 barrels of crude oil for a total of 91 barrels of released fluid.
FAX NOTIFICATION LIST:
AA/CUPA, DFG-OSPR, DTSC, RWQCB, US EPA, USFWS, DOG, LANDS, PARKS & REC, SFM, Co/WP, Co/E-Hlth DOG

ADMINISTERING AGENCY:
SECONDARY AGENCY:
ADDITIONAL COUNTIES:
ADDITIONAL ADMIN. AGENCY:
DOG Unit:
OTHER NOTIFIED:
RWQCB Unit:
CONFIRMATION REQUEST:

Kern Co. Environmental Health Services Department

5C

FAX NOTIFICATION LIST:
ADMINISTERING
AGENCY:
ADDITIONAL ADMIN.
AGENCY:
SECONDARY AGENCY:
ADDITIONAL COUNTIES:
Cal GEM:
RWQCB Unit:
https://w3.calema.ca.gov/operational/malhaz.nsf/f1841a103c102734%E2%80%8C882563e200760c4a/38eb157ab071dd89882585310004e7cd?OpenDocument&Highlight=0%2c20-157
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Created by: Warning Center on: 03/19/2020 05:53:34 PM Last Modified by: Warning Center on: 03/19/2020 06:04:08 PM
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What happened to California regulators’ vows to make
steam injections safer?
latimes.com/local/california/la-me-oil-steam-20151129-story.html
By Julie Cart Nov. 28, 201510 AM

November 28, 2015

The Chevron Well 20 surface expression crater in August 2011. David Taylor, a construction supervisor
for Chevron, died at the site in June 2011.

(DOGGR)
BAKERSFIELD —
On the morning of the day he died, David Taylor and his crew were looking for a “chimney”
— a fissure in the earth where steam and oil periodically spurted into the air in an oil field
west of Bakersfield.
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Taylor, a construction supervisor for Chevron, had been battling a long-standing problem
near a dormant well in the Midway-Sunset oil field. His job was to control leaks at Well 20
in a primordial tableau of sinkholes, small bubbling pools of scalding water and geysers
that on occasion spewed 40-foot plumes of oil, water and rocks.
The conditions, known as “surface expressions,” were in part the result of an oil extraction
technique known as cyclic steaming. The process forces superheated water underground at
high pressure to open pathways to siphon heavy oil.
An unintended consequence is that some fluids make their way to the surface through
newly created ruptures or via old, broken, or unstable wells.
To mitigate the risk from the escaping liquids, state regulations require oil companies to
perform an Area of Review, in which they must map and document every well — new, idle,
plugged or abandoned — near an injection site and repair any potential problems.
Companies must also analyze the site’s geology and freshwater sources, and calibrate
injection pressures to reduce the chance that oil or steam will push their way to the surface
or out of the oil-bearing zone.
But state and federal authorities say in many cases oil companies are allowed to bypass
those safety requirements or avoid them through a regulatory loophole.
Taylor, 54, and two co-workers were dispatched to Well 20 on June 21, 2011. Chevron had
been trying to control the well since 1997, spending more than $2 million. The company
stopped injections near the area to try to ease the problem, but neighboring oil producers
kept up high-pressure injections. More than 30 surface expressions existed within a mile of
the well.
As the crew walked the site, surrounded by a landscape dense with new and old wells and
miles of pipes and casings, the ground gave way beneath Taylor. He fell feet first into a
cavity burbling with 190-degree water and hydrogen sulfide.
Co-workers rushed to the brink but could not reach him. As they extended a length of pipe
for him to grasp, Taylor slid further into the 10-foot diameter crater. His wife stood vigil
beside the sinkhole until rescuers could retrieve his body 17 hours later.
Chevron called Taylor’s death a “tragic and isolated incident,” and said it has a “long track
record of safely conducting cyclic steaming in the Midway-Sunset Field.”
Afterward, California’s oil and gas regulators vowed to make urgent reforms. Taylor’s
death would mean something, they said. It would be the beginning of a major overhaul of
the way the oil companies conduct steam injection.
Four years later, however, there has been little progress.
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The state has not acted, either by revising regulations or enforcing existing rules. Cyclic
steaming was specifically exempted from the state’s new hydraulic fracking regulations.
The task of helping draft the outlines of those reforms was placed before the Conservation
Committee of California Oil and Gas Producers, a group of oil industry officials in
Bakersfield. The committee has an advisory role along with DOGGR, the state Department
of Conservation’s Division of Oil, Gas & Geothermal Resources, because the industry has
expertise on extraction techniques that state regulators want to tap.
The industry group has not addressed the questions the state asked it to consider after
Taylor’s death: What rules should be put in place to prevent surface expressions and how
can operators ensure oil and drilling fluids remain separate from clean water sources?
What can the state — and producers — do to make steam injections safer?
Jerry Anderson, the group’s executive director, declined to comment.
State oil regulators say they are writing new rules regarding steam operations but say the
revisions are at least a year away.
Industry officials say they support the state’s efforts to craft new rules.
Steam injection has been used for decades in California, growing in popularity as reserves
of more easily recovered oil have been tapped. More than half the state’s oil wells use cyclic
steam or steam flooding.
By 2011, with oil fetching an average of $110 a barrel, more than twice the current price, oil
companies stepped up injection pressures to levels that brought near chaos to the oil fields.
Engineers across the region engaged in a high-stakes version of whack-a-mole, rushing to
plug one geyser while others broke through elsewhere. State regulators struggled to
identify where surface expressions were sprouting.
Federal authorities began to take note. First, an Environmental Protection Agency 2011
review of California’s underground injection program criticized the state for failing to
enforce state and federal regulations.
Then the federal Government Accountability Office found last year that state officials
routinely allowed cyclic steam operators to exceed approved fracture gradients — the
amount of pressure required to crack open an oil-bearing formation. In fact, it is common
practice in California to let companies set their own injection pressures.
The state agency responsible for oversight of steam injection, DOGGR, has dual and at
times conflicting missions of both regulating the industry and helping it extract oil. It has
failed on the regulatory side with regard to steaming, critics and even the agency itself say.
3/6

“Cyclic steaming has gone on in the state without a regulatory framework around those
wells,” DOGGR chief Steve Bohlen said in an interview. “That’s been a historic problem.
We are moving toward rule making — cyclic steaming is one of the first ones the list.”
Michael Stettner, who retired in 2010 as supervisor of the state’s underground injection
control program, said that because of the dual mandates, field staff is reluctant to interfere
too broadly with oil operators.
“I always had an issue telling someone in the oil industry who’s been there for 30 years,
what to do,” Stettner said. “I kept my eyes open and learned from them.”
An analysis the agency released last month found that 78% of the oil projects audited did
not undergo the required Area of Review to find and address potential problems
surrounding a proposed new well. In addition, 47% of the well records did not contain
information about well casing construction — data vital to understanding the integrity of
wells.
Maintaining well integrity requires the careful calibration of injection pressure and volume
in keeping with state and federal guidelines for fracture gradients. These tolerances are
particularly sensitive because the geologic formation in this part of the San Joaquin Valley
—diatomite — is prone to subsidence and sinkholes.
Even marginal errors can trigger a catastrophic cascade: Ground movement can create
unintended fractures or cracks in brittle formations near old wells that have been
improperly abandoned or push fluids into new poorly engineered wells that can shear
casings.
Jan Gillespie, a professor at Cal State Bakersfield and geologist with long experience in the
oil industry, had her first encounter with a blown well in 1985, when steaming a field
packed with old wells. Gillespie was injecting steam when it hit an abandoned well bore.
“It blew it sky high,” she said. “We had no idea [the old well] was there. It appeared as a dot
on the map, but the well wasn’t where the dot was.”
Toxic chemicals in drilling fluids pose a potential threat to the public should the fluids
migrate to water supplies.
The U.S. Geological Survey warned the state water board earlier this year that well
integrity is a serious threat to freshwater aquifers. “Even a small percentage of
compromised well bores could correspond to a large number of transport pathways,” the
agency concluded in a 2014 paper.
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A scientific study of oil operations in California, produced earlier this year at the behest of
the Legislature, raised red flags about potential aquifer contamination. To determine if
freshwater supplies have been tainted, the California Council on Science and Technology
said the state and water districts should engage in widespread testing of water sources.
Nothing of the kind has occurred.
Oil operators say they have expertise to inject safely even if they use higher pressure and
volume than guidelines allow.
Rick Fortnum, Chevron’s operations superintendent at the Midway-Sunset field, said that
the company injects above the fracture gradient by carefully calibrating pressures and
volumes. He said the company has precise geological and engineering data that reduces
risk.
Oil companies often avoid the few regulations governing steam injection: Cyclic steaming
wells operate as injection wells part of the time and as oil producing wells the rest, making
them difficult to define. Many oil operators classify their wells as production wells, which
fall outside injection regulations.
DOGGR records show that at least 40,000 steam wells across California escape regulation
via those conflicting definitions.
Seven weeks after Taylor’s death, state Oil and Gas Supervisor Elena Miller ordered the oil
company TRC to halt a steaming operation it operated near Well 20. The order noted: “A
volatile eruption” near Well 20 was “expelling rocks, other material, and emitting fluid and
steam.”
Days later, Chevron reported that the ground trembled and a geyser spewed liquid 100 feet
into the air.
Chevron and TRC operated on neighboring leases in the Midway-Sunset field. The
companies are in litigation, each claiming the other’s injections and operations have
created problems on their land.
On Aug. 26 Miller issued another emergency order, banning steam injection within 800
feet of the sinkhole. The situation in the field had become “unpredictable, unstable and
dangerous,” according to the agency order.
Oil companies complied but the surface expressions remained, perhaps the result of steam
injection at other wells in the field.
Miller’s orders regarding Well 20 were to be among her last.

5/6

Alarmed by the number of blowouts and concerned about the integrity of wells, Miller
cracked down. She sent an email to all DOGGR employees, saying the agency would begin
abiding by the regulations: Producers would be required to provide geological and
engineering studies.
Industry backlash was immediate.
Oil company representatives and lobbyists complained to Gov. Jerry Brown, saying the
studies were expensive and slowed the issuance of drilling permits, hamstringing an
industry vital to the economy of the region and state.
Within months, Brown fired Miller and her boss, Derek Chernow, the acting director of the
state Department of Conservation. The governor replaced them with regulators who
promised a “flexible approach.” By 2014, the average time required to issue permits was cut
in half.
Bohlen, who now has Miller’s job, said DOGGR is concerned about the lax regulation of
steam injection.
“The reason we are worried about safety is that when you have oil coming to the surface
you don’t know whether the ground is stable,” he said. “That is at least part, if not all, of the
issue around the David Taylor incident.”
Barred by state law from suing the employer, the Taylor family has filed a wrongful-death
suit against a contractor who constructed a subsurface drain. The lawsuit calls cyclic
steaming an “abnormally dangerous and ultra hazardous activity.”
Julie Cart
Julie Cart is a former environmental reporter for the Los Angeles Times,
where she’s also been a sportswriter and a national correspondent. In
2009, Cart and colleague Bettina Boxall won the Pulitzer Prize for
explanatory reporting. She left The Times in 2015.
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summary
• Recent cases in California highlight the
potentially expensive and complicated nature
of plugging and decommissioning wells and
the difficulty of determining liabilities following
bankruptcy.
• As most of California’s wells (98%) are located
onshore, it will be important to assess the
potential liabilities for onshore wells.

of becoming orphan wells in the near future.
The State’s potential net liability (subtracting
available bonds held by CalGEM) for these
wells is estimated to be about $500 million.
• The bond amounts available to pay for plugging
and decommissioning vary according to
operator, but in almost all cases these amounts
are substantially lower than the predicted costs.

• An initial analysis of readily available information • The study provides recommendations for a
suggests that 5,540 wells in California are, as
more detailed analysis of orphan well liabilities
defined, likely orphan wells or are at high risk
using the findings from the initial report.
background
There are about 107,000 active and idle oil and gas
wells in California. At some point, each well will end
its productive life and the operator of the well will be
required to carefully plug the well with cement (‘plug
and abandon’) and decommission the production
facilities. There is a large population of nonproductive wells in the state, known as idle wells, which
have not produced oil and gas for at least two years
and have not been plugged and decommissioned.
Idle wells can become orphan wells if they are deserted by insolvent operators. When this happens,
there is the risk of shifting responsibility for decommissioning the wells to the State.
There are policies in place to protect the State from
the potential liabilities of orphan and idle wells. For
example, operators are required to file indemnity
bonds—a form of financial assurance—when drilling,
reworking, or acquiring a well, to support the cost of
plugging a well should it be deserted. In an effort to
prevent the orphaning of wells, the operators of idle
wells are required to pay fees or develop management plans to eliminate long-term idle wells—wells
that have been idle wells for 8 years or more. However, the available funds from these bonds and fees are
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often not enough to fully cover the costs of plugging
and abandoning the well and decommissioning its
facilities. In some cases, especially for older orphan
wells, there may be no bond at all.
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The initial analysis performed in the full study uses
broad categorizations (defined on next page) to screen
for wells that may already be orphaned or that are at
high risk of becoming orphan wells in the near future.
The analysis finds that 5,540 wells in California may
already have no viable operator or be at high risk of
becoming orphaned in the near future. The State’s
potential net liability (subtracting available bonds held
by CalGEM) for these wells is estimated to be about
$500 million. The share of this long-run cost that will
be borne by the State (as opposed to operators) will
depend on policy, market outcomes, and other factors.

About This Study:

An additional 69,425 economically marginal and idle
wells are identified in the study that could become
orphan wells in the future as their production declines
and/or as they are acquired by financially weaker
operators. Increasing the financial security for these
wells while they are still profitable may avoid plugging
and decommissioning challenges in the future.

Concerned about the potential
financial risks involved with idle
and orphan wells and aware of
similar problems in other parts of
North America, the Division of Oil,
Gas, and Geothermal Resources,
now California Geologic Energy
Management Division (CalGEM)
requested the California Council
on Science and Technology
(CCST) produce a study assessing
the State’s potential orphan well
liabilities. Using existing data from
CalGEM, we have conducted a
rough estimate of potential future
costs to the State for plugging and
decommissioning orphan wells.
We have also summarized recent
studies that compare the policies
and practices of California to
other states and regions.

# of
Plugging
Methods: Getting to a number
Category
Wells
Cost (M)

Available
Bonds (M)

Potential Net
Liability (M)

Likely Orphan Wells

2,565

$308

$10

$298

Wells at High Risk of Becoming
Orphan Wells

2,975

$246

$16

$230

Other Idle and Marginal Wells

69,425

$5,287

$53

$5,234

Higher-Producing Wells

31,722

$3,385

$27

$3,358

106,687

$9,226

$107

$9,120

TOTAL

Recommendations

Using the data, results, and recommendations of the
initial analysis, the study recommends that CalGEM
perform a more detailed analysis of orphan well liabilities guided by the following recommendations:

The table above (Table 8 in full report) summarizes the State’s potential liability for orphan oil and gas wells.
“Plugging Cost” presents the total predicted plugging and abandonment cost for wells in each category, based
on the district-specific average plugging costs discussed. “Available Bonds” sums up the total bond funds held
by CalGEM (this number does not include bonds held by the State Lands Commission for some offshore
leases, which are $20 million or more in many cases). “Potential Net Liability” shows the difference, which is
the State’s potential liability for orphan wells. All dollar values are rounded to the nearest million dollars.

screening for orphan wells
The first step in this analysis was to develop
a rough screen for wells that may already
have been orphaned or that risk becoming
orphan wells in the near future.
In this study, wells with no production or injection in the past five years that also belong
to operators with no California production
or injection in the past five years are considered to be “likely orphan wells.” The lack
of observable activity is an indication that
these wells may have no viable operator.
The next category of “wells at high risk of
becoming orphan wells” are wells with no
production or injection activity during the
past five years that have an operator that is
currently active in California but is small and
operates primarily idle/marginal wells. This
group includes idle wells where the operator’s average production rate across all wells
is less than five barrel of oil equivalents
(BOE) per day, and the operator has fewer
than 1,000 actively producing wells.
The third category of orphan well risk includes all “other idle and marginal wells,”
where we define marginal wells as wells producing fewer than five BOE per day. These
wells are operated by major producers who
face lower risk of insolvency than smaller
producers. This category also contains
currently active injection wells.
The fourth category includes wells that
currently produce more than five BOE per
day. These “higher-producing wells” are
currently at low risk of becoming orphan
wells.

estimating plugging costs
CalGEM provided costs for a subset of
onshore wells that have been plugged at
State expense since 2013, from which 86
wells were identified where expenditures
were reported at the individual-well level.
The average contract cost in this sample is
$68,000 per well. The range of costs is large
(from $1,200 to $391,000). This is partially
explained by district-specific factors (see
Figure 5 in report). Given the limited data
available, plugging costs for wells in each
district were modeled using district-level
averages, rather than a more in-depth analysis. For offshore wells, a placeholder cost of
$1.5 M per well was used based on recent
costs—a rough approximation for this study.
Compared to California’s wells overall, the
2,565 wells we identified as “likely orphan
wells” are relatively concentrated near Los
Angeles and Long Beach, where plugging
costs are systematically high. In the unlikely
event that 100% of the “other idle and marginal wells” were to become orphan wells,
the additional net liability to the State
would be about $5 billion. Though unlikely,
the number of wells in this category means
that the State faces large possible costs,
particularly in the event of a prolonged
negative shock to the oil and gas industry.
The estimated total net cost to the State
if it were to have to plug all active and idle
California oil and gas wells would be about
$9 billion. This is interesting not only as an
unlikely “worst-case” scenario but also as an
estimate of the total plugging liability facing
the California industry (regardless of whether it is borne by companies or by the State).
See the full report for details.

1. Refine predictions of wells at risk of
becoming orphaned.
A more detailed analysis could consider additional
factors such as operator financial information, fieldlevel production costs, and output price projections.
2. Study the ownership history of
orphan wells and wells at high risk of
becoming orphan wells.
Such research will identify the share of plugging and
decommissioning costs that may be recoverable from
previous operators. It will also increase understanding
of well ownership dynamics, which are thought to
involve wells moving to smaller, higher orphan risk
operators as production rates decrease.
3. Investigate the potential
environmental impacts of orphan and
idle wells in California.
Possible impacts may include groundwater
contamination, human health impacts, and other
issues.
4. Track expenses for orphan well
plugging and surface reclamation
at the individual well level in a
centralized database.
This will allow for more detailed understanding of the
determinants of plugging and decommissioning costs,
and thus more accurate cost predictions for future
orphan wells.
5. Leverage the new annual Idle
Well Fee/Idle Well Management Plan
requirement to yield a more detailed
count of wells without viable
operators.
Failure to file the annual idle well fees or an idle well
management plan can serve as legal evidence of
desertion.
6. Study potential changes to blanket
bond rules that would increase
the effective per-well bonds for
economically marginal wells.
CalGEM should consider whether securing larger
effective per-well bonds while wells are still profitable
would avoid enforcement challenges once wells
become idle.
7. Use the results of a more detailed
investigation beyond the limited scope
of this study to conduct an economic
analysis of policy alternatives.
CalGEM should identify specific policy changes with
the greatest promise to manage costs from existing
orphan wells and to efficiently regulate the number of
additional orphan wells going forward.
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Executive
Summary

“F

racking” operations pose a staggering array of
threats to our environment and health – contaminating drinking water, harming the health
of nearby residents, marring forests and landscapes,
and contributing to global warming. Many of these
damages from drilling have significant “dollars and
cents” costs.
To the extent that this dirty drilling is allowed to
continue, policymakers must require, among other
things, that the oil and gas industry provide up
front financial assurance commensurate with the
potential for damage. By holding operators fully accountable, strong financial assurance requirements
deter some of the riskiest practices and ensure that
the industry, rather than the public, bears the brunt
of the costs. Requiring such assurance up front – i.e.,
before drilling occurs – helps ensure that the public
is not left holding the bag when the boom is gone
and drilling operators have left the scene.

Unfortunately, current state and
federal requirements for bonding or
other financial assurance are wholly
inadequate to protect the public.
• Financial assurance is not required for important
impacts of fracking – Most states require financial
assurance only for the costs of plugging a well
and reclaiming the site – leaving no guarantee
that funds will be available to fix environmental
damage or compensate victims. States also generally do not require financial assurance to remain in
place after a well has been plugged and the well
site has been reclaimed, leaving the public at risk
of having to pay for environmental damages that
might emerge years or even decades later.
• Bonding levels are much too low – Only eight states
require drillers to post bonds of $50,000 or more
per well for plugging and reclamation at well

To the extent that this dirty drilling is allowed to
continue, policymakers must require, among other
things, that the oil and gas industry provide up front
financial assurance commensurate with the potential
for damage.
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Photo: Joshua B. Pribanic for PublicHerald.org

The storage and disposal of contaminated wastewater from fracking can lead to
pollution of rivers, streams and groundwater. Pictured is a containment pond
for wastewater at a Marcellus Shale natural gas drilling operation in Potter
County, Pennsylvania.
depths commonly reached by fracking, despite
documented instances in which fracking wells
have cost $700,000 or more to plug. In addition,
most states have “blanket bonding” options that
further reduce the amount of financial assurance
a driller must provide – in some cases to less than
$100 per well.
• States allow types of financial assurance that don’t
protect the public – Some states allow drillers to
avoid financial assurance requirements by submitting statements demonstrating their financial
health. These provisions leave the public at risk

in the event that drillers run into unexpected
financial trouble – a common occurrence in the
“boom-bust” fossil fuel industry.
• Loopholes and exemptions let oil and gas companies off the hook – Lobbyists for the oil and gas
industry have succeeded in convincing Congress
and federal agencies to exempt the industry
from a host of environmental laws, including
those that would require the industry to provide
financial assurance. Some states, meanwhile,
allow drillers to escape financial assurance
requirements by paying a small fee.

Executive Summary

5

State and federal officials must adopt
new financial assurance rules that
ensure that oil and gas companies
– not taxpayers – are held fully
accountable for the costs of fracking.

sions of state regulations that allow drillers to avoid
posting financial assurance by undergoing financial
tests, paying annual fees, or demonstrating a history
of compliance with state regulations should also be
eliminated.

To protect the public, an adequate blueprint for
bonding must adhere to the following principles:

Require forms of financial assurance that truly
protect the public. Surety bonds, collateral bonds
backed by irrevocable letters of credit or cash equivalents, and fully-funded trust funds provide strong
guarantees that funds will be available for cleanup
when needed and these should form the foundation
of any financial assurance system. Liability insurance can play an important role in protecting the
public against the cost of damage to neighboring
properties and natural resources, including damage
that occurs long after plugging and reclamation are
complete.

Require broad accountability for fracking-related
costs. Drillers should be required to provide financial
assurance to cover well plugging and reclamation,
restoration of damage to the environment and natural resources, compensation to victims for damage to
property and health, provision of alternative sources
of drinking water in case of water contamination,
and full restoration of damage to public infrastructure, such as roads. Additional taxes and fees should
be used to recover fracking-related costs that are
relevant at a regional, national or international scale,
such as costs resulting from emissions of smog-forming pollutants, emissions of global warming pollution, and impacts on local public services.
Require levels of financial assurance that are sufficient to protect the public. Drillers should be required to post financial assurance of at least $250,000
per well for the cost of plugging and reclamation
and at least $5 million per well for damage to private
property, health and natural resources, as well as
environmental cleanup. Some measure of financial
assurance should be required for at least 30 years
to protect the public against problems that emerge
only over time. Drillers should also be required to pay
into industry-wide cleanup funds to act as a backstop
source of funds for cleanup and victim compensation
in the event that financial assurance rules are violated or fail to offer adequate protection.
Eliminate loopholes, exemptions and discounts.
Federal officials should end the oil and gas industry’s
exemptions from major environmental laws. “Blanket
bonding” that provides an unjustified bulk discount
on financial assurance should be eliminated. Provi-
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Integrate financial assurance rules into a comprehensive system of oil and gas regulation.
State and federal governments must implement and
enforce financial assurance requirements by ensuring that each well is covered by financial assurance
and that financial assurance remains in place as long
as the possibility of damage persists. In addition,
regular inspection of wells and enforcement of environmental rules is essential to limit the potential for
major mishaps that result in monetary damage that
exceeds financial assurance requirements. Financial
assurance rules can help hold drillers accountable for
following the law if they contain provisions allowing
bonds to be forfeited in cases where rules are broken
or fines and penalties are not paid.
Time and again, resource extraction booms have
given way to busts – leaving the companies that
profited from mining or drilling unwilling or unable
to clean up the damage they have caused. Absent
swift action by policymakers to dramatically ramp
up financial assurance for fracking, we could see a
similar grim legacy from the new oil and gas rush.

Introduction
America is in the midst of a fracking boom …
and a fracking bust.
In North Dakota, times are booming. The state
has rapidly become the nation’s second-largest oil
producer due to the use of horizontal drilling and
hydraulic fracturing (the combination of technologies
used in fracking) to tap oil supplies from the Bakken
Shale formation. North Dakota has seen its oil
production triple over the span of just three years.1
Each month, about 200 new shale oil wells are drilled
in the state, roughly four times as many as three years
earlier. And with that intense drilling activity has come
jobs; the state’s unemployment rate in October 2012
was a rock-bottom 3.1 percent.2
North Dakota isn’t the only place experiencing a
fracking boom. In the Niobrara Shale in Colorado
and the Eagle Ford Shale in Texas, drillers can’t move
quickly enough to tap oil-bearing shale formations,
seeking to take advantage of persistently high world
oil prices.
But other areas that have experienced similar
“gold rush”-like conditions in recent years are now
beginning to see the flip side of the fracking boom.
In western Colorado, drilling in the Piceance Basin has
dropped dramatically, leaving towns and businesses
that were thriving just a few years ago in difficult
financial straits.3 Statewide, gas drilling activity
dropped by nearly two-thirds between mid-2008 and
mid-2012, even as oil drilling in another region of
Colorado boomed.4
In Texas’ Barnett Shale, drilling activity has fallen by
three-quarters from its peak.5 Even in the Marcellus
Shale basin of Pennsylvania, Ohio and West Virginia,
visions of a massive and continuing economic boom
have faded as drilling activity has waned. As of July
2012, the number of drilling rigs in Pennsylvania’s
Marcellus Shale was 29 percent lower than the year
before.6

The leading culprit in the decline in natural gas
drilling has been the dramatic fall in natural gas prices
triggered by the boom in shale gas and other forms of
unconventional gas.
The recent experience in these regions is a startling
reminder that resource extraction booms are ephemeral
by their very nature. But the impacts left by oil and gas
drilling on landscapes, water resources, public health
and public infrastructure are anything but temporary
– they can last for years, even decades. Even today,
America still bears the scars of coal mining and oil
drilling activity that took place a century ago.
Cruel experience has shown that unless government
requires fossil fuel companies to set aside money for
environmental cleanup during the years when profits
are being made, few resources will remain when the
inevitable bust arrives – leaving polluted sites uncaredfor and taxpayers to bear the costs of cleanup.
For areas experiencing widespread fracking, history
shows that the time to ensure that adequate resources
exist to repair the damage caused by drilling is now.
Unfortunately, the oil and gas industry is exempt from
many federal environmental laws that would require the
industry to set aside resources for cleanup. Moreover,
most state oil and gas laws are ill-equipped to protect
the public from the impacts of conventional oil and gas
drilling, much less the far greater impacts resulting from
fracking.
This paper documents the many ways in which current
state and federal laws leave taxpayers dangerously
exposed due to inadequate requirements for financial
assurance. It also proposes a framework for reform
of the nation’s financial assurance rules for oil and
gas drilling, ensuring that they are robust enough to
address the new challenges posed by fracking.
ExecutiveIntroduction
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The Costs
of Fracking

O

ver the past decade, the oil and gas industry
has combined two technologies – horizontal
drilling and hydraulic fracturing – to
extract fossil fuels from previously inaccessible rock
formations deep underground. The use of highvolume horizontal hydraulic fracturing – colloquially
known as “fracking” – has expanded dramatically from
its origins in the Barnett Shale region of Texas a decade
ago to tens of thousands of wells nationwide today.
That dramatic expansion has occurred despite the
impact of fracking on the environment, public health,
and communities. Environment America Research &
Policy Center’s September 2012 report, The Costs of
Fracking, documented that these damages also carry
significant “dollars and cents” costs – costs that are
often borne not by those who profit from drilling but
instead by the public at large.

Contaminating Drinking Water
Fracking can contaminate drinking water supplies in
a variety of ways. Spills and blowouts on well pads
and failures of wastewater pits have released fracking
chemicals and wastewater into groundwater, rivers,
streams and lakes.7 Poor well construction has
enabled methane and other contaminants to foul
groundwater supplies.8 And scientific studies have
suggested that hydraulic fracturing may – over a
period of time – enable contamination from the
underground formations targeted for oil and gas
production to reach groundwater supplies.9
Water contamination has been a common result
of oil and gas production – including fracking
operations – across the country:
• In New Mexico, there have been more than 400
instances in which materials from oil and gas
waste pits leached into groundwater;10

Defining “Fracking”
In this report, when we refer to the impacts of “fracking,” we include impacts resulting
from all of the activities needed to bring a well into production using hydraulic fracturing,
to operate that well, and to deliver the gas or oil produced from that well to market. The
oil and gas industry often uses a more restrictive definition of “fracking” that includes only
the actual moment in the extraction process when rock is fractured – a definition that
obscures the broad changes to environmental, health and community conditions that
result from the use of fracking in oil and gas extraction.

The Costs of Fracking
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• In Colorado, approximately 340 leaks or spills from
drilling operations have reached groundwater;11
• In Pennsylvania, state regulators identified 161
instances in which drinking water wells were
impacted by drilling operations between 2008 and
the fall of 2012.12
Groundwater contamination is so difficult and
expensive to clean up that remediation is rarely even
attempted. In Colorado in 2004, a poorly cemented
well leaked natural gas into West Divide Creek.
The company responsible for the well installed
equipment to remove pollutants from the water
supply – at a likely cost of hundreds of thousands of
dollars – that continued in operation through at least
mid-2012.13
Residents whose water is contaminated by fracking
also require expensive replacement sources of water.
In Colorado, households within a two-mile area of
the West Divide Creek seep received potable water
deliveries and water systems until 2006, at a cost of
$350,000 to the drilling company.14
The presence of many fracking wells in a small
geographic area can also result in increased flow
of sediment and other pollutants into waterways,
which can trigger increased water treatment costs.
New York City, for example, faces potential costs of
$6 billion to build the world’s largest water filtration
plant if pollution from fracking or any other activity
were to degrade the quality of the upstate New York
watersheds on which the city depends for drinking
water.15

Making Residents Sick
Fracking pollution threatens the health of workers,
nearby residents, and even people living far away.
The chemical components of fracking fluids have
been linked to cancer, endocrine disruption, and
neurological and immune system problems,16 while
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oil and gas drilling brings produced water to the
surface that can contain substances such as volatile
organic compounds with potential impacts on
human health.17
Those who live close to fracking sites can get sick
from emissions from wells. A study from the Colorado
School of Public Health documented an increased
risk of illness for residents living within a half-mile
of natural gas wells in one area of Colorado due to
air pollutant exposure.18 Studies near fracking sites
in Texas, Pennsylvania and Arkansas have detected
components of natural gas in the air, in some cases
at levels that pose immediate or long-term health
concerns.19
Workers at fracking sites face dangers typical of other
oil and gas workers, who are seven times more likely
to die on the job than other American workers.20
They also, however, face an additional threat from
exposure to silica sand, which is used in the fracking
process and can cause silicosis. In 2012, the National
Institute for Occupational Safety and Health (NIOSH)
issued a hazard alert after discovering elevated levels
of silica in the air at fracking sites in multiple states.21
Emissions from fracking can even harm the health
of people living far away by contributing to regional
air pollution problems. Fracking can make a
significant contribution to smog and soot pollution
that threatens public health – a 2009 study of five
counties in the Dallas-Fort Worth area, for example,
found air pollution caused by fracking to be a larger
source of smog-forming emissions than cars and
trucks.22
The economic costs of fracking’s health impacts on
nearby residents, workers and residents of regions
where extensive fracking takes place are significant.
The air emissions produced by fracking in Arkansas’
Fayetteville Shale region in 2008, for example,
imposed public health costs of greater than $10
million.23

Damaging Natural Resources
Fracking transforms rural and natural areas into
industrial zones complete with drilling pads, supply
roads and pipelines. This not only damages the
physical beauty and integrity of landscapes, but also
their economic value.
The contamination of waterways with fracking
chemicals and wastes, along with the ecological
impacts of excessive water withdrawals for fracking,
can damage waterways to the point of causing fish
kills, harming local outdoor-related economies.
In Pennsylvania, for example, where fracking has
contributed to several fish kills, recreational fishing
was a $1.6 billion industry in 2001.24
Widescale oil and gas development across a broad
area can also contribute to regional water pollution
problems and fragment habitat for wildlife. In
Wyoming, for example, extensive natural gas
development in the Pinedale Mesa region has
coincided with a significant reduction in the region’s
population of mule deer – an important species that
attracts hunters and wildlife watchers to the state.
At Wyoming’s “restitution value” of $4,000 per mule
deer,25 the decline of 2,910 mule deer in the mesa
since the beginning of fracking operations would
represent lost value of more than $11.6 million.26

Ruining Roads, Straining Services
As a result of its heavy use of publicly available
infrastructure and services, fracking imposes both
immediate and long-term costs on taxpayers.
The trucks required to deliver water to a single
fracking well cause as much damage to roads as
3.5 million car journeys, putting massive stress on
roadways not constructed to handle such volumes of
heavy traffic. Pennsylvania estimates that repairing
roads affected by Marcellus Shale drilling would cost
$265 million.27

Increased demand for water imposes additional
strains on public infrastructure. One county in Texas
projects that fracking will consume 40 percent
of its water by 2020 and such increases may lead
to calls for increased public investment in water
infrastructure.28 A new state water plan in Texas, for
instance, calls for a $53 billion public investment in
the state water system, including $400 million for
needs in the mining sector (including fracking).29
Fracking also strains public services. Increased
heavy vehicle traffic has contributed to an increase
in traffic accidents in drilling regions. At the same
time, the influx of temporary workers that typically
accompanies fracking puts pressure on housing
supplies, thereby causing social dislocation.
Governments respond by increasing their spending
on social services and subsidized housing, squeezing
tax-funded budgets.
Governments may even be forced to spend tax
money to clean up orphaned drilling wells. Though
oil and gas companies face a legal responsibility to
plug wells and reclaim drilling sites, they have a track
record of leaving the public holding the bag. (See
page 15.)

Risks to Property, Farms, and Local
Businesses
Fracking does not necessarily benefit local
economies, especially in the long run, after the
initial rush of drilling activity has ended. A 2008
study by the firm Headwaters Economics found
that Western counties that have relied on fossil-fuel
extraction for growth are doing worse economically
than their peers, with less-diversified economies, a
less-educated workforce, and greater disparities in
income.30
Other negative impacts on local economies
include downward pressure on home values and
harm to agricultural activity. Pollution, stigma and
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uncertainty about the future implications of fracking
can depress the prices of nearby properties. One
Texas study found that homes valued at more
than $250,000 and located within 1,000 feet of
a well site lost 3 to 14 percent of their value.31

Fracking also has the potential to affect agriculture,
both directly, through damage to livestock from
exposure to fracking fluids, and indirectly through
economic changes that undermine local agricultural
economies.

Photo: Brandi Lukas of BrandiLynnDesign.com

Transporting the water, equipment, sand and other materials needed to
hydraulically fracture a natural gas well requires considerable truck traffic
that often damages local roads. Here, a procession of trucks pulls up to a gas
drilling site.
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Financial Assurance:
What it Is and Why it Matters

F

inancial assurance requirements protect the
public from having to bear the cost of cleaning up polluted sites. Such requirements also
provide a clear financial incentive for companies to
protect the environment and public health. Simply
put, financial assurance rules require drillers to demonstrate – often by setting aside money in a special
fund or by obtaining bonds or insurance – that they
will have the money needed to clean up after themselves once they have finished producing oil or gas at
a particular well.
Financial assurance is a cornerstone of environmental protection. The history of pollution from previous
extractive booms in the United States demonstrates
why state and federal governments must get financial assurance right.

Why Financial Assurance
Matters: Encouraging Good
Environmental Practice and
Protecting the Public
Financial assurance plays three important roles in
environmental protection: protecting the public
from having to pay to clean up damages left behind
by polluters, providing an incentive for industries
to avoid pollution, and enabling faster cleanup of
environmental pollution and quicker compensation
of victims.
Protecting the public from the costs of
environmental cleanup – Financial assurance is
intended, first and foremost, to protect the public
from having to absorb the cost of cleaning up
environmental damage. It achieves that goal by

requiring those engaged in polluting activities to
provide a financial guarantee that those obligations
will be met.
Incentivizing good environmental practices –
Financial assurance provides an incentive for
companies to avoid risky practices that threaten the
environment or the public by ensuring that they will
be held accountable for those costs. Companies with
poor environmental track records, or those intending
to use risky practices or drill in vulnerable areas,
might find themselves unable to obtain required
bonds or insurance coverage, or be forced to pay
higher premiums. In this way, financial assurance
creates market-based pressure on oil and gas drillers
to adopt better practices and avoid drilling in areas
that pose the greatest risk to communities and
critical natural resources.
Speeding cleanup and victim compensation –
Financial assurance mechanisms can provide tools
that help regulators ensure that environmental
cleanup occurs promptly and, in some cases, that
victims are compensated. Good financial assurance
rules reverse the burden of proof in cases of
environmental damage. Instead of regulators having
to go through protracted litigation or other legal
processes to compel cleanup – leaving the public
at risk in the interim – they can tap funds directly
to finance immediate cleanup or, in some cases,
threaten forfeiture of a bond if the driller fails to take
prompt action to correct environmental problems.
According to James Boyd of the environmental
economics think tank Resources for the Future,
mechanisms such as letters of credit “allow almost
instant access by regulators to reserved funds. This
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shifts the burden of proof from the government to
the plaintiff. Instead of the government’s having to
prove that compensation is due and seek the funds,
the burden falls to the polluter to demonstrate that it
is not liable.”32
Even in cases where regulators do not have instant
access to funds, provisions in financial assurance
laws can give regulators a powerful tool to compel
immediate action. Some states allow for the
forfeiture of bonds in cases where drillers violate
regulations or fail to follow regulatory orders. These
provisions provide a potentially powerful tool that
regulators can use to protect the public.

How Financial Assurance Works
State and federal governments provide many ways
for oil and gas companies to demonstrate that
they will have the resources to plug their wells and
reclaim their well sites. Among the most commonly
used forms of financial assurance are the following:
• Surety bonds – A surety bond represents a
commitment by a third party (a “surety”) to meet
the financial obligations of a driller that is unable
or unwilling to do so. To obtain a surety bond,
a driller pays a premium to the surety company
representing a small percentage of the full value
of the bond (for example, 1 to 3 percent of a
$100,000 bond). In the event that a driller fails
to meet its obligations, or defaults, the surety is
responsible for paying the entire sum of the bond
to the regulator. In some cases, sureties have the
option of completing the cleanup themselves
Bonds may be forfeited (that is, immediate
payment of the full value of the bond demanded
from the surety company) if a driller fails to meet
certain conditions laid out in law or regulation,
such as plugging a well within a certain period of
time or violating a state rule. Regulations also lay
out the conditions for release of a bond (the lifting
of the surety’s obligation to pay), such as proper
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plugging of wells, reclamation of well sites, and
filing of required forms.
• Personal or collateral bonds – Personal bonds
(sometimes known as “collateral bonds”) are those
that are backed by cash or near equivalents to
cash. For example, a driller might back his promise
to pay for cleanup with a cashier’s check made out
to the regulator. If the driller fulfills his obligations
under the law, the check is returned to the driller;
if he fails, the regulator simply cashes the check.
Among the forms of collateral commonly accepted are cash, certificates of deposit, bank checks,
government securities and irrevocable letters
of credit (which are promises by a driller’s bank
to supply funds to cover the value of the bond).
Some forms of collateral can earn interest for the
driller during the period in which the bond is in
effect (such as certificates of deposit). Deposits of
cash or checks generally do not.33
• Trust funds – A trust fund is a dedicated pot
of money set aside for the express purpose of
paying for cleanup and reclamation. Trust funds
are often used to fund environmental cleanup
for facilities that operate for a long period of
time and have predictable cleanup costs (such as
landfills or nuclear power plants.) In these situations, a company might make small payments
into the trust fund over time in order to amass
the full funds needed for cleanup by the time the
facility is ready to close. However, trust funds are
effective only if they are fully funded at the time
cleanup must begin. Trust funds can also be tied
to an individual well and be transferred along
with transfers of ownership, ensuring that each
owner of a well has paid for a share of the ultimate
cleanup responsibility.34
• Insurance – Some states allow or require drillers to take out insurance policies to ensure that
certain cleanup obligations are covered. Unlike
bonds – in which the fundamental responsibil-

ity to address environmental obligations remains
with the driller – insurance policies shift the
responsibility for resolving problems to the insurance company. A driller might purchase an insurance policy, for example, to cover damages its
activities cause to third parties, but its obligation
to pay is limited to its insurance premium (as long
as the amount of damage falls within the limits of
its insurance coverage).
• Financial tests – In some cases, firms may simply
need to demonstrate that they have sufficient
assets to meet their cleanup obligations. Firms
may do this by demonstrating that they (or, in
some cases, their parent companies) possess
sufficient assets or an investment-grade bond
rating.35 Financial tests do not guarantee that
funds will be available to fund cleanup, merely
that a company is financially capable of paying
for cleanup at the moment at which the test
was imposed. The burden continues to rest on
regulators to force drillers to fulfill their obligations
through regulatory proceedings or litigation.
In addition to financial assurance – which seeks
to hold individual companies responsible for their
obligations under the law – some states have created
industry-wide trust funds that can be tapped to
clean up polluted sites orphaned by the responsible
party. Typically, oil and gas producers are required
to pay a small fee, which is then used to provide
funding for cleanup of priority sites. Industry-wide
trust funds protect taxpayers from having to pay
the costs of these cleanups, but do little to hold
individual companies accountable.

The Importance of Financial
Assurance: Lessons from
Previous Extractive Booms
The oil and gas industry is notoriously prone to
“boom-bust” cycles – sparking dramatic economic
growth in a community one year, only to plunge it

into financial difficulty the next. The volatility of the
oil and gas industry is typical of extractive industries.
Extractive industries face inherent incentives to
remove as much as they can from a given resource
while spending as little as possible to limit the
impacts on the public or the environment.
The history of previous extractive booms is littered
with examples of lasting impacts on the environment
and public:
• Orphan oil and gas wells – As of 2006, more than
59,000 orphan oil and gas wells were on state
waiting lists for plugging and remediation across
the United States, with at least an additional
90,000 wells whose status was unknown or
undocumented.36 Improperly plugged wells can
contaminate land, surface water and groundwater with oil, gas or briny produced waters.37 The
potential liability for plugging these wells nationwide exceeds $760 million.38
• Abandoned hard rock mines – The U.S. Government Accountability Office estimated in 2008 that
there were approximately 161,000 abandoned
hard rock mines in the western United States,
of which approximately 33,000 had degraded
the environment.39 Environmental risks from
abandoned hard rock mines include drainage of
toxic or acidic water into surface waterways and
groundwater. The federal government spent $2.6
billion over a 10-year period of the late 1990s and
early 2000s on the reclamation of abandoned hard
rock mines.40
• Abandoned coal mines – As of 2002, Pennsylvania alone had more than 5,000 documented
abandoned coal mines. Acid drainage from those
mines has helped render more than 3,000 miles of
rivers and streams in the state unsafe for fishing,
swimming or other uses.41 The cost of cleaning up
those abandoned mines has been estimated at
$15 billion.42
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Many abandoned mines and orphan oil and gas wells
date back to the years before modern environmental
regulations. Even today, however, extractive
businesses often leave mines or wells behind without
proper closure or reclamation. Between 2001
and 2008, for example, 127 mines in West Virginia
forfeited the bonds they had posted to guarantee
site reclamation; over a similar period, Pennsylvania
saw 227 forfeitures.43 In Wyoming in 2010, the state
plugged 122 coalbed methane wells orphaned after
a boom that began in the 1990s. State officials there
are worried that continued low gas prices will send
more drillers into bankruptcy, increasing the burden
on the state’s orphan well fund. 44

16

Who Pays the Costs of Fracking?

Previous resource extraction booms have left behind
massive environmental contamination and multibillion dollar cleanup liabilities for taxpayers. With
tens of thousands of fracking wells having been
drilled across the country – each with significant
impacts on land and water – fracking has the
potential to impose environmental damage on a
par with or exceeding previous booms. The extent
of the damage – and the degree to which taxpayers
will ultimately be called upon to pay for fixing
it – depends greatly on steps that states take now
to require financial assurance for the cleanup of
fracking well sites and associated pollution.

Principles for
Financial Assurance

E

very state in which oil and gas production
takes place currently requires drillers to provide some form of assurance that funds will
be available to pay for closure and cleanup of wells
once production has ended. Often, however, these
requirements have failed to protect taxpayers and
the environment.
What separates an effective system of financial
assurance from one that leaves the public at risk?
Good financial assurance systems reflect five key
principles.

Principle 1. Make Polluters Pay
for All the Costs They Impose
on the Public.
Fracking imposes a wide variety of costs on the
environment, public health and society. Drillers must
be held accountable for compensating the public for
all of these costs, both as a matter of basic fairness
and of sound economic and environmental policy.
Financial assurance plays a central role in holding
drillers accountable for the damage they impose on
the environment and the public. Specifically, financial
assurance should be required for the following costs:
• Closure and remediation of well sites.
• Full restoration of damage to the environment and
natural resources.
• Compensation to victims for damage to property
and health inflicted by fracking.

Principle 1.
Make Polluters Pay for All the Costs
They Impose on the Public.
Principle 2.
Require Enough Financial Assurance
to Cover Worst-Case Potential Costs.
Principle 3.
Use Only Those Forms of Financial
Assurance that Truly Protect the
Public.
Principle 4.
No Loopholes. No Exemptions.
Principle 5.
Integrate Financial Assurance into
Oil and Gas Regulation.
• Provision of alternative sources of drinking water
and other temporary measures to mitigate the
impact of environmental, health and property
damage.
• Full restoration of damage to public infrastructure,
such as roads.
In addition, financial assurance should be required
to cover potential costs that may emerge long after
production ends. The integrity of oil and gas wells
can decay over time, creating the potential for
damage long after oil and gas extraction has ended.45
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In addition, high-volume hydraulic fracturing is
a relatively new technology, having been in use
for only about a decade. Preliminary research has
suggested – though not proven – that formation
fluids or methane may be able to migrate from shale
layers to groundwater supplies over a period of
time.46
Financial assurance isn’t the most appropriate tool
for holding drillers accountable for some categories
of costs they impose on society. Taxes, impact fees
and other charges may be more effective ways of
recouping compensation for impacts of fracking
that occur over a broad area – such as emissions of
pollution that contributes to global warming or the
formation of smog.

Principle 2. Require Enough
Financial Assurance to Cover
Worst-Case Potential Costs.
Financial assurance is effective only if the level
of assurance required is sufficient to protect the
public in case a driller goes bankrupt or is otherwise
unable or unwilling to fulfill its responsibilities.
To be effective, the level of a bond or other form
of financial assurance must be enough to cover a
“worst-case scenario” of potential costs. James Boyd
of Resources for the Future writes that “[i]n theory,
coverage must equal the maximum realistic costs of
a future obligation covered by the bond.”47
Because the “worst-case” costs of fracking depend on
a variety of factors – such as the proximity of fracking
to populated areas or precious natural resources
– the level of required financial assurance may
vary from well site to well site. However, allowing
financial assurance levels to be set on a case-by-case
basis imposes a significant burden on regulatory
agencies and creates the potential for regulators
to improperly reduce the level of required financial
assurance. The latter is a particular concern should
regulators come to rely on drillers themselves to
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supply estimates of costs. A U.S. EPA analysis found
that 89 out of 100 hazardous waste facilities required
to post financial assurance under federal law had
underestimated the cost of closure and post-closure
care. At more than one-third of those facilities,
costs were underestimated by 70 percent or more,
resulting in those facilities providing far too little
financial assurance.48
In other words, while some variation in financial
assurance requirements may be warranted, states
should establish minimum levels of financial
assurance required of all wells and ensure that any
variations in financial assurance are based on sound
and consistent methodologies.
Drillers also should not be given discounts that
reduce their financial assurance requirements, such
as those provided under “blanket bonds.” Blanket
bonds set a maximum bonding requirement that
covers all drilling by a particular company within a
particular jurisdiction – for example, the Bureau of
Land Management requires a $10,000 bond for one
well, but allows a company to bond all of its wells
in an entire state for $25,000. The vast majority of
wells on federal land – representing 80 percent of
the value of the bonds held by the BLM – are covered
under statewide blanket bonds.49 Blanket bonding
violates the principle that financial assurance be
sufficient to protect against worst-case costs, since
the level of the bond is not tied directly to the level
of risk posed by each individual well.

Principle 3. Use Only Those
Forms of Financial Assurance
that Truly Protect the Public.
Not all forms of financial assurance are equally
protective of the public. Some provide a guarantee
that funds will be available for cleanup of well
sites at the moment those funds are needed, while
others provide little protection for the public or the
environment.

Surety bonds, personal bonds backed by adequate
collateral (cash, cash-like instruments or irrevocable
letters of credit), and fully funded trust funds provide
the greatest level of protection for the public. Properly
designed, they ensure that funds will be available to
meet cleanup obligations when those obligations
come due.
Trust fund models that allow for a graduated “payin” over time create the risk that the public will have
to pay the unfunded portion of cleanup if the driller
should end production or go bankrupt. Austin
Mitchell and Elizabeth Casman of Carnegie Mellon
University have proposed a trust fund model in
which drillers are required to pay a substantial predrilling fee, augmented by a severance tax tied to
production.50 Such a system might be protective of the
public if it results in full funding within a short time
frame (less than five years). While such an approach
would greatly reduce the risk of underfunding to the
public, it would not eliminate it.
Financial tests should not be accepted as financial
assurance. In the topsy-turvy oil and gas industry,
volatile prices can quickly doom the financial
prospects of otherwise solid-looking firms. Falling
fossil fuel prices create an incentive for companies
to slow down fossil fuel production at the same time
they damage a driller’s financial bottom line. In other
words, a prolonged fall in prices can increase the
number of wells at risk of being orphaned at the same
time it increases the likelihood that they will be.
Financial tests have other weaknesses as well.
Environmental regulators often lack the expertise
needed to analyze a company’s finances properly
and determine its financial health.51 Moreover,
because pollution from fracking has the potential to
affect public health and the environment for a long
period of time, an assessment of financial adequacy
at a particular snapshot in time is insufficient to
demonstrate that a company will continue to exist in a
financially healthy state for decades to come.

Insurance can play an important – but limited
– role in financial assurance for fracking. Unlike
tools such as bonding and trust funds, which
hold drillers directly responsible for meeting
legal obligations, the use of insurance attenuates
accountability, since it is the insurer, not the driller,
who is ultimately responsible for paying out any
claims. In addition, regulators seeking funds to
address unmet legal obligations would be required
to file a claim with the insurer, rather than obtain
direct access to funds as would be the case with a
bond or trust fund. Finally, insurance policies used
as financial assurance must be closely scrutinized
by regulators to guard against the insertion of
provisions that limit the insurer’s liability.
As a result, insurance is likely a poor tool for
financial assurance for impacts of fracking that are
easily anticipated in advance – such as plugging
and reclamation costs and damage to roads.
However, insurance may be useful in addressing
difficult-to-anticipate costs such as damage to third
parties and natural resources – so long as there
is a clear standard for liability that is protective of
the public. Insurance companies are experts at
evaluating and pricing risk. Requiring insurance to
cover these types of expenses would help ensure
that drillers bear the risks posed by fracking in the
most efficient way possible.
Policymakers need to ensure that financial
assurance remains effective in any conceivable
circumstance. For example, regulations must
include provisions that ensure that financial
assurance remains in place even if a driller fails
to pay insurance premiums or a surety company
goes out business. Federal financial assurance
requirements for hazardous waste sites, for
example, require that a surety company provide
120 days notice before cancelling a bond and
require companies affected by the bankruptcy of
a surety to obtain replacement financial assurance
within 60 days.52
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In addition, provisions must be put into place to
prevent drillers from indefinitely delaying well
plugging and reclamation by maintaining wells
in “inactive” status. Often, oil and gas companies
will temporarily cease production at wells that
have become unprofitable to operate using
current technology or at current prices. In some
cases, however, these “temporary” closures have
lasted decades, leaving wells in an unplugged
and unreclaimed state that increases the risk of
environmental contamination and raises the risk
that the entity responsible for the well will run into
financial difficulty. State and federal rules should set
strict time limits and criteria for maintaining wells
in “inactive status” and make especially sure that
sufficient financial assurance exists for these wells,
given their higher risk.

Principle 4. No Loopholes.
No Exemptions.
A wide variety of federal environmental laws require
that companies engaged in polluting activities set
aside resources to pay for environmental cleanup.
The details of those laws differ, but they are all alike
in one respect: none of them apply to oil and gas
drillers.53
The financial assurance requirements for facilities
handling hazardous waste are a good example
of how financial assurance works in federal
environmental law – as well as the perverse effects of
exemptions for the oil and gas industry. The Resource
Conservation and Recovery Act (RCRA) requires that
facilities handling hazardous waste must provide
financial assurance sufficient to cover the safe closure
of the facility as well as the long-term monitoring
and care of the facility for a period of 30 years.54
In addition, owners of hazardous waste facilities
must demonstrate financial assurance to cover the
“sudden” or “non-sudden” impacts of accidents
occurring at the facility on the environment and the
public.55
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Fracking wells handle significant quantities of
materials that are “hazardous” under any reasonable
definition of the term, including toxic fracking
chemicals and contaminated produced water from
underground formations that is brought to the
surface during drilling. Under pressure from the
oil and gas industry, however, Congress refused to
require the regulation of drilling fluids and produced
waters under RCRA, instead allowing the EPA to
decide whether to regulate them.56 EPA decisions
in 1988 and 1993 exempted produced water (and
any fracking chemicals that return with it) from the
definition of hazardous waste under RCRA.57
Oil and gas production is also exempt from
provisions of the federal Superfund law as well
as other environmental statutes, and hydraulic
fracturing is exempt from the Safe Drinking Water
Act.58
Such exemptions are unjustified. So too are
loopholes in many state oil and gas regulations that
allow oil and gas drillers to avoid providing financial
assurance, or that unreasonably reduce companies’
financial assurance responsibilities.

Principle 5. Integrate Financial
Assurance into Oil and Gas
Regulation.
Financial assurance rules are an integral part of a
comprehensive system of oil and gas regulation.
Strong financial assurance rules are not a substitute
for strong regulations on oil and gas operations
or the enforcement of those regulations. Proper
enforcement of oil and gas rules is a necessary
precondition to effective financial assurance, while
effective financial assurance can play a key role in
encouraging compliance with oil and gas rules.
Regular inspection of wells and enforcement of
environmental rules is essential to limit the potential
for major mishaps that cause such severe damage
to the environment and health that they threaten to

exceed the amount of financial assurance required in
state regulations. State and federal governments can
also use their power to issue drilling leases or permits
to ensure that drillers meet their financial assurance
obligations. The Federal Onshore Oil and Gas Leasing
Reform Act of 1987, for example, bars the issuance
of an oil and gas lease to any entity that has failed
to carry out its responsibilities for reclamation on a
previous lease.59
On the other hand, financial assurance rules can help
hold drillers accountable for following the law if they
contain provisions allowing bonds to be forfeited in
cases where rules are broken or fines and penalties
are not paid.

Conclusion
Financial assurance rules that follow these five
principles provide reliable guarantees that the
public will not be saddled with the cost of cleaning
up damage from fracking. Such rules also create
financial and other incentives that encourage
companies engaged in fracking to use the safest
possible practices.
Unfortunately, current state and federal financial
assurance rules fall far short of these standards.
Indeed, in many cases, weak financial assurance rules
leave the public and the environment at serious risk.
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Putting the Public at Risk:

How Current Financial Assurance
Requirements for Fracking Fall Short

I

nadequate financial assurance for oil and gas
drilling leaves the public at risk of being saddled
with the costs of plugging orphaned wells;
reclaiming well pads, pits and other surface disturbances; cleaning up water pollution; fixing broken
roads; and caring for those whose health has been
harmed by fracking. Inadequate financial assurance
also represents a missed opportunity to encourage
oil and gas drillers to use safer practices that are less
likely to cause harm in the first place.
Today’s financial assurance requirements for the oil
and gas industry fall well short of what is needed to
protect the public.

1. Current Financial Assurance
Rules Fail to Cover All the Costs
of Fracking
Current state and federal financial assurance rules
for fracking are intended to ensure that oil and gas
wells are plugged and well sites are reclaimed when
production is complete. Few states, however, require
financial assurance in amounts sufficient to complete
plugging and reclamation, much less account for
damage to natural resources, broader environmental
cleanup, or the compensation of victims. By releasing
drillers from financial assurance requirements too
early, current rules also leave the public potentially
liable for environmental and public health damage
that emerges over a longer period of time. Finally,
while some states have used financial assurance
tools to recoup costs imposed by fracking on
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infrastructure and public services, these tools have
been insufficient to fully protect taxpayers.

Financial Assurance Rules Rarely
Account for Damage to Third Parties
and Natural Resources
State bonding requirements for the oil and gas
industry are intended to ensure that wells are
plugged and reclaimed. Few states, however, require
drillers to post financial assurance sufficient to cover
the full range of costs resulting from fracking.
Some states require drillers to provide financial
assurance for damage to surface landowners or
for other costs resulting from fracking. At the
moment, however, these provisions are largely
ineffective because they do not carry sufficient
financial disincentives for firms that fail to meet their
responsibilities to surface owners, the environment
and public health.
Colorado, for example, requires additional bonding
to protect the rights of surface land owners on
whose property drilling is taking place, requiring
drillers to compensate surface owners for crop or
land damage before the bonds can be released.60
Pennsylvania requires that drillers provide
replacement water supplies for any water supplies
damaged by fracking, and uses a clear standard to
determine when drillers are responsible for doing
so.61 Texas requires that drillers “control, abate, and
clean up pollution associated with the oil and gas
operations and activities covered under the required

financial security in accordance with applicable
state law and permits, rules, and orders of the
Commission.”62
Provisions such as these should be a part of any oil
and gas financial assurance program. However, in
each of these states, the level of financial assurance
required of drillers is so low as to render these
protections ineffective. In Colorado, for example, the
bond for surface landowner protection is only $2,000
to $5,000.63 In Pennsylvania and Texas, the amount of
the bond is insufficient to cover the cost of plugging
and reclamation, never mind impacts beyond the
well site. Drillers whose activities harm surface
landowners are legally liable for certain damages,
even if those damages exceed the bonded amount.
But inadequate financial assurance requirements
do little to protect landowners in case a driller goes
bankrupt or is otherwise unwilling or unable to pay.

No Protection Against Damage that
Emerges Over Time
Plugging and reclamation bonds are typically
released once a well has been plugged and a site
reclaimed to the satisfaction of state regulators.
Releasing bonds quickly after plugging and
reclamation are complete provides the public with
no protection against the costs of natural resource,
property or health damage that may become
apparent only over a prolonged period of time.
Ohio, for example, requires bonds until the “well has
been plugged and all restoration requirements [have
been] performed.”64 Pennsylvania’s rules keep wells
under bond coverage for a year after they have been
plugged and reclaimed.65
States that fail to require drillers to provide long-term
financial assurance run the risk of being forced to
spend taxpayer money to address environmental and
public health risks from fracking years or decades
down the road.

Federal laws such as RCRA acknowledge that the
environmental and health impacts of polluting
activities are not always immediately apparent. RCRA,
for example, requires companies handling hazardous
waste to provide financial assurance for post-closure
care for a period of 30 years.66 By contrast, states free
oil and gas companies from bonding requirements
before the full impact of their activities is known –
leaving the public at risk.

Bonding for Impacts on Roads and
Bridges Is Often Inadequate
Perhaps the most common form of financial
assurance for fracking impacts away from the well
site is bonding for road damage. Fracking requires
the transportation of massive amounts of water, sand
and fracking chemicals to and from well sites, often
on roads that were never designed to carry such
heavy loads.
To ensure that oil and gas companies – rather than
taxpayers – pay the cost of repairing roads damaged
by fracking, some state and local governments
require oil and gas operators to post road bonds.
West Virginia law requires operators to meet with
highway engineers to discuss maintenance needs
and provide bonds either per mile, or across an entire
district or the state. The state caps single bonds at
$100,000 per mile of paved road or $25,000 per mile
of gravel road. District-wide bonds covering multiple
roads are available for $250,000 and an operator can
cover liabilities across the entire state for $1,000,000.67
In other states, local governments may pursue
road bonds. Ohio, for instance, is a “home rule”
state where the construction and maintenance of
highways passing through a municipality is a local
responsibility.68 Ohio municipalities may, but are not
required to, negotiate agreements with oil and gas
companies. In August 2012, for example, Holmes
County, Ohio, required Devon Energy Corp. to post
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road bonds totaling $250,000 per mile of road, plus a
further $250,000 for each bridge.69
Texas also has no systematic road bonding
requirements. Texas allows haulers to exceed
weight limits when they apply for a special permit,
but the permit fee bears no relation to the cost of
the damage an overweight truck can do. In recent
testimony before the Texas House Committee on
Energy Resources, Phil Wilson, the Executive Director
of the Texas Department of Transportation, explained
that “while a … permit can cost as little as $255 per
year…, the amount of road damage a truck with such
a permit can cause is essentially unlimited.”70
To address this, Texas counties have typically relied
on good will and cooperation from oil and gas
companies. DeWitt County, for example, receives a
financial contribution from two oil companies for
each new well and others contribute on an ad hoc
basis.71 Voluntary donations from fracking companies
are far from reliable sources of revenue to repair
and maintain crumbling roads. In the Barnett Shale
region, local officials found large operators like
Devon Energy Corp. and Chesapeake Energy “eager”
to volunteer repair money when they were new in
town and gas prices were high. But as drilling activity
slowed and the big companies gave way to smaller
firms, it has become more difficult to get oil and gas
companies to cover road maintenance costs.72
Even in those states where statewide road bonding
exists, bonding fails to cover all of the costs imposed
by fracking. In West Virginia, for example, bonding
requirements cover only secondary roads and leave
out state and federal highways, while the state’s
blanket bonding system allows drillers to reduce
their financial responsibility for road repairs even
further.73
In some states, revenue from impact fees or
severance taxes (see page 30) can also be directed
toward road repair. In general, however, while several
states have used road bonding to recoup some of
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the costs of repairing roads damaged by fracking,
the use of these bonds has been inconsistent and
insufficient to address the full scale of infrastructure
damage.

2. Current Financial Assurance
Levels Are Insufficient to
Cover Worst-Case Costs
States vary greatly in the amount of financial
assurance they require drillers to provide. But
virtually all of them fail to require financial
assurance sufficient for plugging and reclaiming
a fracking well and well site, let alone paying for
damage to property, health and natural resources
that might result from drilling.
The amount of financial assurance required for
a single-well varies from as little as $1,000 for
a shallow gas well in Kentucky to as much as
$250,000 per well in New York.74 (See Figure 1.) In
many states, the amount of financial assurance
required varies depending on well depth. Only
eight states, however – Alaska, Illinois, Maryland,
Mississippi, North Dakota, South Dakota, Utah and
West Virginia75 – require bonds of at least $50,000
at depths commonly reached in fracking. In many
states, drillers are permitted to put up plugging
and reclamation bonds of $10,000 per well or
less – levels that are well below the “worst case” of
potential costs.
Bonding requirements for drilling on federal lands
are no better. The Bureau of Land Management sets
the minimum bond amount at $10,000 per lease
(although each lease may include multiple wells).76
Time and again, the cost of reclaiming orphan wells
has exceeded the bonding levels required under
federal and state laws, suggesting that the bonding
levels required by state and federal officials fall far
short of being enough to pay for the “worst case” of
potential costs:
(continued, page 27)

Figure 1. Per-Well Bonding Requirements (See Appendix for Details)

* = bonding amount per lease; each lease may have more than one well
** = varies by depth; cost shown for depths of 0 to 10,000 feet
*** = based on estimate of plugging and reclamation costs; capped at $250,000
**** = based on estimate of plugging and reclamation costs; no minimum or maximum level
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Figure 2. Blanket Bonding Amounts (See Appendix for Details)

* = Lower bound is statewide blanket bond amount; upper bound is nationwide blanket bond amount.
** = No specified blanket bonding level. Takes effect October 2013.
*** = Covers limited number of wells; no statewide blanket bond exists.
**** = No blanket bonding.
***** = Blanket bond level corresponds with sum of individual well bond requirements; minimum blanket bond level is $100,000.
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• The Bureau of Land Management (BLM) spent
$582,829 to close a single orphan well in Wyoming
in fiscal year 2008 – an amount over 58 times the
$10,000 maximum per-lease bonding requirement. According to a Government Accountability
Office (GAO) report, the BLM has estimated the
projected average cost of reclaiming 102 wells on
federal land at $16,505 per well, which is roughly
nine times the average bond value per well of
$1,833.77
• In 2010, Cabot Oil and Gas, a major operator in
Pennsylvania’s Marcellus Shale region, spent
almost $2.2 million to abandon just three sites in
Susquehanna County, Pennsylvania – more than
$700,000 each.78 A study by researchers from
Carnegie Mellon University estimated the average
cost of plugging and abandoning gas wells in
Pennsylvania’s Marcellus Shale region at approximately $100,000 per well – 10 times Pennsylvania’s
$10,000 maximum per-well bonding requirement.79
• A recent study in Wyoming found an average
reclamation cost of $29,136 per well for 255
wells in the state, well above the state’s bonding
requirements of $10,000 to $20,000 per well.80 Well
closure bonds covered only 37 percent of the cost
of reclaiming the 122 orphaned wells addressed
by the state of Wyoming in 2010, with the remainder of the funds coming from the state’s orphan
well fund, which is supported by a conservation
tax assessed on sales by oil and gas producers.81
• The Colorado Oil and Gas Conservation Commission spent $985,000 to plug and reclaim
abandoned wells covered by bonds between 1996
and 2008, of which only $499,000 – roughly half –
was paid for through bond receipts.82
Financial assurance requirements generally become
less adequate over time because most are not
indexed to inflation. For example, the BLM’s bonding
requirements for federal lands were implemented

more than 50 years ago and have not been updated
since.83 Had the bonding requirement been indexed
for inflation, drillers would now be required to post
bonds of more than $60,000 per lease, rather than
the minimum $10,000 per lease bond currently
required.84

Blanket Bonds Further Reduce Financial
Assurance Requirements
State and federal regulations provide drillers with
many ways to reduce their already inadequate
financial assurance requirements. One of the most
frequently used mechanisms is “blanket bonding,”
which provides a sort of bulk discount for oil and
gas operators drilling many wells within a given
jurisdiction.
Blanket bonds enable a drilling company to provide
financial assurance for all of its wells for a single,
usually low, rate. The Bureau of Land Management
(BLM), for example, requires companies drilling on
federal lands to post a plugging and reclamation
bond of at least $10,000 per lease. Using blanket
bonds, however, a company can bond for $25,000
for all of its activities on federal land in a given state,
or $150,000 to cover all of its wells nationwide.88 For
companies with many wells, these blanket bond
requirements can dramatically reduce the amount
of financial assurance required. A 2005 report by the
Western Organization of Resource Councils found
that a single company – Encana Oil & Gas – had 3,652
wells on record in Colorado. With a statewide blanket
bond of $235,000, the amount of financial assurance
provided by the company amounted to $64 per
well.89
The use of blanket bonds can leave taxpayers
exposed to significant costs. In 2001, the bankruptcy
of a Wyoming oil producer left the federal and state
governments liable for more than $3 million in
estimated cleanup costs for 120 wells. The producer’s
use of a blanket bond dramatically reduced the
amount of financial assurance it was required to
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provide and shifted liability for the cost of cleanup
to the state’s conservation fund when the company
failed.90

Liability Insurance Requirements Fail to
Cover the Gap
A few states require oil and gas drillers to hold
liability insurance to cover the cost of damage to
health or property resulting from drilling activity.
Ohio, for example, requires drillers to hold $1 million
to $5 million in liability insurance coverage for bodily
injury and damage to property, covering all of the
driller’s wells within the state. 91 Colorado requires
oil and gas operators to hold $1 million in general
liability insurance.92 Maryland requires, as a condition
of permitting, that drillers maintain general
liability insurance of $500,000 per occurrence and
environmental pollution liability insurance of at least
$1 million per loss. The environmental pollution
liability insurance must be maintained for five years
after the well has been closed and the site cleaned
up.93
These provisions, which add an additional layer
of financial assurance to cover the dangers of
fracking to people and property, appear to be
the exception rather than the rule. The amount
of insurance required in some of these states also
appears to be inadequate in cases of major incidents
involving injury or damage to property. For example,
Chesapeake Energy agreed in 2012 to a $1.6 million
settlement to compensate three families affected
by a single instance of groundwater contamination
in Pennsylvania, far above the amount of insurance
required in states such as Colorado.94

3. States Allow Types of
Financial Assurance that Do
Not Protect the Public
Many states provide drillers with the option of using
types of financial assurance that provide little or no
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real guarantee that the companies will be able to
meet their cleanup obligations.
Financial tests – provisions that allow drillers to
escape bonding by demonstrating that they have the
current financial wherewithal to close and reclaim
wells, even though the closure and reclamation
might not occur until far into the future – are
inadequate to protect the public, especially in the
volatile oil and gas industry, where financial fortunes
can change in a heartbeat. But some states have
established financial tests that are so easy to meet
as to be essentially meaningless. Ohio, for instance,
allows operators to prove financial responsibility with
a sworn statement documenting net financial worth
in the state of twice the amount of the bond for
which it substitutes.95 Given Ohio’s per-well bonding
level of $15,000, that is an exceedingly easy test to
meet.

Loopholes Allow Drillers to Escape
Financial Assurance Requirements
As discussed above, exemptions allow the oil and gas
industry to evade financial assurance requirements
and other protections in key federal environmental
laws. Some state laws, however, also provide drillers
with ways to avoid their responsibility to post
adequate financial assurance.
In Kansas, companies with a three-year record of
“acceptable” compliance can meet their financial
assurance requirements by simply paying a $100
annual fee.96 In Illinois, drillers can avoid bonding
by paying an annual well fee in the maximum
amount of $150 per permit.97 In Indiana, bonding
requirements apply only to first-time applicants for
drilling permits and those who have recent rules
violations or have failed to pay a fine or the annual
drilling fee.98

Federal Financial Assurance Rules Fall Far Short
of Protecting the Public
The federal Bureau of Land Management (BLM) controls the mineral rights to more than 1 million
square miles of land – an area equivalent to a third of the area of the contiguous United States.85
These areas not only include surface lands managed by BLM, but also other federal lands and even
private lands for which the federal government has retained mineral rights. Approximately half of
this land is believed to have the potential to produce oil or gas.86
The BLM’s financial assurance policies, however, do a poor job of ensuring that oil and gas drillers –
rather than the public at large – will bear the costs of cleaning up damage caused by fracking.
In 2011, the Government Accountability Office released a report that was critical of BLM’s approach
to financial assurance. Specifically, the GAO:
• Noted that the value of the bonds required by the BLM – which had not been changed in more
than 50 years – “may not be sufficient to encourage all operators to comply with reclamation
requirements.”
• Found that there were at least 2,300 “idle” wells on BLM land that had been inactive for seven
years or more, but that BLM offices frequently failed to conduct reviews to identify idle or orphan
wells. Idle wells – particularly those left idle for a long period of time – pose the greatest risk of
causing environmental damage.
• Found that BLM offices rarely conducted reviews to determine whether higher bond requirements should be set for specific wells and that, when they did, the criteria used to determine
those requirements were inconsistent.87
With more than 93,000 oil and gas wells under its jurisdiction, it is critical that the BLM adopt
stronger financial assurance requirements to protect taxpayers and the environment. Unfortunately,
while the BLM is currently considering a package of rules to address the threat posed by fracking on
federal land, that package includes no strengthening of federal financial assurance rules.
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Impact Fees, Severance Taxes and Other Compensation
Financial assurance isn’t the only way to recoup costs imposed by fracking. Impact fees and taxes are
additional ways in which drillers may compensate the public for some of the indirect costs of fracking.
Colorado, for example, allows local governments to assess an “impact fee” on developers, including fracking
companies, to account for their impact on local infrastructure. According to the enacting statute, Colorado’s
impact fees may be imposed to “defray the projected impacts on capital facilities caused by proposed
development.”99 Rio Blanco County in northwestern Colorado has taken advantage of this legal provision
and, worried about consequences of fracking for its roads, imposed one-time impact fees on oil and gas
companies of $17,700 per well. This will offset future capital requirements for road reconstruction and
development.100
In 2012, Pennsylvania allowed counties to assess an impact fee on shale gas drillers. All 27 counties with
shale production, as well as another 16 without active wells, assess the $50,000 per-well fee, which will vary
from year to year in line with gas prices and inflation.101 By law, the fee is administered and collected by the
Pennsylvania Public Utilities Commission which must distribute 60 percent of revenue to local authorities for
use on road maintenance, environmental programs, emergency preparedness, and other initiatives. The rest
goes to state agencies such as the Department of Environmental Protection, Department of Transportation,
and Fish and Boat Commission, county conservation districts, and others.102 Analysts question whether the
fee is enough to address the myriad impacts of fracking on Pennsylvania’s communities.103
Another potential avenue for state and local governments to recoup some of the costs of fracking is through
the assessment of “severance taxes” – taxes assessed based on the volume of oil or gas extracted from
underground. According to the National Conference of State Legislatures, 31 states specifically levy taxes on
oil and gas extraction.104
Severance taxes, however, are not used exclusively – or even primarily – to compensate local governments
or residents for the impacts of fossil fuel extraction. Typically, states deposit most of their severance tax
collections into the general fund and earmark the remainder for distribution to local governments or use in
specific conservation and environmental protection efforts. Some states also direct a portion of severance
tax revenue to permanent funds.105 Wyoming, for example, distributes the vast majority of total severance
tax revenue to the state’s general fund, budget reserve account, and permanent trust fund.106
In Texas, severance tax revenues collected by the state often do not find their way to the county
governments, which bear most of the day-to-day costs related to fracking. DeWitt County, in the heart of
the Eagle Ford Shale, generated $57.5 million in severance tax receipts in fiscal year 2011, but received just
$122,000 from fees for overweight truck permits and gasoline taxes.107 An engineering study conducted for
the county estimated the cost of road maintenance and reconstruction to accommodate the industry at an
average of $133,000 per well.108
Impact fees and severance taxes can play a role in helping to defray some of the costs imposed on the public
by fracking. However, those fees and taxes should be sufficient not only to address the damage caused by
fracking, but also to ensure that the revenues brought in by resource extraction provide long-term benefit to
a state’s population.
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Reforming Oil and Gas
Financial Assurance:

Recommendations for Policymakers

F

racking imposes serious, costly impacts on the
environment, public health and communities.
Many of those costs are borne not by those
who benefit financially from fracking, but by neighboring residents and even those living far away who
are affected by pollution.
The history of previous extractive booms – and the
current experience of some states experiencing
widespread fracking – suggests that many drillers
will fail to meet their responsibilities to the public
and the environment. In those cases, financial assurance requirements are essential for protecting the
public from having to bear the full cost of cleanup.
Financial assurance is particularly important
for fracking, due to the relative newness of the
technology and its rapid spread across the country.
The potential long-term impacts of fracking –
including the potential for fracking chemicals,
methane and dangerous substances in formation
waters to migrate to the water table or the surface
over time – are still poorly understood. With no
requirement for firms to provide up-front financial
assurance to address those costs down the line,
the potential for the public to bear a significant
environmental, public health and economic burden
in years to come is large.
To protect the public against having to bear the costs
of fracking – and to hold the oil and gas industry
accountable for repairing the damage it causes – the
public needs strong financial assurance rules.

A Framework for Effective Financial
Assurance
A financial assurance system can be structured
in many different ways that meet the principles
described in this paper. A framework follows below
for what one such system might look like.
Require broad accountability for frackingrelated costs: Drillers should be required to provide
financial assurance to cover at least the following
categories of fracking-related costs: well plugging
and reclamation, restoration of damage to the
environment and natural resources, compensation to
victims for damage to property and health, provision
of alternatives sources of water, and full restoration
of damage to public infrastructure, such as roads.
Additional taxes and fees should be used to recover
fracking-related costs that are relevant at a regional,
national or international scale, such as emissions
of smog-forming pollutants, emissions of global
warming pollution, and impacts on local public
services.
Require levels of financial assurance that are
sufficient to protect the public: Financial assurance
should be required in amounts sufficient to cover the
worst-case potential costs of fracking. Experience
shows that the cost of plugging and reclaiming
fracking wells can exceed $500,000, while one recent
lawsuit over drinking water contamination from
fracking was settled for $1.6 million.111 These are not
necessarily worst-case costs – the cost of restoring
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Changes to Financial Assurance Rules Since January 2013
Rising concern about the environmental and societal costs of fracking has led a number of states
to take a second look at their rules for financial assurance. Significantly, in two of the three states,
improvements to financial assurance rules were only adopted in the context of growing public demands
to bar or halt fracking entirely. Moreover, even these new rules fall far short of what financial assurance
policy should do to protect taxpayers or the environment from damage inflicted by fracking.
Illinois: Faced with growing citizen support for a moratorium on fracking, this year industry
representatives agreed to, and the legislature adopted a bill to regulate the drilling practice, including
a provision requiring drillers to obtain a $50,000 plugging and reclamation bond per permit, with a
blanket bond of $500,000 for all permits statewide. The proposal would allow bonds to be released
upon proper closure of the well and would require forfeiture of bonds in the event that a driller fails to
address violations of oil and gas regulations.109
Maryland: Sidestepping environmental groups’ calls for a ban or moratorium on fracking, the Maryland
General Assembly instead approved legislation to change the per-well bonding amount from a limit
of $100,000 to a minimum of $50,000 or the estimated cost of plugging and reclamation, whichever is
higher. The new law requires environmental pollution insurance of $1 million per loss to remain in place
for five years after plugging of the well.110
South Dakota: South Dakota has adopted new bonding requirements, effective July 2013, which
require individual bonds of $10,000 per well for wells of less than 5,500 feet and $50,000 per well for
wells greater than 5,500 feet, or blanket bonds of $30,000 for wells under 5,500 feet or $100,000 for
wells greater than 5,500 feet. The bonding requirement for surface restoration has been repealed.

polluted groundwater supplies can easily run into
the hundreds of thousands if not millions of dollars.
To ensure that the public is protected without
imposing an undue burden on responsible oil and
gas drillers, we recommend that fracking operators
should be required to obtain two tiers of financial
assurance for each well:
• Tier 1 would require bonds or fully paid-in trust
funds of $250,000 or more to cover the costs of
well plugging and reclamation. Tier 1 financial
assurance should be released only once wells are
adequately plugged, well sites reclaimed, and all
regulatory orders fulfilled.
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• Tier 2 would require bonds, trust funds, and/or
insurance policies sufficient to cover the worstcase costs of damage to private property, health
and natural resources, as well as the cost of providing replacement drinking water supplies in cases
of water contamination. Financial assurance of $5
million per well (or insurance of up to $5 million
per occurrence) should be the minimum amount
required.112 Some measure of Tier 2 assurance
should be required to be maintained over a longer
term to cover potential impacts of fracking that
emerge over time. A 30-year timeframe for this
protection should be required until the long-term
impacts of fracking are better understood.

Note that the levels of financial assurance suggested
here should be considered minimum requirements
– additional financial assurance should be required
in cases in which proximity to populated areas or
precious natural resources increase the potential for
damages, or in cases in which the type of drilling
activity undertaken poses additional risks to the
public or the environment. Any variations in financial
assurance requirements should be calculated
based on standard methodologies and not left to
regulatory discretion or be based on cost estimates
by drillers with self-interest in minimizing their level
of financial assurance. In addition, financial assurance
requirements should be indexed to inflation.
Drillers should be required to pay into industry-wide
cleanup funds to act as a backstop source of funds
for cleanup and victim compensation in the event
that financial assurance rules are violated or fail to
offer adequate protection. Drillers should also be
required to post bonds for impacts to roads and
other public infrastructure. A strong road bonding
system should have uniform statewide requirements,
address the impact of fracking-related truck activity
on all roads (not just local roads), and require fees or
bonds of sufficient value to complete full repairs.
Eliminate loopholes, exemptions and discounts:
Current regulations provide many ways for drillers
to escape responsibility for providing the full
measure of financial assurance. Those loopholes and
exemptions should be eliminated. Specifically:
•

•

Exemptions for the oil and gas industry
under federal environmental laws should be
eliminated and oil and gas drillers should
be required to meet the requirements of
those laws, including financial assurance
requirements.
Blanket bonding provisions that reduce perwell financial assurance requirements should
be eliminated.

•

Provisions of state regulations that allow
drillers to avoid posting financial assurance
based on financial tests, the payment of
annual fees, or a record of compliance with
state regulations should be eliminated.

In addition, state and federal officials should enact
strict policies and financial assurance requirements
to prevent well owners from evading plugging
and reclamation costs by maintaining their wells in
“inactive” status indefinitely.
Require forms of financial assurance that truly
protect the public: Surety bonds, collateral bonds
backed by irrevocable letters of credit, cash and
cash-equivalents, and fully funded trust funds
provide strong guarantees that funds will be
available for cleanup when needed. These forms of
financial assurance should form the foundation of
any financial assurance system. Liability insurance
can play an important role in protecting the
public against the cost of damage to neighboring
properties and natural resources, including damage
that occurs long after plugging and reclamation are
complete.
State regulations should ensure that financial
assurance remains in place under all conceivable
circumstances, including the driller’s failure to pay
required premiums or the bankruptcy of an insurer
or surety company. Insurance policies should include
clear language delineating the circumstances under
which the insurer is required to pay claims. Banks,
surety companies or insurers should be barred from
canceling financial assurance – even in the event of
missed payments – without sufficient advance notice
to regulators.
Integrate financial assurance into a strong
program of oil and gas regulation: Even the
strongest financial assurance rules are of little
use if they are not enforced. State and federal
governments must implement and enforce financial
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assurance requirements by ensuring that each well
is covered by financial assurance and that financial
assurance remains in place throughout the lifespan
of a well. In addition, regular inspection of wells and
enforcement of oil and gas rules is essential to limit
the potential for major mishaps that result in damage
to the environment and health so severe that the
cost exceeds financial assurance requirements. States
should design financial assurance rules in ways
that encourage compliance with environmental
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and health protections (for example, by allowing
for the forfeiture of bonds in cases where drillers
are in violation of oil and gas rules or have failed
to pay required penalties) and design oil and gas
regulations in ways that encourage compliance with
financial assurance rules (for example, by denying
permits to companies that have failed to meet
their obligations to plug wells, reclaim well sites or
remediate damage to the environment or public
health).

Appendix. State Oil and Gas
Bonding Requirements
Bonding requirements reflect those in effect as of the end of 2012. Proposed or
pending changes to bonding requirements are noted where available.

Federal Lands (Bureau of Land
Management)
Single-well bond amount: $10,000 per lease.
Blanket bond amount: $25,000 statewide; $150,000
nationwide.
Types of financial assurance accepted: Surety or
personal bond.
Conditions for release of bond: “[A]ll the terms and
conditions of the lease have been met.”
Conditions for forfeiture of bond: None specified.
Other costs subject to financial assurance: None
specified.
Liability insurance requirements: None
specified.
Loopholes or exemptions: None specified.
Notes: “The authorized officer may require an
increase in the amount of any bond whenever it is
determined that the operator poses a risk due to
factors including, but not limited to, a history of
previous violations, a notice from the Service that
there are uncollected royalties due, or the total
cost of plugging existing wells and reclaiming
lands exceeds the present bond amount based
on the estimates determined by the authorized
officer. The increase in bond amount may be to
any level specified by the authorized officer, but
in no circumstances shall it exceed the total of the
estimated costs of plugging and reclamation, the

amount of uncollected royalties due to the Service,
plus the amount of monies owed to the lessor due to
previous violations remaining outstanding.”
Source: 43 CFR 3104.1.

Alaska
Single-well bond amount: $100,000.
Blanket bond amount: $200,000.
Types of financial assurance accepted: Surety bond
or personal bond. The latter must be accompanied
by security in the form of a certificate of deposit or
irrevocable line of credit.
Conditions for release of bond: “A bond and, if
required, security must remain in effect until the
abandonment of all wells covered by them and
until the commission approves final clearance of the
locations. The commission will then release the bond
and security upon written request of the operator.”
Conditions for forfeiture of bond: None specified.
Other costs subject to financial assurance: None
specified.
Liability insurance requirements: None
specified.
Loopholes or exemptions: The bond may be less
than $100,000 if the operator demonstrates that the
cost of well abandonment and location clearance will
be less than $100,000.
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Notes: “Commission approval of the abandonment
of a well and the release of the bond … constitutes
a presumption of proper abandonment, but does
not relieve the operator of further claim by the
commission after the abandonment.” Bonding
for wells on state land is $100,000, with $500,000
blanket bond.
Source: 20 AAC 25.025.

Alabama
Single-well bond amount: Varies by depth: $5,000$50,000.
Blanket bond amount: $100,000.
Types of financial assurance accepted: Surety
bond, negotiable bonds of the United States or
state, cash, or certificate of deposit.
Conditions for release of bond: That “person(s)
shall drill, operate, produce, and plug and abandon,
such well, and that such person(s) shall dispose of
pit fluids, close the pit, restore the location, and
maintain the site in compliance with all lawful rules,
regulations, and orders of the Board ... and with the
laws of the State of Alabama ...”
Conditions for forfeiture of bond: None specified.
Other costs subject to financial assurance: “Bond
applies to disposal of pit fluids, location restoration,
and site maintenance.”
Liability insurance requirements: None specified.
Loopholes or exemptions: None specified.
Notes: Board may require additional bonding after
notice and hearing.
Source: State Oil and Gas Board of Alabama,
Administrative Code, Oil and Gas Report 1, November
2011.				
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Arkansas
Single-well bond amount: $3,000.
Blanket bond amount: Varies by number of wells:
$25,000-$100,000.
Types of financial assurance accepted: Surety
bond; cashier’s, personal or corporate check; money
order; irrevocable letter of credit; or certificate of
deposit.
Conditions for release of bond: The bond may not
be released until “1. … one year after the issuance
of the permit to drill … or 2. until the well(s) have
been plugged and associated production site(s)
restored … or 3. the well(s) have been transferred to
a new permit holder … or 4. all outstanding notices
of violation or orders of compliance issued against
the permit holder have been satisfied; or 5. the
permit holder has paid annual fee assessments to the
Commission in accordance with section h. of this rule
for two consecutive years, and such permit holder
is not in violation of the Commission’s regulations
or statutes; or 6. [the permit holder was a] holder
of record with the Commission on January 1, 2006
who [was] assessed annual fees in accordance with
section (h) of this rule and paid such fees, and who
[was] not in violation of any Commission order or
rule at the time the fees were paid.”
Conditions for forfeiture of bond: “Permit holder’s
failure to comply with the Commission’s order to
plug, replug or repair a well, or restore a well site,
within thirty (30) days of the issuance of such order.”
Other costs subject to financial assurance: As of
January 1, 2006, operators must also pay an annual
fee to the Commission, variable relative to the
number of wells in operation.
Liability insurance requirements: None specified
Loopholes or exemptions: If the operator does not
violate the Commission’s regulations or statutes, and
pays the annual fee assessment, for two consecutive
years, the bond may be released.

Source: Arkansas Oil and Gas Commission, General
Rules and Regulations, 8 February 2013.

Arizona
Single-well bond amount: Varies by depth: $10,000$20,000.
Blanket bond amount: Varies by number of wells:
$25,000-$250,000.
Types of financial assurance accepted: Surety
bond, certified check or certificate of deposit.
Conditions for release of bond: “[T]he faithful
performance by the operator of the duty to drill each
well, plug each dry or abandoned well, repair each
well causing waste or pollution, maintain and restore
each well site and otherwise act in a manner that
is consistent with A.R.S. Title 27 Chapter 4 and this
Chapter.”
Conditions for forfeiture of bond: None specified.
Other costs subject to financial assurance: None
specified.
Liability insurance requirements: None specified.
Loopholes or exemptions: None specified.
Source: AAC R12-7-103.

California
Single-well bond amount: Varies by depth: $15,000$30,000.

Conditions for release of bond: Individual bond:
when “well is completed or plugged and abandoned
satisfactorily or another valid bond is substituted
for it; all required well records are filed … and all
operations are in compliance.” Blanket bond: when
“no wells require bond coverage; a new blanket bond
and rider (for indemnity bonds) are filed in place of
it; or individual well bonds and riders (for indemnity
bonds) are filed for each uncompleted or unplugged
well. Additionally, all required well records must be
filed with the appropriate district office(s) and all
operations must be in compliance.”
Conditions for forfeiture of bond: “Generally, a
bond is forfeited when an operator fails to plug and
abandon a well; but it can also be forfeited for other
reasons, such as a failure to clean up a spill or screen a
sump associated with a well.”
Other costs subject to financial assurance:
Individual five-year idle wells: $5,000.
Liability insurance requirements: None specified.
Loopholes or exemptions: None specified.
Notes: Operators with a “substantial history of
noncompliance, history of spills, etc. will be required
to file life-of-well or life-of-production facility bonds.”
The bond amount in this instance will vary according
to cost of removal.
Source: California Department of Conservation,
Division of Oil, Gas and Geothermal Resources, Bond
Information, June 2012.				

Blanket bond amount: Varies by number of active
wells: $100,000-$250,000; all wells (including idle
wells): $1,000,000.

Colorado

Types of financial assurance accepted: Surety
bond, certified or cashier’s check, certificate of
deposit or investment, or a share of passbook
account.

Blanket bond amount: Varies by number of wells:
$60,000-$100,000.

Single-well bond amount: Varies by depth: $10,000$20,000.

Types of financial assurance accepted: Surety bond,
guarantee of performance, general liability insurance,
or an escrow account or sinking fund.
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Conditions for release of bond: Bonds are released
when “the Director determines an operator has
complied with the statutory obligation.” (Such
obligations relate to compliance with regulatory
orders and proper restoration of land affected by oil
and gas drilling.)
Conditions for forfeiture of bond: “Whenever
an operator fails to fulfill any statutory obligation
described herein, and the Commission undertakes to
expend funds to remedy the situation.”
Other costs subject to financial assurance: Surface
damage: $2,000 per-well for non-irrigated land;
$5,000 per-well for irrigated land; $25,000 statewide.
“Excess inactive wells” require bonds of $10,000 for
each inactive well of less than 3,000 feet and $20,000
for each inactive well greater than or equal to 3,000
feet.
Liability insurance requirements: $1,000,000 in
general liability coverage.
Loopholes or exemptions: An operator may seek a
“variance” from the financial assurance requirements.
Must be granted by the Director or Commission.
Applicant must show a good faith effort to comply or
an inability to comply.
Source: Colorado Oil and Gas Conservation
Commission, Rules and Regulations, 1 May 2013.

325 of these rules, or the bond is released by the
Department.” Surface use bond: a surface use
agreement between the two parties that negates
the need for a bond, or reclamation of the surface
disturbance.
Conditions for forfeiture of bond: Well bond: None
specified. Surface use bond: “failure of the owner or
operator to reclaim the disturbed area in a timely
manner, or upon failure of the parties to reach a
surface use agreement, upon the completion of
drilling operations.”
Other costs subject to financial assurance: Surface
use: minimum bond of $5,000.
Liability insurance requirements: None
specified.
Loopholes or exemptions: None specified.
Notes: The Department may also impose additional
bonding “given sufficient reason such as noncompliance, unusual conditions, horizontal drilling,
or other circumstances …”
Source: IDAPA 20.07.02.

Illinois
Single-well bond amount: $50,000.
Blanket bond amount: $500,000.

Idaho
Single-well bond amount: $10,000 + $1/foot.
Blanket bond amount: Varies by number of wells:
$50,000-$150,000.
Types of financial assurance accepted: Surety bond
or cash bond pledge.
Conditions for release of bond: Well bond: “Said
bond shall remain in force and effect until the
plugging of said well is approved by the Department
and the well site is reclaimed as described in Section
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Types of financial assurance accepted: Surety
bond, cash, certificates of deposit or irrevocable
letters of credit.
Conditions for release of bond: “Upon abandoning
a well to the satisfaction of the Department and
in accordance with the Illinois Oil and Gas Act, the
bond or other collateral securities shall be promptly
released by the Department.”
Conditions for forfeiture of bond: “If … the
Department determines that any of the requirements
of this Act or rules adopted under this Act or the

orders of the Department have not been complied
with within the time limit set by any notice of
violation issued under this Act, the permittee’s bond
or other collateral securities shall be forfeited.”
Other costs subject to financial assurance: None
specified.
Liability insurance requirements: “Proof of
insurance to cover injuries, damages, or loss related
to pollution or diminution in the amount of at least
$5,000,000.”
Loopholes or exemptions: None specified.
Notes: Bonding requirements listed here are
specifically for wells where high-volume hydraulic
fracturing is used. Lower bonding amounts are
required for conventional wells. This law was enacted
and took effect in June 2013.
Source: Illinois Public Act 098-0022.

Loopholes or exemptions: Bond requirements
apply only to applicants who have never previously
been granted a permit; who have demonstrated
a pattern of violation under this article within the
previous two years; who have failed to pay a civil
penalty; or who have failed to pay an annual fee. An
oil and gas well owner/operator must pay an annual
fee of $150 for a single permit, $300 for two through
five permits, $750 for six through 25 permits, $1,500
for 26 through 100 permits, with an additional $15
for each permit over 100. If the fund collecting
annual fees exceeds $1,500,000 on November 1 of a
given year, the annual fee must be reduced by 75%
to no less than $50.
Source: IC 14-37-5; IC 14-37-6.

Iowa
Single-well bond amount: $15,000.
Blanket bond amount: $30,000.

Indiana
Single-well bond amount: $2,500.
Blanket bond amount: $45,000.
Types of financial assurance accepted: Surety
bond, cash or certificate of deposit.
Conditions for release of bond: “[O]wner or
operator plugs and abandons each well covered
under the blanket bond in accordance with: (i) this
article; and (ii) rules adopted under this article.”

Types of financial assurance accepted: Surety
bond.
Conditions for release of bond: Full compliance
with “the provisions of Iowa Code Chapter 458A,
as amended, and the rules, regulations, and orders
of the Iowa Department of Natural Resources have
been fully complied with in the plugging and
abandonment of all wells for oil or gas or for metallic
minerals on said land.”
Conditions for forfeiture of bond: None specified.

Conditions for forfeiture of bond: “The director
shall order forfeiture of a bond or alternative
security…when a permit is revoked under IC 14-3713.”

Other costs subject to financial assurance: None
specified.

Other costs subject to financial assurance: None
specified.

Loopholes or exemptions: None specified.

Liability insurance requirements: None specified.

Liability insurance requirements: None specified.

Source: Iowa Department of Natural Resources,
Release of Bond, accessed at www.igsb.uiowa.
edu/EconomicResources/form_gsb3a.pdf, 29 May
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2013; Iowa Department of Natural Resources, Bond
for Conformance with Laws, Rules and Regulations
Governing Oil, Gas and Metallic Mineral Operations in
the State of Iowa, accessed at www.igsb.uiowa.edu/
EconomicResources/form_gsb3.pdf, 29 May 2013.

Kansas
Single-well bond amount: $0.75/foot multiplied by
the total footage of all wells of the operator.
Blanket bond amount: Varies by number and depth
of wells: $7,500-$45,000.
Types of financial assurance accepted:
Surety bond or letter of credit.
Conditions for release of bond: None specified.
Conditions for forfeiture of bond: None specified.
Other costs subject to financial assurance: None
specified.
Liability insurance requirements: None specified.

Kentucky
Single-well bond amount: Varies by depth: $500$5,000.
Blanket bond amount: Varies by number of wells,
qualifications of operator: $10,000-$100,000.
(“Qualified” operators are eligible for lower blanket
bond amounts. To be “qualified,” an operator shall
have a blanket bond in place filed prior to July 15,
2006, demonstrate compliance with statutes and
regulations in the preceding 36 months, or provide
proof of financial ability to plug and abandon wells
covered by the blanket bond.)
Types of financial assurance accepted: Surety
bond, certified or cashier’s check, money order,
certificate of deposit, or irrevocable letter of
credit.
Conditions for release of bond: “A bond shall be
released after a well has been properly plugged with
all required records submitted to the Division of Oil
and Gas.”

Loopholes or exemptions: Operators may elect
to pay a non-refundable fee of 6% of the blanket
bond required in place of the blanket bond only, or
provide the state with first lien on tangible property
associated with oil and gas production of the
operator with a salvage value equal to or greater
than the bond otherwise required. Other operators
with an “acceptable compliance record over the last
three years” may pay an annual fee of $100 in lieu of
a bond.

Conditions for forfeiture of bond: “If the operator
has not reached an agreement with the department
or has not complied with the requirements set forth
by it within forty-five (45) days after mailing of the
[noncompliance] notice, the bond shall be forfeited
to the department.”

Source: Kansas Corporation Commission, Financial
Assurance for Kansas Oil & Gas Operators, accessed
at www.kcc.state.ks.us/conservation/financial_
assurance.htm, 29 May 2013; KSA 55-155.		
		

Loopholes or exemptions: None specified.
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Other costs subject to financial assurance: None
specified.
Liability insurance requirements: None specified.

Notes: An operator is ineligible for blanket
bonding if it has more than 10 violations of the
rules and regulations within the 36 month period;
any outstanding, unabated violations of the rules
and regulations which have not been appealed; a
forfeiture of a bond; or a permit(s) upon which a
bond or portion of a bond has been forfeited and the

proceeds from the forfeiture have been spent by the
department to plug or reclaim the permitted well(s),
unless the operator has paid the department for all
costs.
Source: KRS 353.590; Kentucky Division of Oil and
Gas, Bonds and Transfers, accessed at oilandgas.
ky.gov/Pages/BondsandTransfers.aspx, 29 May 2013.
		

Louisiana
Single-well bond amount: Varies by depth: $1/foot$3/foot.
Blanket bond amount: Varies by number of wells:
$25,000-$250,000.
Types of financial assurance accepted: Surety
bond, irrevocable letter of credit or certificate of
deposit.
Conditions for release of bond: “[P]lugging and
abandonment and associated site restoration
is completed and inspection thereof indicates
compliance with applicable regulations …”
Conditions for forfeiture of bond: None specified.
Other costs subject to financial assurance: None
specified.
Liability insurance requirements: None specified.
Loopholes or exemptions: An operator with no
outstanding violations and a 48-month record of
compliance with the statutes, rules and regulations
of the Office of Conservation is exempt from the
bonding requirement.
Source: LAC 43: XIX.104.

Maryland
Single-well bond amount: $50,000 or the estimated
cost of closure, whichever is higher.
Blanket bond amount: No specific amount for
blanket bonding.
Types of financial assurance accepted: Legislation
authorizes the state to allow forms of financial
assurance including performance bonds, blanket
bonds, cash, certificates of deposit, self-insurance,
corporate guarantees or “any other surety the
Department determines to be good and sufficient.”
Exact types of financial assurance permitted will be
decided via regulation.
Conditions for release of bond: According to
regulations adopted under Maryland’s prior bonding
regime, bonds are released when “[the] Department
has approved the: (a) physical plugging of the
well; (b) reclamation of the well site; (c) receipt
of all logs, plugging records, and sample; and (d)
performance of all requirements of these regulations
and the drilling and operating permit …” See
below for conditions regarding lifting of insurance
requirements.
Conditions for forfeiture of bond: According to
regulations enacted under Maryland’s prior bonding
regime, “The performance bond shall be forfeited on
failure of the permittee to perform in a manner set
forth in the authorized drilling and operating permit
and the reclamation plan, or upon revocation of the
permit.”
Other costs subject to financial assurance: Bond
applies to site restoration.
Liability insurance requirements: Drillers must
maintain comprehensive general liability insurance
of $300,000 per person or $500,000 per occurrence
or accident for “sudden, accidental” occurrences
and environmental pollution liability insurance of
not less than $1,000,000 per loss for bodily injury to
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persons and natural resource damage, including the
cost of environmental cleanup, for sudden and nonsudden releases of pollution. Drillers must maintain
environmental pollution liability insurance for five
years after the closure of the well and remediation of
the well site.
Loopholes or exemptions: None specified.
Notes: This description based on legislation adopted
in Maryland in 2013, which will take effect in October
2013.
Source: COMAR 26.19.01.13; COMAR 26.19.01.06;
2013 Md. Laws Ch. 568.

Michigan – Information and Forms, accessed at www.
michigan.gov/deq/0,4561,7-135-3311_4111_423144518--,00.html, 29 May 2013.

Mississippi
Single-well bond amount: Varies by depth: $20,000$60,000.
Blanket bond amount: $100,000
Types of financial assurance accepted: None
specified.
Conditions for release of bond: None specified.
Conditions for forfeiture of bond: None specified.

Michigan
Single-well bond amount: Varies by depth: $10,000$30,000.
Blanket bond amount: Varies by number and depth
of wells: $100,000-$200,000.
Types of financial assurance accepted: Surety
bond, certified check/money order, certificate of
deposit, letter of credit or statement of financial
responsibility.
Conditions for release of bond: “[I]f the well has
been plugged and proper site restoration has been
performed pursuant to R 324.1003, including the
filing of the mandatory records.”
Conditions for forfeiture of bond: None specified.
Other costs subject to financial assurance: None
specified.
Liability insurance requirements: None specified.
Loopholes or exemptions: Operators may file a
statement of financial responsibility rather than file a
bond.
Source: Michigan Department of Environmental
Quality, Bonds for Permits to Drill Oil and Gas Wells in
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Other costs subject to financial assurance: None
specified.
Liability insurance requirements: None specified.
Loopholes or exemptions: Operators may pay into
the Emergency Plugging Fund an annual fee equal
to 5% of the “financial responsibility” otherwise
required.
Source: Mississippi State Oil and Gas Board,
Statues (sic), Rules of Procedure, Statewide Rules and
Regulations, 3 April 2009.			

Missouri
Single-well bond amount: Varies by depth: $1,000$5,000 + $1/foot.
Blanket bond amount: For wells 1-800 feet, a
blanket bond of $20,000 is available to cover up to 50
wells. For wells between 800 and 1,200 feet, a blanket
bond of $30,000 is available to cover up to 15 wells.
Wells deeper than 1,200 feet, or additional shallow
wells above the cap for blanket bonding, are required
to bond at the single-well bond level.
Types of financial assurance accepted: Surety
bond, letter of credit or certificate of deposit.

Conditions for release of bond: “This bond shall
remain in force and effect until plugging of the well
or hole is approved by the state geologist and is
released by the state geologist.”

Nebraska

Conditions for forfeiture of bond: None specified.

Types of financial assurance accepted: Surety
bond, certified or cashier’s check, legal tender, or a
certificate of deposit.

Other costs subject to financial assurance: None
specified.

Single-well bond amount: $5,000.
Blanket bond amount: $25,000.

Loopholes or exemptions: None specified.

Conditions for release of bond: “Said bond shall
remain in force and effect until plugging of said well
or hole is approved by the Director or his authorized
deputy ...”

Source: 10 CSR 50-2.020.

Conditions for forfeiture of bond: None specified.

Montana

Other costs subject to financial assurance: None
specified.

Single-well bond amount: Varies by depth: $1,500$10,000.

Liability insurance requirements: None
specified.

Blanket bond amount: $50,000.

Loopholes or exemptions: None specified.

Types of financial assurance accepted: Surety
bond, letter of credit or certificate of deposit.

Source: Nebraska Admin. Code, Title 267, Chapter 3,
Section 004.

Liability insurance requirements: None
specified.

Conditions for release of bond: “A well must remain
covered by a bond, and such bond must remain
in full force and effect until: (a) the plugging and
restoration of the surface of the well is approved by
the board; or (b) a new bond is filed by a successor in
interest and such bond is approved by the board.”
Conditions for forfeiture of bond: None specified
Other costs subject to financial assurance: Bond
applies to surface restoration.
Liability insurance requirements: None specified.
Loopholes or exemptions: None specified.
Notes: Bonding amounts may be greater at the
discretion of the Montana Board of Oil and Gas.
Source: ARM 36.22.1308		

Nevada
Single-well bond amount: $10,000.
Blanket bond amount: $50,000.
Types of financial assurance accepted: Surety
bond, cash, savings certificate, or certificate of
deposit.
Conditions for release of bond: “[T]he well has
been properly abandoned and plugged or repaired
in accordance with this chapter or until it is formally
released by the division.”
Conditions for forfeiture of bond: “Any bond,
savings certificate or time certificate of deposit
required by this section must remain in effect until
the well has been properly abandoned and plugged
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or repaired in accordance with this chapter or until it
is formally released by the division.”
Other costs subject to financial assurance: None
specified.
Liability insurance requirements: None specified.

New York
Single-well bond amount: Varies by depth: $2,500$5,000 for wells under 6,000 feet. For wells deeper
than 6,000 feet, bond requirement is based on the
estimated cost of plugging and reclamation, up to
$250,000.

Loopholes or exemptions: The owner of the well
does not need a state bond if the well is on federal
land and covered by a federal bond.

Blanket bond amount: Varies by the number and
depth of wells: $25,000-$150,000.

Source: NAC 522.230.			

Types of financial assurance accepted: Surety
bond, irrevocable letter of credit or certificate of
deposit

New Mexico

Blanket bond amount: $50,000.

Conditions for release of bond: Compliance with
“all applicable provisions of the laws of the State
of New York and the rules, regulations, orders
and amendments thereof of the Department of
Environmental Conservation ...”

Types of financial assurance accepted: Surety
bond, cash or irrevocable letter of credit.

Conditions for forfeiture of bond: None
specified.

Conditions for release of bond: “The division
shall release a financial assurance document …
upon written request if all wells drilled or acquired
under that financial assurance have been plugged
and abandoned and the location restored and
remediated …”

Other costs subject to financial assurance: None
specified.

Single-well bond amount: Varies by county: $5,000
+ $1/foot - $10,000 + $1/foot.

Conditions for forfeiture of bond: “[F]ailure
to properly plug and abandon and restore and
remediate the location of a well or wells …”
Other costs subject to financial assurance: None
specified.
Liability insurance requirements: None specified.
Loopholes or exemptions: None specified.
Source: NMAC 19.15.8.
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Liability insurance requirements: None
specified.
Loopholes or exemptions: None specified.
Source: New York Department of Environmental
Conservation, Financial Security, accessed at www.
dec.ny.gov/energy/1622.html, 29 May 2013; New
York Department of Environmental Conservation,
Well Plugging and Surface Restoration Bond, accessed
at www.dec.ny.gov/docs/materials_minerals_pdf/
bond_fm.pdf, 29 May 2013; New York Department
of Environmental Conservation, Regulations, 551.4,
accessed at www.dec.ny.gov/regs/4466.html#15481,
29 May 2013.

North Carolina

Liability insurance requirements: None specified.

Single-well bond amount: $5,000 + $1/foot.

Loopholes or exemptions: “An alternative form of
security may be approved by the commission after
notice and hearing, as provided by law.” Individual
wells drilled to less than 2,000 feet may be bonded to
less than $50,000.

Blanket bond amount: None specified.
Types of financial assurance accepted: None
specified.
Conditions for release of bond: None specified.
Conditions for forfeiture of bond: None specified.
Other costs subject to financial assurance:
Operators shall pay a drilling fee of $3,000 per well,
and an abandonment fee of $450 per well.
Liability insurance requirements: None specified.
Loopholes or exemptions: None specified.
Source: 2011 N.C. Sess. Laws 2011-276.		

North Dakota
Single-well bond amount: $50,000.
Blanket bond amount: $100,000 (6 well limit).
Types of financial assurance accepted:
Surety bond or cash. An alternative form of security
“may be approved by the commission after notice
and hearing, as provided by law.”
Conditions for release of bond: The bond “is to
endure up to and including approved plugging of
all oil, gas, and injection wells as well as dry holes.
Approved plugging shall also include practical
reclamation of the well site and appurtenances
thereto.”
Conditions for forfeiture of bond: “If the principal
does not satisfy the bond’s conditions, then the
surety shall satisfy the conditions or forfeit to the
commission the face value of the bond.”
Other costs subject to financial assurance: Bond
covers “practical reclamation of the well site.”

Notes: The commission may require higher bond
amounts on account of a well’s economic value or
expected cost of plugging and reclamation.
Source: NDCC 43-02-03-15.			

Ohio
Single-well bond amount: $5,000.
Blanket bond amount: $15,000.
Types of financial assurance accepted: Surety
bond, cash, irrevocable letter of credit, certificate of
deposit, or proof of financial responsibility.
Conditions for release of bond: “[T]he well has
been plugged and all restoration requirements
performed, including all logs, plugging records, or
other information required by the Division of Oil and
Gas Resources Management have been fulfilled ...”
Conditions for forfeiture of bond: “[A]n owner has
failed to comply with the restoration requirements
… , plugging requirements … , permit provisions … ,
or rules and orders relating thereto …”
Other costs subject to financial assurance: None
specified.
Liability insurance requirements: Not less than
$1,000,000 bodily injury and property damage
coverage, statewide. For owners of horizontal wells,
not less than $5,000,000 bodily injury and property
damage coverage, statewide.
Loopholes or exemptions: Operators may avoid
filing a bond by demonstrating net in-state worth of
twice the bond amount ($30,000).
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Source: Ohio Department of Natural Resources,
Topical Summary of Ohio Oil and Gas Law, 23 May
2011; ORC 1509; Ohio General Assembly, SB 315,
129th General Assembly.

okstate.edu/docushare/dsweb/Get/Document-6036/
AGEC1014web.pdf, 29 May 2013.

Oregon

Oklahoma

Single-well bond amount: Varies by depth: $10,000$25,000.

Single-well bond amount: Estimated cost
of plugging the well (determined by an
engineer).

Blanket bond amount: $100,000+ (equal to the sum
of individual well bonds but not less than $100,000).

Blanket bond amount: Bond or letter of credit of
$25,000, or demonstration of net worth of $50,000.
Types of financial assurance accepted: Surety
bond, irrevocable letter of credit, cash, cashier’s
check, certificate of deposit, bank joint custody
receipt, or financial statement proving net worth of
$50,000+.
Conditions for release of bond: “[T]he conditions
[of the bond] have been met or release of the bond is
authorized by the Commission.”
Conditions for forfeiture of bond: “If the
Commission determines that the ... operator has
neglected, failed, or refused to plug any well at the
time and in the manner prescribed…”
Other costs subject to financial assurance: Surface
restoration: additional $25,000 bond. (Surface
damage bonding requirements apply per operator,
not per well.)
Liability insurance requirements: None specified.
Loopholes or exemptions: Amount varies with type
of financial assurance.
Source: Oklahoma Corporation Commission,
Instructions for Completing the Forms of the Oklahoma
Corporation Commission Surety Requirements, 11
October 2004; Oklahoma Legislature, HB 3122, 53rd
Legislature, 2nd Session; Oklahoma Cooperative
Extension Service, Understanding Oklahoma’s
Surface Damage Act, accessed at pods.dasnr.
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Types of financial assurance accepted: Surety bond,
letter of credit.
Conditions for release of bond: “Bonds are
maintained until wells are plugged and sites
reclaimed.”
Conditions for forfeiture of bond: None specified.
Other costs subject to financial assurance: None
specified.
Liability insurance requirements: None specified.
Loopholes or exemptions: None specified.
Source: Oregon Department of Geology and
Mineral Industries, Oil and Gas Program, Procedure
for Obtaining Permit, accessed at www.oregon.gov/
DOGAMI/Pages/oil/PROCED.aspx, 29 May 2013.

Pennsylvania					
Single-well bond amount: Varies by depth: $4,000$10,000.
Blanket bond amount: Varies by number and depth
of wells: $35,000-$600,000.
Types of financial assurance accepted: Surety bond,
cash, certified or cashier’s check, certificate of deposit,
negotiable securities or letter of credit.
Conditions for release of bond: “A well will be
released from bond coverage one year after it has been
properly plugged and the site satisfactorily restored.”

Conditions for forfeiture of bond: Failure to
“faithfully perform and conform to all of the
applicable drilling, restoration, water supply
replacement and plugging requirements.”
Other costs subject to financial assurance: None
specified.

Liability insurance requirements: None specified.
Loopholes or exemptions: None specified.
Notes: Description based on South Dakota SB1,
adopted in 2013 and taking effect July 2013.
Source: South Dakota Legislature, SB1, 2013 session.

Liability insurance requirements: None specified.
Loopholes or exemptions: None specified.
Source: Pennsylvania General Assembly, HB 1950,
Session of 2011; Pennsylvania Department of
Environmental Protection, Checklist for Submitting
Bonds for Oil and Gas Wells, accessed at www.elibrary.
dep.state.pa.us/dsweb/Get/Document-57074/5500FM-OG0060.pdf, 29 May 2013; Pennsylvania
Department of Environmental Protection, Guidelines
for Submitting Oil and Gas Well Bonds, 2 December
2009.

South Dakota
Single-well bond amount: $10,000 for wells less
than 5,500 feet; $50,000 for wells greater than 5,500
feet.
Blanket bond amount: $30,000 for all wells less
than 5,500 feet; $100,000 for all wells greater than
5,500 feet.
Types of financial assurance accepted: Surety bond
or certificate of deposit.
Conditions for release of bond: “[P]erformance
of the duty to plug each dry or abandoned well,
to restore the premises, insofar as possible, to
the condition that existed before the filing of the
application to drill; and conditioned on the proper
performance of all of the requirements of §§ 45-9-5
to 45-9-18, inclusive.”
Conditions for forfeiture of bond: None specified.
Other costs subject to financial assurance: None
specified.

Tennessee
Single-well bond amount: Varies by depth:
$2,000-$3,000 + $1/foot.
Blanket bond amount: Varies by depth (max. 10
wells per bond): $20,000-$30,000.
Types of financial assurance accepted: Surety
bond, cash, certified check, irrevocable letter of
credit or certificate of deposit.
Conditions for release of bond: “[T]he proper
plugging of the well and filing with the Supervisor of
a Plug and Abandon Report, driller’s log, downhole
surveys, well cuttings and cores, and other data as
required, or if the permit has been cancelled because
of a lack of proper activity.”
Conditions for forfeiture of bond: “If the operator
has not reached an agreement with the Supervisor,
or has not complied with the requirements set
forth within thirty (30) days after mailing the
[noncompliance] notice.”
Other costs subject to financial assurance:
Restoration of well site and access road(s): $1,500
performance bond per well site.
Liability insurance requirements: None specified.
Loopholes or exemptions: None specified.
Source: Tennessee Department of Environment and
Conservation, Comprehensive Bond Identification,
accessed at www.tn.gov/environment/wpc/forms/
cn0120_comprehensive_bond_id.pdf, 29 May 2013;
Rules of the Tennessee Oil and Gas Board, Chapter
1040-02-01.		
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Texas
Single-well bond amount: $2/foot
Blanket bond amount: Varies by number of wells:
$25,000-$250,000
Types of financial assurance accepted:
Performance bond, letter of credit, cash or a wellspecific plugging insurance policy.
Conditions for release of bond: “[T]he operator will
plug and abandon all wells and control, abate, and
clean up pollution associated with the oil and gas
operations and activities covered under the required
financial security in accordance with applicable
state law and permits, rules, and orders of the
Commission.”
Conditions for forfeiture of bond: None specified.
Other costs subject to financial assurance:
Abatement and cleanup of pollution.
Liability insurance requirements: None specified.
Loopholes or exemptions: None specified.
Source: Railroad Commission of Texas, Changes
in Fees, Financial Assurance Requirements, and Well
Transfers Pursuant to Statutory Amendments Approved
in Senate Bill 310 77th Legislature (2001), Effective
9/1/01, accessed at www.rrc.state.tx.us/forms/
reports/notices/ogpn75.php, 29 May 2013; Texas
Admin. Code Title 16, Part 1, Rule 3.78.

Conditions for release of bond: “[C]ompliance with
the rules and orders of the Board.”
Conditions for forfeiture of bond: “The operator
refuses or is unable to conduct plugging and site
restoration; noncompliance as to the conditions of a
permit issued by the division; the operator defaults
on the conditions under which the bond was
accepted.”
Other costs subject to financial assurance: None
specified.
Liability insurance requirements: None specified.
Loopholes or exemptions: None specified.
Source: Utah Admin. Code R649-3-1.		

Virginia
Single-well bond amount: Exploratory well:
$10,000; production well: $25,000.
Blanket bond amount: $100,000.
Types of financial assurance accepted: Surety
bond.
Conditions for release of bond: “Compliance with
all statutes, rules, and regulations…” and “Plugging
and abandoning the well as approved by the division
director.”
Conditions for forfeiture of bond: None specified.

Utah						

Other costs subject to financial assurance: Land
stabilization: $1,000 per acre of land disturbed.

Single-well bond amount: Varies by depth: $1,500$60,000.

Liability insurance requirements: None specified.

Blanket bond amount: Varies by depth: $15,000$120,000.
Types of financial assurance accepted: Surety
bond, irrevocable letter of credit, cash account,
negotiable certificate of deposit, or negotiable bonds
of the United States, a state or a municipality.
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Loopholes or exemptions: None specified.
Notes: Blanket bonds granted at the discretion of the
director.
Source: 4 VAC 25-170-30.

West Virginia

Wyoming

Single-well bond amount: $50,000.

Single-well bond amount: Varies by depth: $10,000$20,000.

Blanket bond amount: $250,000.
Types of financial assurance accepted: Surety
bond; certificate of deposit; irrevocable letter of
credit; escrow account; cash deposit; or bonds of
the United States, the State of West Virginia or other
states, or any country, district, or municipality in West
Virginia or other states.
Conditions for release of bond: “Any such bond
shall remain in force until released by the secretary,
and the secretary shall release the same upon
satisfaction that the conditions thereof have been
fully performed.”
Conditions for forfeiture of bond: None specified.
Other costs subject to financial assurance: “The
initial horizontal drilling well at a location requires
a $10,000 permit fee; each additional horizontal
drilling well requires a permit fee of $5,000.”
Liability insurance requirements: None specified.
Loopholes or exemptions: None specified.
Source: West Virginia Department of Environmental
Protection, Natural Gas Horizontal Well Control
Act, Bonding & Notice Provisions, accessed at www.
dep.wv.gov/oil-and-gas/Horizontal-Permits/
Horizontal%20Well%20Permit%20Packet/
Documents/Workshop%20Presentations/Notice%20
and%20Bonding.pdf, 29 May 2013; West Virginia
Legislature, HB 401, 81st Legislature, 1st Session.

Blanket bond amount: $75,000.
Types of financial assurance accepted: Surety
bond, cashier’s check, certificate of deposit, letter of
credit.
Conditions for release of bond: Compliance with
rules and regulations “including, but not limited
to, production facility removal, produced water pit
closure, proper plugging of wells and seismic holes
and reclamation of the surrounding affected area,
with respect to all operations secured thereby.”
Conditions for forfeiture of bond: “[T]he principal
or person posting [the bond] fails to comply with
the Oil and Gas Conservation Act, the Commission’s
Rules, or the orders of the Commission, the State Oil
and Gas Supervisor, or their agents.”
Other costs subject to financial assurance:
Additional bonding of $10/foot may be required for
idle wells when their footage exceeds 2,500 feet or
7,500 feet depending upon the level of blanket bond
in place. The operator may post monthly installments
of at least 5.55% of the new bond for 18 months or
until the total bond has been posted. The operator
may request a different bonding level with a written
cost estimate. The bond amount will increase every
three years in line with the state’s consumer price
index.
Liability insurance requirements: None specified.
Loopholes or exemptions: In lieu of additional
bonding for idle wells, “the Supervisor may accept
a detailed plan of operation which includes a time
schedule to permanently plug and abandon idle
wells or take such action…to remove the well from
idle status.”
Source: Wyoming Oil and Gas Conservation
Commission, Operational Rules, Drilling Rules, Chapter
3, Section 4.
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IEEFA U.S.: IEEFA Director of Finance urges oil production cuts at
Texas Commission Hearing
Industry stressors predate COVID-19 and Russia-Saudi price war
April 14, 2020 (IEEFA U.S.) – At a public hearing held on Tuesday by the Texas Railroad Commission (RRC) closely followed by industry experts and analysts,
IEEFA’s Director of Finance, Tom Sanzillo urged production cuts (“prorationing”) to deal with the ongoing turbulence and oversupply in the oil and gas sector.
“The problems of oversupplied markets and low prices, aligning interests within the industry, technological competition and the changing composition of economic
growth predate the coronavirus outbreak and will persist long after the pandemic passes,” he said.
In response to the pandemic, the hearing was held remotely and streamed to a public audience via live video feed. IEEFA had previously submitted written
comments to the Commission on April 7.
Sanzillo reminded the Commissioners that from 1970 to 2000, the energy sector led the market occupying 28% of the S&P 500, today representing only 2.9%.
He added that the structure of demand for oil and gas is undergoing “massive transformation” nationally and globally. Even as energy demand grows, he said, the
markets that serve that demand are expanding beyond the oil and gas and industry.
Sanzillo encouraged the RCC to address, not only the short-term supply glut but also the longer-term issues of an industry in decline and a sector in transition.
“Any short-term fix designed by the RRC, or government support for additional storage capacity, will return markets, not to the previous status quo, but to a
reduced level of chaos in the oil and gas markets and the finance sector,” he said.
Tom Sanzillo is IEEFA’s director of finance.
Full testimony: IEEFA Statement in favor of the Texas Railroad Commission’s adoption of production goals for the oil and gas industry
Written comments: Comments Submitted to the Railroad Commission of Texas on the Matter of the request for determination of reasonable market demand
Media contact
Vivienne Heston (vheston@ieefa.org) +1 (914) 439-8921
About IEEFA
The Institute for Energy Economics and Financial Analysis (IEEFA) examines issues related to energy markets, trends and policies. The Institute’s mission is to
accelerate the transition to a diverse, sustainable and profitable energy economy.
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State Says It Has No Idea How Long It Will
Take to Clean Up Chevron's Kern County Oil
Spill
By Ted Goldberg

Aug 23, 2019

A still image from July 28, 2019, drone video showing work to clean up an oil spill near a Chevron well in Kern County.
(TJ Frantz via YouTube)
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State regulators say they don't know how long it will take for crews to clean up
contaminated soil from a Kern County creek bed in the wake of the biggest
California oil spill in decades.
While the massive release of crude petroleum from a Chevron oil well near the
town of McKittrick seems to have ended, the timeline for hauling away soil
contaminated by the spill is unclear.

CHEVRON'S KERN COUNTY SPILL
Chevron Well at Center of Major Oil Spill in Kern County Oil Field

State Orders Chevron to Stop Massive Crude Oil Release From
Kern County Well

Chevron Says Attempt to Seal Off Well May Have Triggered Big
Kern County Oil Spill

"The full extent of the required site remediation is not known at this time and
will be fully scoped with appropriate regulatory agencies," Eric Laughlin, a
spokesman for the state Department of Fish and Wildlife, said in an email
Thursday.
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State officials say the flow of crude oil and water stopped on Aug. 2. Chevron
says 1.34 million gallons of oil and water have been recovered in the area since
the spill began in early May. About 30 percent of that total, about 400,000
gallons, was petroleum.
For weeks, contractors have been hauling away contaminated soil from the site
and taking it to San Joaquin Valley dumps -- including two facilities that
handle hazardous waste. Recently posted drone video (below) suggests the job
is far from complete.
The footage gives a detailed view of the roughly 1,000 feet of stream bed that
was fouled after oil began flowing to the surface near a damaged Chevron well
in the Cymric oil field, 35 miles west of Bakersfield. The most recent footage,
from earlier this week, shows heavy equipment continuing to work on an
extensive section of the oil-soaked channel.
A Kern County environmental activist called the video "eye-opening".
"This just shows a different perspective of ... what we're dealing with here
locally," Gustavo Aguirre Jr., a Bakersfield project coordinator at Central
California Environmental Justice Network, said after viewing the footage. "You
see the flow of this toxic crude and wastewater. God knows what it has in it."
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As far as the job ahead, Laughlin said crews will work to remove the
contaminated soil "until clean dirt is observed."
Workers have taken most of the soil that's been removed from the site to the
McKittrick Waste Landfill, Laughlin said. Some of the material has been taken
to two hazardous waste dumps -- Clean Harbors, west of the town of
Buttonwillow, and Waste Management's King County facility in Kettleman
Hills.
Aguirre raised concerns that oil from the accident was being dumped closer to
San Joaquin Valley communities.
"It becomes part of this bigger problem. You take one toxic substances from
one location to another," he said.
For months state officials and Chevron have said that the spill did not affect
wildlife in the area. They said that crews had worked to keep birds and animals
from the area.
But last week they said that had changed.
"An oiled bird, a lesser nighthawk, was recovered from the site on Aug. 14. It
was transported to a wildlife care center, where it later had to be euthanized,"
the Office of Spill Prevention and Response posted on the agency's site.
Sponsored

Chevron has said the spill's probable cause is related to its work to seal off a
damaged and abandoned oil well. The company said its attempts to confirm
the source of the original leak and shut it down unleashed even higher flows.
https://www.kqed.org/news/11769242/chevron-kern-county-cymric-mckittrick-oil-spill-clean-up
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The state's Division of Oil, Gas and Geothermal Resources issued two notices
of violation and ordered Chevron to "take all measures" to stop the flow and
prevent a recurrence of the releases. Chevron has appealed the state's order.
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Appendix A. The EPA’s Study of Hydraulic Fracturing for
Oil and Gas and Its Potential Impact on Drinking Water
Resources
In 2009, at the urging of the U.S. Congress, the EPA initiated a study of hydraulic fracturing for oil
and gas and its relationship to drinking water resources (hereafter the EPA’s hydraulic fracturing
study). The national study culminates with this report, the Hydraulic Fracturing for Oil and Gas:
Impacts from the Hydraulic Fracturing Water Cycle on Drinking Water Resources in the United
States.
The EPA’s hydraulic fracturing study consisted of many elements. It included independent
research projects conducted by EPA scientists and contractors, and involved the analysis of
existing data, scenario and modeling evaluations, laboratory studies, toxicological assessments,
and case studies. A list of the ensuing EPA publications is presented in Table A-1. The EPA’s
hydraulic fracturing study also included the development of this report, which is a state-of-thescience synthesis of available data and information, as well as the EPA’s own research.
Throughout, the EPA consulted with the Agency’s independent Science Advisory Board (SAB) on
the scope of its hydraulic fracturing study and the progress made on each of the research projects.
The timeline of this work is presented in Figure A-1. The SAB also conducted a peer review of both
the EPA’s Plan to Study the Potential Impacts of Hydraulic Fracturing on Drinking Water Resources
(U.S. EPA, 2011a, hereafter Study Plan) and the Hydraulic Fracturing for Oil and Gas: Impacts from
the Hydraulic Fracturing Water Cycle on Drinking Water Resources in the United States, as described
in Chapter 1.
Stakeholder engagement also played an important role in the development and implementation of
the EPA’s hydraulic fracturing study. The EPA held public meetings across the United States to
hear feedback from stakeholders on the proposed study design and scope. In addition, while
conducting the hydraulic fracturing study, the EPA engaged with technical, subject-matter experts
on relevant topics in a series of technical workshops and roundtables (Figure A-1).
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Figure A-1. Timeline of activities in the EPA’s hydraulic fracturing study.
On the left are activities related to the development of products from the EPA’s hydraulic fracturing study, in the
center are interactions between the EPA and the SAB, and on the right are stakeholder engagement activities.
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A.1. The EPA’s Hydraulic Fracturing Study Publications Cited in This
Assessment
In this section, we provide a table of publications that were completed as part of the EPA’s
hydraulic fracturing study and cited in this assessment. We also indicate projects that were
originally part of the Study Plan but that did not result in a publication. The full list of publications
under the EPA’s hydraulic fracturing study is updated and available at
https://www.epa.gov/hfstudy.

Table A-1. Titles, descriptions, and citations for the EPA’s hydraulic fracturing study
publications cited in this assessment.
Research project

Description

Citations/Notes

Analysis of existing data
Literature Review

Review and assessment of existing papers and Literature review is incorporated into
reports, focusing on peer-reviewed literature this assessment.

Spills Database Analysis

Characterization of hydraulic fracturingU.S. EPA (2015j)
related spills using information obtained from
selected state and industry data sources

Service Company
Analysis

Analysis of information provided by nine
hydraulic fracturing service companies in
response to a September 2010 information
request on hydraulic fracturing operations

Analysis of data received is
incorporated into this assessment.a

Well File Review

Analysis of information provided by nine oil
and gas operators in response to an August
2011 information request for 350 well files

U.S. EPA (2015k)

Analysis of water and chemical use data for
hydraulic fracturing wells compiled from
FracFocus 1.0, the national hydraulic
fracturing chemical registry operated by the
Ground Water Protection Council and the
Interstate Oil and Gas Compact Commission

U.S. EPA (2015a)

Numerical modeling of subsurface fluid
migration scenarios that explore the potential
for fluids, including liquids and gases, to move
from the fractured zone to drinking water
aquifers

Kim and Moridis (2013)

FracFocus Analysis

U.S. EPA (2016a)
Analysis of data received is also
incorporated into this assessment.b

U.S. EPA (2015b)
U.S. EPA (2015c)

Scenario evaluations
Subsurface Migration
Modeling

Kim et al. (2014)
Kim and Moridis (2015)
Kim et al. (2016)
Reagan et al. (2015)
Rutqvist et al. (2013)
Rutqvist et al. (2015)
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Research project

Description

Citations/Notes

Surface Water Modeling Modeling of concentrations of selected
chemicals at public water supplies
downstream from wastewater treatment
facilities that discharge treated hydraulic
fracturing wastewater to surface waters

Weaver et al. (2016)

Water Availability
Modeling

U.S. EPA (2015d)

Assessment and modeling of current and
future scenarios exploring the impact of
water usage for hydraulic fracturing on
drinking water availability in the Upper
Colorado River Basin and the Susquehanna
River Basin

Laboratory studies
Source Apportionment
Studies

Identification and quantification of the
U.S. EPA (2015l)
source(s) of high bromide and chloride
concentrations at public water supply intakes
downstream from wastewater treatment
plants discharging treated hydraulic fracturing
wastewater to surface waters

Wastewater Treatability Assessment of the efficiency of common
None
Studies
wastewater treatment processes on removing
selected chemicals found in hydraulic
fracturing wastewater
Br-DBP Precursor
Studies

Assessment of the ability of bromide and
brominated compounds present in hydraulic
fracturing wastewater to form brominated
disinfection byproducts (Br-DBPs) during
drinking water treatment processes

None

Analytical Method
Development

Development of analytical methods for
selected chemicals found in hydraulic
fracturing fluids or wastewater

DeArmond and DiGoregorio (2013a)
DeArmond and DiGoregorio (2013b)
U.S. EPA (2014b)
U.S. EPA (2014f)

Toxicity assessment
Toxicity Assessment

Toxicity assessment of chemicals reportedly
used in hydraulic fracturing fluids or found in
hydraulic fracturing wastewater

Yost et al. (2016a)
Yost et al. (2016b)
Yost et al. (In Press)

Case studies
Retrospective case studies: Investigations of whether reported drinking water impacts may be associated
with or caused by hydraulic fracturing activities
Las Animas and
Huerfano Counties,
Colorado

Investigation of potential drinking water
impacts from coalbed methane extraction in
the Raton Basin
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Research project

Description

Citations/Notes

Dunn County, North
Dakota

Investigation of potential drinking water
U.S. EPA (2015f)
impacts from a well blowout during hydraulic
fracturing for oil in the Bakken Shale

Bradford County,
Pennsylvania

Investigation of potential drinking water
impacts from shale gas development in the
Marcellus Shale

U.S. EPA (2014d)

Washington County,
Pennsylvania

Investigation of potential drinking water
impacts from shale gas development in the
Marcellus Shale

U.S. EPA (2015g)

Wise County, Texas

Investigation of potential drinking water
impacts from shale gas development in the
Barnett Shale

U.S. EPA (2015i)

Prospective case studies Investigation of potential impacts of hydraulic fracturing through collection of
samples from a site before, during, and after well pad construction and hydraulic fracturing
The EPA was unable to find suitable locations that met both the scientific criteria of a rigorous prospective
study and the business needs of potential partners.
a Data

received and incorporated into this document is cited as: U.S. EPA (U.S. Environmental Protection Agency). (2013). Data
received from oil and gas exploration and production companies, including hydraulic fracturing service companies 2011 to
2013. Non-confidential business information source documents are located in Federal Docket ID: EPA-HQ-ORD2010-0674.
Available at http://www.regulations.gov.
b Data

received and incorporated into this document is cited as: U.S. EPA (U.S. Environmental Protection Agency). (2011).
Sampling data for flowback and produced water provided to EPA by nine oil and gas well operators (non-confidential business
information). US Environmental Protection Agency.
http://www.regulations.gov/#!docketDetail;rpp=100;so=DESC;sb=docId;po=0;D=EPA-HQ-ORD-2010-0674.

A.2. Answers to the Secondary Research Questions
The EPA’s Study Plan (U.S. EPA, 2011a) was organized around the five stages of the hydraulic
fracturing water cycle. Each stage of the hydraulic fracturing water cycle was associated with a
primary research question (Figure A-2). Nested within each primary research question was a set of
secondary research questions. The primary and secondary research questions provided a
framework for exploring how hydraulic fracturing water cycle activities could potentially impact
drinking water resources. Research projects, undertaken using different types of research
approaches (i.e., analysis of existing data, scenario evaluations, laboratory studies, toxicity
assessment, and case studies), were designed to provide information relevant to answering the
secondary research questions.

A-7

Appendix A – The EPA’s Study of Hydraulic Fracturing for Oil and Gas and Its Potential Impact on Drinking Water Resources

Figure A-2. Structure of the EPA’s hydraulic fracturing study.
This diagram shows the generalized elements of the study and how they relate to one another.

The primary research questions included:


Water acquisition: What are the potential impacts of large volume water withdrawals from
groundwater and surface water on drinking water resources?



Chemical mixing: What are the possible impacts of hydraulic fracturing fluid surface spills
on or near well pads on drinking water resources?



Well injection: What are the possible impacts of the injection and fracturing process on
drinking water resources?



Produced water handling: What are the possible impacts of flowback and produced water
(collectively referred to as “hydraulic fracturing wastewater”) surface spills on or near
well pads on drinking water resources?



Wastewater disposal and reuse: What are the possible impacts of inadequate treatment of
hydraulic fracturing wastewater on drinking water resources?

In this section we present answers to the secondary research questions posed in the Study Plan as a
way of providing continuity between the Study Plan and this assessment. Answers were informed
by the knowledge accumulated and synthesized from the EPA’s hydraulic fracturing study,
including the scientific literature reviewed for this assessment.
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A.2.1. Water Acquisition


What are the types of water used for hydraulic fracturing?

The three major types of water used for hydraulic fracturing are surface water, groundwater, and
reused hydraulic fracturing wastewater. Because trucking can be a major expense, operators tend
to use water sources as close to the well pad as possible. Operators usually self-supply surface
water or groundwater directly, but may also obtain water through public water systems or other
suppliers. Hydraulic fracturing operations in the eastern United States rely predominantly on
surface water, whereas operations in more semi-arid to arid western states use either surface
water or groundwater. In some areas of the country, operators rely entirely on groundwater
supplies (e.g., western Texas).
Fresh water (from both surface water and groundwater sources) currently supplies the vast
majority of water used for hydraulic fracturing. However, the reuse of hydraulic fracturing
wastewater for injection reduces the demand on fresh water sources. Nationally, the proportion of
water used in hydraulic fracturing that comes from reused hydraulic fracturing wastewater is
generally low; in a survey of literature values from 10 states, basins, or plays, we found a median
value of 5%, with this percentage varying by location (Table 4-2). Available data on reuse trends
indicate increasing reuse of wastewater over time in both Pennsylvania and West Virginia, likely
due to the lack of nearby disposal options. Reuse as a percentage of water injected is typically lower
in other areas, in part because of the availability of disposal wells (Chapter 8).


How much water is used per well?

The median amount of water used nationally per hydraulically fractured well was approximately
1.5 million gal (5.7 million L) in 2011 and through early 2013 based on disclosures to FracFocus
(U.S. EPA, 2015a, c). This increased to approximately 2.7 million gal (10.2 million L) in 2014, driven
by a proportional increase in horizontal wells that, on average, use more water per well (estimated
from data reported in Gallegos et al., 2015) (Figure 4-1). These national estimates represent a
variety of fractured well types, including types requiring much less water per well than horizontal
shale gas wells. Thus, published estimates for horizontal shale gas wells are typically higher (e.g.,
approximately 4 million gal (15 million L) per well (Vengosh et al., 2014), and should not be applied
to all fractured wells to derive national estimates.
There was also wide variation within and among states and basins in the median per well water
volumes reported in 2011 and 2012, from more than 5 million gal (19 million L) in Arkansas and
Louisiana to less than 1 million gal (3.8 million L) in Colorado, Wyoming, Utah, New Mexico, and
California (U.S. EPA, 2015a). This variation results from several factors, including geology, well
length, and fracturing fluid formulation.


How might cumulative water withdrawals for hydraulic fracturing affect drinking
water quantity?

Hydraulic fracturing uses billions of gallons of water every year at the national and state scales, and
even in some counties. When expressed relative to total water use or consumption at these scales,
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however, hydraulic fracturing generally accounts for only a small percentage, usually less than 1%.
These percentages are higher in specific counties. Annual hydraulic fracturing water use was 10%
or more compared to 2010 total water use in 6.5% of counties with FracFocus disclosures in 2011
and 2012, 30% or more in 2.2% of counties, and 50% or more in 1.0% of counties (see Table B-2).
Consumption estimates follow the same pattern, with higher percentages in each category:
hydraulic fracturing water consumption was 10%, 30%, and 50% or more of 2010 total water
consumption in 13.5%, 6.2%, and 4.0% of counties with FracFocus disclosures (see Table B-2).
Thus, hydraulic fracturing represents a relatively large user and consumer of water in these
counties.
Whether water quantity impacts occur from water acquisition for hydraulic fracturing depends on
the balance between water withdrawals and availability. From our survey of the literature and our
county level assessments, southern and western Texas appear to have the highest potential for
impacts, of the areas assessed in this chapter, given the combination of high hydraulic fracturing
water use, relatively low water availability, intense periods of drought, and reliance on declining
groundwater resources. Importantly, our results do not preclude the possibility of local water
quantity impacts in areas with comparatively lower potential, nor do they necessarily mean
impacts have occurred in the high potential areas. Our survey provides an indicator of areas with
higher potential for impacts, and could be used to target resources for future studies.
Local impacts to drinking water resources have occurred in areas with increased hydraulic
fracturing activity. In a detailed case study, Scanlon et al. (2014) observed generally adequate water
supplies for hydraulic fracturing in the Eagle Ford play in southern Texas, except in specific
locations. They found excessive drawdown of groundwater locally, with estimated declines of
approximately 100 to 200 ft (30 to 60 m) in a small proportion of the play (~6% of the area) after
hydraulic fracturing activity increased in 2009. In 2011, drinking water wells in an area
overlapping the Haynesville Shale ran out of water due to higher-than-normal groundwater
withdrawals and drought (LA Ground Water Resources Commission, 2012). Hydraulic fracturing
water use likely contributed to these conditions, along with other water users and the lack of
precipitation. By contrast, two EPA case studies in the Upper Colorado and the Susquehanna River
Basins found minimal impacts from current hydraulic fracturing water withdrawals (U.S. EPA,
2015d) (Sections 4.5. and 4.5). These site-specific findings emphasize the need to focus on regional
and local dynamics when considering the impacts from hydraulic fracturing water withdrawals.


What are the possible impacts of water withdrawals for hydraulic fracturing on water
quality?

Water withdrawals for hydraulic fracturing, similar to all water withdrawals, have the potential to
alter the quality of drinking water resources. Groundwater withdrawals exceeding natural recharge
rates decrease water storage in aquifers, potentially mobilizing contaminants or allowing the
infiltration of lower-quality water from the land surface or adjacent formations. Pumping can also
promote changes in reduction-oxidation (redox) conditions and mobilize chemicals from geologic
sources (e.g., uranium). Withdrawals can also decrease groundwater discharge to streams,
potentially affecting surface water quality. Areas with declining groundwater resources,
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particularly in drought-prone regions, are most likely to experience water quality impacts from
hydraulic fracturing water withdrawals.
Surface water withdrawals also have the potential to affect water quality, particularly in smaller
streams. Withdrawals may lower water levels and alter stream flow, decreasing a stream’s capacity
to dilute contaminants. Studies by the EPA show that streams can be vulnerable to changes in water
quality due to water withdrawals, most notably smaller streams or during periods of low flow (U.S.
EPA, 2015d). Managing the rate and timing of surface water withdrawals (e.g., passby flows) can
help mitigate potential impacts on water quality.

A.2.2. Chemical Mixing


What is currently known about the frequency, severity, and causes of spills of
hydraulic fracturing fluids and additives?

There has not been much work on the frequency of spills of hydraulic fracturing fluids and
additives. Using spills data from three states (Pennsylvania, Colorado, and North Dakota), there is
an estimated median of 2.6 reported spills for every 100 wells, with a range of 0.4 to 12.2. These
values are uncertain because these rates used different criteria for including a spill, what the
denominator is for the well type (e.g., drilled or finished), and includes more than hydraulic
fracturing fluids and additives. Using solely the North Dakota database, we estimate 2.6 reported
spills of injected fluid or chemical per 100 wells fractured (Rahm et al., 2015; U.S. EPA, 2015j;
Brantley et al., 2014; Gradient, 2013).1 Estimates of the frequency of on-site spills from hydraulic
fracturing operations were unavailable for other areas. It is unknown whether these spill estimates
are representative of national occurrences.
The severity of a spill depends on several factors, including: spill amount (mass, volume,
concentration), the fate and transport of the spill, if it reaches a water resource, the characteristics
of the receiving water resource, and the hazard associated with the chemicals themselves. There is
little known on the severity of hydraulic fracturing fluid and additive spills. The reported volume
of chemicals or hydraulic fracturing fluid spilled range of 5 to 19,320 gal (19 to 73,130 L), with a
median volume of 420 gal (1,600 L) per spill. Spill reports contain little information on chemicalspecific spill composition. Spilled fluids were often described by their additive type (e.g., acids,
biocides, friction reducers, cross-linkers, gels,) or as a blended hydraulic fracturing fluid. Specific
chemicals mentioned in spill reports included hydrochloric acid and potassium chloride.
Spill causes included equipment failure, human error, failure of container integrity, and other (e.g.,
weather and vandalism). The most common cause was equipment failure. Equipment failure
included blowout preventer failure, corrosion, and failed valves. More than 30% of the chemical or
hydraulic fracturing fluid spills characterized by the EPA came from fluid storage units (e.g., tanks,
totes, and trailers) (U.S. EPA, 2015j).

Spill frequency estimates are for a given number of wells over a given period of time. These are not annual estimates nor
are they for over a lifetime of the wells.
1
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What are the identities and volumes of chemicals used in hydraulic fracturing fluids,
and how might this composition vary at a given site and across the country?

The EPA has identified 1,084 different chemicals used in chemical mixing. A recent study of
FracFocus disclosure data reported an additional 263 new CASRNs, increasing the total number of
chemicals identified as used by approximately 24% (Konschnik and Dayalu, 2016). Industry use of
confidential business information (CBI) is one factor that likely limits the completeness of these
chemical lists. The EPA’s analysis of disclosures to FracFocus 1.0 found that 11% of ingredients
were reported to FracFocus as CBI (U.S. EPA, 2015a), and the more recent analysis by Konschnik
and Dayalu (2016) indicated a 5.6% increase in the number of CBI ingredients.
Hydraulic fracturing chemicals cover a wide range of chemical classes and a wide range of
physicochemical properties. The chemicals include acids, aromatic hydrocarbons, bases,
hydrocarbon mixtures, polymers, and surfactants. Thirty-two chemicals, excluding water, quartz,
and sodium chloride, have been reported to be used at 10% or more sites. The ten most common
chemicals (excluding quartz) are methanol, hydrotreated light petroleum distillates, hydrochloric
acid, isopropanol, ethylene glycol, peroxydisulfuric acid diammonium salt, sodium hydroxide, guar
gum, glutaraldehyde, and propargyl alcohol. These chemicals can be present in multiple additives.
Methanol, hydrotreated light petroleum distillates, and hydrochloric acid are the three chemicals
reported to be used in more than half of all frac jobs, with methanol being used at 72% of all sites.
Operators used a median of 14 unique chemicals per well according to the EPA’s analysis of
disclosures to FracFocus 1.0 (U.S. EPA, 2015a).
The composition of hydraulic fracturing fluids varies by state, by well, and within the same service
company and geologic formation. This variability likely results from several factors, including the
geology of the formation, production goals, the availability and cost of different chemicals, and
operator preference (U.S. EPA, 2015a).
The estimated median volumes of individual chemicals injected per well ranged from a few gallons
to thousands of gallons, with a median of 650 gal (2,500 L) per chemical per well (U.S. EPA, 2015c).
There is an estimated 9,100 gal (34,000 L) to 30,000 gal (114,000L) of chemicals used per well.


What are the chemical, physical, and toxicological properties of hydraulic fracturing
chemical additives?

The EPA identified 1,084 different chemicals reported to be used in hydraulic fracturing fluid from
2005 to 2013. Of these, 455 (more than 40%) were individual organic chemicals with
physicochemical properties that vary, from fully miscible to insoluble and from highly hydrophobic
to highly hydrophilic. We were able to estimate the physicochemical properties of these 455
chemicals using the EPA’s Estimation Program Interface (EPI) Suite™ software. Of the 20 most
frequently used chemicals, three have low mobility: (1) distillates, petroleum, hydrotreated light;
(2) solvent naphtha, petroleum, heavy aromatic; and, (3) naphthalene. These chemicals have the
potential to act as long term sources of contamination if spilled on-site.
The chemicals with determinable physicochemical properties were not necessarily the chemicals
most frequently reported as used in hydraulic fracturing fluids or activities. Of the 455 chemicals
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for which physicochemical properties were available, 18 of the top 20 most mobile chemicals were
included in 2% or less of disclosures (U.S. EPA, 2015c). However, two highly mobile chemicals,
choline chloride and tetrakis (hydroxymethyl) phosphonium sulfate were reported in 14% and
11% of disclosures, respectively. These two chemicals are relatively more common, and, if spilled,
would move quickly through the environment with the flow of water.
Of the 1,084 chemicals identified by the EPA as used in hydraulic fracturing fluids, chronic oral RfVs
and/or OSFs from selected federal, state, and international sources were available for 98 (9%) of
these chemicals. From the federal sources alone, chronic oral RfVs were available for 81 chemicals
(7%), and OSFs were available for 15 chemicals (1%). Chronic oral RfVs and OSFs from these
selected sources were not available for the majority of chemicals used in hydraulic fracturing fluid,
representing a potential data gap with regard to hazard identification. Of the chemicals that have
these selected toxicity values, health effects associated with chronic oral exposure include the
potential for carcinogenesis, immune system effects, changes in body weight, changes in blood
chemistry, cardiotoxicity, neurotoxicity, liver and kidney toxicity, and reproductive and
developmental toxicity.
When considering the hazard evaluation of these chemicals on a nationwide scale, chemicals such
as propargyl alcohol stand out for their relatively low RfVs, high frequency of use, and expected
transport and mobility in water. However, the EPA’s analysis of disclosures to FracFocus 1.0
indicates that most chemicals are used infrequently on a nationwide scale. Potential exposures to
the majority of these chemicals are likely to be a local issue, rather than a national one. Accordingly,
potential hazard and risk considerations for hydraulic fracturing fluid additives are best made on a
site-specific, well-specific basis.


If spills occur, how might hydraulic fracturing chemical additives contaminate
drinking water resources?

The potential for spilled fluids to contaminate groundwater or surface water resources depends on
the characteristics of the spill, the environmental fate and transport of the spilled fluid, and spill
response activities. Spill characteristics (e.g., the volume and chemical composition of the spilled
fluid) describe the identity and volume of chemicals that enter the environment due to a spill. The
environmental fate and transport of the spilled fluid describes how spilled chemicals move and
transform in the environment. Spill response activities include actions designed to remove spilled
fluids from the environment. Because all of these factors influence whether spilled fluids reach
groundwater and surface water resources, they affect the frequency and severity of potential
impacts to drinking water resources from spills during the chemical mixing stage of the hydraulic
fracturing water cycle.
The movement of spilled hydraulic fracturing fluids and additives through the environment is
difficult to assess, because of the site-specific and chemical-specific nature of spills and because
hydraulic fracturing-related spills typically involve complex mixtures of chemicals. In the absence
of site-specific studies of actual spills, we relied on fundamental environmental fate and transport
principles to describe how hydraulic fracturing fluids and chemicals used in hydraulic fracturing
fluids can move through the environment to drinking water resources.
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The environmental fate and transport of hydraulic fracturing fluids and chemicals depend on sitespecific environmental conditions and the physicochemical properties of the chemicals spilled. Sitespecific environmental characteristics can affect how spilled liquids move through soil into the
subsurface or over the land surface. Generally, highly permeable soils or preferential flow paths can
allow spilled liquids to move quickly into and through the subsurface, limiting the opportunity for
spilled liquids to move over land to surface water resources. When spilled liquids move
underground, the distance between the land surface and the groundwater resource can affect
whether spilled liquids reach groundwater. Large spills volumes are more likely to be able to travel
the distance between the land surface and the groundwater resource and impact the latter. In low
permeability soils, spilled liquids are less able to move into the subsurface and are more likely to
move over the land surface. When spilled liquids move over the land surface, the volume spilled and
the distance between the source of the spill and nearby surface water resources can affect whether
the spilled liquid reaches surface water.

A.2.3. Well Injection


How effective are current well construction practices at containing fluids—both
liquids and gases—before, during, and after fracturing?

A well will be exposed to the highest stress during the relatively brief phase of injection for
hydraulic fracturing. If the well cannot withstand these stresses, the casing or cement can fail,
resulting in the unintended movement of hydraulic fracturing fluids or naturally-occurring liquids
or gases into the surrounding environment and, potentially, an impact on drinking water quality.
These failures can be the result of inadequate design and/or construction, or degradation of the
casing and/or cement that allows fluid to move laterally from inside the well to the formation or
vertically along the wellbore from the production zone to shallower drinking water resources.
The presence of multiple layers of casing strings can isolate and protect geologic zones containing
drinking water. Most wells used in hydraulic fracturing operations are designed with one or more
of these layers of casing.
Cementing of the surface casing to below the lowest drinking water resource is a key protective
measure to prevent hydraulic fracturing fluids, or other fluids, from reaching drinking water
resources. Most states require this (GWPC, 2014); however, our data indicate adequate casing
and/or cement are not present in all wells. For example, studies in Wyoming and Colorado have
documented wells with partially uncemented surface casing (Fleckenstein et al., 2015; WYOGCC,
2014).
The presence of properly placed, adequate cement in those portions of the well that intersect
porous or permeable water- and/or hydrocarbon-bearing zones can also prevent fluids from
moving into drinking water resources. Wells with cement that does not resist formation or
operational stresses have the potential to promote unintended subsurface fluid movement. In
Bainbridge Township, Ohio, hydraulic fracturing was performed in a well with improperly
emplaced and inadequate cement. This resulted in natural gas movement upward along the
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wellbore, contamination of the drinking water aquifer, and the loss of 26 private drinking water
wells (Bair et al., 2010).
Even in optimally designed and constructed wells, metal casings and cement can degrade over
time—either as a result of aging or stresses exerted over years of operations—and affect the
integrity of the well. We have limited access to data and information regarding the degree to which
the integrity of wells is verified before or after hydraulic fracturing operations.


Can subsurface migration of fluids—both liquids and gases—to drinking water
resources occur, and what local geologic or artificial features might allow this?

The presence of artificial penetrations, such as inadequately constructed or degraded offset wells or
undetected abandoned wells near the well undergoing hydraulic fracturing, can provide pathways
that allow fluid movement to drinking water resources. If the fractures created during hydraulic
fracturing intersect a nearby, previously-fractured production well or its fracture network,
hydraulic fracturing fluids or other fluids can move to that well in an event known as well
communication or a “frac hit” (Jackson et al., 2013a). Instances of well communication have
occurred in New Mexico (Vaidyanathan, 2014) and Texas (Craig et al., 2012). Additionally,
abandoned wells near a well undergoing hydraulic fracturing can provide a pathway for vertical
fluid movement to drinking water resources, if those wells were not properly plugged or the plugs
and cement have degraded over time. This can be a significant issue in areas with legacy (i.e.,
historic) oil and gas exploration and when wells are re-entered and fractured (or re-fractured) to
increase production in a reservoir.
Some hydraulic fracturing operations involve the injection of fluids into formations with relatively
limited vertical separation from drinking water resources. Where the separation between the
production zone and drinking water resource is small, and where natural or induced fractures
transecting the layers between these formations are present, there is an increased potential for
impacts to drinking water quality.
Hydraulic fracturing is also performed within formations that meet the salinity threshold used in
some definitions of a drinking water resource, in addition to the broader definition of a drinking
water resource developed for this assessment. By definition, these hydraulic fracturing operations
affect the quality of the drinking water resources.

A.2.4. Produced Water Handling


What is currently known about the frequency, severity, and causes of spills of flowback
and produced water?

Surface spills of produced water from unconventional oil and gas production have occurred across
the country. Some produced water spills have affected drinking water resources, including private
drinking water wells. Analysis of data from North Dakota suggests a produced water spill rate of 5
to 7 spills per 100 active production wells. Of these, an estimated 84% are confined to the
production or exploration facility and expected to have a lower potential to impact drinking water
resources. Half of the spills are estimated to be less than 1,000 gal (3,800 L), but a small number of
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large spills have occurred. For example, in North Dakota in 2015, there were 12 releases of 21,000
gal (79,000 L) or more out of a total of 609 spills. The largest reported spill was 2.9 million gal (11.0
million L). The causes identified for these spills are container and equipment failures, human error,
well communication, blowouts, pipeline leaks, and dumping. Although specific impacts from a few
spills have been documented, the severity of most spills is unknown.


What is the composition of hydraulic fracturing flowback and produced water, and
what factors might influence this composition?

The geochemical content of water flowing back initially reflects injected fluids. After initial
flowback, returning fluid geochemistry shifts to reflect the geochemistry of formation waters and
formation solids. According to the available literature and data, conventional and unconventional
produced water content are often similar with respect to the occurrence and concentration of many
constituents. Much produced water is generally characterized as saline (with the exception of most
coalbed methane produced water) and enriched in major anions, cations, metals, naturally
occurring radionuclides, and organics. The composition of produced water must be determined
through sampling and analysis, both of which have limitations. Sampling limitations include
equipment configurations that make it difficult to access representative fluids. Analytical
limitations include identifying target analytes in advance, without sufficient knowledge of the
composition of the fluid sampled, as well as the lack of appropriate analytical methods.
Typically, unconventional produced water contains low levels of heavy metals. However, elevated
strontium and barium levels are characteristic of Marcellus Shale produced water. Elevated levels
of technologically enhanced naturally occurring radioactive materials (TENORM) have also been
documented in the Marcellus Shale produced water. Other formations also contain TENORM, but
fewer data are available. Composition data were limited, in general. Most of the available data on
produced water content were for shale formations and CBM basins, while few data were available
for sandstone formations.
Recent published research has identified several hundred organic chemicals in produced water.
Many of these are naturally-occurring constituents of petroleum, while fewer are known hydraulic
fracturing chemicals. The identification of many organic chemicals in produced water depends on
the availability of advanced laboratory analytical methods and equipment. Much less is known
about subsurface transformation products and only a few have been identified. Recent research
shows that subsurface transformation reactions may reduce concentrations of some hydraulic
fracturing additives through oxidation (gelling agents and friction reducers), may create
chlorinated and brominated organic compounds, and that surfactants (i.e., glycols) may be resistant
to degradation and remain in produced water.
Hydraulic fracturing flowback and produced water composition is influenced by the composition of
injected hydraulic fracturing fluids, the targeted geological formation and associated hydrocarbon
products, the stratigraphic environment, and subsurface processes and residence time. Spatial
variability of produced water content occurs between plays of different rock type (e.g., coal vs.
sandstone), between plays of the same rock type (e.g., Barnett Shale vs. Bakken Shale), and within
formations of the same source rock (e.g., northeastern vs. southwestern Marcellus Shale).
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What are the chemical, physical, and toxicological properties of hydraulic fracturing
flowback and produced water constituents?

This assessment identified 599 chemicals that are reported to have been detected in hydraulic
fracturing produced water. These include chemicals that are added to hydraulic fracturing fluids
during the chemical mixing stage, as well as naturally occurring organic chemicals, metals, naturally
occurring radioactive material, and other subterranean chemicals that may be mobilized by the
hydraulic fracturing process.
The identified constituents of produced water include inorganic chemicals (cations and anions in
the form of metals, metalloids, non-metals, and radioactive materials), organic chemicals and
compounds, and unidentified materials measured as TOC (total organic carbon) and DOC (dissolved
organic carbon). Some constituents are readily transported with water (i.e., chloride and bromide),
while others depend strongly on the geochemical conditions in the receiving water body (i.e.,
radium and barium), and assessment of their transport is based on site-specific factors. Using the
EPA’s EPI Suite software, we were able to obtain actual or estimated physicochemical properties for
521 (87%) individual organic chemicals of the 599 chemicals identified in produced water. The EPI
SuiteTM results are constrained by their applicability to one temperature (25 °C), and salinity (low).
Temperature changes impact Henry’s law constant, Kow, and solubility, and depend on the
characteristics of the chemical and ions present. In some cases, the effect changes exponentially
with salinity. Therefore, property values that depart from the EPI SuiteTM values are expected for
the 599 chemicals identified in produced water at elevated temperature and salinity. Although little
is known concerning attenuation of hydraulic fracturing fluid constituents, Kekacs et al. (2015)
report that salinity above 40,000 mg/L initially inhibited aerobic degradation of the organic
constituents of a synthetic fracturing fluid (for 6.5 days), even though the bacterial communities
were pre-acclimated to the salts.
Of the 599 chemicals identified by the EPA as detected in produced water, chronic oral RfVs and/or
OSFs from selected federal, state, and international sources were available for 120 (20%) of these
chemicals. From the federal sources alone, chronic oral RfVs were available for 97 chemicals (16%),
and OSFs were available for 30 chemicals (5%). Of the chemicals that have these selected toxicity
values, health effects associated with chronic oral exposure include the potential for carcinogenesis,
immune system effects, changes in body weight, changes in blood chemistry, pulmonary toxicity,
neurotoxicity, liver and kidney toxicity, and reproductive and developmental toxicity.
In a hazard evaluation of produced water data, chemicals such as benzene, pyridine, and
naphthalene stood out for their relatively lower RfVs, high average concentrations, and expected
transport and mobility in water. However, the chemicals present in produced water are likely to
vary on a regional and well-specific basis as a result of geological differences, as well as differences
between hydraulic fracturing fluid formulations. Therefore, potential hazard and risk
considerations are best made on a site-specific basis.
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If spills occur, how might hydraulic fracturing flowback and produced water
contaminate drinking water resources?

Both the scientific literature and published reports have shown that produced water spills have
impacted drinking water resources. Spills of produced water may impact drinking water resources
if the spill or release is of sufficient volume and duration to reach the resource at a sufficient
concentration. During the first few months of production produced water is most likely to contain
hydraulic fracturing additives and have low salinity. Later, the composition of shale-gas produced
water will be dominated by high salinity. Spilled produced water can flow overland to reach surface
water resources. Some of that water might infiltrate to impact soils and groundwater. Which path
the spill takes depends on different conditions, such as the distance to a water receptor, spill
volume, soil characteristics, and the physicochemical properties of the chemical. Of the produced
water spills documents by the EPA, 17 (8%) reached surface water resources and 1 (0.4%) was
documented to reach groundwater (U.S. EPA, 2015j), although groundwater impacts from 107
additional spills were unknown. More spills (141 or 63%) impacted soil, and the impacts of 30
spills were unknown.

A.2.5. Wastewater Disposal and Reuse


What are the common treatment and disposal methods for hydraulic fracturing
wastewater, and where are these methods practiced?

The majority of hydraulic fracturing wastewater in the United States is disposed of via underground
injection wells. As of 2014–2015, most states where hydraulic fracturing occurs have access to an
adequate number of Class IID injection wells regulated under the Underground Injection Control
(UIC) Program. The Marcellus Shale region, especially the northeastern region, is an exception. Due
to the lack of available injection wells, wastewater reuse, with or without treatment beforehand (at
centralized waste treatment facilities (CWTs) or mobile facilities), is currently the primary means
of wastewater management and may continue to increase in western shale plays as the practice
becomes encouraged and economically favorable. Other methods of management used to a lesser
degree include evaporation and agricultural use (for low-total dissolved solids (TDS) wastewater),
both of which occur in the western United States.


How effective are conventional POTWs and commercial treatment systems in
removing organic and inorganic contaminants of concern in hydraulic fracturing
wastewater?

Publicly owned treatment works (POTWs) using basic treatment processes cannot effectively
reduce TDS concentrations in highly saline hydraulic fracturing wastewater. CWTs that use
advanced treatment processes such as mechanical vapor recompression, distillation, and reverse
osmosis have been shown to remove TDS constituents with removal efficiencies ranging from 97%
to over 99% (Table F-4). These advanced treatment processes can also remove other constituents
found in hydraulic fracturing wastewater such as metals, cations, anions, and some organics.

A-18

Appendix A – The EPA’s Study of Hydraulic Fracturing for Oil and Gas and Its Potential Impact on Drinking Water Resources

Indirect discharge, where wastewater is pretreated by a CWT and sent to a POTW, may be an
effective option for hydraulic fracturing wastewater treatment (with restrictions on contaminant
concentrations in the pretreated wastewater). This option would require careful planning to ensure
that the pretreated wastewater blended with POTW influent is of appropriate quality to prevent
deleterious effects on biological processes in the POTW or the pass-through of contaminants.
Facilities that treat wastewater for reuse and employ only basic treatment are unable to remove all
contaminants in hydraulic fracturing wastewater, especially if the CWTs do not include specific
processes (e.g., distillation, advanced oxidation, adsorption) that target constituents of concern.
Depending on the water quality requirements for a particular site, these lower quality treated
waters may be of adequate quality for reuse in subsequent hydraulic fracturing operations (and will
be less costly).


What are the potential impacts from surface water disposal of treated hydraulic
fracturing wastewater on drinking water treatment facilities?

Inadequate bromide and iodide removal from treated hydraulic fracturing wastewater has the
potential to affect surface water quality and place a burden on downstream drinking water
treatment facilities due to the formation of disinfection byproducts (DBPs). This occurs when
bromide and iodide react with organic carbon and drinking water disinfectants. Although sampling
data are limited both for treated wastewaters and receiving waters, bromide has reached drinking
water resources via some discharges. One utility in Pennsylvania found that elevated bromide in
their source water led to elevated disinfection byproducts in their treated drinking water.
Ammonium in hydraulic fracturing wastewater could also impact downstream drinking water
supplies by altering disinfection chemistry. Other constituents (e.g., including radionuclides,
barium, and organic compounds) may impact drinking water resources if they are present in high
concentrations in the wastewater and the applied wastewater treatment does not adequately
remove them. Constituents such as radium, metals, and organics can also accumulate in sediments
downstream of discharge points.
As of 2014–2015, there is a lack of data on the concentrations of most hydraulic fracturing
wastewater constituents in the water near drinking water intakes in regions with hydraulic
fracturing activity. Therefore, it is not known whether or to what degree these contaminants have
affected drinking water systems.
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B.1. Supplemental Tables
Table B-1. Average annual hydraulic fracturing water use and consumption in 2011 and 2012
compared to total annual water use and consumption in 2010 by state.
Hydraulic fracturing water use data from the EPA FracFocus 1.0 project database (U.S. EPA, 2015c). Annual total
water use data from the U.S. Geological Survey (USGS) Water Census (Maupin et al., 2014). Estimates of
consumption were derived from hydraulic fracturing water use and total water use data. States listed in
descending order by the volume of hydraulic fracturing water use.

State

Total annual water
use in 2010
(millions of gal)a,b

Average annual
hydraulic
fracturing water
use in 2011 and
2012
(millions of gal)c

Texas

9,052,000

19,942

0.2

0.7

Pennsylvania

2,967,450

5,105

0.2

1.4

Arkansas

4,124,500

3,676

0.1

0.1

Colorado

4,015,000

3,277

0.1

0.1

Oklahoma

1,157,050

2,949

0.3

0.8

Louisiana

3,117,100

2,462

0.1

0.4

North Dakota

419,750

2,181

0.5

2.9

West Virginia

1,288,450

657

0.1

0.5

Wyoming

1,715,500

538

<0.1

<0.1

New Mexico

1,153,400

371

<0.1

<0.1

Ohio

3,445,600

273

<0.1

0.1

Utah

1,627,900

251

<0.1

<0.1

Montana

2,792,250

155

<0.1

<0.1

Kansas

1,460,000

66

<0.1

<0.1

California

13,870,000

44

<0.1

<0.1

Michigan

3,942,000

28

<0.1

<0.1

Mississippi

1,434,450

18

<0.1

<0.1
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State

Total annual water
use in 2010
(millions of gal)a,b

Average annual
hydraulic
fracturing water
use in 2011 and
2012
(millions of gal)c

Hydraulic
Hydraulic
fracturing water
fracturing water
consumption
use compared to compared to total
total water use
water
(%)d
consumption (%)d,e

Alaskaf

397,850

7

<0.1

<0.1

Virginia

2,792,250

1

<0.1

<0.1

Alabama

3,635,400

1

<0.1

<0.1

Total for all 20 states

64,407,900

42,001

0.1

0.2

a Texas,

Colorado, Pennsylvania, North Dakota, Oklahoma, and Utah all made some degree of reporting to the FracFocus
national registry mandatory rather than voluntary during this time period analyzed, January 1, 2011, to February 28, 2013.
Three other states started requiring disclosure to either FracFocus or the state (Louisiana, Montana, and Ohio), and five states
required or began requiring disclosure to the state (Arkansas, Michigan, New Mexico, West Virginia, and Wyoming). Alabama,
Alaska, California, Kansas, Mississippi, and Virginia did not have reporting requirements during the period of time studied (U.S.
EPA, 2015a).
b State-level

data accessed from the USGS website (http://water.usgs.gov/watuse/data/2010/) on January 27, 2015. Total water
withdrawals per day (located in downloaded Table 1) were multiplied by 365 days to estimate total water use for the year
(Maupin et al., 2014).
c

Average of water used for hydraulic fracturing in 2011 and 2012 based on the EPA FracFocus 1,0 project database (U.S. EPA,
2015c).
d Percentages

were calculated by averaging annual water use for hydraulic fracturing in the EPA FracFocus 1.0 project database
in 2011 and 2012 for a given state (U.S. EPA, 2015c), and then dividing by 2010 USGS total water use (Maupin et al., 2014) and
multiplying by 100. Note that the annual hydraulic fracturing water use based on the EPA FracFocus 1.0 project database (the
numerator) was not added to the 2010 total USGS water use value in the denominator, and the percentage is simply calculated
as by dividing annual hydraulic fracturing use by 2010 total water use or consumption. This was done because of the difference
in years between the two datasets, and because the USGS 2010 Census (Maupin et al., 2014) already included an estimate of
hydraulic fracturing water use in its mining category. This approach is also consistent with that of other literature on this topic;
see Nicot and Scanlon (2012).
e

Consumption values were calculated with use-specific consumption rates predominantly from the USGS, including 19.2% for
public supply, 19.2% for domestic use, 60.7% for irrigation, 60.7% for livestock, 14.8% for industrial uses, 14.8% for mining
(Solley et al., 1998), and 2.7% for thermoelectric power (Diehl and Harris, 2014). We used a rate of 71.6% for aquaculture
(Verdegem and Bosma, 2009) (evaporation per kg fish + infiltration per kg)/(total water use per kg) *100. These rates were
multiplied by each USGS water use value (Maupin et al., 2014) to yield a total water consumption estimate. To calculate a
consumption amount for hydraulic fracturing, we used a consumption rate of 82.5%. This was calculated by taking the median
value for all reported produced water/injected water percentages in Tables 7-1 and 7-2 of this assessment and then subtracting
from 100%. If a range of values was given, the midpoint was used. Note that this is likely a low estimate of consumption since
much of this return water is not subsequently treated and reused, but rather disposed of in injection wells—see Chapter 8.
f

All reported hydraulic fracturing disclosures for Alaska passed state locational quality assurance methods, but not county
methods (U.S. EPA, 2015c). Thus, only state-level cumulative values were reported here, and no county-level data are provided
in subsequent tables.
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Table B-2. Average annual hydraulic fracturing water use and consumption in 2011 and 2012
compared to total annual water use and consumption in 2010 by county.
The counties listed contained wells used for hydraulic fracturing based on the EPA FracFocus 1.0 project database
(U.S. EPA, 2015c). Annual total water use data from the USGS Water Census (Maupin et al., 2014). Estimates of
consumption derived from hydraulic fracturing water use and total water use data.

Hydraulic
Hydraulic
Total annual
Average annual
fracturing
fracturing water
water use in hydraulic fracturing water use
consumption
2010
water use in 2011 compared to compared to total
(millions of and 2012 (millions total water
water
gal)a
of gal)b
use (%)c
consumption (%)c,d

State

County

Alabama

Jefferson

29,685.5

0.6

<0.1

<0.1

Tuscaloosa

14,319.0

0.5

<0.1

<0.1

Cleburne

9,471.8

740.9

7.8

32.9

Conway

10,643.4

798.1

7.5

21.2

Faulkner

3,204.7

284.0

8.9

13.7

Independence

57,195.5

80.3

0.1

0.3

Logan

1,525.7

2.4

0.2

0.3

Sebastian

1,365.1

0.6

<0.1

<0.1

Van Buren

1,587.8

899.6

56.7

168.8

White

32,131.0

869.8

2.7

4.7

Yell

1,507.5

<0.1

<0.1

<0.1

Colusa

304,782.3

<0.1

<0.1

<0.1

Glenn

221,420.0

<0.1

<0.1

<0.1

Kern

788,359.9

41.7

<0.1

<0.1

1,118,363.7

0.2

<0.1

<0.1

Sutter

263,511.8

0.2

<0.1

<0.1

Ventura

262,610.2

1.8

<0.1

<0.1

Adams

84,285.8

3.2

<0.1

<0.1

Arapahoe

68,255.0

4.0

<0.1

<0.1

Boulder

84,537.7

4.1

<0.1

<0.1

Broomfield

2,336.0

4.5

0.2

0.4

131,221.2

0.5

<0.1

<0.1

Arkansas

California

Los Angeles

Colorado

Delta
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Hydraulic
Hydraulic
Total annual
Average annual
fracturing
fracturing water
water use in hydraulic fracturing water use
consumption
2010
water use in 2011 compared to compared to total
(millions of and 2012 (millions total water
water
a
b
c
gal)
of gal)
use (%)
consumption (%)c,d

State

County

Colorado,

Dolores

2,040.4

0.1

<0.1

<0.1

cont.

El Paso

42,380.2

<0.1

<0.1

<0.1

Elbert

5,040.7

<0.1

<0.1

<0.1

Fremont

53,366.7

0.6

<0.1

<0.1

Garfield

95,436.6

1,804.2

1.9

2.7

Jackson

126,968.9

1.0

<0.1

<0.1

La Plata

122,873.6

3.5

<0.1

<0.1

Larimer

150,690.3

5.4

<0.1

<0.1

Las Animas

26,911.5

7.9

<0.1

<0.1

Mesa

275,476.5

122.1

<0.1

0.1

Moffat

62,093.8

14.5

<0.1

<0.1

Morgan

67,901.0

3.9

<0.1

<0.1

Phillips

21,509.5

0.2

<0.1

<0.1

Rio Blanco

97,513.4

147.3

0.2

0.2

Routt

74,460.0

0.1

<0.1

<0.1

San Miguel

13,848.1

0.3

<0.1

<0.1

Weld

168,677.5

1,149.4

0.7

1.0

Yuma

80,595.7

0.4

<0.1

<0.1

Barber

2,164.5

9.9

0.5

0.7

Clark

1,898.0

0.8

<0.1

0.1

Comanche

3,011.3

25.6

0.9

1.2

Finney

102,685.5

2.4

<0.1

<0.1

Grant

47,128.8

0.2

<0.1

<0.1

Gray

69,379.2

3.3

<0.1

<0.1

Harper

1,357.8

17.3

1.3

2.0

Haskell

72,496.3

0.1

<0.1

<0.1

Kansas
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Hydraulic
Hydraulic
Total annual
Average annual
fracturing
fracturing water
water use in hydraulic fracturing water use
consumption
2010
water use in 2011 compared to compared to total
(millions of and 2012 (millions total water
water
a
b
c
gal)
of gal)
use (%)
consumption (%)c,d

State

County

Kansas, cont.

Hodgeman

8,460.7

2.7

<0.1

<0.1

Kearny

64,134.2

<0.1

<0.1

<0.1

Lane

5,628.3

0.8

<0.1

<0.1

Meade

55,958.2

<0.1

<0.1

<0.1

Morton

17,403.2

<0.1

<0.1

<0.1

Ness

1,478.3

1.6

0.1

0.2

Seward

57,443.7

<0.1

<0.1

<0.1

Sheridan

26,393.2

0.7

<0.1

<0.1

Stanton

41,420.2

<0.1

<0.1

<0.1

Stevens

72,124.0

0.1

<0.1

<0.1

Sumner

3,442.0

0.2

<0.1

<0.1

Allen

8,942.5

0.1

<0.1

<0.1

Beauregard

10,161.6

2.3

<0.1

0.1

Bienville

4,810.7

108.9

2.3

10.0

Bossier

5,599.1

110.1

2.0

4.9

Caddo

53,644.1

153.6

0.3

1.7

Calcasieu

81,621.3

0.1

<0.1

<0.1

Caldwell

1,398.0

<0.1

<0.1

<0.1

Claiborne

952.7

3.8

0.4

1.1

DeSoto

13,373.6

1,085.9

8.1

47.4

East Feliciana

1,350.5

3.7

0.3

0.7

Jackson

1,456.4

<0.1

<0.1

<0.1

Lincoln

3,000.3

3.3

0.1

0.3

Natchitoches

12,530.5

12.7

0.1

0.2

Rapides

199,976.2

1.7

<0.1

<0.1

1,606.0

569.6

35.5

83.2

Louisiana

Red River
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State

County

Louisiana, cont. Sabine

1,522.1

395.2

26.0

76.6

Tangipahoa

7,329.2

1.9

<0.1

0.1

Union

1,481.9

4.9

0.3

1.0

Webster

2,664.5

1.2

<0.1

0.1

West Feliciana

15,191.3

2.3

<0.1

0.1

846.8

1.1

0.1

0.4

2,777.7

<0.1

<0.1

<0.1

Gladwin

850.5

1.1

0.1

0.4

Kalkaska

1,233.7

24.0

1.9

3.7

Missaukee

1,423.5

<0.1

<0.1

<0.1

Ogemaw

1,179.0

<0.1

<0.1

<0.1

Roscommon

1,000.1

2.4

0.2

0.9

792.1

14.4

1.8

3.8

Wilkinson

1,270.2

3.2

0.3

0.4

Daniels

1,408.9

0.6

<0.1

0.1

Garfield

1,631.6

0.5

<0.1

<0.1

Glacier

46,760.2

5.1

<0.1

<0.1

Musselshell

26,827.5

0.4

<0.1

<0.1

Richland

94,797.8

83.5

0.1

0.1

Roosevelt

31,539.7

52.1

0.2

0.2

Rosebud

71,412.3

3.5

<0.1

<0.1

Sheridan

7,354.8

9.7

0.1

0.2

Chaves

88,078.2

2.8

<0.1

<0.1

Colfax

17,450.7

0.7

<0.1

<0.1

Eddy

70,612.9

225.6

0.3

0.5

Winn
Michigan

Mississippi

Montana

New Mexico

Hydraulic
Hydraulic
Total annual
Average annual
fracturing
fracturing water
water use in hydraulic fracturing water use
consumption
2010
water use in 2011 compared to compared to total
(millions of and 2012 (millions total water
water
a
b
c
gal)
of gal)
use (%)
consumption (%)c,d

Cheboygan

Amite
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Hydraulic
Hydraulic
Total annual
Average annual
fracturing
fracturing water
water use in hydraulic fracturing water use
consumption
2010
water use in 2011 compared to compared to total
(millions of and 2012 (millions total water
water
a
b
c
gal)
of gal)
use (%)
consumption (%)c,d

State

County

New Mexico,
cont.

Harding

1,168.0

0.1

<0.1

<0.1

Lea

64,057.5

113.7

0.2

0.3

Rio Arriba

39,080.6

16.5

<0.1

0.1

Roosevelt

63,367.7

<0.1

<0.1

<0.1

San Juan

125,432.3

11.6

<0.1

<0.1

Sandoval

23,922.1

0.4

<0.1

<0.1

762.9

44.4

5.8

16.2

1,164.4

0.1

<0.1

<0.1

Burke

394.2

63.6

16.1

40.8

Divide

806.7

102.2

12.7

18.6

Dunn

1,076.8

309.5

28.7

43.1

208.1

4.6

2.2

3.8

Mckenzie

13,753.2

588.4

4.3

6.2

Mclean

7,873.1

12.2

0.2

0.4

Mountrail

1,248.3

449.4

36.0

98.3

Stark

1,168.0

48.0

4.1

8.5

Williams

7,705.2

558.5

7.2

11.3

Ashland

2,033.1

1.5

0.1

0.2

Belmont

65,528.5

1.9

<0.1

0.1

Carroll

1,127.9

152.7

13.5

37.3

Columbiana

3,763.2

30.7

0.8

2.2

Coshocton

53,775.5

5.4

<0.1

0.1

Guernsey

2,379.8

8.4

0.4

0.7

Harrison

481.8

16.5

3.4

7.3

Jefferson

632,917.3

26.2

<0.1

0.1

North Dakota

Billings
Bottineau

Golden Valley

Ohio
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Hydraulic
Hydraulic
Total annual
Average annual
fracturing
fracturing water
water use in hydraulic fracturing water use
consumption
2010
water use in 2011 compared to compared to total
(millions of and 2012 (millions total water
water
a
b
c
gal)
of gal)
use (%)
consumption (%)c,d

State

County

Ohio, cont.

Knox

3,270.4

1.1

<0.1

0.1

Medina

3,540.5

1.3

<0.1

0.1

Muskingum

6,018.9

5.1

0.1

0.3

478.2

8.3

1.7

3.4

Portage

18,414.3

3.2

<0.1

0.1

Stark

16,479.8

2.4

<0.1

<0.1

Tuscarawas

14,165.7

6.7

<0.1

0.2

Wayne

6,051.7

1.7

<0.1

0.1

Alfalfa

2,996.7

182.7

6.1

12.0

Beaver

15,341.0

23.1

0.2

0.3

Beckham

4,099.0

108.0

2.6

4.7

Blaine

3,763.2

203.3

5.4

9.3

Bryan

5,062.6

10.3

0.2

0.4

Caddo

24,064.5

25.4

0.1

0.3

Canadian

5,584.5

441.9

7.9

15.6

159,906.5

161.9

0.1

0.5

Coal

1,193.6

85.9

7.2

21.5

Custer

3,281.4

19.0

0.6

1.2

Dewey

10,953.7

162.6

1.5

6.2

Ellis

8,486.3

184.3

2.2

3.2

Garvin

16,279.0

15.0

0.1

0.4

Grady

13,537.9

111.5

0.8

2.3

Grant

5,569.9

77.8

1.4

5.2

Harper

3,266.8

8.8

0.3

0.4

Hughes

3,394.5

30.5

0.9

2.2

Jefferson

4,496.8

<0.1

<0.1

<0.1

Noble

Oklahoma

Carter
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Hydraulic
Hydraulic
Total annual
Average annual
fracturing
fracturing water
water use in hydraulic fracturing water use
consumption
2010
water use in 2011 compared to compared to total
(millions of and 2012 (millions total water
water
a
b
c
gal)
of gal)
use (%)
consumption (%)c,d

State

County

Oklahoma,
cont.

Johnston

1,671.7

32.9

2.0

4.7

Kay

16,957.9

17.3

0.1

0.4

Kingfisher

3,744.9

10.2

0.3

0.5

Kiowa

5,022.4

0.1

<0.1

<0.1

Latimer

1,062.2

0.6

0.1

0.1

Le Flore

8,635.9

0.3

<0.1

<0.1

Logan

4,077.1

4.2

0.1

0.3

Love

2,011.2

4.4

0.2

0.5

Major

6,321.8

1.2

<0.1

<0.1

Marshall

2,613.4

98.4

3.8

7.2

McClain

2,952.9

2.1

0.1

0.2

Noble

12,990.4

25.3

0.2

1.8

Oklahoma

47,836.9

1.2

<0.1

<0.1

Osage

6,971.5

3.8

0.1

0.2

Pawnee

4,839.9

15.7

0.3

1.4

Payne

4,332.6

9.9

0.2

0.6

Pittsburg

6,314.5

349.0

5.5

16.0

Roger Mills

2,847.0

235.5

8.3

12.6

Seminole

124,837.3

0.1

<0.1

<0.1

Stephens

49,990.4

27.7

0.1

0.3

Texas

110,208.1

0.1

<0.1

<0.1

Washita

3,310.6

102.1

3.1

5.4

Woods

4,139.1

155.1

3.7

10.9
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Hydraulic
Hydraulic
Total annual
Average annual
fracturing
fracturing water
water use in hydraulic fracturing water use
consumption
2010
water use in 2011 compared to compared to total
(millions of and 2012 (millions total water
water
a
b
c
gal)
of gal)
use (%)
consumption (%)c,d

State

County

Pennsylvania

Allegheny

234,140.2

13.6

<0.1

<0.1

Armstrong

65,853.3

55.7

0.1

1.8

Beaver

157,793.2

30.5

<0.1

0.2

Blair

8,303.8

5.9

0.1

0.2

Bradford

4,354.5

1,059.4

24.3

78.2

Butler

5,730.5

121.8

2.1

6.0

292.0

6.6

2.3

4.1

Centre

16,560.1

38.5

0.2

0.5

Clarion

1,843.3

8.1

0.4

1.4

111,051.3

111.5

0.1

2.3

Clinton

6,161.2

94.4

1.5

3.0

Columbia

3,810.6

5.6

0.1

0.4

Crawford

5,091.8

2.4

<0.1

0.1

Elk

7,876.7

37.5

0.5

1.9

Fayette

16,465.2

120.2

0.7

2.7

Forest

744.6

7.7

1.0

1.6

Greene

13,023.2

359.0

2.8

24.7

Huntingdon

5,121.0

2.7

0.1

0.2

Indiana

21,819.7

16.2

0.1

0.7

Jefferson

1,730.1

13.8

0.8

1.7

Lawrence

36,598.6

27.0

0.1

1.0

Lycoming

5,854.6

704.6

12.0

33.8

McKean

4,723.1

60.5

1.3

4.9

Potter

2,281.3

16.5

0.7

1.0

Somerset

10,833.2

5.8

0.1

0.2

222.7

66.5

29.9

79.8

Cameron

Clearfield

Sullivan
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Hydraulic
Hydraulic
Total annual
Average annual
fracturing
fracturing water
water use in hydraulic fracturing water use
consumption
2010
water use in 2011 compared to compared to total
(millions of and 2012 (millions total water
water
a
b
c
gal)
of gal)
use (%)
consumption (%)c,d

State

County

Pennsylvania,
cont.

Susquehanna

1,617.0

751.3

46.5

123.4

Tioga

2,909.1

566.3

19.5

47.3

Venango

2,989.4

2.4

0.1

0.3

Warren

5,099.1

2.3

<0.1

0.2

Washington

130,535.0

433.7

0.3

4.6

Westmoreland

14,607.3

207.0

1.4

3.8

Wyoming

4,788.8

150.0

3.1

15.2

Andrews

23,363.7

236.2

1.0

2.7

Angelina

5,540.7

0.8

<0.1

<0.1

Archer

2,536.8

0.1

<0.1

<0.1

Atascosa

15,038.0

327.3

2.2

4.0

Austin

2,555.0

2.1

0.1

0.1

Bee

3,087.9

20.0

0.6

1.1

Borden

2,427.3

8.0

0.3

1.0

Bosque

3,544.2

0.7

<0.1

<0.1

Brazos

24,790.8

7.7

<0.1

0.1

Brooks

1,204.5

1.5

0.1

0.3

Burleson

10,694.5

3.0

<0.1

<0.1

Cherokee

24,845.6

0.5

<0.1

<0.1

Clay

1,963.7

<0.1

<0.1

<0.1

Cochran

24,035.3

3.0

<0.1

<0.1

Coke

12,713.0

0.3

<0.1

<0.1

Colorado

52,465.1

0.1

<0.1

<0.1

Concho

2,832.4

<0.1

<0.1

<0.1

Cooke

4,533.3

454.3

10.0

29.9

Texas
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Hydraulic
Hydraulic
Total annual
Average annual
fracturing
fracturing water
water use in hydraulic fracturing water use
consumption
2010
water use in 2011 compared to compared to total
(millions of and 2012 (millions total water
water
a
b
c
gal)
of gal)
use (%)
consumption (%)c,d

State

County

Texas, cont.

Cottle

733.7

0.3

<0.1

0.1

Crane

8,566.6

92.3

1.1

5.7

Crockett

4,281.5

279.0

6.5

29.5

Crosby

27,261.9

1.3

<0.1

<0.1

Culberson

14,311.7

37.7

0.3

0.4

Dallas

112,204.7

5.6

<0.1

<0.1

Dawson

28,842.3

17.5

0.1

0.1

DeWitt

2,394.4

546.6

22.8

48.6

Denton

60,684.9

455.0

0.7

2.3

Dimmit

4,073.4

1,794.2

44.0

81.3

Ector

21,958.4

226.5

1.0

4.6

332.2

<0.1

<0.1

<0.1

Ellis

8,530.1

4.2

<0.1

0.1

Erath

5,876.5

0.8

<0.1

<0.1

Fayette

9,008.2

13.7

0.2

1.2

Fisher

2,854.3

1.8

0.1

0.1

Franklin

1,956.4

<0.1

<0.1

<0.1

Freestone

297,861.9

53.9

<0.1

0.5

Frio

20,589.7

127.5

0.6

0.9

Gaines

121,778.6

21.6

<0.1

<0.1

Garza

5,234.1

0.6

<0.1

<0.1

Glasscock

20,680.9

598.1

2.9

4.2

Goliad

142,963.2

<0.1

<0.1

<0.1

Gonzales

7,121.2

577.9

8.1

17.6

Grayson

8,143.2

9.3

0.1

0.3

Gregg

33,010.6

9.4

<0.1

0.2

Edwards
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Hydraulic
Hydraulic
Total annual
Average annual
fracturing
fracturing water
water use in hydraulic fracturing water use
consumption
2010
water use in 2011 compared to compared to total
(millions of and 2012 (millions total water
water
a
b
c
gal)
of gal)
use (%)
consumption (%)c,d

State

County

Texas, cont.

Grimes

112,500.3

15.5

<0.1

0.3

Hansford

43,643.1

2.9

<0.1

<0.1

Hardeman

2,230.2

0.4

<0.1

<0.1

Hardin

2,376.2

0.1

<0.1

<0.1

Harrison

11,869.8

141.6

1.2

6.0

Hartley

113,555.2

1.9

<0.1

<0.1

Haskell

12,143.6

0.1

<0.1

<0.1

Hemphill

3,150.0

263.9

8.4

16.3

Hidalgo

171,630.3

8.0

<0.1

<0.1

Hockley

46,314.9

3.0

<0.1

<0.1

Hood

9,351.3

76.0

0.8

2.2

Houston

3,686.5

8.6

0.2

0.6

Howard

10,811.3

97.6

0.9

2.7

Hutchinson

34,437.8

0.3

<0.1

<0.1

Irion

1,335.9

411.4

30.8

74.5

Jack

2,241.1

14.0

0.6

2.2

Jefferson

88,585.5

<0.1

<0.1

<0.1

Jim Hogg

306.6

0.1

<0.1

0.1

Johnson

9,241.8

582.0

6.3

18.5

Jones

5,679.4

<0.1

<0.1

<0.1

Karnes

1,861.5

1,055.2

56.7

120.1

Kenedy

456.3

0.2

0.1

0.1

Kent

6,132.0

0.4

<0.1

<0.1

King

1,485.6

<0.1

<0.1

<0.1

Kleberg

1,171.7

3.4

0.3

0.5

Knox

9,800.3

<0.1

<0.1

<0.1
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Hydraulic
Hydraulic
Total annual
Average annual
fracturing
fracturing water
water use in hydraulic fracturing water use
consumption
2010
water use in 2011 compared to compared to total
(millions of and 2012 (millions total water
water
a
b
c
gal)
of gal)
use (%)
consumption (%)c,d

State

County

Texas, cont.

La Salle

2,474.7

1,288.7

52.1

93.7

Lavaca

3,763.2

45.0

1.2

2.0

Lee

3,120.8

1.2

<0.1

0.1

Leon

2,171.8

56.2

2.6

6.6

Liberty

20,662.7

<0.1

<0.1

<0.1

Limestone

11,158.1

10.7

0.1

0.9

Lipscomb

11,015.7

89.0

0.8

1.1

Live Oak

1,916.3

294.0

15.3

40.1

781.1

138.4

17.7

94.1

Lynn

19,892.5

1.1

<0.1

<0.1

Madison

1,554.9

45.3

2.9

8.2

Marion

3,606.2

5.9

0.2

0.9

Martin

14,063.5

432.0

3.1

4.7

Maverick

20,498.4

52.4

0.3

0.4

McMullen

657.0

745.9

113.5

350.4

Medina

19,228.2

0.2

<0.1

<0.1

Menard

1,014.7

<0.1

<0.1

<0.1

Midland

12,891.8

307.4

2.4

3.7

Milam

16,665.9

4.9

<0.1

0.1

Mitchell

6,559.1

11.0

0.2

0.3

Montague

3,989.5

925.3

23.2

77.8

Montgomery

32,565.3

0.2

<0.1

<0.1

Moore

57,075.1

<0.1

<0.1

<0.1

Nacogdoches

5,891.1

271.7

4.6

12.5

Navarro

18,699.0

4.8

<0.1

0.1

Newton

2,263.0

0.2

<0.1

<0.1

Loving
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Hydraulic
Hydraulic
Total annual
Average annual
fracturing
fracturing water
water use in hydraulic fracturing water use
consumption
2010
water use in 2011 compared to compared to total
(millions of and 2012 (millions total water
water
a
b
c
gal)
of gal)
use (%)
consumption (%)c,d

State

County

Texas, cont.

Nolan

4,124.5

4.5

0.1

0.2

Nueces

85,767.7

1.0

<0.1

<0.1

Ochiltree

21,348.9

33.3

0.2

0.2

Oldham

2,124.3

1.3

0.1

0.1

Orange

150,128.2

0.3

<0.1

<0.1

Palo Pinto

18,403.3

9.6

0.1

0.3

Panola

6,365.6

346.5

5.4

20.7

Parker

8,241.7

261.7

3.2

9.8

Pecos

52,954.2

8.2

<0.1

<0.1

Polk

204,009.5

0.2

<0.1

<0.1

Potter

2,029.4

0.4

<0.1

<0.1

Reagan

9,333.1

410.5

4.4

7.8

Reeves

20,772.2

164.2

0.8

1.1

Roberts

7,690.6

38.2

0.5

1.2

158,344.3

45.4

<0.1

0.2

2,847.0

<0.1

<0.1

<0.1

582,134.9

65.8

<0.1

0.3

799.4

31.1

3.9

13.9

San Augustine

1,131.5

182.1

16.1

50.8

San Patricio

4,172.0

1.1

<0.1

<0.1

967.3

27.0

2.8

5.0

Scurry

14,187.6

1.1

<0.1

<0.1

Shelby

4,920.2

133.6

2.7

8.2

Sherman

78,073.5

<0.1

<0.1

<0.1

Smith

11,231.1

0.2

<0.1

<0.1

Somervell

746,005.3

4.8

<0.1

<0.1

Robertson
Runnels
Rusk
Sabine

Schleicher
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Hydraulic
Hydraulic
Total annual
Average annual
fracturing
fracturing water
water use in hydraulic fracturing water use
consumption
2010
water use in 2011 compared to compared to total
(millions of and 2012 (millions total water
water
a
b
c
gal)
of gal)
use (%)
consumption (%)c,d

State

County

Texas, cont.

Starr

9,552.1

5.0

0.1

0.1

Stephens

13,446.6

2.6

<0.1

0.1

Sterling

719.1

36.6

5.1

11.9

Stonewall

923.5

0.9

0.1

0.3

Sutton

1,153.4

1.6

0.1

0.3

Tarrant

104,430.2

1,443.0

1.4

3.9

Terrell

543.9

0.1

<0.1

<0.1

Terry

48,362.5

7.5

<0.1

<0.1

Tyler

1,872.5

0.1

<0.1

<0.1

Upshur

8,610.4

0.2

<0.1

<0.1

Upton

7,975.3

462.6

5.8

14.2

Van Zandt

4,139.1

0.1

<0.1

<0.1

Walker

4,478.6

3.4

0.1

0.2

Waller

9,829.5

0.1

<0.1

<0.1

Ward

6,909.5

107.3

1.6

4.6

Washington

2,430.9

2.2

0.1

0.2

Webb

15,862.9

1,117.8

7.0

18.2

Wharton

81,606.7

<0.1

<0.1

<0.1

Wheeler

6,522.6

858.0

13.2

21.5

Wichita

25,936.9

0.1

<0.1

<0.1

Wilbarger

12,683.8

0.2

<0.1

<0.1

Willacy

15,209.6

0.1

<0.1

<0.1

Wilson

7,843.9

84.5

1.1

1.7

Winkler

5,274.3

7.7

0.1

0.5

Wise

24,966.0

529.7

2.1

8.9

Wood

19,334.1

0.2

<0.1

<0.1
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Hydraulic
Hydraulic
Total annual
Average annual
fracturing
fracturing water
water use in hydraulic fracturing water use
consumption
2010
water use in 2011 compared to compared to total
(millions of and 2012 (millions total water
water
a
b
c
gal)
of gal)
use (%)
consumption (%)c,d

State

County

Texas, cont.

Yoakum

77,325.3

7.5

<0.1

<0.1

Young

21,162.7

0.1

<0.1

<0.1

Zapata

2,697.4

1.1

<0.1

0.1

Zavala

14,410.2

130.0

0.9

1.3

Carbon

15,067.2

7.3

<0.1

0.1

Duchesne

119,811.3

85.5

0.1

0.1

San Juan

10,632.5

0.3

<0.1

<0.1

Sevier

52,512.6

<0.1

<0.1

<0.1

Uintah

100,229.0

157.5

0.2

0.2

Buchanan

313.9

0.6

0.2

0.3

Dickenson

1,741.1

0.8

<0.1

0.2

Wise

1,927.2

0.1

<0.1

<0.1

Barbour

773.8

19.9

2.6

6.9

Brooke

4,551.6

54.8

1.2

5.1

405.2

78.5

19.4

69.4

Hancock

28,718.2

1.2

<0.1

<0.1

Harrison

20,232.0

40.2

0.2

1.9

901.6

2.4

0.3

0.8

Marion

5,982.4

70.1

1.2

4.9

Marshall

158,358.9

84.5

0.1

0.7

Monongalia

42,102.8

6.8

<0.1

0.1

Ohio

3,825.2

116.5

3.0

10.4

Pleasants

24,703.2

<0.1

<0.1

<0.1

Preston

2,890.8

8.4

0.3

1.4

Ritchie

587.7

2.8

0.5

1.7

Taylor

824.9

52.9

6.4

17.6

Tyler

4,934.8

2.1

<0.1

0.2

Upshur

1,814.1

34.9

1.9

6.8

Utah

Virginia

West Virginia

Doddridge

Lewis
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Hydraulic
Hydraulic
Total annual
Average annual
fracturing
fracturing water
water use in hydraulic fracturing water use
consumption
2010
water use in 2011 compared to compared to total
(millions of and 2012 (millions total water
water
a
b
c
gal)
of gal)
use (%)
consumption (%)c,d

State

County

West Virginia,
cont.

Webster

1,292.1

2.3

0.2

0.3

Wetzel

1,467.3

78.2

5.3

11.9

Big Horn

143,368.4

2.9

<0.1

<0.1

Campbell

44,318.3

11.7

<0.1

0.1

Carbon

137,130.5

4.5

<0.1

<0.1

Converse

56,972.9

106.8

0.2

0.3

Fremont

186,150.0

28.2

<0.1

<0.1

Goshen

144,248.0

5.8

<0.1

<0.1

Hot Springs

28,572.2

0.3

<0.1

<0.1

Johnson

43,205.1

<0.1

<0.1

<0.1

Laramie

86,297.0

18.3

<0.1

<0.1

Lincoln

74,562.2

0.8

<0.1

<0.1

Natrona

62,885.9

1.8

<0.1

<0.1

Niobrara

25,148.5

0.1

<0.1

<0.1

Park

111,317.7

0.9

<0.1

<0.1

Sublette

61,006.1

314.8

0.5

0.7

Sweetwater

61,699.6

39.4

0.1

0.1

Uinta

79,518.9

0.6

<0.1

<0.1

Washakie

60,400.2

1.1

<0.1

<0.1

Wyoming

a

County-level data accessed from the USGS website (http://water.usgs.gov/watuse/data/2010/) on November 11, 2014. Total
daily water withdrawals were multiplied by 365 days to estimate total water use for the year (Maupin et al., 2014).
b

Average of water used for hydraulic fracturing in 2011 and 2012, based on the EPA FracFocus 1.0 project database (U.S. EPA,
2015c).
c

Percentages were calculated by averaging annual water use for hydraulic fracturing in the EPA FracFocus 1.0 project database
in 2011 and 2012 for a given county (U.S. EPA, 2015c), and then dividing by 2010 USGS total water use for that county (Maupin
et al., 2014) and multiplying by 100.
d

Consumption values were calculated with use-specific consumption rates predominantly from the USGS, including 19.2% for
public supply, 19.2% for domestic use, 60.7% for irrigation, 60.7% for livestock, 14.8% for industrial uses, 14.8% for mining
(Solley et al., 1998), and 2.7% for thermoelectric power (Diehl and Harris, 2014). We used a rate of 71.6% for aquaculture
(Verdegem and Bosma, 2009) (evaporation per kg fish + infiltration per kg)/(total water use per kg)*100. These rates were
multiplied by each USGS water use value (Maupin et al., 2014) to yield a total water consumption estimate. To calculate a
consumption amount for hydraulic fracturing, we used a consumption rate of 82.5%. This was calculated by taking the median
value for all reported produced water/injected water percentages in Tables 7-1 and 7-2 of this assessment and then subtracting
from 100%. If a range of values was given, the midpoint was used. Note that this is likely a low estimate of consumption since
much of this return water is not subsequently treated and reused, but rather disposed of in injection wells—see Chapter 8.
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Table B-3. Comparison of water use per well estimates from the EPA FracFocus 1.0 project
database (U.S. EPA, 2015c) and literature sources.

Water use per well (gal)
- Literature estimateb,c

EPA FracFocus 1.0
project database
estimate as a
percentage of
literature estimate
(%)

State

Basin

Water use per well
(gal) - EPA FracFocus
1.0 project database
estimateb

Colorado

Denver

403,686

2,900,000

14

North Dakota

-

2,140,842

2,200,000

97

Oklahoma

-

2,591,778

3,000,000

86

Pennsylvaniad

-

4,301,701

4,450,000

97

Texas

Fort Worth

3,881,220

4,500,000

86

Texas

Salt

3,139,980

4,000,000

78

Texas

Western Gulf

3,777,648

4,600,000

82

Averagee

-

-

-

77

Mediane

-

-

-

86

a

a In

cases where a basin is not specified, estimates were for the entire state and not specific to a particular basin. Basin
boundaries for the EPA FracFocus 1.0 project database estimates were determined from data from the U.S. EIA (U.S. EPA,
2015b).
b The

type of literature estimate determined the specific comparison with the EPA FracFocus 1.0 project database. If averages
were given in the literature (as for North Dakota and Pennsylvania), those values were compared with EPA FracFocus 1.0
project database averages; where medians were given in the literature (as for Colorado, Oklahoma, and Texas), they were
compared with EPA FracFocus 1.0 project database medians.
c Literature estimates

were from the following sources: Colorado (Goodwin et al., 2014), North Dakota (North Dakota State
Water Commission, 2014), Pennsylvania (Mitchell et al., 2013), and Texas (Nicot and Scanlon, 2012)—see far right-column and
footnotes in Table B-5 for details on literature estimates. Where the literature provided a range, the mid-point was used. Only
literature estimates that were not directly derived from FracFocus were included.
d The

results from Mitchell et al. (2013) were used for Pennsylvania since they were derived from Pennsylvania Department of
Environment Protection (PA DEP) records. Estimates from Hansen et al. (2013) were not included here because they were
based on data from the FracFocus national registry.
e Average

and median percentage calculations were not weighted by the number of wells for a given estimate.
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Table B-4. Comparison of well counts from the EPA FracFocus 1.0 project database (U.S. EPA, 2015c) and state databases for
North Dakota, Pennsylvania, and West Virginia.
EPA FracFocus 1.0 project database
well countsa
State

State database well counts

EPA FracFocus 1.0 project database
counts as a percentage
of state database counts

2011

2012

Total

2011

2012

Total

2011

2012

Total

North Dakotab

613

1,458

2,071

1,225

1,740

2,965

50%

84%

70%

Pennsylvaniac

1,137

1,257

2,394

1,963

1,347

3,310

58%

93%

72%

West Virginiad

93

176

269

214

251

465

43%

70%

58%

-

-

-

-

-

-

50%

82%

67%

Average
a EPA

FracFocus 1.0 project database wells counts (U.S. EPA, 2015c).

b For

North Dakota state well counts, we used a North Dakota Department of Mineral Resources online database containing a list of horizontal wells completed in the Bakken
Formation. Data for North Dakota were accessed on July 9, 2014 at https://www.dmr.nd.gov/oilgas/bakkenwells.asp.
c For

Pennsylvania state well counts, we used completed horizontal wells as a proxy for hydraulically fractured wells in the state. The Pennsylvania Department of Environmental
Protection has online databases of permitted and spudded wells, which differentiate between conventional and unconventional wells and can generate summary statistics at
both the county and state scale. The number of spudded wells (i.e., wells drilled) provided a better comparison with the number of hydraulically fractured wells in the EPA
FracFocus 1.0 project database than that of permitted wells. The number of permitted wells was nearly double that of spudded in 2011 and 2012, indicating that almost half of
the wells permitted were not drilled in that same year. Therefore, we used spudded wells here. Data for Pennsylvania were accessed on February 11, 2014 from
http://www.depreportingservices.state.pa.us/ReportServer/Pages/ReportViewer.aspx?/Oil_Gas/Spud_External_Data.
d For

West Virginia state well counts, data on the number of hydraulically fractured wells per year were received from the West Virginia Department of Environmental Protection
on February 25, 2014.
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Table B-5. Water use per hydraulically fractured well as reported in the EPA FracFocus 1.0 project database (U.S. EPA, 2015c) by
state and basin, covering the time period of January 2011 through February 2013.
This table highlights 15 of the 20 states accounting for almost all disclosures reported in the EPA FracFocus 1.0 project database (U.S. EPA, 2015c). All EPA
FracFocus 1.0 project database estimates were limited to disclosures with valid state, county, and volume information. Other literature estimates are also
included where available. NA indicates other literature estimates were not available.

a

Number of
disclosures

Mean
(gal)

Median
(gal)

10th
percentile
(gal)

90th
percentile
(gal)

Literature estimates

State

Basin/Total

Arkansas

Arkoma

1,423

5,190,254

5,259,965

3,234,963

7,121,249

NA

Total

1,423

5,190,254

5,259,965

3,234,963

7,121,249

NA

San Joaquin

677

131,653

77,238

22,100

285,029

NA

Other

34

132,391

36,099

13,768

361,192

NA

Total

711

131,689

76,818

21,462

285,306

130,000 gal (average)b

Denver

3,166

753,887

403,686

143,715

2,588,946

2.9 million gal (median, Wattenberg
field of Niobrara play)c

Uinta-Piceance

1,520

2,739,523

1,798,414

840,778

5,066,380

NA

Raton

146

108,003

95,974

24,917

211,526

NA

Other

66

605,740

183,408

34,412

601,816

NA

Total

4,898

1,348,842

463,462

147,353

3,092,024

NA

Kansas

Total

121

1,135,973

1,453,788

10,836

2,227,926

NA

Louisiana

TX-LA-MS Salt

939

5,289,100

5,116,650

2,851,654

7,984,838

NA

Other

27

896,899

232,464

87,003

3,562,400

NA

Total

966

5,166,337

5,077,863

1,812,099

7,945,630

NA

Williston

187

1,640,085

1,552,596

375,864

3,037,398

NA

Other

20

945,541

1,017,701

157,639

1,575,197

NA

Total

207

1,572,979

1,455,757

367,326

2,997,552

NA

California

Colorado

Montana
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Number of
disclosures

Mean
(gal)

Median
(gal)

10th
percentile
(gal)

Permian

732

991,369

426,258

89,895

2,502,923

NA

San Juan

363

159,680

97,734

27,217

313,919

NA

Other

50

33,787

8,358

1,100

98,841

NA

Total

1,145

685,882

175,241

35,638

1,871,666

NA

Williston

2,109

2,140,842

2,022,380

969,380

3,313,482

NA

Total

2,109

2,140,842

2,022,380

969,380

3,313,482

2.2 million gal (average)d

Appalachian

146

4,206,955

3,887,499

2,885,568

5,571,027

NA

Total

146

4,206,955

3,887,499

2,885,568

5,571,027

NA

Anadarko

935

3,742,703

3,259,774

1,211,700

6,972,652

Many formations reportede

Arkoma

158

6,323,750

6,655,929

172,375

9,589,554

Many formations reportede

Ardmore

98

6,637,332

8,021,559

81,894

8,835,842

Many formations reportede

Other

592

1,963,480

1,866,144

1,319,247

2,785,352

NA

Total

1,783

3,539,775

2,591,778

1,260,906

7,402,230

3 million gal (median)e

Appalachian

2,445

4,301,701

4,184,936

2,313,649

6,615,981

4.1-4.6 million gal (average, Marcellus
play, Susquehanna River Basin)f

Total

2,445

4,301,701

4,184,936

2,313,649

6,615,981

4.1-4.5g and 4.3-4.6h million gal
(average)

Permian

8,419

1,068,511

841,134

40,090

1,814,633

Many formations reportedi

Western Gulf

4,549

3,915,540

3,777,648

173,832

6,786,052

4.5−4.7 million gal (median, Eagle
Ford play)i

Fort Worth

2,564

3,880,724

3,881,220

923,381

6,649,406

4.5 million gal (median, Barnett play)i

626

4,261,363

3,139,980

193,768

10,010,707

6−7.5 million gal (median, TexasHaynesville play) and 0.5-1 million gal
(median, Cotton Valley play)i

State

Basin/Totala

New Mexico

North Dakota

Ohio

Oklahoma

Pennsylvania

Texas

TX-LA-MS Salt
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Number of
disclosures

Mean
(gal)

Median
(gal)

10th
percentile
(gal)

Anadarko

604

4,128,702

3,341,310

492,421

8,292,996

Many formations reportedi

Other

120

1,601,897

184,239

21,470

5,678,588

NA

Total

16,882

2,494,452

1,420,613

58,709

6,115,195

Not reported by statei

Uinta-Piceance

1,396

375,852

304,105

77,166

770,699

NA

Other

10

58,874

56,245

28,745

97,871

NA

Total

1,406

373,597

302,075

76,286

769,360

NA

Appalachian

273

5,034,217

5,012,238

3,170,210

7,297,080

NA

Total

273

5,034,217

5,012,238

3,170,210

7,297,080

4.7-6 million gal (average)g

Greater Green River

861

841,702

752,979

147,020

1,493,266

NA

Powder River

351

739,129

5,927

5,353

2,863,182

NA

Other

193

613,618

41,664

22,105

1,818,606

NA

Total

1,405

784,746

322,793

5,727

1,837,602

NA

State

Basin/Totala

Texas, cont.

Utah

West Virginia

Wyoming

90th
percentile
(gal)

Literature estimates

a

Basin boundaries for the EPA FracFocus 1.0 project database well locations were determined from data from the U.S. EIA (U.S. EPA, 2015b).

b

Literature estimates for California were from a California Council on Science and Technology report using data from FracFocus (CCST, 2014).

c

Literature estimates for the Denver Basin were from Goodwin et al. (2014). Goodwin et al. (2014) assessed 200 randomly sampled wells in the Wattenberg Field of the Denver
Basin (Niobrara Play), using industry data for wells operated by Noble Energy, drilled between January 1, 2010, and July 1, 2013. Water consumption is reported rather than
water use, but Goodwin et al. (2014) assume, based on Noble Energy practices, that water use and water consumption were identical because none of the flowback or produced
water is reused for hydraulic fracturing. Goodwin et al. reported drilling water consumed, hydraulic fracturing water consumed, and total water consumed. We present hydraulic
fracturing water consumption here (hydraulic fracturing water consumption was approximately 95% of the total).
d

Literature estimates for North Dakota were from an informational bulletin from the North Dakota State Water Commission (2014). No further information was available.

e

Murray (2013), who assessed water use for oil and gas operations from 2000−2010 for eight formations in Oklahoma using data from the Oklahoma Corporation Commission. It
is not possible to extract an estimate corresponding to 2011–2012 from Murray without the raw data, because medians were presented for the 10-year period rather than
separated by year.
f

The range of average annual water use per hydraulically fractured well in the Susquehanna River Basin for 2011 and 2012, calculated from SRBC (2016).

g

Hansen et al. (2013), using data from FracFocus via Skytruth for Pennsylvania as a whole, the range of annual averages is reported for 2011 and 2012. Similarly, for West
Virginia, the range of annual averages is reported for 2011 and 2012 (partial year).

B-25

Appendix B – Water Acquisition Supplemental Information

h

Mitchell et al. (2013), using data reported to the Pennsylvania Department of Environmental Protection. Mitchell et al. (2013) reported water use in the Ohio River Basin for
2011 and 2012 (partial year) for horizontal and vertical wells. Here we report results for horizontal wells, which made up the majority of wells over the two-year period (i.e.,
93%, 1,191 horizontal wells versus 96 vertical wells). A range is reported as before because the average water use differed between the two years.
i

Literature estimates for Texas were from Nicot et al. (2012), using proprietary data from IHS. In most cases, Nicot et al. (2012) reported at the play scale or smaller, rather than
the EIA basin scale used for the EPA FracFocus 1.0 project database. We reference 2011 and 2012 (partial year) for Nicot et al. (2012) where possible to overlap with the period
of study for the EPA FracFocus 1.0 project database, though more years were available for most formations. A range is reported for some medians because median water use
was different for the two years. There were five formations reported for the Permian Basin (Wolfberry, Wolfcamp, Canyon, Clearfork, and San Andres-Greyburg). The most
active area in the Permian Basin in 2011−2012 was the Wolfberry, which reported a median of 1 to 1.1 million gal (3.8 to 4.2 million L) per well—these were mostly vertical wells.
For the TX-LA-MS Salt Basin Nicot et al. (2012) reported two formations (TX-Haynesville and Cotton Valley), with similar levels of activity in 2011-2012. Wells in TX-Haynesville
were predominantly horizontal, while those in Cotton Valley were predominantly vertical (though horizontal wells in Cotton Valley were also reported). There were three fields
reported in the Anadarko Basin (Granite Wash, Cleveland, and Marmaton). The most active area in the Anadarko Basin in 2011-2012 was the Granite Wash, which reported a
median of 3.3 to 5.2 million gal (12 to 20 million L) per well and where wells were mostly horizontal.
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Table B-6. Estimated percent domestic use water from groundwater and self-supplied by
county in 2010.
Counties listed contained hydraulically fractured wells with valid state, county, and volume information (U.S. EPA,
2015c). Data estimated from the USGS Water Census (Maupin et al., 2014).

State

County

Percent domestic use
water from groundwatera,b

Percent domestic use
water self supplieda,c

Alabama

Jefferson

11.9

0.8

Tuscaloosa

10.7

6.1

Cleburne

0.0

0.0

Conway

8.6

8.6

Faulkner

48.0

3.5

Independence

20.5

9.4

Logan

0.0

0.0

Sebastian

0.0

0.0

Van Buren

6.4

6.4

White

0.4

0.0

Yell

1.8

1.8

Colusa

97.9

10.3

Glenn

96.5

21.6

Kern

74.5

1.7

Los Angeles

45.0

4.2

Sutter

19.4

4.6

Ventura

30.9

3.9

Adams

18.1

2.8

Arapahoe

19.3

1.3

Boulder

1.7

1.5

Broomfield

0.0

0.0

Delta

59.6

28.4

Dolores

55.2

51.4

El Paso

19.6

5.1

Elbert

100.0

75.2

Fremont

15.6

15.6

Arkansas

California

Colorado
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State

County

Percent domestic use
water from groundwatera,b

Percent domestic use
water self supplieda,c

Colorado, cont.

Garfield

36.7

28.5

Jackson

84.4

40.7

La Plata

24.4

11.3

Larimer

2.3

0.8

Las Animas

26.3

16.0

Mesa

7.3

6.2

Moffat

36.4

25.8

Morgan

57.9

4.9

Phillips

100.0

25.3

Rio Blanco

60.2

32.5

Routt

22.6

5.9

San Miguel

71.4

32.5

Weld

4.7

0.7

Yuma

100.0

38.1

Barber

100.0

19.0

Clark

100.0

24.2

Comanche

100.0

19.2

Finney

100.0

2.1

Grant

100.0

23.8

Gray

100.0

36.4

Harper

100.0

10.3

Haskell

100.0

35.2

Hodgeman

100.0

42.3

Kearny

100.0

14.6

Lane

100.0

24.1

Meade

100.0

25.4

Morton

100.0

21.7

Ness

100.0

24.2

Seward

100.0

15.7

Kansas
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State

County

Percent domestic use
water from groundwatera,b

Percent domestic use
water self supplieda,c

Kansas, cont.

Sheridan

100.0

44.9

Stanton

100.0

29.8

Stevens

100.0

25.9

Sumner

51.3

0.0

Allen

100.0

7.5

Beauregard

100.0

20.6

Bienville

100.0

16.8

Bossier

29.4

14.6

Caddo

12.2

8.8

Calcasieu

98.3

12.7

Caldwell

100.0

6.5

Claiborne

100.0

10.4

DeSoto

55.8

21.8

East Feliciana

100.0

11.8

Jackson

100.0

13.8

Lincoln

100.0

4.2

Natchitoches

23.2

11.4

Rapides

100.0

3.3

Red River

83.2

27.6

Sabine

67.5

36.2

Tangipahoa

100.0

26.9

Union

100.0

11.2

Webster

100.0

11.3

West Feliciana

100.0

2.4

Winn

100.0

16.4

Cheboygan

100.0

76.4

Gladwin

100.0

84.5

Kalkaska

100.0

89.0

Missaukee

100.0

90.6

Louisiana

Michigan
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State

County

Percent domestic use
water from groundwatera,b

Percent domestic use
water self supplieda,c

Michigan, cont.

Ogemaw

100.0

90.8

Roscommon

100.0

91.9

Amite

100.0

26.0

Wilkinson

100.0

11.1

Daniels

100.0

29.4

Garfield

100.0

70.0

Glacier

62.1

17.7

Musselshell

89.9

54.5

Richland

100.0

30.8

Roosevelt

84.2

20.9

Rosebud

51.3

10.3

Sheridan

100.0

31.0

Chaves

100.0

11.8

Colfax

30.7

2.6

Eddy

100.0

2.2

Harding

100.0

25.0

Lea

100.0

17.4

Rio Arriba

84.0

42.3

Roosevelt

100.0

8.9

San Juan

14.6

12.9

Sandoval

98.9

23.2

Billings

NA

33.3

Bottineau

100.0

13.7

Burke

100.0

12.5

Divide

100.0

12.5

Dunn

100.0

21.4

Golden Valley

100.0

7.7

Mckenzie

75.8

15.7

Mclean

12.5

9.9

Mississippi

Montana

New Mexico

North Dakota

B-30

Appendix B – Water Acquisition Supplemental Information

Percent domestic use
water from groundwatera,b

Percent domestic use
water self supplieda,c

Mountrail

65.7

11.5

Stark

NA

5.7

Williams

27.4

7.3

Ashland

98.8

57.4

Belmont

76.4

8.9

Carroll

96.4

76.4

Columbiana

63.2

43.2

Coshocton

99.3

34.9

Guernsey

37.6

9.5

Harrison

65.6

45.9

Jefferson

33.1

10.2

Knox

99.2

41.1

Medina

98.4

83.1

Muskingum

93.4

17.0

Noble

8.0

8.0

Portage

32.6

18.3

Stark

91.2

30.9

Tuscarawas

94.0

23.5

Wayne

99.1

49.0

Alfalfa

100.0

14.6

Beaver

100.0

47.9

Beckham

100.0

10.6

Blaine

100.0

8.8

Bryan

26.0

7.8

Caddo

45.4

35.1

Canadian

100.0

0.0

Carter

17.5

0.5

Coal

31.5

27.5

Custer

70.8

13.2

State

County

North Dakota, cont.

Ohio

Oklahoma
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State

County

Percent domestic use
water from groundwatera,b

Percent domestic use
water self supplieda,c

Oklahoma, cont.

Dewey

100.0

22.5

Ellis

100.0

31.4

Garvin

41.3

15.8

Grady

100.0

34.2

Grant

100.0

13.2

Harper

100.0

22.6

Hughes

23.6

6.7

Jefferson

13.5

1.8

Johnston

53.4

1.1

Kay

39.2

4.6

Kingfisher

100.0

28.3

Kiowa

10.3

0.0

Latimer

12.6

12.6

Le Flore

14.3

13.1

Logan

61.1

34.6

Love

100.0

3.8

Major

100.0

28.1

Marshall

20.1

4.4

Mcclain

95.9

23.9

Noble

23.3

14.3

Oklahoma

22.0

2.5

Osage

18.0

14.9

Pawnee

38.2

27.7

Payne

47.9

12.6

Pittsburg

0.6

0.0

Roger Mills

80.1

19.4

Seminole

78.8

16.1

Stephens

99.2

14.9

Texas

100.0

10.9
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State

County

Percent domestic use
water from groundwatera,b

Percent domestic use
water self supplieda,c

Oklahoma, cont.

Washita

53.9

18.2

Woods

100.0

14.7

Allegheny

15.7

15.3

Armstrong

45.3

36.8

Beaver

54.7

26.8

Blair

34.9

24.0

Bradford

100.0

65.2

Butler

51.8

42.8

Cameron

29.0

29.0

Centre

93.1

21.3

Clarion

61.5

55.8

Clearfield

38.4

22.7

Clinton

48.4

38.1

Columbia

77.5

56.7

Crawford

97.7

66.0

Elk

25.3

15.6

Fayette

19.2

16.1

Forest

100.0

78.3

Greene

31.9

31.9

Huntingdon

73.2

57.8

Indiana

52.2

49.1

Jefferson

60.7

46.1

Lawrence

40.5

38.8

Lycoming

60.0

29.3

McKean

56.6

33.3

Potter

93.7

58.1

Somerset

42.6

33.5

Sullivan

100.0

76.9

Susquehanna

79.9

74.7

Pennsylvania
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Percent domestic use
water from groundwatera,b

Percent domestic use
water self supplieda,c

Tioga

81.3

58.3

Venango

95.9

32.7

Warren

96.9

49.4

Washington

21.6

21.5

Westmoreland

21.3

19.8

Wyoming

100.0

70.6

Andrews

100.0

23.4

Angelina

100.0

9.8

Archer

16.9

16.9

Atascosa

100.0

16.3

Austin

100.0

55.6

Bee

100.0

52.5

Borden

100.0

71.4

Bosque

88.7

30.3

Brazos

100.0

2.1

Brooks

100.0

35.3

Burleson

100.0

42.9

Cherokee

87.5

26.1

Clay

44.6

36.7

Cochran

100.0

23.3

Coke

29.0

28.9

Colorado

100.0

45.4

Concho

96.8

5.0

Cooke

75.5

8.9

Cottle

100.0

21.4

Crane

100.0

14.3

Crockett

100.0

42.5

Crosby

35.6

19.0

Culberson

100.0

13.8

State

County

Pennsylvania, cont.

Texas
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Percent domestic use
water from groundwatera,b

Percent domestic use
water self supplieda,c

1.0

0.7

Dawson

100.0

33.8

DeWitt

100.0

42.3

Denton

9.0

3.6

Dimmit

100.0

30.5

Ector

100.0

28.3

Edwards

100.0

42.1

Ellis

32.2

7.9

Erath

100.0

43.3

Fayette

100.0

27.6

Fisher

NA

36.8

Franklin

0.9

0.0

Freestone

100.0

31.2

Frio

100.0

20.4

Gaines

100.0

45.5

Garza

20.1

17.2

Glasscock

NA

100.0

Goliad

NA

66.7

Gonzales

96.8

15.9

Grayson

56.0

4.2

Gregg

20.8

14.1

Grimes

100.0

26.0

Hansford

100.0

16.4

Hardeman

87.6

13.3

Hardin

100.0

29.5

Harrison

43.8

24.8

Hartley

100.0

39.7

Haskell

100.0

15.7

Hemphill

100.0

27.5

State

County

Texas, cont.

Dallas
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State

County

Percent domestic use
water from groundwatera,b

Percent domestic use
water self supplieda,c

Texas, cont.

Hidalgo

9.2

1.6

Hockley

100.0

27.4

Hood

70.8

39.8

Houston

79.7

36.6

Howard

100.0

19.8

Hutchinson

27.3

14.9

Irion

100.0

50.0

Jack

46.7

43.8

Jefferson

25.0

5.8

Jim Hogg

NA

25.0

Johnson

34.9

6.8

Jones

60.5

60.5

Karnes

100.0

17.6

Kenedy

100.0

25.0

Kent

100.0

37.5

King

100.0

33.3

Kleberg

100.0

1.9

Knox

86.2

24.2

La Salle

100.0

43.3

Lavaca

100.0

56.0

Lee

100.0

15.9

Leon

100.0

41.4

Liberty

98.5

42.5

Limestone

46.5

32.5

Lipscomb

100.0

23.5

Live Oak

32.8

32.1

Loving

NA

0.0

Lynn

64.1

32.2

Madison

100.0

66.9
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State

County

Percent domestic use
water from groundwatera,b

Percent domestic use
water self supplieda,c

Texas, cont.

Marion

13.7

8.4

Martin

100.0

48.9

Maverick

27.6

27.6

McMullen

100.0

40.0

Medina

98.0

23.6

Menard

36.4

36.4

Midland

100.0

22.1

Milam

82.5

41.1

Mitchell

100.0

14.7

Montague

57.1

49.7

Montgomery

100.0

26.6

Moore

100.0

8.1

Nacogdoches

55.6

21.6

Navarro

22.0

22.0

Newton

100.0

63.7

Nolan

100.0

17.6

Nueces

5.6

5.6

Ochiltree

100.0

16.8

Oldham

100.0

58.8

Orange

99.1

41.2

Palo Pinto

11.7

11.7

Panola

96.6

58.7

Parker

63.5

41.1

Pecos

100.0

31.3

Polk

41.9

41.7

Potter

100.0

12.6

Reagan

100.0

16.2

Reeves

100.0

31.1

Roberts

100.0

33.3
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Percent domestic use
water from groundwatera,b

Percent domestic use
water self supplieda,c

Robertson

97.1

22.5

Runnels

13.5

13.5

Rusk

90.7

41.8

Sabine

76.2

69.0

San Augustine

78.0

74.4

San Patricio

88.8

21.8

Schleicher

100.0

40.0

Scurry

32.5

27.7

Shelby

66.2

58.2

Sherman

100.0

33.3

Smith

48.0

13.7

Somervell

87.7

69.3

Starr

23.2

23.2

Stephens

13.5

13.5

Sterling

NA

18.8

Stonewall

NA

40.0

Sutton

100.0

26.7

Tarrant

3.7

1.3

Terrell

100.0

25.0

Terry

100.0

16.7

Tyler

100.0

73.6

Upshur

54.1

23.2

Upton

100.0

15.2

Van Zandt

65.7

39.0

Walker

57.7

30.6

Waller

100.0

37.2

Ward

100.0

4.5

Washington

48.2

36.0

Webb

99.4

0.5

State

County

Texas, cont.
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State

County

Percent domestic use
water from groundwatera,b

Percent domestic use
water self supplieda,c

Texas, cont.

Wharton

100.0

45.9

Wheeler

100.0

31.3

Wichita

8.8

2.9

Wilbarger

100.0

11.5

Willacy

28.4

28.4

Wilson

100.0

6.9

Winkler

100.0

3.8

Wise

51.3

50.4

Wood

21.3

12.9

Yoakum

100.0

36.0

Young

19.3

18.9

Zapata

13.9

13.9

Zavala

100.0

15.2

Carbon

50.0

1.2

Duchesne

57.1

10.4

San Juan

68.3

47.5

Sevier

100.0

10.0

Uintah

87.7

3.1

Buchanan

NA

27.6

Dickenson

2.5

2.5

Wise

5.9

2.3

Barbour

24.1

24.8

Brooke

33.4

6.8

Doddridge

60.6

62.1

Hancock

67.7

6.9

Harrison

8.8

8.9

Lewis

29.5

30.3

Marion

5.8

4.9

Marshall

96.5

12.0

Utah

Utah

Virginia

West Virginia
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Percent domestic use
water from groundwatera,b

Percent domestic use
water self supplieda,c

Monongalia

5.3

5.5

Ohio

5.4

3.4

Pleasants

100.0

27.9

Preston

66.1

41.0

Ritchie

45.2

46.4

Taylor

14.9

14.9

Tyler

44.4

39.2

Upshur

27.3

27.8

Webster

41.9

43.2

Wetzel

96.3

28.6

Big Horn

79.4

11.3

Campbell

100.0

0.6

Carbon

63.8

6.7

Converse

96.5

17.0

Fremont

49.3

23.7

Goshen

100.0

21.1

Hot Springs

31.9

8.2

Johnson

40.8

35.4

Laramie

38.1

13.0

Lincoln

82.4

9.0

Natrona

69.0

6.6

Niobrara

100.0

16.3

Park

18.9

13.7

Sublette

54.6

22.1

Sweetwater

3.5

0.4

Uinta

19.5

11.5

Washakie

100.0

16.0

State

County

West Virginia, cont.

Wyoming

a

Data accessed from the USGS website (http://water.usgs.gov/watuse/data/2010/) on November 11, 2014. Domestic water
use is water used for indoor household purposes such as drinking, food preparation, bathing, washing clothes and dishes,
flushing toilets, and outdoor purposes such as watering lawns and gardens (Maupin et al., 2014).
b Percent

domestic water use from groundwater estimated with the following equation: (Domestic public supply volume from
groundwater + Domestic self-supplied volume from groundwater)/ Domestic total water use volume * 100. Domestic public
supply volume from groundwater was estimated by multiplying the volume of domestic water from public supply by the ratio of
public supply volume from groundwater to total public supply volume.
c Percent

domestic water use self-supplied estimated by dividing the volume of domestic water self-supplied by total domestic
water use volume.
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Table B-7. Projected hydraulic fracturing water use by Texas counties between 2015 and 2060, expressed as a percentage of 2010
total county water use.
Hydraulic fracturing water use data from Nicot et al. (2012). Total water use data from 2010 from the USGS Water Census (Maupin et al., 2014). All 254 Texas
counties are listed by descending order of percentages in 2030.

Projected hydraulic fracturing water use as a percentage of 2010 total water usea,b,c
Texas county

2015

2020

2025

2030

2035

2040

2045

2050

2055

2060

McMullen

126.2

137.0

152.1

165.1

176.7

164.0

145.3

126.6

108.0

89.3

Irion

36.1

59.2

70.5

63.7

53.4

43.1

32.8

22.4

12.1

5.4

La Salle

58.4

58.3

59.7

60.8

61.9

54.6

45.3

36.0

26.7

17.4

San Augustine

60.2

56.2

52.2

48.2

44.2

40.2

36.2

32.1

28.1

24.1

Sterling

12.0

32.0

39.9

40.5

41.0

34.7

28.3

21.9

15.6

10.7

Dimmit

38.2

38.1

38.9

39.0

38.7

33.9

27.9

22.0

16.0

10.1

Sabine

9.6

19.2

28.7

38.3

35.1

31.9

28.7

25.6

22.3

19.2

Leon

9.9

19.3

27.0

34.6

32.9

29.0

25.1

21.2

17.3

13.5

Karnes

48.1

43.0

37.9

32.6

27.2

21.8

16.4

11.0

5.6

0.2

Loving

13.1

17.4

23.4

29.4

28.8

26.2

23.6

20.9

18.3

15.7

Shackelford

0.0

7.9

15.7

23.6

21.2

18.9

16.5

14.1

11.8

9.4

Madison

5.5

11.8

15.7

19.7

17.4

15.2

13.0

10.9

8.7

6.5

Schleicher

10.5

15.8

19.1

19.7

17.1

14.5

11.9

9.3

6.7

4.7

Sutton

0.0

11.0

15.1

19.1

23.2

20.6

18.1

15.5

12.9

10.3

Shelby

11.0

20.4

19.4

18.4

17.4

15.7

14.1

12.5

10.9

9.3

DeWitt

26.9

24.1

21.4

18.4

15.4

12.3

9.3

6.3

3.2

0.2

Hemphill

25.7

23.1

20.5

17.8

15.2

12.6

10.0

7.3

4.7

2.1

Terrell

0.0

9.7

13.2

16.8

20.4

18.2

15.9

13.6

11.3

9.0

Coryell

7.0

24.4

22.8

16.5

10.1

3.8

0.0

0.0

0.0

0.0
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Projected hydraulic fracturing water use as a percentage of 2010 total water usea,b,c
Texas county

2015

2020

2025

2030

2035

2040

2045

2050

2055

2060

Montague

28.6

24.5

20.4

16.3

12.2

8.2

4.1

0.0

0.0

0.0

Crockett

7.6

12.5

14.8

13.4

11.2

9.1

6.9

4.7

2.5

1.1

Upton

12.1

15.2

14.1

12.9

11.7

9.8

7.9

5.9

4.0

2.7

Borden

3.1

8.6

12.0

12.1

12.2

10.3

8.4

6.4

4.5

3.1

Live Oak

13.3

12.4

11.5

11.8

12.2

12.7

13.2

11.7

9.8

7.8

Reagan

11.2

14.0

12.7

11.3

9.9

8.1

6.4

4.6

2.8

1.6

Clay

3.2

5.9

8.6

11.3

10.3

9.4

8.4

7.5

6.6

5.6

Wheeler

17.6

15.3

13.1

10.8

8.6

6.3

4.1

1.8

0.0

0.0

Lavaca

7.9

13.2

12.0

10.7

9.4

8.1

6.7

5.4

4.0

2.7

Washington

0.0

6.7

11.8

10.7

9.6

8.6

7.5

6.4

5.3

4.3

Nacogdoches

7.9

11.4

10.7

10.0

9.2

8.3

7.5

6.6

5.7

4.9

Hill

17.1

14.7

12.2

9.8

7.3

4.9

2.4

0.0

0.0

0.0

Jack

3.5

5.3

7.1

8.8

7.9

7.1

6.2

5.3

4.4

3.5

Panola

7.2

10.2

9.2

8.5

7.7

7.0

6.3

5.5

4.8

4.0

Jim Hogg

4.8

6.4

8.0

8.0

6.9

6.0

4.9

3.9

2.9

1.8

Howard

4.4

7.1

8.5

8.0

6.8

5.6

4.4

3.2

2.1

1.3

Parker

3.7

5.0

6.3

7.6

6.8

6.1

5.3

4.5

3.8

3.0

Hamilton

8.8

10.7

8.9

7.1

5.3

3.5

1.8

0.0

0.0

0.0

Johnson

14.2

11.9

9.5

7.1

4.7

2.4

0.0

0.0

0.0

0.0

Midland

6.7

8.3

7.7

7.1

6.2

5.2

4.1

3.0

2.0

1.2

Kenedy

4.1

5.4

6.8

6.8

5.9

5.1

4.1

3.3

2.4

1.6

Fayette

3.9

8.4

7.6

6.6

5.5

4.4

3.4

2.3

1.2

0.2
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Projected hydraulic fracturing water use as a percentage of 2010 total water usea,b,c
Texas county

2015

2020

2025

2030

2035

2040

2045

2050

2055

2060

Lee

2.1

4.1

5.3

6.5

5.8

5.1

4.3

3.6

2.9

2.1

Winkler

2.9

3.8

5.1

6.3

6.0

5.4

4.7

4.1

3.4

2.8

Wilson

6.7

7.7

7.0

6.2

5.4

4.6

3.9

3.1

2.3

1.5

Martin

5.7

7.1

6.5

6.0

5.3

4.4

3.5

2.6

1.8

1.2

Burleson

1.0

2.9

4.3

5.7

5.1

4.5

3.9

3.3

2.6

2.0

Atascosa

6.3

5.7

5.6

5.6

5.6

5.6

5.0

4.2

3.4

2.7

Bosque

1.8

3.0

4.3

5.5

5.1

4.6

4.2

3.7

3.2

2.8

Webb

7.5

7.1

6.3

5.4

4.6

3.8

3.1

2.3

1.4

0.5

Gonzales

8.0

7.1

6.2

5.3

4.4

3.6

2.7

1.8

0.9

0.0

Marion

1.1

2.4

3.8

5.1

5.2

4.7

4.2

3.7

3.2

2.7

Harrison

4.3

6.1

5.5

5.1

4.6

4.2

3.7

3.3

2.9

2.4

Eastland

0.0

3.9

5.9

5.0

4.2

3.3

2.5

1.7

0.8

0.0

Archer

1.0

2.4

3.6

4.9

4.5

4.1

3.7

3.3

2.9

2.5

Zavala

4.7

5.5

5.2

4.9

4.6

4.3

4.0

3.4

2.7

2.0

Roberts

6.9

6.0

5.1

4.2

3.4

2.5

1.6

0.7

0.0

0.0

Maverick

2.5

3.0

3.6

4.2

4.8

4.5

4.0

3.6

3.1

2.6

Cooke

11.9

9.3

6.7

4.1

1.5

0.0

0.0

0.0

0.0

0.0

Ward

2.7

3.2

4.2

4.1

4.0

3.6

3.2

2.7

2.3

1.9

Austin

0.0

1.2

2.5

3.7

3.4

3.0

2.6

2.2

1.9

1.5

Reeves

1.4

1.8

2.7

3.7

3.9

3.6

3.3

3.0

2.6

2.3

Glasscock

3.1

4.1

3.9

3.6

3.1

2.6

2.1

1.5

1.0

0.7

Tyler

1.9

2.6

3.2

3.2

2.8

2.4

2.0

1.6

1.1

0.7
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Projected hydraulic fracturing water use as a percentage of 2010 total water usea,b,c
Texas county

2015

2020

2025

2030

2035

2040

2045

2050

2055

2060

Hood

1.4

2.0

2.6

3.2

2.9

2.6

2.2

1.9

1.6

1.3

Garza

1.5

2.0

2.5

2.9

2.7

2.4

2.1

1.8

1.5

1.2

Andrews

2.3

3.0

2.9

2.7

2.6

2.3

2.0

1.7

1.4

1.1

Crane

1.3

1.7

2.1

2.6

3.1

2.8

2.5

2.2

1.9

1.7

Erath

0.9

1.4

1.9

2.4

2.2

2.0

1.8

1.6

1.4

1.2

Wise

3.6

3.2

2.8

2.4

2.0

1.6

1.2

0.8

0.4

0.0

Upshur

0.2

0.9

1.7

2.4

2.9

2.6

2.3

2.1

1.8

1.5

Mitchell

1.2

1.6

2.0

2.4

2.1

1.9

1.7

1.4

1.2

0.9

Ector

1.5

2.0

2.1

2.3

2.2

1.9

1.7

1.4

1.2

1.0

Culberson

0.3

0.4

1.3

2.2

2.9

2.6

2.4

2.1

1.9

1.6

Lipscomb

1.7

3.0

2.6

2.1

1.7

1.3

0.8

0.4

0.0

0.0

Angelina

0.4

0.9

1.5

2.1

2.2

2.0

1.8

1.6

1.4

1.2

Houston

2.1

2.7

2.4

2.1

1.8

1.5

1.2

0.9

0.6

0.3

Frio

1.8

1.8

1.9

1.9

1.8

1.8

1.7

1.5

1.2

0.9

Newton

1.8

2.3

2.1

1.8

1.6

1.3

1.0

0.8

0.5

0.3

Kleberg

1.0

1.4

1.7

1.7

1.5

1.3

1.1

0.8

0.6

0.4

Brooks

1.0

1.3

1.7

1.7

1.5

1.2

1.0

0.8

0.6

0.4

Brazos

0.4

0.9

1.2

1.5

1.4

1.2

1.0

0.8

0.7

0.5

Comanche

0.4

0.7

1.0

1.4

1.2

1.1

1.0

0.8

0.7

0.5

Ochiltree

0.6

1.1

1.5

1.2

1.0

0.7

0.5

0.2

0.0

0.0

Palo Pinto

0.3

0.6

0.9

1.2

1.1

1.0

0.8

0.7

0.6

0.5

Limestone

0.9

1.0

1.1

1.2

1.1

1.0

0.8

0.7

0.6

0.4
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Projected hydraulic fracturing water use as a percentage of 2010 total water usea,b,c
Texas county

2015

2020

2025

2030

2035

2040

2045

2050

2055

2060

Duval

0.7

0.9

1.1

1.1

1.0

0.8

0.7

0.5

0.4

0.3

Stephens

0.1

0.4

0.8

1.1

1.0

0.9

0.8

0.6

0.5

0.4

Dawson

0.5

0.8

1.0

1.1

1.1

1.0

0.8

0.6

0.5

0.3

Scurry

0.0

0.6

0.8

1.0

1.2

1.1

0.9

0.8

0.7

0.5

Bee

0.8

1.1

1.1

1.0

0.9

0.7

0.6

0.4

0.3

0.1

Val Verde

0.0

0.5

0.8

0.9

1.1

1.0

0.9

0.8

0.6

0.5

Colorado

<0.1

0.3

0.6

0.9

0.8

0.7

0.6

0.5

0.4

0.4

Tarrant

2.1

1.7

1.3

0.9

0.4

0.0

0.0

0.0

0.0

0.0

Zapata

0.5

0.7

0.8

0.8

0.7

0.6

0.5

0.4

0.3

0.2

Ellis

0.3

0.5

0.6

0.8

0.7

0.6

0.6

0.5

0.4

0.3

Jim Wells

0.4

0.6

0.7

0.7

0.6

0.5

0.4

0.4

0.3

0.2

Lynn

0.0

0.4

0.6

0.7

0.8

0.8

0.7

0.6

0.5

0.4

Henderson

0.1

0.3

0.5

0.7

0.8

0.7

0.6

0.5

0.4

0.4

Hansford

0.0

0.4

0.8

0.7

0.5

0.4

0.3

0.2

0.1

0

Gaines

0.2

0.3

0.5

0.5

0.5

0.4

0.4

0.3

0.2

0.2

Gregg

0.1

0.2

0.3

0.4

0.4

0.4

0.4

0.3

0.3

0.2

Refugio

0.2

0.3

0.4

0.4

0.3

0.3

0.2

0.2

0.1

0.1

Caldwell

0.4

0.5

0.4

0.4

0.3

0.3

0.2

0.2

0.1

0.1

Pecos

0.1

0.1

0.2

0.4

0.5

0.4

0.4

0.3

0.3

0.2

Anderson

0.1

0.2

0.3

0.4

0.4

0.4

0.4

0.3

0.3

0.2

Young

0.0

0.1

0.2

0.4

0.3

0.3

0.3

0.2

0.2

0.1

San Patricio

0.2

0.3

0.4

0.4

0.3

0.3

0.2

0.2

0.1

0.1
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Projected hydraulic fracturing water use as a percentage of 2010 total water usea,b,c
Texas county

2015

2020

2025

2030

2035

2040

2045

2050

2055

2060

Smith

0.1

0.1

0.2

0.3

0.4

0.3

0.3

0.3

0.2

0.2

Cherokee

0.1

0.2

0.2

0.3

0.4

0.3

0.3

0.2

0.2

0.2

McLennan

0.1

0.1

0.2

0.3

0.3

0.2

0.2

0.2

0.2

0.1

Terry

0.0

0.2

0.2

0.3

0.3

0.3

0.3

0.2

0.2

0.2

Starr

0.2

0.2

0.3

0.3

0.2

0.2

0.2

0.1

0.1

0.1

Cochran

0.1

0.2

0.2

0.2

0.3

0.2

0.2

0.2

0.2

0.1

Jasper

0.2

0.3

0.2

0.2

0.2

0.1

0.1

0.1

0.1

<0.1

Dallas

0.2

0.3

0.2

0.2

0.1

0.1

<0.1

0.0

0.0

0.0

Robertson

0.1

0.2

0.2

0.2

0.2

0.1

0.1

0.1

0.1

0.1

Grimes

<0.1

0.1

0.1

0.2

0.1

0.1

0.1

0.1

0.1

0.1

Yoakum

0.1

0.1

0.2

0.2

0.1

0.1

0.1

0.1

0.1

0.1

Freestone

0.1

0.1

0.1

0.2

0.2

0.1

0.1

0.1

0.1

0.1

Cass

<0.1

0.1

0.1

0.2

0.2

0.2

0.1

0.1

0.1

0.1

Hutchinson

0.0

0.1

0.2

0.1

0.1

0.1

0.1

<0.1

<0.1

0.0

Rusk

<0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

<0.1

Willacy

<0.1

0.1

0.1

0.1

0.1

0.1

0.1

<0.1

<0.1

<0.1

Victoria

<0.1

0.1

0.1

0.1

0.1

0.1

<0.1

<0.1

<0.1

<0.1

Sherman

0.0

0.0

<0.1

0.1

0.1

0.1

<0.1

<0.1

<0.1

<0.1

Calhoun

<0.1

0.1

0.1

0.1

0.1

0.1

<0.1

<0.1

<0.1

<0.1

Lubbock

0.0

0.0

<0.1

0.1

0.1

0.1

0.1

0.1

0.1

0.1

Jackson

<0.1

<0.1

0.1

0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

Matagorda

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1
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Projected hydraulic fracturing water use as a percentage of 2010 total water usea,b,c
Texas county

2015

2020

2025

2030

2035

2040

2045

2050

2055

2060

Polk

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

Wharton

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

Nueces

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

Hidalgo

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

Cameron

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

Somervell

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

Goliad

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

Brazoria

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

Fort Bend

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

<0.1

Aransas

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Armstrong

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Bailey

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Bandera

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Bastrop

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Baylor

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Bell

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Bexar

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Blanco

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Bowie

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Brewster

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Briscoe

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Brown

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0
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Projected hydraulic fracturing water use as a percentage of 2010 total water usea,b,c
Texas county

2015

2020

2025

2030

2035

2040

2045

2050

2055

2060

Burnet

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Callahan

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Camp

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Carson

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Castro

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Chambers

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Childress

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Coke

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Coleman

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Collin

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Collingsworth

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Comal

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Concho

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Cottle

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Crosby

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Dallam

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Deaf Smith

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Delta

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Denton

1.7

1.1

0.6

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Dickens

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Donley

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Edwards

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0
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Projected hydraulic fracturing water use as a percentage of 2010 total water usea,b,c
Texas county

2015

2020

2025

2030

2035

2040

2045

2050

2055

2060

El Paso

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Falls

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Fannin

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Fisher

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Floyd

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Foard

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Franklin

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Galveston

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Gillespie

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Gray

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Grayson

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Guadalupe

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Hale

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Hall

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Hardeman

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Hardin

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Harris

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Hartley

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Haskell

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Hays

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Hockley

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Hopkins

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0
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Projected hydraulic fracturing water use as a percentage of 2010 total water usea,b,c
Texas county

2015

2020

2025

2030

2035

2040

2045

2050

2055

2060

Hudspeth

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Hunt

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Jeff Davis

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Jefferson

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Jones

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Kaufman

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Kendall

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Kent

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Kerr

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Kimble

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

King

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Kinney

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Knox

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Lamar

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Lamb

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Lampasas

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Liberty

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Llano

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

McCulloch

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Mason

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Medina

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Menard

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0
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Projected hydraulic fracturing water use as a percentage of 2010 total water usea,b,c
Texas county

2015

2020

2025

2030

2035

2040

2045

2050

2055

2060

Milam

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Mills

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Montgomery

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Moore

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Morris

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Motley

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Navarro

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Nolan

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Oldham

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Orange

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Parmer

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Potter

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Presidio

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Rains

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Randall

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Real

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Red River

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Rockwall

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Runnels

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

San Jacinto

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

San Saba

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Stonewall

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0
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Projected hydraulic fracturing water use as a percentage of 2010 total water usea,b,c
Texas county

2015

2020

2025

2030

2035

2040

2045

2050

2055

2060

Swisher

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Taylor

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Throckmorton

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Titus

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Tom Green

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Travis

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Trinity

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Uvalde

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Van Zandt

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Walker

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Waller

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Wichita

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Wilbarger

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Williamson

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Wood

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

a

Total water use data accessed from the USGS website (http://water.usgs.gov/watuse/data/2010/) on April 21, 2015 (Maupin et al., 2014). Data from Nicot et al. (2012)
transcribed.
b Percentages

calculated by dividing projected hydraulic fracturing water use volumes from Nicot et al. (2012) by 2010 total water use from the USGS (Maupin et al., 2014) and
multiplying by 100. Note, the projected hydraulic fracturing water use volume from Nicot et al. (2012) was not added to the 2010 total USGS water use value in the
denominator, and is simply expressed as a percentage compared to 2010 total water use. This was done because of the difference in years between the two datasets, and
because the USGS 2010 Water Census (Maupin et al., 2014) included hydraulic fracturing water use estimates in their mining category. This approach is consistent with that of
other literature on this topic; see Nicot and Scanlon (2012). Estimates of projected hydraulic fracturing water use as a percentage of 2010 total water use exceeded 100% when
projected hydraulic fracturing water use exceeded 2010 total water use in that county in 2010.
c Percentages

less than 0.1 were not rounded and simply noted as “<0.1,” but where the percentage was actually zero because there was no projected hydraulic fracturing water
use we noted that as “0.0.”
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B.2. Supplemental Discussion: Potential for Water Acquisition Impacts by
Location
This section includes an expanded discussion of the potential for water acquisition impacts by
location. This discussion provides further examples of the concepts illustrated in Chapter 4, Section
4.5, and includes a discussion for Oklahoma and Kansas (Section B.2.1) and Utah, New Mexico, and
California (Section B.2.2).

B.2.1. Oklahoma and Kansas
Oklahoma had the fifth most disclosures in the EPA FracFocus 1.0 project database (5.0% of
disclosures) (Table B-5, Figure 4-4). Three major basins—the Anadarko, which includes the
Woodford play; the Arkoma, which includes the Fayetteville play; and the Ardmore, which includes
the Woodford play—contain 67% of the disclosures in Oklahoma (Table B-5, Figure B-1). Few wells
were reported for Kansas (Kansas disclosures comprise 0.4% of the EPA FracFocus 1.0 project
database), but because of the shared geology of the Cherokee Platform across the two states, we
group Kansas with Oklahoma. Oklahoma and Kansas were two of the three states where a large
fraction of wells were not associated with a basin defined by the U.S. EIA (U.S. EPA, 2015c) (Table
B-5).1

Figure B-1. Major U.S. EIA shale plays and basins for Oklahoma and Kansas.
Source: EIA (2015).

Alaska was the other state in the EPA FracFocus 1.0 project database where the U.S. EIA shale basins did not adequately
describe well locations, with all 37 wells in Alaska not associated with a U.S. EIA basin. For all other states, U.S. EIA shale
basins captured 86%−100% of the wells in the EPA FracFocus 1.0 project database (U.S. EPA, 2015c).
1
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Types of water used: Water for hydraulic fracturing in Oklahoma and Kansas comes from both
surface and groundwater (Kansas Water Office, 2014; Taylor, 2012). Data on temporary water use
permits in Oklahoma (which make up the majority of water use permits for Oklahoma oil and gas
mining) show that, in 2011, approximately 63% and 37% of water for hydraulic fracturing came
from surface and groundwater, respectively (Taylor, 2012) (Table 4-1). General water use in
Oklahoma follows an east-west divide, with the eastern half dependent on surface sources and the
western half relying heavily on groundwater (OWRB, 2014). Water obtained for fracturing is
assumed to fit this pattern as well. No data are available on the proportion of hydraulic fracturing
water that is sourced from surface versus groundwater resources in Kansas.
For both Oklahoma and Kansas, data are also lacking to describe the extent to which reused
wastewater is used as a percentage of total injected volume. However, the quality of Oklahoma’s
Woodford Shale wastewater has been described as low in TDS, and thus reuse could reduce the
demand for fresh water (Kuthnert et al., 2012).
Water use per well: Estimates of median water use per well in Oklahoma include 2.6 million gal (9.8
million L) and 3 million gal (11 million L) (U.S. EPA; Murray, 2013, respectively). Water use for
hydraulic fracturing increased from 2000 to 2011, driven by volumes required for fracturing
horizontal wells across the state (Murray, 2013). Within the state, there are wide ranges in water
use for different formations. According to the EPA FracFocus 1.0 project database, the Ardmore and
Arkoma Basins of Oklahoma had the highest median water use in the country, with medians of 8.0
and 6.7 million gal (30.3 and 25.4 million L) per well, respectively; whereas the Anadarko Basin had
lower median water use per well (3.3 million gal (12.5 million L) (Table B-5). Wells not associated
with a U.S. EIA basin had a median of 1.9 million gal (7.2 million L) per well (Table B-5). It is not
clear why lower water volumes were reportedly used in unassociated wells, but Oklahoma has
several CBM deposits in the eastern part of the state where very low water use per well has been
reported (i.e., less than approximately 300,000 gal (1.1 million L) in the Arbuckle and Hartshorne
formations) (Murray, 2013). Median water use per well in Kansas was 1.5 million gal (5.7 million
L), focused mostly in a five-county area in the south-central and southwest portions of the state
(Table B-5).
Water use/consumption at the county scale: Operators reported using an average of 71.9 million gal
(272.2 million L) of water annually in Oklahoma counties with reported fracturing activity in 2011
and 2012; in Kansas, this value was 3.5 million gal (13.2 million L) (Table B-2). Average hydraulic
fracturing water use in 2011 and 2012 did not exceed 10% of 2010 total water use in any county in
Oklahoma or Kansas (Table B-2). However, there were six counties in Oklahoma (Alfalfa, Canadian,
Coal, Pittsburg, Rogers Mills, and Woods) where fracturing water consumption exceeded 10% of
2010 total county water consumption.
Potential for impacts: The potential for impacts on drinking water resources appears to be low in
Oklahoma and Kansas at the county scale, since hydraulic fracturing water use and consumption
are generally low as a percentage of total water use, consumption, and availability at this scale
(Text Box 4-2, Figure 4-6a,b). If local impacts to water quantity or quality do occur, they are more
likely to happen in western Oklahoma than in the eastern half of the state or Kansas. Of the six
Oklahoma counties where fracturing consumption exceeded 10% of 2010 water consumption,
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three (Alfalfa, Canadian, and Roger Mills) are in the western half of the state where surface water
availability is lowest (Figure 4-7a). Surface water is fully allocated in the Panhandle and West
Central regions, encompassing much of the state’s northwestern quadrant (OWRB, 2014). As a
result, residents generally rely on groundwater in western Oklahoma (Table B-6), and it is likely
that fracturing does as well.
Projecting out to 2060, Oklahoma’s Water Plan concludes that aquifer storage depletions are likely
in the Panhandle and West Central regions due to over-pumping, particularly for irrigation (OWRB,
2014). Groundwater depletions are anticipated to be small relative to storage, but will be the
largest in summer months and may lead to higher pumping costs, the need for deeper water wells,
lower water yields, and detrimental effects on water quality (OWRB, 2014). Drought conditions are
likely to exacerbate this problem, and Oklahoma’s Water Plan raises the potential for climate
change to affect future water supplies in the state (OWRB, 2014). In the adjacent Texas Panhandle,
future irrigation needs may go unmet (TWDB, 2012), and this may be the case in western Oklahoma
as well.
Aquifer depletions in western Oklahoma may be associated with groundwater quality degradation,
particularly under drought conditions. The central portion of the Ogallala aquifer underlying the
Oklahoma Panhandle and western Oklahoma contains elevated levels of some constituents (e.g.,
nitrate) due to over-pumping, although generally it is of better quality than the southern portion of
the aquifer (Gurdak et al., 2009). Additional groundwater withdrawals for hydraulic fracturing in
western Oklahoma may add to these water quality issues, particularly in combination with other
substantial water uses (e.g., irrigation) (Gurdak et al., 2009).

B.2.2. Utah, New Mexico, and California
Together, Utah, New Mexico, and California accounted for approximately 9% of disclosures in the
EPA FracFocus 1.0 project database (3.8%, 3.1% and 1.9% of disclosures, respectively) (Table B-5,
Figure 4-4). Almost all reported hydraulic fracturing in Utah and California was in the UintaPiceance Basin (99%) and San Joaquin Basin (95%), respectively. Activity in New Mexico mostly
occurs in the Permian and San Juan Basins, which together comprised 96% of reported disclosures
in that state (Figure B-2).
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Figure B-2. Major U.S. EIA shale plays and basins for Utah, New Mexico, and California.
Source: EIA (2015).

Types of water used: Of these three states, California has the most information available on the
sources of water used for hydraulic fracturing. Most current and proposed fracturing activity occurs
in Kern County in the San Joaquin Basin, where operators depend mainly on surface water
purchased from nearby irrigation districts (CCST, 2014). California irrigation districts receive water
allocated by the State Water Project, and deliveries may be restricted or eliminated during drought
years (CCST, 2014).1 In addition to publicly-supplied surface water, operators may also self-supply
a smaller proportion of water from on-site groundwater wells (CCST, 2014). Most water used for
hydraulic fracturing in California is fresh (91% of annual water used in well stimulation) (CCST,
2015a). Approximately 13% of water demand for hydraulic fracturing is offset by the reuse of
wastewater, according to well stimulation records (CCST, 2015a) (Table 4-2).
The source, quality, and provisioning of water used for hydraulic fracturing in Utah and New
Mexico are not as well characterized. A 2010 New Mexico water use report summarizes
withdrawals for a variety of water use categories, and 26% and 74% of mining water use (which
includes water used for oil and gas production) came from surface and groundwater withdrawals,
respectively (NM OSE, 2013). If hydraulic fracturing water use in New Mexico follows the same
pattern as other mining uses (e.g., for metals, coal, geothermal), then it is likely that groundwater is
the primary source. To our knowledge, no data are available to characterize the source of water for

The California State Water Project is a water storage and distribution system maintained by the California Department of
Water Resources, which provides water for urban and agricultural water suppliers in Northern California, the San
Francisco Bay Area, the San Joaquin Valley, the Central Coast, and Southern California (California Department of Water
Resources, 2015).
1
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hydraulic fracturing operations in Utah. In addition, data are lacking on the reuse of wastewater as
a proportion of total water injected for both Utah and New Mexico.
Water use per well: Median water use per well in Utah, New Mexico, and California is lower than in
other states in the EPA FracFocus 1.0 project database: Utah ranks 13th (approximately 302,000 gal
or 1.14 million L), New Mexico ranks 14th (approximately 175,000 gal or 662,000 L), and California
ranks 15th (approximately 77,000 gal or 291,000 L) out of the 15 states (Table B-5). A possible
explanation for the low water use per well in Utah and New Mexico is the presence of CBM in the
Uinta (Utah) and San Juan (New Mexico) Basins. Low water use per well in California is attributed
to the prevalence of vertical wells and the use of crosslinked gels. Vertical wells dominate because
the complex geology precludes long horizontal drilling and fracturing (CCST, 2014).
For California, the California Council on Science and Technology (CCST) reports average water use
per well of 130,000 gal (490,000 L), which agrees with the state average of approximately 131,700
gal (498,500 L) according to the EPA FracFocus 1.0 project database (CCST, 2014) (Table B-5); this
is to be expected, because estimates from CCST are also based on data submitted to FracFocus.
Water use/consumption at the county scale: Hydraulic fracturing in Utah, New Mexico, and
California uses relatively small amounts of water at the county scale compared to most other states
(Table B-1). Only in four counties (Duchesne and Uintah Counties in Utah, and Eddy and Lea
Counties in New Mexico) did hydraulic fracturing operators use more than 50 million gal (189
million L) annually in 2011 and 2012 (Table B-2). Fracturing water use and consumption did not
exceed 1% of 2010 total water use and consumption in any county.
Potential for impacts: At present, hydraulic fracturing does not use or consume much water
compared to other users or consumers in Utah, New Mexico, and California at the county scale
(Figure 4-2a,b). Likewise, it also does not use much water compared to county level water
availability estimates (Text Box 4-2, Figure 4-6a,b). In general, however, Utah, New Mexico, and
California have low surface water availability (Figure 4-7a), high groundwater dependence (Figure
4-7b), and have experienced frequent periods of drought over the last decade (National Drought
Mitigation Center, 2015). All of these factors increase the potential for localized impacts. In
California, two recent studies conclude changes in water quantity or quality are possible in the San
Joaquin Basin due to hydraulic fracturing withdrawals, especially within Kern County where oil and
gas activities are concentrated and fresh water is in limited supply (Tiedeman et al., 2016; CCST,
2015a). The combination of factors also suggest future problems could arise if hydraulic fracturing
water withdrawals increase substantially in these states beyond present levels, without
commensurate steps to reduce fresh water demand.
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Appendix C. Chemical Mixing Supplemental Information
C.1. Most Frequently Reported Chemicals in Gas- and Oil-Producing Wells
Table C-1. Chemicals reported in 10% or more of disclosures in the EPA FracFocus 1.0 project
database for gas-producing wells, with the number of disclosures (for reported chemicals),
percentage of disclosures, and the median maximum concentration (% by mass) of that
chemical in hydraulic fracturing fluid.
Chemicals ranked by frequency of occurrence (U.S. EPA, 2015c). See Text Box 5-2 for more information.

Median maximum
Percentage of concentration in hydraulic
disclosures fracturing fluid (% by mass)

Chemical name

CASRN

Number of
disclosures

Hydrochloric acid

7647-01-0

12,351

72.8%

15%

67-56-1

12,269

72.3%

30%

64742-47-8

11,897

70.1%

30%

67-63-0

8,008

47.2%

30%

Water

7732-18-5

7,998

47.1%

63%

Ethanol

64-17-5

6,325

37.3%

5%

Propargyl alcohol

107-19-7

5,811

34.2%

10%

Glutaraldehyde

111-30-8

5,635

33.2%

30%

Ethylene glycol

107-21-1

5,493

32.4%

35%

Citric acid

77-92-9

4,832

28.5%

60%

Sodium hydroxide

1310-73-2

4,656

27.4%

5%

Peroxydisulfuric acid,
diammonium salt

7727-54-0

4,618

27.2%

100%

Quartz

14808-60-7

3,758

22.1%

10%

2,2-Dibromo-3nitrilopropionamide

10222-01-2

3,668

21.6%

100%

Sodium chloride

7647-14-5

3,608

21.3%

30%

Guar gum

9000-30-0

3,586

21.1%

60%

Acetic acid

64-19-7

3,563

21.0%

50%

2-Butoxyethanol

111-76-2

3,325

19.6%

10%

Naphthalene

91-20-3

3,294

19.4%

5%

64742-94-5

3,287

19.4%

30%

Methanol
Distillates, petroleum,
hydrotreated light
Isopropanol

Solvent naphtha, petroleum,
heavy arom.
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Median maximum
Percentage of concentration in hydraulic
disclosures fracturing fluid (% by mass)

CASRN

Number of
disclosures

Quaternary ammonium
compounds, benzyl-C12-16alkyldimethyl, chlorides

68424-85-1

3,259

19.2%

7%

Potassium hydroxide

1310-58-3

2,843

16.8%

15%

Ammonium chloride

12125-02-9

2,483

14.6%

10%

67-48-1

2,477

14.6%

75%

127087-87-0

2,455

14.5%

5%

7758-19-2

2,372

14.0%

10%

1,2,4-Trimethylbenzene

95-63-6

2,229

13.1%

1%

Carbonic acid, dipotassium salt

584-08-7

2,154

12.7%

60%

Methenamine

100-97-0

2,134

12.6%

1%

Formic acid

64-18-6

2,118

12.5%

60%

7173-51-5

2,063

12.2%

10%

68-12-2

1,892

11.2%

13%

Phenolic resin

9003-35-4

1,852

10.9%

5%

Thiourea polymer

68527-49-1

1,702

10.0%

30%

Polyethylene glycol

25322-68-3

1,696

10.0%

60%

Chemical name

Choline chloride
Poly(oxy-1,2-ethanediyl)nonylphenyl-hydroxy (mixture)
Sodium chlorite

Didecyl dimethyl ammonium
chloride
N,N-Dimethylformamide
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Table C-2. Chemicals reported in 10% or more of disclosures in the EPA FracFocus 1.0 project
database for oil-producing wells, with the number of disclosures (for reported chemicals),
percentage of disclosures, and the median maximum concentration (% by mass) of that
chemical in hydraulic fracturing fluid.
Chemicals ranked by frequency of occurrence (U.S. EPA, 2015c).

Median maximum
concentration in
Number of Percentage of hydraulic fracturing
disclosures
disclosures
fluid (% by mass)

Chemical name

CASRN

Methanol

67-56-1

12,484

71.8%

30%

Distillates, petroleum, hydrotreated
light

64742-47-8

10,566

60.8%

40%

Peroxydisulfuric acid, diammonium salt

7727-54-0

10,350

59.6%

100%

Ethylene glycol

107-21-1

10,307

59.3%

30%

Hydrochloric acid

7647-01-0

10,029

57.7%

15%

Guar gum

9000-30-0

9,110

52.4%

50%

Sodium hydroxide

1310-73-2

8,609

49.5%

10%

Quartz

14808-60-7

8,577

49.4%

2%

Water

7732-18-5

8,538

49.1%

67%

67-63-0

8,031

46.2%

15%

Potassium hydroxide

1310-58-3

7,206

41.5%

15%

Glutaraldehyde

111-30-8

5,927

34.1%

15%

Propargyl alcohol

107-19-7

5,599

32.2%

5%

Acetic acid

64-19-7

4,623

26.6%

30%

2-Butoxyethanol

111-76-2

4,022

23.1%

10%

Solvent naphtha, petroleum, heavy
arom.

64742-94-5

3,821

22.0%

5%

Sodium chloride

7647-14-5

3,692

21.2%

25%

Ethanol

64-17-5

3,536

20.3%

45%

Citric acid

77-92-9

3,310

19.0%

60%

Phenolic resin

9003-35-4

3,109

17.9%

5%

Naphthalene

91-20-3

3,060

17.6%

5%

Nonyl phenol ethoxylate

9016-45-9

2,829

16.3%

20%

Diatomaceous earth, calcined

91053-39-3

2,655

15.3%

100%

Isopropanol

C-5
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Median maximum
concentration in
Number of Percentage of hydraulic fracturing
disclosures
disclosures
fluid (% by mass)

Chemical name

CASRN

Methenamine

100-97-0

2,559

14.7%

1%

Tetramethylammonium chloride

75-57-0

2,428

14.0%

1%

Carbonic acid, dipotassium salt

584-08-7

2,402

13.8%

60%

68439-51-0

2,342

13.5%

2%

67-48-1

2,264

13.0%

75%

Boron sodium oxide

1330-43-4

2,228

12.8%

30%

Tetrakis(hydroxymethyl)phosphonium
sulfate

55566-30-8

2,130

12.3%

50%

95-63-6

2,118

12.2%

1%

Boric acid

10043-35-3

2,070

11.9%

25%

Polyethylene glycol

25322-68-3

2,025

11.7%

5%

2-Mercaptoethanol

60-24-2

2,012

11.6%

100%

10222-01-2

1,988

11.4%

98%

64-18-6

1,948

11.2%

60%

Sodium persulfate

7775-27-1

1,914

11.0%

100%

Phosphonic acid

13598-36-2

1,865

10.7%

1%

Sodium tetraborate decahydrate

1303-96-4

1,862

10.7%

30%

Potassium metaborate

13709-94-9

1,682

9.7%

60%

64-02-8

1,676

9.6%

0%

127087-87-0

1,668

9.6%

5%

Ethoxylated propoxylated C12-14
alcohols
Choline chloride

1,2,4-Trimethylbenzene

2,2-Dibromo-3-nitrilopropionamide
Formic acid

Ethylenediaminetetraacetic acid
tetrasodium salt hydrate
Poly(oxy-1,2-ethanediyl)-nonylphenylhydroxy (mixture)

C-6
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C.2. Most Frequently Reported Chemicals for Each State
Table C-3a. Chemicals most frequently reported in disclosures in the EPA FracFocus 1.0 project database for each state and
number (and percentage) of disclosures where a chemical is reported for that state, Alabama to Montana.
The 20 most frequently reported hydraulic fracturing fluid chemicals were identified for the 20 states that reported in disclosures in the EPA FracFocus 1.0
project database, resulting in a total of 93 chemicals. The chemicals were ranked by counting the number of states where that chemical was in the top 20;
chemicals used most widely among the most states come first. For example, methanol is reported in 19 of 20 states, so methanol is ranked first (U.S. EPA,
2015c).
Chemical name

CASRN

Alabama

Methanol

67-56-1

55
(100%)

Distillates,
petroleum,
hydrotreated light

64742-47-8

Alaska

Arkansas

California

Colorado

Kansas

Louisiana

Michigan

Mississippi

Montana

1333
(99.7%)

228
(39.0%)

2883
(63.3%)

77
(79.4%)

596
(59.2%)

13
(92.9%)

3
(75%)

121
(62.7%)

9
(45%)

743
(55.6%)

322
(55.0%)

3358
(73.7%)

87
(89.7%)

844
(83.9%)

14
(100%)

4
(100%)

115
(59.6%)

350
(59.8%)

61
(62.9%)

341
(33.9%)

10
(71.4%)

3
(75%)

95
(49.2%)

2586
(56.8%)

24
(24.7%)

515
(51.2%)

11
(78.6%)

519
(88.7%)

1048
(23.0%)

22
(22.7%)

377
(37.5%)

2
(50%)

124
(64.2%)

403
(68.9%)

996
(21.9%)

27
(27.8%)

535
(53.2%)

2
(50%)

105
(54.4%)

2258
(49.6%)

78
(80.4%)

420
(41.7%)

4
(100%)

494
(49.1%)

2 (50%)

Ethylene glycol

107-21-1

55
(100%)

20
(100%)

291
(21.8%)

Isopropanol

67-63-0

55
(100%)

13
(65%)

586
(43.9%)

Quartz

14808-60-7

20
(100%)

Sodium hydroxide

1310-73-2

20
(100%)

Ethanol

9000-30-0

Hydrochloric acid

7647-01-0

Peroxydisulfuric acid,
7727-54-0
diammonium salt
Propargyl alcohol

603
(45.1%)

64-17-5

Guar gum

107-19-7

285
(21.3%)

10
(50%)
55
(100%)

545
(93.2%)
1330
(99.5%)

10
(50%)

2408
(52.9%)
484
(82.7%)

813
(60.8%)

C-7

82
(84.5%)

569
(56.6%)

21
(21.6%)

273
(27.2%)

8
(57.1%)

69
(71.1%)

299
(29.7%)

5
(35.7%)

123
(63.7%)

83
(43.0%)
45
(23.3%)
119
(61.7%)
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Chemical name

CASRN

Alabama

Glutaraldehyde

111-30-8

Naphthalene

91-20-3

55
(100%)

2-Butoxyethanol

111-76-2

55
(100%)

Citric acid

77-92-9

Alaska

Arkansas

California

Colorado

737
(55.1%)
1363
(29.9%)

Solvent naphtha,
petroleum, heavy
arom.

64742-94-5

1507
(33.1%)

Quaternary
ammonium
compounds, benzylC12-16alkyldimethyl,
chlorides

68424-85-1

2,2-Dibromo-3nitrilopropionamide

10222-01-2

Potassium hydroxide

1310-58-3

375
(28.0%)

95-63-6

Ammonium chloride 12125-02-9

41
(42.3%)

293
(29.2%)

Montana

2
(50%)
12
(85.7%)

408
(40.6%)

95
(49.2%)

2
(50%)

42
(43.3%)

135
(70.0%)

52
(53.6%)

55
(100%)

2
(50%)

2215
(48.6%)

10
(71.4%)
340
(33.8%)

70
(36.3%)
4
(100%)

115
(59.6%)

1235
(27.1%)

67-48-1

1,2,4Trimethylbenzene

364
(36.3%)

Mississippi

45
(46.4%)
1574
(34.5%)

25322-68-3

73
(75.3%)

Michigan

11
(78.6%)

7647-14-5

Polyethylene glycol

Louisiana

20
(100%)

Saline

Choline chloride

Kansas

55
(100%)

7
(50%)
1211
(26.63%)
277
(20.7%)

1280
(28.0%)

C-8

39
(40.2%)

69
(35.8%)
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Chemical name

CASRN

Diatomaceous earth,
91053-39-3
calcined
Didecyl dimethyl
ammonium chloride

7173-51-5

Sodium chlorite

7758-19-2

Sodium erythorbate

6381-77-7

N,NDimethylformamide

68-12-2

Nonyl phenol
ethoxylate

Alabama

Alaska
20
(100%)

Colorado

Kansas

Louisiana

Michigan

Mississippi

Montana

417
(71.3%)
2
(50%)
352
(35.0%)
435
(32.5%)

4
(100%)

29
(29.9%)

9016-45-9

1150
(25.2%)

39
(40.2%)
4
(100%)

7775-27-1

Tetramethylammoni
um chloride

75-57-0

1,2-Propylene glycol

57-55-6

5-Chloro-2-methyl3(2H)-isothiazolone

26172-55-4

Acetic acid

64-19-7

Ammonium acetate

631-61-8

Boric acid

California

317
(23.7%)

Poly(oxy-1,2ethanediyl)127087-87nonylphenyl-hydroxy
0
(mixture)
Sodium persulfate

Arkansas

10043-35-3

85
(44.0%)
10
(71.4%)
20
(100%)

389
(66.5%)
959
(21.0%)

284
(28.2%)
2
(50%)

3
(15%)
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Chemical name

CASRN

Carbonic acid,
dipotassium salt

584-08-7

Cristobalite

14464-46-1

Formic acid

64-18-6

Alabama

Alaska

Arkansas

California

Kansas

Louisiana

Michigan

Mississippi

1159
(25.4%)
20
(100%)

389
(66.5%)
293
(29.1%)

55 (100%)

Hemicellulase
enzyme

9012-54-8

Hemicellulase
enzyme concentrate

9025-56-3

Iron(II) sulfate
heptahydrate

7782-63-0

Magnesium chloride

7786-30-3

20
(100%)

389
(66.5%)

Magnesium nitrate

10377-60-3

20
(100%)

389
(66.5%)

Phenolic resin

9003-35-4

Sodium hypochlorite

7681-52-9

Sodium tetraborate
decahydrate

1303-96-4

Solvent naphtha,
petroleum, heavy
aliph.

64742-96-7

1-Butoxy-2-propanol

5131-66-8

1-Propanol

Colorado

395
(67.5%)
7
(50%)

1046
(23.0%)
14
(70%)
7
(50%)
315
(53.8%)
1232
(27.0%)

71-23-8

C-10
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(50%)

Montana
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Chemical name

CASRN

1,2Ethanediaminium, N,
N'-bis[2-[bis(2hydroxyethyl)methyl
ammonio]ethyl]N,N'bis(2hydroxyethyl)-N,N'dimethyl,tetrachloride

13887994-4

2-bromo-3nitrilopropionamide

1113-55-9

2-Ethylhexanol

104-76-7

2-Methyl-3(2H)isothiazolone

2682-20-4

2-Propenoic acid,
polymer with 2propenamide

9003-06-9

Alkenes, C>10
.alpha.-

64743-02-8

Benzene, 1,1'-oxybis, tetrapropylene
derivs., sulfonated

Alabama

Alaska

Arkansas

California

Kansas

Louisiana

Michigan

Mississippi

Montana

343
(58.6%)

83
(43.0052%)
20
(100%)

389
(66.5%)

241
(18.0%)

11934503-8

50
(25.9%)

Benzenesulfonic acid,
dodecyl-, compd.
with N1-(240139-72-8
aminoethyl)-1,2ethanediamine (1:?)
Benzyldimethyldodec
ylammonium
chloride

Colorado

48
(24.9%)

139-07-1

268
(20.0%)

Benzylhexadecyldime
thylammonium
122-18-9
chloride

268
(20.0%)
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Chemical name
Boron sodium oxide

CASRN

Alabama

Alaska

Arkansas

C10-C16 ethoxylated
68002-97-1
alcohol

3
(15%)

Calcium chloride

20
(100%)

10043-52-4
124-38-9

Cinnamaldehyde (3phenyl-2-propenal)

104-55-2

Diethylene glycol

111-46-6

Diethylene glycol
monobutyl ether

112-34-5

Diethylenetriamine

111-40-0

Distillates,
petroleum,
hydrotreated light
paraffinic

64742-55-8

Distillates,
petroleum,
64742-46-7
hydrotreated middle
Ethoxylated C12-16
alcohols

68551-12-2

Ethoxylated C14-15
alcohols

68951-67-7

Formic acid,
potassium salt

590-29-4

Glycerin, natural

56-81-5

Colorado

Kansas

Louisiana

Michigan

Mississippi

Montana

361
(61.7%)

1330-43-4

Carbon dioxide

California

7
(50%)
55
(100%)

7
(50%)
55
(28.5%)
314
(53.7%)

3
(15%)

241
(18.0%)

7
(50%)
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Chemical name

CASRN

Isotridecanol,
ethoxylated

9043-30-5

Methenamine

100-97-0

Alabama

Alaska

Arkansas

California

Colorado

Kansas

Louisiana

Michigan

Mississippi

312
(53.3%)
298
(29.6%)

Naphtha, petroleum,
64742-48-9
hydrotreated heavy
Poly(oxy-1,2ethanediyl), .alpha.,
.alpha.'-[[(9Z)-926635-93-8
octadecenylimino]di2,1-ethanediyl]
bis[.omega.-hydroxy-

9
(64.3%)

Potassium chloride

7447-40-7

7
(50%)

Sodium bromate

7789-38-0

7
(50%)

Sodium perborate
tetrahydrate

10486-00-7

Sulfamic acid

5329-14-6

2
(50%)

Terpenes and
Terpenoids, sweet
orange-oil

68647-72-3

2
(50%)

Tetradecyl dimethyl
benzyl ammonium
chloride

139-08-2

268
(20.0%)

Tetrakis(hydroxymet
hyl)phosphonium
55566-30-8
sulfate
Thiourea polymer

68527-49-1

384
(28.7%)
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Chemical name

CASRN

Alabama

Alaska

Arkansas

California

Colorado

Kansas

Tri-n-butyl tetradecyl
phosphonium
81741-28-8
chloride
19
(19.6%)

Trisodium phosphate 7601-54-9

C-14

Louisiana

Michigan

Mississippi

Montana
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Table C-3b. Chemicals most frequently reported in disclosures in the EPA FracFocus 1.0 project database for each state and
number (and percentage) of disclosures where a chemical is reported for that state, New Mexico to Wyoming.
The 20 most frequently reported hydraulic fracturing fluid chemicals were identified for the 20 states that reported in disclosures in the EPA FracFocus 1.0
project database, resulting in a total of 93 chemicals. The chemicals were ranked by counting the number of states where that chemical was in the top 20;
chemicals used most widely among the most states come first. For example, methanol is reported in 19 of 20 states, so methanol is ranked first (U.S. EPA,
2015c).
New
Mexico

North
Dakota

Ohio

Oklahoma

Pennsylvania

Texas

Utah

Virginia

West
Virginia

Wyoming

67-56-1

1012
(90.8%)

1059
(53.3%)

76
(52.1%)

1270
(70.3%)

1633
(68.6%)

12664
(78.5%)

984
(78.5%)

48
(60.8%)

153
(64.0%)

460
(38.4%)

64742-47-8

699
(62.7%)

943
(47.5%)

122
(83.6%)

1270
(70.3%)

1434
(60.2%)

10677
(66.1%)

934
(74.5%)

196
(82.0%)

612
(51.1%)

Ethylene glycol

107-21-1

503
(45.1%)

724
(36.4%)

83
(56.8%)

843
(46.7%)

807
(33.9%)

9591
(59.4%)

1065
(85.0%)

22
(27.8%)

141
(59.0%)

Isopropanol

67-63-0

695
(62.3%)

739
(37.2%)

71
(48.6%)

764
(42.28%)

735
(30.9%)

7731
(47.9%)

661
(52.8%)

43
(54.4%)

74
(31.0%)

516
(43.1%)

Quartz

14808-60-7

762
(68.3%)

920
(46.3%)

66
(45.2%)

491
(27.2%)

6869
(42.6%)

503
(40.1%)

53
(22.2%)

356
(29.7%)

Sodium hydroxide

1310-73-2

329
(29.5%)

1028
(51.7%)

466
(37.2%)

64-17-5

529
(47.4%)

545
(27.4%)

Guar gum

9000-30-0

702
(63.0%)

1094
(55.1%)

Hydrochloric acid

7647-01-0

880
(78.9%)

Peroxydisulfuric acid,
diammonium salt

7727-54-0

836
(75.0%)

Propargyl alcohol

107-19-7

760
(68.2%)

Chemical name

CASRN

Methanol
Distillates, petroleum,
hydrotreated light

Ethanol

1089
(54.8%)

490
(27.1%)

406
(17.0%)

7371
(45.7%)

87
(59.6%)

838
(46.4%)

388
(16.3%)

3439
(21.3%)

74
(50.7%)

457
(25.3%)

538
(22.6%)

6863
(42.5%)

538
(42.9%)

145
(99.3%)

1372
(75.9%)

2279
(95.7%)

11424
(70.8%)

1064
(84.9%)

93
(63.7%)

713
(39.5%)

8666
(53.7%)

483
(38.5%)

72
(49.3%)

732
(40.5%)

6269
(38.8%)

456
(36.4%)

C-15

1371
(57.6%)

688
(57.4%)
50
(63.3%)

68
(86.1%)

130
(54.3%)

298
(24.9%)

55
(23.0%)

823
(68.7%)

229
(95.8%)
128
(53.6%)

22
(27.8%)

138
(57.7%)

771
(64.4%)
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New
Mexico

Chemical name

CASRN

Glutaraldehyde

111-30-8

Naphthalene

91-20-3

2-Butoxyethanol

111-76-2

412
(37.0%)

Citric acid

77-92-9

447
(40.1%)

North
Dakota

632
(56.7%)

491
(24.7%)

Solvent naphtha,
petroleum, heavy arom.

64742-94-5

981
(49.4%)

Quaternary ammonium
compounds, benzyl-C1216-alkyldimethyl,
chlorides

68424-85-1

2,2-Dibromo-3nitrilopropionamide

10222-01-2

Potassium hydroxide

1310-58-3

Polyethylene glycol
1,2,4-Trimethylbenzene
Ammonium chloride

Pennsylvania

Texas

105
(71.9%)

989
(54.7%)

819
(34.4%)

6470
(40.1%)

448
(24.8%)

96
(65.8%)

7647-14-5

67-48-1

Oklahoma

864
(43.5%)

Saline

Choline chloride

Ohio

644
(35.6%)

597
(33.0%)

478
(38.1%)

7
(8.9%)

384
(34.4%)
567
(28.5%)

95-63-6

496
(25.0%)

Wyoming

169
(70.7%)

260
(21.7%)

663
(52.9%)

70
(88.6%)

62
(25.9%)

701
(29.4%)

3820
(23.7%)

992
(79.2%)

63
(79.8%)

98
(41.0%)

3462
(21.4%)

7
(8.9%)

53
(22.2%)

2751
(17.0%)

7
(8.9%)

373
(15.7%)

106
(72.6%)

53
(22.2%)
22
(27.8%)

649
(51.8%)

45
(57.0%)

688
(28.9%)
7
(8.9%)
732
(30.7%)

12125-02-9

C-16

274
(22.9%)
415
(34.6%)

6369
(39.5%)

55
(37.7%)

25322-68-3

West
Virginia

3898
(24.1%)

804
(33.8%)
1176
(59.2%)

Virginia

498
(20.9%)

557
(30.8%)
54
(37.0%)

Utah

50
(20.9%)
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Chemical name

CASRN

Diatomaceous earth,
calcined

91053-39-3

Didecyl dimethyl
ammonium chloride

7173-51-5

Sodium chlorite

7758-19-2

Sodium erythorbate

6381-77-7

N,N-Dimethylformamide

68-12-2

Nonyl phenol ethoxylate

9016-45-9

Poly(oxy-1,2-ethanediyl)nonylphenyl-hydroxy
(mixture)

127087-87-0

Sodium persulfate
Tetramethylammonium
chloride
1,2-Propylene glycol
5-Chloro-2-methyl-3(2H)isothiazolone

North
Dakota

Ohio

Oklahoma

75-57-0

Pennsylvania

419
(37.6%)

Texas

Utah

Virginia

West
Virginia

Wyoming

435
(34.7%)
46
(31.6%)

49
(20.5%)

482
(24.3%)

271
(22.6%)
10
(12.7%)
68
(46.6%)

355
(19.6%)

76
(31.8%)

410
(32.7%)

333
(29.9%)

447
(35.7%)

25
(31.6%)
7
(8.9%)

373
(15.7%)

7775-27-1

308
(25.7%)

579
(29.1%)

315
(26.3%)
22
(27.8%)

57-55-6
26172-55-4

Acetic acid

64-19-7

Ammonium acetate

631-61-8

Boric acid

New
Mexico

10043-35-3

323
(27.0%)
82
(56.2%)

C-17
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Chemical name

CASRN

Carbonic acid,
dipotassium salt

584-08-7

Cristobalite

14464-46-1

Formic acid

64-18-6

New
Mexico

North
Dakota

Ohio

Oklahoma

Pennsylvania

Texas

Utah

Virginia

West
Virginia

Wyoming

482
(24.2%)

367
(15.4%)

11
(13.9%)

Hemicellulase enzyme

9012-54-8

Hemicellulase enzyme
concentrate

9025-56-3

Iron(II) sulfate
heptahydrate

7782-63-0

Magnesium chloride

7786-30-3

Magnesium nitrate

10377-60-3

Phenolic resin

9003-35-4

Sodium hypochlorite

7681-52-9

282
(23.5%)

Sodium tetraborate
decahydrate

1303-96-4

265
(22.1%)

Solvent naphtha,
petroleum, heavy aliph.

64742-96-7

1-Butoxy-2-propanol

5131-66-8

1-Propanol

331
(29.7%)
22
(27.8%)

419
(37.6%)

2903
(18.0%)

71-23-8

C-18
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Chemical name
1,2-Ethanediaminium, N,
N'-bis[2-[bis(2hydroxyethyl)
methylammonio]ethyl]N,N'bis(2-hydroxyethyl)N,N'-dimethyl-,
tetrachloride

CASRN

New
Mexico

North
Dakota

Ohio

Oklahoma

Pennsylvania

Texas

Utah

Virginia

138879-94-4

2-Bromo-3nitrilopropionamide

1113-55-9

2-Ethylhexanol

104-76-7

2-Methyl-3(2H)isothiazolone

2682-20-4

2-Propenoic acid, polymer
with 2-propenamide

9003-06-9

Alkenes, C>10 .alpha.-

64743-02-8

Benzene, 1,1'-oxybis-,
tetrapropylene derivs.,
sulfonated

119345-03-8

Benzenesulfonic acid,
dodecyl-, compd. with N1(2-aminoethyl)-1,2ethanediamine (1:?)

40139-72-8

Benzyldimethyldodecylam
monium chloride

139-07-1

Benzylhexadecyldimethyla
mmonium chloride

122-18-9

Boron sodium oxide

1330-43-4

C10-C16 ethoxylated
alcohol

68002-97-1

11
(13.9%)

486
(38.8%)

C-19
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Wyoming
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Chemical name

CASRN

Calcium chloride

10043-52-4

Carbon dioxide

124-38-9

Cinnamaldehyde (3phenyl-2-propenal)

104-55-2

Diethylene glycol

111-46-6

Diethylene glycol
monobutyl ether

112-34-5

Diethylenetriamine

111-40-0

Distillates, petroleum,
hydrotreated light
paraffinic

64742-55-8

Distillates, petroleum,
hydrotreated middle

64742-46-7

Ethoxylated C12-16
alcohols

68551-12-2

Ethoxylated C14-15
alcohols

68951-67-7

Formic acid, potassium
salt

590-29-4

Glycerin, natural

56-81-5

Isotridecanol, ethoxylated

9043-30-5

Methenamine

100-97-0

Naphtha, petroleum,
hydrotreated heavy

New
Mexico

North
Dakota

Ohio

Oklahoma

Pennsylvania

Texas

Utah

Virginia

West
Virginia

Wyoming

45
(30.8%)

57
(23.8%)

361
(30.1%)

384
(32.1%)

64742-48-9
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Chemical name

CASRN

Poly(oxy-1,2-ethanediyl),
.alpha.,.alpha.'-[[(9Z)-9octadecenylimino]di-2,1ethanediyl]bis[.omega.hydroxy-

26635-93-8

Potassium chloride

7447-40-7

Sodium bromate

7789-38-0

Sodium perborate
tetrahydrate

10486-00-7

Sulfamic acid

5329-14-6

Terpenes and terpenoids,
sweet orange-oil

68647-72-3

Tetradecyl dimethyl
benzyl ammonium
chloride

New
Mexico

North
Dakota

Ohio

Oklahoma

Pennsylvania

Texas

Utah

351
(19.4%)

139-08-2

Tetrakis(hydroxymethyl)p
hosphonium sulfate

55566-30-8

Thiourea polymer

68527-49-1

Tri-n-butyl tetradecyl
phosphonium chloride

81741-28-8

Trisodium phosphate

7601-54-9

945
(75.4%)

350
(14.7%)

C-21
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C.3. Estimating Volume and Mass for 74 Chemicals Reported in Disclosures in
the EPA FracFocus 1.0 Project Database
Volume and mass were estimated using the chemical data reported in the disclosures in the EPA
FracFocus 1.0 project database. The total hydraulic fracturing fluid volume reported was used to
calculate the total fluid mass by assuming the fluid has a density of 1 g/mL. This is a simplifying
assumption based on the fact that more than 93% of disclosures are inferred to use water as a base
fluid. Water had a median concentration of 88% (by mass) in the fracturing fluid, with 10th and 90th
percentiles of 77% and 95%. Roughly 2% of disclosures reported the use of non-aqueous base
fluids, which contained roughly 60% (median) water (U.S. EPA, 2015c). The use of non-aqueous
base fluids would introduce additional error in our calculations. We made the simplifying
assumption that this error is negligible. Some disclosures reported using brine, which has a density
between 1.0 and 1.1 g/mL. This would introduce at most an error of 10% for the fluid calculation
(the difference of a chemical being present at 10 versus 9 gal, 1,000 versus 900 gal). We also
assume that the mass of chemicals present in calculating the total fluid mass is negligible. Given that
≤2% of the fluid volume are chemicals, and assuming the density of which is 3 mg/L, the error
introduced is approximately 6%. For reference, for the chemicals we are calculating volumes,
chlorine dioxide is the densest at 2.757 mg/L. Chemical with densities less than 1 mg/L introduce
approximately <1% error.
Next, the mass of each chemical per disclosure was calculated. Each chemical is reported in
disclosures to FracFocus 1.0 as a maximum concentration by mass in the hydraulic fracturing fluid.
This introduces error, as we only know that it is equal to or less than this mass fraction. In EPA’s
analysis of the EPA FracFocus 1.0 project database (U.S. EPA, 2015a), an example additive is
comprised of three chemicals with maximum ingredient concentration of 60% in the additive and a
maximum concentration of 0.22% in the hydraulic fracturing fluid. Each of the three chemicals
cannot be present at 60%. Because of how chemical information was reported to FracFocus 1.0, we
have no way to know the actual proportions of each chemical in the additive and thus must
calculate chemical mass based on the given information. Therefore, our calculations likely
overestimate actual volumes. However, in some cases, the concentration in the additive that is
given is less than 100% and only one chemical is listed in the additive. In these cases, it appears that
the disclosure is reporting the concentration of that chemical in water. Hydrogen chloride (HCl) is
listed as the sole ingredient in the acid additive, and the maximum concentration is 40% by mass. In
this case, the HCl is diluted down to 40%, so the total volume would be underestimated.
After all the chemical masses are calculated, the volume is calculated by dividing chemical mass by
density.
Given the limited information available, due to the limits of the FracFocus 1.0 chemical reporting
and general lack of publicly available data, and despite the errors associated with these
calculations, these calculations provide context for the general magnitude of volumes for each of the
chemicals used on-site. These calculations are used to calculate median volumes for each chemical
on a per well basis. These volume calculations are for the chemicals themselves, not the additives.
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The analysis considered 34,495 disclosures and 672,358 ingredient records that met selected
quality assurance criteria, including: completely parsed; unique combination of fracture date and
API well number; fracture date between January 1, 2011, and February 28, 2013; criteria for water
volumes; valid CASRN; and valid concentrations. Disclosures that did not meet quality assurance
criteria (4,035) or other, query-specific criteria were excluded from our analysis.
Density data were gathered from Reaxys® and other sources as noted. Reaxys®
(http://www.elsevier.com/online-tools/reaxys) is an online database of chemistry literature and
data. Direct density source, as provided by Reaxys®, is provided in Table C-7.
Reporting hydraulic fracturing well records to FracFocus 1.0 was required in six of the 20 states
with data in FracFocus between January 1, 2011, and February 28, 2013. An additional three states
required disclosure to either FracFocus or the state, and five states required reporting to the state.
Reporting to FracFocus 1.0 was optional in other states. Some states changed their reporting
requirements during the course of the study. The EPA FracFocus 1.0 project database, developed
using data directly from FracFocus 1.0, therefore does not encompass all data on chemicals used in
hydraulic fracturing. As stated in Text Box 4-2, this mix of voluntary and mandatory disclosure
requirements limits the completeness of data included in the EPA FracFocus 1.0 project database
for estimating hydraulic fracturing fluid compositions and volumes. According to a comparison
between the EPA FracFocus 1.0 project database reported fluid volumes and literature values,
water use per well was reported to be about 86% of the literature values (median of estimated
values; see Chapter 4, Text Box 4-1). If the fluid volume is underreported, then estimated chemical
volumes based on fluid volume would be similarly underestimated. Using the underreporting of
86%, then the estimated median chemical volume would be 760 gal (2,900 L).
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Table C-4. Estimated mean, median, 5th percentile, and 95th percentile volumes in gallons for
chemicals reported in 100 or more disclosures in the EPA FracFocus 1.0 project database,
where density information was available.
Chemicals are listed in alphabetical order. Density information came from Reaxys® and other sources. All density
sources are referenced in Table C-7.

Volume (gal)
CASRN

Mean

Median

5th
Percentile

(4R)-1-methyl-4-(prop-1-en-2yl)cyclohexene

5989-27-5

2,702

406

0

19,741

1-Butoxy-2-propanol

5131-66-8

167

21

5

654

1-Decanol

112-30-1

28

4

0

33

1-Octanol

111-87-5

5

4

0

10

1-Propanol

71-23-8

128

55

6

367

1,2-Propylene glycol

57-55-6

13,105

72

4

61,071

1,2,4-Trimethylbenzene

95-63-6

38

6

0

43

2-Butoxyethanol

111-76-2

385

26

0

1,811

2-Ethylhexanol

104-76-7

100

11

0

292

2-Mercaptoethanol

60-24-2

1,175

445

0

4,194

10222-01-2

183

5

0

341

Acetic acid

64-19-7

646

47

0

1,042

Acetic anhydride

108-24-7

239

50

3

722

Acrylamide

79-06-1

95

3

0

57

Adipic acid

124-04-9

153

0

0

109

Aluminum chloride

7446-70-0

2

0

0

0

Ammonia

7664-41-7

44

35

2

138

Ammonium acetate

631-61-8

839

117

0

1,384

Ammonium chloride

12125-02-9

526

58

3

548

Ammonium hydroxide

1336-21-6

7

2

0

14

Benzyl chloride

100-44-7

52

0

0

40

Carbonic acid, dipotassium salt

584-08-7

467

113

0

1,729

Chlorine dioxide

10049-04-4

31

11

0

28

Choline chloride

67-48-1

2,131

290

28

4,364

Name

2,2-Dibromo-3-nitrilopropionamide

C-24

95th
Percentile
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Volume (gal)
Name

CASRN

Mean

Median

5th
Percentile

Cinnamaldehyde (3-phenyl-2-propenal)

104-55-2

68

3

0

697

Citric acid

77-92-9

163

20

1

269

Dibromoacetonitrile

3252-43-5

22

13

1

45

Diethylene glycol

111-46-6

168

16

0

102

Diethylenetriamine

111-40-0

92

21

0

207

Dodecane

112-40-3

190

31

0

151

Ethanol

64-17-5

831

121

1

2,645

Ethanolamine

141-43-5

70

30

0

283

Ethyl acetate

141-78-6

0

0

0

0

Ethylene glycol

107-21-1

614

184

4

2,470

Ferric chloride

7705-08-0

0

0

0

0

Formalin

50-00-0

200

0

0

8

Formic acid

64-18-6

501

38

1

1,229

Fumaric acid

110-17-8

2

0

0

12

Glutaraldehyde

111-30-8

1,313

122

2

1,165

Glycerin, natural

56-81-5

413

109

10

911

Glycolic acid

79-14-1

38

10

4

94

7647-01-0

28,320

3,110

96

26,877

Isopropanol

67-63-0

2,095

55

0

1,264

Isopropylamine

75-31-0

83

121

0

172

7786-30-3

14

0

0

2

Methanol

67-56-1

1,218

110

2

3,731

Methenamine

100-97-0

3,386

100

0

3,648

Methoxyacetic acid

625-45-6

36

4

2

115

N,N-Dimethylformamide

68-12-2

119

10

0

216

Naphthalene

91-20-3

72

12

0

204

Nitrogen, liquid

7727-37-9

41,841

26,610

3,091

108,200

Ozone

10028-15-6

15,844

15,473

8,785

26,063

Hydrochloric acid

Magnesium chloride

C-25

95th
Percentile
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Volume (gal)
Name

CASRN

Mean

Median

5th
Percentile

Peracetic acid

79-21-0

300

268

50

663

Phosphonic acid

13598-36-2

1,201

0

0

3

Phosphoric acid Divosan X-Tend
formulation

7664-38-2

13

4

0

15

Potassium acetate

127-08-2

209

1

0

994

Propargyl alcohol

107-19-7

183

2

0

51

Saline

7647-14-5

876

85

0

1,544

Saturated sucrose

57-50-1

1

1

0

2

Silica, amorphous

7631-86-9

6,877

8

0

38,371

Sodium carbonate

497-19-8

228

16

0

1,319

Sodium formate

141-53-7

0

0

0

0

Sodium hydroxide

1310-73-2

551

38

0

1,327

Sulfur dioxide

7446-09-5

0

0

0

0

Sulfuric acid

7664-93-9

3

0

0

3

tert-Butyl hydroperoxide (70% solution
in Water)

75-91-2

156

64

0

557

Tetramethylammonium chloride

75-57-0

970

483

2

3,508

Thioglycolic acid

68-11-1

55

7

2

229

Toluene

108-88-3

18

0

0

11

Tridecane

629-50-5

190

31

0

190

Triethanolamine

102-71-6

846

60

0

2,264

Triethyl phosphate

78-40-0

55

1

0

533

Triethylene glycol

112-27-6

5,198

116

28

945

Triisopropanolamine

122-20-3

46

4

1

330

Trimethyl borate

121-43-7

83

40

4

283

Undecane

1120-21-4

273

29

0

1,641

C-26

95th
Percentile
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Table C-5. Estimated mean, median, 5th percentile, and 95th percentile volumes in liters for
chemicals reported in 100 or more disclosures in the EPA FracFocus 1.0 project database,
where density information was available.
Chemicals are listed in alphabetical order. Density information came from Reaxys® and other sources. All density
sources are referenced in Table C-7.

Volume (L)
CASRN

Mean

Median

5th
Percentile

(4R)-1-methyl-4-(prop-1-en-2yl)cyclohexene

5989-27-5

10,229

1,536

0

74,729

1-Butoxy-2-propanol

5131-66-8

631

80

18

2,475

1-Decanol

112-30-1

107

14

1

123

1-Octanol

111-87-5

21

14

1

39

1-Propanol

71-23-8

483

208

22

1,391

1,2-Propylene glycol

57-55-6

49,607

274

15

231,179

1,2,4-Trimethylbenzene

95-63-6

145

24

0

165

2-Butoxyethanol

111-76-2

1,459

98

0

6,856

2-Ethylhexanol

104-76-7

377

40

1

1,106

2-Mercaptoethanol

60-24-2

4,449

1,685

0

15,878

10222-01-2

692

18

0

1,292

Acetic acid

64-19-7

2,446

176

0

3,945

Acetic anhydride

108-24-7

906

189

12

2,734

Acrylamide

79-06-1

361

10

0

216

Adipic acid

124-04-9

578

0

0

414

Aluminum chloride

7446-70-0

6

0

0

0

Ammonia

7664-41-7

166

134

7

523

Ammonium acetate

631-61-8

3,177

444

0

5,238

Ammonium chloride

12125-02-9

1,992

218

12

2,074

Ammonium hydroxide

1336-21-6

27

6

1

52

Benzyl chloride

100-44-7

196

1

0

151

Carbonic acid, dipotassium salt

584-08-7

1,769

429

0

6,544

Chlorine dioxide

10049-04-4

117

43

1

106

Choline chloride

67-48-1

8,068

1,096

107

16,521

Name

2,2-Dibromo-3-nitrilopropionamide

C-27

95th
Percentile
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Volume (L)
Name

CASRN

Mean

Median

5th
Percentile

Cinnamaldehyde (3-phenyl-2-propenal)

104-55-2

258

12

0

2,638

Citric acid

77-92-9

618

77

5

1,019

Dibromoacetonitrile

3252-43-5

82

50

4

170

Diethylene glycol

111-46-6

636

61

1

384

Diethylenetriamine

111-40-0

347

80

0

785

Dodecane

112-40-3

719

117

0

572

Ethanol

64-17-5

3,144

458

6

10,011

Ethanolamine

141-43-5

264

112

0

1,070

Ethyl acetate

141-78-6

0

0

0

0

Ethylene glycol

107-21-1

2,324

697

14

9,349

Ferric chloride

7705-08-0

0

0

0

0

Formalin

50-00-0

756

2

0

31

Formic acid

64-18-6

1,896

144

2

4,653

Fumaric acid

110-17-8

9

0

0

46

Glutaraldehyde

111-30-8

4,972

462

6

4,409

Glycerin, natural

56-81-5

1,565

412

38

3,447

Glycolic acid

79-14-1

146

39

14

356

7647-01-0

107,204

11,772

362

101,741

Isopropanol

67-63-0

7,932

210

1

4,786

Isopropylamine

75-31-0

314

458

0

652

7786-30-3

52

0

0

8

Methanol

67-56-1

4,609

416

6

14,125

Methenamine

100-97-0

12,817

378

0

13,810

Methoxyacetic acid

625-45-6

136

17

8

436

N,N-Dimethylformamide

68-12-2

449

38

2

819

Naphthalene

91-20-3

271

44

0

774

Nitrogen, liquid

7727-37-9

158,384

100,731

11,700

409,583

Ozone

10028-15-6

59,976

58,570

33,254

98,658

Hydrochloric acid

Magnesium chloride

C-28

95th
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Volume (L)
Name

CASRN

Mean

Median

5th
Percentile

Peracetic acid

79-21-0

1,137

1,016

190

2,511

Phosphonic acid

13598-36-2

4,547

2

0

11

Phosphoric acid Divosan X-Tend
formulation

7664-38-2

51

15

0

57

Potassium acetate

127-08-2

790

3

0

3,762

Propargyl alcohol

107-19-7

693

9

0

193

Saline

7647-14-5

3,317

321

0

5,844

Saturated sucrose

57-50-1

5

2

0

6

Silica, amorphous

7631-86-9

26,031

32

0

145,251

Sodium carbonate

497-19-8

862

62

0

4,991

Sodium formate

141-53-7

1

1

0

1

Sodium hydroxide

1310-73-2

2,087

144

1

5,024

Sulfur dioxide

7446-09-5

2

0

0

0

Sulfuric acid

7664-93-9

10

0

0

12

tert-Butyl hydroperoxide (70% solution in
Water)

75-91-2

591

242

0

2,109

Tetramethylammonium chloride

75-57-0

3,672

1,830

8

13,279

Thioglycolic acid

68-11-1

208

28

6

868

Toluene

108-88-3

69

0

0

41

Tridecane

629-50-5

721

118

0

721

Triethanolamine

102-71-6

3,203

228

0

8,570

Triethyl phosphate

78-40-0

209

6

0

2,019

Triethylene glycol

112-27-6

19,676

439

106

3,579

Triisopropanolamine

122-20-3

174

16

4

1,249

Trimethyl borate

121-43-7

314

152

16

1,072

Undecane

1120-21-4

1,035

111

0

6,212

C-29

95th
Percentile
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Table C-6. Calculated mean, median, 5th percentile, and 95th percentile chemical masses
reported in 100 or more disclosures in the EPA FracFocus 1.0 project database, where density
information was available.
Density information came from Reaxys® and other sources. All density sources are referenced in Table C-7.
Number of disclosures reported for each chemical is also included.

Mass (kg)
CASRN

Mean

Median

5th
Percentile

(4R)-1-methyl-4-(prop-1-en-2yl)cyclohexene

5989-27-5

8,593

1,290

0

62,772

578

1-Butoxy-2-propanol

5131-66-8

555

71

16

2,178

773

1-Decanol

112-30-1

89

12

1

102

434

1-Octanol

111-87-5

17

12

1

32

434

1-Propanol

71-23-8

386

167

18

1,113

1,481

1,2-Propylene glycol

57-55-6

51,095

282

15

238,114

1,023

1,2,4-Trimethylbenzene

95-63-6

126

21

0

143

3,976

2-Butoxyethanol

111-76-2

1,313

88

0

6,170

6,778

2-Ethylhexanol

104-76-7

313

34

0

918

1,291

2-Mercaptoethanol

60-24-2

489

185

0

1,747

2,051

2,2-Dibromo-3nitrilopropionamide

10222-01-2

1,660

44

0

3,102

4,927

Acetic acid

64-19-7

2,544

183

0

4,103

7,643

Acetic anhydride

108-24-7

969

203

12

2,925

1,377

Acrylamide

79-06-1

408

11

0

244

251

Adipic acid

124-04-9

785

0

0

564

233

Aluminum chloride

7446-70-0

15

0

0

0

122

Ammonia

7664-41-7

111

90

4

351

398

Ammonium acetate

631-61-8

3,718

520

0

6,129

1,504

Ammonium chloride

12125-02-9

2,530

277

16

2,633

3,288

Ammonium hydroxide

1336-21-6

48

11

2

94

1,173

Benzyl chloride

100-44-7

214

1

0

165

1,833

Carbonic acid, dipotassium salt

584-08-7

4,298

1,042

0

15,902

4,093

Chlorine dioxide

10049-04-4

321

117

3

291

331

Choline chloride

67-48-1

9,440

1,282

125

19,329

4,241

Name

C-30
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Mass (kg)
Name

CASRN

Mean

Median

5th
Percentile

Cinnamaldehyde (3-phenyl-2propenal)

104-55-2

284

13

0

2,902

1,377

Citric acid

77-92-9

989

123

8

1,630

7,503

Dibromoacetonitrile

3252-43-5

193

118

11

403

272

Diethylene glycol

111-46-6

712

68

1

430

1,732

Diethylenetriamine

111-40-0

330

76

0

746

784

Dodecane

112-40-3

539

88

0

429

131

Ethanol

64-17-5

2,484

361

4

7,908

9,233

Ethanolamine

141-43-5

267

113

0

1,081

585

Ethyl acetate

141-78-6

0

0

0

0

110

Ethylene glycol

107-21-1

2,557

767

15

10,283

14,767

Ferric chloride

7705-08-0

0

0

0

0

118

Formalin

50-00-0

816

2

0

34

456

Formic acid

64-18-6

2,313

176

2

5,677

3,781

Fumaric acid

110-17-8

15

0

0

75

224

Glutaraldehyde

111-30-8

4,972

462

6

4,409

10,963

Glycerin, natural

56-81-5

1,972

519

47

4,343

1,829

Glycolic acid

79-14-1

217

58

21

530

595

11,772

362

101,741

20,996

Hydrochloric acid

7647-01-0 107,204

95th
Percentile Disclosures

Isopropanol

67-63-0

6,187

163

1

3,733

15,058

Isopropylamine

75-31-0

213

311

0

444

255

7786-30-3

120

1

0

18

1,113

Methanol

67-56-1

3,641

329

5

11,159

23,225

Methenamine

100-97-0

15,380

454

0

16,572

4,412

Methoxyacetic acid

625-45-6

161

20

9

514

584

N,N-Dimethylformamide

68-12-2

422

36

2

770

2,972

Naphthalene

91-20-3

220

35

0

627

5,945

82,599

9,594

335,858

713

126

71

212

209

Magnesium chloride

Nitrogen, liquid

7727-37-9 129,875

Ozone

10028-15-6

129

C-31
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Mass (kg)
Name

CASRN

Mean

Median

5th
Percentile

Peracetic acid

79-21-0

1,251

1,117

209

2,762

221

Phosphonic acid

13598-36-2

7,730

3

0

18

2,216

Phosphoric acid Divosan X-Tend
formulation

7664-38-2

48

14

0

54

315

Potassium acetate

127-08-2

1,216

5

0

5,793

325

Propargyl alcohol

107-19-7

658

9

0

183

10,771

Saline

7647-14-5

7,197

696

0

12,682

6,673

Saturated sucrose

57-50-1

6

2

0

7

125

Silica, amorphous

7631-86-9

57,267

71

0

319,553

2,423

Sodium carbonate

497-19-8

2,191

158

0

12,678

396

Sodium formate

141-53-7

2

1

1

2

204

Sodium hydroxide

1310-73-2

4,445

306

2

10,701

12,585

Sulfur dioxide

7446-09-5

2

0

0

0

224

Sulfuric acid

7664-93-9

18

0

0

22

402

tert-Butyl hydroperoxide (70%
solution in water)

75-91-2

532

218

0

1,898

814

Tetramethylammonium chloride

75-57-0

4,296

2,141

10

15,537

3,162

Thioglycolic acid

68-11-1

277

37

8

1,155

156

Toluene

108-88-3

59

0

0

35

214

Tridecane

629-50-5

541

88

0

541

132

Triethanolamine

102-71-6

3,588

255

0

9,599

1,498

Triethyl phosphate

78-40-0

222

6

0

2,140

991

Triethylene glycol

112-27-6

22,038

491

119

4,008

528

Triisopropanolamine

122-20-3

177

17

4

1,274

251

Trimethyl borate

121-43-7

292

141

14

997

294

Undecane

1120-21-4

766

82

0

4,597

241

C-32

95th
Percentile Disclosures
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Table C-7. Associated chemical densities and references used to calculate chemical mass and
estimate chemical volume.
Name

CASRN

Density (g/mL)

(4R)-1-methyl-4-(prop-1-en-2-yl)cyclohexene

5989-27-5

0.84

Dejoye Tanzi et al. (2012)

1-Butoxy-2-propanol

5131-66-8

0.88

Pal et al. (2013)

1-Decanol

112-30-1

0.83

Faria et al. (2013)

1-Octanol

111-87-5

0.82

Dubey and Kumar (2013)

1-Propanol

71-23-8

0.8

Rani and Maken (2013)

1,2-Propylene glycol

57-55-6

1.03

Moosavi et al. (2013)

1,2,4-Trimethylbenzene

95-63-6

0.87

He et al. (2008)

2-Butoxyethanol

111-76-2

0.9

Dhondge et al. (2010)

2-Ethylhexanol

104-76-7

0.83

Laavi et al. (2012)

2-Mercaptoethanol

60-24-2

0.11

Rawat et al. (1976)

10222-01-2

2.4

Fels (1900)

Acetic acid

64-19-7

1.04

Thalladi et al. (2000)

Acetic anhydride

108-24-7

1.07

Radwan and Hanna (1976)

Acrylamide

79-06-1

1.13

Carpenter and Davis (1957)

Adipic acid

124-04-9

1.36

Thalladi et al. (2000)

Aluminum chloride

7446-70-0

2.48

Sigma-Aldrich (2015a)

Ammonia

7664-41-7

0.67

Harlow et al. (1997)

Ammonium acetate

631-61-8

1.17

Biltz and Balz (1928)

Ammonium chloride

12125-02-9

1.27

Haynes (2014)

Ammonium hydroxide

1336-21-6

1.8

Xiao et al. (2013)

Benzyl chloride

100-44-7

1.09

Sarkar et al. (2012)

Carbonic acid, dipotassium salt

584-08-7

2.43

Sigma-Aldrich (2014b)

Chlorine dioxide

10049-04-4

2.757

Haynes (2014)

Choline chloride

67-48-1

1.17

Shanley and Collin (1961)

Cinnamaldehyde (3-phenyl-2-propenal)

104-55-2

1.1

Masood et al. (1976)

Citric acid

77-92-9

1.6

Bennett and Yuill (1935)

Dibromoacetonitrile

3252-43-5

2.37

Wilt (1956)

Diethylene glycol

111-46-6

1.12

Chasib (2013)

Diethylenetriamine

111-40-0

0.95

Dubey and Kumar (2011)

Dodecane

112-40-3

0.75

Baragi et al. (2013)

Ethanol

64-17-5

0.79

Kiselev et al. (2012)

Ethanolamine

141-43-5

1.01

Blanco et al. (2013)

2,2-Dibromo-3-nitrilopropionamide

C-33
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Name

CASRN

Density (g/mL)

Ethyl acetate

141-78-6

0.89

Laavi et al. (2013)

Ethylene glycol

107-21-1

1.1

Rodnikova et al. (2012)

Ferric chloride

7705-08-0

2.9

Haynes (2014)

Formalin

50-00-0

1.08

Alfa Aesar (2015)

Formic acid

64-18-6

1.22

Casanova et al. (1981)

Fumaric acid

110-17-8

1.64

Huffman and Fox (1938)

Glutaraldehyde

111-30-8

1

Glycerin, natural

56-81-5

1.26

Egorov et al. (2013)

Glycolic acid

79-14-1

1.49

Pijper (1971)

7647-01-0

1

Isopropanol

67-63-0

0.78

Zhang et al. (2013)

Isopropylamine

75-31-0

0.68

Sarkar and Roy (2009)

7786-30-3

2.32

Haynes (2014)

Methanol

67-56-1

0.79

Kiselev et al. (2012)

Methenamine

100-97-0

1.2

Mak (1965)

Methoxyacetic acid

625-45-6

1.18

Haynes (2014)

N,N-Dimethylformamide

68-12-2

0.94

Smirnov and Badelin (2013)

Naphthalene

91-20-3

0.81

Dyshin et al. (2008)

Nitrogen, liquid

7727-37-9

0.82

finemech (2012)

Ozone

10028-15-6

0.002144

79-21-0

1.1

Sigma-Aldrich (2015b)

Phosphonic acid

13598-36-2

1.7

Sigma-Aldrich (2014a)

Phosphoric acid Divosan X-Tend formulation

7664-38-2

0.94

Fadeeva et al. (2004)

Potassium acetate

127-08-2

1.54

Haynes (2014)

Propargyl alcohol

107-19-7

0.95

Vijaya Kumar et al. (1996)

Saline

7647-14-5

2.17

Sigma-Aldrich (2010)

Saturated sucrose

57-50-1

1.13

Hagen and Kaatze (2004)

Silica, amorphous

7631-86-9

2.2

Fujino et al. (2004)

Sodium carbonate

497-19-8

2.54

Haynes (2014)

Sodium formate

141-53-7

1.97

Fuess et al. (1982)

Sodium hydroxide

1310-73-2

2.13

Haynes (2014)

Sulfur dioxide

7446-09-5

1.3

Sigma-Aldrich (2015c)

Sulfuric acid

7664-93-9

1.83

Sigma-Aldrich (2015d)

Hydrochloric acid

Magnesium chloride

Peracetic acid

C-34

Reference

Oka (1962)

Steinhauser et al. (1990)

Haynes (2014)
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Name

CASRN

Density (g/mL)

tert-Butyl hydroperoxide (70% solution in
water)

75-91-2

0.9

Sigma-Aldrich (2007)

Tetramethylammonium chloride

75-57-0

1.17

Haynes (2014)

Thioglycolic acid

68-11-1

1.33

Biilmann (1906)

Toluene

108-88-3

0.86

Martinez-Reina et al. (2012)

Tridecane

629-50-5

0.75

Zhang et al. (2011)

Triethanolamine

102-71-6

1.12

Blanco et al. (2013)

Triethyl phosphate

78-40-0

1.06

Krakowiak et al. (2001)

Triethylene glycol

112-27-6

1.12

Afzal et al. (2009)

Triisopropanolamine

122-20-3

1.02

IUPAC (2014)

Trimethyl borate

121-43-7

0.93

Sigma-Aldrich (2015e)

Undecane

1120-21-4

0.74

de Oliveira et al. (2011)

C-35
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C.4. Estimating Spill Rates Based on State Spill Report Data
Several studies have provided estimates for the frequency of hydraulic fracturing-related spills.
This section compiles analyses for three states: Pennsylvania, Colorado, and North Dakota (Table
C-8).
In Pennsylvania, spills related to hydraulic fracturing activity are estimated to occur at a rate
between 0.4 to 12.2 reported spills per 100 wells installed in the Marcellus Shale. Three studies
(Rahm et al., 2015; Brantley et al., 2014; Gradient, 2013) calculated a spill rate for the Marcellus
Shale in Pennsylvania using reports from the Pennsylvania Department of Environmental
Protection (PA DEP) Oil and Gas Compliance Report Database. The PA DEP database provides a
searchable format based on Notices of Violations from routine inspections or investigations of spill
reports or complaints. Each study had different criteria for inclusion, presented in Table C-8,
resulting in a range of rates even when using the same data source. Spill estimates include different
criteria for how the rates were calculated. All three of these sources consider spills that occur
during hydraulic fracturing activity. These include produced water, hydraulic fracturing chemicals,
and diesel. Brantley et al. (2014) present data for major spills (> 400 gal or 1,514 L) that reached a
water body, which would be a low-end estimate of the total number of spills occuring on site.
In Colorado, there is an estimated average of 1.3 reported spills on or near the well pad for every
100 hydraulically fractured wells, based on spill reports from the Colorado Oil and Gas
Conservation Commission (COGCC) Information System. In its study of spills related to hydraulic
fracturing, the EPA determined that Colorado spill reports were the most detailed spill reports from
among the nine state data sources investigated and generally provided more of the information
needed to determine whether a spill was related to hydraulic fracturing (U.S. EPA, 2015j). Here, we
estimate the spill rate in Colorado by dividing the number of hydraulic fracturing-related spills
identified by the EPA (U.S. EPA, 2015j, Appendix B) by the number of wells hydraulically fractured
in Colorado for specific time periods between January 2006 and April 2012. We used three data
sources to estimate the number of wells: (1) there were 172 reported spills in Colorado for the
15,000 wells fractured from January 2006 to April 2012 (DrillingInfo, 2012), (2) there were 50
reported spills in Colorado for the 3,559 wells fractured from January 2011 to April 2012 (U.S. EPA,
2015c), and (3) there were 41 reported spills in Colorado for the 3,000 wells fractured from
September 2009 to October 2010 (U.S. EPA, 2013a). These data give an estimated average of 1.3
reported spills on or near the well pad for every 100 hydraulically fractured wells (Table C-8).
In North Dakota, using the North Dakota spills database, there were an estimated 2.6 reported
spills of hydraulic fracturing fluids and chemicals per 100 wells fractured in 2015 (North Dakota
Department of Health, 2015; see Appendix E). There were 22 reported spills of injection fluid and
17 spills of injection chemical. In 2015, there were 1490 wells fractured (North Dakota Department
of Mineral Resources, 2016). Due to including only spills of fluids and chemicals, this estimate may
fall on the low side.
The spill rates presented in Table C-8 are based on spill reports found in three state data sources
and are limited by both the spills reported in the state data sources and the inclusion criteria
defined by each of the studies. Spills identified from state data sources are likely a subset of the
total number of spills that occurred within a state for a specified time period. Some spills may not
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be recorded in state data sources, because they do not meet the spill reporting requirements in
place at the time of the spill. Additionally, the PA DEP Notices of Violation may include spills not
specifically related to hydraulic fracturing, such as spills of drilling fluids.
The inclusion criteria used by each of the studies affects which spills are used to calculate a spill
rate. More restrictive criteria, such as only counting spills that were greater than 400 gal (1,514 L),
results in a lower number of spills being used for estimating spill rates, while less restrictive
criteria, such as all spills from wells marked unconventional in the PA DEP database, results in a
greater number of spills being used for estimating spill rates. Rahm et al. applied the least
restrictive criteria of the four studies (i.e., spills from unconventional wells) when identifying spills,
while Brantley et al. applied more restrictive criteria (i.e., spills of > 400 gal or 1,514 L in which
spilled fluids reached a surface water body). This would contribute to the different spill rates
calculated by these two studies.
Based on previous studies and the analysis here, hydraulic fracturing-related spills rates in
Pennsylvania, Colorado, and North Dakota range from 0.4 to 12.2 reported spills per 100 wells, with
a median rate of 2.6 reported spills for every 100 wells. These numbers may not be representative
of national spill rates or rates in other regions.

Table C-8. Estimations of spill rates.
Spill rates from four different sources. Each source used different criteria to identify and include spills in their
analysis.

Spill ratea Data source Time period Inclusion criteria
Volume spilled > 400 gal; all spills
reported to reach water body.e

Information source

0.4b, 0.8c

PA DEPd

2008 - 2013

3.3f

PA DEPd

“Unconventional” well; spills with
2009 - 2012 unknown volumes not included. Includes Gradient (2013)
any spill during HF activities

12.2g, 11.6h PA DEPd
1.3i

COGCCj

2.6i

ND

Brantley et al. (2014)

2007 - July
2013

“Unconventional” well based on
environmental violation rates.

Jan 2006 May 2012

Specifically related to hydraulic fracturing
U.S. EPA (2013a)
on or near well pad

2015

Spills reported as injection fluid (22) or
injection chemical (17)

Rahm et al. (2015)

North Dakota Department
of Health (2015)

Median Spill Rate: 2.6 reported spills per 100 wells
a Spill

rate is the number of reported spills per 100 wells.
rate is calculated as the number of spills per 100 wells spudded.
c Spill rate is calculated as number of spills per 100 wells completed.
d PA DEP (2016).
e 32 spills >400 gal: 9 were brine (e.g., produced water), 7 were gel or hydraulic fracturing fluids, 5 were hydrostatic test waters
or sediments, 2 were unknown, 1 was diesel.
f Spill rate is calculated as the number of spills per 100 wells installed.
g Mean spill rate is calculated as the number of spills per 100 wells drilled.
h Median spill rate is calculated as the number of spills per 100 drilled.
i Spill rate is calculated as the number of spills per 100 wells fractured.
j COGCC (2016).
b Spill
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C.5. Selected Physicochemical Properties of Organic Chemicals Used in Hydraulic Fracturing Fluids
Table C-9. Selected physicochemical properties of organic chemicals reported as used in hydraulic fracturing fluids.
Properties are provided for chemicals, where available from EPI Suite™ version 4.1 (U.S. EPA, 2012b). Selected physicochemical properties of organic chemicals
reported as used in hydraulic fracturing fluids. In the table, “--” indicates no information is available.

Log Kow

Chemical name

CASRN

Estimated Measured

Henry's law constant
(atm-m3/mol at 25°C)

Water solubility
estimate from
log Kow
(mg/L at 25°C)

Bond
method

Group
method 25

Measured

(13Z)-N,N-bis(2-hydroxyethyl)-Nmethyldocos-13-en-1-aminium chloride

120086-58-0

4.38

--

0.3827

3.32 × 10−15

--

--

(2,3-Dihydroxypropyl)trimethyl
ammonium chloride

34004-36-9

-5.8

--

1.00 × 106

9.84 × 10−18

--

--

(E)-Crotonaldehyde

123-73-9

0.6

--

4.15 × 104

5.61 × 10−5

1.90 × 10−5

1.94 × 10−5

[Nitrilotris(methylene)]tris-phosphonic
acid pentasodium salt

2235-43-0

−5.45

−3.53

1.00 × 106

1.65 × 10−34

--

--

1-(1-Naphthylmethyl)quinolinium
chloride

65322-65-8

5.57

--

0.02454

1.16 × 10−7

--

--

1-(Alkyl* amino)-3-aminopropane
*(42%C12, 26%C18, 15%C14, 8%C16,
5%C10, 4%C8)

68155-37-3

4.74

--

23.71

6.81 × 10−8

2.39 × 10−8

--

1-(Phenylmethyl)pyridinium Et Me
derivatives, chlorides

68909-18-2

4.1

--

14.13

1.78 × 10−5

--

--

1,2,3-Trimethylbenzene

526-73-8

3.63

3.66

75.03

7.24 × 10−3

6.58 × 10−3

4.36 × 10−3

1,2,4-Trimethylbenzene

95-63-6

3.63

3.63

79.59

7.24 × 10−3

6.58 × 10−3

6.16 × 10−3

1,2-Benzisothiazolin-3-one

2634-33-5

0.64

--

2.14 × 104

6.92 × 10−9

--

--

1,2-Dibromo-2,4-dicyanobutane

35691-65-7

1.63

--

424

3.94 × 10−10

--

--
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Log Kow
Estimated Measured

Henry's law constant
(atm-m3/mol at 25°C)

Water solubility
estimate from
log Kow
(mg/L at 25°C)

Bond
method

Group
method 25

Measured

Chemical name

CASRN

1,2-Dimethylbenzene

95-47-6

3.09

3.12

224.1

6.56 × 10−3

6.14 × 10−3

5.18 × 10−3

138879-94-4

−23.19

--

1.00 × 106

2.33 × 10−35

--

--

1,2-Propylene glycol

57-55-6

-0.78

−0.92

8.11 × 105

1.74 × 10−7

1.31 × 10−10

1.29 × 10−8

1,2-Propylene oxide

75-56-9

0.37

0.03

1.29 × 105

1.60 × 10−4

1.23 × 10−4

6.96 × 10−5

1,3,5-Triazine

290-87-9

−0.2

0.12

1.03 × 105

1.21 × 10−6

--

--

1,3,5-Triazine-1,3,5(2H,4H,6H)-triethanol

4719-04-4

−4.67

--

1.00 × 106

1.08 × 10−11

--

--

1,3,5-Trimethylbenzene

108-67-8

3.63

3.42

120.3

7.24 × 10−3

6.58 × 10−3

8.77 × 10−3

1,3-Butadiene

106-99-0

2.03

1.99

792.3

7.79 × 10−2

7.05 × 10−2

7.36 × 10−2

1,3-Dichloropropene

542-75-6

2.29

2.04

1,994

2.45 × 10−2

3.22 × 10−3

3.55 × 10−3

1,4-Dioxane

123-91-1

−0.32

−0.27

2.14 × 105

5.91 × 10−6

1.12 × 10−7

4.80 × 10−6

1,6-Hexanediamine

124-09-4

0.35

--

5.34 × 105

3.21 × 10−9

7.05 × 10−10

--

1,6-Hexanediamine dihydrochloride

6055-52-3

0.35

--

5.34 × 105

3.21 × 10−9

7.05 × 10−10

--

1-[2-(2-Methoxy-1-methylethoxy)-1methylethoxy]-2-propanol

20324-33-8

−0.2

--

1.96 × 105

2.36 × 10−11

4.55 × 10−13

--

78-96-6

−1.19

−0.96

1.00 × 106

4.88 × 10−10

2.34 × 10−10

--

15619-48-4

4.4

--

6.02

1.19 × 10−6

--

--

71-36-3

0.84

0.88

7.67 × 104

9.99 × 10−6

9.74 × 10−6

8.81 × 10−6

5131-66-8

0.98

--

4.21 × 104

1.30 × 10−7

4.88 × 10−8

--

1,2-Ethanediaminium, N,N'-bis[2-[bis(2hydroxyethyl)methylammonio]ethyl]N,N'-bis(2-hydroxyethyl)-N,N'-dimethyl-,
tetrachloride

1-Amino-2-propanol
1-Benzylquinolinium chloride
1-Butanol
1-Butoxy-2-propanol

C-39
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Log Kow
Estimated Measured

Henry's law constant
(atm-m3/mol at 25°C)

Water solubility
estimate from
log Kow
(mg/L at 25°C)

Bond
method

Group
method 25

Measured

Chemical name

CASRN

1-Decanol

112-30-1

3.79

4.57

28.21

5.47 × 10−5

7.73 × 10−5

3.20 × 10−5

1-Dodecyl-2-pyrrolidinone

2687-96-9

5.3

4.2

5.862

7.12 × 10−7

--

--

1-Eicosene

3452-07-1

10.03

--

1.26 × 10−5

1.89 × 101

6.74 × 101

--

1-Ethyl-2-methylbenzene

611-14-3

3.58

3.53

96.88

8.71 × 10−3

9.52 × 10−3

5.53 × 10−3

1-Hexadecene

629-73-2

8.06

--

0.001232

6.10

1.69 × 101

--

1-Hexanol

111-27-3

1.82

2.03

6,885

1.76 × 10−5

1.94 × 10−5

1.71 × 10−5

1-Methoxy-2-propanol

107-98-2

−0.49

--

1.00 × 106

5.56 × 10−8

1.81 × 10−8

9.20 × 10−7

1-Octadecanamine, acetate (1:1)

2190-04-7

7.71

--

0.04875

9.36 × 10−4

2.18 × 10−3

--

1-Octadecanamine, N,N-dimethyl-

124-28-7

8.39

--

0.008882

4.51 × 10−3

3.88 × 10−2

--

1-Octadecene

112-88-9

9.04

--

1.256× 10-4

10.7

3.38 × 101

--

1-Octanol

111-87-5

2.81

3

814

3.10 × 10−5

3.88 × 10−5

2.45 × 10−5

1-Pentanol

71-41-0

1.33

1.51

2.09 × 104

1.33 × 10−5

1.38 × 10−5

1.30 × 10−5

1-Propanaminium, 3-chloro-2-hydroxyN,N,N-trimethyl-, chloride

3327-22-8

−4.48

--

1.00 × 106

9.48 × 10−17

--

--

1-Propanesulfonic acid

5284-66-2

−1.4

--

1.00 × 106

2.22 × 10−8

--

--

1-Propanol

71-23-8

0.35

0.25

2.72 × 105

7.52 × 10−6

6.89 × 10−6

7.41 × 10−6

1-Propene

115-07-1

1.68

1.77

1,162

1.53 × 10−1

1.58 × 10−1

1.96 × 10−1

1-tert-Butoxy-2-propanol

57018-52-7

0.87

--

5.24 × 104

1.30 × 10−7

5.23 × 10−8

--

1-Tetradecene

1120-36-1

7.08

--

0.01191

3.46

8.48

--

C-40
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Log Kow
Estimated Measured

Henry's law constant
(atm-m3/mol at 25°C)

Water solubility
estimate from
log Kow
(mg/L at 25°C)

Bond
method

Group
method 25

Measured

Chemical name

CASRN

1-Tridecanol

112-70-9

5.26

--

4.533

1.28 × 10−4

2.18 × 10−4

--

1-Undecanol

112-42-5

4.28

--

43.04

7.26 × 10−5

1.09 × 10−4

--

2-(2-Butoxyethoxy)ethanol

112-34-5

0.29

0.56

7.19 × 104

1.52 × 10−9

4.45 × 10−11

7.20 × 10−9

2-(2-Ethoxyethoxy)ethanol

111-90-0

−0.69

−0.54

8.28 × 105

8.63 × 10−10

2.23 × 10−11

2.23 × 10−8

2-(2-Ethoxyethoxy)ethyl acetate

112-15-2

0.32

--

3.09 × 104

5.62 × 10−8

7.22 × 10−10

2.29 × 10−8

2-(Dibutylamino)ethanol

102-81-8

2.01

2.65

3,297

9.70 × 10−9

1.02 × 10−8

--

2-(Hydroxymethylamino)ethanol

34375-28-5

−1.53

--

1.00 × 106

1.62 × 10−12

--

--

2-(Thiocyanomethylthio)benzothiazole

21564-17-0

3.12

3.3

41.67

6.49 × 10−12

--

--

2,2'-(Diazene-1,2-diyldiethane-1,1diyl)bis-4,5-dihydro-1H-imidazole
dihydrochloride

27776-21-2

2.12

--

193.3

3.11 × 10−14

--

--

2,2'-(Octadecylimino)diethanol

10213-78-2

6.85

--

0.08076

1.06 × 10−8

7.39 × 10−12

--

2,2'-[Ethane-1,2diylbis(oxy)]diethanamine

929-59-9

−2.17

--

1.00 × 106

2.50 × 10−13

8.10 × 10−16

--

2,2'-Azobis(2-amidinopropane)
dihydrochloride

2997-92-4

−3.28

--

1.00 × 106

1.21 × 10−14

--

--

2,2-Dibromo-3-nitrilopropionamide

10222-01-2

1.01

0.82

2,841

6.16 × 10−14

--

1.91 × 10−8

2,2-Dibromopropanediamide

73003-80-2

0.37

--

1.00 × 104

3.58 × 10−14

--

--

2,4-Hexadienoic acid, potassium salt,
(2E,4E)-

24634-61-5

1.62

1.33

1.94 × 104

5.72 × 10−7

4.99 × 10−8

--

123-17-1

4.48

--

24.97

9.63 × 10−5

4.45 × 10−4

--

2,6,8-Trimethyl-4-nonanol

C-41
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Log Kow

Chemical name
2-Acrylamido-2-methyl-1-propanesulfonic
acid

CASRN

Estimated Measured

Henry's law constant
(atm-m3/mol at 25°C)

Water solubility
estimate from
log Kow
(mg/L at 25°C)

Bond
method

Group
method 25

Measured

15214-89-8

−2.19

--

1.00 × 106

5.18 × 10−15

--

--

2-Amino-2-methylpropan-1-ol

124-68-5

−0.74

--

1.00 × 106

6.48 × 10−10

--

--

2-Aminoethanol hydrochloride

2002-24-6

−1.61

−1.31

1.00 × 106

3.68 × 10−10

9.96 × 10−11

--

2-Bromo-3-nitrilopropionamide

1113-55-9

−0.31

--

3,274

5.35 × 10−13

--

--

96-29-7

1.69

0.63

3.66 × 104

1.04 × 10−5

--

--

15821-83-7

0.98

--

4.21 × 104

1.30 × 10−7

4.88 × 10−8

--

111-76-2

0.57

0.83

6.45 × 104

9.79 × 10−8

2.08 × 10−8

1.60 × 10−6

40139-72-8

4.78

--

0.7032

6.27 × 10−8

--

--

2-Ethoxyethanol

110-80-5

−0.42

−0.32

7.55 × 105

5.56 × 10−8

1.04 × 10−8

4.70 × 10−7

2-Ethoxynaphthalene

93-18-5

3.74

--

38.32

4.13 × 10−5

4.06 × 10−4

--

2-Ethyl-1-hexanol

104-76-7

2.73

--

1,379

3.10 × 10−5

4.66 × 10−5

2.65 × 10−5

2-Ethyl-2-hexenal

645-62-5

2.62

--

548.6

2.06 × 10−4

4.88 × 10−4

--

2-Ethylhexyl benzoate

5444-75-7

5.19

--

1.061

2.52 × 10−4

2.34 × 10−4

--

2-Hydroxyethyl acrylate

818-61-1

−0.25

−0.21

5.07 × 105

4.49 × 10−9

7.22 × 10−10

--

2-Hydroxyethylammonium hydrogen
sulphite

13427-63-9

−1.61

−1.31

1.00 × 106

3.68 × 10−10

9.96 × 10−11

--

2-Hydroxy-N,N-bis(2-hydroxyethyl)-Nmethylethanaminium chloride

7006-59-9

−6.7

--

1.00 × 106

4.78 × 10−19

--

--

60-24-2

−0.2

--

1.94 × 105

1.27 × 10−7

3.38 × 10−8

1.80 × 10−7

2-Butanone oxime
2-Butoxy-1-propanol
2-Butoxyethanol
2-Dodecylbenzenesulfonic acid- N-(2aminoethyl)ethane-1,2-diamine(1:1)

2-Mercaptoethanol

C-42
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Log Kow
Estimated Measured

Henry's law constant
(atm-m3/mol at 25°C)

Water solubility
estimate from
log Kow
(mg/L at 25°C)

Bond
method

Group
method 25

Measured

Chemical name

CASRN

2-Methoxyethanol

109-86-4

−0.91

−0.77

1.00 × 106

4.19 × 10−8

7.73 × 10−9

3.30 × 10−7

2-Methyl-1-propanol

78-83-1

0.77

0.76

9.71 × 104

9.99 × 10−6

1.17 × 10−5

9.78 × 10−6

2-Methyl-2,4-pentanediol

107-41-5

0.58

--

3.26 × 104

4.06 × 10−7

3.97 × 10−10

--

2-Methyl-3(2H)-isothiazolone

2682-20-4

−0.83

--

5.37 × 105

4.96 × 10−8

--

--

2-Methyl-3-butyn-2-ol

115-19-5

0.45

0.28

2.40 × 105

1.04 × 10−6

--

3.91 × 10−6

2-Methylbutane

78-78-4

2.72

--

184.6

1.29

1.44

1.40

2-Methylquinoline hydrochloride

62763-89-7

2.69

2.59

498.5

7.60 × 10−7

2.13 × 10−6

--

2-Phosphono-1,2,4-butanetricarboxylic
acid

37971-36-1

−1.66

--

1.00 × 106

1.17 × 10−26

--

--

2-Phosphonobutane-1,2,4-tricarboxylic
acid, potassium salt (1:x)

93858-78-7

−1.66

--

1.00 × 106

1.17 × 10−26

--

--

2-Propenoic acid, 2-(2hydroxyethoxy)ethyl ester

13533-05-6

−0.52

−0.3

3.99 × 105

6.98 × 10−11

1.54 × 10−12

--

109-55-7

−0.45

--

1.00 × 106

6.62 × 10−9

4.45 × 10−9

--

3,4,4-Trimethyloxazolidine

75673-43-7

0.13

--

8.22 × 105

6.63 × 10−6

--

--

3,5,7-Triazatricyclo(3.3.1.13,7))decane, 1(3-chloro-2-propenyl)-, chloride, (Z)-

51229-78-8

−5.92

--

1.00 × 106

1.76 × 10−8

--

--

3,7-Dimethyl-2,6-octadienal

5392-40-5

3.45

--

84.71

3.76 × 10−4

4.35 × 10−5

--

3-Hydroxybutanal

107-89-1

−0.72

--

1.00 × 106

4.37 × 10−9

2.28 × 10−9

--

3-Methoxypropylamine

5332-73-0

−0.42

--

1.00 × 106

1.56 × 10−7

1.94 × 10−8

--

3-Phenylprop-2-enal

104-55-2

1.82

1.9

2,150

1.60 × 10−6

3.38 × 10−7

--

3-(Dimethylamino)propylamine

C-43
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Log Kow

Chemical name

CASRN

Estimated Measured

Henry's law constant
(atm-m3/mol at 25°C)

Water solubility
estimate from
log Kow
(mg/L at 25°C)

Bond
method

Group
method 25

Measured

4,4-Dimethyloxazolidine

51200-87-4

−0.08

--

1.00 × 106

3.02 × 10−6

--

--

4,6-Dimethyl-2-heptanone

19549-80-5

2.56

--

528.8

2.71 × 10−4

4.55 × 10−4

--

4-[Abieta-8,11,13-trien-18-yl(3-oxo-3phenylpropyl)amino]butan-2-one
hydrochloride

143106-84-7

7.72

--

0.002229

2.49 × 10−12

1.20 × 10−14

--

4-Ethyloct-1-yn-3-ol

5877-42-9

2.87

--

833.9

4.27 × 10−6

--

--

4-Hydroxy-3-methoxybenzaldehyde

121-33-5

1.05

1.21

6,875

8.27 × 10−11

2.81 × 10−9

2.15 × 10−9

4-Methoxybenzyl formate

122-91-8

1.61

--

2,679

1.15 × 10−6

2.13 × 10−6

--

4-Methoxyphenol

150-76-5

1.59

1.58

1.65 × 104

3.32 × 10−8

5.35 × 10−7

--

4-Methyl-2-pentanol

108-11-2

1.68

--

1.38 × 104

1.76 × 10−5

3.88 × 10−5

4.45 × 10−5

4-Methyl-2-pentanone

108-10-1

1.16

1.31

8,888

1.16 × 10−4

1.34 × 10−4

1.38 × 10−4

4-Nonylphenol

104-40-5

5.99

5.76

1.57

5.97 × 10−6

1.23 × 10−5

3.40 × 10−5

26172-55-4

−0.34

--

1.49 × 105

3.57 × 10−8

--

--

Acetaldehyde

75-07-0

−0.17

−0.34

2.57 × 105

6.78 × 10−5

6.00 × 10−5

6.67 × 10−5

Acetic acid

64-19-7

0.09

−0.17

4.76 × 105

5.48 × 10−7

2.94 × 10−7

1.00 × 10−7

Acetic acid, C6-8-branched alkyl esters

90438-79-2

3.25

--

117.8

9.60 × 10−4

1.07 × 10−3

--

Acetic acid, hydroxy-, reaction products
with triethanolamine

68442-62-6

−2.48

−1

1.00 × 106

4.18 × 10−12

3.38 × 10−19

7.05 × 10−13

Acetic acid, mercapto-, monoammonium
salt

5421-46-5

0.03

0.09

2.56 × 105

1.94 × 10−8

--

--

Acetic anhydride

108-24-7

−0.58

--

3.59 × 105

3.57 × 10−5

--

5.71 × 10−6

5-Chloro-2-methyl-3(2H)-isothiazolone

C-44

Appendix C – Chemical Mixing Supplemental Information

Log Kow
Estimated Measured

Henry's law constant
(atm-m3/mol at 25°C)

Water solubility
estimate from
log Kow
(mg/L at 25°C)

Bond
method

Group
method 25

Measured

Chemical name

CASRN

Acetone

67-64-1

−0.24

−0.24

2.20 × 105

4.96 × 10−5

3.97 × 10−5

3.50 × 10−5

7327-60-8

−1.39

--

1.00 × 106

2.61 × 10−15

--

--

Acetophenone

98-86-2

1.67

1.58

4,484

9.81 × 10−6

1.09 × 10−5

1.04 × 10−5

Acetyltriethyl citrate

77-89-4

1.34

--

688.2

6.91 × 10−11

--

--

Acrolein

107-02-8

0.19

−0.01

1.40 × 105

3.58 × 10−5

1.94 × 10−5

1.22 × 10−4

Acrylamide

79-06-1

−0.81

−0.67

5.04 × 105

5.90 × 10−9

--

1.70 × 10−9

Acrylic acid

79-10-7

0.44

0.35

1.68 × 105

2.89 × 10−7

1.17 × 10−7

3.70 × 10−7

Acrylic acid, with sodium-2-acrylamido-2methyl-1-propanesulfonate and sodium
phosphinate

110224-99-2

−2.19

--

1.00 × 106

5.18 × 10−15

--

--

Alcohols, C10-12, ethoxylated

67254-71-1

5.47

--

0.9301

1.95 × 10−2

2.03 × 10−2

--

Alcohols, C11-14-iso-, C13-rich

68526-86-3

5.19

--

5.237

1.28 × 10−4

2.62 × 10−4

--

Alcohols, C11-14-iso-, C13-rich,
ethoxylated

78330-21-9

4.91

--

5.237

1.25 × 10−6

7.73 × 10−7

--

Alcohols, C12-13, ethoxylated

66455-14-9

5.96

--

0.2995

2.58 × 10−2

2.87 × 10−2

--

Alcohols, C12-14, ethoxylated
propoxylated

68439-51-0

6.67

--

0.02971

7.08 × 10−4

1.23 × 10−4

--

Alcohols, C12-14-secondary

126950-60-5

5.19

--

5.237

1.28 × 10−4

3.62 × 10−4

--

Alcohols, C12-16, ethoxylated

68551-12-2

6.45

--

0.09603

3.43 × 10−2

4.06 × 10−2

--

Alcohols, C14-15, ethoxylated

68951-67-7

7.43

--

0.009765

6.04 × 10−2

8.10 × 10−2

--

Alcohols, C6-12, ethoxylated

68439-45-2

4.49

--

8.832

1.10 × 10−2

1.02 × 10−2

--

Acetonitrile, 2,2',2''-nitrilotris-

C-45

Appendix C – Chemical Mixing Supplemental Information

Log Kow

Chemical name

CASRN

Estimated Measured

Henry's law constant
(atm-m3/mol at 25°C)

Water solubility
estimate from
log Kow
(mg/L at 25°C)

Bond
method

Group
method 25

Measured

Alcohols, C7-9-iso-, C8-rich, ethoxylated

78330-19-5

2.46

--

1,513

3.04 × 10−7

1.38 × 10−7

--

Alcohols, C9-11, ethoxylated

68439-46-3

4.98

--

2.874

1.47 × 10−2

1.44 × 10−2

--

Alcohols, C9-11-iso-, C10-rich,
ethoxylated

78330-20-8

4.9

--

3.321

1.47 × 10−2

2.39 × 10−2

--

Alkanes, C12-14-iso-

68551-19-9

6.65

--

0.03173

1.24 × 101

2.28 × 101

--

Alkanes, C13-16-iso-

68551-20-2

7.63

--

0.003311

2.19 × 101

4.55 × 101

--

Alkenes, C>10 alpha-

64743-02-8

8.55

--

0.0003941

8.09

2.39 × 101

--

Alkyl* dimethyl ethylbenzyl ammonium
chloride *(50%C12, 30%C14, 17%C16,
3%C18)

85409-23-0_1

3.97

--

3.23

1.11 × 10−11

--

--

Alkyl* dimethyl ethylbenzyl ammonium
chloride *(60%C14, 30%C16, 5%C12,
5%C18)

68956-79-6

4.95

--

0.3172

1.96 × 10−11

--

--

Alkylbenzenesulfonate, linear

42615-29-2

4.71

--

0.8126

6.27 × 10−8

--

--

alpha-Lactose monohydrate

5989-81-1

−5.12

--

1.00 × 106

4.47 × 10−22

9.81 × 10−45

--

alpha-Terpineol

98-55-5

3.33

2.98

371.7

1.58 × 10−5

3.15 × 10−6

1.22 × 10−5

Amaranth

915-67-3

1.63

--

1.789

1.49 × 10−30

--

--

Aminotrimethylene phosphonic acid

6419-19-8

−5.45

−3.53

1.00 × 106

1.65 × 10−34

--

--

Ammonium acetate

631-61-8

0.09

−0.17

4.76 × 105

5.48 × 10−7

2.94 × 10−7

1.00 × 10−7

Ammonium acrylate

10604-69-0

0.44

0.35

1.68 × 105

2.89 × 10−7

1.17 × 10−7

3.70 × 10−7

Ammonium citrate (1:1)

7632-50-0

−1.67

−1.64

1.00 × 106

8.33 × 10−18

--

4.33 × 10−14

C-46
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Log Kow

Chemical name

CASRN

Estimated Measured

Henry's law constant
(atm-m3/mol at 25°C)

Water solubility
estimate from
log Kow
(mg/L at 25°C)

Bond
method

Group
method 25

Measured

Ammonium citrate (2:1)

3012-65-5

−1.67

−1.64

1.00 × 106

8.33 × 10−18

--

4.33 × 10−14

Ammonium dodecyl sulfate

2235-54-3

2.42

--

163.7

1.84 × 10−7

--

--

Ammonium hydrogen carbonate

1066-33-7

−0.46

--

8.42 × 105

6.05 × 10−9

--

--

Ammonium lactate

515-98-0

−0.65

−0.72

1.00 × 106

1.13 × 10−7

--

8.13 × 10−8

Anethole

104-46-1

3.39

--

98.68

2.56 × 10−4

2.23 × 10−3

--

Aniline

62-53-3

1.08

0.9

2.08 × 104

1.90 × 10−6

2.18 × 10−6

2.02 × 10−6

Benactyzine hydrochloride

57-37-4

2.89

--

292.1

2.07 × 10−10

--

--

12068-08-5

4.71

--

0.8126

6.27 × 10−8

--

--

71-43-2

1.99

2.13

2,000

5.39 × 10−3

5.35 × 10−3

5.55 × 10−3

68648-87-3

8.43

9.36

0.0002099

1.78 × 10−1

3.97 × 10−1

--

98-11-3

−1.17

--

6.90 × 105

2.52 × 10−9

--

--

Benzenesulfonic acid, (1-methylethyl)-,

37953-05-2

0.29

--

2.46 × 104

4.89 × 10−9

--

--

Benzenesulfonic acid, (1-methylethyl)-,
ammonium salt

37475-88-0

0.29

--

2.46 × 104

4.89 × 10−9

--

--

Benzenesulfonic acid, (1-methylethyl)-,
sodium salt

28348-53-0

0.29

--

2.46 × 104

4.89 × 10−9

--

--

Benzenesulfonic acid, C10-16-alkyl
derivatives, compounds with
cyclohexylamine

255043-08-4

4.71

--

0.8126

6.27 × 10−8

--

--

Benzamorf
Benzene
Benzene, C10-16-alkyl derivatives
Benzenesulfonic acid

C-47
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Log Kow

Chemical name

CASRN

Estimated Measured

Henry's law constant
(atm-m3/mol at 25°C)

Water solubility
estimate from
log Kow
(mg/L at 25°C)

Bond
method

Group
method 25

Measured

Benzenesulfonic acid, C10-16-alkyl
derivatives, compounds with
triethanolamine

68584-25-8

5.2

--

0.255

8.32 × 10−8

--

--

Benzenesulfonic acid, C10-16-alkyl
derivatives, potassium salts

68584-27-0

5.2

--

0.255

8.32 × 10−8

--

--

Benzenesulfonic acid, dodecyl-, branched,
compounds with 2-propanamine

90218-35-2

4.49

--

1.254

6.27 × 10−8

--

--

Benzenesulfonic acid, mono-C10-16-alkyl
derivatives, sodium salts

68081-81-2

4.22

--

2.584

4.72 × 10−8

--

--

Benzoic acid

65-85-0

1.87

1.87

2,493

1.08 × 10−7

4.55 × 10−8

3.81 × 10−8

Benzyl chloride

100-44-7

2.79

2.3

1,030

2.09 × 10−3

3.97 × 10−4

4.12 × 10−4

Benzyldimethyldodecylammonium
chloride

139-07-1

2.93

--

36.47

7.61 × 10−12

--

--

Benzylhexadecyldimethylammonium
chloride

122-18-9

4.89

--

0.3543

2.36 × 10−11

--

--

Benzyltrimethylammonium chloride

56-93-9

−2.47

--

1.00 × 106

3.37 × 10−13

--

--

Bicine

150-25-4

−3.27

--

3.52 × 105

1.28 × 10−14

--

--

68425-61-6

2.92

--

43.36

9.29 × 10−10

--

--

Bis(2-chloroethyl) ether

111-44-4

1.56

1.29

6,435

1.89 × 10−4

4.15 × 10−7

1.70 × 10−5

Bisphenol A

80-05-7

3.64

3.32

172.7

9.16 × 10−12

--

--

Bronopol

52-51-7

−1.51

--

8.37 × 105

6.35 × 10−21

--

--

Bis(1-methylethyl)naphthalenesulfonic
acid, cyclohexylamine salt

C-48
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Log Kow
Estimated Measured

Henry's law constant
(atm-m3/mol at 25°C)

Water solubility
estimate from
log Kow
(mg/L at 25°C)

Bond
method

Group
method 25

Measured

Chemical name

CASRN

Butane

106-97-8

2.31

2.89

135.6

9.69 × 10−1

8.48 × 10−1

9.50 × 10−1

Butanedioic acid, sulfo-, 1,4-bis(1,3dimethylbutyl) ester, sodium salt

2373-38-8

3.98

--

0.1733

1.61 × 10−12

--

--

Butene

25167-67-3

2.17

2.4

354.8

2.03 × 10−1

2.68 × 10−1

2.33 × 10−1

Butyl glycidyl ether

2426-08-6

1.08

0.63

2.66 × 104

4.37 × 10−6

5.23 × 10−7

2.47 × 10−5

Butyl lactate

138-22-7

0.8

--

5.30 × 104

8.49 × 10−5

--

1.92 × 10−6

Butyryl trihexyl citrate

82469-79-2

8.21

--

5.56 × 10−5

3.65 × 10−9

--

--

C.I. Acid Red 1

3734-67-6

0.51

--

6.157

3.73 × 10−29

--

--

C.I. Acid Violet 12, disodium salt

6625-46-3

0.59

--

3.379

2.21 × 10−30

--

--

C.I. Pigment Red 5

6410-41-9

7.65

--

4.38 × 10−5

4.36 × 10−21

--

--

C.I. Solvent Red 26

4477-79-6

9.27

--

5.68 × 10−5

5.48 × 10−13

4.66 × 10−13

--

C10-16-Alkyldimethylamines oxides

70592-80-2

2.87

--

89.63

1.14 × 10−13

--

--

C10-C16 Ethoxylated alcohol

68002-97-1

4.99

--

4.532

1.25 × 10−6

4.66 × 10−7

--

C12-14 tert-Alkyl ethoxylated amines

73138-27-9

3.4

--

264.2

1.29 × 10−10

--

--

Calcium dodecylbenzene sulfonate

26264-06-2

4.71

--

0.8126

6.27 × 10−8

--

--

Camphor

76-22-2

3.04

2.38

339.1

7.00 × 10−5

--

8.10 × 10−5

Carbon dioxide

124-38-9

0.83

0.83

2.57 × 104

1.52 × 10−2

--

1.52 × 10−2

Carbonic acid, dipotassium salt

584-08-7

−0.46

--

8.42 × 105

6.05 × 10−9

--

--

Chloromethane

74-87-3

1.09

0.91

2.26× 104

8.20× 10−3

8.88× 10−3

8.82× 10−3

C-49
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Log Kow
Estimated Measured

Henry's law constant
(atm-m3/mol at 25°C)

Water solubility
estimate from
log Kow
(mg/L at 25°C)

Bond
method

Group
method 25

Measured

Chemical name

CASRN

Chlorobenzene

108-90-7

2.64

2.84

400.5

3.99× 10−3

4.55× 10−3

3.11× 10−3

Choline bicarbonate

78-73-9

−5.16

--

1.00 × 106

2.03 × 10−16

--

--

Choline chloride

67-48-1

−5.16

--

1.00 × 106

2.03 × 10−16

--

--

Citric acid

77-92-9

−1.67

−1.64

1.00 × 106

8.33 × 10−18

--

4.33 × 10−14

Citronellol

106-22-9

3.56

3.91

105.5

5.68 × 10−5

2.13 × 10−5

--

61789-18-2

1.22

--

2,816

9.42 × 10−11

--

--

Coumarin

91-64-5

1.51

1.39

5,126

6.95 × 10−6

--

9.92 × 10−8

Cumene

98-82-8

3.45

3.66

75.03

1.05 × 10−2

1.23 × 10−2

1.15 × 10−2

Cyclohexane

110-82-7

3.18

3.44

43.02

2.55 × 10−1

1.94 × 10−1

1.50 × 10−1

Cyclohexanol

108-93-0

1.64

1.23

3.37 × 104

4.90 × 10−6

3.70 × 10−6

4.40 × 10−6

Cyclohexanone

108-94-1

1.13

0.81

2.41 × 104

5.11 × 10−5

1.28 × 10−5

9.00 × 10−6

Cyclohexylamine sulfate

19834-02-7

1.63

1.49

6.40 × 104

1.38 × 10−5

--

4.16 × 10−6

D&C Red no. 28

18472-87-2

9.62

--

1.64 × 10−8

6.37 × 10−21

--

--

D&C Red no. 33

3567-66-6

0.48

--

11.87

1.15 × 10−26

--

--

Daidzein

486-66-8

2.55

--

568.4

3.91 × 10−16

--

--

Dapsone

80-08-0

0.77

0.97

3,589

3.11 × 10−14

--

--

Dazomet

533-74-4

0.94

0.63

1.94 × 104

2.84 × 10−3

--

4.98 × 10−10

Decyldimethylamine

1120-24-7

4.46

--

82.23

4.68 × 10−4

2.45 × 10−3

--

50-70-4

−3.01

−2.2

1.00 × 106

7.26 × 10−13

2.94 × 10−29

--

Coconut trimethylammonium chloride

D-Glucitol

C-50
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Log Kow
Estimated Measured

Henry's law constant
(atm-m3/mol at 25°C)

Water solubility
estimate from
log Kow
(mg/L at 25°C)

Bond
method

Group
method 25

Measured

Chemical name

CASRN

D-Gluconic acid

526-95-4

−1.87

--

1.00 × 106

4.74 × 10−13

--

--

D-Glucopyranoside, methyl

3149-68-6

−2.5

--

1.00 × 106

1.56 × 10−14

2.23 × 10−24

--

D-Glucose

50-99-7

−2.89

−3.24

1.00 × 106

9.72 × 10−15

1.62 × 10−26

--

Di(2-ethylhexyl) phthalate

117-81-7

8.39

7.6

0.001132

1.18 × 10−5

1.02 × 10−5

2.70 × 10−7

Dibromoacetonitrile

3252-43-5

0.47

--

9,600

4.06 × 10−7

--

--

75-09-2

1.34

1.25

1.10 × 104

9.14 × 10−3

3.01 × 10−3

3.25 × 10−3

Didecyldimethylammonium chloride

7173-51-5

4.66

--

0.9

6.85 × 10−10

--

--

Diethanolamine

111-42-2

−1.71

−1.43

1.00 × 106

3.92 × 10−11

3.46 × 10−15

3.87 × 10−11

Diethylbenzene

25340-17-4

4.07

3.72

58.86

1.16 × 10−2

1.47 × 10−2

2.61 × 10−3

Diethylene glycol

111-46-6

−1.47

--

1.00 × 106

2.03 × 10−9

1.20 × 10−13

--

Diethylene glycol monomethyl ether

111-77-3

−1.18

--

1.00 × 106

6.50 × 10−10

1.65 × 10−11

--

Diethylenetriamine

111-40-0

−2.13

--

1.00 × 106

3.10 × 10−13

1.09 × 10−14

--

Diisobutyl ketone

108-83-8

2.56

--

528.8

2.71 × 10−4

4.55 × 10−4

1.17 × 10−4

Diisopropanolamine

110-97-4

−0.88

−0.82

1.00 × 106

6.91 × 10−11

1.90 × 10−14

--

38640-62-9

6.08

--

0.2421

1.99 × 10−3

1.94 × 10−3

--

Dimethyl adipate

627-93-0

1.39

1.03

7,749

9.77 × 10−7

1.28 × 10−7

2.31 × 10−6

Dimethyl glutarate

1119-40-0

0.9

0.62

2.02 × 104

7.36 × 10−7

9.09 × 10−8

6.43 × 10−7

Dimethyl succinate

106-65-0

0.4

0.35

3.96 × 104

5.54 × 10−7

6.43 × 10−8

--

Dimethylaminoethanol

108-01-0

−0.94

--

1.00 × 106

1.77 × 10−9

1.77 × 10−9

3.73 × 10−7

Dichloromethane

Diisopropylnaphthalene

C-51
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Log Kow

Chemical name

CASRN

Estimated Measured

Henry's law constant
(atm-m3/mol at 25°C)

Water solubility
estimate from
log Kow
(mg/L at 25°C)

Bond
method

Group
method 25

Measured

Dimethyldiallylammonium chloride

7398-69-8

−2.49

--

1.00 × 106

7.20 × 10−12

--

--

Diphenyl oxide

101-84-8

4.05

4.21

15.58

1.18 × 10−4

2.81 × 10−4

2.79 × 10−4

Dipropylene glycol

25265-71-8

−0.64

--

3.11 × 105

3.58 × 10−9

6.29 × 10−10

--

Di-sec-butylphenol

31291-60-8

5.41

--

3.723

3.74 × 10−6

6.89 × 10−6

--

Disodium
dodecyl(sulphonatophenoxy)benzenesulp
honate

28519-02-0

5.05

--

0.0353

6.40 × 10−16

--

--

Disodium ethylenediaminediacetate

38011-25-5

−4.79

--

1.00 × 106

1.10 × 10−16

--

--

Disodium ethylenediaminetetraacetate
dihydrate

6381-92-6

−3.86

--

2.28 × 105

1.17 × 10−23

--

5.77 × 10−16

D-Lactic acid

10326-41-7

−0.65

−0.72

1.00 × 106

1.13 × 10−7

--

8.13 × 10−8

D-Limonene

5989-27-5

4.83

4.57

4.581

3.80 × 10−1

--

3.19 × 10−2

Docusate sodium

577-11-7

6.1

--

0.001227

5.00 × 10−12

--

--

Dodecane

112-40-3

6.23

6.1

0.1099

9.35

1.34 × 101

8.18

Dodecylbenzene

123-01-3

7.94

8.65

0.001015

1.34 × 10−1

2.81 × 10−1

--

Dodecylbenzenesulfonic acid

27176-87-0

4.71

--

0.8126

6.27 × 10−8

--

--

Dodecylbenzenesulfonic acid,
monoethanolamine salt

26836-07-7

4.71

--

0.8126

6.27 × 10−8

--

--

106-89-8

0.63

0.45

5.06 × 104

5.62 × 10−5

2.62 × 10−6

3.04 × 10−5

44992-01-0

−3.1

--

1.00 × 106

6.96 × 10−15

--

--

Epichlorohydrin
Ethanaminium, N,N,N-trimethyl-2-[(1oxo-2-propenyl)oxy]-, chloride

C-52
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Log Kow
Estimated Measured

Henry's law constant
(atm-m3/mol at 25°C)

Water solubility
estimate from
log Kow
(mg/L at 25°C)

Bond
method

Group
method 25

Measured

Chemical name

CASRN

Ethane

74-84-0

1.32

1.81

938.6

5.50 × 10−1

4.25 × 10−1

5.00 × 10−1

Ethanol

64-17-5

−0.14

−0.31

7.92 × 105

5.67 × 10−6

4.88 × 10−6

5.00 × 10−6

Ethanol, 2,2',2''-nitrilotris-,
tris(dihydrogen phosphate) (ester),
sodium salt

68171-29-9

−3.13

--

1.00 × 106

3.08 × 10−36

--

--

Ethanol, 2-[2-[2(tridecyloxy)ethoxy]ethoxy]-, hydrogen
sulfate, sodium salt

25446-78-0

2.09

--

42

9.15 × 10−13

--

--

Ethanolamine

141-43-5

−1.61

−1.31

1.00 × 106

3.68 × 10−10

9.96 × 10−11

--

Ethoxylated dodecyl alcohol

9002-92-0

4.5

--

14.19

9.45 × 10−7

3.30 × 10−7

--

Ethyl acetate

141-78-6

0.86

0.73

2.99 × 104

2.33 × 10−4

1.58 × 10−4

1.34 × 10−4

Ethyl acetoacetate

141-97-9

−0.2

0.25

5.62 × 104

1.57 × 10−7

--

1.20 × 10−6

Ethyl benzoate

93-89-0

2.32

2.64

421.5

4.61 × 10−5

2.45 × 10−5

7.33 × 10−5

Ethyl lactate

97-64-3

−0.18

--

4.73 × 105

4.82 × 10−5

--

5.83 × 10−7

Ethyl salicylate

118-61-6

3.09

2.95

737.1

6.04 × 10−6

3.01 × 10−9

--

Ethylbenzene

100-41-4

3.03

3.15

228.6

7.89 × 10−3

8.88 × 10−3

7.88 × 10−3

Ethylene

74-85-1

1.27

1.13

3,449

9.78 × 10−2

1.62 × 10−1

2.28 × 10−1

Ethylene glycol

107-21-1

−1.2

−1.36

1.00 × 106

1.31 × 10−7

5.60 × 10−11

6.00 × 10−8

Ethylene oxide

75-21-8

−0.05

−0.3

2.37 × 105

1.20 × 10−4

5.23 × 10−5

1.48 × 10−4

Ethylenediamine

107-15-3

−1.62

−2.04

1.00 × 106

1.03 × 10−9

1.77 × 10−10

1.73 × 10−9

Ethylenediaminetetraacetic acid

60-00-4

−3.86

--

2.28 × 105

1.17 × 10−23

--

5.77 × 10−16

C-53
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Log Kow
Estimated Measured

Henry's law constant
(atm-m3/mol at 25°C)

Water solubility
estimate from
log Kow
(mg/L at 25°C)

Bond
method

Group
method 25

Measured

Chemical name

CASRN

Ethylenediaminetetraacetic acid
tetrasodium salt

64-02-8

−3.86

--

2.28 × 105

1.17 × 10−23

--

5.77 × 10−16

Ethylenediaminetetraacetic acid,
disodium salt

139-33-3

−3.86

--

2.28 × 105

1.17 × 10−23

--

5.77 × 10−16

Ethyne

74-86-2

0.5

0.37

1.48 × 104

2.40 × 10−2

2.45 × 10−2

2.17 × 10−2

Fatty acids, C18-unsaturated, dimers

61788-89-4

14.6

--

2.31 × 10−10

4.12 × 10−8

9.74 × 10−9

--

FD&C Blue no. 1

3844-45-9

−0.15

--

0.2205

2.25 × 10−35

--

--

FD&C Yellow no. 5

1934-21-0

−1.82

--

7.388

1.31 × 10−28

--

--

FD&C Yellow no. 6

2783-94-0

1.4

--

242.7

3.26 × 10−23

--

--

Formaldehyde

50-00-0

0.35

0.35

5.70 × 104

9.29 × 10−5

6.14 × 10−5

3.37 × 10−7

Formamide

75-12-7

−1.61

−1.51

1.00 × 106

1.53 × 10−8

--

1.39 × 10−9

Formic acid

64-18-6

−0.46

−0.54

9.55 × 105

7.50 × 10−7

5.11 × 10−7

1.67 × 10−7

Formic acid, potassium salt

590-29-4

−0.46

−0.54

9.55 × 105

7.50 × 10−7

5.11 × 10−7

1.67 × 10−7

Fumaric acid

110-17-8

0.05

−0.48

1.04 × 105

1.35 × 10−12

8.48 × 10−14

--

Furfural

98-01-1

0.83

0.41

5.36 × 104

1.34 × 10−5

--

3.77 × 10−6

Furfuryl alcohol

98-00-0

0.45

0.28

2.21 × 105

2.17 × 10−7

--

7.86 × 10−8

69353-21-5

2.29

--

1,606

1.70 × 10−13

--

--

Gluconic acid

133-42-6

−1.87

--

1.00 × 106

4.74 × 10−13

--

--

Glutaraldehyde

111-30-8

−0.18

--

1.67 × 105

1.10 × 10−7

2.39 × 10−8

--

Glycerol

56-81-5

−1.65

−1.76

1.00 × 106

6.35 × 10−9

1.51 × 10−15

1.73 × 10−8

Galantamine hydrobromide

C-54
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Log Kow
Estimated Measured

Henry's law constant
(atm-m3/mol at 25°C)

Water solubility
estimate from
log Kow
(mg/L at 25°C)

Bond
method

Group
method 25

Measured

Chemical name

CASRN

Glycine, N-(carboxymethyl)-N-(2hydroxyethyl)-, disodium salt

135-37-5

−3.04

--

1.90 × 105

3.90 × 10−17

--

--

Glycine, N-(hydroxymethyl)-,
monosodium salt

70161-44-3

−3.41

--

7.82 × 105

1.80 × 10−12

--

--

Glycine, N,N-bis(carboxymethyl)-,
trisodium salt

5064-31-3

−3.81

--

7.39 × 105

1.19 × 10−16

--

--

Glycine, N-[2[bis(carboxymethyl)amino]ethyl]-N-(2hydroxyethyl)-, trisodium salt

139-89-9

−4.09

--

4.31 × 105

3.81 × 10−24

--

--

Glycolic acid

79-14-1

−1.07

−1.11

1.00 × 106

8.54 × 10−8

6.29 × 10−11

--

Glycolic acid sodium salt

2836-32-0

−1.07

−1.11

1.00 × 106

8.54 × 10−8

6.29 × 10−11

--

Glyoxal

107-22-2

−1.66

--

1.00 × 106

3.70 × 10−7

--

3.33 × 10−9

Glyoxylic acid

298-12-4

−1.4

--

1.00 × 106

2.98 × 10−9

--

--

Heptane

142-82-5

3.78

4.66

3.554

2.27

2.39

2.00

Hexadecyltrimethylammonium bromide

57-09-0

3.18

--

28.77

2.93 × 10−10

--

--

Hexane

110-54-3

3.29

3.9

17.24

1.71

1.69

1.80

Hexanedioic acid

124-04-9

0.23

0.08

1.67 × 105

9.53 × 10−12

8.10 × 10−13

4.71 × 10−12

Hydroxyvalerenic acid

1619-16-5

3.31

--

282.1

--

--

--

Indole

120-72-9

2.05

2.14

1,529

8.86 × 10−7

1.99 × 10−6

5.28 × 10−7

Isoascorbic acid

89-65-6

−1.88

−1.85

1.00 × 106

4.07 × 10−8

--

--

Isobutane

75-28-5

2.23

2.76

175.1

9.69 × 10−1

1.02

1.19

C-55
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Log Kow
Estimated Measured

Henry's law constant
(atm-m3/mol at 25°C)

Water solubility
estimate from
log Kow
(mg/L at 25°C)

Bond
method

Group
method 25

Measured

Chemical name

CASRN

Isobutene

115-11-7

2.23

2.34

399.2

2.40 × 10−1

2.34 × 10−1

2.18 × 10−1

Isooctanol

26952-21-6

2.73

--

1,379

3.10 × 10−5

4.66 × 10−5

9.21 × 10−5

Isopentyl alcohol

123-51-3

1.26

1.16

4.16 × 104

1.33 × 10−5

1.65 × 10−5

1.41 × 10−5

Isopropanol

67-63-0

0.28

0.05

4.02 × 105

7.52 × 10−6

1.14 × 10−5

8.10 × 10−6

42504-46-1

7.94

8.65

0.001015

1.34 × 10−1

2.81 × 10−1

--

Isopropylamine

75-31-0

0.27

0.26

8.38 × 105

1.34 × 10−5

--

4.51 × 10−5

Isoquinoline

119-65-3

2.14

2.08

1,551

6.88 × 10−7

4.15 × 10−7

--

Isoquinoline, reaction products with
benzyl chloride and quinoline

68909-80-8

2.14

2.08

1,551

6.88 × 10−7

4.15 × 10−7

--

Isoquinolinium, 2-(phenylmethyl)-,
chloride

35674-56-7

4.4

--

6.02

1.19 × 10−6

--

--

Lactic acid

50-21-5

−0.65

−0.72

1.00 × 106

1.13 × 10−7

--

8.13 × 10−8

Lactose

63-42-3

−5.12

--

1.00 × 106

4.47 × 10−22

9.81 × 10−45

--

Lauryl hydroxysultaine

13197-76-7

−1.3

--

7.71 × 104

1.04 × 10−21

--

--

L-Dilactide

4511-42-6

1.65

--

3,165

1.22 × 10−5

--

--

L-Glutamic acid

56-86-0

−3.83

−3.69

9.42 × 105

1.47 × 10−14

--

--

L-Lactic acid

79-33-4

−0.65

−0.72

1.00 × 106

1.13 × 10−7

--

8.13 × 10−8

Methane

74-82-8

0.78

1.09

2,610

4.14 × 10−1

6.58 × 10−1

6.58 × 10−1

Methanol

67-56-1

−0.63

−0.77

1.00 × 106

4.27 × 10−6

3.62 × 10−6

4.55 × 10−6

Methenamine

100-97-0

−4.15

--

1.00 × 106

1.63 × 10−1

--

1.64 × 10−9

Isopropanolamine dodecylbenzene

C-56
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Log Kow
Estimated Measured

Henry's law constant
(atm-m3/mol at 25°C)

Water solubility
estimate from
log Kow
(mg/L at 25°C)

Bond
method

Group
method 25

Measured

Chemical name

CASRN

Methoxyacetic acid

625-45-6

−0.68

--

1.00 × 106

4.54 × 10−8

8.68 × 10−9

6.42 × 10−9

Methyl salicylate

119-36-8

2.6

2.55

1,875

4.55 × 10−6

2.23 × 10−9

9.81 × 10−5

Methyl vinyl ketone

78-94-4

0.41

--

6.06 × 104

2.61 × 10−5

1.38 × 10−5

4.65 × 10−5

Methylcyclohexane

108-87-2

3.59

3.61

28.4

3.39 × 10−1

3.30 × 10−1

4.30 × 10−1

Methylene bis(thiocyanate)

6317-18-6

0.62

--

2.72 × 104

2.61 × 10−8

--

--

Methylenebis(5-methyloxazolidine)

66204-44-2

−0.58

--

1.00 × 106

1.07 × 10−7

--

--

Morpholine

110-91-8

−0.56

−0.86

1.00 × 106

1.14 × 10−7

3.22 × 10−9

1.16 × 10−6

Morpholinium, 4-ethyl-4-hexadecyl-,
ethyl sulfate

78-21-7

4.54

--

0.9381

2.66 × 10−12

--

--

N-(2-Acryloyloxyethyl)-N-benzyl-N,Ndimethylammonium chloride

46830-22-2

−1.39

--

4.42 × 105

5.62 × 10−16

--

--

N-(3-Chloroallyl)hexaminium chloride

4080-31-3

−5.92

--

1.00 × 106

1.76 × 10−8

--

--

N,N,N-Trimethyl-3-((1oxooctadecyl)amino)-1-propanaminium
methyl sulfate

19277-88-4

4.38

--

0.7028

2.28 × 10−16

--

--

N,N,N-Trimethyloctadecan-1-aminium
chloride

112-03-8

4.17

--

2.862

5.16 × 10−10

--

--

N,N'-Dibutylthiourea

109-46-6

2.57

2.75

2,287

4.17 × 10−6

--

--

N,N-Dimethyldecylamine oxide

2605-79-0

1.4

--

2,722

4.88 × 10−14

--

--

68-12-2

−0.93

−1.01

9.78 × 105

7.38 × 10−8

--

7.39 × 10−8

N,N-Dimethylformamide

C-57
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Log Kow
Estimated Measured

Henry's law constant
(atm-m3/mol at 25°C)

Water solubility
estimate from
log Kow
(mg/L at 25°C)

Bond
method

Group
method 25

Measured

Chemical name

CASRN

N,N-Dimethylmethanamine
hydrochloride

593-81-7

0.04

0.16

1.00 × 106

3.65 × 10−5

1.28 × 10−4

1.04 × 10−4

N,N-Dimethyl-methanamine-N-oxide

1184-78-7

−3.02

--

1.00 × 106

3.81 × 10−15

--

--

N,N-dimethyloctadecylamine
hydrochloride

1613-17-8

8.39

--

0.008882

4.51 × 10−3

3.88 × 10−2

--

N,N'-Methylenebisacrylamide

110-26-9

−1.52

--

7.01 × 104

1.14 × 10−9

--

--

Naphthalene

91-20-3

3.17

3.3

142.1

5.26 × 10−4

3.70 × 10−4

4.40 × 10−4

Naphthalenesulfonic acid, bis(1methylethyl)-

28757-00-8

2.92

--

43.36

9.29 × 10−10

--

--

Naphthalenesulphonic acid, bis (1methylethyl)-methyl derivatives

99811-86-6

4.02

--

3.45

1.13 × 10−9

--

--

Naphthenic acid ethoxylate

68410-62-8

3.41

--

112.5

3.62 × 10−8

2.74 × 10−9

--

Nitrilotriacetamide

4862-18-4

−4.75

--

1.00 × 106

1.61 × 10−18

--

--

Nitrilotriacetic acid

139-13-9

−3.81

--

7.39 × 105

1.19 × 10−16

--

--

18662-53-8

−3.81

--

7.39 × 105

1.19 × 10−16

--

--

N-Methyl-2-pyrrolidone

872-50-4

−0.11

−0.38

2.48 × 105

3.16 × 10−8

--

3.20 × 10−9

N-Methyldiethanolamine

105-59-9

−1.5

--

1.00 × 106

8.61 × 10−11

2.45 × 10−14

3.14 × 10−11

N-Methylethanolamine

109-83-1

−1.15

−0.94

1.00 × 106

8.07 × 10−10

2.50 × 10−10

--

68213-98-9

−1.78

--

1.00 × 106

1.34 × 10−12

5.23 × 10−17

--

Nitrilotriacetic acid trisodium
monohydrate

N-Methyl-N-hydroxyethyl-Nhydroxyethoxyethylamine

C-58
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Log Kow

Chemical name

CASRN

Estimated Measured

Henry's law constant
(atm-m3/mol at 25°C)

Water solubility
estimate from
log Kow
(mg/L at 25°C)

Bond
method

Group
method 25

Measured

13127-82-7

6.63

--

0.1268

9.35 × 10−9

1.94 × 10−12

--

Oleic acid

112-80-1

7.73

7.64

0.01151

4.48 × 10−5

1.94 × 10−5

--

Pentaethylenehexamine

4067-16-7

−3.67

--

1.00 × 106

8.36 × 10−24

2.56 × 10−27

--

Pentane

109-66-0

2.8

3.39

49.76

1.29

1.20

1.25

Pentyl acetate

628-63-7

2.34

2.3

996.8

5.45 × 10−4

4.45 × 10−4

3.88 × 10−4

Pentyl butyrate

540-18-1

3.32

--

101.9

9.60 × 10−4

8.88 × 10−4

--

Peracetic acid

79-21-0

−1.07

--

1.00 × 106

1.39 × 10−6

--

2.14 × 10−6

Phenanthrene

85-01-8

4.35

4.46

0.677

5.13 × 10−5

2.56 × 10−5

4.23 × 10−5

Phenol

108-95-2

1.51

1.46

2.62 × 104

5.61 × 10−7

6.58 × 10−7

3.33 × 10−7

Phosphonic acid
(dimethylamino(methylene))

29712-30-9

−1.9

--

1.00 × 106

1.00 × 10−24

--

--

Phosphonic acid, (((2-[(2-hydroxyethyl)
(phosphonomethyl)amino)ethyl)imino]bis
(methylene))bis-, compd. with 2aminoethanol

129828-36-0

−6.73

--

1.00 × 106

5.29 × 10−42

--

--

Phosphonic acid, (1-hydroxyethylidene)
bis-, potassium salt

67953-76-8

−0.01

--

1.34 × 105

9.79 × 10−26

--

--

Phosphonic acid, (1-hydroxyethylidene)
bis-, tetrasodium salt

3794-83-0

−0.01

--

1.34 × 105

9.79 × 10−26

--

--

Phosphonic acid, [[(phosphonomethyl)
imino]bis[2,1-ethanediylnitrilobis
(methylene)]]tetrakis-

15827-60-8

−9.72

--

1.00 × 106

--

--

--

N-Oleyl diethanolamide

C-59

Appendix C – Chemical Mixing Supplemental Information

Log Kow

Chemical name

CASRN

Estimated Measured

Henry's law constant
(atm-m3/mol at 25°C)

Water solubility
estimate from
log Kow
(mg/L at 25°C)

Bond
method

Group
method 25

Measured

Phosphonic acid, [[(phosphonomethyl)
imino]bis[2,1-ethanediylnitrilobis
(methylene)]]tetrakis-, ammonium salt
(1:x)

70714-66-8

−9.72

--

1.00 × 106

--

--

--

Phosphonic acid, [[(phosphonomethyl)
imino]bis[2,1-ethanediylnitrilobis
(methylene)]]tetrakis-, sodium salt

22042-96-2

−9.72

--

1.00 × 106

--

--

--

Phosphonic acid, [[(phosphonomethyl)
imino]bis[6,1-hexanediylnitrilobis
(methylene)]]tetrakis-

34690-00-1

−5.79

--

1.00 × 106

--

--

--

85-44-9

2.07

1.6

3,326

6.35 × 10−6

--

1.63 × 10−8

68987-90-6

5.01

--

3.998

1.24 × 10−7

1.07 × 10−6

--

Potassium acetate

127-08-2

0.09

−0.17

4.76 × 105

5.48 × 10−7

2.94 × 10−7

1.00 × 10−7

Potassium oleate

143-18-0

7.73

7.64

0.01151

4.48 × 10−5

1.94 × 10−5

--

Propane

74-98-6

1.81

2.36

368.9

7.30 × 10−1

6.00 × 10−1

7.07 × 10−1

34590-94-8

−0.27

--

4.27 × 105

1.15 × 10−9

1.69 × 10−9

--

Propargyl alcohol

107-19-7

−0.42

−0.38

9.36 × 105

5.88 × 10−7

--

1.15 × 10−6

Propylene carbonate

108-32-7

0.08

−0.41

2.58 × 105

3.63 × 10−4

--

3.45 × 10−8

Propylene pentamer

15220-87-8

6.28

--

0.05601

3.92 × 10−1

1.09 × 10−3

--

106-42-3

3.09

3.15

228.6

6.56 × 10−3

6.14 × 10−3

6.90 × 10−3

Phthalic anhydride
Poly(oxy-1,2-ethanediyl),
.alpha.-(octylphenyl)-.omega.-hydroxy-,
branched

Propanol, 1(or 2)-(2methoxymethylethoxy)-

p-Xylene

C-60
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Log Kow
Estimated Measured

Henry's law constant
(atm-m3/mol at 25°C)

Water solubility
estimate from
log Kow
(mg/L at 25°C)

Bond
method

Group
method 25

Measured

Chemical name

CASRN

Pyrimidine

289-95-2

−0.06

−0.4

2.87 × 105

2.92 × 10−6

--

--

Pyrrole

109-97-7

0.88

0.75

3.12 × 104

9.07 × 10−6

7.73 × 10−6

1.80 × 10−5

68424-95-3

2.69

--

90.87

2.20 × 10−10

--

--

Quinaldine

91-63-4

2.69

2.59

498.5

7.60 × 10−7

2.13 × 10−6

--

Quinoline

91-22-5

2.14

2.03

1,711

6.88 × 10−7

1.54 × 10−6

1.67 × 10−6

Rhodamine B

81-88-9

6.03

--

0.0116

--

--

--

Sodium 1-octanesulfonate

5324-84-5

1.06

--

5,864

9.15 × 10−8

--

--

Sodium 2-mercaptobenzothiolate

2492-26-4

2.86

2.42

543.4

3.63 × 10−8

--

--

Sodium acetate

127-09-3

0.09

−0.17

4.76 × 105

5.48 × 10−7

2.94 × 10−7

1.00 × 10−7

Sodium benzoate

532-32-1

1.87

1.87

2,493

1.08 × 10−7

4.55 × 10−8

3.81 × 10−8

Sodium bicarbonate

144-55-8

−0.46

--

8.42 × 105

6.05 × 10−9

--

--

Sodium bis(tridecyl) sulfobutanedioate

2673-22-5

11.15

--

7.46 × 10−9

8.51 × 10−11

--

--

Sodium C14-16 alpha-olefin sulfonate

68439-57-6

4.36

--

2.651

4.95 × 10−7

--

--

Sodium caprylamphopropionate

68610-44-6

−0.26

--

615.1

1.19 × 10−9

2.45 × 10−10

--

Sodium carbonate

497-19-8

−0.46

--

8.42 × 105

6.05 × 10−9

--

--

Sodium chloroacetate

3926-62-3

0.34

0.22

1.95 × 105

1.93 × 10−7

8.88 × 10−8

9.26 × 10−9

Sodium decyl sulfate

142-87-0

1.44

--

1,617

1.04 × 10−7

--

--

Sodium D-gluconate

527-07-1

−1.87

--

1.00 × 106

4.74 × 10−13

--

--

Quaternary ammonium compounds, diC8-10-alkyldimethyl, chlorides

C-61
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Log Kow
Estimated Measured

Henry's law constant
(atm-m3/mol at 25°C)

Water solubility
estimate from
log Kow
(mg/L at 25°C)

Bond
method

Group
method 25

Measured

Chemical name

CASRN

Sodium diacetate

126-96-5

0.09

−0.17

4.76 × 105

5.48 × 10−7

2.94 × 10−7

1.00 × 10−7

Sodium dichloroisocyanurate

2893-78-9

1.28

--

3,613

3.22 × 10−12

--

--

Sodium dl-lactate

72-17-3

−0.65

−0.72

1.00 × 106

1.13 × 10−7

--

8.13 × 10−8

Sodium dodecyl sulfate

151-21-3

2.42

--

163.7

1.84 × 10−7

--

--

Sodium erythorbate (1:1)

6381-77-7

−1.88

−1.85

1.00 × 106

4.07 × 10−8

--

--

Sodium ethasulfate

126-92-1

0.38

--

1.82 × 104

5.91 × 10−8

--

--

Sodium formate

141-53-7

−0.46

−0.54

9.55 × 105

7.50 × 10−7

5.11 × 10−7

1.67 × 10−7

Sodium hydroxymethanesulfonate

870-72-4

−3.85

--

1.00 × 106

4.60 × 10−13

--

--

Sodium l-lactate

867-56-1

−0.65

−0.72

1.00 × 106

1.13 × 10−7

--

8.13 × 10−8

18016-19-8

0.05

−0.48

1.04 × 105

1.35 × 10−12

8.48 × 10−14

--

Sodium N-methyl-N-oleoyltaurate

137-20-2

4.43

--

0.4748

1.00 × 10−12

--

--

Sodium octyl sulfate

142-31-4

0.46

--

1.58 × 104

5.91 × 10−8

--

--

Sodium salicylate

54-21-7

2.24

2.26

3,808

1.42 × 10−8

5.60 × 10−12

7.34 × 10−9

Sodium sesquicarbonate

533-96-0

−0.46

--

8.42 × 105

6.05 × 10−9

--

--

Sodium thiocyanate

540-72-7

0.58

--

4.36 × 104

1.46 × 10−4

--

--

Sodium trichloroacetate

650-51-1

1.44

1.33

1.20 × 104

2.39 × 10−8

--

1.35 × 10−8

Sodium xylenesulfonate

1300-72-7

−0.07

--

5.89 × 104

3.06 × 10−9

--

--

Sorbic acid

110-44-1

1.62

1.33

1.94 × 104

5.72 × 10−7

4.99 × 10−8

--

Sorbitan sesquioleate

8007-43-0

14.32

--

2.31 × 10−11

7.55 × 10−12

1.25 × 10−16

--

Sodium maleate (1:x)

C-62
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Log Kow

Chemical name

CASRN

Estimated Measured

Henry's law constant
(atm-m3/mol at 25°C)

Water solubility
estimate from
log Kow
(mg/L at 25°C)

Bond
method

Group
method 25

Measured

Sorbitan, mono-(9Z)-9-octadecenoate

1338-43-8

5.89

--

0.01914

1.42 × 10−12

5.87 × 10−20

--

Sorbitan, monooctadecanoate

1338-41-6

6.1

--

0.01218

1.61 × 10−12

2.23 × 10−19

--

Sorbitan, tri-(9Z)-9-octadecenoate

26266-58-0

22.56

--

1.12 × 10−19

4.02 × 10−11

2.68 × 10−13

--

Styrene

100-42-5

2.89

2.95

343.7

2.76 × 10−3

2.81 × 10−3

2.75 × 10−3

Sucrose

57-50-1

−4.27

−3.7

1.00 × 106

4.47 × 10−22

--

--

Sulfan blue

129-17-9

−1.34

--

50.67

1.31 × 10−26

--

--

Sulfuric acid, mono-C12-18-alkyl esters,
sodium salts

68955-19-1

3.9

--

5.165

4.29 × 10−7

--

--

Sulfuric acid, mono-C6-10-alkyl esters,
ammonium salts

68187-17-7

0.46

--

1.58 × 104

5.91 × 10−8

--

--

Symclosene

87-90-1

0.94

--

4,610

6.19 × 10−11

--

--

tert-Butyl hydroperoxide

75-91-2

0.94

--

1.97 × 104

1.60 × 10−5

--

--

tert-Butyl perbenzoate

614-45-9

2.89

--

159.2

2.06 × 10−4

--

--

Tetradecane

629-59-4

7.22

7.2

0.009192

1.65 × 101

2.68 × 101

9.20

Tetradecyldimethylbenzylammonium
chloride

139-08-2

3.91

--

3.608

1.34 × 10−11

--

--

Tetraethylene glycol

112-60-7

−2.02

--

1.00 × 106

4.91 × 10−13

5.48 × 10−19

--

Tetraethylenepentamine

112-57-2

−3.16

--

1.00 × 106

2.79 × 10−20

4.15 × 10−23

--

55566-30-8

−5.03

--

1.00 × 106

9.17 × 10−13

--

--

75-57-0

−4.18

--

1.00 × 106

4.17 × 10−12

--

--

Tetrakis(hydroxymethyl)phosphonium
sulfate
Tetramethylammonium chloride
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Log Kow
Estimated Measured

Henry's law constant
(atm-m3/mol at 25°C)

Water solubility
estimate from
log Kow
(mg/L at 25°C)

Bond
method

Group
method 25

Measured

Chemical name

CASRN

Thiamine hydrochloride

67-03-8

0.95

--

3,018

8.24 × 10−17

--

--

1762-95-4

0.58

--

4.36 × 104

1.46 × 10−4

--

--

Thioglycolic acid

68-11-1

0.03

0.09

2.56 × 105

1.94 × 10−8

--

--

Thiourea

62-56-6

−1.31

−1.08

5.54 × 105

1.58 × 10−7

--

1.98 × 10−9

Toluene

108-88-3

2.54

2.73

573.1

5.95 × 10−3

5.73 × 10−3

6.64 × 10−3

Tributyl phosphate

126-73-8

3.82

4

7.355

3.19 × 10−6

--

1.41 × 10−6

81741-28-8

11.22

--

7.90 × 10−7

2.61 × 10−1

--

--

Tridecane

629-50-5

6.73

--

0.02746

1.24 × 101

1.90 × 101

2.88

Triethanolamine

102-71-6

−2.48

−1

1.00 × 106

4.18 × 10−12

3.38 × 10−19

7.05 × 10−13

Triethanolamine hydrochloride

637-39-8

−2.48

−1

1.00 × 106

4.18 × 10−12

3.38 × 10−19

7.05 × 10−13

68299-02-5

−2.97

--

1.00 × 106

6.28 × 10−11

--

--

Triethyl citrate

77-93-0

0.33

--

2.82 × 104

6.39 × 10−10

--

3.84 × 10−9

Triethyl phosphate

78-40-0

0.87

0.8

1.12 × 104

5.83 × 10−7

--

3.60 × 10−8

Triethylene glycol

112-27-6

−1.75

−1.75

1.00 × 106

3.16 × 10−11

2.56 × 10−16

--

Triethylenetetramine

112-24-3

−2.65

--

1.00 × 106

9.30 × 10−17

6.74 × 10−19

--

Triisopropanolamine

122-20-3

−1.22

--

1.00 × 106

9.77 × 10−12

4.35 × 10−18

--

14002-32-5

−3.95

--

1.00 × 106

1.42 × 10−8

--

--

75-50-3

0.04

0.16

1.00 × 106

3.65 × 10−5

1.28 × 10−4

1.04 × 10−4

6100-05-6

−1.67

−1.64

1.00 × 106

8.33 × 10−18

--

4.33 × 10−14

Thiocyanic acid, ammonium salt

Tributyltetradecylphosphonium chloride

Triethanolamine hydroxyacetate

Trimethanolamine
Trimethylamine
Tripotassium citrate monohydrate
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Log Kow

Chemical name

CASRN

Estimated Measured

Henry's law constant
(atm-m3/mol at 25°C)

Water solubility
estimate from
log Kow
(mg/L at 25°C)

Bond
method

Group
method 25

Measured

25498-49-1

−0.2

--

1.96 × 105

2.36 × 10−11

4.55 × 10−13

--

68-04-2

−1.67

−1.64

1.00 × 106

8.33 × 10−18

--

4.33 × 10−14

Trisodium citrate dihydrate

6132-04-3

−1.67

−1.64

1.00 × 106

8.33 × 10−18

--

4.33 × 10−14

Trisodium ethylenediaminetetraacetate

150-38-9

−3.86

--

2.28 × 105

1.17 × 10−23

--

5.77 × 10−16

19019-43-3

−4.32

--

1.00 × 106

3.58 × 10−20

--

--

77-86-1

−1.56

--

1.00 × 106

8.67 × 10−13

--

--

1120-21-4

5.74

--

0.2571

7.04

9.52

1.93

57-13-6

−1.56

−2.11

4.26 × 105

3.65 × 10−10

--

1.74 × 10−12

1330-20-7

3.09

3.2

207.2

6.56 × 10−3

6.14 × 10−3

7.18 × 10−3

Tripropylene glycol monomethyl ether
Trisodium citrate

Trisodium ethylenediaminetriacetate
Tromethamine
Undecane
Urea
Xylenes
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C.6. Details on the EPI (Estimation Programs Interface) Suite™
The EPI (Estimation Programs Interface) Suite™ (U.S. EPA, 2012b) is an open-source, Windows®based suite of physicochemical property and environmental fate estimation programs developed by
the EPA’s Office of Pollution Prevention and Toxics and Syracuse Research Corporation. More
information on EPI Suite™ is available at http://www.epa.gov/oppt/exposure/pubs/episuite.htm.
Although only physicochemical properties from EPI Suite™ are provided here, other sources of
information were also consulted. QikProp (Schrodinger, 2012) and LeadScope (Leadscope Inc.,
2012) are commercial products designed primarily as drug development and screening tools.
Properties generated by QikProp and LeadScope are generally more relevant to drug development
than to environmental assessment.
QikProp is specifically focused on drug discovery and provides predictions for physically significant
descriptors and pharmaceutically (and toxicologically) relevant properties useful in predicting
ADME (adsorption, distribution, metabolism, and excretion) characteristics of drug candidates.
QikProp's use of whole-molecule descriptors that have a straightforward physical interpretation (as
opposed to fragment-based descriptors).
LeadScope is a program designed for interpreting chemical and biological screening data that can
assist pharmaceutical scientists in finding promising drug candidates. The software organizes the
chemical data by structural features familiar to medicinal chemists. Graphs are used to summarize
the data, and structural classes are highlighted that are statistically correlated with biological
activity. It incorporates chemically-based data mining, visualization, and advanced informatics
techniques (e.g., prediction tools, scaffold generators).
Physicochemical properties of chemicals were generated from the two-dimensional (2-D) chemical
structures from the EPA National Center for Computational Toxicology’s Distributed StructureSearchable Toxicity (NCCT DSSTox) Database Network in structure-data file (SDF) format. For EPI
Suite™ properties, both the desalted and non-desalted 2-D files were run using the program’s batch
mode (i.e., processing many molecules at once) to calculate environmentally-relevant, chemical
property descriptors. The chemical descriptors in QikProp require 3-D chemical structures. For
these calculations, the 2-D desalted chemical structures were converted to 3-D using the Rebuild3D
function in the Molecular Operating Environment software (CCG, 2011). All computed
physicochemical properties are added into the structure-data file prior to assigning toxicological
properties.
Both LeadScope and Qikprop software require input of desalted structures. Therefore, the
structures were desalted, a process where salts and complexes are simplified to the neutral,
uncomplexed form of the chemical, using the “Desalt Batch” option in the ACD Labs ChemFolder. All
LeadScope general chemical descriptors (Parent Molecular Weight, AlogP, Hydrogen Bond
Acceptors, Hydrogen Bond Donors, Lipinski Score, Molecular Weight, Parent Atom Count, Polar
Surface Area, and Rotatable Bonds) were calculated by default.
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C.7. Top 20 lists for most mobile and least mobile chemicals
Table C-10 and Table C-11 present the 20 highest and lowest log Kow (approximate surrogate for
most mobile and least mobile) chemicals, known to be used in hydraulic fracturing fluids,
respectively, as ranked by log Kow. These were taken from the list of 917 chemicals with estimated
values for physicochemical properties. These tables also include values for aqueous solubility and
Henry’s law constant, as well as frequency of use, based on chemical information reported in
disclosures in the EPA FracFocus 1.0 project database (U.S. EPA, 2015a, c).
Table C-10 shows the chemicals that have the lowest log Kow and are, thus, the most mobile. These
chemicals are fully miscible (i.e., they will mix completely with water), which means they may move
through the environment at high concentrations, leading to greater severity of impact. These
chemicals generally have low volatility, based on their negative log Henry’s law constants (i.e., will
remain in water and will not be lost to the air). These chemicals will dissolve in water and move
rapidly through the environment (e.g., via infiltration into the subsurface or via overland flow to
surface waters). Chemicals exhibiting this combination of properties have greater potential to cause
immediate impacts to drinking water resources. Most of the chemicals in the table were
infrequently reported (≤2% of wells) in the EPA FracFocus 1.0 project database (U.S. EPA, 2015a).
However, choline chloride (14% of wells), used for clay control, and
tetrakis(hydroxymethyl)phosphonium sulfate (11% of wells), a biocide, were more commonly
reported.
Table C-11 shows the chemicals that have the highest log Kow and are, thus, the least mobile. The
estimated aqueous solubilities for some of these chemicals are extremely low, with highest
solubilities of <10 μg/L. Therefore, the concentration of these chemicals dissolved in water will be
low. The estimated Henry’s law constants are more variable for these low-mobility chemicals.
Chemicals with high log Kow values (>0) and high Henry’s law constants will sorb strongly to organic
phases and solids and may volatilize. However, their strong preference for the organic or solid
phase may slow or reduce volatilization. The chemicals with low Henry’s law constants will readily
sorb to organic phases and solids. Less mobile chemicals will move slowly through the soil and have
potentially delayed and longer-term impacts to drinking water resources. Seven of the chemicals in
were reported in disclosures in the EPA FracFocus 1.0 project database (U.S. EPA, 2015c). Five were
reported infrequently (<1% of wells). Tri-n-butyltetradecylphosphonium chloride (6% of wells),
used as a biocide, and C>10-alpha-alkenes (8% of wells), a mixture of alpha-olefins with carbon
numbers greater than 10 used as a corrosion inhibitor, were more commonly reported. The least
mobile organic chemical is sorbitan, tri-(9Z)-9-octadecenoate, a mineral oil co-emulsifier (0.05% of
wells), with an estimated log Kow of 22.56.1

Sorbitan, tri-(9Z)-9-octadecenoate, CASRN 26266-58-0, is soluble in hydrocarbons and insoluble in water, listed as an
effective coupling agent and co-emulsifier for mineral oil (Santa Cruz Biotechnology, 2015; ChemicalBook, 2010).
1
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Table C-10. Ranking of the 20 most mobile organic chemicals, as determined by the largest log Kow, with CASRN, percent of wells
where the chemical is reported from January 1, 2011 to February 28, 2013 (U.S. EPA, 2015c), and physicochemical properties (log
Kow, solubility, and Henry’s law constant) as estimated by EPI Suite™.
For organic salts, parameters are estimated using the desalted form.

Rank Chemical name

CASRN

Percent of
wells
(U.S. EPA,
2015c)a

Estimated
log Kow
(unitless)b

Estimated
water
solubility
(mg/L @
25oC)c

Estimated Henry's
law constant
(atm m3/mole @
25oC)d

1

1,2-Ethanediaminium, N,N'-bis[2-[bis(2hydroxyethyl)methylammonio]ethyl]-N,N'-bis(2hydroxyethyl)-N,N'-dimethyl-, tetrachloride

138879-94-4

2%

-23.19

1.00 × 106

2.33 × 10-35

2

Phosphonic acid, [[(phosphonomethyl)imino]bis [2,1ethanediylnitrilobis(methylene)]]tetrakis-

15827-60-8

0.2%

-9.72

1.00 × 106

NA

3

Phosphonic acid, [[(phosphonomethyl)imino]bis [2,1ethanediylnitrilobis(methylene)]]tetrakis-, sodium salt

22042-96-2

0.07%

-9.72

1.00 × 106

NA

4

Phosphonic acid, [[(phosphonomethyl)imino]bis [2,1ethanediylnitrilobis(methylene)]]tetrakis-, ammonium salt
(1:x)

70714-66-8

NA

-9.72

1.00 × 106

NA

5

Phosphonic acid, (((2-[(2-hydroxyethyl) (phosphonomethyl)
amino)ethyl)imino]bis(methylene))bis-, compd. with 2aminoethanol

129828-36-0

NA

-6.73

1.00 × 106

5.29 × 10-42

6

2-Hydroxy-N,N-bis(2-hydroxyethyl)-Nmethylethanaminium chloride

7006-59-9

NA

-6.7

1.00 × 106

4.78 × 10-19

7

N-(3-Chloroallyl)hexaminium chloride

4080-31-3

0.02%

-5.92

1.00 × 106

1.76 × 10-8

8

3,5,7-Triazatricyclo(3.3.1.1 (superscript 3,7))decane, 1-(3chloro-2-propenyl)-, chloride, (Z)-

51229-78-8

NA

-5.92

1.00 × 106

1.76 × 10-8

9

(2,3-dihydroxypropyl)trimethylammonium chloride

34004-36-9

NA

-5.8

1.00 × 106

9.84 × 10-18
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Rank Chemical name

CASRN

Percent of
wells
(U.S. EPA,
2015c)a

Estimated
log Kow
(unitless)b

Estimated
water
solubility
(mg/L @
25oC)c

Estimated Henry's
law constant
(atm m3/mole @
25oC)d

10

Phosphonic acid, [[(phosphonomethyl)imino]bis [6,1hexanediylnitrilobis(methylene)]]tetrakis-

34690-00-1

0.006%

-5.79

1.00 × 106

NA

11

[Nitrilotris(methylene)]tris-phosphonic acid pentasodium
salt

2235-43-0

0.5%

-5.45

1.00 × 106

1.65 × 10-34

12

Aminotrimethylene phosphonic acid

6419-19-8

2%

-5.45

1.00 × 106

1.65 × 10-34

13

Choline chloride

67-48-1

14%

-5.16

1.00 × 106

2.03 × 10-16

14

Choline bicarbonate

78-73-9

0.2%

-5.16

1.00 × 106

2.03 × 10-16

15

alpha-Lactose monohydrate

5989-81-1

NA

-5.12

1.00 × 106

4.47 × 10-22

16

Lactose

63-42-3

NA

-5.12

1.00 × 106

4.47 × 10-22

17

Tetrakis(hydroxymethyl)phosphonium sulfate

55566-30-8

11%

-5.03

1.00 × 106

9.17 × 10-13

18

Disodium ethylenediaminediacetate

38011-25-5

0.6%

-4.79

1.00 × 106

1.10 × 10-16

19

Nitrilotriacetamide

4862-18-4

NA

-4.75

1.00 × 106

1.61 × 10-18

20

1,3,5-Triazine-1,3,5(2H,4H,6H)-triethanol

4719-04-4

0.2%

-4.67

1.00 × 106

1.08 × 10-11

a

Some of the chemicals in these tables have NA (not available) listed as the number of wells, which means that these chemicals have been used in hydraulic fracturing, but they
were not reported to disclosures in the EPA FracFocus 1.0 project database for the time period of the study (January 1, 2011, to February 28, 2013) (U.S. EPA, 2015c). Analysis
considered 34,675 disclosures and 676,376 ingredient records that met selected quality assurance criteria, including: completely parsed; unique combination of fracture date
and API well number; fracture date between January 1, 2011, and February 28, 2013; valid CASRN; and valid concentrations. Disclosures that did not meet our quality assurance
criteria (3,855) or other, query-specific criteria were excluded from our analysis.
b Log

Kow is estimated using the KOWWIN™ model, which uses an atom/fragment contribution method.

c

Water solubility is estimated using the WSKOWWIN™ model, which estimates a chemical’s solubility from Kow and any applicable correction factors.

d

Henry’s law constant is estimated using the HENRYWIN™ model using the bond contribution method.

C-69

Appendix C – Chemical Mixing Supplemental Information

Table C-11. Ranking of the 20 least mobile organic chemicals, as determined by the largest log Kow, with CASRN, percent of wells
where the chemical is reported from January 1, 2011 to February 28, 2013 (U.S. EPA, 2015c), and physicochemical properties (log
Kow, solubility, and Henry’s law constant) as estimated by EPI Suite™.
For organic salts, parameters are estimated using the desalted form.

Rank Chemical name

CASRN

Percent of
wells
(U.S. EPA,
2015c)a

Estimated log
Kow (unitless)b

Estimated water
solubility
(mg/L @ 25oC)c

Estimated Henry's law
constant
3
(atm m /mole @ 25oC)d

1

Sorbitan, tri-(9Z)-9 octadecenoate

26266-58-0

0.05%

22.56

1.12 × 10-19

4.02 × 10-11

2

Fatty acids, C18-unsatd., dimers

61788-89-4

NA

14.6

2.31 × 10-10

4.12 × 10-08

3

Sorbitan sesquioleate

8007-43-0

0.02%

14.32

2.31 × 10-11

7.55 × 10-12

4

Tri-n-butyltetradecyl-phosphonium
chloride

81741-28-8

6%

11.22

7.90 × 10-7

2.61 × 10-1

5

Sodium bis(tridecyl) sulfobutanedioate

2673-22-5

NA

11.15

7.46 × 10-9

8.51 × 10-11

6

1-Eicosene

3452-07-1

NA

10.03

1.26 × 10-5

1.89 × 101

7

D&C Red 28

18472-87-2

NA

9.62

1.64 × 10-8

6.37 × 10-21

8

C.I. Solvent Red 26

4477-79-6

NA

9.27

5.68 × 10-5

5.48 × 10-13

9

1-Octadecene

112-88-9

NA

9.04

1.256 × 10-4

1.07 × 101

10

Alkenes, C>10 alpha-

64743-02-8

8%

8.55

3.941 × 10-4

8.09 × 100

11

Dioctyl phthalate

117-84-0

NA

8.54

4.236 × 10-4

1.18 × 10-5

12

Benzene, C10-16-alkyl derivs.

68648-87-3

0.5%

8.43

2.099 × 10-4

1.78 × 10-1

13

Di(2-ethylhexyl) phthalate

117-81-7

NA

8.39

1.132 × 10-3

1.18 × 10-5

14

1-Octadecanamine, N,N-dimethyl-

124-28-7

NA

8.39

8.882 × 10-3

4.51 × 10-3

15

N,N-dimethyloctadecylamine
hydrochloride

1613-17-8

NA

8.39

8.882 × 10-3

4.51 × 10-3
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Rank Chemical name

CASRN

Percent of
wells
(U.S. EPA,
2015c)a

82469-79-2

Estimated log
Kow (unitless)b

Estimated water
solubility
(mg/L @ 25oC)c

Estimated Henry's law
constant
(atm m3/mole @ 25oC)d

0.03%

8.21

5.56 × 10-5

3.65 × 10-9

16

Butyryl trihexyl citrate

17

1-Hexadecene

629-73-2

NA

8.06

1.232 × 10-3

6.10 × 100

18

Benzo(g,h,i)perylene

191-24-2

NA

7.98

7.321 × 10-4

1.26 × 10-2

19

Dodecylbenzene

123-01-3

NA

7.94

1.015 × 10-3

1.34 × 10-1

20

Isopropanolamine dodecylbenzene

42504-46-1

0.02%

7.94

1.015 × 10-3

1.34 × 10-1

a

Some of the chemicals in these tables have NA (not available) listed as the number of wells, which means that these chemicals have been used in hydraulic fracturing, but they
were not reported in disclosures in the EPA FracFocus 1.0 project databases for the time period of the study (January 1, 2011, to February 28, 2013) (U.S. EPA, 2015c). Analysis
considered 34,675 disclosures and 676,376 ingredient records that met selected quality assurance criteria, including: completely parsed; unique combination of fracture date
and API well number; fracture date between January 1, 2011, and February 28, 2013; valid CASRN; and valid concentrations. Disclosures that did not meet these quality
assurance criteria (3,855) or other, query-specific criteria were excluded from our analysis.
b Log

Kow is estimated using the KOWWIN™ model, which uses an atom/fragment contribution method.

c

Water solubility is estimated using the WSKOWWIN™ model, which estimates a chemical’s solubility from Kow and any applicable correction factors.

d

Henry’s law constant is estimated using the HENRYWIN™ model using the bond contribution method.

C-71

Appendix C – Chemical Mixing Supplemental Information

Figure C-1. Histograms of physicochemical properties organic chemicals claimed as
confidential by industry that were used in the hydraulic fracturing process.
Measured values of log Kow (upper left). Estimated physicochemical properties for log Kow (upper right), log
solubility (lower left), and log Henry’s law constant (lower right) for all chemicals. Physicochemical properties (log
Kow, solubility, and Henry’s law constant) estimated by EPI Suite™. Source: U.S. EPA (2013a).
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Appendix D. Well Injection Supplemental Information
This appendix presents the goals for the design and construction of oil and gas production wells,
the well components used to achieve those goals, and methods for testing well integrity to help
verify that the goals for well performance are achieved. This information provides additional
background for the well component discussions presented in Chapter 6. Information on the
pathways associated with the well that can cause fluid movement into drinking water resources is
presented in Chapter 6.

D.1. Design Goals for Well Construction
Simply stated, production wells are designed to move oil and gas from the production zone (within
the oil and gas reservoir) into the well and then through the well to the surface. There are typically
a variety of goals for well design (Renpu, 2011), but the main purposes are facilitating the flow of
oil and gas from the hydrocarbon reservoirs to the well (production management) while isolating
that oil and gas and the hydrocarbon reservoirs from nearby groundwater resources (zonal
isolation).
To achieve these goals, operators design and construct wells to have and maintain mechanical
integrity throughout the life of the well. A properly designed and constructed well has two types of
mechanical integrity: internal and external. Internal mechanical integrity refers to the absence of
significant leakage within the production tubing, casing, or packer. External mechanical integrity
refers to the absence of significant leakage along the well outside of the casing.
Achieving mechanical integrity involves designing the well components to resist the stresses they
will encounter. Each well component must be designed to withstand all of the stresses to which the
well will be subjected, including burst pressure, collapse, tensile, compression (or bending), and
cyclic stresses (see Section 6.2.1 for additional information on these stresses). Well materials
should also be compatible with the fluids (including liquids or gases) with which they come into
contact to prevent leaks caused by corrosion.
These goals are accomplished by the use of one or more layers of casing, cement, and mechanical
devices (such as packers), which provide the main barrier preventing migration of fluids from the
well into drinking water resources. It should be noted that design conditions will change depending
on the specific geology of the site. Technology in the field of hydraulic fracturing is also rapidly
evolving with new technologies and techniques being continually developed. Therefore while the
following sections outline basic design goals and concepts, they cannot anticipate all possible
design conditions.

D.2. Well Components
Casing and cement are used in the design and construction of wells to achieve the goals of
mechanical integrity and zonal isolation. Several industry-developed specifications and best
practices for well construction have been established to guide well operators in the construction
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process; see Text Box D-1.1 The sections below describe options available for casing, cement, and
other well components.

Text Box D-1. Selected Industry-Developed Specifications and Recommended Practices for
Well Construction in North America.
American Petroleum Institute (API)


API Guidance Document HF1―Hydraulic Fracturing Operations―Well Construction and Integrity
Guidelines (API, 2009a)



API RP 10B-2―Recommended Practice for Testing Well Cements (API, 2013)



API RP 10D-2―Recommended Practice for Centralizer Placement and Stop Collar Testing (API, 2004)



API RP 5C1―Recommended Practices for Care and Use of Casing and Tubing (API, 1999)



API RP 65-2―Isolating Potential Flow Zones during Well Construction (API, 2010a)



API Specification 10A―Specification on Cements and Materials for Well Cementing (API, 2010b)



API Specification 11D1―Packers and Bridge Plugs (API, 2009b)



API Specification 5CT―Specification for Casing and Tubing (API, 2011)



API RP 100-1 – Hydraulic Fracturing Well Integrity and Fracture Containment 1st Edition (API, 2015)

Canadian Association of Petroleum Producers (CAPP) and Enform


Hydraulic Fracturing Operating Practices: Wellbore Construction and Quality Assurance (CAPP, 2013)



Interim Industry Recommended Practice Volume #24―Fracture Stimulation: Inter-wellbore
Communication (Enform, 2013)

Marcellus Shale Coalition (MSC)


Recommended Practices―Drilling and Completions (MSC, 2013)

D.2.1. Casing
Casing is steel pipe that is placed into the wellbore (the cylindrical hole drilled through the
subsurface rock formation) to maintain the stability of the wellbore, to transport the hydrocarbons
from the subsurface to the surface, and to prevent intrusion of other fluids into the well and
wellbore. Up to four types of casing may be present in a well, including (from largest to smallestdiameter): conductor casing, surface casing, intermediate casing, and production casing. Each is
described below.

D.2.1.1. Types of Casing
The conductor casing is the largest diameter string of casing. It is typically in the range of 30 in.
(76 cm) to 42 in. (107 cm) in diameter (Hyne, 2012). Its main purpose is to prevent unconsolidated
material, such as sand, gravel, and soil, from collapsing into the wellbore. Therefore, the casing is

Information is not available to determine how often these practices are used or how well they prevent the development
of pathways for fluid movement to drinking water resources.
1
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typically installed from the surface to the top of the bedrock or other consolidated formations. The
conductor casing may or may not be cemented in place.
The next string of casing is the surface casing. A typical surface casing diameter is 13.75 in. (34.93
cm), but diameter can vary (Hyne, 2012). The surface casing’s main purposes are to isolate any
groundwater resources that are to be protected by preventing fluid migration along the wellbore
once the casing is cemented and to provide a sturdy structure to which blow-out prevention
equipment can be attached. For these reasons, the surface casing most commonly extends from the
surface to some distance beneath the lowermost geologic formation containing groundwater
resources to be protected. The specific depth to which the surface casing is set is often governed by
the depth of the groundwater resource as defined and identified for protection in state regulations.
Intermediate casing is typically used in wells to control pressure in an intermediate-depth
formation. It may be used to reduce or prevent exposure of weak formations to pressure from the
weight of the drilling fluid or cement or to allow better control of over-pressured formations. The
intermediate casing extends from the surface through the formation of concern. There may be more
than one string of concentric intermediate casing present or none at all, depending on the
subsurface geology. Intermediate casing may be cemented, especially through over-pressured
zones; however, it is not always cemented to the surface. Intermediate casing, when present, is
often 8.625 in. (21.908 cm) in diameter but can vary (Hyne, 2012).
Production casing extends from the surface into the production zone. The main purposes of the
production casing are to isolate the hydrocarbon product from fluids in surrounding formations
and to transport the product to the surface. It can also be used to inject hydraulic fracturing fluids,
receive produced water during hydraulic fracturing operations (e.g., if tubing or a temporary
fracturing string is not present), and prevent other fluids from mixing with and diluting the
produced hydrocarbons. The production casing is generally cemented to some point above the
production zone. Production casing is often 5.5 in. (14.0 cm) in diameter but can vary (Hyne, 2012).
Liners are another type of metal tubular (casing-like) well component that can be used to fulfill the
same purposes as intermediate and production casing in the production zone. Like casing, they are
steel pipe, but differ in that they do not extend from the production zone to the surface. Rather, they
are connected to the next largest string of casing by a hanger that is attached to the casing. A frac
sleeve is a specialized type of liner that is used during fracturing. It has plugs that can be opened
and closed by dropping balls from the surface (see the discussion of well completions below for
additional information on the use of frac sleeves).
Production tubing is the smallest, innermost steel pipe in the well and is distinguished from casing
by not being cemented in place. It is used to transport the hydrocarbons to the surface. Fracturing
may be done through the tubing if present, or through the production casing. Because casing cannot
be replaced, tubing is often used, especially if the hydrocarbons contain corrosive substances such
as hydrogen sulfide or carbon dioxide. Tubing may not be used in high-volume production wells.
Typical tubing diameter is between 1.25 in. (3.18 cm) and 4.5 in. (11.4 cm) (Hyne, 2012).
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D.2.1.2. Casing Design Considerations
The stresses that the casing will experience are key factors to consider in designing the casing. If the
casing is not designed with sufficient resistance to the stresses it will face, it can fail. Stresses that
may cause failure of casing include: pressure exerted during hydraulic fracturing operations, cyclic
pressure from multi-stage fracturing, pressure from the formation, and stresses encountered
during installation of the casing especially around bends (King and Valencia, 2016; Cheremisinoff
and Davletshin, 2015). Maximum values for each of these stresses can be calculated, and the casing
can be designed to resist them. Generally, the inner layers such as tubing are designed to collapse
before the outer casing will burst (King and Valencia, 2016). Casing strength can be improved by
choosing stronger materials or by increasing casing thickness.
Another factor to consider in casing design is corrosion. The casing may be exposed to corrosive
substances such as carbon dioxide, hydrogen sulfide, natural brines, and acids used during
fracturing. Corrosion resistance may be achieved by using corrosion resistant alloys or by lining the
casing (King and Valencia, 2016; Syed and Cutler, 2010). Abrasion from proppant during fracturing
can also lead to casing erosion problems (King and Valencia, 2016).
Joint design and installation are equally important in casing design as they are a frequent location
of casing leaks (King and Valencia, 2016). Joint failure can occur due to poor design, installation
errors, and stress corrosion.

D.2.2. Cement
Cement is the main barrier preventing fluid movement along the wellbore outside the casing. It also
lends mechanical strength to the well and protects the casing from corrosion by naturally occurring
formation fluids. Cement is placed in the annulus, which is the space between two adjacent casings
or the space between the outermost casing and the rock formation through which the wellbore was
drilled. The sections below describe considerations for selecting cement and additives, as well as
cementing procedures and techniques.

D.2.2.1. Considerations for Cementing
The length and location of the casing section to be cemented and the composition of the cement can
vary based on numerous factors, including the presence and locations of weak formations, over- or
under-pressured formations, or formations containing fluids; formation permeability; and
temperature. State requirements for oil and gas production well construction and the relative costs
of well construction options are also factors.
Improper cementing can lead to the formation of channels (small connected voids) in the cement,
which can—if they extend across multiple formations or connect to other existing channels or
fractures—present pathways for fluid migration. This section describes some of the considerations
and concerns for proper cement placement and techniques and materials that are available to
address these concerns. Careful selection of cements (and additives) and design of the cementing
job can avoid integrity problems related to cement.
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To select the appropriate cement type, properties, and additives, operators consider the required
strength needed to withstand downhole conditions and compatibility with subsurface chemistry, as
described below:


The cement design needs to achieve the strength required under the measured or
anticipated downhole conditions. Factors that are taken into account to achieve proper
strength can include density, thickening time, the presence of free water, compressive
strength, and formation permeability (Renpu, 2011). Commonly, cement properties are
varied during the process, with a “weaker” (i.e., less dense) lead cement, followed by a
“stronger” (denser) tail cement. The lead cement is designed with a lower density to
reduce pressure on the formation and better displace drilling fluid without a large concern
for strength. The stronger tail cement provides greater strength for the deeper portions of
the well the operator considers as requiring greater strength.



The compatibility of the cement with the chemistry of formation fluids, hydrocarbons,
and hydraulic fracturing fluids is important for maintaining well integrity through the life
of the well. Most oil and gas wells are constructed using some form of Portland cement.
Portland cement is a specific type of cement consisting primarily of calcium silicates with
additional iron and aluminum. Industry specifications for recommended cements are
determined by the downhole pressure, temperature, and chemical compatibility required.

There are a number of considerations in the design and execution of a cement job. Proper
centralization of the casing within the wellbore is one of the more important considerations. Others
include the potential for lost cement, gas invasion, cement shrinkage, incomplete removal of drilling
mud, settling of solids in the wellbore, and water loss into the formation while curing. These
concerns, and techniques available to address them, include the following:


Improper centralization of the casing within the wellbore can lead to preferential flow
of cement on the side of the casing with the larger space and little to no cement on the side
closer to the formation. If the casing is not centered in the wellbore, cement will flow
unevenly during the cement job, leading to the formation of cement channels. Kirksey
(2013) notes that, if the casing is off-center by just 25%, the cement job is almost always
inadequate. Centralizers are used to keep the casing in the center of the hole and allow an
even cement job. To ensure proper centralization, centralizers are placed at regular
intervals along the casing (API, 2010a). Centralizer use is especially key in horizontal wells,
as the casing will tend to settle (due to gravity) to the bottom of the wellbore if the casing
is not centered (Sabins, 1990), leading to inadequate cement on the lower side. Although
some operators have avoided using centralizers on horizontal wells because of problems
with stuck pipe, improved centralizer designs have allowed increased use of centralizers in
horizontal wells (Landry et al., 2015).



Lost cement (sometimes referred to as lost returns) refers to cement that moves out of
the wellbore and into the formation instead of filling up the annulus between the casing
and the formation. Lost cement can occur in weak formations that fail (fracture) under
pressure of the cement or in particularly porous, permeable, or naturally fractured
formations. Lost cement can result in lack of adequate cement across a water- or brineD-7
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bearing zone. To avoid inadequate placement of cement due to lost cement, records of
nearby wells can be examined to determine zones where lost cement returns occur (API,
2009a). If records from nearby wells are not available, cores and logs may be used to
identify any high-permeability or mechanically weak formations that might lead to lost
cement. Steps can then be taken to eliminate or reduce loss of cement to the formation.
Staged cementing (see below) can reduce the hydrostatic pressure on the formation and
may avoid fracturing weak formations (Lyons and Pligsa, 2004). Additives such as
cellulose or polymers are also available that will lessen the flow of cement into highly
porous formations (API, 2010a; Ali et al., 2009).


Gas invasion and cement shrinkage during cement setting can also cause channels and
poor bonding. As cement sets, it begins to lose the ability to transmit pressure to the
surrounding formation. During the cementing process, the hydrostatic pressure from the
cement column keeps formation gas from entering the cement. As the cement sets
(hardens), the hydrostatic pressure decreases; if it becomes less than the formation
pressure, gas can enter the cement, leading to channels. Cement shrinkage occurs as the
cement sets under a high pressure; shrinking can be made worse by left over drilling mud
or too large of a space between the casing and formation (Oyarhossein and Dusseault,
2015). Such shrinkage can lead to channels or microannuli along the cement column.
These problems can be avoided by using cement additives that increase setting time or
expand to offset shrinkage (McDaniel et al., 2014; Wojtanowicz, 2008; Dusseault et al.,
2000). Foamed cement can help alleviate problems with shrinkage, although care needs to
be taken in cement design to ensure the proper balance of pressure between the cement
column and formation (API, 2010a). Cement additives such as latex are also available that
will expand upon contact with certain fluids such as hydrocarbons. These cements, termed
self-healing cements, are relatively new but have shown early promise in some fields (Ali
et al., 2009). Self-healing cements have been found to increase the compressive strength of
the cement by 10%, tensile strength by 48%, Poisson’s ratio by 66%, and Young’s modulus
by 56% (Shadravan and Amani, 2015). Rotating the casing during cementing will also
delay cement setting by agitating the cement. Another technique called pulsation, where
pressure pulses are applied to the cement while it is setting, also can delay cement setting
and loss of hydrostatic pressure until the cement is strong enough to resist gas penetration
(Stein et al., 2003).



Another important issue is removal of drilling mud. Inadequate removal of drilling mud
can prevent cement from filling the entire space between the casing and the formation,
resulting in channels in the cement after the mud is eroded away by formation fluids
(Jackson and Dussealt, 2014). If drilling mud is not completely removed, it can gather on
one side of the wellbore and prevent that portion of the wellbore from being adequately
cemented. The drilling mud can then be eroded away after the cement sets, leaving a
channel. Drilling mud can be removed by circulating a denser fluid (spacer fluid) to flush
the drilling mud out (Kirksey, 2013; Brufatto et al., 2003). Mechanical devices called
scratchers can also be attached to the casing, and the casing rotated or reciprocated to
scrape drilling mud from the wellbore (Hyne, 2012; Crook, 2008). The spacer fluid, which
is circulated prior to the cement to wash the drilling fluid out of the wellbore, must be
D-8
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designed with the appropriate properties and pumped in such a way that it displaces the
drilling fluid without mixing with the cement (Kirksey, 2013; API, 2010a; Brufatto et al.,
2003).


Also of concern in horizontal wells is the possibility of solids settling at the bottom of the
wellbore and free water collecting at the top of the wellbore. This can lead to channels and
poor cement bonding. The cement slurry must be properly designed for horizontal wells to
minimize free water and solids settling.



If there is free water in the cement, pressure can cause water loss into the formation,
leaving behind poor cement or channels (Jiang et al., 2012). In horizontal wells, free water
can also accumulate at the top of the wellbore, forming a channel (Sabins, 1990).
Minimizing free water in the cement design and using fluid loss control additives can help
control the loss of water (Ross and King, 2007).



Fracturing in stages can lead to cyclic stresses being exerted on the cement (King and
Valencia, 2016). During fracturing, the cooler temperature fluids are injected into the well
at high pressure, resulting in temperature and pressure changes downhole. When
injection stops, the temperature returns to the higher reservoir temperatures and
pressure returns to normal. One study has found such cycling can lead to temperature
changes of as much as 176°F (80°C) (Tian et al., 2015). Exposing cement to several cycles
of temperature and pressure variation can lead to a number of problems. Stress may cause
cracks in the cement, especially at locations of existing defects in the cement (De Andrade
et al., 2015; Syed and Cutler, 2010). Differences between the rates at which steel and
cement expand can lead to debonding between the cement and casing. Contraction of
fluids at lower temperatures can also create vacuums in some situations, which can stress
the casing and cement (Tian et al., 2015). Using cement with lower anelastic strength and
higher tensile and impact strength may help alleviate problems caused by cyclic stresses
(McDaniel et al., 2014). Self-sealing cements, as described above, may also seal cracks that
are initiated during cycling. Some studies have found the ability of such cements to seal
flow through cracks in as little as 30 minutes (Cavanagh et al., 2007). Foamed cements
have also been found to hold up better to pressure cycles than standard cement slurries
(Spaulding, 2015).

D.2.2.2. Cement Placement Techniques
The primary cement job is most commonly conducted by pumping the cement down the inside of
the casing, then out the bottom of the casing where it is then forced up the space between the
outside of the casing and the formation. (The cement can also be placed in the space between two
casings.) If continuous cement (i.e., a sheath of cement placed along the entire wellbore) is
desired, cement is circulated through the annulus until cement that is pumped down the central
casing flows out of the annulus at the surface. A spacer fluid is often pumped ahead of cement to
remove any excess drilling fluid left in the wellbore; even if the operator does not plan to circulate
cement to the surface, the spacer fluid will still return to the surface, as this is necessary to remove
the drilling mud from the annulus. If neither the spacer fluid nor the cement returns to the surface,
this indicates that fluids are being lost into the formation.
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Staged cementing is a technique that reduces pressure on the formation by decreasing the height
(and therefore the weight) of the cement column. This may be necessary if the estimated weight
and pressure associated with standard cement emplacement could damage zones where the
formation intersected is weak. The reduced hydrostatic pressure at the bottom of the cement
column can also reduce the loss of water to permeable formations, improving the quality of the
cement job. In multiple-stage cementing, cement is circulated to just below a cement collar placed
between two sections of casing. A cement collar will have been placed between two sections of
casing, just above, with ports that can be opened by dropping a weighted tool. Two plugs—which
are often referred to as bombs or darts because of their shape—are then dropped. The first plug is
dropped once the desired cement for the first stage has been pushed out of the casing by a spacer
fluid. It closes the section of the well below the cement collar and stops cement from flowing into
the lower portion of the well. The second plug (or opening bomb) opens the cement ports in the
collar, allowing cement to flow into the annulus between the casing and formation. Cement is then
circulated down the wellbore, out the cement ports, into the annulus, and up to the surface. Once
cementing is complete, a third plug is dropped to close the cement ports, preventing the newly
pumped cement from flowing back into the well (Lyons and Pligsa, 2004); see Figure D-1.
Another less commonly used primary cementing technique is reverse circulation cementing. This
technique has been developed to decrease the force exerted on weak formations. In reverse
circulation cementing, the cement is pumped down the annulus directly between the outside of the
outermost casing and the formation. This essentially allows use of lower density cement and lower
pumping pressures. With reverse circulation cementing, greater care must be taken in calculating
the required cement, ensuring proper cement circulation, and locating the beginning and end of the
cemented portion.
Another method used to cement specific portions of the well without circulating cement along the
entire wellbore length is to use a cement basket. A cement basket is a device that attaches to the
well casing. It is made of flexible material such as canvas or rubber that can conform to the shape of
the wellbore. The cement basket acts as a one-way barrier to cement flow. Cement can be circulated
up the wellbore past the cement basket, but when circulation stops the basket prevents the cement
from falling back down the wellbore. Cement baskets can be used to isolate weak formations or
formations with voids. They can also be placed above large voids such as mines or caverns with
staged cementing used to cement the casing above the void.
If any deficiencies are identified, remedial cementing may be performed. The techniques available
to address deficiencies in the primary cement job including cement squeezes or top-job cementing.
A cement squeeze injects cement under high pressure to fill in voids or spaces in the primary
cement job caused by high pressure, failed formations, or improper removal of drilling mud.
Although cement squeezes can be used to fix deficiencies in the primary cement job, they require
the well to be perforated, which can weaken the well and make it susceptible to degradation by
pressure and temperature cycling as would occur during fracturing (Crescent, 2011). Another
method of secondary cementing is the top job. In a top job, cement is pumped down the annulus
directly to fill the remaining uncemented space when cement fails to circulate to the surface.
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Figure D-1. A typical staged cementing process.
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D.3. Well Completions
Completion refers to how the well is prepared for production and how flow is established between
the formation and the surface. Figure D-2 presents examples of well completion types, including
cased, formation packer, and open hole completion.

Figure D-2. Examples of well completion types.
Configurations shown include cased, formation packer, and open hole completion. From U.S. EPA (2015k).

A cased completion, where the casing extends to the end of the wellbore and is cemented in place,
is the most common configuration of the well in the production zone (U.S. EPA, 2015k).
Perforations are made through the casing and cement and into the formation using tools called
“perf guns” that deliver small explosive charges or other devices, such as sand jets. Hydraulic
fracturing then is conducted through the perforations. This is a common technique in wells that
produce from several different depths and in low-permeability formations that are fractured
(Renpu, 2011). While perforations do control the initiation point of the fracture, this can be a
disadvantage if the perforations are not properly aligned with the local stress field. If the
perforations are not aligned, the fractures will twist to align with the stress field, leading to
tortuosity in the fractures and making fluid movement through them more difficult (Cramer, 2008).
Fracturing stages can be isolated from each other using various mechanisms such as plugs or baffle
rings, which close off a section of the well when a ball of the correct size is dropped down the well.
A packer is a mechanical device used to selectively seal off certain sections of the wellbore. Packers
can be used to seal the space between the tubing and casing, between two casings, or between the
production casing and formation. The packer has one or more rubber elements that can be
manipulated downhole to increase in diameter and make contact with the inner wall of the nextD-12
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largest casing or the formation, effectively sealing the annulus created between the outside of the
tubing and the inside of the casing. Packers vary in how they are constructed and how they are set,
based on the downhole conditions in which they are used. There are two types of packers: internal
packers and formation packers. Internal packers are used to seal the space between the casing and
tubing or between two different casings. They prevent fluid movement into the annulus by isolating
the outer casing layers from produced or formation fluids. Formation packers seal the space
between the casing and the formation and are often used to isolate fracture stages; they can be used
to separate an open hole completion into separate fracture stages. Packers can seal an annulus by
several different mechanisms. Mechanical packers expand mechanically against the formation and
can exert a significant force on the formation (McDaniel and Rispler, 2009). They are typically less
than 5 ft (1.5 m) long and can be used in wells with tighter doglegs (Senters et al., 2016). Swellable
packers have elastomer sealing elements that swell when they come into contact with a triggering
fluid such as water or hydrocarbons. They exert less force on the formation and can seal larger
spaces but take some time to fully swell (McDaniel and Rispler, 2009). Swellable packers are longer
and can be affected by thermal changes during fracturing. Cyclic stresses during fracturing can also
cause packer failure (Senters et al., 2016). Internal mechanical integrity tests such as pressure tests
can verify that the packer is functioning as designed and has not corroded or deteriorated.
In an open hole completion, the production casing extends just into the production zone and the
entire length of the wellbore through the production zone is left uncased. This is only an option in
formations where the wellbore is stable enough to not collapse into the wellbore. In formations that
are unstable, a slotted liner may be used in open hole completions to control sand production
(Renpu, 2011). Perforations are not needed in an open hole completion, since the production zone
is not cased. An open hole completion can be fractured in a single stage or in multiple stages.
If formations are to be fractured in stages, additional completion methods are needed to separate
the stages from each other and control the location of the fractures. One possibility is use of a liner
with formation packers to isolate each stage. The liner is equipped with sliding sleeves that can be
opened by dropping balls down the casing to open each stage. Fracturing typically occurs from the
end of the well and continues toward the beginning of the production zone.

D.4. Mechanical Integrity Testing
While proper design and construction of the well’s casing and cement are important, it is also
important to verify the well was constructed and is performing as designed. Mechanical integrity
tests (MITs) can verify that the well was constructed as planned and can detect damage to the
production well that occurs during operations, including hydraulic fracturing activities. Verifying
that a well has mechanical integrity can prevent potential impacts to drinking water resources or
loss of hydrocarbon products by providing early warning of a problem with the well or cement and
allowing repairs.
It is important to note that if a well fails an MIT, this does not mean the well has failed or that an
impact on drinking water resources has occurred. An MIT failure is a warning that one or more
components of the well are not performing as designed and is an indication that corrective actions
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are necessary. If well remediation is not performed, a loss of well integrity could occur, which could
result in fluid movement from the well.

D.4.1. Internal Mechanical Integrity
Internal mechanical integrity is an absence of significant leakage in the tubing, casing, or packers
within the well system. Loss of internal mechanical integrity is usually due to corrosion or
mechanical failure of the well’s tubular and mechanical components.
Internal mechanical integrity can be tested by the use of pressure testing, annulus pressure
monitoring, ultrasonic monitoring, and casing inspection logs or caliper logs:


Pressure testing involves raising the pressure in the wellbore to a set level and shutting
in the well. If the well has internal mechanical integrity, the pressure should remain
constant with only small changes due to temperature fluctuation. Typically, the well is
shut in (i.e., production is stopped and the wellhead valves closed) for a time prescribed by
regulation, and if the pressure remains within a given percent of the original reading, the
well is considered to have passed the test. Usually, the well is pressure tested to the
maximum expected pressure; for a well to be used for hydraulic fracturing, this would be
the pressure applied during hydraulic fracturing. Performing a pressure test on each
casing before the next casing is drilled ensures the casing can withstand subsequent
stresses and allows repairs if necessary before problems can develop (Cheremisinoff and
Davletshin, 2015). Pressure tests, however, can cause debonding of the cement from the
casing, so test length is often limited to reduce this effect (API, 2010a).



If the annulus between the tubing and casing is sealed by a packer, annulus pressure
monitoring can give an indication of the integrity of the tubing and casing. If the tubing,
casing, and packer all have mechanical integrity, the pressure in the annulus should not
change except for small changes in response to temperature fluctuations. The annulus can
be filled with a non-corrosive liquid and the level of the liquid can be used as another
indication of the integrity of the casing, tubing, and packer. The advantage of monitoring
the tubing/production casing annulus is that it can give a continuous, real-time indication
of the internal integrity of the well. This is the only MIT test likely to detect problems
during normal well operations. Even if the annulus is not filled with a fluid, monitoring its
pressure can indicate leaks. If pressure builds up in the annulus and then recovers quickly
after having bled off, that condition is referred to as sustained casing pressure or surface
casing vent flow and is a sign of a leak in the tubing or casing (Watson and Bachu, 2009).
Monitoring of annuli between other sets of casings can also provide information on the
integrity of those casings. It can also provide information on external mechanical integrity
for annuli open to the formation (see Section D.4.2 for additional information on external
MITs). Jackson et al. (2013b) also note that monitoring annular pressure allows the
operator to vent gas before it accumulates enough pressure to cause migration into
drinking water resources. Measuring annulus flow rate also allows detection of gas
flowing into the annulus (Arthur, 2012).
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A newer tool uses ultrasonic monitors to detect leaks in casing and other equipment. It
measures the attenuation of an ultrasonic signal as it is transmitted through the wellbore.
The tool measures transmitted ultrasonic signals as it is lowered down the wellbore. The
tool can pick up ultrasonic signals created by a leak, similar to noise logs. The tool only has
a range of a few feet but is claimed to detect leaks as small as half a cup per minute (Julian
et al., 2007).



Caliper logs have mechanical fingers that extend from a central tool and measure the
distance from the center of the wellbore to the side of the casing. Running a caliper log can
identify areas where corrosion has altered the diameter of the casing or where holes have
formed in the casing. Caliper logs may also detect debris or obstructions in the well. Casing
inspection and caliper logs are primarily used to determine the condition of the casing.
Regular use of them may identify problems such as corrosion and allow mitigation before
they cause a loss of integrity to the casing. To run these logs in a producing well, the tubing
must first be pulled.



Casing inspection logs are instruments lowered into the casing to inspect the casing for
signs of wear or corrosion. One type of casing log uses video equipment to detect
corrosion or holes. Another type uses electromagnetic pulses to detect variations in metal
thickness. Running these logs in a producing well requires the tubing to be pulled.

If an internal mechanical integrity problem is detected, the location of the problem must be found.
Caliper or casing inspection logs can detect locations of holes in casing. Locations of leaks can also
be detected by sealing off different sections of the well using packers and performing pressure tests
on each section until the faulty section is located. If the leaks are in the tubing or a packer, the
problem may be remedied by replacing the well component. Casing leaks may be remedied by
performing a cement squeeze (Section D.2.2).

D.4.2. External Mechanical Integrity
External well mechanical integrity is demonstrated by establishing the absence of significant fluid
movement along the outside of the casing, either between the outer casing and cement or between
the cement and the wellbore. Failure of an external MIT can indicate improper cementing or
degradation of the cement emplaced in the annular space between the outside of the casing and the
wellbore. This type of failure can lead to movement of fluids out of intended production zones and
toward drinking water resources.
Several types of logs are available to evaluate external mechanical integrity, including temperature
logs, noise logs, oxygen activation logs, radioactive tracer logs, and cement evaluation logs.


Temperature logs measure the temperature in the wellbore, and are capable of
measuring small changes in temperature. They can be performed using instruments that
are lowered down the well on a wireline, or they can be done using fiber optic sensors
permanently installed in the well. When performed immediately after cementing, they can
detect the heat from the cement setting and determine the location of the top of cement.
After the cement has set, temperature logs can sense the difference in temperatures
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between formation fluids and injected or produced fluids. They may also detect
temperature changes due to cooling or warming caused by flow. In this way, temperature
logs may detect movement of fluid outside the casing in the wellbore (Arthur, 2012).
Temperature logs require interpretation of the causes of temperature changes and are
therefore subject to varying results among different users.


Noise logs are sensitive microphones that are lowered down the well on a wireline. They
are capable of detecting small noises caused by flowing fluids, such as fluids flowing
through channels in the cement (Arthur, 2012). They are most effective at detecting fastmoving gas leaks and less successful with more slowly moving liquid migration.



Oxygen activation logs consist of a neutron source and one or more detectors that are
lowered on a wireline. The neutron source bombards oxygen molecules surrounding the
wellbore and converts them into unstable nitrogen molecules that rapidly decay back to
oxygen, emitting gamma radiation in the process. Gamma radiation detectors above or
below the neutron source measure how quickly the oxygen molecules are moving away
from the source, thereby determining flow associated with water.



Radioactive tracer logs involve release of a radioactive tracer and then passing a
detector up or down the wellbore to measure the path the tracers have taken. They can be
used to determine if fluid is flowing up the wellbore. Tracer logs can be very sensitive but
may be limited in the range over which leaks can be detected.



Cement evaluation logs (also known as cement bond logs) are acoustic logs consisting of
an instrument that sends out acoustic signals along with receivers, separated by some
distance, that record the acoustic signals. As the acoustic signals pass through the casing,
they will be attenuated to an extent, depending on whether the pipe is free or is bonded to
cement. By analyzing the return acoustic signal, the degree of cement bonding with the
casing can be determined. The cement evaluation log measures the sound attenuation as
sound waves passing through the cement and casing. There are different types of cement
evaluation logs available. Some instruments can only return an average value over the
entire wellbore. Other instruments are capable of measuring the cement bond radially.
Newer acoustic logging techniques with features such as flexural attenuation and acoustic
impedance maps can identify channels as small as an inch (2.5 cm) in diameter (Landry et
al., 2015). Cement logs do not actually determine whether fluid movement through the
annulus is occurring. They only can determine whether cement is present in the annulus
and in some cases can give a qualitative assessment of the quality of the cement in the
annulus. Cement evaluation logs are used to calculate a bond index which varies between
0 and 1, with 1 representing the strongest bond and 0 representing the weakest bond. It
should be noted that these type of tests cannot detect whether or not fluid migration is
occurring. They only indicate whether cement is present and give a qualitative indication
of the degree of bonding of any cement present. Because interpretation of these logs are
qualitative, there is also a great deal of subjectivity in their results.

If the well fails an external MIT, damaged or missing cement may be repaired using a cement
squeeze (Wojtanowicz, 2008). A cement squeeze involves injection of cement slurry into voids
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behind the casing or into permeable formations. Different types of cement squeezes are available
depending on the location of the void needing to be filled and well conditions (Kirksey, 2013).
Cement squeezes are not always successful, however, and may need to be repeated to successfully
seal off flow (Wojtanowicz, 2008).
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Appendix E. Produced Water Handling Supplemental
Information
E.1.

Specific Definitions of the Terms “Produced Water” and “Flowback”

Various organizations have used different definitions of the terms “produced water” and
“flowback.” Several examples follow:

E.1.1. Produced Water
The American Petroleum Institute (API): “Produced water is any of the many types of water
produced from oil and gas wells” (API, 2010c).
The U.S. Department of Energy (DOE): “Produced water is water trapped in underground
formations that is brought to the surface along with oil or gas” (Veil et al., 2004).
The American Water Works Association (AWWA): “Produced water is the combination of flowback
and formation water that returns to the surface along with the oil and natural gas” (AWWA, 2013).

E.1.2. Flowback
API: “The fracture fluids that return to the surface after a hydraulic fracture is completed” (API,
2010c).
AWWA: “Fracturing fluids that return to the surface through the wellbore after hydraulic fracturing
is complete” (AWWA, 2013).
Other definitions include production of hydrocarbons from the well (Barbot et al., 2013; U.S. EPA,
2012e), or specify a time period (USGS, 2014; Haluszczak et al., 2013; Warner et al., 2013b; Hayes
and Severin, 2012a; Hayes, 2009).

E.2.

Produced Water Volumes

The EPA (U.S. EPA, 2015m) estimates of flowback volumes and long-term produced water volumes
used to generate the summaries appearing in Table 7-3 of Chapter 7 appear below in Table E-1.
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Table E-1. Produced water characteristics for wells by basin, formation, and resource type.
Source: U.S. EPA (2016b).

Fracturing fluid
(Mgal)
Basin

Formation

Resource
type
Well type

Anadarko

Caney

Shale

H

8.1

4.4 – 12

11

-

-

0

Tight

H

1.7

0.2 – 4

928

-

12 – 40

V

0.18

0.033 – 3

15

50

H

4.9

0.2 – 8.3

924

V

0.53

0.085 – 3

D

-

H

Cleveland

Granite Wash Tight

Mississippi
Lime

Woodford

ClintonMedina

Tight

Shale

Tight

Weighted
averagea Rangeb

Flowback (% of fracturing
fluid returned)
Data
pointsc

Long-term produced
water rates (gpd)
Rangea

Data
pointsc

-

-

0

2

410

59 – 2,000

1,160

50 – 50

1

66

56 – 400

130

-

6.5 – 22

2

980

10 – 2,400

762

72

50

50 – 50

1

520

330 – 790

1,397

-

0

-

-

0

480

160 – 940

83

2

1.3 – 5

3,301

50

50 – 50

1

-

37,000 –
120,000

4

V

0.34

0.016 –
0.71

59

-

-

0

10

0.71 – 38

16

H

5.2

1 – 12

3,243

34

20 – 50

3

5,500

3,200 –
6,400

198

V

0.36

0.015 –
1.6

11

-

-

0

-

-

0

D

1.6

0.21 –
1.9

10

-

-

0

-

-

0

V

-

-

0

-

-

0

7.9

7.3 – 11

551
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Fracturing fluid
(Mgal)
Basin

Formation

Resource
type
Well type

Weighted
averagea Rangeb

Flowback (% of fracturing
fluid returned)
Data
pointsc

Long-term produced
water rates (gpd)

Weighted
Data Weighted
a
b
average Range pointsc averagea

Range

Data
pointsc

a

Appalachian Devonian

Shale

V

-

-

0

-

-

0

13

4.8 – 19

197

Marcellus

Shale

H

4.6

0.9 – 11

17,316

7.1

4 – 47

4,374

820

54 –
13,000

6,494

Shale

V

0.25

0.11 –
5.4

116

40

21 – 60

7

200

94 – 1,000

741

D

0.16

0.092 –
0.17

6

-

-

0

-

-

0

Shale

H

6.8

1 – 13

1,108

2.5

0.66 –
27

684

800

420 –
1,700

764

Shale

H

5

1.7 – 11

3,014

-

10 – 20

2

430

150 –
2,300

2,305

Tight

H

3.5

2.4 – 7.1

234

16

-

36

400

110 –
1,100

179

V

0.23

0.11 –
0.46

97

0

0–4

13

59

47 – 120

158

D

0.26

0.14 –
0.5

362

0

0–3

8

46

18 – 71

667

H

2.8

2.7 – 5.4

65

7.2

7.2 – 7.2

32

75

19 – 560

38

V

0.3

0.15 –
0.4

490

2.8

-

21

33

13 – 65

2,113

D

0.4

0.2 –
0.46

806

0

0–5

11

45

28 – 70

1,853

Utica
Arkoma

Fayetteville

DenverJulesburg

Codell

CodellNiobrara

Tight
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Fracturing fluid
(Mgal)
Basin

Formation

Resource
type
Well type

Denver
Julesburg,
cont.

Muddy J.

Tight

Niobrara

Fort Worth

Green River

Barnett

Shale

Shale

Weighted
averagea Rangeb

Flowback (% of fracturing
fluid returned)
Data
pointsc

Long-term produced
water rates (gpd)

Weighted
Data Weighted
a
b
average Range pointsc averagea

a

Range

Data
pointsc

H

1.4

0.44 –
2.6

6

-

-

0

860

220 –
1,100

6

V

0.27

0.12 –
0.45

139

0.09

-

15

120

52 – 550

340

D

0.42

0.17 –
0.62

758

0

0–0

11

63

39 – 110

1,106

H

2.9

1.9 – 5.1

1,435

16

1.8 –
100

173

760

120 –
1,300

1,213

V

0.24

0.015 –
0.31

455

33

1.6 – 90

29

330

15 – 600

5,808

D

0.36

0.13 –
2.9

25

-

-

0

41

8.1 – 590

38

H

3.7

1 – 7.3

26,495

30

21 – 40

11

530

240 –
4,200

11,957

V

1.3

0.38 –
1.9

3,773

-

-

0

230

140 – 390

2,416

D

1.2

0.48 –
1.6

96

-

-

0

210

79 – 410

481

HilliardBaxterMancos

Shale

H

1.7

1 – 5.6

2

-

-

0

-

-

0

Lance

Tight

H

-

-

0

-

-

0

730

350 –
1,100

6
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Fracturing fluid
(Mgal)
Basin

Formation

Green River,
Lance
cont.

Mancos

Mesaverde

Illinois

New Albany

Michigan

Antrim

Permian

Avalon &
Bone Spring

Resource
type
Well type

Weighted
averagea Rangeb

Flowback (% of fracturing
fluid returned)
Data
pointsc

Long-term produced
water rates (gpd)

Weighted
Data Weighted
a
b
average Range pointsc averagea

Range

Data
pointsc

a

V

1.5

0.82 –
3.9

37

3.3

0.88 –
50

38

610

410 – 840

61

D

.97

0.65 –
2.1

881

12

1.8 – 40

187

650

420 –
1,100

2,787

H

15

1.8 – 24

24

3.1

0.063 –
17

8

770

-

26

D

5.4

0.12 – 20

10

-

-

0

140

0.83 –
1,400

36

H

-

-

0

-

-

0

220

130 – 480

5

V

0.16

0.13 –
0.22

21

18

6.3 – 43

15

440

120 – 780

33

D

0.19

0.11 –
0.3

448

9.3

0.7 – 36

94

380

150 – 610

856

Shale

H

-

-

0

-

-

0

2,940

2,940 –
2,940

1

Shale

V

0.05

0.05 –
0.05

1

-

25 – 75

2

1,300

530 –
4,600

7

Shale

H

2.3

1.2 – 5.7

965

19

4.9 – 40

48

2,700

2,100 –
5,700

1,171

V

0.4

0.07 –
1.3

21

-

-

0

2,000

1,000 –
4,800

68

D

1.8

1.2 – 3.4

40

33

12 – 57

36

1,300

800 –
3,300

94

Tight

Shale

Tight
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Fracturing fluid
(Mgal)
Resource
type
Well type

Weighted
averagea Rangeb

Flowback (% of fracturing
fluid returned)
Data
pointsc

Weighted
Data Weighted
a
b
average Range pointsc averagea

Range

Data
pointsc

-

-

0

20

9,400

5,000 –
29,000

232

84 – 580

19

1,600

1,100 –
3,800

412

-

-

0

4,500

2,400 –
5,700

90

43

-

-

0

1,700

630 –
2,700

325

0.075 – 1

187

-

-

0

3,700

1,400 –
5,400

306

0.11

0.037 –
0.13

11

-

-

0

2,400

250 –
12,000

40

V

-

-

0

-

-

0

130

41 – 290

7

D

-

-

0

-

-

0

140

34 – 2,200

66

H

1.3

0.069 –
6.5

29

-

-

0

1,000

420 –
3,800

41

V

0.91

0.071 –
1.6

449

-

-

0

1,000

670 –
1,500

936

D

1

0.06 –
1.5

16

-

-

0

1,200

660 –
2,500

42

Basin

Formation

Permian,
cont.

BarnettWoodford

Shale

H

2.1

0.5 – 4.5

2

-

-

0

Delaware

Shale

H

1.3

0.42 – 3

85

79

9.7 –
230

V

0.19

0.044 –
0.38

141

210

D

0.26

0.15 –
0.4

47

H

0.47

0.091 –
5.5

V

0.14

D

Devonian
(TX)

Morrow

Spraberry

Shale

Tight

Tight

Long-term produced
water rates (gpd)
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Fracturing fluid
(Mgal)
Basin

Formation

Resource
type
Well type

Permian,
cont.

Trend Area

Tight

Wolfcamp

Piceance &
Uinta

Shale

Weighted
averagea Rangeb

Flowback (% of fracturing
fluid returned)
Data
pointsc

Long-term produced
water rates (gpd)

Weighted
Data Weighted
a
b
average Range pointsc averagea

a

Range

Data
pointsc

H

8.3

2.4 – 12

991

-

-

0

890

530 –
3,900

457

V

1.1

0.58 –
1.9

8,733

-

-

0

780

690 – 920

15,494

D

1

0.4 – 1.7

41

-

-

0

620

370 –
1,500

50

H

6.7

1.4 – 12

1,775

16

12 – 23

12

3,500

450 –
15,000

1,237

V

1.6

0.18 –
2.3

383

-

-

0

780

460 –
1,400

1,142

D

1.8

0.17 – 3

12

-

-

0

1,700

750 –
3,600

170

Mesaverde

Tight

D

--

--

0

--

--

0

510

130 – 700

52

Hermosa

Shale

D

--

--

0

--

--

0

47

27 – 260

21

Powder River Mowry

Shale

H

2.5

0.76 –
7.4

15

15

4.3 –
580

14

450

61 – 2,100

16

San Juan

Tight

V

0.16

0.061 –
0.34

85

1.6

-

22

75

35 – 490

81

D

0.12

0.063 –
0.32

136

4.1

1.1 – 60

29

230

53 – 950

511

V

--

--

0

--

--

0

43

14 – 560

5

D

--

--

0

--

--

0

21

15 – 180

49

Dakota

Mesaverde

Tight
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Fracturing fluid
(Mgal)
Resource
type
Well type

Basin

Formation

San Juan,
cont.

Pictured Cliffs Tight

TX-LA-MS

Bossier

Shale

Cotton Valley Tight

Haynesville

Travis Peak

Shale

Tight

Weighted
averagea Rangeb

Flowback (% of fracturing
fluid returned)
Data
pointsc

Long-term produced
water rates (gpd)

Weighted
Data Weighted
a
b
average Range pointsc averagea

Range

Data
pointsc

a

H

--

--

0

--

--

0

370

190 – 720

7

D

--

--

0

--

--

0

4,700

1,200 –
8,200

6

H

3.8

2.6 – 5.4

12

--

--

0

37

5.6 – 370

47

V

0.61

0.22 –
1.7

82

--

--

0

230

4.8 – 480

1,143

D

0.55

0.18 –
1.1

48

--

--

0

150

1.2 – 300

304

H

4.4

0.25 –
8.5

433

60

60 – 60

1

710

410 –
2,600

689

V

0.27

0.018 –
1.4

355

60

60 – 60

1

700

490 – 890

9,267

D

0.45

0.046 – 4

79

60

60 – 60

1

620

240 – 980

1,912

H

5.7

0.95 – 15

3,855

5.2

5.2 – 30

3

910

84 – 1,200

2,575

V

0.9

0.2 – 2.5

2

--

--

0

330

210 – 560

230

D

3.9

1.9 – 7.3

35

--

--

0

660

130 –
1,200

204

H

3

0.25 – 6

2

--

--

0

710

110 –
4,200

7

V

0.17

0.032 – 4

36

--

--

0

630

270 – 930

1,046

D

--

--

0

--

--

0

520

140 – 800

134
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Fracturing fluid
(Mgal)
Basin

Formation

Resource
type
Well type

TX-LA-MS,
cont.

Tuscaloosa

Shale

Western Gulf Austin Chalk Tight

Eagle Ford

Edwards

Olmos

Pearsall

Shale

Tight

Tight

Shale

Weighted
averagea Rangeb

Flowback (% of fracturing
fluid returned)
Data
pointsc

Long-term produced
water rates (gpd)

Weighted
Data Weighted
a
b
average Range pointsc averagea

Range

Data
pointsc

a

H

11

6.1 – 14

28

--

--

0

-

-

0

V

13

4.7 – 19

11

--

--

0

7,400

220 –
51,000

64

H

1.7

0.83 –
5.4

134

--

--

0

2,200

980 –
5,100

752

V

--

--

0

--

--

0

97

21 – 1,500

51

H

4.8

1 – 14

12,810

4.2

2.1 – 8.4

1,800

1,900

88 – 6,200

7,971

V

0.94

0.23 – 2

8

--

--

0

1,200

510 –
2,300

12

D

--

--

0

--

--

0

4,300

3,000 –
5,600

5

H

--

--

0

--

--

0

2,300

1,000 –
24,000

266

V

--

--

0

--

--

0

560

150 –
2,100

32

D

--

--

0

--

--

0

160

69 – 290

6

H

1.9

0.37 – 6

246

--

--

0

180

13 – 700

229

V

0.11

0.078 –
0.21

50

--

--

0

78

52 – 370

1,120

D

--

--

--

--

--

0

51

15 – 470

16

H

3.5

1.6 – 5.6

47

--

--

0

160

53 – 1,500

51
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Fracturing fluid
(Mgal)
Basin

Formation

Resource
type
Well type

Western
Gulf, cont.

Vicksburg

Tight

Wilcox Lobo

Williston

Bakken

Tight

Shale

Weighted
averagea Rangeb

Flowback (% of fracturing
fluid returned)
Data
pointsc

Long-term produced
water rates (gpd)

Weighted
Data Weighted
a
b
average Range pointsc averagea

Range

Data
pointsc

a

V

0.21

0.072 –
0.61

158

--

--

0

700

330 – 990

702

D

0.23

0.11 –
0.63

40

--

--

0

830

390 –
1,400

193

H

0.33

0.082 –
2.4

8

--

--

0

370

250 – 610

84

V

0.1

0.042 –
0.6

56

--

--

0

650

400 – 940

1,084

D

0.094

0.058 –
0.16

14

--

--

0

500

300 –
4,200

395

H

2.4

0.35 – 10

8,103

19

5 – 47

225

910

500 –
3,800

7,309

V

0.16

0.04 –
2.7

6

--

--

0

2,400

150 –
5,100

5

“--“ indicates no data; H, horizontal well; D, directional well; V, vertical well.
a

For some formations, if only one data point was reported, the EPA reported it in the range column and did not report a median value.

b

For some formations, the number of data points was not reported in the data source. In these instances, the EPA reported the number of data points as equal to one, even if
the source reported a range and median value.
C

For some formations, the number of data points was not reported in the data source. In these instances, this table reports that number as 1, except if the source reported a
range in which case this table reports the number of data points as 2.
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E.2.1. Summary of Results from Produced Water Studies
Data were collected from six vertical and eight horizontal wells in the Marcellus Shale of
Pennsylvania and West Virginia (Hayes, 2009). The author collected samples of flowback after one,
five, and 14 days after hydraulic fracturing was completed, as well as a produced water sample 90
days after completion of the wells. Both the vertical and horizontal wells showed their largest
volume of flowback between one and five days after fracturing, as shown in Figure E-1.

Figure E-1. Fraction of injected hydraulic fracturing fluid recovered from six vertical (top) and
eight horizontal (bottom) wells completed in the Marcellus Shale.
Data used with permission from Hayes (2009).
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The wells continued to produce water, and at 90 days, samples were available from four each of the
horizontal and vertical wells. The vertical wells produced on average 7,600 gal/day (29,000 L/day)
and the horizontal wells a similar 8,400 gal/day (32,000 L/day). Results from one Marcellus Shale
study were fitted to a power curve (Ziemkiewicz et al., 2014) (Figure E-2). These and the Hayes
(2009) data show decreasing rates of flowback with time. In West Virginia, water recovered at the
surface within 30 days following injection or before 50% of the hydraulic fracturing fluid volume is
returned to the surface is reported as flowback. Data from wells in the Marcellus Shale in West
Virginia (Hansen et al., 2013) reveal the variability of recovery from wells in the same formation
and that the amount of hydraulic fracturing fluid recovered was estimated to be less than 15% from
over 80% of the wells (Figure E-3).

Figure E-2. Example of flowback and produced water from the Marcellus Shale, illustrating
rapid decline in water production and cumulative return of approximately 30% of the volume
of hydraulic fracturing fluid.
Source: Ziemkiewicz et al. (2014). Ziemkiewicz, P; Quaranta, JD; McCawley, M. (2014). Practical measures for
reducing the risk of environmental contamination in shale energy production. Environ. Sci.: Processes & Impacts
16: 1692-1699. Reproduced with permission from The Royal Society of Chemistry.
http:// dx.doi.org/10.1039/C3EM00510K.
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Figure E-3. Percent of hydraulic fracturing fluid recovered for Marcellus Shale wells in West
Virginia (2010 − 2012).
One data point showing 98% recovery omitted. Source: Hansen et al. (2013). Reprinted with permission from
Downstream Strategies, San Jose State University, and Earthworks Oil & Gas Accountability Project.

Nicot et al. (2014) show a counter-example where the produced water exceeded the amount of
hydraulic fracturing fluid injected. When the produced water data were presented as the
percentage of hydraulic fracturing fluid, the median exceeded 100% at around 36 months (Figure
E-4 and Figure E-5). This means that roughly 50% of the wells were producing more water than
was used in stimulating production. Nicot et al. (2014) did not identify the source or mechanism for
the excess water. Systematic breaching of the underlying karstic Ellenburger Formation was not
believed likely; nor was operator efficiency or skill. A number of geologic factors that could impact
water migration were identified by DOE (2011) in the Barnett Shale, including fracture height,
aperture size, and density, fracture mineralization, the presence of karst chimneys underlying parts
of the Barnett Shale, and others, but the impact of these on water migration was not determined.
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Figure E-4. Barnett Shale monthly water-production percentiles (5th, 30th, 50th, 70th, and 90th)
and number of wells with data (dashed line).
FP is the amount of water that flows back to the surface, commingled with water from the formation. Reprinted
with permission from Nicot, JP; Scanlon, BR; Reedy, RC; Costley, RA. (2014). Source and fate of hydraulic fracturing
water in the Barnett Shale: A historical perspective [Supplemental Information]. Environ Sci Technol 48: 24642471. Copyright 2014 American Chemical Society.

Figure E-5. Barnett Shale production data for approximately 72 months.
Flowback and produced water are reported as the percentage of hydraulic fracturing fluid. The dashed line shows
the number of horizontal wells included. Data for each percentile show declining production with time, but the
median production exceeds 100% of the hydraulic fracturing fluid. FP is the amount of water that flows back to the
surface, commingled with water from the formation. Reprinted with permission from Nicot, JP; Scanlon, BR;
Reedy, RC; Costley, RA. (2014). Source and fate of hydraulic fracturing water in the Barnett Shale: A historical
perspective. Environ Sci Technol 48: 2464-2471. Copyright 2014 American Chemical Society.
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E.3.

Chemical Content of Produced Water

In the main text of Chapter 7, we describe aspects of flowback and produced water composition,
including temporal changes in water quality parameters of flowback (Section 7.3.3) and major
classes of compounds in produced water (Section 7.3.4). In Section 7.3.4.2, we describe variability
as occurring on three levels: between different rock types (e.g., coal vs. sandstone), between
formations composed of the same rock types (e.g., Barnett Shale vs. Bakken Shale), and within
formations of the same rock type (e.g., northeastern vs. southwestern Marcellus Shale). In this
appendix, we present data from the literature that illustrate the differences among these three.

E.3.1. General Water Quality Parameters
As noted in Section 7.3.4.3, the EPA identified data characterizing the content of flowback and
produced water from unconventional reservoirs including 12 shale and tight formations and
coalbed methane (CBM) basins. These formations and basins span 18 states. Note that in this
subsection we treat all fluids as produced water. As a consequence, the variability of reported
concentrations is likely higher than if the data could be standardized to a specific point on the
flowback-to-produced water continuum. Table E-2 and Table E-3 provide supporting data on
general water quality parameters of produced water in shale, tight formations, and coal seams for
12 formations.
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Table E-2. Reported concentrations of general water quality parameters in produced water for unconventional shale and tight
formations, presented as: average (minimum-maximum) or median (minimum-maximum).
Both averages and medians are reported because this table summarizes published information and authors differed in their use of averages or medians.

Shales

a

b

Fayetteville

Tight formations

c

Marcellus

Cotton
Valley
Groupf

Devonian
Sandstoneg

Mesaverdef

Oswegof

Parameter

Units

Bakken

Barnett

States

n/a

MT, ND

TX

AR

PAd

PA, WVe

LA, TX

PA

CO, NM, UT, WY

OK

Acidity

mg/L

-

NC
(ND − ND)

-

NC
(<5 − 473)

162
(5 – 925)

-

-

-

-

Alkalinity

mg/L

-

725
(215 –
1,240)

1,347
(811 – 1,896)

165
(8 – 577)

99.8
(7.5 – 577)

-

99
(43 – 194)

-

582
(207 –
1,220)

Ammonium

mg/L

-

-

-

-

-

89
(40 – 131)

-

-

-

Bicarbonate

mg/L

291 (122
– 610)

-

-

-

-

-

524 (ND –
8,440)

2,230 (1,281 –
13,650)

-

Biochemical
oxygen
mg/L
demand (BOD)

-

582
(101 –
2,120)

-

-

141
(2.8 –
12,400)

-

-

-

-

Carbonate

mg/L

-

-

-

-

-

-

-

227
(ND−1,680)

-

Chloride

mg/L

119,000
(90,000 –
133,000)

34,700
(9,600 –
60,800)

9,156
(5,507 –
12,287)

57,447
(64 –
196,000)

49,000
(64.2 –
196,000)

101,332
(3,167 –
221,498.7)

132,567
(58,900 –
207,000)

4,260
(8 – 75,000)

44,567
(23,000 –
75,000)

Chemical
oxygen
demand

mg/L

-

2,945
(927 –
3,150)

-

15,358
(195 –
36,600)

4,670
(195 –
36,600)

-

-

-

-
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Shales

Tight formations
Cotton
Valley
Groupf

Devonian
Sandstoneg

Mesaverdef

Oswegof

Parameter

Units

Bakkena

Barnettb

Fayettevillec

States

n/a

MT, ND

TX

AR

PAd

PA, WVe

LA, TX

PA

CO, NM, UT, WY

OK

DO

mg/L

-

-

-

-

-

-

0.8
(0.2 – 2.5)

-

-

DOC

mg/L

-

11.2
(5.5 – 65.3)

-

-

117
(3.3 – 5,960)

-

-

-

-

mg/L

-

5,800
(3,500 –
21,000)

-

34,000
(630 –
95,000)

25,000
(156 –
106,000)

-

-

-

-

Oil and grease mg/L

-

163.5
(88.2 –
1,430)

-

74
(5 – 802)

16.85
(4.7 – 802)

-

-

-

-

U

5.87 (5.47
– 6.53)

7.05
(6.5 – 7.2)

-

6.6
(5.1 – 8.4)

6.5
(4.9 – 7.9)

-

6.3
(5.5 – 6.8)

8
(5.8 – 11.62)

6.3
(6.1 – 6.4)

μS/cm

213,000
(205,000
–
220,800)

111,500
(34,800 –
179,000)

-

-

183,000
(479 –
763,000)

-

184,800
(118,000 –
211,000)

-

-

Specific gravity --

1.13
(1.0961 –
1.155)

-

-

-

-

-

-

-

-

TDS

196,000
(150,000
–
219,000)

50,550
(16,400 –
97,800)

13,290
(9,972 –
15,721)

106,390
(680 –
345,000)

87,800
(680 –
345,000)

164,683
(5,241 –
356,666)

235,125
(106,000 –
354,000)

15,802
(1,032 – 125,304)

73,082
(56,541 –
108,813)

Hardness as
CaCO3

pH

Specific
conductivity

mg/L

Marcellus
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Shales

Tight formations
Cotton
Valley
Groupf

Devonian
Sandstoneg

Mesaverdef

Oswegof

Parameter

Units

Bakkena

Barnettb

Fayettevillec

States

n/a

MT, ND

TX

AR

PAd

PA, WVe

LA, TX

PA

CO, NM, UT, WY

OK

Total Kjeldahl
nitrogen

mg/L

-

171
(26 – 298)

-

-

94.9
(5.6 – 312)

-

-

-

-

TOC

mg/L

-

9.75
(6.2 – 36.2)

-

160
(1.2 –
1,530)

89.2
(1.2 – 5,680)

198
(184 – 212)

-

-

-

Total
suspended
solids

mg/L

-

242
(120 – 535)

-

352
127
(4 – 7,600) (6.8 – 3,220)

-

-

-

-

Turbidity

NTU

-

239
(144 – 314)

-

126
(2.3 – 1,540)

-

-

-

-

Marcellus

-

n/a, not applicable; -, no value available; NC, not calculated; ND, not detected; SU= standard units; bolded italic numbers are medians
a Stepan et al. (2010). n = 3. Concentrations were calculated based on Stepan et al.'s raw data. Samples had charge balance errors of 1.74, -0.752, and -0.220%
b Hayes and Severin (2012a). n = 16. This data source reported concentrations without direct presentation of raw data.
c Warner et al. (2013a).c n = 6. Concentrations were calculated based on Warner et al.'s raw data. Both flowback and produced water included.
d Barbot et al. (2013). n = 134 − 159. This data source reported concentrations without direct presentation of raw data.
e Hayes (2009). n = 31 – -67. Concentrations were calculated based on Hayes's raw data. Both flowback and produced water included. Non-detects and contaminated blanks
omitted.
f Blondes et al. (2014). Cotton Valley Group, n=2; Mesa Verde, n = 1 − 407; Oswego, n = 4 − 30. Concentrations were calculated based on raw data presented in the U.S.
Geological Survey (USGS) National Produced Water Database v2.0.
g Dresel and Rose (2010). n = 3 − 15. Concentrations were calculated based on Dresel and Rose's raw data.
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Table E-3. Reported concentrations of general water quality parameters in produced water
for coalbed basins, presented as: average (minimum-maximum).
Black Warriora

Powder Riverb

Ratonb

San Juanb

n/a

AL, MS

MT, WY

CO, NM

AZ, CO, NM, UT

Alkalinity

mg/L

355 (3 – 1,600)

1,384 (653 – 2,672)

1,107 (130 – 2,160)

3,181 (51 – 11,400)

Ammonium

mg/L

3.60 (0.16 – 8.91)

-

-

-

Bicarbonate

mg/L

427 (2 – 1,922)

1,080 (236 – 3,080)

Carbonate

mg/L

3 (0 – 64)

2.17 (0.00 – 139.0)

51.30 (1.30 –
316.33)

40.17 (0.00 – 1,178)

Chloride

mg/L

9,078 (11 – 42,800)

21 (BDL – 282)

787 (4.8 – 8,310)

624 (BDL – 20,100)

Chemical oxygen
mg/L
demand

830 (0 – 10,500)

-

-

-

Dissolved oxygen mg/L

-

1.07 (0.11 – 3.48)

0.39 (0.01 – 3.52)

0.51 (0.04 – 1.69)

Parameter

Units

States

1,124 (127 – 2,640) 3,380 (117 – 13,900)

DOC

mg/L

3.37 (0.53 – 61.41)

3.18 (1.09 – 8.04)

1.26 (0.30 – 8.54)

3.21 (0.89 – 11.41)

Hardness as
CaCO3

mg/L

871 (3 – 6,150)

-

-

-

Hydrogen sulfide mg/L

-

-

4.41 (BDL – 190.0)

23.00
(23.00 – 23.00)

Oil and grease

mg/L

-

-

9.10 (0.60 – 17.6)

-

pH

SU

7.5 (5.3 – 9.0)

7.71 (6.86 – 9.16)

8.19 (6.90 – 9.31)

7.82 (5.40 – 9.26)

Phosphate

mg/L

0.435 (0.026 –
3.570)

BDL (BDL – BDL)

0.04 (BDL – 1.00)

1.89 (BDL – 9.42)

Specific
conductivity

μS/cm

20,631
(718 – 97,700)

1,598
(413 – 4,420)

3,199
(742 – 11,550)

5,308
(232 – 18,066)

TDS

mg/L

14,319
(589 – 61,733)

997
(252 – 2,768)

2,512
(244 – 14,800)

4,693
(150 – 39,260)

Total Kjeldahl
nitrogen

mg/L

6.08 (0.15 – 38.40)

0.48 (BDL – 4.70)

2.61 (BDL – 26.10)

0.46 (BDL – 3.76)

TOC

mg/L

6.03 (0.00 – 103.00)

3.52 (2.07 – 6.57)

1.74 (0.25 – 13.00)

2.91 (0.95 – 9.36)

78 (0 – 2,290)

11.0 (1.4 – 72.7)

32.3 (1.0 – 580.0)

47.2 (1.4 – 236.0)

74 (0 – 539)

8.2 (0.7 – 57.0)

4.5 (0.3 – 25.0)

61.6 (0.8 – 810.0)

Total suspended
mg/L
solids
Turbidity

NTU

n/a, not applicable; -, no value available; BDL, below detection limit.
a

DOE (2014). n = 206. Concentrations were calculated based on raw data presented in the reference.

b Dahm

et al. (2011). Powder River, n = 31; Raton, n = 40; San Juan, n = 20. This data source reported concentrations without
presentation of raw data.
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E.3.2. Salinity and Inorganics
Table E-4 and Table E-5 provide supporting data on salinity and inorganic constituents of produced
water for 12 formations.

E.3.2.1. Processes Controlling Salinity and Inorganics Concentrations
Multiple mechanisms likely control elevated salt concentrations in flowback and produced water
and are largely dependent upon post-injection fluid interactions and the formation’s stratigraphic
and hydrogeologic environment (Barbot et al., 2013). High inorganic ionic loads observed in
flowback and produced water are expressed as TDS.
Subsurface brines or formation waters are saline fluids associated with the targeted formation.
Shale and sandstone brines are typically much more saline than coalbed waters. After hydraulic
fracturing fluids are injected into the subsurface, the hydraulic fracturing fluids (which are typically
not sources of high TDS) contact in-situ brines, which typically contain high ionic loads (Haluszczak
et al., 2013).
Deep brines, present in over- or underlying strata, may naturally migrate into targeted formations
over geologic time or artificially intrude if a saline aquifer is breached during hydraulic fracturing
(Chapman et al., 2012; Maxwell, 2011; Blauch et al., 2009). Whether it is through natural or induced
intrusion, saline fluids may contact the producing formation and introduce novel salinity sources to
the produced water (Chapman et al., 2012). Despite the general use of fresh water for hydraulic
fracturing fluid, some elevated salts in produced water may result from the use of reused saline
flowback or produced water as a hydraulic fracturing base fluid (Hayes, 2009).
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Table E-4. Reported concentrations (mg/L) of inorganic constituents contributing to salinity in produced water from
unconventional reservoirs (including shale and tight formations), presented as: average (minimum-maximum) or median
(minimum-maximum).
Both averages and medians are reported because this table summarizes published information and authors differed in their use of averages or medians.

Shale

Parameter
States

a

Bakken

Barnett

b

Fayetteville

Tight Formations
Cotton
Valley
Groupf

Marcellus

c

MT, ND

TX

AR

PA

Bromide

-

589
(117 – 798)

111
(96 – 144)

Calcium

9,680 (7,540
– 13,500)

1,600 (1,110 –
6,730)

Chloride

119,000
(90,000 –
133,000)

Fluoride

d

e

Devonian
Sandstoneg

Mesaverdef

Oswegof

CO, NM, UT,
WY

OK

-

-

PA, WV

LA, TX

PA

511 (0.2 –
1,990)

512
(15.8 – 1,990)

498
(32 – 1,338)

1,048
(349 – 1,350)

317
(221 – 386)

7,220 (38 –
41,000)

7,465
212
19,998 (181 – 20,262 (8,930
51,400)
– 34,400)
(173 – 33,000)
(1.01 – 4,580)

34,700 (9,600
– 60,800)

9,156 (5,507 –
12,287)

57,447
(64 –
196,000)

49,000
(64.2 –
196,000)

101,332
(3,167 –
221,498.7)

132,567
(58,900 –
207,000)

4,260
(8 – 75,000)

44,567 (23,000 –
75,000)

-

3.8
(3.5 – 12.8)

-

-

0.975
(0.077 – 32.9)

-

-

-

-

Iodine

-

-

-

-

-

20
(1 – 36)

39
(11 – 56)

1.01
(1.01 – 1.01)

-

Nitrate as N

-

-

NC
(ND – ND)

-

1.7
(0.65 – 15.9)

-

-

0.6
(0.6 – 0.6)

-

Nitrite as N

-

4.7
(3.5 – 38.1)

-

-

11.8
(1.1 – 146)

-

-

-

-

Phosphorus

NC
(ND − 0.03)

0.395
(0.19 – 0.7)

-

-

0.3 (0.08 –
21.8)

-

-

-

-

Potassium

2,970
(0 – 5,770)

316
(80 – 750)

-

-

337
(38 – 3,950)

1,975
(8 – 7,099)

858
(126 – 3,890)

160
(4 – 2,621)

-
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Shale

Parameter

Bakkena

Barnettb

Tight Formations

Fayettevillec

Cotton
Valley
Groupf

Marcellus

Mesaverdef

Oswegof
OK

PA, WV

LA, TX

PA

CO, NM, UT,
WY

-

4
(4 – 4)

-

-

-

58,160
(24,400 –
83,300)

5,828 (132 –
48,817)

19,460 (13,484 –
31,328)

407
(ND –
2,200.46)

20
(1 – 140)

837
(ND – 14,612)

183
(120 – 271)

3.2
(1.6 – 5.6)

-

0.7
(0.1 – 2.5)

-

-

-

12.4
(5.2 – 73.6)

-

-

-

-

106,390
(680 –
345,000)

87,800
(680 –
345,000)

164,683
(5,241 –
356,666)

235,125
(106,000 –
354,000)

15,802
(1,032 –
125,304)

73,082
(56,541 –
108,813)

d

e

States

MT, ND

TX

AR

PA

Silica

7
(6.41 – 7)

-

52
(13 – 160)

-

Sodium

61,500
(47,100 –
74,600)

18,850 (4,370
– 28,200)

3,758 (3,152 –
4,607)

21,123
(69 –
117,000)

Sulfate

660
(300 – 1,000)

709
(120 – 1,260)

NC
(ND – 3)

71
(0 – 763)

58.9
(2.4 – 348)

Sulfide

-

NC
(ND – ND)

-

-

Sulfite

-

-

-

196,000
(150,000 –
219,000)

50,550
(16,400 –
97,800)

13,290
(9,972 –
15,721)

TDS

Devonian
Sandstoneg

21,650
39,836 (1,320
(63.8 – 95,500) – 85,623.24)

-, no value available; NC, not calculated; ND, not detected. Bolded italic numbers are medians.
a Stepan et al. (2010). n = 3. Concentrations were calculated based on Stepan et al.'s raw data. Samples had charge balance errors of 1.74, -0.752, and -0.220%
b Hayes and Severin (2012a). n = 16. This data source reported concentrations without presentation of raw data.
c Warner et al. (2013b). n = 6. Concentrations were calculated based on Warner et al.'s raw data. Both flowback and produced water included.
d Barbot et al. (2013). n = 95 − 159. This data source reported concentrations without presentation of raw data.
e Hayes (2009). n = 8-65. Concentrations were calculated based on Hayes's raw data. Both flowback and produced water included. Non-detects and contaminated blanks
omitted.
f Blondes et al. (2014) Cotton Valley Group, n = 2; Mesa Verde, n = 1 − 407; Oswego, n = 4 − 30. Concentrations were calculated based on raw data presented in the USGS
National Produced Water Database v2.0.
g Dresel and Rose (2010). n = 3 − 15. Concentrations were calculated based on Dresel and Rose's raw data.
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Table E-5. Reported concentrations (mg/L) of inorganic constituents contributing to salinity
in produced water for coalbed methane basins, presented as: average (minimum-maximum).
Black Warriora

Powder Riverb

Ratonb

San Juanb

State

AL, MS

MT, WY

CO, NM

AZ, CO, NM, UT

Barium

45.540 (0.136 – 352)

0.61 (0.14 – 2.47)

1.67 (BDL – 27.40)

10.80 (BDL – 74.0)

Boron

0.185 (0 – 0.541)

0.17 (BDL – 0.39)

0.36 (BDL – 4.70)

1.30 (0.21 – 3.45)

Bromide

-

0.09 (BDL – 0.26)

4.86 (0.04 – 69.60)

9.77 (BDL – 43.48)

Calcium

218 (0 – 1,640)

32.09 (2.00 – 154.0)

14.47 (0.81 – 269.0)

53.29 (1.00 – 5,530)

Chloride

9,078 (11 – 42,800)

21 (BDL – 282)

787 (4.8 – 8,310)

624 (BDL – 20,100)

Fluoride

6.13 (0.00 – 22.60)

1.57 (0.40 – 4.00)

4.27 (0.59 – 20.00)

1.76 (0.58 – 10.00)

Magnesium

68.12 (0.18 – 414.00)

14.66 (BDL – 95.00)

3.31 (0.10 – 56.10)

15.45 (BDL – 511.0)

Nitrate

8.70 (0.00 – 127.50)

-

-

-

Nitrite

0.03 (0.00 – 2.08)

-

-

-

Phosphorus

0.32 (0.00 – 5.76)

-

-

-

Potassium

12.02 (0.46 – 74.00)

11.95 (BDL – 44.00)

6.37 (BDL – 29.40)

26.99 (BDL – 970.0)

Silica

8.66 (1.04 – 18.10)

6.46 (4.40 – 12.79)

7.05 (4.86 – 10.56)

12.37 (3.62 – 37.75)

4,353 (126 – 16,700)

356 (12 – 1,170)

989 (95 – 5,260)

1,610 (36 – 7,834)

11.354 (0.015 – 142.000)

0.60 (0.10 – 1.83)

5.87 (BDL – 47.90)

5.36 (BDL – 27.00)

5.83 (0.00 – 302.00)

5.64 (BDL – 300.0)

14.75 (BDL – 253.00)

25.73 (BDL – 1,800)

14,319 (589 – 61,733)

997 (252 – 2,768)

2,512 (244 – 14,800) 4,693 (150 – 39,260)

Parameter

Sodium
Strontium
Sulfate
TDS

-, no value available; BDL, below detection limit.
a DOE

(2014). n = 206. Concentrations were calculated based on the authors’ raw data.

b Dahm

et al. (2011). Powder River, n = 31; Raton, n = 40; San Juan, n = 20. This data source reported concentrations without
presentation of raw data.

E.3.3. Metals and Metalloids
Table E-6 and Table E-7 provide supporting data on metal constituents of produced water for 12
formations.

E.3.3.1. Processes Controlling Mineral Precipitation and Dissolution
Hydraulic fracturing treatments introduce fluids into the subsurface that are not in equilibrium
with respect to formation mineralogy. Subsurface geochemical equilibrium modeling and
saturation indices are therefore used to assess the solution chemistry of produced water from
unconventional reservoirs and the subsequent likelihood of precipitation and dissolution reactions
(Engle and Rowan, 2014; Barbot et al., 2013). Dissolution and precipitation reactions between
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fracturing fluids, formation solids, and formation water contribute to the chemistry of flowback and
produced water.
Depending upon the formation chemistry and composition of the hydraulic fracturing fluid, the
hydraulic fracturing fluid may initially have a lower ionic strength than existing formation fluids.
Consequently, salts, carbonate, sulfate, and silicate minerals may undergo dissolution or
precipitation. Proppants may also undergo dissolution or serve as nucleation sites for precipitation
(McLin et al., 2011).
Currently, relatively little literature quantitatively explores subsurface dissolution and
precipitation reactions between hydraulic fracturing fluids and formation solids and water.
However, the processes that take place will likely be a function of the solubilities of the minerals,
the chemistry of the fluid, pH, redox conditions, and temperature.
Documented dissolution processes in unconventional reservoirs include the dissolution of feldspar
followed by sodium enrichment in coalbed produced water (Rice et al., 2008). Dissolution of
barium-rich minerals (barite (BaSO4) and witherite (BaCO3)), and strontium-rich minerals (celestite
(SrSO4) and strontianite (SrCO3)) are known to enrich shale produced waters in barium and
strontium (Chapman et al., 2012).
Known precipitation processes in unconventional reservoirs include the precipitation of carbonate
and subsequent reduction of calcium and magnesium concentrations in coalbed produced water
(Rice et al., 2008). Additionally, calcium carbonate precipitation is suspected to cause declines in pH
and alkalinity levels in shale produced water (Barbot et al., 2013).
The subsurface processes associated with fluid-rock interactions take place over a scale of weeks to
months through the generation of flowback and produced water. Note that the types and extent of
subsurface dissolution and precipitation reactions change with time, from injection through
flowback and production. For instance, Engle and Rowan (2014) found that early Marcellus Shale
flowback was under-saturated with respect to gypsum (CaSO4·2H2O), halite (NaCl), celestite,
strontianite, and witherite, indicating that these minerals would dissolve in the subsurface. Fluids
were oversaturated with respect to barite. Saturation indices for gypsum, halite, celestite, and
barite all increased during production. Knowing when dissolution and precipitation will likely
occur is important, because dissolution and precipitation of minerals change formation
permeability and porosity, which can affect production (André et al., 2006).
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Table E-6. Reported concentrations (mg/L) of metals and metalloids from produced water from unconventional reservoirs
(including shale and tight formations), presented as: average (minimum-maximum) or median (minimum-maximum).
Both averages and medians are reported because this table summarizes published information and authors differed in their use of averages or medians. Note
that calcium, potassium, and sodium appear in Table E-4.

Shale
Cotton
Valley Groupf

Tight Formation
Devonian
Sandstoneg Mesaverdef
CO, NM, UT,
PA
WY

Parameter

Bakkena

Barnettb

Fayettevillec

States

MT, ND

TX

AR

PAd

PA, WVe

LA, TX

-

0.43 (0.37 –
2.21)

-

-

2.57
(0.22 – 47.2)

-

-

-

-

Antimony

-

NC
(ND – ND)

-

-

0.028
(0.018 –
0.038)

-

-

-

-

Arsenic

-

NC
(ND – ND)

-

-

0.101
(0.013 –
0.124)

-

-

-

-

Barium

10
(0 − 24.6)

3.6 (0.93 –
17.9)

4
(3 – 5)

2,224 (0.24
– 13,800)

542.5
(2.590 –
13,900)

160 (ND –
400.52)

1,488 (7 –
4,370)

139
(4 – 257)

-

NC (ND – ND)

-

-

-

-

-

-

-

116
(39.9 – 192)

30.3 (7.0 –
31.9)

4.800
(2.395 –
21.102)

-

12.2
(0.808 – 145)

37
(2 – 100)

-

10
(1 – 14.2)

-

Cadmium

-

NC
(ND – ND)

-

-

-

-

-

-

-

Chromium

-

0.03 (0.01 –
0.12)

-

-

0.079
(0.011 –
0.567)

-

-

-

-

Cobalt

-

0.01 (0.01 –
0.01)

-

-

-

-

-

-

-

Aluminum

Beryllium
Boron

Marcellus
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Shale
Cotton
Valley Groupf

Tight Formation
Devonian
Sandstoneg Mesaverdef
CO, NM, UT,
PA
WY

Parameter

Bakkena

Barnettb

Fayettevillec

States

MT, ND

TX

AR

PAd

PA, WVe

LA, TX

Copper

NC
(ND – 0.21)

0.29 (0.06 –
0.52)

-

-

0.506
(0.253 –
4.150)

0.7
(0.48 – 1)

0.04 (0.01 –
0.13)

-

-

Iron

96
(ND – 120)

24.9 (12.1 –
93.8)

7
(1 – 13)

-

53.65
(2.68 – 574)

-

188
(90 – 458)

9
(1 – 29)

61
(41 – 78)

Lead

-

0.02 (0.01 –
0.02)

-

-

0.066
(0.003 –
0.970)

-

0.02 (0.01 –
0.04)

-

-

Lithium

-

19.0 (2.56 –
37.4)

9.825
(2.777 –
28.145)

-

53.85
(3.410 – 323)

23
(1 – 53)

97.8 (20.2 –
315)

3
(1 – 33)

-

Magnesium

1,270 (630 –
1,750)

255
(149 – 755)

61
(47 – 75)

1,363 (27 –
3,712.98)

2,334 (797 –
3,140)

74
(1 – 2,394)

753
(486 –
1,264)

Manganese

7
(4 – 10.2)

0.86 (0.25 –
2.20)

2
(2 – 3)

-

2.825
(0.369 –
18.600)

30.33 (30.33 –
30.33)

19
(5.6 – 68)

-

-

-

NC
(ND – ND)

-

-

0.00024

-

-

-

-

NC
(ND – <0.2)

0.02 (0.02 –
0.03)

-

-

-

-

-

-

-

Nickel

-

0.04 (0.03 –
0.05)

-

0.419
(0.068 –
0.769)

-

-

-

-

Selenium

-

0.03 (0.03 –
0.04)

-

0.004

-

-

-

-

Mercury
Molybdenum

Marcellus

678
632
(17 – 2,550) (40.8 – 2,020)

-
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Shale
Cotton
Valley Groupf

Tight Formation
Devonian
Sandstoneg Mesaverdef
CO, NM, UT,
PA
WY

Parameter

Bakkena

Barnettb

Fayettevillec

States

MT, ND

TX

AR

PAd

PA, WVe

LA, TX

-

-

-

-

4
(3 – 6)

-

-

-

-

Strontium

764
(518 – 1,010)

529 (48 –
1,550)

27
(14 – 49)

1,695 (0.6 –
8,460)

1,240
(0.580 –
8,020)

2,312 (39 –
9,770)

3,890 (404 –
13,100)

-

-

Thallium

-

NC
(ND – 0.14)

-

-

0.168

-

-

-

-

Tin

-

NC
(ND – ND)

-

-

-

-

-

-

-

Titanium

-

0.02 (0.02 –
0.03)

-

-

-

-

-

-

-

7
(2 – 11.3)

0.15 (0.10 –
0.36)

-

-

0.391
(0.087 – 247)

-

0.20 (0.03 –
1.26)

-

-

Silver

Zinc

Marcellus

Oswegof
OK

-, no value available; NC, not calculated; ND, not detected; BDL, below detection limit. Bolded italic numbers are medians.
a Stepan et al. (2010). n = 3. Concentrations were calculated based on Stepan et al.'s raw data.
b Hayes and Severin (2012a). n = 16. This data source reported concentrations without presentation of raw data.
c Warner et al. (2013a). n = 6. Concentrations were calculated based on Warner et al.'s raw data. Both flowback and produced water included.
d Barbot et al. (2013). n = 151 − 159. This data source reported concentrations without presentation of data.
e Hayes (2009). n = 48. Concentrations were calculated based on Hayes's raw data. Both flowback and produced water included. Non-detects and contaminated blanks omitted.
f Blondes et al. (2014). Cotton Valley Group, n = 2; Mesa Verde, n = 1 − 407; Oswego, n = 4 − 30. Concentrations were calculated based on raw data presented in the USGS
National Produced Water Database v2.0.
g Dresel and Rose (2010). n = 3 − 15. Concentrations were calculated based on Dresel and Rose's raw data.
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Table E-7. Reported concentrations (mg/L) of metals and metalloids from produced water
from coalbed methane, presented as: average (minimum-maximum).
Black Warriora

Powder Riverb

Ratonb

San Juanb

AL, MS

MT, WY

CO, NM

AZ, CO, NM, UT

Aluminum

0.037 (0 – 0.099)

0.018 (BDL – 0.124)

0.193 (BDL – 2,900)

0.069 (BDL – 0.546)

Antimony

0.006 (0.00 – 0.022)

BDL (BDL – BDL)

BDL (BDL – BDL)

BDL (BDL – BDL)

Arsenic

0.002 (0.0 – 0.085)

0.001 (BDL – 0.004)

0.010 (BD – 0.060)

0.001 (BDL – 0.020)

Barium

45.540 (0.136 – 352)

0.61 (0.14 – 2.47)

1.67 (BDL – 27.40)

10.80 (BDL – 74.0)

Beryllium

0.0 (0.0 – 0.008)

BDL (BDL – BDL)

BDL (BDL – BDL)

BDL (BDL – BDL)

Boron

0.185 (0 – 0.541)

0.17 (BDL – 0.39)

0.36 (BDL – 4.70)

1.30 (0.21 – 3.45)

0.001 (0.00 – 0.015)

BDL (BDL – 0.002)

0.002 (BDL – 0.003)

0.002 (BDL – 0.006)

Calcium

218 (0 – 1,640)

32.09 (2.00 – 154.0)

14.47 (0.81 – 269.0)

53.29 (1.00 – 5,530)

Cesium

0.011 (0.0 – 0.072)

-

-

-

Chromium

0.002 (0.0 – 0.351)

0.012 (BDL – 0.250)

0.105 (BDL – 3.710)

0.002 (BDL – 0.023)

Cobalt

0.023 (0.00 – 0.162)

BDL (BDL – BDL)

0.001 (BDL – 0.018)

0.001 (BDL – 0.017)

Copper

0.001 (0.0 – 0.098)

0.078 (BDL – 1.505)

0.091 (BDL – 4.600)

0.058 (BDL – 0.706)

Iron

8.956 (0.045 – 93.100)

1.55 (BDL – 190.0)

7.18 (0.09 – 95.90)

6.20 (BDL – 258.0)

Lead

0.008 (0.00 – 0.250)

BDL (BDL – BDL)

0.023 (BDL – 0.233)

0.023 (BDL – 0.390)

1.157 (0 – 8.940)

0.13 (BDL – 0.34)

0.32 (0.01 – 1.00)

1.61 (0.21 – 4.73)

Magnesium

68.12 (0.18 – 414.00)

14.66 (BDL – 95.00)

3.31 (0.10 – 56.10)

15.45 (BDL – 511.0)

Manganese

0.245 (0.006 – 4.840)

0.02 (BDL – 0.16)

0.11 (0.01 – 2.00)

0.19 (BDL – 1.34)

Mercury

0.000 (0.000 – 0.000)

-

-

-

0.002 (0 – 0.083)

0.005 (BDL – 0.029)

0.002 (BDL – 0.035)

0.020 (BDL – 0.040)

Nickel

0.015 (0.0 – 0.358)

0.141 (BDL – 2.61)

0.015 (0.004 – 0.11)

0.020 (BDL – 0.13)

Potassium

12.02 (0.46 – 74.00)

11.95 (BDL – 44.00)

6.37 (BDL – 29.40)

26.99 (BDL – 970.0)

Rubidium

0.013 (0.0 – 0.114)

-

-

-

Selenium

0.002 (0.00 – 0.063)

0.006 (BDL – 0.046)

0.017 (BDL – 0.100)

0.018 (BDL – 0.067)

Silver

0.015 (0.0 – 0.565)

0.003 (0.003 – 0.003)

0.015 (BDL – 0.140)

BDL (BDL – BDL)

4,353 (126 – 16,700)

356 (12 – 1,170)

989 (95 – 5,260)

1,610 (36 – 7,834)

Strontium

11.354 (0.015 –
142.000)

0.60 (0.10 – 1.83)

5.87 (BDL – 47.90)

5.36 (BDL – 27.00)

Thallium

-

-

-

-

Parameter
States

Cadmium

Lithium

Molybdenum

Sodium
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Black Warriora

Powder Riverb

Ratonb

San Juanb

AL, MS

MT, WY

CO, NM

AZ, CO, NM, UT

Tin

0.00 (0.00 – 0.009)

0.006 (BDL – 0.028)

0.008 (BDL – 0.021)

0.017 (BDL – 0.039)

Titanium

0.003 (0.0 – 0.045)

BDL (BDL – 0.002)

BDL (BDL – 0.002)

0.004 (BDL – 0.020)

Vanadium

0.001 (0.0 – 0.039)

BDL (BDL – BDL)

0.001 (BDL – 0.013)

BDL (BDL – BDL)

0.024 (0.0 – 0.278)

0.063 (BDL – 0.390)

0.083 (0.010 – 3.900)

0.047 (0.005 –
0.263)

Parameter
States

Zinc

-, no value available; BDL, below detection limit.
a DOE

(2014). n = 206. Concentrations were calculated based on the authors’ raw data.

b Dahm

et al. (2011). Powder River, n = 31; Raton, n = 40; San Juan, n = 20. This data source reported concentrations without
presentation of raw data.

E.3.4. Naturally Occurring Radioactive Material (NORM) and Technically Enhanced Naturally
Occurring Radioactive Material (TENORM)
E.3.4.1. Produced Water Levels of TENORM
Background data on TENORM in the Marcellus Shale and Devonian sandstones are given in Table
E-8.

E.3.4.2. Mobilization of Naturally Occurring Radioactive Material
In oil and gas production in both conventional and unconventional reservoirs, radionuclides native
to the targeted formation return to the surface with produced water. The principal radionuclides
found in oil and gas produced waters include radium-226 of the uranium-238 decay series and
radium-228 of the thorium-232 decay series (White, 1992). Levels of TENORM in produced water
are controlled by geologic and geochemical interactions between injected and formation fluids, and
the targeted formation (Bank, 2011). Mechanisms controlling NORM mobilization into produced
water include (1) the TENORM content of the targeted formation; (2) factors governing the release
of radionuclides, particularly radium, from the reservoir matrix; and (3) the geochemistry of the
produced water (Choppin, 2007, 2006; Fisher, 1998).
Elevated uranium levels in formation solids have been used to identify potential areas of natural
gas production for decades (Fertl and Chilingar, 1988). Marine black shales are estimated to contain
3 − 250 ppm uranium depending on depositional conditions (USGS, 1961). Shales that bear
significant levels of uranium include the Barnett in Texas, the Woodford in Oklahoma, the New
Albany in the Illinois Basin, the Chattanooga Shale in the southeastern United States, and a group of
black shales in Kansas and Oklahoma (Swanson, 1955).
Bank et al. (2012) identified Marcellus samples with uranium ranging from 4 − 72 ppm, with an
average of 30 ppm. Chermak and Schreiber (2014) compiled mineralogy and trace element data
available in the literature for nine U.S. hydrocarbon-producing shales. In this combined data set,
uranium levels among different shale plays were found to vary over three orders of magnitude,
with samples of the Utica Shale containing approximately 0 − 5 ppm uranium and samples of the
Woodford Shale containing uranium in the several-hundred-ppm range.
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Table E-8. Reported concentrations (in pCi/L) of radioactive constituents in produced water in unconventional reservoirs
(including shale and tight sandstones), presented as: average (minimum-maximum) or median (minimum-maximum).
Both averages and medians are reported because this table summarizes published information and authors differed in their use of averages or medians.

Parameter

States
Gross alpha
Gross beta
Radium-226

NY, PAb

Fracturing Fluidc

6,845
(ND – 123,000)
1,170
(ND – 12,000)
1,869
(ND – 16,920)

5,020
(0.695 – 54,100)
1,010
(0.815 – 14,900)
2,160
(64.0 – 21,000)
218
(4.5 – 1,640)

Radium-228

557 (ND – 2,589)
2,530
Total Radium (0.192 – 18,045)

283
(10.5 – 456)

Potassium40

Marcellus
PA NORM Study (PA DEP, 2015)
Produced Water,
Conventional
Flowbackd
Reservoirse
10,700
(288 – 71,000)
2,400
(742 – 21,300)
4,500
(551 – 25,500)

Devonian
Sandstonea
Produced Water,
Unconventional
Reservoirsf

1,835 (465 – 2,570)

11,300
(2,400 – 41,700)

909 (402 – 1,140)

3,445 (1,500 – 7,600)

243 (81 – 819)

633 (248 – 1,740)
-

WVg

6,300 (1,700 – 26,600)

5,866
(1.84 – 20,920)
1,172
(9.6 – 4,664)
358
(15.4 – 1,194)

2,367
(200 – 5,000)

128 (26 – 896)

941 (366 – 1,900)

94.6 (4.99 – 216)

-

371 (107 – 1,715)

7,180 (2,336 – 28,500)

461 (88.5 – 2,630)

-

62.44 (nd – 221)

Thorium230

2.13 (0 – 9.37)

232

0.07 (0 – 0.38)

Thorium

PA

Uranium

235

1 (ND – 20)

-

-

-

Uranium

238

42 (ND – 497)

-

-

-

0.34

-

n/a, not applicable; -, no value available; BDL, below detection limit. Bolded italic numbers are medians.
a Dresel and Rose (2010). n = 3. Concentrations presented were calculated based on Dresel and Rose's raw data.
b Rowan et al. (2011). n = 51 total radium; n = 30 gross beta. Concentrations presented were calculated based on Rowan et al.'s raw data for Marcellus samples. Uranium data
from Barbot et al. (2013) n = 14.
c PA DEP (2015). n = 11. Data reported in Table 3-13 of the referenced paper.
d PA DEP (2015). n = 9. Data reported in Table 3-14 of the referenced paper.
e PA DEP (2015). n = 9. Values calculated from Table 3-15 for unfiltered samples of the referenced paper.
f PA DEP (2015). n = 4. Values calculated from Table 3-15 for unfiltered samples of the referenced paper.
g Ziemkiewicz and He (2015). n = 5. Data reported in Table 1 of the referenced paper.
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Vine (1956) reported that the principal uranium-bearing coal deposits of the United States are
found in Cretaceous and Tertiary formations in the northern Great Plains and Rocky Mountains; in
some areas of the West, coal deposits have been found with uranium concentrations in the range of
thousands of ppm or greater. In contrast, most Mississippian, Pennsylvanian, and Permian coals in
the north-central and eastern United States contain less than 10 ppm uranium, rarely containing
50 ppm or more.
Organic-rich shales and coals are enriched in uranium, thorium, and other trace metals in
concentrations above those seen in typical shales or sedimentary rocks (Diehl et al., 2004; USGS,
1997; Wignall and Myers, 1988; Tourtelot, 1979; Vine and Tourtelot, 1970). Unlike shales and coals,
sandstones are generally not organic-rich source rocks themselves. Instead, hydrocarbons migrate
into these formations over long periods of time (Clark and Veil, 2009). Since TENORM and organic
contents are typically positively correlated due to the original, reduced depositional environment
(Fertl and Chilingar, 1988), it is unlikely that sandstones would be enriched in TENORM to the same
extent as oil- and gas-bearing shales and coals. Therefore, concern related to TENORM within
produced water is focused on operations targeting shales and coalbeds.
Radium is most soluble and mobile in chloride-rich, high-TDS, reducing environments (Sturchio et
al., 2001; Zapecza and Szabo, 1988; Langmuir and Riese, 1985). In formation fluids with high TDS,
calcium, potassium, magnesium, and sodium compete with dissolved radium for sorption sites,
limiting radium sorption onto solids and allowing it to accumulate in solution at higher
concentrations (Fisher, 1998; Webster et al., 1995). The positive correlation between TDS and
radium is well established and TDS is a useful indicator of radium and TENORM activity within
produced water, especially in lithologically homogenous reservoirs (Rowan et al., 2011; Sturchio et
al., 2001; Fisher, 1998; Kraemer and Reid, 1984).
Uranium and thorium are poorly soluble under reducing conditions and are therefore more
concentrated in formation solids than in solution (Fisher, 1998; Kraemer and Reid, 1984; Langmuir
and Herman, 1980). However, because uranium becomes more soluble in oxidizing environments,
the introduction of relatively oxygen-rich fracturing fluids may promote the temporary
mobilization of uranium during hydraulic fracturing and early flowback. In addition, the physical
act of hydraulic fracturing creates fresh fractures and exposes organic-rich and highly reduced
surfaces from which radionuclides could be released from the rock into formation fluids.
Produced water geochemistry determines, in part, the fate of subsurface radionuclides, particularly
radium. Radium may remain in the host mineral or it may be released into formation fluids, where
it can remain in solution as the dissolved Ra2+ ion, be adsorbed onto oxide grain coatings or clay
particles by ion exchange, substitute for other cations during the precipitation of minerals, or form
complexes with chloride, sulfate, and carbonate ions (Rowan et al., 2011; Sturchio et al., 2001;
Langmuir and Riese, 1985). Uranium- and thorium-containing materials with a small grain size, a
large surface-to-volume ratio, and the presence of uranium and thorium near grain surfaces
promote the escape of radium into formation fluids. Vinson et al. (2009) point to alpha decay along
fracture surfaces as a primary control on radium mobilization in crystalline bedrock aquifers.
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Radium may also occur in formation fluids due to other processes, such as the decay of dissolved
parent isotopes and adsorption-desorption reactions on formation surfaces (Sturchio et al., 2001).
Preliminary results from fluid-rock interaction studies (Bank, 2011) indicate that a significant
percentage of uranium in the Marcellus Shale may be subject to mobilization by hydrochloric acid,
which is used as a fracturing fluid additive. More complete understanding these processes will
determine the extent to which such processes might influence the TENORM content of flowback
and produced water.

E.3.5. Organics
Background data on organics in seven formations is given in Table E-9. Classes of organic
compounds identified in produced water are given in Table E-10. Tables H-4 and H-5 give the entire
list of chemicals identified as components of produced water. Along with the organic chemicals
appearing in Table E-9, Table E-10a presents additional organic chemicals with measured
concentrations in produced water. Table E-11 presents data from two studies of the Marcellus
Shale. Table E-12 presents data from CBM produced water, while Table E-13 presents data on
organics identified in shale and CBM water.
Several classes of naturally occurring organic chemicals are present in produced waters in
conventional and unconventional reservoirs, with large concentration ranges (Lee and Neff, 2011).
These organic classes include total organic carbon (TOC); saturated hydrocarbons; BTEX (benzene,
toluene, ethylbenzene, and xylenes); and polyaromatic hydrocarbons (PAHs) (Table E-10). While
TOC concentrations in produced water are detected at the milligrams to grams per liter level,
concentrations of individual organic compounds are typically detected at the micrograms to
milligrams per liter level.
TOC indicates the level of dissolved and undissolved organics in produced water, including nonvolatile and volatile organics (Acharya et al., 2011). TOC concentrations in conventional produced
water vary widely from less than 0.1 mg/L to more than 11,000 mg/L. Average TOC concentrations
in produced water in unconventional reservoirs range from less than 2.00 mg/L in the Raton CBM
basin to approximately 200 mg/L in the Cotton Valley Group sandstones, although individual
measurements have exceeded 5,000 mg/L in the Marcellus Shale (Table E-9).
Dissolved organic carbon (DOC) is a general indicator of organic loading and is the fraction of
organic carbon available for complexing with metals and supporting microbial growth. DOC values
in produced water in unconventional reservoirs range from less than 1.50 mg/L (average) in the
Raton Basin to more than 115 mg/L (median) in the Marcellus Shale (Table E-9). Individual DOC
concentrations in the Marcellus Shale produced water approach 6,000 mg/L. For comparison, DOC
levels in fresh water systems are typically below 5 mg/L.
Biochemical oxygen demand (BOD) is a conventional pollutant under the U.S. Clean Water Act. It is
an indirect measure of biodegradable organics in produced water and an estimate of the oxygen
demand on a receiving water. Median BOD levels for Barnett and Marcellus Shales produced water
exceed 30 mg/L, and both reported maximum concentrations exceeding 12,000 mg/L (Table E-9).
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In some circumstances wide variation in produced water median BOD levels may be reflective of
flowback reuse in fracturing fluids (Hayes, 2009).
Lastly, BTEX is associated with petroleum. Benzene was found in produced water from several
basins: average produced water benzene concentration from the Barnett Shale was 680 μg/L, from
the Marcellus Shale was 220 μg/L (median), and from the San Juan Basin was 150 μg/L (Table E-9).
Total BTEX concentrations for conventional produced water vary widely from less than 100 μg/L to
nearly 580,000 μg/L. For comparison, average total BTEX concentrations in produced water in
unconventional reservoirs range from 20 μg/L in the Raton Basin to nearly 3,000 μg/L in the
Marcellus (Table E-9). From these data, average total BTEX levels in shale produced water are one
to two orders of magnitude higher than those in CBM produced water.
In addition to BTEX, a variety of volatile and semi-volatile organic compounds have been detected
in shale and coalbed produced water. Shale produced water contains naphthalene, alkylated
toluenes, and methylated aromatics in the form of several benzene and phenol compounds, as
shown in Table E-11. Like BTEX, naphthalene, methylated phenols, and acetophenone are
associated with petroleum. Detected shale produced water organics such as acetone, 2-butanone,
carbon disulfide, and pyridine are potential remnants of additives used as friction reducers or
industrial solvents (Hayes, 2009).
Hayes (2009) characterized the content of Marcellus Shale produced water including organics
(Table E-11). The author tested for the majority of VOCs and SVOCs, pesticides and PCBs, based on
the recommendation of the Pennsylvania and West Virginia Departments of Environmental
Protection. Less than 0.5% of VOCs and 0.03% of SVOCs in the produced water were detected above
1 mg/L. More than 96% of VOCs, 98% of SVOCs, and virtually all pesticides and PCBs were at
nondetectable levels.
Orem et al. (2014) provided a list of classes of organic compounds in coalbed methane and gas shale
produced and formation water (Table E-10). As described in the main text of Chapter 7, these
included aromatics, polyaromatic hydrocarbons, heterocyclic compounds, aromatic amines,
phenols, phthalates, aliphatic alcohols, fatty acids and nonaromatic compounds. Many of these are
naturally occurring components of petroleum hydrocarbons, but the list also contains chemicals
that have been used as hydraulic fracturing fluid additives, namely, hexahydro-1,3,5-trimethyl1,3,5-triazine-2-thione (a biocide), ethylene glycol, dibutyl phthalate, quinoline, and naphthalene, to
list a few. See Table H-2.
The organic profile of CBM produced water is characterized by high levels of aromatic and
halogenated compounds compared to other produced water in unconventional reservoirs
(Sirivedhin and Dallbauman, 2004). PAHs and phenols are the most common organic compounds
found in coalbed produced water. Produced water from coalbeds in the Black Warrior Basin mainly
contains phenols, multiple naphthalic PAHs, and various decanoic and decenoic fatty acids (Table
E-12). CBM-associated organics are also known to include biphenyls, alkyl aromatics,
hydroxypyridines, aromatic amines, and nitrogen-, oxygen-, and sulfur-bearing heterocyclics (Orem
et al., 2014; Pashin et al., 2014; Benko and Drewes, 2008; Orem et al., 2007; Fisher and Santamaria,
2002).
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Table E-9. Concentrations of select organic parameters in produced water from unconventional reservoirs (including shale, a tight
formation, and coalbed methane), presented as: average (minimum-maximum) or median (minimum-maximum).
Both averages and medians are reported because this table summarizes published information and authors differed in their use of averages or medians.

Tight
Formation

Shale

Coal

Cotton Valley
Groupd

Powder
Rivere

Ratone

San Juane

Black Warriorf

PA, WVc

LA, TX

MT, WY

CO, NM

AZ, CO, NM,
UT

AL, MS

89.2
(1.2 – 5680)

198
(184 – 212)

3.52 (2.07 –
6.57)

1.74 (0.25 –
13.00)

2.91 (0.95 –
9.36)

6.03 (0.00 –
103.00)

11.2
(5.5 – 65.3)

117
(3.3 –
5,960)

-

3.18 (1.09 –
8.04)

1.26 (0.30 –
8.54)

3.21 (0.89 –
11.41)

3.37 (0.53 –
61.41)

mg/L

582
(101 – 2,120)

-

141
(2.8 –
12,400)

-

-

-

-

-

Oil and grease

mg/L

163.5
(88.2 – 1,430)

74
(5 – 802)

16.9
(4.7 – 802)

-

-

9.10 (0.60 –
17.6)

-

-

Benzene

μg/L

680
(49 – 5,300)

-

220
(5.8 –
2,000)

-

-

4.7 (BDL –
220.0)

149.7 (BDL –
500.0)

-

Toluene

μg/L

760
(79 – 8,100)

-

540
(5.1 –
6,200)

-

-

4.7 (BDL – 78.0)

1.7
(BDL – 6.2)

-

Ethylbenzene

μg/L

29
(2.2 – 670)

-

42
(7.6 – 650)

-

-

0.8 (BDL – 18.0)

10.5 (BDL –
24.0)

-

Xylenes

μg/L

360
(43 – 1,400)

-

300 (15 –
6,500)

-

-

9.9 (BDL –
190.0)

121.2 (BDL –
327.0)

-

Parameter

Unit

Barnetta

States

n/a

TX

PAb

TOC

mg/L

9.75
(6.2 – 36.2)

160
(1.2 –
1,530)

DOC

mg/L

BOD

Marcellus
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Tight
Formation

Shale
Parameter

Unit

Barnetta

States

n/a

TX

PAb

Average total
BTEXg

μg/L

1,829

2,910

Coal

Cotton Valley
Groupd

Powder
Rivere

Ratone

San Juane

Black Warriorf

PA, WVc

LA, TX

MT, WY

CO, NM

AZ, CO, NM,
UT

AL, MS

1,102

-

-

20.1

283.1

-

Marcellus

n/a, not applicable; -, no value available; BDL, below detection limit. Bolded italic numbers are medians.
a Hayes and Severin (2012a). n = 16. This data source reported concentrations without presentation of raw data.
b Barbot

et al. (2013). n = 55 for TOC; n = 62 for oil and grease; no presentation of raw data.

c Hayes

(2009). n = 13-67. Concentrations were calculated based on Hayes’ raw data. Both flowback and produced water included. Non-detects and contaminated blanks
omitted.
d Blondes
e Dahm

et al. (2014). n = 2. Concentrations were calculated based on raw data presented in the USGS National Produced Water Database v2.0.

et al. (2011). Powder River, n = 31; Raton, n = 40; San Juan, n = 20. This data source reported concentrations without presentation of raw data.

f DOE

(2014). n = 206. Concentrations were calculated based on the authors’ raw data.
total BTEX was calculated by summing the average/median concentrations of benzene, toluene, ethylbenzene, and xylenes for a unique formation or basin. Minimum
to maximum ranges were not calculated due to inaccessible raw data.
g Average
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Table E-10. Classes of organic compounds and representative example compounds found in
coal bed methane and gas shale formations (Orem et al., 2014).
Compounds also identified as having been used in hydraulic fracturing fluids (Table H-2) are given in bold and italic
type.

Extractable hydrocarbons identified in CBM and shale produced and formation water
Type

Location

Compound classes Representative example compounds

CBM

Powder River Basin
Wyoming

PAHs

Dimethylnaphthalene
tetramethylphenanthrene
phenanthrenone
pyrene

Heterocyclic
compounds

Benzisothiazole
3,4-dihydro1,9(2H,10H)Acridinedione
2(3H)-Benzothiazolone

Aromatic amines

Dioctyldiphenylamine
diphenylamine
2-methyl-N-phenyl Benzenamine

Phenols

Nonylphenols
4,40-(1-methylethylidene)bis-phenol
methoxy-methylphenol

Other aromatics

Trimethyl benzene
2,4-dimethyl-1-(1-methylpropyl)-benzene

Phthalates

Diethylphthalate
dibutyl phthalate
benzyl butyl phthalate
didecyl phthalate

Fatty acids

Dodecanoic acid
n-hexadecanoic acid
tetradecanoic acid

Nonaromatic
compounds

Kaur-16-ene (a diterpene)
2-[2-[4-(1,1,3,3tetramethylbutyl)phenoxy]ethoxy]-ethanol

PAHs

1-Methyl-7-(1-methylethyl)phenanthrene
1-methylnaphthalene
2-methylnaphthalene

Heterocyclic
compounds

Benzothiazole

Aromatic amines

Diethyltoluamide

Phenols

2,4-Bis(1,1-dimethylethyl)phenol
p-tert-butyl-phenol

Other aromatics

1-Ethyl-2,4-dimethyl-benzene

Tongue River Basin
Montana
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Extractable hydrocarbons identified in CBM and shale produced and formation water
Type

Location

Compound classes Representative example compounds

CBM, cont.

Tongue River Basin
Montana, cont.

Phthalates

Alkyl phthalates

Fatty acids

Tetradecanoic acid
octadecanoic acid

Nonaromatic
compounds

Pentadecane
pentacosane

PAHs

Methylnaphthalene
dimethylnaphthalene

Heterocyclic
compounds

Benzothiazole
dibenzothiophene
caprolactam
quinoline
isoquinoline

Phenols

Dimethylphenol
4-(1,1,3,3-tetramethylbutyl)-phenol
2,4-bis(1,1-dimethylethyl)-phenol

Other aromatics

Acetophenone
biphenyl
methylbiphenyl

Phthalates

Dioctyl phthalate
dibutyl phthalate

Fatty acids

Hexadecanoic acid

Nonaromatic
compounds

Alkyl phosphates

PAHs

Naphthalene
methylnaphthalene
methylphenanthrene

Heterocyclic
compounds

Benzothiazole

Phenols

2,4-Bis(1,1-dimethylethyl)-phenol

Other aromatics

1-(3-Methylbutyl)-2,3,4-trimethyl-benzene

Phthalates

Alkyl phthalates

Fatty acids

Hexadecanoic acid
octadecanoic acid

Nonaromatic
compounds

C23–C36 alkanes
2,6-di(tert-butyl)-4-hydroxy-4-methyl-2,5cyclohexadien-1-on

Black Warrior
Basin Alabama

Illinois Basin
Illinois
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Extractable hydrocarbons identified in CBM and shale produced and formation water
Type

Location

Compound classes Representative example compounds

CBM, cont.

Williston Basin
North Dakota

PAHs

Naphthalene
methylnaphthalene
methylphenanthrene

Heterocyclic
compounds

Benzothiazole

Phenols

Bis(1,1-dimethylethyl)-phenol
trichlorophenol
4,4′-(1-methylethylidene)bis-phenol

Other aromatics

Benzophenone

Phthalates

Alkyl phthalates
benzyl butyl phthalate

Fatty acids

C12, C14, C16, C18 fatty acids

Nonaromatic
compounds

C23–C35 alkanes
alkyl phosphates
2,6-bis(1,1-dimthylethyl)-2,5-cyclohexadiene-1,4dione

PAHs

Decahydro-4,4,8,9,10-pentamethylnaphthalene

Heterocyclic
compounds

Hexahydro-1,3,5-trimethyl-1,3,5-triazine-2-thione
(a biocide)

Aliphatic alcohols

Ethylene glycol
diethylene glycol monododecyl ether
triethylene glycol monodocecyl ether

Other aromatics

(1-Methoxyethyl)-benzene

Phthalates

Di-n-octyl phthalate

Fatty acids

C12, C14, C16, C18 fatty acids

Nonaromatic
compounds

C11–C37 alkanes/alkenes
2,2,4-trimethyl-1,3-pentanediol
tetramethylbutanedinitrile

Shale gas

Marcellus Shale
Pennsylvania

New Albany Shale
PAHs
Indiana and Kentucky

1,2,3,4-Tetrahydro-naphthalene
naphthalene
methylphenanthrene
pyrene
perylene

Heterocyclic
compounds

Benzothiazole
trimethyl-piperdine
quinoline
quinindoline
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Extractable hydrocarbons identified in CBM and shale produced and formation water
Type

Location

Compound classes Representative example compounds

Shale gas, cont.

New Albany Shale
Indiana and
Kentucky, cont.

Aromatic amines

3,3′-5,5′-Tetramethyl-[1,1′-biphenyl]-4,4′-diamine

Phenols

Bis(1,1-dimethylethyl)-phenol
tert-butyl-phenol
bis-(1,1-dimethylethyl)-phenol

Other aromatics

Triphenyl phosphate
methylbiphenyl
octylphenyl ethoxylate

Phthalates

Alkyl phthalates

Fatty acids

Dodecanoic acid
tetradecanoic acid
octadecanoic acid

Nonaromatic
compounds

2-(2-Butoxyethoxy)ethanol
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Table E-11. Reported concentrations (μg/L) of organic constituents in produced water for two
shale formations, presented as: average (minimum-maximum) or median (minimummaximum).
Both averages and medians are reported because this table summarizes published information and authors
differed in their use of averages or medians.

Barnetta

Marcellusb

States

TX

MD, NY, OH, PA, VA, WY

Acetone

145 (27 – 540)

83 (14 – 5,800)

Carbon disulfide

-

400 (19 – 7,300)

Chloroform

-

28

35 (0.8 – 69)

120 (86 – 160)

Naphthalene

238 (4.8 – 3,100)

195 (14 – 1,400)

Phenolic compounds

119.65 (9.3 – 230)

-

1,2,4-Trimethylbenzene

173 (6.9 – 1,200)

66.5 (7.7 – 4,000)

1,3,5-Trimethylbenzene

59 (6.4 – 300)

33 (5.2 – 1,900)

1,2-Diphenylhydrazine

4.2 (0.5 – 7.8)

-

1,4-Dioxane

6.5 (3.1 – 12)

-

1,362 (5.4 – 20,000)

3.4 (2 – 120)

28.3 (5.8 – 76)

13 (11 – 15)

2,4-Dichlorophenol

(ND – 15)

-

2,4-Dimethylphenol

14.5 (8.3 – 21)

12

3-Methylphenol and
4-Methylphenol

41 (7.8 – 100)

11.5 (0.35 – 16)

Acetophenone

(ND – 4.6)

13 (10 – 22)

Benzidine

(ND – 35)

-

Benzo(a)anthracene

(ND – 17.0)

-

Benzo(a)pyrene

(ND – 130.0)

6.7

Benzo(b)fluoranthene

42.2 (0.5 – 84.0)

10

Benzo(g,h,i)perylene

42.3 (0.7 – 84.0)

6.9

Benzo(k)fluoranthene

32.8 (0.6 – 65.0)

5.9

Benzyl alcohol

81.5 (14.0 – 200)

41 (17 – 750)

Bis(2-Ethylhexyl) phthalate

210 (4.8 – 490)

20 (9.6 – 870)

Butyl benzyl phthalate

34.3 (1.9 – 110)

-

Parameter

Isopropylbenzene

2-Methylnaphthalene
2-Methylphenol
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Barnetta

Marcellusb

TX

MD, NY, OH, PA, VA, WY

120 (0.57 – 240)

-

Di-n-octyl phthalate

(ND – 70)

15

Di-n-butyl phthalate

41 (1.5 – 120)

14 (11 – 130)

Dibenz(a,h)anthracene

77 (3.2 – 150)

3.2 (2.3 – 11)

Diphenylamine

5.3 (0.6 – 10.0)

-

(ND – 0.18)

6.1

Fluorene

0.8 (0.46 – 1.3)

8.4

Indeno(1,2,3-cd)pyrene

71 (2.9 – 140)

3.1 (2.4 – 9.5)

N-Nitrosodiphenylamine

8.9 (7.8 – 10)

2.7

(ND – 410)

-

107 (0.52 – 1,400)

9.75 (3 – 22)

Phenol

63 (17 – 93)

10 (2.4 – 21)

Pyrene

0.2 (ND – 0.18)

13

Pyridine

413 (100 – 670)

250 (10 – 2,600)

Parameter
States
Chrysene

Fluoranthene

N-Nitrosomethylethylamine
Phenanthrene

-, no value available; ND, not detected.
a Hayes and Severin (2012a). n = 16. Data from days 1 – 23 of flowback. This data source reported concentrations without
presentation of raw data.
b Hayes

(2009). n = 1 – 35. Data from days 1 – 90 of flowback. Concentrations were calculated from Hayes’ raw data. Nondetects and contaminated blanks omitted.
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Table E-12. Reported concentrations of organic constituents in 65 samples of produced water
from the Black Warrior CBM Basin (Alabama and Mississippi), presented as: average
(minimum-maximum).
Number of observations

Concentration (μg/L)a

Benzothiazole

45

0.25 (0.01 – 3.04)

Caprolactam

10

0.75 (0.02 – 2.39)

Cyclic octaatomic sulfur

29

1.06 (0.10 – 9.63)

Dimethyl-naphthalene

39

0.79 (0.01 – 9.51)

Dioctyl phthalate

57

0.21 (0.01 – 2.30)

Dodecanoic acid

30

1.13 (0.67 – 2.52)

Hexadecanoic acid

50

1.58 (1.17 – 3.02)

Hexadecenoic acid

25

1.69 (1.13 – 8.37)

Methyl-biphenyl

18

0.25 (0.01 – 2.13)

Methyl-naphthalene

52

0.77 (0.01 – 15.55)

Methyl-quinoline

31

0.96 (0.03 – 3.75)

Naphthalene

49

0.41 (0.01 – 6.57)

Octadecanoic acid

32

1.95 (1.62 – 3.73)

Octadecenoic acid

29

1.87 (1.60 – 3.47)

Phenol, 2,4-bis(1,1-dimethyl)

21

0.45 (0.01 – 4.94)

Phenol, 4-(1,1,3,3-tetramethyl)

17

1.65 (0.01 – 18.34)

-

19.06 (ND – 192.00)

Tetradecanoic acid

53

1.51 (0.94 – 5.32)

Tributyl phosphate

23

0.26 (0.01 – 2.66)

Trimethyl-naphthalene

23

0.65 (0.01 – 4.49)

Triphenyl phosphate

6

1.18 (0.01 – 6.77)

Parameter

Phenolic compounds

-, no value available.
a

DOE (2014). Concentrations were calculated based on the authors’ raw data.
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Table E-13. Organic chemical concentrations reported from three specific studies of produced water (Khan et al., 2016; Lester et
al., 2015; Orem et al., 2007).
The complete list of chemicals which were identified in produced water are listed in Tables H-4 and H-5.

Chemical

Minimum or
only value
(µg/L)

Average
(µg/L)

Maximum
(µg/L)

Standard
deviation
(µg/L)

Formation type
(S for shale,
C for coalbed)

Reference

(Z)-9-Tricosene

0.98

C

Orem et al. (2007)

1-(2-Hydroxy-5-methylphenyl)2-hexen-1-one

0.29

C

Orem et al. (2007)

1,1-Dimethyl-1,2,3,4tetrahydro-7-isopropyl
phenanthrene

0.19

C

Orem et al. (2007)

1,2-Di-but-2-enyl-cyclohexane

0.77

C

Orem et al. (2007)

1,2-Di-but-2-enylcyclohexanone

0.09

C

Orem et al. (2007)

1,4-[13C]-1,2,3,4-Tetrahydro-5naphthaleneamine

0.33

C

Orem et al. (2007)

60

C

Lester et al. (2015)

C

Orem et al. (2007)

1,4-dioxane

0.68

1,6-Dimethyl-4(1methylethyl)naphthalene

0.01

0.32

1,7,11Trimethylcyclotetradecane

1.06

C

Orem et al. (2007)

1,7,11-Trimethylcyclotetradecane

0.47

C

Orem et al. (2007)

1-1Methylenebis(4-methyl)benzene

0.09

C

Orem et al. (2007)

15-Isobutyl-(13.α.H)isocopalane

1.75

C

Orem et al. (2007)

0.11
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Chemical
17-Pentatriacontene

Minimum or
only value
(µg/L)

Average
(µg/L)

Maximum
(µg/L)

Standard
deviation
(µg/L)

Formation type
(S for shale,
C for coalbed)

Reference

1

C

Orem et al. (2007)

1-Allyl-3-methylindole-2carbaldehyde

0.49

C

Orem et al. (2007)

1-Allyl-3-methylindole-2carbaldehyde

1.49

C

Orem et al. (2007)

1-Butyl-2-ethyloctahydro-4,7epoxy

0.9

C

Orem et al. (2007)

1-Chloro-octadecane

2.12

C

Orem et al. (2007)

1-Docosene

2.33

C

Orem et al. (2007)

1-Ethyl-9,10-anthracenedione

0.04

C

Orem et al. (2007)

1-Hexacosene

2.04

C

Orem et al. (2007)

1-Methyl-7-(1methylethyl)phenanthrene

0.02

C

Orem et al. (2007)

1-Methyl-9H-fluorene

0.51

C

Orem et al. (2007)

1-Nonadecene

2.15

C

Orem et al. (2007)

2-(2-Butoxyethoxy)-ethanol

0.45

C

Orem et al. (2007)

2(3H)-Benzothiazolone

0.04

3.9

C

Orem et al. (2007)

2-(Methylthio)-benzothiazole

0.05

0.54

C

Orem et al. (2007)

2,3',5Trimethyldiphenylmethane

0.04

0.05

C

Orem et al. (2007)

2,3-Dihydro-1,1,2,3,3pentamethyl-1H-indene

0.45

C

Orem et al. (2007)

0.12

3.19
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Chemical

Minimum or
only value
(µg/L)

Average
(µg/L)

Maximum
(µg/L)

Standard
deviation
(µg/L)

Formation type
(S for shale,
C for coalbed)

Reference

2,4,6-Trimethyl-azulene

0.49

C

Orem et al. (2007)

2,4-dimethylphenol

790

C

Lester et al. (2015)

2,5-Cyclohexadiene-1,4-dione

0.01

C

Orem et al. (2007)

2,6,10,14-Tetramethylhexadecane

1.65

C

Orem et al. (2007)

2,6,10-Trimethyl-dodecane

0.96

C

Orem et al. (2007)

2,6-Bis(dimethylethyl)-2,5cyclohexadiene-1,4-dione

0.04

C

Orem et al. (2007)

2,6-Bis(dimethylethyl)-phenol

0.31

C

Orem et al. (2007)

2-[2-[4-(1,1,3,3Tetramethylbutyl)phenoxy]eth
oxy]-ethanol

0.08

C

Orem et al. (2007)

22-Tricosenoic acid

0.43

C

Orem et al. (2007)

28-Nor-17.α.(H)-hopane

1.26

C

Orem et al. (2007)

28-Nor-17.α.(H)-hopane

0.84

C

Orem et al. (2007)

2a,7a-(Epoxymethano)-2Hcyclobutyl

0.33

C

Orem et al. (2007)

2-Butanone

240

C

Orem et al. (2007)

2-Dodecen-1-yl(-)succinic
anhydride

1.16

C

Orem et al. (2007)

2-Ethylhexyl diphenyl
phosphate (Octicizer)

0.1

C

Orem et al. (2007)

2-Mercaptobenzothiazole

0.89

C

Orem et al. (2007)

0.08

0.28

1.34

0.75
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Chemical
2-Methyl-8-propyl-dodecane

Minimum or
only value
(µg/L)

Average
(µg/L)

Maximum
(µg/L)

Standard
deviation
(µg/L)

Formation type
(S for shale,
C for coalbed)

Reference

0.52

C

Orem et al. (2007)

2-methylnaphthalene

4

C

Lester et al. (2015)

2-Methyl-nonadecane

2.58

C

Orem et al. (2007)

2-Methyl-N-phenylbenzenamine

0.41

C

Orem et al. (2007)

2-methylphenol

150

C

Lester et al. (2015)

2-Octadecyl-propane-1,3-diol

0.42

C

Orem et al. (2007)

3&4 methylphenol

170

C

Lester et al. (2015)

3-(4-Methoxyphenyl)-2ethylhexylester-2-propenoic
acid

0.01

2.78

C

Orem et al. (2007)

3-(4-Methoxyphenyl)-2propenoic acid

0.06

0.16

C

Orem et al. (2007)

3-(Hexahydro-1H-azepin-1-yl)1,1-dioxide-1,2-benzisothiazole

0.66

C

Orem et al. (2007)

3,4-Dihydro1,9(2H,10H)acridinedione

0.02

C

Orem et al. (2007)

3,5-Di-tetra-butyl-4hydroxybenzaldehyde

0.42

C

Orem et al. (2007)

4-(1-Methyl-phenylethyl)phenol

1.18

C

Orem et al. (2007)

4-(4-Ethylcyclohexyl)cyclohexene

1.66

C

Orem et al. (2007)

3.53

1.35

E-48

Appendix E – Produced Water Handling Supplemental Information

Chemical

Minimum or
only value
(µg/L)

Average
(µg/L)

Maximum
(µg/L)

Standard
deviation
(µg/L)

Formation type
(S for shale,
C for coalbed)

Reference

4,40-(1-Methylethylidene)bisphenol

<=16.17

C

Orem et al. (2007)

4,4-Diacetyldiphenylmethane

0.37

C

Orem et al. (2007)

4,6,8-Trimethyl-2propylazulene

0.4

C

Orem et al. (2007)

4-Hydroxy-3-methoxybenzaldehyde

4.31

C

Orem et al. (2007)

4-Propyl-xanthen-9-one

0.03

0.07

C

Orem et al. (2007)

5-(1,1-Dimethylethyl)-1Hindene

0.03

0.1

C

Orem et al. (2007)

5,6Azulenedimethanol,1,2,3,3a,8,

0.4

C

Orem et al. (2007)

7-Bromomethyl-pentadec-7ene

2.77

C

Orem et al. (2007)

7-Bromomethyl-pentadec-7ene

0.92

C

Orem et al. (2007)

7-Ethenylphenanthrene

0.04

C

Orem et al. (2007)

7-Tetradecyne

0.38

C

Orem et al. (2007)

8-Hexadecyne

0.28

C

Orem et al. (2007)

8-Isopropyl-2,5-dimethylterralin

0.36

C

Orem et al. (2007)

9,10-Dimethoxy-2,3dihydroanthracene

0.04

0.34

C

Orem et al. (2007)

9H-Fluoren-9-ol

0.07

0.32

C

Orem et al. (2007)

0.22
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Chemical

Minimum or
only value
(µg/L)

9-Methoxyfluorene

0.06

9-Methoxyfluorene

Average
(µg/L)

Maximum
(µg/L)

Standard
deviation
(µg/L)

Reference

C

Orem et al. (2007)

0.54

C

Orem et al. (2007)

9-Phenyl-tetrahydro-1Hbenz[f]isoindol-1-one

0.24

C

Orem et al. (2007)

9-Phenyl-tetrahydro-1Hbenz[f]isoindol-1-one

0.24

C

Orem et al. (2007)

Acetone

16,000

S

Lester et al. (2015)

Alkyl benzene

74,630

1,119,350

5,092,600

1,698,910

S

Khan et al. (2016)

380

1,460

4,200

1,180

S

Khan et al. (2016)

Alkyl propo-benzene

9,340

61,900

209,150

67,220

S

Khan et al. (2016)

Benzene

1,500

107,320

778,510

271,570

S

Khan et al. (2016)

Benzenemethanol

0.33

C

Orem et al. (2007)

Benzisothiazole derivative

0.06

0.32

C

Orem et al. (2007)

Benzothiazole

0.51

14.27

C

Orem et al. (2007)

Benzyl butyl phthalate

0.04

0.33

C

Orem et al. (2007)

Biphenyl

0.16

0.3

C

Orem et al. (2007)

S

Lester et al. (2015)

Alkyl naphthalene

Bis(2-ethylhexyl) phthalate

0.18

Formation type
(S for shale,
C for coalbed)

29

Bis(2-ethylhexyl)-hexanedioic
acid

0.13

0.7

C

Orem et al. (2007)

Bis-(octylphenyl)-amine

0.05

0.19

C

Orem et al. (2007)

Butanoic acid, butyl ester

0.44

C

Orem et al. (2007)
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Chemical

Minimum or
only value
(µg/L)

butyl benzyl phthalate

4.2

Caffeine

0.09

Chloro-benzene

20

Average
(µg/L)

Maximum
(µg/L)

Standard
deviation
(µg/L)

0.5
100

350

110

Formation type
(S for shale,
C for coalbed)

Reference

S

Lester et al. (2015)

C

Orem et al. (2007)

S

Khan et al. (2016)

Cholesterol

0.26

C

Orem et al. (2007)

Cyclotriacontane

1.08

C

Orem et al. (2007)

Dibutyl phthalate

<=1.27

C

Orem et al. (2007)

Didecyl phthalate

<=7.23

C

Orem et al. (2007)

Diethyl phthalate

<=14.9

C

Orem et al. (2007)

C

Orem et al. (2007)

C

Orem et al. (2007)

Dihydro-(-)-neocloven-(II)

0.1

1.04

Dihydro-1-methylphenanthrene

1.06

Dihydrophenanthrene

0.03

0.48

C

Orem et al. (2007)

Dimethyl phthalate

0.11

0.28

C

Orem et al. (2007)

S

Lester et al. (2015)

15
Dimethyl-biphenyl

0.07

2.01

C

Orem et al. (2007)

Dimethyl-ethylindene

0.02

0.07

C

Orem et al. (2007)

Dimethylnaphthalene

0.01

1.44

C

Orem et al. (2007)

Dimethylphenanthrene

0.62

1.49

C

Orem et al. (2007)

Dimethylphenol

1.38

C

Orem et al. (2007)

Dimethyltetracyclo[5.2.1.0(2,6)0(3,5)]decane

0.27

C

Orem et al. (2007)
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Chemical

Minimum or
only value
(µg/L)

Average
(µg/L)

Maximum
(µg/L)

Standard
deviation
(µg/L)

Formation type
(S for shale,
C for coalbed)

Reference

Di-n-octyl phthalate

0.58

4.63

C

Orem et al. (2007)

Dioctyldiphenylamine

0.03

0.18

C

Orem et al. (2007)

Diphenylamine

0.04

3.73

C

Orem et al. (2007)

Diphenylmethane

0.01

0.43

C

Orem et al. (2007)

Di-tetra-butyl-4hydroxbenzaldehyde

0.16

0.53

C

Orem et al. (2007)

Docosane

1.94

C

Orem et al. (2007)

Dodecanoic acid

1.33

C

Orem et al. (2007)

Drometrizole

0.91

C

Orem et al. (2007)

Ethylbenzene

2,010

S

Khan et al. (2016)

Ethyl dimethyl azulene

0.46

C

Orem et al. (2007)

Ethyl phenylmethyl benzene

0.1

C

Orem et al. (2007)

Ethyl-cyclodocosane

1.54

C

Orem et al. (2007)

Ethyl-cyclodocosane

0.65

C

Orem et al. (2007)

Ethyl-tetrahydronaphthalene

0.46

C

Orem et al. (2007)

Fluorene

0.05

C

Orem et al. (2007)

Heptacosane

0.95

C

Orem et al. (2007)

Hexacosane

1.73

C

Orem et al. (2007)

Isopropyl myristate

1.79

C

Orem et al. (2007)

Kaur-16-ene

0.06

C

Orem et al. (2007)

1.7

72,610

399,840

0.24

1.36
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Chemical

Minimum or
only value
(µg/L)

Average
(µg/L)

Maximum
(µg/L)

Standard
deviation
(µg/L)

Formation type
(S for shale,
C for coalbed)

Reference

Methoxyanthracene

0.04

0.22

C

Orem et al. (2007)

Methoxynaphthalene
derivative

0.04

0.25

C

Orem et al. (2007)

Methyl-(2,5-dimethoxyphenol)methanoate

0.31

C

Orem et al. (2007)

2

C

Orem et al. (2007)

Methyl-2-octylcyclopropene-1octane

0.38

C

Orem et al. (2007)

Methyl-2-quinolinecarboxylic
acid

6.65

C

Orem et al. (2007)

Methyl-9H-fluorene

0.52

1.16

C

Orem et al. (2007)

Methylanthracene

0.07

0.48

C

Orem et al. (2007)

Methyl-biphenyl

0.15

1

C

Orem et al. (2007)

Methylethylnaphthalene

0.55

C

Orem et al. (2007)

Methylnaphthalene

0.14

0.48

C

Orem et al. (2007)

Methylphenanthrene

0.03

1.37

C

Orem et al. (2007)

Methylpyrene

0.01

0.02

C

Orem et al. (2007)

Naphthalene

0.26

0.66

C

Orem et al. (2007)

Naphthalenone derivative

0.11

1.38

C

Orem et al. (2007)

n-Hexadecanoic acid

0.63

2.56

C

Orem et al. (2007)

Nonyl-phenol

0.09

7.91

C

Orem et al. (2007)

Methyl(Z)-3,3-diphenyl-4hexenoate
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Chemical
Octahydroanthracene
Other alkyl phenols

Minimum or
only value
(µg/L)

Average
(µg/L)

Maximum
(µg/L)

Standard
deviation
(µg/L)

Formation type
(S for shale,
C for coalbed)

Reference

0.54

C

Orem et al. (2007)

<=5.89

C

Orem et al. (2007)

Other aromatic compounds

0.01

0.42

C

Orem et al. (2007)

Other benzenamines

0.06

0.25

C

Orem et al. (2007)

Other benzene alkyl
compounds

0.02

0.62

C

Orem et al. (2007)

Other heterocyclics

<=17.87

C

Orem et al. (2007)

Other indene derivatives

0.09

0.16

C

Orem et al. (2007)

Other naphthalene alkyl
compounds

0.04

0.82

C

Orem et al. (2007)

C

Orem et al. (2007)

C

Orem et al. (2007)

Other phthalates

<=18.68

Other terpenoid compounds

0.12

0.37

Pentacosane

1.54

C

Orem et al. (2007)

Pentadecanoic acid

0.84

C

Orem et al. (2007)

Phenanthrene

0.06

C

Orem et al. (2007)

3

S

Lester et al. (2015)

Phenanthrene derivative

0.07

C

Orem et al. (2007)

Phenanthrene-1-carboxlic acid

0.02

0.12

C

Orem et al. (2007)

Phenanthrenone

0.05

0.09

C

Orem et al. (2007)

Phenol

830

S

Lester et al. (2015)

Phosphoric acid, tributyl ester

0.1

C

Orem et al. (2007)

0.52

18.96
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Chemical

Minimum or
only value
(µg/L)

Average
(µg/L)

Maximum
(µg/L)

Standard
deviation
(µg/L)

Formation type
(S for shale,
C for coalbed)

Reference

Propane-diphenyl

0.03

0.22

C

Orem et al. (2007)

p-Tert-butylphenol

0.07

0.19

C

Orem et al. (2007)

S

Khan et al. (2016)

C

Orem et al. (2007)

0.9

S

Lester et al. (2015)

Pyreno[4,5-c]furan

1.83

C

Orem et al. (2007)

Quinolo-furazan derivative

0.82

C

Orem et al. (2007)

Squalene

<=0.24

C

Orem et al. (2007)

Sterane

0.51

C

Orem et al. (2007)

Tetracosane

1.86

C

Orem et al. (2007)

Tetradecane

0.54

C

Orem et al. (2007)

Tetradecanoic acid

0.15

0.54

C

Orem et al. (2007)

Tetrahydrodimethylnaphthalene

0.19

3.25

C

Orem et al. (2007)

Tetrahydromethylnaphthalene

0.01

0.69

C

Orem et al. (2007)

Tetrahydronaphthalene

0.06

0.82

C

Orem et al. (2007)

Tetrahydrophenanthrene

0.03

0.42

C

Orem et al. (2007)

Tetrahydrotrimethylnaphthalene

0.5

C

Orem et al. (2007)

Tetramethylacenaphthylene

0.03

0.07

C

Orem et al. (2007)

Tetramethylnaphthalene

0.43

0.79

C

Orem et al. (2007)

p-Xylene
Pyrene

10
0.01

150

460
0.04
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Chemical

Minimum or
only value
(µg/L)

Tetramethylphenanthrene

0.01

Toluene

100

Total xylenes

Average
(µg/L)

Maximum
(µg/L)

Standard
deviation
(µg/L)

0.68

Formation type
(S for shale,
C for coalbed)

Reference

C

Orem et al. (2007)

S

Khan et al. (2016)

30

S

Lester et al. (2015)

Tricosane

1.7

C

Orem et al. (2007)

Tricyclo[4.4.0.0(3,9)]decane

0.26

C

Orem et al. (2007)

Tridecanedial

0.86

C

Orem et al. (2007)

Trimethoxy-benzaldehyde

0.39

C

Orem et al. (2007)

Trimethylnaphthalene

0.04

2.6

C

Orem et al. (2007)

Trimethylphenanthrene

0.04

0.12

C

Orem et al. (2007)

Triphenyl phosphate

0.07

0.21

C

Orem et al. (2007)

1,560

5,610
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E.3.6. Chemical Reactions
Section 7.3.4.9 describes general aspects of subsurface chemical reactions that might occur during
hydraulic fracturing operations. Here we augment the discussion by describing subsurface chemical
processes.

E.3.6.1. Injected Chemical Processes
Hydraulic fracturing injects relatively oxygenated fluids into a reducing environment, which may
mobilize trace or major constituents into solution. Injection of oxygenated fluids may lead to
short-term changes in the subsurface redox state, as conditions may shift from reducing to
oxidizing. The chemical environment in hydrocarbon-rich unconventional reservoirs, such as black
shales, is generally reducing, as evidenced by the presence of pyrite and methane (Engle and
Rowan, 2014; Dresel and Rose, 2010). For black shales, reducing conditions are a product of
original accumulations of organic matter whose decay depleted oxygen to create rich organic
sediments within oil- and gas-producing formations (Tourtelot, 1979; Vine and Tourtelot, 1970).
Yet reactions resulting from temporary redox shifts are likely to be less important than those
resulting from other longer-term physical and geochemical processes. Temporary subsurface redox
shifts may be due to the short timeframe for fluid injection (a few days to a few weeks).
Hydraulic fracturing fluid injection introduces novel chemicals into the subsurface.1 As such, the
geochemistry of injected and native fluids will not be in equilibrium. Over the course of days to
months, a complex series of reactions will equilibrate disparate fluid chemistries. The evolution of
flowback and produced water geochemistry are dependent upon the exposure of formation solids
and fluids to novel chemicals within hydraulic fracturing fluid. Additives interact with reservoir
solids and either mobilize constituents or themselves become adsorbed to solids. Such additives
include metallic salts, elemental complexes, salts of organic acids, organometallics, and other metal
compounds (Montgomery, 2013; House of Representatives, 2011).
The salts, elemental complexes, organic acids, organometallics, and other metal-containing
compounds may interact with metals and metalloids in the target formation through processes
such as ion exchange, adsorption, desorption, chelation, and complexation. For instance, natural
organic ligands (e.g., citrate) are molecules that can form coordination compounds with heavy
metals such as cadmium, copper, and lead (Martinez and McBride, 2001; Stumm and Morgan, 1981;
Bloomfield et al., 1976). Citrate-bearing compounds are used in hydraulic fracturing fluids as
surfactants, iron control agents, and biocides. Studies of the additives’ interactions with formation
solids at concentrations representative of hydraulic fracturing fluids are lacking.
Furthermore, pH will likely play a role in the nature and extent of these processes, as the low pH of
hydraulic fracturing fluids may mobilize trace constituents. The pH of hydraulic fracturing fluids
may differ from existing subsurface conditions due to the use of dilute acids (e.g., hydrochloric or
acetic) used for cleaning perforations and fractures during hydraulic fracturing treatments
(Montgomery, 2013; GWPC and ALL Consulting, 2009). Metals within formation solids may be

1

For more information on additive usage, refer to Chapter 5 (Chemical Mixing).
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released through the dissolution of acid-soluble phases such as iron and manganese oxides or
hydroxides (Yang et al., 2009; Kashem et al., 2007; Filgueiras et al., 2002). Thus, the pH of hydraulic
fracturing fluids, or changes in system pH that may occur as fluid recovery begins, may influence
which metals and metalloids are likely to be retained within the formation and which may be
recovered in flowback. Ultimately, more research is needed to fully understand how the injection of
hydraulic fracturing fluids affects subsurface geochemistry and resultant flowback and produced
water chemistry.

E.3.7. Microbial Community Processes and Content
By design, hydraulic fracturing releases hydrocarbons and other reduced mineral species from
freshly fractured shale, sandstone, and coal, resulting in saltier in situ fluids, the release of
formation solids, and increased interconnected fracture networks with rich colonization surfaces
that are ideal for microbial growth (Wuchter et al., 2013; Curtis, 2002). The use of biocides, in
contrast, is intended to inhibit microbial growth. Recent work by Kahrilas et al. (In Press)
performed laboratory experiments to simulate downhole chemistry of the biocide glutaraldehyde
at 200 oC temperature, 10 MPa pressure, and high salinity. The laboratory results suggested that in
hot, alkaline shales, the effectiveness of glutaraldehyde as a biocide is limited by contact time; and
is not so limited in cooler, more acidic, saline formations like the Marcellus.
Depending upon the formation, microorganisms may be native to the subsurface and/or introduced
from non-sterile equipment and fracturing fluids. Additionally, microorganisms compete for novel
organics in the form of additives (Wuchter et al., 2013; Arthur et al., 2009). Since large portions of
hydraulic fracturing fluid can remain emplaced in the targeted formation, long-term microbial
activity is supported through these novel carbon and energy resources (Orem et al., 2014; Murali
Mohan et al., 2013a; Struchtemeyer and Elshahed, 2012; Bottero et al., 2010). Such physical and
chemical changes to the environment at depth stimulate microbial activity and influence flowback
and produced water content in important ways.
Several studies characterizing produced water from unconventional reservoirs (i.e., the Barnett,
Marcellus, Utica, and Antrim Shales) indicate that taxa with recurring physiologies compose shale
flowback and produced water microbial communities (Murali Mohan et al., 2013b; Wuchter et al.,
2013). Such physiologies include sulfur cyclers (e.g., sulfidogens: sulfur , sulfate , and thiosulfate
reducers); fermenters; acetogens; hydrocarbon oxidizers; methanogens; and iron, manganese, and
nitrate reducers (Davis et al., 2012).
Based on their physiologies, microorganisms cycle substrates at depth by mobilizing or
sequestering constituents in and out of solution. Mobilization can occur through biomethylation,
complexation, and leaching. Sequestration can occur through intracellular sequestration,
precipitation, and sorption to biomass.
The extent to which constituents are mobilized or sequestered depends upon the prevailing
geochemical environment after hydraulic fracturing and through production. Significant
environmental factors that influence the extent of microbially mediated reactions are increases in
ionic content (i.e., salinity, conductivity, total nitrogen, bromide, iron, and potassium); decreases in
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acidity, and organic and inorganic carbon; the availability of diverse electron acceptors and donors;
and the availability of sulfur-containing compounds (Cluff et al., 2014; Murali Mohan et al., 2013b;
Davis et al., 2012). Examples follow that illustrate how subsurface microbial activity influences the
content of produced water.
Under prevailing anaerobic and reducing conditions, microorganisms can mobilize or sequester
metals found in produced water from unconventional reservoirs (Gadd, 2004). Microbial enzymatic
reduction carried out by chromium-, iron-, manganese-, and uranium-reducing bacteria can both
mobilize and sequester metals (Vanengelen et al., 2008; García et al., 2004; Mata et al., 2002;
Gauthier et al., 1992; Myers and Nealson, 1988; Lovley and Phillips, 1986). For instance, iron and
manganese species go into solution when reduced, while chromium and uranium species
precipitate when reduced (Gadd, 2004; Newman, 2001; Ahmann et al., 1994).
Metals can also be microbially solubilized by complexing with extracellular metabolites,
siderophores (metal-chelating compounds), and microbially generated bioligands (e.g., organic
acids) (Glorius et al., 2008; Francis, 2007; Gadd, 2004; Hernlem et al., 1999). For example,
Pseudomonas spp. secrete acids that act as bioligands to form complexes with uranium(VI) (Glorius
et al., 2008).
Many sulfur-cycling taxa have been found in hydraulic fracturing flowback and produced water
communities (Murali Mohan et al., 2013b; Mohan et al., 2011). Immediately following injection,
microbial sulfate reduction is stimulated by diluting high-salinity formation waters with fresh
water (high salinities inhibit sulfate reduction). Microbial sulfate reduction oxidizes organic matter
and decreases aqueous sulfate concentrations, thereby increasing the solubility of barium (Cheung
et al., 2010; Lovley and Chapelle, 1995).
Sulfidogens also reduce sulfate, as well as elemental sulfur and other sulfur species (e.g.,
thiosulfate) prevalent in the subsurface, contributing to biogenic sulfide or hydrogen sulfide gas in
produced water (Alain et al., 2002; Ravot et al., 1997). Sulfide can also sequester metals in sulfide
phases (Ravot et al., 1997; Lovley and Chapelle, 1995). Sources of sulfide also include formation
solids (e.g., pyrite in shale) and remnants of drilling muds (e.g., barite and sulfonates), or other
electron donor sources (Davis et al., 2012; Kim et al., 2010; Collado et al., 2009; Grabowski et al.,
2005).
Additionally, anaerobic hydrocarbon oxidizers associated with shale produced water can readily
degrade simple and complex carbon compounds across a considerable salinity and redox range
(Murali Mohan et al., 2013b; Fichter et al., 2012; Timmis, 2010; Lalucat et al., 2006; Yakimov et al.,
2005; McGowan et al., 2004; Hedlund et al., 2001; Cayol et al., 1994; Gauthier et al., 1992; Zeikus et
al., 1983).
Lastly, microbial fermentation produces organic acids, alcohols, and gases under anaerobic
conditions, as is the case during methanogenesis. Some nitrogen-cycling genera have been
identified in shale gas systems. These include genera involved in nitrate reduction and
denitrification (Kim et al., 2010; Yoshizawa et al., 2010; Yoshizawa et al., 2009; Lalucat et al., 2006).

E-59

Appendix E – Produced Water Handling Supplemental Information

These genera likely couple sugar, organic carbon, and sulfur species oxidation to nitrate reduction
and denitrification processes.
Consequently, using a variety of recurring physiologies, microorganisms mobilize and sequester
constituents in and out of solution to influence the content of produced water.

E.4.

Produced Water Content Spatial Trends

E.4.1. Variability between Plays of the Same Rock Type
E.4.1.1. Shale Formation Variability
The content of shale produced water varies geographically, as shown by data from four formations
(the Bakken, Barnett, Fayetteville, and Marcellus Shales; see Table E-2, Table E-4, Table E-6, Table
E-8, Table E-9, and Table E-11). For several constituents, variability between shale formations is
common. The average/median TDS concentrations in the Marcellus (87,800 to 106,390 mg/L ) and
Bakken (196,000 mg/L) Shales are one order of magnitude greater than the average TDS
concentrations reported for the Barnett and Fayetteville Shales (Table E-2). As Fayetteville
produced water contains the lowest reported average TDS concentration (13,290 mg/L), average
concentrations for many inorganics (i.e., bromide, calcium, chloride, magnesium, sodium, and
strontium) that contribute to dissolved solids loads are the lowest compared to average
concentrations for the same inorganics in Bakken, Barnett, and Marcellus produced water (Table
E-4 and Table E-6). Average concentrations for metals reported within Bakken and Marcellus
produced water are also higher than those within the Barnett or Fayetteville formations (Table
E-6).
Additionally, Marcellus produced water is enriched in barium (average concentration of 2,224 mg/l
in Barbot et al. (2013) or median calculated from Hayes (2009) of 542.5 mg/L) and strontium
(average concentration of 1,695 mg/L (Barbot et al., 2013) or median calculated from Hayes (2009)
of 1,240 mg/L) by one to three orders of magnitude compared to Bakken, Barnett, and Fayetteville
produced water (Table E-6). Subsequently, radionuclide variability expressed as isotopic ratios
(e.g., radium-228/radium-226, strontium-87/strontium-86) are being used to determine the
reservoir source for produced water (Chapman et al., 2012; Rowan et al., 2011; Blauch et al., 2009).
Lastly, Barnett and Bakken produced waters are enriched in sulfate.
Although organic data are limited, average BTEX concentrations are higher in Marcellus compared
to Barnett produced water by one order of magnitude, whereas concentrations of benzene alone
are marginally higher in Barnett compared to Marcellus produced water (Table E-9 and Table
E-11).

E.4.1.2. Tight Formation Variability
The average concentrations for various constituents in tight formation produced water vary
geographically between sandstone formations (the Cotton Valley Group, Devonian sandstone, and
the Mesaverde and Oswego), as shown in Table E-2, Table E-4, Table E-6, Table E-8, and Table E-9.
The average TDS concentrations in the Devonian sandstone (235,125 mg/L) and Cotton Valley
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Group (164,683 mg/L) are one to two orders of magnitude greater than the average TDS
concentrations reported for the Mesaverde (15,802 mg/L) and Oswego Formations (73,082 mg/L)
(Table E-2). Mesaverde produced water also contained the lowest average concentrations for many
of the inorganic components of TDS (i.e., calcium, chloride, iron, magnesium, and sodium) (Table
E-4 and Table E-6).
Little variability was reported in pH between these four tight formations (E-2). Mesaverde
produced water was enriched in sulfate, with an average concentration of 837 mg/L (Table E-4),
whereas Devonian produced water was enriched in barium, which had an average concentration of
1,488 mg/L (Table E-6).

E.4.1.3. Coalbed Variability
Geochemical analysis showed that the Powder River Basin is predominately characterized by
bicarbonate water types with a large intrusion of sodium-type waters across a large range of
magnesium and calcium concentrations (Dahm et al., 2011).1 In contrast, the Raton Basin is typified
by sodium-type waters with low calcium and magnesium concentrations. A combination of Powder
River and Raton produced water compositional characteristics typifies the San Juan Basin (Dahm et
al., 2011). Lastly, Black Warrior Basin produced water is differentiated based upon its sodium
bicarbonate- or sodium chloride-type waters (DOE, 2014; Pashin et al., 2014).
Regional variability is observed in average produced water concentrations for various constituents
of four CBM basins (Powder River, Raton, San Juan, and Black Warrior (Table E-3, Table E-5, Table
E-7, Table E-9, and Table E-12), but particularly between produced water of the Black Warrior
Basin and the others. As the average TDS concentration in Black Warrior Basin produced water
(14,319 mg/L) is one to two orders of magnitude higher than that of the other three presented in
Table E-5, average concentrations for TDS contributing ions (i.e., calcium, chloride, and sodium)
were also higher than in the Powder River, Raton, and San Juan Basins. These high levels follow
from the marine depositional environment of the Black Warrior Basin (Horsey, 1981).
Powder River Basin produced water has the lowest average TDS concentration (997 mg/L), which
is consistent with Dahm et al. (2011) reporting that nearly a quarter of all the produced water
sampled from the Powder River Basin meets the U.S. drinking water secondary standard for TDS
(less than 500 mg/L).2 In addition, the Black Warrior Basin appears to be slightly enriched in
barium, compared to the other three CBM basins (Table E-5). Lastly, the three western CBM basins

1 Water is classified as a “type” if the dominant dissolved ion is greater than 50% of the total. A sodium-type water
contains more that 50% of the cation milliequivalents (mEq) as sodium. Similarly, a sodium-bicarbonate water contains
50% of the cation mEq as sodium, and 50% of the anion mEq as bicarbonate (USGS, 2002).
2 MCL refers to the highest level of a contaminant that is allowed in drinking water. MCLs are enforceable standards. These
include primary MCLs for barium, cadmium, chromium, lead, mercury, and selenium. National Secondary Drinking Water
Regulations (NSDWRs or secondary standards) are non-enforceable guidelines regulating contaminants that may cause
cosmetic effects (such as skin or tooth discoloration) or aesthetic effects (such as taste, odor, or color) in drinking water.
Secondary MCLs are recommended for aluminum, chloride, copper, iron, manganese, pH, silver, sulfate, TDS, and others.
See http://water.epa.gov/drink/contaminants/index.cfm#Primary for more information.
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(Powder River, Raton, and San Juan) are much more alkaline and enriched in bicarbonate than their
eastern counterpart (the Black Warrior Basin; Table E-3).
Average concentrations of benzene, ethylbenzene, and xylenes are higher in San Juan compared to
Raton produced water by two orders of magnitude, whereas concentrations of toluene are
marginally higher in Raton compared to San Juan produced water (Table E-9).

E.4.2. Local Variability
Spatial variability of produced water content frequently exists within a single producing formation.
For instance, Marcellus Shale barium levels increase along a southwest to northeast transect
(Barbot et al., 2013). Additionally, produced water from the northern and southern portions of the
San Juan Basin differ in TDS, due to groundwater recharge in the northern basin leading to higher
chloride concentrations than in the southern portion (Dahm et al., 2011; Van Voast, 2003).
Spatial variability of produced water content also exists at a local level due to the stratigraphy
surrounding the producing formation. For example, deep saline aquifers, if present in the over- or
underlying strata, may over geologic time encroach upon shales, coals, and sandstones via fluid
intrusion processes (Blauch et al., 2009). Evidence of deep brine migration from adjacent strata into
shallow aquifers via natural faults and fractures has been noted previously in the Michigan Basin
and the Marcellus Shale (Vengosh et al., 2014; Warner et al., 2012; Weaver et al., 1995). By
extension, in situ hydraulic connectivity, which is stimulated by design during hydraulic fracturing,
may lead to the migration of brine-associated constituents in under- and overlying strata into
producing formations, as discussed in Chapter 6.

E.5.

North Dakota Spill Analysis

E.5.1. Materials and Methods
Incidents were reported to the North Dakota Department of Health from across the Bakken Gas
Shale, Late Devonian to Early Mississippian in age. We reviewed incidents occurring during the
years 2001-2015, and categorized them by release type: salt water (SW), oil, and other.1 First, two
years (2014 and 2015) of Oil Field dataset was retrieved from the North Dakota Spills Database
Website operated by the North Dakota Department of Health, Division of Water Quality
(http://www.ndhealth.gov/EHS/Spills/). The entire public dataset to date was later (March 15,
2016) obtained directly from the ND Department of Health for our analysis of the years 2001 to
2015. The data from 2014 and 2105 were used to summarize causes of spills.
Our method of data-cleaning involved eliminating data with empty cells (NA), or reports of “0”
values. If data were presented as “0” bbl or gal for SW, oil, and other spills, we omitted those values
from the dataset (n= 434). Additionally, cells containing “0” or “NA” for SW, oil, and other reported
spills were omitted from the dataset (n= 98). A single spill with unit “lbs”, referring to dust used in

The “other” category also includes spills categorized as: freshwater, condensate, drilling mud, injection fluid, emulsion,
injection chemical, petroleum, product, misc, uncharacterized, oil and water, freshwater and brine, and drill cuttings.
Some incidents did not release a liquid as, for example, the release could have only been gas.
1
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processing of drill cuttings, was omitted (n=1). All values were converted to barrels (bbl when
necessary).
The dataset containing SW, oil, and other, was further divided into three datasets based on spill
type. The compiled statistics only included releases with volumes above (SW: n=6238, oil: n=4882,
and other: n=9863). Unlike the Oklahoma study reported in the main text (Fisher and Sublette,
2005), we are not able to identify salt water spills whose volume was not estimated.
The spill rates were determined by dividing the spill counts and volumes by the number of active
production wells. The latter data were obtained from the North Dakota Oil and Gas Division web
site (https://www.dmr.nd.gov/oilgas/stats/statisticsvw.asp). Monthly well counts are available for
the years of interest, and we used the active well count for December of each year in our
calculations. Alternatively different months or the average for the entire year could be used.
Through testing, we found no meaningful differences in the estimates. The median (or middle)
volume of produced water (SW) spills was consistently about 340 gal (1,300 L) for the period 2001
to 2015 (Figure 7-13).1 The data are represented by box plots in the main text (Figure E-6).

Figure E-6. Illustration of a "box" or "box and whisker" plot.

50% of spill volumes were below and 50% above the median value. Medians are less sensitive to extreme values than
means (averages). Means above the median indicate that the distribution is skewed by a relatively small number of
incidents with high spill volumes.
1
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E.5.2. Results
For comparison with the other types of spilled liquids, after 2009 the median volume for oil spills
tended toward 130 gal (480 L) for oil (Figure E-7) and 210 gal (790 L) for all other spills (Figure
E-8). In each case, however, the mean numbers of spills were higher than the medians, indicating
that although the majority of SW spills were 340 gal (1,300 L) or less, larger volume spills occurred
and increased the mean value. For SW spills, the largest spill recorded was 2,900,000 gal
(11,000,000 L) occurring in January 2015. Although most of the SW spills contained 340 gal (1,300
L) or less, large spills (400,000 gal (11,000,000 L) or more) occurred in 2013, 2014, and 2015
(Figure 7-13).

Figure E-7. Median, mean, and maximum volume of oil spills in North Dakota for 2001 to
2015.
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Figure E-8. Median, mean, and maximum volume of “other” spills in North Dakota for 2002 to
2015.
The number of spills increased with increasing numbers of active wells (Figure E-9). Each type of
spill decreased from 2014 to 2015 (Figure E-9). From 2001 to 2007 the rate of oil and produced
water spills were roughly the same (Figure E-9), afterwards there were fewer produced water
spills. From 2010 to 2015, the rate of produced water spills ranged from 4.7 to 7.2 per hundred
active wells; oil spills from 6.1 to 10.0 per hundred active wells and other spills from 1.7 to 3.7 per
hundred active wells. By the end of 2015 there were over 13,000 active production wells in North
Dakota, and these fractions corresponded to 613 produced water, 825 oil, and 369 other spills
(Figure E-9). Although there were more oil than produced water spills, the median and maximum
produced water spills were larger than the median oil spills.
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Figure E-9. Count of spills and active wells in North Dakota for the years 2001 to 2015.
North Dakota distinguishes between spills that are and are not contained within the boundaries of
the production or exploration facility (http://www.ndhealth.gov/ehs/spills/). For each type of spill,
more were contained than not contained (Figure E-10). The maximum spill sizes were generally
higher in the not contained category (Figure E-12).
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Figure E-10. Number of spills in North Dakota from 2001 to 2015 separated by type and by
“contained” versus “not contained.”
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Figure E-11. Median volume (gal) of spills in North Dakota from 2001 to 2015 separated by
type and by “contained” versus “not contained.”

E-68

Appendix E – Produced Water Handling Supplemental Information

Figure E-12. Yearly sum of spill volume (gal) of spills in North Dakota from 2001 to 2015
separated by type and by “contained” versus “not contained.”
The distribution of spills of each type is skewed. For 2015, the medians range from 8 to 80 gal (300
to 3,000 L) (considering contained and not contained of each type) but the maximums are much
higher ranging from 50,000 to 2,900,000 gal (190,000 to 11,000,000 L) (Table E-14 and Table
E-15). Further, the maximums are much higher than the 75th percentiles, indicating a relatively
small number of large spills. Only a very few spills occur that are greater than 20,000 gal (80,000 L)
(Table E-16). In the case of produced water, there were 12 spills over 20,000 gal (80,000 L), five
over 40,000 gal (160,000 L) , and one greater than 400,000 gal (1,600,000 L) (Table E-16).
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Spill causes were discussed for the composited produced water spills in the main text. Although
small in absolute numbers, proportionately more pipeline leaks, “other,” and stuffing box leaks
caused produced water spills in 2015 (Figure E-14 and Figure E-15).

Table E-14. Volume distribution in gallons (minimum, 25th percentile, median, 75th percentile
and maximum) for each type of spill in North Dakota for 2015.
Type

Spills

Oil

Other

Min

25th

Med

75th

Max

Contained

1

40

130

420

94,000

Not Contained

1

40

80

290

105,000

All

1

40

130

340

105,000

0.04

80

210

840

50,000

2

80

840

840

105,000

0.04

80

210

840

105,000

Contained

1

80

340

1,300

340,000

Not Contained

1

130

420

2,100

2,900,000

All

1

80

340

1,300

2,900,000

Contained
Not Contained
All

SW

Table E-15. Numbers of 2015 North Dakota spills in ranges defined by the spill
volume statistics (Table E-14) for each type.
Count
Min ≤ x < 25th

25th ≤ x < Med

Med ≤ x < 75th

75th ≤ x ≤ Max

Contained

71

212

188

158

Not
Contained

59

29

57

51

All

130

257

217

221

Contained

55

32

44

35

Not
Contained

12

9

0

21

All

67

35

50

56

Contained

77

184

127

141

Not
Contained

21

18

21

24

All

94

202

163

154

Type

Status

Oil

Other

SW
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Table E-16. Number of 2015 North Dakota spills which exceed thresholds (20,000 gal, 40,000
gal, and 400,000 gal) for each type of spill.
Size
Type

Status

Oil

Other

SW

≥ 20,000 gal

≥ 40,000 gal

≥ 400,000 gal

Contained

3

3

0

Not Contained

2

1

0

All

5

4

0

Contained

1

1

0

Not Contained

2

2

0

All

3

3

0

Contained

6

2

0

Not Contained

6

3

1

All

12

5

1

Figure E-13. Numbers of contained spills in North Dakota by cause for 2014 and 2015.
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Figure E-14. Numbers of not contained spills in North Dakota by cause for 2014 and 2015.
E.5.3. Summary of Additional Studies on Spills
Gross et al. (2013) analyzed the Colorado Oil and Gas Conservation Commission’s database for
groundwater BTEX concentrations linked to storage and production facilities between July 2010
and July 2011 in Weld County, CO. Only spills with an impact on groundwater were included in the
study. The 77 reported spills accounted for less than 0.5% of nearly 18,000 active wells. Forty-six of
the 77 spills consisted of produced water and oil. Of the remaining spills, 23 consisted of only oil
and eight consisted of only produced water. Thus the results that follow include cases with no
produced water spill. From these composited spills, benzene concentrations in 90% of the
groundwater samples exceeded 5 µg/L, the U.S. drinking water standard. Additionally, 30% of
toluene, 12% of ethylbenzene, and 8% of xylene sample concentrations exceeded 1 mg/L, 0.7 mg/L
and 10 mg/L, respectively (Gross et al., 2013).
Based on five spills for which volumes were reported, the average volume of a produced water spill
was 294 gal (1,110 L), ranging from 42 (160 L) to 1,176 gal (4,450 L) (Gross et al., 2013). Spill areas
averaged 2,120 ft2 (197 m2) with an average depth of 7 ft (2 m). Tank battery systems and
production facilities were the biggest volume sources of spills with groundwater impacts.
Equipment failure was the most common cause of spills with groundwater impacts. Of the 77
reported spills, secondary containment was absent from 51 of them (Gross et al., 2013).
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As noted from the Colorado (Gross et al., 2013) and Oklahoma (Fisher and Sublette, 2005) studies,
oil releases may occur alongside produced water spills. Review of recent oil field incidents in North
Dakota (from information on the state’s website at http://www.ndhealth.gov/EHS/Spills/) also
shows incidents with both produced water and oil releases. Oil releases are characterized by a
number of features including their unique hydrocarbon composition and physical properties.
Impacts can include: surface runoff, infiltration into soils, formation of sheens and oil slicks on
surface waters, evaporation, oxidation, biodegradation, emulsion formation, and particle deposition
(U.S. EPA, 1999b).
Brantley et al. (2014) reviewed PA DEP’s online oil and gas compliance database for notices of
violation issued to companies developing gas resources in unconventional reservoirs. Between May
2009 and April 2013, eight spills of flowback and produced water ranging from more than 4,000 gal
(15,000 L) to more than 57,000 gal (220,000 L) reached surface water resources. The spills
typically resulted in local impacts to environmental receptors and required remediation and
monitoring. However, the study indicated the likelihood of a leak or spill of hydraulic fracturingrelated fluids was low (less than 1%, based on 32 large spills out of more than
4,000 complete wells). Due to lack of data, specific impacts to the eight receiving surface waters
were not discussed, other than noting the produced water had contacted the surface water.

E.6.

Evaluation of Impacts

As an example of set of criteria for assessing sites potentially contaminated by hydraulic fracturing
activities, the U.S. EPA (2012e) developed an approach to study sites with suspected impacts from
hydraulic fracturing activities. The approach was based on a tiered scheme where results from each
tier are used to refine activities in higher tiers. The four tiers, with some modification, are as
follows:
Verify potential issue:


Evaluate existing data and information from operators, private citizens, federal, state and
local agencies, and tribes (as appropriate). Including studies of local groundwater quality
that might have been conducted by USGS.



Conduct site visits.



Interview stakeholders and interested parties.

Determine approach for detailed investigations:


Establish sampling locations



Conduct initial sampling of water wells, taps, surface water, and soils.



Identify potential evidence of drinking water contamination.



Develop conceptual site model describing possible sources and pathways of the reported
or potential contamination.



Develop, calibrate, and test fate and transport model(s).
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Conduct detailed investigations to detect and evaluate potential sources of contamination:


Conduct additional sampling of soils, aquifer, surface water, and produced water
pits/tanks where present.



Conduct additional testing, including further water testing with new monitoring points,
soil gas surveys, geophysical testing, well mechanical integrity testing, and stable isotope
analyses.



Refine conceptual site model and further test exposure scenarios.



Refine fate and transport model(s) based on new data.

Determine the source(s) of any impacts to drinking water resources:


Develop multiple lines of evidence to determine the source(s) of impacts to drinking water
resources.



Exclude possible sources and pathways of the reported contamination.



Assess uncertainties associated with conclusions regarding the source(s) of impacts.

This tiered assessment strategy provides an outline for collecting data and evaluating lines of
evidence to determine whether impacts have occurred. An outline of the quality assurance project
plan (QAPP) for the EPA’s Retrospective case study in northeastern Pennsylvania: Study of the
potential impacts of hydraulic fracturing on drinking water resources (U.S. EPA, 2014d, 2012d) is
given in Table E-17, and a graphical presentation of the relationships among quality assurance
blanks is shown in Figure E-15. Table E-18 summarizes the lines of evidence used in the EPA’s
Retrospective case study in Wise County, Texas: Study of the potential impacts of hydraulic fracturing
on drinking water resources (U.S. EPA, 2015i).

Table E-17. Outline of Northeastern Pennsylvania Retrospective Case Study QAPP.
Topic

Elements

Sampling Process Design

Background information on geology, hydrology, and geochemistry
Groundwater and surface water monitoring

Sampling Methods

Domestic wells
Surface waters: springs, ponds, and streams

Sampling Handling and Custody

Water sample labeling
Water sample packing, shipping, and receipt at laboratories

Analytical Methods

Groundwater and surface water

Quality Control

Quality metrics for aqueous analysis
Measured and Calculated solute concentration data evaluation
Detection limits
QA/QC calculations
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Topic

Elements

Instrumentation

Testing, inspection, and maintenance
Equipment calibration and frequency
Acceptance of supplies and consumables

Non-direct Data

Assurance of Quality of 3RD party data (i.e., USGS background water quality
data, university research publications)

Data Management

Recording
Storage
Analysis

Assessment and Oversight

Assessments
Assessment Reporting

Data Validation and Usability

Data review, verification, and validation
Verification and validation methods
Reconciliation with user requirements

Figure E-15. Quality assurance blanks illustrating giving their purpose, brief procedure, and
the span of their scope (modified from US EPA Region 3 Quality Control Tools: Blanks, April
27, 2009).
For example, the equipment blank spans all aspects of sampling and analysis from field to laboratory, while the
instrument blank only assess contamination in the instrument itself. Reviewing results from all of these blanks
could narrow down the source of sample cross-contamination.
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Table E-18. Source delineation analysis table from the EPA retrospective case study in Wise County, Texas.
Brine

Sea Water

Halite/
Road Salt

Bromide vs. Boron

Yes

Yes

Yes

No

No

No

Chloride vs. Magnesium

Yes

Yes

No

No

No

No

Chloride vs. Bromide

Yes

Yes

Yes

No

No

Yes

Chloride vs. Bicarbonate

Yes

Yes

Yes

No

No

No

Chloride vs. Calcium

Yes

Yes

Yes

No

No

No

Chloride vs. Potassium

Yes

Yes

Yes

No

No

No

Chloride vs. Sodium

Yes

Yes

Yes

No

No

No

Chloride vs. Sulfate

Yes

Yes

Yes

No

No

No

Cl/Br

Yes

Yes

Yes

Yes

No

No

Cl/I

Yes

Yes

Yes

Yes

No

Yes

K/Rb

Yes

Yes

No Dataa

No Dataa

No Dataa

No Dataa

Sr Isotope

Yes

No Dataa

No Dataa

No Dataa

No Dataa

No Dataa

Percentage Of Yesb

100

100

90

20

0

20

Bromide vs. Boron

No

No

No

No

No

No

Chloride vs. Magnesium

No

No

No

No

Yes

Yes

Chloride vs Bromide

No

No

No

No

No

No

Chloride vs. Bicarbonate

No

No

No

Yes

No

Yes

Chloride vs. Calcium

No

No

No

No

Yes

Yes

Chloride vs. Potassium

Yes

Yes

Yes

Yes

Yes

Yes

Chloride vs. Sodium

Yes

No

No

Yes

Yes

Yes

Well

Technique

WISETXGW01

WISETXGW05
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Brine

Sea Water

Halite/
Road Salt

Landfill
Leachate

Sewage/
Septic Tank

Animal Waste

Chloride vs. Sulfate

Yes

Yes

Yes

No

No

No

Cl/Br

No

No

No

No

No

No

Cl/I

No Dataa

No Dataa

No Dataa

No Dataa

No Dataa

No Dataa

K/Rb

Yes

Yes

No Dataa

No Dataa

No Dataa

No Dataa

Sr Isotope

Yes

No Dataa

No Dataa

No Dataa

No Dataa

No Dataa

Percentage Of Yesb

45

30

22

33

44

46

Bromide vs. Boron

Yes

Yes

Yes

No

No

No

Chloride vs. Magnesium

Yes

Yes

No

No

No

No

Chloride vs. Bromide

Yes

Yes

Yes

No

No

Yes

Chloride vs. Bicarbonate

Yes

Yes

Yes

No

No

No

Chloride vs. Calcium

Yes

Yes

Yes

No

No

No

Chloride vs. Potassium

Yes

Yes

Yes

No

No

No

Chloride vs. Sodium

Yes

Yes

Yes

No

No

No

Chloride vs. Sulfate

Yes

Yes

Yes

No

No

No

Cl/Br

Yes

Yes

Yes

Yes

No

No

Cl/I

Yes

Yes

Yes

Yes

No

Yes

K/Rb

Yes

Yes

No Datab

No Datab

No Datab

No Datab

Sr Isotopeb

Yes

No Datab

No Datab

No Datab

No Datab

No Datab

Percentage Of Yesb

100

100

90

20

0

20

Well

Technique

WISETXGW05,
cont.

WISETXGW08

a Although

there was no data for the other sources, the analysis done for brine sources is consistent with brines as a source of the observed impacts (see Figure 50 and the
discussion in the “Source Identification” section of this report).
b K/Rb

and Sr isotope data were not found in the literature for these sources.
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E.7.

Transport Properties

The identified constituents of flowback and produced water include inorganic chemicals in the form
of cations and anions (including various types of metals, metalloids, and non-metals, and
radioactive materials, among others) and organic chemicals, including identified compounds in
various classes, and unidentified materials measured as TOC and DOC. Environmental transport of
these chemicals depends on the properties of the chemical and properties of the environment, and
is extensively discussed in Section 5.8.3.
Transport of inorganic chemicals depends on the nature of groundwater and vadose zone flow, and
potential reactions among the inorganic chemical, solid surfaces, and geochemistry of the water.
Some inorganic anions (i.e., chloride and bromide) move with their carrier liquid and are mostly
impacted by physical transport mechanisms: flow of water and dispersion. In addition to the flowrelated processes, transport of most inorganics depends upon three mechanisms related to
partitioning to the solid phase: adsorption, absorption, and precipitation. The effects of these
mechanisms depend on both chemical and site-specific environmental characteristics, including the
surface reactivity, solubility, and redox sensitivity of the contaminant; the type and abundance of
reactive mineral phases, and the ground-water chemistry (U.S. EPA, 2007). Generalized
characterization of inorganic transport is not possible, but through the use of transport models, the
effects of physical transport mechanisms and chemical processes can be integrated. Examples of
transport models for reactive metals include the Geochemist’s Workbench (Bethke, 2014) and
Hydrus (Šimunek et al., 1998).
Properties of organic chemicals which tend to affect the likelihood that a chemical will reach and
impact drinking water resources if spilled include high chemical mobility in water and low
volatility. Biodegradation, which depends on properties of the chemical, subsurface
microorganisms, and the environment, governs the fate of these contaminants.
Using the EPA chemical database EPI SuiteTM, we were able to obtain actual or estimated
physicochemical properties for 521 of the individual organic chemicals identified in produced
water and listed in Appendix H. A portion of these, 59, are used in the chemical mixing stage (Table
C-9). The EPI SuiteTM results are constrained by their applicability to one temperature (25 oC), and
salinity (low). Temperature changes impact Henry’s law constant, Kow, and solubility, and depend
on the characteristics of the chemical and ions present (Borrirukwisitsak et al., 2012;
Schwarzenbach et al., 2002). In some cases, the effect changes exponentially with salinity
(Schwarzenbach et al., 2002). Therefore, property values that depart from the EPI SuiteTM values
are expected for produced water at elevated temperature and salinity. Although little is known
concerning attenuation of hydraulic fracturing fluid constituents, Kekacs et al. (2015) report that
salinity above 40,000 mg/L initially inhibited aerobic degradation of the organic constituents of a
synthetic fracturing fluid (for 6.5 days), even though the bacterial communities were preacclimated to the salts.
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E.8.

Example Calculation for Roadway Transport

This section provides background information for the roadway transport calculation appearing in
Chapter 7.
An estimate of releases from truck transport of produced water could be made as follows:
𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑟𝑢𝑐𝑘𝑙𝑜𝑎𝑑𝑠 =

𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑤𝑎𝑡𝑒𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 𝑝𝑒𝑟 𝑤𝑒𝑙𝑙
𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑤𝑎𝑡𝑒𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 𝑝𝑒𝑟 𝑡𝑟𝑢𝑐𝑘

Then the total distance traveled by all trucks is given by:
𝑇𝑜𝑡𝑎𝑙 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑡𝑟𝑎𝑣𝑒𝑙𝑒𝑑 = 𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑟𝑢𝑐𝑘𝑙𝑜𝑎𝑑𝑠 × 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑝𝑒𝑟 𝑡𝑟𝑢𝑐𝑘
The number of crashes impacting drinking water resources can be estimated from:
𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑐𝑟𝑎𝑠ℎ𝑒𝑠 𝑖𝑚𝑝𝑎𝑐𝑡𝑖𝑛𝑔 𝑑𝑟𝑖𝑛𝑘𝑖𝑛𝑔 𝑤𝑎𝑡𝑒𝑟 𝑟𝑒𝑠𝑜𝑢𝑟𝑐𝑒𝑠
= 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑐𝑟𝑎𝑠ℎ𝑒𝑠 𝑟𝑒𝑙𝑒𝑎𝑠𝑖𝑛𝑔 𝑤𝑎𝑠𝑡𝑒 𝑡ℎ𝑎𝑡 𝑖𝑚𝑝𝑎𝑐𝑡𝑠 𝑑𝑟𝑖𝑛𝑘𝑖𝑛𝑔 𝑤𝑎𝑡𝑒𝑟 𝑟𝑒𝑠𝑜𝑢𝑟𝑐𝑒𝑠
× 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑎𝑙𝑙 𝑐𝑟𝑎𝑠ℎ𝑒𝑠 𝑟𝑒𝑙𝑒𝑎𝑠𝑖𝑛𝑔 𝑤𝑎𝑠𝑡𝑒 × 𝐶𝑟𝑎𝑠ℎ 𝑟𝑎𝑡𝑒
× 𝑇𝑜𝑡𝑎𝑙 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑡𝑟𝑎𝑣𝑒𝑙𝑒𝑑
Because the chances of a crash is low, the results are expressed as one truck trip with a crash to
total truck trips without a crash (Table E-21). Estimates of all but one of the quantities in these
calculations can be made from various literature sources, which are described in the subsequent
sections. A key parameter is the number of crashes of trucks per distance traveled. In 2012, the U.S.
Department of Transportation (DOT) estimated that the number of crashes per 100 million
highway miles driven of a type of large truck was 110, which is a relatively small number. A key
parameter that is unknown is the number of crashes which impact drinking water resources, so
definitive estimates of impacts to drinking water resources cannot be made. Alternatively, as an
upper bound on drinking water resource impacts, the fraction of crashes which release waste can
be estimated.

E.8.1. Estimation of Transport Distance
In a study of wastewater management for the Marcellus Shale, Rahm et al. (2013) used data
reported to the Pennsylvania Department of Environmental Protection (PA DEP) to estimate the
average distance wastewater was transported. For the period from 2008 to 2010, the distance
transported was approximately 100 km, but it was reduced by 30% for 2011. The reduction was
attributed to increased treatment infrastructure in Lycoming County, an area of intensive hydraulic
fracturing operations in northeastern Pennsylvania. For the part of Pennsylvania within the
Susquehanna River Basin, Gilmore et al. (2013) estimated the likely transport distances for drilling
waste to landfills (256 km or 159 mi); produced water to disposal wells (388 km or 241 mi); and
commercial wastewater treatment plants (CWTPs) (158 km or 98 mi). These distances are longer
than the values from Rahm et al. (2013), in part, because wells in the Susquehanna Basin are
further to the east of Ohio disposal wells and some CWTPs.
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E.8.2. Estimation of Wastewater Volumes
In an example water balance calculation, Gilmore et al. (2013) used 380,000 gal (1.4 million L) of
flowback as the volume transported to CWTPs, 450,000 gal (1.7 million L) of flowback transported
to injection wells, and 130,000 gal (490,000 L) of un-reusable treated water also transported to
injection wells for a total estimated wastewater volume of 960,000 gal (3.6 million L) per well.

E.8.3. Estimation of Roadway Accidents
The U.S. Department of Transportation (DOT) published statistics on roadway accidents (U.S.
Department of Transportation, 2012) which indicate that the combined total of combination truck
crashes in 2012 was 179,736, or 110 per 100 million vehicle miles (1.77 million km) (Table E-19).
As an indicator of the uncertainty of these data, DOT reported 122,240 large truck crashes from a
differing set of databases (Table E-20), with a rate of 75 per 100 million vehicle miles, which is 68%
of the number of combination truck crashes.

Table E-19. Combination truck crashes in 2012 for the 2,469,094 registered combination
trucks, which traveled 163,358 million miles.
Source: U.S. Department of Transportation (2012). A combination truck is defined as a truck tractor pulling any
number of trailers.

Combination trucks
involved in crashes

Rates per 100 million vehicle miles
traveled by combination trucks

Property damage only

135,000

82.8

Injury

42,000

25.5

Fatal

2,736

1.74

Total

179,736

110

Type of crash

Table E-20. Large truck crashes in 2012.
Source: U.S. Department of Transportation (2012). A large truck is defined as a truck with a gross vehicle weight
rating greater than 10,000 pounds.

Type of crash

Total crashes

Large trucks with cargo tanks
Number

Percentage

Towaway crashes

72,644

4,364

6.0%

Injury

45,794

3,245

7.1%

Fatal

3,802

360

9.5%

Totals

122,240

7,969

6.5%
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E.8.4. Estimation of Material Release Rates in Crashes
Estimates ranging from 5.6% to 36% have been made for the probability of material releases from
crashed trucks. Craft (2004) used data from three databases to estimate the probability of spills in
fatality accidents at 36%, which may overestimate the probability for all types of accidents (Rozell
and Reaven, 2012).1 The U.S. Department of Transportation (2012) provides estimates of
hazardous materials releases from large truck crashes. For all types of hazardous materials carried,
408 of 2,903 crashes, or 14%, were known to have hazardous materials releases. The occurrence of
a release was unknown for 18% of the crashes. These crashes were not distinguished by truck type,
so they likely overestimated the number of tanker crashes. Harwood et al. (1993) used accident
data from three states (California, Illinois, and Michigan) to develop hazardous materials release
rate estimates for different types of roadways, accidents, and settings (urban or rural). For
roadways in rural settings the probability of release ranged from 8.1% to 9.0%, while in urban
settings the probability ranged from 5.6% to 6.9%.

E.8.5. Estimation of Volume Released in Accidents
Based on the estimated volumes, disposal distances, truck sizes, and accident rates used by Gilmore
et al. (2013), Rahm et al. (2013), and King (2012), the total travel distance by trucks ranges from
9,620 mi (14,900 km) to 22,875 mi (36,814 km) per well (Table E-21).
Based on the varying assumptions of each author (Gilmore et al., 2013; King, 2012; Rahm and Riha,
2012) the chances of an accident which releases produced water over the lifetime of a well ranges
from 1:110 to 1:13,000 (Table E-21).2 These estimates are dependent on the volumes, transport
distances, and crash rates chosen for analysis. The results show, however, that the expected
number of releases is relatively low.
Several limitations are inherent in this analysis, including differing rural road accident rates and
highway rates, differing wastewater endpoints, and differing amounts of produced water transport.
Further, the estimates present an upper bound on impacts, because not all releases of wastewater
would reach or impact drinking water resources.
Impacts to groundwater might occur following a spill on land. When the liquid is highly saline, its
migration is affected by its high density and viscosity compared with that of fresh water. When
spilled flowback or produced water flows over land, a fraction of the liquid is subject to infiltration.
The fraction depends on the rate of release, surface cover (i.e., pavement, cracked pavement,
vegetation, bare soil, etc.), slope of the land surface, subsurface permeability, and the moisture
content in the subsurface.

The three databases were the Trucks Involved in Fatal Accidents developed by the Center for National Truck Statistics at
the University of Michigan, the National Automotive Sampling System’s General Estimates System (GES) produced by the
National Highway Transportation Safety Agency, and the Motor Carrier Management Information System (MCMIS) Crash
File produced by the Federal Motor Carrier Safety Administration.
1

The chances of a crash releasing produced water are calculated from the material release rate times the crash rate times
the total miles traveled. The results are expressed as 1 to the reciprocal of this number (i.e., 1:5,900).
2
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Table E-21. Chances of a crash releasing produced water based on the total produced water volume per well, transport distances,
crash rates, and material release rates.
Chances of a Crash Releasing
Produced Water
Material release rate boundsb
3.4%

5.6%

36%

Crash rate (per 100 million miles)

Action

Waste per well
(million gal)

Trucks
(20 m3/truck)a

Miles traveled
per truck

Total miles
traveled
(per well)

28

75

110

75

110

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

Gilmore et al. (2013) distance estimates
Produced water to CWTP

0.38

72

29.6

2,131

Produced water to disposal
well

0.45

85

147

12,495

CWTP effluent to disposal well

0.13

25

133

3,325

n/a

n/a

n/a

n/a

n/a

Total

0.96

182

17,951

1:5,900

1:1,300

1:210

1:910

1:140

Transport 100 km

0.96

182

62.1

11,300

1:9,300

1:2,100

1:330

1:1,400

1:220

Transport 70 km

0.96

182

43.5

9,620

1:13,000 1:3,000

1:470

1:2,100

1:320

5.0

915

25

22,875

1:4,600

1:162

1:710

1:110

Rahm et al. (2013) distance estimates

King (2012) distance estimates
Assumptions of King (2012)
a King

(2012) assumed a truck volume of 5,440 gal (20,600 L) versus the assumption of 5,300 gal (20,100 L) for the other rows of the table.

b King

(2012) assumed a release rate of 3.4% from truck crashes and an accident rate of 28 crashes per 100 million mi (160 million km).
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Appendix F. Wastewater Disposal and Reuse
Supplemental Information
This appendix provides additional information for context and background to support the
discussions of hydraulic fracturing wastewater management and treatment in Chapter 8.
Information in this appendix includes: estimates of volumes of wastewater generated compiled for
several states in regions where hydraulic fracturing is occurring; an overview of the technologies
that can be used to treat hydraulic fracturing wastewater; reported and estimated removal
efficiencies for specific treatment technologies and contaminants of concern; a description of
common technologies currently in use at centralized waste treatment plants (CWTs) and their
discharge options; considerations for water reuse in hydraulic fracturing and the necessary water
quality; and legacy impacts of hydraulic fracturing on publicly owned treatment works (POTWs).
Discussion is also provided on disinfection byproduct (DBP) formation concerns related to
hydraulic fracturing.

F.1.

Estimates of Wastewater Production in Regions where Hydraulic
Fracturing is Occurring

Table F-1 presents estimated wastewater volumes for several states in areas with hydraulic
fracturing activity. These data were compiled from production data available in state databases and
were tabulated by year. For California, data were compiled for Kern County, where about 95% of
California’s hydraulic fracturing takes place (CCST, 2015b). Production records from Colorado,
Utah, and Wyoming include the producing formation for each well reported. Data presented for
these three states include statewide estimates as well as estimates for selected basins that were
identified in the literature as targets for hydraulic fracturing. Data from New Mexico are available in
files for three basins (the Permian, Raton, and San Juan) as well as for the state as a whole.
Results in Table F-1 illustrate some of the challenges associated with obtaining estimates of
hydraulic fracturing wastewater volumes, especially using publicly available data. Some of the
estimates likely include volumes from conventional wells that are not hydraulically fractured. For
example, the well counts for California, Colorado, Utah, and Wyoming were in the thousands or tens
of thousands at least as early as 2000, several years before the surge of modern hydraulic fracturing
began in the mid-2000s. The data used for California were from Kern County where hydraulic
fracturing is conducted, but are not specific to hydraulic fracturing activity. Where producing
formations are listed, but there is no indication of whether the well was hydraulically fractured, the
accuracy of the estimates depends on whether hydraulically fractured formations were correctly
identified based on other information. If formations (and the associated wells) were inadvertently
omitted, the volumes will be underestimates.
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Table F-1. Estimated volumes (millions of gallons) of wastewater based on state data for selected years and numbers of wells
producing fluid. The wastewater is likely associated with an unknown combination of wells not hydraulically fractured and some
hydraulically fractured.
State

Basin

California

San
Joaquina

Principal
lithologies

Data
type

Shale,
Produced
unconsoli- water
dated sands
Wells

2000

2004

2008

2010

2011

2012

2013

2014 Comments

46,000

48,000

58,000

65,000

71,000

75,000

74,000

-

33,695

39,088

46,519

49,201

51,031

51,567

52,763

-

Data from CA Department of
Conservation, Oil and Gas
Division.a Produced water
data compiled for Kern
County. Data may also
represent contributions from
production without hydraulic
fracturing. Not specified
whether flowback is
included.
-

-

Colorado

All basins
with hydraulically
fractured
formations

Denver

-

Sandstone,
shale

Produced
water

7,300

11,000

21,000

14,000

12,000

12,000

7,700

-

Wells

11,264

14,934

28,282

33,929

35,999

38,371

37,618

-

140

160

170

160

160

150

110

-

1,829

1,511

1,277

1,204

1,193

1,131

1,072

-

Produced
water
Wells

F-4

Data from CO Oil and Gas
Conservation Commission.b
Produced water includes
flowback. Data filtered for
formations indicated in
literature as undergoing
hydraulic fracturing and
matched to corresponding
basins. Example basins
selected for presentation as
well as estimated state total.
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State

Basin

Principal
lithologies

Data
type

Colorado,
cont.

Piceance

Sandstone

Raton

Coalbed
methane

2000

2004

2008

2010

2011

2012

2013

Produced
water

3,500

5,800

9,300

6,900

6,500

6,800

4,300

-

Wells

1,134

2,478

6,486

9,105

10,057

10,868

10,954

-

Produced
water

2,400

4,100

8,900

4,300

3,200

2,700

2,100

-

681

1,634

2,795

2,734

2,778

2,710

2,545

-

Produced
water

1,000

1,100

1,300

2,000

1,200

1,100

650

-

Wells

1,183

1,605

1,975

2,220

2,308

2,328

2,333

-

Produced
water

-

-

-

-

-

31,000

31,000

20,000 Data from New Mexico Oil
Conservation Division.c Data
provided by the state broken
out by basin. Unclear how
much contribution from
production without hydraulic
fracturing. Produced water
includes flowback.

Wells

-

-

-

-

-

29,839

30,386

30,287

Produced
water

-

-

-

-

-

510

540

310

Wells

-

-

-

-

-

1,495

1,502

1,526

Produced
water

-

-

-

-

-

1,700

2,000

1,100

Wells

-

-

-

-

-

22,492

22,349

22,076

Wells
San Juan

New Mexico Permian

Raton

San Juan

Coalbed
methane

Shale,
sandstone

Coalbed
methane

Coalbed
methane

F-5
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State

Basin

Principal
lithologies

Data
type

New
Mexico,
cont.

Total

-

Utah

All basins
with hydraulically
fractured
formations

Kaiparowits/ Uinta

-

Coalbed
methane

2000

2004

2008

2010

2011

2012

2013

2014 Comments

Produced
water

-

-

-

-

-

33,000

34,000

22,000

Wells

-

-

-

-

-

53,826

54,237

53,889

Produced
water

1,200

1,200

2,300

2,400

2,700

2,900

3,400

2,800

Wells

3,080

4,377

7,409

8,432

9,101

10,075

10,661

10,900

860

740

1,300

1,400

1,800

2,000

2,400

1,900

1,718

2,517

3,761

4,329

4,838

5,538

6,046

6,334

Produced
water

2

49

350

270

240

230

190

120

Wells

62

223

910

933

959

951

867

870

350

420

560

680

700

640

830

790

1,067

1,396

2,282

2,745

2,888

3,115

3,257

3,223

Produced
water
Wells

San Juan/
Uinta

Uinta

Coalbed
methane

Shale/sand- Produced
stone
water
Wells

F-6

Data from State of Utah Oil
and Gas Program.d Produced
water may or may not
include flowback. Data
filtered by formation
indicated in the literature as
hydraulically fractured and
matched to basins. Data
presented for selected basins
as well as for all formations
likely to be hydraulically
fractured.

Appendix F – Wastewater Disposal and Reuse Supplemental Information

State

Basin

Wyoming

All basins
with hydraulically
fractured
formations

Big Horn

Denver

Principal
lithologies

Data
type

-

Sandstone

Sandstone

2000

2004

2008

2010

2011

2012

2013

2014 Comments

Produced
water

1,300

1,400

1,300

1,500

1,600

1,700

1,600

1,800

Wells

3,470

3,378

3,585

3,620

3,728

3,843

4,030

4,213

Produced
water

380

350

350

380

430

440

420

440

Wells

365

359

387

397

412

414

407

403

Produced
water

54

44

49

59

76

90

97

170

Wells

142

118

124

140

167

204

230

278

0

1

2

8

5

5

9

15

Wells

44

44

60

67

67

59

64

67

Produced
water

690

630

620

660

700

840

970

1,100

1,953

1,900

2,001

2,028

2,119

2,207

2,352

2,565

130

330

330

400

420

290

110

41

Green River Sandstone/ Produced
shale
water

Powder
River

Coalbed
methane

Wells
Wind River/ Sandstone/ Produced
shale
water
Powder
River

F-7

Data from Wyoming Oil and
Gas Conservation
Commission.e Produced
water may include flowback.
Data filtered by formation
indicated in the literature as
hydraulically fractured and
matched to basins. Data
presented for selected basins
as well as for all formations
likely to be hydraulically
fractured.
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Principal
lithologies

Data
type

State

Basin

Wyoming,
cont.

Wind River/ Sandstone/ Wells
shale, cont.
Powder
River, cont.

a

2000

2004

2008

2010

2011

2012

2013

966

957

1,013

988

963

959

977

2014 Comments
900

California Department of Conservation, Oil and Gas Division. Oil & Gas – Online Data. Monthly Production and Injection Databases:

ftp://ftp.consrv.ca.gov/pub/oil/new_database_format/.
b

Colorado Oil and Gas Conservation Commission. Data: Downloads: Production Data: http://cogcc.state.co.us/data2.html#/downloads.

c

New Mexico Oil Conservation Division. Production Data. Production Summaries: All Wells Data: http://gotech.nmt.edu/gotech/Petroleum_Data/allwells.aspx.

d

Utah Department of Natural Resources. Division of Oil, Gas, and Mining. Data Research Center. Database Download Files:

http://oilgas.ogm.utah.gov/Data_Center/DataCenter.cfm#production.
e

Wyoming Oil and Gas Conservation Commission. Production files by county and year:

http://wogcc.state.wy.us/productioncountyyear.cfm?Oops=#oops#&RequestTimeOut=6500.
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F.2.

Overview of Treatment Processes for Treating Hydraulic Fracturing
Wastewater

Treatment technologies discussed in this appendix are classified as basic or advanced. Basic
treatment technologies are ineffective for reducing total dissolved solids (TDS) and are typically not
labor intensive. Advanced treatment technologies can remove TDS and/or are complex in nature
(e.g., energy- and labor-intensive).

F.2.1. Basic Treatment
Basic treatment technologies include physical separation, coagulation/oxidation,
electrocoagulation, sedimentation, and disinfection. These technologies are effective at removing
total suspended solids (TSS), oil and grease, scale-forming compounds, and metals, and they can
minimize microbial activity. Basic treatment is typically incorporated in a permanent treatment
facility (i.e., fixed location), but can also be part of a mobile unit for on-site treatment applications.

F.2.1.1. Physical Separation
The most basic treatment needed for oil and gas wastewaters, including those from hydraulic
fracturing operations, is separation to remove suspended solids and oil and grease. The separation
method largely depends on the type(s) of resource(s) targeted by the hydraulic fracturing
operation. Down-hole separation techniques, including mechanical blocking devices and water
shut-off chemicals (e.g., specialized polymers) to prevent or minimize water flow to the well, may
be used during production in shale plays containing greater amounts of liquid hydrocarbons. To
treat water at the surface, separation technologies such as hydrocyclones, dissolved air or induced
gas flotation systems, media (sand) filtration, and biological aerated filters can remove suspended
solids and some organics from hydraulic fracturing wastewater.
Media filtration can also remove hardness and some metals if chemical precipitation (i.e.,
coagulation, lime softening) is also employed (Boschee, 2014). An example of a CWT that uses
chemical precipitation and media filtration to treat hydraulic fracturing waste is the Water Tower
Square Gas Well Wastewater Processing Facility in Pennsylvania (Table F-6). One or more of these
technologies is typically used prior to advanced treatment such as reverse osmosis (RO) because
advanced treatment processes foul, scale, or otherwise do not operate effectively in the presence of
TSS, certain organics, and/or some metals and metalloid compounds (Boschee, 2014; Drewes et al.,
2009). The biggest challenge associated with use of these separation technologies is solids disposal
from the resulting sludge (Igunnu and Chen, 2014).

F.2.1.2. Coagulation/Oxidation
Coagulation is the process of agglomerating small, unsettleable particles into larger particles to
promote settling. Chemical coagulants such as alum, iron chloride, and polymers can be used to
precipitate TSS, some dissolved solids (except monovalent ions such as sodium and chloride), and
metals from hydraulic fracturing wastewater. Adjusting the pH using chemicals such as lime or
caustic soda can increase the potential for some constituents, including dissolved metals, to form
precipitates. Chemical precipitation is often used in industrial wastewater treatment as a
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pretreatment step to decrease the pollutant loading on subsequent advanced treatment
technologies; this strategy can save time, money, energy consumption, and the lifetime of the
infrastructure.
Processes using advanced oxidation and precipitation have been applied to hydraulic fracturing
wastewaters in on-site and mobile systems. Hydroxyl radicals generated by cavitation processes
and the addition of ozone can degrade organic compounds and inactivate micro-organisms. The
process can also aid in the precipitation of ions that cause hardness and scaling in the treated water
(e.g., calcium, magnesium). The process can also reduce sulfate and carbonate concentrations in the
treated water. With the removal of constituents that contribute to scaling, this type of treatment
can be very effective for on-site reuse of wastewater (Ely et al., 2011).
The produced solid residuals from coagulation/oxidation processes typically require further
treatment, such as de-watering (Duraisamy et al., 2013; Hammer and VanBriesen, 2012).

F.2.1.3. Electrocoagulation
Electrocoagulation (EC) (Figure F-1) combines the principles of coagulation and electrochemistry
into one process (Gomes et al., 2009). An electrical current added to the wastewater produces
coagulants that then neutralize the charged particles, causing them to destabilize, precipitate, and
settle. EC may be used in place of, or in addition to, chemical coagulation. EC can be effective for
removal of organics, TSS, and metals, but it is not effective at removing TDS and sulfate
(Halliburton, 2014). Although it is still considered an emerging technology for unconventional oil
and gas wastewater treatment, EC has been used in mobile treatment systems to treat hydraulic
fracturing wastewaters (Halliburton, 2014; Igunnu and Chen, 2014). This technology has the
potential to cause scaling, corrosion, and bacterial growth (Gomes et al., 2009).

Figure F-1. Electrocoagulation unit.
Source: Dunkel (2013). Photo courtesy of Pioneer Natural Resources.
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Testing of EC has been performed in the Green River Basin (Halliburton, 2014) and the Eagle Ford
Shale (Gomes et al., 2009). While showing promising results in some trials, results of these early
studies have illustrated challenges, with removal efficiencies impacted by factors such as pH and
salt content.

F.2.1.4. Sedimentation
Treatment plants may include sedimentation tanks, clarifiers, or some other form of settling basin
to allow larger particles to settle out of the water where they can eventually be collected,
dewatered, and disposed of at a landfill or other approved location. These types of tanks/basins all
serve the same purpose – to reduce the amount of solids going to subsequent processes (i.e., to
prevent overload of the media filters).

F.2.1.5. Disinfection
Some hydraulic fracturing applications may require disinfection to kill bacteria after treatment and
prior to reuse or discharge. Chlorine is a common disinfectant. Chlorine dioxide, ozone, or
ultraviolet light can also be used. This is an important step for reused water because bacteria can
cause problems for further hydraulic fracturing operations by multiplying rapidly and causing
build-up in the wellbore, which decreases gas extraction efficiency.

F.2.2. Advanced Treatment
Advanced treatment technologies consist of membranes (RO, nanofiltration, ultrafiltration,
microfiltration, electrodialysis, forward osmosis, and membrane distillation), thermal distillation
technologies, crystallizers, ion exchange, and adsorption. These technologies are effective for
removing TDS and/or targeted compounds. They typically require pretreatment to remove solids
and other constituents that may damage or otherwise impede the technology from operating as
designed. Advanced treatment technologies can be energy-intensive and are typically employed
when a purified water effluent is necessary for direct discharge, indirect discharge, or reuse. In
some instances, these water treatment technologies can use methane generated by the gas well as
an energy source. Some advanced treatment technologies can be made mobile for on-site treatment.

F.2.2.1. Membranes
Pressure-Driven Membrane Processes
Pressure-driven membrane processes, including microfiltration, ultrafiltration, nanofiltration, and
RO (Figure F-2), are being used in some settings to treat oil and gas wastewater. These processes
use hydraulic pressure to overcome the osmotic pressure of the influent waste stream, forcing clean
water through the membrane (Drewes et al., 2009). Microfiltration and ultrafiltration processes are
advanced processes that do not reduce TDS but can remove TSS and some metals and organics
(Drewes et al., 2009). RO and nanofiltration are capable of removing TDS, including anions and
radionuclides. RO, however, may be limited to treating TDS levels of less than 35,000 mg/L (Shaffer
et al., 2013; Younos and Tulou, 2005). Boron is not easily removed by RO, achieving less than 50%
removal at neutral pH (Drewes et al., 2009).
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Figure F-2. Photograph of reverse osmosis system.
Source: U.S. DOI (2016).

Osmotic-Driven Membrane Processes
Forward osmosis, an emerging technology for treating hydraulic fracturing wastewater, uses an
osmotic pressure gradient across a membrane to draw water from a low osmotic solution (the feed
water) to a high osmotic solution (the draw solution) (Drewes et al., 2009). The draw solution
(typically composed of sodium chloride) becomes diluted as more water passes through the
membrane while the feed side becomes more concentrated. For the diluted draw solution, a
separation process is employed to further treat the product water and concentrate the sodium
chloride for reuse.
Thermally-Drive Membrane Processes
Another emerging technology, membrane distillation, relies on a thermal gradient across a
membrane surface to volatilize pure water and capture it in the distillate (Drewes et al., 2009).
Membrane distillation has shown promise in removing heavy metals and boron from wastewaters
(Camacho et al., 2013).

F.2.2.2. Electrodialysis
Electrodialysis relies on electrodes (anode and cathode) and ion exchange membranes to separate
positively- and negatively-charged contaminants from the feed water (Drewes et al., 2009) (Figure
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F-3). Electrodialysis has been considered for use by the shale gas industry, but is currently not
widely utilized (ALL Consulting, 2013). TDS concentrations above 15,000 mg/L are difficult to treat
by electrodialysis (ALL Consulting, 2013), and oil and divalent cations (e.g., calcium, iron,
magnesium) can foul/scale the membranes (Hayes and Severin, 2012b; Guolin et al., 2008).
Pretreatment is necessary to avoid membrane scaling (ALL Consulting, 2013; Drewes et al., 2009).

Figure F-3. Picture of mobile electrodialysis units in Wyoming.
Source: DOE (2006). Reproduced with permission from ALL Consulting.

F.2.2.3. Thermal Distillation
Thermal distillation technologies, such as mechanical vapor recompression (MVR) (Figure F-4) and
dewvaporation, use liquid-vapor separation by applying heat to the waste stream, vaporizing the
water to separate out impurities, and condensing the vapor into distilled water (Drewes et al.,
2009; LEau LLC, 2008; Hamieh and Beckman, 2006). MVR and dewvaporation can treat high-TDS
waters and have been proven in the field as effective for treating oil and gas wastewater (Hayes and
Severin, 2012b; Drewes et al., 2009). Like RO, these processes are energy-intensive and are used
when the objective is very clean water (i.e., TDS less than 500 mg/L) for direct/indirect discharge
or if clean water is needed for reuse. As with membrane processes, scaling is an issue with these
technologies, and scale inhibitors may be needed for them to operate effectively (Igunnu and Chen,
2014).
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Figure F-4. Picture of a mechanical vapor recompression unit near Decatur, Texas.
Source: Drewes et al. (2009). Reproduced with permission.

CWTs such as the Judsonia Central Water Treatment Facility (Arkansas), Casella-Altela Regional
Environmental Services (Pennsylvania), and Clarion Altela Environmental Services (Pennsylvania)
have National Pollutant Discharge Elimination System (NPDES) permits and use MVR or thermal
distillation for TDS removal. Figure F-5 shows a diagram of the treatment train at another facility,
the Maggie Spain facility in Texas, which used MVR in its treatment of Barnett Shale wastewater
(Hayes and Severin, 2012a).

Figure F-5. Mechanical vapor recompression process design – Maggie Spain Facility.
Adapted from: Hayes and Severin (2012a). Reproduced with permission.
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Crystallizers can be employed at CWTs to treat high-TDS waters or to further concentrate the waste
stream from a distillation process, reducing residual waste disposal volumes. The crystallized salt
can be landfilled, deep-well injected, or used to produce pure salt products that may be salable
(Ertel et al., 2013).
Another thermal method, freeze-thaw evaporation, involves spraying wastewater onto a freezing
pad, allowing ice crystals to form, and the brine mixture that remains in solution to drain from the
ice (Drewes et al., 2009). In warmer weather, the ice thaws and the purified water is collected. This
technology cannot treat waters with high methanol concentrations and is only suitable for areas
where the temperature is below freezing in the winter months (Igunnu and Chen, 2014). In
addition, freeze-thaw evaporation can only reduce TDS concentrations to approximately 1,000
mg/L, which is higher than the 500 mg/L TDS surface water discharge limit required by most
permits (Igunnu and Chen, 2014).

F.2.2.4. Ion Exchange and Adsorption
Ion exchange (Figure F-6) is the process of exchanging ions on a media referred to as resin for
unwanted ions in the water. Ion exchange is used to treat for target ions that may be difficult to
remove by other treatment technologies or that may interfere with the effectiveness of advanced
treatment processes.

Figure F-6. Picture of a compressed bed ion exchange unit.
Source: Drewes et al. (2009). Reproduced with permission.

Adsorption is the process of adsorbing contaminants onto a charged granular media surface.
Adsorption technologies can effectively remove organics, heavy metals, and some anions (Igunnu
and Chen, 2014). With ion exchange and adsorption processes, the type of resin or adsorptive
media used (e.g., activated carbon, organoclay, zeolites) dictates the specific contaminants that will
be removed from the water (Drewes et al., 2009; Fakhru'l-Razi et al., 2009).
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Because they can be easily overloaded by contaminants, ion exchange and adsorption treatment
processes are generally used as a polishing step following other treatment processes or as a unit
process in a treatment train rather than as stand-alone treatment (Drewes et al., 2009). Stand-alone
units require more frequent regeneration and/or replacement of the spent media making these
technologies more costly to operate (Igunnu and Chen, 2014). The Pinedale Anticline Water
Reclamation Facility located in Wyoming uses an ion exchange unit with boron-selective resin as a
polishing step to treat hydraulic fracturing wastewater specifically for boron (Boschee, 2012)
(Figure F-7).

F.3.

Treatment Technology Removal Capabilities

Table F-2 provides removal efficiencies for common hydraulic fracturing wastewater constituents
by treatment technology. With the exception of TSS and TDS, the studies cited demonstrate removal
for a subset of constituents in a category (e.g., Gomes et al. (2009) reported that electrodialysis was
an effective treatment for oil and grease, not all organics). The removal efficiencies include ranges
of 1 to 33% (denoted by +), 34% to 66% (denoted by ++), and greater than 66% removal (denoted
by +++). Cells denoted with “--" indicate that the treatment technology is not suitable for removal of
that constituent or group of constituents. If a particular treatment technology only lists removal
efficiencies for TDS, it can be assumed that, in some cases, cations and anions would also be
removed by that technology; therefore, where specific results were not provided in literature, cells
denoted with “Assumed” refer to cations and anions that comprise TDS.

Table F-2. Removal efficiency of different hydraulic fracturing wastewater constituents using
various wastewater treatment technologies.a
Hydraulic fracturing wastewater constituents
Treatment
technology

TSS

TDS

Hydrocyclones

+++
-(Duraisamy et
al., 2013)

Evaporation
(freeze-thaw
evaporation)

+++
(Igunnu and
Chen, 2014;
Drewes et al.,
2009)

Filtration
(granular media)

+++
-(Barrett, 2010)

Chemical
precipitation

+++
(Fakhru'l-Razi
et al., 2009)

Anions

Metals

Radionuclides

--

--

--

+++
Assumed
(Igunnu and
Chen, 2014;
Drewes et al.,
2009; Arthur
et al., 2005)

--

Organics
++
(Duraisamy et al.,
2013)

+++
-(Igunnu and
Chen, 2014;
Drewes et al.,
2009; Arthur
et al., 2005)

+++
(Igunnu and
Chen, 2014;
Duraisamy et al.,
2013; Drewes et
al., 2009)

--

+++b
-(Duraisamy et
al., 2013)

+++
(Shafer, 2011;
Drewes et al.,
2009)

--

+++
+++c
+++
(Fakhru'l-Razi (Zhang et al., (Fakhru'l-Razi et
et al., 2009;
2014)
al., 2009)
AWWA, 1999)
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Hydraulic fracturing wastewater constituents
Treatment
technology

TSS

TDS

Anions

Metals

Radionuclides

Organics

Sedimentation
(clarifier)

++
-(NMSU DACC
WUTAP, 2007)

--

--

--

--

Dissolved air
flotation

+++
(Shammas,
2010)

--

--

--

--

++/+++
(Duraisamy et al.,
2013; Fakhru'lRazi et al., 2009)

Electrocoagulation

+++
-(Igunnu and
Chen, 2014;
Bukhari, 2008)

--

+
(Igunnu and
Chen, 2014)

--

+++
(Igunnu and
Chen, 2014;
Duraisamy et al.,
2013; Fakhru'lRazi et al., 2009)

Advanced
oxidation and
precipitation

--

+
(Abrams,
2013)

--

+/+++
(Abrams,
2013)

--

+++d
(Duraisamy et al.,
2013; Fakhru'lRazi et al., 2009)

Reverse osmosis

--

++/+++e
(Alzahrani et
al., 2013;
Drewes et al.,
2009)

+++
(Alzahrani et
al., 2013;
Arthur et al.,
2005)

++/+++f
+++
(Alzahrani et (Drewes et
al., 2013;
al., 2009)
Drewes et al.,
2009; AWWA,
1999)

+/++/+++g
(Drewes et al.,
2009; Munter,
2000)

Membrane
+++
filtration (UF/MF) (Arthur et al.,
2005)

--

--

+++
-(Fakhru'l-Razi
et al., 2009)

++/+++
(Duraisamy et al.,
2013; Fakhru'lRazi et al., 2009;
Hayes and
Arthur, 2004;
AWWA, 1999)h

Forward osmosis --

+++
Assumed
(Drewes et al.,
2009)

Assumed

--

--

Distillation,
including thermal
distillation (e.g.,
mechanical vapor
recompression
(MVR))

+++i
(Hayes et al.,
2014; Bruff
and Jikich,
2011; Drewes
et al., 2009)

+++
(Bruff and
Jikich, 2011;
Drewes et al.,
2009)

+++
(Hayes et al.,
2014; Bruff
and Jikich,
2011; Drewes
et al., 2009)

+++
(Bruff and
Jikich, 2011;
Drewes et
al., 2009)

+/++/+++
(Hayes et al.,
2014; Duraisamy
et al., 2013;
Drewes et al.,
2009; Fakhru'lRazi et al., 2009)

--

+++
(Drewes et
al., 2009)

+++
+++
(Drewes et al., (Drewes et
2009; Arthur al., 2009)
et al., 2005)

Ion exchange

--
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Hydraulic fracturing wastewater constituents
Treatment
technology

TSS

TDS

Anions

Metals

Radionuclides

Organics

Crystallization

--

+++
(ER, 2014)

Assumed

Assumed

--

--

Electrodialysis

--

+++k
(Drewes et al.,
2009; Gomes
et al., 2009;
Arthur et al.,
2005)

++/+++
+/++/+++
-(Banasiak and (Banasiak and
Schäfer,
Schäfer, 2009)
2009)

--

Capacitive
deionization
(emerging
technology)

--

+++l
-(Drewes et al.,
2009)

Adsorptionm

--

--

Biological
treatment

Constructed
wetland/reed
beds

--

--

--

+/++/+++n
(HabudaStanic et al.,
2014)

+++
-(Igunnu and
Chen, 2014;
Drewes et al.,
2009)

+/++/+++
(Arthur et al.,
2005; Hayes and
Arthur, 2004;
Munter, 2000)

+++
-(Igunnu and
Chen, 2014;
Drewes et al.,
2009)

--

--

--

+/++/+++
(Igunnu and
Chen, 2014;
Drewes et al.,
2009; Fakhru'lRazi et al., 2009)

++/+++
+
(Manios et al., (Arthur et al.,
2003)
2005)

--

++/+++
-(Fakhru'l-Razi
et al., 2009)

+/ +++
(Fakhru'l-Razi et
al., 2009; Arthur
et al., 2005)

a

To the extent possible, removal efficiencies are based on an individual treatment technology that does not assume extensive
pretreatment or combined treatment processes. However, it should be noted that some processes such as RO, media filtration,
and sedimentation cannot effectively operate without pretreatment.
b

Pretreatment (pH adjustment, aeration, solids separation) required.

c

Radium co-precipitation with barium sulfate.

d

The Fenton process.

e Typically

requires pretreatment. Not a viable technology if TDS influent >50,000 mg/L.

f

Iron and manganese oxides will foul the membranes.

g

Some organics will foul the membranes (e.g., organic acids).

h

Ultrafiltration membrane was modified with nanoparticles.

i

Can typically handle high TDS concentrations.

j

Resin consisted of modified zeolites that targeted removal of BTEX.

k

Influent TDS for this technology should be <8,000 mg/L.

l

Specific technology was an electronic water purifier which is a hybrid of capacitive deionization. Influent TDS for this
technology should be <3,000 mg/L.
m

Typically polishing step, otherwise can overload bed quickly with organics.

n

Removal efficiency is dependent on the type of adsorbent used and the water quality characteristics (e.g., pH).
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F.3.1. Estimated Treatment Removal Efficiencies
There are relatively few studies that have evaluated the ability of individual treatment processes to
remove constituents from hydraulic fracturing wastewater and reported the resulting water
quality. Furthermore, although a specific technology may demonstrate a high removal percentage
for a particular constituent, if the influent concentration of that constituent is extremely high, the
constituent concentration in the treated water may still exceed permit limits and/or disposal
requirements. Table F-3 presents estimated effluent concentrations that could be produced by a
variety of unit treatment processes for several example constituents and for various influent
concentrations. This analysis uses simple calculations pairing average hydraulic fracturing
wastewater concentrations from Chapter 7 and Appendix E with treatment process removal
efficiencies reported in the literature in Table F-2. This analysis is intended to highlight the
potential impacts of influent concentration on treatment outcome and to illustrate the relative
capabilities of various treatment processes for an example set of constituents. The removal
efficiencies represent a variety of studies (primarily at bench and pilot scale) that have been
conducted using either conventional or hydraulic fracturing wastewater. Removal efficiency for a
given treatment process can vary due to a number of factors, and constituent removal may be
different in a full-scale facility that uses several processes. Thus, the calculations shown in Table F-3
are intended to be rough approximations for illustrative purposes.
As an example, radium in wastewater from the Marcellus Shale and Upper Devonian sandstones can
be in the thousands of pCi/L. With a 95% removal rate, chemical precipitation may result in effluent
that still exceeds 100 pCi/L. Distillation and RO might produce effluent with concentrations in the
tens of pCi/L. A radium concentration of 120 pCi/L, however, could be reduced to less than 5 pCi/L
by RO or distillation. Wastewater with barium concentrations in the range of 140 – 160 mg/L (e.g.,
the Cotton Valley and Mesaverde tight sands) might be reduced to concentrations under 5 mg/L by
distillation and roughly 11 – 13 mg/L by RO. Barium concentrations in the thousands of mg/L
would be substantially reduced by any of several processes, but might still be relatively high,
potentially exceeding 100 mg/L. Table F-3 also illustrates the potential for achieving low
concentrations of organic compounds in wastewater treated with freeze-thaw evaporation or
advanced oxidation and precipitation.
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1

0.44

0.8

Barnett

Barium

mg/L

2

3.6

0.4

0.16

Fayetteville

Barium

mg/L

2

4

0.4

Marcellus

Barium

mg/L

2

2200

Cotton Valley Barium

mg/L

2

Mesa Verde

Barium

mg/L

Marcellus

Cadmium

Bakken

ND –
0.7

2.2

0.29

0.0036 ND –
– 0.11 0.3

0.8

0.18

0.32

0.04 –
0.12

ND –
0.3

0.9

220

98

180

22 –
67

ND –
160

490

160

16

7

13

1.6 –
4.8

ND –
11

35

2

140

14

6.1

11

1.4 –
4.2

ND –
9.7

31

µg/L

5

25

Strontium

mg/L

--

760

76

7.6 –
23

53

Barnett

Strontium

mg/L

--

530

53

5.3 –
16

37

Fayetteville

Strontium

mg/L

--

27

2.7

0.27 –
0.81

1.9

Marcellus

Strontium

mg/L

--

1700

170

17 –
51

120

Cotton Valley Strontium

mg/L

--

2300

230

23 –
69

160

Contaminant

Bakken

2.5

2.5

13
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Adsorption

Ion exchange

0.1 –
0.03

Shale/
sandstone
play

Freeze-thaw
evaporation

Distillation

Flotation (DAF)

Constructed wetland

10

Biological treatment
(biodisks, BAFs)

2

Electrodialysis

mg/L

Membrane filtration
(UF/MF)

Reverse osmosis

Barium

Electro-coagulation

Avg.
influent
conc.

Chemical precipitation

MCL

Media filtration

Units
(for all
entries)

Advanced oxidation and
precipitation

Table F-3. Estimated effluent concentrations for example constituents based on treatment process removal efficiencies.

5

15

Constructed wetland

Biological treatment
(biodisks, BAFs)

Electrodialysis

270

6.2

6.2 –
19

44

120 –
1700

24

24 –
71

170

120

6.2 –
85

1.2

1.2 –
3.6

8.4

5

2500

130 –
1800

25

25 –
76

180

pCi/L

--

9.8

0.2

0.9 –
2.1 – 4
2.9

1

TOC

pCi/L

--

160

3.2

16 –
48

35 –
58

16

Cotton Valley TOC

mg/L

--

200

4

20 –
59

44 –
71

20

Barnett

BOD

mg/L

--

580

58

290 –
440

29 –
87

47

Marcellus

BOD

mg/L

--

40

4

20 –
30

2–6

3.2

Barnett

Oil and grease

mg/L

--

160

16

16

8

1.6

43

9.8

Marcellus

Oil and grease

mg/L

--

74

7.4

7.4

3.7

0.74

19

4.4

Barnett

Benzene

µg/L

5

680

68

310

6.8

110

ND

Marcellus

Benzene

µg/L

5

360

36

170

3.6

58

ND

Contaminant

Units
(for all
entries)

MCL

Avg.
influent
conc.

Devonian
Sandstone

Strontium

mg/L

--

3900

Marcellus

Radium 226

pCi/L

--

620

32 –
440

Devonian
Sandstone

Radium 226

pCi/L

--

2400

Marcellus

Radium 228

pCi/L

--

Marcellus

Total radium

pCi/L

Barnett

TOC

Marcellus

390
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Adsorption

Ion exchange

39 –
120

Shale/
sandstone
play

Freeze-thaw
evaporation

Distillation

Membrane filtration
(UF/MF)

Reverse osmosis

Advanced oxidation and
precipitation

Electro-coagulation

Flotation (DAF)

Chemical precipitation

Media filtration
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Constructed wetland

Biological treatment
(biodisks, BAFs)

Electrodialysis

Ion exchange

Membrane filtration
(UF/MF)

Reverse osmosis

Advanced oxidation and
precipitation

Electro-coagulation

Flotation (DAF)

Chemical precipitation

Avg.
influent
conc.

Toluene

µg/L

1,000

760

76

350

84

ND

Marcellus

Toluene

µg/L

1,000

1100

110

510

120

ND

Barnett

Ethylbenzene

µg/L

700

29

2.9

17

3.2

ND

Marcellus

Ethylbenzene

µg/L

700

150

15

90

17

ND

Barnett

Xylenes

µg/L

10,000

360

36

170

14

ND

Marcellus

Xylenes

µg/L

10,000

1300

130

600

52

ND

Barnett

BTEX

µg/L

--

1800

180

7.3

91

270 –
550

3.7 –
91

Marcellus

BTEX

µg/L

--

2900

290

12

150

440 –
870

5.8 –
150

Barnett

Naphthalene

µg/L

--

240

0.95

Marcellus

Naphthalene

µg/L

--

360

1.4

Barnett

1,2,4-Trimethylbenzene

µg/L

--

170

0.69

Marcellus

1,2,4-Trimethylbenzene

µg/L

--

430

1.7

Barnett

1,2,4-Trimethylbenzene

µg/L

--

59

0.24

Marcellus

1,2,4-Trimethylbenzene

µg/L

--

310

1.2

Contaminant

Barnett

ND = Non-detect
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Adsorption

MCL

Shale/
sandstone
play

Distillation

Units
(for all
entries)

Freeze-thaw
evaporation

Media filtration
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F.4.

Treatment for Constituents of Concern

Constituents of concern in hydraulic fracturing wastewater include TSS, TDS, anions (e.g., chloride,
bromide, and sulfate), metals, radionuclides, and organic compounds (see Section 8.3 and Chapter
7). If the end use of the wastewater necessitates treatment, a variety of technologies can be
employed to remove or reduce the constituent concentrations. Table F-4 provides an overview of
influent and effluent results and removal percentages for constituents of concern at oil and gas
treatment facilities reported in literature (both conventional and unconventional) and the specific
technology(ies) used to remove them.
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Table F-4. Studies of removal efficiencies and influent/effluent data for various processes and facilities.
Location and results

Constituents
of concern

TSS

Pinedale Anticline
Water Reclamation
Facility, Wyoming
(Shafer, 2011)
Results not reported.

Maggie Spain WaterRecycling Facility,
Barnett Shale, Texas
(Hayes et al., 2014)
90%
Inf. = 1,272 mg/L
Eff. = 9 mg/L

Judsonia, Sunnydale,
Arkansas
(U.S. EPA, 2015e)

No influent data.
Eff.: <4 mg/L

9-month study treating
San Ardo Water
Marcellus Shale waste Reclamation Facility, San
using thermal
Ardo, California
distillation
(conventional oil and gas)
(Boschee, 2014; Bruff
(Dahm and Chapman,
and Jikich, 2011)
2014; Webb et al., 2009)
>90%
Inf.: 35 to 114 mg/L
Eff.: <3 to 3 mg/L

Results not reported.

Meets NPDES Permit
Chemical oxidation,
coagulation, and
clarification
TDS

>99%
Inf. = 8,000 to 15,000
mg/L
Eff. = 41 mg/L

99.7%
Inf. = 49,550 mg/L
Eff. = 171 mg/L

100 micron mesh bag filter
Settling, biological
treatment, and induced
gas flotation
Results not reported.
MVR

98%
Inf.: 22,350 to 37,600
mg/L
Eff.: 9 to 400 mg/L

MVR (3 units in parallel)
RO

Thermal distillation
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Inf. = 7,000 mg/L
Eff. = 180 mg/L
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double-pass RO
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Location and results

Constituents
of concern

Anions

Pinedale Anticline
Water Reclamation
Facility, Wyoming
(Shafer, 2011)

Maggie Spain WaterRecycling Facility,
Barnett Shale, Texas
(Hayes et al., 2014)

Judsonia, Sunnydale,
Arkansas
(U.S. EPA, 2015e)

9-month study treating
San Ardo Water
Marcellus Shale waste Reclamation Facility, San
using thermal
Ardo, California
distillation
(conventional oil and gas)
(Boschee, 2014; Bruff
(Dahm and Chapman,
and Jikich, 2011)
2014; Webb et al., 2009)

Chloride: >99%
Inf. = 3,600 to 6,750 mg/L
Eff. = 18 mg/L

Sulfate: 98%
Inf. = 309 mg/L
Eff. = 6 mg/L

Sulfate:
No influent data.
Eff.: 12 mg/L

Bromide: >99%
Inf.: 101 to 162.5 mg/L
Eff.: <0.1 to 1.6 mg/L

Chloride: >99%
Inf. = 3,400 mg/L
Eff. = 11 mg/L

RO

Chemical oxidation,
coagulation, clarification,
and MVR

Meets NPDES Permit

Chloride: 98%
Inf.: 9,760 to 16,240 mg/L
Eff.: 2.9 to 184.2 mg/L

Double-pass RO

Sulfate: 99%
Inf. = 10 to 100 mg/L
Eff. = non-detect

MVR

Sulfate: 93%
Inf.: 20.4 to <100 mg/L
Eff.: <1 to 2.2 mg/L

Clarification and filtration

Fluoride: 96%
Inf.: <2 to <20 mg/L
Eff.: <0.2 to 0.42 mg/L
Thermal distillation
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Location and results

Constituents
of concern

Metals

Pinedale Anticline
Water Reclamation
Facility, Wyoming
(Shafer, 2011)

Maggie Spain WaterRecycling Facility,
Barnett Shale, Texas
(Hayes et al., 2014)

Judsonia, Sunnydale,
Arkansas
(U.S. EPA, 2015e)

Boron: 99%
Inf. = 15 to 30 mg/L
Eff. = non-detect

Iron: >99%
Inf. = 28 mg/L
Eff. = 0.1 mg/L

Cobalt:
No influent data.
Eff.: <0.007 mg/L

Ion exchange

For iron, 90% attributed to
chemical oxidation,
Arsenic:
coagulation, and
No influent data.
clarification
Eff.: <0.001 mg/L
Boron: 98%
Inf. = 17 mg/L
Eff. = 0.4 mg/L

Cadmium:
No influent data.
Eff.: <0.0001 mg/L

Barium: >99%
Inf. = 15 mg/L
Eff. = 0.1 mg/L

Chromium:
No influent data.
Eff.: <0.007 mg/L

Calcium: >99%
Inf. = 2,916 mg/L
Eff. = 3.2 mg/L
Magnesium: >99%
Inf. = 316 mg/L
Eff. = 0.4 mg/L

Copper:
No influent data.
Eff.: <0029 mg/L
Lead:
No influent data.
Eff.: <0.001 mg/L
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9-month study treating
San Ardo Water
Marcellus Shale waste Reclamation Facility, San
using thermal
Ardo, California
distillation
(conventional oil and gas)
(Boschee, 2014; Bruff
(Dahm and Chapman,
and Jikich, 2011)
2014; Webb et al., 2009)
Copper: >99%
Inf. = <0.2 to <1.0 mg/L
Eff. = <0.02 to <0.08 mg/L

Sodium: 98%
Inf. = 2,300 mg/L
Eff. = 50 mg/L

Zinc: inf below detect
Inf. = <0.2 to <1.0 mg/L
Eff. = <0.02 to 0.05 mg/L

Boron: >99%
Inf. = 26 mg/L
Eff. = 0.1 mg/L

Barium: >99%
Inf. = 260.5 to 405.5 mg/L
Eff. = <0.1 to 4.54 mg/L

RO with elevated influent
pH

Strontium: 98%
Inf. = 233 to 379 mg/L
Eff. = 0.026 to 3.93 mg/L
Iron:
Inf. = 13.9 to 22.9 mg/L
Eff. = <0.02 to 0.06 mg/L
Boron: 97%
Inf. = <1 to 3.12 mg/L
Eff. = 0.02 to 0.06 mg/L
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Location and results

Constituents
of concern

Metals, cont.

Pinedale Anticline
Water Reclamation
Facility, Wyoming
(Shafer, 2011)

Maggie Spain WaterRecycling Facility,
Barnett Shale, Texas
(Hayes et al., 2014)

Judsonia, Sunnydale,
Arkansas
(U.S. EPA, 2015e)

9-month study treating
San Ardo Water
Marcellus Shale waste Reclamation Facility, San
using thermal
Ardo, California
distillation
(conventional oil and gas)
(Boschee, 2014; Bruff
(Dahm and Chapman,
and Jikich, 2011)
2014; Webb et al., 2009)

Sodium: >99%
Inf. = 10,741 mg/L
Eff. = 14.3 mg/L

Mercury:
No influent data.
Eff.: <0.005 mg/L

Calcium: 98%
Inf. = 1,175 to 1,933 mg/L
Eff. = 0.36 to 22.2 mg/L

Strontium: >99%
Inf. = 505 mg/L
Eff. = 0.5 mg/L

Zinc:
No influent data.
Eff.: 0.02 mg/L
Meets NPDES permit
except for TMDLs for
hexavalent chromium and
mercury

Sodium: 98%
Inf. = 4,712 to 7,781 mg/L
Eff. = 0.37 to 87.9 mg/L

Settling, biological
treatment, induced gas
flotation, and MVR

Thermal distillation

MVR

F-27

Arsenic: 82%
Inf. = <0.01 to 0.028 mg/L
Eff. = <0.005 mg/L
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Location and results

Constituents
of concern

Pinedale Anticline
Water Reclamation
Facility, Wyoming
(Shafer, 2011)

Radionuclides Results not reported.

Maggie Spain WaterRecycling Facility,
Barnett Shale, Texas
(Hayes et al., 2014)
Results not reported.

Judsonia, Sunnydale,
Arkansas
(U.S. EPA, 2015e)

Not regulated under
permit – believed to be
absent.

9-month study treating
San Ardo Water
Marcellus Shale waste Reclamation Facility, San
using thermal
Ardo, California
distillation
(conventional oil and gas)
(Boschee, 2014; Bruff
(Dahm and Chapman,
and Jikich, 2011)
2014; Webb et al., 2009)
Radium-226: 97% - 99%
Inf. = 130 to 162 pCi/L
Eff. = 0.224 to 2.87 pCi/L
Radium-228: 97% - 99%
Inf. = 45 to 85.5 pCi/L
Eff. = 0.259 to 1.32 pCi/L
Gross Alpha: 97% - >99%
Inf. = 161 to 664 pCi/L
Eff. = 0.841 to 6.49 pCi/L
Gross Beta: 98% - >99%
Inf. = 79.7 to 847 pCi/L
Eff. = 0.259 to 1.57 pCi/L
Thermal distillation
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Location and results

Constituents
of concern

Organics

Pinedale Anticline
Water Reclamation
Facility, Wyoming
(Shafer, 2011)

Maggie Spain WaterRecycling Facility,
Barnett Shale, Texas
(Hayes et al., 2014)

Oil & Grease: 99%
Inf. = 50 to 2,400 mg/L
Eff. = non-detect

TPH: >80%
Inf. = 388 mg/L
Eff. = 4.6 mg/L

BTEX: 99%
Inf. = 28 to 80 mg/L
Eff. = non-detect

BTEX: 94%
Inf. = 3.3 mg/L
Eff. = 0.2 mg/L

GRO: 99%
Inf. = 88 to 420 mg/L
Eff. = non-detect

TOC: 48%
Inf. = 42 mg/L
Eff. = 22 mg/L

DRO: 99%
Inf. = 77 to 1,100 mg/L
Eff. = non-detect

Coagulation,
sedimentation, MVR

Methanol: 99%
Inf. = 40 to 1,500 mg/L
Eff. = non-detect
Oil-water separator,
anaerobic and aerobic
biological treatment,
coagulation, flocculation,
flotation, sand filtration,
membrane bioreactor,
and ultrafiltration

Judsonia, Sunnydale,
Arkansas
(U.S. EPA, 2015e)

Biochemical oxygen
demand:
No influent data.
Eff.: <2 mg/L
Oil & Grease:
No influent data.
Eff.: <5 mg/L
Benzo (k) fluoranthene:
No influent data.
Eff.: <0.005 mg/L
Bis (2-Ethylhexyl)
Phthalate:
No influent data.
Eff.: <0.001 mg/L
Butyl benzyl phthalate:
No influent data.
Eff.: <0.001 mg/L

9-month study treating
San Ardo Water
Marcellus Shale waste Reclamation Facility, San
using thermal
Ardo, California
distillation
(conventional oil and gas)
(Boschee, 2014; Bruff
(Dahm and Chapman,
and Jikich, 2011)
2014; Webb et al., 2009)
Acetone: 93%
Inf. = 8.71 to 13.8 mg/L
Eff. = 0.524 to 0.949 mg/L
Toluene: >80%
Inf. = 0.0083 to 0.0015
mg/L
Eff. = non-detect to 0.0013
mg/L
Methane: >99%
Inf. = 0.748 to 5.49 mg/L
Eff. = non-detect to 0.0013
mg/L
DRO: 0 to 82%
Inf. = 4 to 7.1 mg/L
Eff. = 0.99 to 4.9 mg/L
Oil & Grease: No removal
Thermal distillation

Meets NPDES permit
Settling, biological
treatment, induced gas
flotation, and MVR
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F.4.1. Total Suspended Solids
The reduction of TSS is typically required before wastewater can be reused for subsequent
hydraulic fracturing jobs. Hydraulic fracturing wastewaters containing suspended solids can plug
the well and damage equipment if reused for other fracturing operations (Tiemann et al., 2014;
Hammer and VanBriesen, 2012). For treated water that is discharged to a surface water body, the
EPA has a secondary treatment standard for POTWs that limits TSS in the effluent to 30 mg/L (30day average). In addition, most advanced treatment technologies require the removal of TSS prior
to treatment to avoid operational problems, such as membrane fouling/scaling, and to extend the
life of the treatment unit.
TSS removal efficiencies shown in Table F-4 (90% and over 90%) were achieved with chemical
oxidation, coagulation, and clarification, as well as filtration. Technologies that remove TSS have
also been employed in another Marcellus Shale study (sedimentation and filtration) (Mantell,
2013); Utica Shale (chemical precipitation and filtration) (Mantell, 2013); Barnett Shale (chemical
precipitation and inclined plate clarifier, >90% removal) (Hayes et al., 2014); and Utah (EC, 90%
removal) (Halliburton, 2014).

F.4.2. Total Dissolved Solids
The TDS concentration of hydraulic fracturing wastewater is a key treatment consideration, with
the required level of TDS removal dependent upon the intended use of the treatment effluent.
POTW treatment and basic treatment processes at a CWT (i.e., chemical precipitation,
sedimentation, and filtration) are typically not reliable methods for removing TDS. Reduction
requires more advanced treatment processes such as RO, nanofiltration, thermal distillation
(including MVR), evaporation, and/or crystallization (Olsson et al., 2013; Boschee, 2012; Drewes et
al., 2009). Pretreatment (e.g., chemical precipitation, flotation, etc.) is typically needed to remove
constituents that may cause fouling or scaling with the advanced treatment processes or to remove
specific constituents not removed by a particular advanced process. TDS removal efficiencies
reported in Table F-4 ranged from 97% to >99% with RO, thermal distillation, MVR, and ion
exchange softening with a double pass RO.
RO and thermal distillation processes can treat waste streams with TDS concentrations up to
35,000 mg/L and more than 100,000 mg/L, respectively (Tiemann et al., 2014). Extremely high TDS
waters may require a series of advanced treatment processes to remove TDS to desired levels.
However, the cost of treating high-TDS waters may preclude facilities from choosing treatment if
other options, such as deep well injection, are available and more cost-effective (Tiemann et al.,
2014).

F.4.3. Anions
Although chemical precipitation processes can reduce concentrations of multivalent anions such as
sulfate, monovalent anions (e.g., bromide and chloride) are not removed by basic treatment
processes and require more advanced treatment such as RO, thermal distillation (including MVR),
evaporation, and/or crystallization (Hammer and VanBriesen, 2012). As shown in Table F-4, anion
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removal efficiencies in the four studies where sulfate removal was measured ranged from 93% to
>99%.

F.4.4. Metals and Metalloids
Removal of dissolved and precipitated metals and metalloids is commonly needed prior to
discharge to a waterbody or reuse. The facilities in Table F-4 report removals of 98%–99% for a
number of metals. Other work demonstrating effective removal includes a 99% reduction in barium
using chemical precipitation (Marcellus Shale region) (Warner et al., 2013a) and over 90% boron
removal with RO (at pH of 10.8) at two California facilities (Webb et al., 2009; Kennedy/Jenks
Consultants, 2002). However, influent concentration must be considered together with removal
efficiency to determine whether effluent quality meets the requirements dictated by end use or by
regulations. In the case of the facility described by Kennedy/Jenks Consultants (2002), the boron
effluent concentration of 1.9 mg/L (average influent concentration of 16.5 mg/L) was not low
enough to meet California’s action level of 1 mg/L.

F.4.5. Radionuclides
Data on radionuclide removals achieved in active treatment plants are scarce. The literature does
provide some data from the Marcellus Shale region on use of distillation and chemical precipitation
(co-precipitation of radium with barium sulfate). As shown in Table F-4, one nine-month pilot scale
study conducted by Bruff and Jikich (2011) reported that distillation treatment produced removal
efficiencies between 97% and >99% for radium, gross alpha, and gross beta, and 71% to 90% for
thorium. In a separate study, Warner et al. (2013b) reported that a CWT was estimated to have
achieved over 99% removal of radium via co-precipitation of radium with barium sulfate (radium
226 influent of 3231 pCi/L and effluent of 4 pCi/L; radium 228 influent of 452 pCi/L and effluent of
2 pCi/L). However, in both studies, radionuclides were detected in effluent samples, and the CWT
was discharging to a surface water body during this time (Warner et al., 2013b; Bruff and Jikich,
2011) (Section 8.5.2). Between 2010 and 2012, samples of wastewater effluent from a western
Pennsylvania CWT contained a mean radium level of 4 pCi/L (Warner et al., 2013a).

F.4.6. Organics
Facilities have demonstrated the capability to treat for organic compounds in hydraulic fracturing
wastewaters. Table F-4 shows that one facility achieved 99% removal of oil and grease, BTEX
(benzene, toluene, ethylbenxene, xylenes), gasoline range organics (GRO), diesel range organics
(DRO), and methanol while another facility reported >80% removal of total petroleum
hydrocarbons (TPH), 94% removal of BTEX, and 48% removal of total organic carbon (TOC).
Given the variety of properties among classes of organic constituents, different treatment processes
may be required depending upon the types of organic compounds needing removal. Table F-5 lists
treatment processes and the classes of organic compounds they can treat. It should be noted that in
many studies, rather than testing for several organic constituents, researchers often measure
organics in terms of biochemical oxygen demand and/or chemical oxygen demand, which are
indirect measures of the amount of organic compounds in the water. Organic compounds may also
be measured and/or reported in groupings such as TPH (which includes GRO, DRO, oil and grease),
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volatile organic compounds (VOCs) (which include BTEX), and semi-volatile organic compounds
(SVOCs).

Table F-5. Treatment processes for hydraulic fracturing wastewater organic constituents.
Treatment processes

Organic compounds removed

References

Adsorption with activated carbon

Soluble organic compounds

Fakhru'l-Razi et al. (2009)

Adsorption with organoclay media Insoluble organic compounds

Fakhru'l-Razi et al. (2009)

Air stripping

Volatile organic compounds

Tchobanoglous et al. (2013)

Dissolved air flotation

Volatile organic compounds, dispersed oil Drewes et al. (2009)

Freeze/thaw evaporationa

TPH, volatile organic compounds, semivolatile organic compounds

Duraisamy et al. (2013); Drewes
et al. (2009)

Ion exchange (with modified
zeolites)

BTEX, chemical oxygen demand,
biochemical oxygen demand

Hayes et al. (2014); Duraisamy et
al. (2013); Drewes et al. (2009);
Fakhru'l-Razi et al. (2009);
Munter (2000)

Distillation

BTEX, polycyclic aromatic hydrocarbons
(PAHs)

Hayes et al. (2014); Duraisamy et
al. (2013); Drewes et al. (2009);
Fakhru'l-Razi et al. (2009).

Chemical precipitation

Oil & grease

Drewes et al. (2009); Fakhru'lRazi et al. (2009)

Chemical Oxidation

Oil & grease

Drewes et al. (2009); Fakhru'lRazi et al. (2009)

Media filtration (walnut shell
media or sand)

Oil & grease

Drewes et al. (2009); Fakhru'lRazi et al. (2009)

Microfiltration

Oil & grease

Drewes et al. (2009); Fakhru'lRazi et al. (2009)

Ultrafiltration

Oil & grease, BTEX

Drewes et al. (2009); Fakhru'lRazi et al. (2009)

Reverse osmosisb

Dissolved organics

Drewes et al. (2009); U.S. EPA
(2005)

Electrocoagulation

Chemical oxygen demand, Biochemical
oxygen demand

Fakhru'l-Razi et al. (2009)

Biologically aerated filters

Oil & grease, TPH, BTEX

Fakhru'l-Razi et al. (2009)

Reed bed technologies

Oil & grease, TPH, BTEX

Fakhru'l-Razi et al. (2009)

Hydrocyclone separators

Dispersed oil

Drewes et al. (2009)

a Technology

cannot be used if the methanol concentration in the hydraulic fracturing wastewater exceeds 5%.

b RO

will remove specific classes of organic compounds with removal efficiencies dependent on the compound’s structure and
the physical and chemical properties of the hydraulically fractured wastewater. Organoacids will foul membranes.
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F.5.

Centralized Waste Treatment Facilities and Waste Management Options

CWTs are designed to treat for site-specific wastewater constituents so that the effluent meets the
requirements of the designated disposal option(s) (i.e., reuse, direct/indirect discharge). The most
basic treatment processes that a CWT might use include (Easton, 2014; Duhon, 2012):


Physical treatment technologies such as dissolved air or induced gas flotation systems,
media filtration, hydrocyclones, and settling including sedimentation/clarification;



Chemical treatment technologies such as chemical precipitation (coagulation) and
chemical oxidation; and



Biological treatment technologies such as biological aerated filter systems and reed beds.

Although these technologies are effective at removing oil and grease, suspended solids, scaleforming compounds, and some heavy metals, advanced processes such as RO, thermal distillation,
or evaporation are necessary if TDS should be reduced as required by the intended disposal option.
This section provides an overview of treatment technologies employed at CWTs treating for oil and
gas wastewaters and their discharge options.

F.5.1. Design of Treatment Trains for CWTs
Based on the chemical composition of the hydraulic fracturing wastewater and the desired effluent
water quality, a series of treatment technologies will most likely be necessary. The possible
combinations of unit processes combined into treatment trains are extensive. One report identified
41 different treatment unit processes that have been used in the treatment of oil and gas
wastewater and 19 unique treatment trains (Drewes et al., 2009). Fakhru'l-Razi et al. (2009) also
provide examples of process flow diagrams that have been used in pilot-scale and commercial
applications for treating oil and gas wastewater. Figure F-7 shows the treatment train for the
Pinedale Anticline Facility as of 2012, which includes pretreatment for dispersed oil, VOCs, and
heavy metals and advanced treatment for removal of TDS, dissolved organics, and boron. This CWT
can either discharge to surface water or provide the treated wastewater to operators for reuse.
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Figure F-7. Full discharge water process used in the Pinedale Anticline field.
Source: Redrawn and adapted from a figure in Boschee (2012).

Table F-6 provides information on some CWTs in locations across the country and the processes
they employ. The table also notes for each facility whether data on effluent quality are readily
available. Comprehensive and systematic data on influent and effluent quality from CWTs that treat
to a variety of water quality levels are difficult to procure. This makes it challenging to understand
removal efficiencies and resulting effluent quality, especially when a facility offers varying degrees
of treatment to meet the water quality needs for different end uses (e.g., reuse vs. discharge). For
those facilities with NPDES permits, discharge monitoring report (DMR) data may be available for
some constituents, although if the facility does not discharge regularly, these data will be sporadic.
As of July 2016, the Pinedale Anticline Facility, the Judsonia Facility, the Eureka Resources Standing
Stone Facility, and Wellington Operating Company’s facility appear to be the only CWTs in Table
F-6 discharging to surface water or a groundwater aquifer.1

For Pinedale Anticline Water Reclamation Facility, surface water discharges are permitted under 40 CFR 435 Subpart E
(beneficial use subcategory agricultural and wildlife water) not 40 CFR 437 (the discharge permit for CWTs). For the
purposes of this assessment, this facility is included with CWTs.

1
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Table F-6. Examples of centralized waste treatment facilities.

Description of
unit processes

Does CWT
Does CWT have a provide
NPDES permit for effluent for
discharge?
reuse?

Does CWT have
advanced
process for TDS
removal?

What is the status of
the facility as of July,
2016?

Are effluent quality
data available
through literature
search?
Yes – DMR data
available on Wyoming
DEQ website. Some
information can also be
obtained from Shafer
(2011).

Facility

Locality

Pinedale
Anticline
Water
Reclamation
Facility

WY

Oil/water
separation,
biological
treatment, aeration,
clarification, sand
filtration,
bioreactor,
membrane
bioreactor, RO, ion
exchange, and
desalinization

No - However,
Yes
facility is permitted
to discharge under
40 CFR 435 Subpart
E (WY0054224).
Facility is permitted
to discharge up to
25% of its effluent
stream

Yes, RO (Boschee,
2014, 2012)

The treatment plant
produces treated water
for reuse and for
discharge to outfalls
located at the New Fork
River and at Sand Draw.

SEECO –
Judsonia
Water Reuse
Recycling
Facility

AR

Settling, biological
treatment, induced
gas flotation, and
MVR

Yes - AR0052051

Yes

Yes, MVR

The treatment plant
DMR data available
provides treated water
for reuse and for
discharge to surface
water. Based on DMR
data from late 2015early 2016, the system is
discharging treated
water to a surface water
body, though
intermittently.

Eureka
Resources –
Williamsport
2nd Street
Facility

PA

Settling, oil/water
separation,
chemical
precipitation,
clarification, MVR.
Can treat with or
without TDS
removal.

No - However,
Yes
future plans to
install RO for direct
discharge capability

Yes, MVR

Per Ertel et al. (2013),
No
the facility provides
treatment wastewater
for reuse and indirect
discharge. The facility
treats entirely or almost
entirely hydraulic
fracturing wastewater.
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Facility

Locality

Eureka
Resources –
Standing
Stone Facility,
Bradford
County

PA

Description of
unit processes
Settling, oil/water
separation,
chemical
precipitation,
clarification, MVR,
crystallization

Does CWT
Does CWT have a provide
NPDES permit for effluent for
discharge?
reuse?

Does CWT have
advanced
process for TDS
removal?

Yes - PA0232351

Yes, MVR,
crystallizer

Yes

What is the status of
the facility as of July,
2016?
The facility can provide
treated wastewater for
reuse and also has
received an NPDES
permit for direct
discharge.

Are effluent quality
data available
through literature
search?
No

The facility treats
hydraulic fracturing
wastewater.
Wellington
CO
Operating
Company, LLC
– 3W
Production
Water
Treatment
Facility

Dissolved air
flotation, prefiltration,
microfiltration with
ceramic
membranes,
activated carbon
adsorption. Water is
pumped to rapidinfiltration pit which
then percolates to a
tributary aquifer.
The aquifer supplies
water to an RO
plant (Alzahrani et
al., 2013).

Shallow
groundwater
percolation pit
permits issued by
COGCC – 281818
and 281824

Yes

Yes, RO but only
after the water is
sent to an aquifer
storage and
recovery well
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Facility

Locality

Description of
unit processes

Does CWT
Does CWT have a provide
NPDES permit for effluent for
discharge?
reuse?

Does CWT have
advanced
process for TDS
removal?

What is the status of
the facility as of July,
2016?

Are effluent quality
data available
through literature
search?

Casella Altela McKean
Regional
County, PA
Environmental
Services
(CARES)
McKean
Facility

Pretreatment
Yes – PA0102288
system (not defined
in literature) and
thermal distillation

Yes

Yes – thermal
distillation

The treatment plant is
No - just NPDES
capable of reuse and
discharge requirements
recycle for fracturing
operations and surface
water discharge of
excess water. However,
the vendor has indicated
that the facility is only
treating water for
reuse/recycle as of early
2015.

Clarion Altela Clarion
Environmental County, PA
Services
(CAES) Facility

Pretreatment
Yes – PA0103632
system (not defined
in literature) and
thermal distillation

Yes

Yes – thermal
distillation

The treatment plant is
No – just NPDES
capable of reuse and
discharge requirements
recycle for fracturing
operations and surface
water discharge of
excess water. However,
the facility has indicated
that it is only treating
water for reuse/recycle
as of early 2015.

Terraqua
Resource
Management
(aka. Water
Tower Square
Gas Well
Wastewater
Processing
Facility)

Equalization tanks, No
oil-water separation
via chemical
addition (sulfuric
acid, emulsion
breaker), pH
adjustment,
coagulation,
flocculation,
inclined plate
clarifier, sand
filtration

Yes

No – However,
TARM recognizes
that they can’t
discharge, until
they install TDS
treatment

Listed as proposed CWT, No
Part I NPDES permit
issued, awaiting Part II
WQM application per PA
DEP website visited
August 25, 2016. (See
DEP’s list of Waste
Water Treatment
Facilities and
http://mshaletaskforce.
org/SIte_Locations.html)
.

Lycoming
County, PA
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Description of
unit processes

Does CWT
Does CWT have a provide
NPDES permit for effluent for
discharge?
reuse?

Does CWT have
advanced
process for TDS
removal?

What is the status of
the facility as of July,
2016?

Are effluent quality
data available
through literature
search?

Facility

Locality

Maggie Spain
WaterRecycling
Facility

Decatur, TX

Settling, flash mixer No
with lime and
polymer addition,
inclined plate
clarifier, surge tank,
MVR

Yes

Yes – MVR

The facility
Yes – Some information
reuses/recycles treated can be obtained from
water for fracturing
Hayes et al. (2014).
operations. It is unclear
if the MVR mobile unit is
still at this facility. A
pilot study is in progress
at the facility that began
in 2015 looking at the
addition of a hollow
fiber air stripping
membrane unit for CO2
removal prior to an
UF/RO unit.

Fountain
Quail/NAC
Services Kenedy

Kenedy, TX

Oil-water separator, No
coagulation,
flocculation,
sedimentation,
filtration, MVR.

Yes

Yes – MVR

According to its website, No
the facility
reuses/recycles treated
water for fracturing
operations
(http://www.fountainqu
ail.com/water-recyclingsolutions/cleanbrine/casestudies/eagle-fordshale-texas).

Purestream Gonzales
facility

Gonzales, TX Induced gas
flotation and MVR

Yes

Yes - MVR

Per Dahm and Chapman No
(2014) commercial
operations deployed
March 2014 for
reuse/recycle for
fracturing operations.

No
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Facility

Locality

FourPoint
Wheeler
Energy, LLC
County, TX
(formerly
owned by Linn
Energy Granite Wash

Description of
unit processes
Induced gas
flotation and MVR

Does CWT
Does CWT have a provide
NPDES permit for effluent for
discharge?
reuse?

Does CWT have
advanced
process for TDS
removal?

No

Yes - MVR

Yes

What is the status of
the facility as of July,
2016?

Are effluent quality
data available
through literature
search?

AVARA system installed No
for reuse/recycle in June
2014, according to
http://purestream.com/
index.php/watermanagement/vaporrecompression/photosand-videos.
Assume still operational
but status unclear as
new private company
acquired Linn Energy’s
oil and gas assets in
2014.

Fluid Recovery PA
Service
Josephine
Facilitya

Oil-water separator,
aeration, chemical
precipitation with
sodium sulfate,
lime, and a polymer,
inclined plate
clarifier

PA0095273

No

No

Permit renewal
application
submitted and
under review by PA
DEP.

The facility stopped
accepting Marcellus
wastewater September
30, 2011 (Ferrar et al.,
2013). It treats
conventional oil and gas
wastewater.
The facility plans to
upgrade to include
evaporative technology
to attain monthly
average TDS levels of
500 mg/L or less. Not
upgraded as of July,
2016.
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Facility

Locality

Description of
unit processes

Does CWT
Does CWT have a provide
NPDES permit for effluent for
discharge?
reuse?

Does CWT have
advanced
process for TDS
removal?

No

No

This facility is not
Minimal DMR data from
accepting wastewater
the EPA.
from hydraulic
fracturing operations as
of July 2016. It treats
conventional oil and gas
wastewater. The facility
plans to upgrade to
include evaporative
technology to attain
monthly average TDS
levels of 500 mg/L or
less. Not upgraded as of
July, 2016.

No

No

This facility is not
Minimal DMR data from
accepting wastewater
the EPA.
from hydraulic
fracturing operations as
of July 2016. It treats
conventional oil and gas
wastewater. The facility
plans to upgrade to
include evaporative
technology to attain
monthly average TDS
levels of 500 mg/L or
less. Not upgraded as of
July, 2016.

Fluid Recovery PA
Service
Franklin
Facilitya

Oil-water separator,
aeration, chemical
precipitation with
sodium sulfate,
lime, and a polymer,
inclined plate
clarifier

PA0101508

Hart
ResourcesCreekside
Facilitya

Oil-water separator,
aeration, chemical
precipitation with
sodium sulfate,
lime, and a polymer,
inclined plate
clarifier

PA0095443

PA

Permit renewal
application
submitted and
under review by PA
DEP.

Permit renewal
application
submitted and
under review by PA
DEP.

a

What is the status of
the facility as of July,
2016?

Are effluent quality
data available
through literature
search?

As of May 15, 2013, these facilities are under an administrative order (AO). According to the AO, these facilities must comply with a monthly effluent limit for TDS not to exceed
500 mg/L. This will allow them to treat high-saline wastewaters typical of unconventional oil and gas operations. To meet the requirements of the AO, they have applied to the
Pennsylvania Department of Environmental Protection (PA DEP) for a NPDES permit and are planning to install treatment for TDS.
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F.5.2. Discharge Options for CWTs
Direct discharge CWTs are allowed to discharge treated wastewater directly to surface waters
under the NPDES permit program. Discharge limitations may be based on water quality standards
in the NPDES and technology-based effluent limitation guidelines under 40 CFR Part 437. In
addition, permitting authorities have permitted facilities for discharge under 40 CFR 435, Subpart
E. Judsonia Central Water Treatment Facility in Sunnydale, Arkansas is permitted to directly
discharge treated effluent from produced water from the Fayetteville Shale play to Byrd pond
located on the property. Pinedale Anticline Field Wastewater Treatment Facility in Wyoming, WY,
originally designed to treat produced water from tight gas plays in the Pinedale Anticline Field to
levels suitable for reuse, was upgraded to include desalinization and RO treatment for discharge to
a local river. CWTs with NPDES discharge permits may also opt to treat oil and gas wastewater for
reuse as shown in Table F-6. Some facilities have the ability to treat wastewater to different
qualities (e.g., with or without TDS removal), which they might do to target various reuse water
quality criteria. Both the Judsonia and Pinedale facilities discussed above have the ability to employ
either TDS- or non-TDS-removal treatments depending on the customers’ needs.
Indirect discharge CWTs may treat hydraulic fracturing wastewater and then discharge the treated
wastewater effluent to a POTW. Discharge to the POTW is controlled by an Industrial User
mechanism, which incorporates pretreatment standards established in 40 CFR Part 437. Two
facilities, one located in Pennsylvania (Eureka Resources) and the other in Ohio (Patriot Water
Treatment), include indirect discharge as an option in wastewater treatment. The EurekaWilliamsport facility accepts wastewater (primarily from the Marcellus Shale play) and either
treats it for reuse or discharges it to the local POTW. The Patriot facility offers services to hydraulic
fracturing operators in the Marcellus and Utica Shale plays for removal of solids and metals using
chemical treatment. As of March 2015, however, the Patriot facility is limited by the Ohio
Environmental Protection Agency to accepting only "low salinity" (<50,000 mg/L TDS) produced
water and may only discharge 100,000 gal (380,000 L) per day to the Warren Ohio POTW.
Zero-discharge CWTs do not discharge treated wastewater; instead, the wastewater is treated and
reused in subsequent hydraulic fracturing operations. WVWRI (2012) state that this practice
reduces potential effects on surface drinking water resources by reducing both direct and indirect
discharges. Zero-discharge facilities may offer varying levels of treatment, including minimal
treatment (for example, filtration), low-level treatment (chemical precipitation), and/or advanced
treatment (evaporation, crystallization). Reserved Environmental Services (RES) in Mt. Pleasant,
Pennsylvania, is a zero liquid discharge facility permitted by PA DEP to treat wastewater from the
Marcellus Shale play for reuse. Residual solids are dewatered and sent to a landfill. Treated
wastewater effluent is stored, monitored, and chlorinated for reuse (ONG Services, 2015).

F.6.

Water Reuse

With the scarcity of freshwater supplies and limited access to disposal wells in some areas of the
country, reuse of hydraulic fracturing wastewaters for subsequent hydraulic fracturing activity has
become more prevalent (Section 8.4.4). This section discusses factors to consider in adopting reuse
and the recommended or otherwise observed water quality needed.
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F.6.1. Factors in Considering Reuse
In making the decision whether to manage wastewater via reuse, operators have several factors to
consider (Slutz et al., 2012; NPC, 2011):


Wastewater generation rates compared to water demand for future fracturing operations,



Wastewater quality and treatment requirements for use in future operations,



The costs and benefits of wastewater management for reuse compared with other
management strategies,



Available infrastructure and treatment technologies, and



Regulatory considerations.

Among these factors, costs may be the most significant driver, weighing the costs of transportation
from the generating well to the treatment facility and to the new well against the costs for transport
to alternative locations (a disposal well or CWT). Trucking large quantities of water can be
relatively expensive (from $0.50 to $8.00 per barrel), rendering on-site treatment technologies and
reuse potentially economically competitive in some settings (Dahm and Chapman, 2014; Guerra et
al., 2011). Also, logistics, including proximity of the water sources for aggregation, may be a factor
in implementing reuse. For example, Boschee (2014) notes that in the Permian Basin, older
conventional wells are linked by pipelines to a centralized transfer facility, enabling movement of
treated water to areas where it is needed for reuse.
Regulatory factors may facilitate reuse. In 2013, the Texas Railroad Commission adopted rules
intended to encourage statewide water conservation. These rules facilitate reuse by eliminating the
need for a permit when operators reuse on their own lease or transfer the fluids to another
operator for use in hydraulic fracturing (Rushton and Castaneda, 2014). Data for the years after
2013 will allow evaluation of whether reuse increased after this regulatory change.
Recommended compositional ranges for the base fluid used to formulate hydraulic fracturing fluid
may shift in the future as fracturing fluid technology continues to develop. Development of
fracturing mixture additives that are brine-tolerant have allowed for the use of high TDS
wastewaters (up to tens of thousands of mg/L) for reuse in fracturing (Tiemann et al., 2014; GTI,
2012; Minnich, 2011). Some new fracturing fluid systems are claimed to be able to tolerate salt
concentrations exceeding 300,000 mg/L (Boschee, 2014). This greater flexibility in acceptable
water chemistry can facilitate reuse both logistically and economically by reducing treatment
needs.
Reuse rates may also fluctuate with changes in the supply and demand of treated wastewater and
the availability of fresh water. Flowback may be preferable to later-stage produced water for reuse
because it is typically generated in larger quantities from a single location as opposed to water
produced later on, which is generated in smaller volumes over time from many different locations.
Flowback also tends to have lower TDS concentrations than later-stage produced water. In the
Marcellus, TDS has been shown to increase from tens of thousands to about 100,000 mg/L during
the first 30 days (Barbot et al., 2013; Maloney and Yoxtheimer, 2012); see Chapter 7. As more wells
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go into production, the changing production rate and quality of wastewaters generated in a region
need to be taken into account, as well as a possible reduction in the demand for reused water as
plays mature (Lutz et al., 2013; Hayes and Severin, 2012b; Slutz et al., 2012).

F.6.1.1. On-Site Treatment for Reuse
On-site systems that treat produced water for reuse can reduce potential impacts on drinking
water resources associated with transportation and disposal, and they can facilitate the logistics of
reuse by preparing the water close to well sites. These systems sometimes consist of mobile units
containing one or more treatment processes that can be moved from site to site to treat waters in
newly developed sites that are not yet producing at full-scale. Semi-permanent facilities that serve
specific areas also exist (Halldorson, 2013; Boschee, 2012).
Treatment systems are typically tailored for site-specific produced water chemical concentrations
and desired water quality treatment goals, including whether significant TDS removal is needed. If
low TDS water is needed, more advanced treatment will be required (as discussed in Section F.2).
This more extensive treatment can increase the treatment costs by three to four times compared to
treatment systems that do not remove TDS (Halldorson, 2013). On-site facilities may be warranted
where truck hauling or seasonal accessibility to and from a central facility is an issue (Boschee,
2014; Tiemann et al., 2014). Operators may also consider on-site facilities if they have not fully
committed to an area and the well counts are initially low. In those instances, they can later decide
to add or remove units based on changing production volumes (Boschee, 2014).

F.6.2. Water Quality for Reuse
As of 2016, there is no consensus on the water quality requirements for reuse of wastewater for
hydraulic fracturing, and operator opinions vary on the minimum standards for the water quality
needed for fracturing fluids (Vidic et al., 2013; Acharya et al., 2011). Table F-7 provides a list of
constituents and the recommended or observed target concentrations for reuse applications. The
wide concentration ranges for many constituents (e.g., TDS ranging from 500 to 70,000 mg/L)
suggest that water quality requirements for reuse are dictated by operation-specific requirements,
including operator preference and selection of fracturing fluid chemistry.

Table F-7. Water quality requirements for reuse.
Source: U.S. EPA (2015m).

Constituent

Reasons for limiting
concentrations

TDS

Fluid stability

500 – 70,000

Chloride

Fluid stability

2,000 – 90,000

Sodium

Fluid stability

2,000 – 5,000
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Constituent

Reasons for limiting
concentrations

Recommended or observed base fluid target
concentrations (mg/L, after blending)b

Metals
Iron

Scaling

1 – 15

Strontium

Scaling

1

Barium

Scaling

2 – 38

Silica

Scaling

20

Calcium

Scaling

50 – 4,200

Magnesium

Scaling

10 – 1,000

Sulfate

Scaling

124 – 1,000

Potassium

Scaling

100 – 500

Scale formersa

Scaling

2,500

Other
Phosphate

Not Reported

10

TSS

Plugging

Oil

Fluid stability

5 – 25

Boron

Fluid stability

0 – 10

pH (S.U.)

Fluid stability

6.5 – 8.1

Bacteria (counts/mL)

Bacterial growth

50 – 1,500

0 – 10,000

a

Includes total of barium, calcium, manganese, and strontium.

b

Unless otherwise noted.

Wastewater quality can be managed for reuse either by blending it with freshwater and allowing
dilution to bring the concentrations of problematic constituents to an acceptable range or through
treatment (Veil, 2010). Treatment, if needed, can be conducted at facilities that are mobile, semipermanent modular systems, or fully permanent CWTs (Nicot et al., 2012). At a minimum, hydraulic
fracturing service providers generally prefer that the wastewater be treated to remove TSS,
microorganisms, and constituents that form scale or inhibit crosslinking in gelled fluid systems
(Boschee, 2014). Figure F-8 shows a schematic of a treatment system to treat wastewater for reuse
that can remove suspended solids, hardness, and organic constituents.
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Figure F-8. Diagram of treatment for reuse of flowback and produced water.
Source: Kimball (2010). Reprinted with permission from CDM Smith.

In the Marcellus, the wastewater to be reused is generally treated with oil/gas-water separation,
filtration, and dilution (Ma et al., 2014). Although many Marcellus treatment facilities only supply
basic reuse treatment that removes oil and solids, advanced treatment facilities that use techniques
such as RO or distillation methods are also in operation (Veil, 2010).
Reuse concerns can vary with the type of hydraulic fracturing fluid used (e.g., slickwater, linear gel,
crosslinked gel, foam) (Wasylishen and Fulton, 2012) and the anticipated changes in water
chemistry over time during the transition from flowback to produced water (Hammer and
VanBriesen, 2012). Elevated TDS is a concern, but residual constituents from previous fluid
mixtures (e.g., breakers) may also cause difficulties when reusing water for subsequent fracturing
operations (Montgomery, 2013; Walsh, 2013).

F.7.

Hydraulic Fracturing Wastewater Impacts on POTWs

Wastewater treatment processes used by POTWs are generally not designed or operated to treat
wastewater containing high salt concentrations (>0.1-5% salt), and sudden increases in chloride
concentration above 5 – 8 g/L may cause problems for wastewater treatment (Ludzack and Noran,
1965). Four basic problems for biological treatment of saline water have been described (Woolard
and Irvine, 1995): (1) microbes in POTW treatment systems tend to be sensitive to changes in ionic
strength; (2) microbial metabolic functions are disrupted, leading to decreased degradation of
carbon compounds; (3) effluent suspended solids are increased due to cell lysis and/or a reduction
in organisms that promote flocculation; and (4) the extent to which biomass at a POTW can
acclimate to a salty environment is limited. To address concerns with high salinity and other
contaminants that are either not removed by or can adversely impact the POTW treatment system,
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EPA has promulgated pretreatment standards intended to prevent pollutants in unconventional oil
and gas wastewaters from reaching POTWs (Chapter 8).
If indirect discharge to a POTW is being considered or is employed, some adaptations can be useful
for wastewater treatment trains at CWTs handling hydraulic fracturing wastewater to meet the
established federal limits. For example, biological pre-treatment may be beneficial as an added
process prior to indirect discharge from a CWT to a POTW for removal of organic contaminants.
Specialized treatment systems using salt-tolerant bacteria may be beneficial as an additional level
of treatment for pre-treating (or polishing) wastewaters at CWTs. (These processes differ from
conventional biological processes in standard wastewater treatment, which are not suitable for
large volumes of hydraulic fracturing wastewater). In particular, membrane bioreactors (MBRs)
have been examined for the treatment of oil and gas wastewater (Dao et al., 2013; Kose et al., 2012;
Miller, 2011). MBRs provide advantages over conventional aeration basin processes as they can be
incorporated into existing treatment trains more easily and have a much smaller areal footprint
than aeration basins.

F.8.

Hydraulic Fracturing Wastewater and Disinfection Byproducts

F.8.1. Disinfection Byproducts
This section provides background information on disinfection byproducts (DBPs) and their
formation to support the discussion in Section 8.5.1 of Chapter 8 regarding impacts on surface
waters and downstream drinking water utilities due to elevated bromide and iodide in hydraulic
fracturing wastewaters.
Regulated DBPs are a small subset of the full spectrum of DBPs that include other chlorinated,
brominated, iodated, and nitrogenous DBPs. Some of the emerging unregulated DBPs may be more
toxic than their regulated counterparts (Harkness et al., 2015; McGuire et al., 2014; Parker et al.,
2014). Of the many types of DBPs that can form when drinking water is disinfected, Safe Drinking
Water Act (SDWA) Stage 1 and Stage 2 DBP Rules regulate four total trihalomethanes (TTHM), five
haloacetic acids (HAA5), bromate, and chlorite (U.S. EPA, 2006).
Most brominated DBPs form when water containing organic material and bromide reacts with a
disinfectant such as chlorine or chloramines during drinking water treatment. Parameters that
affect DBP formation include concentration and type of organic material, disinfectant type,
disinfectant concentration, pH, water temperature, and disinfectant contact time. In addition, many
studies have found that elevated bromide levels correlate with increased DBP formation (AWWA,
2010; Obolensky and Singer, 2008; Matamoros et al., 2007; Hua et al., 2006; Yang and Shang, 2004).
Some studies found similar results for iodide as well (McGuire et al., 2014; Parker et al., 2014). Pope
et al. (2007) reported that increased bromide levels are the second best indicator of DBP formation,
with pH being the best.
In addition, research finds that higher levels of bromide and iodide contribute to increased
concentrations of the brominated and iodated forms of DBPs (both regulated and unregulated),
which tend to be more cytotoxic, genotoxic, and carcinogenic than chlorinated species (McGuire et
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al., 2014; Parker et al., 2014; States et al., 2013; Krasner, 2009; Richardson et al., 2007). Studies
generally report that the ratios of halogen incorporation into DBPs reflect the ratio of halogen
concentrations in the source water (Criquet et al., 2012; Jones et al., 2012; Obolensky and Singer,
2008) but that bromide is preferentially incorporated into halogenated DBPs (McGuire et al., 2014;
Parker et al., 2014; States et al., 2013; Krasner, 2009; Obolensky and Singer, 2008; Richardson et al.,
2007; Hua et al., 2006).
From a regulatory perspective, elevated bromide levels create difficulties in meeting drinking water
maximum contaminant levels (MCLs). When the TTHM are predominately in the form of
brominated DBPs, the higher molecular weight of bromide (79.9 g/mol) relative to chloride (35.5
g/mol) causes the overall mass of the TTHM sum to increase. This can lead to elevated
concentrations of TTHM, in turn potentially leading to violations of the TTHM MCL for the drinking
water utility (Francis et al., 2009).
High bromide levels are also cited as causing formation of nitrogenous DBP Nnitrosodimethylamine (NDMA) in water disinfected with chloramines (Luh and Mariñas, 2012).
Although NDMA is not regulated by the EPA as of 2016, it is listed as a priority toxic pollutant, and
the EPA is planning to evaluate NDMA and other nitrosamines as candidates for regulation during
the six-year review of the Microbial and Disinfection Byproducts (MDBP) rules (U.S. EPA, 2014a).

F.8.2. Studies Modeling Bromide in Receiving Waters from CWT Effluents
Contaminant modeling by Weaver et al. (2016) found that reducing effluent concentrations (e.g.,
discharging flowback versus produced water), discharging during higher stream flow periods, and
using a pulsing or intermittent discharge can reduce bromide levels in receiving streams. Input data
for the model came from several sources. Effluent bromide concentrations and permitted discharge
flows came from eight commercial wastewater treatment plants in western Pennsylvania. Receiving
stream flows were based on U.S. Geological Survey gage data. Data on flow accretion based on an
analysis of tracer data from literature and EPA studies. The model assessed both steady-state and
transient scenarios. The steady-state model assumed fixed discharges and flows and calculated
mass and volume flow balance in a river network. The transient (i.e., pulsed or intermittent
discharge) model simulations were based on a model developed by Weaver et al. (2016) assuming
discharges of 12, 8, and 4 hours per day as well as a 24-hour simulation for comparison to a steadystate scenario. For steady-state scenarios, bromide concentrations were lowest under high flow
conditions in the source water and with lower concentrations of bromide in the effluent. Bromide
concentrations were generally lower for the pulsed scenarios than for the steady-state discharge
scenarios.
In a separate study, U.S. EPA (2015m) evaluated the relative contributions of bromide, chloride,
nitrate, and sulfate from CWTs primarily treating hydraulic fracturing wastewater to the Allegheny
River Basin and to two downstream public water system intakes. The Allegheny River and its
tributaries receive runoff and discharges containing an array of contaminants. Contaminant sources
include discharges from CWTs for oil and gas wastewater, runoff from acid mine drainage and
mining operations, discharges from coal-fired electric power stations, industrial wastewater
treatment plant effluents, and POTW discharges. The Allegheny River is the water supply for
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thirteen public water systems that serve over 500,000 people in western Pennsylvania
underscoring the importance of a full understanding of upstream contaminant contributions.
In Pennsylvania, wastewater produced from hydraulic fracturing of the Marcellus formation has
been mostly diverted from CWTs and POTWs that discharge to public waters in the state to other
management practices such as reuse (Hammer and VanBriesen, 2012). Wastewater produced from
hydraulic fracturing of non-Marcellus formations, however, continues to be sent to CWTs and
POTWs on the Allegheny River.
In order to quantify relative contributions of anions as a contaminant source at public drinking
water system intakes, an EPA source apportionment study determined relative contributions of
bromide from several upstream activities (U.S. EPA, 2015m). The study developed chemical source
profiles for discharges upstream of the drinking water system intakes, characterized water quality
in the river upstream and downstream of the CWTs and other facilities, characterized the water
quality at the drinking water system intakes, and analyzed the sampling data collected with the EPA
Positive Matrix Factorization (PMF) receptor model. The study focused on low-flow conditions.
Researchers found that CWTs and coal-fired power plants with flue gas desulfurization were
responsible for the majority of bromide at the two public water supply intakes. CWTs accounted for
a substantial contribution of bromide, with 88-89% at one intake and 37% at the other. Coal-fired
power plants with flue gas desulfurization were the other substantial contributors, with 50% at the
second intake but less than 1% at the first. Sediment and acid mine drainage were also minor
contributors in the range of 1 to 11% (U.S. EPA, 2015m).

F-48

Appendix G – Identification and Hazard Evaluation of Chemicals across
the Hydraulic Fracturing Water Cycle Supplemental Information

Appendix G. Identification and Hazard
Evaluation of Chemicals across the Hydraulic
Fracturing Water Cycle Supplemental
Information

G-1

Appendix G – Identification and Hazard Evaluation of Chemicals across
the Hydraulic Fracturing Water Cycle Supplemental Information

This page is intentionally left blank.

G-2

Appendix G – Identification and Hazard Evaluation of Chemicals across
the Hydraulic Fracturing Water Cycle Supplemental Information

Appendix G. Identification and Hazard Evaluation of
Chemicals across the Hydraulic Fracturing Water Cycle
Supplemental Information
G.1. Introduction
Appendix G provides detail and supporting information on the oral reference values (RfVs) and oral
slope factors (OSFs) that were identified in Chapter 9 of this assessment.1 Section G.2 provides
detail on the criteria used to select sources of RfVs, OSFs, and qualitative cancer classifications for
chemicals used or detected in hydraulic fracturing processes, and lists all sources that were
considered for this study. Section G.3 provides a glossary of the toxicity terminology that is used by
these various sources. Section G.4 provides a brief description of other potential tools and
approaches that could be used by stakeholders to prioritize and estimate toxicity of chemicals that
have a limited toxicity database. Lastly, all of the toxicity data collected from the sources that met
the criteria for inclusion in this study are provided. Table G-1a through G-1e show the available
RfVs, OSFs, and qualitative cancer classifications for chemicals used in hydraulic fracturing fluids,
and Table G-2a through Table G-2e show the available RfVs, OSFs, and qualitative cancer
classifications for chemicals detected in produced water from hydraulically fractured wells. These
tables also indicate whether each chemical has available data on physicochemical properties or
occurrence.

G.2. Criteria for Selection and Inclusion of Reference Value (RfV), Oral Slope
Factor (OSF), and Qualitative Cancer Classification Data Sources
The criteria listed below were used to evaluate the quality of RfVs, OSFs, and qualitative cancer
classifications considered for use in the hazard analyses conducted in Chapter 9. These criteria
were originally outlined in the hydraulic fracturing research plan (U.S. EPA, 2011a) and interim
progress report (U.S. EPA, 2012e). Only data sources that met these criteria were considered of
sufficient quality to be included in the analyses.
The following criteria had to be met for a source to be deemed of sufficient quality:
1. The body or organization generating or producing the peer-reviewed RfVs, peer-reviewed
OSFs, or peer reviewed qualitative assessment must be a governmental or
intergovernmental body.
a. Governmental bodies include sovereign states, and federated states/units.
b. Intergovernmental bodies are those whose members are sovereign states, and the
subdivisions or agencies of such intergovernmental bodies. The United Nations is
an example of an intergovernmental body. The International Agency for Research
As defined in Chapter 9, the term RfV refers to reference values for noncancer effects occurring via the oral route of
exposure and for chronic durations, except where noted.
1
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on Cancer (IARC) is an agency of the World Health Organization (WHO), which is
itself an agency of the United Nations. Thus, IARC is considered a subdivision of the
United Nations.
2. The data source must include peer-reviewed RfVs, peer-reviewed OSFs, or peer reviewed
qualitative assessments.
a. A committee that is established to derive the RfVs, OSFs, or qualitative
assessments can have members of that same committee provide the peer review,
so long as either the entire committee, or members of the committee who did not
participate in the derivation of a specific section of a work product, conduct the
review.
b. Peer reviewers who work for grantees of the organization deriving the RfVs, OSFs,
or qualitative assessments are generally allowed, and this will not be considered to
constitute a conflict/duality of interest.
c. Peer reviewers may work in the same or different office, so long as they did not
participate in any way in the development of the product, and these individuals
must be free of conflicts/duality of interest with respect to the chemical(s)
assigned.
i.

For instance, peer reviewers for Program X, conducted by Office A, may
also be employed by Office A so long as they did not participate in the
creation of the Program X product they are reviewing.

3. The RfVs, OSFs, or qualitative assessments must be based on peer-reviewed scientific data.
a. There are cases where industry reports that were not published in a peerreviewed, scholarly journal may be used, if the industry report has been
adequately peer-reviewed by an external body (external to the group generating
the report, and external to the group generating the peer-reviewed RfVs, peerreviewed OSFs, or peer-reviewed qualitative assessment) that is free of
conflicts/dualities of interest.
4. The RfVs, OSFs, or qualitative assessments must be focused on protection of the general
public.
a. Sources that are focused on workers are not appropriate as workers are assumed
to accommodate additional risk than the general public due to their status as
workers.
5. The body generating the values or qualitative assessments must be free of conflicts of
interest with respect to the chemicals for which it derives RfVs, OSFs, or qualitative
assessments.
a. If a body generating the RfVs, OSFs, or qualitative assessments accepts funding
from an interested party (i.e., a company or organization that may be impacted by
past, present, or future values or qualitative assessments), then the body has a
conflict of interest.
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b. For instance, if a non-profit organization is funded by an industry trade group, and
the non-profit generates RfVs, OSFs, or qualitative assessments for chemicals that
trade group is interested in, then the non-profit is considered to have a conflict of
interest with respect to those chemicals.
It is important to note that having a conflict/duality of interest for one chemical is sufficient to
disqualify the entire database, as it is assumed that conflicts/dualities of interest may exist for
other chemicals as well.

G.2.1. Included Sources
We applied our criteria to 16 different sources of RfVs and/or OSFs. After application of our criteria,
we were left with eight sources. For those sources which did not meet our criteria, we provide an
explanation of why they were excluded.
The following sources were evaluated, met our criteria, and were selected as sources of reference
doses or cancer slope factors for this analysis:


U.S. EPA Integrated Risk Information System (IRIS).



U.S. EPA Human Health Benchmarks for Pesticides (HHBP).



U.S. EPA Provisional Peer-Reviewed Toxicity Values (PPRTVs).



U.S. Agency for Toxic Substances and Disease Registry (ATSDR) Minimal Risk Levels
(MRLs).



California EPA (CalEPA) Toxicity Criteria Database.



International Programme on Chemical Safety (IPCS) Concise International Chemical
Assessment Documents (CICAD).

The following sources were evaluated, met our criteria, and were selected as sources of qualitative
cancer classifications:


International Agency for Research on Cancer (IARC).



US National Toxicology Program (NTP) Report on Carcinogens (RoC).

RfVs, OSFs, and qualitative cancer characterizations from these data sources are listed in Tables G1a through G-1e for chemicals used in hydraulic fracturing fluid formulation, and Tables G-2a
through G-2e for chemicals reported in hydraulic fracturing produced water.
In addition, Table G-1a and Table G-2a also list the EPA’s drinking water maximum contaminant
levels (MCLs) and maximum contaminant goal levels (MCLG) when available. These values are
generally based on IRIS values, and MCLs are treatment-based.

G.2.2. Excluded Sources
The following sources were excluded:
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American Conference of Governmental Industrial Hygienists: The assessments
derived by this body are specific to workers and are not generalizable to the general
public. In addition, this body is not a governmental or intergovernmental body. Thus, these
values were excluded based on criteria 1 and 4.



European Chemicals Bureau, Classification and Labeling Annex I of Directive
67/548/EEC: These assessments are not based on peer-reviewed values, but are based on
data supplied by manufacturers. Further, the enabling legislation states that
“Manufacturers, importers, and downstream users shall examine the information…to
ascertain whether it is adequate, reliable and scientifically valid for the purpose of the
evaluation…” This clearly demonstrates that the data and the evaluation are not required
to be peer-reviewed. Thus, these values were excluded based on criterion 2.



Toxicology Excellence for Risk Assessment’s (TERA’s) International Toxicity
Estimates for Risk Assessment (ITER): The ITER database is developed by TERA a
501(c)(3) non-profit. TERA accepts funding from various sources, including interested
parties that may be impacted by their assessment work. Thus, ITER is excluded based on
criteria 1 and 5.



Other U.S. states: The EPA evaluated values from all states that had values reported on
their websites. If a state’s values were determined to be largely duplicative of the EPA’s
values (e.g., the state adopts EPA values, such as the regional screening levels, and does
not typically generate its own peer-reviewed values), that state’s values were no longer
considered. The EPA contacted those states whose values were determined to not be
duplicative of the EPA’s values, and confirmed whether or not a peer review process was
used to develop the state’s values. The EPA determined that of the states with values not
duplicative of the EPA’s values, only California’s values met all of the EPA’s criteria for this
report. Other states with publicly accessible RfVs and/or OSFs include: Alabama, Florida,
Hawaii, and Texas.



WHO Guidelines for Drinking-Water Quality: The WHO Guidelines’ values are not RfVs,
but rather drinking water values.

G.3. Glossary of Toxicity Value Terminology
This section defines the toxicity values and qualitative cancer classifications that are frequently
found in the sources identified above.
Lowest-observed-adverse-effect level (LOAEL): The lowest exposure level at which there are
biologically significant increases in frequency or severity of adverse effects between the exposed
population and its appropriate control group. Source: U.S. EPA (2011c).
Maximum allowable daily level (MADL): The maximum allowable daily level of a reproductive
toxicant at which the chemical would have no observable adverse reproductive effect, assuming
exposure at 1,000 times that level. Source: OEHHA (2012).
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Maximum contaminant level (MCL): The highest level of a contaminant that is allowed in
drinking water. MCLs are set as close to the MCLG as feasible using the best available analytical and
treatment technologies and taking cost into consideration. MCLs are enforceable standards. Source:
U.S. EPA (2012a).
Maximum contaminant level goal (MCLG): A non-enforceable health benchmark goal which is set
at a level at which no known or anticipated adverse effect on the health of persons is expected to
occur and which allows an adequate margin of safety. Source: U.S. EPA (2012a).
Minimal risk level (MRL): An ATSDR estimate of daily human exposure to a hazardous substance
at or below which the substance is unlikely to pose a measurable risk of harmful (adverse),
noncancerous effects. MRLs are calculated for a route of exposure (inhalation or oral) over a
specified time period (acute, intermediate, or chronic). MRLs should not be used as predictors of
harmful (adverse) health effects.


Chronic MRL: Duration of exposure is 365 days or longer.



Intermediate MRL: Duration of exposure is >14 to 364 days.



Acute MRL: Duration of exposure is 1 to 14 days.

Source: ATSDR (2009).
No-observed-adverse-effect level (NOAEL): The highest exposure level at which there are no
biologically significant increases in the frequency or severity of adverse effect between the exposed
population and its appropriate control; some effects may be produced at this level, but they are not
considered adverse or precursors of adverse effects. Source: U.S. EPA (2011c).
Oral slope factor (OSF): An upper-bound, approximating a 95% confidence limit, on the increased
cancer risk from a lifetime oral exposure to an agent. This estimate, usually expressed in units of
proportion (of a population) affected per mg/kg-day, is generally reserved for use in the low-dose
region of the dose-response relationship, that is, for exposures corresponding to risks less than 1 in
100. Source: U.S. EPA (2011c).
Reference dose (RfD): An estimate (with uncertainty spanning perhaps an order of magnitude) of
a daily oral exposure to the human population (including sensitive subgroups) that is likely to be
without an appreciable risk of deleterious effects during a lifetime. It can be derived from a NOAEL,
LOAEL, or benchmark dose, with uncertainty factors generally applied to reflect limitations of the
data used. Generally used in the EPA's noncancer health assessments.


Chronic RfD: Duration of exposure is up to a lifetime.



Subchronic RfD (sRFD): Duration of exposure is up to 10% of an average lifespan.



Acute RfD: Duration of exposure is 24 hours or less.

Source: U.S. EPA (2011c).
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Reference value (RfV): An estimate of an exposure for a given duration to the human population
(including susceptible subgroups) that is likely to be without an appreciable risk of adverse health
effects over a lifetime. RfV is a generic term not specific to a given route of exposure. In the context
of this report, the term RfV refers to reference values for noncancer effects occurring via the oral
route of exposure and for chronic durations, except where noted. Source: U.S. EPA (2011c).
Tolerable daily intake (TDI): An estimate of the intake of a substance, expressed on a body mass
basis, to which an individual in a (sub) population may be exposed daily over its lifetime without
appreciable health risk. Source: WHO (2015).
Qualitative cancer classifications: A system used for the hazard identification of potential
carcinogens, in which human data, animal data, and other supporting evidence are combined to
characterize the weight of evidence (WOE) regarding the potential of an agent to cause cancer in
humans.


EPA 1986 guidelines: Under the EPA's 1986 risk assessment guidelines, the WOE was
described by categories “A through E,” with Group A for known human carcinogens
through Group E for agents with evidence of noncarcinogenicity. Five standard WOE
descriptors were used:
o

A: Human carcinogen.

o

B1: Probable human carcinogen―based on limited evidence of carcinogenicity in
humans and sufficient evidence of carcinogenicity in animals.

o

B2: Probable human carcinogen―based on sufficient evidence of carcinogenicity in
animals.

o

C: Possible human carcinogen.

o

D: Not classifiable as to human carcinogenicity.

o

E: Evidence of noncarcinogenicity for humans.

Source: U.S. EPA (2011c).


EPA 1996 proposed guidelines: The EPA’s 1996 proposed guidelines outlined a major
change in the way hazard evidence was weighted in reaching conclusions about the human
carcinogenic potential of agents. These guidelines replaced the WOE letter categories with
the use of standard descriptors of conclusions incorporated into a brief narrative. Three
categories of descriptors with the narrative were used:
o

Known/likely.

o

Cannot be determined.

o

Not likely.

Source: U.S. EPA (1996).


EPA 1999 guidelines: The 1999 guidelines adopted a framework incorporating hazard
identification, dose-response assessment, exposure assessment, and risk characterization
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with an emphasis on characterization of evidence and conclusions in each part of the
assessment. Five descriptors summarizing the WOE in the narrative were used:
o

Carcinogenic to humans.

o

Likely to be carcinogenic to humans.

o

Suggestive evidence of carcinogenicity, but not sufficient to assess human
carcinogenic potential.

o

Data are inadequate for an assessment of human carcinogenic potential.

o

Not likely to be carcinogenic to humans.

Source: U.S. EPA (1999a).


EPA 2005 guidelines: The approach outlined in the EPA's 2005 guidelines for carcinogen
risk assessment considers all scientific information in determining whether and under
what conditions an agent may cause cancer in humans and provides a narrative approach
to characterize carcinogenicity rather than categories. Five standard WOE descriptors are
used as part of the narrative:
o

Carcinogenic to humans.

o

Likely to be carcinogenic to humans.

o

Suggestive evidence of carcinogenic potential.

o

Inadequate information to assess carcinogenic potential.

o

Not likely to be carcinogenic to humans.

Source: U.S. EPA (2011c).


IARC Monographs on the evaluation of carcinogenic risks to humans: The IARC
classifies carcinogen risk as a matter of scientific judgement that reflects the strength of
the evidence derived from studies in humans, in experimental animals, from mechanistic
data, and from other relevant data. Five WOE classifications are used:
o

Group 1: Carcinogenic to humans.

o

Group 2A: Probably carcinogenic to humans.

o

Group 2B: Possibly carcinogenic to humans.

o

Group 3: Not classifiable as to its carcinogenicity to humans.

o

Group 4: Probably not carcinogenic to humans.

Source: IARC (2015).


NTP: The NTP describes the results of individual experiments on a chemical agent and
notes the strength of the evidence for conclusions regarding each study. Negative results,
in which the study animals do not have a greater incidence of neoplasia than control
animals, do not necessarily mean that a chemical is not a carcinogen, inasmuch as the
experiments are conducted under a limited set of conditions. Positive results demonstrate
that a chemical is carcinogenic for laboratory animals under the conditions of the study
and indicate that exposure to the chemical has the potential for hazard to humans. For
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each separate experiment, one of the following five categories is selected to describe the
findings. These categories refer to the strength of the experimental evidence and not to
potency or mechanism.
o

Clear evidence of carcinogenic activity.

o

Some evidence of carcinogenic activity.

o

Equivocal evidence of carcinogenic activity.

o

No evidence of carcinogenic activity.

o

Inadequate study of carcinogenic activity.

Source: NTP (2014a).


The RoC is a congressionally mandated, science-based, public health report that identifies
agents, substances, mixtures, or exposures (collectively called “substances”) in our
environment that may potentially put people in the United States at increased risk for
cancer. NTP prepares the RoC on behalf of the Secretary of the Health and Human Services.
The listing criteria in the RoC Document are:
o

Known to be a human carcinogen.

o

Reasonably anticipated to be a human carcinogen.

Source: NTP (2014b).

G.4. Additional Tools for Hazard Evaluation
In addition to the methods and approaches utilized in this chapter, there are other potential tools
that could be used by stakeholders to prioritize and estimate toxicity of chemicals that have a
limited toxicity database. We describe three such approaches here. This list is not intended to be
exhaustive, but provides examples of tools that stakeholders may find useful when faced with many
data-poor chemicals at a field site. Toxicity predictions from these additional data sources can be
either quantitative or qualitative, and may be used to fill and address gaps related to risk
assessment.

G.4.1. Threshold of Toxicological Concern (TTC)
The TTC approach is a risk assessment tool based on the concept that there is an exposure
threshold value for all chemicals below which there is a very low probability of risk to human
health (Kroes et al., 2005; Kroes et al., 2004). The TTC approach proposes that such a de minimis
value can be identified for many chemicals based on knowledge of chemical structure (Lapenna and
Worth, 2011; Kroes et al., 2005; Kroes et al., 2004). The estimated TTC is integrated with an
estimate of human exposure to that chemical, and used by the model to determine if there is
potential for concern or if more detailed chemical specific data are necessary (Kroes et al., 2005;
Kroes et al., 2004). As a preliminary step in risk assessment, this approach can be applied as a
screening tool, for ranking and prioritization, and as an indicator of data needs (Lapenna and
Worth, 2011; Kroes et al., 2005; Kroes et al., 2004).
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The various TTC approaches are based on a decision tree proposed by Cramer et al. (1978), which
classifies chemicals into categories of high (Class III), medium (Class II), or low (Class I) level of
concern, based on structure and reactivity. Based on the analysis of chronic oral toxicity data within
each of these structural classes, Munro et al. (1996) proposed oral intake TTC values of 1.5, 9.0, and
30 µg/kg body weight/day for Class III, II, and I, respectively. A tiered decision tree proposed by
Kroes et al. (Kroes et al., 2005; Kroes et al., 2004) expanded these approaches by including
structural alerts for possible genotoxic and/or high potency carcinogens as well as a TTC value for
organophosphates. Recently, in order to help facilitate the consistent and transparent application of
the TTC approach, a freely available software tool – Toxtree (http://toxtree.sourceforge.net/) – was
developed by the European Commission Joint Research Centre (JRC) for predicting toxicological
effects and mechanism of action (Lapenna and Worth, 2011). Toxtree implements the approaches
relevant to TTC assessment, including the original Cramer decision tree and the expanded TTC
decision tree by (Kroes et al., 2004), and includes improvements to the original Cramer scheme to
overcome to potential for chemical misclassification.

G.4.2. Organisation for Economic Co-operation and Development (OECD) Quantitative
Structure-Activity Relationship (QSAR) Toolbox
The OECD QSAR Toolbox is another available QSAR-based software tool developed to fill in toxicity
data gaps for assessing the hazards of chemicals (OECD, 2016), and serves as a platform that
incorporates various modules, databases, and structure-activity relationship models from a wide
range of sources. This approach also implements read-across concepts by grouping chemicals into
categories based on profiles related to physicochemical properties, human health, ecotoxicity, and
environmental fate. The main features of the OECD QSAR Toolbox are: identification of relevant
structural characteristics and potential mechanism or mode of action of a target chemical;
identification of other chemicals that have the same structural characteristics and/or mechanism or
mode of action; and use of existing experimental data to fill the data gap(s). The Toolbox’s key
strengths are for screening environmental fate endpoints, physicochemical properties, acute
ecotoxicity endpoints and toxicity endpoints such as skin/eye irritation, sensitization and
mutagenicity.

G.4.3. Application of Data from High Throughput Screening Assays
In addition to the tools outlined above, there have been recent advances in emerging technologies
such as high throughput screening (HTS) assays that may aid in prioritizing chemical inventories
for potential hazard (Wambaugh et al., 2013). HTS assays are in vitro assays that allow rapid
screening of chemicals for potential toxicity and biological activity across multiple cellular
pathways and targets (Wetmore et al., 2012; Rotroff et al., 2010). Recent advances have been made
in dosimetry methods that extrapolate in vitro concentration data to a human oral equivalent dose,
providing a quantitative estimate of the dose of a chemical that would result in an adverse effect
(Wetmore et al., 2015; Wetmore et al., 2012; Judson et al., 2011; Rotroff et al., 2010). HTS data may
also be combined with emerging methods to estimate exposure potential, providing a method to
refine risk-based prioritization for chemicals with limited toxicity information (Wambaugh et al.,
2013). Consequently, the integration of data from emerging technologies with estimates of human
oral dose and exposure may provide another potential approach to address risk management needs
when in vivo toxicology data are not available.
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Table G-1a. Chemicals reported to be used in hydraulic fracturing fluids, with available chronic oral RfVs, OSFs, and qualitative
cancer classifications from United States federal sources.
Chemicals from the FracFocus database are listed first, ranked by IRIS reference dose (RfD). The “--“ symbol indicates that no value was available from the
sources consulted. Additionally, an “x” indicates the availability of usage data from FracFocus (U.S. EPA, 2015a) and physicochemical properties data from EPI
SuiteTM (see Appendix C). Italicized chemicals are found in both hydraulic fracturing fluids and produced water.
IRIS

PPRTV

ATSDR

HHBP

NPDWRs

Chronic
Chronic OSFb
Cancer
Chronic
Cancer
b
Frac
PhysicoOSF
oral
RfDa
WOE
RfDa
WOE
Focus chemical
(per mg/
(per mg/
MRLd
(mg/
character(mg/
characterdata
data
kg-day)
kg-day)
(mg/
kg-day)
izationc
kg-day)
izationc
available available
kg-day)

Chronic
RfDa
(mg/kgday)

Public
health
goale
(MCLG)
(mg/L)

MCLf
(mg/L)

Chemical name

CASRN

Acrylamide

79-06-1

x

x

0.002

0.5

"Likely to be
carcinogenic
to humans"

--

--

--

0.001

--

0

TT g

Propargyl alcohol

107-19-7

x

x

0.002

--

--

--

--

--

--

--

--

--

Furfural

98-01-1

x

x

0.003

--

--

--

--

--

--

0.01

--

--

Benzene

71-43-2

x

x

0.004

0.0150.055

A (Human
carcinogen)

--

--

--

0.0005

--

0

0.005

Dichloromethane

75-09-2

x

x

0.006

0.002

“Likely to be
carcinogenic
in humans”

--

--

--

0.06

--

0

0.005

--

--

--

--

--

--

--

--

1,2,3-Trimethylbenzene

526-73-8

x

x

0.01

--

--

--

--

"Data are
inadequate
for an
assessment
of human
carcinogenic
potential"

1,2,4-Trimethylbenzene

95-63-6

x

x

0.01

--

--

--

--

--

G-12

Appendix G – Identification and Hazard Evaluation of Chemicals across
the Hydraulic Fracturing Water Cycle Supplemental Information

IRIS

Chemical name

1,3,5-Trimethylbenzene

Trimethylbenzene

Chlorobenzene

CASRN

ATSDR

Chronic
Chronic OSFb
Cancer
Chronic
Cancer
Frac
PhysicoOSFb
oral
a
a
RfD
WOE
RfD
WOE
Focus chemical
(per mg/
(per mg/
MRLd
(mg/
character(mg/
characterdata
data
kg-day)
kg-day)
(mg/
kg-day)
izationc
kg-day)
izationc
available available
kg-day)

108-67-8

x

25551-13-7

x

108-90-7

PPRTV

x

x

x

HHBP

NPDWRs

Chronic
RfDa
(mg/kgday)

Public
health
goale
(MCLG)
(mg/L)

MCLf
(mg/L)

0.01

--

--

--

--

"Data are
inadequate
for an
assessment
of human
carcinogenic
potential"

0.01

--

--

--

--

--

--

--

--

--

--

D (Not
classifiable as
to human
carcinogenicity)

--

--

--

--

--

0.1

0.1

--

--

--

--

--

--

--

0.02

--

--

--

--

Naphthalene

91-20-3

x

x

0.02

--

“Data are
inadequate
to assess
human
carcinogenic
potential”

1,3-Dichloropropene

542-75-6

x

x

0.03

0.05

”Likely to be
a human
carcinogen”

--

--

--

0.03

--

--

--

1,4-Dioxane

123-91-1

x

x

0.03

0.1

"Likely to be
carcinogenic
to humans"

--

--

--

0.1

--

--

--
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IRIS

Chemical name

Chlorine dioxide

Sodium chlorite

CASRN

10049-04-4

HHBP

NPDWRs

Chronic
Chronic OSFb
Cancer
Chronic
Cancer
Frac
PhysicoOSFb
oral
a
a
RfD
WOE
RfD
WOE
Focus chemical
(per mg/
(per mg/
MRLd
(mg/
character(mg/
characterdata
data
kg-day)
kg-day)
(mg/
kg-day)
izationc
kg-day)
izationc
available available
kg-day)

Chronic
RfDa
(mg/kgday)

Public
health
goale
(MCLG)
(mg/L)

MCLf
(mg/L)

--

“Data are
inadequate
to assess
human
carcinogenicity”

--

--

--

--

--

--

--

0.03

--

“Data are
inadequate
to assess
human
carcinogenicity”

--

--

--

--

--

1

0.8

x

0.03

PPRTV

ATSDR

7758-19-2

x

Bisphenol A

80-05-7

x

x

0.05

--

--

--

--

--

--

--

--

--

Bisphenol A

80-05-7

x

x

0.05

--

--

--

--

--

--

--

--

--

--

“Inadequate
information
to assess the
carcinogenic
potential”

--

--

--

--

--

1

1

--

D (Not
classifiable as
to human
carcinogenicity)

--

--

--

--

--

--

--

--

“Not likely to
be carcinogenic to
humans”

--

--

--

--

--

--

--

Toluene

1-Butanol

2-Butoxyethanol

108-88-3

71-36-3

111-76-2

x

x

x

x

x

x

0.08

0.1

0.1
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IRIS

Chemical name

Acetophenone

Cumene

Ethylbenzene

Boron

Formaldehyde

Xylenes

2-Methyl-1propanol

CASRN

98-86-2

98-82-8

100-41-4

HHBP

NPDWRs

Chronic
Chronic OSFb
Cancer
Chronic
Cancer
Frac
PhysicoOSFb
oral
a
a
RfD
WOE
RfD
WOE
Focus chemical
(per mg/
(per mg/
MRLd
(mg/
character(mg/
characterdata
data
kg-day)
kg-day)
(mg/
kg-day)
izationc
kg-day)
izationc
available available
kg-day)

Chronic
RfDa
(mg/kgday)

Public
health
goale
(MCLG)
(mg/L)

MCLf
(mg/L)

--

D (Not
classifiable as
to human
carcinogenicity)

--

--

--

--

--

--

--

--

D (Not
classifiable as
to human
carcinogenicity)

--

--

--

--

--

--

--

--

D (Not
classifiable as
to human
carcinogenicity)

--

--

--

--

--

0.7

0.7

0.2

--

“Data are
inadequate
to assess the
carcinogenic
potential”

--

--

--

--

--

--

--

0.2

--

B1 (Probable
human
carcinogen)

--

--

--

0.2

--

--

--

--

--

--

0.2

--

10

10

--

--

--

--

--

--

--

x

x

x

7440-42-8

x

50-00-0

x

x

x

x

x

0.1

0.1

0.1

PPRTV

1330-20-7

x

x

0.2

--

“Data are
inadequate
to assess the
carcinogenic
potential”

78-83-1

x

x

0.3

--

--
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IRIS

Chemical name

Phenol

CASRN

108-95-2

HHBP

NPDWRs

Chronic
Chronic OSFb
Cancer
Chronic
Cancer
Frac
PhysicoOSFb
oral
a
a
RfD
WOE
RfD
WOE
Focus chemical
(per mg/
(per mg/
MRLd
(mg/
character(mg/
characterdata
data
kg-day)
kg-day)
(mg/
kg-day)
izationc
kg-day)
izationc
available available
kg-day)

Chronic
RfDa
(mg/kgday)

Public
health
goale
(MCLG)
(mg/L)

MCLf
(mg/L)

--

“Data are
inadequate
for an
assessment
of human
carcinogenic
potential”

--

--

--

--

--

--

--

--

--

--

--

--

--

--

x

x

0.3

PPRTV

ATSDR

Acetone

67-64-1

x

x

0.9

--

“Data are
inadequate
for an
assessment
of human
carcinogenic
potential”

Ethyl acetate

141-78-6

x

x

0.9

--

--

--

--

IN

--

--

--

--

Ethylene glycol

107-21-1

x

x

2

--

--

--

--

--

--

--

--

--

Methanol

67-56-1

x

x

2

--

--

--

--

--

--

--

--

--

--

--

--

--

--

--

--

Benzoic acid

65-85-0

x

x

4

--

D (Not
classifiable as
to human
carcinogenicity)

(E)-Crotonaldehyde

123-73-9

x

x

--

--

C (Possible
human
carcinogen)

0.001

--

--

--

--

--

--

1,2-Propylene
glycol

57-55-6

x

x

--

--

--

20

--

NL

--

--

--

--
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IRIS

Chemical name

CASRN

2-(2-Butoxyethoxy)
ethanol

112-34-5

PPRTV

ATSDR

Chronic
Chronic OSFb
Cancer
Chronic
Cancer
Frac
PhysicoOSFb
oral
a
a
RfD
WOE
RfD
WOE
Focus chemical
(per mg/
(per mg/
MRLd
(mg/
character(mg/
characterdata
data
kg-day)
kg-day)
(mg/
kg-day)
izationc
kg-day)
izationc
available available
kg-day)

HHBP

NPDWRs

Chronic
RfDa
(mg/kgday)

Public
health
goale
(MCLG)
(mg/L)

MCLf
(mg/L)

x

x

--

--

--

0.03

--

IN

--

--

--

--

2-(Thiocyanomethy
21564-17-0
lthio)benzothiazole

x

x

--

--

--

--

--

--

--

0.01

--

--

Aluminum

7429-90-5

x

--

--

--

1

--

IN

1

--

--

--

Ammonium
phosphate

7722-76-1

x

--

--

--

49

--

IN

--

--

--

--

62-53-3

x

--

0.0057

B2 (Probable
human
carcinogen)

0.007

--

--

--

--

--

--

68584-22-5

x

--

--

--

--

--

--

--

0.5

--

--

Benzyl chloride

100-44-7

x

x

--

0.17

B2 (Probable
human
carcinogen)

0.002

--

--

--

--

--

--

Bis(2-chloroethyl)
ether

111-44-4

x

x

--

1.1

B2 (Probable
human
carcinogen)

--

--

--

--

--

--

--

Didecyldimethylammonium
chloride

7173-51-5

x

x

--

--

--

--

--

--

--

0.1

--

--

Dodecylbenzenesulfonic acid

27176-87-0

x

x

--

--

--

--

--

--

--

0.5

--

--

106-89-8

x

x

--

0.0099

B2 (Probable
human
carcinogen)

0.006

--

--

--

--

0

--

Aniline
Benzenesulfonic
acid, C10-16-alkyl
derivs.

Epichlorohydrin

x
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IRIS

Chemical name

CASRN

PPRTV

ATSDR

HHBP

NPDWRs

Chronic
Chronic OSFb
Cancer
Chronic
Cancer
Frac
PhysicoOSFb
oral
a
a
RfD
WOE
RfD
WOE
Focus chemical
(per mg/
(per mg/
MRLd
(mg/
character(mg/
characterdata
data
kg-day)
kg-day)
(mg/
kg-day)
izationc
kg-day)
izationc
available available
kg-day)

Chronic
RfDa
(mg/kgday)

Public
health
goale
(MCLG)
(mg/L)

MCLf
(mg/L)

0.09

--

IN

--

--

--

--

Ethylenediamine

107-15-3

x

x

--

--

D (Not
classifiable as
to human
carcinogenicity)

Formic acid

64-18-6

x

x

--

--

--

0.9

--

IN

--

--

--

--

Hexanedioic acid

124-04-9

x

x

--

--

--

2

--

--

--

--

--

--

Hydrazine

302-01-2

x

--

3

B2 (Probable
human
carcinogen)

--

--

--

--

--

--

--

Iron

7439-89-6

x

--

--

--

0.7

--

IN

--

--

--

--

Mineral oil includes paraffin oil

8012-95-1

x

--

--

--

3

--

IN

--

--

--

--

N,N-Dimethylformamide

68-12-2

x

x

--

--

--

0.1

--

IN

--

--

--

--

o-Xylene

95-47-6

x

x

--

--

--

--

--

--

0.2

--

10

10

Phosphoric acid

7664-38-2

x

--

--

--

48.6

--

IN

--

--

--

--

Potassium
phosphate, tribasic

7778-53-2

x

--

--

--

49

--

IN

--

--

--

--

Quaternary
ammonium
compounds,
benzyl-C12-16alkyldimethyl,
chlorides

68424-85-1

x

--

--

--

--

--

--

--

0.44

--

--
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IRIS

HHBP

NPDWRs

Chronic
Chronic OSFb
Cancer
Chronic
Cancer
Frac
PhysicoOSFb
oral
a
a
RfD
WOE
RfD
WOE
Focus chemical
(per mg/
(per mg/
MRLd
(mg/
character(mg/
characterdata
data
kg-day)
kg-day)
(mg/
kg-day)
izationc
kg-day)
izationc
available available
kg-day)

Chronic
RfDa
(mg/kgday)

Public
health
goale
(MCLG)
(mg/L)

MCLf
(mg/L)

Chemical name

CASRN

Quinoline

91-22-5

x

Sodium chlorate

7775-09-9

Sodium
trimetaphosphate

PPRTV

ATSDR

--

3

”Likely to be
carcinogenic
in humans”

--

--

--

--

--

--

--

x

--

--

--

--

--

--

--

0.03

--

--

7785-84-4

x

--

--

--

49

--

IN

--

--

--

--

Tetrasodium
pyrophosphate

7722-88-5

x

--

--

--

49

--

IN

--

--

--

--

Tricalcium
phosphate

7758-87-4

x

--

--

--

49

--

IN

--

--

--

--

Triphosphoric acid,
pentasodium salt

7758-29-4

x

--

--

--

49

--

IN

--

--

--

--

Trisodium
phosphate

7601-54-9

x

--

--

--

49

--

IN

--

--

--

--

Arsenic

7440-38-2

0.0003

1.5

A (Human
carcinogen)

--

--

--

0.0003

--

0

0.01

--

D (Not
classifiable as
to human
carcinogenicity)

--

--

--

--

--

--

--

--

“Data are
inadequate
for an
assessment
of human
carcinogenic
potential”

--

--

--

--

--

--

--

Phosphine

Acrolein

x

7803-51-2

107-02-8

0.0003

x

0.0005
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IRIS

Chemical name

CASRN

Chromium (VI)

18540-29-9

Di(2-ethylhexyl)
phthalate

117-81-7

Chlorine

7782-50-5

Styrene

100-42-5

Zinc

Acrylic acid

Chromium (III)

HHBP

NPDWRs

Chronic
Chronic OSFb
Cancer
Chronic
Cancer
Frac
PhysicoOSFb
oral
a
a
RfD
WOE
RfD
WOE
Focus chemical
(per mg/
(per mg/
MRLd
(mg/
character(mg/
characterdata
data
kg-day)
kg-day)
(mg/
kg-day)
izationc
kg-day)
izationc
available available
kg-day)

Chronic
RfDa
(mg/kgday)

Public
health
goale
(MCLG)
(mg/L)

MCLf
(mg/L)

--

--

--

0.0009

--

--

--

x

x

7440-66-6

79-10-7

x

16065-83-1

PPRTV

ATSDR

0.003

--

Inhaled: A
(Human
carcinogen);
Oral: D (Not
classifiable as
to human
carcinogenicity)

0.02

0.014

B2 (Probable
human
carcinogen)

--

--

--

0.06

--

0

0.006

0.1

--

--

--

--

--

--

--

--

--

0.2

--

--

--

--

--

--

--

0.1

0.1

0.3

--

“Inadequate
information
to assess
carcinogenic
potential”

--

--

--

0.3

--

--

--

0.5

--

--

--

--

IN

--

--

--

--

1.5

--

“Data are
inadequate
for an
assessment
of human
carcinogenic
potential”

--

--

--

--

--

--

--

Phthalic anhydride

85-44-9

x

2

--

--

--

--

--

--

--

--

--

Cyclohexanone

108-94-1

x

5

--

--

--

--

IN

--

--

--

--
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IRIS

PPRTV

ATSDR

HHBP

NPDWRs

Chronic
Chronic OSFb
Cancer
Chronic
Cancer
Frac
PhysicoOSFb
oral
a
a
RfD
WOE
RfD
WOE
Focus chemical
(per mg/
(per mg/
MRLd
(mg/
character(mg/
characterdata
data
kg-day)
kg-day)
(mg/
kg-day)
izationc
kg-day)
izationc
available available
kg-day)

Chronic
RfDa
(mg/kgday)

Public
health
goale
(MCLG)
(mg/L)

MCLf
(mg/L)

Chemical name

CASRN

1,2-Propylene
oxide

75-56-9

x

--

0.24

B2 (Probable
human
carcinogen)

--

--

--

--

0.001

--

--

2-(2-Ethoxyethoxy)
ethanol

111-90-0

x

--

--

--

0.06

--

IN

--

--

--

--

2-Methoxyethanol

109-86-4

x

--

--

--

0.005

--

IN

--

--

--

--

Lead

7439-92-1
--

--

B2 (Probable
human
carcinogen)

--

--

--

--

--

0

TT;
Action
Level=0.
015 h

Phosphoric acid,
aluminium sodium
salt

7785-88-8

--

--

--

49

--

IN

--

--

--

--

Phosphoric acid,
diammonium salt

7783-28-0

--

--

--

49

--

IN

--

--

--

--

Polyphosphoric
acids, sodium salts

68915-31-1

--

--

--

49

--

IN

--

--

--

--

--

--

--

--

--

--

0.2

--

10

10

--

--

--

49

--

IN

--

--

--

--

--

--

--

0.01

0.009

LI

0.08

--

--

--

p-Xylene

106-42-3

Sodium
pyrophosphate

7758-16-9

Tributyl phosphate

126-73-8

x

x

CASRN = Chemical Abstract Service Registry Number; IRIS = Integrated Risk Information System; PPRTV = Provisional Peer Reviewed Toxicity Values; ATSDR = Agency for Toxic
Substances and Disease Registry; HHBP = Human Health Benchmarks for Pesticides; NPDWRs = National Primary Drinking Water Regulations.
a Reference

dose (RfD): An estimate (with uncertainty spanning perhaps an order of magnitude) of a daily oral exposure to the human population (including sensitive subgroups)
that is likely to be without an appreciable risk of deleterious effects during a lifetime. It can be derived from a no observed-adverse-effect level (NOAEL), lowest observedadverse-effect level (LOAEL), or benchmark dose (BMD), with uncertainty factors generally applied to reflect limitations of the data used. The RfD is generally used in the EPA's
noncancer health assessments. Chronic RfD: Duration of exposure is up to a lifetime.

G-21

Appendix G – Identification and Hazard Evaluation of Chemicals across
the Hydraulic Fracturing Water Cycle Supplemental Information
b Oral

slope factor (OSF): An upper-bound, approximating a 95% confidence limit, on the increased cancer risk from a lifetime oral exposure to an agent. This estimate, usually
expressed in units of proportion (of a population) affected per mg/kg-day, is generally reserved for use in the low dose region of the dose response relationship, that is, for
exposures corresponding to risks less than 1 in 100.
c Weight

of evidence (WOE) characterization for carcinogenicity: A system used for characterizing the extent to which the available data support the hypothesis that an agent
causes cancer in humans. See glossary for details.
d Minimal

risk level (MRL): An ATSDR estimate of daily human exposure to a hazardous substance at or below which the substance is unlikely to pose a measurable risk of
harmful (adverse), noncancerous effects. MRLs are calculated for a route of exposure (inhalation or oral) over a specified time period (acute, intermediate, or chronic). MRLs
should not be used as predictors of harmful (adverse) health effects. Chronic MRL: Duration of exposure is 365 days or longer.
e Maximum

contaminant level goal (MCLG): A non-enforceable health benchmark goal which is set at a level at which no known or anticipated adverse effect on the health of
persons is expected to occur and which allows an adequate margin of safety.
f Maximum

contaminant level (MCL): The highest level of a contaminant that is allowed in drinking water. MCLs are set as close to the MCLG as feasible using the best available
analytical and treatment technologies and taking cost into consideration. MCLs are enforceable standards.
g

In public water systems, acrylamide is regulated by a Treatment Technique (TT). Public water systems must certify annually that when acrylamide is used to treat water, the
combination of dose and monomer level does not exceed 0.05% dosed at 1 mg/l (or equivalent).
h

In public water systems, lead is regulated by a Treatment Technique (TT) that requires systems to control the corrosiveness of their water. If more than 10% of tap water
exceeds the action level of 0.015 mg/l, water systems must take additional steps.
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Table G-1b. Chemicals reported to be used in hydraulic fracturing fluids, with available
chronic oral RfVs and OSFs from state sources.
Chemicals from the FracFocus database are listed first, ranked by CalEPA maximum allowable daily level (MADL).
The “--“ symbol indicates that no value was available from the sources consulted. Additionally, an “x” indicates the
availability of usage data from FracFocus (U.S. EPA, 2015a) and physicochemical properties data from EPI SuiteTM
(see Appendix C). Italicized chemicals are found in both hydraulic fracturing fluids and produced water.
CalEPA

Chemical name

CASRN

FracFocus
data
available

Ethylene oxide

75-21-8

x

x

20

0.31

Benzene

71-43-2

x

x

24

0.1

Acrylamide

79-06-1

x

x

140

4.5

N-Methyl-2-pyrrolidone

872-50-4

x

x

17000

--

1,3-Butadiene

106-99-0

x

x

--

0.6

1,3-Dichloropropene

542-75-6

x

x

--

0.091

1,4-Dioxane

123-91-1

x

x

--

0.027

Aniline

62-53-3

x

x

--

0.0057

Benzyl chloride

100-44-7

x

x

--

0.17

Bis(2-chloroethyl) ether

111-44-4

x

x

--

2.5

Dichloromethane

75-09-2

x

x

--

0.014

Epichlorohydrin

106-89-8

x

x

--

0.08

Ethylbenzene

100-41-4

x

x

--

0.011

Hydrazine

302-01-2

x

--

3

Nitrilotriacetic acid

139-13-9

x

x

--

0.0053

18662-53-8

x

x

--

0.01

62-56-6

x

x

--

0.072

Nitrilotriacetic acid trisodium
monohydrate
Thiourea

Physicochemical data
available

Oral MADLa
(μg/day)

OSFb (per
mg/kg-day)

Lead

7439-92-1

0.5

0.0085

Chromium (VI)

18540-29-9

8.2

0.5
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CalEPA

Chemical name

CASRN

FracFocus
data
available

Physicochemical data
available

Oral MADLa
(μg/day)

OSFb (per
mg/kg-day)

Di(2-ethylhexyl) phthalate

117-81-7

x

20 (neonate male);
58 (infant male);
410 (adult)

0.003

2-Methoxyethanol

109-86-4

x

63

--

2-Ethoxyethanol

110-80-5

x

750

--

1,2-Propylene oxide

75-56-9

x

--

0.24

--

9.5

Arsenic

7440-38-2

CASRN = Chemical Abstract Service Registry Number; CalEPA = California Environmental Protection Agency.
a Maximum

allowable daily level (MADL): The maximum allowable daily level of a reproductive toxicant at which the chemical
would have no observable adverse reproductive effect, assuming exposure at 1,000 times that level.
b Oral

slope factor (OSF): An upper-bound, approximating a 95% confidence limit, on the increased cancer risk from a lifetime
oral exposure to an agent. This estimate, usually expressed in units of proportion (of a population) affected per mg/kg day, is
generally reserved for use in the low-dose region of the dose-response relationship, that is, for exposures corresponding to
risks less than 1 in 100.
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Table G-1c. Chemicals reported to be used in hydraulic fracturing fluids, with available
chronic oral RfVs and OSFs from international sources.
Chemicals from the FracFocus database are listed first, ranked by CICAD reference value (TDI- tolerable daily
intake). An “x” indicates the availability of usage data from FracFocus (U.S. EPA, 2015a) and physicochemical
properties data from EPI SuiteTM (see Appendix C). Italicized chemicals are found in both hydraulic fracturing fluids
and produced water.

FracFocus data Physicochemical
available
data available

IPCS CICAD Chronic
TDIa (mg/kg-day)

Chemical name

CASRN

Potassium iodide

7681-11-0

x

0.01

Sodium iodide

7681-82-5

x

0.01

Copper(I) iodide

7681-65-4

x

0.01

Ethylene glycol

107-21-1

x

x

0.05

D-Limonene

5989-27-5

x

x

0.1

Glyoxal

107-22-2

x

x

0.2

N-Methyl-2-pyrrolidone

872-50-4

x

x

0.6

Chromium (VI)

18540-29-9

0.0009

Strontium chloride

10476-85-4

0.13

CASRN = Chemical Abstract Service Registry Number; IPCS = International Programme on Chemical Safety; CICAD = Concise
International Chemical Assessment Documents.
a Tolerable daily intake (TDI): An estimate of the intake of a substance, expressed on a body mass basis, to which an individual in
a (sub) population may be exposed daily over its lifetime without appreciable health risk.
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Table G-1d. Chemicals reported to be used in hydraulic fracturing fluids, with available lessthan-chronic oral RfVs and OSFs.
Chemicals from the FracFocus database are listed first, ranked by PPRTV subchronic reference dose (sRfD). The “--“
symbol indicates that no value was available from the sources consulted. Additionally, an “x” indicates the
availability of usage data from FracFocus (U.S. EPA, 2015a) and physicochemical properties data from EPI SuiteTM
(see Appendix C). Italicized chemicals are found in both hydraulic fracturing fluids and produced water.

PPRTV
Physicochemical
data
available

ATSDR

Chemical name

CASRN

FracFocus
data
available

Benzyl chloride

100-44-7

x

x

0.002

--

--

Epichlorohydrin

106-89-8

x

x

0.006

--

--

(E)-Crotonaldehyde

123-73-9

x

x

0.01

--

--

Benzene

71-43-2

x

x

0.01

--

--

Ethylbenzene

100-41-4

x

x

0.05

--

0.4

Chlorobenzene

108-90-7

x

x

0.07

--

0.4

Ethylenediamine

107-15-3

x

x

0.2

--

--

2-(2-Butoxyethoxy)eth
anol

112-34-5

x

x

0.3

--

--

Hexane

110-54-3

x

x

0.3

--

--

N,N-Dimethylformamide

68-12-2

x

x

0.3

--

--

Xylenes

1330-20-7

x

x

0.4

1

0.4

Antimony trioxide

1309-64-4

x

0.5

--

--

Ethyl acetate

141-78-6

x

0.7

--

--

Iron

7439-89-6

x

0.7

--

--

Toluene

108-88-3

x

x

0.8

0.8

0.02

Formic acid

64-18-6

x

x

0.9

--

--

Hexanedioic acid

124-04-9

x

x

2

--

--

Benzoic acid

65-85-0

x

x

4

--

--

1,2-Propylene glycol

57-55-6

x

x

20

--

--

Mineral oil - includes
paraffin oil

8012-95-1

x

30

--

--

Phosphoric acid

7664-38-2

x

48.6

--

--

x
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PPRTV
Physicochemical
data
available

ATSDR

CASRN

FracFocus
data
available

Ammonium phosphate

7722-76-1

x

49

--

--

Potassium phosphate,
tribasic

7778-53-2

x

49

--

--

Sodium
trimetaphosphate

7785-84-4

x

49

--

--

Tetrasodium
pyrophosphate

7722-88-5

x

49

--

--

Tricalcium phosphate

7758-87-4

x

49

--

--

Triphosphoric acid,
pentasodium salt

7758-29-4

x

49

--

--

Trisodium phosphate

7601-54-9

x

49

--

--

1,3-Dichloropropene

542-75-6

x

x

--

--

0.04

1,4-Dioxane

123-91-1

x

x

--

5

0.5

2-Butoxyethanol

111-76-2

x

x

--

0.4

0.07

Acetone

67-64-1

x

x

--

--

2

Acrylamide

79-06-1

x

x

--

0.01

0.001

Aluminum

7429-90-5

x

--

--

1

Boron

7440-42-8

x

--

0.2

0.2

Dichloromethane

75-09-2

x

x

--

0.2

--

Ethylene glycol

107-21-1

x

x

--

0.8

0.8

Formaldehyde

50-00-0

x

x

--

--

0.3

Naphthalene

91-20-3

x

x

--

0.6

0.6

o-Xylene

95-47-6

x

x

--

1

0.4

Phenol

108-95-2

x

x

--

1

--

Sodium chlorite

7758-19-2

x

--

--

0.1

Antimony trichloride

10025-91-9

0.0004

--

--

Chemical name

Acute oral Inter-mediate
sRfDa
MRLb
oral MRLb
(mg/kg-day) (mg/kg-day) (mg/kg-day)

2-Methoxyethanol

109-86-4

x

0.02

--

--

Tributyl phosphate

126-73-8

x

0.03

1.1

0.08

Acrylic acid

79-10-7

x

0.2

--

--
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PPRTV

Chemical name

CASRN

FracFocus
data
available

Physicochemical
data
available

ATSDR

Acute oral Inter-mediate
sRfDa
MRLb
oral MRLb
(mg/kg-day) (mg/kg-day) (mg/kg-day)

2-(2-Ethoxyethoxy)
ethanol

111-90-0

x

0.6

--

--

Cyclohexanone

108-94-1

x

2

--

--

Phosphoric acid,
aluminium sodium salt

7785-88-8

49

--

--

Phosphoric acid,
diammonium salt

7783-28-0

49

--

--

Polyphosphoric acids,
sodium salts

68915-31-1

49

--

--

Sodium
pyrophosphate

7758-16-9

49

--

--

Acrolein

107-02-8

--

--

0.004

Arsenic

7440-38-2

--

0.005

--

Chromium (VI)

18540-29-9

--

--

0.005

Copper

7440-50-8

--

0.01

0.01

Di(2-ethylhexyl)
phthalate

117-81-7

x

--

--

0.1

p-Xylene

106-42-3

x

--

1

0.4

Styrene

100-42-5

x

--

0.1

--

Zinc

7440-66-6

--

--

0.3

x

CASRN = Chemical Abstract Service Registry Number; PPRTV = Provisional Peer Reviewed Toxicity Values; ATSDR = Agency for
Toxic Substances and Disease Registry; HHBP = Human Health Benchmarks for Pesticides.
a Reference

dose (RfD): An estimate (with uncertainty spanning perhaps an order of magnitude) of a daily oral exposure to the
human population (including sensitive subgroups) that is likely to be without an appreciable risk of deleterious effects during a
lifetime. It can be derived from a no observed-adverse-effect level (NOAEL), lowest observed-adverse-effect level (LOAEL), or
benchmark dose (BMD), with uncertainty factors generally applied to reflect limitations of the data used. The RfD is generally
used in the EPA's noncancer health assessments. Subchronic RfD (sRFD): Duration of exposure is up to 10% of an average
lifespan.
b Minimal

risk level (MRL): An ATSDR estimate of daily human exposure to a hazardous substance at or below which the
substance is unlikely to pose a measurable risk of harmful (adverse), noncancerous effects. MRLs are calculated for a route of
exposure (inhalation or oral) over a specified time period (acute, intermediate, or chronic). MRLs should not be used as
predictors of harmful (adverse) health effects. Acute MRL: Duration of exposure is 1 to 14 days. Intermediate MRL: Duration of
exposure is >14 to 364 days.
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Table G-1e. Available qualitative cancer classifications for chemicals reported to be used in
hydraulic fracturing fluids.
Chemicals from the FracFocus database are listed first, with chemicals classified as known carcinogens by one or
more sources listed first. See the Appendix G glossary (Section G.3) for details on the weight of evidence
characterizations. The “--“ symbol indicates that no value was available from the sources consulted. Additionally,
an “x” indicates the availability of usage data from FracFocus (U.S. EPA, 2015a) and physicochemical properties
data from EPI SuiteTM (see Appendix C). Italicized chemicals are found in both hydraulic fracturing fluids and
produced water. Cancer classifications from IRIS and PPRTV are also listed in Table G-1a.

Qualitative cancer classification

Chemical name

CASRN

1,3-Butadiene

106-99-0

Arsenic

7440-38-2

Benzene

71-43-2

Chromium (VI)

FracFocus
Physicodata
chemical data
available
available
x

x

x

x

18540-29-9

IRISa

PPRTVb

IARCc

RoCd

"Carcinogenic
to humans"

--

1

Known

A (Human
carcinogen)

--

1

Known

A (Human
carcinogen)

--

1

Known

Inhaled: A
(Human
carcinogen);
Oral: D (Not
classifiable as
to human
carcinogenicity)

--

1

Known

Ethanol

64-17-5

x

x

--

--

1

--

Ethylene oxide

75-21-8

x

x

--

--

1

Known

Formaldehyde

50-00-0

x

x

B1 (Probable
human
carcinogen)

--

1

Known

Nickel sulfate

7786-81-4

x

--

--

1

--

Nickel(II) sulfate
hexahydrate

10101-97-0

--

--

1

--

Quartz-alpha
(SiO2)

14808-60-7

x

--

--

1

--

Sulfuric acid

7664-93-9

x

--

--

1

Known

(E)Crotonaldehyde

123-73-9

x

C (Possible
human
carcinogen)

--

--

--

x
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Qualitative cancer classification

Chemical name

CASRN

FracFocus
Physicodata
chemical data
available
available

IRISa

PPRTVb

IARCc

RoCd

x

B2 (Probable
human
carcinogen)

--

2B

RAHC

1,2-Propylene
oxide

75-56-9

1,3Dichloropropene

542-75-6

x

x

”Likely to be
a human
carcinogen”

--

2B

RAHC

1,4-Dioxane

123-91-1

x

x

"Likely to be
carcinogenic
to humans"

--

2B

RAHC

--

2B

--

4-Methyl-2pentanone

108-10-1

x

x

"Data are
inadequate
for an
assessment
of human
carcinogenic
potential"

Acetaldehyde

75-07-0

x

x

B2 (Probable
human
carcinogen)

--

2B

RAHC

Acrylamide

79-06-1

x

x

"Likely to be
carcinogenic
to humans"

--

2A

RAHC

Aniline

62-53-3

x

x

B2 (Probable
human
carcinogen)

--

3

--

2B

--

Antimony
trioxide

1309-64-4

x

--

Inhaled:
"Suggestive
evidence of
carcinogenic
potential";
Oral: "Data are
inadequate for
an assessment
of human
carcinogenic
potential"

Attapulgite

12174-11-7

x

--

--

2B or 3

--

x

B2 (Probable
human
carcinogen)

--

--

--

Benzyl chloride

100-44-7

x
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Qualitative cancer classification

Chemical name

CASRN

Bis(2-chloroethyl)
ether

111-44-4

Carbon black

1333-86-4

Coconut oil
acid/Diethanola68603-42-9
mine condensate
(2:1)

FracFocus
Physicodata
chemical data
available
available

IRISa

PPRTVb

IARCc

RoCd

B2 (Probable
human
carcinogen)

--

3

--

--

--

2B

--

x

--

--

2B

--

x

x

D (Not
classifiable as
to human
carcinogenicity)

--

2B

RAHC

x

B2 (Probable
human
carcinogen)

--

2B

RAHC

x

x

Cumene

98-82-8

Di(2-ethylhexyl)
phthalate

117-81-7

Dibromoacetonitrile

3252-43-5

x

x

--

--

2B

--

Dichloromethane

75-09-2

x

x

“Likely to be
carcinogenic
in humans”

--

2A

RAHC

Diethanolamine

111-42-2

x

x

--

--

2B

--

Epichlorohydrin

106-89-8

x

x

B2 (Probable
human
carcinogen)

--

2A

RAHC

x

D (Not
classifiable as
to human
carcinogenicity)

--

2B

--

B2 (Probable
human
carcinogen)

--

2A

RAHC

B2 (Probable
human
carcinogen)

--

2B

RAHC

Ethylbenzene

100-41-4

x

Hydrazine

302-01-2

x

Lead

7439-92-1
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Qualitative cancer classification

Chemical name

N,N-Dimethylformamide

CASRN

68-12-2

FracFocus
Physicodata
chemical data
available
available

x

IRISa

PPRTVb

IARCc

RoCd

x

--

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

2A

--

--

2B

RAHC

Naphthalene

91-20-3

x

x

“Data are
inadequate to
assess human
carcinogenic
potential”

Nitrilotriacetic
acid

139-13-9

x

x

--

--

2B

RAHC

Quinoline

91-22-5

x

x

”Likely to be
carcinogenic
in humans”

--

--

--

Styrene

100-42-5

x

--

--

2B

RAHC

Thiourea

62-56-6

x

--

--

3

RAHC

--

--

2B

--

"Likely to be
carcinogenic to
humans"

--

--

--

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

--

--

x

--

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

--

--

x

D (Not
classifiable as
to human
carcinogenicity)

--

--

--

Titanium dioxide 13463-67-7
Tributyl
phosphate

x

126-73-8

1,2,3526-73-8
Trimethylbenzene

1,3,5108-67-8
Trimethylbenzene

1-Butanol

x

71-36-3

x

x

x

x

x
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Qualitative cancer classification
FracFocus
Physicodata
chemical data
available
available

Chemical name

CASRN

1-Propene

115-07-1

x

57018-52-7

x

1-tert-Butoxy-2propanol

2-(2-Butoxyethoxy)ethanol

2-(2-Ethoxyethoxy) ethanol

2-Butoxyethanol

2Methoxyethanol

Acetone

Acetophenone

112-34-5

x

111-90-0

111-76-2

x

109-86-4

67-64-1

98-86-2

x

x

IRISa

PPRTVb

IARCc

RoCd

x

--

--

3

--

x

--

--

3

--

--

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

--

--

x

--

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

--

--

x

“Not likely to
be
carcinogenic
to humans”

--

3

--

x

--

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

--

--

x

“Data are
inadequate
for an
assessment
of human
carcinogenic
potential”

--

--

--

x

D (Not
classifiable as
to human
carcinogenicity)

--

--

--

x
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Qualitative cancer classification

Chemical name

Acrolein

Acrylic acid

CASRN

FracFocus
Physicodata
chemical data
available
available

IRISa

PPRTVb

IARCc

RoCd

“Data are
inadequate
for an
assessment
of human
carcinogenic
potential”

--

3

--

--

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

3

--

--

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

--

--

--

--

3

--

x

--

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

--

--

x

D (Not
classifiable as
to human
carcinogenicity)

--

--

--

x

“Data are
inadequate to
assess the
carcinogenic
potential”

--

--

--

x

“Data are
inadequate
to assess
human
carcinogenicity”

--

--

--

107-02-8

x

79-10-7

x

Aluminum

7429-90-5

x

Amaranth

915-67-3

x

Ammonium
phosphate

Benzoic acid

Boron

Chlorine dioxide

7722-76-1

65-85-0

7440-42-8

10049-04-4

x

x
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Qualitative cancer classification

Chemical name

Chlorobenzene

Chloromethane

Chromium (III)

Coumarin

CASRN

108-90-7

74-87-3

FracFocus
Physicodata
chemical data
available
available

x

x

PPRTVb

IARCc

RoCd

x

D (Not
classifiable as
to human
carcinogenicity)

x

"Carcinogenic
potential
cannot be
determined"

--

3

--

“Data are
inadequate
for an
assessment
of human
carcinogenic
potential”

--

3

--

--

--

3

--

x

--

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

3

--

16065-83-1

91-64-5

IRISa

x

Cyclohexanone

108-94-1

Dapsone

80-08-0

x

x

--

--

3

--

5989-27-5

x

x

--

--

3

--

--

--

3

--

--

--

3

--

D-Limonene

Ethyl acetate

141-78-6

x

x

--

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

Ethylene

74-85-1

x

x

--

--

Ethylenediamine

107-15-3

x

x

FD&C Blue no. 1

3844-45-9

x

x

"Data are
D (Not
inadequate for
classifiable as
an assessment
to human
of human
carcinocarcinogenic
genicity)
potential"
--

G-35

--

Appendix G – Identification and Hazard Evaluation of Chemicals across
the Hydraulic Fracturing Water Cycle Supplemental Information

Qualitative cancer classification

Chemical name
FD&C Yellow 6

CASRN

FracFocus
Physicodata
chemical data
available
available

2783-94-0

x

IRISa

PPRTVb

IARCc

RoCd

--

--

3

--

--

--

Formic acid

64-18-6

x

x

--

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

Furfural

98-01-1

x

x

--

--

3

--

Hematite

1317-60-8

x

--

--

3

--

110-54-3

x

"Inadequate
information
to assess the
carcinogenic
potential"

--

--

--

Hydrochloric acid 7647-01-0

x

--

--

3

--

Hydrogen
peroxide

x

--

--

3

--

--

--

Hexane

7722-84-1

x

Iron

7439-89-6

x

--

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

Iron(III) oxide

1309-37-1

x

--

--

3

--

67-63-0

x

--

--

3

--

Isopropanol

x

Latex 2000 TM

9003-55-8

--

--

3

--

Ligroine

8032-32-4

--

--

3

--

--

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

--

--

--

--

3

--

--

--

3

--

Mineral oil includes paraffin
oil

8012-95-1

Mineral spirits

64475-85-0

Morpholine

110-91-8

x

x

x
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Qualitative cancer classification

Chemical name

CASRN

FracFocus
Physicodata
chemical data
available
available

Pentane

109-66-0

x

Petroleum

8002-05-9

x

Phenanthrene

Phenol

Phosphine

Phosphoric acid

Phosphoric acid,
aluminium
sodium salt

85-01-8

108-95-2

x

IRISa

PPRTVb

IARCc

RoCd

--

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

--

--

--

--

3

--

x

--

--

3

--

x

“Data are
inadequate
for an
assessment
of human
carcinogenic
potential”

--

3

--

D (Not
classifiable as
to human
carcinogenicity)

--

--

--

--

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

--

--

--

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

--

--

--

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

--

--

--

--

3

--

x

7803-51-2

7664-38-2

x

7785-88-8

Phosphoric acid,
7783-28-0
diammonium salt

Policapram
(Nylon 6)

25038-54-4

x
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Qualitative cancer classification

Chemical name

CASRN

Poly(tetrafluoroethylene)

9002-84-0

FracFocus
Physicodata
chemical data
available
available
x

IRISa

PPRTVb

IARCc

RoCd

--

--

3

--

--

--

Polyphosphoric
acids, sodium
salts

68915-31-1

--

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

Polyvinyl acetate
copolymer

9003-20-7

--

--

3

--

Polyvinyl alcohol

9002-89-5

--

--

3

--

Polyvinylpyrrolidone

9003-39-8

--

--

3

--

--

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

--

--

--

--

3

--

Potassium
phosphate,
tribasic

Rhodamine B

7778-53-2

x

x

81-88-9

x

Silica

7631-86-9

x

--

--

3

--

Sodium bisulfite

7631-90-5

x

--

--

3

--

--

3

--

Sodium chlorite

7758-19-2

x

“Data are
inadequate
to assess
human
carcinogenicity”

Sodium
metabisulfite

7681-57-4

x

--

--

3

--

--

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

--

--

--

--

3

--

Sodium
pyrophosphate

7758-16-9

Sodium sulfite

7757-83-7

x
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Qualitative cancer classification

Chemical name

CASRN

FracFocus
Physicodata
chemical data
available
available

IRISa

PPRTVb

IARCc

RoCd

--

--

7785-84-4

x

--

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

Stoddard solvent 8052-41-3

x

--

--

3

--

Sulfan blue

129-17-9

x

--

--

3

--

Sulfur dioxide

7446-09-5

x

--

--

3

--

14807-96-6

x

--

--

3

--

x

--

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

--

--

x

“Inadequate
information
to assess the
carcinogenic
potential”

--

3

--

--

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

--

--

--

--

3

--

--

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

--

--

--

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

--

--

Sodium
trimetaphosphate

Talc

Tetrasodium
pyrophosphate

Toluene

7722-88-5

108-88-3

Tricalcium
phosphate

7758-87-4

x

Triethanolamine

102-71-6

x

Triphosphoric
acid, pentasodium salt

Trisodium
phosphate

7758-29-4

7601-54-9

x

x

x

x

x
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Qualitative cancer classification

Chemical name

CASRN

FracFocus
Physicodata
chemical data
available
available

IARCc

RoCd

“Data are
inadequate to
assess the
carcinogenic
potential”

--

3

--

1330-20-7

Zeolites

1318-02-1

--

--

3

--

7440-66-6

“Inadequate
information
to assess
carcinogenic
potential”

--

--

--

--

"Not likely to
be carcinogenic
to humans"

--

--

1,2-Propylene
glycol

57-55-6

x

x

PPRTVb

Xylenes

Zinc

x

IRISa

x

CASRN = Chemical Abstract Service Registry Number; IRIS = Integrated Risk Information System; PPRTV = Provisional Peer
Reviewed Toxicity Values; IARC = International Agency for Research on Cancer Monographs; RoC = National Toxicology Program
13th Report on Carcinogens.
a

IRIS assessments use the EPA’s 1986, 1996, 1999, or 2005 guidelines to establish descriptors for summarizing the weight of
evidence as to whether a contaminant is or may be carcinogenic. See glossary in Appendix G for details.
b

PPRTV assessments use the EPA’s 1999 guidelines to establish descriptors for summarizing the weight of evidence as to
whether a contaminant is or may be carcinogenic. See glossary in Appendix G for details.
c The

IARC summarizes the weight of evidence as to whether a contaminant is or may be carcinogenic using five weight of
evidence classifications: Group 1: Carcinogenic to humans; Group 2A: Probably carcinogenic to humans; Group 2B: Possibly
carcinogenic to humans; Group 3: Not classifiable as to its carcinogenicity to humans; Group 4: Probably not carcinogenic to
humans. See glossary in Appendix G for details.
d The

listing criteria in the 13th RoC Document are: Known = Known to be a human carcinogen; RAHC = Reasonably anticipated
to be a human carcinogen.
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Table G-2a. Chemicals reported to be detected in produced water, with available chronic oral RfVs, OSFs, and qualitative cancer
classifications from United States federal sources.
Chemicals are ranked by IRIS reference dose (RfD). The “--“ symbol indicates that no value was available from the sources consulted. Additionally, an “x”
indicates the availability of measured concentration data in produced water (see Appendix E) and physicochemical properties data from EPI SuiteTM (see
Appendix C). Italicized chemicals are found in both hydraulic fracturing fluids and produced water.
IRIS

Chemical name
Heptachlor
epoxide

CASRN

Concentration
data
available

1024-57-3

Physicochemical
data
available
x

x

PPRTV

ATSDR

Chronic
OSFb Cancer WOE Chronic
OSFb Cancer WOE Chronic oral
RfDa (mg/ (per mg/ character- RfDa (mg/ (per mg/ character- MRLd (mg/
kg-day) kg-day)
izationc
kg-day) kg-day)
izationc
kg-day)

HHBP

NPDWRs

Chronic
RfDa
(mg/kgday)

Public
health
goale
(MCLG)
(mg/L)

MCLf
(mg/L)

9.1

B2 (Probable
human
carcinogen)

--

--

--

--

--

0

0.0002

0.00002

--

D (Not
classifiable as
to human
carcinogenicity)

--

--

--

--

--

--

--

0.000013

Phosphorus

7723-14-0

Aldrin

309-00-2

x

0.00003

17

B2 (Probable
human
carcinogen)

--

--

--

0.00003

--

--

--

Dieldrin

60-57-1

x

0.00005

16

B2 (Probable
human
carcinogen)

--

--

--

0.00005

--

--

--

Arsenic

7440-38-2

0.0003

1.5

A (Human
carcinogen)

--

--

--

0.0003

--

0

0.01

Lindane

58-89-9

0.0003

--

--

--

--

--

--

--

0.0002

0.0002

x
x
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IRIS

Chemical name

Antimony

CASRN

7440-36-0

Concentration
data
available

Physicochemical
data
available

x

PPRTV

ATSDR

Chronic
OSFb Cancer WOE Chronic
OSFb Cancer WOE Chronic oral
RfDa (mg/ (per mg/ character- RfDa (mg/ (per mg/ character- MRLd (mg/
kg-day) kg-day)
izationc
kg-day) kg-day)
izationc
kg-day)

0.0004

HHBP

NPDWRs

Chronic
RfDa
(mg/kgday)

Public
health
goale
(MCLG)
(mg/L)

MCLf
(mg/L)

--

--

--

--

"Data are
inadequate
for an
assessment
of human
carcinogenic
potential"

--

--

--

--

--

--

--

--

--

0.006

0.006

Acrolein

107-02-8

x

0.0005

--

“Data are
inadequate
for an
assessment
of human
carcinogenic
potential”

Heptachlor

76-44-8

x

0.0005

4.5

B2 (Probable
human
carcinogen)

--

--

--

--

--

0

0.0004

--

--

--

--

--

0.2

0.2

--

--

--

--

--

--

--

--

"Data are
inadequate
for an
assessment
of human
carcinogenic
potential"

--

0.02

--

--

Cyanide

57-12-5

Pyridine

110-86-1

Methyl bromide

74-83-9

x

x

0.0006

--

“Inadequate
information
to assess the
carcinogenic
potential”

x

0.001

--

--

--

D (Not
classifiable as
to human
carcinogenicity)

x

0.0014
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IRIS

CASRN

Concentration
data
available

Beryllium

7440-41-7

x

Propargyl
alcohol

107-19-7

Chemical name

Physicochemical
data
available

x

2,4Dichlorophenol

Benzidine

Chromium (VI)

120-83-2

x

x

92-87-5

x

x

18540-29-9

x

PPRTV

ATSDR

Chronic
OSFb Cancer WOE Chronic
OSFb Cancer WOE Chronic oral
RfDa (mg/ (per mg/ character- RfDa (mg/ (per mg/ character- MRLd (mg/
kg-day) kg-day)
izationc
kg-day) kg-day)
izationc
kg-day)

HHBP

NPDWRs

Chronic
RfDa
(mg/kgday)

Public
health
goale
(MCLG)
(mg/L)

MCLf
(mg/L)

0.002

--

B1 (Probable
human
carcinogen)

--

--

--

0.002

--

0.004

0.004

0.002

--

--

--

--

--

--

--

--

--

--

--

--

--

0.003

--

--

--

--

"Data are
inadequate
for an
assessment
of human
carcinogenic
potential"

0.003

230

A (Human
carcinogen)

--

--

--

--

--

--

--

--

Inhaled: A
(Human
carcinogen;
Oral: D (Not
classifiable as
to human
carcinogenicity)

--

--

--

0.0009

--

--

--

--

--

--

0.04

--

--

--

--

--

--

0.0005

--

0

0.005

0.003

2-Methylnaphth
alene

91-57-6

x

x

0.004

--

“Data are
inadequate
to assess
human
carcinogenic
potential”

Benzene

71-43-2

x

x

0.004

0.0150.055

A (Human
carcinogen)
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IRIS

Chemical name
Molybdenum

Selenium

Silver

CASRN

Concentration
data
available

7439-98-7

x

7782-49-2

7440-22-4

Physicochemical
data
available

HHBP

NPDWRs

Chronic
RfDa
(mg/kgday)

Public
health
goale
(MCLG)
(mg/L)

MCLf
(mg/L)

--

--

--

--

--

--

--

--

--

--

D (Not
classifiable as
to human
carcinogenicity)

--

--

--

0.005

--

0.05

0.05

0.005

--

D (Not
classifiable as
to human
carcinogenicity)

--

--

--

--

--

--

--

0.005

x

ATSDR

Chronic
OSFb Cancer WOE Chronic
OSFb Cancer WOE Chronic oral
RfDa (mg/ (per mg/ character- RfDa (mg/ (per mg/ character- MRLd (mg/
kg-day) kg-day)
izationc
kg-day) kg-day)
izationc
kg-day)
0.005

x

PPRTV

Dichloromethane

75-09-2

x

0.006

0.002

“Likely to be
carcinogenic
in humans”

--

--

--

0.06

--

0

0.005

Tetrachloroethene

127-18-4

x

0.006

0.0021

“Likely to be
carcinogenic
in humans”

--

--

--

0.008

--

0

0.005

--

--

--

--

0.1

--

0.07

0.07

1,2,3-Trimethylbenzene

1,2,4-Trichlorobenzene

526-73-8

120-82-1

x

x

0.01

0.01

--

--

--

--

"Data are
inadequate
for an
assessment
of human
carcinogenic
potential"

--

D (Not
classifiable as
to human
carcinogenicity)

--

0.029

"Likely to be
carcinogenic
to humans"
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IRIS

Chemical name

CASRN

Concentration
data
available

1,2,4-Trimethylbenzene

95-63-6

x

Physicochemical
data
available
x

PPRTV

ATSDR

Chronic
OSFb Cancer WOE Chronic
OSFb Cancer WOE Chronic oral
RfDa (mg/ (per mg/ character- RfDa (mg/ (per mg/ character- MRLd (mg/
kg-day) kg-day)
izationc
kg-day) kg-day)
izationc
kg-day)

0.01

--

--

--

HHBP

NPDWRs

Chronic
RfDa
(mg/kgday)

Public
health
goale
(MCLG)
(mg/L)

MCLf
(mg/L)

--

--

--

--

--

--

--

--

--

--

1,3,5-Trimethylbenzene

108-67-8

x

x

0.01

--

--

--

--

"Data are
inadequate
for an
assessment
of human
carcinogenic
potential"

Chloroform

67-66-3

x

x

0.01

--

B2 (Probable
human
carcinogen)

--

--

--

0.01

--

--

--

0.01

--

--

--

--

--

--

--

--

--

--

--

--

--

Trimethylbenzene

25551-13-7

x

0.02

--

--

--

--

"Data are
inadequate
for an
assessment
of human
carcinogenic
potential"

75-27-4

x

0.02

0.062

B2 (Probable
human
carcinogen)

--

--

--

0.02

--

--

--

75-25-2

x

0.02

0.0079

B2 (Probable
human
carcinogen)

--

--

--

0.02

--

--

--

2,4Dimethylphenol

105-67-9

Bromodichloromethane

Bromoform

x
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IRIS

Chemical name

CASRN

Concentration
data
available

Physicochemical
data
available

PPRTV

ATSDR

Chronic
OSFb Cancer WOE Chronic
OSFb Cancer WOE Chronic oral
RfDa (mg/ (per mg/ character- RfDa (mg/ (per mg/ character- MRLd (mg/
kg-day) kg-day)
izationc
kg-day) kg-day)
izationc
kg-day)

HHBP

NPDWRs

Chronic
RfDa
(mg/kgday)

Public
health
goale
(MCLG)
(mg/L)

MCLf
(mg/L)

Chlorobenzene

108-90-7

x

0.02

--

D (Not
classifiable as
to human
carcinogenicity)

Chlorodibromomethane

124-48-1

x

0.02

0.084

C (Possible
human
carcinogen)

--

--

--

0.09

--

--

--

Di(2-ethylhexyl)
phthalate

117-81-7

x

0.02

0.014

B2 (Probable
human
carcinogen)

--

--

--

0.06

--

0

0.006

--

“Data are
inadequate
to assess
human
carcinogenic
potential”

--

--

--

--

--

--

--

--

0.1

--

--

0.1

--

--

--

Naphthalene

91-20-3

x

x

x

0.02

--

--

--

--

--

0.1

0.1

Diphenylamine

122-39-4

x

x

0.025

--

--

--

--

"Data are
inadequate
for an
assessment
of human
carcinogenic
potential"

1,4-Dioxane

123-91-1

x

x

0.03

0.1

"Likely to be
carcinogenic
to humans"

--

--

--
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IRIS

Chemical name

Pyrene

Fluoranthene

CASRN

129-00-0

206-44-0

Fluorene

86-73-7

Bisphenol A

80-05-7

m-Cresol

108-39-4

o-Cresol

95-48-7

Concentration
data
available

x

x

x

x

x

Physicochemical
data
available

x

x

PPRTV

ATSDR

Chronic
OSFb Cancer WOE Chronic
OSFb Cancer WOE Chronic oral
RfDa (mg/ (per mg/ character- RfDa (mg/ (per mg/ character- MRLd (mg/
kg-day) kg-day)
izationc
kg-day) kg-day)
izationc
kg-day)

0.03

0.04

--

D (Not
classifiable as
to human
carcinogenicity)

--

D (Not
classifiable as
to human
carcinogenicity)

--

HHBP

NPDWRs

Chronic
RfDa
(mg/kgday)

Public
health
goale
(MCLG)
(mg/L)

MCLf
(mg/L)

--

--

--

--

--

--

--

--

"Data are
inadequate
for an
assessment
of human
carcinogenic
potential"

--

--

--

--

--

--

--

--

--

--

--

x

0.04

--

D (Not
classifiable as
to human
carcinogenicity)

x

0.05

--

--

--

--

--

--

--

--

--

x

0.05

--

C (Possible
human
carcinogen)

--

--

--

--

--

--

--

--

"Data are
inadequate
for an
assessment
of human
carcinogenic
potential"

--

--

--

--

x

0.05

--

C (Possible
human
carcinogen)
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IRIS

Chemical name

Toluene

1-Butanol

2Butoxyethanol

CASRN

108-88-3

Concentration
data
available

x

71-36-3

Physicochemical
data
available

x

x

111-76-2

x

PPRTV

ATSDR

Chronic
OSFb Cancer WOE Chronic
OSFb Cancer WOE Chronic oral
RfDa (mg/ (per mg/ character- RfDa (mg/ (per mg/ character- MRLd (mg/
kg-day) kg-day)
izationc
kg-day) kg-day)
izationc
kg-day)

0.08

0.1

0.1

HHBP

NPDWRs

Chronic
RfDa
(mg/kgday)

Public
health
goale
(MCLG)
(mg/L)

MCLf
(mg/L)

--

“Inadequate
information
to assess the
carcinogenic
potential”

--

--

--

--

--

1

1

--

D (Not
classifiable as
to human
carcinogenicit
y)

--

--

--

--

--

--

--

--

“Not likely to
be carcinogenic to
humans”

--

--

--

--

--

--

--

--

--

--

--

--

--

--

Acetophenone

98-86-2

x

x

0.1

--

D (Not
classifiable as
to human
carcinogenicity)

Carbon disulfide

75-15-0

x

x

0.1

--

--

--

--

--

--

--

--

--

0.1

--

--

--

--

--

--

--

--

--

--

D (Not
classifiable as
to human
carcinogenicity)

--

--

--

--

--

--

--

Chlorine

Cumene

7782-50-5

98-82-8

x

x

0.1
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IRIS

Chemical name

Dibutyl
phthalate

Ethylbenzene

Nitrite

Manganese

Barium

Benzyl butyl
phthalate

Boron

CASRN

84-74-2

Concentration
data
available

x

100-41-4

x

14797-65-0

x

7439-96-5

7440-39-3

85-68-7

7440-42-8

Physicochemical
data
available

x

x

x

x

ATSDR

Chronic
OSFb Cancer WOE Chronic
OSFb Cancer WOE Chronic oral
RfDa (mg/ (per mg/ character- RfDa (mg/ (per mg/ character- MRLd (mg/
kg-day) kg-day)
izationc
kg-day) kg-day)
izationc
kg-day)

HHBP

NPDWRs

Chronic
RfDa
(mg/kgday)

Public
health
goale
(MCLG)
(mg/L)

MCLf
(mg/L)

--

D (Not
classifiable as
to human
carcinogenicity)

--

--

--

--

--

--

--

0.1

--

D (Not
classifiable as
to human
carcinogenicity)

--

--

--

--

--

0.7

0.7

0.1

--

--

--

--

--

--

--

1

1

--

D (Not
classifiable as
to human
carcinogenicity)

--

--

--

--

--

--

--

0.2

--

”Not likely to
be carcinogenic to
humans”

--

--

--

0.2

--

2

2

0.2

--

C (Possible
human
carcinogen)

--

--

--

--

--

--

--

--

“Data are
inadequate
to assess the
carcinogenic
potential”

--

--

--

--

--

--

--

0.1

0.14

x

x

PPRTV

x

0.2
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IRIS

Chemical name

Xylenes

Phenol

Zinc

CASRN

1330-20-7

108-95-2

7440-66-6

Concentration
data
available

x

x

Physicochemical
data
available

x

x

x

92-52-4

x

x

Caprolactam

105-60-2

x

x

Strontium

78-93-3

7440-24-6

x

x

ATSDR

Chronic
OSFb Cancer WOE Chronic
OSFb Cancer WOE Chronic oral
RfDa (mg/ (per mg/ character- RfDa (mg/ (per mg/ character- MRLd (mg/
kg-day) kg-day)
izationc
kg-day) kg-day)
izationc
kg-day)

HHBP

NPDWRs

Chronic
RfDa
(mg/kgday)

Public
health
goale
(MCLG)
(mg/L)

MCLf
(mg/L)

--

“Data are
inadequate
to assess the
carcinogenic
potential”

--

--

--

0.2

--

10

10

--

“Data are
inadequate
to assess
human
carcinogenicity”

--

--

--

--

--

--

--

--

“Inadequate
information
to assess
carcinogenic
potential”

--

--

--

0.3

--

--

--

0.5

0.008

"Suggestive
evidence of
carcinogenic
potential"

--

--

--

--

--

--

--

0.5

--

--

--

--

--

--

--

--

--

0.6

--

“Data are
inadequate
to assess
carcinogenic
potential”

--

--

--

--

--

--

--

0.6

--

--

--

--

--

--

--

--

--

0.2

0.3

0.3

Biphenyl

Methyl ethyl
ketone

PPRTV
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IRIS

Chemical name

Diethyl
phthalate

Acetone

CASRN

Concentration
data
available

84-66-2

67-64-1

Physicochemical
data
available

x

x

x

PPRTV

ATSDR

Chronic
OSFb Cancer WOE Chronic
OSFb Cancer WOE Chronic oral
RfDa (mg/ (per mg/ character- RfDa (mg/ (per mg/ character- MRLd (mg/
kg-day) kg-day)
izationc
kg-day) kg-day)
izationc
kg-day)

0.8

0.9

HHBP

NPDWRs

Chronic
RfDa
(mg/kgday)

Public
health
goale
(MCLG)
(mg/L)

MCLf
(mg/L)

--

D (Not
classifiable as
to human
carcinogenicity)

--

--

--

--

--

--

--

--

“Data are
inadequate
to assess
human
carcinogenicity”

--

--

--

--

--

--

--

--

--

--

--

--

--

--

Chromium (III)

16065-83-1

x

1.5

--

“Data are
inadequate
to assess
human
carcinogenicity”

Nitrate

14797-55-8

x

1.6

--

--

--

--

--

--

--

10

10

Ethylene glycol

107-21-1

x

2

--

--

--

--

--

--

--

--

--

Methanol

67-56-1

x

2

--

--

--

--

--

--

--

--

--

Cadmium

7440-43-9

0.0005
(water)

--

B1 (Probable
human
carcinogen)

--

--

--

0.0001

--

0.005

0.005

--

--

C (Possible
human
carcinogen)

0.2

--

--

--

--

--

--

--

0.8

B2 (Probable
human
carcinogen)

--

--

--

--

--

--

--

1,1-Dichloroethane
1,2-Diphenylhydrazine

x

75-34-3

122-66-7

x

x

x

G-51

Appendix G – Identification and Hazard Evaluation of Chemicals across
the Hydraulic Fracturing Water Cycle Supplemental Information

IRIS

Chemical name
1,2-Propylene
glycol

CASRN

Concentration
data
available

57-55-6

1-Methylnaph90-12-0
thalene

2-(2-Butoxy112-34-5
ethoxy)ethanol

Physicochemical
data
available

PPRTV

ATSDR

Chronic
OSFb Cancer WOE Chronic
OSFb Cancer WOE Chronic oral
RfDa (mg/ (per mg/ character- RfDa (mg/ (per mg/ character- MRLd (mg/
kg-day) kg-day)
izationc
kg-day) kg-day)
izationc
kg-day)

HHBP

NPDWRs

Chronic
RfDa
(mg/kgday)

Public
health
goale
(MCLG)
(mg/L)

MCLf
(mg/L)

x

--

--

--

20

--

"Not likely
to be
carcinogenic
to humans"

x

--

--

--

0.007

0.029

--

0.07

--

--

--

--

"Data are
inadequate
for an
assessment
of human
carcinogenic
potential"

--

--

--

--

--

0.045

--

--

x

--

--

--

0.03

--

--

--

--

2-Chloroethanol 107-07-3

x

--

--

--

0.02

--

"Data are
inadequate
for an
assessment
of human
carcinogenic
potential"

Acrylonitrile

107-13-1

x

--

0.54

B1 (Probable
human
carcinogen)

--

--

--

0.04

--

--

--

Alpha particle

12587-46-1

--

--

--

--

--

--

--

--

--

15

--

"Data are
inadequate
for an
assessment
of human
carcinogenic
potential"

1

--

--

--

Aluminum

7429-90-5

x

x

--

--

--

1
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IRIS

Chemical name

CASRN

Concentration
data
available

Physicochemical
data
available

Benz(a)anthracene
56-55-3

x

x

Benzo(a)pyrene 50-32-8

x

x

Benzyl alcohol

100-51-6

x

Benzyl chloride 100-44-7

PPRTV

ATSDR

Chronic
OSFb Cancer WOE Chronic
OSFb Cancer WOE Chronic oral
RfDa (mg/ (per mg/ character- RfDa (mg/ (per mg/ character- MRLd (mg/
kg-day) kg-day)
izationc
kg-day) kg-day)
izationc
kg-day)

HHBP

NPDWRs

Chronic
RfDa
(mg/kgday)

Public
health
goale
(MCLG)
(mg/L)

MCLf
(mg/L)

--

--

B2 (Probable
human
carcinogen)

--

0.7

--

--

--

--

--

--

7.3

B2 (Probable
human
carcinogen)

--

--

--

--

--

0

0.0002

--

--

--

--

x

--

--

--

0.1

--

"Data are
inadequate
for an
assessment
of human
carcinogenic
potential"

x

--

0.17

B2 (Probable
human
carcinogen)

0.002

--

--

--

--

--

--

--

--

--

--

--

--

--

--

--

4

Beta particle

12587-47-2

betaHexachloro
cyclohexane

319-85-7

x

--

1.8

C (Possible
human
carcinogen)

--

--

--

--

--

--

--

Bis(2-chloroethyl) ether

111-44-4

x

--

1.1

B2 (Probable
human
carcinogen)

--

--

--

--

--

--

--

--

"Data are
inadequate
for an
assessment
of human
carcinogenic
potential"

--

--

--

--

Butylbenzene

104-51-8

x

x

--

--

--

0.05
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IRIS

Chemical name

CASRN

Cobalt

7440-48-4

Copper

7440-50-8

Concentration
data
available

Physicochemical
data
available

x

PPRTV

ATSDR

Chronic
OSFb Cancer WOE Chronic
OSFb Cancer WOE Chronic oral
RfDa (mg/ (per mg/ character- RfDa (mg/ (per mg/ character- MRLd (mg/
kg-day) kg-day)
izationc
kg-day) kg-day)
izationc
kg-day)

--

--

--

--

--

0.0003

--

--

--

--

"Likely to be
carcinogenic
to humans"

--

--

--

HHBP

NPDWRs

Chronic
RfDa
(mg/kgday)

Public
health
goale
(MCLG)
(mg/L)

MCLf
(mg/L)

--

--

--

--

1.3

g

x
Dibenzothiophene
Fluoride

132-65-0
16984-48-8

Formic acid

64-18-6

Hydrazine

302-01-2

Iron

7439-89-6

x
x

x

x

TT;
Action
Level=1.3

--

--

--

0.01

--

--

--

--

--

--

--

--

--

--

--

--

--

--

4

4

--

--

--

--

--

--

--

0.9

--

"Data are
inadequate
for an
assessment
of human
carcinogenic
potential"

--

3

B2 (Probable
human
carcinogen)

--

--

--

--

--

--

--

--

"Data are
inadequate
for an
assessment
of human
carcinogenic
potential"

--

--

--

--

--

--

--

0.7
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IRIS

Chemical name

Lead

Lithium

CASRN

7439-92-1

7439-93-2

m,p-Cresol
mixture

NOCAS_
24858

m-Xylene

108-38-3

N,N-Dimethylformamide

68-12-2

N-Nitrosodiphenylamine

86-30-6

N-Nitroso-Nmethylethylamine

10595-95-6

Concentration
data
available

Physicochemical
data
available

x

PPRTV

Chronic
OSFb Cancer WOE Chronic
OSFb Cancer WOE Chronic oral
RfDa (mg/ (per mg/ character- RfDa (mg/ (per mg/ character- MRLd (mg/
kg-day) kg-day)
izationc
kg-day) kg-day)
izationc
kg-day)

--

x

x

ATSDR

--

B2 (Probable
human
carcinogen)

--

HHBP
Chronic
RfDa
(mg/kgday)

NPDWRs
Public
health
goale
(MCLG)
(mg/L)

MCLf
(mg/L)

--

--

--

--

0

TT;
Action
Level=0.0
15 g

--

--

--

--

--

--

--

0.002

--

"Data are
inadequate
for an
assessment
of human
carcinogenic
potential"

--

--

--

--

--

--

0.1

--

--

--

--

--

--

--

--

--

0.2

--

10

10

--

--

--

--

x

--

--

--

0.1

--

"Data are
inadequate
for an
assessment
of human
carcinogenic
potential"

x

x

--

0.0049

B2 (Probable
human
carcinogen)

--

--

--

--

--

--

--

x

x

--

22

B2 (Probable
human
carcinogen)

--

--

--

--

--

--

--
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IRIS

Chemical name

Nonane

CASRN

Concentration
data
available

111-84-2

Physicochemical
data
available

PPRTV

ATSDR

Chronic
OSFb Cancer WOE Chronic
OSFb Cancer WOE Chronic oral
RfDa (mg/ (per mg/ character- RfDa (mg/ (per mg/ character- MRLd (mg/
kg-day) kg-day)
izationc
kg-day) kg-day)
izationc
kg-day)

x

--

--

--

0.0003

--

"Data are
inadequate
for an
assessment
of human
carcinogenic
potential"

HHBP

NPDWRs

Chronic
RfDa
(mg/kgday)

Public
health
goale
(MCLG)
(mg/L)

MCLf
(mg/L)

--

--

--

--

o-Xylene

95-47-6

x

--

--

--

--

--

--

0.2

--

10

10

p,p'-DDE

72-55-9

x

--

0.34

B2 (Probable
human
carcinogen)

--

--

--

--

--

--

--

Phorate

298-02-2

x

--

--

--

--

--

--

--

0.0005

--

--

p-Xylene

106-42-3

x

--

--

--

--

--

--

0.2

--

10

10

Quinoline

91-22-5

x

--

3

”Likely to be
carcinogenic
in humans”

--

--

--

--

--

--

--

Radium

7440-14-4

x

--

--

--

--

--

--

--

--

--

5 pCi/L

Radium-226

13982-63-3

x

--

--

--

--

--

--

--

--

--

5 pCi/L

Radium-228

15262-20-1

x

--

--

--

--

--

--

--

--

--

5 pCi/L

Thallium

7440-28-0

x

--

--

--

--

--

--

--

--

0.0005

0.002

Tributyl
phosphate

126-73-8

x

--

--

--

0.01

0.009

"Likely to be
carcinogenic
to humans"

0.08

--

--

--

Uranium-235

15117-96-1

x

--

--

--

--

--

--

--

--

--

30

Uranium-238

7440-61-1

x

--

--

--

--

--

--

--

--

--

30

x
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IRIS

Chemical name

Vanadium

CASRN

7440-62-2

Concentration
data
available

x

Physicochemical
data
available

PPRTV

ATSDR

Chronic
OSFb Cancer WOE Chronic
OSFb Cancer WOE Chronic oral
RfDa (mg/ (per mg/ character- RfDa (mg/ (per mg/ character- MRLd (mg/
kg-day) kg-day)
izationc
kg-day) kg-day)
izationc
kg-day)

--

--

“Data are
inadequate
to assess
carcinogenic
potential”

0.00007

--

"Data are
inadequate
for an
assessment
of human
carcinogenic
potential"

--

HHBP

NPDWRs

Chronic
RfDa
(mg/kgday)

Public
health
goale
(MCLG)
(mg/L)

MCLf
(mg/L)

--

--

--

CASRN = Chemical Abstract Service Registry Number; IRIS = Integrated Risk Information System; PPRTV = Provisional Peer Reviewed Toxicity Values; ATSDR = Agency for Toxic
Substances and Disease Registry; HHBP = Human Health Benchmarks for Pesticides; NPDWRs = National Primary Drinking Water Regulations.
a Reference

dose (RfD): An estimate (with uncertainty spanning perhaps an order of magnitude) of a daily oral exposure to the human population (including sensitive subgroups)
that is likely to be without an appreciable risk of deleterious effects during a lifetime. It can be derived from a no observed-adverse-effect level (NOAEL), lowest observedadverse-effect level (LOAEL), or benchmark dose (BMD), with uncertainty factors generally applied to reflect limitations of the data used. The RfD is generally used in the EPA's
noncancer health assessments. Chronic RfD: Duration of exposure is up to a lifetime.
b Oral

slope factor (OSF): An upper-bound, approximating a 95% confidence limit, on the increased cancer risk from a lifetime oral exposure to an agent. This estimate, usually
expressed in units of proportion (of a population) affected per mg/kg day, is generally reserved for use in the low dose region of the dose response relationship, that is, for
exposures corresponding to risks less than 1 in 100.
c Weight

of evidence (WOE) characterization for carcinogenicity: A system used for characterizing the extent to which the available data support the hypothesis that an agent
causes cancer in humans. See glossary for details.
d Minimal

risk level (MRL): An ATSDR estimate of daily human exposure to a hazardous substance at or below which the substance is unlikely to pose a measurable risk of
harmful (adverse), noncancerous effects. MRLs are calculated for a route of exposure (inhalation or oral) over a specified time period (acute, intermediate, or chronic). MRLs
should not be used as predictors of harmful (adverse) health effects. Chronic MRL: Duration of exposure is 365 days or longer.
e Maximum

contaminant level goal (MCLG): A non-enforceable health benchmark goal which is set at a level at which no known or anticipated adverse effect on the health of
persons is expected to occur and which allows an adequate margin of safety.
f Maximum

contaminant level (MCL): The highest level of a contaminant that is allowed in drinking water. MCLs are set as close to the MCLG as feasible using the best available
analytical and treatment technologies and taking cost into consideration. MCLs are enforceable standards.
g

In public water systems, lead and copper are regulated by a Treatment Technique (TT) that requires systems to control the corrosiveness of their water. If more than 10% of
tap water exceeds the action level, water systems must take additional steps. For copper, the action level is 1.3 mg/l, and for lead is 0.015 mg/l.
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Table G-2b. Chemicals reported to be detected in produced water, with available chronic oral
RfVs and OSFs from state sources.
Chemicals are ranked by CalEPA maximum allowable daily level (MADL). The “--“ symbol indicates that no value
was available from the sources consulted. Additionally, an “x” indicates the availability of measured concentration
data in produced water (see Appendix E) and physicochemical properties data from EPI Suite TM (see Appendix C).
Italicized chemicals are found in both hydraulic fracturing fluids and produced water.

CalEPA

Chemical name

CASRN

Concen- Physicotration chemical
data
data
available available

Oral MADLa
(μg/day)

OSFb (per
mg/kg-day)

Lead

7439-92-1

x

0.5

0.0085

Cadmium

7440-43-9

x

4.1

15

Chromium (VI)

18540-29-9

x

8.2

0.5

Dibutyl phthalate

84-74-2

x

x

8.7

--

Benzene

71-43-2

x

x

24

0.1

Benzyl butyl phthalate

85-68-7

x

x

1200

--

1,2-Benzenedicarboxylic acid,
1,2-bis(8-methylnonyl) ester

89-16-7

x

2200

26761-40-0

x

2,200

--

x

20 (neonate
male); 58 (infant
male); 410 (adult)

0.003

x

--

0.0036

x

--

0.027

Diisodecyl phthalate

x

--

Di(2-ethylhexyl) phthalate

117-81-7

1,2,4-Trichlorobenzene

120-82-1

1,4-Dioxane

123-91-1

7,12-Dimethylbenz(a)anthracene

57-97-6

x

--

250

Acrylonitrile

107-13-1

x

--

1

Aldrin

309-00-2

x

--

17

Arsenic

7440-38-2

x

--

9.5

Benz(a)anthracene

56-55-3

x

x

--

1.2

Benzidine

92-87-5

x

x

--

500

Benzo(a)pyrene

50-32-8

x

x

--

2.9

Benzo(b)fluoranthene

205-99-2

x

x

--

1.2

Benzo(k)fluoranthene

207-08-9

x

x

--

1.2

Benzyl chloride

100-44-7

x

--

0.17

x
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CalEPA
Concen- Physicotration chemical
data
data
available available

Oral MADLa
(μg/day)

OSFb (per
mg/kg-day)

Chemical name

CASRN

beta-Hexachlorocyclohexane

319-85-7

x

--

1.5

Bis(2-chloroethyl) ether

111-44-4

x

--

2.5

Bromodichloromethane

75-27-4

x

--

0.13

Bromoform

75-25-2

x

--

0.011

Chloroform

67-66-3

x

x

--

0.019

Chrysene

218-01-9

x

x

--

0.12

Dibenz(a,h)anthracene

53-70-3

x

x

--

4.1

Dichloromethane

75-09-2

x

--

0.014

Dieldrin

60-57-1

x

--

16

Ethylbenzene

100-41-4

x

--

0.011

Heptachlor

76-44-8

x

--

4.1

Heptachlor epoxide

1024-57-3

x

--

5.5

Hydrazine

302-01-2

--

3

Indeno(1,2,3-cd)pyrene

193-39-5

x

--

1.2

Lindane

58-89-9

x

--

1.1

N-Nitrosodiphenylamine

86-30-6

x

x

--

0.009

10595-95-6

x

x

--

22

N-Nitroso-N-methylethylamine

x

x

p,p'-DDE

72-55-9

x

--

0.34

Safrole

94-59-7

x

--

0.22

Tetrachloroethene

127-18-4

x

--

0.051

CASRN = Chemical Abstract Service Registry Number; CalEPA = California Environmental Protection Agency.
a Maximum

allowable daily level (MADL): The maximum allowable daily level of a reproductive toxicant at which the chemical
would have no observable adverse reproductive effect, assuming exposure at 1,000 times that level.
b Oral

slope factor (OSF): An upper-bound, approximating a 95% confidence limit, on the increased cancer risk from a lifetime
oral exposure to an agent. This estimate, usually expressed in units of proportion (of a population) affected per mg/kg day, is
generally reserved for use in the low-dose region of the dose-response relationship, that is, for exposures corresponding to
risks less than 1 in 100.
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Table G-2c. Chemicals reported to be detected in produced water, with available chronic oral
RfVs and OSFs from international sources.
Chemicals are ranked by CICAD reference value (TDI- tolerable daily intake). An “x” indicates the availability of
measured concentration data in produced water (see Appendix E) and physicochemical properties data from EPI
SuiteTM (see Appendix C). Italicized chemicals are found in both hydraulic fracturing fluids and produced water.

Chemical name

CASRN

Heptachlor

76-44-8

Concentration Physicochemical
data available data available
x

IPCS CICAD Chronic
TDIa (mg/kg-day)
0.0001

Chromium (VI)

18540-29-9

x

0.0009

Mercury

7439-97-6

x

0.002

Beryllium

7440-41-7

x

0.002

Iodine

7553-56-2

x

0.01

67-66-3

x

Barium

7440-39-3

x

Ethylene glycol

107-21-1

x

0.05

Tetrachloroethene

127-18-4

x

0.05

D-Limonene

5989-27-5

x

0.1

Strontium

7440-24-6

x

Benzyl butyl phthalate

85-68-7

x

Diethyl phthalate

84-66-2

Chloroform

x

0.015
0.02

0.13
x

1.3

x

5

CASRN = Chemical Abstract Service Registry Number; IPCS = International Programme on Chemical Safety; CICAD = Concise
International Chemical Assessment Documents.
a Tolerable

Daily Intake (TDI): An estimate of the intake of a substance, expressed on a body mass basis, to which an individual
in a (sub) population may be exposed daily over its lifetime without appreciable health risk.
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Table G-2d. Chemicals reported to be detected in produced water, with available less-than-chronic oral RfVs and OSFs.
Chemicals are ranked by PPRTV subchronic reference dose (sRfD). The “--“ symbol indicates that no value was available from the sources consulted.
Additionally, an “x” indicates the availability of measured concentration data in produced water (see Appendix E) and physicochemical properties data from EPI
SuiteTM (see Appendix C). Italicized chemicals are found in both hydraulic fracturing fluids and produced water.

PPRTV

Chemical name

CASRN

Aldrin

309-00-2

Antimony

7440-36-0

Vanadium

7440-62-2

Benzyl chloride

100-44-7

Lithium

7439-93-2

Cobalt

7440-48-4

Nonane

111-84-2

2-Methylnaphthalene

91-57-6

Methyl bromide

ATSDR

ConcenPhysicoAcute oral
a
tration data chemical data
sRfD
MRLb
available
available
(mg/kg-day) (mg/kg-day)
x

HHBP
Intermediate
oral MRLb
(mg/kg-day)

Acute RfDa
(mg/kg-day)

0.00004

0.002

--

--

x

0.0004

--

--

--

x

0.0007

--

0.01

--

0.002

--

--

--

x

0.002

--

--

--

x

0.003

--

0.01

--

x

0.003

--

--

--

x

0.004

--

--

--

74-83-9

x

0.005

--

0.003

0.02

1,2,3-Trichlorobenzene

87-61-6

x

0.008

--

--

--

Bromodichloromethane

75-27-4

x

0.008

0.04

--

--

Benzene

71-43-2

x

x

0.01

--

--

--

2,4-Dichlorophenol

120-83-2

x

x

0.02

--

0.003

--

p-Cresol

106-44-5

x

x

0.02

--

--

--

Bromoform

75-25-2

x

0.03

0.7

0.2

--

Tributyl phosphate

126-73-8

x

x

0.03

1.1

0.08

--

2,4-Dimethylphenol

105-67-9

x

x

0.05

--

--

--

x

x
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PPRTV

Chemical name

CASRN

Ethylbenzene

100-41-4

Chlorobenzene

ATSDR

ConcenPhysicoAcute oral
tration data chemical data
sRfDa
MRLb
available
available
(mg/kg-day) (mg/kg-day)
x

HHBP
Intermediate
oral MRLb
(mg/kg-day)

Acute RfDa
(mg/kg-day)

x

0.05

--

0.4

--

108-90-7

x

0.07

--

0.4

--

Chlorodibromomethane

124-48-1

x

0.07

0.1

--

--

1,2,4-Trichlorobenzene

120-82-1

x

0.09

--

0.1

--

Butylbenzene

104-51-8

x

0.1

--

--

--

Fluoranthene

206-44-0

x

0.1

--

0.4

--

2-Chloroethanol

107-07-3

x

0.2

--

--

0.045

o-Cresol

95-48-7

x

0.2

--

--

--

2-(2-Butoxyethoxy)ethanol

112-34-5

x

0.3

--

--

--

Benzyl alcohol

100-51-6

x

0.3

--

--

--

Hexane

110-54-3

x

0.3

--

--

--

N,N-Dimethylformamide

68-12-2

x

0.3

--

--

--

Pyrene

129-00-0

x

x

0.3

--

--

--

Xylenes

1330-20-7

x

x

0.4

1

0.4

--

Iron

7439-89-6

x

0.7

--

--

--

Toluene

108-88-3

x

x

0.8

0.8

0.02

--

Formic acid

64-18-6

x

0.9

--

--

--

1,1-Dichloroethane

75-34-3

x

2

--

--

--

1,2-Propylene glycol

57-55-6

x

20

--

--

--

1,4-Dioxane

123-91-1

x

--

5

0.5

--

2-Butoxyethanol

111-76-2

x

--

0.4

0.07

--

x

x

x

x
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PPRTV

Chemical name

CASRN

Acetone

67-64-1

Acrolein

ATSDR

ConcenPhysicoAcute oral
tration data chemical data
sRfDa
MRLb
available
available
(mg/kg-day) (mg/kg-day)
x

HHBP
Intermediate
oral MRLb
(mg/kg-day)

Acute RfDa
(mg/kg-day)

x

--

--

2

--

107-02-8

x

--

--

0.004

--

Acrylonitrile

107-13-1

x

--

0.1

0.01

--

Aluminum

7429-90-5

x

--

--

1

--

Arsenic

7440-38-2

x

--

0.005

--

--

Barium

7440-39-3

x

--

--

0.2

--

beta-Hexachlorocyclohexane

319-85-7

--

0.05

0.0006

--

Boron

7440-42-8

x

--

0.2

0.2

--

Cadmium

7440-43-9

x

--

--

0.0005

--

Carbon disulfide

75-15-0

x

x

--

0.01

--

--

Chloroform

67-66-3

x

x

--

0.3

0.1

--

Chromium (VI)

18540-29-9

x

--

--

0.005

--

Copper

7440-50-8

x

--

0.01

0.01

--

Di(2-ethylhexyl) phthalate

117-81-7

x

x

--

--

0.1

--

Dibutyl phthalate

84-74-2

x

x

--

0.5

--

--

Dichloromethane

75-09-2

x

--

0.2

--

--

Dieldrin

60-57-1

x

--

--

0.0001

--

Diethyl phthalate

84-66-2

x

--

7

6

--

Diethyltoluamide

134-62-3

x

--

--

1

--

Dioctyl phthalate

117-84-0

x

--

3

0.4

--

Ethylene glycol

107-21-1

x

--

0.8

0.8

--

x

x
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PPRTV

Chemical name

CASRN

Fluorene

86-73-7

Heptachlor
Lindane
m,p-Cresol mixture

ATSDR

ConcenPhysicoAcute oral
tration data chemical data
sRfDa
MRLb
available
available
(mg/kg-day) (mg/kg-day)
x

HHBP
Intermediate
oral MRLb
(mg/kg-day)

Acute RfDa
(mg/kg-day)

x

--

--

0.4

--

76-44-8

x

--

0.0006

0.0001

--

58-89-9

x

--

0.003

0.00001

--

--

--

0.1

--

x

--

1

0.4

--

x

--

0.6

0.6

--

x

--

1

0.4

--

x

--

1

--

--

--

--

0.0002

--

--

1

0.4

--

--

--

2

--

--

0.008

0.008

--

NOCAS_24858

m-Xylene

108-38-3

Naphthalene

91-20-3

o-Xylene

95-47-6

Phenol

108-95-2

x

Phosphorus

7723-14-0

x

p-Xylene

106-42-3

Strontium

7440-24-6

Tetrachloroethene

127-18-4

Tin

7440-31-5

x

--

--

0.3

--

Zinc

7440-66-6

x

--

--

0.3

--

x

x
x
x

CASRN = Chemical Abstract Service Registry Number; PPRTV = Provisional Peer Reviewed Toxicity Values; ATSDR = Agency for Toxic Substances and Disease Registry; HHBP =
Human Health Benchmarks for Pesticides.
a

Reference dose (RfD): An estimate (with uncertainty spanning perhaps an order of magnitude) of a daily oral exposure to the human population (including sensitive subgroups)
that is likely to be without an appreciable risk of deleterious effects during a lifetime. It can be derived from a no observed-adverse-effect level (NOAEL), lowest observedadverse-effect level (LOAEL), or benchmark dose (BMD), with uncertainty factors generally applied to reflect limitations of the data used. The RfD is generally used in the EPA's
noncancer health assessments. Subchronic RfD (sRFD): Duration of exposure is up to 10% of an average lifespan. Acute RfD: Duration of exposure is 24 hours or less.
b

Minimal risk level (MRL): An ATSDR estimate of daily human exposure to a hazardous substance at or below which the substance is unlikely to pose a measurable risk of
harmful (adverse), noncancerous effects. MRLs are calculated for a route of exposure (inhalation or oral) over a specified time period (acute, intermediate, or chronic). MRLs
should not be used as predictors of harmful (adverse) health effects. Acute MRL: Duration of exposure is 1 to 14 days. Intermediate MRL: Duration of exposure is >14 to 364
days.
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Table G-2e. Available qualitative cancer classifications for chemicals reported to be detected
in produced water.
Chemicals classified as known carcinogens by one or more sources are listed first. The “--“ symbol indicates that no
value was available from the sources consulted. Additionally, an “x” indicates the availability of measured
concentration data in produced water (see Appendix E) and physicochemical properties data from EPI SuiteTM (see
Appendix C). Italicized chemicals are found in both hydraulic fracturing fluids and produced water. Cancer
classifications from IRIS and PPRTV are also listed in Table G-2a.

Qualitative cancer classification

Chemical
name

CASRN

Concen- Physicotration chemical
data
data
available available

IRISa

PPRTVb

IARCc

RoCd

Alpha particle

12587-46-1

x

--

--

1

--

Arsenic

7440-38-2

x

A (Human
carcinogen)

--

1

Known

Benzene

71-43-2

x

x

A (Human
carcinogen)

--

1

Known

Benzidine

92-87-5

x

x

A (Human
carcinogen)

--

1

Known

Benzo(a)pyrene

50-32-8

x

x

B2 (Probable
human carcinogen)

--

1

RAHC

Beryllium

7440-41-7

x

B1 (Probable
human carcinogen)

--

1

Known

Beta particle

12587-47-2

x

--

--

1

--

Cadmium

7440-43-9

x

B1 (Probable
human carcinogen)

--

1

Known

x

Inhaled: A (Human
carcinogen); Oral:
D (Not classifiable
as to human
carcinogenicity)

--

1

Known

--

--

1

RAHC

Chromium (VI)

Lindane

18540-29-9

58-89-9

x

Radium-226

13982-63-3

x

--

--

1

--

Radium-228

15262-20-1

x

--

--

1

--

--

--

1

--

--

--

1

--

D (Not classifiable
as to human
carcinogenicity)

"Likely to be
carcinogenic to
humans"

--

--

Ethanol

64-17-5

Radium

7440-14-4

1,2,4Trichlorobenzene

120-82-1

x
x
x
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Qualitative cancer classification

Chemical
name

CASRN

Concen- Physicotration chemical
data
data
available available

IRISa

PPRTVb

IARCc

RoCd

1,2-Diphenylhydrazine

122-66-7

x

x

B2 (Probable
human carcinogen)

--

--

RAHC

1,4-Dioxane

123-91-1

x

x

"Likely to be
carcinogenic to
humans"

--

2B

RAHC

2-Mercaptobenzothiazole

149-30-4

x

x

--

--

2A

--

Acrylonitrile

107-13-1

x

B1 (Probable
human carcinogen)

--

2B

RAHC

Aldrin

309-00-2

x

B2 (Probable
human carcinogen)

--

3

--

Benz(a)anthracene

56-55-3

x

x

B2 (Probable
human carcinogen)

--

2B

RAHC

Benzo(b)fluoranthene

205-99-2

x

x

--

--

2B

RAHC

Benzo(k)fluoranthene

207-08-9

x

x

--

--

2B

RAHC

Benzophenone

119-61-9

x

--

--

2B

--

Benzyl butyl
phthalate

85-68-7

x

C (Possible human
carcinogen)

--

3

--

beta-Hexachlorocyclohexane

319-85-7

x

C (Possible human
carcinogen)

--

--

--

x

"Suggestive
evidence of
carcinogenic
potential"

--

--

--

x

Biphenyl

92-52-4

x

Bis(2-chloroethyl)
ether

111-44-4

x

B2 (Probable
human carcinogen)

--

3

--

Bromodichloromethane

75-27-4

x

B2 (Probable
human carcinogen)

--

2B

RAHC

Bromoform

75-25-2

x

B2 (Probable
human carcinogen)

--

3

--

Chlorodibromomethane

124-48-1

x

C (Possible human
carcinogen)

--

3

--
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Qualitative cancer classification
Concen- Physicotration chemical
data
data
available available

Chemical
name

CASRN

Chloroform

67-66-3

x

Chrysene

218-01-9

x

Cobalt

7440-48-4

x

Cumene

98-82-8

x

Di(2-ethylhexyl)
phthalate

117-81-7

Dibenz(a,h)anthracene

53-70-3

Dichloromethane

IRISa

PPRTVb

IARCc

RoCd

x

B2 (Probable
human carcinogen)

--

2B

RAHC

x

B2 (Probable
human carcinogen)

--

2B

--

--

"Likely to be
carcinogenic to
humans"

2B

--

x

D (Not classifiable
as to human
carcinogenicity)

--

2B

RAHC

x

x

B2 (Probable
human carcinogen)

--

2B

RAHC

x

x

--

--

2A

RAHC

75-09-2

x

“Likely to be
carcinogenic in
humans”

--

2A

RAHC

Dieldrin

60-57-1

x

B2 (Probable
human carcinogen)

--

3

--

Ethylbenzene

100-41-4

x

D (Not classifiable
as to human
carcinogenicity)

--

2B

--

Heptachlor

76-44-8

x

B2 (Probable
human carcinogen)

--

2B

--

Heptachlor
epoxide

1024-57-3

x

B2 (Probable
human carcinogen)

--

--

--

Indeno(1,2,3cd)pyrene

193-39-5

x

x

--

--

2B

RAHC

Lead

7439-92-1

x

B2 (Probable
human carcinogen)

--

2B

RAHC

m-Cresol

108-39-4

x

C (Possible human
carcinogen)

--

--

--

x

x
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Qualitative cancer classification

Chemical
name

Naphthalene

CASRN

Concen- Physicotration chemical
data
data
available available

x

IRISa

PPRTVb

IARCc

RoCd

“Data are
inadequate to
assess human
carcinogenic
potential”

--

2B

RAHC

91-20-3

x

Nickel

7440-02-0

x

--

--

2B

RAHC

Nitrate

14797-55-8

x

--

--

2A

--

Nitrite

14797-65-0

x

--

--

2A

--

N-Nitrosodiphenylamine

86-30-6

x

x

B2 (Probable
human carcinogen)

--

3

--

N-Nitroso-Nmethylethylamine

10595-95-6

x

x

B2 (Probable
human carcinogen)

--

2B

--

--

--

o-Cresol

95-48-7

x

x

C (Possible human
carcinogen)

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

p-Cresol

106-44-5

x

x

C (Possible human
carcinogen)

--

--

--

p,p'-DDE

72-55-9

x

B2 (Probable
human carcinogen)

--

--

--

Safrole

94-59-7

x

--

--

2B

RAHC

Tetrachloroethene

127-18-4

x

“Likely to be
carcinogenic in
humans”

--

2A

RAHC

1,1Dichloroethane

75-34-3

x

C (Possible human
carcinogen)

--

--

--

Benzyl chloride

100-44-7

x

B2 (Probable
human carcinogen)

--

--

--

Hydrazine

302-01-2

B2 (Probable
human carcinogen)

--

2A

RAHC
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Qualitative cancer classification

Chemical
name

CASRN

Concen- Physicotration chemical
data
data
available available

IRISa

PPRTVb

IARCc

RoCd

2A

--

N,N-Dimethylformamide

68-12-2

x

--

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

Quinoline

91-22-5

x

”Likely to be
carcinogenic in
humans”

--

--

--

Tributyl
phosphate

126-73-8

x

--

"Likely to be
carcinogenic to
humans"

--

--

Dibromoacetonitrile

3252-43-5

x

--

--

2B

--

Acetaldehyde

75-07-0

x

B2 (Probable
human carcinogen)

--

2B

RAHC

--

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

--

--

--

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

--

--

--

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

--

--

--

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

--

--

1,2,3-Trichlorobenzene

1,3,5Trimethylbenzene

2,4Dichlorophenol

2,4Dimethylphenol

x

87-61-6

108-67-8

120-83-2

105-67-9

x

x

x

x

x

x

x
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Qualitative cancer classification

Chemical
name
2,5-Cyclohexadiene-1,4-dione

2-Methylnaphthalene

CASRN
106-51-4

91-57-6

Concen- Physicotration chemical
data
data
available available
x

x

IRISa

PPRTVb

IARCc

RoCd

x

--

--

3

--

x

“Data are
inadequate to
assess human
carcinogenic
potential”

--

--

--

--

--

--

Acetone

67-64-1

x

x

“Data are
inadequate for an
assessment of
human
carcinogenic
potential”

Acetophenone

98-86-2

x

x

D (Not classifiable
as to human
carcinogenicity)

--

--

--

x

“Data are
inadequate for an
assessment of
human
carcinogenic
potential”

--

3

--

--

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

--

--

--

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

--

--

--

--

3

--

Acrolein

Aluminum

107-02-8

7429-90-5

x

Antimony

7440-36-0

x

Benzo(g,h,i)perylene

191-24-2

x

x

G-70

Appendix G – Identification and Hazard Evaluation of Chemicals across
the Hydraulic Fracturing Water Cycle Supplemental Information

Qualitative cancer classification

Chemical
name

Benzyl alcohol

Boron

CASRN

100-51-6

7440-42-8

Concen- Physicotration chemical
data
data
available available

x

IRISa

PPRTVb

IARCc

RoCd

--

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

--

--

“Data are
inadequate to
assess the
carcinogenic
potential”

--

--

--

x

--

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

--

--

x

--

--

3

--

x

"Carcinogenic
potential cannot be
determined"

--

3

--

x

--

--

3

--

x

x

Butylbenzene

104-51-8

Caffeine

58-08-2

Chloromethane

74-87-3

Cholesterol

57-88-5

Chromium

7440-47-3

--

--

3

--

16065-83-1

“Data are
inadequate for an
assessment of
human
carcinogenic
potential”

--

3

--

--

--

--

--

--

--

Chromium (III)

x

x

x

Cyanide

57-12-5

x

“Inadequate
information to
assess the
carcinogenic
potential”

deltaHexachlorocyclohexane

319-86-8

x

D (Not classifiable
as to human
carcinogenicity)
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Qualitative cancer classification

Chemical
name

CASRN

Dibenzothiophene

132-65-0

Dibutyl phthalate

84-74-2

Diethyl phthalate

84-66-2

Dimethyl
phthalate

131-11-3

Diphenylamine

122-39-4

Concen- Physicotration chemical
data
data
available available

x

x

x

IRISa

PPRTVb

IARCc

RoCd

x

--

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

3

--

x

D (Not classifiable
as to human
carcinogenicity)

--

--

--

x

D (Not classifiable
as to human
carcinogenicity)

--

--

--

x

D (Not classifiable
as to human
carcinogenicity)

--

--

--

--

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

--

--

3

--

x

Fluoranthene

206-44-0

x

x

D (Not classifiable
as to human
carcinogenicity)

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

Fluorene

86-73-7

x

x

D (Not classifiable
as to human
carcinogenicity)

--

3

--

Fluoride

16984-48-8

x

--

--

3

--

--

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

--

--

Formic acid

64-18-6

x
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Qualitative cancer classification

Chemical
name

Iron

Isopropanol

CASRN

7439-89-6

Concen- Physicotration chemical
data
data
available available

x

67-63-0

x

IRISa

PPRTVb

IARCc

RoCd

--

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

--

--

--

--

3

--

--

--

Lithium

7439-93-2

x

--

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

Manganese

7439-96-5

x

D (Not classifiable
as to human
carcinogenicity)

--

--

--

x

D (Not classifiable
as to human
carcinogenicity)

--

3

--

x

D (Not classifiable
as to human
carcinogenicity)

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

3

--

--

--

--

Mercury

Methyl bromide

7439-97-6

74-83-9

Methyl ethyl
ketone

78-93-3

x

“Data are
inadequate to
assess carcinogenic
potential”

Perylene

198-55-0

x

--

--

3

--

Phenanthrene

85-01-8

x

--

--

3

--

x

“Data are
inadequate for an
assessment of
human
carcinogenic
potential”

--

3

--

Phenol

108-95-2

x

x
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Qualitative cancer classification

Chemical
name

CASRN

Concen- Physicotration chemical
data
data
available available

IRISa

PPRTVb

IARCc

RoCd

D (Not classifiable
as to human
carcinogenicity)

--

--

--

Phosphorus

7723-14-0

x

Pyrene

129-00-0

x

x

D (Not classifiable
as to human
carcinogenicity)

--

3

--

Pyridine

110-86-1

x

x

--

--

3

--

Selenium

7782-49-2

x

D (Not classifiable
as to human
carcinogenicity)

--

3

--

Silica

7631-86-9

--

--

3

--

Silver

7440-22-4

x

D (Not classifiable
as to human
carcinogenicity)

--

--

--

x

“Inadequate
information to
assess the
carcinogenic
potential”

--

3

--

x

“Data are
inadequate to
assess the
carcinogenic
potential”

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

--

--

x

“Data are
inadequate to
assess the
carcinogenic
potential”

--

3

--

“Inadequate
information to
assess carcinogenic
potential”

--

--

--

Toluene

Vanadium

Xylenes

Zinc

108-88-3

7440-62-2

1330-20-7

7440-66-6

x

x

x
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Qualitative cancer classification

Chemical
name

2-Chloroethanol

CASRN

107-07-3

Concen- Physicotration chemical
data
data
available available

x

IRISa

PPRTVb

IARCc

RoCd

--

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

--

--

--

--

Nonane

111-84-2

x

--

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

2-Butoxyethanol

111-76-2

x

“Not likely to be
carcinogenic to
humans”

--

3

--

D-Limonene

5989-27-5

x

--

--

3

--

Chlorobenzene

108-90-7

x

D (Not classifiable
as to human
carcinogenicity)

--

--

--

1-Butanol

71-36-3

x

D (Not classifiable
as to human
carcinogenicity)

--

--

--

--

--

3

--

x

--

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

--

--

x

"Inadequate
information to
assess the
carcinogenic
potential"

--

--

--

Hydrochloric acid

2-(2-Butoxyethoxy)ethanol

Hexane

7647-01-0

112-34-5

110-54-3
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Qualitative cancer classification

Chemical
name

Pentane

CASRN

Concen- Physicotration chemical
data
data
available available

109-66-0

x

IRISa

PPRTVb

IARCc

RoCd

--

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

--

--

--

--

1,2,3-Trimethylbenzene

526-73-8

x

--

"Data are
inadequate for
an assessment
of human
carcinogenic
potential"

1,2-Propylene
glycol

57-55-6

x

--

"Not likely to be
carcinogenic to
humans"

--

--

”Not likely to be
carcinogenic to
humans”

--

--

--

--

--

4

--

Barium

7440-39-3

x

Caprolactam

105-60-2

x

x

CASRN = Chemical Abstract Service Registry Number; IRIS = Integrated Risk Information System; PPRTV = Provisional Peer
Reviewed Toxicity Values; IARC = International Agency for Research on Cancer Monographs; RoC = National Toxicology Program
13th Report on Carcinogens.
a

IRIS assessments use the EPA’s 1986, 1996, 1999, or 2005 guidelines to establish descriptors for summarizing the weight of
evidence as to whether a contaminant is or may be carcinogenic. See glossary in Appendix G for details.
b

PPRTV assessments use the EPA’s 1999 guidelines to establish descriptors for summarizing the weight of evidence as to
whether a contaminant is or may be carcinogenic. See glossary in Appendix G for details.
c

The IARC summarizes the weight of evidence as to whether a contaminant is or may be carcinogenic using five weight of
evidence classifications: Group 1: Carcinogenic to humans; Group 2A: Probably carcinogenic to humans; Group 2B: Possibly
carcinogenic to humans; Group 3: Not classifiable as to its carcinogenicity to humans; Group 4: Probably not carcinogenic to
humans. See glossary in Appendix G for details.
d

The listing criteria in the 13th RoC Document are: Known = Known to be a human carcinogen; RAHC = Reasonably anticipated
to be a human carcinogen.
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Appendix H. Chemicals Identified in Hydraulic Fracturing
Fluids and/or Produced Water
H.1. Supplemental Tables and Information
The EPA identified authoritative sources for information on hydraulic fracturing-related chemicals
and, to the extent possible, verified the chemicals used in hydraulic fracturing fluids and detected in
produced water of hydraulically fractured wells. The EPA used 28 sources of information to identify
the chemicals used in hydraulic fracturing fluids or detected in produced water of hydraulically
fracturing wells. The sources include compilations of industry-provided data (all Toxic Substance
Control Act (TSCA) confidential business information (CBI) chemical lists handled by the EPA were
managed in accordance with TSCA CBI procedures); publications that represent collaborations
between state, non-profit, academic, and/or industry groups; and peer-reviewed journal articles.
Most of the listed chemicals were cited by multiple sources.
Seven of the 28 sources obtained information about the chemicals used in hydraulic fracturing
fluids from Material Safety Data Sheets (MSDSs) provided by chemical manufacturers for the
products they sell, as required by the Occupational Safety and Health Administration (OSHA). The
MSDSs must list all hazardous ingredients if they comprise at least 1% of the product; for
carcinogens, the reporting threshold is 0.1%. However, chemical manufacturers may withhold
information (e.g., chemical name, concentration of the substance in a mixture) about a hazardous
substance from MSDSs if it is claimed as confidential business information (CBI), provided that
certain conditions are met (OSHA, 2013).

Table H-1. Sources used to create lists of chemicals used in fracturing fluids or detected in
produced water.
The number next to each citation in the reference column corresponds to numbers in the reference columns found
in Table H-2, Table H-3, Table H-4, and Table H-5.

Reference

Citation

House of Representatives (U.S. House of Representatives). (2011). Chemicals used in
hydraulic fracturing. Washington, D.C.: U.S. House of Representatives, Committee on
Energy and Commerce, Minority Staff.
http://www.conservation.ca.gov/dog/general_information/Documents/Hydraulic%
ic-Fracturing-Chemicals-2011-4-18.pdf.

House of Representatives
(2011) a (1)

Colborn, T; Kwiatkowski, C; Schultz, K; Bachran, M. (2011). Natural gas operations
from a public health perspective. Hum Ecol Risk Assess 17: 1039-1056.
http://dx.doi.org/10.1080/10807039.2011.605662.

Colborn et al. (2011) a (2)

NYSDEC (New York State Department of Environmental Conservation). (2011).
Revised draft supplemental generic environmental impact statement (SGEIS) on the
oil, gas and solution mining regulatory program: Well permit issuance for horizontal
drilling and high-volume hydraulic fracturing to develop the Marcellus shale and
other low-permeability gas reservoirs. Albany, NY: NY SDEC.
http://www.dec.ny.gov/energy/75370.html.

NYSDEC (2011) a,b (3)
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Reference

Citation

U.S. EPA (U.S. Environmental Protection Agency). (2013). Data received from oil and
gas exploration and production companies, including hydraulic fracturing service
companies 2011 to 2013. Non-confidential business information source documents
are located in Federal Docket ID: EPA-HQ-ORD2010-0674. Available at
http://www.regulations.gov.

U.S. EPA (2013a) a (4)

Material Safety Data Sheets. (a) Encana/Halliburton Energy Services, Inc.: Duncan,
Oklahoma. Provided by Halliburton Energy Services during an onsite visit by the EPA
on May 10, 2010; (b) Encana Oil and Gas (USA), Inc.: Denver, Colorado. Provided to
US EPA Region 8.

Material Safety Data
Sheets a (5)

U.S. EPA (U.S. Environmental Protection Agency). (2004). Evaluation of impacts to
underground sources of drinking water by hydraulic fracturing of coalbed methane
reservoirs. (EPA/816/R-04/003). Washington, DC.: U.S. Environmental Protection
Agency, Office of Solid Waste.

U.S. EPA (2004) a (6)

PA DEP (Pennsylvania Department of Environmental Protection). (2010). Chemicals
PA DEP (2010) a (7)
used by hydraulic fracturing companies in Pennsylvania for surface and hydraulic
fracturing activities. Harrisburg, PA: Pennsylvania Department of Environmental
Protection (PADEP).
http://files.dep.state.pa.us/OilGas/BOGM/BOGMPortalFiles/MarcellusShale/Frac%20
list%206-30-2010.pdf.
U.S. EPA (U.S. Environmental Protection Agency). (2015). Analysis of hydraulic
U.S. EPA (2015c) a (8)
fracturing fluid data from the FracFocus chemical disclosure registry 1.0: Project
database [EPA Report]. (EPA/601/R-14/003). Washington, D.C.: U.S. Environmental
Protection Agency, Office of Research and Development.
http://www2.epa.gov/hfstudy/epa-project-database-developed-fracfocus-1disclosures.
Hayes, T. (2009). Sampling and analysis of water streams associated with the
Hayes (2009) b (9)
development of Marcellus shale gas. Des Plaines, IL: Marcellus Shale Coalition http://
energyindepth.org/wp-content/uploads/marcellus/2012/11/MSCommissionReport.pdf.
U.S. EPA (U.S. Environmental Protection Agency). (2011). Sampling data for flowback U.S. EPA (2011b) b (10)
and produced water provided to EPA by nine oil and gas well operators (nonconfidential business information). US Environmental Protection Agency.
http://www.regulations.gov/#!docketDetail;rpp=100;so=DESC;sb=docId;po=0;D=EPAHQ-ORD-2010-0674.
Akob, DM; Cozzarelli, IM; Dunlap, DS; Rowan, EL; Lorah, MM. (2015). Organic and
inorganic composition and microbiology of produced waters from Pennsylvania shale
gas wells. Appl Geochem 60: 116-125.
http://dx.doi.org/10.1016/j.apgeochem.2015.04.011.

Akob et al. (2015) b (11)

Cluff, M; Hartsock, A; Macrae, J; Carter, K; Mouser, PJ. (2014). Temporal changes in
microbial ecology and geochemistry in produced water from hydraulically fractured
Marcellus Shale Gas Wells. Environ Sci Technol 48: 6508-6517.
http://dx.doi.org/10.1021/es501173p.

Cluff et al. (2014) b (12)
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Reference

Citation

Digiulio, DC; Jackson, RB. (2016). Impact to underground sources of drinking water
and domestic wells from production well stimulation and completion practices in the
Pavillion, Wyoming, Field. Environ Sci Technol 50: 4524-4536.
http://dx.doi.org/10.1021/acs.est.5b04970.

Digiulio and Jackson
(2016) b (13)

Geological Survey of Alabama. (2014). Water management strategies for improved
coalbed methane production in the Black Warrior Basin. (DE-FE0000888).
Washington, DC: U.S. Department of Energy, National Energy Technology Library.
https://www.netl.doe.gov/research/oil-and-gas/natural-gas-resources/00888geosurveyalabama.

Geological Survey of
Alabama (2014) b (14)

Hayes, T; Severin, B. (2012). Characterization of flowback water from the the
Hayes and Severin
Marcellus and the Barnett shale regions. Barnett and Appalachian shale water
(2012a) b (15)
management and reuse technologies. (08122-05.09; Contract 08122-05). Hayes, T;
Severin, B. http://www.rpsea.org/media/files/project/2146b3a0/08122-05-RTCharacterization_Flowback_Waters_Marcellus_Barnett_Shale_Regions-03-20-12.pdf.
Khan, NA; Engle, M; Dungan, B; Holguin, FO; Xu, P; Carroll, KC. (2016). Volatile-organic Khan et al. (2016) b (16)
molecular characterization of shale-oil produced water from the Permian Basin.
Chemosphere 148: 126-136. http://dx.doi.org/10.1016/j.chemosphere.2015.12.116.
Lester, Y; Ferrer, I; Thurman, EM; Sitterley, KA; Korak, JA; Aiken, G; Linden, KG. (2015). Lester et al. (2015) b (17)
Characterization of hydraulic fracturing flowback water in Colorado: Implications for
water treatment. Sci Total Environ 512-513: 637-644.
http://dx.doi.org/10.1016/j.scitotenv.2015.01.043.
Maguire-Boyle, SJ; Barron, AR. (2014). Organic compounds in produced waters from
shale gas wells. Environ Sci Process Impacts 16: 2237-2248.
http://dx.doi.org/10.1039/c4em00376d.

Maguire-Boyle and
Barron (2014) b (18)

Olsson, O; Weichgrebe, D; Rosenwinkel, KH. (2013). Hydraulic fracturing wastewater
in Germany: Composition, treatment, concerns. Environ Earth Sci 70: 3895-3906.
http://dx.doi.org/10.1007/s12665-013-2535-4.

Olsson et al. (2013) b (19)

Orem, WH; Tatu, CA; Lerch, HE; Rice, CA; Bartos, TT; Bates, AL; Tewalt, S; Corum, MD. Orem et al. (2007) b (20)
(2007). Organic compounds in produced waters from coalbed natural gas wells in the
Powder River Basin, Wyoming, USA. Appl Geochem 22: 2240-2256.
http://dx.doi.org/10.1016/j.apgeochem.2007.04.010.
Orem, W; Tatu, C; Varonka, M; Lerch, H; Bates, A; Engle, M; Crosby, L; McIntosh, J.
(2014). Organic substances in produced and formation water from unconventional
natural gas extraction in coal and shale. Int J Coal Geol 126: 20-31.
http://dx.doi.org/10.1016/j.coal.2014.01.003.

Orem et al. (2014) b (21)

Thacker, JB; Carlton, DD, Jr; Hildenbrand, ZL; Kadjo, AF; Schug, KA. (2015). Chemical
analysis of wastewater from unconventional drilling operations. Water 7: 1568-1579.
http://dx.doi.org/10.3390/w7041568.

Thacker et al. (2015) b (22)

Thurman, EM; Ferrer, I; Blotevogel, J; Borch, T. (2014). Analysis of hydraulic fracturing Thurman et al. (2014) b
flowback and produced waters using accurate mass: Identification of ethoxylated
(23)
surfactants. Anal Chem 86: 9653-9661. http://dx.doi.org/10.1021/ac502163k.
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Reference

Citation

Rowan, EL; Engle, MA; Kirby, CS; Kraemer, TF. (2011). Radium content of oil- and gasfield produced waters in the northern Appalachian Basin (USA): Summary and
discussion of data. (Scientific Investigations Report 20115135). Reston, VA: U.S.
Geological Survey. http://pubs.usgs.gov/sir/2011/5135/.

Rowan et al. (2011) b (24)

PA DEP (Pennsylvania Department of Environmental Protection). (2015).
Technologically enhanced naturally occurring radioactive materials (TENORM) study
report. Harrisburg, PA.

PA DEP (2015) b (25)

Ziemkiewicz, PF; He, YT. (2015). Evolution of water chemistry during Marcellus Shale
gas development: A case study in West Virginia. Chemosphere 134: 224-231.
http://dx.doi.org/10.1016/j.chemosphere.2015.04.040.

Ziemkiewicz and He
(2015) b (26)

Dresel, PE; Rose, AW. (2010). Chemistry and origin of oil and gas well brines in
western Pennsylvania (pp. 48). (Open-File Report OFOG 1001.0). Harrisburg, PA:
Pennsylvania Geological Survey, 4th ser.
http://www.marcellus.psu.edu/resources/PDFs/brines.pdf.

Dresel and Rose (2010) b
(27)

Barbot, E; Vidic, NS; Gregory, KB; Vidic, RD. (2013). Spatial and temporal correlation
of water quality parameters of produced waters from Devonian-age shale following
hydraulic fracturing. Environ Sci Technol 47: 2562-2569.

Barbot et al. (2013) b (28)

a Sources

used to identify chemicals used in hydraulic fracturing fluids.

b Sources

used to identify chemicals detected in produced water.

Once it had identified chemicals used in hydraulic fracturing fluids and chemicals detected in
produced water, the EPA conducted an initial review of the chemicals for preliminary validation of
provided chemical name and Chemical Abstracts Service Registry Number (CASRN) combinations.
A CASRN is a numeric identifier assigned by the Chemical Abstracts Service (CAS) to a chemical
substance when it enters the CAS Registry Database.
The EPA Office of Research and Development’s National Center for Computational Toxicology
(NCCT) processed and provided the final list of curated CASRN-chemical name matches with
validated chemical structures from NCCT’s Distributed Structure-Searchable Toxicity Database
(DSSTox) (U.S. EPA, 2013b). As of late 2016, the DSSTox database exceeds 700,000 chemical
substances. The highest quality, manually curated subset (~25,000 chemical substances) focuses on
chemicals of relevance to environmental exposures, toxicity, and bioactivity. Additional content
(~130,000 chemical substances) imported from the EPA’s Substance Registry System (SRS)
chemicals and the National Library of Medicine (NLM)’s ChemID library comprises a portion the
DSSTox database with intermediate quality (NLM, 2014; U.S. EPA, 2014e). The remainder of the
chemical substances are imported from lower quality, uncurated public resources such as PubChem
(https://pubchem.ncbi.nlm.nih.gov/). The entire DSSTox database is searchable through the EPA
public CompTox Dashboard (https://comptox.epa.gov/dashboard).
The DSSTox database is distinguished from other publicly available chemical databases by the
manual curation workflow applied to high-priority EPA chemical lists, as well as by the
enforcement of unique (1:1:1) mappings of CASRN to a single “preferred name” and unique
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chemical structure. Initial automated-processing of a CASRN and/or chemical name list yields
various types of corrections, notes, and mappings to registered DSSTox chemical substance records.
The simplest include: (1) CASRN- exact chemical name match; (2) CASRN-synonym chemical name
match; (3) CASRN-match through mapping of a “deleted” CASRN that is no longer in use to an
“active” CASRN; (4) Auto-repair of common errors in CASRN formatting resulting in a CASRN- exact
or synonym chemical name match. These four situations are considered valid “matches” and the
records are mapped to a DSSTox ID directly.
Other situations (such as when a CASRN-chemical name appears mismatched in an original source
of information or when only a chemical name without a CASRN is provided in the original source)
require various levels of curation review prior to final mapping of a CASRN to a single chemical
name and unique structure. The general methodology for resolving conflicts between CASRNchemical name combinations and other chemical identification issues differed slightly depending
on the data provided by each source. To resolve CASRN-chemical name issues in data provided by
the nine service companies, the EPA worked with each company to verify the CASRN-chemical
name matches proposed by NCCT. In cases of CASRN-chemical name mismatches in data provided
by FracFocus, chemical names were considered primary to the CASRN (i.e., the name overrode the
CASRN). When the chemical name was non-specific and the CASRN was valid, then the CASRN was
considered primary to the chemical name, and the correct specific chemical name from DSSTox was
assigned to the CASRN. For all other sources of information, the CASRN was considered primary
unless it was invalid or missing. In such cases, the chemical name was primary.
When no CASRN-chemical name match is possible, the chemical may undergo manual curation
review and require registration of new DSSTox substance-structure records. Each registered
DSSTox substance record, in turn, is assigned a Curation Quality Score that indicates the level of
curation (automated vs. manual) and reliability of the CASRN-chemical name-structure association.
The manual DSSTox curation process is carried out in accordance with the published DSSTox
Chemical Information Quality Review Procedures (ftp://ftp.epa.gov/dsstoxftp/DSSTox_Archive_
20150930/DSSTox_ChemInfQAProcedures_20150930.pdf).
Individual chemicals or chemical mixtures with valid CASRN-chemical name matches that are used
in hydraulic fracturing fluids are presented in Table H-2. Generic chemicals used in hydraulic
fracturing fluids (i.e., encompassing a general class of chemicals) or chemicals without a valid
CASRN-chemical name match are presented in Table H-3. Chemicals with valid CASRN-chemical
name matches that have been detected in produced water are presented in Table H-4. Generic
chemicals or chemicals without a valid CASRN-chemical name match that have been detected in
produced water are presented in Table H-5. Chemicals with valid CASRN-chemical name matches
found in both fracturing fluids and produced water are also indicated in Table H-2 and Table H-4.
In total, 1,606 chemicals with valid CASRN-chemical name matches were reported to be used in
hydraulic fracturing fluids and/or detected in produced water from hydraulically fractured wells.
This total number comprises 1,084 chemicals reported to be used in hydraulic fracturing fluids
from 2005–2013 and 599 chemicals detected in produced water according to the sources of
information that we summarized. The number of chemicals reported to be used in hydraulic
fracturing fluids from 2005–2013 that were also detected in produced water was 77.
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Table H-2. Chemicals reported to be used in hydraulic fracturing fluids.
Chemicals were reported to be used in hydraulic fracturing fluids from 2005-2013, according to the references cited. An “X” indicates the availability of
physicochemical properties from EPI SuiteTM (Appendix C) and selected toxicity data (Appendix G). An empty cell indicates no information was available from
the sources we consulted. Reference number corresponds to the citation in Table H-1.

Chemical namea

CASRNb

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

Reference

(13Z)-N,N-bis(2-hydroxyethyl)-N-methyldocos-13-en-1-aminium
chloride

120086-58-0

X

1

(2,3-dihydroxypropyl)trimethylammonium chloride

34004-36-9

X

8

(E)-Crotonaldehyde

123-73-9

X

[Nitrilotris(methylene)]tris-phosphonic acid pentasodium salt

2235-43-0

X

1

1-(1-Naphthylmethyl)quinolinium chloride

65322-65-8

X

1

1-(Alkyl* amino)-3-aminopropane *(42%C12, 26%C18, 15%C14, 8%C16,
5%C10, 4%C8)

68155-37-3

X

8

1-(Phenylmethyl)pyridinium Et Me derivs., chlorides

68909-18-2

X

1, 2, 3, 4, 6, 8

X

1, 4

1,2,3-Trimethylbenzene

526-73-8

X

X

X

1, 4

1,2,4-Trimethylbenzene

95-63-6

X

X

X

1, 2, 3, 4, 5

1,2-Benzisothiazolin-3-one

2634-33-5

X

1, 3, 4

1,2-Dibromo-2,4-dicyanobutane

35691-65-7

X

1, 4

1,2-Ethanediamine, polymer with 2-methyloxirane

25214-63-5

1,2-Ethanediaminium, N,N'-bis[2-[bis(2hydroxyethyl)methylammonio]ethyl]-N,N'-bis(2-hydroxyethyl)-N,N'dimethyl-, tetrachloride

138879-94-4

1,2-Propylene glycol

57-55-6

1,2-Propylene oxide
1,3,5-Triazine

8
X
X

X

1, 2, 3, 4, 8

75-56-9

X

X

1, 4

290-87-9

X

H-8
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Chemical namea

CASRNb

1,3,5-Triazine-1,3,5(2H,4H,6H)-triethanol

4719-04-4

1,3,5-Trimethylbenzene

108-67-8

1,3-Butadiene

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

X

1, 4

X

X

1, 4

106-99-0

X

X

8

1,3-Dichloropropene

542-75-6

X

X

8

1,4-Dioxane

123-91-1

X

X

2, 3, 4

1,4-Dioxane-2,5-dione, 3,6-dimethyl-, (3R,6R)-, polymer with (3S,6S)3,6-dimethyl-1,4-dioxane-2,5-dione and (3R,6S)-rel-3,6-dimethyl-1,4dioxane-2,5-dione

9051-89-2

1,6-Hexanediamine

124-09-4

X

1, 2

1,6-Hexanediamine dihydrochloride

6055-52-3

X

1

1-[2-(2-Methoxy-1-methylethoxy)-1-methylethoxy]-2-propanol

20324-33-8

X

4

78-96-6

X

8

15619-48-4

X

1, 3, 4

1-Amino-2-propanol
1-Benzylquinolinium chloride
1-Butanol

71-36-3

X

Reference

X

1, 4, 8

X

X

X

1, 2, 3, 4, 7

1-Butoxy-2-propanol

5131-66-8

X

8

1-Decanol

112-30-1

X

1, 4

1-Dodecyl-2-pyrrolidinone

2687-96-9

X

1, 4

1-Eicosene

3452-07-1

X

3

1-Ethyl-2-methylbenzene

611-14-3

X

X

4

1-Hexadecene

629-73-2

X

X

3

1-Hexanol

111-27-3

X

1, 4, 8

1-Hexanol, 2-ethyl-, manuf. of, by products from, distn. residues

68609-68-7

H-9
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Chemical namea
1H-Imidazole-1-ethanamine, 4,5-dihydro-, 2-nortall-oil alkyl derivs.

CASRNb

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

68442-97-7

Reference
2, 4

1-Methoxy-2-propanol

107-98-2

X

1, 2, 3, 4

1-Octadecanamine, acetate (1:1)

2190-04-7

X

8

1-Octadecanamine, N,N-dimethyl-

124-28-7

X

1, 3, 4

1-Octadecene

112-88-9

X

3

1-Octanol

111-87-5

X

1, 4

1-Pentanol

71-41-0

X

8

X

1-Propanaminium, 3-amino-N-(carboxymethyl)-N,N-dimethyl-, N-coco
acyl derivs., chlorides, sodium salts

61789-39-7

1

1-Propanaminium, 3-amino-N-(carboxymethyl)-N,N-dimethyl-, N-coco
acyl derivs., inner salts

61789-40-0

1, 2, 3, 4

1-Propanaminium, 3-chloro-2-hydroxy-N,N,N-trimethyl-, chloride

3327-22-8

1-Propanaminium, N-(3-aminopropyl)-2-hydroxy-N,N-dimethyl-3-sulfo-,
N-coco acyl derivs., inner salts

68139-30-0

1, 3, 4

1-Propanaminium, N-(carboxymethyl)-N,N-dimethyl-3-[(1oxooctyl)amino]-, inner salt

73772-46-0

8

1-Propanesulfonic acid

5284-66-2

1-Propanol
1-Propanol, zirconium(4+) salt
1-Propene

71-23-8

X

X

8

X

3

X

1, 2, 4, 5

23519-77-9

1, 4, 8

115-07-1

X

X

2

1-tert-Butoxy-2-propanol

57018-52-7

X

X

8

1-Tetradecene

1120-36-1

X

3

1-Tridecanol

112-70-9

X

1, 4
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Chemical namea

CASRNb

1-Undecanol

112-42-5

2-(2-Butoxyethoxy)ethanol

112-34-5

2-(2-Ethoxyethoxy)ethanol

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

X

2

X

X

2, 4

111-90-0

X

X

1, 4

2-(2-Ethoxyethoxy)ethyl acetate

112-15-2

X

1, 4

2-(Dibutylamino)ethanol

102-81-8

X

1, 4

2-(Hydroxymethylamino)ethanol

34375-28-5

X

1, 4

2-(Thiocyanomethylthio)benzothiazole

21564-17-0

X

2,2'-(diazene-1,2-diyldiethane-1,1-diyl)bis-4,5-dihydro-1H-imidazole
dihydrochloride

27776-21-2

X

3

2,2'-(Octadecylimino)diethanol

10213-78-2

X

1

2,2'-[Ethane-1,2-diylbis(oxy)]diethanamine

929-59-9

X

1, 4

2,2'-Azobis(2-amidinopropane) dihydrochloride

2997-92-4

X

1, 4

2,2-Dibromo-3-nitrilopropionamide

10222-01-2

X

1, 2, 3, 4, 6, 7, 8

2,2-Dibromopropanediamide

73003-80-2

X

3

2,4-Hexadienoic acid, potassium salt, (2E,4E)-

24634-61-5

X

3

123-17-1

X

8

2,6,8-Trimethyl-4-nonanol

X

Reference

X

X

2

2-Acrylamide - 2-propanesulfonic acid and N,N-dimethylacrylamide
copolymer

NOCAS_51252

2

2-Acrylamido -2-methylpropanesulfonic acid copolymer

NOCAS_51255

8

2-Acrylamido-2-methyl-1-propanesulfonic acid
2-Amino-2-methylpropan-1-ol
2-Aminoethanol ester with boric acid (H3BO3) (1:1)

15214-89-8

X

1, 3

124-68-5

X

8

10377-81-8

H-11

8
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Chemical namea

CASRNb

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

Reference

2-Aminoethanol hydrochloride

2002-24-6

X

4, 8

2-Bromo-3-nitrilopropionamide

1113-55-9

X

1, 2, 3, 4, 5

96-29-7

X

1

2-Butanone oxime
2-Butenediamide, (2E)-, N,N'-bis[2-(4,5-dihydro-2-nortall-oil alkyl-1Himidazol-1-yl)ethyl] derivs.

68442-77-3

2-Butoxy-1-propanol

15821-83-7

2-Butoxyethanol
2-Dodecylbenzenesulfonic acid- n-(2-aminoethyl)ethane-1,2diamine(1:1)

111-76-2

3, 8
X
X

X

8
X

1, 2, 3, 4, 6, 7, 8

40139-72-8

X

2-Ethoxyethanol

110-80-5

X

2-Ethoxynaphthalene

93-18-5

X

3

2-Ethyl-1-hexanol

104-76-7

X

1, 2, 3, 4, 5

2-Ethyl-2-hexenal

645-62-5

X

2

2-Ethylhexyl benzoate

5444-75-7

X

4

2-Hydroxyethyl acrylate

818-61-1

X

1, 4

2-Hydroxyethylammonium hydrogen sulphite

13427-63-9

X

1

2-Hydroxy-N,N-bis(2-hydroxyethyl)-N-methylethanaminium chloride

7006-59-9

X

8

2-Mercaptoethanol

60-24-2

X

1, 4

2-Methoxyethanol

109-86-4

X

X

4

2-Methyl-1-propanol

78-83-1

X

X

1, 2, 4

2-Methyl-2,4-pentanediol

107-41-5

X

1, 2, 4

2-Methyl-3(2H)-isothiazolone

2682-20-4

X

1, 2, 4

H-12

X

8
X

6
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Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

Chemical namea

CASRNb

2-Methyl-3-butyn-2-ol

115-19-5

X

3

2-Methylbutane

78-78-4

X

2

2-Methylquinoline hydrochloride

62763-89-7

X

3

2-Phosphono-1,2,4-butanetricarboxylic acid

37971-36-1

X

1, 4

2-Phosphonobutane-1,2,4-tricarboxylic acid, potassium salt (1:x)

93858-78-7

X

1

2-Propanol, aluminum salt

Reference

555-31-7

1

2-Propen-1-aminium, N,N-dimethyl-N-2-propenyl-, chloride,
homopolymer

26062-79-3

3

2-Propenamide, homopolymer

25038-45-3

8

2-Propenoic acid, 2-(2-hydroxyethoxy)ethyl ester

13533-05-6

2-Propenoic acid, 2-ethylhexyl ester, polymer with 2-hydroxyethyl 2propenoate

36089-45-9

8

2-Propenoic acid, 2-methyl-, polymer with 2-propenoic acid, sodium salt

28205-96-1

8

2-Propenoic acid, 2-methyl-, polymer with sodium 2-methyl-2-[(1-oxo2-propen-1-yl)amino]-1-propanesulfonate (1:1)

136793-29-8

8

2-Propenoic acid, ethyl ester, polymer with ethenyl acetate and 2,5furandione, hydrolyzed

113221-69-5

4, 8

2-Propenoic acid, ethyl ester, polymer with ethenyl acetate and 2,5furandione, hydrolyzed, sodium salt

111560-38-4

8

2-Propenoic acid, polymer with 2-propenamide, sodium salt

25987-30-8

3, 4, 8

2-Propenoic acid, polymer with ethene, zinc salt

28208-80-2

8

2-Propenoic acid, polymer with ethenylbenzene

25085-34-1

8

H-13

X

4
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Chemical namea

CASRNb

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

Reference

2-Propenoic acid, polymer with sodium ethanesulfonate,
peroxydisulfuric acid, disodium salt- initiated, reaction products with
tetrasodium ethenylidenebis (phosphonata)

397256-50-7

8

2-Propenoic acid, polymer with sodium phosphinate (1:1), sodium salt

129898-01-7

8

2-Propenoic acid, sodium salt (1:1), polymer with sodium 2-methyl-2((1-oxo-2-propen-1-yl)amino)-1-propanesulfonate (1:1)

37350-42-8

1

2-Propenoic acid, telomer with sodium 4-ethenylbenzenesulfonate
(1:1), sodium 2-methyl-2-[(1-oxo-2-propen-1-yl)amino]-1propanesulfonate (1:1) and sodium sulfite (1:1), sodium salt

151006-66-5

4

2-Propenoic, polymer with sodium phosphinate

71050-62-9

3, 4

3-(Dimethylamino)propylamine

109-55-7

X

8

3,4,4-Trimethyloxazolidine

75673-43-7

X

8

3,5,7-Triazatricyclo(3.3.1.1(superscript 3,7))decane, 1-(3-chloro-2propenyl)-, chloride, (Z)-

51229-78-8

X

3

3,7-Dimethyl-2,6-octadienal

5392-40-5

X

3

3-Hydroxybutanal

107-89-1

X

1, 2, 4

3-Methoxypropylamine

5332-73-0

X

8

3-Phenylprop-2-enal

104-55-2

X

1, 2, 3, 4, 7

4,4-Dimethyloxazolidine

51200-87-4

X

8

4,6-Dimethyl-2-heptanone

19549-80-5

X

8

4-[Abieta-8,11,13-trien-18-yl(3-oxo-3-phenylpropyl)amino]butan-2-one
hydrochloride

143106-84-7

X

1, 4

4-Ethyloct-1-yn-3-ol

5877-42-9

X

1, 2, 3, 4

4-Hydroxy-3-methoxybenzaldehyde

121-33-5

X

3

H-14

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

Chemical namea

CASRNb

4-Methoxybenzyl formate

122-91-8

X

3

4-Methoxyphenol

150-76-5

X

4

4-Methyl-2-pentanol

108-11-2

X

1, 4

4-Methyl-2-pentanone

108-10-1

X

4-Nonylphenol

104-40-5

X

4-Nonylphenol polyethoxylate

68412-54-4

5-Chloro-2-methyl-3(2H)-isothiazolone

26172-55-4

X

Reference

5
8
2, 3, 4

X

Acetaldehyde

75-07-0

X

X

Acetic acid

64-19-7

X

X

1, 2, 4
X

1, 4
1, 2, 3, 4, 5, 6, 7, 8

Acetic acid ethenyl ester, polymer with ethenol

25213-24-5

Acetic acid, C6-8-branched alkyl esters

90438-79-2

X

4

Acetic acid, hydroxy-, reaction products with triethanolamine

68442-62-6

X

3

Acetic acid, mercapto-, monoammonium salt

5421-46-5

X

2, 8

Acetic acid, reaction products with acetophenone, cyclohexylamine,
formaldehyde and methanol

224635-63-6

Acetic anhydride

108-24-7

Acetone

67-64-1

Acetonitrile, 2,2',2''-nitrilotris-

1, 4

8
X
X

7327-60-8

Acetophenone

98-86-2

Acetyltriethyl citrate

77-89-4

Acrolein

107-02-8

Acrylamide

79-06-1

H-15

X

1, 2, 3, 4, 7
X

X
X

X

1, 4
X

X
X

1, 3, 4, 6

1
1, 4

X

X

2

X

X

1, 2, 3, 4
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Chemical namea

CASRNb

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

Reference

Acrylamide/ sodium acrylate copolymer

25085-02-3

1, 2, 3, 4, 8

Acrylamide-sodium-2-acrylamido-2-methlypropane sulfonate
copolymer

38193-60-1

1, 2, 3, 4

Acrylic acid

79-10-7

X

Acrylic acid, with sodium-2-acrylamido-2-methyl-1-propanesulfonate
and sodium phosphinate

110224-99-2

X

Alcohols (C13-C15), ethoxylated

64425-86-1

Alcohols, C10-12, ethoxylated

67254-71-1

Alcohols, C10-14, ethoxylated

66455-15-0

Alcohols, C11-14-iso-, C13-rich

68526-86-3

Alcohols, C11-14-iso-, C13-rich, butoxylated ethoxylated

228414-35-5

Alcohols, C11-14-iso-, C13-rich, ethoxylated

78330-21-9

X

3, 4, 8

Alcohols, C12-13, ethoxylated

66455-14-9

X

4

Alcohols, C12-14, ethoxylated

68439-50-9

Alcohols, C12-14, ethoxylated propoxylated

68439-51-0

X

1, 3, 4, 8

Alcohols, C12-14-secondary

126950-60-5

X

1, 3, 4

Alcohols, C12-14-secondary, ethoxylated

84133-50-6

3, 4, 8

Alcohols, C12-15, ethoxylated

68131-39-5

3, 4

Alcohols, C12-16, ethoxylated

68551-12-2

X

3, 4, 8

Alcohols, C14-15, ethoxylated

68951-67-7

X

3, 4, 8

Alcohols, C6-12, ethoxylated

68439-45-2

X

3, 4, 8

Alcohols, C7-9-iso-, C8-rich, ethoxylated

78330-19-5

X

2, 4, 8

H-16

X

2, 4
8
8

X

3
3

X

3
1

2, 3, 4, 8
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Chemical namea

CASRNb

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

Reference

Alcohols, C8-10, ethoxylated propoxylated

68603-25-8

3

Alcohols, C9-11, ethoxylated

68439-46-3

X

3, 4

Alcohols, C9-11-iso-, C10-rich, ethoxylated

78330-20-8

X

1, 2, 4, 8

Alkanes C10-16-branched and linear

90622-52-9

4

Alkanes, C10-14

93924-07-3

1

Alkanes, C12-14-iso-

68551-19-9

X

2, 4, 8

Alkanes, C13-16-iso-

68551-20-2

X

1, 4

Alkenes, C>10 .alpha.-

64743-02-8

X

1, 3, 4, 8

Alkenes, C>8

68411-00-7

1

Alkenes, C24-25 alpha-, polymers with maleic anhydride, docosyl esters

68607-07-8

8

Alkyl quaternary ammonium with bentonite

71011-24-0

4

Alkyl* dimethyl ethylbenzyl ammonium chloride *(50%C12, 30%C14,
17%C16, 3%C18)

NOCAS_34320

X

8

Alkyl* dimethyl ethylbenzyl ammonium chloride *(60%C14, 30%C16,
5%C12, 5%C18)

68956-79-6

X

8

Alkylbenzenesulfonate, linear

42615-29-2

X

1, 4, 6

Almandite and pyrope garnet

1302-62-1

1, 4

alpha-[3.5-dimethyl-1-(2-methylpropyl)hexyl]-omega-hydroxy-poly(oxy1,2-ethandiyl)

60828-78-6

3

alpha-Amylase

9000-90-2

4

alpha-Lactose monohydrate

5989-81-1

X

8

98-55-5

X

3

alpha-Terpineol
Alumina

1344-28-1

H-17

1, 2, 4
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Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

Chemical namea

CASRNb

Aluminatesilicate

1327-36-2

Aluminum

7429-90-5

Aluminum calcium oxide (Al2CaO4)

12042-68-1

2

Aluminum chloride

7446-70-0

1, 4

Aluminum chloride hydroxide sulfate

39290-78-3

8

Aluminum chloride, basic

1327-41-9

3, 4

Aluminum oxide (Al2O3)

90669-62-8

8

Aluminum oxide silicate

12068-56-3

1, 2, 4

Aluminum silicate

12141-46-7

1, 2, 4

Aluminum sulfate

10043-01-3

1, 4

Amaranth

915-67-3

Reference
8

X

X

X

X

1, 4, 6

4

Amides, C8-18 and C18-unsatd., N,N-bis(hydroxyethyl)

68155-07-7

3

Amides, coco, N-[3-(dimethylamino)propyl]

68140-01-2

1, 4

Amides, coco, N-[3-(dimethylamino)propyl], alkylation products with
chloroacetic acid, sodium salts

70851-07-9

1, 4

Amides, coco, N-[3-(dimethylamino)propyl], alkylation products with
sodium 3-chloro-2-hydroxypropanesulfonate

70851-08-0

8

Amides, coco, N-[3-(dimethylamino)propyl], N-oxides

68155-09-9

1, 3, 4

Amides, from C16-22 fatty acids and diethylenetriamine

68876-82-4

3

Amides, tall-oil fatty, N,N-bis(hydroxyethyl)

68155-20-4

3, 4

Amides, tallow, N-[3-(dimethylamino)propyl],N-oxides

68647-77-8

1, 4

Amine oxides, cocoalkyldimethyl

61788-90-7

8

H-18
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Chemical namea

CASRNb

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

Reference

Amines, C14-18; C16-18-unsaturated, alkyl, ethoxylated

68155-39-5

1

Amines, C8-18 and C18-unsatd. alkyl

68037-94-5

5

Amines, coco alkyl

61788-46-3

4

Amines, coco alkyl, acetates

61790-57-6

1, 4

Amines, coco alkyl, ethoxylated

61791-14-8

8

Amines, coco alkyldimethyl

61788-93-0

8

Amines, dicoco alkyl

61789-76-2

8

Amines, dicoco alkylmethyl

61788-62-3

8

Amines, ditallow alkyl, acetates

71011-03-5

8

Amines, hydrogenated tallow alkyl, acetates

61790-59-8

4

Amines, N-tallow alkyltrimethylenedi-, ethoxylated

61790-85-0

8

Amines, polyethylenepoly-, ethoxylated, phosphonomethylated

68966-36-9

1, 4

Amines, polyethylenepoly-, reaction products with benzyl chloride

68603-67-8

1

Amines, tallow alkyl

61790-33-8

8

Amines, tallow alkyl, ethoxylated, acetates (salts)

68551-33-7

1, 3, 4

Amines, tallow alkyl, ethoxylated, phosphates

68308-48-5

4

Aminotrimethylene phosphonic acid

6419-19-8

Ammonia

7664-41-7

Ammonium (lauryloxypolyethoxy)ethyl sulfate

32612-48-9

X
X

1, 4, 8
1, 2, 3, 4, 7
4

Ammonium acetate

631-61-8

X

1, 3, 4, 5, 8

Ammonium acrylate

10604-69-0

X

8

Ammonium acrylate-acrylamide polymer

26100-47-0

H-19

2, 4, 8
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CASRNb

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

Reference

Ammonium bisulfate

7803-63-6

2

Ammonium bisulfite

10192-30-0

1, 2, 3, 4, 7

Ammonium chloride

12125-02-9

1, 2, 3, 4, 5, 6, 8

Ammonium citrate (1:1)

7632-50-0

X

3

Ammonium citrate (2:1)

3012-65-5

X

8

Ammonium dodecyl sulfate

2235-54-3

X

1

Ammonium fluoride

12125-01-8

Ammonium hydrogen carbonate

1066-33-7

Ammonium hydrogen difluoride

1341-49-7

1, 3, 4, 7

Ammonium hydrogen phosphonate

13446-12-3

4

Ammonium hydroxide

1336-21-6

1, 3, 4

Ammonium lactate

515-98-0

Ammonium ligninsulfonate

8061-53-8

2

Ammonium nitrate

6484-52-2

1, 2, 3

Ammonium phosphate

7722-76-1

Ammonium sulfate

7783-20-2

1, 2, 3, 4, 6

Ammonium thiosulfate

7783-18-8

8

Amorphous silica

99439-28-8

1, 7

1, 4
X

X

104-46-1

X

Aniline

62-53-3

X

1314-60-9

Antimony trichloride

10025-91-9

H-20

8

X

Anethole

Antimony pentoxide

1, 4

1, 4

3
X

2, 4
1, 4

X

1, 4
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Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

Reference

X

8

X

4

Chemical namea

CASRNb

Antimony trioxide

1309-64-4

Arsenic

7440-38-2

Ashes, residues

68131-74-8

4

Asphalt, sulfonated, sodium salt

68201-32-1

2

Attapulgite

12174-11-7

Aziridine, polymer with 2-methyloxirane

31974-35-3

4, 8

Barium sulfate

7727-43-7

1, 2, 4

Bauxite

1318-16-7

1, 2, 4

Benactyzine hydrochloride
Bentonite

X

X

57-37-4

X

2, 3

8

1302-78-9

1, 2, 4, 6

Bentonite, benzyl(hydrogenated tallow alkyl) dimethylammonium
stearate complex

121888-68-4

3, 4

Benzamorf

12068-08-5

Benzene

71-43-2

X
X

X

1, 4
X

1, 3, 4

Benzene, 1,1'-oxybis-, sec-hexyl derivs., sulfonated, sodium salts

147732-60-3

8

Benzene, 1,1'-oxybis-, tetrapropylene derivs., sulfonated

119345-03-8

8

Benzene, 1,1'-oxybis-, tetrapropylene derivs., sulfonated, sodium salts

119345-04-9

3, 4, 8

Benzene, C10-16-alkyl derivs.

68648-87-3

Benzene, ethenyl-, polymer with 2-methyl-1,3-butadiene, hydrogenated

68648-89-5

8

Benzenemethanaminium, N,N-dimethyl-N-(2-((1-oxo-2-propen-1yl)oxy)ethyl)-, chloride (1:1), polymer with 2-propenamide

74153-51-8

3

Benzenesulfonic acid

98-11-3

H-21

X

X

1

2

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Chemical namea
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constituent of
produced water
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properties

Selected
toxicity
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Reference

Benzenesulfonic acid, (1-methylethyl)-,

37953-05-2

X

4

Benzenesulfonic acid, (1-methylethyl)-, ammonium salt

37475-88-0

X

3, 4

Benzenesulfonic acid, (1-methylethyl)-, sodium salt

28348-53-0

X

8

Benzenesulfonic acid, C10-16-alkyl derivs.

68584-22-5

Benzenesulfonic acid, C10-16-alkyl derivs., compds. with
cyclohexylamine

255043-08-4

X

1

Benzenesulfonic acid, C10-16-alkyl derivs., compds. with
triethanolamine

68584-25-8

X

8

Benzenesulfonic acid, C10-16-alkyl derivs., potassium salts

68584-27-0

X

1, 4, 8

Benzenesulfonic acid, dodecyl-, branched, compds. with 2-propanamine

90218-35-2

X

4

Benzenesulfonic acid, mono-C10-16 alkyl derivs., compds. with 2propanamine

68648-81-7

Benzenesulfonic acid, mono-C10-16-alkyl derivs., sodium salts

68081-81-2

X

Benzoic acid

65-85-0

X

X

1, 4, 7

Benzyl chloride

100-44-7

X

X

1, 2, 4, 8

Benzyldimethyldodecylammonium chloride

139-07-1

X

2, 8

Benzylhexadecyldimethylammonium chloride

122-18-9

X

8

Benzyltrimethylammonium chloride

56-93-9

X

8

Bicine

150-25-4

X

1, 4

Bio-Perge

55965-84-9

Bis(1-methylethyl)naphthalenesulfonic acid, cyclohexylamine salt

68425-61-6

X

1, 4

1, 4

X

8

8
X

1

Bis(2-chloroethyl) ether

111-44-4

X

X

X

8

Bisphenol A

80-05-7

X

X

X

4

H-22
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Reference

Bisphenol A/ Epichlorohydrin resin

25068-38-6

1, 2, 4

Bisphenol A/ Novolac epoxy resin

28906-96-9

1, 4

Blast furnace slag

65996-69-2

2, 3

Borax

1303-96-4

1, 2, 3, 4, 6

Boric acid

10043-35-3

1, 2, 3, 4, 6, 7

Boric acid (H3BO3), compd. with 2-aminoethanol (1:x)d

26038-87-9

8

Boric oxide

1303-86-2

1, 2, 3, 4

Boron

7440-42-8

Boron potassium oxide (B4K2O7)

1332-77-0

8

Boron potassium oxide (B4K2O7), tetrahydrate

12045-78-2

8

Boron potassium oxide (B5KO8)

11128-29-3

1

Boron sodium oxide

1330-43-4

1, 2, 4

Boron sodium oxide pentahydrate

12179-04-3

8

X

X

8

Bronopol

52-51-7

X

1, 2, 3, 4, 6

Butane

106-97-8

X

2, 5

Butanedioic acid, sulfo-, 1,4-bis(1,3-dimethylbutyl) ester, sodium salt

2373-38-8

X

1

Butene

25167-67-3

X

8

Butyl glycidyl ether

2426-08-6

X

1, 4

Butyl lactate

138-22-7

X

1, 4

Butyryl trihexyl citrate

82469-79-2

X

8

C.I. Acid Red 1

3734-67-6

X

4

C.I. Acid violet 12, disodium salt

6625-46-3

X

4

H-23

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

Chemical namea

CASRNb

C.I. Pigment Red 5

6410-41-9

X

4

C.I. Solvent Red 26

4477-79-6

X

4

C10-16-Alkyldimethylamines oxides

70592-80-2

X

4

C10-C16 ethoxylated alcohol

68002-97-1

X

1, 2, 3, 4, 8

C11-15-Secondary alcohols ethoxylated

68131-40-8

C12-14 tert-alkyl ethoxylated amines

73138-27-9

C8-10 Alcohols

85566-12-7

8

Calcined bauxite

66402-68-4

2, 8

Calcium aluminate

12042-78-3

2

Calcium bromide

7789-41-5

4

75-20-7

8

Calcium chloride

10043-52-4

1, 2, 3, 4, 7

Calcium dichloride dihydrate

10035-04-8

1, 4

Calcium dodecylbenzene sulfonate

26264-06-2

Calcium fluoride

7789-75-5

1, 4

Calcium hydroxide

1305-62-0

1, 2, 3, 4

Calcium hypochlorite

7778-54-3

1, 2, 4

Calcium magnesium hydroxide oxide

58398-71-3

4

Calcium oxide

1305-78-8

1, 2, 4, 7

Calcium peroxide

1305-79-9

1, 3, 4, 8

Calcium sulfate

7778-18-9

1, 2, 4

Calcium sulfate dihydrate

10101-41-4

2

Calcium carbide (CaC2)

H-24

Reference

1, 2, 8
X

X

3

4

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Chemical namea

CASRNb

Camphor

76-22-2

Canola oil

120962-03-0

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

X

Reference
3
8

Carbon black

1333-86-4

X

Carbon dioxide

124-38-9

Carbonic acid calcium salt (1:1)

471-34-1

Carbonic acid, dipotassium salt

584-08-7

Carboxymethyl cellulose

9000-11-7

8

Carboxymethyl guar gum, sodium salt

39346-76-4

1, 2, 4

Castor oil

8001-79-4

8

Cedarwood oil

8000-27-9

3

Cellophane

9005-81-6

1, 4

Cellulose

9004-34-6

1, 2, 3, 4

Chloride

16887-00-6

X

Chlorine

7782-50-5

X

Chlorine dioxide

10049-04-4

Chlorobenzene

108-90-7

X

Chloromethane

74-87-3

X

Choline bicarbonate

78-73-9

X

3, 8

Choline chloride

67-48-1

X

1, 3, 4, 7, 8

X

X

1, 2, 4
1, 3, 4, 6
1, 2, 4

X

1, 2, 3, 4, 8

4, 8
X

2

X

1, 2, 3, 4, 8

X

X

8

X

X

8

Chromium (III)

16065-83-1

X

X

2, 6

Chromium (VI)

18540-29-9

X

X

6

Chromium acetate, basic

39430-51-8

H-25

2

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Chemical namea
Chromium(III) acetate
Citric acid

CASRNb

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

1066-30-4

1, 2

77-92-9

Citronella oil

8000-29-1

Citronellol

106-22-9

Reference

X

1, 2, 3, 4, 7
3

X

3

Citrus extract

94266-47-4

1, 3, 4, 8

Coal, granular

50815-10-6

1, 2, 4

71-48-7

1, 4

Coco-betaine

68424-94-2

3

Coconut oil

8001-31-8

8

Coconut oil acid/Diethanolamine condensate (2:1)

68603-42-9

Coconut trimethylammonium chloride

61789-18-2

Copper

7440-50-8

Copper sulfate

7758-98-7

1, 4, 8

Copper(I) chloride

7758-89-6

1, 4

Copper(I) iodide

7681-65-4

Copper(II) chloride

7447-39-4

1, 3, 4

Copper(II) sulfate, pentahydrate

7758-99-8

8

Corn flour

68525-86-0

4

Corn sugar gum

11138-66-2

1, 2, 4

Corundum (Aluminum oxide)

1302-74-5

4, 8

Cottonseed, flour

68308-87-2

2, 4

Cobalt(II) acetate

Coumarin

91-64-5

H-26

X
X
X

1, 8
X

X

X

1

X

1, 4

1, 2, 4, 6

3

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

Chemical namea

CASRNb

Cremophor(R) EL

61791-12-6

1, 3

Cristobalite

14464-46-1

1, 2, 4

Crystalline silica, tridymite

15468-32-3

1, 2, 4

Cumene
Cupric chloride dihydrate

98-82-8

X

X

X

10125-13-0

Reference

1, 2, 3, 4
1, 4, 7

Cyclohexane

110-82-7

X

1, 7

Cyclohexanol

108-93-0

X

8

Cyclohexanone

108-94-1

X

Cyclohexylamine sulfate

19834-02-7

X

8

D&C Red 28

18472-87-2

X

4

D&C Red No. 33

3567-66-6

X

8

Daidzein

486-66-8

X

8

Dapsone

80-08-0

X

Dazomet

533-74-4

X

Decamethylcyclopentasiloxane

541-02-6

Decyldimethylamine

1120-24-7

Deuterium oxide

7789-20-0

X

X

1, 4

1, 4
1, 2, 3, 4, 7, 8
8

X

3, 4
8

D-Glucitol

50-70-4

X

1, 3, 4

D-Gluconic acid

526-95-4

X

1, 4

D-Glucopyranoside, methyl

3149-68-6

X

2

D-Glucose

50-99-7

X

1, 4

Di(2-ethylhexyl) phthalate

117-81-7

H-27

X

X

X

1, 4

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Chemical namea

CASRNb

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

Reference

Diammonium peroxydisulfate

7727-54-0

1, 2, 3, 4, 6, 7, 8

Diatomaceous earth

68855-54-9

2, 4

Diatomaceous earth, calcined

91053-39-3

1, 2, 4

Dibromoacetonitrile

3252-43-5

Dicalcium silicate

10034-77-2

Dichloromethane

75-09-2

X

X

X

1, 2, 3, 4, 8
1, 2, 4

X

X

X

8

Didecyldimethylammonium chloride

7173-51-5

X

X

1, 2, 4, 8

Diethanolamine

111-42-2

X

X

1, 2, 3, 4, 6

Diethylbenzene

25340-17-4

X

1, 3, 4

Diethylene glycol

111-46-6

X

1, 2, 3, 4, 7

Diethylene glycol monomethyl ether

111-77-3

X

1, 2, 4

Diethylenetriamine

111-40-0

X

1, 2, 4, 5

Diethylenetriamine reaction product with fatty acid dimers

68647-57-4

2

Diisobutyl ketone

108-83-8

X

8

Diisopropanolamine

110-97-4

X

8

38640-62-9

X

3, 4

Dimethyl adipate

627-93-0

X

8

Dimethyl glutarate

1119-40-0

X

1, 4

Dimethyl polysiloxane

63148-62-9

Diisopropylnaphthalene

1, 2, 4

Dimethyl succinate

106-65-0

X

8

Dimethylaminoethanol

108-01-0

X

2, 4

Dimethyldiallylammonium chloride

7398-69-8

X

3, 4

H-28

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

Chemical namea

CASRNb

Diphenyl oxide

101-84-8

Dipotassium monohydrogen phosphate

7758-11-4

Dipropylene glycol

25265-71-8

X

1, 3, 4

Di-sec-butylphenol

31291-60-8

X

1

Disodium dodecyl(sulphonatophenoxy)benzenesulphonate

28519-02-0

X

1

Disodium ethylenediaminediacetate

38011-25-5

X

1, 4

Disodium ethylenediaminetetraacetate dihydrate

6381-92-6

X

1

Disodium octaborate

12008-41-2

4, 8

Disodium octaborate tetrahydrate

12280-03-4

1, 4

Disodium sulfide

1313-82-2

8

Distillates, petroleum, catalytic reformer fractionator residue, lowboiling

68477-31-6

1, 4

Distillates, petroleum, heavy arom.

67891-79-6

1, 4

Distillates, petroleum, hydrodesulfurized light catalytic cracked

68333-25-5

1

Distillates, petroleum, hydrodesulfurized middle

64742-80-9

1

Distillates, petroleum, hydrotreated heavy naphthenic

64742-52-5

1, 2, 3, 4

Distillates, petroleum, hydrotreated heavy paraffinic

64742-54-7

1, 2, 4

Distillates, petroleum, hydrotreated light

64742-47-8

1, 2, 3, 4, 5, 7, 8

Distillates, petroleum, hydrotreated light naphthenic

64742-53-6

1, 2, 8

Distillates, petroleum, hydrotreated light paraffinic

64742-55-8

8

Distillates, petroleum, hydrotreated middle

64742-46-7

1, 2, 3, 4, 8

Distillates, petroleum, light catalytic cracked

64741-59-9

1, 4

H-29

X

Reference
3
5

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Chemical namea

CASRNb

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

Reference

Distillates, petroleum, light hydrocracked

64741-77-1

3

Distillates, petroleum, solvent-dewaxed heavy paraffinic

64742-65-0

1

Distillates, petroleum, solvent-refined heavy naphthenic

64741-96-4

1, 4

Distillates, petroleum, steam-cracked

64742-91-2

1, 4

Distillates, petroleum, straight-run middle

64741-44-2

1, 2, 4

Distillates, petroleum, sweetened middle

64741-86-2

1, 4

Ditallow alkyl ethoxylated amines

71011-04-6

3

D-Lactic acid

10326-41-7

D-Limonene

5989-27-5

Docusate sodium

577-11-7

Dodecamethylcyclohexasiloxane

540-97-6

Dodecane

112-40-3

Dodecylbenzene

X
X

X

1, 4
X

X

1, 3, 4, 5, 7, 8
1
8

X

8

123-01-3

X

3, 4

Dodecylbenzenesulfonic acid

27176-87-0

X

Dodecylbenzenesulfonic acid, monoethanolamine salt

26836-07-7

X

Edifas B

9004-32-4

2, 3, 4

EDTA, copper salt

12276-01-6

1, 5, 6

Endo-1,4-.beta.-mannanase

37288-54-3

3, 8

Epichlorohydrin

106-89-8

X

X

X

2, 3, 4, 8
1, 4

X

1, 4, 8

Epoxy resin

25085-99-8

1, 4, 8

Erucic amidopropyl dimethyl betaine

149879-98-1

1, 3

Ethanaminium, N,N,N-trimethyl-2-[(1-oxo-2-propenyl)oxy]-, chloride

44992-01-0

H-30

X

3

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Chemical namea

CASRNb

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

Reference

Ethanaminium, N,N,N-trimethyl-2-[(1-oxo-2-propenyl)oxy]-,chloride,
polymer with 2-propenamide

69418-26-4

1, 3, 4

Ethanaminium, N,N,N-trimethyl-2-[(2-methyl-1-oxo-2-propen-1-yl)oxy]-,
chloride (1:1), polymer with 2-propenamide

35429-19-7

8

Ethanaminium, N,N,N-trimethyl-2-[(2-methyl-1-oxo-2-propenyl)oxy]-,
methyl sulfate, homopolymer

27103-90-8

8

Ethane

74-84-0

Ethanol

64-17-5

X
X

X

2, 5
X

1, 2, 3, 4, 5, 6, 8

Ethanol, 2,2',2''-nitrilotris-, tris(dihydrogen phosphate) (ester), sodium
salt

68171-29-9

Ethanol, 2,2'-iminobis-, N-coco alkyl derivs., N-oxides

61791-47-7

1

Ethanol, 2,2'-iminobis-, N-tallow alkyl derivs.

61791-44-4

1

Ethanol, 2,2'-oxybis-, reaction products with ammonia, morpholine
derivs. residues

68909-77-3

4, 8

Ethanol, 2,2-oxybis-, reaction products with ammonia, morpholine
derivs. residues, acetates (salts)

68877-16-7

4

Ethanol, 2,2-oxybis-, reaction products with ammonia, morpholine
derivs. residues, reaction products with sulfur dioxide

102424-23-7

4

Ethanol, 2-[2-[2-(tridecyloxy)ethoxy]ethoxy]-, hydrogen sulfate, sodium
salt

25446-78-0

Ethanol, 2-amino-, polymer with formaldehyde

34411-42-2

4

Ethanol, 2-amino-, reaction products with ammonia, by-products from,
phosphonomethylated

68649-44-5

4

X

X

4

1, 4

Ethanolamined

141-43-5

X

1, 2, 3, 4, 6, 8

Ethoxylated dodecyl alcohol

9002-92-0

X

4

H-31

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Chemical namea

CASRNb

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

Reference

Ethoxylated hydrogenated tallow alkylamines

61790-82-7

4

Ethoxylated, propoxylated trimethylolpropane

52624-57-4

3

Ethyl acetate

141-78-6

X

Ethyl acetoacetate

141-97-9

X

1, 4

Ethyl benzoate

93-89-0

X

3

Ethyl lactate

97-64-3

X

3

Ethyl salicylate

118-61-6

X

3

Ethylbenzene

100-41-4

Ethylcellulose

9004-57-3

Ethylene

74-85-1

Ethylene glycol

107-21-1

Ethylene oxide

X

X

X

X

1, 4, 7

1, 2, 3, 4, 7
2

X

X

8

X

X

1, 2, 3, 4, 6, 7, 8

75-21-8

X

X

1, 2, 3, 4

Ethylenediamine

107-15-3

X

X

2, 4

Ethylenediaminetetraacetic acid

60-00-4

X

1, 2, 4

Ethylenediaminetetraacetic acid tetrasodium salt

64-02-8

X

1, 2, 3, 4

Ethylenediaminetetraacetic acid, diammonium copper salt

X

67989-88-2

4

Ethylenediaminetetraacetic acid, disodium salt

139-33-3

X

1, 3, 4, 8

Ethyne

74-86-2

X

7

Fats and Glyceridic oils, vegetable, hydrogenated

68334-28-1

8

Fatty acid, tall oil, hexa esters with sorbitol, ethoxylated

61790-90-7

1, 4

Fatty acids, C 8-18 and C18-unsaturated compounds with
diethanolamine

68604-35-3

3

H-32

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Chemical namea

CASRNb

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

Reference

Fatty acids, C14-18 and C16-18-unsatd., distn. residues

70321-73-2

Fatty acids, C18-unsatd., dimers

61788-89-4

Fatty acids, C18-unsatd., dimers, compds. with ethoxylated tall-oil fatty
acid-polyethylenepolyamine reaction products

68132-59-2

8

Fatty acids, C18-unsatd., dimers, ethoxylated propoxylated

68308-89-4

8

Fatty acids, coco, ethoxylated

61791-29-5

3

Fatty acids, coco, reaction products with diethylenetriamine and soya
fatty acids, ethoxylated, chloromethane-quaternized

68604-75-1

8

Fatty acids, coco, reaction products with ethanolamine, ethoxylated

61791-08-0

3

Fatty acids, tall oil, reaction products with acetophenone, formaldehyde
and thiourea

68188-40-9

3

Fatty acids, tall-oil

61790-12-3

1, 2, 3, 4

Fatty acids, tall-oil, reaction products with diethylenetriamine

61790-69-0

1, 4

Fatty acids, tall-oil, reaction products with diethylenetriamine, maleic
anhydride, tetraethylenepentamine and triethylenetetramine

68990-47-6

8

Fatty acids, tallow, sodium salts

8052-48-0

1, 3

Fatty acids, vegetable-oil, reaction products with diethylenetriamine

68153-72-0

3

Fatty quaternary ammonium chloride

61789-68-2

1, 4

FD&C Blue no. 1

3844-45-9

X

FD&C Yellow 5

1934-21-0

X

FD&C Yellow 6

2783-94-0

X

Ferric chloride

7705-08-0

1, 3, 4

Ferric sulfate

10028-22-5

1, 4

H-33

2
X

2

X

1, 4
8

X

8

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Chemical namea

CASRNb

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

Reference

Ferrous sulfate monohydrate

17375-41-6

2

Ferumoxytol

1309-38-2

8

Fiberglass

65997-17-3

2, 3, 4

Formaldehyde

50-00-0

X

X

1, 2, 3, 4

Formaldehyde polymer with 4,1,1-(dimethylethyl)phenol and
methyloxirane

29316-47-0

3

Formaldehyde polymer with methyl oxirane, 4-nonylphenol and oxirane

63428-92-2

4, 8

Formaldehyde, polymer with 4-(1,1-dimethylethyl)phenol, 2methyloxirane and oxirane

30704-64-4

1, 2, 4, 8

Formaldehyde, polymer with 4-(1,1-dimethylethyl)phenol, 2methyloxirane, 4-nonylphenol and oxirane

68188-99-8

8

Formaldehyde, polymer with 4-nonylphenol and oxirane

30846-35-6

1, 4

Formaldehyde, polymer with 4-nonylphenol and phenol

40404-63-5

8

Formaldehyde, polymer with ammonia and phenol

35297-54-2

1, 4

Formaldehyde, polymer with bisphenol A

25085-75-0

4

Formaldehyde, polymer with N1-(2-aminoethyl)-1,2-ethanediamine,
benzylated

70750-07-1

8

Formaldehyde, polymer with nonylphenol and oxirane

55845-06-2

4

Formaldehyde, polymers with branched 4-nonylphenol, oxirane and 2methyloxirane

153795-76-7

1, 3

NOCAS_51232

1, 2, 3, 4

Formaldehyde/amine
Formamide

75-12-7

Formic acid

64-18-6

Formic acid, potassium salt

590-29-4

H-34

X
X

X
X

1, 2, 3, 4
X

1, 2, 3, 4, 6, 7
1, 3, 4

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Chemical namea

CASRNb

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

Reference

Frits, chemicals

65997-18-4

8

Fuel oil, no. 2

68476-30-2

1, 2

Fuels, diesel

68334-30-5

2

Fuels, diesel, no. 2

68476-34-6

2, 4, 8

Fuller's earth

8031-18-3

2

Fumaric acid

110-17-8

Fumes, silica

69012-64-2

X

1, 2, 3, 4, 6
8

Furfural

98-01-1

X

Furfuryl alcohol

98-00-0

X

1, 4

Galantamine hydrobromide

69353-21-5

X

8

Gas oils, petroleum, straight-run

64741-43-1

1, 4

Gelatin

9000-70-8

1, 4

Gilsonite

12002-43-6

1, 2, 4

Gluconic acid

133-42-6

Glutaraldehyde

111-30-8

Glycerides, C14-18 and C16-18-unsatd. mono- and di-

X

X

1, 4

X

7

X

1, 2, 3, 4, 7

67701-32-0

8

Glycerol

56-81-5

X

1, 2, 3, 4, 5

Glycine, N-(carboxymethyl)-N-(2-hydroxyethyl)-, disodium salt

135-37-5

X

1

Glycine, N-(hydroxymethyl)-, monosodium salt

70161-44-3

X

8

Glycine, N,N-bis(carboxymethyl)-, trisodium salt

5064-31-3

X

1, 2, 3, 4

Glycine, N-[2-[bis(carboxymethyl)amino]ethyl]-N-(2-hydroxyethyl)-,
trisodium salt

139-89-9

X

1

H-35
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Chemical namea

CASRNb

Known
constituent of
produced water

Glycolic acid

79-14-1

X

Physicochemical
properties

Selected
toxicity
datac

X

1, 3, 4
1, 3, 4

Reference

Glycolic acid sodium salt

2836-32-0

X

Glyoxal

107-22-2

X

Glyoxylic acid

298-12-4

X

Goethite (Fe(OH)O)

1310-14-1

8

Guar gum

9000-30-0

1, 2, 3, 4, 7, 8

Guar gum, carboxymethyl 2-hydroxypropyl ether, sodium salt

68130-15-4

1, 2, 3, 4, 7

Gypsum (Ca(SO4).2H2O)

13397-24-5

2, 4

Hematite

1317-60-8

Hemicellulase

9012-54-8

1, 2, 3, 4, 5

Hemicellulase enzyme concentrate

9025-56-3

3, 4

Heptane

142-82-5

Heptene, hydroformylation products, high-boiling

X

1

X

X

X

57-09-0

Hexane

110-54-3

Hexanedioic acid

124-04-9

Humic acids, commercial grade

1415-93-6

Hydrazine

302-01-2

Hydrocarbons, terpene processing by-products

68956-56-9

Hydrochloric acid

7647-01-0

Hydrogen fluoride

7664-39-3

Hydrogen peroxide

7722-84-1

H-36

1, 2, 4

1, 2

68526-88-5

Hexadecyltrimethylammonium bromide

1, 2, 4

1, 4
X
X

1

X

X

5

X

X

1, 2, 4, 6
2

X

X

8
1, 3, 4

X

X

1, 2, 3, 4, 5, 6, 7, 8
1, 2, 4

X

1, 3, 4

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

Chemical namea

CASRNb

Hydrogen sulfide

7783-06-4

1, 2

Hydroxyethylcellulose

9004-62-0

1, 2, 3, 4

Hydroxylamine hydrochloride

5470-11-1

1, 3, 4

Hydroxylamine sulfate (2:1)

10039-54-0

4

Hydroxypropyl cellulose

9004-64-2

2, 4

Hydroxypropyl guar gum

39421-75-5

1, 3, 4, 5, 6, 8

Hydroxyvalerenic acid

1619-16-5

Hypochlorous acid

7790-92-3

8

Illite

12173-60-3

8

Ilmenite (FeTiO3), conc.

98072-94-7

8

Indole

X

120-72-9

Reference

8

X

2

Inulin, carboxymethyl ether, sodium salt

430439-54-6

1, 4

Iridium oxide

12030-49-8

8

Iron

7439-89-6

Iron oxide

1332-37-2

1, 4

Iron oxide (Fe3O4)

1317-61-9

4

Iron(II) sulfate

7720-78-7

2

Iron(II) sulfate heptahydrate

7782-63-0

1, 2, 3, 4

Iron(III) oxide

1309-37-1

X

X

X

2, 4

1, 2, 4

Isoascorbic acid

89-65-6

X

1, 3, 4

Isobutane

75-28-5

X

2

Isobutene

115-11-7

X

8

H-37

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Chemical namea
Isooctanol

CASRNb

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

Reference

26952-21-6

X

1, 4, 5

Isopentyl alcohol

123-51-3

X

1, 4

Isopropanol

67-63-0

Isopropanolamine dodecylbenzene

X

X

X

1, 2, 3, 4, 6, 7

42504-46-1

X

1, 3, 4

Isopropylamine

75-31-0

X

1, 4

Isoquinoline

119-65-3

X

8

X

Isoquinoline, reaction products with benzyl chloride and quinoline

68909-80-8

X

3

Isoquinolinium, 2-(phenylmethyl)-, chloride

35674-56-7

X

3

Isotridecanol, ethoxylated

9043-30-5

1, 3, 4, 8

Kaolin

1332-58-7

1, 2, 4

Kerosine, petroleum, hydrodesulfurized

64742-81-0

1, 2, 4

Kieselguhr

61790-53-2

1, 2, 4

Kyanite

1302-76-7

1, 2, 4

Lactic acid

50-21-5

X

1, 4, 8

Lactose

63-42-3

X

3

Latex 2000 TM

9003-55-8

Lauryl hydroxysultaine

13197-76-7

Lavandula hybrida abrial herb oil

8022-15-9

L-Dilactide

4511-42-6

Lead

7439-92-1

Lecithin

8002-43-5

L-Glutamic acid

56-86-0

H-38

X
X

2, 4
1
3

X
X

1, 4
X

1, 4
4

X

8

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Chemical namea
Lignite

CASRNb

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

Reference

129521-66-0

2

Lignosulfuric acid

8062-15-5

2

Ligroine

8032-32-4

Limestone

1317-65-3

1, 2, 3, 4

Linseed oil

8001-26-1

8

L-Lactic acid

X

79-33-4

X

8

1, 4, 8

Magnesium carbonate (1:1)

7757-69-9

8

Magnesium carbonate (1:x)

546-93-0

1, 3, 4

Magnesium chloride

7786-30-3

1, 2, 4

Magnesium chloride hexahydrate

7791-18-6

4

Magnesium hydroxide

1309-42-8

1, 4

Magnesium iron silicate

19086-72-7

1, 4

Magnesium nitrate

10377-60-3

1, 2, 4

Magnesium oxide

1309-48-4

1, 2, 3, 4

Magnesium peroxide

14452-57-4

1, 4

Magnesium phosphide

12057-74-8

1

Magnesium silicate

1343-88-0

1, 4

Magnesium sulfate

7487-88-9

8

Maleic acid homopolymer

26099-09-2

8

Methanamine-N-methyl polymer with chloromethyl oxirane

25988-97-0

4

Methane

74-82-8

Methanol

67-56-1

H-39

X
X

X

2, 5
X

1, 2, 3, 4, 5, 6, 7, 8

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

Chemical namea

CASRNb

Methenamine

100-97-0

X

1, 2, 4

Methoxyacetic acid

625-45-6

X

8

Methyl cellulose

9004-67-5

Methyl salicylate

119-36-8

X

1, 2, 3, 4, 7

Methyl vinyl ketone

78-94-4

X

1, 4

Methylcyclohexane

108-87-2

X

1

Methylene bis(thiocyanate)

6317-18-6

X

2

Methylenebis(5-methyloxazolidine)

66204-44-2

X

2

Methyloxirane polymer with oxirane, mono (nonylphenol) ether,
branched

68891-11-2

3

Mica

12001-26-2

1, 2, 4, 6

Mineral oil - includes paraffin oil

8012-95-1

X

4, 8

Mineral spirits

64475-85-0

X

2

Mono- and di- potassium salts of phosphorous acid

13492-26-7

8

Montmorillonite

1318-93-0

2

Morpholine

110-91-8

X

Morpholinium, 4-ethyl-4-hexadecyl-, ethyl sulfate

78-21-7

X

MT 6

76-31-3

8

Mullite

1302-93-8

1, 2, 4, 8

N-(2-Acryloyloxyethyl)-N-benzyl-N,N-dimethylammonium chloride

46830-22-2

X

3

N-(3-Chloroallyl)hexaminium chloride

4080-31-3

X

8

H-40

Reference

8

X

X

1, 2, 4
8

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Chemical namea

CASRNb

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

Reference

N,N,N-Trimethyl-2[1-oxo-2-propenyl]oxy ethanaminimum chloride,
homopolymer

54076-97-0

N,N,N-Trimethyl-3-((1-oxooctadecyl)amino)-1-propanaminium methyl
sulfate

19277-88-4

X

1

N,N,N-Trimethyloctadecan-1-aminium chloride

112-03-8

X

1, 3, 4

N,N'-Dibutylthiourea

109-46-6

X

1, 4

N,N-Dimethyldecylamine oxide

2605-79-0

X

1, 3, 4

3

N,N-Dimethylformamide

68-12-2

X

X

X

1, 2, 4, 5, 8

N,N-Dimethylmethanamine hydrochloride

593-81-7

X

1, 4, 5, 7

N,N-Dimethyl-methanamine-N-oxide

1184-78-7

X

3

N,N-dimethyloctadecylamine hydrochloride

1613-17-8

X

1, 4

N,N'-Methylenebisacrylamide

110-26-9

X

1, 4

Naphtha, petroleum, heavy catalytic reformed

64741-68-0

1, 2, 3, 4

Naphtha, petroleum, hydrotreated heavy

64742-48-9

1, 2, 3, 4, 8

Naphthalene

91-20-3

X

X

X

Naphthalenesulfonic acid, bis(1-methylethyl)-

28757-00-8

Naphthalenesulfonic acid, polymer with formaldehyde, sodium salt

9084-06-4

Naphthalenesulphonic acid, bis (1-methylethyl)-methyl derivatives

99811-86-6

X

1

Naphthenic acid ethoxylate

68410-62-8

X

4

Navy fuels JP-5

X

1, 2, 3, 4, 5, 7
1, 3, 4
2

NOCAS_25704

1, 2, 3, 4, 8

Nickel sulfate

7786-81-4

X

2

Nickel(II) sulfate hexahydrate

10101-97-0

X

1, 4

H-41

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Chemical namea

CASRNb

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

Reference

Nitriles, tallow, hydrogenated

61790-29-2

Nitrilotriacetamide

4862-18-4

X

Nitrilotriacetic acid

139-13-9

X

X

1, 4

Nitrilotriacetic acid trisodium monohydrate

18662-53-8

X

X

1, 4

Nitrogen

7727-37-9

N-Methyl-2-pyrrolidone

872-50-4

X

N-Methyldiethanolamine

105-59-9

X

2, 4, 8

N-Methylethanolamine

109-83-1

X

4

N-Methyl-N-hydroxyethyl-N-hydroxyethoxyethylamine

68213-98-9

X

4

N-Oleyl diethanolamide

13127-82-7

X

1, 4

Nonyl nonoxynol-10

9014-93-1

4

Nonylphenol (mixed)

25154-52-3

1, 4

Octamethylcyclotetrasiloxane

556-67-2

8

Octoxynol-9

9036-19-5

1, 2, 3, 4, 8

Oil of eucalyptus

8000-48-4

3

Oil of lemongrass

8007-02-1

3

Oil of rosemary

8000-25-7

3

Oleic acid

112-80-1

Olivine-group minerals

1317-71-1

4

Orange terpenes

8028-48-6

4

Oxirane, 2-methyl-, polymer with oxirane, ether with (chloromethyl)
oxirane polymer with 4,4`-(1-methylidene) bis[phenol]

68036-95-3

8

H-42

4
1, 4, 7

1, 2, 3, 4, 6

X

X

1, 4

2, 4

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Chemical namea

CASRNb

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

Reference

Oxirane, 2-methyl-, polymer with oxirane, mono(2-ethylhexyl) ether

64366-70-7

8

Oxirane, 2-methyl-, polymer with oxirane, monodecyl ether

37251-67-5

8

Oxirane, methyl-, polymer with oxirane, mono-C10-16-alkyl ethers,
phosphates

68649-29-6

1, 4

Oxygen

7782-44-7

4

o-Xylene

95-47-6

X

X

X

4

Ozone

10028-15-6

8

Paraffin waxes and Hydrocarbon waxes

8002-74-2

1

Paraformaldehyde

30525-89-4

2

PEG-10 Hydrogenated tallow amine

61791-26-2

1, 3

Pentaethylenehexamine

4067-16-7

Pentane

109-66-0

Pentyl acetate

628-63-7

X

3

Pentyl butyrate

540-18-1

X

3

Peracetic acid

79-21-0

X

8

X
X

X

4
X

2, 5

Perboric acid, sodium salt, monohydrate

10332-33-9

1, 8

Perlite

93763-70-3

4

Petrolatum, petroleum, oxidized

64743-01-7

3

Petroleum

8002-05-9

Petroleum distillate hydrotreated light

6742-47-8

X

1, 2
8

Phenanthrene

85-01-8

X

X

X

6

Phenol

108-95-2

X

X

X

1, 2, 4

H-43

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Chemical namea

CASRNb

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

Reference

Phenol, 4,4'-(1-methylethylidene)bis-, polymer with 2(chloromethyl)oxirane, 2-methyloxirane and oxirane

68123-18-2

8

Phenol-formaldehyde resin

9003-35-4

1, 2, 4, 7

Phosphine

7803-51-2

Phosphonic acid

13598-36-2

Phosphonic acid (dimethylamino(methylene))

29712-30-9

X

1

Phosphonic acid, (((2-[(2hydroxyethyl)(phosphonomethyl)amino)ethyl)imino]bis(methylene))bis- 129828-36-0
, compd. with 2-aminoethanol

X

1

Phosphonic acid, (1-hydroxyethylidene)bis-, potassium salt

67953-76-8

X

4

Phosphonic acid, (1-hydroxyethylidene)bis-, tetrasodium salt

3794-83-0

X

1, 4

Phosphonic acid, [[(phosphonomethyl)imino]bis[2,1ethanediylnitrilobis(methylene)]]tetrakis-

15827-60-8

X

1, 2, 4

Phosphonic acid, [[(phosphonomethyl)imino]bis[2,1ethanediylnitrilobis(methylene)]]tetrakis-, ammonium salt (1:x)

70714-66-8

X

3

Phosphonic acid, [[(phosphonomethyl)imino]bis[2,1ethanediylnitrilobis(methylene)]]tetrakis-, sodium salt

22042-96-2

X

3

Phosphonic acid, [[(phosphonomethyl)imino]bis[6,1hexanediylnitrilobis(methylene)]]tetrakis-

34690-00-1

X

1, 4, 8

Phosphonic acid, [[(phosphonomethyl)imino]bis[6,1hexanediylnitrilobis(methylene)]]tetrakis-, sodium salt (1:x)

35657-77-3

Phosphoric acid

7664-38-2

X

1, 2, 4

Phosphoric acid, aluminium sodium salt

7785-88-8

X

1, 2

Phosphoric acid, ammonium salt (1:x)

10124-31-9

8

Phosphoric acid, ammonium salt (1:3)

10361-65-6

8

H-44

X

1, 4
1, 4

8

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Chemical namea

CASRNb

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

Reference

X

2

Phosphoric acid, diammonium salt

7783-28-0

Phosphoric acid, mixed decyl and Et and octyl esters

68412-60-2

1

Phosphorous acid

10294-56-1

1

Phthalic anhydride

85-44-9

X

X

1, 4

Pine oils

8002-09-3

1, 2, 4

Pluronic F-127

9003-11-6

1, 3, 4, 8

Policapram (Nylon 6)

25038-54-4

Poly (acrylamide-co-acrylic acid), partial sodium salt

62649-23-4

3, 4

Poly(acrylamide-co-acrylic acid)

9003-06-9

4, 8

Poly(lactide)

26680-10-4

1

Poly(oxy-1,2-ethanediyl), .alpha.-(nonylphenyl)-.omega.-hydroxy-,
phosphate

51811-79-1

1, 4

Poly(oxy-1,2-ethanediyl), .alpha.-(octylphenyl)-.omega.-hydroxy-,
branched

68987-90-6

Poly(oxy-1,2-ethanediyl), .alpha.,.alpha.'-[[(9Z)-9-octadecenylimino]di2,1-ethanediyl]bis[.omega.-hydroxy-

26635-93-8

1, 4

Poly(oxy-1,2-ethanediyl), .alpha.-[(9Z)-1-oxo-9-octadecenyl]-.omega.hydroxy-

9004-96-0

8

Poly(oxy-1,2-ethanediyl), .alpha.-hydro-.omega.-hydroxy-, mono-C1014-alkyl ethers, phosphates

68585-36-4

8

Poly(oxy-1,2-ethanediyl), .alpha.-hydro-.omega.-hydroxy-, mono-C8-10alkyl ethers, phosphates

68130-47-2

8

Poly(oxy-1,2-ethanediyl), .alpha.-isodecyl-.omega.-hydroxy-

61827-42-7

8

H-45

X

X

1, 4

1, 4

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Chemical namea

CASRNb

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

Reference

Poly(oxy-1,2-ethanediyl), .alpha.-sulfo-.omega.-hydroxy-, C10-16-alkyl
ethers, sodium salts

68585-34-2

8

Poly(oxy-1,2-ethanediyl), .alpha.-sulfo-.omega.-hydroxy-, C12-14-alkyl
ethers, sodium salts

68891-38-3

1, 4

Poly(oxy-1,2-ethanediyl), alpha-(2,3,4,5-tetramethylnonyl)-omegahydroxy

68015-67-8

1

Poly(oxy-1,2-ethanediyl), alpha-(nonylphenyl)-omega-hydroxy,branched, phosphates

68412-53-3

1

Poly(oxy-1,2-ethanediyl), alpha-hexyl-omega-hydroxy

31726-34-8

3, 8

Poly(oxy-1,2-ethanediyl), alpha-hydro-omega-hydroxy-, (9Z)-9octadecenoate

56449-46-8

3

Poly(oxy-1,2-ethanediyl), alpha-hydro-omega-hydroxy-, ether with
alpha-fluoro-omega-(2-hydroxyethyl)poly(difluoromethylene) (1:1)

65545-80-4

1

Poly(oxy-1,2-ethanediyl), alpha-hydro-omega-hydroxy-, ether with Dglucitol (2:1), tetra-(9Z)-9-octadecenoate

61723-83-9

8

Poly(oxy-1,2-ethanediyl), alpha-sulfo-omega-(decyloxy)-, ammonium
salt (1:1)

52286-19-8

4

Poly(oxy-1,2-ethanediyl), alpha-sulfo-omega-(hexyloxy)-, ammonium
salt (1:1)

63428-86-4

1, 3, 4

Poly(oxy-1,2-ethanediyl), alpha-sulfo-omega-(hexyloxy)-, C6-10-alkyl
ethers, ammonium salts

68037-05-8

3, 4

Poly(oxy-1,2-ethanediyl), alpha-sulfo-omega--(nonylphenoxy)-

9081-17-8

4

Poly(oxy-1,2-ethanediyl), alpha-sulfo-omega-(octyloxy)-, ammonium
salt (1:1)

52286-18-7

4

Poly(oxy-1,2-ethanediyl), alpha-sulfo-omega-hydroxy-, C10-12-alkyl
ethers, ammonium salts

68890-88-0

8

H-46

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Chemical namea

CASRNb

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

Reference

Poly(oxy-1,2-ethanediyl), alpha-tridecyl-omega-hydroxy-

24938-91-8

1, 3, 4

Poly(oxy-1,2-ethanediyl), alpha-undecyl-omega-hydroxy-, branched and
linear

127036-24-2

1

Poly-(oxy-1,2-ethanediyl)-alpha-undecyl-omega-hydroxy

34398-01-1

1, 3, 4, 8

Poly(oxy-1,2-ethanediyl)-nonylphenyl-hydroxy branched

127087-87-0

1, 2, 3, 4

Poly(sodium-p-styrenesulfonate)

25704-18-1

1, 4

Poly(tetrafluoroethylene)

9002-84-0

Poly[imino(1,6-dioxo-1,6-hexanediyl)imino-1,6-hexanediyl]

32131-17-2

2

Polyacrylamide

9003-05-8

1, 2, 4, 6

NOCAS_51256

2

Polyacrylic acid, sodium bisulfite terminated

66019-18-9

3

Polyethylene glycol

25322-68-3

1, 2, 3, 4, 7, 8

Polyethylene glycol (9Z)-9-octadecenyl ether

9004-98-2

8

Polyethylene glycol ester with tall oil fatty acid

68187-85-9

1

Polyethylene glycol monobutyl ether

9004-77-7

1, 4

Polyethylene glycol mono-C8-10-alkyl ether sulfate ammonium

68891-29-2

1, 3, 4

Polyethylene glycol nonylphenyl ether

9016-45-9

1, 2, 3, 4, 8

Polyethylene glycol tridecyl ether phosphate

9046-01-9

1, 3, 4

Polyethyleneimine

9002-98-6

4

Polyglycerol

25618-55-7

2

Poly-L-aspartic acid sodium salt

34345-47-6

8

Polyoxyethylene sorbitan trioleate

9005-70-3

3

Polyacrylate/ polyacrylamide blend

H-47

X

8

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Chemical namea

CASRNb

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

Reference

Polyoxyethylene(10)nonylphenyl ether

26027-38-3

1, 2, 3, 4, 8

Polyoxyl 15 hydroxystearate

70142-34-6

8

Polyoxypropylenediamine

9046-10-0

1

Polyphosphoric acids, esters with triethanolamine, sodium salts

68131-72-6

1

Polyphosphoric acids, sodium salts

68915-31-1

Polypropylene glycol

25322-69-4

Polypropylene glycol glycerol triether, epichlorohydrin, bisphenol A
polymer

68683-13-6

1

Polyquaternium 5

26006-22-4

1, 4

Polysorbate 20

9005-64-5

8

Polysorbate 60

9005-67-8

3, 4

Polysorbate 80

9005-65-6

3, 4

Polyvinyl acetate copolymer

9003-20-7

Polyvinyl acetate, partially hydrolyzed
Polyvinyl alcohol
Polyvinyl alcohol/polyvinyl acetate copolymer

X
X

1, 4
1, 2, 4

X

304443-60-5

2
8

9002-89-5

X

1, 2, 4

NOCAS_50147

2

Polyvinylidene chloride

9002-85-1

8

Polyvinylpyrrolidone

9003-39-8

Portland cement

65997-15-1

X

8
2, 4

Potassium acetate

127-08-2

Potassium aluminum silicate

1327-44-2

5

Potassium antimonate

29638-69-5

1, 4

H-48

X

1, 3, 4

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

Chemical namea

CASRNb

Potassium bisulfate

7646-93-7

8

Potassium borate

12712-38-8

3

Potassium borate (1:x)

20786-60-1

1, 3

Potassium carbonate sesquihydrate

6381-79-9

5

Potassium chloride

7447-40-7

1, 2, 3, 4, 5, 6, 7

Potassium dichromate

7778-50-9

4

Potassium hydroxide

1310-58-3

1, 2, 3, 4, 6

Potassium iodide

7681-11-0

Potassium metaborate

13709-94-9

X

Reference

1, 4
1, 2, 3, 4, 8

Potassium oleate

143-18-0

Potassium oxide

12136-45-7

1, 4

Potassium persulfate

7727-21-1

1, 2, 4

Potassium phosphate, tribasic

7778-53-2

Potassium sulfate

7778-80-5

Propane
Propanol, 1(or 2)-(2-methoxymethylethoxy)-

X

4

X

8
2

74-98-6

X

2, 5

34590-94-8

X

1, 2, 3, 4

Propargyl alcohol

107-19-7

Propylene carbonate

108-32-7

X

1, 4

Propylene pentamer

15220-87-8

X

1

p-Xylene

106-42-3

X

X

X

X

X

X

1, 2, 3, 4, 5, 6, 7, 8

1, 4

Pyridine, alkyl derivs.

68391-11-7

1, 4

Pyridinium, 1-(phenylmethyl)-, alkyl derivs., chlorides

100765-57-9

4, 8

H-49
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Chemical namea
Pyridinium, 1-(phenylmethyl)-, C7-8-alkyl derivs., chlorides

CASRNb

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

70914-44-2

Reference
6

Pyrimidine

289-95-2

X

2

Pyrrole

109-97-7

X

2

Quartz-alpha (SiO2)

14808-60-7

Quaternary ammonium compounds (2-ethylhexyl) hydrogenated tallow
alkyl)dimethyl, methyl sulfates

308074-31-9

8

Quaternary ammonium compounds, (oxydi-2,1-ethanediyl)bis[coco
alkyldimethyl, dichlorides

68607-28-3

2, 3, 4, 8

Quaternary ammonium compounds, benzyl(hydrogenated tallow
alkyl)dimethyl, bis(hydrogenated tallow alkyl)dimethylammonium salt
with bentonite

71011-25-1

8

Quaternary ammonium compounds, benzylbis(hydrogenated tallow
alkyl)methyl, salts with bentonite

68153-30-0

2, 5, 6

Quaternary ammonium compounds, benzyl-C10-16alkyldimethyl, chlorides

68989-00-4

1, 4

Quaternary ammonium compounds, benzyl-C12-16-alkyldimethyl,
chlorides

68424-85-1

Quaternary ammonium compounds, benzyl-C12-18-alkyldimethyl,
chlorides

68391-01-5

8

Quaternary ammonium compounds, benzylcoco alkyldimethyl,
chlorides

61789-71-7

8

Quaternary ammonium compounds, bis(hydrogenated tallow
alkyl)dimethyl, salts with bentonite

68953-58-2

2, 3, 4, 8

Quaternary ammonium compounds, bis(hydrogenated tallow
alkyl)dimethyl, salts with hectorite

71011-27-3

2

Quaternary ammonium compounds, di-C8-10-alkyldimethyl, chlorides

68424-95-3

H-50

X

X

X

1, 2, 3, 4, 5, 6, 8

1, 2, 4, 8

2
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Chemical namea

CASRNb

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

Reference

Quaternary ammonium compounds, dicoco alkyldimethyl, chlorides

61789-77-3

1

Quaternary ammonium compounds, pentamethyltallow
alkyltrimethylenedi-, dichlorides

68607-29-4

4

Quaternary ammonium compounds, trimethyltallow alkyl, chlorides

8030-78-2

1, 4

Quinaldine

91-63-4

Quinoline

91-22-5

X
X

X

8
X

2, 4

Raffinates (petroleum)

68514-29-4

5

Raffinates, petroleum, sorption process

64741-85-1

1, 2, 4, 8

Residual oils, petroleum, solvent-refined

64742-01-4

5

Residues, petroleum, catalytic reformer fractionator

64741-67-9

1, 4, 8

Rhodamine B

81-88-9

X

X

4

Rosin

8050-09-7

1, 4

Rutile titanium dioxide

1317-80-2

8

Sand

308075-07-2

8

Scandium oxide

12060-08-1

8

Sepiolite

63800-37-3

2

Silane, dichlorodimethyl-, reaction products with silica

68611-44-9

2, 4

Silica

7631-86-9

X

X

1, 2, 3, 4, 8

silica gel, cryst. -free

112926-00-8

3, 4

Silica, amorphous, fumed, cryst.-free

112945-52-5

1, 3, 4

Silica, vitreous

60676-86-0

1, 4, 8

Silicic acid, aluminum potassium sodium salt

12736-96-8

4

H-51
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Chemical namea

CASRNb

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

Reference

Siloxanes (Polysiloxane)

9011-19-2

4

Siloxanes and Silicones, di-Me, 3-hydroxypropyl Me, ethoxylated
propoxylated

68937-55-3

8

Siloxanes and Silicones, di-Me, Me hydrogen

68037-59-2

8

Siloxanes and silicones, di-Me, polymers with Me silsesquioxanes

68037-74-1

4

Siloxanes and Silicones, di-Me, reaction products with silica

67762-90-7

4

Siloxanes and silicones, dimethyl,

63148-52-7

4

Silwet L77

27306-78-1

1

Sodium 1-octanesulfonate

5324-84-5

X

3

Sodium 2-mercaptobenzothiolate

2492-26-4

X

2

Sodium acetate

127-09-3

X

1, 3, 4

Sodium aluminate

1302-42-7

Sodium benzoate

532-32-1

X

3

Sodium bicarbonate

144-55-8

X

1, 2, 3, 4, 7

Sodium bis(tridecyl) sulfobutanedioate

2673-22-5

X

4

Sodium bisulfite

7631-90-5

Sodium borate

1333-73-9

1, 4, 6, 7

Sodium bromate

7789-38-0

1, 2, 4

Sodium bromide

7647-15-6

1, 2, 3, 4, 7

1004542-84-0

8

Sodium bromosulfamate

2, 4

X

1, 3, 4

Sodium C14-16 alpha-olefin sulfonate

68439-57-6

X

1, 3, 4

Sodium caprylamphopropionate

68610-44-6

X

4

H-52
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Chemical namea

CASRNb

Sodium carbonate

497-19-8

Sodium chlorate

7775-09-9

Sodium chloride

7647-14-5

Sodium chlorite

7758-19-2

Sodium chloroacetate

3926-62-3

Sodium cocaminopropionate

68608-68-4

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

X

Reference
1, 2, 3, 4, 8

X

1, 4
1, 2, 3, 4, 5, 8

X
X

1, 2, 3, 4, 5, 8
3
1

Sodium decyl sulfate

142-87-0

X

1

Sodium D-gluconate

527-07-1

X

4

Sodium diacetate

126-96-5

X

1, 4

Sodium dichloroisocyanurate

2893-78-9

X

2

Sodium dl-lactate

72-17-3

X

8

Sodium dodecyl sulfate

151-21-3

X

8

Sodium erythorbate (1:1)

6381-77-7

X

1, 3, 4, 8

Sodium ethasulfate

126-92-1

X

1

Sodium formate

141-53-7

X

2, 8

Sodium hydrogen sulfate

7681-38-1

4

Sodium hydroxide

1310-73-2

1, 2, 3, 4, 7, 8

Sodium hydroxymethanesulfonate

870-72-4

Sodium hypochlorite

7681-52-9

Sodium iodide

7681-82-5

Sodium ligninsulfonate

8061-51-6

Sodium l-lactate

867-56-1

H-53

X

8
1, 2, 3, 4, 8
X

4
2

X

8

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Chemical namea

CASRNb

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

Sodium maleate (1:x)

18016-19-8

Sodium metabisulfite

7681-57-4

Sodium metaborate

7775-19-1

3, 4

16800-11-6

1, 4

10555-76-7

1, 4, 8

Sodium metasilicate

6834-92-0

1, 2, 4

Sodium molybdate(VI)

7631-95-0

8

Sodium nitrate

7631-99-4

2

Sodium nitrite

7632-00-0

1, 2, 4

Sodium N-methyl-N-oleoyltaurate

137-20-2

X

4

Sodium octyl sulfate

142-31-4

X

1

Sodium oxide

1313-59-3

1

Sodium perborate

11138-47-9

4

Sodium perborate tetrahydrate

10486-00-7

1, 4, 5, 8

Sodium peroxoborate

7632-04-4

1

Sodium persulfate

7775-27-1

1, 2, 3, 4, 7, 8

Sodium phosphate

7632-05-5

1, 4

Sodium polyacrylate

9003-04-7

1, 2, 3, 4

Sodium pyrophosphate

7758-16-9

Sodium metaborate dihydrate
Sodium metaborate tetrahydrate

d

X

Reference
8

X

X

1

1, 2, 4

Sodium salicylate

54-21-7

X

1, 4

Sodium sesquicarbonate

533-96-0

X

1, 2

Sodium silicate

1344-09-8

H-54

1, 2, 4
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Chemical namea

CASRNb

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

Reference

Sodium starch glycolate

9063-38-1

2

Sodium sulfate

7757-82-6

1, 2, 3, 4

Sodium sulfite

7757-83-7

Sodium thiocyanate

540-72-7

Sodium thiosulfate

7772-98-7

1, 2, 3, 4

Sodium thiosulfate, pentahydrate

10102-17-7

1, 4

X
X

2, 4, 8
1, 4

Sodium trichloroacetate

650-51-1

X

1, 4

Sodium trimetaphosphate

7785-84-4

Sodium xylenesulfonate

1300-72-7

Sodium zirconium lactate

15529-67-6

8

Sodium zirconium lactic acid (4:4:1)

10377-98-7

1, 4

Solvent naphtha, petroleum, heavy aliph.

64742-96-7

2, 4, 8

Solvent naphtha, petroleum, heavy arom.

64742-94-5

1, 2, 4, 5, 8

Solvent naphtha, petroleum, light aliph.

64742-89-8

8

Solvent naphtha, petroleum, light arom.

64742-95-6

1, 2, 4

X
X

8
1, 3, 4

Sorbic acid

110-44-1

X

8

Sorbitan sesquioleate

8007-43-0

X

4

Sorbitan, mono-(9Z)-9-octadecenoate

1338-43-8

X

1, 2, 3, 4

Sorbitan, monooctadecanoate

1338-41-6

X

8

Sorbitan, tri-(9Z)-9-octadecenoate

26266-58-0

X

8

Spirit of ammonia, aromatic

8013-59-0

8

Stannous chloride dihydrate

10025-69-1

1, 4

H-55
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Chemical namea

CASRNb

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

Reference

Starch

9005-25-8

1, 2, 4

Steam cracked distillate, cyclodiene dimer, dicyclopentadiene polymer

68131-87-3

1

Stoddard solvent

8052-41-3

Stoddard solvent IIC

64742-88-7

Strontium chloride

10476-85-4

Styrene

100-42-5

Subtilisin

9014-01-1

Sucrose

57-50-1

Sulfamic acid

5329-14-6

Sulfan blue

129-17-9

X

1, 3, 4
1, 2, 4

X

X

4

X

2
8

X

1, 2, 3, 4
1, 4

X

X

Sulfate

14808-79-8

Sulfo NHS Biotin

119616-38-5

8

Sulfomethylated quebracho

68201-64-9

2

Sulfonic acids, C10-16-alkane, sodium salts

68608-21-9

6

Sulfonic acids, petroleum

61789-85-3

1

Sulfonic acids, petroleum, sodium salts

68608-26-4

3

Sulfur dioxide

7446-09-5

X

2, 4, 8

Sulfuric acid

7664-93-9

X

1, 2, 4, 7

Sulfuric acid, mono-C12-18-alkyl esters, sodium salts

68955-19-1

X

4

Sulfuric acid, mono-C6-10-alkyl esters, ammonium salts

68187-17-7

X

1, 4, 8

87-90-1

X

2

Symclosene
Talc

14807-96-6

H-56

X

8
1, 4

X

1, 3, 4, 6, 7
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Chemical namea

CASRNb

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

Reference

Tall oil

8002-26-4

4, 8

Tall oil imidazoline

61791-36-4

4

Tall oil, compound with diethanolamine

68092-28-4

1

Tall oil, ethoxylated

65071-95-6

4, 8

Tall-oil pitch

8016-81-7

4

Tallow alkyl amines acetate

61790-60-1

8

Tar bases, quinoline derivatives, benzyl chloride-quaternized

72480-70-7

1, 3, 4

Tegin M

8043-29-6

8

Terpenes and Terpenoids, sweet orange-oil

68647-72-3

1, 3, 4, 8

Terpineol

8000-41-7

1, 3

tert-Butyl hydroperoxide

75-91-2

X

1, 4

tert-Butyl perbenzoate

614-45-9

X

1

Tetra-calcium-alumino-ferrite

12068-35-8

Tetradecane

629-59-4

Tetradecyldimethylbenzylammonium chloride

1, 2, 4
X

8

139-08-2

X

1, 4, 8

Tetraethylene glycol

112-60-7

X

1, 4

Tetraethylenepentamine

112-57-2

X

1, 4

55566-30-8

X

1, 2, 3, 4, 7

Tetrakis(hydroxymethyl)phosphonium sulfate
Tetramethyl orthosilicate

681-84-5

Tetramethylammonium chloride

75-57-0

Tetrasodium pyrophosphate
Thiamine hydrochloride

X

1
X

7722-88-5
67-03-8

H-57

1, 2, 3, 4, 7, 8
X

X

8
8
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Chemical namea
Thiocyanic acid, ammonium salt

CASRNb

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

Reference

1762-95-4

X

2, 3, 4

Thioglycolic acid

68-11-1

X

1, 2, 3, 4

Thiourea

62-56-6

X

X

1, 2, 3, 4, 6

Thiourea, polymer with formaldehyde and 1-phenylethanone

68527-49-1

1, 4, 8

Thuja plicata donn ex. D. don leaf oil

68917-35-1

3

Tin(II) chloride

7772-99-8

1

Titanium dioxided

13463-67-7

Titanium(4+) 2-[bis(2-hydroxyethyl)amino]ethanolate propan-2-olate
(1:2:2)

36673-16-2

1

Titanium, isopropoxy (triethanolaminate)

74665-17-1

1, 4

X

1, 2, 4, 8

Toluene

108-88-3

X

X

X

1, 3, 4

Tributyl phosphate

126-73-8

X

X

X

1, 2, 4

Tributyltetradecylphosphonium chloride

81741-28-8

Tricalcium phosphate

7758-87-4

Tricalcium silicate

12168-85-3

X

1, 3, 4
X

1, 4
1, 2, 4

Tridecane

629-50-5

X

X

8

Triethanolamine

102-71-6

X

Triethanolamine hydrochloride

637-39-8

X

8

Triethanolamine hydroxyacetate

68299-02-5

X

3

Triethanolamine polyphosphate ester

68131-71-5

X

1, 2, 4

1, 4, 8

Triethyl citrate

77-93-0

X

1, 4

Triethyl phosphate

78-40-0

X

1, 4

H-58
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Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

Chemical namea

CASRNb

Triethylene glycol

112-27-6

X

1, 2, 3

Triethylenetetramine

112-24-3

X

4

Triisopropanolamine

122-20-3

X

1, 4

14002-32-5

X

3

Trimethanolamine
Trimethyl borate

121-43-7

Trimethylamine

75-50-3

Reference

8
X

8

Trimethylamine quaternized polyepichlorohydrin

51838-31-4

Trimethylbenzene

25551-13-7

Triphosphoric acid, pentasodium salt

7758-29-4

Tripoli

1317-95-9

Tripotassium citrate monohydrate

6100-05-6

X

4

Tripropylene glycol monomethyl ether

25498-49-1

X

2

68-04-2

X

3

Trisodium citrate dihydrate

6132-04-3

X

1, 4

Trisodium ethylenediaminetetraacetate

150-38-9

X

1, 3

Trisodium ethylenediaminetriacetate

19019-43-3

X

1, 4, 8

Trisodium phosphate

7601-54-9

Trisodium phosphate dodecahydrate

10101-89-0

1

Tritan R (X-100)

92046-34-9

8

Triton X-100

9002-93-1

1, 3, 4

Trisodium citrate

Tromethamine
Tryptone

77-86-1
73049-73-7

H-59

1, 2, 3, 4, 5, 8
X

X

1, 2, 4

X

1, 4
4

X

X

1, 2, 4

3, 4
8
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Chemical namea

CASRNb

Ulexite

1319-33-1

Undecane

1120-21-4

Undecanol, branched and linear
Urea

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

Reference
1, 2, 3, 8

X

X

3, 8

128973-77-3

8

57-13-6

X

1, 2, 4, 8

Vermiculite

1318-00-9

2

Vinyl acetate ethylene copolymer

24937-78-8

1, 4

Vinylidene chloride/methylacrylate copolymer

25038-72-6

4

Water

7732-18-5

2, 4, 8

White mineral oil, petroleum

8042-47-5

1, 2, 4

Xylenes

1330-20-7

Yeast extract

8013-01-2

Zeolites

1318-02-1

Zinc

7440-66-6

Zinc carbonate

3486-35-9

2

Zinc chloride

7646-85-7

1, 2

Zinc oxide

1314-13-2

1, 4

Zinc sulfate monohydrate

7446-19-7

8

Zirconium nitrate

13746-89-9

2, 6

Zirconium oxide sulfate

62010-10-0

1, 4

Zirconium oxychloride

7699-43-6

1, 2, 4

Zirconium(IV) chloride tetrahydrofuran complex

21959-01-3

5

Zirconium(IV) sulfate

14644-61-2

2, 6

H-60

X

X

X

1, 2, 4
8

X

X

8

X

2
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Chemical namea

CASRNb

Known
constituent of
produced water

Physicochemical
properties

Selected
toxicity
datac

Reference

Zirconium, 1,1'-((2-((2-hydroxyethyl)(2hydroxypropyl)amino)ethyl)imino)bis(2-propanol) complexes

197980-53-3

4

Zirconium, acetate lactate oxo ammonium complexes

68909-34-2

4, 8

Zirconium, chloro hydroxy lactate oxo sodium complexes

174206-15-6

4

Zirconium, hydroxylactate sodium complexes

113184-20-6

1, 4

Zirconium,tetrakis[2-[bis(2-hydroxyethyl)amino-kN]ethanolato-kO]-

101033-44-7

1, 2, 4, 5

a DSSTox

chemical names assigned to the listed CASRN can be reformatted or change over time with additional curation review. In the case that a chemical name in this table no
longer matches the DSSTox chemical name for a listed CASRN, the CASRN would be presumed to be the invariant identifier.
b Some

chemicals are designated as “NOCAS_” which are DSSTox database-specific CAS-like identifiers assigned to a listed chemical name or substance.

c Chemicals

are flagged as having selected toxicity data available if they have one or more oral reference values, oral slope factors, or qualitative cancer classifications available
from the sources presented in Appendix G.
d Four

chemicals have data in the EPA’s FracFocus 1.0 project database for CASRNs that are different from those in this table: Ethanolamine, CASRN 9007-33-4; Sodium
metaborate tetrahydrate, CASRN 35585-58-1; Boric acid (H3BO3), compd. with 2-aminoethanol (1:x), CASRN 68425-67-2; and Titanium dioxide, CASRN 98084-96-9. Three of
these (9007-33-4, 68425-67-2, and 98084-96-9) are “deleted” CASRNs, and so were not included in this table; instead, the chemical name has been remapped here to the
current “active” CASRNs. CASRN 35585-58-1 is listed for sodium metaborate tetrahydrate in the EPA’s FracFocus 1.0 project database, but is assigned to a different chemical
(disodium dioxoborate) in the EPA’s Distributed Structure-Searchable Toxicity (DSSTox) Database, and so was not included in this table.

H-61
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Table H-3. List of generic names of chemicals reportedly used in hydraulic fracturing fluids.
In some cases, the generic chemical name masks a specific chemical name and CASRN provided to the EPA and
claimed as CBI by one or more of the nine hydraulic fracturing service companies.

Generic chemical name

Reference

2-Substituted aromatic amine salt

1, 4

Acetylenic alcohol

1

Acrylamide acrylate copolymer

4

Acrylamide copolymer

1, 4

Acrylamide modified polymer

4

Acrylamide-sodium acrylate copolymer

4

Acrylate copolymer

1

Acrylic copolymer

1

Acrylic polymer

1, 4

Acrylic resin

4

Acyclic hydrocarbon blend

1, 4

Acylbenzylpyridinium choride

8

Alcohol alkoxylate

1, 4

Alcohol and fatty acid blend

2

Alcohol ethoxylates

4

Alcohols

1, 4

Alcohols, C9-C22

1, 4

Aldehydes

1, 4, 5

Alfa-alumina

1, 4

Aliphatic acids

1, 2, 3, 4

Aliphatic alcohol

2

Aliphatic alcohol glycol ether

3, 4

Aliphatic alcohols, ethoxylated

2

Aliphatic amine derivative

1

Aliphatic carboxylic acid

4

Alkaline bromide salts

1, 4

Alkaline metal oxide

4

Alkanes/alkenes

4

H-62

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Generic chemical name

Reference

Alkanolamine derivative

2

Alkanolamine/aldehyde condensate

1, 2, 4

Alkenes

1, 4

Alklaryl sulfonic acid

1, 4

Alkoxylated alcohols

1

Alkoxylated amines

1, 4

Alkyaryl sulfonate

1, 2, 3, 4

Alkyl alkoxylate

1, 4

Alkyl amide

4

Alkyl amine

1, 4

Alkyl amine blend in a metal salt solution

1, 4

Alkyl aryl amine sulfonate

4

Alkyl aryl polyethoxy ethanol

3, 4

Alkyl dimethyl benzyl ammonium chloride
Alkyl esters

4
1, 4

Alkyl ether phosphate

4

Alkyl hexanol

1, 4

Alkyl ortho phosphate ester

1, 4

Alkyl phosphate ester

1, 4

Alkyl phosphonate

4

Alkyl pyridines

2

Alkyl quaternary ammonium chlorides

1, 4

Alkyl quaternary ammonium salt

4

Alkylamine alkylaryl sulfonate

4

Alkylamine salts

2

Alkylaryl sulfonate

1, 4

Alkylated quaternary chloride

1, 2, 4

Alkylated sodium naphthalenesulphonate

2

Alkylbenzenesulfonate

2

Alkylbenzenesulfonic acid

1, 4, 5
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Generic chemical name

Reference

Alkylethoammonium sulfates

1

Alkylphenol ethoxylates

1, 4

Alkylpyridinium quaternary

4

Alphatic alcohol polyglycol ether

2

Aluminum oxide

1, 4

Amide

4

Amidoamine

1, 4

Amine

1, 4

Amine compound

4

Amine oxides

1, 4

Amine phosphonate

1, 4

Amine salt

1

Amino compounds

1, 4

Amino methylene phosphonic acid salt

1, 4

Ammonium alcohol ether sulfate

1, 4

Ammonium salt

1, 4

Ammonium salt of ethoxylated alcohol sulfate

1, 4

Amorphous silica

4

Amphoteric surfactant

2

Anionic acrylic polymer

2

Anionic copolymer

1, 4

Anionic polyacrylamide

1, 2, 4

Anionic polyacrylamide copolymer

1, 4, 6

Anionic polymer

1, 3, 4

Anionic surfactants

2, 4, 6

Antifoulant

1, 4

Antimonate salt

1, 4

Aqueous emulsion of diethylpolysiloxane

2

Aromatic alcohol glycol ether

1

Aromatic aldehyde

1, 4
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Generic chemical name

Reference

Aromatic hydrocarbons

3, 4

Aromatic ketones

1, 2, 3, 4

Aromatic polyglycol ether

1

Arsenic compounds

4

Ashes, residues

4

Bentone clay

4

Biocide

4

Biocide component

1, 4

Bis-quaternary methacrylamide monomer

4

Blast furnace slag

4

Borate salts

1, 2, 4

Cadmium compounds

4

Carbohydrates

1, 2, 4

Carboxylmethyl hydroxypropyl guar

4

Cationic polyacrylamide

4

Cationic polymer

2, 4

Cedar fiber, processed

2

Cellulase enzyme

1

Cellulose derivative

1, 2, 4

Cellulose ether

2

Cellulosic polymer

2

Ceramic

4

Chlorous ion solution

1

Chromates

1, 4

Chrome-free lignosulfonate compound

2

Citrus rutaceae extract

4

Common white

4

Complex alkylaryl polyo-ester

1

Complex aluminum salt

1, 4

Complex carbohydrate

2
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Generic chemical name

Reference

Complex organometallic salt

1

Complex polyamine salt

7

Complex substituted keto-amine

1

Complex substituted keto-amine hydrochloride

1

Copper compounds

6

Coric oxide

4

Cotton dust (raw)

2

Cottonseed hulls

2

Cured acrylic resin

1, 4

Cured resin

1, 4, 5

Cured urethane resin

1, 4

Cyclic alkanes

1, 4

Defoamer

4

Dibasic ester

4

Dicarboxylic acid

1, 4

Diesel

1, 4, 6

Dimethyl silicone

1, 4

Dispersing agent

1

Emulsifier

4

Enzyme

4

Epoxy

4

Epoxy resin

1, 4

Essential oils

1, 4

Ester Salt

2, 4

Esters

2, 4

Ether compound

4

Ether salt

4

Ethoxylated alcohol blend

4

Ethoxylated alcohol/ester mixture

4

Ethoxylated alcohols

1, 2, 4, 5, 7
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Generic chemical name

Reference

Ethoxylated alkyl amines

1, 4

Ethoxylated amine blend

4

Ethoxylated amines

1, 4

Ethoxylated fatty acid

4

Ethoxylated fatty acid ester

1, 4

Ethoxylated nonionic surfactant

1, 4

Ethoxylated nonylphenol

1, 2, 4

Ethoxylated sorbitol esters

1, 4

Ethylene oxide-nonylphenol polymer

4

Fatty acid amine salt mixture

4

Fatty acid ester

1, 2, 4

Fatty acid tall oil

1, 4

Fatty acid, ethoxylate

4

Fatty acids

1

Fatty alcohol alkoxylate

1, 4

Fatty alkyl amine salt

1, 4

Fatty amine carboxylates

1, 4

Fatty imidazoline

4

Fluoroaliphatic polymeric esters

1, 4

Formaldehyde polymer

1

Glass fiber

1, 4

Glyceride esters

2

Glycol

4

Glycol blend

2

Glycol ethers

1, 4, 7

Ground cedar

2

Ground paper

2

Guar derivative

1, 4

Guar gum

4

Haloalkyl heteropolycycle salt

1, 4
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Generic chemical name

Reference

Hexanes

1

High molecular weight polymer

2

High pH conventional enzymes

2

Hydrocarbons

1

Hydrogen solvent

4

Hydrotreated and hydrocracked base oil

1, 4

Hydrotreated distillate, light C9-16

4

Hydrotreated heavy naphthalene

5

Hydrotreated light distillate

2, 4

Hydrotreated light petroleum distillate

4

Hydroxyalkyl imino carboxylic sodium salt

2

Hydroxycellulose

6

Hydroxyethyl cellulose

1, 2, 4

Imidazolium compound

4

Inner salt of alkyl amines

1, 4

Inorganic borate

1, 4

Inorganic chemical

4

Inorganic particulate

1, 4

Inorganic salt

2, 4

Iso-alkanes/n-alkanes

1, 4

Isomeric aromatic ammonium salt

1, 4

Latex

2, 4

Lead compounds

4

Low toxicity base oils

1, 4

Lubra-Beads course

4

Maghemite

1, 4

Magnetite

1, 4

Metal salt

1

Metal salt solution

1

Mineral

1, 4
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Generic chemical name

Reference

Mineral fiber

2

Mineral filler

1

Mineral oil

4

Mixed titanium ortho ester complexes

1, 4

Modified acrylamide copolymer

2, 4

Modified acrylate polymer

4

Modified alkane

1, 4

Modified bentonite

4

Modified cycloaliphatic amine adduct

1, 4

Modified lignosulfonate

2, 4

Naphthalene derivatives

1, 4

Neutralized alkylated napthalene sulfonate

4

Nickel chelate catalyst

4

Nonionic surfactant

1

N-tallowalkyltrimethylenediamines

4

Nuisance particulates

1, 2, 4

Nylon

4

Olefinic sulfonate

1, 4

Olefins

1, 4

Organic acid salt

1, 4

Organic acids

1, 4

Organic alkyl amines

4

Organic chloride

4

Organic modified bentonite clay

4

Organic phosphonate

1, 4

Organic phosphonate salts

1, 4

Organic phosphonic acid salts

1, 4

Organic polymer

4

Organic polyol

4

Organic salt

1, 4
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Generic chemical name

Reference

Organic sulfur compound

1, 4

Organic surfactants

1

Organic titanate

1, 4

Organo amino silane

4

Organo phosphonic acid

4

Organo phosphonic acid salt

4

Organometallic ammonium complex

1

Organophilic clay

4

Oxidized tall oil

2

Oxoaliphatic acid

2

Oxyalkylated alcohol

1, 4

Oxyalkylated alkyl alcohol

2, 4

Oxyalkylated alkylphenol

1, 2, 3, 4

Oxyalkylated fatty acid

1, 4

Oxyalkylated fatty alcohol salt

2

Oxyalkylated phenol

1, 4

Oxyalkylated phenolic resin

4

Oxyalkylated polyamine

1

Oxyalkylated tallow diamine

2

Oxyethylated alcohol

2

Oxylated alcohol

1, 4

P/F resin

4

Paraffin inhibitor

4

Paraffinic naphthenic solvent

1

Paraffinic solvent

1, 4

Paraffins

1

Pecan shell

2

Petroleum distallate blend

2, 3, 4

Petroleum gas oils

1

Petroleum hydrocarbons

4
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Generic chemical name

Reference

Petroleum solvent

2

Phosphate ester

1, 4

Phosphonate

2

Phosphonic acid

1, 4

Phosphoric acid, mixed polyoxyalkylene aryl and alkyl esters
Plasticizer

4
1, 2

Polyacrylamide copolymer

4

Polyacrylamides

1

Polyacrylate

1, 4

Polyactide resin

4

Polyalkylene esters

4

Polyaminated fatty acid

2

Polyaminated fatty acid surfactants

2

Polyamine

1, 4

Polyamine polymer

4

Polyanionic cellulose

1

Polyaromatic hydrocarbons

6

Polycyclic organic matter

6

Polyelectrolyte

4

Polyether polyol

2

Polyethoxylated alkanol

2, 3, 4

Polyethylene copolymer

4

Polyethylene glycols

4

Polyethylene wax

4

Polyglycerols

2

Polyglycol

2

Polyglycol ether

6

Polylactide resin

4

Polymer

2, 4

Polymeric hydrocarbons

3, 4
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Generic chemical name

Reference

Polymerized alcohol

4

Polymethacrylate polymer

4

Polyol phosphate ester

2

Polyoxyalkylene phosphate

2

Polyoxyalkylene sulfate

2

Polyoxyalkylenes

1, 4, 7

Polyphenylene ether

4

Polyphosphate

4

Polypropylene glycols

2

Polyquaternary amine

4

Polysaccaride polymers in suspension

2

Polysaccharide

4

Polysaccharide blend

4

Polyvinylalcohol/polyvinylactetate copolymer

4

Potassium chloride substitute

4

Quarternized heterocyclic amines

4

Quaternary amine

2, 4

Quaternary amine salt

4

Quaternary ammonium chloride

4

Quaternary ammonium compound

1, 2, 4

Quaternary ammonium salts

1, 2, 4

Quaternary compound

1, 4

Quaternary salt

1, 4

Quaternized alkyl nitrogenated compd

4

Red dye

4

Refined mineral oil

2

Resin

4

Salt of amine-carbonyl condensate

3, 4

Salt of fatty acid/polyamine reaction product

3, 4

Salt of phosphate ester

1
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Generic chemical name

Reference

Salt of phosphono-methylated diamine

1, 4

Salts

4

Salts of oxyalkylated fatty amines

4

Sand

4

Sand, AZ silica

4

Sand, brown

4

Sand, sacked

4

Sand, white

4

Secondary alcohol

1, 4

Silica sand, 100 mesh, sacked

4

Silicone emulsion

1

Silicone ester

4

Sodium acid pyrophosphate

4

Sodium calcium magnesium polyphosphate

4

Sodium phosphate

4

Sodium salt of aliphatic amine acid

2

Sodium xylene sulfonate

4

Softwood dust

2

Starch blends

6

Substituted alcohol

1, 2, 4

Substituted alkene

1

Substituted alklyamine

1, 4

Substituted alkyne

4

Sulfate

4

Sulfomethylated tannin

2, 5

Sulfonate

4

Sulfonate acids

1

Sulfonate surfactants

1

Sulfonated asphalt

2

Sulfonic acid salts

1, 4
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Generic chemical name

Reference

Sulfur compound

1, 4

Sulphonic amphoterics

4

Sulphonic amphoterics blend

4

Surfactant blend

3, 4

Surfactants

1, 2, 4

Synthetic copolymer

2

Synthetic polymer

4

Tallow soap

4

Telomer

4

Terpenes

1, 4

Titanium complex

4

Triethanolamine zirconium chelate

14

Triterpanes

4

Vanadium compounds

4

Wall material

1

Walnut hulls

1, 2, 4

Zirconium complex

2, 4

Zirconium salt

4
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Table H-4. Chemicals detected in produced water.
An “X” indicates the availability of physicochemical properties from EPI SuiteTM (Appendix C) and selected toxicity data (Appendix G). An empty cell indicates no
information was available from the sources we consulted. Reference number corresponds to the citation in Table H-1. Formation type indicated by: “S” (shale),
“C” (coalbed), or “U” (uncertain). This refers both to unknown formation types and chemicals in produced water that occur in other types of formations not
specified.

Chemical Namea

CASRNb

Known
constituent of
hydraulic
fracturing fluid

Physicochemical
properties

Selected
toxicity
datac

NCCT
CASRN or
name
Formation
d
change
type

Reference

2,6-di(tert-butyl)-4-hydroxy-4-methyl2,5-cyclohexadien-1-on

10396-80-2

X

Name

C

21

(1,3-Dimethylbutyl)cyclohexane

61142-19-6

X

Name

S

18

(1-Butylheptyl)cyclohexane

13151-80-9

X

Name

S

18

(1-Methoxyethyl)-benzene

4013-34-7

Name

S,C

21

(1-Methyl-1-buten-1-yl)benzene

53172-84-2

X

Name

S

18

(1-Pentyloctyl)cyclohexane

13151-91-2

X

Name

S

18

(1-Propylnonyl)cyclohexane

13151-84-3

X

Name

S

18

(3E)-3-Heptene

14686-14-7

X

Name

S

18

(3R)-3,7-Dimethyloct-6-enal

2385-77-5

X

Name

S

18

(4Z)-2-Methyl-4-tetradecene

866760-27-2

X

Name

S

18

(9E)-8-Methyl-9-tetradecen-1-yl
acetate

912629-93-7

X

Name

S

18

(E)-5-Decene

7433-56-9

X

S

18

(E)-5-Methylspiro[3,5]nonan-1-one

65147-56-0

X

S

18

(Z)-1,2-Dimethylcyclohexane

2207-01-4

X

S

18

(Z)-1,2-Dimethylcyclopentane

1192-18-3

X

Name

S

18

(Z)-1,3-Dimethylcyclohexane

638-04-0

X

Name

S

18
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Known
constituent of
hydraulic
fracturing fluid

Physicochemical
properties

Selected
toxicity
datac

NCCT
CASRN or
name
Formation
changed
type

Chemical Namea

CASRNb

(Z)-1-Ethyl-2-methylcyclopentane

930-89-2

X

Name

S

18

(Z)-1-Ethyl-3-methylcyclohexane

19489-10-2

X

Name

S

18

(Z)-5-Octen-1-ol

64275-73-6

X

Name

S

18

(Z)-9-Methylundec-4-ene

74630-56-1

X

Name

S

18

(Z)-9-Tricosene

27519-02-4

X

C

18, 20

1-Heptadecene

6765-39-5

X

S

18

1-(1,5-Dimethylhexyl)-4-(4methylpentyl)cyclohexane

56009-20-2

X

Name

S

18

89-74-7

X

Name

S

16

1-(2-Furanyl)-3-butene-1,2-diol

19261-13-3

X

Name

S

16

1-(3-Methylbutyl)-2,3,4-trimethylbenzene

107997-59-1

X

Name

C

21

1-(Butan-2-yl)-4-methylbenzene

1595-16-0

X

Name

S

18

1-(Cyclohexylmethyl)-4methylcyclohexane

66826-95-7

X

S

18

1-(Pentyloxy)hexane

32357-83-8

X

S

18

1227308-82-8

X

S

18

1,1,3,5-Tetramethylcyclohexane

4306-65-4

X

S

18

1,1,3-Trimethylcyclohexane

3073-66-3

X

Name

S

18

1,1,3-Trimethylcyclopentane

4516-69-2

X

Name

S

18

1,12-Dibromododecane

3344-70-5

X

S

18

75-34-3

X

S

18

1-(2,4-Dimethylphenyl)ethanone

1,8,10-Pentadecatriene

1,1-Dichloroethane
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Chemical Namea
1,1-Dimethyl-1,2,3,4-tetrahydro-7isopropyl phenanthrene

CASRNb

Known
constituent of
hydraulic
fracturing fluid

Physicochemical
properties

27530-79-6

X

1,1-Dimethylcyclohexane

590-66-9

1,1-Dimethylcyclopropane

Selected
toxicity
datac

NCCT
CASRN or
name
Formation
changed
type
C

20

X

S

18

1630-94-0

X

S

18

1,1'-Methylenebis(4-methyl)-benzene

4957-14-6

X

C

20

1,1'-Oxybisdecane

2456-28-2

X

S

18

1,2,3,4-Tetrahydro-2,5,7trimethylnaphthalene

65001-61-8

X

S

18

1,2,3,4-Tetrahydro-2,5,8trimethylnaphthalene

30316-17-7

X

S

18

1,2,3,4-Tetrahydro-naphthalene

119-64-2

X

S,C

21

1,2,3,4-Tetramethylcyclohexane

3726-45-2

X

S

18

1,2,3,4-Tetramethylnaphthalene

3031-15-0

X

S

18

1,2,3-Trichlorobenzene

87-61-6

X

X

S

3, 9

1,2,3-Trimethylbenzene

526-73-8

X

X

S

18

1,2,3-Trimethylcyclopentane

2815-57-8

X

S

18

1,2,4,5-Tetramethylbenzene

95-93-2

X

S

18

1,2,4-Trichlorobenzene

120-82-1

X

X

S

9

1,2,4-Trimethylbenzene

95-63-6

X

X

S,C

3, 9, 10, 13, 15, 18,
22

X

X

Name

Reference

Name

Name

Name

1,2,4-Trimethylcyclohexane

2234-75-5

X

S

18

1,2,4-Trimethylcyclopentane

2815-58-9

X

S

18
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Known
constituent of
hydraulic
fracturing fluid

Physicochemical
properties

Selected
toxicity
datac
X

Chemical Namea

CASRNb

1,2-Benzenedicarboxylic acid, 1,2bis(8-methylnonyl) ester

89-16-7

X

42343-36-2

X

1,2-Di-but-2-enyl-cyclohexane

NOCAS_873054

X

1,2-Dimethyl-1-cycloheptene

20053-89-8

X

1,2-Dimethyl-4-ethylbenzene

934-80-5

X

1,2-Diphenylhydrazine

122-66-7

X

1,2-Epoxydodecane

2855-19-8

X

1,2-Epoxyhexadecane

7320-37-8

X

1,2-Benzenedicarboxylic acid, 1-butyl
2-(8-methylnonyl) ester

NCCT
CASRN or
name
Formation
changed
type

Reference

Name

S

18

Name

S

18

C

20

Name

S

18

Name

S

18

S

15

Name

S

18

Name

S

18

S

3, 9, 22

S,C

3, 9, 10, 13, 15, 18,
22

S

18

X

1,2-Propylene glycol

57-55-6

X

X

X

1,3,5-Trimethylbenzene

108-67-8

X

X

X

1,3,5-Trimethylcyclohexane

1839-63-0

X

1,3-Dimethyl-4-ethylbenzene

874-41-9

X

Name

S,C

18, 21

1,3-Dimethyladamantane

702-79-4

X

Name

C

13

1,3-Dimethylcyclohexane

591-21-9

X

S

18

1,3-Dimethylcyclopentane

2453-00-1

X

S

18

1,4,5,8-Tetramethylnaphthalene

2717-39-7

X

S

16

1,4,5-Trimethylnaphthalene

2131-41-1

X

S

18

1,4,6-Trimethylnaphthalene

2131-42-2

X

S

18

1,4-Dihydro-1,4-methanonaphthalene

4453-90-1

X

S

18
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Chemical Namea
1,4-Dimethyl-2,3diazabicyclo[2.2.1]hept-2-ene

CASRNb

Known
constituent of
hydraulic
fracturing fluid

Physicochemical
properties

71312-54-4

X

1,4-Dimethylcyclohexane

589-90-2

1,4-Dimethylnaphthalene

571-58-4

1,4-Dioxane

123-91-1

X

Selected
toxicity
datac

NCCT
CASRN or
name
Formation
changed
type
S

16

X

S

18

X

S

18

S

9, 10, 15

X

Name

Reference

X

1,4-Hexadecansultone

15224-88-1

X

Name

S

18

1,5,7-Trimethyl-1,2,3,4tetrahydronaphthalene

21693-55-0

X

Name

S

18

1,54-Dibromotetrapentacontane

852228-22-9

X

S

18

1,5-Dimethyl-7oxabicyclo[4.1.0]heptane

162239-52-3

X

S

18

1,5-Dimethylnaphthalene

571-61-9

X

S

18

1,6-Dimethyl-4(1methylethyl)naphthalene

483-78-3

X

C

20

1,6-Dimethylnaphthalene

575-43-9

X

S

18

10-Pentadecen-1-ol

129396-62-9

X

S

18

10,4-Dihydroxy-70-methoxy-2,30dimethyl-,()-[1,20-binaphthalene]5,50,8,80-tetrone

119736-96-8

X

Name

S

18

10-Methylicosane

54833-23-7

X

Name

S

18

10-Methylnonadecane

56862-62-5

X

S

18

11-(1-Ethylpropyl)-heneicosane

55282-11-6

X

Name

S

18

11,13-Dimethyl-12-tetradecen-1-yl
acetate

400037-00-5

X

Name

S

18
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Known
constituent of
hydraulic
fracturing fluid

Physicochemical
properties

Chemical Namea

CASRNb

13-Tetradecen-1-ol

67400-04-8

X

13-Tetradecen-1-yl acetate

56221-91-1

X

14-Bromo-1-tetradecene

74646-31-4

14-Methylhexadecanal

Selected
toxicity
datac

NCCT
CASRN or
name
Formation
changed
type

Reference

S

18

S

18

X

S

18

93815-50-0

X

S

18

15-Isobutyl-(13.α.H)-isocopalane

228729-94-0

X

C

20

17-Methylpentatriacontane

56987-83-8

X

S

18

1a,9b-Dihydro-1Hcyclopropa[l]phenanthrene

949-41-7

X

Name

S

18

1-Allyl-3-methylindole-2-carbaldehyde

123731-75-9

X

Name

C

20

1-Bromo-11-iodoundecane

139123-69-6

X

S

18

1-Bromohexadecane

112-82-3

X

S

18

1-Bromooctadecane

112-89-0

X

S

18

1-Bromopentadecane

629-72-1

X

S

18

1-Butanol

71-36-3

Name

S

22

Name

C

20

S

18

S

18

X

X

Name

Name

X

1-Butyl-2-ethyloctahydro-1H-4,7epoxyinden-5-ol

62583-58-8

X

1-Butyl-2-pentylcyclopentane

61142-52-7

X

1-Chloro-Heptacosane

62016-79-9

X

1-Chlorohexadecane

4860-03-1

X

S

18

1-Decene

872-05-9

X

S

18

1-Docosanethiol

7773-83-3

X

S

18

1-Dodecene

112-41-4

X

S

18

H-80

Name

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Known
constituent of
hydraulic
fracturing fluid

Physicochemical
properties

Selected
toxicity
datac

NCCT
CASRN or
name
Formation
changed
type

Chemical Namea

CASRNb

1-Dotriacontanol

6624-79-9

X

S

18

1-Ethyl-2,3-dimethylbenzene

933-98-2

X

S

18

1-Ethyl-2-methylbenzene

611-14-3

X

S

18

1-Ethyl-2-methylcyclohexane

3728-54-9

X

S

18

1-Ethyl-2-methylcyclopentane

3726-46-3

X

S

18

1-Ethyl-3-methylcyclohexane

3728-55-0

X

S

18

1-Ethyl-4-methylcyclohexane

3728-56-1

X

S

18

1-Ethyl-9,10-anthracenedione

24624-29-1

X

C

20

1-Ethylidene-1H-indene

2471-83-2

X

S

18

1-Fluorododecane

334-68-9

X

S

18

1-Hentetracontanol

40710-42-7

X

S

18

1-Hexacosanol

506-52-5

X

S

18

1-Hexacosene

18835-33-1

C

20

1-Hexadecene

629-73-2

X

S

18

73105-67-6

X

S

18

1-Isopropyl-2,3-dimethylcyclopentane

489-20-3

X

S

18

1-Methyl-1,2-cyclohexanediol

6296-84-0

X

S

18

1-Methyl-2-pentylcyclohexane

54411-01-7

X

S

18

1-Methyl-3-(1methylethyl)cyclopentane

53771-88-3

X

Name

S

18

1-Methyl-3-propylbenzene

1074-43-7

X

Name

S

16

1-Iodo-2-methylundecane

X

X

H-81

Name

Name

Reference

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Known
constituent of
hydraulic
fracturing fluid

Physicochemical
properties

Chemical Namea

CASRNb

1-Methyl-7-(1methylethyl)phenanthrene

483-65-8

X

1-Methyl-7-oxabicyclo[4.1.0]heptane

1713-33-3

1-Methylene-1H-indene
1-Methylfluorene

Selected
toxicity
datac

NCCT
CASRN or
name
Formation
changed
type
C

20, 21

X

S

18

2471-84-3

X

S

18

1730-37-6

X

C

20

1-Methylnaphthalene

90-12-0

X

S,C

18, 21, 22

1-Naphthol

90-15-3

X

S

22

1-Nonene

124-11-8

X

S

18

1-Octadecanethiol

2885-00-9

X

S

18

1-Octadecene

112-88-9

X

S

18

S

18

X

Name

Reference

Name
X

1-Oxopyridin-2-ylamine

14150-95-9

X

1-Pentyl-2-propylcyclopentane

62199-51-3

X

S

18

X

S

22

1-Propanol

71-23-8

X

Name

1-Propoxyhexane

53685-78-2

X

S

18

1-Propylcyclohexene

2539-75-5

X

S

18

1-Tricosene

18835-32-0

X

S

18

1-Tridecene

2437-56-1

X

S

18

2-(2-Buten-1-yl)-1,3,5trimethylbenzene

63435-25-6

X

S

18

S,C

21

C

20, 21

C

20

2-(2-Butoxyethoxy)ethanol

112-34-5

X

X

2(3H)-Benzothiazolone

934-34-9

X

2-(Methylthio)-benzothiazole

615-22-5

X

H-82

X

Name

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Chemical Namea

CASRNb

Known
constituent of
hydraulic
fracturing fluid

Physicochemical
properties

Selected
toxicity
datac

NCCT
CASRN or
name
Formation
changed
type

Reference

2,10-Dimethylundecane

17301-27-8

X

S

18

2,2,3,3-Tetramethylhexane

13475-81-5

X

S

18

144-19-4

X

S,C

21

X

S

11

2,2,4-trimethyl-1,3-pentanediol
2,2-Dibromo-3-nitrilopropionamide

10222-01-2

2,2-Dichloro-3,6-dimethyl-1-oxa-2silacyclohexa-3,5-diene

69586-09-0

X

S

18

2,3',5-Trimethyldiphenylmethane

61819-81-6

X

C

20

2,3,6-Trimethylnaphthalene

829-26-5

X

S

18

2,3-Dihydro-1,1,2,3,3-pentamethyl-1Hindene

1203-17-4

X

C

20

2,3-Dimethyldecahydronaphthalene

1008-80-6

X

S

18

2,3-Dimethyldecane

17312-44-6

X

S

18

2,3-Dimethylheptane

3074-71-3

X

S

18

2,3-Dimethylnaphthalene

581-40-8

X

S

18

17312-77-5

X

S

18

96-04-8

X

Name

S

16

Name

C

20

2,3-Dimethylundecane
2,3-Heptanedione
2,4,6-Trimethyl-azulene
2,4-Bis(1,1-dimethylethyl)phenol

X

Name

NOCAS_873044
96-76-4

X

Name

C

21

56771-78-9

X

Name

S

18

2,4-Dichlorophenol

120-83-2

X

S

15

2,4-dimethyl-1-(1-methylpropyl)benzene

1483-60-9

C

21

2,4-Dimethylheptane

2213-23-2

S

18

2,4-Dichloro-5-oxohex-2-enedioic acid

X
Name

X

H-83

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Known
constituent of
hydraulic
fracturing fluid

Physicochemical
properties

Chemical Namea

CASRNb

2,4-Dimethylhexane

589-43-5

X

2,4-Dimethylphenol

105-67-9

X

2,4-Dimethylundecane

17312-80-0

2,5,9-Trimethyldecane

Selected
toxicity
datac

NCCT
CASRN or
name
Formation
changed
type

Reference

S

18

S,C

3, 9, 10, 13, 15

X

S

18

62108-22-9

X

S

18

106-51-4

X

C

20

2,5-Dimethyldodecane

56292-65-0

X

S

18

2,6,10-Trimethyl-9-undecenoic acid

97993-62-9

X

S

18

2,6,10-Trimethylpentadecane

3892-00-0

X

S

18

2,6,10-Trimethylundec-9-enal

141-13-9

X

S

18

2,6,10-Trimethylundecanoic acid

1115-94-2

X

S

18

2,6,11-Trimethyldodecane

31295-56-4

X

S

18

2,6-Bis(dimethylethyl)-2,5cyclohexadiene-1,4-dione

719-22-2

X

C

20

2,6-Dichlorophenol

87-65-0

X

S

3, 9

2,6-Dimethyldecane

13150-81-7

X

S

18

2,6-Dimethylheptane

1072-05-5

X

S

18

2,6-Dimethylnaphthalene

581-42-0

X

S

18

2,6-Di-tert-butylphenol

128-39-2

X

C

10, 14, 20

2,7-Dimethylnaphthalene

582-16-1

X

S

18

2-[2-[4-(1,1,3,3tetramethylbutyl)phenoxy]ethoxy]ethanol

2315-61-9

X

C

20, 21

22-Tricosenoic acid

65119-95-1

X

C

20

2,5-Cyclohexadiene-1,4-dione

H-84

X

X

Name

Name

Name

Name

Name

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Chemical Namea
28-Nor-17.α.(H)-hopane

CASRNb

Known
constituent of
hydraulic
fracturing fluid

Physicochemical
properties

Selected
toxicity
datac

NCCT
CASRN or
name
Formation
changed
type

Reference

204781-73-7

X

Name

C

20

2-Aminoimidazole

7720-39-0

X

Name

S

18

2-Butoxyethanol

111-76-2

S

22

2-Butyloctan-1-ol

3913-02-8

X

S

18

2-Chloroethanol

107-07-3

X

S

18

2-Dodecen-1-yl(-)succinic anhydride

25377-73-5

X

Name

C

20

2'-Dodecyl- 1,1':3',1''-tercyclopentane

55282-68-3

X

Name

S

18

2-Ethyl-1,1,3-trimethylcyclohexane

442662-72-8

X

S

18

2-Ethyl-1-decanol

21078-65-9

X

S

18

2-Ethyl-1-hexanol

104-76-7

X

S

22

2-Ethylhexyl diphenyl phosphate
(Octicizer)

1241-94-7

X

C

20

2-Hexyl-1-decanol

2425-77-6

X

S

18

1418543-90-4

X

Name

S

18

2-Hydroxy-4-(propan-2-yl)cyclopent-2en-1-one

54639-82-6

X

Name

S

18

2-Imino-5,6-dihydro-2Hcyclopenta[d][1,3]thiazol-3(4H)-ol

738528-09-1

X

Name

S

18

149-30-4

X

C

20

25414-22-6

X

S

16

513-35-9

X

S

18

51050-50-1

X

S

18

2-Hydroxy-2-methylbut-3-en-1-yl 2methylbut-2-enoate

2-Mercaptobenzothiazole
2-Methoxyfuran
2-Methyl-2-butene
2-Methyl-7-octadecene

X

X

X

H-85

X
Name
X

Name

X

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Chemical Namea
2-Methyl-8-propyl-dodecane

CASRNb

Known
constituent of
hydraulic
fracturing fluid

Physicochemical
properties

Selected
toxicity
datac

NCCT
CASRN or
name
Formation
changed
type

Reference

55045-07-3

X

Name

C

20

2-Methylbut-1-ene

563-46-2

X

Name

S

18

2-Methyldecane

6975-98-0

X

S

18

2-Methyldodecan-1-ol

22663-61-2

X

S

18

2-Methyldodecane

1560-97-0

X

S

18

2-Methylheptane

592-27-8

X

S

18

2-Methylnaphthalene

91-57-6

X

S,C

3, 9, 10, 13, 15, 16,
18, 21, 22

2-Methyl-nonadecane

52845-07-5

X

C

20

2-Methylnonane

871-83-0

X

S

18

2-Methyl-N-phenyl-benzenamine

1205-39-6

X

C

21

2-Methyloctane

3221-61-2

X

S

18

2-Methylpentadecane

1560-93-6

X

S

18

2-Methylpentane

107-83-5

X

S

18

2-Methylphenanthrene

2531-84-2

X

S

18

2-Methylpropanoic acid

79-31-2

X

U

10

2-Methylpyridine

109-06-8

X

S

3, 9

2-Methyltetradecane

1560-95-8

X

S

18

2-Methyltridecane

1560-96-9

X

S

18

2-Methylundecane

7045-71-8

X

S

18

2-Naphthalenol

135-19-3

X

Name

S

22

2-Octadecyl-propane-1,3-diol

5337-61-1

X

Name

C

20

H-86

Name

X
Name

Name

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Known
constituent of
hydraulic
fracturing fluid

Physicochemical
properties

Selected
toxicity
datac

NCCT
CASRN or
name
Formation
changed
type

Chemical Namea

CASRNb

2-Octene

111-67-1

X

S

18

2-Pentyl-2-nonenal

3021-89-4

X

S

18

2-Phenylpentane

2719-52-0

X

Name

S

18

3-(4-Methoxyphenyl)-2ethylhexylester-2-propenoic acid

5466-77-3

X

Name

C

20

3-(4-Methoxyphenyl)-2-propenoic acid

830-09-1

Name

C

20

Reference

3-(Hexahydro-1H-azepin-1-yl)-1,1dioxide-1,2-benzisothiazole

309735-29-3

X

Name

C

20

3,3,5,5-Tetramethylcyclopentene

38667-10-6

X

Name

S

18

3,3'-5,5'-Tetramethyl-[1,1'-biphenyl]4,4'-diamine

54827-17-7

X

Name

S,C

21

3,4-Dihydro-1,9(2H,10H)acridinedione

80061-31-0

X

Name

C

21

3,5,24-Trimethyltetracontane

55162-61-3

X

S

18

3,5-Dimethyloctane

15869-93-9

X

S

18

3,5-Di-tert-butyl-4hydroxybenzaldehyde

1620-98-0

X

C

20

3,6-Dimethylundecane

17301-28-9

X

S

18

3,7-Dimethyldecane

17312-54-8

X

S

18

3,7-Dimethylnonane

17302-32-8

X

S

18

3,7-Dimethyloct-7-enal

141-26-4

X

S

18

3,7-Dimethylundecane

17301-29-0

X

S

18

3,8-Dimethyldecane

17312-55-9

X

S

18

3,9-Dimethylundecane

17301-31-4

X

S

18

H-87

Name

Name

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Chemical Namea
3-Cyclohexylpropan-1-ol

CASRNb

Known
constituent of
hydraulic
fracturing fluid

Physicochemical
properties

Selected
toxicity
datac

NCCT
CASRN or
name
Formation
changed
type

Reference

1124-63-6

X

Name

S

18

3-Cyclopentyl-2-methylpropan-1-ol

264258-62-0

X

Name

S

18

3-Ethyl-2-methylheptane

14676-29-0

X

S

18

3-Ethylhexane

619-99-8

X

S

18

3-Ethyltoluene

620-14-4

X

S

18

3-Methyl-1-heptene

4810-09-7

X

S

18

3-Methyl-2-(2-oxopropyl)furan

87773-62-4

X

S

18

3-Methyl-3-hexene

42154-69-8

X

S

18

3-Methylcyclohexene

591-48-0

X

S

16

3-Methylcyclopentadecan-1-one

541-91-3

X

S

18

3-Methyldecane

13151-34-3

X

S

18

3-Methyldodecane

17312-57-1

X

S

18

3-Methylnonane

5911-04-6

X

S

18

3-Methyloctane

2216-33-3

X

S

18

4-(1,1,3,3-Tetramethylbutyl)phenol

140-66-9

X

Name

C

14, 21

4,4-Diacetyldiphenylmethane

790-82-9

X

Name

C

20

4,4-Dimethyl-2-(1methylethenyl)cyclopentanone

343270-53-1

X

Name

S

18

4,6,8-Trimethyl-2-propylazulene

160951-15-5

X

C

20

4,6-Dimethyldodecane

61141-72-8

X

S

18

4-[1-(2-Methylphenyl)ethyl]phenol

35770-76-4

X

C

20

4-Decene

19398-89-1

X

S

18

H-88

Name

Name

Name

Name

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Chemical Namea

CASRNb

Known
constituent of
hydraulic
fracturing fluid

Physicochemical
properties

Selected
toxicity
datac

NCCT
CASRN or
name
Formation
changed
type

Reference

4-Ethyl-2,3-dimethylhex-2-ene

959028-24-1

X

Name

S

18

4-Ethyl-5-octyl-2,2bis(trifluoromethyl)-1,3-dioxolane, cis-

38274-72-5

X

Name

S

18

4-Ethyloctane

15869-86-0

X

S

18

4-Methyl-2-pentene

4461-48-7

X

S

18

4-Methyl-2-phenyl-2-pentenal

26643-91-4

X

S

18

4-Methyldecane

2847-72-5

X

S

18

4-Methyldocosane

25117-30-0

X

S

18

1372101-59-1

X

S

18

4-Methylheptane

589-53-7

X

S

18

4-Methylnonane

17301-94-9

X

S

18

4-Methyloctane

2216-34-4

X

S

18

4-Methyltetradecane

25117-24-2

X

S

18

4-Methyltridecane

26730-12-1

X

S

18

4-Methylundecane

2980-69-0

X

S

18

4-Phenyl-1-buten-4-ol

936-58-3

X

S

18

4-Propyl-3-heptene

4485-13-6

X

S

18

4-Propylcyclohexanone

40649-36-3

X

S

18

4-Propylheptane

3178-29-8

X

S

18

108837-05-4

X

C

20

C

20

S

18

4-Methyldodec-3-en-1-ol

4-Propyl-xanthen-9-one
5-(1,1-Dimethylethyl)-1H-indene
5-Butyl-6-hexyloctahydro-1H-indene

NOCAS_873045
55044-36-5

X

H-89

Name

Name

Name

Name

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Chemical Namea

CASRNb

Known
constituent of
hydraulic
fracturing fluid

Physicochemical
properties

Selected
toxicity
datac

NCCT
CASRN or
name
Formation
changed
type

Reference

5-Methyldecane

13151-35-4

X

S

18

5-Methyltetradecane

25117-32-2

X

S

18

5-Methyltridecane

25117-31-1

X

S

18

6-Methyl-6-ethylfulvene

3141-02-4

X

S

18

6-Methyltridecane

13287-21-3

X

S

18

6-Methylundecane

17302-33-9

X

S

18

7,12-Dimethylbenz(a)anthracene

57-97-6

X

S

3, 9

7-Bromomethyl-pentadec-7-ene

941228-34-8

X

Name

C

20

7-Ethenylphenanthrene

68593-94-2

X

Name

C

20

7-Methylpentadecane

6165-40-8

X

S

18

7-Methyltridecane

26730-14-3

X

S

18

7-Tetradecyne

35216-11-6

X

C

20

8-Hexadecyne

19781-86-3

X

C

20

8-Methylundec-3-ene

876314-66-8

X

S

18

9-Hexacosene

71502-22-2

X

S

18

9-Methylanthracene

779-02-2

X

S

18

9-Methylnonadecane

13287-24-6

X

S

18

S

22

X

S,C

11, 21

S

3, 9, 10, 12

X

X

Name

X

Name

Acetaldehyde

75-07-0

Acetate

71-50-1

Acetic acid

64-19-7

X

X

Acetone

67-64-1

X

X

X

S

3, 9, 10, 15, 18

Acetophenone

98-86-2

X

X

X

S,C

3, 9, 15, 21, 22

H-90

X

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Chemical Namea

CASRNb

Acetyl tributyl citrate

77-90-7

Acrolein

107-02-8

Acrylonitrile

Known
constituent of
hydraulic
fracturing fluid

Physicochemical
properties

Selected
toxicity
datac

X

Name

Reference

S

18

X

X

S

9

107-13-1

X

X

S

3, 9

Adamantane

281-23-2

X

C

13

Aldrin

309-00-2

X

S

3, 9

Name

S

24, 25, 26

Alpha particle
alpha-Farnesene

X

NCCT
CASRN or
name
Formation
changed
type

12587-46-1

X
X

502-61-4

X

Name

S

18

alpha-Methyl-1H-imidazole-1-ethanol

37788-55-9

X

Name

S

18

Aluminum

7429-90-5

X

S

3, 9, 10

Ammonia

7664-41-7

X

S

3, 9, 10, 18

Antimony

7440-36-0

S

3, 9, 10

Aroclor 1248

12672-29-6

S

3, 9

Arsenic

7440-38-2

X

S

3, 9, 10

Barium

7440-39-3

X

S

3, 9, 10

S

15

S,C

3, 9, 10, 12, 13, 16,
22

C

13

Benz(a)anthracene

56-55-3

Benzene

71-43-2

Benzene, 1,3 (or 1,4)-dimethyl-

X

X
X
X

X

X

X

X

X

179601-23-1

Name;
CASRN

Name

Benzidine

92-87-5

X

X

S

15

Benzo(a)pyrene

50-32-8

X

X

S

3, 9, 15

Benzo(b)fluoranthene

205-99-2

X

X

S

3, 9, 15

H-91

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Known
constituent of
hydraulic
fracturing fluid

Physicochemical
properties

Selected
toxicity
datac

NCCT
CASRN or
name
Formation
changed
type

Chemical Namea

CASRNb

Benzo(g,h,i)perylene

191-24-2

X

X

S

3, 9, 10, 15

Benzo(k)fluoranthene

207-08-9

X

X

S

3, 9, 15

Benzophenone

119-61-9

X

X

C

21

Benzothiazole

95-16-9

X

S,C

14, 20, 21

Benzyl alcohol

100-51-6

X

X

Name

S

3, 9, 10, 15, 20

Benzyl butyl phthalate

85-68-7

X

X

Name

C

20, 21

Benzyl chloride

100-44-7

X

X

S

22

Beryllium

7440-41-7

X

S

3, 9, 10

Beta particle

12587-47-2

X

S

24, 25, 26

X

Name

Reference

beta-Hexachlorocyclohexane

319-85-7

X

X

S

3, 9

biphenyl

92-52-4

X

X

C

20, 21

26746-38-3

X

S,C

21

S

3, 9

Bis(1,1-dimethylethyl)-phenol
Bis(2-chloroethyl) ether

111-44-4

Bis(2-ethylhexyl) isophthalate

137-89-3

X

Name

S

18

Bis(dichloromethyl) ether

20524-86-1

X

Name

S

18

Bis-(octylphenyl)-amine

26603-23-6

Name

C

20

Name

S

22

S

3, 9, 10

S

3, 9, 10

Bisphenol A

X

80-05-7

X

Boron

7440-42-8

X

Bromide

24959-67-9

X

Name

X

X

X
X

Bromodichloromethane

75-27-4

X

X

S

3

Bromoform

75-25-2

X

X

S

3, 9, 10

Butanenitrile

109-74-0

X

S

16

H-92

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Known
constituent of
hydraulic
fracturing fluid

Physicochemical
properties

Chemical Namea

CASRNb

Butanoic acid

107-92-6

X

Butanoic acid, butyl ester

109-21-7

X

Butyl 8-methylnonyl phthalate

89-18-9

X

Butylbenzene

104-51-8

X

Butylcyclohexane

1678-93-9

Butyrate

461-55-2

Cadmium

7440-43-9

Caesium

7440-46-2

Caesium-137

10045-97-3

Caffeine

58-08-2

Calcium

7440-70-2

Caprolactam

105-60-2

Carbon dioxide

124-38-9

Carbon disulfide

75-15-0

Selected
toxicity
datac

NCCT
CASRN or
name
Formation
changed
type
S

9, 10

Name

C

20

Name

S

18

Name

S,C

9, 10, 13

X

S

18

X

S

11

S

3, 9, 10

C

14

S

3

C

20

S

3, 9, 10

C

14, 21

S

3, 9, 10

S

3, 9, 22

S

3, 9, 10

S

3, 10

S

16

X

X
Name

X

X
X

16887-00-6

X

Chlorine

7782-50-5

X

Chlorobenzene

108-90-7

X

Chlorodibromomethane

X

X

X
X

Chloride

Reference

X

X
X

X

124-48-1

X

X

S

3

Chloroform

67-66-3

X

X

S

3, 9, 10, 18

Chloromethane

74-87-3

X

X

S

3, 10, 22

S

18

C

20

Chloromethyl 5-chloropentyl ether
Cholesterol

X

145912-11-4

X

57-88-5

X

H-93

Name

Name
X

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Chemical Namea

CASRNb

Chromium

7440-47-3

Chromium (III)

16065-83-1

Chromium (VI)

18540-29-9

Chrysene

Known
constituent of
hydraulic
fracturing fluid

Physicochemical
properties

Selected
toxicity
datac

NCCT
CASRN or
name
Formation
changed
type

Reference

X

S

3, 9, 10

X

X

S

3

X

X

S

3, 10

X

S

15

218-01-9

X

24145-89-9

X

Name

S

18

cis-Octahydro-4a-methyl-2(1H)naphthalenone

938-06-7

X

Name

S

18

Cobalt

7440-48-4

X

S

3, 9, 10

Copper

7440-50-8

X

X

S

3, 9, 10

Cumene

98-82-8

X

S

3, 9, 22

Cyanide

S

3, 9, 10

S

18

cis-1,4-Dimethyladamantane

X

X

57-12-5

X

X

16849-98-2

X

Cyclohexylbenzene

827-52-1

X

S

18

Cyclopentadecane

295-48-7

X

S

18

Cyclotetracosane

297-03-0

X

S

18

Cyclotetradecane

295-17-0

X

S

18

Cyclotridecane

295-02-3

X

S

18

Decahydro-1-methyl-2methylenenaphthalene

90548-09-7

X

S

18

Decahydro-2-methylnaphthalene

2958-76-1

X

Name

S

18

91-17-8

X

Name

S

18

1795-16-0

X

S

18

Cyclohexyl mercaptoacetate

Decalin
Decylcyclohexane

H-94

Name

Name

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Known
constituent of
hydraulic
fracturing fluid

Physicochemical
properties

Selected
toxicity
datac

X

X

X

X
X

Chemical Namea

CASRNb

delta-Hexachlorocyclohexane

319-86-8

Di(2-ethylhexyl) phthalate

117-81-7

Dibenz(a,h)anthracene

53-70-3

X

Dibenzosuberol

1210-34-0

X

dibenzothiophene

132-65-0

X

Dibromoacetonitrile

3252-43-5

X

Dibutyl hexanedioate

105-99-7

X

Dibutyl phthalate

84-74-2

X

X

Dichloromethane

75-09-2

X

X

didecyl phthalate

84-77-5

X

Dieldrin

60-57-1

X

X

Diethyl phthalate

84-66-2

X

X

Diethyltoluamide

134-62-3

X

Diisodecyl phthalate

26761-40-0

X

Diisooctyl phthalate

27554-26-3

X

Dimethyl phthalate

131-11-3

X

X

X

X

NCCT
CASRN or
name
Formation
changed
type

Reference

S

9

S

3, 9, 10, 18

S

3, 9, 15

S

18

X

C

21

X

S

11

S

18

S,C

3, 9, 10, 20, 21

S

9, 10, 18

S

18

S

9

Name

S,C

9, 20, 21

X

Name

C

21

X

Name

S

18

Name

S

18

C

20

C

20, 21

C

20, 21

Name

Name

Name

Name

X

Dimethylnaphthalene

28804-88-8

Name

Dimethylphenol

1300-71-6

Dimethyl-tetracyclo[5.2.1.0(2,6)0(3,5)]decane

74646-38-1

X

Name

C

20

DINP

28553-12-0

X

Name

S

18

Dioctadecyloate phosphoric acid

3037-89-6

X

S

18

H-95

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Known
constituent of
hydraulic
fracturing fluid

Physicochemical
properties

Selected
toxicity
datac

Chemical Namea

CASRNb

Dioctyl hexanedioate

123-79-5

X

Dioctyl phthalate

117-84-0

X

X

Diphenylamine

122-39-4

X

X

Diphenylmethane

101-81-5

X

Di-tert-butyl nitroxide

2406-25-9

X

D-Limonene

5989-27-5

X

X

Dodecane

112-40-3

X

Dodecanoic acid

NCCT
CASRN or
name
Formation
changed
type

Reference

Name

S

18

Name

S

9, 10, 14, 18, 21

S,C

3, 9, 15, 20, 21

C

20

S

16

S

22

X

S

12, 18

143-07-7

X

S,C

14, 20, 21

Dotriacontane

544-85-4

X

S

18

Drometrizole

2440-22-4

X

C

20

Endosulfan I

959-98-8

X

S

3, 9

Endosulfan II

33213-65-9

X

S

3, 9

Endrin aldehyde

7421-93-4

X

S

3, 9

S

22

S

18

S,C

3, 9, 10, 13, 18, 22

X

X

Name
X

Name

Ethanol

64-17-5

X

Ethyl glycylglycinate

627-74-7

Ethylbenzene

100-41-4

Ethylcyclohexane

1678-91-7

X

S

18

Ethylcyclopentane

1640-89-7

X

S

18

Ethylene glycol

107-21-1

S,C

3, 9, 21, 22

Farnesol

4602-84-0

X

S

18

Fluoranthene

206-44-0

X

X

S

3, 9, 15

Fluorene

86-73-7

X

X

S,C

3, 9, 10, 15, 20

X
X

X

X

X

H-96

Name
X

X
Name

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Chemical Namea

CASRNb

Known
constituent of
hydraulic
fracturing fluid

Physicochemical
properties

Fluoride

16984-48-8

Formate

71-47-6

Formic acid

64-18-6

X

X

Glutaraldehyde

111-30-8

X

Glycolic acid

79-14-1

X

Heptachlor

76-44-8

X

Heptachlor epoxide

1024-57-3

X

Heptacosane

593-49-7

Heptane

142-82-5

Heptanoic acid

Selected
toxicity
datac

NCCT
CASRN or
name
Formation
changed
type

X

Reference

S

3, 9, 10

S

11, 19

U

10

X

S

22

X

S

18

X

S

3, 9

X

S

3, 9

X

S,C

18, 20

X

S

18

111-14-8

X

U

10

Heptylcyclohexane

5617-41-4

X

S

18

Hex-3-yne

928-49-4

X

S

18

Hexadecahydropyrene

2435-85-0

X

S

18

Hexadecanoic acid

57-10-3

X

C

14, 21

Hexane

110-54-3

S

18

Hexanoic acid

142-62-1

X

U

10

Hexatriacontane

630-06-8

X

S

18

Hexylcyclohexane

4292-75-5

X

S

18

Hydratropaldehyde

93-53-8

X

S

18

Hydrazine

302-01-2

X

X

S

18

Hydrochloric acid

7647-01-0

X

X

S

18

Hydroxyacetonitrile

107-16-4

S

18

X

X

X

X

X

H-97

Name
X

Name

X

Name

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Known
constituent of
hydraulic
fracturing fluid

Physicochemical
properties

Chemical Namea

CASRNb

Imidazo[1,2-a]pyrimidine

274-95-3

X

Indeno(1,2,3-cd)pyrene

193-39-5

X

Iodine

7553-56-2

Iron

7439-89-6

Isobutylbenzene

538-93-2

X

Isobutylcyclohexane

1678-98-4

X

X

S

3, 9, 15

X

S

9, 14

X

S

3, 9, 10

Name

S

18

Name

S

18

S

3, 9, 22

C

20

X

C

21

U

10

C

21

X

S

3, 9, 10

X

S

3, 9

S

3, 9, 10

C

10

S

3, 9, 10

S

3, 9, 10

Name

S,C

3, 9, 10, 13, 15

67-63-0

Isopropyl myristate

110-27-0

Isoquinoline

119-65-3

Isovaleric acid

503-74-2

X

Kaur-16-ene

562-28-7

X

Lead

7439-92-1

X

X

X

X
X

Name

Name

Lindane

58-89-9

Lithium

7439-93-2

X

NOCAS_24858

X

m,p-Cresol mixture

Reference
18

Isopropanol

X

NCCT
CASRN or
name
Formation
changed
type
S

X

X

Selected
toxicity
datac

Name

Magnesium

7439-95-4

Manganese

7439-96-5

m-Cresol

108-39-4

X

m-Cymene

535-77-3

X

Name

S

18

Menthol

1490-04-6

X

Name

S

18

Mercury

7439-97-6

X

S

3, 9, 10

Methanol

67-56-1

X

S

3, 9, 22

X

X

X

H-98

X

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Chemical Namea
Methyl biphenyl, mixed isomers

CASRNb

Known
constituent of
hydraulic
fracturing fluid

Physicochemical
properties

28652-72-4
74-83-9

X

Methyl crotonate

18707-60-3

X

78-93-3

X

119296-91-2

X

Methyl(Z)-3,3-diphenyl-4-hexenoate

NCCT
CASRN or
name
Formation
changed
type
Name

Methyl bromide

Methyl ethyl ketone

Selected
toxicity
datac

X

C

14, 21

S

3, 9

Name

S

18

Name

S

3, 9, 10

Name

C

20

S

18

CASRN

S

18

X

X

Reference

Methylcyclohexane

108-87-2

X

Methylenecyclohexane

1192-37-6

Methylnaphthalene

1321-94-4

Name

C

20, 21

Methylquinoline

27601-00-9

Name

C

14

Molybdenum

7439-98-7

S

3, 9, 10

m-xylene

108-38-3

S

18

N,N-Dimethylformamide

68-12-2

Naphthalene

91-20-3

X

X
X

X

Name

X

X

X

S

22

X

X

X

S,C

3, 9, 10, 11, 12, 13,
14, 15, 20, 21, 22

Nickel

7440-02-0

X

S

3, 9, 10

Nitrate

14797-55-8

X

S,C

3, 9, 10

Nitrite

14797-65-0

X

S,C

3, 9, 10

S

3, 9, 10, 15

S

9, 15

N-Nitrosodiphenylamine
N-Nitroso-N-methylethylamine
Nonacosane
Nonahexacontanoic acid
Nonane

86-30-6

X

X

10595-95-6

X

X

630-03-5

X

S

18

40710-32-5

X

S

18

111-84-2

X

S

18

H-99

X

Name

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Chemical Namea
Norphytane

CASRNb

Known
constituent of
hydraulic
fracturing fluid

Physicochemical
properties

1921-70-6

X

o-Cresol

95-48-7

X

Octadecanoic acid

57-11-4

Octahydro-2-methylpentalene
Octane

Selected
toxicity
datac

NCCT
CASRN or
name
Formation
changed
type

Reference

Name

S

18

Name

S,C

3, 9, 10, 13, 15

X

S,C

14, 21

3868-64-2

X

S

18

111-65-9

X

S

18

C

14

S

18

S

16

Octasulfur

10544-50-0

O-Decylhydroxylamine

29812-79-1

X

O-Isobutylhydroxylamine

5618-62-2

X

o-Xylene

95-47-6

p,p'-DDE

X

Name

X

X

S

18

72-55-9

X

X

S

3, 9

p-Cresol

106-44-5

X

X

Name

S,C

3, 9, 10, 13, 15

p-Cymene

99-87-6

X

Name

S

9, 10, 18

Pentadecanoic acid

1002-84-2

X

C

20

Pentane

109-66-0

S

16

Pentanoic acid

109-52-4

X

U

10

Pentatriacontane

630-07-9

X

S

18

Pentylcyclohexane

4292-92-6

X

S

18

Pentylhydroperoxide

74-80-6

X

S

18

perylene

198-55-0

X

X

S,C

21

Phenanthrene

85-01-8

X

X

S,C

3, 9, 10, 15, 16, 20

C

20

S,C

3, 9, 10, 13, 15

Phenanthrene-1-carboxlic acid
Phenol

X

Name

X

X

X

27875-89-4
108-95-2

X

X
X

X

H-100

Name
X

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Known
constituent of
hydraulic
fracturing fluid

NCCT
CASRN or
name
Formation
changed
type

Physicochemical
properties

Selected
toxicity
datac

X

X

S

9

X

S

3, 9

S

23

S

3, 9, 10

C

20

S

22

C

21

U

10

Chemical Namea

CASRNb

Phorate

298-02-2

Phosphorus

7723-14-0

Polypropylene glycol

25322-69-4

Potassium

7440-09-7

Propane-diphenyl

25167-94-6

Propargyl alcohol

107-19-7

Propionate

72-03-7

X

Propionic acid

79-09-4

X

Propyl cyanate

1768-36-1

X

Name

S

16

Propylbenzene

103-65-1

X

Name

S

9, 13, 16, 18

Propylcyclohexane

1678-92-8

X

S

18

Propylcyclopentane

2040-96-2

X

S

18

p-Tert-butylphenol

98-54-4

X

C

21

p-Xylene

106-42-3

Pyrene

129-00-0

Pyreno[4,5-c]furan

X

Name
X

X

X

X
Name

Name

X

X

S,C

13, 22

X

X

S,C

9, 10, 15, 20, 21

C

20

S

3, 9, 10, 15

S

11

X

S,C

21

15123-40-7

Pyridine

110-86-1

X

Pyruvate

57-60-3

X

Quinoline

91-22-5

X

Reference

X

X

Radium

7440-14-4

X

S

3

Radium-226

13982-63-3

X

S

3, 10, 24, 25, 26, 27

Radium-228

15262-20-1

X

S

3, 10, 24, 25, 26

H-101

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Chemical Namea

CASRNb

rel-(1R,2S)-1,2-Diethylcyclohexadecane

14113-60-1

Rubidium

7440-17-7

Known
constituent of
hydraulic
fracturing fluid

Physicochemical
properties

Selected
toxicity
datac

X

Safrole

94-59-7

X

sec-Butylbenzene

135-98-8

X

Selenium

7782-49-2

Silica

7631-86-9

Silicon

7440-21-3

Silver

7440-22-4

Sodium

7440-23-5

Sterane

50-24-8

X

NCCT
CASRN or
name
Formation
changed
type
Name

Reference

S

18

C

14

S

3, 9

S,C

9, 13

X

S

3, 9, 10

X

U

10

U

10

S

3, 9, 10

S

3, 9, 10

C

20

S

3, 9, 10

S

3, 9, 10

X

X

X

Name

Strontium

7440-24-6

X

Sulfate

14808-79-8

Sulfide

18496-25-8

S

9, 14

Sulfite

14265-45-3

S

3

syn-1,6:8,13-Bismethano[14]annulene

55821-04-0

X

S

18

tert-Butylbenzene

98-06-6

X

C

13

Tetrachloroethene

127-18-4

X

S

3, 9, 11

Tetracontane

4181-95-7

X

S

18

Tetradecanal

124-25-4

X

S

18

Tetradecane

629-59-4

X

S,C

18, 20

Tetradecanoic acid

544-63-8

X

S,C

14, 20, 21

Tetradecyl trifluoroacetate

6222-02-2

X

S

18

X

X

H-102

Name

X

Name

Name

Appendix H – Chemicals Identified in Hydraulic Fracturing Fluids and/or Produced Water

Chemical Namea

CASRNb

tetramethylbutanedinitrile

3333-52-6

Thallium

7440-28-0

Tin

7440-31-5

Titanium

7440-32-6

Toluene

108-88-3

trans-1,4-Dimethyladamantane

Known
constituent of
hydraulic
fracturing fluid

Physicochemical
properties
X

X

X

24145-88-8

X

Triacontane

638-68-6

X

Tributyl citrate

77-94-1

X

Tributyl phosphate

126-73-8

Trichlorodocosylsilane

7325-84-0

trichlorophenol

25167-82-2

Tricyclo[4.4.0.0(3,9)]decane

Selected
toxicity
datac

X

X

NCCT
CASRN or
name
Formation
changed
type
Name

Reference

S,C

21

X

S

3, 9, 10

X

S

9, 10

S

3, 9, 10

S

3, 9, 10, 12, 13, 18,
22

S

18

S

18

Name

S

18

Name

C

14

S

18

C

21

X
Name

X

X

NOCAS_873040

X

C

20

Tridecanal

10486-19-8

X

S

18

Tridecane

629-50-5

X

S

18

X

Tridecanedial

63521-76-6

X

C

20

Tridecyloate-2,2,3,3,4,4,4heptafluorobutanoic acid

959088-59-6

X

S

18

Triethylene glycol monododecyl ether

3055-94-5

X

S,C

13, 21

Trimethylbenzene

25551-13-7

S,C

12, 21

X

X

Name

Triphenyl phosphate

115-86-6

X

S,C

14, 20, 21

Tritetracontane

7098-21-7

X

S

18
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Chemical Namea
Undecane

CASRNb

Known
constituent of
hydraulic
fracturing fluid

Physicochemical
properties

1120-21-4

X

X

Selected
toxicity
datac

X

NCCT
CASRN or
name
Formation
changed
type
Name

Reference

S

12, 18

S

18

Undecyl heptafluorobutanoate

959103-74-3

Uranium-235

15117-96-1

X

S

28

Uranium-238

7440-61-1

X

S

26, 28

Vanadium

7440-62-2

X

S

3, 10

Vellerdiol

51276-18-7

Name

C

20

Xylenes

1330-20-7

X

Name

S

3, 9, 10

Zinc

7440-66-6

X

S

3, 9, 10

Zirconium

7440-67-7

S

3, 9, 10

X
X

X
X

a The

following chemicals were found in literature Reference #18 as being present in produced water, but were inadvertently not included in our chemical name/CASRN
matching process. Chemical name/CASRN match was made by the authors of that study and may or may not reflect the preferred match as appears in DSSTox: 1Chlorooctadecane, CASRN 3386-33-2; 1-Nonadecene, CASRN 18435-45-5; 17-Pentatriacontene, CASRN 6971-40-0; 2,6,10-Trimethyldodecane, CASRN 3891-98-3; 2,6,10,14Tetramethylhexadecane, CASRN 638-36-8; Cyclotriacontane, CASRN 297-35-8; Docosane, CASRN 629-97-0; Hexacosane, CASRN 630-01-3; Pentacosane, CASRN 629-99-2;
Tetracosane, CASRN 646-31-1; and Tricosane, CASRN 638-67-5. Ten out of 11 of these chemicals appear to have physicochemical properties available (all except
Cyclotriacontane) and none have selected toxicity data.
b Some

chemicals are designated as “NOCAS_” which are DSSTox database-specific CAS-like identifiers assigned to a listed substance name.

c Chemicals

are flagged as having selected toxicity data available if they have one or more oral reference values, oral slope factors, or qualitative cancer classifications available
from the sources presented in Appendix G.
d Chemicals

indicated as having a “CASRN” or “Name” change were changed from one or more of the original references cited in the table during the matching process.
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Table H-5. Chemicals detected in produced water for which a specific, valid CASRN could not
be identified.
These chemicals are either chemically ambiguous or too general for a definitive CASRN to be assigned (e.g.,
stereoisomerism not defined, groups of related compounds).

Chemical Name

Formation Type

Reference

1,1,3-Trimethylcyclopentane

S

18

1,2,4,5-Tetramethylbenzene

S

18

1,6,7-Trimethylnaphthalene

S,C

14, 18

1,7,11-Trimethyl-4-(1-methylethyl)-cyclotetradecane

S

18

1-Chloro-octadecane

S

18

1-Docosene

C

20

1-Methyl-3-propylbenzene

S

18

2,6,10-Trimethyl-dodecane

S

18

2,6-Dimethyloctane

S

18

2,6-Dimethylundecane

S

18

Decane

S

18

Eicosane

S

18

Heptadecane

S

18

Hexadecane

S

18

N-dodecyl-N,N-dimethylamine

S

22

N-tetradecyl-N,N-dimethylamine

S

22

Octacosane

S

18

Octadecane

S

18

Pentadecane

S,C

18, 21

Tetratetracontane

S

18

Trimethylbenzenes

S,C

20

Alkyl naphthalene

S

16

Alkyl propo-benzene

S

16

Trimethyl-piperdine

S,C

21

Ethyl-tetrahydronaphthalene

C

20

Alkyl benzene

S

16

Alkyl phosphates

C

21
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Chemical Name

Formation Type

Alkyl phthalates

Reference

S,C

21

C

20

C11–C37 alkanes/alkenes

S,C

21

C12, C14, C16, C18 fatty acids

S,C

21

C23–C35 alkanes

C

21

C23–C36 alkanes

C

21

Dimethylphenanthrene

C

20

Dioctyldiphenylamine

C

20, 21

Ethyl-cyclodocosane

C

20

Methyl-(2,5-dimethoxyphenol)-methanoate

C

20

Octahydroanthracene

C

20

Octylphenyl ethoxylate

S,C

21

Phenanthrenone

C

20, 21

Tetramethylacenaphthylene

C

20

Tetramethylbenzenes

S

12

Tetramethylnaphthalene

C

20

Tetramethylphenanthrene

C

20, 21

S,C

12, 20

Trimethylphenanthrene

C

20

1,2-Benzenedicarboxylic acid, 1,2-didecyl ester

S

18

N-hexadecanoic acid

C

20, 21

S,C

21

1,7,11-Trimethyl-cyclotetradecane

C

20

P-tert-butyl-phenol, p-tert-butyl-

C

21

2a,7a-(Epoxymethano)-2H-cyclobutyl

C

20

Di-tetra-butyl-4-hydroxbenzaldehyde

C

20

Phenanthrene derivative

C

20

Bisphenol F Isomer

S

22

Methoxynaphthalene derivative

C

20

Naphthalenone derivative

C

20

Bis(2-ethylhexyl)-hexanedioic acid

Trimethylnaphthalene

Methyl-biphenyl
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Chemical Name

Formation Type

Reference

Other alkyl phenols

C

20

Other aromatic compounds

C

20

Other benzenamines

C

20

Other benzene alkyl compounds

C

20

Other heterocyclics

C

20

Other indene derivatives

C

20

Other naphthalene alkyl compounds

C

20

Other phthalates

C

20

Other terpenoid compounds

C

20

Quinolo-furazan derivative

C

20

Benzisothiazole derivative

C

20

1-Methylphenanthrene

S

18

Poly(ethylene glycol) bis(carboxymethyl) ether

S

23

Squalene

C

20

Tetrahydro-dimethylnaphthalene

C

21

Trimethoxy-benzaldehyde

C

20

Methylpyrene

C

20

Quinindoline

S,C

21

Benzisothiazole

C

21

Ethyl phenylmethyl benzene

C

20

Dimethyl-ethylindene

C

20

Dihydrophenanthrene

C

20

9-Phenyl-tetrahydro-1H-benz[f]isoindol-1-one

C

20

Methylanthracene

C

20

Methoxyanthracene

C

20

Dimethyl-biphenyl

C

20

Methoxy-methylphenol

C

21

Methylphenanthrene

S,C

20, 21

Tert-butyl-phenol

S,C

21

C

20

Methyl-2-quinolinecarboxylic acid
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Chemical Name

Formation Type

Reference

Methylethylnaphthalene

C

20

Tetrahydromethylnaphthalene

C

20

Tetrahydrophenanthrene

C

20

Dihydro-1-methylphenanthrene

C

20

1,7,11-Trimethylcyclotetradecane

C

20

Tetrahydro-trimethylnaphthalene

C

20

1-(2-Hydroxy-5-methylphenyl)-2-hexen-1-one

C

20

Ethyl dimethyl azulene

C

20

9-Methoxyfluorene

C

20

1,2-Di-but-2-enyl-cyclohexanone

C

20

9H-Fluoren-9-ol

C

20

1,4-[13C]-1,2,3,4-Tetrahydro-5-naphthaleneamine

C

20

Dihydro-(-)-neocloven-(II)

C

20

4-(4-Ethylcyclohexyl)-cyclohexene

C

20

Methyl-2-octylcyclopropene-1-octane

C

20

Decahydro-4,4,8,9,10-pentamethylnaphthalene

S,C

21

Hexahydro-1,3,5-trimethyl-1,3,5-triazine-2-thione (a biocide)

S,C

21

8-Isopropyl-2,5-dimethyl-terralin

C

20

9,10-Dimethoxy-2,3-dihydroanthracene

C

20

PEG-C-EO10a

S

22

PEG-C-EO2a

S

23

PEG-C-EO3a

S

23

PEG-C-EO4a

S

23

PEG-C-EO5a

S

23

PEG-C-EO6a

S

23

PEG-C-EO7a

S

23

PEG-C-EO8a

S

23

PEG-C-EO9a

S

23

PEG-EO10b

S

23

PEG-EO4b

S

23
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Chemical Name

Formation Type

Reference

PEG-EO5b

S

23

PEG-EO6b

S

23

PEG-EO7b

S

23

PEG-EO8b

S

23

PEG-EO9b

S

23

PPG-PO10c

S

23

PPG-PO2c

S

23

PPG-PO3c

S

23

PPG-PO4c

S

23

PPG-PO5c

S

23

PPG-PO6c

S

23

PPG-PO7c

S

23

PPG-PO8c

S

23

PPG-PO9c

S

23

a Polyethylene

glycol carboxylates containing between four to 10 ethylene oxide monomers.

b Polyethylene

glycols containing between four to 10 ethylene oxide monomers.

c Polypropylene

glycols containing between two and 10 proplyene oxide monomers.
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LENGTH
1 in (inch)

=

2.54 cm (centimeters)
25.4 mm (millimeters)
25,400 µm (microns)

1 ft (foot)

=

0.3048 m (meters)
30.48 cm

1 mi (mile)

=

5,280 ft
1,609.344 m
1.6093 km (kilometers)

1 ft2 (square foot)

=

0.0929 m2 (square meters)

1 acre

=
=
=
=

43,560 ft2
0.0016 mi2 (square miles)
0.4047 ha (hectares)
4,046.825 m2

1 mi2

=
=
=

639.9974 ac
258.9988 ha
2.5899 km2 (square kilometers)

1 lb (pound)

=
=

453.5924 g (grams)
0.4536 kg (kilograms)

1 ton (short ton, U.S.)

=
=
=

2,000 lb
907.185 kg
0.9072 metric tons

AREA

MASS
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VOLUME OR CAPACITY (LIQUID MEASURE)
1 bbl (barrel)

=
=

42 gal (gallons, U.S.)
158.9873 L (liters)

1 gal

=
=
=
=
=

231 in3 (cubic inches)
0.1337 ft3 (cubic feet)
3.7854 L
0.0039 m3 (cubic meters)
3.7854 × 10-9 Mm3 (million cubic meters)

1 Mgal (million gallons)

=

1.3368 × 105 ft3

1 ft3

=
=
=
=

1,728 in3
7.4805 gal
28.3169 L
0.0283 m3

1 mi3 (cubic mile)

=

4.1682 km3 (cubic kilometers)

=
=
=
=
=
=

1.0 × 10-6 kg/L (kilograms per liter)
1.0 × 10-3 g/L (grams per liter)
1,000 µg/L (micrograms per liter)
1.001 ppm (parts per million)
8.3454 × 10-6 lb/gal (pounds per gallon)
6.2428 × 10-5 lb/ft3 (pounds per cubic foot)

=
=

1.4666̅ ft/s (feet per second)
0.4470 m/s (meters per second)

=
=

1,000 g/L
1.0 × 106 mg/L

CONCENTRATION
1 mg/L (milligram per liter)

SPEED
1 mi/hr (mile per hour)
DENSITY
1 g/mL
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VOLUME PER UNIT TIME
1 ft3/s (cubic foot per second)

=
=
=
=

448.8312 gpm (gallons per minute)
0.6163 Mgpd (million gallons per day)
28.3169 L/s (liters per second)
0.0283 m3/s (cubic meters per second)

1 ft3/day (cubic feet per day)

=
=
=

0.0052 gpm
7.4805 gpd
0.0283 m3/d (cubic meters per day)

1 bbl/day (barrel per day)

=
=

42 gpd
158.9873 L/d (liters per day)

=
=

6,894.7573 Pa (pascals)
0.068 atm (standard atmospheres)

1 Ci (curie)

=

3.7 × 1010 decays per second

1 Bq (becquerel)

≈
≈

2.703 × 10-11 Ci
27.027 pCi (picocuries)

1 pCi

=
=
=

0.037 Bq
0.037 decays per second
2.22 decays per minute

PRESSURE
1 psi (pound per square inch)
RADIATION
Activity

Exposure
1 rem (röentgen equivalent in man) =

0.01 Sv (sieverts)

1 Sv

=

1 J/kg (joule per kilogram)

=
=
=

1 Ω-1 (reciprocal of resistance)
1 A/V (ampere per volt)
1 kg-1 • m-2 • s3 • A2 (second cubed- ampere squared
per kilogram-square meter)
1.0 × 106 μS (microsiemens)

ELECTRIC CONDUCTANCE
1 S (siemen)

=
TEMPERATURE
[°F (degrees, Fahrenheit) - 32] × 5/9 =

°C (degrees, Celsius)
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PERMEABILITY
1 cm2

=
≈

1.0 × 10-4 m2
1.0 × 108 D (darcys)

1D

≈
=
=

1.0 × 10-12 m2
1,000 mD (millidarcys)
1.0 × 106 µD (microdarcys)
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J.1.

Introduction

This glossary is intended to provide definitions for scientific and technical terms used in the rest of
the document. For most terms, a citation is provided that indicates the reference from which a
definition was reprinted or adapted. For terms without a citation, the definition was developed for
the purposes of this assessment. In some cases, terms in this glossary may also have a legal or
regulatory definition in addition to the definition provided; the definitions of these terms in the
glossary are not intended to replace or modify any such legal or regulatory definitions. The terms in
this glossary do not constitute terms of art for legal or regulatory purposes.

J.2.

Glossary Terms and Definitions

Abandoned well: A well that is no longer being used, either because it is not economically
producing or it cannot be used because of its poor condition.
Acid mine drainage: Flow of water from areas that have been mined for coal or other mineral ores.
The water has a low pH because of its contact with sulfur‑bearing material and is harmful to
aquatic organisms (U.S. EPA, 2013d).
Additive: A single chemical or chemical mixture designed to serve a specific purpose in the
hydraulic fracturing fluid.
Adsorption: Adhesion of molecules of gas, liquid, or dissolved solids to a surface (U.S. EPA, 2013d).
Advection: A mechanism for moving chemicals in flowing water, where a chemical moves along
with the flow of the water itself.
Aeration: The process of mixing air with water or soil. It promotes biological degradation of
organic matter in water. The process may be passive (as when waste is exposed to air) or active (as
when a mixing or bubbling device introduces the air) (U.S. EPA, 2013d).
Aerobic mesophiles: Microorganisms that use oxygen for energy production and are tolerant of
moderate temperatures.
Analyte: The element, ion, or compound that an analysis seeks to identify; the compound of interest
(U.S. EPA, 2013d).
Annulus: Refers to either the space between the casing of a well and the wellbore or the space
between any two strings of tubing or casing (U.S. EPA, 2013d).
API number: A unique identifying number for all oil and gas wells drilled in the United States. The
system was developed by the American Petroleum Institute (Oil and Gas Mineral Services, 2010).
Aquifer: A water-bearing geologic formation, group of formations, or part of a formation.
Groundwater is the water in an aquifer.
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Base fluid: The fluid into which additives and proppants are mixed to formulate a hydraulic
fracturing fluid.
Basin: A depression in the crust of the earth, caused by plate tectonic activity and subsidence, into
which sediments accumulate. Sedimentary basins vary from bowl‑shaped to elongated troughs.
Basins can be bounded by faults. Rift basins are commonly symmetrical; basins along continental
margins tend to be asymmetrical. If rich hydrocarbon source rocks occur in combination with
appropriate depth and duration of burial, then a petroleum system can develop within the basin.
Most basins contain some amount of shale, thus providing opportunities for shale gas exploration
and production (Schlumberger, 2014).
Bedding plane: The surface that separates two layers of stratified rocks.
Biogenic: Methane that is produced in shallower formations by bacterial activity in anaerobic
conditions. It is the ultimate dissimilation product of microbially mediated reactions of organic
molecules.
Blowout preventer (BOP): Casinghead equipment that prevents the uncontrolled flow of oil, gas,
and mud from the well by closing around the drill pipe or sealing the hole (Oil and Gas Mineral
Services, 2010). BOPs are typically a temporary component of the well, in place only during drilling
and perhaps through hydraulic fracturing operations
Brackish water: A general term used for water having a salinity content intermediate between
fresh water and sea water, although it may also have a more specific definition, such as the 1,000 –
10,000 mg/L TDS value used in some USGS publications.
BTEX: An acronym for benzene, toluene, ethylbenzene, and xylenes. These chemicals are a group of
single ringed aromatic hydrocarbon based on the benzene structure. These compounds are found in
petroleum and are of specific importance because of their health effects.
British thermal unit (Btu): A measure of the heat (or energy) content of fuels.
Caliper log: A log that is used to check for any wellbore irregularities. It is run prior to primary
cementing as a means of calculating the amount of cement needed. Also run in conjunction with
other open hole logs for log corrections or run on cased holes to evaluate metal loss (NYSDEC,
2011).
Capillarity: The action by which the surface of a liquid in contact with a solid is elevated or lowered
depending on the relative attraction of the molecules of the liquid for each other (cohesion) and for
those of the solid (adhesion). Capillary forces arise from the differential attraction between
immiscible fluids and solid surfaces; these are the forces responsible for capillary rise in smalldiameter tubes and porous materials (adapted from Dake, 1978).
Casing: Steel pipe that is lowered into a wellbore. Casing extends from the bottom of the hole to the
surface (Schlumberger, 2014).

J-4

Appendix J – Glossary

Casing, fully cemented: Casing that had a continuous cement sheath from the bottom of the casing
to at least the next larger and overlying casing (or the ground surface, if it is a surface casing).
Casing, partially cemented: Casing that had some portion of the casing that was cemented from
the bottom of the casing to at least the next larger and overlying casing (or ground surface, if it is a
surface casing), but is not fully cemented.
Casing, uncemented: Casing with no cement anywhere along the casing, from the bottom of the
casing to at least the next larger and overlying casing (or ground surface, if it is a surface casing).
Casing inspection log: An in situ record of casing thickness and integrity, to determine whether
and to what extent the casing has undergone corrosion. The term refers to an individual
measurement, or a combination of measurements using acoustic, electrical, and mechanical
techniques, to evaluate the casing thickness and other parameters. The log is usually presented with
the basic measurements and an estimate of metal loss. Today the terms casing‑evaluation log and
pipe‑inspection log are used synonymously (Schlumberger, 2014).
Casing string: An assembled length of steel pipe configured to suit a specific wellbore.
Chemical Abstract Service Registry Number (CASRN): A unique numeric identifier for only one
substance, which serves as a link to information about a specific chemical substance. The CAS
registry covers substances identified from the scientific literature from 1957 to the present, with
additional substances going back to the early 1900s (CAS Registry Service, 2016). For simplicity, we
refer to both pure chemicals and chemical substances that are mixtures, which have a single CASRN,
as “chemicals.”
Cation exchange capacity: The total amount of cations (positively charged ions) that a soil can hold.
Cement: Material used to support and seal the well casing to the rock formations exposed in the
wellbore. Cement also protects the casing from corrosion and prevents movement of fluids up the
borehole (U.S. EPA, 2013d).
Cement bond log: A representation of the integrity of the cement job, specifically whether the
cement is adhering solidly to the outside of the casing (Schlumberger, 2014). Used to calculate a
bond index, which varies between 0 and 1, with 1 representing the strongest bond and 0
representing the weakest bond.
Cement squeeze: A remedial cementing operation designed to force cement into leak paths in
wellbore tubulars. The required squeeze pressure is achieved by carefully controlling pump
pressure. Squeeze cementing operations may be performed to repair poor primary cement jobs,
isolate perforations, or repair damaged casing or liner (Schlumberger, 2014).
Centralized waste treatment facility (CWT): Any facility that treats (for disposal, recycling or
recovery of material) any hazardous or non-hazardous industrial wastes, hazardous or nonhazardous industrial wastewater, and/or used material received from off-site (U.S. EPA, 2012c).
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Coalbed methane: Methane contained in coal seams. A coal seam is a layer or stratum of coal
parallel to the rock stratification (U.S. EPA, 2013d).
Collapse pressure: The pressure at which a tube, or vessel, will catastrophically deform as a result
of differential pressure acting from outside to inside of the vessel or tube (Schlumberger, 2014).
Collar: A threaded coupling used to join two lengths of pipe such as production tubing, casing, or
liner. The type of thread and style of collar varies with the specifications and manufacturer of the
tubing (Schlumberger, 2014).
Combination truck: A truck tractor or a truck tractor pulling any number of trailers (U.S.
Department of Transportation, 2012).
Community water system: A public water system which serves at least 15 service connections
used by year-round residents or regularly serves at least 25 year-round residents (U.S. EPA,
2013d).
Completion: A term used to describe the assembly of equipment at the bottom of the well that is
needed to enable production from an oil or gas well. It can also refer to the activities and methods
(including hydraulic fracturing) used to prepare a well for production following drilling.
Complexation: A reaction between two chemicals that form a new complex, either through
covalent bonding or ionic forces. This often results in one chemical solubilizing the other.
Compressive strength: Measure of the ability of a substance to withstand compression (NYSDEC,
2011).
Conductor casing: This large diameter casing is usually the first string of casing in a well. It is set or
driven into the unconsolidated material where the well will be drilled to keep the loose material
from caving in (NYSDEC, 2011).
Confidential business information (CBI): Information that is claimed by the submitter to be
entitled to confidential treatment, such as trade secrets, commercial or financial information, or
other information that has been claimed as confidential. This information is generally not publicly
available. The EPA may have special procedures for handling such information. Further discussion
of information claimed to be CBI, including the EPA’s process for determining the validity of such
claims, is contained in 40 CFR. Part 2.
Contaminant: A substance that is either present in an environment where it does not belong or is
present at levels that might cause harmful (adverse) health effects (U.S. EPA, 2013d).
Conventional rock formation: Permeable groups of rock with many large, well-connected pore
spaces that allow fluids to move within the rock formation. See also conventional reservoir.
Crosslinked gel: A fluid with polymers that have been linked together through a chemical bond.
The polymer chains link together to form larger chemical structures with higher viscosity.
Increased viscosity allows the fracturing fluid to carry more proppant into the fractures.
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Crude oil: A general term for unrefined petroleum or liquid petroleum (Schlumberger, 2014).
Cumulative effect: Combined changes in the environment that can take place as a result of multiple
activities over time and/or space.
Cumulative water use/cumulative water: Refers to the amount of water used or consumed by all
hydraulic fracturing wells in a given area per year.
Cyclical stress: Refers to stress caused by frequent or rapid changes in temperature or pressure.
Deviated well: Any non-horizontal well in which the well bottom is intentionally located at a
distance (e.g., hundreds of feet) laterally from the wellhead.
Directional drilling: The practice of controlling the direction and deviation (angle) of a wellbore
during drilling (SPE, 2016). This enables drilling the wellbore in a predetermined orientation to a
targeted area in the subsurface. Directional drilling is required for drilling a deviated or horizontal
well and is common in unconventional reservoirs.
Discharge: Any emission (other than natural seepage), intentional or unintentional. Includes, but is
not limited to, spilling, leaking, pumping, pouring, emitting, emptying, or dumping (U.S. EPA,
2013d). Or, where groundwater flows to the surface at springs or through the bottoms of lakes and
rivers.
Disclosure: With respect to the FracFocus Registry, all data submitted for a specific oil and gas
production well for a specific fracture date.
Disinfection byproduct (DBP): A compound formed by the reaction of a disinfectant such as
chlorine with organic material in the water supply (U.S. EPA, 2013d).
Domestic water use: Includes indoor and outdoor water uses at residences, and includes, but is
not limited to, uses such as drinking, food preparation, bathing, washing clothes and dishes,
flushing toilets, watering lawns and gardens, and maintaining pools (USGS, 2015).
Drill bit: The tool used to crush or cut rock during drilling of the well. Most bits work by scraping or
crushing the rock as part of a rotational motion, while some bits work by pounding the rock
vertically (Schlumberger, 2014).
Drill collar: A component of a drill string that provides weight on the drill bit for drilling the well.
Drill collars are thick‑walled tubular pieces machined from solid bars of steel, usually plain carbon
steel but sometimes of nonmagnetic nickel‑copper alloy or other nonmagnetic premium alloys
(Schlumberger, 2014).
Drill cutting: The small pieces of broken and ground-up rock generated during the well drilling
process.
Drill string: The combination of the drillpipe, the bottomhole assembly, and any other tools used to
make the drill bit turn at the bottom of the wellbore (Schlumberger, 2014).
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Drilling fluid: Any of a number of liquid and gaseous fluids and mixtures of fluids and solids used
when drilling wellbores (adapted from Schlumberger, 2014).
Drinking water resource: Any groundwater or surface water that now serves, or in the future
could serve, as a source of drinking water for public or private use (U.S. EPA, 2013d).
Dry gas: Refers to natural gas that occurs in the absence of liquid hydrocarbons (adapted from
Schlumberger, 2014).
Effluent: Waste material being discharged into the environment, either treated or untreated (U.S.
EPA, 2013d). For the purposes of this assessment, effluent refers to liquid waste material.
Facultative anaerobes: Microorganisms that can use oxygen for energy production if it is present
in their environment, but can also use alternatives for energy production if no oxygen is present.
Factor: A feature of hydraulic fracturing operations or an environmental condition that affects the
frequency or severity of impacts.
Fault: A fracture or fracture zone along which there has been displacement of the sides relative to
each other (NYSDEC, 2011).
Field: Area of oil and gas production with at least one common reservoir for the entire area (Oil and
Gas Mineral Services, 2010).
Flowback: The term is defined multiple ways in the literature. In general, it is either fluids
predominantly containing hydraulic fracturing fluid that return from a well to the surface or a
process used to prepare the well for production.
Fluid: A substance that flows when exposed to an external pressure; fluids include both liquids and
gases.
Fluid formulation: The entire suite of chemicals, proppant, and base fluid injected into a well
during hydraulic fracturing (U.S. EPA, 2013d).
Formation: A body of earth material with distinctive and characteristic properties and a degree of
homogeneity in its physical properties (U.S. EPA, 2013d).
Formation packer: A specialized well casing part that has the same inner diameter as the casing
but whose outer diameter expands to make contact with the formation and seal the annulus
between the uncemented casing and formation, preventing migration of fluids.
Formation fluid: Fluid that occurs naturally within the pores of rock. These fluids consist primarily
of water, with varying concentrations of total dissolved solids, but may also contain oil or gas.
Sometimes referred to as native fluids, native brines, or reservoir fluids.
FracFocus Registry: A registry for oil and gas well operators to disclose information about
hydraulic fracturing well locations, and water and chemical use during hydraulic fracturing
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operations. The registry was developed by the Ground Water Protection Council and the Interstate
Oil and Gas Compact Commission.
Fracture: A crack or breakage surface within a rock.
Fracture complexity: The ratio of horizontal-to-vertical fracture volume distribution, as defined
by Fisher and Warpinski (2012). Fracture complexity is higher in fractures with a larger horizontal
component.
Fracture geometry: Refers to characteristics of the fracture such as height, aperture, orientation,
and azimuth.
Fracture half-length: The radial distance from a wellbore to the outer tip of a fracture propagated
from that well (Schlumberger, 2014).
Freeboard: The vertical distance between the level of the water in an impoundment and the
overflow elevation (an outfall or the lowest part of the berm).
Fresh water: Qualitatively refers to water with relatively low TDS (total dissolved solids) that is
most readily available for drinking water currently. We do not use the term to imply an exact TDS
limit, except in Chapter 2 where it refers to water having TDS content up to 3,000 milligrams per
liter.
Frequency: The number of impacts per a given unit (e.g., per geographic area, per unit time, per
number of hydraulically fractured wells, per number of water bodies). Reflecting the scientific
literature, the most common representation of frequency in this assessment is the number of
impacts per hydraulically fractured well.
Gelation: The process in the setting of the cement where it begins to solidify and lose its ability to
transmit pressure to the formation.
Gelled fluid: Fracturing fluids that are usually water-based with added gels to increase the fluid
viscosity to aid in the transport of proppants (Spellman, 2012; Gupta and Valkó, 2007).
Groundwater: In the broadest sense, all subsurface water; more commonly that part of the
subsurface water in the saturated zone (Solley et al., 1998).
Groundwater age: Refers to how long the water has been in the ground.
Groundwater availability: The amount of groundwater that is available regardless of legal or
physical availability (TWDB, 2012).
Groundwater supply: The amount of groundwater that can be produced given current permits
and existing infrastructure (TWDB, 2012).
Halite: A soft, soluble evaporate mineral commonly known as salt or rock salt. Can be critical in
forming hydrocarbon traps and seals because it tends to flow rather than fracture during
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deformation, thus preventing hydrocarbons from leaking out of a trap even during and after some
types of deformation (Schlumberger, 2014).
Hazard evaluation: A component of risk assessment that involves gathering and evaluating data on
the types of health injuries or diseases (e.g., cancer) that may be produced by a chemical and on the
conditions of exposure under which such health effects are produced.
Hazard identification: A process for determining if a chemical or a microbe can cause adverse
health effects in humans and what those effects might be (U.S. EPA, 2013d).
Henry’s law constant: Ratio of a chemical's vapor pressure in the atmosphere to its solubility in
water. The higher the Henry's law constant, the more volatile the compound will be from water
(NYSDEC, 2011).
Horizontal drilling: Drilling a portion of a well horizontally to expose more of the formation
surface area to the wellbore (Oil and Gas Mineral Services, 2010). This is a type of directional
drilling.
Horizontal well: A well that is drilled vertically downward up to a point known as the kickoff point,
where the well turns toward the horizontal, extending into and parallel with the approximately
horizontal targeted producing formation. Directional drilling is required to drill a horizontal well.
Hydraulic fracturing: A stimulation technique used to increase production of oil and gas.
Hydraulic fracturing involves the injection of fluids under pressures great enough to fracture the
oil- and gas-production formations (U.S. EPA, 2011a).
Hydraulic fracturing fluids: Engineered fluids, typically consisting of a base fluid, additives, and
proppant that are pumped under high pressure into the well to create and hold open fractures in
the formation.
Hydraulic fracturing wastewater: Produced water that is managed using practices that include,
but are not limited to, reuse in subsequent hydraulic fracturing operations, treatment and
discharge, and injection into disposal wells. The term is being used in this study as a general
description of certain waters and is not intended to constitute a term of art for legal or regulatory
purposes.1
Hydraulic fracturing water cycle: The cycle of water in the hydraulic fracturing process,
encompassing the acquisition of water, chemical mixing of the fracturing fluid, injection of the fluid
into the formation, the production and handling of produced water, and the ultimate treatment and
disposal of hydraulic fracturing wastewaters.

This general description does not, and is not intended to, provide that the production, recovery, or recycling of oil,
including the production, recovery, or recycling of produced water, constitutes “wastewater treatment” for the purposes
of the Oil Pollution Prevention regulation (with the exception of dry gas operations), which includes the Spill Prevention,
Control, and Countermeasure rule and the Facility Response Plan rule, 40 CFR 112 et seq.
1
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Hydraulic gradient: Slope of a water table or potentiometric surface. More specifically, change in
the hydraulic head per unit of distance in the direction of the maximum rate of decrease (U.S. EPA,
2013d).
Hydrocarbon: An organic compound containing only hydrogen and carbon, often occurring in
petroleum, natural gas, and coal (U.S. EPA, 2013d).
Hydrophilic: A chemical property that describes a tendency to dissolve in water. Literally, “water
loving.”
Hydrophobic: A chemical property that describes a tendency to be soluble in nonpolar solvents
and sparingly soluble in water. Literally, “water fearing.”
Hydrostatic pressure: The pressure exerted by a column of fluid at a given depth. In Chapter 6, it
refers to the pressure exerted by a column of drilling mud or cement on the formation at a
particular depth.
Imbibition: The displacement of a non-wet fluid (i.e., gas) by a wet fluid (typically water) (adapted
from Dake, 1978).
Immiscible: The chemical property in which two or more liquids or phases are incapable of
attaining homogeneity (U.S. EPA, 2013d).
Impact: Any change in the quality or quantity of drinking water resources, regardless of severity,
that results from an activity in the hydraulic fracturing water cycle.
Induced fracture: A fracture created during hydraulic fracturing.
Integrated risk information system (IRIS): An electronic database that contains the EPA's latest
descriptive and quantitative regulatory information about chemical constituents. Files on chemicals
maintained in IRIS contain information related to both noncarcinogenic and carcinogenic health
effects (U.S. EPA, 2013d).
Intermediate casing: Casing that seals off intermediate depths and geologic formations that may
have considerably different reservoir pressures than deeper zones to be drilled (Devereux, 1998;
Baker, 1979).
Karst: A type of topography that results from dissolution and collapse of carbonate rocks, such as
limestone, dolomite, and gypsum, and that is characterized by closed depressions or sinkholes,
caves, and underground drainage (Solley et al., 1998).
Kill fluid: A weighted fluid with a density that is sufficient to overcome the formation pressure and
prevent fluids from flowing up the wellbore.
Large truck: A truck with a gross vehicle weight rating greater than 10,000 pounds (U.S.
Department of Transportation, 2012).
Lateral: A horizontal section of a well.
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Leakoff: The fraction of the injected fluid that infiltrates into the formation (e.g., through an
existing natural fissure) and is not recovered during production (i.e., it does not return through the
well to the surface) (Economides et al., 2007). Fluids that leak off and are not recovered are
sometimes referred to as “lost” fluids.
Linear gel: A series of chemicals linked together so that they form a chain.
Liner: A casing string that does not extend to the top of the wellbore, but instead is anchored or
suspended from inside the bottom of the previous casing string (Schlumberger, 2014).
Lost cement: Refers to a failure of the cement to be circulated back to the surface during
construction of the well, indicating that the cement has escaped into the formation.
Lowest-observable-adverse effect level (LOAEL): The lowest exposure level at which there are
biologically significant increases in the frequency or severity of adverse effects between the
exposed population and its appropriate control group (U.S. EPA, 2011c).
Maximum allowable daily level (MADL): The maximum allowable daily level of a reproductive
toxicant at which the chemical would have no observable adverse reproductive effect, assuming
exposure at 1,000 times that level (OEHHA, 2012).
Maximum contaminant level (MCL): The highest level of a contaminant that is allowed in
drinking water. MCLs are set as close to the MCLG as feasible using the best available analytical and
treatment technologies and taking cost into consideration. MCLs are enforceable standards (U.S.
EPA, 2012a).
Maximum contaminant level goal (MCLG): A non-enforceable health benchmark goal which is set
at a level at which no known or anticipated adverse effect on the health of persons is expected to
occur and which allows an adequate margin of safety (U.S. EPA, 2012a)
Mechanical integrity: The absence of significant leakage within the injection tubing, casing, or
packer (known as internal mechanical integrity), or outside of the casing (known as external
mechanical integrity) (U.S. EPA, 2013d).
Microaerophiles: Microorganisms that require small amounts of oxygen for energy production.
Microannuli: Very small openings that form between the cement and its surroundings and that
may serve as pathways for fluid migration to drinking water resources.
Microseismic monitoring: A technique to track the propagation of a hydraulic fracture as it
advances through a formation (Schlumberger, 2014).
Minimal risk level (MRL): An ATSDR estimate of daily human exposure to a hazardous substance
at or below which the substance is unlikely to pose a measurable risk of harmful (adverse),
noncancerous effects. MRLs are calculated for a route of exposure (inhalation or oral) over a
specified time period (acute, intermediate, or chronic). MRLs should not be used as predictors of
harmful (adverse) health effects (ATSDR, 2016).
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Mobility: The ratio of effective permeability to phase viscosity. The overall mobility is a sum of the
individual phase viscosities. Well productivity is directly proportional to the product of the mobility
and the layer thickness product (Schlumberger, 2014).
National Pollution Discharge Elimination System (NPDES): A national program under Section
402 of the Clean Water Act for regulation of discharges of pollutants from point sources to waters of
the United States. The Clean Water Act prohibits the discharge of pollutants from any point source
into waters of the United States, except as authorized by the Act, which may include issuance of an
NPDES permit.
National Secondary Drinking Water Regulations (NSDWR): Non-enforceable guidelines
regulating contaminants that may cause cosmetic effects (such as skin or tooth discoloration) or
aesthetic effects (such as taste, odor, or color) in drinking water (also referred to as secondary
standards) (U.S. EPA, 2014c).
Natural gas: A naturally occurring mixture of hydrocarbon and nonhydrocarbon gases in porous
formations beneath the earth’s surface, often in association with petroleum. The principal
constituent of natural gas is methane (Schlumberger, 2014).
Natural organic matter (NOM): Complex organic compounds that are formed from decomposing
plant animal and microbial material in soil and water (U.S. EPA, 2013d).
Naturally Occurring Radioactive Materials (NORM): Radioactive materials found in nature that
have not been moved or concentrated by human activities.
No-observed-adverse-effect level (NOAEL): NOAEL is defined as the highest exposure level at
which there are no biologically significant increases in the frequency or severity of adverse effect
between the exposed population and its appropriate control; some effects may be produced at this
level, but they are not considered adverse or precursors of adverse effects (U.S. EPA, 2011c).
Non-community water system: Water systems that supply water to at least 25 of the same people
or have 15 service connections at least six months per year, but not year-round (U.S. EPA, 2013c).
National Toxicology Program (NTP): The NTP describes the results of individual experiments on
a chemical agent and notes the strength of the evidence for conclusions regarding each study. For
more information, see Appendix G.
Octanol-water partition coefficient (Kow): A coefficient representing the ratio of the solubility of
a compound in octanol (a nonpolar solvent) to its solubility in water (a polar solvent). The higher
the Kow, the more nonpolar the compound. Log Kow is generally used as a relative indicator of the
tendency of an organic compound to adsorb to soil. Log Kow values are generally inversely related
to aqueous solubility and directly proportional to molecular weight (U.S. EPA, 2013d).
Offset well: An abandoned (i.e., plugged), inactive, or actively producing well near a well that is
used for hydraulic fracturing.
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Open hole completion: A well completion that has no casing or liner set across the reservoir
formation, allowing the produced fluids to flow directly into the wellbore (Schlumberger, 2014).
Oral slope factor (OSF): An upper-bound, approximating a 95% confidence limit, on the increased
cancer risk from a lifetime oral exposure to an agent. This estimate, usually expressed in units of
proportion (of a population) affected per mg/kg day, is generally reserved for use in the low dose
region of the dose response relationship, that is, for exposures corresponding to risks less than 1 in
100 (U.S. EPA, 2011c).
Soil adsorption coefficient (Koc): A coefficient that provides a measure of the ability of a chemical
to sorb (adhere) to the organic portion of soil, sediment, and sludge. The higher the Koc, the more
likely a compound is to adsorb to soils and sediments, and the less likely it is to migrate with water.
Along with log Kow, log Koc is used as a relative indicator of the tendency of an organic compound to
adsorb to soil.
Orphaned well: An inactive oil or gas well with no known (or financially solvent) owner.
Overburden: Material of any nature, consolidated or unconsolidated, that overlies a deposit of
useful minerals or ores (U.S. EPA, 2013d).
Packer: A mechanical device that expands to selectively seal off certain sections of the wellbore to
keep fluid from migrating within the annulus. Packers can be used to seal the space between the
tubing and casing, between two casings, or between the production casing and the surrounding
rock formation (Schlumberger, 2014).
Pad fluid: A mixture of base fluid, typically water and additives without solid, designed to create,
elongate, and enlarge fractures along the natural channels of the formation when injected under
high pressure at the start of the hydraulic fracturing process.
Partial cementing: Cementing a casing string of a well along only a portion of its length.
Passby flow: A prescribed, low-streamflow threshold below which withdrawals are not allowed
(U.S. EPA, 2015d).
Peer review: A documented critical review of a specific major scientific and/or technical work
product. Peer review is intended to uncover any technical problems or unresolved issues in a
preliminary or draft work product through the use of independent experts. This information is then
used to revise the draft so that the final work product will reflect sound technical information and
analyses. The process of peer review enhances the scientific or technical work product so that the
decision or position taken by the EPA, based on that product, has a sound and credible basis (U.S.
EPA, 2013d).
Perforation: The communication tunnel created from the casing or liner into the reservoir
formation through which injected fluids and oil or gas flows. Also refers to the process of creating
communication channels, e.g., via the use of a jet perforating gun.
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Permeability: The ability of fluids (including oil and gas) to flow through well-connected pores or
small openings in the rock. Also referred to as intrinsic or absolute permeability.
Persistence: The length of time a compound stays in the environment, once introduced. A
compound may persist for less than a second or indefinitely.
Physicochemical property: The inherent physical and chemical properties of a molecule such as
boiling point, density, physical state, molecular weight, vapor pressure, etc. These properties define
how a chemical interacts with its environment (U.S. EPA, 2013d).
Play: A set of oil or gas accumulations sharing similar geologic, geographic properties, such as
source rock, hydrocarbon type, and migration pathways (Oil and Gas Mineral Services, 2010).
Poisson’s ratio: A ratio of transverse-to-axial (or latitudinal-to-longitudinal) strain; characterizes
how a material is deformed under pressure.
Polar molecule: A molecule with a slightly positive charge at one part of the molecule and a slightly
negative charge on another. The water molecule, H2O, is an example of a polar molecule, where the
molecule is slightly positive around the hydrogen atoms and negative around the oxygen atom.
Porosity: A measure of empty space for a given volume of material, or the percentage of the
material (e.g., rock or soil) volume that can be occupied by oil, gas, or water.
Principal aquifer: A regionally extensive aquifer or aquifer system that has the potential to be
used as a source of potable water.
Private (non-public) water system: Water systems that serve fewer than 15 connections and
fewer than 25 individuals (U.S. EPA, 1991).
Produced water: Water that flows from the subsurface through oil and gas wells to the surface as a
by-product of oil and gas production.
Production casing: The deepest casing set in a well that serves primarily as the conduit for
producing fluids, although when cemented to the wellbore, this casing can also serve to seal off
other subsurface zones including groundwater resources (Devereux, 1998; Baker, 1979).
Production well: A well that is used to bring fluids (such as oil or gas) to the surface.
Production zone: Refers to the portion of a subsurface rock zone that contains oil or gas to be
extracted (sometimes using hydraulic fracturing). The production zone is sometimes referred to as
the target zone or targeted rock formation.
Proppant/propping agent: A granular substance (sand grains, aluminum pellets, or other
material) that is carried in suspension by the fracturing fluid and that serves to keep the cracks
open when fracturing fluid is withdrawn after a fracture treatment (U.S. EPA, 2013d).
Protected groundwater resource: All aquifers, or their portions, that the state or other regulatory
agency requires to be protected from fluid migration through or along wellbores.
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Public water system source: The source of the surface water or groundwater used by a public
water system, including source wells, intakes, reservoirs, infiltration galleries, and springs.
Public water system: Water systems that provide water for human consumption from surface
water or groundwater through pipes or other infrastructure to at least 15 service connections or
serve an average of at least 25 people for at least 60 days a year (Safe Drinking Water Act, 2002).
Publicly owned treatment works (POTW): Any device or system used in the treatment (including
recycling and reclamation) of municipal sewage or industrial wastes of a liquid nature that is owned
by a state or municipality. This definition includes sewers, pipes, or other conveyances only if they
convey wastewater to a POTW providing treatment (U.S. EPA, 2013d).
Quality assurance (QA): An integrated system of management activities involving planning,
implementation, documentation, assessment, reporting, and quality improvement to ensure that a
process, item, or service is of the type and quality needed and expected by the customer (U.S. EPA,
2013d).
Quality assurance project plan (QAPP): A formal document describing in comprehensive detail
the necessary quality assurance procedures, quality control activities, and other technical activities
that need to be implemented to ensure that the results of the work performed will satisfy the stated
performance or acceptance criteria (U.S. EPA, 2013d).
Quality management plan: A document that describes a quality system in terms of the
organizational structure, policy and procedures, functional responsibilities of management and
staff, lines of authority, and required interfaces for those planning, implementing, documenting, and
assessing all activities conducted (U.S. EPA, 2013d).
Radioactive tracer log: A record of the presence of radioactive tracer material placed in or around
the wellbore to measure fluid movement in injection wells (Schlumberger, 2014).
Radionuclide: Radioactive particle, man‑made or natural, with a distinct atomic weight number.
Emits radiation in the form of alpha or beta particles, or as gamma rays. Can have a long life as soil
or water pollutant. Prolonged exposure to radionuclides increases the risk of cancer (U.S. EPA,
2013d).
Reference dose (RfD): An estimate (with uncertainty spanning perhaps an order of magnitude) of
a daily oral exposure to the human population (including sensitive subgroups) that is likely to be
without an appreciable risk of deleterious effects during a lifetime. It can be derived from a NOAEL,
LOAEL, or benchmark dose, with uncertainty factors generally applied to reflect limitations of the
data used. Generally used in EPA's noncancer health assessments (U.S. EPA, 2011c).
Reference value (RfV): An estimate of an exposure or dose for a given duration to the human
population (including susceptible subgroups) that is likely to be without an appreciable risk of
adverse health effects over a lifetime. RfV is a generic term not specific to a given route of exposure
(U.S. EPA, 2011c). In the context of this report, the term RfV refers to reference values for
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noncancer effects occurring via the oral route of exposure and for chronic durations, except where
noted.
Relative permeability: A dimensionless property allowing for comparison of the different abilities
of fluids to flow in multiphase settings. If a single fluid is present, its relative permeability is equal to
1, but the presence of multiple fluids generally inhibits flow and decreases the relative permeability.
Reservoir: A geologic formation where hydrocarbons collect under pressure over geological time.
Conventional reservoir: A reservoir in which buoyant forces keep hydrocarbons in place
below a sealing caprock. Reservoir and fluid characteristics of conventional reservoirs
typically permit oil or natural gas to flow readily into wellbores. The term is used to make a
distinction from shale and other unconventional reservoirs, in which gas might be
distributed throughout the reservoir at the basin scale, and in which buoyant forces or the
influence of a water column on the location of hydrocarbons within the reservoir are not
significant (Schlumberger, 2014).
Unconventional reservoir: A reservoir characterized by lower permeability than
conventional reservoirs. It can be the same formation where hydrocarbons are formed and
also serve as the source for hydrocarbons that migrate and accumulate in conventional
reservoirs. Unconventional reservoirs can include methane-rich coalbeds and oil- and/or
gas-bearing shales and tight sands.
Residuals: The solids generated or retained during the treatment of wastewater (U.S. EPA, 2013d).
Safe Drinking Water Act (SDWA): The act designed to protect the nation’s drinking water supply
by establishing national drinking water standards (maximum contaminant levels or specific
treatment techniques) and by regulating underground injection control wells (U.S. EPA, 2013d).
Sandstone: A clastic sedimentary rock whose grains are predominantly sand sized. The term is
commonly used to imply consolidated sand or a rock made of predominantly quartz sand, although
sandstones often contain feldspar, rock fragments, mica, and numerous additional mineral grains
held together with silica or another type of cement. The relatively high porosity and permeability of
sandstones make them good reservoir rocks (Schlumberger, 2014).
Science Advisory Board (SAB): A federal advisory committee that provides a balanced, expert
assessment of scientific matters relevant to the EPA. An important function of the Science Advisory
Board is to review EPA’s technical programs and research plans (U.S. EPA, 2013d).
Service company: A company that assists well operators by providing specialty services, including
hydraulic fracturing (U.S. EPA, 2013d).
Severity: The magnitude of change in the quality or quantity of a drinking water resource as
measured by a given metric (e.g., duration, spatial extent, contaminant concentration).
Shale: A fine-grained, fissile, detrital sedimentary rock formed by consolidation of clay- and siltsized particles into thin, relatively impermeable layers (Schlumberger, 2014).
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Shale gas: Natural gas generated and stored in shale.
Shale oil: Oil present in reservoirs that are made up of shale.
Shut in: The process of sealing off a well by either closing the valves at the wellhead, a downhole
safety valve, or a blowout preventer.
Slickwater: A type of fracturing fluid designed to have a low viscosity to reduce friction loss when
pumping the fracturing fluid downhole. The critical additive in a slickwater is friction reducer,
which allows pumping at high rates (Barati and Liang, 2014).
Solubility: The amount of mass of a compound that will dissolve in a unit volume of solution (U.S.
EPA, 2013d).
Sorption: The general term used to describe the partitioning of a chemical between soil and water
and depends on the nature of the solids and the properties of the chemical.
Source water: Surface water or groundwater, or reused wastewater, acquired for use in hydraulic
fracturing.
Spacer fluid: A fluid pumped into the well during construction before the cement to clean drilling
mud out of the wellbore.
Spud (spud a well): To start the well drilling process by removing rock, dirt, and other
sedimentary material with the drill bit (U.S. EPA, 2013d).
Spill: Any unintended release of fluids. Hydraulic fracturing-related spills are spills that occur at
any phase within the hydraulic fracturing water cycle. These include chemicals, additives, hydraulic
fracturing fluids (chemical mixing phase); flowback and produced water; wastewater.
Stages (frac stages): A single reservoir interval that is hydraulically stimulated in succession with
other intervals.
Stimulation: Refers to (1) injecting fluids to clear the well or pore spaces near the well of drilling
mud or other materials that create blockage and inhibit optimal production (i.e., matrix treatment)
and (2) injecting fluid to fracture the rock to optimize the production of oil or gas.
Stray gas: Refers to the phenomenon of natural gas (primarily methane) migrating into shallow
drinking water resources or to the surface.
Subsurface formation: a mappable body of rock of distinctive rock type(s) and characteristics
(such as permeability and porosity) with a unique stratigraphic position.
Surface casing: The shallowest cemented casing, with the widest diameter. Cemented surface
casing generally serves as an anchor for blowout protection equipment and to seal off drinking
water resources (Baker, 1979).
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Surface water: All water naturally open to the atmosphere (rivers, lakes, reservoirs, ponds,
streams, impoundments, seas, estuaries, etc.) (U.S. EPA, 2013d).
Surfactant: Used during the hydraulic fracturing process to decrease liquid surface tension and
improve fluid passage through the pipes (U.S. EPA, 2013d).
Sustained casing pressure: The pressure in any well annulus that is measurable at the wellhead
and rebuilds after it is bled down, not caused solely by temperature fluctuations or imposed by the
operator. If the pressure is relieved by venting natural gas from the annulus to the atmosphere, it
will build up again once the annulus is closed (i.e., the pressure is sustained) (Skjerven et al., 2011).
The return of pressure indicates that there is a small leak in a casing or through uncemented or
poorly cemented intervals that exposes the annulus to a pressured source of gas. It is possible to
have pressure in more than one of the annuli.
Targeted rock formation: The portion of a subsurface rock formation that contains oil or gas to be
extracted (sometimes called the “target zone” or the “production zone”).
Tolerable daily intake (TDI): An estimate of the intake of a substance, expressed on a body mass
basis, to which an individual in a (sub) population may be exposed daily over its lifetime without
appreciable health risk (WHO, 2015).
Technically recoverable resource: The volumes of oil and natural gas that could be produced
with current technology, regardless of oil and natural gas prices and production costs (EIA, 2013).
Technologically Enhanced Naturally Occurring Radioactive Material (TENORM): defined by
EPA as naturally occurring radioactive materials (NORM) that have been concentrated or exposed
to the accessible environment as a result of human activities such as manufacturing, mineral
extraction, or water processing.
Temperature log: A log of the temperature of the fluids in the wellbore; a differential temperature
log records the rate of change in temperature with depth and is sensitive to very small changes (U.S.
EPA, 2013d).
Tensile strength: The force per unit cross‑sectional area required to pull a substance apart
(Schlumberger, 2014).
Thermogenic: Methane that is produced by high temperatures and pressures in deep formations
over geologic timescales. Thermogenic methane is formed by the thermal breakdown, or cracking,
of organic material that occurs during deep burial of sediment.
Tight oil: Oil found in relatively impermeable reservoir rock (Schlumberger, 2014).
Total dissolved solids (TDS): The quantity of dissolved material in a given volume of water. Total
dissolved solids can include salts (e.g., sodium chloride), dissolved metals, radionuclides, and
dissolved organics (U.S. EPA, 2013d). Salinity and total dissolved solids are frequently
interchangeable terms.
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Total petroleum hydrocarbons (TPH): A large family of several hundred chemical compounds
that originally come from crude oil. TPH is a mixture of chemicals, but they are all made mainly
from hydrogen and carbon, called hydrocarbons. TPH are divided into groups of petroleum
hydrocarbons that act alike in soil or water. These groups are called petroleum hydrocarbon
fractions. Each hydrocarbon fraction contains many individual chemicals. Some chemicals that may
be found in TPH are hexane, jet fuels, mineral oils, benzene, toluene, xylenes, naphthalene, and
fluorene, as well as other petroleum products and gasoline components (ATSDR, 2011).
Toxicity: The degree to which a substance or mixture of substances can harm humans or animals.
Acute toxicity involves harmful effects in an organism through a single or short‑term exposure.
Chronic toxicity is the ability of a substance or mixture of substances to cause harmful effects over
an extended period, usually upon repeated or continuous exposure, sometimes lasting for the entire
life of the exposed organism. Subchronic toxicity is the ability of the substance to cause effects for
more than 1 year but less than the lifetime of the exposed organism (U.S. EPA, 2013d).
Tubing: The smallest, innermost steep pipe set within a completed well, either hung directly from
the wellhead or secured at its bottom using a packer. Tubing is not typically cemented in the well.
Underground Injection Control (UIC): The program under the Safe Drinking Water Act that
regulates the use of wells to emplace fluids into the ground (U.S. EPA, 2013d).
Underground Injection Control (UIC) Class II well: Refers to wells that inject fluids associated
with oil and gas production, including for (1) disposal of fluids brought to the surface in connection
with oil or natural gas production, (2) for enhanced recovery of oil or natural gas, and (3) for
storage of hydrocarbons which are liquid at standard temperature and pressure. Adapted from §
144.6(b).
Underground Injection Control (UIC) Class IID well: Within the types of operations that can
occur for UIC Class II wells (see above), refers to wells used for the disposal of fluids brought to the
surface in connection with oil or natural gas production. Also known as wells for salt water
disposal.
Underground source of drinking water (USDW): An aquifer or its portion that currently supplies
a public water system; or which contains a sufficient quantity of groundwater to supply a public
water system, and either now supplies water for human consumption, or contains fewer than
10,000 mg/L TDS and is not exempted. Defined in the federal regulations that implement the UIC
program (20 CFR 144.3).
Unsaturated zone: The soil zone above the water table that is only partially filled by water; also
referred to as the “vadose zone.”
Vapor pressure: The force per unit area exerted by a vapor in an equilibrium state with its pure
solid, liquid, or solution at a given temperature. Vapor pressure is a measure of a substance's
propensity to evaporate. Vapor pressure increases exponentially with an increase in temperature
(U.S. EPA, 2013d).
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Vertical separation distance: Measured vertically from the shallowest point of hydraulic
fracturing to the bottom of the drinking water resource. If measured along a wellbore from the
shallowest point of hydraulic fracturing to the bottom of the drinking water resource, this is
referred to as measured depth, which may be a straight vertical distance below ground or may
follow a more complicated path if the wellbore is not straight and vertical.
Vertical well: A well in which the wellbore is vertical throughout its entire length, from the
wellhead at the surface to the production zone.
Viscosity: A measure of the internal friction of a fluid that provides resistance to shear within the
fluid, informally referred to as how "thick" a fluid is.
Volatile: Readily vaporizable at a relatively low temperature (U.S. EPA, 2013d).
Volatilization: The process in which a chemical leaves the liquid phase and enters the gas phase.
Wastewater: See hydraulic fracturing wastewater.
Wastewater treatment: Chemical, biological, and mechanical procedures applied to an industrial
or municipal discharge or to any other sources of contaminated water in order to remove, reduce,
or neutralize contaminants (U.S. EPA, 2013d).
Water availability: There is no standard definition for water availability, and it has not been
assessed recently at the national scale (U.S. GAO, 2014). Instead, a number of water availability
indicators have been suggested (e.g., Roy et al., 2005). Here, availability is most often used to
qualitatively refer to the amount of a location’s water that could, currently or in the future, serve as
a source of drinking water (U.S. GAO, 2014), which is a function of water inputs to a hydrologic
system (e.g., rain, snowmelt, groundwater recharge) and water outputs from that system occurring
either naturally or through competing demands of users.
Water consumption: Water that is removed from the local hydrologic cycle following its use (e.g.,
via evaporation, transpiration, incorporation into products or crops, consumption by humans or
livestock), and is therefore unavailable to other water users (Maupin et al., 2014).
Water intensity: The amount of water used per unit of energy obtained (Nicot et al., 2014;
Laurenzi and Jersey, 2013)
Water reuse: Any hydraulic fracturing wastewater that is used to offset total fresh water
withdrawals for hydraulic fracturing, regardless of the level of treatment required.
Water sensitivity: a formation’s physicochemical properties are affected in the presence of water.
An example of a water sensitive formation would be one where the soil particles swell when water
is added, reducing the permeability of the formation.
Water table: The top, or uppermost surface, of groundwater. Below the water table, the ground is
saturated with water.
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Water use: Water withdrawn for a specific purpose, part or all of which may be returned to the
local hydrologic cycle.
Water withdrawal: The volume of water removed from its source, either the groundwater or
diverted from a surface water source, for use, regardless of how much of that volume is returned to
the local hydrologic cycle or consumed without being returned to the hydrologic cycle (Nicot et al.,
2014; Laurenzi and Jersey, 2013).
Weight-of-evidence (WOE) characterization for carcinogenicity: A system used for
characterizing the extent to which the available data support the hypothesis that an agent causes
cancer in humans. The U.S. EPA issued guidelines in 1986, 1996, 1999, and 2005. For more
information, see Appendix G.
Well blowout: The uncontrolled flow of fluids out of a well.
Well communication: When activities in a well that is being stimulated affect abandoned or active
(producing) offset wells or their fracture networks. Also referred to as a “frac hit”.
Well logging: A continuous measurement of physical properties in or around the well with
electrically powered instruments to infer formation properties. Measurements may include
electrical properties (resistivity and conductivity), sonic properties, active and passive nuclear
measurements, measurements of the wellbore, pressure measurement, formation fluid sampling,
sidewall coring tools, and others. Measurements may be taken via a wireline, which is a wire or
cable that is used to deploy tools and instruments downhole and that transmits data to the surface
(adapted from Schlumberger, 2014).
Well operator: A company that controls and operates oil and gas wells (U.S. EPA, 2013d).
Well orientation: A well’s inclination from verticality. Wells drilled straight downward are
considered to be vertical, wells drilled directionally to end up parallel to the production zone’s
bedding plane are considered horizontal, and directionally drilled wells that are neither vertical nor
horizontal are referred to as deviated. In industry usage, a well’s orientation commonly refers both
to its inclination from vertical and the azimuthal (compass) direction of a directionally drilled
wellbores.
Well pad: A temporary drilling site, usually constructed of local materials such as sand and gravel.
After the drilling operation is over, most of the pad is usually removed or plowed back into the
ground (NYSDEC, 2011).
Wellbore: The drilled hole or borehole, including the open hole or uncased portion of the well.
Wet gas: Refers to natural gas that typically contains less than 85% methane along with ethane and
more complex hydrocarbons.
Wettability: The ability of a liquid to maintain contact with a solid surface. When wettability is
high, a liquid droplet will lie flat across a surface, maximizing the area of contact between the liquid
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and the solid. When wettability is low, a liquid droplet will approach a spherical shape, minimizing
the area of contact between the liquid and solid.
Wetting/nonwetting: The preferential attraction of a fluid to the surface. In typical reservoirs,
water preferentially wets the surface, and gas is nonwetting (adapted from Dake, 1978).
Workover: Refers to any maintenance activity performed on a well that involves ceasing
operations and removing the wellhead.
Young’s modulus: A ratio of stress to strain that is a measure of the rigidity of a material.
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Executive Summary

P

eople rely on clean and plentiful water re
sources to meet their basic needs, includ
ing drinking, bathing, and cooking. In the early
2000s, members of the public began to raise con
cerns about potential impacts on their drinking
water from hydraulic fracturing at nearby oil and
gas production wells. In response to these con
cerns, Congress urged the U.S. Environmental
Protection Agency (EPA) to study the relation
ship between hydraulic fracturing for oil and gas
and drinking water in the United States.
The goals of the study were to assess the po
tential for activities in the hydraulic fracturing
water cycle to impact the quality or quantity of
drinking water resources and to identify factors
that affect the frequency or severity of those im
pacts. To achieve these goals, the EPA conducted
independent research, engaged stakeholders
through technical workshops and roundtables,
and reviewed approximately 1,200 cited sources
of data and information. The data and informa
tion gathered through these efforts served as the
basis for this report, which represents the culmi-

nation of the EPA’s study of the potential impacts
of hydraulic fracturing for oil and gas on drinking
water resources.
The hydraulic fracturing water cycle de
scribes the use of water in hydraulic fractur
ing, from water withdrawals to make hydraulic
fracturing fluids, through the mixing and injec
tion of hydraulic fracturing fluids in oil and gas
production wells, to the collection and disposal
or reuse of produced water. These activities can
impact drinking water resources under some
circumstances. Impacts can range in frequency
and severity, depending on the combination of
hydraulic fracturing water cycle activities and lo
cal- or regional-scale factors. The following com
binations of activities and factors are more likely
than others to result in more frequent or more
severe impacts:
y Water withdrawals for hydraulic fracturing
in times or areas of low water availability,
particularly in areas with limited or declin
ing groundwater resources;
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y Spills during the management of hydraulic frac
turing fluids and chemicals or produced water
that result in large volumes or high concentra
tions of chemicals reaching groundwater re
sources;
y Injection of hydraulic fracturing fluids into
wells with inadequate mechanical integrity,
allowing gases or liquids to move to groundwater
resources;
y Injection of hydraulic fracturing fluids directly
into groundwater resources;
y Discharge of inadequately treated hydraulic frac
turing wastewater to surface water resources;
and
y Disposal or storage of hydraulic fracturing waste
water in unlined pits, resulting in contamination
of groundwater resources.

The above conclusions are based on cases of
identified impacts and other data, information, and
analyses presented in this report. Cases of impacts
were identified for all stages of the hydraulic frac
turing water cycle. Identified impacts generally oc
curred near hydraulically fractured oil and gas pro

duction wells and ranged in severity, from temporary
changes in water quality to contamination that made
private drinking water wells unusable.
The available data and information allowed us to
qualitatively describe factors that affect the frequen
cy or severity of impacts at the local level. However,
significant data gaps and uncertainties in the avail
able data prevented us from calculating or estimat
ing the national frequency of impacts on drinking
water resources from activities in the hydraulic frac
turing water cycle. The data gaps and uncertainties
described in this report also precluded a full charac
terization of the severity of impacts.
The scientific information in this report can help
inform decisions by federal, state, tribal, and local
officials; industry; and communities. In the shortterm, attention could be focused on the combina
tions of activities and factors outlined above. In the
longer-term, attention could be focused on reducing
the data gaps and uncertainties identified in this re
port. Through these efforts, current and future drink
ing water resources can be better protected in areas
where hydraulic fracturing is occurring or being con
sidered.

Drinking Water Resources in the United States

I

n this report, drinking water resources are defined
as any water that now serves, or in the future
could serve, as a source of drinking water for public
or private use. This includes both surface water
resources and groundwater resources (Text Box ES
1). In 2010, approximately 58% of the total volume
of water withdrawn for public and non-public
water supplies came from surface water resources
and approximately 42% came from groundwater
resources (Maupin et al., 2014).1 Most people (86%
of the population) in the United States relied on
public water supplies for their drinking water in

Public water systems provide water for human consumption from surface or groundwater through pipes or other
infrastructure to at least 15 service connections or serve an average of at least 25 people for at least 60 days a year. Non
public water systems have fewer than 15 service connections and serve fewer than 25 individuals.
1
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2010, and approximately 14% of the population
obtained drinking water from non-public water
supplies. Non-public water supplies are often
private water wells that supply drinking water to a
residence.
Future access to high-quality drinking water in
the United States will likely be affected by changes
in climate and water use. Since 2000, about 30%
of the total area of the contiguous United States
has experienced moderate drought conditions
and about 20% has experienced severe drought
conditions. Declines in surface water resources have

Text Box ES-1: Drinking Water Resources
In this report, drinking water resources are considered to be any water that now serves, or in the future could serve, as a
source of drinking water for public or private use. This includes both surface water bodies and underground rock formations
that contain water.
Surface water resources include water bodies located on the surface of the Earth. Rivers, springs, lakes, and reservoirs are
examples of surface water resources. Water quality and quantity are often considered when determining whether a surface
water resource could be used as a drinking water resource.

Groundwater resources are underground rock formations that contain water. Groundwater resources are found at different
depths nearly everywhere in the United States. Resource depth, water quality, and water yield are often considered when
determining whether a groundwater resource could be used as a drinking water resource.

led to increased withdrawals and net depletions of
groundwater in some areas. As a result, non-fresh
water resources (e.g., wastewater from sewage
treatment plants, brackish groundwater and surface
water, and seawater) are increasingly treated and
used to meet drinking water demand.

Natural processes and human activities can
affect the quality and quantity of current and future
drinking water resources. This report focuses on the
potential for activities in the hydraulic fracturing
water cycle to impact drinking water resources;
other processes or activities are not discussed.

Hydraulic Fracturing for
Oil and Gas in the United States

H

ydraulic fracturing is frequently used to enhance
oil and gas production from underground rock
formations and is one of many activities that occur during the life of an oil and gas production well

(Figure ES-1). During hydraulic fracturing, hydraulic
fracturing fluid is injected down an oil or gas produc
tion well and into the targeted rock formation under
pressures great enough to fracture the oil- and gas
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Figure ES-1. General timeline and summary of activities at a hydraulically fractured oil or gas production well.

bearing rock.1 The hydraulic fracturing fluid usually
carries proppant (typically sand) into the newlycreated fractures to keep the fractures “propped”
open. After hydraulic fracturing, oil, gas, and other
fluids flow through the fractures and up the produc
tion well to the surface, where they are collected and
managed.
Hydraulically fractured oil and gas production
wells have significantly contributed to the surge
in domestic oil and gas production, accounting for
slightly more than 50% of oil production and nearly
70% of gas production in 2015 (EIA, 2016a, b). The
surge occurred when hydraulic fracturing was com
bined with directional drilling technologies around
2000. Directional drilling allows oil and gas produc
tion wells to be drilled horizontally or directionally
along the targeted rock formation, exposing more of
the oil- or gas-bearing rock formation to the produc
tion well. When combined with directional drilling
technologies, hydraulic fracturing expanded oil and
gas production to oil- and gas-bearing rock forma
tions previously considered uneconomical. Although
hydraulic fracturing is commonly associated with
oil and gas production from deep, horizontal wells
drilled into shale (e.g., the Marcellus Shale in Penn
sylvania or the Bakken Shale in North Dakota), it has
been used in a variety of oil and gas production wells
(Text Box ES-2) and other types of oil- or gas-bearing

The targeted rock formation (sometimes called the “target zone” or “production zone”) is the portion of a subsurface
rock formation that contains the oil or gas to be extracted.
2
See Table 3-1 in Chapter 3.
1
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rock (e.g., sandstone, carbonate, and coal).
Approximately 1 million wells have been hydrau
lically fractured since the technique was first devel
oped in the late 1940s (Gallegos and Varela, 2015;
IOGCC, 2002). Roughly one third of those wells were
hydraulically fractured between 2000 and approxi
mately 2014. Wells hydraulically fractured between
2000 and 2013 were located in pockets of activity
across the United States (Figure ES-2). Based on sev
eral different data compilations, we estimate that
25,000 to 30,000 new wells were drilled and hy
draulically fractured in the United States each year
between 2011 and 2014, in addition to existing wells
that were hydraulically fractured to increase produc
tion.2 Following the decline in oil and gas prices, the
number of new wells drilled and hydraulically frac
tured appears to have decreased, with about 20,000
new wells drilled and hydraulically fractured in
2015.
Hydraulically fractured oil and gas production
wells can be located near or within sources of drink
ing water. Between 2000 and 2013, approximately
3,900 public water systems were estimated to have
had at least one hydraulically fractured well with
in 1 mile of their water source; these public water
systems served more than 8.6 million people yearround in 2013. An additional 3.6 million people were
estimated to have obtained drinking water from non

Text Box ES-2: Hydraulically Fractured Oil and Gas Production Wells
Hydraulically fractured oil and gas production wells come in different shapes and sizes. They can have different depths,
orientations, and construction characteristics. They can include new wells (i.e., wells that are hydraulically fractured soon
after construction) and old wells (i.e., wells that are hydraulically fractured after producing oil and gas for some time).
Well Depth

Well Orientation

Wells can be relatively shallow or relatively deep, depending
on the depth of the targeted rock formation.

Wells can be vertical, horizontal, or deviated.

Production Well
Ground Surface
Targeted Rock Formation
Milam County, Texas
Well depth = 685 feet

San Augustine County, Texas
Well depth = 19,349 feet
Targeted Rock Formation

Vertical

Well depths and locations from FracFocus.org.

Horizontal

Deviated

Well Construction Characteristics
Wells are typically constructed using multiple layers of casing and cement. The subsurface environment, state and federal
regulations, and industry experience and practices influence the number and placement of casing and cement.
Ground Surface
Protected
Groundwater

Casing
Cement

Conductor

Conductor

Surface

Surface

Drilled Hole

Intermediate

Production

Production

Conductor, surface, and production casings

Conductor, surface, intermediate, and
production casings

Targeted Rock
Formation
Well diagrams are not to scale.

Oil and Gas Production Well Dictionary
Casing
Steel pipe that extends from the ground surface to the bottom of the drilled hole
Cement
A slurry that hardens around the outside of the casing; cement fills the space between casings or
between a casing and the drilled hole and provides support for the casing
Conductor casing
Casing that prevents the in-fill of dirt and rock in the uppermost few feet of drilled hole
Intermediate casing
Casing that seals off intermediate rock formations that may have different pressures than
deeper or shallower rock formations
Production casing
Casing that transports fluids up and down the well
Surface casing
Casing that seals off groundwater resources that are identified as drinking water or useable
Targeted rock formation The part of a rock formation that contains the oil and/or gas to be extracted
5

Figure ES-2. Locations of approximately 275,000 wells that were drilled and likely hydraulically fractured between 2000 and
2013. Data from DrillingInfo (2014).

public water supplies in counties with at least one
hydraulically fractured well.1 Underground, hydraulic fracturing can occur in close vertical proximity to
drinking water resources. In some parts of the United
States (e.g., the Powder River Basin in Montana and
Wyoming), there is no vertical distance between the
top of the hydraulically fractured oil- or gas-bearing
rock formation and the bottom of treatable water,
as determined by data from state oil and gas agen-

This estimate only includes counties in which 30% or more of the population (i.e., two or more times the national aver
age) relied on non-public water supplies in 2010. See Section 2.5 in Chapter 2.
2
In these cases, water that is naturally found in the oil- and gas-bearing rock formation meets the definition of drinking
water in some parts of the basin. See Section 6.3.2 in Chapter 6.
1
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cies and state geological survey data.2 In other parts
of the country (e.g., the Eagle Ford Shale in Texas),
there can be thousands of feet of rock that separate
treatable water from the hydraulically fractured oilor gas-bearing rock formation. When hydraulically
fractured oil and gas production wells are located
near or within drinking water resources, there is a
greater potential for activities in the hydraulic frac
turing water cycle to impact those resources.

Approach: The Hydraulic Fracturing Water Cycle

T

he EPA studied the relationship between hydrau
lic fracturing for oil and gas and drinking water
resources using the hydraulic fracturing water cycle
(Figure ES-3). The hydraulic fracturing water cycle
has five stages; each stage is defined by an activity
involving water that supports hydraulic fracturing.
The stages and activities of the hydraulic fracturing
water cycle include:
y Water Acquisition: the withdrawal of ground
water or surface water to make hydraulic frac
turing fluids;
y Chemical Mixing: the mixing of a base fluid
(typically water), proppant, and additives at the
well site to create hydraulic fracturing fluids;1
y Well Injection: the injection and movement of
hydraulic fracturing fluids through the oil and
gas production well and in the targeted rock for
mation;
y Produced Water Handling: the on-site collec
tion and handling of water that returns to the
surface after hydraulic fracturing and the trans
portation of that water for disposal or reuse;2
and
y Wastewater Disposal and Reuse: the disposal
and reuse of hydraulic fracturing wastewater.3

Potential impacts on drinking water resources
from the above activities are considered in this re
port. We do not address other concerns that have
been raised by stakeholders about hydraulic frac

turing (e.g., potential air quality impacts or induced
seismicity) or other oil and gas exploration and pro
duction activities (e.g., environmental impacts from
site selection and development), as these were not
included in the scope of the study. Additionally, this
report is not a human health risk assessment; it does
not identify populations exposed to hydraulic frac
turing-related chemicals, and it does not estimate
the extent of exposure or estimate the incidence of
human health impacts.
Each stage of the hydraulic fracturing water cycle
was assessed to identify (1) the potential for impacts
on drinking water resources and (2) factors that af
fect the frequency or severity of impacts. Specific
definitions used in this report are provided below:
y An impact is any change in the quality or quan
tity of drinking water resources, regardless of
severity, that results from an activity in the hy
draulic fracturing water cycle.
y A factor is a feature of hydraulic fracturing oper
ations or an environmental condition that affects
the frequency or severity of impacts.
y Frequency is the number of impacts per a given
unit (e.g., geographic area, unit of time, number
of hydraulically fractured wells, or number of
water bodies).
y Severity is the magnitude of change in the qual
ity or quantity of a drinking water resource as
measured by a given metric (e.g., duration, spa
tial extent, or contaminant concentration).

A base fluid is the fluid into which proppants and additives are mixed to make a hydraulic fracturing fluid; water is an
example of a base fluid. Additives are chemicals or mixtures of chemicals that are added to the base fluid to change its
properties.
2
“Produced water” is defined in this report as water that flows from and through oil and gas wells to the surface as a byproduct of oil and gas production.
3
“Hydraulic fracturing wastewater” is defined in this report as produced water from hydraulically fractured oil and gas
wells that is being managed using practices that include, but are not limited to, injection in Class II wells, reuse in other
hydraulic fracturing operations, and various aboveground disposal practices. The term “wastewater” is being used as
a general description of certain waters and is not intended to constitute a term of art for legal or regulatory purposes.
Class II wells are used to inject wastewater associated with oil and gas production underground and are regulated under
the Underground Injection Control Program of the Safe Drinking Water Act.
1
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Figure not to scale

Figure ES-3. The five stages of the hydraulic fracturing water cycle. The stages (shown in the insets) identify activities involving water
that support hydraulic fracturing for oil and gas. Activities may take place in the same watershed or different watersheds and close
to or far from drinking water resources. Thin arrows in the insets depict the movement of water and chemicals. Specific activities in
the “Wastewater Disposal and Reuse” inset include (a) disposal of wastewater through underground injection, (b) wastewater
treatment followed by reuse in other hydraulic fracturing operations or discharge to surface waters, and (c) disposal through
evaporation or percolation pits.
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Factors affecting the frequency or severity of
impacts were identified because they describe
conditions under which impacts are more or less
likely to occur and because they could inform the
development of future strategies and actions to
prevent or reduce impacts. Although no attempt
was made to identify or evaluate best practices,
ways to reduce the frequency or severity of impacts from activities in the hydraulic fracturing
water cycle are described in this report when
they were reported in the scientific literature.
Laws, regulations, and policies also exist to pro-

tect drinking water resources, but a comprehen
sive summary and broad evaluation of current or
proposed regulations and policies was beyond the
scope of this report.
Relevant scientific literature and data were
evaluated for each stage of the hydraulic fractur
ing water cycle. Literature included articles published in science and engineering journals, federal
and state government reports, non-governmental
organization reports, and industry publications.
Data sources included federal- and state-collected
data sets, databases maintained by federal and

state government agencies, other publicly avail
able data, and industry data provided to the EPA.1
The relevant literature and data complement re
search conducted by the EPA under its Plan to
Study the Potential Impacts of Hydraulic Fracturing
on Drinking Water Resources (Text Box ES-3).
A draft of this report underwent peer review
by the EPA’s Science Advisory Board (SAB). The
SAB is an independent federal advisory committee
that often conducts peer reviews of high-profile
scientific matters relevant to the EPA. Members of
the SAB and ad hoc panels formed under the aus
pices of the SAB are nominated by the public and
selected based on factors such as technical exper

tise, knowledge, experience, and absence of any
real or perceived conflicts of interest. Peer review
comments provided by the SAB and public com
ments submitted to the SAB during their peer re
view, including comments on major conclusions
and technical content, were carefully considered
in the development of this final document.
A summary of the activities in the hydraulic
fracturing water cycle and their potential to im
pact drinking water resources is provided below,
including what is known about human health haz
ards associated with chemicals identified across
all stages of the hydraulic fracturing water cycle.
Additional details are available in the full report.

Text Box ES-3: The EPA’s Study of the Potential Impacts of Hydraulic Fracturing for Oil and Gas on
Drinking Water Resources
The EPA’s study is the first national study of the potential impacts of hydraulic fracturing for oil and gas on drinking water
resources. It included independent research projects conducted by EPA scientists and contractors and a state-of-the-science
assessment of available data and information on the relationship between hydraulic fracturing and drinking water resources
(i.e., this report).
Study of the Potential Impacts of Hydraulic Fracturing for Oil and Gas on Drinking Water Resources

EPA Research Projects
Public Meetings
Technical Workshops
and Roundtables

Existing Data

Science
Advisory Board

Scientific Literature

This Report
Public Comments

Scientific
Literature
Existing Data

Science Advisory Board

Throughout the study, the EPA consulted with the Agency’s independent Science Advisory Board (SAB) on the scope of the
study and the progress made on the research projects. The SAB also conducted a peer review of both the Plan to Study the
Potential Impacts of Hydraulic Fracturing on Drinking Water Resources (U.S. EPA, 2011; referred to as the Study Plan in this
report) and a draft of this report.
Stakeholder engagement also played an important role in the development and implementation of the study. While
developing the scope of the study, the EPA held public meetings to get input from stakeholders on the study scope and
design. While conducting the study, the EPA requested information from the public and engaged with technical, subjectmatter experts on topics relevant to the study in a series of technical workshops and roundtables. For more information on
the EPA’s study, including the role of the SAB and stakeholders, visit www.epa.gov/hfstudy.

Industry data was provided to the EPA in response to two separate information requests to oil and gas service compa
nies and oil and gas production well operators. Some of these data were claimed as confidential business information
under the Toxic Substances Control Act and were treated as such in this report.
1
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Water Acquisition

The withdrawal of groundwater or surface water to make hydraulic fracturing fluids.

Relationship to Drinking Water Resources
Groundwater and surface water resources that provide water for hydraulic fracturing
fluids can also provide drinking water for public or non-public water supplies.

W

ater is the major component of nearly all hy
draulic fracturing fluids, typically making up
90–97% of the total fluid volume injected into a well.
The median volume of water used, per well, for hy
draulic fracturing was approximately 1.5 million gal
lons (5.7 million liters) between January 2011 and
February 2013, as reported in FracFocus 1.0 (Text
Box ES-4). There was wide variation in the water vol
umes reported per well, with 10th and 90th percentiles
of 74,000 gallons (280,000 liters) and 6 million gal
lons (23 million liters) per well, respectively. There
was also variation in water use per well within and
among states (Table ES-1). This variation likely re
sults from several factors, including the type of well,

the fracture design, and the type of hydraulic fractur
ing fluid used. An analysis of hydraulic fracturing flu
id data from Gallegos et al. (2015) indicates that wa
ter volumes used per well have increased over time
as more horizontal wells have been drilled.
Water used for hydraulic fracturing is typically
fresh water taken from available groundwater and/
or surface water resources located near hydrauli
cally fractured oil and gas production wells. Water
sources can vary across the United States, depending
on regional or local water availability; laws, regula
tions, and policies; and water management practices.
Hydraulic fracturing operations in the humid east
ern United States generally rely on surface water

Text Box ES-4: FracFocus Chemical Disclosure Registry
The FracFocus Chemical Disclosure Registry is a publicly-accessible website (www.fracfocus.org) managed by the Ground
Water Protection Council (GWPC) and the Interstate Oil and Gas Compact Commission (IOGCC). Oil and gas production
well operators can disclose information at this website about water and chemicals used in hydraulic fracturing fluids at
individual wells. In many states where oil and gas production occurs, well operators are required to disclose to FracFocus
well-specific information on water and chemical use during hydraulic fracturing.
The GWPC and the IOGCC provided the EPA with over 39,000 PDF disclosures submitted by well operators to FracFocus
(version 1.0) before March 1, 2013. Data in the disclosures were extracted and compiled in a project database, which was
used to conduct analyses on water and chemical use for hydraulic fracturing. Analyses were conducted on over 38,000
unique disclosures for wells located in 20 states that were hydraulically fractured between January 1, 2011, and February
28, 2013.
Despite the challenge of adapting a dataset originally created for local use and single-PDF viewing to answer broader
questions, the project database created by the EPA provided substantial insight into water and chemical use for hydraulic
fracturing. The project database represents the data reported to FracFocus 1.0 rather than all hydraulic fracturing
that occurred in the United States during the study time period. The project database is an incomplete picture of all
hydraulic fracturing due to voluntary reporting in some states for certain time periods (in the absence of state reporting
requirements), the omission of information on confidential chemicals from disclosures, and invalid or erroneous
information in the original disclosures or created during the development of the database. The development of FracFocus
2.0, which became the exclusive reporting mechanism in June 2013, was intended to increase the quality, completeness,
and consistency of the data submitted by providing dropdown menus, warning and error messages during submission, and
automatic formatting of certain fields. The GWPC has announced additional changes and upgrades for FracFocus 3.0 to
enhance data searchability, increase system security, provide greater data accuracy, and further increase data transparency.
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Table ES-1. Water use per hydraulically fractured well between January 2011 and February 2013. Medians and percentiles
were calculated from data submitted to FracFocus 1.0 (Appendix B).
Number of FracFocus
1.0 Disclosures

Median Volume per
Well (gallons)

10th percentile
(gallons)

90th percentile
(gallons)

Arkansas

1,423

5,259,965

3,234,963

7,121,249

California

711

76,818

21,462

285,306

Colorado

4,898

463,462

147,353

3,092,024

Kansas

121

1,453,788

10,836

2,227,926

Louisiana

966

5,077,863

1,812,099

7,945,630

Montana

207

1,455,757

367,326

2,997,552

New Mexico

1,145

175,241

35,638

1,871,666

North Dakota

2,109

2,022,380

969,380

3,313,482

146

3,887,499

2,885,568

5,571,027

Oklahoma

1,783

2,591,778

1,260,906

7,402,230

Pennsylvania

2,445

4,184,936

2,313,649

6,615,981

Texas

16,882

1,420,613

58,709

6,115,195

Utah

1,406

302,075

76,286

769,360

273

5,012,238

3,170,210

7,297,080

1,405

322,793

5,727

1,837,602

State

Ohio

West Virginia
Wyoming

resources, whereas operations in the arid and semiarid western United States generally rely on groundwater or surface water. Geographic differences in
water use for hydraulic fracturing are illustrated in
Figure ES-4, which shows that most of the water used
for hydraulic fracturing in the Marcellus Shale region
of the Susquehanna River Basin came from surface
water resources between approximately 2008 and
2013. In comparison, less than half of the water used
for hydraulic fracturing in the Barnett Shale region
of Texas came from surface water resources between
approximately 2011 and 2013.
Hydraulic fracturing wastewater and other lower-quality water can also be used in hydraulic fracturing fluids to offset the need for fresh water, although
the proportion of injected fluid that is reused hydrau-

lic fracturing wastewater varies by location (Figure
ES-4).1 Overall, the proportion of water used in hy
draulic fracturing that comes from reused hydraulic
fracturing wastewater appears to be low. In a survey
of literature values from 10 states, basins, or plays,
the median percentage of the injected fluid volume
that came from reused hydraulic fracturing waste
water was 5% between approximately 2008 and
2014.2 There was an increase in the reuse of hydrau
lic fracturing wastewater as a percentage of the injected hydraulic fracturing fluid in both Pennsylvania
and West Virginia between approximately 2008 and
2014. This increase is likely due to the limited avail
ability of Class II wells, which are commonly used to
dispose of oil and gas wastewater, and the costs of
trucking wastewater to Ohio, where Class II wells are

Reused hydraulic fracturing wastewater as a percentage of injected fluid differs from the percentage of produced water
that is managed through reuse in other hydraulic fracturing operations. For example, in the Marcellus Shale region of the
Susquehanna River Basin, approximately 14% of injected fluid was reused hydraulic fracturing wastewater, while ap
proximately 90% of produced water was managed through reuse in other hydraulic fracturing operations (Figure ES-4a).
2
See Section 4.2 in Chapter 4.
1
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(a) Marcellus Shale,
Susquehanna River Basin

4.1-4.6 million gallons
injected

420,000-1.3 million gallons
produced
10%

7%

14%

90%*

Well

Reuse in hydraulic fracturing
Class II well

79%

*Less than approximately 1% is treated at facilities that are
either permitted to discharge to surface water or whose
discharge status is uncertain.
Most of the injected fluid stays in the subsurface; produced
water volumes over 10 years are approximately 10-30% of
the injected fluid volume.

Surface Water
Groundwater
Reused hydraulic fracturing wastewater

(b) Barnett Shale, Texas

3.9-4.5 million gallons
injected

3.9-4.5 million gallons
produced

5%

4%

Well
48%

48%
95%

Surface Water
Groundwater
Reused hydraulic fracturing wastewater

Reuse in hydraulic fracturing
Class II well
Produced water volumes over three years can be
approximately the same as the injected fluid volume.

Figure ES-4. Water budgets illustrative of hydraulic fracturing water management practices in (a) the
Marcellus Shale in the Susquehanna River Basin between approximately 2008 and 2013 and (b) the Barnett
Shale in Texas between approximately 2011 and 2013. Class II wells are used to inject wastewater associated
with oil and gas production underground and are regulated under the Underground Injection Control Program of
the Safe Drinking Water Act. Data sources are described in Figure 10-1 in Chapter 10.

more prevalent.1 Class II wells are also prevalent in
Texas, and the reuse of wastewater in hydraulic fracturing fluids in the Barnett Shale appears to be lower
than in the Marcellus Shale (Figure ES-4).
Because the same water resource can be used to
support hydraulic fracturing and to provide drink1
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See Chapter 8 for additional information on Class II wells.

ing water, withdrawals for hydraulic fracturing can
directly impact drinking water resources by chang
ing the quantity or quality of the remaining water.
Although every water withdrawal affects water quantity, we focused on water withdrawals that have the
potential to significantly impact drinking water re

sources by limiting the availability of drinking water
or altering its quality. Water withdrawals for a single
hydraulically fractured oil and gas production well
are not expected to significantly impact drinking wa
ter resources, because the volume of water needed to
hydraulically fracture a single well is unlikely to limit
the availability of drinking water or alter its quality.
If, however, multiple oil and gas production wells
are located within an area, the total volume of water
needed to hydraulically fracture all of the wells has
the potential to be a significant portion of the water
available and impacts on drinking water resources
can occur.
To assess whether hydraulic fracturing opera
tions are a relatively large or small user of water, we
compared water use for hydraulic fracturing to total
water use at the county level (Text Box ES-5). In most
counties studied, the average annual water volumes
reported in FracFocus 1.0 were generally less than 1%
of total water use. This suggests that hydraulic frac
turing operations represented a relatively small user
of water in most counties. There were exceptions,
however. Average annual water volumes reported in
FracFocus 1.0 were 10% or more of total water use in
26 of the 401 counties studied, 30% or more in nine
counties, and 50% or more in four counties.1 In these
counties, hydraulic fracturing operations represented
a relatively large user of water.
The above results suggest that hydraulic fractur
ing operations can significantly increase the volume
of water withdrawn in particular areas. Increased wa
ter withdrawals can result in significant impacts on
drinking water resources if there is insufficient wa
ter available in the area to accommodate all users. To
assess the potential for these impacts, we compared
hydraulic fracturing water use to estimates of wa
ter availability at the county level.2 In most counties
studied, average annual water volumes reported for

hydraulic fracturing were less than 1% of the esti
mated annual volume of readily-available fresh water.
However, average annual water volumes reported for
hydraulic fracturing were greater than the estimated
annual volume of readily-available fresh water in 17
counties in Texas. This analysis suggests that there
was enough water available annually to support the
level of hydraulic fracturing reported to FracFocus 1.0
in most, but not all, areas of the country. This observa
tion does not preclude the possibility of local impacts
in other areas of the country, nor does it indicate that
local impacts have occurred or will occur in the 17
counties in Texas. To better understand whether lo
cal impacts have occurred, and the factors that affect
those impacts, local-level studies, such as the ones de
scribed below, are needed.
Local impacts on drinking water quantity have
occurred in areas with increased hydraulic fracturing
activity. In 2011, for example, drinking water wells
in an area overlying the Haynesville Shale ran out of
water due to higher than normal groundwater with
drawals and drought (Louisiana Ground Water Re
sources Commission, 2012). Water withdrawals for
hydraulic fracturing contributed to these conditions,
along with other water users and the lack of precipi
tation. Groundwater impacts have also been reported
in Texas. In a detailed case study, Scanlon et al. (2014)
estimated that groundwater levels in approximately
6% of the area studied dropped by 100 feet (31 me
ters) to 200 feet (61 meters) or more after hydraulic
fracturing activity increased in 2009.
In contrast, studies in the Upper Colorado and
Susquehanna River basins found minimal impacts on
drinking water resources from hydraulic fracturing.
In the Upper Colorado River Basin, the EPA found that
high-quality water produced from oil and gas wells in
the Piceance tight sands provided nearly all of the wa
ter for hydraulic fracturing in the study area (U.S. EPA,

Hydraulic fracturing water consumption estimates followed the same general pattern as the water use estimates pre
sented here, but with slightly larger percentages in each category (Section 4.4 in Chapter 4).
2
County-level water availability estimates were derived from the Tidwell et al. (2013) estimates of water availability for
siting new thermoelectric power plants (see Text Box 4-2 in Chapter 4 for details). The county-level water availability
estimates used in this report represent the portion of water available to new users within a county.
1
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Text Box ES-5: County-Level Water Use for Hydraulic Fracturing
To assess whether hydraulic fracturing operations are a relatively large or small user of water, the average annual water use
for hydraulic fracturing in 2011 and 2012 was compared, at the county-level, to total water use in 2010.
For most counties studied, average annual water volumes reported for individual counties in FracFocus 1.0 were less than
1% of total water use in those counties. But in some counties, hydraulic fracturing operations reported in FracFocus 1.0
represented a relatively large user of water.
Examples of Water Use in Two Counties: Wilson County, Texas, and Mountrail County, North Dakota
Wilson County, Texas
44 wells reported in FracFocus 1.0

Mountrail County, North Dakota
508 wells reported in FracFocus 1.0
1,248

Water Volume (million gallons)

2010 Total Water Use†
164
858

1,872
106

4,833
Industrial use was 11 million gallons

85
Hydraulic
Fracturing*

Total†

Public Supply
Domestic
Industrial

Irrigation
Livestock
Mining

Depending on local water availability, hydraulic fracturing
water withdrawals may be less likely to significantly impact
drinking water resources under this kind of scenario.

Water Volume (million gallons)

7,844

2010 Total Water Use†
288

179

135

449

26

438
183

Hydraulic
Fracturing*

Total†

Public Supply
Domestic
Industrial

Irrigation
Livestock
Mining

Depending on local water availability, hydraulic fracturing
water withdrawals may be more likely to significantly impact
drinking water resources under this kind of scenario.

*Hydraulic fracturing water use is a function of the water use per well and the total number of wells hydraulically fractured within a county. Average annual
water use for hydraulic fracturing was calculated at the county-level using data reported in FracFocus 1.0 in 2011 and 2012 (Appendix B).
†The U.S. Geological Survey compiles national water use estimates every five years in the National Water Census. Total water use at the county-level was
obtained from the most recent census, which was conducted in 2010 (Maupin et al., 2014).

2010 Total Water Use Categories
Public supply
Water withdrawn by public and private water suppliers that provide water to at least 25 people or
have a minimum of 15 connections
Domestic
Self-supplied water withdrawals for indoor household purposes such as drinking, food preparation,
bathing, washing clothes and dishes, flushing toilets, and outdoor purposes such as watering lawns
and gardens
Industrial
Water used for fabrication, processing, washing, and cooling
Irrigation
Water that is applied by an irrigation system to assist crop and pasture growth or to maintain
vegetation on recreational lands (e.g., parks and golf courses)
Livestock
Water used for livestock watering, feedlots, dairy operations, and other on-farm needs
Mining
Water used for the extraction of naturally-occurring minerals, including solids (e.g., coal, sand, gravel,
and other ores), liquids (e.g., crude petroleum), and gases (e.g., natural gas)
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2015b). Due to this high reuse rate, the EPA did not
identify any locations in the study area where hydrau
lic fracturing contributed to locally high water use. In
the Susquehanna River Basin, multiple studies and
state reports have identified the potential for hydrau
lic fracturing water withdrawals in the Marcellus Shale
to impact surface water resources. Evidence suggests,
however, that current water management strategies,
including passby flows and reuse of hydraulic fractur
ing wastewater, help protect streams from depletion
by hydraulic fracturing water withdrawals. A passby
flow is a prescribed, low-streamflow threshold below
which water withdrawals are not allowed.
The above examples highlight factors that can af
fect the frequency or severity of impacts on drinking
water resources from hydraulic fracturing water with
drawals. In particular, areas of the United States that
rely on declining groundwater resources are vulner
able to more frequent and more severe impacts from
all water withdrawals, including withdrawals for hy
draulic fracturing. Extensive groundwater withdraw
als can limit the availability of belowground drink
ing water resources and can also change the qual
ity of the water remaining in the resource. Because
groundwater recharge rates can be low, impacts can
last for many years. Seasonal or long-term drought
can also make impacts more frequent and more se
vere for groundwater and surface water resources.
Hot, dry weather reduces or prevents groundwater
recharge and depletes surface water bodies, while
water demand often increases simultaneously (e.g.,
for irrigation). This combination of factors—high hy
draulic fracturing water use and relatively low water
availability due to declining groundwater resources
and/or frequent drought—was found to be present in
southern and western Texas.
Water management strategies can also affect the
frequency and severity of impacts on drinking water

resources from hydraulic fracturing water withdraw
als. These strategies include using hydraulic fractur
ing wastewater or brackish groundwater for hydrau
lic fracturing, transitioning from limited groundwater
resources to more abundant surface water resources,
and using passby flows to control water withdrawals
from surface water resources. Examples of these wa
ter management strategies can be found throughout
the United States. In western and southern Texas, for
example, the use of brackish water is currently reduc
ing impacts on fresh water sources, and could, if in
creased, reduce future impacts. Louisiana and North
Dakota have encouraged well operators to withdraw
water from surface water resources instead of highquality groundwater resources. And, as described
above, the Susquehanna River Basin Commission lim
its surface water withdrawals during periods of low
stream flow.

Water Acquisition Conclusions
With notable exceptions, hydraulic fracturing
uses a relatively small percentage of water when
compared to total water use and availability at large
geographic scales. Despite this, hydraulic fracturing
water withdrawals can affect the quantity and qual
ity of drinking water resources by changing the bal
ance between the demand on local water resources
and the availability of those resources. Changes that
have the potential to limit the availability of drinking
water or alter its quality are more likely to occur in
areas with relatively high hydraulic fracturing water
withdrawals and low water availability, particularly
due to limited or declining groundwater resources.
Water management strategies (e.g., encouragement
of alternative water sources or water withdrawal
restrictions) can reduce the frequency or severity of
impacts on drinking water resources from hydraulic
fracturing water withdrawals.
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Chemical Mixing

The mixing of a base fluid, proppant, and additives at the well site to create
hydraulic fracturing fluids.
Relationship to Drinking Water Resources
Spills of additives and hydraulic fracturing fluids can reach groundwater and
surface water resources.

H

ydraulic fracturing fluids are engineered to cre
ate and grow fractures in the targeted rock for
mation and to carry proppant through the oil and
gas production well into the newly-created fractures.
Hydraulic fracturing fluids are typically made up
of base fluids, proppant, and additives. Base fluids
make up the largest proportion of hydraulic fractur
ing fluids by volume. As illustrated in Text Box ES-6,
base fluids can be a single substance (e.g., water in
the slickwater example) or can be a mixture of sub
stances (e.g., water and nitrogen in the energized
fluid example). The EPA’s analysis of hydraulic frac
turing fluid data reported to FracFocus 1.0 suggests
that water was the most commonly used base fluid
between January 2011 and February 2013 (U.S. EPA,
2015a). Non-water substances, such as gases and hy
drocarbon liquids, were reported to be used alone or
blended with water to form a base fluid in fewer than
3% of wells in FracFocus 1.0.
Proppant makes up the second largest propor
tion of hydraulic fracturing fluids (Text Box ES-6).
Sand (i.e., quartz) was the most commonly reported
proppant between January 2011 and February 2013,
with 98% of wells in FracFocus 1.0 reporting sand as
the proppant (U.S. EPA, 2015a). Other proppants can
include man-made or specially engineered particles,
such as high-strength ceramic materials or sintered

Sintered bauxite is crushed and powdered bauxite that is fused into spherical beads at high temperatures.
This list includes 1,084 unique Chemical Abstracts Service Registration Numbers (CASRNs), which can be assigned
to a single chemical (e.g., hydrochloric acid) or a mixture of chemicals (e.g., hydrotreated light petroleum distillates).
Throughout this report, we refer to the substances identified by unique CASRNs as “chemicals.”
3
Dayalu and Konschnik (2016) identified 995 unique CASRNs from data submitted to FracFocus between March 9, 2011,
and April 13, 2015. Two hundred sixty-three of these CASRNs are not on the list of unique CASRNs identified by the EPA
(Appendix H). Only one of the 263 chemicals was reported at greater than 1% of wells, which suggests that these chemi
cals were used at only a few sites.
1
2
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bauxite.1
Additives generally make up the smallest pro
portion of the overall composition of hydraulic frac
turing fluids (Text Box ES-6), yet have the greatest
potential to impact the quality of drinking water re
sources compared to proppant and base fluids. Addi
tives, which can be a single chemical or a mixture of
chemicals, are added to the base fluid to change its
properties (e.g., adjust pH, increase fluid thickness,
or limit bacterial growth). The choice of which ad
ditives to use depends on the characteristics of the
targeted rock formation (e.g., rock type, tempera
ture, and pressure), the economics and availability of
desired additives, and well operator or service com
pany preferences and experience.
The variability of additives, both in their purpose
and chemical composition, suggests that a large num
ber of different chemicals may be used in hydraulic
fracturing fluids across the United States. The EPA
identified 1,084 chemicals that were reported to
have been used in hydraulic fracturing fluids between
2005 and 2013.2,3 The EPA’s analysis of FracFocus
1.0 data indicates that between 4 and 28 chemicals
were used per well between January 2011 and Febru
ary 2013 and that no single chemical was used in all
wells (U.S. EPA, 2015a). Three chemicals—methanol,
hydrotreated light petroleum distillates, and hydro

Text Box ES-6: Examples of Hydraulic Fracturing Fluids
Hydraulic fracturing fluids are engineered to create and extend fractures in the targeted rock formation and to carry
proppant through the production well into the newly-created fractures. While there is no universal hydraulic fracturing fluid,
there are general types of hydraulic fracturing fluids. Two types of hydraulic fracturing fluids are described below.
Slickwater
Slickwater hydraulic fracturing fluids are water-based fluids that generally contain a friction reducer. The friction reducer
makes it easier for the fluid to be pumped down the oil and gas production well at high rates. Slickwater is commonly used
to hydraulically fracture shale formations.
0.01% Friction Reducer (1)

16%* Reused
Wastewater

0.006% Biocide (3)
0.002% Scale Inhibitor (2)
0.0009% Iron
Control (1)

13% Sand

Bradford County, Pennsylvania
Well depth = 7,255 feet
Total water volume = 4,763,000 gallons

0.0006% Corrosion
Inhibitor (5)

0.03% Acid (1)

71% Fresh Water

0.05% Additives (13 Chemicals)

Energized Fluid
Energized fluids are mixtures of liquids and gases. They can be used for hydraulic fracturing in under-pressured gas
formations.
0.08% Surfactant (3)
0.1% Acid (1)

0.05% Foamer (2)
0.03% Corrosion
Inhibitor (11)

28%* Nitrogen (gas)

0.03% Biocide (4)

13% Sand
1.2% Clay
Control (1)

58% Water
Rio Arriba County, New Mexico
Well depth = 7,640 feet
Total water volume = 105,000 gallons

Additive Dictionary
Acid
Biocide
Breaker
Clay control
Corrosion inhibitor
Foamer
Friction reducer
Iron control
Scale inhibitor
Surfactant

0.01% Friction
Reducer (1)

1.5% Additives (28 Chemicals)

0.008% Breaker (1)
0.006% Scale
Inhibitor (4)
0.004% Iron Control (1)

*Maximum percent by mass of the total hydraulic fracturing fluid. Data obtained from FracFocus.org.

Dissolves minerals and creates pre-fractures in the rock
Controls or eliminates bacteria in the hydraulic fracturing fluid
Reduces the thickness of the hydraulic fracturing fluid
Prevents swelling and migration of formation clays
Protects iron and steel equipment from rusting
Creates a foam hydraulic fracturing fluid
Reduces friction between the hydraulic fracturing fluid and pipes during pumping
Prevents the precipitation of iron-containing chemicals
Prevents the formation of scale buildup within the well
Reduces the surface tension of the hydraulic fracturing fluid
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Table ES-2. Chemicals reported in 10% or more of disclosures in FracFocus 1.0. Disclosures provided information on chemicals
used at individual well sites between January 1, 2011, and February 28, 2013.

Chemical Name (CASRN)a

Percent of
FracFocus 1.0
Disclosuresb

Chemical Name (CASRN)a

Percent of
FracFocus 1.0
Disclosuresb

Methanol (67-56-1)

72

Naphthalene (91-20-3)

19

Hydrotreated light petroleum
distillates (64742-47-8)

65

2,2-Dibromo-3-nitrilopropionamide
(10222-01-2)

16

Hydrochloric acid (7647-01-0)

65

Phenolic resin (9003-35-4)

14

Water (7732-18-5)c

48

Choline chloride (67-48-1)

14

Isopropanol (67-63-0)

47

Methenamine (100-97-0)

14

Ethylene glycol (107-21-1)

46

Peroxydisulfuric acid,
diammonium salt (7727-54-0)

13

44

Carbonic acid, dipotassium salt
(584-08-7)
1,2,4-Trimethylbenzene (95-63-6)

13

Sodium hydroxide (1310-73-2)

39

Guar gum (9000-30-0)

37

12

Quartz (14808-60-7)c

36

Quaternary ammonium compounds,
benzyl-C12-16-alkyldimethyl,
chlorides (68424-85-1)

Glutaraldehyde (111-30-8)

34

12

Propargyl alcohol (107-19-7)

33

Poly(oxy-1,2-ethanediyl)-nonylphenylhydroxy (mixture) (127087-87-0)

Potassium hydroxide (1310-58-3)

29

Formic acid (64-18-6)

12

Ethanol (64-17-5)

29

Sodium chlorite (7758-19-2)

11

Acetic acid (64-19-7)

24

Nonyl phenol ethoxylate (9016-45-9)

11

Citric acid (77-92-9)

24

Tetrakis(hydroxymethyl)phosphonium
sulfate (55566-30-8)

11

2-Butoxyethanol (111-76-2)

21

Polyethylene glycol (25322-68-3)

11

Sodium chloride (7647-14-5)

21

Ammonium chloride (12125-02-9)

10

Solvent naphtha, petroleum, heavy
aromatic (64742-94-5)

21

Sodium persulfate (7775-27-1)

10

“Chemical” refers to chemical substances with a single CASRN; these may be pure chemicals (e.g., methanol) or chemical mixtures (e.g., hydrotreated light
petroleum distillates).
b
Analysis considered 34,675 disclosures that met selected quality assurance criteria. See Table 5-2 in Chapter 5.
c
Quartz and water were reported as ingredients in additives, in addition to proppants and base fluids.
a
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chloric acid—were reported in 65% or more of the
wells in FracFocus 1.0; 35 chemicals were reported in
at least 10% of the wells (Table ES-2).
Concentrated additives are delivered to the well
site and stored until they are mixed with the base
fluid and proppant and pumped down the oil and gas
production well (Text Box ES-7). While the overall
concentration of additives in hydraulic fracturing fluids is generally small (typically 2% or less of the total
volume of the injected fluid), the total volume of additives delivered to the well site can be large. Because
over 1 million gallons (3.8 million liters) of hydraulic

fracturing fluid are generally injected per well, thousands of gallons of additives can be stored on site and
used during hydraulic fracturing.
As illustrated in Text Box ES-7, additives are often
stored in multiple, closed containers [typically 200
gallons (760 liters) to 375 gallons (1,420 liters) per
container] and moved around the site in hoses and
tubing. This equipment is designed to contain addi
tives and blended hydraulic fracturing fluid, but spills
can occur. Changes in drinking water quality can oc
cur if spilled fluids reach groundwater or surface wa
ter resources.

Text Box ES-7: Chemical Mixing Equipment
Typical Layout of Chemical Mixing Equipment
This illustration shows how the different pieces of
equipment fit together to contain, mix, and inject
hydraulic fracturing fluid into a production well.
Water, proppant, and additives are blended together
and pumped to the manifold, where high pressure
pumps transfer the fluid to the frac head.
Additives and proppant can be blended with
water at different times and in different amounts
during hydraulic fracturing. Thus, the composition
of hydraulic fracturing fluids can vary during the
hydraulic fracturing job.
Source: Adapted from Olson (2011) and BJ Services Company (2009)

Well Pad During Hydraulic Fracturing
Equipment set up for hydraulic fracturing.
Blender
Water Tanks

Manifold
Chemical
Additive Units

Frac Head
High Pressure
Pump

Source: Schlumberger

Chemical Mixing Equipment Dictionary
Blender
Blends water, proppant, and additives
Chemical additive unit
Transports additives to the site and stores additives onsite
Flowback tanks
Stores liquid that returns to the surface after hydraulic fracturing
Frac head
Connects hydraulic fracturing equipment to the production well
High pressure pumps
Pressurize mixed fluids before injection into the production well
Hydration unit
Creates and stores gels used in some hydraulic fracturing fluids
Manifold
Transfers fluids from the blender to the frac head
Proppant
Stores proppant (often sand)
Water tanks
Stores water
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Several studies have documented spills of hydrau
lic fracturing fluids or additives. Nearly all of these
studies identified spills from state-managed spill da
tabases. Data gathered for these studies suggest that
spills of hydraulic fracturing fluids or additives were
primarily caused by equipment failure or human er
ror. For example, an EPA analysis of spill reports from
nine state agencies, nine oil and gas well operators,
and nine hydraulic fracturing service companies
characterized 151 spills of hydraulic fracturing fluids
or additives on or near well sites in 11 states between
January 2006 and April 2012 (U.S. EPA, 2015c). These
spills were primarily caused by equipment failure
(34% of the spills) or human error (25%), and more
than 30% of the spills were from fluid storage units
(e.g., tanks, totes, and trailers). Similarly, a study of
spills reported to the Colorado Oil and Gas Conser
vation Commission identified 125 spills during well
stimulation (i.e., a part of the life of an oil and gas well
that often, but not always, includes hydraulic fractur
ing) between January 2010 and August 2013 (COGCC,
2014). Of these spills, 51% were caused by human er
ror and 46% were due to equipment failure.
Studies of spills of hydraulic fracturing fluids or
additives provide insights on spill volumes, but little
information on chemical-specific spill composition.
Among the 151 spills characterized by the EPA, the
median volume of fluid spilled was 420 gallons (1,600
liters), although the volumes spilled ranged from 5
gallons (19 liters) to 19,320 gallons (73,130 liters).
Spilled fluids were often described as acids, biocides,
friction reducers, crosslinkers, gels, and blended hy
draulic fracturing fluid, but few specific chemicals
were mentioned.1 Considine et al. (2012) identified
spills related to oil and gas development in the Mar
cellus Shale that occurred between January 2008 and
August 2011 from Notices of Violations issued by the
Pennsylvania Department of Environmental Protec
tion. The authors identified spills greater than 400
gallons (1,500 liters) and spills less than 400 gallons
(1,500 liters).

A crosslinker is an additive that increases the thickness of gelled fluids by connecting polymer molecules in the gelled
fluid.
1
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Spills of hydraulic fracturing fluids or additives
have reached, and therefore impacted, surface water
resources. Thirteen of the 151 spills characterized
by the EPA were reported to have reached a surface
water body (often creeks or streams). Among the 13
spills, reported spill volumes ranged from 28 gallons
(105 liters) to 7,350 gallons (27,800 liters). Addition
ally, Brantley et al. (2014) and Considine et al. (2012)
identified fewer than 10 total instances of spills of
additives and/or hydraulic fracturing fluids greater
than 400 gallons (1,500 liters) that reached surface
waters in Pennsylvania between January 2008 and
June 2013. Reported spill volumes for these spills
ranged from 3,400 gallons (13,000 liters) to 227,000
gallons (859,000 liters).
Although impacts on surface water resources have
been documented, site-specific studies that could be
used to describe factors that affect the frequency or
severity of impacts were not available. In the absence
of such studies, we relied on fundamental scientific
principles to identify factors that affect how hydrau
lic fracturing fluids and chemicals can move through
the environment to drinking water resources. Be
cause these factors influence whether spilled fluids
reach groundwater and surface water resources, they
affect the frequency and severity of impacts on drink
ing water resources from spills during the chemical
mixing stage of the hydraulic fracturing water cycle.
The potential for spilled fluids to impact ground
water or surface water resources depends on the
characteristics of the spill, the environmental fate
and transport of the spilled fluid, and spill response
activities (Figure ES-5). Site-specific characteristics
affect how spilled liquids move through soil into the
subsurface or over the land surface. Generally, highly
permeable soils or fractured rock can allow spilled liq
uids to move quickly into and through the subsurface,
limiting the opportunity for spilled liquids to move
over land to surface water resources. In low perme
ability soils, spilled liquids are less able to move into
the subsurface and are more likely to move over the

land surface. In either case, the volume spilled and
the distance between the location of the spill and
nearby water resources affects whether spilled liq
uids reach drinking water resources. Large-volume
spills are generally more likely to reach drinking wa
ter resources because they are more likely to be able
to travel the distance between the location of the spill
and nearby water resources.

In general, chemical and physical properties,
which depend on the identity and structure of a
chemical, control whether spilled chemicals evapo
rate, stick to soil particles, or move with water. The
EPA identified measured or estimated chemical and
physical properties for 455 of the 1,084 chemicals
used in hydraulic fracturing fluids between 2005
and 2013.1 The properties of these chemicals varied

Figure ES-5. Generalized depiction of factors that influence whether spilled hydraulic fracturing fluids or additives reach
drinking water resources, including spill characteristics, environmental fate and transport, and spill response activities.

Chemical and physical properties were identified using EPI Suite™. EPI Suite™ is a collection of chemical and physical
property and environmental fate estimation programs developed by the EPA and Syracuse Research Corporation. It can
be used to estimate chemical and physical properties of individual organic compounds. Of the 1,084 hydraulic fractur
ing fluid chemicals identified by the EPA, 629 were not individual organic compounds, and thus EPI Suite™ could not be
used to estimate their chemical and physical properties.
1

21

widely, from chemicals that are more likely to move
quickly through the environment with a spilled liq
uid to chemicals that are more likely to move slowly
through the environment because they stick to soil
particles.1 Chemicals that move slowly through the
environment may act as longer-term sources of con
tamination if spilled.
Spill prevention practices and spill response ac
tivities are designed to prevent spilled fluids from
reaching groundwater or surface water resources
and minimize impacts from spilled fluids. Spill pre
vention and response activities are influenced by
federal, state, and local regulations and company
practices. Spill prevention practices include second
ary containment systems (e.g., liners and berms),
which are designed to contain spilled fluids and pre
vent them from reaching soil, groundwater, or sur
face water. Spill response activities include activities
taken to stop the spill, contain spilled fluids (e.g., the
deployment of emergency containment systems),
and clean up spilled fluids (e.g., removal of contami
nated soil). It was beyond the scope of this report
to evaluate the implementation and efficacy of spill
prevention practices and spill response activities.
The severity of impacts on water quality from
spills of hydraulic fracturing fluids or additives de
pends on the identity and amount of chemicals that
reach groundwater or surface water resources, the
toxicity of the chemicals, and the characteristics of
the receiving water resource.2 Characteristics of the
receiving groundwater or surface water resource
(e.g., water resource size and flow rate) can affect
the magnitude and duration of impacts by reducing
the concentration of spilled chemicals in a drinking
water resource. Impacts on groundwater resources

Chemical Mixing Conclusions
Spills of hydraulic fracturing fluids and additives
during the chemical mixing stage of the hydraulic
fracturing water cycle have reached surface water
resources in some cases and have the potential to
reach groundwater resources. Although the avail
able data indicate that spills of various volumes
can reach surface water resources, large volume
spills are more likely to travel longer distances to
nearby groundwater or surface water resources.
Consequently, large volume spills likely increase the
frequency of impacts on drinking water resources.
Large volume spills, particularly of concentrated ad
ditives, are also likely to result in more severe im
pacts on drinking water resources than small vol
ume spills because they can deliver a large quantity
of potentially hazardous chemicals to groundwater
or surface water resources. Impacts on groundwater
resources are likely to be more severe than impacts
on surface water resources because of the inherent
characteristics of groundwater. Spill prevention and
response activities are designed to prevent spilled
fluids from reaching groundwater or surface water
resources and minimize impacts from spilled fluids.

These results describe how some hydraulic fracturing chemicals behave in infinitely dilute aqueous solutions, which is
a simplified approximation of the real-world mixtures found in hydraulic fracturing fluids. The presence of other chemi
cals in a mixture can affect the fate and transport of a chemical.
2
Human health hazards associated with hydraulic fracturing fluid chemicals are discussed in Chapter 9 and summarized
in the “Chemicals in the Hydraulic Fracturing Water Cycle” section below.
1
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have the potential to be more severe than impacts
on surface water resources because it takes longer
to naturally reduce the concentration of chemicals
in groundwater and because it is generally difficult
to remove chemicals from groundwater resourc
es. Due to a lack of data, particularly in terms of
groundwater monitoring after spill events, little is
publicly known about the severity of drinking water
impacts from spills of hydraulic fracturing fluids or
additives.

Well Injection

The injection and movement of hydraulic fracturing fluids through the oil and
gas production well and in the targeted rock formation.
Relationship to Drinking Water Resources
Belowground pathways, including the production well itself and newly-created
fractures, can allow hydraulic fracturing fluids or other fluids to reach underground
drinking water resources.

H

ydraulic fracturing fluids primarily move along
two pathways during the well injection stage: the
oil and gas production well and the newly-created
fracture network. Oil and gas production wells are
designed and constructed to move fluids to and from
the targeted rock formation without leaking and to
prevent fluid movement along the outside of the well.
This is generally accomplished by installing multiple
layers of casing and cement within the drilled hole (Text
Box ES-2), particularly where the well intersects oil-,
gas-, and/or water-bearing rock formations. Casing
and cement, in addition to other well components
(e.g., packers), can control hydraulic fracturing fluid
movement by creating a preferred flow pathway (i.e.,
inside the casing) and preventing unintentional fluid
movement (e.g., from the inside of the casing to the
surrounding environment or vertically along the
well from the targeted rock formation to shallower
formations).1 An EPA survey of oil and gas production
wells hydraulically fractured between approximately
September 2009 and September 2010 suggests
that hydraulically fractured wells are often, but
not always, constructed with multiple casings that
have varying amounts of cement surrounding each
casing (U.S. EPA, 2015d). Among the wells surveyed,
the most common number of casings per well was
two: surface casing and production casing (Text Box
ES-2). The presence of multiple cemented casings

that extend from the ground surface to below the
designated drinking water resource is one of the
primary well construction features that protects
underground drinking water resources.
During hydraulic fracturing, a well is subjected
to greater pressure and temperature changes than
during any other activity in the life of the well. As
hydraulic fracturing fluid is injected into the well,
the pressure applied to the well increases until the
targeted rock formation fractures; then pressure
decreases. Maximum pressures applied to wells
during hydraulic fracturing have been reported to
range from less than 2,000 pounds per square inch
(psi) [14 megapascals (MPa)] to approximately
12,000 psi (83 MPa).2 A well can also experience
temperature changes as cooler hydraulic fracturing
fluid enters the warmer well. In some cases, casing
temperatures have been observed to drop from
212°F (100°C) to 64°F (18°C). A well can experience
multiple pressure and temperature cycles if
hydraulic fracturing is done in multiple stages or
if a well is re-fractured.3 Casing, cement, and other
well components need to be able to withstand
these changes in pressure and temperature, so that
hydraulic fracturing fluids can flow to the targeted
rock formation without leaking.
The fracture network created during hydraulic
fracturing is the other primary pathway along

Packers are mechanical devices installed with casing. Once the casing is set in the drilled hole, packers swell to fill the
space between the outside of the casing and the surrounding rock or casing.
2
For comparison, average atmospheric pressure is approximately 15 psi.
3
In a multi-stage hydraulic fracturing operation, specific parts of the well are isolated and hydraulically fractured until
the total desired length of the well has been hydraulically fractured.
1
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which hydraulic fracturing fluids move. Fracture
growth during hydraulic fracturing is complex and
depends on the characteristics of the targeted rock
formation and the characteristics of the hydraulic
fracturing operation. In general, rock characteristics,
particularly the natural stresses placed on the
targeted rock formation due to the weight of the
rock above, affect how the rock fractures, including
whether newly-created fractures grow vertically (i.e.,
perpendicular to the ground surface) or horizontally
(i.e., parallel to the ground surface) (Text Box ES-8).
Because hydraulic fracturing fluids are used to create
and grow fractures, fracture growth during hydraulic
fracturing can be controlled by limiting the rate and
volume of hydraulic fracturing fluid injected into the
well.
Publicly available data on fracture growth are
currently limited to microseismic and tiltmeter data
collected during hydraulic fracturing operations in
five shale plays in the United States. Analyses of these
data by Fisher and Warpinski (2012) and Davies et al.
(2012) indicate that the direction of fracture growth
generally varied with depth and that upward vertical
fracture growth was often on the order of tens to
hundreds of feet in the shale formations studied
(Text Box ES-8). One percent of the fractures had a
fracture height greater than 1,148 feet (350 meters),
and the maximum fracture height among all of the
data reported was 1,929 feet (588 meters). These
reported fracture heights suggest that some fractures
can grow out of the targeted rock formation and into
an overlying formation. It is unknown whether these
observations apply to other hydraulically fractured
rock formations because similar data from hydraulic
fracturing operations in other rock formations are
not currently available to the public.
The potential for hydraulic fracturing fluids
to reach, and therefore impact, underground
drinking water resources is related to the pathways
along which hydraulic fracturing fluids primarily
move during hydraulic fracturing: the oil and gas
1
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production well itself and the fracture network
created during hydraulic fracturing. Because the well
can be a pathway for fluid movement, the mechanical
integrity of the well is an important factor that affects
the frequency and severity of impacts from the well
injection stage of the hydraulic fracturing water
cycle.1 A well with insufficient mechanical integrity
can allow unintended fluid movement, either from
the inside to the outside of the well (pathway 1 in
Figure ES-6) or vertically along the outside of the
well (pathways 2-5). The existence of one or more
of these pathways can result in impacts on drinking
water resources if hydraulic fracturing fluids reach
groundwater resources. Impacts on drinking
water resources can also occur if gases or liquids
released from the targeted rock formation or other
formations during hydraulic fracturing travel along
these pathways to groundwater resources.
The pathways shown in Figure ES-6 can exist
because of inadequate well design or construction
(e.g., incomplete cement around the casing where
the well intersects with water-, oil-, or gas-bearing
formations) or can develop over the well’s lifetime,
including during hydraulic fracturing. In particular,
casing and cement can degrade over the life of the
well because of exposure to corrosive chemicals,
formation stresses, and operational stresses (e.g.,
pressure and temperature changes during hydraulic
fracturing). As a result, some hydraulically fractured
oil and gas production wells may develop one or more
of the pathways shown in Figure ES-6. Changes in
mechanical integrity over time have implications for
older wells that are hydraulically fractured because
these wells may not be able to withstand the stresses
applied during hydraulic fracturing. Older wells may
also be hydraulically fractured at shallower depths,
where cement around the casing may be inadequate
or missing.
Examples of mechanical integrity problems
have been documented in hydraulically fractured
oil and gas production wells. In one case, hydraulic

Mechanical integrity is the absence of significant leakage within or outside of the well components.

Text Box ES-8: Fracture Growth
Fracture growth during hydraulic fracturing is complex and depends on the characteristics of the targeted rock formation
and the characteristics of the hydraulic fracturing operation.
Primary Direction of Fracture Growth
In general, the weight of the rock above the point of hydraulic fracturing affects the primary direction of fracture growth.
Therefore, the depth at which hydraulic fracturing occurs affects whether fractures grow vertically or horizontally.
Ground Surface
Production Well

When hydraulic fracturing occurs at depths less than
approximately 2,000 feet, the primary direction of fracture
growth is horizontal, or parallel to the ground surface.

When hydraulic fracturing occurs at depths
greater than approximately 2,000 feet, the
primary direction of fracture growth is vertical,
or perpendicular to the ground surface.

Fracture Height
Fisher and Warpinski (2012) and Davies et al. (2012) analyzed microseismic and tiltmeter data collected during thousands of
hydraulic fracturing operations in the Barnett, Eagle Ford, Marcellus, Niobrara, and Woodford shale plays. Their data provide
information on fracture heights in shale. Top fracture heights varied between shale plays and within individual shale plays.

The top fracture height is the vertical distance upward from the
well, between the fracture tip and the well.

Shale Play

Approximate Median
Top Fracture Height
[feet (meters)]

Eagle Ford

130 (40)

Woodford

160 (50)

Barnett

200 (60)

Marcellus

400 (120)

Niobrara

160 (50)

Source: Davies et al. (2012)
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Figure ES-6. Potential pathways for fluid movement in a cemented well. These pathways (represented by the white arrows)
include: (1) a casing and tubing leak into the surrounding rock, (2) an uncemented annulus (i.e., the space behind the
casing), (3) microannuli between the casing and cement, (4) gaps in cement due to poor cement quality, and (5) microannuli
between the cement and the surrounding rock. This figure is intended to provide a conceptual illustration of pathways that
can be present in a well and is not to scale.

fracturing of an inadequately cemented gas well
in Bainbridge Township, Ohio, contributed to the
movement of methane into local drinking water
resources.1 In another case, an inner string of casing
burst during hydraulic fracturing of an oil well near
Killdeer, North Dakota, resulting in a release of

Although ingestion of methane is not considered to be toxic, methane can pose a physical hazard. Methane can accumu
late to explosive levels when allowed to exsolve (degas) from groundwater in closed environments.
1
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hydraulic fracturing fluids and formation fluids that
impacted a groundwater resource.
The potential for hydraulic fracturing fluids or
other fluids to reach underground drinking water
resources is also related to the fracture network
created during hydraulic fracturing. Because fluids

travel through the newly-created fractures, the
location of these fractures relative to underground
drinking water resources is an important factor
affecting the frequency and severity of potential
impacts on drinking water resources. Data on the
relative location of induced fractures to underground
drinking water resources are generally not available,
because fracture networks are infrequently mapped
and because there can be uncertainty in the depth
of the bottom of the underground drinking water
resource at a specific location.
Without these data, we were often unable
to determine with certainty whether fractures
created during hydraulic fracturing have reached
underground drinking water resources. Instead, we
considered the vertical separation distance between
hydraulically fractured rock formations and the
bottom of underground drinking water resources.
Based on computer modeling studies, Birdsell et al.
(2015) concluded that it is less likely that hydraulic
fracturing fluids would reach an overlying drinking
water resource if (1) the vertical separation distance
between the targeted rock formation and the drinking
water resource is large and (2) there are no open
pathways (e.g., natural faults or fractures, or leaky
wells). As the vertical separation distance between
the targeted rock formation and the underground
drinking water resource decreases, the likelihood of
upward migration of hydraulic fracturing fluids to
the drinking water resource increases (Birdsell et al.,
2015).
Figure ES-7 illustrates how the vertical
separation distance between the targeted rock
formation and underground drinking water
resources can vary across the United States. The two
example environments depicted in panels a and b
represent the range of separation distances shown in
panel c. In Figure ES-7a, there are thousands of feet
between the bottom of the underground drinking
water resource and the hydraulically fractured rock
formation. These conditions are generally reflective
of deep shale formations (e.g., Haynesville Shale),
1

Section 6.3.2 in Chapter 6.

where oil and gas production wells are first drilled
vertically and then horizontally along the targeted
rock formation. Microseismic data and modeling
studies suggest that, under these conditions,
fractures created during hydraulic fracturing are
unlikely to grow through thousands of feet of rock
into underground drinking water resources.
When drinking water resources are co-located
with oil and gas resources and there is no vertical
separation between the hydraulically fractured
rock formation and the bottom of the underground
drinking water resource (Figure ES-7b), the injection
of hydraulic fracturing fluids impacts the quality
of the drinking water resource. According to the
information examined in this report, the overall
occurrence of hydraulic fracturing within a drinking
water resource appears to be low, with the activity
generally concentrated in some areas in the western
United States (e.g., the Wind River Basin near
Pavillion, Wyoming, and the Powder River Basin
of Montana and Wyoming).1 Hydraulic fracturing
within drinking water resources introduces
hydraulic fracturing fluid into formations that may
currently serve, or in the future could serve, as a
drinking water source for public or private use. This
is of concern in the short-term if people are currently
using these formations as a drinking water supply. It
is also of concern in the long-term, because drought
or other conditions may necessitate the future use of
these formations for drinking water.
Regardless of the vertical separation between
the targeted rock formation and the underground
drinking water resource, the presence of other wells
near hydraulic fracturing operations can increase
the potential for hydraulic fracturing fluids or
other subsurface fluids to move to drinking water
resources. There have been cases in which hydraulic
fracturing at one well has affected a nearby oil and gas
well or its fracture network, resulting in unexpected
pressure increases at the nearby well, damage to the
nearby well, or spills at the surface of the nearby
well. These well communication events, or “frac hits,”
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Figure ES-7. Examples of different subsurface environments in which hydraulic fracturing takes place. In panel a, there are
thousands of feet between the base of the underground drinking water resource and the part of the well that is hydraulically
fractured. Panel b illustrates the co-location of ground water and oil and gas resources. In these types of situations, there
is no separation between the shallowest point of hydraulic fracturing within the well and the bottom of the underground
drinking water resource. Panel c shows the estimated distribution of separation distances for approximately 23,000 oil and gas
production wells hydraulically fractured by nine service companies between 2009 and 2019 (U.S. EPA, 2015d). The separation
distance is the distance along the well between the point of shallowest hydraulic fracturing in the well and the base of the
protected groundwater resource (illustrated in panel a). The error bars in panel c display 95% confidence intervals.
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have been reported in New Mexico, Oklahoma, and
other locations. Based on the available information,
frac hits most commonly occur when multiple wells
are drilled from the same surface location and when
wells are spaced less than 1,100 feet (335 meters)
apart. Frac hits have also been observed at wells
up to 8,422 feet (2,567 meters) away from a well
undergoing hydraulic fracturing.
Abandoned wells near a well undergoing
hydraulic fracturing can provide a pathway for
vertical fluid movement to drinking water resources
if those wells were not properly plugged or if the plugs
and cement have degraded over time. For example,

an abandoned well in Pennsylvania produced a 30
foot (9-meter) geyser of brine and gas for more than
a week after hydraulic fracturing of a nearby gas well.
The potential for fluid movement along abandoned
wells may be a significant issue in areas with historic
oil and gas exploration and production. Various
studies estimate the number of abandoned wells
in the United States to be significant. For instance,
the Interstate Oil and Gas Compact Commission
estimates that over 1 million wells were drilled in
the United States prior to the enactment of state
oil and gas regulations (IOGCC, 2008). The location
and condition of many of these wells are unknown,

and some states have programs to find and plug
abandoned wells.

Well Injection Conclusions
Impacts on drinking water resources associated
with the well injection stage of the hydraulic
fracturing water cycle have occurred in some
instances. In particular, mechanical integrity failures
have allowed gases or liquids to move to underground
drinking water resources. Additionally, hydraulic
fracturing has occurred within underground
drinking water resources in parts of the United
States. This practice introduces hydraulic fracturing

fluids into underground drinking water resources.
Consequently, the mechanical integrity of the well
and the vertical separation distance between the
targeted rock formation and underground drinking
water resources are important factors that affect
the frequency and severity of impacts on drinking
water resources. The presence of multiple layers
of cemented casing and thousands of feet of rock
between hydraulically fractured rock formations
and underground drinking water resources can
reduce the frequency of impacts on drinking water
resources during the well injection stage of the
hydraulic fracturing water cycle.

Produced Water Handling

The on-site collection and handling of water that returns to the surface after
hydraulic fracturing and the transportation of that water for disposal or reuse.
Relationship to Drinking Water Resources
Spills of produced water can reach groundwater and surface water resources.

A

fter hydraulic fracturing, the injection pressure
applied to the oil or gas production well is re
leased, and the direction of fluid flow reverses, caus
ing fluid to flow out of the well. The fluid that initially
returns to the surface after hydraulic fracturing is
mostly hydraulic fracturing fluid and is sometimes
called “flowback” (Text Box ES-9). As time goes on,
the fluid that returns to the surface contains water
and economic quantities of oil and/or gas that are
separated and collected. Water that returns to the
surface during oil and gas production is similar in
composition to the fluid naturally found in the target
ed rock formation and is typically called “produced
water.” The term “produced water” is also used to re
fer to any water, including flowback, that returns to
the surface through the production well as a by-prod
uct of oil and gas production. This latter definition of
“produced water” is used in this report.
Produced water can contain many constituents,
depending on the composition of the injected hydrau
lic fracturing fluid and the type of rock hydraulically

fractured. Knowledge of the chemical composition of
produced water comes from the collection and analy
sis of produced water samples, which often requires
advanced laboratory equipment and techniques that
can detect and quantify chemicals in produced water.
In general, produced water has been found to contain:
y Salts, including those composed from chloride,
bromide, sulfate, sodium, magnesium, and cal
cium;
y Metals, including barium, manganese, iron, and
strontium;
y Naturally-occurring organic compounds, includ
ing benzene, toluene, ethylbenzene, xylenes
(BTEX), and oil and grease;
y Radioactive materials, including radium; and
y Hydraulic fracturing chemicals and their chemi
cal transformation products.

The amount of these constituents in produced
water varies across the United States, both within
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Text Box ES-9: Produced Water from Hydraulically Fractured Oil and Gas Production Wells
Water of varying quality is a byproduct of oil and gas production. The composition and volume of produced water varies by
well, rock formation, and time after hydraulic fracturing. Produced water can contain hydraulic fracturing fluid, formation
water, and chemical transformation products.

Produced
Water

Hydraulic Fracturing Fluid

Chemical Transformation Products

Base fluid, proppant, and additives in hydraulic fracturing fluids.

New chemicals that are formed when chemicals in
hydraulic fracturing fluids undergo
chemical reactions, degrade, or transform.

Formation Water

Water naturally found in the pore spaces of the targeted rock formation. Formation water is often salty and can have
different amounts and types of metals, radioactive materials, hydrocarbons (e.g., oil and gas), and other chemicals.

Water Produced Immediately After Hydraulic Fracturing

Water Produced During Oil or Gas Production

Generally, the fluid that initially returns to the surface is
mostly a mixture of the injected hydraulic fracturing fluid
and its reaction and degradation products.

The fluid that returns to the surface when oil and/or gas is
produced generally resembles the formation water.

Produced
Water
Produced Water
(Also called “flowback”)
The volume of water produced per day immediately after hydraulic
fracturing is generally greater than the volume of water produced
per day when the well is also producing oil and/or gas.

and among different rock formations. Produced wa
ter from shale and tight gas formations is typically
very salty compared to produced water from coalbed
methane formations. For example, the salinity of pro
duced water from the Marcellus Shale has been re
ported to range from less than 1,500 milligrams per
liter (mg/L) of total dissolved solids to over 300,000
mg/L, while produced water from coalbed methane
1
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formations has been reported to range from 170 mg/L
of total dissolved solids to nearly 43,000 mg/L.1 Shale
and sandstone formations also commonly contain ra
dioactive materials, including uranium, thorium, and
radium. As a result, radioactive materials have been
detected in produced water from these formations.
Produced water volumes can vary by well, rock
formation, and time after hydraulic fracturing. Vol

For comparison, the average salinity of seawater is approximately 35,000 mg/L of total dissolved solids.

umes are often described in terms of the volume of
hydraulic fracturing fluid used to fracture the well.
For example, Figure ES-4 shows that wells in the
Marcellus Shale typically produce 10-30% of the
volume injected in the first 10 years after hydraulic
fracturing. In comparison, some wells in the Barnett
Shale have produced 100% of the volume injected in
the first three years.
Because of the large volumes used for hydraulic
fracturing [about 4 million gallons (15 million li
ters) per well in the Marcellus Shale and the Barnett
Shale], hundreds of thousands to millions of gallons
of produced water need to be collected and handled
at the well site. The volume of water produced per
day generally decreases with time, so the volumes
handled on site immediately after hydraulic fractur
ing can be much larger than the volumes handled
when the well is producing oil and/or gas (Text Box
ES-9).
Produced water flows from the well to on-site
tanks or pits through a series of pipes or flowlines
(Text Box ES-10) before being transported offsite via
trucks or pipelines for disposal or reuse. While pro
duced water collection, storage, and transportation
systems are designed to contain produced water,
spills can occur. Changes in drinking water quality
can occur if produced water spills reach groundwa
ter or surface water resources.
Produced water spills have been reported across
the United States. Median spill volumes among the
datasets reviewed for this report ranged from ap
proximately 340 gallons (1,300 liters) to 1,000 gal
lons (3,800 liters) per spill.1 There were, however, a
small number of large volume spills. In North Dakota,
for example, there were 12 spills greater than 21,000
gallons (79,500 liters), five spills greater than 42,000
gallons (160,000 liters), and one spill of 2.9 million
gallons (11 million liters) in 2015. Common causes
of produced water spills included human error and
equipment leaks or failures. Common sources of pro

duced water spills included hoses or lines and stor
age equipment.
Spills of produced water have reached ground
water and surface water resources. In U.S. EPA
(2015c), 30 of the 225 (13%) produced water spills
characterized were reported to have reached surface
water (e.g., creeks, ponds, or wetlands), and one was
reported to have reached groundwater. Of the spills
that were reported to have reached surface water, re
ported spill volumes ranged from less than 170 gal
lons (640 liters) to almost 74,000 gallons (280,000
liters). A separate assessment of produced water
spills reported to the California Office of Emergency
Services between January 2009 and December 2014
reported that 18% of the spills impacted waterways
(CCST, 2015).
Documented cases of water resource impacts
from produced water spills provide insights into
the types of impacts that can occur. In most of the
cases reviewed for this report, documented impacts
included elevated levels of salinity in groundwa
ter and/or surface water resources.2 For example,
the largest produced water spill reported in this
report occurred in North Dakota in 2015, when ap
proximately 2.9 million gallons (11 million liters)
of produced water spilled from a broken pipeline.
The spilled fluid flowed into Blacktail Creek and in
creased the concentration of chloride and the electri
cal conductivity of the creek; these observations are
consistent with an increase in water salinity. Elevat
ed levels of electrical conductivity and chloride were
also found downstream in the Little Muddy River and
the Missouri River. In another example, pits holding
flowback fluids overflowed in Kentucky in 2007. The
spilled fluid reached the Acorn Fork Creek, decreas
ing the pH of the creek and increasing the electrical
conductivity.
Site-specific studies of historical produced wa
ter releases highlight the role of local geology in the
movement of produced water through the environ

See Section 7.4 in Chapter 7.
Groundwater impacts from produced water management practices are described in Chapter 8 and summarized in the
“Wastewater Disposal and Reuse” section below.
1
2
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Text Box ES-10: On-Site Storage of Produced Water
Water that returns to the surface after hydraulic fracturing is collected and stored on site in pits or tanks.

Above: Flowback pit. (Source: U.S. DOE/NETL)
Right: Flowback tanks. (Source: U.S. EPA)

Produced Water Storage Immediately after
Hydraulic Fracturing
After hydraulic fracturing, water is returned
to the surface. Water initially produced
from the well after hydraulic fracturing is
sometimes called “flowback.” This water can
be stored onsite in tanks or pits before being
taken offsite for injection in Class II wells,
reuse in other hydraulic fracturing operations,
or aboveground disposal.

Source: Adapted from Olson (2011) and
BJ Services Company (2009)

Produced Water Storage During Oil or Gas Production
Water is generally produced throughout the life of an oil and gas production well. During oil and gas production, the
equipment on the well pad often includes the wellhead and storage tanks or pits for gas, oil, and produced water.

Above: Produced water storage pit. (Source: U.S. EPA)
Left: Produced water storage tanks. (Source: U.S. EPA)
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ment. Whittemore (2007) described a site in Kansas
where low permeability soils and rock caused pro
duced water to primarily flow over the land surface
to nearby surface water resources, reducing the
amount of produced water that infiltrated soil. In
contrast, Otton et al. (2007) explored the release of
produced water and oil from two pits in Oklahoma.
In this case, produced water from the pits flowed
through thin soil and into the underlying, permeable
rock. Produced water was also identified in deeper,
less permeable rock. The authors suggest that pro
duced water moved into the deeper, less permeable
rock through natural fractures. Together, these stud
ies highlight the role of preferential flow paths (i.e.,
paths of least resistance) in the movement of pro
duced water through the environment.
Spill response activities likely reduce the sever
ity of impacts on groundwater and surface water
resources from produced water spills. For example,
in the North Dakota example noted above, absor
bent booms were placed in the affected creek and
contaminated soil and oil-coated ice were removed
from the site. In another example, a pipeline leak in
Pennsylvania spilled approximately 11,000 gallons
(42,000 liters) of produced water, which flowed into
a nearby stream. In response, the pipeline was shut
off, a dam was constructed to contain the spilled pro
duced water, water was removed from the stream,
and the stream was flushed with fresh water. In both
examples, it was not possible to quantify how spill
response activities reduced the severity of impacts
on groundwater or surface water resources. How
ever, actions taken after the spills were designed to
stop produced water from entering the environment
(e.g., shutting off a pipeline), remove produced water
from the environment (e.g., using absorbent booms),
and reduce the concentration of produced water

constituents introduced into water resources (e.g.,
flushing a stream with fresh water).
The severity of impacts on water quality from
spills of produced water depends on the identity and
amount of produced water constituents that reach
groundwater or surface water resources, the toxicity
of those constituents, and the characteristics of the
receiving water resource.1 In particular, spills of pro
duced water can have high levels of total dissolved
solids, which affects how the spilled fluid moves
through the environment. When a spilled fluid has
greater levels of total dissolved solids than ground
water, the higher-density fluid can move downward
through groundwater resources. Depending on the
flow rate and other properties of the groundwater
resource, impacts from produced water spills can
last for years.
Produced Water Handling Conclusions
Spills of produced water during the produced
water handling stage of the hydraulic fracturing wa
ter cycle have reached groundwater and surface wa
ter resources in some cases. Several cases of water
resource impacts from produced water spills sug
gest that impacts are characterized by increases in
the salinity of the affected groundwater or surface
water resource. In the absence of direct pathways to
groundwater resources (e.g., fractured rock), large
volume spills are more likely to travel further from
the site of the spill, potentially to groundwater or
surface water resources. Additionally, saline pro
duced water can migrate downward through soil and
into groundwater resources, leading to longer-term
groundwater contamination. Spill prevention and
response activities can prevent spilled fluids from
reaching groundwater or surface water resources
and minimize impacts from spilled fluids.

Human health hazards associated with chemicals detected in produced water are discussed in Chapter 9 and summa
rized in the “Chemicals in the Hydraulic Fracturing Water Cycle” section below.
1
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Wastewater Disposal and Reuse
The disposal and reuse of hydraulic fracturing wastewater.

Relationship to Drinking Water Resources
Disposal practices can release inadequately treated or untreated hydraulic
fracturing wastewater to groundwater and surface water resources.

I

n general, produced water from hydraulically frac
tured oil and gas production wells is managed
through injection in Class II wells, reuse in other
hydraulic fracturing operations, or various aboveg
round disposal practices (Text Box ES-11). In this
report, produced water from hydraulically fractured
oil and gas wells that is being managed through one
of the above management strategies is referred to as
“hydraulic fracturing wastewater.” Wastewater man
agement choices are affected by cost and other fac
tors, including: the local availability of disposal meth
ods; the quality of produced water; the volume, dura
tion, and flow rate of produced water; federal, state,
and local regulations; and well operator preferences.
Available information suggests that hydraulic
fracturing wastewater is mostly managed through
injection in Class II wells. Veil (2015) estimated that
93% of produced water from the oil and gas indus
try was injected in Class II wells in 2012. Although
this estimate included produced water from oil and
gas wells in general, it is likely indicative of nation
wide management practices for hydraulic fracturing
wastewater. Disposal of hydraulic fracturing waste
water in Class II wells is often cost-effective, espe
cially when a Class II disposal well is located within
a reasonable distance from a hydraulically fractured
oil or gas production well. In particular, large num
bers of active Class II disposal wells are found in Tex
as (7,876), Kansas (5,516), Oklahoma (3,837), Loui
siana (2,448), and Illinois (1,054) (U.S. EPA, 2016).
Disposal of hydraulic fracturing wastewater in Class
II wells has been associated with earthquakes in sev

Hydraulic fracturing was the predominant stimulation practice. Other stimulation practices included acid fracturing
and matrix acidizing. California updated its regulations in 2015 to prohibit the use of percolation pits for the disposal of
fluids produced from stimulated wells.
1
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eral states, which may reduce the availability of injec
tion in Class II wells as a wastewater disposal option
in these states.
Nationwide, aboveground disposal and reuse of
hydraulic fracturing wastewater are currently prac
ticed to a much lesser extent compared to injection in
Class II wells, and these management strategies ap
pear to be concentrated in certain parts of the United
States. For example, approximately 90% of hydraulic
fracturing wastewater from Marcellus Shale gas wells
in Pennsylvania was reused in other hydraulic frac
turing operations in 2013 (Figure ES-4a). Reuse in
hydraulic fracturing operations is practiced in some
other areas of the United States as well, but at lower
rates (approximately 5-20%). Evaporation ponds
and percolation pits have historically been used in
the western United States to manage produced wa
ter from the oil and gas industry and have likely been
used to manage hydraulic fracturing wastewater. Per
colation pits, in particular, were commonly reported
to have been used to manage produced water from
stimulated wells in Kern County, California, between
2011 and 2014.1 Beneficial uses (e.g., livestock water
ing and irrigation) are also practiced in the western
United States if the water quality is considered ac
ceptable, although available data on the use of these
practices are incomplete.
Aboveground disposal practices generally re
lease treated or, under certain conditions, untreated
wastewater directly to surface water or the land sur
face (e.g., wastewater treatment facilities, evapora
tion pits, or irrigation). If released to the land surface,

Text Box ES-11: Hydraulic Fracturing Wastewater Management
Produced water from hydraulically fractured oil and gas production wells is often, but not always, considered a waste
product to be managed. Hydraulic fracturing wastewater (i.e., produced water from hydraulically fractured wells) is generally
managed through injection in Class II wells, reuse in other hydraulic fracturing operations, and various aboveground disposal
practices.
Injection in Class II Wells

Reuse in Other Hydraulic Fracturing Operations

Most oil and gas wastewater—including hydraulic fracturing
wastewater—is injected in Class II wells, which are regulated
under the Underground Injection Control Program of the
Safe Drinking Water Act.

Hydraulic fracturing wastewater can be used, in combination
with fresh water, to make up hydraulic fracturing fluids at
nearby hydraulic fracturing operations.
Reused Hydraulic
Fracturing
Wastewater

Class II wells are used to inject wastewater associated with oil and
gas production underground. Fluids can be injected for disposal
or to enhance oil or gas production from nearby oil and gas
production wells.

Reuse in other hydraulic fracturing operations depends on
the quality and quantity of the available wastewater, the cost
associated with treatment and transportation of the wastewater,
and local water demand for hydraulic fracturing.

Aboveground Disposal Practices
Aboveground disposal of treated and untreated hydraulic fracturing wastewater can take many forms, including release to
surface water resources and land application.

Some wastewater treatment
facilities treat hydraulic
fracturing wastewater
and release the treated
wastewater to surface
water. Solid or liquid
by-products of the
treatment process can be
sent to landfills or injected
underground.

Evaporation ponds and
percolation pits can be used
for hydraulic fracturing
wastewater disposal.
Evaporation ponds allow
liquid waste to naturally
evaporate. Percolation pits
allow wastewater to move
into the ground, although
this practice has been
discontinued in most states.

Federal and state regulations affect aboveground disposal management options. For example, existing federal regulations
generally prevent the direct release of wastewater pollutants to waters of the United States from onshore oil and gas
extraction facilities east of the 98th meridian. However, in the arid western portion of the continental United States (west
of the 98th meridian), direct discharges of wastewater from onshore oil and gas extraction facilities to waters of the United
States may be permitted if the produced water has a use in agriculture or wildlife propagation and meets established water
quality criteria when discharged.
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treated or untreated wastewater can move through
soil to groundwater resources. Because the ultimate
fate of the wastewater can be groundwater or surface
water resources, the aboveground disposal of hy
draulic fracturing wastewater, in particular, can im
pact drinking water resources.
Impacts on drinking water resources from the
aboveground disposal of hydraulic fracturing waste
water have been documented. For example, early
wastewater management practices in the Marcel
lus Shale region in Pennsylvania included the use of
wastewater treatment facilities that released (i.e.,
discharged) treated wastewater to surface waters
(Figure ES-8). The wastewater treatment facilities
were unable to adequately remove the high levels of
total dissolved solids found in produced water from
Marcellus Shale gas wells, and the discharges con

tributed to elevated levels of total dissolved solids
(particularly bromide) in the Monongahela River Ba
sin. In the Allegheny River Basin, elevated bromide
levels were linked to increases in the concentration
of hazardous disinfection byproducts in at least one
downstream drinking water facility and a shift to
more toxic brominated disinfection byproducts.1 In
response, the Pennsylvania Department of Environ
mental Protection revised existing regulations to
prevent these discharges and also requested that oil
and gas operators voluntarily stop bringing certain
kinds of hydraulic fracturing wastewater to facilities
that discharge inadequately treated wastewater to
surface waters.2
The scientific literature and recent data from the
Pennsylvania Department of Environmental Protec
tion suggest that other produced water constituents
Other
Includes road spreading, landfill, and
other disposal practices

Percent of Total Volume of Wastewater

100%
90%

Reuse in Oil and Gas Activities
Includes non-hydraulic fracturing oil
and gas activities

80%
70%

Centralized Waste Treatment
Wastewater is treated and either
discharged to surface waters or
reused in other hydraulic fracturing
operations

60%
50%
40%

Publicly-Owned Treatment Works
Wastewater is treated and
discharged to surface waters

30%
20%
10%
0%

2009

2010

2011

2012

Data from the Pennsylvania Department of Environmental Protection (2015).

2013

2014

Underground Injection
Wastewater is injected into Class II
wells
On-site Reuse in Hydraulic Fracturing

Figure ES-8. Changes in wastewater management practices over time in the Marcellus Shale area of Pennsylvania.

Disinfection byproducts form through chemical reactions between organic material and disinfectants, which are used
in drinking water treatment. Human health hazards associated with disinfection byproducts are described in Section
9.5.6 in Chapter 9.
2
See Text Box 8-1 in Chapter 8.
1
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(e.g., barium, strontium, and radium) may have been
introduced to surface waters through the release of
inadequately treated hydraulic fracturing wastewa
ter. In particular, radium has been detected in stream
sediments at or near wastewater treatment facili
ties that discharged inadequately treated hydraulic
fracturing wastewater. Such sediments can migrate if
they are disturbed during dredging or flood events.
Additionally, residuals from the treatment of hydrau
lic fracturing wastewater (i.e., the solids or liquids
that remain after treatment) are concentrated in the
constituents removed during treatment, and these
residuals can impact groundwater or surface water
resources if they are not managed properly.
Impacts on groundwater and surface water re
sources from current and historic uses of lined and
unlined pits, including percolation pits, in the oil
and gas industry have been documented. For ex
ample, Kell (2011) reported 63 incidents of non
public water supply contamination from unlined or
inadequately constructed pits in Ohio between 1983
and 2007, and 57 incidents of groundwater contami
nation from unlined produced water disposal pits
in Texas prior to 1984. Other cases of impacts have
been identified in several states, including New Mex
ico, Oklahoma, Pennsylvania, and Wyoming.1 Impacts
among these cases included the detection of vola
tile organic compounds in groundwater resources,
wastewater reaching surface water resources from
pit overflows, and wastewater reaching groundwater
resources through liner failures. Based on document
ed impacts on groundwater resources from unlined
pits, many states have implemented regulations that
prohibit percolation pits or unlined storage pits for
either hydraulic fracturing wastewater or oil and gas
wastewater in general.

1

See Section 8.4.5 in Chapter 8.

The severity of impacts on drinking water re
sources from the aboveground disposal of hydraulic
fracturing wastewater depends on the volume and
quality of the discharged wastewater and the charac
teristics of the receiving water resource. In general,
large surface water resources with high flow rates
can reduce the severity of impacts through dilution,
although impacts may not be eliminated. In con
trast, groundwater is generally slow moving, which
can lead to an accumulation of hydraulic fracturing
wastewater contaminants in groundwater from con
tinuous or repeated discharges to the land surface;
the resulting contamination can be long-lasting. The
severity of impacts on groundwater resources will
also be influenced by soil and sediment properties
and other factors that control the movement or deg
radation of wastewater constituents.
Wastewater Disposal and Reuse Conclusions
The aboveground disposal of hydraulic fractur
ing wastewater has impacted the quality of ground
water and surface water resources in some instanc
es. In particular, discharges of inadequately treated
hydraulic fracturing wastewater to surface water
resources have contributed to elevated levels of haz
ardous disinfection byproducts in at least one down
stream drinking water system. Additionally, the use
of lined and unlined pits for the storage or disposal
of oil and gas wastewater has impacted surface and
groundwater resources. Unlined pits, in particular,
provide a direct pathway for contaminants to reach
groundwater. Wastewater management is dynamic,
and recent changes in state regulations and practices
have been made to limit impacts on groundwater and
surface water resources from the aboveground dis
posal of hydraulic fracturing wastewater.
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Chemicals in the Hydraulic Fracturing Water Cycle

C

hemicals are present in the hydraulic fracturing
water cycle. During the chemical mixing stage of
the hydraulic fracturing water cycle, chemicals are in
tentionally added to water to alter its properties for
hydraulic fracturing (Text Box ES-6). Produced water,
which is collected, handled, and managed in the last
two stages of the hydraulic fracturing water cycle,
contains chemicals added to hydraulic fracturing flu
ids, naturally occurring chemicals found in hydrau
lically fractured rock formations, and any chemical
transformation products (Text Box ES-9). By evalu
ating available data sources, we compiled a list of
1,606 chemicals that are associated with the hydrau
lic fracturing water cycle, including 1,084 chemicals
reported to have been used in hydraulic fracturing
fluids and 599 chemicals detected in produced water.
This list represents a national analysis; an individual
well would likely have a fraction of the chemicals on
this list and may have other chemicals that were not
included on this list.
In many stages of the hydraulic fracturing water
cycle, the severity of impacts on drinking water re
sources depends, in part, on the identity and amount
of chemicals that enter the environment. The proper
ties of a chemical influence how it moves and trans
forms in the environment and how it interacts with
the human body. Therefore, some chemicals in the
hydraulic fracturing water cycle are of more concern
than others because they are more likely to move
with water (e.g., spilled hydraulic fracturing fluid) to
drinking water resources, persist in the environment
(e.g., chemicals that do not degrade), and/or affect
human health.

Specifically, the EPA compiled noncancer oral reference values and cancer oral slope factors (Chapter 9). A reference
value describes the dose of a chemical that is likely to be without an appreciable risk of adverse health effects. In the
context of this report, the term “reference value” generally refers to reference values for noncancer effects occurring via
the oral route of exposure and for chronic durations. An oral slope factor is an upper-bound estimate on the increased
cancer risk from a lifetime oral exposure to an agent.
2
The EPA’s criteria for inclusion in this report are described in Section 9.4.1 in Chapter 9. Sources of information that
met these criteria are listed in Table 9-1 of Chapter 9.
1
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Evaluating potential hazards from chemicals in
the hydraulic fracturing water cycle is most useful
at local and/or regional scales because chemical use
for hydraulic fracturing can vary from well to well
and because the characteristics of produced water
are influenced by the geochemistry of hydraulically
fractured rock formations. Additionally, site-specific
characteristics (e.g., the local landscape, and soil and
subsurface permeability) can affect whether and how
chemicals enter drinking water resources, which in
fluences how long people may be exposed to specific
chemicals and at what concentrations. As a first step
for informing site-specific risk assessments, the EPA
compiled toxicity values for chemicals in the hydrau
lic fracturing water cycle from federal, state, and in
ternational sources that met the EPA’s criteria for in
clusion in this report.1,2
The EPA was able to identify chronic oral toxic
ity values from the selected data sources for 98 of
the 1,084 chemicals that were reported to have been
used in hydraulic fracturing fluids between 2005 and
2013. Potential human health hazards associated
with chronic oral exposure to these chemicals in
clude cancer, immune system effects, changes in body
weight, changes in blood chemistry, cardiotoxicity,
neurotoxicity, liver and kidney toxicity, and repro
ductive and developmental toxicity. Of the chemicals
most frequently reported to FracFocus 1.0, nine had
toxicity values from the selected data sources (Table
ES-3). Critical effects for these chemicals include kid
ney/renal toxicity, hepatotoxicity, developmental tox
icity (extra cervical ribs), reproductive toxicity, and
decreased terminal body weight.

Table ES-3. Available chronic oral reference values for hydraulic fracturing chemicals reported in 10% or more of disclosures
in FracFocus 1.0.

Chemical Name (CASRN)a

Chronic Oral
Reference Value
(milligrams per
kilogram per day)

Critical Effect

Percent of FracFocus
1.0 Disclosuresb

Propargyl alcohol (107-19-7)

0.002c

Renal and hepatotoxicity

33

1,2,4-Trimethylbenzene (95-63-6)

0.01

Decreased pain sensitivity

13
19

c

Naphthalene (91-20-3)

0.02c

Decreased terminal body
weight

Sodium chlorite (7758-19-2)

0.03c

Neuro-developmental effects

11

2-Butoxyethanol (111-76-2)

0.1c

Hemosiderin deposition
in the liver

23

Quaternary ammonium compounds,
benzyl-C12-16-alkyldimethyl, chlorides
(68424-85-1)

0.44d

Decreased body weight and
weight gain

12

Formic acid (64-18-6)

0.9e

Ethylene glycol (107-21-1)

2

c

Methanol (67-56-1)

2

c

Reproductive toxicity

11

Kidney toxicity

47

Extra cervical ribs

73

“Chemical” refers to chemical substances with a single CASRN; these may be pure chemicals (e.g., methanol) or chemical mixtures (e.g., hydrotreated light
petroleum distillates).
b
Analysis considered 35,957 disclosures that met selected quality assurance criteria. See Table 9-2 in Chapter 9.
c
From the EPA Integrated Risk Information System database.
d
From the EPA Human Health Benchmarks for Pesticides database.
e
From the EPA Provisional Peer-Reviewed Toxicity Value database.
a

Chronic oral toxicity values from the selected data
sources were identified for 120 of the 599 chemicals
detected in produced water. Potential human health
hazards associated with chronic oral exposure to
these chemicals include liver toxicity, kidney toxicity,
neurotoxicity, reproductive and developmental toxic
ity, and carcinogenesis. Chemical-specific toxicity val
ues are included in Chapter 9.
Chemicals in the Hydraulic Fracturing Water
Cycle Conclusions
Some of the chemicals in the hydraulic fractur
ing water cycle are known to be hazardous to human
health. Of the 1,606 chemicals identified by the EPA,
173 had chronic oral toxicity values from federal,
state, and international sources that met the EPA’s
criteria for inclusion in this report. These data alone,

however, are insufficient to determine which chemi
cals have the greatest potential to impact drinking
water resources and human health. To understand
whether specific chemicals can affect human health
through their presence in drinking water, data on
chemical concentrations in drinking water would be
needed. In the absence of these data, relative hazard
potential assessments could be conducted at local
and/or regional scales using the multi-criteria deci
sion analysis approach outlined in Chapter 9. This ap
proach combines available chemical occurrence data
with selected chemical, physical, and toxicological
properties to place the severity of potential impacts
(i.e., the toxicity of specific chemicals) into the con
text of factors that affect the likelihood of impacts (i.e.,
frequency of use, and chemical and physical proper
ties relevant to environmental fate and transport).
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Data Gaps and Uncertainties

T

he information reviewed for this report included
cases of impacts on drinking water resources
from activities in the hydraulic fracturing water cy
cle. Using these cases and other data, information,
and analyses, we were able to identify factors that
likely result in more frequent or more severe im
pacts on drinking water resources. However, there
were instances in which we were unable to form
conclusions about the potential for activities in the
hydraulic fracturing water cycle to impact drinking
water resources and/or the factors that influence
the frequency or severity of impacts. Below, we pro
vide perspective on the data gaps and uncertainties
that prevented us from drawing additional conclu
sions about the potential for impacts on drinking
water resources and/or the factors that affect the
frequency and severity of impacts.
In general, comprehensive information on the lo
cation of activities in the hydraulic fracturing water
cycle is lacking, either because it is not collected, not
publicly available, or prohibitively difficult to aggre
gate. This includes information on the:
y Above- and belowground locations of water
withdrawals for hydraulic fracturing;
y Surface locations of hydraulically fractured oil
and gas production wells, where the chemical
mixing, well injection, and produced water han
dling stages of the hydraulic fracturing water
cycle take place;
y Belowground locations of hydraulic fracturing,
including data on fracture growth; and
y Locations of hydraulic fracturing wastewater
management practices, including the disposal of
treatment residuals.

There can also be uncertainty in the location
of drinking water resources. In particular, depths
of groundwater resources that are, or in the future
1

40

could be, used for drinking water are not always
known. If comprehensive data about the locations of
both drinking water resources and activities in the
hydraulic fracturing water cycle were available, it
would have been possible to more completely iden
tify areas in the United States in which hydraulic
fracturing-related activities either directly interact
with drinking water resources or have the potential
to interact with drinking water resources.
In places where we know activities in the hy
draulic fracturing water cycle have occurred or are
occurring, data that could be used to characterize the
presence, migration, or transformation of hydrau
lic fracturing-related chemicals in the environment
before, during, and after hydraulic fracturing were
scarce. Specifically, local water quality data needed
to compare pre- and post-hydraulic fracturing con
ditions are not usually collected or readily available.
The limited amount of data collected before, during,
and after activities in the hydraulic fracturing water
cycle reduces the ability to determine whether these
activities affected drinking water resources.
Site-specific cases of alleged impacts on under
ground drinking water resources during the well
injection stage of the hydraulic fracturing water cy
cle are particularly challenging to understand (e.g.,
methane migration in Dimock, Pennsylvania; the Raton Basin of Colorado; and Parker County, Texas1).
This is because the subsurface environment is com
plex and belowground fluid movement is not directly
observable. In cases of alleged impacts, activities in
the hydraulic fracturing water cycle may be one of
several causes of impacts, including other oil and gas
activities, other industries, and natural processes.
Thorough scientific investigations are often neces
sary to narrow down the list of potential causes to a
single source at site-specific cases of alleged impacts.
Additionally, information on chemicals in the
hydraulic fracturing water cycle (e.g., chemical iden

See Text Boxes 6-2 (Dimock, Pennsylvania), 6-3 (Raton Basin), and 6-4 (Parker County, Texas) in Chapter 6.

tity; frequency of use or occurrence; and physical,
chemical, and toxicological properties) is not com
plete. Well operators claimed at least one chemical
as confidential at more than 70% of wells reported
to FracFocus 1.0 (U.S. EPA, 2015a).1 The identity and
concentration of these chemicals, their transfor
mation products, and chemicals in produced water
would be needed to characterize how chemicals as
sociated with hydraulic fracturing activities move
through the environment and interact with the hu
man body. Identifying chemicals in the hydraulic
fracturing water cycle also informs decisions about
which chemicals would be appropriate to test for
when establishing pre-hydraulic fracturing baseline
conditions and in the event of a suspected drinking
water impact.
Of the 1,606 chemicals identified by the EPA in
hydraulic fracturing fluid and/or produced water,
173 had toxicity values from sources that met the
EPA’s criteria for inclusion in this report. Toxicity
values from these selected data sources were not
available for 1,433 (89%) of the chemicals, although
many of these chemicals have toxicity data available
from other data sources.2 Given the large number of

Report Conclusions

T

his report describes how activities in the hydrau
lic fracturing water cycle can impact—and have
impacted—drinking water resources and the factors
that influence the frequency and severity of those
impacts. It also describes data gaps and uncertain
ties that limited our ability to draw additional con
clusions about impacts on drinking water resources
from activities in the hydraulic fracturing water cycle.
Both types of information—what we know and what
we do not know—provide stakeholders with scien

chemicals identified in the hydraulic fracturing wa
ter cycle, this missing information represents a sig
nificant data gap that makes it difficult to fully un
derstand the severity of potential impacts on drink
ing water resources.
Because of the significant data gaps and uncer
tainties in the available data, it was not possible to
fully characterize the severity of impacts, nor was
it possible to calculate or estimate the national fre
quency of impacts on drinking water resources from
activities in the hydraulic fracturing water cycle. We
were, however, able to estimate impact frequencies
in some, limited cases (i.e., spills of hydraulic frac
turing fluids or produced water and mechanical
integrity failures).3 The data used to develop these
estimates were often limited in geographic scope or
otherwise incomplete. Consequently, national es
timates of impact frequencies for any stage of the
hydraulic fracturing water cycle have a high degree
of uncertainty. Our inability to quantitatively deter
mine a national impact frequency or to characterize
the severity of impacts, however, did not prevent us
from qualitatively describing factors that affect the
frequency or severity of impacts at the local level.

tific information to support future efforts.
The uncertainties and data gaps identified
throughout this report can be used to identify future
efforts to further our understanding of the potential
for activities in the hydraulic fracturing water cycle to
impact drinking water resources and the factors that
affect the frequency and severity of those impacts. Fu
ture efforts could include, for example, groundwater
and surface water monitoring in areas with hydrau
lically fractured oil and gas production wells or tar

Chemical withholding rates in FracFocus have increased over time. Konschnik and Dayalu (2016) reported that 92% of
wells reported in FracFocus 2.0 between approximately March 2011 and April 2015 used at least one chemical that was
claimed as confidential.
2
Chapter 9 describes the availability of data in other data sources. The quality of these data sources was not evaluated as
part of this report.
3
See Chapter 10.
1
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geted research programs to better characterize the
environmental fate and transport and human health
hazards associated with chemicals in the hydraulic
fracturing water cycle. Future efforts could identify
additional vulnerabilities or other factors that affect
the frequency and/or severity of impacts.
In the near term, decision-makers could focus
their attention on the combinations of hydraulic frac
turing water cycle activities and local- or regionalscale factors that are more likely than others to result
in more frequent or more severe impacts. These in
clude:
y Water withdrawals for hydraulic fracturing in
times or areas of low water availability, particu
larly in areas with limited or declining groundwa
ter resources;
y Spills during the management of hydraulic frac
turing fluids and chemicals or produced water
that result in large volumes or high concentra
tions of chemicals reaching groundwater re
sources;
y Injection of hydraulic fracturing fluids into
wells with inadequate mechanical integrity,
allowing gases or liquids to move to groundwater
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resources;
y Injection of hydraulic fracturing fluids directly
into groundwater resources;
y Discharge of inadequately treated hydraulic frac
turing wastewater to surface water resources;
and
y Disposal or storage of hydraulic fracturing waste
water in unlined pits, resulting in contamination
of groundwater resources.

The above combinations of activities and factors
highlight, in particular, the vulnerability of ground
water resources to activities in the hydraulic fractur
ing water cycle. By focusing attention on the situa
tions described above, impacts on drinking water
resources from activities in the hydraulic fracturing
water cycle could be prevented or reduced.
Overall, hydraulic fracturing for oil and gas is a
practice that continues to evolve. Evaluating the po
tential for activities in the hydraulic fracturing water
cycle to impact drinking water resources will need to
keep pace with emerging technologies and new sci
entific studies. This report provides a foundation for
these efforts, while helping to reduce current vulner
abilities to drinking water resources.
Source: U.S. EPA
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Preface
Hydraulic fracturing is a technique used to increase oil and gas production from underground oilor gas-bearing rock formations. Since the mid-2000s, the combination of hydraulic fracturing and
directional drilling has become widespread, raising concerns about the potential impacts of
hydraulic fracturing on drinking water resources. This concern is the focus of this report.

In 2010, the U.S. Environmental Protection Agency (EPA) initiated a study of the potential impacts
of hydraulic fracturing activities on drinking water resources. The EPA defined the scope of its
study to focus on the acquisition, use, disposal, and reuse of water used for hydraulic fracturing—
what we call the hydraulic fracturing water cycle. This was done in recognition that concerns raised
about potential impacts were not limited to the relatively short-term act of fracturing rock, but can
include impacts related to other activities associated with hydraulic fracturing.

The EPA’s study included the development of multiple research projects using the following
research approaches: the analysis of existing data, scenario and modeling evaluations, laboratory
studies, toxicological assessments, and five case studies. Throughout the study, the EPA engaged
with stakeholders, including industry, the states, tribal nations, academia, and others, for input on
the scope, approach, and initial results. To date, the study has resulted in the publication of multiple
peer-reviewed scientific products, including 13 EPA technical reports and 14 journal articles.
This report represents the capstone product of the EPA’s hydraulic fracturing drinking water study.
It captures the state-of-the-science concerning drinking water impacts from activities in the
hydraulic fracturing activities water cycle and integrates the results of the EPA’s study of the
subject with approximately 1,200 other publications and sources of information. The goals of this
report were to assess the potential for activities in the hydraulic fracturing water cycle to impact
the quality or quantity of drinking water resources and to identify factors that affect the frequency
or severity of those impacts.
This report is a science document and does not present or evaluate policy options or make policy
recommendations. A draft of this report was reviewed by the EPA’s independent Science Advisory
Board (SAB). Reflecting the complexity of the subject, the expert ad hoc panel formed by the SAB
was the largest ever convened for the review of a scientific product. Combined with over 100,000
comments submitted by members of the public, SAB comments helped the EPA to refine, clarify,
and better support the final conclusions presented in this report.

The release of this final assessment report marks the completion of the EPA’s hydraulic fracturing
drinking water study. The study has already prompted increased dialogue among industry, the
states, tribal nations, the public, and others concerning how drinking water resources can be better
protected in areas where hydraulic fracturing is occurring or being considered. However, there are
data gaps and uncertainties limiting our understanding of the impacts of hydraulic fracturing
activities on drinking water resources. As additional data become available, and with continued
dialogue among stakeholders, our understanding of the potential impacts of hydraulic fracturing on
drinking water resources will improve.
xxiv

Authors, Contributors, and Reviewers
Authors of the Final Assessment (EPA 600-R-16-236Fa and EPA 600-R-16-236Fb)
Susan Burden, USEPA-Office of Research and Development, Washington, DC
Megan M. Fleming, USEPA-Office of Research and Development, Washington, DC
Jeffrey Frithsen, USEPA-Office of Research and Development, Washington, DC
Linda Hills, The Cadmus Group, Inc., Helena, MT
Kenneth Klewicki, The Cadmus Group, Inc., Arlington, VA
Christopher D. Knightes, USEPA-Office of Research and Development, Athens, GA
Sandie Koenig, The Cadmus Group, Inc., Helena, MT
Jonathan Koplos, The Cadmus Group, Inc., Waltham, MA
Stephen D. LeDuc, USEPA-Office of Research and Development, Washington, DC
Caroline E. Ridley, USEPA-Office of Research and Development, Washington, DC
Shari Ring, The Cadmus Group, Inc., Arlington, VA
Sarah Solomon, Student Services Contractor, USEPA-Office of Research and Development, Washington, DC
John Stanek, USEPA-Office of Research and Development, Research Triangle Park, NC
Mary Ellen Tuccillo, The Cadmus Group, Inc., Waltham, MA
Jim Weaver, USEPA-Office of Research and Development, Ada, OK
Anna Weber, The Cadmus Group, Inc., Arlington, VA
Nathan Wiser, USEPA-Office of Research and Development, Denver, CO
Erin Yost, USEPA-Office of Research and Development, Research Triangle Park, NC

Authors of the June 2015 External Review Draft (EPA-600-R-15-047a)

William Bates, USEPA-Office of Water, Washington, DC
Glen Boyd, The Cadmus Group, Inc., Seattle, WA
Jeanne Briskin, USEPA-Office of Research and Development, Washington, DC
Lyle Burgoon, USEPA-Office of Research and Development, Research Triangle Park, NC; currently with
US-ACOE, Research Triangle Park, NC
Susan Burden, USEPA-Office of Research and Development, Washington, DC
Christopher M. Clark, USEPA-Office of Research and Development, Washington, DC
Maryam Cluff, Student Services Contractor, USEPA-Office of Research and Development, Washington, DC
Rebecca Daiss, USEPA-Office of Research and Development, Washington, DC
Jill Dean, USEPA-Office of Water, Washington, DC
Inci Demirkanli, The Cadmus Group, Inc., Arlington, VA
Megan M. Fleming, USEPA-Office of Research and Development, Washington, DC
Jeffrey Frithsen, USEPA-Office of Research and Development, Washington, DC
Linda Hills, The Cadmus Group, Inc., Helena, MT
Kenneth Klewicki, The Cadmus Group, Inc., Arlington, VA
Christopher D. Knightes, USEPA-Office of Research and Development, Athens, GA
Sandie Koenig, The Cadmus Group, Inc., Helena, MT
Jonathan Koplos, The Cadmus Group, Inc., Waltham, MA
Stephen D. LeDuc, USEPA-Office of Research and Development, Washington, DC
xxv

Claudia Meza-Cuadra, Student Services Contractor, USEPA-Office of Research and Development,
Washington, DC
Brent Ranalli, The Cadmus Group, Inc., Waltham, MA
Caroline E. Ridley, USEPA-Office of Research and Development, Washington, DC
Shari Ring, The Cadmus Group, Inc., Arlington, VA
Alison Singer, Student Services Contractor, USEPA-Office of Research and Development, Washington, DC
John Stanek, USEPA-Office of Research and Development, Research Triangle Park, NC
M. Jason Todd, USEPA-Office of Research and Development, Washington, DC
Mary Ellen Tuccillo, The Cadmus Group, Inc., Waltham, MA
Jim Weaver, USEPA-Office of Research and Development, Ada, OK
Anna Weber, The Cadmus Group, Inc., Arlington, VA
Larke Williams, USEPA-Office of Research and Development, Washington, DC; currently with the US
State Department, Washington, DC
Liabeth Yohannes, Student Services Contractor, USEPA-Office of Research and Development,
Washington, DC
Erin Yost, USEPA-Office of Research and Development, Research Triangle Park, NC

Contributors

Maryam Akhavan, The Cadmus Group, Inc., Arlington, VA
Natalie Auer, The Cadmus Group, Inc., Arlington, VA
Kevin Blackwood, Student Services Contractor, USEPA-Office of Research and Development, Ada, OK
Alison Cullity, The Cadmus Group, Rollinsford, NH
Rob Dewoskin, USEPA-Office of Research and Development, Research Triangle Park, NC
Krissy Downing, The Cadmus Group, Inc., Seattle, WA
Christopher Impellitteri, USEPA-Office of Research and Development, Cincinnati, OH
Will Jobs, The Cadmus Group, Inc., Waltham, MA
Richard Judson, USEPA-Office of Research and Development, Research Triangle Park, NC
Erina Keefe, The Cadmus Group, Waltham, MA
Ava Lazor, The Cadmus Group, Inc., Arlington, VA
Matt Landis, USEPA-Office of Research and Development, Research Triangle Park, NC
Ralph Ludwig, USEPA-Office of Research and Development, Ada, OK
John Martin, The Cadmus Group, Inc., Waltham, MA
Ashley McElmury, Student Services Contractor, USEPA-Office of Research and Development, Ada, OK
Gary Norris, USEPA-Office of Research and Development, Research Triangle Park, NC
Kay Pinley, Senior Environmental Employment Program, USEPA-Office of Research and Development,
Ada, OK
Jesse Pritts, USEPA-Office of Water, Washington, DC
Ann Richard, USEPA-Office of Research and Development, Research Triangle Park, NC
Ana Rosner, The Cadmus Group, Inc., Waltham, MA
Susan Sharkey, USEPA-Office of Research and Development, Washington, DC
Jessica Wilhelm, Student Services Contractor, USEPA-Office of Research and Development, Ada, OK
Holly Wooten, The Cadmus Group, Inc., Arlington, VA
Jie Xu, Student Services Contractor, USEPA-Office of Research and Development, Ada, OK
xxvi

U.S. Environmental Protection Agency Science Advisory Board
Joseph Arvai, University of Michigan, Ann Arbor, MI
Kiros T. Berhane, University of Southern California, Los Angeles, CA
Sylvie M. Brouder, Purdue University, West Lafayette, IN
Ingrid Burke, University of Wyoming, Laramie, WY
Thomas Carpenter, Designated Federal Officer, U.S. Environmental Protection Agency, Science Advisory
Board, Washington, DC
Ana V. Diez Roux, Drexel University, Philadelphia, PA
Michael Dourson, University of Cincinnati, Cincinnati, OH
Joel J. Ducoste, North Carolina State University, Raleigh, NC
David A. Dzombak, Carnegie Mellon Unviersity, Pittsburgh, PA
Elaine M. Faustman, University of Washington, Seattle, WA
Susan P. Felter, Proctor & Gamble, Mason, OH
R. William Field, University of Iowa, Iowa City, IA
H. Christopher Frey, North Carolina State University, Raleigh, NC
Steven Hamburg, Environmental Defense Fund, Boston, MA
Cynthia M. Harris, Florida A&M University, Tallahassee, FL
Robert J. Johnston, Clark University, Worcester, MA
Kimberly L. Jones, Howard University, Washington, DC
Catherine J. Karr, University of Washington, Seattle, WA
Madhu Khanna, University of Illinois at Urbana-Champaign, Urbana, IL
Francine Laden, Brigham and Women’s Hospital and Harvard Medical School, Boston, MA
Lois Lehman-McKeeman, Bristol-Myers Squibb, Princeton, NJ
Robert E. Mace, Texas Water Development Board, Austin, TX
Mary Sue Marty, The Dow Chemical Company, Midland, MI
Denise Mauzerall, Princeton University, Princeton, NJ
Kristina D. Mena, University of Texas Health Science Center at Houston, El Paso, TX
Surabi Menon, ClimateWorks Foundation, San Francisco, CA
James R. Mihelcic, University of South Florida, Tampa, FL
Keith H. Moo-Young, Washington State University, Tri-Cities, Richland, WA
Kari Nadeau, Stanford University School of Medicine, Stanford, CA
James Opaluch, University of Rhode Island, Kingston, RI
Thomas F. Parkerton, ExxonMobil Biomedical Science, Houston, TX
Richard L. Poirot, Independent Consultant, Burlington, VT
Kenneth M. Portier, American Cancer Society, Atlanta, GA
Kenneth Ramos, University of Arizona, Tucson, AZ
David B. Richardson, University of North Carolina, Chapel Hill, NC
Tara L. Sabo-Attwood, University of Florida, Gainesville, FL
William Schlesinger, Cry Institute of Ecosystem Studies, Millbrook, NY
Gina Solomon, California Environmental Protection Agency, Sacramento, CA
Daniel O. Stram, University of Southern California, Los Angeles, CA
Peter S. Thorne (Chair), University of Iowa, Iowa City, IA
xxvii

Jay Turner, Washington University, St. Louis, MO
Edwin van Wijngaarden, University of Rochester, Rochester, NY
Jeanne M. VanBriesen, Carnegie Mellon University, Pittsburgh, PA
John Vena, Medical University of South Carolina, Charleston, SC
Elke Weber, Columbia Business School, New York, NY
Charles Werth, University of Texas at Austin, Austin, TX
Peter J. Wilcoxen, Syracuse University, Syracuse, NY
Robyn S. Wilson, The Ohio State University, Columbus, OH

U.S. Environmental Protection Agency Science Advisory Board Hydraulic Fracturing
Research Advisory Panel

Stephen W. Almond, Fritz Industries, Inc., Houston, TX
E. Scott Bair, The Ohio State University, Columbus, OH
Peter Bloomfield, North Carolina State University, Raleigh, NC
Steven R. Bohlen, State of California Department of Conservation, Sacramento, CA
Elizabeth W. Boyer, Pennsylvania State University, University Park, PA
Susan L. Brantley, Pennsylvania State University, University Park, PA
James V. Bruckner, University of Georgia, Athens, GA
Thomas L. Davis, Colorado School of Mines, Golden, CO
Joseph J. DeGeorge, Merck Research Laboratories, Lansdale, PA
Joel Ducoste, North Carolina State University, Raleigh, NC
Shari Dunn-Norman, Missouri University of Science and Technology, Rolla, MO
David A. Dzombak (Chair), Carnegie Mellon University, Pittsburgh, PA
Katherine Bennett Ensor, Rice University, Houston, TX
Elaine M. Faustman, University of Washington, Seattle, WA
John V. Fontana, Vista GeoScience LLC, Golden, CO
Daniel J. Goode, U.S. Geological Survey, Exton, PA
Edward Hanlon, Designated Federal Officer, U.S. Environmental Protection Agency, Science Advisory
Board Staff, Washington, DC
Bruce D. Honeyman, Colorado School of Mines, Golden, CO
Walter R. Hufford, Talisman Energy USA Inc. – REPSOL, Warrendale, PA
Richard F. Jack, Thermo Fisher Scientific Inc., San Jose, CA
Dawn S. Kaback, Amec Foster Wheeler, Denver, CO
Abby A. Li, Exponent Inc., San Francisco, CA
Dean N. Malouta, White Mountain Energy Consulting, LLC, Houston, TX
Cass T. Miller, University of North Carolina, Chapel Hill, NC
Laura J. Pyrak-Nolte, Purdue University, West Lafayette, IN
Stephen Randtke, University of Kansas, Lawrence, KS
Joseph N. Ryan, University of Colorado-Boulder, Boulder, CO
James E. Saiers, Yale University, New Haven, CT
Azra N. Tutuncu, Colorado School of Mines, Golden, CO
Paul K. Westerhoff, Arizona State University, Tempe, AZ
Thomas M. Young, University of California-Davis, Davis, CA
xxviii

U.S. Environmental Protection Agency Internal Technical Reviewers
Lisa Biddle, Office of Water, Washington, DC
Britta Bierwagen, Office of Research and Development, Washington, DC
Frank Brock, Region 2, New York, NY
Thomas Burke, Office of Research and Development, Washington, DC
Kyle Carey, Office of Water, Washington, DC
Mark Corrales, Office of Policy, Washington, DC
Brian D’Amico, Office of Water, Washington, DC
Kathleen Deener, Office of Research and Development, Washington, DC
Tim Elkins, Region 5, Chicago, IL
Malcolm Field, Office of Research and Development, Washington, DC
Erin Floto, Region 2, New York, NY
Robert Ford, Office of Research and Development, Cincinnati, OH
Greg Fritz, Office of Chemical Safety and Pollution Prevention, Washington, DC
Andrew Gillespie, Office of Research and Development, Research Triangle Park, NC
Janet Goodwin, Office of Water, Washington, DC
Bradley Grams, Region 5, Chicago, IL
Holly Green, Office of Water, Washington, DC
Richard Hall, Region 4, Atlanta, GA
Mary Hanley, Administrator’s Office, Washington, DC
Mohamed Hantush, Office of Research and Development, Cincinnati, OH
Jana Harvill, Region 6, Dallas, TX
Fred Hauchman, Office of Science Policy, Washington, DC
Kurt Hildebrandt, Region 7, Lenexa, KS
Charles Hillenbrand, Region 2, New York, NY
Mark W. Howard, Office of Solid Waste and Emergency Response, Washington, DC
Junqi Huang, Office of Research and Development, Ada, OK
Stephen Jann, Region 5, Chicago, IL
Thomas Johnson, Office of Research and Development, Washington, DC
Jeff Jollie, Office of Water, Washington, DC
Robert Kavlock, Office of Research and Development, Washington, DC
James Kenney, Office of Enforcement and Compliance Assurance, Washington, DC
Kristin Keteles, Region 8, Denver, CO
Bruce Kobelski, Office of Water, Washington, DC
Stephen Kraemer, Office of Research and Development, Athens, GA
Paul Lewis, Office of Chemical Safety and Pollution Prevention, Washington, DC
Chris Lister, Region 6, Dallas, TX
Barbara Martinez, ORISE Fellow to USEPA-Office of Research and Development, Washington, DC
Mike Mattheisen, Office of Chemical Safety and Pollution Prevention, Washington, DC
Damon McElroy, Region 6, Dallas, TX
Karen Milam, Office of Water, Washington, DC
Keara Moore, Office of Water, Washington, DC
xxix

Nathan Mottl, Office of Chemical Safety and Pollution Prevention, Washington, DC
Greg Oberley, Region 8, Denver, CO
Mike Overbay, Region 6, Dallas, TX
Pooja Parikh, Office of General Council, Washington, DC
Dale Perry, Administrator’s Office, Washington, DC
Tricia Pfeiffer, Region 8, Denver, CO
Steve Platt, Region 3, Philadelphia, PA
Dave Rectenwald, Region 3, Philadelphia, PA
Meredith Russell, Office of Water, Washington, DC
Daniel Ryan, Region 3, Philadelphia, PA
Greg Schweer, Office of Chemical Safety and Pollution Prevention, Washington, DC
Brian Smith, Region 4, Atlanta, GA
Kelly Smith, Office of Research and Development, Cincinnati, OH
Steve Souders, Office of Solid Waste and Emergency Response, Washington, DC
Kate Sullivan, Office of Research and Development, Athens, GA
Kevin Teichman, Office of Research and Development, Washington, DC
Chuck Tinsley, Region 8, Denver, CO
Scott Wilson, Office of Water, Washington, DC
Jose Zambrana, Office of Research and Development, Washington, DC

xxx

Acknowledgements
The development of this assessment involved individuals from across the Agency, many of which
have been listed as authors, contributors or reviewers, or acknowledged below. We want to
specifically highlight and acknowledge Jeanne Briskin for her role with making the EPA’s Hydraulic
Fracturing Drinking Water Study a success. Jeanne was responsible for the development of the
2011 Study Plan and for coordinating the implementation of the projects outlined in that Study
Plan. Jeanne also played a large role with reaching out to stakeholders for input that informed the
development of the reports and publications resulting from Study Plan projects, and the
development of this assessment. We also want to acknowledge Fred Hauchman for providing senior
leadership during the development of the Hydraulic Fracturing Drinking Water Study.

Other individuals who have made this assessment report possible and have not been previously
mentioned include: Jessica Agatstein, Adam Banasiak, Tom Beneke, Amy Bergdale, Ann Calamai,
Amy Clark, Brian Devir, Dayna Gibbons, Chris Grulke, Seth Haines, H. Jason Harmon, Cheryl Itkin,
Maureen Johnson, Randy Lamdin, Audrey Levine, Jordan Macknick, Kelsey Maloney, Lisa Matthews,
Angela McFadden, Connie Meacham, Marc Morandi, Jean-Philippe Nicot, Jennifer Orme-Zavaleta,
Nancy Parrotta, Robert Puls, Bridget R. Scanlon, Ayn Schmit, Cynthia Sonich-Mullen, Vicki Soto,
Inthirany Thillainadarajah, Vincent Tidwell, Martha Walters, and Steve Watkins.

Contract support was provided by The Cadmus Group, Inc. under contracts EP-C-08-015 and EPC-15-022 and by Neptune & Co., Inc. under contract EP-C-13-022. Authors and contributors
included student service contractors to USEPA: Kevin Blackwood (Contract EP-13-C-000133);
Maryam Cluff (Contract EP-13-H-000438); Ashley McElmury (Contract EP-12-C-000025); Claudia
Meza-Cuadra (Contract EP-13-H-000054); Alison Singer (Contract EP-13-H-000474); Sarah
Solomon (Contract EP-D-15-003); Jessica Wilhelm (Contract EP-D-15-003); Jie Xu (Contract EP-13C-00120); Liabeth Yohannes (Contract EP-14-H-000455). Kay Pinley was supported under the
Senior Environmental Employment Program under agreement CQ-835363 with NCCBA.

xxxi

This page is intentionally left blank.

xxxii

Executive Summary

Executive Summary

ES-1

Executive Summary

This page is intentionally left blank.

ES-2

Executive Summary

Executive Summary
People rely on clean and plentiful water resources to meet their basic needs, including drinking,
bathing, and cooking. In the early 2000s, members of the public began to raise concerns about
potential impacts on their drinking water from hydraulic fracturing at nearby oil and gas
production wells. In response to these concerns, Congress urged the U.S. Environmental Protection
Agency (EPA) to study the relationship between hydraulic fracturing for oil and gas and drinking
water in the United States.

The goals of the study were to assess the potential for activities in the hydraulic fracturing water
cycle to impact the quality or quantity of drinking water resources and to identify factors that affect
the frequency or severity of those impacts. To achieve these goals, the EPA conducted independent
research, engaged stakeholders through technical workshops and roundtables, and reviewed
approximately 1,200 cited sources of data and information. The data and information gathered
through these efforts served as the basis for this report, which represents the culmination of the
EPA’s study of the potential impacts of hydraulic fracturing for oil and gas on drinking water
resources.
The hydraulic fracturing water cycle describes the use of water in hydraulic fracturing, from water
withdrawals to make hydraulic fracturing fluids, through the mixing and injection of hydraulic
fracturing fluids in oil and gas production wells, to the collection and disposal or reuse of produced
water. These activities can impact drinking water resources under some circumstances. Impacts
can range in frequency and severity, depending on the combination of hydraulic fracturing water
cycle activities and local- or regional-scale factors. The following combinations of activities and
factors are more likely than others to result in more frequent or more severe impacts:
•

•

•
•
•
•

Water withdrawals for hydraulic fracturing in times or areas of low water availability,
particularly in areas with limited or declining groundwater resources;

Spills during the management of hydraulic fracturing fluids and chemicals or produced
water that result in large volumes or high concentrations of chemicals reaching
groundwater resources;

Injection of hydraulic fracturing fluids into wells with inadequate mechanical integrity,
allowing gases or liquids to move to groundwater resources;
Injection of hydraulic fracturing fluids directly into groundwater resources;

Discharge of inadequately treated hydraulic fracturing wastewater to surface water
resources; and
Disposal or storage of hydraulic fracturing wastewater in unlined pits, resulting in
contamination of groundwater resources.

The above conclusions are based on cases of identified impacts and other data, information, and
analyses presented in this report. Cases of impacts were identified for all stages of the hydraulic
fracturing water cycle. Identified impacts generally occurred near hydraulically fractured oil and
ES-3

Executive Summary

gas production wells and ranged in severity, from temporary changes in water quality to
contamination that made private drinking water wells unusable.

The available data and information allowed us to qualitatively describe factors that affect the
frequency or severity of impacts at the local level. However, significant data gaps and uncertainties
in the available data prevented us from calculating or estimating the national frequency of impacts
on drinking water resources from activities in the hydraulic fracturing water cycle. The data gaps
and uncertainties described in this report also precluded a full characterization of the severity of
impacts.

The scientific information in this report can help inform decisions by federal, state, tribal, and local
officials; industry; and communities. In the short-term, attention could be focused on the
combinations of activities and factors outlined above. In the longer-term, attention could be focused
on reducing the data gaps and uncertainties identified in this report. Through these efforts, current
and future drinking water resources can be better protected in areas where hydraulic fracturing is
occurring or being considered.

Drinking Water Resources in the United States

In this report, drinking water resources are defined as any water that now serves, or in the future
could serve, as a source of drinking water for public or private use. This includes both surface water
resources and groundwater resources (Text Box ES-1). In 2010, approximately 58% of the total
volume of water withdrawn for public and non-public water supplies came from surface water
resources and approximately 42% came from groundwater resources (Maupin et al., 2014). 1 Most
people (86% of the population) in the United States relied on public water supplies for their
drinking water in 2010, and approximately 14% of the population obtained drinking water from
non-public water supplies. Non-public water supplies are often private water wells that supply
drinking water to a residence.
Future access to high-quality drinking water in the United States will likely be affected by changes
in climate and water use. Since 2000, about 30% of the total area of the contiguous United States
has experienced moderate drought conditions and about 20% has experienced severe drought
conditions. Declines in surface water resources have led to increased withdrawals and net
depletions of groundwater in some areas. As a result, non-fresh water resources (e.g., wastewater
from sewage treatment plants, brackish groundwater and surface water, and seawater) are
increasingly treated and used to meet drinking water demand.
Natural processes and human activities can affect the quality and quantity of current and future
drinking water resources. This report focuses on the potential for activities in the hydraulic
fracturing water cycle to impact drinking water resources; other processes or activities are not
discussed.

1 Public water systems provide water for human consumption from surface or groundwater through pipes or other
infrastructure to at least 15 service connections or serve an average of at least 25 people for at least 60 days a year. Nonpublic water systems have fewer than 15 service connections and serve fewer than 25 individuals.
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Text Box ES-1. Drinking Water Resources.
In this report, drinking water resources are considered to be any water that now serves, or in the future could
serve, as a source of drinking water for public or private use. This includes both surface water bodies and
underground rock formations that contain water.
Surface water resources include water bodies located on the surface of the Earth. Rivers, springs, lakes, and
reservoirs are examples of surface water resources. Water quality and quantity are often considered when
determining whether a surface water resource could be used as a drinking water resource.

Groundwater resources are underground rock formations that contain water. Groundwater resources are found at
different depths nearly everywhere in the United States. Resource depth, water quality, and water yield are often
considered when determining whether a groundwater resource could be used as a drinking water resource.

Hydraulic Fracturing for Oil and Gas in the United States
Hydraulic fracturing is frequently used to enhance oil and gas production from underground rock
formations and is one of many activities that occur during the life of an oil and gas production well
(Figure ES-1). During hydraulic fracturing, hydraulic fracturing fluid is injected down an oil or gas
production well and into the targeted rock formation under pressures great enough to fracture the
oil- and gas-bearing rock. 1 The hydraulic fracturing fluid usually carries proppant (typically sand)
into the newly-created fractures to keep the fractures “propped” open. After hydraulic fracturing,
oil, gas, and other fluids flow through the fractures and up the production well to the surface, where
they are collected and managed.

1 The targeted rock formation (sometimes called the “target zone” or “production zone”) is the portion of a subsurface
rock formation that contains the oil or gas to be extracted.
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Figure ES-1. General timeline and summary of activities at a hydraulically fractured oil or gas
production well.
Hydraulically fractured oil and gas production wells have significantly contributed to the surge in
domestic oil and gas production, accounting for slightly more than 50% of oil production and nearly
70% of gas production in 2015 (EIA, 2016c, d). The surge occurred when hydraulic fracturing was
combined with directional drilling technologies around 2000. Directional drilling allows oil and gas
production wells to be drilled horizontally or directionally along the targeted rock formation,
exposing more of the oil- or gas-bearing rock formation to the production well. When combined
with directional drilling technologies, hydraulic fracturing expanded oil and gas production to oiland gas-bearing rock formations previously considered uneconomical. Although hydraulic
fracturing is commonly associated with oil and gas production from deep, horizontal wells drilled
into shale (e.g., the Marcellus Shale in Pennsylvania or the Bakken Shale in North Dakota), it has
been used in a variety of oil and gas production wells (Text Box ES-2) and other types of oil- or gasbearing rock (e.g., sandstone, carbonate, and coal).
Approximately 1 million wells have been hydraulically fractured since the technique was first
developed in the late 1940s (Gallegos and Varela, 2015; IOGCC, 2002). Roughly one third of those
wells were hydraulically fractured between 2000 and approximately 2014. Wells hydraulically
fractured between 2000 and 2013 were located in pockets of activity across the United States
(Figure ES-2). Based on several different data compilations, we estimate that 25,000 to 30,000 new
wells were drilled and hydraulically fractured in the United States each year between 2011 and
2014, in addition to existing wells that were hydraulically fractured to increase production. 1
Following the decline in oil and gas prices, the number of new wells drilled and hydraulically
fractured appears to have decreased, with about 20,000 new wells drilled and hydraulically
fractured in 2015.

1

See Table 3-1 in Chapter 3.
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Text Box ES-2. Hydraulically Fractured Oil and Gas Production Wells.
Hydraulically fractured oil and gas production wells come in different shapes and sizes. They can have different
depths, orientations, and construction characteristics. They can include new wells (i.e., wells that are hydraulically
fractured soon after construction) and old wells (i.e., wells that are hydraulically fractured after producing oil and
gas for some time).
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Figure ES-2. Locations of approximately 275,000 wells that were drilled and likely
hydraulically fractured between 2000 and 2013.
Data from DrillingInfo (2014a).

Hydraulically fractured oil and gas production wells can be located near or within sources of
drinking water. Between 2000 and 2013, approximately 3,900 public water systems were
estimated to have had at least one hydraulically fractured well within 1 mile of their water source;
these public water systems served more than 8.6 million people year-round in 2013. An additional
3.6 million people were estimated to have obtained drinking water from non-public water supplies
in counties with at least one hydraulically fractured well. 1 Underground, hydraulic fracturing can
occur in close vertical proximity to drinking water resources. In some parts of the United States
(e.g., the Powder River Basin in Montana and Wyoming), there is no vertical distance between the
top of the hydraulically fractured oil- or gas-bearing rock formation and the bottom of treatable
water, as determined by data from state oil and gas agencies and state geological survey data. 2 In
other parts of the country (e.g., the Eagle Ford Shale in Texas), there can be thousands of feet of

1 This estimate only includes counties in which 30% or more of the population (i.e., two or more times the national
average) relied on non-public water supplies in 2010. See Section 2.5 in Chapter 2.

In these cases, water that is naturally found in the oil- and gas-bearing rock formation meets the definition of drinking
water in some parts of the basin. See Section 6.3.2 in Chapter 6.

2
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rock that separate treatable water from the hydraulically fractured oil- or gas-bearing rock
formation. When hydraulically fractured oil and gas production wells are located near or within
drinking water resources, there is a greater potential for activities in the hydraulic fracturing water
cycle to impact those resources.

Approach: The Hydraulic Fracturing Water Cycle

The EPA studied the relationship between hydraulic fracturing for oil and gas and drinking water
resources using the hydraulic fracturing water cycle (Figure ES-3). The hydraulic fracturing water
cycle has five stages; each stage is defined by an activity involving water that supports hydraulic
fracturing. The stages and activities of the hydraulic fracturing water cycle include:
•
•
•
•

•

Water Acquisition: the withdrawal of groundwater or surface water to make hydraulic
fracturing fluids;

Chemical Mixing: the mixing of a base fluid (typically water), proppant, and additives at
the well site to create hydraulic fracturing fluids;1

Well Injection: the injection and movement of hydraulic fracturing fluids through the oil
and gas production well and in the targeted rock formation;

Produced Water Handling: the on-site collection and handling of water that returns to
the surface after hydraulic fracturing and the transportation of that water for disposal or
reuse;2 and
Wastewater Disposal and Reuse: the disposal and reuse of hydraulic fracturing
wastewater.3

Potential impacts on drinking water resources from the above activities are considered in this
report. We do not address other concerns that have been raised by stakeholders about hydraulic
fracturing (e.g., potential air quality impacts or induced seismicity) or other oil and gas exploration
and production activities (e.g., environmental impacts from site selection and development), as
these were not included in the scope of the study. Additionally, this report is not a human health
risk assessment; it does not identify populations exposed to hydraulic fracturing-related chemicals,
and it does not estimate the extent of exposure or estimate the incidence of human health impacts.

A base fluid is the fluid into which proppants and additives are mixed to make a hydraulic fracturing fluid; water is an
example of a base fluid. Additives are chemicals or mixtures of chemicals that are added to the base fluid to change its
properties.

1

“Produced water” is defined in this report as water that flows from and through oil and gas wells to the surface as a byproduct of oil and gas production.

2

“Hydraulic fracturing wastewater” is defined in this report as produced water from hydraulically fractured oil and gas
wells that is being managed using practices that include, but are not limited to, injection in Class II wells, reuse in other
hydraulic fracturing operations, and various aboveground disposal practices. The term “wastewater” is being used as a
general description of certain waters and is not intended to constitute a term of art for legal or regulatory purposes. Class
II wells are used to inject wastewater associated with oil and gas production underground and are regulated under the
Underground Injection Control Program of the Safe Drinking Water Act.

3
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Figure ES-3. The five stages of the hydraulic fracturing water cycle.

The stages (shown in the insets) identify activities involving water that support hydraulic fracturing for oil and gas.
Activities may take place in the same watershed or different watersheds and close to or far from drinking water
resources. Thin arrows in the insets depict the movement of water and chemicals. Specific activities in the
“Wastewater Disposal and Reuse” inset include (a) disposal of wastewater through underground injection, (b)
wastewater treatment followed by reuse in other hydraulic fracturing operations or discharge to surface waters,
and (c) disposal through evaporation or percolation pits.

Each stage of the hydraulic fracturing water cycle was assessed to identify (1) the potential for
impacts on drinking water resources and (2) factors that affect the frequency or severity of impacts.
Specific definitions used in this report are provided below:
•

•
•
•

An impact is any change in the quality or quantity of drinking water resources, regardless
of severity, that results from an activity in the hydraulic fracturing water cycle.

A factor is a feature of hydraulic fracturing operations or an environmental condition that
affects the frequency or severity of impacts.
Frequency is the number of impacts per a given unit (e.g., geographic area, unit of time,
number of hydraulically fractured wells, or number of water bodies).

Severity is the magnitude of change in the quality or quantity of a drinking water resource
as measured by a given metric (e.g., duration, spatial extent, or contaminant
concentration).
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Factors affecting the frequency or severity of impacts were identified because they describe
conditions under which impacts are more or less likely to occur and because they could inform the
development of future strategies and actions to prevent or reduce impacts. Although no attempt
was made to identify or evaluate best practices, ways to reduce the frequency or severity of impacts
from activities in the hydraulic fracturing water cycle are described in this report when they were
reported in the scientific literature. Laws, regulations, and policies also exist to protect drinking
water resources, but a comprehensive summary and broad evaluation of current or proposed
regulations and policies was beyond the scope of this report.
Relevant scientific literature and data were evaluated for each stage of the hydraulic fracturing
water cycle. Literature included articles published in science and engineering journals, federal and
state government reports, non-governmental organization reports, and industry publications. Data
sources included federal- and state-collected data sets, databases maintained by federal and state
government agencies, other publicly available data, and industry data provided to the EPA.1 The
relevant literature and data complement research conducted by the EPA under its Plan to Study the
Potential Impacts of Hydraulic Fracturing on Drinking Water Resources (Text Box ES-3).

Text Box ES-3. The EPA’s Study of the Potential Impacts of Hydraulic Fracturing for Oil and
Gas on Drinking Water Resources.

The EPA’s study is the first national study of the potential impacts of hydraulic fracturing for oil and gas on drinking
water resources. It included independent research projects conducted by EPA scientists and contractors and a
state-of-the-science assessment of available data and information on the relationship between hydraulic fracturing
and drinking water resources (i.e., this report).

Throughout the study, the EPA consulted with the Agency’s independent Science Advisory Board (SAB) on the
scope of the study and the progress made on the research projects. The SAB also conducted a peer review of both
the Plan to Study the Potential Impacts of Hydraulic Fracturing on Drinking Water Resources (U.S. EPA, 2011d;
referred to as the Study Plan in this report) and a draft of this report.
Stakeholder engagement also played an important role in the development and implementation of the study.
While developing the scope of the study, the EPA held public meetings to get input from stakeholders on the study
scope and design. While conducting the study, the EPA requested information from the public and engaged with
technical, subject-matter experts on topics relevant to the study in a series of technical workshops and
roundtables. For more information on the EPA’s study, including the role of the SAB and stakeholders, visit
www.epa.gov/hfstudy.

1 Industry data was provided to the EPA in response to two separate information requests to oil and gas service
companies and oil and gas production well operators. Some of these data were claimed as confidential business
information under the Toxic Substances Control Act and were treated as such in this report.
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A draft of this report underwent peer review by the EPA’s Science Advisory Board (SAB). The SAB is
an independent federal advisory committee that often conducts peer reviews of high-profile
scientific matters relevant to the EPA. Members of the SAB and ad hoc panels formed under the
auspices of the SAB are nominated by the public and selected based on factors such as technical
expertise, knowledge, experience, and absence of any real or perceived conflicts of interest. Peer
review comments provided by the SAB and public comments submitted to the SAB during their
peer review, including comments on major conclusions and technical content, were carefully
considered in the development of this final document.
A summary of the activities in the hydraulic fracturing water cycle and their potential to impact
drinking water resources is provided below, including what is known about human health hazards
associated with chemicals identified across all stages of the hydraulic fracturing water cycle.
Additional details are available in the full report.

Water Acquisition

Activity: The withdrawal of groundwater or surface water to make hydraulic fracturing fluids.

Relationship to Drinking Water Resources: Groundwater and surface water resources that
provide water for hydraulic fracturing fluids can also provide drinking water for public or nonpublic water supplies.

Water is the major component of nearly all hydraulic fracturing fluids, typically making up 90–97%
of the total fluid volume injected into a well. The median volume of water used, per well, for
hydraulic fracturing was approximately 1.5 million gallons (5.7 million liters) between January
2011 and February 2013, as reported in FracFocus 1.0 (Text Box ES-4). There was wide variation in
the water volumes reported per well, with 10th and 90th percentiles of 74,000 gallons (280,000
liters) and 6 million gallons (23 million liters) per well, respectively. There was also variation in
water use per well within and among states (Table ES-1). This variation likely results from several
factors, including the type of well, the fracture design, and the type of hydraulic fracturing fluid
used. An analysis of hydraulic fracturing fluid data from Gallegos et al. (2015) indicates that water
volumes used per well have increased over time as more horizontal wells have been drilled.

Water used for hydraulic fracturing is typically fresh water taken from available groundwater
and/or surface water resources located near hydraulically fractured oil and gas production wells.
Water sources can vary across the United States, depending on regional or local water availability;
laws, regulations, and policies; and water management practices. Hydraulic fracturing operations in
the humid eastern United States generally rely on surface water resources, whereas operations in
the arid and semi-arid western United States generally rely on groundwater or surface water.
Geographic differences in water use for hydraulic fracturing are illustrated in Figure ES-4, which
shows that most of the water used for hydraulic fracturing in the Marcellus Shale region of the
Susquehanna River Basin came from surface water resources between approximately 2008 and
2013. In comparison, less than half of the water used for hydraulic fracturing in the Barnett Shale
region of Texas came from surface water resources between approximately 2011 and 2013.
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Text Box ES-4. FracFocus Chemical Disclosure Registry.
The FracFocus Chemical Disclosure Registry is a publicly-accessible website (www.fracfocus.org) managed by the
Ground Water Protection Council (GWPC) and the Interstate Oil and Gas Compact Commission (IOGCC). Oil and gas
production well operators can disclose information at this website about water and chemicals used in hydraulic
fracturing fluids at individual wells. In many states where oil and gas production occurs, well operators are
required to disclose to FracFocus well-specific information on water and chemical use during hydraulic fracturing.
The GWPC and the IOGCC provided the EPA with over 39,000 PDF disclosures submitted by well operators to
FracFocus (version 1.0) before March 1, 2013. Data in the disclosures were extracted and compiled in a project
database, which was used to conduct analyses on water and chemical use for hydraulic fracturing. Analyses were
conducted on over 38,000 unique disclosures for wells located in 20 states that were hydraulically fractured
between January 1, 2011, and February 28, 2013.
Despite the challenge of adapting a dataset originally created for local use and single-PDF viewing to answer
broader questions, the project database created by the EPA provided substantial insight into water and chemical
use for hydraulic fracturing. The project database represents the data reported to FracFocus 1.0 rather than all
hydraulic fracturing that occurred in the United States during the study time period. The project database is an
incomplete picture of all hydraulic fracturing due to voluntary reporting in some states for certain time periods (in
the absence of state reporting requirements), the omission of information on confidential chemicals from
disclosures, and invalid or erroneous information in the original disclosures or created during the development of
the database. The development of FracFocus 2.0, which became the exclusive reporting mechanism in June 2013,
was intended to increase the quality, completeness, and consistency of the data submitted by providing
dropdown menus, warning and error messages during submission, and automatic formatting of certain fields. The
GWPC has announced additional changes and upgrades for FracFocus 3.0 to enhance data searchability, increase
system security, provide greater data accuracy, and further increase data transparency.

Table ES-1. Water use per hydraulically fractured well between January 2011 and February 2013.
Medians and percentiles were calculated from data submitted to FracFocus 1.0 (Appendix B).
State
Arkansas
California
Colorado
Kansas
Louisiana
Montana
New Mexico
North Dakota
Ohio
Oklahoma
Pennsylvania
Texas
Utah
West Virginia
Wyoming

Number of FracFocus
1.0 disclosures

Median volume per
well (gallons)

10th percentile
(gallons)

90th percentile
(gallons)

1,423
711
4,898
121
966
207
1,145
2,109
146
1,783
2,445
16,882
1,406
273
1,405

5,259,965
76,818
463,462
1,453,788
5,077,863
1,455,757
175,241
2,022,380
3,887,499
2,591,778
4,184,936
1,420,613
302,075
5,012,238
322,793

3,234,963
21,462
147,353
10,836
1,812,099
367,326
35,638
969,380
2,885,568
1,260,906
2,313,649
58,709
76,286
3,170,210
5,727

7,121,249
285,306
3,092,024
2,227,926
7,945,630
2,997,552
1,871,666
3,313,482
5,571,027
7,402,230
6,615,981
6,115,195
769,360
7,297,080
1,837,602
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Hydraulic fracturing wastewater and other lower-quality water can also be used in hydraulic
fracturing fluids to offset the need for fresh water, although the proportion of injected fluid that is
reused hydraulic fracturing wastewater varies by location (Figure ES-4). 1 Overall, the proportion of

Figure ES-4. Water budgets illustrative of hydraulic fracturing water management practices in
the Marcellus Shale in the Susquehanna River Basin between approximately 2008 and 2013
and the Barnett Shale in Texas between approximately 2011 and 2013.
Class II wells are used to inject wastewater associated with oil and gas production underground and are regulated
under the Underground Injection Control Program of the Safe Drinking Water Act. Data sources are described in
Figure 10-1 in Chapter 10.

1 Reused hydraulic fracturing wastewater as a percentage of injected fluid differs from the percentage of produced water
that is managed through reuse in other hydraulic fracturing operations. For example, in the Marcellus Shale region of the
Susquehanna River Basin, approximately 14% of injected fluid was reused hydraulic fracturing wastewater, while
approximately 90% of produced water was managed through reuse in other hydraulic fracturing operations (Figure ES4a).
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water used in hydraulic fracturing that comes from reused hydraulic fracturing wastewater
appears to be low. In a survey of literature values from 10 states, basins, or plays, the median
percentage of the injected fluid volume that came from reused hydraulic fracturing wastewater was
5% between approximately 2008 and 2014. 1 There was an increase in the reuse of hydraulic
fracturing wastewater as a percentage of the injected hydraulic fracturing fluid in both
Pennsylvania and West Virginia between approximately 2008 and 2014. This increase is likely due
to the limited availability of Class II wells, which are commonly used to dispose of oil and gas
wastewater, and the costs of trucking wastewater to Ohio, where Class II wells are more prevalent. 2
Class II wells are also prevalent in Texas, and the reuse of wastewater in hydraulic fracturing fluids
in the Barnett Shale appears to be lower than in the Marcellus Shale (Figure ES-4).
Because the same water resource can be used to support hydraulic fracturing and to provide
drinking water, withdrawals for hydraulic fracturing can directly impact drinking water resources
by changing the quantity or quality of the remaining water. Although every water withdrawal
affects water quantity, we focused on water withdrawals that have the potential to significantly
impact drinking water resources by limiting the availability of drinking water or altering its quality.
Water withdrawals for a single hydraulically fractured oil and gas production well are not expected
to significantly impact drinking water resources, because the volume of water needed to
hydraulically fracture a single well is unlikely to limit the availability of drinking water or alter its
quality. If, however, multiple oil and gas production wells are located within an area, the total
volume of water needed to hydraulically fracture all of the wells has the potential to be a significant
portion of the water available and impacts on drinking water resources can occur.

To assess whether hydraulic fracturing operations are a relatively large or small user of water, we
compared water use for hydraulic fracturing to total water use at the county level (Text Box ES-5).
In most counties studied, the average annual water volumes reported in FracFocus 1.0 were
generally less than 1% of total water use. This suggests that hydraulic fracturing operations
represented a relatively small user of water in most counties. There were exceptions, however.
Average annual water volumes reported in FracFocus 1.0 were 10% or more of total water use in
26 of the 401 counties studied, 30% or more in nine counties, and 50% or more in four counties. 3 In
these counties, hydraulic fracturing operations represented a relatively large user of water.

The above results suggest that hydraulic fracturing operations can significantly increase the volume
of water withdrawn in particular areas. Increased water withdrawals can result in significant
impacts on drinking water resources if there is insufficient water available in the area to
accommodate all users. To assess the potential for these impacts, we compared hydraulic fracturing
water use to estimates of water availability at the county level. 4 In most counties studied, average

1
2

See Section 4.2 in Chapter 4.

See Chapter 8 for additional information on Class II wells.

Hydraulic fracturing water consumption estimates followed the same general pattern as the water use estimates
presented here, but with slightly larger percentages in each category (Section 4.4 in Chapter 4).
3

County-level water availability estimates were derived from the Tidwell et al. (2013) estimates of water availability for
siting new thermoelectric power plants (see Text Box 4-2 in Chapter 4 for details). The county-level water availability
estimates used in this report represent the portion of water available to new users within a county.
4
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Text Box ES-5. County-Level Water Use for Hydraulic Fracturing.
To assess whether hydraulic fracturing operations are a relatively large or small user of water, the average annual
water use for hydraulic fracturing in 2011 and 2012 was compared, at the county-level, to total water use in 2010.
For most counties studied, average annual water volumes reported for individual counties in FracFocus 1.0 were
less than 1% of total water use in those counties. But in some counties, hydraulic fracturing operations reported in
FracFocus 1.0 represented a relatively large user of water.

annual water volumes reported for hydraulic fracturing were less than 1% of the estimated annual
volume of readily-available fresh water. However, average annual water volumes reported for
hydraulic fracturing were greater than the estimated annual volume of readily-available fresh
water in 17 counties in Texas. This analysis suggests that there was enough water available
annually to support the level of hydraulic fracturing reported to FracFocus 1.0 in most, but not all,
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areas of the country. This observation does not preclude the possibility of local impacts in other
areas of the country, nor does it indicate that local impacts have occurred or will occur in the 17
counties in Texas. To better understand whether local impacts have occurred, and the factors that
affect those impacts, local-level studies, such as the ones described below, are needed.

Local impacts on drinking water quantity have occurred in areas with increased hydraulic
fracturing activity. In 2011, for example, drinking water wells in an area overlying the Haynesville
Shale ran out of water due to higher than normal groundwater withdrawals and drought (LA
Ground Water Resources Commission, 2012). Water withdrawals for hydraulic fracturing
contributed to these conditions, along with other water users and the lack of precipitation.
Groundwater impacts have also been reported in Texas. In a detailed case study, Scanlon et al.
(2014b) estimated that groundwater levels in approximately 6% of the area studied dropped by
100 feet (31 meters) to 200 feet (61 meters) or more after hydraulic fracturing activity increased in
2009.
In contrast, studies in the Upper Colorado and Susquehanna River basins found minimal impacts on
drinking water resources from hydraulic fracturing. In the Upper Colorado River Basin, the EPA
found that high-quality water produced from oil and gas wells in the Piceance tight sands provided
nearly all of the water for hydraulic fracturing in the study area (U.S. EPA, 2015e). Due to this high
reuse rate, the EPA did not identify any locations in the study area where hydraulic fracturing
contributed to locally high water use. In the Susquehanna River Basin, multiple studies and state
reports have identified the potential for hydraulic fracturing water withdrawals in the Marcellus
Shale to impact surface water resources. Evidence suggests, however, that current water
management strategies, including passby flows and reuse of hydraulic fracturing wastewater, help
protect streams from depletion by hydraulic fracturing water withdrawals. A passby flow is a
prescribed, low-streamflow threshold below which water withdrawals are not allowed.
The above examples highlight factors that can affect the frequency or severity of impacts on
drinking water resources from hydraulic fracturing water withdrawals. In particular, areas of the
United States that rely on declining groundwater resources are vulnerable to more frequent and
more severe impacts from all water withdrawals, including withdrawals for hydraulic fracturing.
Extensive groundwater withdrawals can limit the availability of belowground drinking water
resources and can also change the quality of the water remaining in the resource. Because
groundwater recharge rates can be low, impacts can last for many years. Seasonal or long-term
drought can also make impacts more frequent and more severe for groundwater and surface water
resources. Hot, dry weather reduces or prevents groundwater recharge and depletes surface water
bodies, while water demand often increases simultaneously (e.g., for irrigation). This combination
of factors—high hydraulic fracturing water use and relatively low water availability due to
declining groundwater resources and/or frequent drought—was found to be present in southern
and western Texas.
Water management strategies can also affect the frequency and severity of impacts on drinking
water resources from hydraulic fracturing water withdrawals. These strategies include using
hydraulic fracturing wastewater or brackish groundwater for hydraulic fracturing, transitioning
from limited groundwater resources to more abundant surface water resources, and using passby
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flows to control water withdrawals from surface water resources. Examples of these water
management strategies can be found throughout the United States. In western and southern Texas,
for example, the use of brackish water is currently reducing impacts on fresh water sources, and
could, if increased, reduce future impacts. Louisiana and North Dakota have encouraged well
operators to withdraw water from surface water resources instead of high-quality groundwater
resources. And, as described above, the Susquehanna River Basin Commission limits surface water
withdrawals during periods of low stream flow.

Water Acquisition Conclusions

With notable exceptions, hydraulic fracturing uses a relatively small percentage of water when
compared to total water use and availability at large geographic scales. Despite this, hydraulic
fracturing water withdrawals can affect the quantity and quality of drinking water resources by
changing the balance between the demand on local water resources and the availability of those
resources. Changes that have the potential to limit the availability of drinking water or alter its
quality are more likely to occur in areas with relatively high hydraulic fracturing water withdrawals
and low water availability, particularly due to limited or declining groundwater resources. Water
management strategies (e.g., encouragement of alternative water sources or water withdrawal
restrictions) can reduce the frequency or severity of impacts on drinking water resources from
hydraulic fracturing water withdrawals.

Chemical Mixing

Activity: The mixing of a base fluid, proppant, and additives at the well site to create hydraulic
fracturing fluids.

Relationship to Drinking Water Resources: Spills of additives and hydraulic fracturing fluids can
reach groundwater and surface water resources.

Hydraulic fracturing fluids are engineered to create and grow fractures in the targeted rock
formation and to carry proppant through the oil and gas production well into the newly-created
fractures. Hydraulic fracturing fluids are typically made up of base fluids, proppant, and additives.
Base fluids make up the largest proportion of hydraulic fracturing fluids by volume. As illustrated in
Text Box ES-6, base fluids can be a single substance (e.g., water in the slickwater example) or can be
a mixture of substances (e.g., water and nitrogen in the energized fluid example). The EPA’s analysis
of hydraulic fracturing fluid data reported to FracFocus 1.0 suggests that water was the most
commonly used base fluid between January 2011 and February 2013 (U.S. EPA, 2015a). Non-water
substances, such as gases and hydrocarbon liquids, were reported to be used alone or blended with
water to form a base fluid in fewer than 3% of wells in FracFocus 1.0.
Proppant makes up the second largest proportion of hydraulic fracturing fluids (Text Box ES-6).
Sand (i.e., quartz) was the most commonly reported proppant between January 2011 and February
2013, with 98% of wells in FracFocus 1.0 reporting sand as the proppant (U.S. EPA, 2015a). Other
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Text Box ES-6. Examples of Hydraulic Fracturing Fluids.
Hydraulic fracturing fluids are engineered to create and extend fractures in the targeted rock formation and to
carry proppant through the production well into the newly-created fractures. While there is no universal hydraulic
fracturing fluid, there are general types of hydraulic fracturing fluids. Two types of hydraulic fracturing fluids are
described below.
Slickwater
Slickwater hydraulic fracturing fluids are water-based fluids that generally contain a friction reducer. The friction
reducer makes it easier for the fluid to be pumped down the oil and gas production well at high rates. Slickwater is
commonly used to hydraulically fracture shale formations.

Energized Fluid
Energized fluids are mixtures of liquids and gases. They can be used for hydraulic fracturing in under-pressured gas
formations.

ES-19

Executive Summary

proppants can include man-made or specially engineered particles, such as high-strength ceramic
materials or sintered bauxite. 1

Additives generally make up the smallest proportion of the overall composition of hydraulic
fracturing fluids (Text Box ES-6), yet have the greatest potential to impact the quality of drinking
water resources compared to proppant and base fluids. Additives, which can be a single chemical or
a mixture of chemicals, are added to the base fluid to change its properties (e.g., adjust pH, increase
fluid thickness, or limit bacterial growth). The choice of which additives to use depends on the
characteristics of the targeted rock formation (e.g., rock type, temperature, and pressure), the
economics and availability of desired additives, and well operator or service company preferences
and experience.
The variability of additives, both in their purpose and chemical composition, suggests that a large
number of different chemicals may be used in hydraulic fracturing fluids across the United States.
The EPA identified 1,084 chemicals that were reported to have been used in hydraulic fracturing
fluids between 2005 and 2013.2,3 The EPA’s analysis of FracFocus 1.0 data indicates that between 4
and 28 chemicals were used per well between January 2011 and February 2013 and that no single
chemical was used in all wells (U.S. EPA, 2015a). Three chemicals—methanol, hydrotreated light
petroleum distillates, and hydrochloric acid—were reported in 65% or more of the wells in
FracFocus 1.0; 35 chemicals were reported in at least 10% of the wells (Table ES-2).

Table ES-2. Chemicals reported in 10% or more of disclosures in FracFocus 1.0.

Disclosures provided information on chemicals used at individual well sites between January 1, 2011, and February
28, 2013.

Chemical Name (CASRN)a

Percent of FracFocus 1.0 disclosuresb

Methanol (67-56-1)

72

Hydrotreated light petroleum distillates (64742-47-8)

65

Hydrochloric acid (7647-01-0)

65

Water (7732-18-5)c

48

Isopropanol (67-63-0)

47

Ethylene glycol (107-21-1)

46

Peroxydisulfuric acid, diammonium salt (7727-54-0)

44

Sodium hydroxide (1310-73-2)

39

Guar gum (9000-30-0)

37

1

Sintered bauxite is crushed and powdered bauxite that is fused into spherical beads at high temperatures.

This list includes 1,084 unique Chemical Abstracts Service Registration Numbers (CASRNs), which can be assigned to a
single chemical (e.g., hydrochloric acid) or a mixture of chemicals (e.g., hydrotreated light petroleum distillates).
Throughout this report, we refer to the substances identified by unique CASRNs as “chemicals.”
2

Dayalu and Konschnik (2016) identified 995 unique CASRNs from data submitted to FracFocus between March 9, 2011,
and April 13, 2015. Two hundred sixty-three of these CASRNs are not on the list of unique CASRNs identified by the EPA
(Appendix H). Only one of the 263 chemicals was reported at greater than 1% of wells, which suggests that these
chemicals were used at only a few sites.
3
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Chemical Name (CASRN)a

Percent of FracFocus 1.0 disclosuresb

Quartz (14808-60-7)c

36

Glutaraldehyde (111-30-8)

34

Propargyl alcohol (107-19-7)

33

Potassium hydroxide (1310-58-3)

29

Ethanol (64-17-5)

29

Acetic acid (64-19-7)

24

Citric acid (77-92-9)

24

2-Butoxyethanol (111-76-2)

21

Sodium chloride (7647-14-5)

21

Solvent naphtha, petroleum, heavy aromatic (64742-94-5)

21

Naphthalene (91-20-3)

19

2,2-Dibromo-3-nitrilopropionamide (10222-01-2)

16

Phenolic resin (9003-35-4)

14

Choline chloride (67-48-1)

14

Methenamine (100-97-0)

14

Carbonic acid, dipotassium salt (584-08-7)

13

1,2,4-Trimethylbenzene (95-63-6)

13

Quaternary ammonium compounds, benzyl-C12-16-alkyldimethyl,
chlorides (68424-85-1)

12

Poly(oxy-1,2-ethanediyl)-nonylphenyl- hydroxy (mixture)
(127087-87-0)

12

Formic acid (64-18-6)

12

Sodium chlorite (7758-19-2)

11

Nonyl phenol ethoxylate (9016-45-9)

11

Tetrakis(hydroxymethyl)phosphonium sulfate (55566-30-8)

11

Polyethylene glycol (25322-68-3)

11

Ammonium chloride (12125-02-9)

10

Sodium persulfate (7775-27-1)

10

a

“Chemical” refers to chemical substances with a single CASRN; these may be pure chemicals (e.g., methanol) or chemical
mixtures (e.g., hydrotreated light petroleum distillates).
b

Analysis considered 34,675 disclosures that met selected quality assurance criteria. See Table 5-2 in Chapter 5.

c

Quartz and water were reported as ingredients in additives, in addition to proppants and base fluids.
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Concentrated additives are delivered to the well site and stored until they are mixed with the base
fluid and proppant and pumped down the oil and gas production well (Text Box ES-7). While the
overall concentration of additives in hydraulic fracturing fluids is generally small (typically 2% or
less of the total volume of the injected fluid), the total volume of additives delivered to the well site
can be large. Because over 1 million gallons (3.8 million liters) of hydraulic fracturing fluid are
generally injected per well, thousands of gallons of additives can be stored on site and used during
hydraulic fracturing.

As illustrated in Text Box ES-7, additives are often stored in multiple, closed containers [typically
200 gallons (760 liters) to 375 gallons (1,420 liters) per container] and moved around the site in
hoses and tubing. This equipment is designed to contain additives and blended hydraulic fracturing
fluid, but spills can occur. Changes in drinking water quality can occur if spilled fluids reach
groundwater or surface water resources.

Several studies have documented spills of hydraulic fracturing fluids or additives. Nearly all of these
studies identified spills from state-managed spill databases. Data gathered for these studies suggest
that spills of hydraulic fracturing fluids or additives were primarily caused by equipment failure or
human error. For example, an EPA analysis of spill reports from nine state agencies, nine oil and gas
well operators, and nine hydraulic fracturing service companies characterized 151 spills of
hydraulic fracturing fluids or additives on or near well sites in 11 states between January 2006 and
April 2012 (U.S. EPA, 2015m). These spills were primarily caused by equipment failure (34% of the
spills) or human error (25%), and more than 30% of the spills were from fluid storage units (e.g.,
tanks, totes, and trailers). Similarly, a study of spills reported to the Colorado Oil and Gas
Conservation Commission identified 125 spills during well stimulation (i.e., a part of the life of an
oil and gas well that often, but not always, includes hydraulic fracturing) between January 2010 and
August 2013 (COGCC, 2014). Of these spills, 51% were caused by human error and 46% were due
to equipment failure.
Studies of spills of hydraulic fracturing fluids or additives provide insights on spill volumes, but
little information on chemical-specific spill composition. Among the 151 spills characterized by the
EPA, the median volume of fluid spilled was 420 gallons (1,600 liters), although the volumes spilled
ranged from 5 gallons (19 liters) to 19,320 gallons (73,130 liters). Spilled fluids were often
described as acids, biocides, friction reducers, crosslinkers, gels, and blended hydraulic fracturing
fluid, but few specific chemicals were mentioned. 1 Considine et al. (2012) identified spills related to
oil and gas development in the Marcellus Shale that occurred between January 2008 and August
2011 from Notices of Violations issued by the Pennsylvania Department of Environmental
Protection. The authors identified spills greater than 400 gallons (1,500 liters) and spills less than
400 gallons (1,500 liters).

1 A crosslinker is an additive that increases the thickness of gelled fluids by connecting polymer molecules in the gelled
fluid.
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Text Box ES-7. Chemical Mixing Equipment.

Spills of hydraulic fracturing fluids or additives have reached, and therefore impacted, surface
water resources. Thirteen of the 151 spills characterized by the EPA were reported to have reached
a surface water body (often creeks or streams). Among the 13 spills, reported spill volumes ranged
from 28 gallons (105 liters) to 7,350 gallons (27,800 liters). Additionally, Brantley et al. (2014) and
Considine et al. (2012) identified fewer than 10 total instances of spills of additives and/or
hydraulic fracturing fluids greater than 400 gallons (1,500 liters) that reached surface waters in
ES-23

Executive Summary

Pennsylvania between January 2008 and June 2013. Reported spill volumes for these spills ranged
from 3,400 gallons (13,000 liters) to 227,000 gallons (859,000 liters).

Although impacts on surface water resources have been documented, site-specific studies that
could be used to describe factors that affect the frequency or severity of impacts were not available.
In the absence of such studies, we relied on fundamental scientific principles to identify factors that
affect how hydraulic fracturing fluids and chemicals can move through the environment to drinking
water resources. Because these factors influence whether spilled fluids reach groundwater and
surface water resources, they affect the frequency and severity of impacts on drinking water
resources from spills during the chemical mixing stage of the hydraulic fracturing water cycle.

The potential for spilled fluids to impact groundwater or surface water resources depends on the
characteristics of the spill, the environmental fate and transport of the spilled fluid, and spill
response activities (Figure ES-5). Site-specific characteristics affect how spilled liquids move
through soil into the subsurface or over the land surface. Generally, highly permeable soils or
fractured rock can allow spilled liquids to move quickly into and through the subsurface, limiting
the opportunity for spilled liquids to move over land to surface water resources. In low
permeability soils, spilled liquids are less able to move into the subsurface and are more likely to
move over the land surface. In either case, the volume spilled and the distance between the location
of the spill and nearby water resources affects whether spilled liquids reach drinking water
resources. Large-volume spills are generally more likely to reach drinking water resources because
they are more likely to be able to travel the distance between the location of the spill and nearby
water resources.

In general, chemical and physical properties, which depend on the identity and structure of a
chemical, control whether spilled chemicals evaporate, stick to soil particles, or move with water.
The EPA identified measured or estimated chemical and physical properties for 455 of the 1,084
chemicals used in hydraulic fracturing fluids between 2005 and 2013.1 The properties of these
chemicals varied widely, from chemicals that are more likely to move quickly through the
environment with a spilled liquid to chemicals that are more likely to move slowly through the
environment because they stick to soil particles. 2 Chemicals that move slowly through the
environment may act as longer-term sources of contamination if spilled.

1 Chemical and physical properties were identified using EPI Suite™. EPI Suite™ is a collection of chemical and physical
property and environmental fate estimation programs developed by the EPA and Syracuse Research Corporation. It can
be used to estimate chemical and physical properties of individual organic compounds. Of the 1,084 hydraulic fracturing
fluid chemicals identified by the EPA, 629 were not individual organic compounds, and thus EPI Suite™ could not be used
to estimate their chemical and physical properties.

These results describe how some hydraulic fracturing chemicals behave in infinitely dilute aqueous solutions, which is a
simplified approximation of the real-world mixtures found in hydraulic fracturing fluids. The presence of other chemicals
in a mixture can affect the fate and transport of a chemical.

2
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Figure ES-5. Generalized depiction of factors that influence whether spilled hydraulic
fracturing fluids or additives reach drinking water resources, including spill characteristics,
environmental fate and transport, and spill response activities.
Spill prevention practices and spill response activities are designed to prevent spilled fluids from
reaching groundwater or surface water resources and minimize impacts from spilled fluids. Spill
prevention and response activities are influenced by federal, state, and local regulations and
company practices. Spill prevention practices include secondary containment systems (e.g., liners
and berms), which are designed to contain spilled fluids and prevent them from reaching soil,
groundwater, or surface water. Spill response activities include activities taken to stop the spill,
contain spilled fluids (e.g., the deployment of emergency containment systems), and clean up
spilled fluids (e.g., removal of contaminated soil). It was beyond the scope of this report to evaluate
the implementation and efficacy of spill prevention practices and spill response activities.
The severity of impacts on water quality from spills of hydraulic fracturing fluids or additives
depends on the identity and amount of chemicals that reach groundwater or surface water
resources, the toxicity of the chemicals, and the characteristics of the receiving water resource.1
Characteristics of the receiving groundwater or surface water resource (e.g., water resource size
and flow rate) can affect the magnitude and duration of impacts by reducing the concentration of
spilled chemicals in a drinking water resource. Impacts on groundwater resources have the

1 Human health hazards associated with hydraulic fracturing fluid chemicals are discussed in Chapter 9 and summarized
in the “Chemicals in the Hydraulic Fracturing Water Cycle” section below.
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potential to be more severe than impacts on surface water resources because it takes longer to
naturally reduce the concentration of chemicals in groundwater and because it is generally difficult
to remove chemicals from groundwater resources. Due to a lack of data, particularly in terms of
groundwater monitoring after spill events, little is publicly known about the severity of drinking
water impacts from spills of hydraulic fracturing fluids or additives.

Chemical Mixing Conclusions

Spills of hydraulic fracturing fluids and additives during the chemical mixing stage of the hydraulic
fracturing water cycle have reached surface water resources in some cases and have the potential
to reach groundwater resources. Although the available data indicate that spills of various volumes
can reach surface water resources, large volume spills are more likely to travel longer distances to
nearby groundwater or surface water resources. Consequently, large volume spills likely increase
the frequency of impacts on drinking water resources. Large volume spills, particularly of
concentrated additives, are also likely to result in more severe impacts on drinking water resources
than small volume spills because they can deliver a large quantity of potentially hazardous
chemicals to groundwater or surface water resources. Impacts on groundwater resources are likely
to be more severe than impacts on surface water resources because of the inherent characteristics
of groundwater. Spill prevention and response activities are designed to prevent spilled fluids from
reaching groundwater or surface water resources and minimize impacts from spilled fluids.

Well Injection

Activity: The injection and movement of hydraulic fracturing fluids through the oil and gas
production well and in the targeted rock formation.

Relationship to Drinking Water Resources: Belowground pathways, including the production
well itself and newly-created fractures, can allow hydraulic fracturing fluids or other fluids to reach
underground drinking water resources.

Hydraulic fracturing fluids primarily move along two pathways during the well injection stage: the
oil and gas production well and the newly-created fracture network. Oil and gas production wells
are designed and constructed to move fluids to and from the targeted rock formation without
leaking and to prevent fluid movement along the outside of the well. This is generally accomplished
by installing multiple layers of casing and cement within the drilled hole (Text Box ES-2),
particularly where the well intersects oil-, gas-, and/or water-bearing rock formations. Casing and
cement, in addition to other well components (e.g., packers), can control hydraulic fracturing fluid
movement by creating a preferred flow pathway (i.e., inside the casing) and preventing
unintentional fluid movement (e.g., from the inside of the casing to the surrounding environment or
vertically along the well from the targeted rock formation to shallower formations).1 An EPA survey
of oil and gas production wells hydraulically fractured between approximately September 2009 and
September 2010 suggests that hydraulically fractured wells are often, but not always, constructed
Packers are mechanical devices installed with casing. Once the casing is set in the drilled hole, packers swell to fill the
space between the outside of the casing and the surrounding rock or casing.

1
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with multiple casings that have varying amounts of cement surrounding each casing (U.S. EPA,
2015n). Among the wells surveyed, the most common number of casings per well was two: surface
casing and production casing (Text Box ES-2). The presence of multiple cemented casings that
extend from the ground surface to below the designated drinking water resource is one of the
primary well construction features that protects underground drinking water resources.

During hydraulic fracturing, a well is subjected to greater pressure and temperature changes than
during any other activity in the life of the well. As hydraulic fracturing fluid is injected into the well,
the pressure applied to the well increases until the targeted rock formation fractures; then pressure
decreases. Maximum pressures applied to wells during hydraulic fracturing have been reported to
range from less than 2,000 pounds per square inch (psi) [14 megapascals (MPa)] to approximately
12,000 psi (83 MPa). 1 A well can also experience temperature changes as cooler hydraulic
fracturing fluid enters the warmer well. In some cases, casing temperatures have been observed to
drop from 212°F (100°C) to 64°F (18°C). A well can experience multiple pressure and temperature
cycles if hydraulic fracturing is done in multiple stages or if a well is re-fractured. 2 Casing, cement,
and other well components need to be able to withstand these changes in pressure and
temperature, so that hydraulic fracturing fluids can flow to the targeted rock formation without
leaking.
The fracture network created during hydraulic fracturing is the other primary pathway along which
hydraulic fracturing fluids move. Fracture growth during hydraulic fracturing is complex and
depends on the characteristics of the targeted rock formation and the characteristics of the
hydraulic fracturing operation. In general, rock characteristics, particularly the natural stresses
placed on the targeted rock formation due to the weight of the rock above, affect how the rock
fractures, including whether newly-created fractures grow vertically (i.e., perpendicular to the
ground surface) or horizontally (i.e., parallel to the ground surface) (Text Box ES-8). Because
hydraulic fracturing fluids are used to create and grow fractures, fracture growth during hydraulic
fracturing can be controlled by limiting the rate and volume of hydraulic fracturing fluid injected
into the well.

Publicly available data on fracture growth are currently limited to microseismic and tiltmeter data
collected during hydraulic fracturing operations in five shale plays in the United States. Analyses of
these data by Fisher and Warpinski (2012) and Davies et al. (2012) indicate that the direction of
fracture growth generally varied with depth and that upward vertical fracture growth was often on
the order of tens to hundreds of feet in the shale formations studied (Text Box ES-8). One percent of
the fractures had a fracture height greater than 1,148 feet (350 meters), and the maximum fracture
height among all of the data reported was 1,929 feet (588 meters). These reported fracture heights
suggest that some fractures can grow out of the targeted rock formation and into an overlying
formation. It is unknown whether these observations apply to other hydraulically fractured rock
formations because similar data from hydraulic fracturing operations in other rock formations are
not currently available to the public.
1

For comparison, average atmospheric pressure is approximately 15 psi.

In a multi-stage hydraulic fracturing operation, specific parts of the well are isolated and hydraulically fractured until
the total desired length of the well has been hydraulically fractured.

2
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Text Box ES-8. Fracture Growth.
Fracture growth during hydraulic fracturing is complex and depends on the characteristics of the targeted rock
formation and the characteristics of the hydraulic fracturing operation.

The potential for hydraulic fracturing fluids to reach, and therefore impact, underground drinking
water resources is related to the pathways along which hydraulic fracturing fluids primarily move
during hydraulic fracturing: the oil and gas production well itself and the fracture network created
during hydraulic fracturing. Because the well can be a pathway for fluid movement, the mechanical
integrity of the well is an important factor that affects the frequency and severity of impacts from
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the well injection stage of the hydraulic fracturing water cycle. 1 A well with insufficient mechanical
integrity can allow unintended fluid movement, either from the inside to the outside of the well
(pathway 1 in Figure ES-6) or vertically along the outside of the well (pathways 2-5). The existence
of one or more of these pathways can result in impacts on drinking water resources if hydraulic
fracturing fluids reach groundwater resources. Impacts on drinking water resources can also occur
if gases or liquids released from the targeted rock formation or other formations during hydraulic
fracturing travel along these pathways to groundwater resources.

Figure ES-6. Potential pathways for fluid movement in a cemented well.

These pathways (represented by the white arrows) include: (1) a casing and tubing leak into the surrounding rock,
(2) an uncemented annulus (i.e., the space behind the casing), (3) microannuli between the casing and cement,
(4) gaps in cement due to poor cement quality, and (5) microannuli between the cement and the surrounding rock.
This figure is intended to provide a conceptual illustration of pathways that can be present in a well and is not to
scale.
1

Mechanical integrity is the absence of significant leakage within or outside of the well components.
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The pathways shown in Figure ES-6 can exist because of inadequate well design or construction
(e.g., incomplete cement around the casing where the well intersects with water-, oil-, or gasbearing formations) or can develop over the well’s lifetime, including during hydraulic fracturing.
In particular, casing and cement can degrade over the life of the well because of exposure to
corrosive chemicals, formation stresses, and operational stresses (e.g., pressure and temperature
changes during hydraulic fracturing). As a result, some hydraulically fractured oil and gas
production wells may develop one or more of the pathways shown in Figure ES-6. Changes in
mechanical integrity over time have implications for older wells that are hydraulically fractured
because these wells may not be able to withstand the stresses applied during hydraulic fracturing.
Older wells may also be hydraulically fractured at shallower depths, where cement around the
casing may be inadequate or missing.

Examples of mechanical integrity problems have been documented in hydraulically fractured oil
and gas production wells. In one case, hydraulic fracturing of an inadequately cemented gas well in
Bainbridge Township, Ohio, contributed to the movement of methane into local drinking water
resources.1 In another case, an inner string of casing burst during hydraulic fracturing of an oil well
near Killdeer, North Dakota, resulting in a release of hydraulic fracturing fluids and formation fluids
that impacted a groundwater resource.
The potential for hydraulic fracturing fluids or other fluids to reach underground drinking water
resources is also related to the fracture network created during hydraulic fracturing. Because fluids
travel through the newly-created fractures, the location of these fractures relative to underground
drinking water resources is an important factor affecting the frequency and severity of potential
impacts on drinking water resources. Data on the relative location of induced fractures to
underground drinking water resources are generally not available, because fracture networks are
infrequently mapped and because there can be uncertainty in the depth of the bottom of the
underground drinking water resource at a specific location.

Without these data, we were often unable to determine with certainty whether fractures created
during hydraulic fracturing have reached underground drinking water resources. Instead, we
considered the vertical separation distance between hydraulically fractured rock formations and
the bottom of underground drinking water resources. Based on computer modeling studies,
Birdsell et al. (2015a) concluded that it is less likely that hydraulic fracturing fluids would reach an
overlying drinking water resource if (1) the vertical separation distance between the targeted rock
formation and the drinking water resource is large and (2) there are no open pathways (e.g.,
natural faults or fractures, or leaky wells). As the vertical separation distance between the targeted
rock formation and the underground drinking water resource decreases, the likelihood of upward
migration of hydraulic fracturing fluids to the drinking water resource increases (Birdsell et al.,
2015a).
Figure ES-7 illustrates how the vertical separation distance between the targeted rock formation
and underground drinking water resources can vary across the United States. The two example
1 Although ingestion of methane is not considered to be toxic, methane can pose a physical hazard. Methane can
accumulate to explosive levels when allowed to exsolve (degas) from groundwater in closed environments.
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environments depicted in panels a and b represent the range of separation distances shown in
panel c. In Figure ES-7a, there are thousands of feet between the bottom of the underground
drinking water resource and the hydraulically fractured rock formation. These conditions are
generally reflective of deep shale formations (e.g., Haynesville Shale), where oil and gas production
wells are first drilled vertically and then horizontally along the targeted rock formation.
Microseismic data and modeling studies suggest that, under these conditions, fractures created
during hydraulic fracturing are unlikely to grow through thousands of feet of rock into
underground drinking water resources.

Figure ES-7. Examples of different subsurface environments in which hydraulic fracturing
takes place.

In panel a, there are thousands of feet between the base of the underground drinking water resource and the part
of the well that is hydraulically fractured. Panel b illustrates the co-location of groundwater and oil and gas
resources. In these types of situations, there is no separation between the shallowest point of hydraulic fracturing
within the well and the bottom of the underground drinking water resource. Panel c shows the estimated
distribution of separation distances for approximately 23,000 oil and gas production wells hydraulically fractured
by nine service companies between 2009 and 2019 (U.S. EPA, 2015n). The separation distance is the distance along
the well between the point of shallowest hydraulic fracturing in the well and the base of the protected
groundwater resource (illustrated in panel a). The error bars in panel c display 95% confidence intervals.

When drinking water resources are co-located with oil and gas resources and there is no vertical
separation between the hydraulically fractured rock formation and the bottom of the underground
drinking water resource (Figure ES-7b), the injection of hydraulic fracturing fluids impacts the
quality of the drinking water resource. According to the information examined in this report, the
overall occurrence of hydraulic fracturing within a drinking water resource appears to be low, with
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the activity generally concentrated in some areas in the western United States (e.g., the Wind River
Basin near Pavillion, Wyoming, and the Powder River Basin of Montana and Wyoming). 1 Hydraulic
fracturing within drinking water resources introduces hydraulic fracturing fluid into formations
that may currently serve, or in the future could serve, as a drinking water source for public or
private use. This is of concern in the short-term if people are currently using these formations as a
drinking water supply. It is also of concern in the long-term, because drought or other conditions
may necessitate the future use of these formations for drinking water.

Regardless of the vertical separation between the targeted rock formation and the underground
drinking water resource, the presence of other wells near hydraulic fracturing operations can
increase the potential for hydraulic fracturing fluids or other subsurface fluids to move to drinking
water resources. There have been cases in which hydraulic fracturing at one well has affected a
nearby oil and gas well or its fracture network, resulting in unexpected pressure increases at the
nearby well, damage to the nearby well, or spills at the surface of the nearby well. These well
communication events, or “frac hits,” have been reported in New Mexico, Oklahoma, and other
locations. Based on the available information, frac hits most commonly occur when multiple wells
are drilled from the same surface location and when wells are spaced less than 1,100 feet (335
meters) apart. Frac hits have also been observed at wells up to 8,422 feet (2,567 meters) away from
a well undergoing hydraulic fracturing.

Abandoned wells near a well undergoing hydraulic fracturing can provide a pathway for vertical
fluid movement to drinking water resources if those wells were not properly plugged or if the plugs
and cement have degraded over time. For example, an abandoned well in Pennsylvania produced a
30-foot (9-meter) geyser of brine and gas for more than a week after hydraulic fracturing of a
nearby gas well. The potential for fluid movement along abandoned wells may be a significant issue
in areas with historic oil and gas exploration and production. Various studies estimate the number
of abandoned wells in the United States to be significant. For instance, the Interstate Oil and Gas
Compact Commission estimates that over 1 million wells were drilled in the United States prior to
the enactment of state oil and gas regulations (IOGCC, 2008). The location and condition of many of
these wells are unknown, and some states have programs to find and plug abandoned wells.

Well Injection Conclusions

Impacts on drinking water resources associated with the well injection stage of the hydraulic
fracturing water cycle have occurred in some instances. In particular, mechanical integrity failures
have allowed gases or liquids to move to underground drinking water resources. Additionally,
hydraulic fracturing has occurred within underground drinking water resources in parts of the
United States. This practice introduces hydraulic fracturing fluids into underground drinking water
resources. Consequently, the mechanical integrity of the well and the vertical separation distance
between the targeted rock formation and underground drinking water resources are important
factors that affect the frequency and severity of impacts on drinking water resources. The presence
of multiple layers of cemented casing and thousands of feet of rock between hydraulically fractured
1

Section 6.3.2 in Chapter 6.
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rock formations and underground drinking water resources can reduce the frequency of impacts on
drinking water resources during the well injection stage of the hydraulic fracturing water cycle.

Produced Water Handling

Activity: The on-site collection and handling of water that returns to the surface after hydraulic
fracturing and the transportation of that water for disposal or reuse.

Relationship to Drinking Water Resources: Spills of produced water can reach groundwater and
surface water resources.
After hydraulic fracturing, the injection pressure applied to the oil or gas production well is
released, and the direction of fluid flow reverses, causing fluid to flow out of the well. The fluid that
initially returns to the surface after hydraulic fracturing is mostly hydraulic fracturing fluid and is
sometimes called “flowback” (Text Box ES-9). As time goes on, the fluid that returns to the surface
contains water and economic quantities of oil and/or gas that are separated and collected. Water
that returns to the surface during oil and gas production is similar in composition to the fluid
naturally found in the targeted rock formation and is typically called “produced water.” The term
“produced water” is also used to refer to any water, including flowback, that returns to the surface
through the production well as a by-product of oil and gas production. This latter definition of
“produced water” is used in this report.

Produced water can contain many constituents, depending on the composition of the injected
hydraulic fracturing fluid and the type of rock hydraulically fractured. Knowledge of the chemical
composition of produced water comes from the collection and analysis of produced water samples,
which often requires advanced laboratory equipment and techniques that can detect and quantify
chemicals in produced water. In general, produced water has been found to contain:
•

•
•
•
•

Salts, including those composed from chloride, bromide, sulfate, sodium, magnesium, and
calcium;
Metals, including barium, manganese, iron, and strontium;

Naturally-occurring organic compounds, including benzene, toluene, ethylbenzene,
xylenes (BTEX), and oil and grease;
Radioactive materials, including radium; and

Hydraulic fracturing chemicals and their chemical transformation products.

The amount of these constituents in produced water varies across the United States, both within
and among different rock formations. Produced water from shale and tight gas formations is
typically very salty compared to produced water from coalbed methane formations. For example,
the salinity of produced water from the Marcellus Shale has been reported to range from less than
1,500 milligrams per liter (mg/L) of total dissolved solids to over 300,000 mg/L, while produced
water from coalbed methane formations has been reported to range from 170 mg/L of total
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Text Box ES-9. Produced Water from Hydraulically Fractured Oil and Gas Production Wells.
Water of varying quality is a byproduct of oil and gas production. The composition and volume of produced water
varies by well, rock formation, and time after hydraulic fracturing. Produced water can contain hydraulic fracturing
fluid, formation water, and chemical transformation products.

dissolved solids to nearly 43,000 mg/L. 1 Shale and sandstone formations also commonly contain
radioactive materials, including uranium, thorium, and radium. As a result, radioactive materials
have been detected in produced water from these formations.
Produced water volumes can vary by well, rock formation, and time after hydraulic fracturing.
Volumes are often described in terms of the volume of hydraulic fracturing fluid used to fracture
the well. For example, Figure ES-4 shows that wells in the Marcellus Shale typically produce 1030% of the volume injected in the first 10 years after hydraulic fracturing. In comparison, some
wells in the Barnett Shale have produced 100% of the volume injected in the first three years.

1

For comparison, the average salinity of seawater is approximately 35,000 mg/L of total dissolved solids.
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Because of the large volumes used for hydraulic fracturing [about 4 million gallons (15 million
liters) per well in the Marcellus Shale and the Barnett Shale], hundreds of thousands to millions of
gallons of produced water need to be collected and handled at the well site. The volume of water
produced per day generally decreases with time, so the volumes handled on site immediately after
hydraulic fracturing can be much larger than the volumes handled when the well is producing oil
and/or gas (Text Box ES-9).
Produced water flows from the well to on-site tanks or pits through a series of pipes or flowlines
(Text Box ES-10) before being transported offsite via trucks or pipelines for disposal or reuse.
While produced water collection, storage, and transportation systems are designed to contain
produced water, spills can occur. Changes in drinking water quality can occur if produced water
spills reach groundwater or surface water resources.

Produced water spills have been reported across the United States. Median spill volumes among the
datasets reviewed for this report ranged from approximately 340 gallons (1,300 liters) to 1,000
gallons (3,800 liters) per spill.1 There were, however, a small number of large volume spills. In
North Dakota, for example, there were 12 spills greater than 21,000 gallons (79,500 liters), five
spills greater than 42,000 gallons (160,000 liters), and one spill of 2.9 million gallons (11 million
liters) in 2015. Common causes of produced water spills included human error and equipment
leaks or failures. Common sources of produced water spills included hoses or lines and storage
equipment.

Spills of produced water have reached groundwater and surface water resources. In U.S. EPA
(2015m), 30 of the 225 (13%) produced water spills characterized were reported to have reached
surface water (e.g., creeks, ponds, or wetlands), and one was reported to have reached
groundwater. Of the spills that were reported to have reached surface water, reported spill volumes
ranged from less than 170 gallons (640 liters) to almost 74,000 gallons (280,000 liters). A separate
assessment of produced water spills reported to the California Office of Emergency Services
between January 2009 and December 2014 reported that 18% of the spills impacted waterways
(CCST, 2015a).
Documented cases of water resource impacts from produced water spills provide insights into the
types of impacts that can occur. In most of the cases reviewed for this report, documented impacts
included elevated levels of salinity in groundwater and/or surface water resources. 2 For example,
the largest produced water spill reported in this report occurred in North Dakota in 2015, when
approximately 2.9 million gallons (11 million liters) of produced water spilled from a broken
pipeline. The spilled fluid flowed into Blacktail Creek and increased the concentration of chloride
and the electrical conductivity of the creek; these observations are consistent with an increase in
water salinity. Elevated levels of electrical conductivity and chloride were also found downstream
in the Little Muddy River and the Missouri River. In another example, pits holding flowback fluids
overflowed in Kentucky in 2007. The spilled fluid reached the Acorn Fork Creek, decreasing the pH
of the creek and increasing the electrical conductivity.
1

See Section 7.4 in Chapter 7.

Groundwater impacts from produced water management practices are described in Chapter 8 and summarized in the
“Wastewater Disposal and Reuse” section below.
2
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Text Box ES-10. On-Site Storage of Produced Water.
Water that returns to the surface after hydraulic fracturing is collected and stored on site in pits or tanks.
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Site-specific studies of historical produced water releases highlight the role of local geology in the
movement of produced water through the environment. Whittemore (2007) described a site in
Kansas where low permeability soils and rock caused produced water to primarily flow over the
land surface to nearby surface water resources, reducing the amount of produced water that
infiltrated soil. In contrast, Otton et al. (2007) explored the release of produced water and oil from
two pits in Oklahoma. In this case, produced water from the pits flowed through thin soil and into
the underlying, permeable rock. Produced water was also identified in deeper, less permeable rock.
The authors suggest that produced water moved into the deeper, less permeable rock through
natural fractures. Together, these studies highlight the role of preferential flow paths (i.e., paths of
least resistance) in the movement of produced water through the environment.

Spill response activities likely reduce the severity of impacts on groundwater and surface water
resources from produced water spills. For example, in the North Dakota example noted above,
absorbent booms were placed in the affected creek and contaminated soil and oil-coated ice were
removed from the site. In another example, a pipeline leak in Pennsylvania spilled approximately
11,000 gallons (42,000 liters) of produced water, which flowed into a nearby stream. In response,
the pipeline was shut off, a dam was constructed to contain the spilled produced water, water was
removed from the stream, and the stream was flushed with fresh water. In both examples, it was
not possible to quantify how spill response activities reduced the severity of impacts on
groundwater or surface water resources. However, actions taken after the spills were designed to
stop produced water from entering the environment (e.g., shutting off a pipeline), remove produced
water from the environment (e.g., using absorbent booms), and reduce the concentration of
produced water constituents introduced into water resources (e.g., flushing a stream with fresh
water).
The severity of impacts on water quality from spills of produced water depends on the identity and
amount of produced water constituents that reach groundwater or surface water resources, the
toxicity of those constituents, and the characteristics of the receiving water resource.1 In particular,
spills of produced water can have high levels of total dissolved solids, which affects how the spilled
fluid moves through the environment. When a spilled fluid has greater levels of total dissolved
solids than groundwater, the higher-density fluid can move downward through groundwater
resources. Depending on the flow rate and other properties of the groundwater resource, impacts
from produced water spills can last for years.

Produced Water Handling Conclusions

Spills of produced water during the produced water handling stage of the hydraulic fracturing
water cycle have reached groundwater and surface water resources in some cases. Several cases of
water resource impacts from produced water spills suggest that impacts are characterized by
increases in the salinity of the affected groundwater or surface water resource. In the absence of
direct pathways to groundwater resources (e.g., fractured rock), large volume spills are more likely
to travel further from the site of the spill, potentially to groundwater or surface water resources.
Human health hazards associated with chemicals detected in produced water are discussed in Chapter 9 and
summarized in the “Chemicals in the Hydraulic Fracturing Water Cycle” section below.

1
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Additionally, saline produced water can migrate downward through soil and into groundwater
resources, leading to longer-term groundwater contamination. Spill prevention and response
activities can prevent spilled fluids from reaching groundwater or surface water resources and
minimize impacts from spilled fluids.

Wastewater Disposal and Reuse

Activity: The disposal and reuse of hydraulic fracturing wastewater.

Relationship to Drinking Water Resources: Disposal practices can release inadequately treated
or untreated hydraulic fracturing wastewater to groundwater and surface water resources.

In general, produced water from hydraulically fractured oil and gas production wells is managed
through injection in Class II wells, reuse in other hydraulic fracturing operations, or various
aboveground disposal practices (Text Box ES-11). In this report, produced water from hydraulically
fractured oil and gas wells that is being managed through one of the above management strategies
is referred to as “hydraulic fracturing wastewater.” Wastewater management choices are affected
by cost and other factors, including: the local availability of disposal methods; the quality of
produced water; the volume, duration, and flow rate of produced water; federal, state, and local
regulations; and well operator preferences.

Available information suggests that hydraulic fracturing wastewater is mostly managed through
injection in Class II wells. Veil (2015) estimated that 93% of produced water from the oil and gas
industry was injected in Class II wells in 2012. Although this estimate included produced water
from oil and gas wells in general, it is likely indicative of nationwide management practices for
hydraulic fracturing wastewater. Disposal of hydraulic fracturing wastewater in Class II wells is
often cost-effective, especially when a Class II disposal well is located within a reasonable distance
from a hydraulically fractured oil or gas production well. In particular, large numbers of active Class
II disposal wells are found in Texas (7,876), Kansas (5,516), Oklahoma (3,837), Louisiana (2,448),
and Illinois (1,054) (U.S. EPA, 2016d). Disposal of hydraulic fracturing wastewater in Class II wells
has been associated with earthquakes in several states, which may reduce the availability of
injection in Class II wells as a wastewater disposal option in these states.

Nationwide, aboveground disposal and reuse of hydraulic fracturing wastewater are currently
practiced to a much lesser extent compared to injection in Class II wells, and these management
strategies appear to be concentrated in certain parts of the United States. For example,
approximately 90% of hydraulic fracturing wastewater from Marcellus Shale gas wells in
Pennsylvania was reused in other hydraulic fracturing operations in 2013 (Figure ES-4a). Reuse in
hydraulic fracturing operations is practiced in some other areas of the United States as well, but at
lower rates (approximately 5-20%). Evaporation ponds and percolation pits have historically been
used in the western United States to manage produced water from the oil and gas industry and have
likely been used to manage hydraulic fracturing wastewater. Percolation pits, in particular, were
commonly reported to have been used to manage produced water from stimulated wells in Kern
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Text Box ES-11. Hydraulic Fracturing Wastewater Management.
Produced water from hydraulically fractured oil and gas production wells is often, but not always, considered a
waste product to be managed. Hydraulic fracturing wastewater (i.e., produced water from hydraulically fractured
wells) is generally managed through injection in Class II wells, reuse in other hydraulic fracturing operations, and
various aboveground disposal practices.

Federal and state regulations affect aboveground disposal management options. For example, existing federal
regulations generally prevent the direct release of wastewater pollutants to waters of the United States from
onshore oil and gas extraction facilities east of the 98th meridian. However, in the arid western portion of the
continental United States (west of the 98th meridian), direct discharges of wastewater from onshore oil and gas
extraction facilities to waters of the United States may be permitted if the produced water has a use in agriculture
or wildlife propagation and meets established water quality criteria when discharged.
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County, California, between 2011 and 2014. 1 Beneficial uses (e.g., livestock watering and irrigation)
are also practiced in the western United States if the water quality is considered acceptable,
although available data on the use of these practices are incomplete.
Aboveground disposal practices generally release treated or, under certain conditions, untreated
wastewater directly to surface water or the land surface (e.g., wastewater treatment facilities,
evaporation pits, or irrigation). If released to the land surface, treated or untreated wastewater can
move through soil to groundwater resources. Because the ultimate fate of the wastewater can be
groundwater or surface water resources, the aboveground disposal of hydraulic fracturing
wastewater, in particular, can impact drinking water resources.

Impacts on drinking water resources from the aboveground disposal of hydraulic fracturing
wastewater have been documented. For example, early wastewater management practices in the
Marcellus Shale region in Pennsylvania included the use of wastewater treatment facilities that
released (i.e., discharged) treated wastewater to surface waters (Figure ES-8). The wastewater
treatment facilities were unable to adequately remove the high levels of total dissolved solids found
in produced water from Marcellus Shale gas wells, and the discharges contributed to elevated levels
of total dissolved solids (particularly bromide) in the Monongahela River Basin. In the Allegheny
River Basin, elevated bromide levels were linked to increases in the concentration of hazardous
disinfection byproducts in at least one downstream drinking water facility and a shift to more toxic
brominated disinfection byproducts.2 In response, the Pennsylvania Department of Environmental
Protection revised existing regulations to prevent these discharges and also requested that oil and
gas operators voluntarily stop bringing certain kinds of hydraulic fracturing wastewater to facilities
that discharge inadequately treated wastewater to surface waters. 3

The scientific literature and recent data from the Pennsylvania Department of Environmental
Protection suggest that other produced water constituents (e.g., barium, strontium, and radium)
may have been introduced to surface waters through the release of inadequately treated hydraulic
fracturing wastewater. In particular, radium has been detected in stream sediments at or near
wastewater treatment facilities that discharged inadequately treated hydraulic fracturing
wastewater. Such sediments can migrate if they are disturbed during dredging or flood events.
Additionally, residuals from the treatment of hydraulic fracturing wastewater (i.e., the solids or
liquids that remain after treatment) are concentrated in the constituents removed during
treatment, and these residuals can impact groundwater or surface water resources if they are not
managed properly.

Hydraulic fracturing was the predominant stimulation practice. Other stimulation practices included acid fracturing and
matrix acidizing. California updated its regulations in 2015 to prohibit the use of percolation pits for the disposal of fluids
produced from stimulated wells.

1

2 Disinfection byproducts form through chemical reactions between organic material and disinfectants, which are used in
drinking water treatment. Human health hazards associated with disinfection byproducts are described in Section 9.5.6 in
Chapter 9.
3

See Text Box 8-1 in Chapter 8.
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Figure ES-8. Changes in wastewater management practices over time in the Marcellus Shale
area of Pennsylvania.
Data from PA DEP (2015a).

Impacts on groundwater and surface water resources from current and historic uses of lined and
unlined pits, including percolation pits, in the oil and gas industry have been documented. For
example, Kell (2011) reported 63 incidents of non-public water supply contamination from unlined
or inadequately constructed pits in Ohio between 1983 and 2007, and 57 incidents of groundwater
contamination from unlined produced water disposal pits in Texas prior to 1984. Other cases of
impacts have been identified in several states, including New Mexico, Oklahoma, Pennsylvania, and
Wyoming. 1 Impacts among these cases included the detection of volatile organic compounds in
groundwater resources, wastewater reaching surface water resources from pit overflows, and
wastewater reaching groundwater resources through liner failures. Based on documented impacts
on groundwater resources from unlined pits, many states have implemented regulations that
prohibit percolation pits or unlined storage pits for either hydraulic fracturing wastewater or oil
and gas wastewater in general.
The severity of impacts on drinking water resources from the aboveground disposal of hydraulic
fracturing wastewater depends on the volume and quality of the discharged wastewater and the
characteristics of the receiving water resource. In general, large surface water resources with high
flow rates can reduce the severity of impacts through dilution, although impacts may not be
eliminated. In contrast, groundwater is generally slow moving, which can lead to an accumulation
of hydraulic fracturing wastewater contaminants in groundwater from continuous or repeated
discharges to the land surface; the resulting contamination can be long-lasting. The severity of

1

See Section 8.4.5 in Chapter 8.
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impacts on groundwater resources will also be influenced by soil and sediment properties and
other factors that control the movement or degradation of wastewater constituents.

Wastewater Disposal and Reuse Conclusions

The aboveground disposal of hydraulic fracturing wastewater has impacted the quality of
groundwater and surface water resources in some instances. In particular, discharges of
inadequately treated hydraulic fracturing wastewater to surface water resources have contributed
to elevated levels of hazardous disinfection byproducts in at least one downstream drinking water
system. Additionally, the use of lined and unlined pits for the storage or disposal of oil and gas
wastewater has impacted surface and groundwater resources. Unlined pits, in particular, provide a
direct pathway for contaminants to reach groundwater. Wastewater management is dynamic, and
recent changes in state regulations and practices have been made to limit impacts on groundwater
and surface water resources from the aboveground disposal of hydraulic fracturing wastewater.

Chemicals in the Hydraulic Fracturing Water Cycle

Chemicals are present in the hydraulic fracturing water cycle. During the chemical mixing stage of
the hydraulic fracturing water cycle, chemicals are intentionally added to water to alter its
properties for hydraulic fracturing (Text Box ES-6). Produced water, which is collected, handled,
and managed in the last two stages of the hydraulic fracturing water cycle, contains chemicals
added to hydraulic fracturing fluids, naturally occurring chemicals found in hydraulically fractured
rock formations, and any chemical transformation products (Text Box ES-9). By evaluating
available data sources, we compiled a list of 1,606 chemicals that are associated with the hydraulic
fracturing water cycle, including 1,084 chemicals reported to have been used in hydraulic
fracturing fluids and 599 chemicals detected in produced water. This list represents a national
analysis; an individual well would likely have a fraction of the chemicals on this list and may have
other chemicals that were not included on this list.

In many stages of the hydraulic fracturing water cycle, the severity of impacts on drinking water
resources depends, in part, on the identity and amount of chemicals that enter the environment.
The properties of a chemical influence how it moves and transforms in the environment and how it
interacts with the human body. Therefore, some chemicals in the hydraulic fracturing water cycle
are of more concern than others because they are more likely to move with water (e.g., spilled
hydraulic fracturing fluid) to drinking water resources, persist in the environment (e.g., chemicals
that do not degrade), and/or affect human health.
Evaluating potential hazards from chemicals in the hydraulic fracturing water cycle is most useful
at local and/or regional scales because chemical use for hydraulic fracturing can vary from well to
well and because the characteristics of produced water are influenced by the geochemistry of
hydraulically fractured rock formations. Additionally, site-specific characteristics (e.g., the local
landscape, and soil and subsurface permeability) can affect whether and how chemicals enter
drinking water resources, which influences how long people may be exposed to specific chemicals
and at what concentrations. As a first step for informing site-specific risk assessments, the EPA
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compiled toxicity values for chemicals in the hydraulic fracturing water cycle from federal, state,
and international sources that met the EPA’s criteria for inclusion in this report. 1,2

The EPA was able to identify chronic oral toxicity values from the selected data sources for 98 of the
1,084 chemicals that were reported to have been used in hydraulic fracturing fluids between 2005
and 2013. Potential human health hazards associated with chronic oral exposure to these chemicals
include cancer, immune system effects, changes in body weight, changes in blood chemistry,
cardiotoxicity, neurotoxicity, liver and kidney toxicity, and reproductive and developmental
toxicity. Of the chemicals most frequently reported to FracFocus 1.0, nine had toxicity values from
the selected data sources (Table ES-3). Critical effects for these chemicals include kidney/renal
toxicity, hepatotoxicity, developmental toxicity (extra cervical ribs), reproductive toxicity, and
decreased terminal body weight.

Table ES-3. Available chronic oral reference values for hydraulic fracturing chemicals reported
in 10% or more of disclosures in FracFocus 1.0.
Chemical name (CASRN)a
Propargyl alcohol (107-19-7)

Chronic oral
reference value Critical effect
(mg/kg/day)
0.002c
c

Percent of
FracFocus 1.0
disclosuresb

Renal and hepatotoxicity

33

Decreased pain sensitivity

13

1,2,4-Trimethylbenzene (95-63-6)

0.01

Naphthalene (91-20-3)

0.02c

Decreased terminal body
weight

19

Sodium chlorite (7758-19-2)

0.03c

Neuro-developmental
effects

11

2-Butoxyethanol (111-76-2)

0.1c

Hemosiderin deposition in
the liver

23

Quaternary ammonium compounds, benzylC12-16-alkyldimethyl, chlorides (68424-85-1)

0.44d

Decreased body weight
and weight gain

12

Formic acid (64-18-6)

0.9e

Ethylene glycol (107-21-1)
Methanol (67-56-1)

Reproductive toxicity

11

2

c

Kidney toxicity

47

2

c

Extra cervical ribs

73

a “Chemical”

refers to chemical substances with a single CASRN; these may be pure chemicals (e.g., methanol) or chemical
mixtures (e.g., hydrotreated light petroleum distillates).
b Analysis
c

d From
e

considered 35,957 disclosures that met selected quality assurance criteria. See Table 9-2 in Chapter 9.

From the EPA Integrated Risk Information System database.
the EPA Human Health Benchmarks for Pesticides database.

From the EPA Provisional Peer-Reviewed Toxicity Value database.

1 Specifically, the EPA compiled noncancer oral reference values and cancer oral slope factors (Chapter 9). A reference
value describes the dose of a chemical that is likely to be without an appreciable risk of adverse health effects. In the
context of this report, the term “reference value” generally refers to reference values for noncancer effects occurring via
the oral route of exposure and for chronic durations. An oral slope factor is an upper-bound estimate on the increased
cancer risk from a lifetime oral exposure to an agent.

2 The EPA’s criteria for inclusion in this report are described in Section 9.4.1 in Chapter 9. Sources of information that met
these criteria are listed in Table 9-1 of Chapter 9.
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Chronic oral toxicity values from the selected data sources were identified for 120 of the 599
chemicals detected in produced water. Potential human health hazards associated with chronic oral
exposure to these chemicals include liver toxicity, kidney toxicity, neurotoxicity, reproductive and
developmental toxicity, and carcinogenesis. Chemical-specific toxicity values are included in
Chapter 9.

Chemicals in the Hydraulic Fracturing Water Cycle Conclusions

Some of the chemicals in the hydraulic fracturing water cycle are known to be hazardous to human
health. Of the 1,606 chemicals identified by the EPA, 173 had chronic oral toxicity values from
federal, state, and international sources that met the EPA’s criteria for inclusion in this report.
These data alone, however, are insufficient to determine which chemicals have the greatest
potential to impact drinking water resources and human health. To understand whether specific
chemicals can affect human health through their presence in drinking water, data on chemical
concentrations in drinking water would be needed. In the absence of these data, relative hazard
potential assessments could be conducted at local and/or regional scales using the multi-criteria
decision analysis approach outlined in Chapter 9. This approach combines available chemical
occurrence data with selected chemical, physical, and toxicological properties to place the severity
of potential impacts (i.e., the toxicity of specific chemicals) into the context of factors that affect the
likelihood of impacts (i.e., frequency of use, and chemical and physical properties relevant to
environmental fate and transport).

Data Gaps and Uncertainties

The information reviewed for this report included cases of impacts on drinking water resources
from activities in the hydraulic fracturing water cycle. Using these cases and other data,
information, and analyses, we were able to identify factors that likely result in more frequent or
more severe impacts on drinking water resources. However, there were instances in which we
were unable to form conclusions about the potential for activities in the hydraulic fracturing water
cycle to impact drinking water resources and/or the factors that influence the frequency or severity
of impacts. Below, we provide perspective on the data gaps and uncertainties that prevented us
from drawing additional conclusions about the potential for impacts on drinking water resources
and/or the factors that affect the frequency and severity of impacts.

In general, comprehensive information on the location of activities in the hydraulic fracturing water
cycle is lacking, either because it is not collected, not publicly available, or prohibitively difficult to
aggregate. This includes information on the:
•

•

•
•

Above- and belowground locations of water withdrawals for hydraulic fracturing;

Surface locations of hydraulically fractured oil and gas production wells, where the
chemical mixing, well injection, and produced water handling stages of the hydraulic
fracturing water cycle take place;

Belowground locations of hydraulic fracturing, including data on fracture growth; and
Locations of hydraulic fracturing wastewater management practices, including the
disposal of treatment residuals.
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There can also be uncertainty in the location of drinking water resources. In particular, depths of
groundwater resources that are, or in the future could be, used for drinking water are not always
known. If comprehensive data about the locations of both drinking water resources and activities in
the hydraulic fracturing water cycle were available, it would have been possible to more completely
identify areas in the United States in which hydraulic fracturing-related activities either directly
interact with drinking water resources or have the potential to interact with drinking water
resources.
In places where we know activities in the hydraulic fracturing water cycle have occurred or are
occurring, data that could be used to characterize the presence, migration, or transformation of
hydraulic fracturing-related chemicals in the environment before, during, and after hydraulic
fracturing were scarce. Specifically, local water quality data needed to compare pre- and posthydraulic fracturing conditions are not usually collected or readily available. The limited amount of
data collected before, during, and after activities in the hydraulic fracturing water cycle reduces the
ability to determine whether these activities affected drinking water resources.

Site-specific cases of alleged impacts on underground drinking water resources during the well
injection stage of the hydraulic fracturing water cycle are particularly challenging to understand
(e.g., methane migration in Dimock, Pennsylvania; the Raton Basin of Colorado; and Parker County,
Texas1). This is because the subsurface environment is complex and belowground fluid movement
is not directly observable. In cases of alleged impacts, activities in the hydraulic fracturing water
cycle may be one of several causes of impacts, including other oil and gas activities, other industries,
and natural processes. Thorough scientific investigations are often necessary to narrow down the
list of potential causes to a single source at site-specific cases of alleged impacts.
Additionally, information on chemicals in the hydraulic fracturing water cycle (e.g., chemical
identity; frequency of use or occurrence; and physical, chemical, and toxicological properties) is not
complete. Well operators claimed at least one chemical as confidential at more than 70% of wells
reported to FracFocus 1.0 (U.S. EPA, 2015a). 2 The identity and concentration of these chemicals,
their transformation products, and chemicals in produced water would be needed to characterize
how chemicals associated with hydraulic fracturing activities move through the environment and
interact with the human body. Identifying chemicals in the hydraulic fracturing water cycle also
informs decisions about which chemicals would be appropriate to test for when establishing prehydraulic fracturing baseline conditions and in the event of a suspected drinking water impact.

Of the 1,606 chemicals identified by the EPA in hydraulic fracturing fluid and/or produced water,
173 had toxicity values from sources that met the EPA’s criteria for inclusion in this report. Toxicity
values from these selected data sources were not available for 1,433 (89%) of the chemicals,
although many of these chemicals have toxicity data available from other data sources. 3 Given the

See Text Boxes 6-2 (Dimock, Pennsylvania), 6-3 (Raton Basin), and 6-4 (Parker County, Texas) in Chapter 6.
Chemical withholding rates in FracFocus have increased over time. Konschnik and Dayalu (2016) reported that 92% of
wells reported in FracFocus 2.0 between approximately March 2011 and April 2015 used at least one chemical that was
claimed as confidential.
3 Chapter 9 describes the availability of data in other data sources. The quality of these data sources was not evaluated as
part of this report.
1

2
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large number of chemicals identified in the hydraulic fracturing water cycle, this missing
information represents a significant data gap that makes it difficult to fully understand the severity
of potential impacts on drinking water resources.
Because of the significant data gaps and uncertainties in the available data, it was not possible to
fully characterize the severity of impacts, nor was it possible to calculate or estimate the national
frequency of impacts on drinking water resources from activities in the hydraulic fracturing water
cycle. We were, however, able to estimate impact frequencies in some, limited cases (i.e., spills of
hydraulic fracturing fluids or produced water and mechanical integrity failures). 1 The data used to
develop these estimates were often limited in geographic scope or otherwise incomplete.
Consequently, national estimates of impact frequencies for any stage of the hydraulic fracturing
water cycle have a high degree of uncertainty. Our inability to quantitatively determine a national
impact frequency or to characterize the severity of impacts, however, did not prevent us from
qualitatively describing factors that affect the frequency or severity of impacts at the local level.

Report Conclusions

This report describes how activities in the hydraulic fracturing water cycle can impact—and have
impacted—drinking water resources and the factors that influence the frequency and severity of
those impacts. It also describes data gaps and uncertainties that limited our ability to draw
additional conclusions about impacts on drinking water resources from activities in the hydraulic
fracturing water cycle. Both types of information—what we know and what we do not know—
provide stakeholders with scientific information to support future efforts.

The uncertainties and data gaps identified throughout this report can be used to identify future
efforts to further our understanding of the potential for activities in the hydraulic fracturing water
cycle to impact drinking water resources and the factors that affect the frequency and severity of
those impacts. Future efforts could include, for example, groundwater and surface water
monitoring in areas with hydraulically fractured oil and gas production wells or targeted research
programs to better characterize the environmental fate and transport and human health hazards
associated with chemicals in the hydraulic fracturing water cycle. Future efforts could identify
additional vulnerabilities or other factors that affect the frequency and/or severity of impacts.

In the near term, decision-makers could focus their attention on the combinations of hydraulic
fracturing water cycle activities and local- or regional-scale factors that are more likely than others
to result in more frequent or more severe impacts. These include:
•

•

1

Water withdrawals for hydraulic fracturing in times or areas of low water availability,
particularly in areas with limited or declining groundwater resources;

Spills during the management of hydraulic fracturing fluids and chemicals or produced
water that result in large volumes or high concentrations of chemicals reaching
groundwater resources;

See Chapter 10.
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•
•
•
•

Injection of hydraulic fracturing fluids into wells with inadequate mechanical integrity,
allowing gases or liquids to move to groundwater resources;
Injection of hydraulic fracturing fluids directly into groundwater resources;

Discharge of inadequately treated hydraulic fracturing wastewater to surface water
resources; and
Disposal or storage of hydraulic fracturing wastewater in unlined pits, resulting in
contamination of groundwater resources.

The above combinations of activities and factors highlight, in particular, the vulnerability of
groundwater resources to activities in the hydraulic fracturing water cycle. By focusing attention on
the situations described above, impacts on drinking water resources from activities in the hydraulic
fracturing water cycle could be prevented or reduced.
Overall, hydraulic fracturing for oil and gas is a practice that continues to evolve. Evaluating the
potential for activities in the hydraulic fracturing water cycle to impact drinking water resources
will need to keep pace with emerging technologies and new scientific studies. This report provides
a foundation for these efforts, while helping to reduce current vulnerabilities to drinking water
resources.
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1. Introduction
1.1 Background
People rely on clean and plentiful water resources to meet their basic needs. In the early 2000s,
members of the public began to raise concerns about the use of hydraulic fracturing for oil and gas
production and its potential impacts on drinking water resources. Hydraulic fracturing involves the
injection of fluids into a well under pressures great enough to fracture oil- and gas-bearing
formations. While hydraulic fracturing has been used to enhance oil and gas production from
conventional rock formations, the combination of hydraulic fracturing and directional drilling has
made it economical to produce oil and gas from previously unused unconventional rock
formations.1 This has led to increases in oil and gas production and expanded activity throughout
the United States.
Concerns about the impacts of hydraulic fracturing activities on both the quality and quantity of
drinking water resources have been raised by the public. Some residents living close to oil and gas
production wells report changes in the quality of groundwater resources used for drinking water
and assert that hydraulic fracturing is responsible for these changes. Other concerns include
impacts on water availability due to water use in hydraulic fracturing, especially in areas of the
country experiencing drought, and impacts on water quality from the disposal of wastewater
generated after hydraulic fracturing.

In response to public concerns, the U.S. Congress urged the U.S. Environmental Protection Agency
(EPA) to study the relationship between hydraulic fracturing and drinking water (H.R. Rep. 111316, 2009). In 2011, the EPA published its Plan to Study the Potential Impacts of Hydraulic
Fracturing on Drinking Water Resources (U.S. EPA, 2011d; hereafter Study Plan), which described
the research the Agency would be conducting on activities involving water that support hydraulic
fracturing (referred to as the “hydraulic fracturing water cycle”). The research described in the
Study Plan began the same year. In 2012, the EPA issued Study of the Potential Impacts of Hydraulic
Fracturing on Drinking Water Resources: Progress Report (U.S. EPA, 2012h; hereafter Progress
Report) to update the public on the status of EPA’s research. Since its initiation, the EPA’s hydraulic
fracturing study has directly resulted in the publication of 27 separate government reports and
scientific journal articles. This assessment integrates results from those reports and scientific
journal articles with publicly available data and information. It represents the culmination of the
EPA’s hydraulic fracturing study focused on characterizing the relationship between hydraulic
fracturing and drinking water.

1 Conventional oil- and gas-bearing rock formations are often described as “permeable” and tend to have many large, wellconnected pore spaces that allow fluids to move within the rock formation. Unconventional oil- and gas-bearing rock
formations do not exhibit these characteristics. See Chapter 3 for more information on uses of the terms conventional and
unconventional.
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1.2 Goals
The goals of this assessment are to assess the potential for activities in the hydraulic fracturing
water cycle to impact the quality or quantity of drinking water resources and to identify factors that
affect the frequency or severity of those impacts.

1.3 Scope

The hydraulic fracturing water cycle defines the activities that are within the scope of this
assessment. This cycle encompasses activities involving water that support hydraulic fracturing
and consists of five stages:

1. Water Acquisition: the withdrawal of groundwater or surface water to make hydraulic
fracturing fluids;

2. Chemical Mixing: the mixing of a base fluid (typically water), proppant, and additives at
the well site to create hydraulic fracturing fluids; 1

3. Well Injection: the injection and movement of hydraulic fracturing fluids through the oil
and gas production well and in the targeted rock formation;
4. Produced Water Handling: the on-site collection and handling of water that returns to
the surface after hydraulic fracturing and the transportation of that water for disposal or
reuse; and 2

5. Wastewater Disposal and Reuse: the disposal and reuse of hydraulic fracturing
wastewater. 3

The hydraulic fracturing water cycle, and thus the scope of this assessment, was developed with
input from stakeholders (i.e., federal, state, and tribal partners; industry and non-governmental
organizations; and the general public) and the EPA’s Science Advisory Board (SAB) (U.S. EPA,
2011d). The hydraulic fracturing water cycle and our assessment scope reflect interest from
stakeholders in understanding impacts from the act of hydraulic fracturing itself as well as the
activities involving water that support it, without examining impacts from oil and gas production
development broadly.

A base fluid is the fluid into which proppants and additives are mixed to make a hydraulic fracturing fluid; water is an
example of a base fluid. Additives are chemicals or mixtures of chemicals that are added to the base fluid to change its
properties.

1

“Produced water” is defined in this report as water that flows from and through oil and gas wells to the surface as a byproduct of oil and gas production.

2

“Hydraulic fracturing wastewater” is defined in this report as produced water from hydraulically fractured oil and gas
wells that is being managed using practices that include, but are not limited to, injection in Class II wells, reuse in other
hydraulic fracturing operations, and various aboveground disposal practices. The term “wastewater” is being used as a
general description of certain waters and is not intended to constitute a term of art for legal or regulatory purposes. Class
II wells are used to inject wastewater associated with oil and gas production underground and are regulated under the
Underground Injection Control Program of the Safe Drinking Water Act.

3

1-4

Chapter 1 – Introduction

Figure 1-1. Conceptualized view of the stages of the hydraulic fracturing water cycle.

Shown here is a generalized landscape depicting simplified activities of the hydraulic fracturing water cycle, their relationship to each other, and their
relationship to drinking water resources. Activities may take place in the same watershed or different watersheds and close to or far from drinking water
resources. Drinking water resources are any groundwater or surface water that now serves, or in the future could serve, as a source of drinking water for public
or private use. Arrows depict the movement of water and chemicals. Specific activities in the “Wastewater Disposal and Reuse” inset are (a) disposal via
injection well, (b) wastewater treatment with reuse or discharge, and (c) evaporation or percolation pit disposal. Note: Figure not to scale.
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This assessment focuses on hydraulic fracturing in onshore oil and gas wells in the contiguous
United States; limited available information on hydraulic fracturing in Alaska is included. To the
extent possible, this assessment addresses hydraulic fracturing in all types of oil- and gas-bearing
formations in which it is conducted, including shale, so-called ‘tight’ formations (e.g., certain
sandstones, siltstones, and carbonates), coalbeds, and conventional rock formations. The
assessment tends to focus on hydraulic fracturing in shale, reflecting the abundance and availability
of literature and data on hydraulic fracturing in this type of rock formation.

In this assessment, we consider how activities in the hydraulic fracturing water cycle interact with
drinking water resources. Consistent with the Study Plan (U.S. EPA, 2011d), drinking water
resources are defined within this assessment as any groundwater or surface water that now serves,
or in the future could serve, as a source of drinking water for public or private use. This definition is
broader than most regulatory definitions of “drinking water” to include both fresh and non-fresh
bodies of water that are and could be used now or could be used in the future as sources of drinking
water (Chapter 2). We note that drinking water resources provide not only water that individuals
actually drink but also water used for many additional purposes such as cooking and bathing.
As part of the assessment, we evaluated immediate, near-term, and delayed effects on drinking
water resources from normal operations and accidents. For example, we considered how surface
spills of hydraulic fracturing fluids may have immediate or near-term impacts on neighboring
surface water and shallow groundwater quality (Chapters 5 and 7). We also considered how the
potential release of hydraulic fracturing fluids in the subsurface may take years to impact
groundwater resources, because liquids and gas often move slowly in the subsurface (Chapter 6).
Additionally, impacts may be transient or long-term, often depending on the characteristics of the
affected drinking water resource. Finally, impacts may be detected near the hydraulic fracturing
water cycle activity or some distance away. For instance, we considered that, depending on the
constituents of treated hydraulic fracturing wastewater discharged to a stream and the flow in that
stream, drinking water resource quality could be affected a significant distance downstream
(Chapter 8).
This assessment focuses predominantly on activities supporting a single well or multiple wells at
one site, accompanied by a more limited discussion of cumulative activities and the impacts that
could result from having many wells on a landscape. Studies of cumulative effects are generally
lacking, but we use the scientific literature to address this topic where possible.1

We examine impacts of hydraulic fracturing for oil and gas on drinking water resources and address
factors that affect the frequency or severity of impacts. Specific definitions used in this assessment
are provided below:
•

An impact is any change in the quality or quantity of drinking water resources, regardless
of severity, that results from an activity in the hydraulic fracturing water cycle.

1 Cumulative effects refer to combined changes in the environment that can take place as a result of multiple activities
over time and/or space.
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•
•

•

A factor is a feature of hydraulic fracturing operations or an environmental condition that
affects the frequency or severity of impacts.

Frequency is the number of impacts per a given unit (e.g., per geographic area, per unit
time, per number of hydraulically fractured wells, per number of water bodies). Reflecting
the scientific literature, the most common representation of frequency in this assessment
is number of impacts per hydraulically fractured well.

Severity is the magnitude of change in the quality or quantity of a drinking water resource
as measured by a given metric (e.g., duration, spatial extent, contaminant concentration).

We identify and discuss factors affecting the frequency or severity of impacts to avoid a simple
inventory of all specific situations in which hydraulic fracturing might alter drinking water quality
or quantity. This allows knowledge about the conditions under which impacts are likely or unlikely
to occur to be applied to new circumstances (e.g., a new area of oil or gas development where
hydraulic fracturing is expected to be used) and could inform the development of strategies to
prevent impacts. Although no attempt has been made in this assessment to identify or evaluate
comprehensive best practices for states, tribes, or the industry, we describe ways to avoid or
reduce the frequency or severity of impacts from hydraulic fracturing activities as they have been
reported in the scientific literature. Laws, regulations, and policies also exist to protect drinking
water resources (Text Box 1-1), but a comprehensive summary and evaluation of current or
proposed regulations and policies is beyond the scope of this assessment.

Text Box 1-1. Regulatory Protection for Drinking Water Resources.
The quality and quantity of drinking water resources are protected in the United States by a collection of
federal, state, tribal, and local laws, regulations, and polices. They differ with respect to how water resources
are defined (Chapter 2) and thus which resources qualify for protection. Some policies protect water
resources from oil and gas industry activities as part of a larger set of regulated industries, or from oil and gas
industry activities only, or from hydraulic fracturing-related activities, specifically. Multiple federal and state
agencies, departments, or divisions are responsible for implementing these laws, regulations, and policies. An
exhaustive summary of current and emerging laws, regulations, and policies, those responsible for
implementing them, and enforcement or effectiveness is not in the scope of this assessment. The following
information is designed to give the reader a general understanding of how the U.S. government and states
protect drinking water resources from the potential impacts of activities in the hydraulic fracturing water
cycle.

On the federal level, the U.S. government regulates some activities in the hydraulic fracturing water cycle to
protect drinking water resources. For example, under the Clean Water Act, the National Pollution Discharge
Elimination System (NPDES) program regulates surface discharge of wastewater from the oil and gas sector
(in addition to many other industries). Issuance and enforcement of NPDES discharge permits is primarily the
responsibility of the states that have received NPDES program authorization from the EPA. In addition, the
Safe Drinking Water Act’s (SDWA) Underground Injection Control program regulates the underground
disposal of hydraulic fracturing wastewater (and wastewater generated in other industries) and, like the
NPDES program, allows states to seek program authorization from the EPA. The federal government does not
have the authority to regulate hydraulic fracturing as an injection activity under the SDWA except when it
(Text Box 1-1 is continued on the following page.)
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Text Box 1-1 (continued). Regulatory Protection for Drinking Water Resources.
(1) involves diesel fuel, a result of legislation passed in 2005, or (2) causes an imminent and substantial
endangerment to the health of persons. Additionally, produced water is exempted from regulation as a
hazardous waste under the Resource Conservation and Recovery Act Subtitle C. In 2015, the U.S. Department
of the Interior published a set of regulations for conducting hydraulic fracturing operations on federal public
and tribal lands. It includes requirements to help protect groundwater by updating standards for well
mechanical integrity, wastewater disposal, and public disclosure of chemicals. As of late 2016, a federal
district court judge has set aside these regulations as outside the scope of the U.S. Department of the
Interior’s authority, and this decision is being appealed.
States generally have the primary responsibility for protecting drinking water resources from the impacts of
hydraulic fracturing activities (Guralnick, 2016; Zirogannis et al., 2016). Some states have put in place broad
restrictions or moratoria on hydraulic fracturing activities due in part to concerns about potential risks to
drinking water resources. Many other states allow hydraulic fracturing activities, and several sources of
information track and/or summarize their laws, regulations, and policies. An online database of statutes and
regulations applicable to the oil and gas industry and related to water quality, water quantity, and air quality
in 17 states is maintained by LawAtlas (www. lawatlas.org/oilandgas).

State approaches vary widely, from comprehensive laws addressing all aspects of hydraulic fracturing
activities to regulations addressing specific activities (Guralnick, 2016). In 2009 and 2014, the Ground Water
Protection Council (GWPC) summarized regulations that are designed to protect water resources and
applicable to the oil and gas industry in 27 states; they did not investigate compliance (GWPC, 2014, 2009).
The summaries revealed that regulations are carried out by either oil and gas agencies, environmental
agencies, or both, depending on the state. They also identified general categories of existing regulations that
could control impacts on drinking water resources from activities in the hydraulic fracturing water cycle,
including permitting, well design and integrity, injection activities, and surface management of fluids.
Categories were comprised of regulatory “elements.” Certain elements had been adopted across 90% or more
of states included in the summaries that allowed hydraulic fracturing as of July 2013: surface casing generally
must be set below the deepest protected groundwater zone; protected groundwater depth is determined on a
well-specific basis or by rule; and surface casing must be cemented from bottom to top. All other elements
were adopted at lower and widely varying rates. For example, as of July 2013, a requirement for water well
testing and monitoring adjacent to hydraulic fracturing operations existed in five states. Other states,
including California, have added this requirement since then.
State laws, regulations, and policies are continually changing. Changes may be initiated by state legislatures
or regulatory agencies (sometimes in response to legal decisions) and generally apply to new wells or future
hydraulic fracturing operations and not existing wells or wells that have been hydraulically fractured in the
past. Third-party groups, like the State Review of Oil and Natural Gas Environmental Regulations
(STRONGER) organization, offer multi-stakeholder reviews of state oil and gas regulatory programs and
recommendations to improve those programs according to guidelines developed by their workgroups.
Interstate organizations of state agency representatives also have initiatives to develop oil and gas resources
while protecting water and other environmental resources, initiatives like the GWPC and Interstate Oil and
Gas Compact Commission’s States First. In combination with changing policies, new technologies (such as
those that make it possible to reuse hydraulic fracturing wastewater in subsequent hydraulic fracturing
operations) have the potential to further reduce impacts on drinking water resources.
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We identify and evaluate potential human health hazards of hydraulic fracturing-related chemicals
(Chapter 9), but this assessment is not a human health risk assessment. It does not identify
populations that are exposed to chemicals or other stressors in the environment, estimate the
extent of exposure, or estimate the incidence of human health impacts. Relatedly, we did not
conduct site-specific predictive modeling to quantitatively estimate contaminant concentrations in
drinking water resources, although modeling studies conducted by others are described.

This assessment focuses on the potential for impacts from activities in the hydraulic fracturing
water cycle on drinking water resources. It does not address all concerns that have been raised
about hydraulic fracturing nor about oil and gas exploration and production more generally.
Activities that are not considered in this assessment include acquisition and transport of
constituents of hydraulic fracturing fluids besides water (e.g., sand mining and chemical
production); site selection and development; other infrastructure development (e.g., roads,
pipelines, compressor stations); site reclamation; and well closure. We consider these activities to
be outside the scope of the hydraulic fracturing water cycle and, therefore, their impacts are not
addressed in this assessment. Disposal of hydraulic fracturing wastewater in underground injection
control wells is described and characterized, but consistent with the Study Plan, potential for
impacts of this practice on drinking water resources is not included. Additionally, this report does
not discuss the potential impacts of hydraulic fracturing on other water uses (e.g., agriculture or
industry), other aspects of the environment (e.g., air quality, induced seismicity, or ecosystems),
worker health and safety, or communities. Finally, this assessment focuses on the available science
and does not review, consider, or recommend policy options.

1.4 Approach

This assessment relies on scientific literature and data that address topics within the scope of the
hydraulic fracturing water cycle. Scientific journal articles and peer-reviewed EPA reports
containing results from the EPA’s hydraulic fracturing study comprise one set of applicable
literature. Other literature evaluated includes articles published in science and engineering
journals, federal and state government reports, non-governmental organization (NGO) reports, and
oil and gas industry publications. Data sources examined include federal- and state-collected data
sets, databases curated by federal and state government agencies, other publicly available data and
information, and data submitted by industry to the EPA.1 In total, we cite approximately 1,200
sources of scientific data and information in this assessment.

1.4.1 EPA Hydraulic Fracturing Study Publications

The research topic areas and projects described in the Study Plan were developed with substantial
expert and public input and were designed to meet the data and information needs of this
assessment. As such, peer-reviewed results of research that the EPA conducted under the Study
Plan, published separately as EPA reports or as journal articles, are incorporated and cited
1 Confidential and non-confidential business information was provided to the EPA by nine hydraulic fracturing service
companies in response to a September 2010 information request and by nine oil and gas well operators in response to an
August 2011 information request.
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frequently throughout this assessment. As is customary in assessments that synthesize a large body
of literature and data, the results of EPA research are contextualized and interpreted in
combination with the other literature and data described in Section 1.4.2. The journal articles and
EPA reports that give complete and detailed project results can be found on the EPA’s hydraulic
fracturing study website (www.epa.gov/hfstudy). For ease of reference, a description of the
individual projects, the type of research activity they represent (i.e., analysis of existing data,
scenario evaluation, laboratory study, or case study), and the corresponding citations of published
journal articles and EPA reports that are referenced in this assessment can be found in Appendix A.

1.4.2 Literature and Data Search Strategy

We used a broad search strategy to identify approximately 4,100 sources of scientific information
applicable to this assessment. This strategy included requesting input from scientists, stakeholders,
and the public about relevant data and information, and thorough searches of published
information and applicable data. 1

Over 1,600 articles, reports, data, and other sources of information were obtained through outreach
to the public, stakeholders, and scientific experts. The EPA requested material through many
venues, as follows. We received recommended literature from the SAB, the EPA’s independent
federal scientific advisory committee, from its review of the EPA’s draft Study Plan; from its
consultation on the EPA’s Progress Report; during an SAB briefing on new and emerging
information related to hydraulic fracturing in fall 2013; and from its peer review of the external
review draft of this assessment. Subject matter experts and stakeholders also recommended
literature through a series of technical workshops and roundtables organized by the EPA between
2011 and 2013. In addition, the public submitted literature recommendations to the SAB during the
SAB review of the draft Study Plan, consultation on the Progress Report, briefing on emerging
information, and review of the external review draft of this assessment, as well as in response to a
formal request for data and information posted in the Federal Register (EPA-HQ-ORD-2010-0674)
in November 2012. The submission deadline was extended from April to November 2013 to
provide the public with additional opportunity to provide information to the EPA.
Approximately 2,500 additional sources were identified by conducting searches via online scientific
databases and federal, state, and stakeholder websites. We searched these databases and websites
in particular for (1) materials addressing topics not covered by the documents submitted by
experts, stakeholders, and the public as noted above, and (2) newly emerging scientific studies.
Multiple targeted and iterative searches on topics determined to be within the scope of the
assessment were conducted until June 1, 2016. After that time, we included newer literature as it
was recommended to us during our internal technical reviews or as it came to our attention and
was determined to be important for filling a gap in information.

1 This study did not review information contained in state and federal enforcement actions concerning alleged
contamination of drinking water resources.
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1.4.3 Literature and Data Evaluation Strategy
We evaluated the literature and data identified in the search strategy using the five assessment
factors outlined by the EPA Science Policy Council in A Summary of General Assessment Factors for
Evaluating the Quality of Scientific and Technical Information (U.S. EPA, 2003c). The factors are (1)
applicability and utility, (2) evaluation and review, (3) soundness, (4) clarity and completeness, and
(5) uncertainty and variability. Table 1-1 lists these factors along with the specific criteria
developed for this assessment. We first evaluated all materials for applicability. If we determined
that the material was “applicable” under the criteria, the reference was evaluated on the basis of the
other four factors.
Our objective was to consider and then cite literature in the assessment that fully conforms to all
criteria defining each assessment factor. However, in some cases, literature on a topic did not fully
conform to an aspect of the outlined criteria. For instance, the preponderance of literature in some
technical areas is published as white papers and reports for which independent peer review is not
standard practice or is not well documented. To address these areas in which peer-reviewed
literature was limited, we cited literature that may not have been peer-reviewed. These references
often provided useful background information or corroborated conclusions in the peer-reviewed
literature.

Table 1-1. The five factors and accompanying criteria used to evaluate literature and data
cited in this assessment.
Criteria are consistent with those outlined by the EPA’s Science Policy Council (U.S. EPA, 2003c). Criteria are
incorporated into the Quality Assurance Project Plans for this assessment (U.S. EPA, 2014d, 2013d).

Factor

Criteria

Applicability

Document provides information useful for assessing the potential pathways for
hydraulic fracturing activities to change the quality or quantity of drinking water
resources, identifies factors that affect the frequency and severity of impacts, or
suggests ways that potential impacts may be avoided or reduced.

Review

Document has been peer-reviewed.

Soundness

Document relies on sound scientific theory and approaches, and conclusions are
consistent with data presented.

Clarity/completeness

Document provides underlying data, assumptions, procedures, and model parameters,
as applicable, as well as information about sponsorship and author affiliations.

Uncertainty/variability

Document identifies uncertainties, variability, sources of error, and/or bias and
properly reflects them in any conclusions drawn.

1.4.4 Quality Assurance and Peer Review
The use of quality assurance (QA) and peer review helps ensure that the EPA conducts high-quality
science that can be used to inform policymakers, industry, and the public. Quality assurance
activities performed by the EPA ensure that the agency’s environmental data are of sufficient
quantity and quality to support the data’s intended use. The EPA prepared a programmatic Quality
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Management Plan (U.S. EPA, 2014e) for all of the research conducted under the EPA’s Study Plan,
including the review and synthesis of the scientific literature in this assessment. The hydraulic
fracturing Quality Management Plan describes the QA program’s organizational structure; defines
and assigns QA and quality control (QC) responsibilities; and describes the processes and
procedures used to plan, implement, and assess the effectiveness of the quality system. The broad
plan is then supported by more detailed QA Project Plans (QAPPs). The QAPPs developed for this
assessment provide the technical approach and associated QA/QC procedures for our data and
literature search and evaluation strategies introduced in Section 1.4.2 and 1.4.3 (U.S. EPA, 2014d,
2013d). A QA audit was conducted by the QA Manager during the preparation of this assessment to
verify that the appropriate QA procedures, criteria, reviews, and data verification were adequately
performed and documented. Identifying uncertainties is another aspect of QA; uncertainty,
including data gaps and data limitations, is discussed throughout this assessment.

This report is classified as a Highly Influential Scientific Assessment (HISA), which is defined by the
Office of Management and Budget (OMB) as a scientific assessment that (1) could have a potential
impact of more than $500 million in any year or (2) is novel, controversial, or precedent-setting or
has significant interagency interest (OMB, 2004). The OMB describes specific peer review
requirements for HISAs. To meet these requirements, the EPA often engages the SAB as an
independent federal advisory committee to conduct peer reviews of high-profile scientific matters
relevant to the agency. Members of an ad hoc panel, the same panel that was convened under the
auspices of the SAB to provide comment on the Progress Report, also provided comment on an
external review draft of this assessment.1 Panel members were nominated by the public and chosen
to create a balanced review panel based on factors such as technical expertise, knowledge,
experience, and absence of any real or perceived conflicts of interest. Both peer review comments
provided by the SAB panel (SAB, 2016) and public comments submitted to the panel during their
deliberations about the external review draft of this assessment were carefully considered in the
development of this final document.

1.5 Organization

This assessment begins with an Executive Summary that summarizes our overall content and
conclusions. The Executive Summary is written to be accessible to all members of the public. 2

This introductory chapter establishes the goals, scope, and approach for the rest of the assessment.
Following is a characterization of drinking water resources in the contiguous United States
(Chapter 2). Next, we present a general description of hydraulic fracturing activities and the role of
hydraulic fracturing in the oil and gas industry in the United States (Chapter 3). Chapter 1 is written
Information about this process is available online at http://yosemite.epa.gov/sab/sabproduct.nsf/
02ad90b136fc21ef85256eba00436459/b436304ba804e3f885257a5b00521b3b!OpenDocument.
1

2 The terminology used in the data and literature cited in this assessment can be very technical in nature and sometimes
inconsistent. An attempt has been made throughout this document to provide definitions of technical terms and to use
terminology in a consistent way that enhances understanding of the topics presented for the audiences targeted by each
part of the assessment.
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to be accessible to all members of the public. Chapters 2 and 3 are written to be accessible to an
audience with general science knowledge.

Chapters 4 through 8 are organized around the stages of the hydraulic fracturing water cycle
(Figure 1-1) and address the potential for activities conducted during those stages to change the
quality or quantity of drinking water resources. Each stage is covered by a separate chapter. There
is also a chapter devoted to an examination of the properties of the chemicals and constituents in
hydraulic fracturing-related fluids (Chapter 9). These chapters are written to be accessible to an
audience with a moderate amount of technical training and expertise in the respective topic areas.
The final chapter provides a synthesis of the information in the assessment (Chapter 10). This
chapter is written to be accessible to an audience with general science knowledge.

The appendices supply information that support the chapters of the assessment. This includes an
appendix with a table of all individual products published under the EPA’s hydraulic fracturing
study and cited in this assessment, as well as answers to the research questions posed in the Study
Plan (Appendix A). These answers were informed by the products of the study and the data and
literature reviewed in this assessment.

1.6 Intended Use

This state-of-the-science assessment will contribute to the understanding of the potential impacts
of activities in the hydraulic fracturing water cycle on drinking water resources and the factors that
influence those impacts. The data and findings can be used by federal, tribal, state, and local
officials; industry; and the public to better understand and address vulnerabilities of drinking water
resources to hydraulic fracturing activities.
We expect this report will be used to help facilitate and inform dialogue among interested
stakeholders, including Congress, other federal agencies, states, tribal governments, the
international community, industry, NGOs, academia, and the general public. Additionally, the
identification of knowledge gaps will promote greater attention to these areas by researchers.

This report may support future assessment efforts. We anticipate that it could contribute context to
site-specific exposure or risk assessments of hydraulic fracturing, to regional public health
assessments, or to assessments of cumulative impacts of hydraulic fracturing on drinking water
resources over time or over defined geographic areas of interest.
Finally, and most importantly, this assessment presents the science to inform decisions by federal,
state, tribal, and local officials; industry; and the public on how best to protect drinking water
resources now and in the future.
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Chapter 2. Drinking Water
Resources in the United States
Abstract
In this assessment, drinking water resources are defined as any body of groundwater or surface water
that now serves, or in the future could serve, as a source of drinking water for public or private use. An
estimated 86% of the United States population derives its household drinking water from public water
systems (PWSs), which mostly use surface water sources, while nearly all of the remaining 14% of
people self-supply their drinking water from groundwater.

Future access to high-quality drinking water in the United States will likely be affected by changes in
climate and water use. The existing distribution and abundance of the drinking water resources may not
be sufficient in some locations to meet future demand. Since 2000, about 30% of the total area of the
contiguous United States has experienced moderate drought conditions and about 20% has experienced
severe drought conditions, which often correlates with diminishment of drinking water supplies. As a
result, non-fresh water resources, such as wastewater from sewage treatment plants, brackish surface
water and groundwater, and seawater are increasingly treated and used to meet the demand for
drinking water.

Hydraulically fractured oil and gas production wells can be located near drinking water sources.
Between 2000 and 2013, approximately 3,900 PWSs had between one and 144 wells hydraulically
fractured within 1 mile of their water source; these PWSs served more than 8.6 million people yearround in 2013. An additional 740,000 people self-supply their drinking water in counties where at least
30% of the population relies on groundwater and where there were at least 400 hydraulically fractured
wells. Belowground, hydraulic fracturing can occur in close vertical proximity to drinking water
resources. Available data show that depths to hydraulically fractured rock formations containing oil and
gas resources can range from less than 1,000 feet (300 meters) to more than 10,000 feet (3,000 meters),
while drinking water resources may be found between a few tens of feet to as much as 8,000 feet (2,000
meters) below the surface. The EPA found that, along individual wellbores, where data were available,
the distance between these two resources ranged from no separation to more than 10,000 feet (3,000
meters). There is considerable uncertainty in this range of values, however. In many cases, the lack of
accessible information about the depth to the base of formations containing groundwater resources in
need of current and future protection prevents calculation of a vertical separation distance.

The locations of drinking water resources relative to hydraulically fractured oil and gas production wells
influence the potential for activities in the hydraulic fracturing water cycle to impact drinking water
resources. With increased proximity, activities in the hydraulic fracturing water cycle have more
potential to affect aboveground and belowground drinking water resources.
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2. Drinking Water Resources in the United States
2.1 Introduction
Drinking water resources provide the water humans consume, cook with, bathe in, and need for
other purposes. In this assessment, drinking water resources are considered to be any groundwater
or surface water that now serves, or in the future could serve, as a source of drinking water for
public or private use. 1 This chapter provides information about drinking water resources in the
United States, including current sources and indications of future trends for drinking water
resources. Assessment of whether and where activities in the hydraulic fracturing water cycle may
impact drinking water resources requires consideration, in part, of the locations of water and oil
and gas resources and what physically separates them. More information about oil and gas
resources and the areas of the United States where hydraulic fracturing occurs is described in
Chapter 3, however this chapter focuses on the lateral (horizontal) and vertical distances between
hydraulic fracturing operations and drinking water resources.

2.2 Ground and Surface Water Resources

All drinking water derives from the finite amount of water found on or below the earth’s surface.
Fresh water serves as the source for most drinking water. 2 To get an idea of the fresh water fraction
of all water, this section presents an estimate of the earth’s water abundance. Shiklomanov (1993)
estimates the amounts of all water on earth, and here these amounts are expressed as the percent
of the earth’s total water volume:
•
•
•

Oceans account for about 96.5%.

Saline groundwater, saline lakes, and water in the form of ice or vapor account for 2.7%.
Fresh groundwater, swamps, lakes, and rivers account for the remaining 0.8%, of which
about 99% is groundwater.

Hydrologic Cycle. The process describing the movement of the earth’s water through the
atmosphere, land, and oceans is referred to as the hydrologic cycle. Text Box 2-1 describes the
hydrologic cycle, including the manner in which the finite amount of water on the earth moves
through different locations during the stages of the cycle. On land, surface water and groundwater
interact, shown in the text box as surface water infiltrating into the ground, and separately as an
example of groundwater flowing into the river. Water consumption (for example when used for
agriculture, incorporated into a product, or for drinking purposes), temporarily removes water
1 In this chapter, a “drinking water source” means the body of water is now supplying, or is known to be capable of
supplying drinking water.
2

Published estimates of worldwide water supplies, such as by Shiklomanov, do not use a salinity threshold value to define
“fresh” or “saline” water. “Fresh” water is characterized in these published estimates as serving as a source for domestic,
agricultural, and industrial uses. As described further in Section 2.2.1.1, the term “fresh” in this chapter refers to water
having total dissolved solids content up to 3,000 milligrams per liter.
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from one local place in the hydrologic cycle, but it may be returned to a different point in the
hydrologic cycle. See Chapter 4 for additional discussion of water consumption.

Text Box 2-1. The Hydrologic Cycle.
The finite amount of water and its movement on earth is often called the hydrologic cycle, depicted below.
The three basic, and repeating, stages of this cycle include:
1. Rainfall transfers water from the atmosphere into oceans or onto land,

2. Water on land moves among surface water bodies and groundwater, and
3. Evaporation from land and the oceans returns water to the atmosphere.

Rainwater and melted snow collect into rivers, lakes or other water bodies to become surface water, or
infiltrates into the ground to become groundwater. Humans drink fresh surface and groundwater, and in
some locations, ocean water treated by desalination. Water resides on land or in the ground for varying
amounts of time before moving into another of stage of the hydrologic cycle. Residence times for water found
in different land locations can range from days to millions of years, depending on the path water takes.
Residence time affects water quality on land or in the ground because water dissolves natural earth salts
when in contact with those materials. When water on or under land reaches the ocean, its salt content
ultimately stays in the ocean because evaporation leaves behind dissolved salt creating freshwater vapor.
Evaporation from land and the ocean contribute fresh water to the atmosphere where it can precipitate once
again, thus completing a hydrologic cycle. As drawn in this depiction, evaporation includes the release of
water vapor from plant leaves that originally entered plant root systems in a process known as transpiration.
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2.2.1 Groundwater Resources
Groundwater can be found in the subsurface nearly everywhere, but it varies in quality and
quantity. Groundwater exists in that part of the hydrologic cycle where surface water infiltrates
through soil into subsurface cracks and voids in rock, creating and sustaining aquifers, a natural
process known as groundwater recharge. 1 The opposite natural process from recharge is discharge,
where groundwater flows to the surface at springs or through the bottoms of lakes and rivers.
Groundwater also includes water trapped in the pores of sedimentary rocks as they were
deposited.
The scale of groundwater flow systems can be local, regional, or something in between. Local
groundwater flows may be small enough to be measured in the tens of feet while regional
groundwater flows may be large enough to be measured in hundreds of miles (Alley et al., 1999).
Groundwater movement is related to the rate of groundwater recharge, gravity’s effect on the
groundwater, and the permeability of the rock through which groundwater flows. Localized
groundwater flow tends to occur along shallower flow paths with shorter overall residence times,
whereas regional groundwater flow tends to occur along deeper flow paths with longer residence
times (Winter et al., 1998). Text Box 2-1 depicts differences between local and regional flow
regimes.

The U.S. Geological Survey (USGS) has mapped and described more than 60 principal aquifers in the
United States, although these aquifers are not the only occurrences of groundwater (USGS, 2009). 2
Although the depth to the water table can vary from ground surface to a few tens of feet below
ground surface, the depth to the base of groundwater can be tens of thousands of feet below
ground. 3 The depth to the base of individual principal aquifers can be a relatively uniform or may
vary by thousands of feet across the aquifer’s areal extent due to sloping geologic formations
and/or changes in topography.

2.2.1.1 Groundwater Quality

The quality of groundwater often correlates with its age, which ranges from days to millions of
years (Alley et al., 1999; Freeze and Cherry, 1979a; Chebotarev, 1955). 4 As explained in Text Box
2-1, groundwater salinity tends to increase with increasing residence time due to gradual
dissolution of contacted earth materials. Some groundwater can become very saline. These waters
can result from exposure to soluble sedimentary rocks and/or concentration of salt content due to
evaporation of liquid water in the subsurface (Zolfaghari et al., 2016; Levorsen, 1965). It is also
possible that sea water was trapped in sediments during deposition in ancient oceans, which were
subsequently buried over geologic time. There are instances where groundwater is found at great
1 An

aquifer is a water-bearing geologic formation, group of formations, or part of a formation. Groundwater is the water
in an aquifer.

Principal aquifers are defined as a regionally extensive aquifer or aquifer system that has the potential to be used to
supply potable water. Principal aquifers in Puerto Rico and the U.S. Virgin Islands are included.

2

3 The

water table refers to the top, or uppermost surface, of groundwater. Below the water table, the ground is saturated
with water.
4 Groundwater

age used here refers to how long the water has been in the ground.
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depths but is relatively fresh. This can be caused by groundwater moving from the surface to deep
locations relatively quickly with little time to pick up dissolved solids and become saline. This
phenomenon is more pronounced in mountains where rainwater or melted snow in upland areas
supply groundwater that moves downward through steeply dipping, permeable sedimentary rock
layers to reach great depths. Chemicals occurring naturally in groundwater include both inorganic
(e.g., salts, metals) and organic (carbon-based) types.

Salinity variation. Salinity is often the principal characteristic used to describe the overall quality of
groundwater. The term “fresh” groundwater often means groundwater containing no more than
1,000 milligrams per liter of total dissolved solids (mg/L TDS) but it is sometimes used to refer to
groundwater containing no more than 3,000 mg/L TDS (Maupin et al., 2014; U.S. EPA, 2012e;
Freeze and Cherry, 1979a). When characterizing groundwater quality, scientists generally consider
the relative abundance of sodium, calcium, potassium, magnesium, chloride, bicarbonate, and
sulfate to account for the bulk of dissolved constituents (Freeze and Cherry, 1979a). Natural salinity
ranges from less than 100 mg/L to over 300,000 mg/L TDS (Lauer et al., 2016; Clark and Veil,
2009). Higher salinity groundwater can contribute to palatability problems, and in the very high
salinity ranges, causes water to be unhealthful for human consumption (Ellis, 1997). People have a
range of reactions to drinking water salinity. Some people object to the taste of drinking water
having comparatively lower salinity levels while other people reach this objection threshold at
higher salinity levels (Burlingame and Waer, 2002). Desalinating water containing salinity values of
10,000 mg/L TDS to render it potable is technically and economically feasible (Esser et al., 2015). 1
As a result, groundwater with salinity values up to 10,000 mg/L TDS is often defined as a protected
groundwater resource under several laws, including the regulations implementing the federal Safe
Drinking Water Act (SDWA) and the U.S. Bureau of Land Management (BLM) Onshore Order #2.
The complete basis and standards for defining a protected groundwater in all locations within the
United States is beyond the scope of this report. Additional information about protections given to
groundwater is described in Chapter 1 in Text Box 1-1.
Groundwater suitable for drinking is found within a large range of depths around the United States.
The groundwater quality profile with depth varies around the United States. Feth (1965) described
patterns in the relationship of depth to groundwater containing salinity ranging from 1,000 to
3,000 mg/L TDS. 2 The patterns include: (1) large portions of the Southeast and middle Midwest
have at least 1,000 ft (300 m) of separation between the land surface and groundwater containing
1,000-3,000 mg/L TDS, and (2) significant portions of the Northeast, northern Midwest, and parts
of the West have less than 500 ft (200 m) separating the land surface from groundwater containing
1,000-3,000 mg/L TDS. The report does not contain information about the base or thickness of
groundwater having certain quality. As a result, these depths represent minimum distances
between the land surface and bottom depth of groundwater having this salinity range.
1 For
2

instance, desalination of sea water (approximately 35,000 mg/L TDS) now occurs in Florida, California, and Texas.

Salinity and total dissolved solids are frequently interchangeable terms. The vast majority of dissolved constituents in
natural water are inorganic salts, although a minor fraction of dissolved constituents can be organic matter. Feth (1965)
maps groundwater found at ranges of depth with spans of salinity. Singular depth and salinity values are not present on
the map.
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Methane in groundwater. Methane can be found naturally at detectable levels in groundwater
(Kappel and Nystrom, 2012; Eltschlager et al., 2001; Coleman et al., 1988). There are different
origins of methane in groundwater. Biogenic methane is produced at comparatively low
temperature and pressure from biologic decay of carbon-bearing matter, while thermogenic
methane is formed over geologic time when carbon-bearing matter is exposed to elevated pressure
and temperature conditions typically associated with deep burial (Baldassare et al., 2014). Given
the buoyancy of natural gas, if a pathway exists or enough time is available, it can move upward and
accumulate at shallower depths. Natural gas found in small, uneconomic quantities in shallow zones
may have originated in place or may have migrated upward, and is often referred to as stray gas.
For more discussion about the issue of stray gas, see Text Box 6-3 in Chapter 6. When consumed in
drinking water, methane does not generally have human health effects, 1 however, it is an explosive
gas if it comprises between 5% and 15% of a volume of air (Astle and Weast, 1984). If methane
from well water enters the atmosphere within a confined space under conditions that allow it to
concentrate, it can pose an explosive threat if it reaches this threshold.

2.2.1.2 Groundwater Quantity

Groundwater quantity can be characterized as the total subsurface water available, although a
practical limiting property is the rate at which groundwater can be withdrawn from the subsurface,
a property known as yield (Freeze and Cherry, 1979a). If rock formations in the subsurface contain
water within exceedingly small or poorly connected pore spaces, then the low yield may preclude
its practical use as a source of drinking water.
When recharge and discharge are in balance, the volume of groundwater existing in the subsurface
remains the same. Recharge and discharge also occur in connection with human-caused activity.
Groundwater recharge increases due to irrigation, underground injection wells, surface
impoundments, and dammed reservoirs, while groundwater discharge increases through well
withdrawals for irrigation, household use, etc. (Winter et al., 1998). These activities can locally
affect the natural balance between groundwater recharge and discharge. Climatic variation that
changes precipitation rates also affects groundwater recharge rates, which in turn leads to changes
in subsurface groundwater volume (Winter et al., 1998).
When an aquifer consistently yields water at rates suitable for human use, and the water is of good
enough quality to drink or be treated for drinking, it can serve as a source of drinking water.

2.2.2 Surface Water Resources

Surface water is that part of the hydrologic cycle that occurs on land surface and includes water in
the ocean as well as rainwater or meltwater. Surface water collects into depressions or along
channels in sufficient volume to create standing or running water all or much of the time. Nonocean surface water has often had little time to become saline, because much of it is not in direct
contact with anything other than more water in the surrounding surface water body. Non-ocean
surface water can quickly move into the next phase of the hydrological cycle, either evaporating
1 There

is no enforceable drinking water standard established for dissolved methane in drinking water.
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into the atmosphere or infiltrating the subsurface. Because surface water is open to the atmosphere
and is generally located at the lowest points on a landscape, it is susceptible to contamination.
Contamination sources include atmospheric deposition, and run-off from urban land areas or lands
used for agricultural or industrial activities (Winter et al., 1998). Many non-ocean surface water
bodies in the United States have a set of water quality standards based on their designated use,
which can include recreation, drinking water, supportive of aquatic life, fishery, industrial supply,
and other uses. In turn, National Discharge Pollution Elimination (NPDES) permits governing point
source discharge into the surface water bodies are issued under the Clean Water Act and contain
limits on pollutants designed to achieve these water quality standards.1 When taken together, these
permits are meant to ensure that the surface water achieves a water quality consistent with the
designated use.

2.2.2.1 Surface Water Quality

Studies conducted in connection with the National Water Quality Assessment Program show the
presence of human-made chemicals at low concentrations in the streams surveyed (Kingsbury et
al., 2008). 2 Based on dissolved solids alone, sampled streams range from less than 100 mg/L TDS to
more than 500 mg/L TDS (Anning and Flynn, 2014). Large lakes can range in salinity from less than
500 mg/L TDS to more than 200,000 mg/L. By comparison, ocean water has a salinity of about
35,000 mg/L TDS. Considering the vast array of possible chemical, biological, and radiological
content in surface water, it is beyond the scope of this report to describe in detail the surface water
qualities that exist in the United States.

2.2.2.2 Surface Water Quantity

About 7% of the surface area of the United States is covered by surface water, but it is not uniformly
distributed. The portion of the United States located east of the Mississippi River comprises about
25% of the total area, yet it contains about 42% of the total land area covered by surface water
(USGS, 2016; U.S. Census Bureau, 2012). The Great Lakes alone, located in the eastern half of the
United States, contain about one-fifth of the world’s surface fresh water (Government of Canada
and U.S. EPA, 1995). 3 In contrast, the western part of the United States has a lower proportion of
land covered by surface water with streams that tend to be more intermittent in nature. 4 For
instance, 81 percent of the streams in Arizona, New Mexico, Nevada, Utah, Colorado, and California
are not permanent streams (Levick et al., 2008). Certain parts of the western U.S. are presently
experiencing less surface water availability as indicated by declining water reservoir levels with
some reservoirs in the southwest currently below 50% of their capacity. 5 For example, according to
1
2
3

Title 40, United States Code of Federal Regulations, Part 131, as of May 25, 2016.
See USGS (2012) for more information about this program.

Including the portion of the Great Lakes lying within Canada.

Not all western states follow this trend. Hawaii and Alaska, for instance, have a significantly higher percentage of land
mass covered by surface water (41% and 14%, respectively) than the national average.
4
5

See for instance U.S. DOI (2016b), California Department of Water Resources (2016), and SRP (2016).
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the U.S. Department of the Interior (DOI), the largest capacity reservoir in the United States, Lake
Mead, holds about 37% of its volume capacity as of the fall of 2016 (U.S. DOI, 2016a).

2.3 Current Drinking Water Sources

Drinking water is supplied to households and businesses by either public water systems (PWSs) or
non-public systems (non-PWSs). 1 In 2010, approximately 270 million people (86% of the
population) in the United States relied on PWSs to supply their homes with drinking water (Maupin
et al., 2014; U.S. EPA, 2013b). These PWSs provided households with nearly 24 billion gal (91
billion L) of water per day (Maupin et al., 2014). 2 In areas without service by PWSs, approximately
45 million people (14% of the population) obtain drinking water from non-PWSs, using mostly
water wells. Non-PWSs account for about 3.6 billion gal (14 billion L) of daily water withdrawals
(Maupin et al., 2014). 3
Both groundwater and surface water serve as drinking water sources in the United States. Surface
water accounts for about 58% of all drinking water withdrawals and groundwater supplies the
remaining 42%. Table 2-1 portrays the relative abundance of surface water and groundwater as
sources for both publicly and non-publicly supplied drinking water.

Of the population receiving water supplied by PWSs, the relative importance of surface and
groundwater sources for supplying drinking water varies geographically (Figure 2-1). Most larger
PWSs rely on surface water and are located in urban areas (U.S. EPA, 2011c), whereas most smaller
PWSs rely on groundwater and are located in rural areas (U.S. EPA, 2014h, 2013b). More than 95%
of households in rural areas obtain their drinking water from groundwater (U.S. EPA, 2011c).

PWSs are subject to routine monitoring and testing requirements required under the National
Primary Drinking Water Standards regulations, whereas no such monitoring or testing is required
for non-PWSs. 4 The required monitoring and testing at PWSs ensures that the public has
information regarding the extent to which delivered water meets drinking water standards,
whereas users of non-PWSs (e.g., private water wells) make individual, voluntary decisions about
how often they monitor and test their water. Lack of monitoring may make non-PWS users more
vulnerable to contamination, if present, than PWS users.
1 PWSs

provide water for human consumption from surface water or groundwater through pipes or other infrastructure
to at least 15 service connections or serve an average of at least 25 people for at least 60 days a year (U.S. EPA, 2012g).
The EPA categorizes PWSs as either community water systems, which supply water to the same population year-round, or
non-community water systems, which supply water to at least 25 of the same people at least six months per year, but not
year-round. Non-public water systems (non-PWSs) have fewer than 15 service connections and serve fewer than 25
individuals (U.S. EPA, 1991). Non-PWSs are often private water wells supplying drinking water to a singular residence.
The USGS compiles data in cooperation with local, state, and federal environmental agencies to produce water-use
information aggregated at the county, state, and national levels. Every five years, data at the county level are compiled
into a national water use census and state-level data are published. The most recent USGS water use report was released
in 2014, and contains water use estimates from 2010. Water withdrawals are distinguished from and are greater than
water deliveries due to water loss during the process of delivering finished water (Maupin et al., 2014; USGS, 2014b).

2

3A

withdrawal means the volume of water taken from its source regardless of how much of that volume is either returned
to the local hydrologic cycle or is consumed without being returned to the local hydrologic cycle.

4

See Title 40 of the Code of Federal Regulations, Part 141, promulgated pursuant to the SDWA.
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Table 2-1. Summary of drinking water sources in the United States in 2010.

The volume and percentages of daily domestic water withdrawals in the United States are shown by public and
non-public water systems, total withdrawal, and whether the source is surface water or groundwater. Volume is in
billions of gallons per day (Bgal/day) and percentages are of either water supply type or total volume withdrawn,
as indicated in italics. Some figures shown are rounded values. Source of data: Maupin et al. (2014).

Drinking water source

Public water
supply

Non-public
water supply

Total volume
withdrawn

26.3

0.1

26.4

63

2

58

15.7

3.5

19.2

37

98

42

42.0

3.6

45.6

92

8

100

Surface Water
Daily volume withdrawn (billion gallons)
Percent of water supply type
Groundwater
Daily volume withdrawn (billion gallons)
Percent of water supply type
Total
Daily volume withdrawn (billion gallons)
Percent of water supply type

Figure 2-1. Geographic variability in drinking water sources for public water systems.

The relative importance of surface and groundwater as sources for public water systems varies by state. The public
water system sources used in this analysis include infiltration galleries, intakes, reservoirs, springs, and wells.
Sources: ESRI (2010), U.S. Census Bureau (2013), and U.S. EPA (2013b).
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2.3.1 Factors Affecting How Water Becomes a Drinking Water Source
The most common source of drinking water in the world, including in the United States, is fresh
water (see Section 2.2.1.1). There can be exceptions to the use of fresh water as a drinking water
source. For instance, projects in California, Florida, Arizona and Texas desalinate sea water or
brackish groundwater to produce drinking water. 1 The principle of supply and demand that affects
availability of commercial products in the marketplace is also applicable to drinking water
resources. Water not considered a practical drinking water source under one demand condition
may become desirable as a drinking water source under different demand conditions. Text Box 2-2
presents El Paso, Texas as such an example.

Text Box 2-2. El Paso’s Use of Higher Salinity Water for Drinking Water.
The El Paso Water Utility (EPWU) provides drinking water to over 600,000 people in the City of El Paso,
Texas and surrounding communities. Historically, the EPWU has withdrawn surface water from the Rio
Grande River and groundwater to meet water needs. Salinity from the freshwater aquifers typically ranges
between 300 and 1,000 mg/L TDS. With increases in population and periodic drought conditions stressing
the water supply, the EPWU instituted a number of different measures to diversify its water supply portfolio.
Components of the EPWU water supply portfolio include water conservation, surface water, groundwater
and, more recently, desalinating saline groundwater. Continued long-term pumping of fresh groundwater
allowed higher salinity groundwater to enter into one of EPWU’s well fields from more saline parts of the
aquifer. This well field is now used as the source for the Kay Bailey Desalination Plant, which began operation
in 2007 and desalinates groundwater with salinity ranging from 1,000 and 5,000 mg/L TDS (El Paso Water
Utilities, 2016). The plant uses reverse osmosis technology to remove the high salt content thereby creating
additional fresh water supplies. Use of this higher salinity water supply has added approximately 25% more
water availability, decreasing the stress on the original fresh water supplies available to the EPWU and
highlights the potential value of groundwater that had not formerly been considered a drinking water source.

2.3.1.1 General Considerations Applicable to All Water as Source of Drinking Water
Factors to consider when assessing a possible source of drinking water include availability,
contaminants in the water, and the cost to obtain and treat water. Surface water in streams, lakes,
or reservoirs is almost always considered to be a source for drinking water, because they contain
fresh, readily accessible water. Groundwater is a critically important drinking water source in many
parts of the United States, especially where surface water is less abundant. Challenges for use as
drinking water exist for both surface and groundwater. Surface water may not suffice as a drinking
water source when it exists only temporarily or cannot supply the volume demand. Both surface
water and groundwater may have contaminant levels that require expensive treatment technology.
For instance, in an extensive report, the USGS describes how human activities cause unnaturally
fast and deep groundwater movement, which degrades water quality over long periods in the
Brackish water is often a general term used for water having a salinity content intermediate between fresh water and
sea water, although it may also have a more specific definition, such as the 1,000 – 10,000 mg/L TDS value used in some
USGS publications.

1
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nation’s principal aquifers (DeSimone et al., 2014). Despite these challenges, changes in the demand
for water affect the consideration of sources of water for drinking purposes.

2.3.1.2 Considerations Applicable to Groundwater as a Drinking Water Source

Determining what groundwater is eligible for use as a drinking water source can include additional
challenges. Groundwater may be located at significant depth or within low-yield aquifers, requiring
additional engineering solutions to make them practical and/or cost effective as a drinking water
source. Aquifers, or parts of aquifers, not in use today for drinking water purposes may nonetheless
eventually be considered a drinking water source. The future viability of currently unused aquifers
depends on the definition of what constitutes a drinking water resource and knowledge of the
physical and chemical characteristics of the aquifers. The extent of knowledge about what exists in
the subsurface depends on extrapolation from limited subsurface data (e.g., water samples
collected from wells in, or passing through, aquifers). Although salinity is a common criterion for
designating an aquifer as a drinking water resource (see Section 2.2.1.4), there is not a uniform
threshold value for making that determination. The Groundwater Protection Council (GWPC) notes:
There is a great deal of variation between states with respect to defining protected
groundwater. The reasons for these variations relate to factors such as the quality of water,
the depth of Underground Sources of Drinking Water, the availability of groundwater, and
the actual use of groundwater (GWPC, 2009).1

In addition to variation in applicable water quality criteria, the availability of information regarding
groundwater that meets an applicable criterion (if one exists) is also variable. For instance, the
bottom depth of aquifers or parts of aquifers that may be defined as a drinking water resource are
not always readily publicly available. In some locations, such as the State of Texas, estimates of the
bottom depth of groundwater meeting certain regulatory threshold criteria are made public on a
website. 2 In other parts of the United States the depth of identified protected subsurface drinking
water resources may not be publicly available. No centralized compilation of groundwater depth
and quality exists for all locations in the United States, nor does such a reference exist for depths to
protected groundwater resources. The depths to protected groundwater resources can vary. In one
example, the EPA described the reported bottom depths of protected groundwater resources as
ranging from just below ground surface to 8,000 ft (2,000 m) (U.S. EPA, 2015n). 3
Even in regions where the bottom depth of protected groundwater resources are generally known,
there can remain uncertainty regarding precise depths at specific locations. Examples include the
states of Indiana and Michigan according to the EPA Region 5 Underground Injection Control (UIC)

1 An underground source of drinking water (USDW) is defined in the federal regulations that implement the UIC program.
A USDW is generally considered to be any aquifer, or its portion, that currently serves as a source for a public water
system; or which contains enough groundwater to supply a public drinking water system, and either now supplies water
for human consumption, or contains fewer than 10,000 mg/L TDS. See Title 40 of the Code of Federal Regulation, Section
144.3.
2
3

See http://www.beg.utexas.edu/sce/index.html.

This reference provided 1,000-foot (305 meters) depth resolution for the reported base of protected groundwater.
2-12

Chapter 2 – Drinking Water Resources in the United States

program, the State of Utah according to the Utah Geological Survey, and the State of California
according to the California State Water Resources Board (Esser et al., 2015; Anderson et al., 2012;
U.S. EPA, 2012e). In these examples, the depth to groundwater meeting the salinity threshold
necessary for decision-making is stated not to be known with precision, and collection of additional
groundwater quality information is advised. 1

2.4 Future Drinking Water Sources

The future availability of fresh drinking water sources in the United States (Section 2.2.1.1) will
likely be affected by changes in climate and water use (Georgakakos et al., 2014). Since 2000, about
30% of the total area of the contiguous United States has experienced moderate drought conditions
and about 20% has experienced severe drought conditions (National Drought Mitigation Center,
2015; U.S. EPA, 2015p). Declines in surface water resources have already led to increased
withdrawals and cumulative net depletions of groundwater in some areas (Castle et al., 2014;
Georgakakos et al., 2014; Konikow, 2013; Famiglietti et al., 2011). Loss of approximately 240 mi3
(1,000 km3) of groundwater between 1900 and 2008 has been documented by the USGS. USGS
reports that about 20% of that loss occurred in the final eight years of that timeframe and that
depletion is greater in the arid and semi-arid western states than in the more humid eastern states
(Konikow, 2013). Other sources of water that might not be considered fresh, such as wastewater
from sewage treatment plants, brackish and saline surface and groundwater, as well as sea water,
are also increasingly being used to meet water demand. Through treatment or desalination, these
water sources can reduce the use of high-quality, potable fresh water for industrial processes,
irrigation, recreation, and toilet flushing (i.e., non-potable uses). In addition, in 2010, approximately
355 million gal per day (1.3 billion L per day) of treated wastewater was reclaimed through potable
reuse projects (NRC, 2012). Such projects use reclaimed wastewater to augment surface drinking
water sources or to recharge aquifers that supply drinking water to PWSs (NRC, 2012; Sheng,
2005). In 2007, among approximately 13,000 desalination plants worldwide, there existed the
capacity to produce about 14.7 billion gal (55.6 billion L) of fresh water each day. In 2005, the
United States had approximately 11 % of that volume capacity (Gleick, 2008; Cooley et al., 2006).
An increasing number of states are developing new water supplies to augment existing drinking
water sources through reuse of reclaimed water, recycling of storm water, and desalination (U.S.
GAO, 2014). Most desalination programs currently use brackish water as a source, although plans
are underway to expand the use of sea water. States with the highest installed capacity for
desalination include Florida, California, Arizona, and Texas (Cooley et al., 2006). It is likely that
various water treatment technologies will continue to expand drinking water sources beyond those
that are currently being considered. In addition to treatment technologies, there are efforts by
public water systems to alleviate demand on drinking water supplies such as encouraging more
modest consumer water usage and repairing leaks in water infrastructure.

1 Decisions dependent on knowledge of threshold salinity values in groundwater can include permitting injection wells
and oil and gas production well construction design approvals.
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2.5 Proximity of Drinking Water Resources to Hydraulic Fracturing Operations
Hydraulic fracturing in oil and gas production wells necessarily takes place where oil and gas
resources are located. The relative locations of drinking water resources influences the degree to
which they may be affected by activities in the hydraulic fracturing water cycle. With increased
proximity, hydraulic fracturing activities have a greater potential to affect surface and subsurface
sources of current and future drinking water (Vengosh et al., 2014; Entrekin et al., 2011). To
estimate potentially vulnerability populations that use drinking water resources, the EPA
performed an analysis of the number of hydraulically fractured production wells that are located
within 1 mi (1.6 km) of a PWS source. The EPA also presents subsurface separation distances
between the depths of drinking water resources and hydraulic fracturing in production wells.

2.5.1 Lateral Distance between Public Water System Sources and Hydraulic Fracturing

The EPA analyzed the locations of the approximately 275,000 oil and gas wells that were assumed
to be hydraulically fractured in 25 states between 2000 and 2013 (Chapter 3) to determine the
number of fractured wells within a 1-mile radius of facilities that withdraw water for a PWS. 1,2,3
Based on 2000–2013 DrillingInfo data, the lateral distance from the nearest facility that withdraws
water for PWS to a hydraulically fractured well ranged from 0.01 to 41 mi (0.02 to 66 km), with an
average distance of 6.2 mi (10.0 km) and a median distance of 4.8 mi (7.7 km) (DrillingInfo, 2014a;
U.S. EPA, 2014h). Of the approximately 275,000 wells that were estimated to have been
hydraulically fractured in 25 states between 2000 and 2013, an estimated 21,900 (8%) were within
1 mile of at least one PWS groundwater well or surface water intake. Most of these approximately
6,800 individual facilities that withdraw water for a PWS were located in Colorado, Louisiana,
Michigan, North Dakota, Ohio, Oklahoma, Pennsylvania, Texas, and Wyoming (Figure 2-2). These
facilities that withdraw water for a PWS had an average of seven hydraulically fractured production
wells and a maximum of 144 such production wells within a 1-mile radius. These water sources
supplied water to 3,924 PWSs—1,609 of which are community water systems—that served more
than 8.6 million people year-round in 2013 (U.S. EPA, 2014h; U.S. Census Bureau, 2013; U.S. EPA,
2013b). 4
1 The EPA

estimated the number of oil and gas production wells hydraulically fractured between 2000 and 2013. To do
this, EPA assumed that all horizontal wells were hydraulically fractured in the year they started producing and assumed
that all wells within a shale, coalbed, or low-permeability formation, regardless of well orientation, were hydraulically
fractured in the year they started producing. More details are provided in U.S. EPA (2013c). Not all coalbed methane wells
are hydraulically fractured, but coalbed methane wells represent production wells that sometimes uses hydraulic
fracturing. Given that there were 15% of coalbed methane wells relative to all hydraulically fractured wells and the lack of
data that distinguishes whether or not coalbed wells are hydraulically fractured, EPA included coalbed wells into all
counts of wells that are hydraulically fractured.
2 The

selected 1-mile distance used in this analysis provides a consistent approach. Local topographic conditions could
support the use of a different analysis at any specific site.

3 A facility that withdraws water for a PWS includes water intakes, water wells, springs, infiltration galleries, and
reservoirs. It is common for a PWS to operate multiple individual facilities to withdraw the cumulative water supplied by
the PWS.
4 All

PWS types were included in the locational analyses performed. However, only community water systems were used
to calculate the number of customers obtaining water from a PWS with at least one source within 1 mile of a hydraulically
2-14

Chapter 2 – Drinking Water Resources in the United States

Figure 2-2. The location of public water system sources having hydraulically fractured wells
within 1 mile.

Points indicate the location of public water system (PWS) sources; point color indicates the number of hydraulically
fractured wells within 1 mile of each PWS source. The estimates of wells hydraulically fractured from 2000 to 2013
developed from the DrillingInfo data were based on assumptions described in Chapter 3. Sources: DrillingInfo
(2014), U.S. EPA (2013b), and ESRI (2010).

The EPA also analyzed the location of hydraulically fractured wells relative to populations where a
high proportion (≥30%, or at least twice the national average) obtain drinking water from nonPWSs (mostly private groundwater wells). 1 Based on DrillingInfo well location data and USGS
drinking water data, between 2000 and 2013, approximately 3.6 million people live in counties
fractured well. If non-community water systems are included, the estimated number of customers increases by 533,000
people (U.S. EPA, 2012g). A community water system is a PWS which serves at least 15 service connections used by yearround residents or regularly serves at least 25 year-round residents.
1 There

is no national data set of non-PWSs. In Maupin et al. (2014), the USGS estimates the proportion of the population
reliant on non-PWSs, referred to as the “self-supplied population,” by county, based on estimates of the population
without connections to a public water system. The USGS estimates were used for this analysis.
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with at least one hydraulically fractured well and where at least 30% of the population relies on
non-PWSs for drinking water (DrillingInfo, 2014a; USGS, 2014b). The population changes to
approximately 740,000 people living in counties with more than 400 hydraulically fractured wells
and at least 30% of the population relies on non-PWSs for drinking water (DrillingInfo, 2014a;
USGS, 2014b). 1 The counties having more than 400 hydraulically fractured wells and at least 30% of
the population relying on non-PWSs for drinking water were located in Colorado, Kentucky,
Michigan, Montana, New Mexico, New York, Oklahoma, Pennsylvania, Texas, and Wyoming.
As described in Chapter 1, this assessment defines five stages in the hydraulic fracturing water
cycle. The lateral distance analysis presented here relates to the wellhead locations of hydraulically
fractured production wells, and therefore addresses three stages that take place near production
wellheads, evaluated in Chapters 5, 6, and 7, respectively (chemical mixing, well injection, and
produced water handling). 2 A lateral distance analysis was not possible for the other two stages
(water acquisition, wastewater disposal and reuse) because there is a lack information about where
water is acquired for hydraulic fracturing and where the wastewater from any given hydraulically
fractured well is disposed or treated.

2.5.2 Vertical Distance between Drinking Water Resources and Hydraulic Fracturing

The depth at which hydraulic fracturing takes place varies depending on the depth to the targeted
production zone. For instance, in a study of wells representing approximately 23,000 production
wells hydraulically fractured by nine service companies during 2009 and 2010, the EPA found that,
when measured vertically from the surface to total depth, well depths ranged from less than 2,000
ft (600 m) to more than 11,000 ft (3,000 m) (U.S. EPA, 2015n). Similarly, based on more than
38,000 hydraulic fracturing disclosures to the FracFocus registry website, the middle 90% of these
well disclosures had vertical depths between 2,900 and 13,000 ft (880 and 4,000 m) with a median
value of about 8,100 ft (2,500 m) (U.S. EPA, 2015a). Hydraulic fracturing can occur at or near the
bottom of a production well or it may take place at different intermediate depths depending on the
location of economically producible oil and gas, and thus the total vertical depth of a production
well does not necessarily correlate to the depth at which hydraulic fracturing occurs (Chapter 6).
Hydraulic fracturing has been conducted at depths ranging from less than 1,000 ft (300 m) to
greater than 10,000 ft (3,000 m) depth (U.S. EPA, 2015n; NETL, 2013). The distance from the base
of the drinking water resource to the shallowest hydraulic fracturing initiation point in a
production well serves as a separation distance. 3 The EPA reports separation distances in depth
measured along the well ranging from no separation distance (where hydraulic fracturing took
Approximately 14% of the U.S. population is self-supplied by non-PWSs (Maupin et al., 2014). This analysis considers
only counties in which more than double the national average—that is, at least 30% of the county’s population—was
supplied by non-PWSs.
1

Chapter 7 (Produced Water Handling) examines potential effects on drinking water resources at hydraulically fractured
wellhead locations, as well as away from wellhead locations.

2

3

If measured vertically from the shallowest hydraulic fracturing initiation point to the bottom of the drinking water
resource, this is referred to as a vertical separation distance. If measured along a borehole from the shallowest hydraulic
fracturing initiation point to the bottom of the drinking water resource, this is referred to as a separation distance in
measured depth.
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place at depths shallower than the reported base of the drinking water resource) to more than
10,000 ft (3,000 m) (U.S. EPA, 2015n).

In a given setting, it is the geologic and hydrologic history that determines the depths to potential
oil and gas and/or subsurface drinking water resources. In some settings, rock formations bearing
economic quantities of oil or gas also contain groundwater that, based on salinity value alone,
qualifies it as a drinking water resource. Large distances vertically separate these two resources in
other settings. Figure 2-3 depicts two different types of these settings.

Figure 2-3. Separation distance between drinking water resources and hydraulically fractured
intervals in wells

Schematic examples showing a relatively large separation distance (panel a) and the absence of any separation
distance (panel b) between the shallowest fracture initiation depth in a well to the base of the protected drinking
water resource. Distances may be presented as vertical or as a measured distance along a non-vertical well. Panel c
shows result from wells studied representing approximately 23,000 production wells hydraulically fractured
between 2009 and 2010 (U.S. EPA, 2015n). Error bars in panel c display 95% confidence intervals.

In Figure 2-3, panel (a), the hydraulically fractured oil- and gas-bearing zone is much deeper than
drinking water resources, therefore separation distance is large. In panel (b), the hydraulically
fractured oil- and gas-bearing zone is at the same depth as drinking water resources and there is no
separation. The lack of separation distance can be due to the oil- and gas-bearing zone being
shallow and/or the drinking water resource being deep. Panel (c) illustrates the distribution of
separation distances in measured depth for study wells representing approximately 23,000 oil and
gas production wells hydraulically fractured by nine service companies between 2009 and 2010, as
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reported in U.S. EPA (2015n). The calculation of 95% confidence intervals shown in panel (c) is
described in the EPA report and was affected by the number of companies in the study and the well
file selection methods.

2.6 Conclusions

Drinking water resources provide the water humans consume, cook with, bathe in, and need for
other purposes. An estimated 86% of the United States population derives its household drinking
water from PWSs that serve at least 25 people. The remaining 14% self-supply their homes with
drinking water from non-PWSs, which are largely private water wells. Publicly supplied drinking
water is subject to monitoring and testing to determine compliance with drinking water standards
while no such monitoring and testing is required at non-PWSs. Surface water is the source for an
estimated 58% of the volume needed to supply drinking water and groundwater is the source for
the remaining 42%.

The existing distribution and abundance of the drinking water resources in the United States may
not be sufficient in some locations to meet future demand. The future availability of sources of
drinking water that are considered fresh will likely be affected by changes in climate and water use.
Since at least 2000, many areas of the United States have experienced significant drought, which
often correlate with diminishment of ground and surface water supplies in these areas. Locally,
measures are now being implemented to prolong use of current drinking water sources such as
encouraging more modest drinking water use and using treated wastewater or other non-potable
water sources to help meet demand.

Between 2000 and 2013, the EPA estimates there were approximately 275,000 oil and gas
production wells hydraulically fractured in 25 states. To produce a consistent measure of proximity
between these hydraulically fractured oil and gas production wells and drinking water resources
during this time frame, the EPA counted the number hydraulically fractured oil and gas production
wells located within 1 mile of public drinking water sources, and performed a count of the counties
with a relatively high reliance on self-supplied drinking water that also contain one or more of
these hydraulically fractured production wells. Between 2000 and 2013, approximately 3,900
public water systems had between one and 144 wells hydraulically fractured within 1 mile of their
water source; these public water systems served more than 8.6 million people year-round in 2013.
An additional 740,000 people between 2000 and 2013 self-supplied their drinking water in
counties where at least 30% of the population relies on groundwater and having at least 400
hydraulically fractured wells.
Depending on the nature of the geologic setting, hydraulically fractured oil and gas production
wells can be located near where people get their drinking water. Depths to hydraulically fractured
oil and gas resources can range from less than 1,000 ft (300 f) to more than 10,000 ft (3,000 m)
while drinking water resources may be found between a few tens of feet to as much as 8,000 ft
(2,000 m) below the surface. There is limited publicly available information to determine the
vertical distance separating the shallowest hydraulic fracturing initiation point in a production well
from the deepest drinking water resource. The EPA found, among 323 wells studied statistically
representing more than 23,000 production wells hydraulically fractured by nine service companies
between 2009 and 2010, the distance along the wells between these two resources ranged from
none to more than 10,000 ft (3,000 m).
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Chapter 3. Hydraulic Fracturing for
Oil and Gas in the United States
Abstract
This chapter provides a general description of the practice of hydraulic fracturing, where it is conducted,
how prevalent it is, and how hydraulic fracturing-based oil and gas production fits into the context of
energy production in the United States. Some of the information in this chapter also serves as an
introduction to the more in-depth technical chapters in the assessment.

Hydraulic fracturing is a technique used to increase oil and gas production from underground oiland/or gas-bearing rock formations (reservoirs). The technique involves the injection of hydraulic
fracturing fluids through the production well and into the reservoir under pressures great enough to
fracture the reservoir rock. Hydraulic fracturing fluids typically consist mainly of water, a “proppant”
(typically sand) that props open the created fractures, and additives (usually chemicals) that modify the
properties of the fluid for fracturing. Fractures created during hydraulic fracturing enable better flow of
oil and gas from the reservoir into the production well. Water that naturally occurs in the oil and gas
reservoirs also typically flows into and through the production well to the surface as a byproduct of the
oil and gas production process.
Since the mid-2000s, the combination of modern hydraulic fracturing and directional drilling has
become widespread and significantly contributed to a surge in oil and gas production in the United
States. Slightly more than 50% of oil production and nearly 70% of gas production in 2015 is estimated
to have occurred using hydraulic fracturing. Hydraulic fracturing is widely used in unconventional (low
permeability) oil and gas reservoirs that include shales, so-called tight oil and tight gas formations, and
coalbeds, but it is also used in conventional reservoirs.

There is no comprehensive national database of wells that are hydraulically fractured in the United
States. Using data from several commercial and public sources, the EPA estimates that 25,000 to 30,000
new wells were drilled and hydraulically fractured in the United States annually between 2011 and
2014. These hydraulic fracturing wells are geographically concentrated; in 2011 and 2012 almost half of
hydraulic fracturing wells were located in Texas, and a little more than a quarter were located in the
four states of Colorado, Pennsylvania, North Dakota, and Oklahoma.
New drilling activity for hydraulic fracturing wells is generally linked with oil and gas prices, and those
peaked in the United States between 2005 and 2008 for gas and between 2011 and 2014 for oil.
Following price declines, the number of new hydraulically fractured wells in 2015 decreased to about
20,000. Despite recent declines in prices and new drilling, U.S. gas and oil production continues at levels
above those in recent decades, and production for both is predicted to continue growing in the long
term, led by hydraulic fracture-based production from unconventional reservoirs.
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3. Hydraulic Fracturing for Oil and Gas in the
United States
3.1 Introduction
This chapter provides general background information on hydraulic fracturing and will help the
reader understand the in-depth technical chapters that follow. We describe the purpose and
process of hydraulic fracturing and the situations and settings in which it is used (Section 3.1). Then
we provide a general description of activities at a hydraulic fracturing well site including assessing
and preparing the well site, well drilling and construction, the hydraulic fracturing event, the oil
and gas production phase, and eventual site closure (Section 3.3). A characterization of the
prevalence of hydraulic fracturing in the United States is then presented (Section 3.4), followed by a
review of its current and future importance in the oil and gas industry and its role in the U.S. energy
sector (Section 3.5), and a brief conclusion (Section 3.6).

3.2 What is Hydraulic Fracturing?

Hydraulic fracturing is a technique used to increase oil and gas production from underground oilor gas-bearing rock formations (reservoirs). 1 The technique involves the injection of hydraulic
fracturing fluids through the production well and into the reservoir under pressures great enough
to fracture the reservoir rock. The injected hydraulic fracturing fluid carries “proppant” (typically
sand) into the fractures so that they remain propped open after the pressurized injection is
stopped. In addition to water, which typically makes up most of the injected fracturing fluid, the
fluid also contains chemical additives (additives) that serve a variety of purposes. These additives,
for example, can increase the fluid viscosity (how “thick” the fluid is) so that it carries the proppant
into the fractures more effectively, can help control well corrosion, can help minimize microbial
growth in the well, and so on (King and Durham, 2015; Gupta and Valkó, 2007). The resulting
fractures enable better flow of oil and gas from the reservoir into the production well. Water that
naturally occurs in the reservoirs also typically flows into and through the production well to the
surface as a byproduct of the production process.

Although hydraulic fracturing is not new, how and where it is employed has changed (Text Box
3-1). For about a half-century after its introduction in the late 1940s, it was used to increase
production from vertical wells in conventional oil and gas reservoirs. Conventional reservoirs
develop over geologic time (many millions of years) when naturally buoyant oil and gas very slowly
migrate upward from the shale rock formations in which they formed until they are trapped by
geologic formations or structures and accumulate under a confining layer (Figure 3-1). As the oil
and gas accumulate, the pressure may increase. If the reservoir is under enough pressure and has
1 A version of hydraulic fracturing, sometimes called hydrofracturing or hydrofracking, can be used to increase water
yields from water wells and is typically done by injecting only water under pressure. This application of hydraulic
fracturing is out of the scope of this assessment.
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Text Box 3-1. Hydraulic Fracturing: Not New, but Different and Still Changing.
From the mid-1800s to the 1940s, operators of oil and gas wells occasionally tried to increase production by
pumping fluids or sometimes dropping explosives into wells. In the late 1940s, a fracturing technique to
increase production was patented by the Stanolind Oil and Gas Company and licensed to the Halliburton Oil
Well Cementing Company (Montgomery and Smith, 2010). Close to 1 million wells were hydraulically
fractured from the late 1940s to about 2000 (IOGCC, 2002). The typical well design and hydraulic fracturing
operations during most of that time, though, were very different from today’s modern hydraulic fracturing
operations.

The groundwork for the transformation to modern hydraulic fracturing was laid in the 1970s and early
1980s. Public-private research and development (R&D) partnerships that included industry, the Department
of Energy, and the Gas Research Institute were established because large amounts of natural gas were known
to occur in some shale rock formations yet traditional production well technology was not able to recover
much of the gas (Avila, 1976). These R&D programs played a key role in advancing technologies such as deep
horizontal drilling and fracturing with higher water volumes that ultimately enabled production from shales
and other unconventional sources of gas and oil (DOE, 2015; NRC: Committee on Benefits of DOE R&D on
Energy Efficiency and Fossil Energy, 2001). During this period, the U.S. Congress began offering tax incentives
for producers to use the developing technologies in the field (Wang and Krupnick, 2013; EIA, 2011a; Yergin,
2011). Advances in directional drilling technologies led to the first horizontal wells being drilled in the mid1980s in the Austin Chalk oil-bearing rock formation in Texas (Pearson, 2011; Haymond, 1991). Directional
drilling and other technologies matured in the late 1990s. In 2001, the Mitchell Energy company developed a
cost-effective technique to fracture the Barnett Shale in Texas. The company was bought by Devon Energy, a
company with advanced experience in directional and horizontal drilling, that, in 2002, drilled seven wells
and developed in the Barnett Shale using the combination of horizontal drilling and hydraulic fracturing; fiftyfive more wells were completed in 2003 (Yergin, 2011). The techniques were rapidly adopted and further
developed by others (DOE, 2011b; Montgomery and Smith, 2010). By 2005, the techniques were being used
in unconventional (low-permeability) oil and gas reservoirs outside of Texas. Modern hydraulic fracturing
quickly became the industry standard, driving a surge in U.S. production of oil and natural gas.
Hydraulic fracturing techniques and technologies continue to evolve. Wells are being drilled with longer
horizontal sections and are more closely spaced. Multiple, horizontal sections extending from a single vertical
well enable production from larger subsurface areas from a single well pad on the land’s surface. These
historic and continuing technological developments enable production from previously unused oil and gasbearing geologic formations, altering and expanding the geographic range of oil and gas production activities.

Left: Early hydraulic fracturing site, late 1940s (source: Halliburton, used with permission). Right: Contemporary
hydraulic fracturing operation, late 2000s (source: NYSDEC (2015), used with permission).

3-4

Chapter 3 – Hydraulic Fracturing for Oil and Gas in the United States

adequate natural permeability, the economic extraction of oil and/or gas may only require using a
drilled well to bring the oil or gas to the surface. 1

If the natural pressure is not high enough for the oil and gas to readily flow to the surface, various
pumping and “lift” techniques can be used to help the oil and gas move up the well to the surface
(Hyne, 2012). In other situations, operators may pump water or a mix of water and carbon dioxide
(or other similar mixtures) into the reservoir through injection wells to help move and enhance the
extraction of oil and gas through nearby production wells. These techniques address pressure and
fluid characteristics in the reservoir, are not designed to fracture the reservoir rock, and therefore
are production-increasing techniques that are distinct from hydraulic fracturing. The discussions in
the remainder of this chapter focus on hydraulic fracturing in unconventional reservoirs.

Hydraulic fracturing is now combined with directional drilling technologies to access oil and gas in
unconventional reservoirs (although hydraulic fracturing is still used in conventional reservoirs,
too). 2 Unconventional reservoirs have a very low natural permeability, which prevents oil and gas
from flowing through the rock into wells in economic amounts. Production from unconventional
reservoirs becomes economically feasible when wells, typically horizontal or deviated, are drilled
and hydraulically fractured through long portions of the production zone (the targeted oil- and gasbearing zones within a reservoir). See Figure 3-1 for a diagram of horizontal and other well types
and the reservoir types from which they can produce. Text Box 3-2 provides a brief discussion on
the use of the terms conventional and unconventional.
More details about the geologic formations that can be unconventional reservoirs are presented
below:
•

•

Shales. Some organic-rich black shales serve as the source of oil and gas found in
conventional resources when, over geologic time, the lighter and more buoyant oil and gas
migrate upward from these shales and become trapped under impermeable confining
layers (Figure 3-1). Shales have very low permeability and the oil and gas are contained in
poorly connected pore space in the shale rock. With hydraulic fracturing and directional
drilling now enabling oil and gas production from very low permeability formations, some
of these shale source rocks are now unconventional reservoirs in addition to being
sources. Some shales produce predominantly gas and others predominantly oil; often
there will be some co-production of gas from oil wells and co-production of liquid oil from
gas wells (USGS, 2013a; EIA, 2011a).

Tight formations. Some oil- and gas-bearing sandstone, siltstone, and carbonate
formations can be referred to as “tight” formations (for example, “tight sands”) because of
their relatively low permeability and the fact that oil and gas are contained in small, poorly
connected pore spaces. Given a range of permeabilities, some tight formations require

1 Permeability in rocks is the ability of fluids, including oil and gas, to flow through well-connected pores or small
openings in the rock.

Directional drilling is the practice of controlling the direction and deviation (angle) of a borehole during drilling to
extend the borehole in a predetermined orientation and to a targeted area in the subsurface. Directional drilling is
required for drilling a deviated or horizontal well and is common in unconventional reservoirs. The terms deviated wells
and directional wells are often used interchangeably.
2
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•

hydraulic fracturing for economic production and some do not. In the literature, “tight gas”
generally refers to gas in tight sands and is distinguished from “shale gas.” Oil resources
from shale and other tight formations, in contrast, are frequently referred together under
the label “shale oil” or “tight oil” (Schlumberger, 2014; USGS, 2014a).

Coalbeds. Organic-rich coal, found in coalbeds, can be a source of methane (natural gas).
The gas primarily adheres to the coal surface rather than being contained in pore space or
structurally trapped in the formation. A range of techniques can be used to extract
methane from coalbeds and these techniques sometimes, but not always, employ hydraulic
fracturing. A key component of all coalbed methane production is the need to “dewater”
the coalbeds (pumping out naturally occurring or injected water) to reduce the pressure in
the coal allowing the methane to be released and flow from the coal into the production
well (Palmer, 2010; Al-Jubori et al., 2009; USGS, 2000).

Figure 3-1. Conceptual illustration of the types of oil and gas reservoirs and production wells
used in hydraulic fracturing.

A vertical well is producing from a conventional oil and gas reservoir (right). The impermeable gray confining layer
(sometimes called a cap rock) traps the lighter and more buoyant gas (red) and oil (green) as it migrates up from
the deeper oil- or gas-rich shale source rock. Also shown are wells producing from unconventional reservoirs: a
horizontal well producing from a deep shale (center); a vertical well producing methane (gas) from coalbeds
(second from left); and a deviated well producing from a tight sand reservoir (left). Multiple deviated or horizontal
wells can be constructed and operated from a single well site. Note that the oil- or gas-rich shale serves as both a
source and a reservoir. Modified from Schenk and Pollastro (2002) and Newell (2011).
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Text Box 3-2. “Conventional” Versus “Unconventional.”
The terms “conventional” and “unconventional” are widely used in articles and reports to distinguish types of
oil and gas reservoirs, wells, production techniques, and more. In this report, the terms are mainly used to
distinguish different types of oil and gas reservoirs: “conventional” reservoirs are those that can support the
economically feasible production of oil and gas using long-established technologies, and “unconventional”
reservoirs are those in which production has become economical only with the advances that have occurred
in hydraulic fracturing (often combined with directional drilling) in recent years.
Note that as hydraulic fracturing has increasingly become a standard industry technique, the word
“unconventional” is less apt than it once was to describe these oil and gas reservoirs. In a sense, “the
unconventional has become the new conventional” (NETL, 2013).

The following three maps show the locations of major shale gas and oil resources, tight gas
resources, and coalbed methane resources, respectively, in the contiguous United States (Figure
3-2, Figure 3-3, and Figure 3-4). To explain the terminology used in the maps: a group of known or
possible oil and gas accumulations in the same region and with similar geologic characteristics can
be referred to as a play (Schlumberger, 2014). Plays can sometimes be geologically layered atop one
another (or “stacked”) and are located in broad depressions filled with sedimentary rock
formations in the earth’s continental crust known as basins. A group of similar coalbed methane
(gas) reservoirs can be referred to as coalbed methane fields (rather than plays) and are also found
in basins. The plays and fields in the maps below represent unconventional reservoirs that are
being exploited now or could be exploited in the future using hydraulic fracturing.

There is a wide range of depths at which hydraulic fracturing occurs across the country. For
example, approximate average depths for some of the largest gas-producing reservoirs are as deep
as 6,000 ft (2,000 m) in the Marcellus Shale in Pennsylvania and West Virginia, 7,500 ft (2,300 m) in
the Barnett Shale in Texas, and 12,000 ft (3,700 m) for the Haynesville-Bossier Shale in Louisiana
and Texas (NETL, 2013).1 A few other, smaller plays are shallower, with depths less than 2,000 ft
(600 m) in parts of the Antrim (Michigan), Fayetteville (Arkansas), and New Albany (Indiana and
Kentucky) shale plays (NETL, 2013; GWPC and ALL Consulting, 2009). Coal seams that can be
drilled to produce gas (coalbed methane) range in depth from less than 600 ft (200 m) to more than
6,000 ft (2,000 m) with production often occurring at depths between 1,000 and 3,000 ft (300 and
900 m) (U.S. EPA, 2006; ALL Consulting, 2004). Coalbed methane production occurs in the San Juan
Basin in New Mexico, the Powder River Basin in Wyoming and Montana, and the Black Warrior
Basin in Alabama and Mississippi. See Chapter 6 for more information on the general locations and
depths of formations being hydraulically fractured.

1

These are approximate average depths; hydraulic fracturing occurs in shallower and deeper zones in all these plays.
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Figure 3-2. Major shale gas and oil plays in the contiguous United States.

The plays represent geologically similar accumulations of oil and gas that are or could be developed. Adapted from EIA (2015).
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Figure 3-3. Major tight gas plays in the contiguous United States.

The plays represent geologically similar accumulations of gas that are or could be developed. Adapted from EIA (2011b).
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Figure 3-4. Coalbed methane fields and coal basins in the contiguous United States.

The fields represent gas-bearing coal deposits that are or could be developed. Adapted from EIA (2011b).
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How a hydraulic fracturing operation is conducted depends on the characteristics of the oil- or gasbearing formation (such as the geology, depth, and other factors). Hydraulic fracturing operations
in shales, such as the Marcellus and Haynesville, require that relatively large volumes of water and
proppant to be pumped at high pressures through deep wells with long horizontal sections in the
production zone. In some tight formations, such as in the Permian Basin, hydraulic fracturing can be
conducted with smaller water volumes and using less pressure in shorter vertical or deviated wells
(Gallegos and Varela, 2015). Hydraulic fracturing technologies can be applied to coalbed methane
production in various ways, for example, with much smaller water volumes and no proppant, or
with water-based gels or foams and proppant. Coalbed methane production sometimes involves no
hydraulic fracturing, with only pumping of the naturally occurring formation water out of the
coalbeds to enable the release and production of the trapped methane. 1

3.3 Hydraulic Fracturing and the Life of a Well

A variety of activities take place at a well site over the course of the operational life of a
hydraulically fractured oil and gas production well. Not all of these activities are within the scope of
this assessment (that includes water acquisition, chemical mixing, well injection, produced water
handling, and wastewater disposal and reuse). However, in this chapter we include some
information on a wider range of activities related to the well site to provide context for the reader.
The overview of well operations presented in this section is broad, illustrates common activities,
and describes some specific operational details. The details of well preparation, hydraulic
fracturing and production operations, and closure can vary between companies, reservoirs, and
states, and even from well to well. The activities involved in well development and operations may
be conducted by the well owner and/or operator, their representatives, and/or service companies
working for the well owner.

Figure 3-5 shows the general sequence and duration of activities at a hydraulic fracturing well site,
including the activities that comprise the five stages of the hydraulic fracturing water cycle (noted
above and defined in Chapter 1). The hydraulic fracturing event itself is the period of the most
operational activity during the life of a well and is short in duration compared to the other well site
activities. The hydraulic fracturing activity typically lasts from about a day to several weeks (U.S.
EPA, 2016c; Halliburton, 2013; NYSDEC, 2011). The subsequent phase of oil and gas production,
during which produced water also flows from the well, is the longest phase during the life of the
well and can last decades (King and Durham, 2015). 2

1

Some subsurface geologic formations, including coalbeds and oil and gas reservoirs, can contain naturally occurring
water that is commonly referred to as “formation water,” “native water,” or (if salty) “native brines.”
In general, produced water is water that flows from the subsurface through oil and gas wells to the surface as a byproduct of oil and gas production. See Section 3.3.3 and Chapter 7 for more details.

2
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Figure 3-5. General timeline and summary of activities that take place during the preparation
and through the operations of an oil or gas well site at which hydraulic fracturing is used.
3.3.1 Site Preparation and Well Construction
Before hydraulic fracturing and production can occur, preliminary steps include assessing and
preparing the site, and drilling and constructing the production well.

3.3.1.1 Site Assessment and Preparation

Selecting a suitable well site requires an assessment of geologic (subsurface) and geographic
(surface) factors. Geophysical surveys of the subsurface can be conducted using data gathering
techniques from the land surface or subsurface, and rock samples may be gathered from outcrops
or from exploratory or test wells. Other information is obtained by well logging in which
geophysical instruments that collect data on subsurface conditions are lowered into or installed in a
well (Kundert and Mullen, 2009). 1 Analyzing all of this information together enables operators to
develop an understanding of the potential reservoir characteristics (such as permeability and the
presence of natural fractures and water), the position of such formations in relation to other

1 Well logging is used to obtain information on mechanical integrity, well performance, and reservoir properties that can
affect oil and gas production. Well logging data from other wells in the nearby area also provides information on the
reservoir. More information on well logging is found in Chapter 6 and Appendix D.
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formations, including water-bearing zones, and details about the quantity and quality of the oil and
gas resource.

Geographic factors involved in well site assessment include topography and land cover; proximity
to roads, pipelines, water sources, other oil and gas wells, and abandoned oil or gas wells; possible
well setback requirements; potential for site erosion; location relative to environmentally sensitive
areas; and location relative to populated areas (Drohan and Brittingham, 2012; Arthur et al.,
2009a). 1 Land ownership also plays an important role in well site selection. During site assessment
and before site development and well drilling, the well owner/operator obtains a mineral rights
lease, negotiates with landowners, and applies for necessary permits from the appropriate federal,
state, and local authorities (Hyne, 2012). This initial site assessment phase of the process may take
several months (King and Durham, 2015; King, 2012).

The site is typically surveyed to plan and finalize well site location and access. Sometimes an access
road may need to be built to accommodate trucks delivering equipment and supplies to be used at
the site (Hyne, 2012). The operator levels and grades the well site to manage drainage, complete
access routes, and prepare the well pad. The well pad is a smaller area within the broader well site
where the production well will be drilled and the hydraulic fracturing activities will be
concentrated. Well pads can range in size from less than an acre to several acres depending on the
scope of the operations (King, 2012; NYSDEC, 2011). Multiple wells can be located on a single well
pad at a well site (King, 2012; NYSDEC, 2011)

To manage the various fluids that are used for or generated during operations, storage pits
(sometimes referred to as impoundments) are excavated, graded and constructed on the well site,
and/or steel tanks are installed. These are used to hold water and materials (such as drilling mud)
related to the well-drilling activities, water used in the hydraulic fracturing process, or the
produced water that is generated post-fracturing (Hyne, 2012). Pit construction is generally
governed by local regulations. In some areas, regulations may prohibit the use of pits or require pits
to be lined to prevent fluid seepage into the shallow subsurface. One alternative to constructing a
pit for drilling fluids is the use of a closed loop drilling system that stores, partly treats, and recycles
the drilling fluid (Astrella and Wiemers, 1996). Often piping is installed along the surface or in the
shallow subsurface of the well site to deliver water for hydraulic fracturing, remove produced
water, or transport the oil and gas once production begins (Arthur et al., 2009a).
Water may be acquired from local surface water or groundwater resources, or reused from other
well sites. Water is required for the drilling phase as well as for hydraulic fracturing (Chapter 4).
Figure 3-6 depicts the pumping of water for well site operation from a local surface water source.
After site and well pad preparation, drill rigs and associated equipment (including the drill rig
platform, generators, well blowout preventer, fuel storage tanks, cement pumps, drill pipe, and
casing) are brought onto the site.

1 Regarding

well setbacks, some states and sometimes local city or county governments can have requirements that define
how close an oil and gas well can be located to drinking water supplies or other water bodies.
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Figure 3-6. Surface water being pumped for oil and gas development.
Photo credit: Arkansas Water Science Center (USGS).

3.3.1.2 Well Drilling and Construction
Wells are generally drilled and constructed by repeating several basic steps. The operator begins by
using the drill rig (temporarily located on the well pad) to hoist a section of long drill pipe up and
attaching a drill bit to the bottom of the drill pipe. The drill rig is then used to rotate and advance
the drill pipe/drill bit combination (also known as the drill string) downward through the soil and
rock. As the drill string continues moves downward, new sections of pipe are added at the surface,
enabling the drilling to proceed deeper (Hyne, 2012). During drilling, a drilling fluid is pumped
down through the center of the drill string to the drill bit to lubricate and cool it, and to help
remove the drill cuttings from the well (King, 2012). 1
Drilling is temporarily halted at certain pre-determined intervals, the drill string is removed from
the wellbore (also called the borehole), and long sections of another type of steel pipe called casing
are lowered into the wellbore and set in place. 2 Cement is then pumped into the space between the
outside of the casing and the wellbore. This process is repeated, with the next interval of drilling
1 Drilling

fluids, sometimes called drilling mud, consist primarily of water, foam, oil or air, with the most common drilling
mud consisting mainly of water and clay (Williamson, 2013). Drill cuttings are the small pieces of broken and ground-up
rock generated during the drilling process.
2 The wellbore is the drilled hole and can refer to both the open hole or an uncased portion of the well.
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using a smaller diameter drill bit that fits inside the existing casing. The result can be multiple
layers of casing and cement with surface casing and cement typically set below the groundwater
resource to be protected. Figure 3-7 illustrates different types of casing as defined by their locations
within the well, shows multiple casing and cement layers, and shows examples of two wells with
differences in the extent of cement. 1

Figure 3-7. Illustration of well construction showing different types of casing and cement.
The well on the left is cemented continuously from the surface to the production zone and the well
on the right has cement in sections, including sections cemented across protected groundwater.

The cement protects the casing from corrosion by formation water, helps physically support the
casing in the borehole, and stabilizes the borehole against collapse or deformation (Renpu, 2011). 2
The casing and cement help to isolate geologic zones of high pressure, isolate water-bearing zones,
and maintain the integrity of the production well for transporting oil and gas to the surface. Casing
and cement provide important barriers that keep fluids within the well (oil, gas, hydraulic
fracturing fluids) isolated and separated from fluids outside the well (formation water) (Hyne,
2012). Figure 3-8 shows sections of casing ready for installation.
1 In

different portions of the well, multiple concentric sections of casing of different diameters can be used as shown by
the surface and production casings in Figure 3-7. The largest casing diameter can range between 30 in. (76 cm) to 42 in.
(107 cm) with casing diameters typically larger in the shallower portions of a well and smaller in the deeper portions
(Hyne, 2012). See Appendix D for details on well construction and casing diameters.

2 Some

naturally occurring formation water can be very saline (salty or briny), which can be corrosive to metal.
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Figure 3-8. Sections of well casing ready for installation at a well site in Colorado.
Photo credit: Gregory Oberley (U.S. EPA).

Some wells are cemented continuously from the surface down to the production zone. Other wells
are partially cemented with, for example, cement from the surface to some distance below the
deepest protected groundwater zone and perhaps cement across high pressure or water- or oilbearing zones. Sometimes there can be multiple casing and cement layers (Figure 3-7). There are
advantages, in some situations, to not fully cementing the casing as long as high pressure or waterand oil-bearing zones are cemented. For example, some sections may not be cemented to allow
monitoring of the pressure in the space between the casing and the borehole or to prevent damage
to weak rock formations due to the weight of the cement1 (King and Durham, 2015; API, 2009).

Although wells are initially drilled vertically (more or less straight down), the sections of the wells
that are hydraulically fractured in the production zone of the reservoir can be vertical, deviated, or
horizontal (Figure 3-1). The operator determines the well orientation that will provide the best
access to the targeted zone(s) within a reservoir and that will align the production section of the
well with natural fractures and other geologic structures in a way that helps improve production.
Deviated wells may be “S” shaped or continuously slanted. So-called “horizontal wells” have one or
more extensions or branches oriented approximately 90 degrees from the vertical portion of the
well; these horizontal sections are often referred to as “laterals.” The lengths of laterals can range
from 2,000 to 10,000 ft (600 to 3,000 m) or more (Hyne, 2012; Miskimins, 2008; Bosworth et al.,
1998). Multiple laterals can extend in different directions from a single well (and multiple wells can
be located on a single well site). This allows access to more of the production zone with a higher
well density in the subsurface, which can be required for unconventional reservoirs, while having
fewer well sites on the land surface.
1 The use of lighter cement or special cementing techniques can also prevent damage of weaker rock formations. See
Chapter 6 and Appendix D for more details on well construction and cementing.
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Once well construction is completed, the operator can move the drilling rig and related drilling
equipment, install the wellhead (the top portion of the well), and prepare the well for hydraulic
fracturing and subsequent production of oil and gas. Chapter 6 and Appendix D contain more
details on well construction, casing, and cement.

Figure 3-9 (from northeastern Pennsylvania) and Figure 3-10 (from northwestern North Dakota)
show, in the context of the local landscape, well sites during well drilling and construction prior to
hydraulic fracturing activities.

Figure 3-9. Aerial photograph of two hydraulic fracturing well sites and a service road in
Springville Township, Pennsylvania.
Photo credit: Image@J Henry Fair / Flights provided by LightHawk.
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Figure 3-10. Aerial photograph of hydraulic fracturing well sites near Williston, North Dakota.
Photo credit: Image@J Henry Fair / Flights provided by LightHawk.

3.3.2 Hydraulic Fracturing
The hydraulic fracturing phase is an intense phase of work in the life of the well that involves
complex operational activities at the well site. This phase of work is short in duration, compared to
other work phases in the life of a well, and typically lasts less than two weeks per well. It consists of
multiple activities, is typically a process done in repetitive stages, and requires a variety of
equipment and materials. During this phase of work, the well is prepared for hydraulic fracturing,
specialized equipment is hauled to the well site, the hydraulic fracturing fluid components –the
water, proppant, and additives– are moved to the well site, and the hydraulic fracturing fluid is
mixed and injected under pressure through the well and into the targeted production zone in the
subsurface (Figure 3-11).
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Figure 3-11. Well site with equipment (and pits in the background) in preparation for
hydraulic fracturing in Troy, Pennsylvania.
Image from NYSDEC (2015). Reprinted with permission.

3.3.2.1 Injection Process
The section of well located in the production zone can be prepared for the injection and fracturing
process in several different ways. One approach is used when the production casing and cement
extend all the way into the production zone; this requires the use of focused explosive charges to
perforate (blast holes in) the casing and cement in a segment of the well within the production
zone. In another approach, known as a formation packer completion, only the casing, equipped with
holes that can be opened and closed, is extended into the production zone. The resulting
perforations or holes allow the injected hydraulic fracturing fluids to flow out of the well to fracture
the reservoir rock and allow the oil and gas to flow into the well. Another technique is an open hole
completion in which the casing is set and cemented just to the edge of the production zone, so the
borehole extends open (with no casing or cement) into the production zone. In open hole
completions, oil and gas flow directly into the borehole and eventually into the cased section of the
well leading to the surface (Hyne, 2012; Cramer, 2008; Economides and Martin, 2007).
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After the subsurface portion of the well is prepared for injection, a wellhead assembly is
temporarily installed on the wellhead to which high pressure fluid lines are connected for injection
of the fluids into the well. Figure 3-12 shows three wellheads with injection piping attached in
preparation for hydraulic fracturing injection. Pressures required for fracturing can vary widely
depending on depth, formation pressure, and rock type and can range from 2,000 psi to 12,000 psi
(U.S. EPA, 2016c; Salehi and Ciezobka, 2013; Abou-Sayed et al., 2011; Thompson, 2010).

Figure 3-12. Three wellheads on a multi-well pad connected to the piping used for hydraulic
fracturing injection.
Photo credit: DOE/NETL

The portion of the well to be fractured can sometimes be done all at once or done in multiple
interval (U.S. EPA, 2016c; GWPC and ALL Consulting, 2009). When done in multiple intervals,
shorter lengths or segments of the well are closed-off (using equipment inserted down into the
well) and fractured independently in “stages” (Lee et al., 2011). Fluids are first injected to clean the
well (removing any cement or debris). Then, for each stage fractured, a series of hydraulic
fracturing fluid mixtures is injected to initiate fractures and carry the proppant into the fractures
(Hyne, 2012; GWPC and ALL Consulting, 2009). The fracturing process can require moving millions
of gallons of fluids around the well site through various hoses and lines, blending and mixing the
fluids with proppant, and injecting the mixture at high pressures down the well. For more details on
hydraulic fracturing chemical mixtures and stages, see Chapter 5.
The hydraulic fracturing produces propped-open fractures that extend into the production zone
and create more flow paths that contact a greater volume of the oil- and gas-bearing rock within the
production zone of the reservoir. This increase in flow paths and in the volume of the production
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zone accessed by the production well is how hydraulic fracturing increases production. In this
regarding, hydraulic fracturing can be considered a production or well “stimulation” technique.

The process and the fracturing pressures during injection are closely monitored throughout the
fracturing event. Microseismic monitoring (a geophysical survey technique) can be used to estimate
the horizontal and vertical extent of the fractures created and, used with other monitoring and
operational data, provides important information for designing subsequent fracture jobs (Cipolla et
al., 2011). Engineers can design fracture systems using modeling software to help optimize the
process. More details of injection, fracturing, and related monitoring are provided in Chapter 6 and
Appendix D.

3.3.2.2 Fracturing Fluids

To conduct the chemical mixing and preparation of the hydraulic fracturing fluids, water- and
chemical-filled tanks and other storage containers are transported and installed on site. The
components that make up the hydraulic fracturing fluid for injection are commonly mixed on a
truck-mounted blender on the well pad. Hoses and pipes are used to transfer the water, proppant,
and chemicals from storage units to the mixing equipment and to the well into which the mixed
hydraulic fracturing fluid will be injected. The injection process happens in stages with specific
chemicals added at different times during each stage. The composition of the hydraulic fracturing
fluid, therefore, can change over time during the process (Knappe and Fireline, 2012; Fink, 2003).
See Chapter 5 for more details on mixing and staged injection.

Hydraulic fracturing fluids (sometimes referred to as “fluid systems”) are generally either waterbased or gel-based. Other fluid systems include foams or emulsions made with nitrogen, carbon
dioxide, or hydrocarbons; acid-based fluids; and others (Montgomery, 2013; Saba et al., 2012;
Gupta and Hlidek, 2009; Gupta and Valkó, 2007; Halliburton, 1988). Water-based systems are used
more often with the most common type being “slickwater” formulations, which include polymers as
friction reducers and are typically used in very low permeability reservoirs such as shales (Barati
and Liang, 2014). Because slickwater fluids are thinner (have lower viscosity) they do not as easily
carry sand proppant into fractures, so larger volumes of water and greater pumping pressures are
required to effectively transport proppants into fractures. In contrast, gelled fluids (used in “gel
fracs”) are more viscous, and more proppant can be transported with less water as compared to
slickwater fractures (Brannon et al., 2009). Gel fracs are generally used in reservoirs with higher
permeability (Barati and Liang, 2014).

The composition of a typical water-based hydraulic fracturing fluid by volume is 90% to 97%
water, 2% to 10% proppant, and 2% or less additives (U.S. EPA, 2015a; OSHA, 2014a, b; Carter et
al., 2013; Knappe and Fireline, 2012; Spellman, 2012; Sjolander et al., 2011; SWN, 2011). In a
detailed study, the EPA analysis of FracFocus 1.0 data for nearly 39,000 wells nationally in 2011
and 2012 indicates that the fracturing fluid injected into a well consists of nearly 90% water, 10%
proppant, and less than 1% additives (on a mass basis) (U.S. EPA, 2015a). The proportions of water,
proppant, and additives in the fracturing fluid, and the specific additives used, can vary depending
on a number of factors, including the rock type and the chemistry of the reservoir, whether oil or
gas is being produced, operator preference, and to some degree on local or regional availability of
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chemicals (Arthur et al., 2014; Spellman, 2012; GWPC and ALL Consulting, 2009; Gupta and Valkó,
2007). Hydraulic fracturing fluid composition and chemical use changes as processes are tested and
refined by companies and operators. These changes are driven by economics, scientific and
technological developments, and concerns about environmental and health impacts. Further detail
on hydraulic fracturing fluid systems is presented in Chapter 5.

Sources of water for hydraulic fracturing fluid include groundwater, surface water, and reused
wastewater (URS Corporation, 2011; Blauch, 2010; Kargbo et al., 2010). The water may be brought
to the production well from an offsite regional source via trucks or piping, or it may be more locally
sourced (for example, pumped from a nearby river or a groundwater well). Selection of water
source depends upon availability, cost, water quality needs, and the logistics of delivering it to the
site. Figure 3-13 shows a row of water tankers storing water on a well site. Chapter 4 provides
additional details on water acquisition and the amounts of water used for hydraulic fracturing.

Figure 3-13. Water tanks (blue, foreground) lined up for hydraulic fracturing at a well site in
central Arkansas.
Photo credit: Martha Roberts (U.S. EPA).

Proppants are most commonly silicate minerals, primarily quartz sand (GWPC and ALL Consulting,
2009). Sand proppants can be coated with resins that make them more durable. Ceramic materials
are also sometimes used as proppants due to their high strength and resistance to crushing and
deformation (Beckwith, 2011).

Additives generally constitute less than 2.0% of hydraulic fracturing fluids (Carter et al., 2013;
Knappe and Fireline, 2012; GWPC and ALL Consulting, 2009). The EPA analyzed additive data in the
EPA FracFocus 1.0 project database and estimated that chemicals used as additives were about
0.43% (the median value by mass) of the total amount of fluid injected for hydraulic fracturing (U.S.
EPA, 2015a). Given the total volume of hydraulic fracturing fluid, these small percentages of
chemicals in the fluid mean that a typical hydraulic fracturing job can handle, mix, and inject tens of
thousands of gallons of chemicals. Chapter 5 includes details on the number, types, and estimated
quantities of chemicals typically used in hydraulic fracturing.
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3.3.3 Fluid Recovery, Handling, and Disposal or Reuse
At the end of the hydraulic fracturing process, the pressurized injection is stopped and the direction
of fluid flow reverses. Initially, the fluid flowing back into the well and to the surface is mostly the
injected fracturing fluid (sometimes referred to as flowback). The composition of the fluid changes
over time, though, and after the first few weeks or months the proportion of hydraulic fracturing
fluid flowing back into the well decreases and the proportion of formation water flowing into the
well and to the surface increases (NYSDEC, 2011). In this assessment, the water that flows from the
subsurface through oil and gas wells to the surface as a by-product of oil and gas production is
referred to as produced water. The amount of produced oil or gas flowing into the well gradually
increases until it is the primary constituent of the fluid emerging from the well at the surface.
Produced water continues to flow from the production well along with the oil or gas throughout the
operating life of the production well (Barbot et al., 2013). See Chapter 7 for details, descriptions,
and discussions of the chemical composition and quantities of produced water recovered.

Produced water is sometimes referred to as hydraulic fracturing wastewater. Along with other
liquid waste collected from the well pad (such as rainwater runoff), it is typically stored
temporarily on-site in pits (Figure 3-14) or tanks. This wastewater can be moved offsite via truck or
pipelines for treatment and reuse or for disposal. Most hydraulic fracturing wastewater in the
United States is disposed of by injection into deep, porous geologic rock formations, often located
away from the production well site. This disposal-by-injection occurs not through oil and gas
production wells, but through wastewater injection wells regulated by EPA Underground Injection
Control (UIC) programs under the Safe Drinking Water Act. 1 See Chapter 8 for a brief discussion of
wastewater injection.

Figure 3-14. A pit on the site of a hydraulic fracturing operation in central Arkansas.
Photo credit: Caroline E. Ridley (U.S. EPA).

1 States

may be given federal EPA approval to run a UIC program under the Safe Drinking Water Act. Most oil- and gasrelated UIC programs are implemented by the states although some are implemented by the EPA.
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Other wastewater handling options include discharge to surface water bodies either with or
without treatment, evaporation or percolation pits, or reuse for subsequent fracturing operations
either with or without treatment (U.S. EPA, 2012h; U.S. GAO, 2012). Decisions regarding
wastewater handling are driven by factors such as cost (including costs of temporary storage and
transportation), availability of facilities for treatment, reuse, or disposal, and regulations
(Rassenfoss, 2011). Chapter 8 contains details of the treatment, reuse, and disposal of wastewater.

3.3.4 Oil and Gas Production

After the hydraulic fracturing activity is completed, the fracturing-related equipment is removed
and operators drain, fill in with soil, and regrade pits that are no longer needed unless multiple
wells are drilled and fractured on the same pad. The well pad size is reduced as the operation
moves toward the production phase (NYSDEC, 2011). Prior to and during production, the operator
runs production tests to determine the maximum flow rate that the well can sustain and to
determine optimum equipment settings (Hyne, 2012; Schlumberger, 2006). During production,
monitoring of mechanical integrity and performance (with pressure tests, corrosion monitoring,
etc.) can be conducted to ensure that the well is performing as intended. Such well tests and
monitoring may be required by state regulations.

Produced gas typically flows from the well through a pipe to a “separator” that separates the gas
from water and any liquid oil and gas (NYSDEC, 2011). The finished gas is typically piped to a
compressor station where it is pressurized and then piped to a main pipeline for sale (Hyne, 2012).
Production at oil wells proceeds similarly, although oil/water or oil/water/gas separation typically
occurs on the well pad, no compressor is needed, and the oil can be hauled by truck or train, or
piped from the well pad to offsite storage and sale facilities. 1
During the life of the well it may be necessary to repair components of the well and replace old
equipment. Sometimes the well is re-fractured to boost production. 2 Routine maintenance
activities, often referred to as “workovers,” may be done with the well still in production
(Vesterkjaer, 2002) or sometimes require stopping production and removing the wellhead to clean
out debris or repair components of the well (Hyne, 2012). More extensive re-workings of a well,
sometimes referred to as “re-completions,” can include making additional perforations in the well
in new sections to produce oil and/or gas from another production zone, lengthening the borehole,
or drilling new horizontal extensions (laterals) from an existing borehole.

3.3.4.1 Production Rates and Duration

The production life of a well depends on a number of factors, such as the amount of oil or gas in the
reservoir, the reservoir pressure, the rate of production, and the economics of well operations,
including the price of oil and gas. In hydraulically fractured wells in unconventional reservoirs,
In some oil production operations, the oil reservoir being tapped may include some natural gas that is extracted along
with oil through the production wells. In cases where no facilities or pipelines are in place to handle the natural gas or
move it to a market, the gas can be “flared” (ignited and burned at the well site) or vented into the atmosphere.

1

2 Sometimes

boosting or reinvigorating production in a well is referred to as “well stimulation.” In some cases, well
stimulation can refer to either the initial well hydraulic fracturing event or the re-fracturing of a well.
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initial high production is typically followed by a rapid drop and then a slower decline in production
(Patzek et al., 2013). The production phase may be 40 to 60 years in tight gas reservoirs (Ross and
King, 2007) or range from 5 to 70 years in a gas- or liquids-rich shale (King and Durham, 2015).
However, because the current hydraulic fracturing-led production surge is less than a decade old
with limited well production history, there is an incomplete picture of production declines and it is
not known how much and for how long these wells will ultimately produce (Patzek et al., 2013).

3.3.5 Site and Well Closure

Once a well reaches the end of its useful life, it is removed from production and disconnected from
any pipelines that transferred produced oil or gas offsite. The well is then sealed to prevent any
movement of fluids inside or along the borehole. This is done by removing the wellhead, cutting the
casing off below ground surface, and then sealing portions of the well with one or more cement or
mechanical plugs placed permanently in sections of the well. Spaces between plugs may be filled
with a thick clay (bentonite) or drilling mud (NPC, 2011b). State regulations identify plugging
locations within the borehole and the materials for plugging (Calvert and Smith, 1994). After
plugging and cementing, a steel plate is welded on top of the well casing to provide a complete seal
(API, 2010). Permanently closing a well like this is called “plugging” a well. Some states require
formal notification of the location of these plugged wells. Proper plugging prevents fluids at the
surface from seeping down the borehole and migration of fluids through the borehole (NPC,
2011b). See Chapter 6 for more details regarding fluid movement in wells and through the
borehole.

To complete site closure, any remaining production-related equipment is removed and the site land
cover and topography are restored to pre-well pad conditions to the extent possible. Some surface
structures from the former operations may be left in place for subsequent reuse.

3.4 How Widespread is Hydraulic Fracturing?

There is no national database or complete national registry of wells that have been hydraulically
fractured. However, hydraulic fracturing activity for oil and gas production in the United States is
substantial based on various reports and data sources. According to the Interstate Oil and Gas
Compact Commission (IOGCC), close to 1 million wells had been hydraulically fractured in the
United States by the early 2000s (IOGCC, 2002). A recent U.S. Geological Survey report estimated
approximately 1 million wells with 1.8 million hydraulic fracturing treatment records from 1947 to
2010 (more than one fracturing event, or treatment, can be conducted on a single well) (Gallegos
and Varela, 2015). Roughly a third of these 1 million wells were drilled and hydraulically fractured
between 2000 and 2013/2014 based on estimates from FracFocus (2016); Baker Hughes (2015);
Gallegos et al. (2015); DrillingInfo (2014a); IHS Inc. (2014). This timeframe marks the beginning of
modern hydraulic fracturing (refer to Text Box 3-1). Figure 3-15 shows the location of the
approximately 275,000 oil and gas wells that were drilled and hydraulically fractured between
2000 and 2013 across the United States based on well and locational data from DrillingInfo
(DrillingInfo, 2014a).
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Figure 3-15. Locations of the approximately 275,000 wells drilled and hydraulically fractured
between 2000 and 2013.
Based on data from the DrillingInfo Database.

The following two satellite photographs show hydraulic fracturing well sites in a regional context.
These Landsat images show the locations, number, and density of hydraulic fracturing well sites
across landscapes in northwest Louisiana (Figure 3-16) and western Wyoming (Figure 3-17). The
orange circles around some of the well sites identify them as operations for which well information
was reported to the FracFocus 1.0 registry and included in the EPA FracFocus 1.0 project database
(U.S. EPA, 2015c). Note that some of the well sites in the Landsat images, taken in 2014, are for
wells that were constructed after the development of the EPA FracFocus 1.0 project database.
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Figure 3-16. Landsat photo showing hydraulic fracturing well sites near Frierson, Louisiana.

Imagery from USGS Earth Resources Observation and Science, Landsat 8 Operational Land Imager (scene
LC80250382014232LGN00) captured 8/20/2014, accessed 5/1/2015 from USGS’s EarthExplorer
(http://earthexplorer.usgs.gov/). Inset imagery from United States Department of Agriculture National Agriculture
Imagery Program (entity M 3209351_NE 15_1_20130703_20131107) captured 7/3/2013, accessed 5/1/2015 from
USGS’s EarthExplorer (http://earthexplorer.usgs.gov/). FracFocus well locations are from the EPA FracFocus 1.0
project database (U.S. EPA, 2015c).
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Figure 3-17. Landsat photo showing hydraulic fracturing well sites near Pinedale, Wyoming.

Imagery from USGS Earth Resources Observation and Science, Landsat 8 Operational Land Imager (scene
LC80370302014188LGN00) captured 7/7/2014, accessed 5/1/2015 from USGS’s EarthExplorer
(http://earthexplorer.usgs.gov/). Inset imagery from United States Department of Agriculture National Agriculture
Imagery Program (entity M 4210927_NW 12_1_20120623_20121004) captured 6/23/2012, accessed 5/1/2015
from USGS’s EarthExplorer (http://earthexplorer.usgs.gov/). FracFocus well locations are from the EPA FracFocus
1.0 project database (U.S. EPA, 2015c).
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3.4.1 Number of Wells Fractured per Year
Approximately 25,000 to 30,000 new oil and gas wells were hydraulically fractured each year in the
United States between 2011 and 2014 based on data from several commercial data sets and
publicly available data from organizations that track drilling and hydraulic fracturing activities
(Table 3-1). These estimates do not include fracturing activity in older, existing wells (wells more
than one-year old that may or may not have been hydraulically fractured in the past). Likely
following the decline in oil prices (starting in about 2014) and gas prices (in about 2008), the
estimated number of new hydraulically fractured wells declined to about 20,000 in 2015 according
to well information submitted to FracFocus (FracFocus, 2016). Future drilling activity and the
annual number of new wells will be influenced by future oil and gas prices.

Table 3-1. Estimated number of new wells hydraulically fractured nationally by year from
various sources.

Data from FracFocus (2016); Baker Hughes (2015); DrillingInfo (2014a); IHS Inc. (2014) as provided in Gallegos et al.
(2015).

Data Source

2011

2012

2013

2014

IHS

29,650

31,073

29,114

11,980 a

DrillingInfo

23,144

22,865

15,903 b

NA

NA

24,948

25,368

26,548

14,025

22,471

26,400

28,285

Baker Hughes
FracFocus c
a

The IHS well count for 2014 is incomplete as it represents data only for 8 months (January through August).

b

The DrillingInfo well count for 2013 is incomplete because some months are missing from some state data sets.

c

The FracFocus 2011 and 2012 counts are underestimates because reporting well information to FracFocus was voluntary when
it began in 2011. The number of states requiring reporting to FracFocus has increased over time. See FracFocus discussion
below. The FracFocus well counts for 2011 and 2012 are from the EPA FracFocus 1.0 project database (U.S. EPA, 2015c)
developed from the FracFocus national registry, and the FracFocus counts for 2013 and 2014 are from (FracFocus, 2016).

The Information Handling Services (IHS) annual well count estimates presented in Table 3-1 are
from IHS data made available in a U.S. Geological Survey publication that evaluated well data from
2000 to 2014 (Gallegos et al., 2015). The IHS data are compiled from a variety of public and private
sources and are commercially available from IHS Energy. A well is identified as a hydraulic
fracturing well apparently based on well operational information. Gallegos et al. (2015) estimated,
based on the IHS data, that approximately 371,000 wells were hydraulically fractured between
January 2000 and August 2014.

DrillingInfo, another commercial database, is developed using data obtained from individual state
oil and gas agencies (DrillingInfo, 2014a). Because DrillingInfo data does not identify whether a
well has been hydraulically fractured, EPA relied on information about well orientation and the oilor gas-producing rock formation type to infer which wells were likely hydraulically fractured. This
is a similar approach to that used by the EPA for estimating oil and gas well counts for its
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greenhouse gas inventory work (U.S. EPA, 2013c). 1 Using this approach, we estimate from the
DrillingInfo data the annual numbers presented in Table 3-1 above and also estimate that a total of
approximately 275,000 oil and gas wells were drilled and hydraulically fractured between 2000
and 2013. 2

Well counts tracked by Baker Hughes provide another estimate of new wells fractured annually.
This field service company compiles new-well information based on its extensive field work in oil
and gas producing areas and through state agencies. Baker Hughes started compiling this publicly
available well count data in 2012, but stopped in 2014. The well count data are categorized into 14
basins containing reservoirs that are mostly unconventional (and, therefore, likely hydraulically
fractured wells) and one “other” category (Baker Hughes, 2015). The well count estimates in the
table above are for the 14 basins and, therefore, are considered estimates of new wells
hydraulically fractured in each year.

FracFocus is a national registry for operators of hydraulically fractured oil and gas wells to report
information about well location and depth, date of operations, and water and chemical use. The
registry, publicly accessible online (www.fracfocus.org), was developed by the Groundwater
Protection Council and the Interstate Oil and Gas Compact Commission. Submission of information
to FracFocus was initially voluntary (starting in January 2011), but many states now require
reporting of hydraulic fracturing well activities to FracFocus. As of May 2015, 23 states required
reporting to FracFocus (Konschnik and Dayalu, 2016). The annual well counts in the table above
are from the EPA FracFocus 1.0 project database for 2011 and 2012 (U.S. EPA, 2015c) and from the
FracFocus 2016 Quarterly Report for 2013 and 2014 (FracFocus, 2016). The well counts in the
earliest years are underestimates because not all states required oil and gas well operators to
submit hydraulic fracturing data to FracFocus. 3 The FracFocus registry has undergone several
updates since its launch in 2011. For more details on FracFocus, see FracFocus (2016), Konschnik
and Dayalu (2016), U.S. EPA (2015a), U.S. EPA (2015c), and DOE (2014a). 4
In addition to these new well counts, some portion of existing wells are also re-fractured. Several
studies indicate that re-fracturing occurs in less than 2% of wells. Shires and Lev-On (2012)

Using the DrillingInfo data, EPA assumed that all horizontal wells were hydraulically fractured in the year they started
producing and assumed that all wells within a shale, coalbed, or low-permeability formation, regardless of well
orientation, were hydraulically fractured in the year they started producing. More details are provided in (U.S. EPA,
2013c). Not all coalbed methane wells are hydraulically fractured, but coalbed methane wells represent gas production
that sometimes uses hydraulic fracturing. Given the small percent of coalbed methane wells relative to all hydraulically
fractured wells and the lack of data that distinguishes whether or not coalbed wells are hydraulically fractured, EPA
included coalbed production wells into all counts of wells that are hydraulically fractured.
2 The different well count totals from IHS and DrillingInfo are likely due to different sources of data, different approaches
for defining hydraulically fractured wells in those sources, and somewhat different timeframes. The higher IHS count
likely includes hydraulically fractured vertical and deviated wells in conventional reservoirs (the DrillingInfo estimate
does not) and covers a time period that is a year or more longer.
1

3 We

compared state records of hydraulic fracturing wells in North Dakota, Pennsylvania, and West Virginia in 2011 and
2012 to those reported to FracFocus during those same years and found the FracFocus wells counts underestimated the
number of fracturing jobs in those states by approximately 30% on average. See Chapter 4, Text Box 4-1.
Analyses of the FracFocus data based on the EPA FracFocus 1.0 project database (U.S. EPA, 2015c) are presented in
Chapter 4 regarding water volumes and in Chapter 5 regarding chemical use.
4
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suggested that the rate of re-fracturing in natural gas wells is about 1.6% whereas analysis for the
EPA’s 2012 Oil and Gas Sector New Source Performance Standards indicated a re-fracture rate of
1% for gas wells (U.S. EPA, 2012f). The percentage of hydraulically fractured producing gas wells
that were re-fractured in a given year ranged from 0.3% to 1% across the 1990-2013 period
according to the EPA’s Inventory of U.S. Greenhouse Gas Emissions and Sinks (U.S. EPA, 2015h).

The above rates are calculated by comparing the number of re-fractured wells in a single year to all
hydraulically fractured wells cumulatively over a multi-year time period. However, when
calculating the rates of wells that conduct re-fracturing in a given year compared to the total
number of wells in that same year, the re-fracturing rate is higher. Data provided to the EPA’s
Greenhouse Gas Reporting Program (GHGRP) for 2011 to 2013 suggest that 9-14% of the gas wells
hydraulically fractured in each year were pre-existing wells undergoing re-fracturing (U.S. EPA,
2014b). 1 Another rate presenting a somewhat different measure (estimated by an EPA review of
well records from 2009 to 2010) found that 16% of the surveyed wells had been re-fractured at
least once (U.S. EPA, 2016c). 2
In summary, a complete count of the number of hydraulically fractured wells in the United States is
hampered by a lack of a definitive and readily accessible source of information, and the fact that
existing well and drilling databases and registries track information differently and therefore are
not entirely comparable. There is also uncertainty about whether existing information sources are
representative of the nation (or parts of the nation), whether they include data for all production
well types, and to what degree they include activities in both conventional and unconventional
reservoirs. Taking these limitations into account, however, it is reasonable to conclude that
between approximately 25,000 and 30,000 new wells (and, likely, additional pre-existing wells)
were hydraulically fractured each year in the United States from about 2011 to 2014, and
approximately 20,000 wells were hydraulically fractured in 2015.

3.4.2 Hydraulic Fracturing Rates

Estimates of hydraulic fracturing rates, or the proportion of all oil and gas production wells that are
hydraulically fractured, also indicate widespread use of the practice. Data from IHS Inc. (2014)
indicate that approximately 62% of all new oil and gas wells in 2013 were hydraulically fractured.
Data from DrillingInfo (2014a), indicate a similar rate of 64% of all new production wells in 2012.
Estimates of hydraulic fracturing rates reported by states in response to an IOGCC survey tended to
be considerably higher. Of eleven oil and gas producing states that responded to the survey, ten
(Arkansas, Colorado, New Mexico, North Dakota, Ohio, Oklahoma, Pennsylvania, Texas, Utah, and
West Virginia) estimated that 78% to 99% of new wells in their states were hydraulically fractured
in 2012. Louisiana was the one exception, reporting a fracturing rate of 3.9% (IOGCC, 2015).
Hydraulic fracturing may be more prevalent in gas wells than in oil wells. A 2010 to 2011 survey of
20 natural gas production companies reported that 94% of the gas wells that they operated were

1 The GHGRP reporting category that covers re-fracturing is “workovers with hydraulic fracturing.” This re-fracturing data
is for gas wells only (and does not include oil wells).

This EPA report is based on a statistical survey so there is some uncertainty and a margin of error regarding the 16% refracturing rate. This rate includes both oil and gas wells. For more details, see Chapter 6 and U.S. EPA (2016).

2

3-31

Chapter 3 – Hydraulic Fracturing for Oil and Gas in the United States

fractured (Shires and Lev-On, 2012), a rate that is higher than many of the reported statistics for oil
and gas together (presented in the previous paragraph). Recent EIA data on the portion of oil and
gas production attributable to hydraulically fractured wells also suggest possibly higher rates of
hydraulic fracturing for gas. In 2015, production from hydraulically fractured wells accounted for
an estimated 67% of natural gas production (EIA, 2016d) and 51% of oil production (EIA, 2016c).

3.5 Trends and Outlook for the Future

Future oil and gas drilling and production activities, including hydraulic fracturing, will be
primarily affected by the cost of well operation (partly driven by technology) and the price of oil
and gas. Scenarios of increasing, stable, and decreasing hydraulic fracturing activity all appear to be
possible (Weijermars, 2014). The section below provides some discussion on trends and future
prospects for production quantities and locations.

Fossil fuels–oil, gas, and coal–have been dominant energy sources in the United States over the last
half century (Figure 3-18). The relative importance of oil, gas, and coal has changed several times,
with a significant recent shift starting in the mid-2000s as hydraulic fracturing transformed oil and
gas production. Coal, the leading fossil fuel from the mid-1980s to the mid-2000s, has experienced a
large decrease in production, dropping from approximately 33% of U.S. energy production in 2007
to approximately 20% (about 18 quadrillion Btus) by the end of 2015 (EIA, 2016a). 1 In contrast,
natural gas production has risen to unprecedented levels, and oil production has resurged to levels
not seen since the 1980s. Oil accounted for 15% of U.S. energy production in 2007 and increased to
approximately 23% (about 20 quadrillion Btus) by the end of 2015, and natural gas as a portion of
domestic energy production went from 31% to 37% (about 33 quadrillion Btus) (EIA, 2016a).

Figure 3-18. Primary U.S. energy production by source, 1950 to 2015.
Source: EIA (2016a).

A Btu, or British thermal unit, is a measure of the heat (or energy) content of fuels. At the scale of national U.S.
production, the graph in Figure 3-18 presents Btus in quadrillions, or a thousand million million (which is 1015, or a 1
with 15 zeros).
1
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The surge in both oil and gas production started in the mid- to late-2000s and was driven by market
forces (supply and demand) and the related developments in and expanded use of hydraulic
fracturing. Figure 3-19 focuses on the years 2000 to 2015 and presents data showing the steady
increase in the portion of oil and gas production coming from hydraulically fractured wells. Oil and
gas production associated with hydraulic fracturing was insignificant in 2000, but by 2015 it
accounted for an estimated 51% of US oil production and 67% of US gas production (Figure 3-19).

Figure 3-19. U.S. production of oil (left) and gas (right) from hydraulically fractured wells from
2000 to 2015.
Source: EIA (2016c) (oil) and EIA (2016d) (gas), based on IHS Global Insight and DrillingInfo, Inc.

Hydraulic fracturing activities are concentrated geographically in the United States. In 2011 and
2012 about half of hydraulic fracturing wells were located in Texas with another quarter located in
the four states of Colorado, Pennsylvania, North Dakota, and Oklahoma (U.S. EPA, 2015c). The maps
in Figure 3-20 show changes starting in 2000 in the national geography of oil and gas production
through the increased use of horizontal drilling, which frequently is associated with hydraulic
fracturing. Some traditional oil- and gas-producing parts of the country, such as Texas, have seen an
expansion of historical production activity as a result of modern hydraulic fracturing. Pennsylvania,
a leading oil- and gas-producing state a century ago, has seen a resurgence in oil and gas activity.
Other states that experienced a steep increase in production, such as North Dakota, Arkansas, and
Montana, have historically produced less oil and gas.

3.5.1 Natural Gas

Drilling of new natural gas wells declined markedly as natural gas prices fell in 2008 (Figure 3-21).
Nevertheless, over the coming decades natural gas production is expected to increase and that
increase will be associated significantly with wells that are hydraulically fractured. Projections by
EIA indicate that gas production from shale (and tight oil reservoirs) will almost double from 2015
to 2040 when it will constitute nearly 70% of total natural gas production (EIA, 2016d). Slight
increases are projected for production from tight gas reservoirs and coalbed methane production is
expected to continue fairly steady at relatively low levels (EIA, 2016a) (Figure 3-22). These
projections are dependent on estimated future prices of natural gas and other assumptions, and
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Figure 3-20. Location of horizontal wells that began producing oil or natural gas in 2000, 2005,
and 2012.
Based on data from DrillingInfo (2014a).
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Figure 3-21. Natural gas prices and drilling activity, United States, 1988 to 2015.
Sources: EIA (2016b) and EIA (2016f).

Figure 3-22. Historic and projected natural gas production by source (trillion cubic feet).
Source: EIA (2016a).

the details are subject to change. Nonetheless, a continuing increase in production is generally
suggested and the locations of historical production identified in Figure 3-23 indicate areas of
continued and future hydraulic fracturing activities for natural gas production.

The geographic concentration and trends in shale gas production by play (and identified by state)
are shown in Figure 3-23. The Barnett Shale, where the modern hydraulic fracturing boom started,
was the largest producer of shale gas until about 2010, producing 1.5 trillion cubic feet (tcf) (42.5
billion cubic meters [bcm]) that year and remains a significant producer. In 2009, the Marcellus and
Haynesville plays produced 0.12 and 0.43 tcf (3.4 and 12.2 bcm), respectively, but by 2011,
production from the Haynesville play surpassed that in the Barnett play, and by 2013 the Marcellus
Shale surpassed both the Barnett and the Haynesville to become the play with the most production.
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By 2014, the Marcellus play was producing 4.8 tcf (135.9 bcm) of gas annually, with the Eagle Ford,
Haynesville, and Barnett each producing roughly 1.5 tcf (42.5 bcm). Estimates of technically
recoverable resources, a general indicator of potential future production, are noted for the
Marcellus (about 150 tcf [4.25 trillion cubic meters]), Haynesville (73 tcf [2.07 trillion cubic
meters]), Eagle Ford in Texas (55 tcf [1.56 trillion cubic meters]), and Utica in Ohio, Pennsylvania,
and West Virginia (55 tcf [1.56 trillion cubic meters]). This suggests that these four plays will be
active contributors of shale gas production for the foreseeable future (EIA, 2013). 1 Other gas plays
with significant resources include the Fayetteville in Arkansas, the Woodford in Oklahoma, and the
Mancos in Colorado.

Figure 3-23. Production from U.S. shale gas plays, 2000-2014.

Source: EIA (2016g). The graph shows shale plays in the same vertical order as the legend.

3.5.2 Oil
While prices and drilling activity for natural gas were peaking between 2005 and 2008 and then
falling (Figure 3-21), prices and drilling for oil were rising. These peaked between 2011 and 2014,
and then rapidly declined as well (Figure 3-24). EIA projections to 2040 indicate a continued
growth in total U.S. oil production, although the projected growth is not as fast or as large as that
projected for natural gas. Tight oil production, presumably from hydraulically fractured wells, is
expected to account for much of the projected growth (Figure 3-25); by 2040, tight oil is expected
to account for nearly 65% of all U.S. crude oil production (EIA, 2016d). These production
projections are dependent on estimated future prices of oil and other assumptions and, therefore,
will likely be revised over time as energy markets and prices change. Currently, these projections
1 Technically recoverable resources are the volumes of oil or natural gas that could be produced with current technology,
regardless of oil and natural gas prices and production costs (EIA, 2013).
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indicate a continuing, but lower rate of growth (as compared to the period from about 2005 to
2015). The locations of historical production identified in Figure 3-26 indicate areas of continued
and future hydraulic fracturing activities for oil.

Figure 3-24. Crude oil prices and drilling activity, United States, 1988 to 2015.
Sources: EIA (2016b) and EIA (2016e).

Figure 3-25. Historic and projected oil production by source (million barrels per day).
Source: EIA (2016a).

The geographic concentration and trends in tight oil production by play (and identified by state)
are shown in Figure 3-26. Early tight oil production in the United States was centered in the
Permian Basin in west Texas and New Mexico, at plays that included the Spraberry and the
Bonespring. After 2009, the Bakken play (centered in western North Dakota) and the Eagle Ford
play (in Texas) emerged as the largest-producing tight oil plays. Oil production in the Bakken
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increased from 99 million bbls (16,000 million L) in 2009 to 394 million bbls (63,600 million L) in
2014 (EIA, 2016g). Production from Eagle Ford increased from 12 million bbls (2,000 million L) in
2009 to 498 million bbls (79,100 million L) in 2014 (EIA, 2016g).

General estimates of potential resources suggest that future tight oil production in the United States
will continue to be led by Texas and North Dakota. Technical recoverable resources are estimated
at about 23 billion bbls (3,600 billion L) for the Bakken, about 21 billion bbls (3,300 billion L) for
the Permian Basin, and about 10 billion bbls (1,600 billion L) for Eagle Ford (EIA, 2015). Other
plays with significant estimated resources include the Niobrara-Codell in Colorado and Wyoming
and the Granite Wash in Oklahoma and Texas (EIA, 2012).

Figure 3-26. Production from U.S. tight oil plays, 2000-2014.

Source: EIA (2016g). The graph shows tight oil plays in the same vertical order as the legend.

3.6 Conclusions
Hydraulic fracturing is the injection of hydraulic fracturing fluids through the production well and
into the subsurface oil or gas reservoir under pressures great enough to fracture the reservoir rock.
The fractures allow for increased flow of oil and/or gas from the reservoir into the well. Water used
in the hydraulic fracturing fluid is typically obtained from sources in the vicinity of the well. Water
that naturally occurs in the oil and gas reservoir rocks often flows into the production well and
through the well to the surface as a byproduct of the oil and gas production process. This byproduct
water, commonly referred to as produced water, requires handling and management.
Many well site and operational activities are conducted to prepare a site and well for hydraulic
fracturing and oil and/or gas production. The actual hydraulic fracturing event is of relatively short
duration, usually several weeks or less, but it is also a phase of work with numerous complex
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operational activities to handle, mix, and inject the hydraulic fracturing fluid under pressure
through the production well. The injected hydraulic fracturing fluid typically contains mostly water,
includes a proppant (commonly sand) which ensures that the fractures remain propped open after
injection, and contains less than two percent additives (chemicals) that improve the fluid
properties for fracturing. These small percentages of additives, given the total volume of hydraulic
fracturing fluids, mean that a typical hydraulic fracturing job can use tens of thousands of gallons of
chemicals.
Since about 2005, the combination of hydraulic fracturing and directional drilling pioneered in the
Barnett Shale in Texas has become widespread in the oil and gas industry. Hydraulic fracturing
combined with directional drilling is now a standard industry practice. It has significantly
contributed to the surge in United States oil and gas production, and accounted for slightly more
than 50% of oil production and nearly 70% of gas production in 2015. Hydraulic fracturing has
resulted in expanded production from unconventional shale and so-called tight oil or gas reservoirs
that had previously been largely unused. This hydraulic fracturing-based production activity is
geographically concentrated. About three-quarters of new hydraulic fracturing wells in 2011 and
2012 were located in five states (Texas, Colorado, Pennsylvania, North Dakota, and Oklahoma) with
about half of all wells located in Texas.
There is no national database or complete national registry of wells that have been hydraulically
fractured in the United States. Based on the data available from various commercial and public
sources, we estimate that 25,000 to 30,000 new wells were drilled and hydraulically fractured in
the United States annually between 2011 and 2014. In addition to these new wells, some existing
wells not previously fractured were fractured, and some that had been fractured in the past were
re-fractured. New drilling of hydraulic fracturing wells, influenced by oil and gas prices, peaked in
the United States between 2005 and 2008 for gas and between 2011 and 2014 for oil. Following
price declines, the number of new hydraulically fractured wells in 2015 was about 20,000. Future
drilling and production will be influenced by future gas and oil prices. Despite recent declines in
prices and new drilling, oil and gas production in the United States continues at historically high
levels with projections of continued growth in the medium and long term led by hydraulic
fracturing-based production from unconventional reservoirs.
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Chapter 4. Water Acquisition
Abstract
In this chapter, the EPA examined the potential impacts of water withdrawals for hydraulic fracturing on
drinking water resource quantity and quality, and identified common factors affecting the frequency and
severity of impacts. Groundwater and surface water resources used for hydraulic fracturing also
currently serve or in the future may serve as drinking water sources, and water withdrawals for
hydraulic fracturing can affect the quantity or quality of the remaining drinking water resource.
Hydraulic fracturing used a median of 1.5 million gallons (5.7 million liters) of water per well from 2011
through early 2013. Surface water supplies almost all water used for hydraulic fracturing in the eastern
United States, whereas surface water or groundwater is used in the West. Reuse of hydraulic fracturing
wastewater as a percentage of injected volume is generally low, with a median of 5% according to an
EPA literature survey. Greater reuse occurs where disposal options are limited (e.g., the Marcellus Shale
in Pennsylvania) and not necessarily where water availability is lowest.

Hydraulic fracturing generally uses and consumes a relatively small percentage of water when
compared to total water use, water consumption, and water availability at the national, state, and county
scale. There are exceptions, however. For example, EPA’s analysis shows that counties in southern and
western Texas have relatively high hydraulic fracturing water withdrawals and low water availability.
These findings indicate where impacts are more likely to occur or be severe, but local information (i.e.,
at the scale of the drinking water resource) is needed to determine whether potential impacts have been
realized. In some example cases (e.g., the Eagle Ford Shale in Texas, the Haynesville Shale in Louisiana),
local impacts to drinking water resource quantity have occurred in areas with increased hydraulic
fracturing activity. In these instances, hydraulic fracturing water withdrawals contributed to local
impacts along with other water users and the lack of precipitation.
Drought or seasonal times of low water availability can increase the frequency and severity of
impacts, while water management practices such as the establishment of low-flow criteria (termed
passby flows), shifting from fresh to brackish water sources, or increasing the reuse of wastewater
for hydraulic fracturing can help protect drinking water resources.
Uncertainty about the extent of impacts on drinking water resources stems from the lack of
available data at the local scale. The EPA could assess the potential for impacts at the county scale,
but often could not determine whether impacts occurred at drinking water withdrawal locations.

Overall, hydraulic fracturing uses and consumes a relatively small percentage of water at the county
scale, but not always, and impacts can still occur depending on the local balance between withdrawals
and availability. Regional or local-scale factors, such as drought or water management, can modify this
balance to increase or decrease the frequency or severity of impacts.
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4. Water Acquisition
4.1 Introduction
Water is a crucial component of nearly all hydraulic fracturing operations, generally making up 90 –
97% of the total fluid volume injected into a well (Chapter 5). 1 Ground- and surface water resources
that serve as sources of water for hydraulic fracturing also provide water for public water supplies
or private drinking water wells. For this reason, water withdrawals for hydraulic fracturing can
impact drinking water resources by changing the quantity or quality of the remaining resource. 2 In
this chapter, we consider potential impacts of water acquisition for hydraulic fracturing on both
drinking water resource quantity and quality, and, where possible, identify factors that affect the
frequency or severity of impacts. 3
We define impacts broadly in this assessment to include any change in the quantity or quality of
drinking water resources; see Chapter 1 for more information. This definition applies reasonably
well to the subsequent chapters (Chapters 5-8); however, by this definition, even the smallest water
withdrawals would be considered impacts. Recognizing this, we focus on a smaller subset of
potential impacts, specifically water withdrawals that have the potential to limit the availability of
drinking water or alter its quality. Whether water withdrawals have this potential depends
primarily on the balance between water use and availability at the local scale. 4,5 By “local” in this
chapter, we refer to the scale at which impacts to drinking water resources are expected to occur.
This usually means a given surface water (e.g., river or stream) or groundwater resource (i.e.,
aquifer), or a given watershed where we have detailed information about local water dynamics
(e.g., case studies). We note the scale at which data are available and findings are reported.

1

This range is based on multiple sources that either present hydraulic fracturing fluid composition as a function of
volume (e.g., 95% of the total volume injected) or as a function of mass (e.g., 90% of the total mass injected). See Chapter
5 for additional information.

2 Surface water withdrawals can affect water quality by altering in-stream flow and decreasing the dilution of pollutants
or changing water chemistry (Section 4.5.3). Groundwater withdrawals may alter water quality by inducing vertical
mixing of fresh groundwater with contaminated water from the land surface or underlying formations, or by promoting
changes in reduction-oxidation conditions and mobilizing chemicals from geologic sources (Section 4.5.1).
3

Water acquired for use in other oil and gas development steps besides hydraulic fracturing is beyond the scope of this
chapter, including the water used in well drilling and well pad preparation and water removal for the production of
coalbed methane. Furthermore, water released to the atmosphere via gas combustion is also outside the scope of this
chapter.
4

Throughout this chapter we use the terms “water use” and “water withdrawals” interchangeably to refer to the water
that is acquired for hydraulic fracturing operations.

5

There is no standard definition for water availability, and it has not been assessed recently at the national scale (U.S.
GAO, 2014). Instead, a number of water availability indicators have been suggested (e.g., Roy et al., 2005). Here,
availability is most often used to qualitatively refer to the amount of a location’s water that could, currently or in the
future, serve as a source of drinking water (U.S. GAO, 2014), which is a function of water inputs to a hydrologic system
(e.g., rain, snowmelt, groundwater recharge) and water outputs from that system occurring either naturally or through
competing demands of users. Where specific numbers are presented, we note the specific water availability indicator
used.
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A variety of factors can modify the balance between water use and availability. For example,
multiple hydraulically fractured wells require more water than a single well, making it critical to
assess the cumulative effects of multiple wells over a given area or time period. Furthermore, the
combined effects of multiple water users pumping from the same aquifer can compound stress on
already declining groundwater supplies. Alternatively, locally high rates of hydraulic fracturing
wastewater reuse may help offset the need for fresh water withdrawals. These and other factors
are discussed throughout the chapter.
This chapter proceeds roughly in two halves. In the first half, we address water use and
consumption by hydraulic fracturing.1 We provide an overview of the types of water used for
hydraulic fracturing (Section 4.2); the amount of water used per well (Section 4.3); and then
estimates of hydraulic fracturing water use and consumption at the national, state, and county
scale, both in absolute terms and relative to total water use and consumption (Section 4.4).
Although most available data and literature pertain to water use, we discuss water consumption
because hydraulic fracturing consumes a substantial proportion of the water it uses, so that a
proportion of the water is lost from the local hydrologic cycle. See Section 4.4 and Chapter 2 for
more information.

In the second half of the chapter, we assess the potential for impacts by location in certain states
(and major oil and gas regions within select states) where hydraulic fracturing currently occurs
(Section 4.5; Appendix B.2). For each state and region, we discuss the water used and consumed by
hydraulic fracturing, and then compare it to water availability. We do this using several lines of
evidence: (1) literature information (both quantitative and qualitative) on state and regional
hydraulic fracturing water use and availability; (2) comparisons between our county level
estimates of hydraulic fracturing water use and an index of water availability; and (3) local case
studies from the Eagle Ford play in Texas, the Upper Colorado River Basin in Colorado, and the
Susquehanna River Basin in Pennsylvania.2 The use of case studies provides insight into the local,
sub-county scale, where impacts are most likely to be observed in both space and time.

Overall, this chapter provides a national assessment of where potential impacts to drinking water
quantity and quality are most likely due to water acquisition for hydraulic fracturing. We utilize
case studies where data are available to understand local dynamics and whether impacts are
indeed realized. In the absence of case studies, we use county level data to assess where potential
impacts are most likely. Finally, we identify the common factors affecting the frequency and
severity of impacts. We provide a synthesis of our findings in Section 4.6.

We refer specifically to “water consumption” when data are available or it is explicitly noted in the scientific literature.
However, when specific information is not available, we use “water use” or “water withdrawals” as general terms to refer
to both water use and consumption by hydraulic fracturing.

1

The EPA’s Review of Well Operator Files for Hydraulically Fractured Oil and Gas Production Wells (i.e., the “Well File
Review;” see Text Box 6-1) was originally planned to inform the water acquisition stage of the hydraulic fracturing water
cycle, but did not yield any useable information on this topic, and is therefore not cited as a source of information in this
chapter. Although information in some well files was of good quality, the well files generally contained insufficient or
inconsistent information on nearby surface water and groundwater quality, injected water volumes, and wastewater
volumes and disposition; therefore, these data were not summarized (U.S. EPA, 2015n).

2
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4.2 Types of Water Used
The three major sources of water for hydraulic fracturing are surface water (i.e., rivers, streams,
lakes, and reservoirs), groundwater, and reused hydraulic fracturing wastewater. 1,2,3 These sources
often vary in their initial water quality and in how they are provisioned to hydraulic fracturing
operations. In this section, we provide an overview of the sources (Section 4.2.1), water quality
(Section 4.2.2), and provisioning of water (Section 4.2.3) required for hydraulic fracturing. Detailed
information on the types of water used by state and locality is presented in Section 4.5.

4.2.1 Source

Whether water used in hydraulic fracturing originates from surface water or groundwater
resources is largely determined by the type of locally available water sources. Water transportation
costs can be high, so the industry tends to acquire water from nearby sources if available (Nicot et
al., 2014; Mitchell et al., 2013a; Kargbo et al., 2010). Surface water supplies most of the water for
hydraulic fracturing in the eastern United States, whereas surface water or groundwater is used in
the more semi-arid to arid western states. In western states that lack available surface water
resources, groundwater generally supplies the majority of water needed for fracturing (Table 4-1).
Brackish sources of groundwater can be important for reducing demand on fresh groundwater
resources in certain regions (e.g., the Permian Basin and Eagle Ford Shale in Texas; see Section
4.5.1). 4 Local policies also may direct the industry to seek withdrawals from designated sources
(U.S. EPA, 2013a); for instance, some states have encouraged the industry to seek water
withdrawals from surface water rather than groundwater due to concerns over aquifer depletion.
See Section 4.5.4 and Section 4.5.5 for more information.

1 We use the term “hydraulic fracturing wastewater” to refer to produced water that is managed using practices that
include, but are not limited to, reuse in subsequent hydraulic fracturing operations, treatment and discharge, and
injection into disposal wells. The term is being used in this study as a general description of certain waters and is not
intended to constitute a term of art for legal or regulatory purposes (see Chapter 8 and Appendix J, the Glossary, for more
detail).
2

Throughout this chapter we sometimes refer to “reused hydraulic fracturing wastewater” as simply “reused
wastewater,” because this is the dominant type of wastewater reused by the industry. When referring to other types of
reused wastewater not associated with hydraulic fracturing (e.g., acid mine drainage, wastewater treatment plant
effluent), we specify the source of the wastewater.
3

We use the term “reuse” regardless of the extent to which the wastewater is treated (Nicot et al., 2014); we do not
distinguish between reuse and recycling except when specifically reported in the literature.
4

We use the term “fresh water” to qualitatively refer to water with relatively low TDS that is most readily and currently
available for drinking water. We do not use the term to imply an exact TDS limit.
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Table 4-1. Estimated proportions of hydraulic fracturing source water from surface water and
groundwater.
Location

Surface water

Groundwater

Year or time
period of
estimate

Louisiana—Haynesville Shale

87%a

13%a

2009 - 2012

Oklahoma―Statewide

63%b

37%b

2011

Pennsylvania—Marcellus Shale, Susquehanna River Basin

92%c

8%c

2008 - 2013

Texas―Barnett Shale

50%d

50%d

2011 - 2013

Texas―Eagle Ford Shale

10%e

90%e

2011

Texas―TX-LA-MS Salt Basinf

30%e

70%e

2011

Texas―Permian Basin

0%e

100%e

2011

Texas―Anadarko Basin

20%e

80%e

2011

West Virginia―Statewide, Marcellus Shale

91%g

9%g

2012

a

Percentages calculated from fracturing supply water usage data only. Rig supply water and other sources were excluded as
they fall outside the scope of this assessment. Data from October 1, 2009, to February 23, 2012, for 1,959 Haynesville Shale
natural gas wells (LA Ground Water Resources Commission, 2012).
b

Proportion of surface water and groundwater permitted in 2011 by Oklahoma's 90-day provisional temporary permits for oil
and gas mining. Temporary permits make up the majority of water use permits for Oklahoma oil and gas mining (Taylor, 2012).
c

Calculated from SRBC (2016) data from July 2008 to December 2013.

d

Nicot et al. (2014).

e

Nicot et al. (2012).

f

Nicot et al. (2012) refer to this region of Texas as the East Texas Basin.

g

Estimated proportions are for 2012, the most recent estimate for a full calendar year available from West Virginia DEP (2014).
Data from the West Virginia DEP show the proportion of water purchased from commercial brokers as a separate category and
do not specify whether purchased water originated from surface water or groundwater. Therefore, we excluded purchased
water in calculating the relative proportions of surface water and groundwater shown in Table 4-1 (West Virginia DEP, 2014).

The reuse of wastewater from past hydraulic fracturing operations reduces the need for
withdrawals of fresh surface water or groundwater. 1 In a survey of literature values from 10 states,
basins, or plays, we found a median of 5% of the water used in hydraulic fracturing comes from
reused hydraulic fracturing wastewater, with this percentage varying by location (Table 4-2). 2,3
1 Hydraulic fracturing wastewater may be stored on-site in open pits, which may also collect rainwater and runoff water.
We do not distinguish between the different types of water that are collected on-site during oil and gas operations, and
assume that most of the water collected on-site at well pads is hydraulic fracturing wastewater.
2

Throughout this chapter, we preferentially report medians where possible because medians are less sensitive to outlier
values than averages. Where medians are not available, averages are reported.

3

This chapter examines reused wastewater as a percentage of injected volume because reused wastewater may offset
total fresh water acquired for hydraulic fracturing. In contrast, Chapter 8 of this assessment discusses the total percentage
of the generated wastewater that is reused rather than managed by different means (e.g., disposal in Class II wells). This
distinction is sometimes overlooked, which can lead to a misrepresentation of the extent to which wastewater is reused to
offset total fresh water used for hydraulic fracturing.
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Table 4-2. Percentage of injected water volume that comes from reused hydraulic fracturing
wastewater in various states, basins, and plays.
See Section 4.5 and Appendix B.2 for additional discussion of reuse practices by state and locality and variation
over time where data are available.

State, basin, or play

California—Monterey Shale

Estimate of the percentage
of injected water volume
that comes from reused
hydraulic fracturing
wastewatera

Year or time
period of
estimate
(NA = not
available)

13%b

2014

c

0%

Colorado—Wattenberg Field, Denver-Julesburg Basin

NA

d

2014

e

2008 – 2013

19%

Pennsylvania—Statewide
Pennsylvania–Marcellus Shale, Susquehanna River Basin

16%
f

2011

f

2011

f

2011

f

2011

5%

Texas—Barnett Shale

0%

Texas—Eagle Ford Shale

5%

Texas—TX-LA-MS Salt Basing

0%

Texas—Permian Basin (far west portion)

f

2%

Texas—Permian Basin (Midland portion)

2011

Texas—Anadarko Basin

f

20%

2011

West Virginia—Statewide

15%h

2012

Overall Meani

8%

Overall Medianj

5%

a All

estimates in this table refer to the percentage of injected water volume that comes from reused hydraulic fracturing
wastewater. However, different literature sources used slightly different terminology when referring to this percentage. In the
table footnotes below, we reference the terminology reported in the literature source cited.
b Produced water as a percentage of total water volume for 480 well stimulations according to completion reports between
January 1, 2014, and December 10, 2014 (CCST, 2015a). All but two of these stimulations were conducted in Kern County,
California (the remaining two were completed in Ventura County, California). Well stimulations mostly consisted of hydraulic
fracturing operations, but also included smaller numbers of matrix acidizing and acid fracturing operations (CCST, 2015a).
c Reflects an assumption of reuse practices by Noble Energy in the Wattenberg Field of Colorado’s Denver-Julesburg Basin, as
reported by Goodwin et al. (2014).
d Percentage of recycled water used in hydraulic fracturing in 2014 based on data from the Pennsylvania Bureau of Topographic
and Geologic Survey (Schmid and Yoxtheimer, 2015). This percentage was higher at 23% in 2013, but we present the most
recent estimate available in the above table. The slight decline to 19% in 2014 may be explained by the fact that some
completion reports had not yet been processed when these data were published, yet the data generally show an upward trend
over time in reuse as a percentage of injected volume (Schmid and Yoxtheimer, 2015).
e Flowback water as a percentage of total water injected from July 2008 to December 2013 (SRBC, 2016). This percentage was
22% in 2013 alone (SRBC, 2016).
f Estimated percentage of recycling/reused water in 2011 (Nicot et al., 2012).
g Nicot et al. (2012) refer to this region of Texas as the East Texas Basin.
h Reused fracturing water as a percentage of total water used for hydraulic fracturing in 2012, calculated from data provided by
the West Virginia DEP (2014).
i Calculated based on the values presented in Table 4-2, excluding the value for Pennsylvania’s Susquehanna River Basin to
avoid double counting with the statewide value. The overall mean is not weighted by the number of wells in a given state,
basin, or play.
j Calculated based on the values presented in Table 4-2, excluding the value for Pennsylvania’s Susquehanna River Basin to
avoid double counting with the statewide value. The overall median is not weighted by the number of wells in a given state,
basin, or play.
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Available data on reuse trends indicate increased reuse as a percentage of injected volume over
time in both Pennsylvania and West Virginia, likely due to the lack of nearby disposal options in
Class II injection wells regulated by the Underground Injection Control (UIC) Program (Section
4.5.3).

The reuse of wastewater for hydraulic fracturing is limited by the amount of water that returns to
the surface during production (Nicot et al., 2012). In the first 10 days of well production, 5% to
almost 50% of the hydraulic fracturing fluid volume can be collected, with values varying across
geologic formations (Chapter 7, Table 7-1). Longer duration measurements are rare, but between
10% and 30% of the hydraulic fracturing fluid volume has been collected in the Marcellus Shale in
Pennsylvania over nine years of production, while over 100% has been collected in the Barnett
Shale in Texas over six years of production (Chapter 7, Table 7-2). 1 Assuming that 10% of hydraulic
fracturing fluid volume is collected in the first 30 days and 100% of the wastewater is reused, it
would take 10 wells to produce enough water to hydraulically fracture a new well. As more wells
are hydraulically fractured in a given area, the potential for wastewater reuse increases.

The decision to reuse hydraulic fracturing wastewater appears to be driven by economics and the
quality of the wastewater, and not concerns over local water availability (Section 4.2.2). Water
transportation costs (i.e., trucking, piping), the availability of Class II wells, and local regulations can
play a role in determining whether hydraulic fracturing wastewater is reused to offset the need for
fresh water withdrawals (Schmid and Yoxtheimer, 2015). Besides hydraulic fracturing wastewater,
other wastewaters may be reclaimed for use in hydraulic fracturing. These include acid mine
drainage, wastewater treatment plant effluent, and other sources of industrial and municipal
wastewater (Nicot et al., 2014; Ziemkiewicz et al., 2013). Limited information is available on the
extent to which these other wastewaters are used.

4.2.2 Quality

Water quality is an important consideration when sourcing water for hydraulic fracturing. Fresh
water is most often used to maximize hydraulic fracturing fluid performance and to ensure
compatibility with the geologic formation being fractured. This finding is supported by the EPA’s
analysis of disclosures to the FracFocus Chemical Disclosure Registry (version 1.0; hereafter, the
EPA FracFocus report) (U.S. EPA, 2015b), as well as by regional analyses from Texas (Nicot et al.,

It is possible to collect over 100% of the hydraulic fracturing fluid volume because water from the formation returns to
the surface along with the injected water.

1
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2012) and the Marcellus Shale (Mitchell et al., 2013a). 1,2 Fresh water was the most commonly cited
water source by companies included in an analysis of nine hydraulic fracturing service companies
on their operations from 2005 to 2010 (U.S. EPA, 2013a). Three service companies noted that the
majority of their water was fresh, because it required minimal testing and treatment (U.S. EPA,
2013a). 3 The majority of the nine service companies recommended testing for certain water quality
parameters (pH and maximum concentrations of specific cations and anions) in order to ensure
compatibility among the water, other fracturing fluid constituents, and the geologic formation (U.S.
EPA, 2013a).
The reuse of hydraulic fracturing wastewater may be limited to an extent by water quality. Over the
production life of a well, the quality of the wastewater produced begins to resemble the quality of
the water naturally found in the geologic formation and may be characterized by high
concentrations of total dissolved solids (TDS) (Goodwin et al., 2014). High concentrations of TDS
and other individual dissolved constituents in wastewater, including specific cations (calcium,
magnesium, iron, barium, strontium), anions (chloride, bicarbonate, phosphate, and sulfate), and
microbial agents, can interfere with hydraulic fracturing fluid performance by producing scale in
the borehole or by interfering with certain additives in the hydraulic fracturing fluid (e.g., high TDS
may inhibit the effectiveness of friction reducers) (Gregory et al., 2011; North Dakota State Water
Commission, 2010). Due to these limitations, wastewater can require treatment or blending with
fresh water to meet the level of water quality desired in the hydraulic fracturing fluid formulation. 4
Options for treating hydraulic fracturing wastewater to facilitate reuse are available and being used
by the industry in some cases. For example, filter socks, centrifuge, dissolved air flotation, or
settling technologies can remove suspended solids, and physical/chemical precipitation or
electrocoagulation can remove dissolved metals (Schmid and Yoxtheimer, 2015). For more
information on treatment of hydraulic fracturing wastewater, see Chapter 8.

The FracFocus Chemical Disclosure Registry (often referred to as FracFocus; www.fracfocus.org) is a national hydraulic
fracturing chemical disclosure registry managed by the Ground Water Protection Council and the Interstate Oil and Gas
Compact Commission. FracFocus was created to provide the public access to reported chemicals used for hydraulic
fracturing within their area. It was originally established in 2011 (version 1.0) for voluntary reporting by participating oil
and gas well operators. Six of the 20 states discussed in this assessment required disclosure to FracFocus at various
points between January 1, 2011, and February 28, 2013, the time period analyzed by the EPA; another three of the 20
states offered the choice of reporting to FracFocus or the state during this same time period (see Appendix Table B-5 for
states and disclosure start dates) (U.S. EPA, 2015b).
1

Of all disclosures reviewed that indicated a source of water for the hydraulic fracturing base fluid, 68% listed “fresh” as
the only source of water used. Note, 29% of all disclosures considered in the EPA’s FracFocus report included information
on the source of water used for the base fluid (U.S. EPA, 2015b).
2

Service companies did not provide data on the percentage of fresh water versus non-fresh water used for hydraulic
fracturing (U.S. EPA, 2013a).
3

The EPA FracFocus report suggests that fresh water makes up the largest proportion of the base fluid when blended
with water sources of lesser quality (U.S. EPA, 2015b).
4
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4.2.3 Provisioning
Water for hydraulic fracturing is typically either self-supplied by the industry or purchased from
public water systems. 1 Self-supplied water for fracturing generally refers to permitted direct
withdrawals from surface water or groundwater or the reuse of wastewater. Nationally,
self-supplied water is more common, although there is much regional variation (U.S. EPA, 2015b;
CCST, 2014; Mitchell et al., 2013a; Nicot et al., 2012). Water purchased from municipal public water
systems can be provided either before or after treatment (Nicot et al., 2014). Water for hydraulic
fracturing is also sometimes purchased from smaller private entities, such as local land owners
(Nicot et al., 2014).

4.3 Water Use Per Well

In this section, we provide an overview of the amount of water used per well during hydraulic
fracturing. We discuss water use in the life cycle of oil and gas operations (Section 4.3.1) and
national per well estimates and associated variability (Section 4.3.2). More detailed locality-specific
information on water use per well is provided in Section 4.5.

4.3.1 Hydraulic Fracturing Water Use in the Life Cycle of Oil and Gas

Water is needed throughout the life cycle of oil and gas production and use, including both at the
well for processes such as well pad preparation, drilling, and fracturing (i.e., the upstream portion),
and later for end uses such as electricity generation, home heating, or transportation (i.e., the
downstream portion) (Jiang et al., 2014; Laurenzi and Jersey, 2013). Most of the upstream water
usage and consumption occurs during hydraulic fracturing (Jiang et al., 2014; Clark et al., 2013;
Laurenzi and Jersey, 2013). 2 Water use per well estimates in this chapter focus on hydraulic
fracturing in the upstream portion of the oil and gas life cycle, as the downstream portion of the
lifecycle is outside the scope of this assessment. 3
1

According to Section 1401(4) of the Safe Drinking Water Act, a public water system is defined as system that provides
water for human consumption from surface water or groundwater through pipes or other infrastructure to at least 15
service connections, or an average of at least 25 people, for at least 60 days per year. Public water systems may either be
publicly or privately owned.

2

Laurenzi and Jersey (2013) reported that hydraulic fracturing accounted for 91% of upstream water consumption,
based on industry data for 29 wells in the Marcellus Shale. (91% was calculated from their paper by dividing hydraulic
fracturing fresh water consumption (13.7 gal (51.9 L)/Megawatt-hour (MWh)) by total upstream fresh water
consumption (15.0 gal (56.8 L)/MWh) and multiplying by 100). Similarly, Jiang et al. (2014) reported that 86% of water
consumption occurred at the fracturing stage for the Marcellus Shale, based on Pennsylvania Department of
Environmental Protection (PA DEP) data on 500 wells. The remaining water was used in several upstream processes (e.g.,
well pad preparation, well drilling, road transportation to and from the wellhead, and well closure once production
ended). Clark et al. (2013) estimated lower percentages (30%−80%) of water use at the fracturing stage for multiple
formations. Although their estimates for the fraction of water used at the fracturing stage may be low due to their higher
estimates for transportation and processing, the estimates by Clark et al. (2013) similarly illustrate the importance of the
hydraulic fracturing stage in water use, particularly in terms of the upstream portion of the life cycle.
3

When the full life cycle of oil and gas production and use is considered (i.e., both upstream and downstream water use),
most water is used and consumed downstream. For example, in a life cycle analysis of hydraulically fractured gas used for
electricity generation, Laurenzi and Jersey (2013) reported that only 6.7% of water consumption occurred upstream
(15.0 gal (56.8 L)/MWh), while 93.3% of fresh water consumption occurred downstream for power plant cooling via
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4.3.2 National Estimates and Variability in Water Use Per Well for Hydraulic Fracturing
At its most basic level, the volume of water used per well for hydraulic fracturing equals the
concentration of water in the hydraulic fracturing fluid multiplied by the total volume of the fluid
injected. In turn, the total volume of fluid injected generally equals the volume of fluid in the
fractures, plus the volume of the well itself, plus any fluid lost due to “leakoff” or other unintended
losses. 1

Nationally, most operators employ fracturing fluids with water as a base fluid, meaning the
concentration of water in the fluid is high (U.S. EPA, 2015b; Yang et al., 2013; GWPC and ALL
Consulting, 2009). The EPA inferred that more than 93% of reported disclosures to FracFocus used
water as a base fluid (U.S. EPA, 2015b). The median reported concentration of water in the
hydraulic fracturing fluid was 88% by mass, with 10th and 90th percentiles of 77% and 95%,
respectively. Only roughly 2% of disclosures (761 wells) reported the use of non-aqueous
substances as base fluids, typically either liquid-gas mixtures of nitrogen or carbon dioxide. Both of
these formulations still contained substantial amounts of water, as water made up roughly 60%
(median value) of the fluid in them (U.S. EPA, 2015b). Other formulations were rarely reported.
Fluid formulations are discussed further in Chapter 5.

On average, hydraulic fracturing requires more than a million gallons (3.8 million liters) of water
per well. Jackson et al. (2015) reported a national average of 2.4 million gal (9.1 million L) of water
per well, calculated from FracFocus disclosures between 2010 and 2013. According to the EPA’s
project database of disclosures to FracFocus 1.0 (hereafter the EPA FracFocus 1.0 project database),
the median volume of water used per well was 1.5 million gal (5.7 million L) between 2011 and
early 2013, based on 37,796 disclosures nationally (U.S. EPA, 2015b, c). 2 Data on reported
Information Handling Services well numbers and median volumes in Gallegos et al. (2015) show
that overall per well volumes have increased in recent years from approximately 1.5 million gal (5.7
million L) in 2011 to 2.7 million gal (10.2 million L) in 2014. 3
The recent increase in water use per well has been driven primarily by the proportional increase in
horizontal wells (Gallegos et al., 2015) (Figure 4-1). Increases in horizontal well length affect total
volumes injected primarily by allowing a larger fracture volume to be stimulated (Economides et
al., 2013). As horizontal wells get longer, fracture, well, and total volumes all increase. Importantly,
increases in the well length and water use per well do not necessarily mean an increase in water
intensity (the amount of water used per unit energy extracted). Goodwin et al. (2014) found water
evaporation (209.0 gal (791.2 L)/MWh). Similar results were found for gas extraction in the Eagle Ford Shale (Scanlon et
al., 2014b).
1

Leakoff is the fraction of the hydraulic fracturing fluid that infiltrates into the formation (e.g., through an existing natural
fissure) and is not recovered during production. This water lost to the formation can be a substantial fraction of the water
injected (O'Malley et al., 2015). See Chapter 6 for more information about leakoff and some recent findings related to the
relationship between hydraulic fracturing fluid volume and fracture volume.
2

All water use data included in the EPA’s FracFocus 1.0 project database were obtained from disclosures made to
FracFocus. Although disclosures were made on a per well basis, a small proportion of the wells were associated with
more than one disclosure (i.e., 876 out of 37,114, based on unique API numbers) (U.S. EPA, 2015c). For the purposes of
this chapter, we discuss water use per disclosure in terms of water use per well.
3

Derived from supporting information in Gallegos et al. (2015). Calculated by multiplying the median volume by the
number of wells for each well type, then summing volumes across well types, and dividing by the total number of wells.
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intensity did not increase in the Denver Basin despite increases in well length and water use per
well.

Figure 4-1. Median water volume per hydraulically fractured well nationally, expressed by
well type and completion year.

Adapted using data from Gallegos et al. (2015). Note: shown in orange is the estimated median across all well
types, derived from Gallegos et al. (2015) supporting information Tables S2 and S3. Calculated by multiplying the
median volume by the number of wells for each well type, then summing volumes across well types, and dividing
by the total number of wells for each year. This estimated median across all well types reflects the central
tendency of the data, and was calculated because the individual data are proprietary and not published,
preventing the calculation of an overall median.

There is substantial variation around these per well estimates. For instance, the 10th and 90th
percentiles from the EPA FracFocus 1.0 project database are 74,000 gal and 6 million gal (280,000 L
and 23 million L) per well, respectively. 1 Even in specific basins, plays, and within a single oil and
gas field, water use per well varies widely. For example, Laurenzi and Jersey (2013) reported
volumes ranging from 1 to 6 million gal (3.8 to 23 million L) per well (10th to 90th percentile) in the
Wattenberg Field in Colorado.
Of the major unconventional formation types discussed in Chapter 2 (shales, tight formationsincluding tight sands or sandstones, and coalbeds), coalbeds generally require less water per well.

1 Although the EPA FracFocus report shows 5th and 95th percentiles, we report 10th and 90th percentiles throughout this
chapter to further reduce the influence of outliers.
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Coalbed methane (CBM) comes from coal seams that often have a high initial water content and
tend to occur at much shallower depths (U.S. EPA, 2015k). In part because of the shallower depths,
shorter well lengths result in lower water use per well, often by an order of magnitude or more
compared to operations in shales or tight formations (e.g., Murray, 2013).

4.4 Hydraulic Fracturing Water Use and Consumption at the National, State,
and County Scale

In this section, we provide an overview of water use and consumption for hydraulic fracturing at
the national, state, and county scale. We then compare these values to total water use and
consumption at these scales. We do this to contextualize hydraulic fracturing water use and
consumption with total water use and consumption, and to illustrate whether hydraulic fracturing
is a relatively large or small user and consumer of water at these scales. Later, we compare
hydraulic fracturing water use to water availability estimates at the county scale (Text Box 4-2).

Water use is water withdrawn for a specific purpose, part or all of which may be returned to the
local hydrologic cycle. Water consumption is water that is removed from the local hydrologic cycle
following its use (e.g., via evaporation, transpiration, incorporation into products or crops,
consumption by humans or livestock), and is therefore unavailable to other water users (Maupin et
al., 2014). Hydraulic fracturing water consumption can occur through evaporation from storage
ponds, the retention of water in the subsurface through imbibition, or disposal in Class II wells,
among other means.
Hydraulic fracturing water use is a function of the water use per well and the total number of wells
fractured at a given spatial scale during the time period analyzed, calculated from the EPA
FracFocus 1.0 project database (U.S. EPA, 2015c). Water consumption estimates are derived from
United States Geological Survey (USGS) water use data, and therefore both use and consumption
are presented with the published water use numbers being first.

4.4.1 National and State Scale

Hydraulic fracturing uses and consumes billions of gallons of water each year in the United States,
but at the national and state scales, it is a relatively small user and consumer of water compared to
total water use and consumption. According to the EPA’s FracFocus 1.0 project database, hydraulic
fracturing used 36 billion gal (136 billion L) of water in 2011 and 52 billion gal (197 billion L) in
2012, yielding an average annually of 44 billion gal (167 billion L) of water in 2011 and 2012 across
all 20 states in the project database (U.S. EPA, 2015b, c). National water use for hydraulic fracturing
can also be estimated by multiplying the water use per well by the number of wells hydraulically
fractured. If the median water use per well (1.5 million gal) (5.7 million L) from the EPA’s
FracFocus 1.0 project database is multiplied by 25,000 to 30,000 wells fractured annually (Chapter
3), national water use for hydraulic fracturing is estimated to range from 38 to 45 billion gal (142 to
170 billion L) annually. Other calculated estimates have ranged higher than this, including
estimates of approximately 80 billion gal (300 billion L) (Vengosh et al., 2014) and 50 to 72 billion
gal (190-273 billion L) (U.S. EPA, 2015e). These estimates are higher due to differences in the
estimated water use per well and the number of wells used as multipliers. For example, Vengosh et
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al. (2014) derived the estimate of approximately 80 billion gal (300 billion L) by multiplying an
average of 4.0 million gal (15 million L) per well (estimated for shale gas wells) by 20,000 wells
(the approximate total number of fractured wells in 2012). 1

All of these estimates of water use for hydraulic fracturing are small relative to total water use and
consumption at the national scale. The USGS compiles national water use estimates every five years
in the National Water Census, with the most recent census conducted in 2010 (Maupin et al.,
2014). 2 The USGS publishes water use, not consumption estimates, yet by applying consumption
factors for each use category in the 2010 National Water Census, we derived estimates of total
water consumption. We also used a consumption factor to estimate hydraulic fracturing water
consumption from values in the EPA FracFocus 1.0 project database. 3 Comparing these estimates,
average annual hydraulic fracturing water use in 2011 and 2012 was less than 1% of total 2010
annual water use for all of the 20 states combined where operators reported water use to
FracFocus in 2011 and 2012. Hydraulic fracturing water consumption followed the same pattern
when compared to total water consumption (Appendix Table B-1). 4
At the state scale, hydraulic fracturing also generally uses billions of gallons of water, but accounts
for a low percentage of total water use or consumption. Of all states in the EPA FracFocus 1.0
project database, operators in Texas used the most water (47% of water use reported in the EPA
FracFocus 1.0 project database) (U.S. EPA, 2015c) (Appendix Table B-1). This was due to the large
number of wells in that state, since hydraulic fracturing water use is proportional to the number of
wells. Over 94% of reported water use occurred in just seven of the 20 states in the EPA FracFocus
1.0 project database (listed in order of highest statewide hydraulic fracturing water use): Texas,
Pennsylvania, Arkansas, Colorado, Oklahoma, Louisiana, and North Dakota (U.S. EPA, 2015c)
(Appendix Table B-1). Hydraulic fracturing is a small percentage when compared to total water use
(<1%) and consumption (<3%) in each individual state (Appendix Table B-1). Other studies have
shown similar results, with hydraulic fracturing water use and consumption ranging from less than
1

This could result in an overestimation because the estimate of 20,000 wells was derived in part from FracFocus, and
these wells are not necessarily specific to shale gas; they may include other types of wells that use less water (e.g., CBM).
The estimate of 1.5 million gal (5.7 million L) per well based on the U.S. EPA (2015c) FracFocus 1.0 project database likely
leads to a more robust estimate when used to calculate national water use for hydraulic fracturing because it includes
wells from multiple formation types (i.e., shale, tight sand, and CBM), some of which use less water than shale gas wells on
average.

2 The National Water Census includes uses such as public supply, irrigation, livestock, aquaculture, thermoelectric power,
industrial, and mining at the national, state, and county scale. The 2010 National Water Census included hydraulic
fracturing water use in the mining category; there was no designated category for hydraulic fracturing alone.
3
4

See footnotes for Appendix Table B-1 or for Table 4-3 for a description of the consumption estimate calculations.

Water use percentages were calculated by averaging annual water use for hydraulic fracturing in 2011 and 2012 for a
given state or county (U.S. EPA, 2015c), and then dividing by 2010 USGS total water use (Maupin et al., 2014) and
multiplying by 100. Note, the annual hydraulic fracturing water use reported in FracFocus was not added to the 2010
total USGS water use value in the denominator, and is simply expressed as a percentage compared to 2010 total water use
or consumption. This was done because of the difference in years between the two datasets, and because the USGS 2010
Water Census (Maupin et al., 2014) included hydraulic fracturing water use estimates in their mining category. This
approach is consistent with that of other literature on this topic; see Nicot and Scanlon (2012). Consumption estimates
were calculated in the same manner, except consumption, not use, values were employed. County level data from the
USGS 2010 Water Census are available online at http://water.usgs.gov/watuse/data/2010/ (accessed November 11,
2014).
4-14

Chapter 4 – Water Acquisition

1% of total use in West Virginia (West Virginia DEP, 2013), Colorado (Colorado Division of Water
Resources et al., 2014), and Texas (Nicot et al., 2014; Nicot and Scanlon, 2012), to approximately
4% in North Dakota (North Dakota State Water Commission, 2014).

4.4.2 County Scale

Water use and consumption for hydraulic fracturing is also relatively small in most, but not all,
counties in the United States (Table 4-3; Figure 4-2; Figure 4-3a,b; and Appendix Table B-2). Based
on the EPA FracFocus 1.0 project database, reported fracturing water use in 2011 and 2012 was
less than 1% compared to 2010 USGS total water use in 299 of the 401 reporting counties (Figure
4-3a; Appendix Table B-2). However, hydraulic fracturing water use was 10% or more compared to
total water use in 26 counties, 30% or more in nine counties, and 50% or more in four counties
(Table 4-3; Figure 4-3a). McMullen County in Texas had the highest percentage at over 100%
compared to 2010 total water use. 1 Total consumption estimates followed the same pattern, but
with more counties in the higher percentage categories (hydraulic fracturing water consumption
was 10% or more compared to total water consumption in 53 counties; 30% or more in 25
counties; 50% or more in 16 counties; and over 100% in four counties) (Table 4-3; Figure 4-3b).

Estimates based on the EPA’s FracFocus 1.0 project database may form an incomplete picture of
hydraulic fracturing water use in a given state or county, because the majority of states with data in
the project database did not require disclosure to FracFocus during the time period analyzed (U.S.
EPA, 2015b). We conclude that this likely does not substantially alter the overall patterns observed
in Figure 4-3a,b. See Text Box 4-1 for further details. These percentages also depend both upon the
absolute water use and consumption for hydraulic fracturing and the relative magnitude of other
water uses and consumption in that state or county. For instance, a rural county with a small
population might have relatively low total water use prior to hydraulic fracturing. 2 Also, just
because water is used in a certain county does not necessarily mean it originated in that county.
The cost of trucking water can be substantial (Slutz et al., 2012), and the industry tends to acquire
water from nearby sources when possible (Section 4.2.1); however, water can also be piped in from
more distant, regional supplies. Despite these caveats, it is clear that hydraulic fracturing is
generally a relatively small user (and consumer) of water at the county level, with the exception of a
small number of counties where water use and consumption for fracturing can be high relative to
other uses and consumption.

1

Estimates of use or consumption exceeded 100% when hydraulic fracturing water use averaged for 2011 and 2012
exceeded total water use or consumption in that county in 2010.
For example, McMullen County, Texas, mentioned above contains a small number of residents (707 people in 2010,
according to the U.S. Census Bureau (2014).

2
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Table 4-3. Average annual hydraulic fracturing water use and consumption in 2011 and 2012
compared to total annual water use and consumption in 2010, by county.

Only counties where hydraulic fracturing water was 10% or greater compared to 2010 total water use are shown
(for full table, see Appendix Table B-2). Average annual hydraulic fracturing water use data in 2011 and 2012 from
the EPA’s FracFocus 1.0 project database (U.S. EPA, 2015c). Total annual water use data in 2010 from the USGS
(Maupin et al., 2014). States listed by order of appearance in the chapter.

Total annual
water use in
2010 (millions
of gal)a

Average annual
hydraulic
fracturing water
use in 2011 and
2012
(millions of gal)b

Hydraulic
fracturing Hydraulic fracturing
water use
water consumption
compared to compared to total
total water water consumption
use (%)c
(%)c,d

State

County

Texas

McMullen

657.0

745.9

113.5

350.4

Karnes

1861.5

1055.2

56.7

120.1

La Salle

2474.7

1288.7

52.1

93.7

Dimmit

4073.4

1794.2

44.0

81.3

Irion

1335.9

411.4

30.8

74.5

Montague

3989.5

925.3

23.2

77.8

De Witt

2394.4

546.6

22.8

48.6

Loving

781.1

138.4

17.7

94.1

San Augustine

1131.5

182.1

16.1

50.8

Live Oak

1916.3

294.0

15.3

40.1

Wheeler

6522.6

858.0

13.2

21.5

Cooke

4533.3

454.3

10.0

29.9

Susquehanna

1617.0

751.3

46.5

123.4

Sullivan

222.7

66.5

29.9

79.8

Bradford

4354.5

1059.4

24.3

78.2

Tioga

2909.1

566.3

19.5

47.3

Lycoming

5854.6

704.6

12.0

33.8

West Virginia

Doddridge

405.2

78.5

19.4

69.4

Ohio

Carroll

1127.9

152.7

13.5

37.3

North Dakota

Mountrail

1248.3

449.4

36.0

98.3

Dunn

1076.8

309.5

28.7

43.1

Burke

394.2

63.6

16.1

40.8

Divide

806.7

102.2

12.7

18.6

Pennsylvania
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Total annual
water use in
2010 (millions
of gal)a

Average annual
hydraulic
fracturing water
use in 2011 and
2012
(millions of gal)b

Hydraulic
fracturing Hydraulic fracturing
water use
water consumption
compared to compared to total
total water water consumption
use (%)c
(%)c,d

State

County

Arkansas

Van Buren

1587.8

899.6

56.7

168.8

Louisiana

Red River

1606.0

569.6

35.5

83.2

Sabine

1522.1

395.2

26.0

76.6

a County

level data accessed from the USGS website (http://water.usgs.gov/watuse/data/2010/) on November 11, 2014. Total
water withdrawals per day were multiplied by 365 days to estimate total water use for the year (Maupin et al., 2014).
b Average

of water used for hydraulic fracturing in 2011 and 2012 calculated from the EPA FracFocus 1.0 project database (U.S.
EPA, 2015c).
c

Percentages were calculated by averaging annual water use for hydraulic fracturing reported in FracFocus in 2011 and 2012 for
a given state or county (U.S. EPA, 2015c), and then dividing by 2010 USGS total water use (Maupin et al., 2014) and multiplying
by 100.
d Consumption

values were calculated with use-specific consumption rates predominantly from the USGS, including 19.2% for
public supply, 19.2% for domestic use, 60.7% for irrigation, 60.7% for livestock, 14.8% for industrial uses, 14.8% for mining
(Solley et al., 1998), and 2.7% for thermoelectric power (Diehl and Harris, 2014). We used rates of 71.6% for aquaculture from
Verdegem and Bosma (2009) ((evaporation per kg fish + infiltration per kg)/total water use per kg); and 82.5% for hydraulic
fracturing (consumption value calculated by taking the median value for all reported produced water/injected water
percentages in Tables 7-1 and 7-2 of this assessment and then subtracting from 100%). If a range of values was given, the
midpoint was used. Note, this aspect of consumption is likely a low estimate since much of this produced water (injected water
returning to the surface) is not subsequently treated and reused, but rather disposed of in Class II wells – see Chapter 8.
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Figure 4-2. Average annual hydraulic fracturing water use in 2011 and 2012 by county.

Source: U.S. EPA (2015c). Water use in millions of gallons (Mgal). Counties shown with respect to major U.S. Energy Information Administration (EIA) shale
basins (EIA, 2015). Orange borders identify states that required some degree of reporting to FracFocus in 2011 and 2012.
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(a)

(b)

Figure 4-3. (a) Average annual hydraulic fracturing water use in 2011 and 2012 compared to
total annual water use in 2010, by county, expressed as a percentage; (b) Average annual
hydraulic fracturing water consumption in 2011 and 2012 compared to total annual water
consumption in 2010, by county, expressed as a percentage.

Average annual hydraulic fracturing water use data in 2011 and 2012 from the EPA’s FracFocus 1.0 project
database (U.S. EPA, 2015c). Total annual water use data in 2010 from the USGS (Maupin et al., 2014). See Table 4-3
for descriptions of calculations for estimating consumption. Counties shown with respect to major U.S. EIA shale
basins (EIA, 2015). Orange borders identify states that required some degree of reporting to FracFocus in 2011 and
2012. Note: Values over 100% denote counties where the average annual hydraulic fracturing water use or
consumption in 2011 and 2012 exceeded the total annual water use or consumption in that county in 2010.
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Text Box 4-1. Using the EPA’s FracFocus 1.0 Project Database to Estimate Water Use for
Hydraulic Fracturing.
The FracFocus Chemical Disclosure Registry (often referred to as FracFocus; www.fracfocus.org) is a national
hydraulic fracturing chemical disclosure registry managed by the Ground Water Protection Council and the
Interstate Oil and Gas Compact Commission. FracFocus was created to provide the public access to reported
chemicals used for hydraulic fracturing within their area. It was originally established in 2011 (version 1.0)
for voluntary reporting by oil and gas well operators. The EPA used the data available from FracFocus
between January 1, 2011 and February 28, 2013 to develop the EPA FracFocus 1.0 project database; the
database and a related EPA report were both peer reviewed and published (U.S. EPA, 2015b, c). Six of the 20
states discussed in this assessment required disclosure to FracFocus at various points during this time;
another three of the 20 states offered the choice of reporting to FracFocus or the state during this same time
period (U.S. EPA, 2015b). Estimates based on the EPA’s FracFocus 1.0 project database could form an
incomplete picture of hydraulic fracturing water use, because most states with data in the project database
(14 out of 20) did not require disclosure to FracFocus during the time period analyzed (U.S. EPA, 2015b).
Water use for fracturing is a function of the water use per well and the total number of wells fractured over a
given spatial area or a given period of time. For water use per well, we found seven literature values for
comparison with values from the EPA’s FracFocus 1.0 project database. On average, water use estimates per
well in the project database were 77% of literature values (the median was 86%); Colorado’s Denver Basin
was the only location where the project database estimate as a percentage of the literature estimate was low
(14%) (Appendix Table B-3). In general, water use per well estimates from the EPA’s FracFocus 1.0 project
database appear to align closely with the literature estimates for most areas for which we have data, with the
exception of the Denver Basin of Colorado.

For the number of wells, we compared data in the EPA’s FracFocus 1.0 project database to numbers available
in state databases from North Dakota, Pennsylvania, and West Virginia (Appendix Table B-4). These were the
state databases from which we could distinguish hydraulically fractured wells from other oil and gas wells.
On average, we found that the EPA FracFocus 1.0 project database included 67% of the wells listed in state
databases for 2011 and 2012 (Appendix Table B-4). Unlike North Dakota and Pennsylvania, West Virginia did
not require operators to report fractured wells to FracFocus during this time period, possibly explaining its
lower reporting rate. Multiplying the average EPA FracFocus 1.0 project database values of 77% for water use
per well and 67% for well counts yields 52%. Thus, the EPA FracFocus 1.0 project database estimates for
water use could be slightly over half of the estimates from these three state databases during this time period.
These values are based on small sample sizes (seven literature values and three state databases) and should
be interpreted with caution. Nevertheless, these numbers suggest that estimates based on the EPA’s
FracFocus 1.0 project database likely form an incomplete picture of hydraulic fracturing water use during this
time period.

To assess how this might affect hydraulic fracturing water use estimates in this chapter, we doubled the
water use value in the EPA’s FracFocus 1.0 project database for each county, an adjustment much higher than
any likely underestimation. Even with this adjustment, fracturing water use was still less than 1% compared
to 2010 total water use in the majority of the 401 U.S. counties represented in the EPA FracFocus 1.0 project
database (299 counties without adjustment versus 280 counties with adjustment). The number of counties
where hydraulic fracturing water use was 30% or more of 2010 total county water use increased from nine to
21 with the adjustment.
These results indicate that most counties have relatively low hydraulic fracturing water use relative to total
water use, even when accounting for likely underestimates. Since consumption estimates are derived from
use, these will also follow the same pattern. Thus, potential underestimates based on the EPA’s FracFocus 1.0
project database likely do not substantially alter the overall pattern shown in Figure 4-3. Rather,
underestimates of hydraulic fracturing water use would mostly affect the percentages in the small number of
counties where fracturing already constitutes a higher percentage of total water use and consumption.
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4.5 Potential for Impacts by Location
The potential for hydraulic fracturing water acquisition to impact drinking water availability or
alter its quality depends on the balance between water withdrawals and water availability at a
given location. Where water availability is high compared to the volume of water withdrawn for
hydraulic fracturing, this water use can be accomodated. However, where water availability is low
and hydraulic fracturing water use is high, these withdrawals are more likely to impact drinking
water resources. The balance between withdrawals and availability can vary greatly by geographic
location. Moreover, a combination of regional or site-specific factors can alter this balance, making
impacts more or less likely, or more or less severe. For these reasons, we discuss the various factors
and potential for impacts by geographic location in the following section.

We organize this discussion by state, addressing 15 states accounting for almost all disclosures
reported in the EPA FracFocus 1.0 project database (U.S. EPA, 2015c): Texas (Section 4.5.1);
Colorado and Wyoming (Section 4.5.2); Pennsylvania, West Virginia, and Ohio (Section 4.5.3); North
Dakota and Montana (Section 4.5.4); Arkansas and Louisiana (Section 4.5.5), Oklahoma and Kansas
(Appendix B.2.1); and Utah, New Mexico, and California (Appendix B.2.2). We highlight the states
that best illustrate concepts relating to the potential for impacts, or factors that affect the frequency
or severity of these impacts in Section 4.5; the remaining states are discussed in Appendix B.2.
Within Section 4.5 and Appendix B, we address each state in order of most hydraulically fractured
wells to least, and combine states with similar geographies or activity. For certain states, we
address major oil and gas regions separately (e.g., the Permian Basin in Texas). Each section
describes the number of fractured wells in that state or region, the type of water used, water use
per well, and water use estimates at the county scale. We then discuss the potential for impacts by
comparing water use and water availability and addressing factors (e.g., drought or the amount of
water reused to offset fresh water use) that might alter the frequency or severity of impacts. As
noted in the chapter introduction, we use several lines of evidence to evaluate the potential for
impacts and factors for each location. We use the scientific literature, county level assessments, and
local case studies where available.

4.5.1 Texas

Hydraulic fracturing in Texas accounts for the bulk of the activity reported nationwide, comprising
48% of the disclosures in the EPA FracFocus 1.0 project database (U.S. EPA, 2015c) (Figure 4-4;
Appendix Table B-5). There are five major basins in Texas: the Permian, Western Gulf (includes the
Eagle Ford play), Fort Worth (includes the Barnett play), TX-LA-MS Salt (includes the Haynesville
play), and the Anadarko (Figure 4-5); together, these five basins contain 99% of Texas’ reported
wells (Appendix Table B-5).
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Figure 4-4. Locations of wells in the EPA FracFocus 1.0 project database, with respect to U.S.
EIA shale plays and basins.

Note: Hydraulic fracturing can be conducted in geologic settings other than shale; therefore, some wells on this
map are not associated with any EIA shale play or basin (EIA, 2015; U.S. EPA, 2015c).

Figure 4-5. Major U.S. EIA shale plays and basins for Texas.
Source: EIA (2015).
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Types of water used: What is known about water sources in Texas largely comes from direct surveys
and interviews with industry operators and water suppliers (Nicot et al., 2014; Nicot et al., 2012).
Overall, groundwater is the dominant source throughout most of the state (Nicot et al., 2014; Nicot
et al., 2012) (Table 4-1). The exception is the Barnett Shale, where both surface water and
groundwater are used in approximately equal proportions.

Hydraulic fracturing in Texas uses mostly fresh water (Nicot et al., 2012). 1 The exception is the far
western portion of the Permian Basin, where brackish water makes up an estimated 80% of total
hydraulic fracturing water use. Brackish water is used to a lesser extent in the Anadarko Basin, the
Midland portion of the Permian Basin, and the Eagle Ford Shale (Table 4-4). Reuse of wastewater as
a percentage of total water use is generally low (5% or less) in all major basins and plays in Texas,
except for the Anadarko Basin in the Texas Panhandle, where it is 20% (Nicot et al., 2012) (Table
4-2).

Table 4-4. Estimated brackish water use as a percentage of total hydraulic fracturing water
use in the main hydraulic fracturing areas of Texas, 2011.a
Adapted from Nicot et al. (2012).b

Play

Percentage

Barnett Shale

3%

Eagle Ford Shale

20%

Texas portion of the TX-LA-MS Salt Basinc

0%

Permian Basin―Far West

80%

Permian Basin―Midland

30%

Anadarko Basin

30%

a

Nicot et al. (2012) define brackish water as any water with a total dissolved solids (TDS) content of >1,000 mg/L, but <35,000
mg/L, although they often limit that range to between 1,000 and 10,000 mg/L.
b Nicot

et al. (2012) present the estimated percentages of brackish, recycled/reused, and fresh water relative to total hydraulic
fracturing water use so that the percentages of the three categories sum to 100%.
c

Nicot et al. (2012) refer to this region of Texas as the East Texas Basin.

The majority of water used in Texas for hydraulic fracturing is self-supplied via direct ground or
surface water withdrawals (Nicot et al., 2014). Less often, water is purchased from local
landowners, municipalities, larger water districts, or river authorities (Nicot et al., 2014).

Water use per well: Water use per well varies across Texas basins, with reported medians from
2011 to early 2013 of 3.9 million gal (14.8 million L) in the Fort Worth Basin, 3.8 million gal
(14.4 million L) in the Western Gulf, 3.3 million gal (12.5 million L) in the Anadarko, 3.1 million gal
(11.7 million L) in the TX-LA-MS Salt, and 840,000 gal (3.2 million L) in the Permian (Appendix
1

The EPA FracFocus report shows that “fresh” was the only source of water listed in 91% of all disclosures reporting a
source of water in Texas (U.S. EPA, 2015b). Nineteen percent of Texas disclosures included information related to water
sources (U.S. EPA, 2015b).
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Table B-5). Relatively low water use in the Permian Basin, which contains roughly half the reported
wells in the state, is due to the abundance of vertical wells, mostly for oil extraction (Nicot et al.,
2012).
Water use per well is increasing in most locations in Texas. In the Barnett Shale, water use per well
increased from approximately 3 million gal (11 million L) in the mid-2000’s to approximately 5
million gal (19 million L) in 2011 as the horizontal lengths of wells increased (Nicot et al., 2014).
Similar increases in lateral length and water use per well were reported for the Texas-Haynesville,
East Texas, and Anadarko basins, and most of the Permian Basin (Nicot et al., 2012; Nicot and
Scanlon, 2012). 1

Water use/consumption at the county scale: Water use and consumption for hydraulic fracturing can
be significant in some Texas counties. Texas contains five of nine counties nationwide where
operators used more than 1 billion gal (3.8 billion L) of water annually for hydraulic fracturing, and
five of nine counties where fracturing water use in 2011 and 2012 was 30% or more compared to
total water use in those counties in 2010 (Table 4-3, Figure 4-3a; Appendix Table B-2). 2
According to detailed county level projections, water use for hydraulic fracturing is expected to
increase with oil and gas production in the coming decades, peaking around the year 2030 (Nicot et
al., 2012). These projections were made before the recent decline in oil and gas prices, and so are
highly uncertain. If these projections hold, the majority of counties are expected to have relatively
low water use for fracturing in the future, but hydraulic fracturing water use could equal or exceed
10%, 30%, and 50% compared to 2010 total county water use in 30, nine, and three counties,
respectively, by 2030 (Appendix Table B-7).
Potential for impacts: Of all locations surveyed in this chapter, the potential for water quantity and
quality impacts due to hydraulic fracturing water acquisition appears to be highest in southern and
western Texas. This area includes the Anadarko, the Western Gulf (Eagle Ford play), and the
Permian Basins. According to Ceres (2014), 28% and 87% of the wells fractured in the Eagle Ford
play and Permian Basin, respectively, are in areas of high to extremely high water stress. 3 A
comparison of hydraulic fracturing water use to water availability at the county scale also suggests
the potential for impacts in this region (Text Box 4-2).
1

It should be noted that energy production also increases with lateral lengths, and therefore, water use per unit energy
produced—typically referred to as water intensity—may remain the same or decline despite increases in per-well water
use (Nicot et al., 2014; Laurenzi and Jersey, 2013).
2

Texas also contains 10 of the 25 counties nationwide where hydraulic fracturing water consumption was greater than or
equal to 30% of 2010 total water consumption (Table 4-3). Nicot and Scanlon (2012) found similar variation among
counties when they compared hydraulic fracturing water consumption to total county water consumption for the Barnett
play. Their consumption estimates ranged from 581 million gal (2.20 billion L) in Parker County to 2.7 billion gal (10.2
billion L) in Johnson County, representing 10.5% and 29.7% compared to total water consumption in those counties,
respectively. Fracturing in Tarrant County, part of the Dallas Fort-Worth area, consumed 1.6 billion gal (6.1 billion L) of
water, 1.4% compared to total county water consumption (Nicot and Scanlon, 2012).
3

Ceres (2014) compared well locations to areas categorized by a water stress index, characterized as follows: extremely
high (defined as annual withdrawals accounting for greater than 80% of surface flows); high (40−80% of surface flows);
or medium-to-high (20−40% of surface flows).
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Text Box 4-2. Hydraulic Fracturing Water Use as a Percentage of Water Availability Estimates.
Researchers at Sandia National Laboratories assessed county level water availability across the continental
United States (Tidwell et al., 2013). Assessments of water availability in the United States are generally
lacking at the county scale, and this analysis—although undertaken for siting new thermoelectric power
plants—can be used to assess potential impacts of hydraulic fracturing water withdrawals.

The authors generated annual water availability estimates for five categories of water: unappropriated
surface water, unappropriated groundwater, appropriated water potentially available for purchase, brackish
groundwater, and wastewater from municipal treatment plants (Tidwell et al., 2013). In the western United
States, water is generally allocated by the principle of prior appropriation—that is, first in time of use is first
in right. New development must use unappropriated water or purchase appropriated water from vested
users. In their analysis, the authors assumed 5% of appropriated irrigated water could be purchased; they
also excluded wastewater required to be returned to streams and the wastewater fraction already reused.
Given regulatory restrictions, they considered no fresh water to be available in California for new
thermoelectric plants. Their definition of brackish water ranged from 3,000 to 10,000 ppm TDS, and from 50
to 2,500 ft (15-760 m) below the surface.

Combining their estimates of unappropriated surface water and groundwater and appropriated water
potentially available for purchase, we derived a fresh water availability estimate for each county (except for
those in California) and then compared this value to reported water use for hydraulic fracturing in 2011 and
2012 (U.S. EPA, 2015c). We also added the estimates of brackish groundwater and wastewater from
municipal treatment plants to fresh water estimates to derive estimates of total water availability and did a
similar comparison. Since the water availability estimates already take into account current water use for oil
and gas operations, these results should be used only as indicator of areas where shortages might arise in the
future. Here we focus on hydraulic fracturing water use compared to water availability. If we compared
hydraulic fracturing water consumption to water availability, consumption would be lower relative to
availability since by definition, water consumption is less than water use. Hence, water use versus availability
acts as an upper-bound estimate, and includes consumption.
Overall, hydraulic fracturing water use represented less than 1% of fresh water availability in over 300 of the
395 counties analyzed (Figure 4-6a). This result suggests that there is ample water available at the county
scale to accommodate hydraulic fracturing in most locations. However, there was a small number of counties
where hydraulic fracturing water use was a relatively high percentage of fresh water availability. In 17
counties, fracturing water use actually exceeded the index of fresh water available; all of these counties were
located in the state of Texas and were associated with the Anadarko, Barnett, Eagle Ford, and Permian
basins/plays (Figure 4-5). In Texas counties with relatively high brackish water availability, hydraulic
fracturing water use represented a much smaller percentage of total water availability (fresh + brackish +
wastewater) (Figure 4-6b). This finding illustrates that potential impacts can be avoided or reduced in these
counties through the use of brackish water or wastewater for hydraulic fracturing; a case study in the Eagle
Ford play in southwestern Texas echoes this finding (Text Box 4-3).
(Text Box 4-2 is continued on the following page.)

4-25

Chapter 4 – Water Acquisition

Text Box 4-2 (continued). Hydraulic Fracturing Water Use as a Percentage of Water
Availability Estimates.

(a)

(b)
Figure 4-6. Average annual hydraulic fracturing water use in 2011 and 2012 compared to (a) fresh water
available and (b) total water (fresh, brackish, and wastewater) available, by county, expressed as a percentage.

Counties shown with respect to major U.S. EIA shale basins (EIA, 2015). Orange borders identify states that required
some degree of reporting to FracFocus in 2011 and 2012. Data from U.S. EPA (2015c) and Tidwell et al. (2013); data from
Tidwell et al. (2013) supplied from the U.S. Department of Energy (DOE) National Renewable Energy Laboratory on
January 28, 2014 and available upon request from the U.S. DOE Sandia National Laboratories. The analysis by Tidwell et
al. (2013) was done originally for thermoelectric power generation. As such, it was assumed that no fresh water could be
used in California for this purpose due to regulatory restrictions, and therefore no fresh water availability data were
given for California. The total water available for California is the sum of brackish water plus wastewater only.
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Surface water availability is generally low in southern and western Texas (Figure 4-7a), and both
fracturing operations and residents rely heavily on groundwater (Figure 4-7b). Similar to trends
nationally, groundwater aquifers in Texas have experienced substantial declines caused by
withdrawals (Konikow, 2013; TWDB, 2012; George et al., 2011). Groundwater in the Pecos Valley,
Gulf Coast, and Ogallala aquifers in southern and western Texas is estimated to have declined by
roughly 5, 11, and 44 mi3 (21, 45.5, and 182 km3), respectively, between 1900 and 2008 (Konikow,
2013). 1

(a)

(b)

Figure 4-7. (a) Estimated annual surface water runoff from the USGS; (b) Reliance on
groundwater as indicated by the ratio of groundwater pumping to stream flow and pumping.
Estimates for Figure 4-7a were calculated at the 8-digit hydrological unit code (HUC) scale by dividing annual
average daily stream flow (from October 1, 2012, to September 30, 2013) by HUC area. Data accessed from the
USGS (USGS, 2014c). Higher ratios (darker blues) in Figure 4-7b indicate greater reliance on groundwater. Figure
adapted from Tidwell et al. (2012), using data provided by the U.S. Department of Energy’s Sandia National
Laboratories on December 12, 2014.
1

The estimate of total net volumetric groundwater depletion for the Gulf Coast aquifer is the sum of the individual
depletion estimates for the north (Houston area), central, and southern (Winter Garden area) parts of the Texas Gulf
Coast aquifer. Groundwater depletion from the Carrizo-Wilcox aquifer is included in the estimate for the southern portion
of the Gulf Coast aquifer (Konikow, 2013).
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Groundwater quality degradation associated with aquifer pumping and the cumulative effects of all
water users is well documented in the southern portion of the Ogallala aquifer. The quality of
groundwater used by many private, public supply, and irrigation wells is poorest in the aquifer’s
southern portion, with elevated concentrations of TDS, chloride, nitrate, fluoride, manganese,
arsenic, and uranium (Chaudhuri and Ale, 2014a; Gurdak et al., 2009; McMahon et al., 2007). 1
Extensive groundwater pumping can alter the quality of drinking water resources by inducing
vertical mixing of high-quality groundwater with recharge water from the land surface that has
been contaminated by nitrate or pesticides, or with lower-quality groundwater from underlying
geologic formations (Gurdak et al., 2009; Konikow and Kendy, 2005). Pumping can also promote
changes in reduction-oxidation (redox) conditions and thereby mobilize chemicals from geologic
sources (e.g., uranium) (DeSimone et al., 2014). Similar patterns of groundwater quality
degradation associated with prolonged aquifer depletion (i.e., salinization and contamination) have
also been observed in other Texas aquifers, notably the northwest Edwards-Trinity (plateau), Pecos
Valley, Carrizo-Wilcox, and southern Gulf Coast aquifers. 2
The Texas Water Development Board (TWDB) estimates that overall demand for water (including
water for hydraulic fracturing) out to the year 2060 will outstrip supply in southern and western
Texas (TWDB, 2012). Furthermore, the TWDB expects groundwater supply in the major aquifers to
decline by 30% between 2010 and 2060, mostly due to declines in the Ogallala aquifer (TWDB,
2012). 3,4 Irrigated agriculture is by far the dominant user of water from the Ogallala aquifer
(Gurdak et al., 2009), but fracturing operations, along with other uses, now contribute to the
aquifer’s depletion.

The state has also experienced moderate to extreme drought conditions for much of the last decade,
and the second-worst and longest drought in Texas history between March 2010 and November
2014 (TWDB, 2016; National Drought Mitigation Center, 2015) (Figure 4-8). Sustained drought
conditions compound water availability concerns, and climate change is expected to place further
stress on groundwater both now and in the future (Aghakouchak et al., 2014; Melillo et al., 2014)
(Chapter 2). In their evaluation of the potential impact of climate change on groundwater recharge
in the western United States, Meixner et al. (2016) show the largest declines in recharge are
expected in specific aquifers in the southwestern United States, including the southern portion of
the Ogallala aquifer, which is expected to receive 10% less recharge through the year 2050.
1

Elevated levels of these constituents result from both natural processes and human activities, such as groundwater
pumping (Chaudhuri and Ale, 2014a; Gurdak et al., 2009).

2

Persistent salinity has been observed in west Texas, specifically in the southern Ogallala, northwest Edwards-Trinity
(plateau), and Pecos Valley aquifers, largely due to prolonged irrigational groundwater pumping and ensuing alteration of
hydraulic gradients leading to groundwater mixing (Chaudhuri and Ale, 2014b). High levels of groundwater salinization
associated with prolonged aquifer depletion have also been documented in the Carrizo-Wilcox and southern Gulf Coast
aquifers, underlying the Eagle Ford Shale in south Texas (Chaudhuri and Ale, 2014b; Konikow, 2013; Boghici, 2009).
Further, elevated levels of constituents, including nitrate, lead, fluoride, chloride, sulfate, iron, manganese, and TDS, have
been reported in the Carrizo-Wilcox aquifer (Boghici, 2009).
3

TWDB (2012) defines groundwater supply as the amount of groundwater that can be produced given current permits
and existing infrastructure. By contrast, TWDB (2012) defines groundwater availability as the amount of groundwater
that is available regardless of legal or physical availability. Total groundwater availability in Texas is expected to decline
by approximately 24% between 2010 and 2060 (TWDB, 2012).
4

This message is echoed in the 2017 Texas State Water Plan (TWDB, 2016).
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Groundwater moves slowly, and natural recharge rates are lower during times of drought
(DeSimone et al., 2014). Consequently, as water withdrawals continue to outpace the rate of
recharge, aquifer storage will decline further (USGS, 1999), potentially impacting both drinking
water resource quantity and quality. For example, research from Steadman et al. (2015) in the
Eagle Ford play shows that hydraulic fracturing groundwater consumption exceeds estimated
recharge rates in the seven most active counties for drilling.

Figure 4-8. Percentage of weeks in drought between 2000 and 2013 by county.

Drought for a given week is defined as any portion of a given U.S. county having a weekly classification of
moderate to exceptional drought (D1-D4 categorization) according to the National Drought Mitigation Center
(http://droughtmonitor.unl.edu); number of weeks = 731.

A case study in the Eagle Ford play in southwestern Texas compared water demand for hydraulic
fracturing with water supplies at the scale of the play, county, and 1 mi2 (2.6 km2) (Scanlon et al.,
2014b). The authors observed generally adequate water supplies for hydraulic fracturing, except in
specific locations, where they found excessive drawdown of groundwater locally in ~6% of the play
area, with estimated declines of ~100-200 ft (31-61 m) after hydraulic fracturing activity increased
in 2009 (Text Box 4-3).
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Text Box 4-3. Case Study: Water Profile of the Eagle Ford Play, Texas.
Researchers from the University of Texas published a detailed case study of water supply and demand for
hydraulic fracturing in the Eagle Ford play in southwestern Texas (Scanlon et al., 2014b). This effort
assembled detailed information from state and local water authorities, and proprietary industry data on
hydraulic fracturing, to develop a portrait of water resources in this 16-county area.

Scanlon et al. (2014b) compared water demand for hydraulic fracturing currently and over the projected play
life (20 years) relative to water supply from groundwater recharge, groundwater storage (brackish and
fresh), and stream flow. Using groundwater availability models developed by the Texas Water Development
Board, they reported that water demand for hydraulic fracturing in 2013 was 30% of annual groundwater
recharge in the play area, and over the 20-year play lifespan it was projected to be 26% of groundwater
recharge, 5-8% of fresh groundwater storage, and 1% of brackish groundwater storage. The dominant water
user in the play is irrigation (57 to 61% of water use, 62 to 65% of consumption), as compared with hydraulic
fracturing (13% of water use and 16% of consumption). At the county level, projected water demand for
hydraulic fracturing over the 20-year period was low relative to freshwater supply (ranging from 0.6-27% by
county, with an average of 7.3%). Similarly, projected total water demand from all uses was low relative to
supply, excluding two counties with high irrigation demands (Frio, Zavala), and one county with no known
groundwater supplies (Maverick).
Although supply was found to be sufficient even in this semi-arid region, there were important exceptions,
especially at sub-county scales. The researchers found no water level declines over much of the play area
assessed (69% of the play area), yet in some areas they estimated groundwater drawdowns of 50 ft (15 m) or
more (19% of the play area), 100 ft (31 m) or more (6% of the play area), and 200 ft (60 m) or more
(approximately 2% of the play area). This was corroborated with well monitoring data that showed a sharp
decline in water levels in several groundwater monitoring wells after hydraulic fracturing activity increased
in 2009.
The researchers further concluded that shifting toward brackish groundwater is feasible, as evidenced by
operators already doing so. This shift could further reduce impacts on fresh water resources and provide a
large source of water for future hydraulic fracturing. In a 2011 estimate, approximately 20% of water used in
the play came from brackish sources (Table 4-4), and anecdotal evidence suggests this practice has increased
since then (Scanlon et al., 2014b). Projected hydraulic fracturing water use represents less than 1% of total
brackish groundwater storage in the play area. By contrast, Scanlon et al. (2014b) concluded there is limited
potential for reuse of wastewater in this play because of the small volumes that return to the surface during
production (less than or equal to 5% of hydraulic fracturing water requirements).

In contrast to southern and western Texas, the potential for water quantity and quality effects
appears to be lower in the north-central and eastern parts of the state, in areas including the
Barnett and Haynesville plays. Residents obtain water for domestic use—which includes use of
water for drinking—from a mixture of groundwater and surface water sources (Appendix Table B6). Counties encompassing Dallas and Fort Worth rely mostly on publicly-supplied surface water
(TWDB, 2012) (Appendix Table B-6). The Trinity aquifer in northeast Texas is projected to decline
only slightly between 2010 and 2060 (TWDB, 2012). Nevertheless, Bene et al. (2007) estimate that
hydraulic fracturing groundwater withdrawals will increase from 3% of total groundwater use in
2005 to 7%–13% in 2025, suggesting the potential for localized aquifer drawdown. Groundwater
quality degradation associated with aquifer drawdown has been documented in the Trinity and
Woodbine aquifers overlying much of the Barnett play, with both aquifers showing high levels of
salinization (Chaudhuri and Ale, 2013).
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Overall, the potential for impacts appears higher in western and southern Texas, compared to the
northeast part of the state. Groundwater withdrawals for hydraulic fracturing, along with irrigation
and other uses, may contribute to water quality degradation associated with intensive aquifer
pumping in western and southern Texas. Areas with numerous high-capacity wells and large
amounts of sustained groundwater pumping are most likely to experience groundwater quality
degradation associated with withdrawals (Gurdak et al., 2009; McMahon et al., 2007). Further,
given that Texas is prone to drought conditions and groundwater recharge is limited, the already
declining aquifers in southern and western Texas are especially vulnerable to further groundwater
depletion and resulting impacts to groundwater quantity and quality (Gurdak et al., 2009; Jackson
et al., 2001). Impacts are likely to be localized drawdowns of groundwater, as shown by a detailed
case study of the Eagle Ford play (Text Box 4-3). Scanlon et al. (2014b) suggested that a shift
toward brackish water use could minimize potential future impacts to fresh water resources. This
finding is consistent with our county level data (Text Box 4-2).

4.5.2 Colorado and Wyoming

Colorado had the second highest number of disclosures in the EPA FracFocus 1.0 project database,
(13% of disclosures) (Figure 4-4 and Appendix Table B-5). We combine Colorado and Wyoming
because of their shared geology of the Denver Basin (including the Niobrara play) and the Greater
Green River Basin (Figure 4-9). There are three major basins reported for Colorado: the Denver
Basin; the Uinta-Piceance Basin; and the Raton Basin. Together these basins contain 99% of
reported wells in the state, although the bulk of the activity in Colorado is in the Denver Basin
(Appendix Table B-5). Fewer wells (roughly 4% of disclosures in the EPA FracFocus 1.0 project
database) are reported in Wyoming. There are two major basins reported for Wyoming (Greater
Green River and Powder River) that together contain 86% of activity in the state (Appendix Table
B-5).

Figure 4-9. Major U.S. EIA shale plays and basins for Colorado and Wyoming.
Source: EIA (2015).
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Types of water used: Water for hydraulic fracturing in Colorado and Wyoming comes from both
groundwater and surface water, as well as reused wastewater (Colorado Division of Water
Resources et al., 2014; BLM, 2013). Publicly available information on water sources for each state
generally comes in the form of a list of potential sources, and detailed information on the types of
water used for hydraulic fracturing is not readily accessible. 1 In northwestern Colorado’s Garfield
County (Uinta-Piceance Basin), the U.S. EPA (2015e) reports that any fresh water used for
fracturing comes from surface water sources. In the Denver Basin (Niobrara play) of southeastern
Wyoming, qualitative information suggests that groundwater supplies much of the water used for
fracturing, although no data were available to characterize the ratio of groundwater to surface
water withdrawals (AMEC Environment & Infrastructure, 2014; BLM, 2013; Tyrrell, 2012).

Non-fresh water sources, including industrial and municipal wastewater, brackish groundwater,
and reused hydraulic fracturing wastewater, are sometimes listed as potential alternatives to fresh
water for fracturing in both Colorado and Wyoming (Colorado Division of Water Resources et al.,
2014; BLM, 2013); no data are available to show the extent to which these non-fresh water sources
are used at the state or basin level. Based on discussions with industry, the U.S. EPA (2015e)
reports that fresh water is used solely for drilling and reused wastewater supplies nearly all the
water for hydraulic fracturing in Colorado’s Garfield County. This estimate of reused wastewater as
a percentage of injected volume is markedly higher than in other locations and likely results from
the geologic characteristics of the Piceance tight sand formation, which has naturally high water
content and produces large volumes of relatively high-quality wastewater (U.S. EPA, 2015e).

In contrast, a study by Goodwin et al. (2014) assumed no reuse of wastewater for hydraulic
fracturing operations by Noble Energy in the Denver-Julesburg Basin of northeastern Colorado
(Table 4-2). It is unclear whether this assumption is indicative of reuse practices of other
companies in the Denver-Julesburg Basin. The difference in reused wastewater rates reported by
the U.S. EPA (2015e) and Goodwin et al. (2014) may indicate an east-west divide in Colorado (i.e.,
low reuse in the east versus high reuse in the west), due at least in part to differences in wastewater
volumes available for reuse. However, further information is needed to adequately characterize
reuse patterns in Colorado.

Water use per well: Water use per well varies across Colorado, with median values of 1.8 million,
400,000, and 96,000 gal (6.8 million, 1.5 million, and 360,000 L) in the Uinta-Piceance, Denver, and
Raton Basins, respectively, according to the EPA FracFocus 1.0 project database (Appendix Table B5). Relatively low water volumes per well are reported in Wyoming (Appendix Table B-5). Low
volumes reported for the Raton Basin of Colorado and the Powder River Basin of Wyoming are
likely due to the prevalence of CBM extraction in these locations (U.S. EPA, 2015k; Sando et al.,
2014).
More difficult to explain are the low volumes reported for the Denver Basin in the EPA FracFocus
1.0 project database. These values are lower than volumes reported in other non-CBM basins

1 The Colorado Oil and Gas Conservation Commission collects information on the sources and quality of water used for
hydraulic fracturing, including reused wastewater, with Form 5A, and has done so since June 2012; however, these data
are in PDFs linked to individual wells and are not aggregated into a searchable database.
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included in Appendix Table B-5. Goodwin et al. (2014) report much higher water use per well in the
Denver Basin from 2010 to 2013, with a median of 2.8 million gal (10.6 million L) (although only
usage for the Wattenberg Field was reported). Indeed, the 10th−90th percentiles (2.4-3.8 million gal)
(9.1-14.4 million L) from Goodwin et al. (2014) are almost completely above those from the EPA
FracFocus 1.0 project database for the Denver Basin (Appendix Table B-5). 1 However, it is difficult
to draw clear conclusions because of differences in scale (i.e., field in Goodwin et al. (2014) versus
basin in the EPA FracFocus 1.0 project database) and operators (i.e., Noble Energy in Goodwin et al.
(2014) versus all in the EPA FracFocus 1.0 project database).
Trends in water use per well are generally lacking for Colorado, with the exception of those
reported by Goodwin et al. (2014). They found that water use per well is increasing with well
length in the Denver Basin; however, they also observed that water intensity (gallons of water per
unit energy extracted) did not change, since energy recovery increased along with water use.

Water use/consumption at the county scale: Hydraulic fracturing operations in Colorado use billions
of gallons of water, but this amount is a small percentage compared to total water used or
consumed at the county scale. In both Garfield and Weld Counties, located in the Uinta-Piceance and
Denver Basins, respectively, hydraulic fracturing used more than 1 billion gal (3.8 billion L)
annually. Fracturing water use and consumption in these counties exceeded those in all other
Colorado counties combined (Appendix Table B-2), but the water used for hydraulic fracturing in
Garfield and Weld counties was less than 2% and 3% compared to 2010 total water use and
consumption, respectively. In comparison, irrigated agriculture accounts for over 90% of the water
used in both counties (Maupin et al., 2014). Overall, hydraulic fracturing accounts for less than 2%
compared to 2010 total water use in all Colorado counties represented in the EPA FracFocus 1.0
project database (Appendix Table B-2). Water use estimates based on the EPA FracFocus 1.0
project database may be low relative to literature and state estimates (Text Box 4-1), but even if
estimates from the project database were doubled, hydraulic fracturing water use and consumption
would still be less than 4% and 6% compared to 2010 total water use and consumption,
respectively, in each Colorado county.
In Wyoming, reported water use for hydraulic fracturing is small compared to Colorado (Appendix
Table B-1). Fracturing water use and consumption did not exceed 1% of 2010 total water use and
consumption, respectively, in any county (Appendix Table B-2). Unlike Colorado, Wyoming did not
require disclosure to FracFocus during the time period analyzed by the EPA (U.S. EPA, 2015b)
(Appendix Table B-5).

Colorado Division of Water Resources et al. (2014) projected that annual water use for hydraulic
fracturing in the state would increase by approximately 16% between 2012 and 2015, but demand
in later years is unclear. Even with an increase of 16% or more, hydraulic fracturing would still
remain a relatively small user of water at the county scale in Colorado.
1

Different spatial extents might explain these differences, since Goodwin et al. (2014) focus on 200 wells in the
Wattenberg Field of the Denver Basin; however, Weld County is the center of activity in the Wattenberg Field, and the EPA
FracFocus 1.0 project database contains 3,011 disclosures reported in Weld County, with a median water use per of
407,442 gal (1,542,340 L), similar to that for the basin as a whole.
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Potential for impacts: The potential for water quantity and quality impacts due to hydraulic
fracturing water withdrawals appears to be low at the county scale in Colorado and Wyoming
because fracturing accounts for a low percentage of total water use and consumption (Figure
4-3a,b). This conclusion is also supported by the comparison of hydraulic fracturing water use to
water availability at the county scale (Text Box 4-2; Figure 4-6a,b). However, counties in Colorado
and Wyoming are large in their spatial extents, and any potential impacts will depend on sitespecific factors affecting the balance between water use and availability at the local scale (i.e., at a
given withdrawal point). In a multi-scale case study in the Upper Colorado River Basin, the U.S. EPA
(2015e) did not identify any locations where fracturing currently contributed to locally high water
use intensity due to the high rates of wastewater reuse reported. They did conclude, however, that
future effects may be possible (Text Box 4-4).

Text Box 4-4. Case Study: Impact of Water Acquisition for Hydraulic Fracturing on Local Water
Availability in the Upper Colorado River Basin.
The U.S. EPA (2015e) conducted a case study to explore the impact of hydraulic fracturing water demand on
water availability at the river basin, county, and local scales in the semi-arid Upper Colorado River Basin
(UCRB) of western Colorado. The study area overlies the Piceance geologic basin with natural gas in tight
sands. Water withdrawal impacts were quantified using a water use intensity index (i.e., the ratio between
the volume of water withdrawn at a site for hydraulic fracturing and the volume of available water).
Researchers obtained detailed site-specific data on hydraulic fracturing water usage from state and regional
authorities, and estimated available water supplies using observations at USGS gage stations and empirical
and hydrologic modeling.

They found that water supplies accessed for oil and gas demand were concentrated in Garfield County, and
most fresh water withdrawals were concentrated within the Parachute Creek watershed (198 mi2). However,
fresh water makes up a small proportion of the total water used for fracturing due to large quantities of highquality wastewater produced from the Piceance tight sands. Based on discussions with industry, the U.S. EPA
(2015e) reports that fresh water is used solely for drilling and reused wastewater supplies nearly all the
water for hydraulic fracturing in Garfield County. Due to the high reuse rate, the U.S. EPA (2015e) did not
identify any locations in the Piceance play where fracturing contributed to locally high water use intensity.

Scenario analyses demonstrated a pattern of increasing potential impact with decreasing watershed size in
the UCRB. The U.S. EPA (2015e) examined hydraulic fracturing water use intensity under the current rates of
both directional (S-shaped) and horizontal drilling. They showed that for the more water-intensive horizontal
drilling, watersheds had to be larger to meet the same index of water use intensity (0.4) as that for directional
drilling (100 mi2 for horizontal drilling, as compared to 30 mi2 for directional drilling). To date, most wells
have been drilled directionally into the Piceance tight sands, although a trend toward horizontal drilling is
expected to increase annual water use per well by about four times. Despite this increase, total hydraulic
fracturing water use is expected to remain small relative to other users. Currently, irrigated agriculture is the
largest water user in the UCRB.
Greater water demand could occur in the future if the water-intensive oil shale extraction industry becomes
economically viable in the region. Projections for oil shale water demand indicate that the industry could
increase water use for energy extraction in Garfield and Rio Blanco counties.
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East of the Rocky Mountains in the Denver Basin, the potential for localized impacts exists given the
combination of high hydraulic fracturing activity and low water availability (e.g., Weld County,
Colorado), but lack of available data and literature at the local scale limits our ability to assess the
potential for impacts in this location. Ceres (2014) concludes that all fractured wells in the Denver
Basin are in high or extremely high water-stressed areas. Furthermore, the development of the
Niobrara Shale in southeast Wyoming occurs in areas already impacted by high agricultural water
use from the Ogallala aquifer, including the state’s only three groundwater control areas, which
were established as management districts in the southeast portion of the state in response to
declining groundwater levels (AMEC Environment & Infrastructure, 2014; Wyoming State
Engineer's Office, 2014; Tyrrell, 2012; Bartos and Hallberg, 2011). Groundwater withdrawals for
hydraulic fracturing may have the potential to contribute to water quality degradation in these
areas, depending on site-specific factors that may alter the balance between water use and
availability.
Overall, the potential for impacts appears low at the county scale in Colorado and Wyoming, but
local effects are certainly possible particularly east of the Rocky Mountains in the Denver Basin.
Lack of available data and literature at the local scale limits our ability to assess the potential for
impacts in this location.

4.5.3 Pennsylvania, West Virginia, and Ohio

Pennsylvania had the third most disclosures in the EPA FracFocus 1.0 project database (6.5% of
disclosures) (Appendix Table B-5; Figure 4-4). We combine West Virginia and Ohio with
Pennsylvania because they share similar geology overlying the Appalachian Basin (including the
Marcellus, Devonian, and Utica stacked plays) (Figure 4-10); however, much less activity is
reported in these two states (Appendix Table B-5).

Figure 4-10. Major U.S. EIA shale plays and basins for Pennsylvania, West Virginia, and Ohio.
Source: EIA (2015).
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Types of water used: Surface water is the primary water source for hydraulic fracturing in
Pennsylvania, West Virginia, and Ohio (SRBC, 2016; Schmid and Yoxtheimer, 2015; West Virginia
DEP, 2014; Mitchell et al., 2013a; West Virginia DEP, 2013; Ohio EPA, 2012b; STRONGER, 2011b)
(Table 4-1). Further, the water used for hydraulic fracturing is most often fresh water in all three
states. In both Pennsylvania’s Susquehanna River Basin and throughout West Virginia, most water
for hydraulic fracturing is self-supplied via direct withdrawals from surface water and groundwater
(U.S. EPA, 2015e; West Virginia DEP, 2013). Operators also purchase water from public water
systems, which may include a variety of commercial water brokers (West Virginia DEP, 2014; SRBC,
2013; West Virginia DEP, 2013). Municipal supplies are also used, particularly in urban areas of
Ohio (STRONGER, 2011b).
Reused hydraulic fracturing wastewater as a percentage of total water used for fracturing was 19%
in 2014 in Pennsylvania, and 15% in 2012 in West Virginia (Schmid and Yoxtheimer, 2015; West
Virginia DEP, 2014) (Table 4-2). Available data indicate an increasing trend in reuse of wastewater
over time in this region, likely due to the lack of nearby disposal options in Class II wells. Reused
wastewater as a percentage of injected water volume ranged from approximately 2% to 19% in
Pennsylvania (statewide) from 2009-2014 (Schmid and Yoxtheimer, 2015). This upward trend is
also shown in Pennsylvania’s SRB, where reuse as a percentage of total water injected reached 22%
in 2013; the average reuse rate for 2008-2013 in the SRB was 16% (SRBC, 2016) (Table 4-2). In
West Virginia, reuse as a percentage of injected volume ranged from 6% to 15% from 2010-2012
(West Virginia DEP, 2014). In Ohio’s Marcellus and Utica Shales, reuse of wastewater is reportedly
uncommon (STRONGER, 2011b), likely due to the prevalence of disposal wells in Ohio. See Chapter
8 for more information.
Aside from reused hydraulic fracturing wastewater, other types of wastewaters reused for
hydraulic fracturing may include wastewater treatment plant effluent, treated acid mine drainage,
and rainwater collected at various well pads (West Virginia DEP, 2014; SRBC, 2013; West Virginia
DEP, 2013; Ziemkiewicz et al., 2013; Ohio EPA, 2012b). No data are available on the frequency of
use of these other wastewaters.

Water use per well: Operators in these three states reported the third, fourth, and fifth highest
median water use per well of the states we considered from the EPA FracFocus 1.0 project
database, with 5.0, 4.2, and 3.9 million gal (18.9, 15.9, and 14.8 million L) in West Virginia,
Pennsylvania, and Ohio, respectively (Appendix Table B-5). Hansen et al. (2013) report similar
water use estimates for Pennsylvania and West Virginia for 2011 and 2012 (Appendix Table B-5).
This correspondence is not surprising, as these estimates are also based on FracFocus data (via
Skytruth). For 2011, the year overlapping with the time frame of the EPA FracFocus report (U.S.
EPA, 2015b), Mitchell et al. (2013a) report an average of 2.3 million gal (8.7 million L) for vertical
wells (54 wells) and 4.6 million gal (17.4 million L) for horizontal wells (612 wells) in the
Pennsylvania portion of the Upper Ohio River Basin, based on records from PA DEP. The weighted
average water use per well was 4.4 million gal (16.7 million L), similar to results based on the EPA
FracFocus 1.0 project database listed above. In Pennsylvania’s SRB, the long-term average water
use per well from 2008-2013 was 4.3 million gal (16.3 million L). In 2013, the average water use
per well increased to approximately 5.1 to 6.5 million gal (19.3 to 24.6 million L) due to increasing
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lengths of laterals in horizontal drilling (SRBC, 2016). Across the entire state of Pennsylvania, water
use per well has increased over time, which may be explained by increasing horizontal well length,
depth, and length of the completed interval (Schmid and Yoxtheimer, 2015).

Water use/consumption at the county scale: In this tri-state region, the highest water use for
hydraulic fracturing is in northeastern Pennsylvania counties. On average, operators in Bradford
County reported over 1 billion gal (3.8 billion L) used annually in 2011 and 2012 for fracturing;
operators in three other counties (Susquehanna, Lycoming, and Tioga Counties) reported
500 million gal (1.9 billion L) or more used annually in each county (Table 4-3). On average,
hydraulic fracturing water use is 3.2% compared to 2010 total water use for counties with
disclosures in the EPA FracFocus 1.0 project database in these three states (Table 4-3;
Appendix Table B-2). Susquehanna County in Pennsylvania has the highest percentages relative to
2010 total water use (47%) and consumption (123%).
Potential for impacts: Water availability is higher in Pennsylvania, West Virginia, and Ohio than in
many western states, reducing the likelihood of impacts to drinking water resource quantity and
quality. At the county scale, water supplies appear adequate to accommodate this use (Text Box
4-2; Figure 4-6a,b). However, impacts could still occur at the local scale (i.e., specific withdrawal
points) as high water availability in a region does not preclude water stress, particularly if water
withdrawals occur during seasonal low-flow periods (Entrekin et al., 2015). Without management
of the rate and timing of withdrawals, surface water withdrawals for hydraulic fracturing have the
potential to affect both drinking water quantity and quality (Mitchell et al., 2013a). For instance,
withdrawals may alter natural stream flow regimes, potentially decreasing a stream’s capacity to
dilute contaminants (Gallegos et al., 2015; Mitchell et al., 2013a; Entrekin et al., 2011; NYSDEC,
2011; van Vliet and Zwolsman, 2008; IPCC, 2007; Environment Canada, 2004; Murdoch et al.,
2000).

In a second, multi-scale case study, EPA showed that the potential for water acquisition impacts to
drinking water resource quantity and quality increases at finer temporal and spatial resolutions
(U.S. EPA, 2015e). They concluded that individual streams in Pennsylvania’s SRB can be vulnerable
to typical hydraulic fracturing water withdrawals depending on stream size, as defined by
contributing basin area (U.S. EPA, 2015e) (Text Box 4-5). They observed infrequent (in less than
1% of withdrawals) high ratios of hydraulic fracturing water consumption to stream flow (high
consumption-to-stream flow events). Further research from Barth-Naftilan et al. (2015) in
Pennsylvania’s Marcellus Shale (SRB and Ohio River Basin (ORB)) confirmed that stream flow
alteration due to hydraulic fracturing surface water withdrawals increases at finer spatial scales
(i.e., smaller watershed area). They showed that streams with drainage areas under 50 mi2 (130
km2) are the most vulnerable to stress induced by flow alteration (Barth-Naftilan et al., 2015).
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Text Box 4-5. Case Study: Impact of Water Acquisition for Hydraulic Fracturing on Local Water
Availability in the Susquehanna River Basin.
The U.S. EPA (2015e) conducted a second case study analogous to that in the UCRB (Text Box 4-4), to explore
the impact of hydraulic fracturing water demand on water availability at the river basin, county, and local
scales in the SRB in northeastern Pennsylvania. The study area overlies the Marcellus Shale gas reservoir.
Water withdrawal impacts were quantified using a water use intensity index (Text Box 4-4). Researchers
obtained detailed site-specific data on hydraulic fracturing water usage from state and regional authorities,
and estimated available water supplies using observations at USGS gage stations and empirical and
hydrologic modeling.
Most water for fracturing in the SRB is self-supplied by operators from rivers and streams with withdrawal
points distributed throughout a wide geographic area. Public water systems provide a relatively small
proportion of the water needed. Reuse of wastewater as a percentage of hydraulic fracturing fluid volume
averaged 16% from 2008-2013, and has increased over time, reaching 22% in 2013 (SRBC, 2016) (Table
4-2). The Susquehanna River Basin Commission (SRBC) regulates water acquisition for hydraulic fracturing
and issues permits that set limits on the volume, rate, and timing of withdrawals at individual withdrawal
points; passby flow thresholds (hereafter, passby flows) halt water withdrawals during low flows.

The U.S. EPA (2015e) demonstrated that streams can be vulnerable from hydraulic fracturing water
withdrawals depending on their size, as defined by contributing basin area. Small streams have the potential
for impacts (i.e., high water use intensity) for all or most of the year. The U.S. EPA (2015e) showed an
increased likelihood of impacts in small watersheds in the SRB (less than 10 mi2 or 26 km2). Furthermore,
they showed that in the absence of passby flows, even larger watersheds (up to 600 mi2 or 1,554 km2) could
be vulnerable during maximum withdrawal volumes and infrequent droughts. However, high water use
intensity calculated from observed hydraulic fracturing withdrawals occurred at only a few withdrawal
locations in small streams; local high water use intensity was not found at the majority of withdrawal points.

Detailed studies and state reports available throughout the Marcellus Shale region help provide an
understanding of the potential impacts of hydraulic fracturing water withdrawals in both space and
time at the local scale (SRBC, 2016; Barth-Naftilan et al., 2015; U.S. EPA, 2015e). In the SRB and
ORB, water for hydraulic fracturing is taken from both large rivers and small headwater streams,
with a considerable fraction of the water taken from small streams of small watersheds (BarthNaftilan et al., 2015). The SRBC reports that most natural gas development in the SRB is focused in
rural, headwater areas, where withdrawals have the potential to alter natural stream flow regimes
(SRBC, 2016). In an analysis of the effects of water withdrawals on twelve streams in the SRB,
Shank and Stauffer (2015) found that the largest withdrawals relative to stream size were from
headwater streams, where daily withdrawals averaged 6.8% of average daily flows. However, they
found water management in the form of low flow protections helped limit the potential for impacts.

Compared to conventional energy extraction, hydraulic fracturing consumes more water in a highly
concentrated period of time (Patterson et al., 2016); thus, the cumulative impact of multiple wells
withdrawing water from small streams, particularly during drought or seasonal low flows, has the
potential to impact the quantity and quality of drinking water resources (Patterson et al., 2016). For
instance, in modeling the potential future impact of hydraulic fracturing in the Delaware River
Basin (DRB), Habicht et al. (2015) showed that under maximum well development, hydraulic
fracturing water withdrawals from small streams could remove up to 70% of water during periods
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of low stream flow, and less than 3% during periods of normal stream flow. 1 Unlike groundwater
withdrawals, any impacts to drinking water resource quantity and quality associated with surface
water withdrawals are likely to persist for a shorter time period since the rate of replenishing
water removed from the system is greater in surface water than groundwater (Alley et al., 1999)
(Section 4.5.1).

The potential for water acquisition impacts to drinking water resource quality in this region is also
greatest in small, unregulated streams, particularly under drought conditions or during seasonal
low flows (U.S. EPA, 2015e; Vengosh et al., 2014; Mitchell et al., 2013a; Vidic et al., 2013; Rahm and
Riha, 2012; Rolls et al., 2012; Kargbo et al., 2010; McKay and King, 2006). Surface water quality
impacts may be of concern if a pollution discharge point (e.g., sewage treatment plant, agricultural
runoff, or chemical spill) is immediately downstream of a hydraulic fracturing withdrawal point
(U.S. EPA, 2015e; NYSDEC, 2011). 2 Potential water quality impacts associated with reduced water
levels may also include possible interference with the efficiency of drinking water treatment plant
operations, as increased contaminant concentrations in drinking water sources may necessitate
additional treatment and ultimately impact drinking water quality (Water Research Foundation,
2014; Benotti et al., 2010). 3

Water management policies in place in this region can help reduce the potential for impacts
associated with hydraulic fracturing water withdrawals, including excessive lowering of water
levels, unreliable water supplies, and degradation of water quality (SRBC, 2016; Barth-Naftilan et
al., 2015; U.S. EPA, 2015e) (Text Box 4-5). For instance, the SRBC manages the quantity, location,
and timing of withdrawals, using site-specific information to set instantaneous and daily
withdrawal limits for all approved surface water and groundwater withdrawals. They also set low
flow protections, known as passby flows, for most approved surface water withdrawals that require
withdrawals to cease when stream flow drops below a prescribed threshold level (SRBC, 2016).
Passby flows can reduce the frequency of high consumption-to-stream flow events, particularly in
the smallest streams (Shank and Stauffer, 2015; U.S. EPA, 2015e).
Overall, there appears to be adequate surface water for hydraulic fracturing in Pennsylvania, West
Virginia, and Ohio, but there is still the potential for impacts to both drinking water resource
quantity and quality, particularly in small streams, if the rate and timing of withdrawals are not
managed (U.S. EPA, 2015e). These potential impacts are expected to be localized in space (i.e.,

1 Presently there is a moratorium on hydraulic fracturing in the DRB, which spans Pennsylvania, Delaware, New Jersey,
and New York. Habicht et al. (2015) modeled the potential future environmental impact of hydraulic fracturing in the DRB
should the moratorium be lifted, allowing hydraulic fracturing to expand into this region in the future.
2

Aside from direct surface water withdrawals, unmanaged withdrawals from public water systems can cause crosscontamination if there is a loss of pressure, allowing the backflow of pollutants from tank trucks into the distribution
system. The state of Ohio has issued a fact sheet relevant to this potential concern, intended specifically for public water
systems providing water to oil and gas companies (Ohio EPA, 2012a). To prevent potential cross-contamination, Ohio
requires a backflow prevention device at cross-connections. For example, bulk loading stations that provide public supply
water directly to tank trucks are required to have an air-gap device at the cross-connection to prevent the backflow of
contaminants into the public water system (Ohio EPA, 2012a).
3 For instance, an increased proportion of organic matter entering a treatment plant may increase the formation of
trihalomethanes, byproducts of the disinfection process formed as chlorine reacts with organic matter in the water being
treated (Water Research Foundation, 2014).
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occurring at specific withdrawal points), and time (e.g., low flow periods). Passby flows appear to
be an effective water management tool for reducing the potential for impacts from surface water
withdrawals.

4.5.4 North Dakota and Montana

North Dakota was fourth in the number of disclosures in the EPA FracFocus 1.0 project database
(5.9% of disclosures) (Appendix Table B-5; Figure 4-4). We combine Montana with North Dakota,
because both overlie the Williston Basin (which contains the Bakken play, shown in Figure 4-11),
although many fewer wells are reported for Montana (Appendix Table B-5). The Williston Basin is
the only basin with significant activity reported for either state, though other basins are also
present in Montana (e.g., the Powder River Basin).

Figure 4-11. Major U.S. EIA shale plays and basins for North Dakota and Montana.
Source: EIA (2015).

Types of water used: Hydraulic fracturing in the Bakken play depends on both ground and surface
water resources. Surface water from the Missouri River system provides the largest source of fresh
water in the center of Bakken oil development (North Dakota State Water Commission, 2014; EERC,
2011, 2010; North Dakota State Water Commission, 2010). Apart from the Missouri River system,
regional surface waters (e.g., smaller streams) do not provide a consistent supply of water for the
oil industry due to seasonal stream flow variations. Sufficient stream flows generally occur only in
the spring after snowmelt (EERC, 2011). Groundwater from glacial and bedrock aquifer systems
has traditionally supplied much of the water needed for Bakken development, but concerns over
limited groundwater supplies have led to limits on the number of new groundwater withdrawal
permits issued (Ceres, 2014; Plummer et al., 2013; EERC, 2011, 2010; North Dakota State Water
Commission, 2010).
The water used for Bakken development is mostly fresh. The EPA FracFocus report shows that
“fresh” was the only source of water listed in almost all disclosures reporting a source of water in
North Dakota (U.S. EPA, 2015b). 1 Reuse of Bakken wastewater is limited due to its high TDS, which
1

Twenty-five percent of North Dakota disclosures included information related to water sources (U.S. EPA, 2015b).
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presents challenges for treatment and reuse (Gadhamshetty et al., 2015). Industry is currently
researching treatment technologies for reuse of this wastewater (Ceres, 2014; EERC, 2013, 2011).

Water for hydraulic fracturing is commonly purchased from municipalities or other public water
systems in the region. The water is often delivered to trucks at water depots or transported directly
to well pads via pipelines (EERC, 2011).
Water use per well: Water use per well is intermediate compared with other areas, with a median of
2.0 and 1.6 million gal (7.6 and 6.1 million L) per well in the Williston Basin in North Dakota and
Montana, respectively, according to the EPA’s FracFocus 1.0 project database (Appendix Table B-5).
The North Dakota State Water Commission reports similar volumes (2.2 million gal (8.3 million L)
per well on average for North Dakota) in a summary fact sheet (North Dakota State Water
Commission, 2014). 1 Scanlon et al. (2016) show that average water use per well in the Bakken play
has increased over time, from 580,000 gal (2.2 million L) in 2005 to 3.7 million gal (14.1 million L)
in 2014, due in part to the increasing lengths of laterals in horizontal drilling.
In addition to water for hydraulic fracturing, Bakken wells may require “maintenance water”
(Scanlon et al., 2016; Scanlon et al., 2014a). This extra water is reportedly needed because of the
relatively high salt content of Bakken brine, potentially leading to salt buildup, pumping problems,
and restriction of oil flow. Based on estimates from the North Dakota Department of Mineral
Resources, Scanlon et al. (2016) report that approximately 400 – 600 gal (1,500 – 2,300 L) per day
per each well may be required for well maintenance. Assuming a 15-year lifetime for wells, this
could add up to 3.3 million gal (12.5 million L) per well of additional water (Scanlon et al., 2016).

Water use/consumption at the county scale: Water use for fracturing in this region is greatest in the
northwestern corner of North Dakota (Gadhamshetty et al., 2015). Hydraulic fracturing water use
in 2011 and 2012 averaged approximately 123 million gal (466 million L) per county in the twostate area, with use in McKenzie and Williams Counties in North Dakota exceeding 500 million gal
(1.9 billion L) (Appendix Table B-2). There were four counties where 2011 and 2012 average
hydraulic fracturing water use was 10% or more of 2010 total water use. Mountrail and Dunn
Counties showed the highest percentages (36% and 29%, respectively). Outside of North Dakota’s
northwest corner, hydraulic fracturing used much less water in the rest of the state and Montana
(Table 4-3; Appendix Table B-2).

Potential for impacts: In this region, there are concerns about over-pumping groundwater
resources, but the potential for impacts appears to be low provided the Missouri River is
determined to be a sustainable and usable source. This finding of a low potential for impacts is also
supported by the comparison of hydraulic fracturing water use to water availability at the county
scale (Text Box 4-2; Figure 4-6a,b). This area is primarily rural, interspersed with small towns.
Residents rely on a mixture of surface water and groundwater for domestic use depending on the
county, with most water supplied by local municipalities (Appendix Table B-6).

1

The fact sheet is a stand-alone piece, and it is not accompanied by an underlying report.
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The state of North Dakota and the U.S. Army Corps of Engineers concluded that groundwater
resources in western North Dakota are not sufficient to meet the needs of the oil and gas industry
(U.S. Army Corps of Engineers, 2011; North Dakota State Water Commission, 2010). All users
combined currently withdraw approximately 6.2 billion gal (23.5 billion L) of water annually in an
11-county region in western North Dakota, already stressing groundwater supplies (U.S. Army
Corps of Engineers, 2011). By comparison, the total needs of the oil and gas industry are projected
to range from approximately 2.2 and 8.8 billion gal (8.3 and 33.3 billion L) annually by the year
2020 (U.S. Army Corps of Engineers, 2011).

Due to concerns for already stressed groundwater supplies, the state of North Dakota limits
industrial groundwater withdrawals, particularly from the Fox Hills-Hell Creek aquifer (Ceres,
2014; Plummer et al., 2013; EERC, 2011, 2010; North Dakota State Water Commission, 2010).
Currently, the oil industry is the largest industrial user of water from the Fox Hills-Hell Creek
aquifer (North Dakota State Water Commission, 2010). Many farms, ranches, and some
communities in western North Dakota rely on flowing wells from this artesian aquifer, particularly
in remote areas that lack electricity for pumping; however, low recharge rates and withdrawals
throughout the last century have resulted in steady declines in the formation’s hydraulic pressure
(North Dakota State Water Commission, 2010). Declines in hydraulic pressure do not appear to be
associated with impacts to groundwater quality; rather, the state is concerned with maintaining
flows for users (North Dakota State Water Commission, 2010).

To reduce demand for groundwater, the state is encouraging the industry to seek surface water
withdrawals from the Missouri River system. The North Dakota State Water Commission concluded
the Missouri River and its dammed reservoir, Lake Sakakawea, are the only plentiful and
dependable water supplies for the oil industry in western North Dakota (North Dakota State Water
Commission, 2010). In 2011, North Dakota authorized the Western Area Supply Project, by which
Missouri River water (via the water treatment plant in Williston, North Dakota) will be supplied to
help meet water demands, including for oil and gas development, of the state’s northwest counties
(WAWSA, 2011). In July 2012, the U.S. Army Corps of Engineers made available approximately 32.6
billion gal (123 billion L) of water per year from Lake Sakakawea for municipal and industrial water
demands over the next ten years (U.S. Army Corps of Engineers, 2011). The Army Corps estimated
that the oil and gas industry could use up to 8.8 billion gal (33.3 billion L) annually during this time
period in the 11-county surrounding area, and included this as part of the 32.6 billion gal total (123
billion L) to be made available (U.S. Army Corps of Engineers, 2011). For context, annual water use
for hydraulic fracturing in all North Dakota counties combined was approximately 2.2 billion gal
(8.3 billion L) per year in 2011 and 2012 according to EPA’s FracFocus 1.0 project database
(Appendix Table B-2). As such, Lake Sakakawea appears to be an adequate resource to meet the
water demands of hydraulic fracturing in the region at least in the near term.

4.5.5 Arkansas and Louisiana

Arkansas and Louisiana were ranked seventh and tenth in the number of disclosures in the EPA
FracFocus 1.0 project database, respectively (Appendix Table B-5). Hydraulic fracturing activity in
Louisiana occurs primarily in the TX-LA-MS Salt Basin, which contains the Haynesville play; activity
in Arkansas is dominated by the Arkoma Basin, which contains the Fayetteville play (Figure 4-12).
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Figure 4-12. Major U.S. EIA shale plays and basins for Arkansas and Louisiana.
Source: EIA (2015).

Types of water used: Surface water is reported as the primary source of water for hydraulic
fracturing operations in both Arkansas and Louisiana (ANRC, 2014; LA Ground Water Resources
Commission, 2012; STRONGER, 2012). Quantitative information is lacking for Arkansas on the
proportion of water sourced from surface versus groundwater. However, data are available for
Louisiana, where an estimated 87% of water for hydraulic fracturing in the Haynesville Shale is
from surface water (LA Ground Water Resources Commission, 2012) (Table 4-1). In 2008, during
the early stages of development, hydraulic fracturing in Louisiana relied heavily on groundwater
from the Carrizo-Wilcox aquifer, and concerns for the sustainability of groundwater resources
prompted the state to encourage surface water withdrawals (LA Ground Water Resources
Commission, 2012).

The EPA FracFocus report suggests that significant reuse of wastewater may occur in Arkansas to
offset total fresh water used for hydraulic fracturing; 70% of all disclosures reporting a water
source indicated a blend of “recycled/surface,” whereas 3% of disclosures reporting a water source
noted “fresh” as the exclusive water source (U.S. EPA, 2015b). 1 According to Veil (2011), Arkansas’

1

Ninety-three percent of Arkansas disclosures included information related to water sources (U.S. EPA, 2015b).
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Fayetteville Shale wastewater is of relatively good quality (i.e., low TDS), facilitating reuse. 1 Data
are generally lacking on the extent to which hydraulic fracturing wastewater is reused in Louisiana.

Water use per well: Arkansas and Louisiana have the highest median water use per well of the states
we considered from the EPA FracFocus 1.0 project database, at 5.3 million and 5.1 million gal (20.1
million and 19.3 million L), respectively (Appendix Table B-5). 2

Water use/consumption at the county scale: On average, hydraulic fracturing uses 408 million gal
(1.54 billion L) of water each year in Arkansas counties reporting activity, or 9.3% of 2010 total
county water use (26.9% of total county consumption) (Appendix Table B-2). In 2011 and 2012,
five counties dominated fracturing water use in Arkansas: Cleburne, Conway, Faulkner, Van Buren,
and White Counties (Appendix Table B-2). Van Buren, which is sparsely populated and thus has
relatively low total water use and consumption, is by far the Arkansas county highest in hydraulic
fracturing water use and consumption relative to 2010 total water use and consumption (56% and
168%, respectively) (Table 4-3).

In Louisiana, hydraulic fracturing water use is concentrated in six parishes in the far northwestern
corner of the state, associated with the Haynesville play. 3 On average in 2011 and 2012, hydraulic
fracturing used 117 million gal (443 million L) of water annually per parish, representing
approximately 3.6% and 10.8% of 2010 total water use and consumption, respectively (Appendix
Table B-2). Operators in DeSoto Parish used the most water (over 1 billion gal (3.8 billion L)
annually). Hydraulic fracturing water use and consumption was highest relative to 2010 total water
use and consumption (35.5% and 83.2%, respectively) in Red River Parish (Table 4-3). These
numbers may be low estimates, since Louisiana required disclosures to the state or FracFocus, and
Arkansas required disclosures to the state but not FracFocus, during the time period analyzed (U.S.
EPA, 2015b) (Appendix Table B-5).

Potential for impacts: Water availability is generally higher in Arkansas and Louisiana than in states
farther west, reducing the potential for impacts to drinking water quantity and quality (Figure 4-6a,
Figure 4-7a; Text Box 4-2). However, generally high water availability in this region does not
preclude the potential for impacts at the local scale, particularly if surface water withdrawals occur
during seasonal low flow periods. For instance, precipitation is highest in Arkansas in the late
autumn and winter, with little rainfall occurring in the late spring and summer; thus, most small
streams do not flow year round (Entrekin et al., 2015). Hydraulic fracturing surface water
withdrawals from small streams during seasonal low flows have the potential to impact the
quantity and quality of drinking water resources.
Additionally, in northwestern Louisiana, there are concerns about over-pumping of groundwater
resources. Prior to 2008, most operators in the Louisiana portion of the Haynesville Shale used
groundwater, withdrawing from the Carrizo-Wilcox, Upland Terrace, and Red River Alluvial aquifer
1

Veil (2011) reports a range of 20,000-25,000 ppm TDS for Fayetteville Shale wastewater.

3

Louisiana is divided into parishes, which are similar to counties in other states.

2

According to STRONGER (2012) and STRONGER (2011a), both states require disclosure of information on water use per
well, but this has not been synthesized into state level reports to date.
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systems (LA Ground Water Resources Commission, 2012). To mitigate stress on groundwater, the
state issued a water use advisory to the oil and gas industry that recommended Haynesville Shale
operators seek alternative water sources to the Carrizo-Wilcox aquifer, which is predominantly
used for public supply (LDEQ, 2008). Operators then transitioned to mostly surface water, with a
smaller groundwater component (approximately 13% of all fracturing water used) (LA Ground
Water Resources Commission, 2012). Of this groundwater component, the majority (approximately
74%) still came from the Carrizo-Wilcox aquifer (LA Ground Water Resources Commission, 2012).
Although the potential for hydraulic fracturing withdrawals to affect water supplies and water
quality in the aquifer was reduced, it was not entirely eliminated. Despite Louisiana’s water use
advisory, a combination of drought conditions and higher than normal withdrawals (for all uses,
not solely hydraulic fracturing) from the Carrizo-Wilcox and Upland Terrace aquifers caused
several water wells to go dry in July 2011 (LA Ground Water Resources Commission, 2012). In
August 2011, a groundwater emergency was declared for southern Caddo Parrish (LA Ground
Water Resources Commission, 2012). Hydraulic fracturing withdrawals contributed to these
conditions, alongside other users of water and the lack of precipitation.

4.6 Chapter Synthesis

In this chapter, we examined the potential for water acquisition for hydraulic fracturing to impact
the quantity and quality of drinking water resources, and identified factors affecting the frequency
or severity of impacts. Whether impacts occur from water acquisition for hydraulic fracturing
depends on the local balance between water withdrawals and availability, and this balance can be
modified by a combination of site or regional-specific factors. For this reason, information is needed
at the local scale to determine whether impacts actually occur, yet this information is not available
in many locations where hydraulic fracturing takes place; see Section 4.6.3 on Uncertainties below.
Despite these limitations, our chapter used the scientific literature, county level assessments, and,
where available, local case studies to point to areas with a higher potential for impacts; understand
local dynamics, including example cases of impacts; and identify common factors that increase or
decrease the frequency or severity of impacts. In this section, we summarize our major findings
regarding hydraulic fracturing water acquisition activities, potential impacts, and these common
factors (4.6.1 and 4.6.2). We then discuss uncertainities (4.6.3), and provide final conclusions
(4.6.4).

4.6.1 Major Findings

The first half of this chapter focused on water acquisition activities, providing an overview of the
types of water used (including sources, quality, and provisioning), water use per well, and water
use and consumption at the national, state, and county scale. The three major types of water used
for hydraulic fracturing are surface water, groundwater, and reused hydraulic fracturing
wastewater. Because trucking can be a major expense, operators tend to use water sources as close
to the well pad as possible. Operators usually self-supply surface water or groundwater directly,
but may also obtain water from public water systems or other suppliers. Hydraulic fracturing
operations in the eastern United States rely predominantly on surface water, whereas operations in
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more semi-arid to arid western states use either surface water or groundwater. There are areas of
the country that rely entirely on groundwater supplies (e.g., western Texas).

Reuse of wastewater reduces the demand on fresh water sources, which currently supply the vast
majority of water used for hydraulic fracturing. The proportion of the water used in hydraulic
fracturing that comes from reused hydraulic fracturing wastewater is generally low; in a survey of
literature values from 10 states, basins, or plays, we found a median value of 5%, with this
percentage varying by location (Table 4-2). 1 Available data on reuse trends indicate increasing
reuse of wastewater over time in both Pennsylvania and West Virginia, likely due to the lack of
nearby disposal options in Class II wells. Reuse as a percentage of water injected is typically lower
in other areas of the United States, likely in part because of the availability of disposal wells; see
Chapter 8 for more information.

The median amount of water used nationally per hydraulically fractured well was approximately
1.5 million gal (5.7 million L) in 2011 through early 2013 based on the EPA analysis of FracFocus
disclosures (U.S. EPA, 2015b, c). This increased to approximately 2.7 million gal (10.2 million L) in
2014, driven by a proportional increase in horizontal wells (estimated from data in Gallegos et al.,
2015). These national estimates represent a variety of fractured well types, including types
requiring much less water per well than horizontal shale gas wells. Thus, published estimates for
horizontal shale gas wells are typically higher (e.g., approximately 4 million gal (15 million L) per
well (Vengosh et al., 2014), and should not be applied to all fractured wells to derive national
estimates. There was also wide variation within and among states and basins in the median per
well water volumes reported in 2011 and 2012, from more than 5 million gal (19 million L) in
Arkansas and Louisiana to less than 1 million gal (3.8 million L) in Colorado, Wyoming, Utah, New
Mexico, and California (U.S. EPA, 2015c). This variation can result from several factors, including
geologic formation, well length, and fracturing fluid formulation.

Hydraulic fracturing uses billions of gallons of water every year at the national and state scales, and
even in some counties. When expressed relative to total water use or consumption at these scales,
however, hydraulic fracturing generally accounts for only a small percentage, usually less than 1%.
These percentages are higher though in specific counties. Annual hydraulic fracturing water use
was 10% or more compared to 2010 total water use in 6.5% of counties with FracFocus disclosures
in 2011 and 2012 in the EPA FracFocus 1.0 project database, 30% or more in 2.2% of counties, and
50% or more in 1.0% of counties (Appendix Table B-2). Consumption estimates follow the same
pattern, with higher percentages in each category: hydraulic fracturing water consumption was
10%, 30%, and 50% or more of 2010 total water consumption in 13.5%, 6.2%, and 4.0% of counties
with FracFocus disclosures in the EPA FracFocus 1.0 project database (Appendix Table B-2). Thus,
hydraulic fracturing represents a relatively large user and consumer of water in these counties.
Whether water quantity or quality impacts occur from water acquisition for hydraulic fracturing
depends on the local balance between water withdrawals and availability. From our survey of the
literature and our county level assessments, southern and western Texas appear to have the

1 Note that reused water as a percentage of total water injected differs from the percentage of wastewater that is reused.
See Section 4.2 and Chapter 8 for more information.
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highest potential for impacts of the areas assessed in this chapter, given the combination of high
hydraulic fracturing water use, relatively low water availability, intense periods of drought, and
reliance on declining groundwater resources; see Section 4.6.2 on Factors below. Importantly, our
results do not preclude the possibility of local water impacts in areas with comparatively lower
potential, nor do they necessarily mean impacts have occurred in the high potential areas. Our
survey, however, provides an indicator of areas with higher potential for impacts, and could be used
to target resources or future studies.
In two example cases, local impacts to drinking water resources occurred in areas with increased
hydraulic fracturing activity. In a detailed case study, Scanlon et al. (2014b) observed generally
adequate water supplies for hydraulic fracturing in the Eagle Ford play in southern Texas, except in
specific locations. They found excessive drawdown of groundwater locally, with estimated declines
of ~100-200 ft (30-60 m) in a small proportion of the play (~6% of the area) after hydraulic
fracturing activity increased in 2009. In 2011, drinking water wells in an area overlapping with the
Haynesville Shale ran out of water due to higher than normal groundwater withdrawals and
drought (LA Ground Water Resources Commission, 2012). Hydraulic fracturing water withdrawals
contributed to these conditions, along with other water users and the lack of precipitation. By
contrast, two EPA case studies in the Upper Colorado and the Susquehanna River Basins found
minimal impacts from hydraulic fracturing withdrawals currently (U.S. EPA, 2015e) (Sections 4.5.2,
4.5.3).
These site-specific findings emphasize the need to focus on regional and local dynamics when
considering the impacts from hydraulic fracturing water withdrawals. The case studies and the
scientific literature as a whole suggest some common factors that increase or decrease the
frequency or severity of impacts. These are summarized in the section below.

4.6.2 Factors Affecting Frequency or Severity of Impacts

The potential for impacts depends on the combination of water withdrawals and water availability
at a given withdrawal location. Where water withdrawals are relatively low compared to water
availability, impacts are unlikely to occur. Where water withdrawals are relatively high compared
to water availability, impacts are more likely.

Areas reliant on declining groundwater are particularly vulnerable to more frequent and severe
impacts from cumulative water withdrawals, including withdrawals for hydraulic fracturing.
Groundwater recharge rates can be extremely low, and groundwater pumping is exceeding
recharge rates in many areas of the country (Konikow, 2013). When pumping exceeds recharge, the
cumulative effects of withdrawals are manifested in declining water levels. For this reason, water
levels in many aquifers in the United States have declined substantially over the last century
(Konikow, 2013). Cumulative drawdowns can affect surface water bodies since groundwater can be
the source of base flow in streams (Winter et al., 1998), and alter groundwater quality by
mobilizing chemicals from geologic sources, among other means (DeSimone et al., 2014; Alley et al.,
1999). Although in many of these areas (e.g., the Ogallala aquifer), irrigated agriculture is the
dominant user of groundwater, hydraulic fracturing withdrawals now also contribute to declining
groundwater levels. Hydraulic fracturing groundwater consumption, for example, exceeds
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estimated recharge rates in the seven most active hydraulic fracturing counties in the Eagle Ford
Shale in southern Texas (Steadman et al., 2015). When necessary, state and local governments have
encouraged or mandated industry to use surface water over groundwater, as evidenced in both
Louisiana and North Dakota.
Among surface water sources, smaller streams, even in humid areas, are more vulnerable to
frequent and severe impacts from withdrawals. A detailed EPA case study found that streams with
the smallest contributing areas in northeastern Pennsylvania were particularly vulnerable to
withdrawals (U.S. EPA, 2015e). Protecting smaller streams from excessive withdrawals is probably
most important for aquatic life, but may also protect drinking water quantity and quality in certain
instances.

Seasonal or long-term drought can also make impacts more frequent and severe for surface water
and groundwater sources. Hot, dry weather depletes surface water bodies and reduces or prevents
groundwater recharge, while water demand often increases simultaneously (e.g., for irrigation).
The EPA case study in Pennsylvania found that even large streams could be vulnerable to
withdrawals during times of low flows (U.S. EPA, 2015e). Much of the western United States has
experienced prolonged periods of drought over the last decade (Figure 4-8). This dynamic will
likely be magnified by future climate change in certain locations (Meixner et al., 2016).

By contrast to the above factors, consumption of water for hydraulic fracturing does not appear to
substantially influence the frequency or severity of impacts. There are concerns that hydraulic
fracturing permanently removes water from the hydrologic cycle, posing a threat to long-term
water supplies. Since impacts occur locally and depend on the local water balance, impacts can
occur regardless of whether the water is withdrawn and returned to the larger hydrologic cycle
elsewhere or whether it is permanently sequestered underground. We acknowledge that whether
the water is returned to the larger hydrologic cycle may make a difference for the water budget of a
larger area, such as on the state, regional, or national scale. For example, water converted to steam
during thermoelectric cooling in one location may condense and fall as precipitation in an adjacent
state or region. At these larger scales, however, hydraulic fracturing water consumption is a very
small fraction of total water availability.1 Plus, at these scales, there are other larger factors that can
affect regional water budgets, but which are out of scope for this assessment. 2 For these reasons,
focusing on consumption distracts from the more salient issue that impacts depend upon the spatial
and temporal balance between local water withdrawals and availability.
1 For example, hydraulic fracturing used approximately 3.3 billion gal (12.5 billion L) of water on average annually in all
Colorado counties with hydraulic fracturing activities combined according to FracFocus disclosures in 2011 and 2012
(Appendix B-1). Using the consumption rate of 82.5% yields a consumption estimate of approximately 2.7 billion gal (10.2
billion L). This would be approximately 0.1% of the fresh water and total water availability metrics used in Textbox 4-2
for all of those same counties combined (approximately 2.6 trillion gal (9.8 trillion L) of fresh water and total water
available).
2 The combustion of methane produced by hydraulic fracturing, for example, adds water molecules to the environment,
and at large scales, this may affect regional water budgets. However, quantifying this is outside the scope of this
assessment. Similarly, there are other larger factors (e.g., water used for cooling thermoelectric power plants) that can
affect regional water budgets, but these are also outside the scope of this assessment.
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There are also factors that can decrease the frequency and severity of any impacts from water
withdrawals. The literature suggests that water management, particularly wastewater reuse, the
use of brackish groundwater, the use of passby flows, and transitioning from limited groundwater
sources to more abundant surface water sources can reduce impacts. Reuse is not a universal
solution, since in many areas of the country wastewater volumes from one well are often a small
percentage of the water needed to fracture the next well. In the Marcellus Shale, for instance, 100%
reuse of the wastewater produced from one well means reducing fresh water demand by 10 or 30%
for the next (Section 4.2.1; Chapter 7). Nevertheless, reuse can be an important local factor reducing
fresh water demand.
Switching to brackish water is another means by which fresh water demand can be—and is in some
locations—reduced. This is a source of alternative water in western and southern Texas, for
example. In these areas, use of brackish water is currently reducing impacts to fresh water sources,
and could with continued use reduce future impacts (Scanlon et al., 2014b; Nicot et al., 2012). Our
county level estimates suggest that brackish water could readily meet the volume demanded by
hydraulic fracturing in Texas.
Water management also includes passby flows, a low stream flow threshold below which
withdrawals are not allowed. Evidence suggests passby flows can be effective in protecting streams
from hydraulic fracturing water withdrawals (U.S. EPA, 2015e). Finally, as evidenced by examples
in both North Dakota and Louisiana, water management may include transitioning from declining
groundwater sources to surface water, if available.

4.6.3 Uncertainties

There are several uncertainties inherent in our assessment of the potential impacts of water
acquisition for hydraulic fracturing. The largest uncertainties stem from the lack of literature and
data on this subject at local scales. Because impacts occur at a given withdrawal point, our
assessment could assess the potential for impacts, but often could not determine if potential
impacts were realized in the absence of local data. The exceptions were local case studies from the
Eagle Ford play in Texas, the Upper Colorado River Basin in Colorado, and the Susquehanna River
Basin in Pennsylvania. Moreover, it is also not clear if local impacts, for example a drinking water
well going dry, are likely to be documented in the scientific literature.

Other uncertainties arise from data limitations on the volume and types of water used or consumed
for hydraulic fracturing, future water use projections, and water availability estimates. There are no
nationally consistent data sources, and therefore, water use estimates must be based on multiple,
individual pieces of information. For example, in their National Water Census, the USGS includes
hydraulic fracturing in the broader category of “mining” water use, but hydraulic fracturing water
use is not reported separately (Maupin et al., 2014). There are locations where average annual
hydraulic fracturing water use in 2011 and 2012 in the EPA FracFocus 1.0 project database
exceeded total mining water use in 2010, and one county where it exceeded all water use (U.S. EPA,
2015c; Maupin et al., 2014). This could be due to a rapid increase in hydraulic fracturing water use,
differences in methodology between the two databases (i.e., the USGS 2010 National Water Census
and the EPA FracFocus 1.0 project database), or both.
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We used the EPA FracFocus 1.0 project database for water use estimates, which itself has
limitations. Many states in the project database did not require disclosure to FracFocus during the
time period analyzed (U.S. EPA, 2015b). We conclude that this likely does not change the overall
hydraulic fracturing water use patterns observed across the United States (Text Box 4-1), but could
affect particular county level estimates. Also, the database covered the time period of 2011 through
early 2013. Thus, changes in the industry since then are not reflected in these data.

Hydraulic fracturing water use data that are often provided as water use associated with a
particular well. While this is valuable information, the potential impacts of water acquisition for
hydraulic fracturing could be better assessed if data were also available at the withdrawal point. If
the total volume, date, location, and type (i.e., surface water or groundwater; and fresh, brackish, or
reused wastewater) of each water withdrawal were documented, effects on availability could be
better estimated. For example, surface withdrawal points could be aggregated by watershed or
aquifer to estimate effects on downstream flow, groundwater levels, and water quality. Some of this
information is available in disparate forms, but the lack of nationally consistent data on water
withdrawal locations, timing, and amounts―data that are publicly available, easy to access and
analyze―limits our assessment of potential impacts. The Susquehanna River Basin Commission
collects this type of detailed data on hydraulic fracturing water withdrawals, but this type of
information is not widely available across the nation.
Future hydraulic fracturing water use is also a source of uncertainty. Because water withdrawals
and potential impacts are concentrated in certain localized areas, water use projections need to
match this scale. Projections are available for Texas at the county scale, but more information at the
county or sub-county scale is needed in other states with hydraulic fracturing activity and water
availability concerns (e.g., northwest North Dakota, eastern Colorado). Due to a lack of data, we
generally could not assess future water use and the potential for impacts in most areas of the
country, nor could we examine these in combination with other relevant factors (e.g., climate
change or population growth).

4.6.4 Conclusions

With notable exceptions, hydraulic fracturing uses and consumes a relatively small percentage of
water when compared to total use, consumption, and availability at the national, state, and county
scale. Despite this, impacts on drinking water resource quantity and quality from hydraulic
fracturing water acquisition can occur at the local scale, because hydraulic fracturing water
withdrawals are often concentrated in space and time, and impacts depend upon the local balance
between withdrawals and availability. In two example cases, local impacts to drinking water
resource quantity occurred in areas with increased hydraulic fracturing activity (e.g., in Texas’s
Eagle Ford play, and in Louisiana’s Haynesville Shale). Declining groundwater resources, especially
in the western United States, are particularly vulnerable to withdrawals, as are smaller streams,
even in the more humid East. Finally, there are factors that increase or decrease the frequency and
severity of impacts—included in this are times of low water availability, such as during drought,
which can increase the frequency and severity of impacts, or conversely water management
practices (e.g., shifting to brackish water, or passby flows), which can help protect drinking water
resources.
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Chapter 5. Chemical Mixing
Abstract
This chapter provides an analysis of the potential impacts on drinking water resources during the
chemical mixing stage of the hydraulic fracturing water cycle and the factors governing the frequency
and severity of these impacts. The chemical mixing stage includes the mixing of base fluid (90% to 97%
by volume, typically water), proppant (2% to 10% by volume, typically sand), and additives (up to 2%
by volume) on the well pad to make hydraulic fracturing fluid. This fluid is engineered to create and
extend fractures in the targeted formation and to carry proppant into the fractures. Concentrated
additives are delivered to the well pad and stored on site, often in multiple, closed containers, and
moved around the well pad in hoses and tubing.

Changes in drinking water quality can occur if spilled fluids reach groundwater or surface water
resources. In this assessment, a spill is considered to be any release of fluids. The EPA’s analysis found
that spills and releases of chemicals and fluids have occurred during the chemical mixing stage and have
reached soil and surface water receptors. Spills of hydraulic fracturing fluids or additives included in the
analysis had a median spill volume of 420 gal (1,590 L), with a range of 5 to 19,320 gal (9 to 72,130 L).
Spills were caused most often by equipment failure or human error. The potential for spilled fluids to
reach, and therefore impact, groundwater or surface water resources depends on the composition of the
spilled fluid, spill characteristics, spill response activities, and the fate and transport of the spilled fluid.

The movement of spilled hydraulic fracturing fluids and chemicals through the environment is difficult
to predict, because spills are site- and chemical-specific, and because hydraulic fracturing-related spills
are typically complex mixtures of chemicals. Physicochemical properties, which depend on the
molecular structure of a chemical, govern whether spilled chemicals volatilize, sorb, transform, and
travel. Spill prevention practices and spill response activities can prevent spilled fluids from reaching
ground or surface drinking water resources.

The severity of potential impacts on water quality from spills of additives or hydraulic fracturing fluids
depends on the identity and amount of chemicals that reach ground or surface water resources, the
hazards associated with the chemicals, and the characteristics of the receiving water body. The lack of
monitoring following spills, along with the lack of publicly available information on the composition of
additives and fracturing fluids, containment and mitigation measures in use, the proximity of chemical
mixing to drinking water resources, and the fate and transport of spilled fluids limits the EPA’s ability to
fully assess potential impacts on drinking water resources and their frequency and severity. This
chapter shows that spills of additives and hydraulic fracturing fluids during the chemical mixing stage of
the hydraulic fracturing water cycle have occurred and have reached and impacted drinking water
resources.
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5. Chemical Mixing
5.1 Introduction
This chapter provides an analysis of the potential impacts on drinking water resources during the
chemical mixing stage of the hydraulic fracturing water cycle and the factors governing the
frequency and severity of these impacts. Chemical mixing is a complex process that requires the use
of specialized equipment and a range of different additives to produce the fluid that is injected into
a well to fracture the formation. This fluid, the hydraulic fracturing fluid, generally consists of a
base fluid (typically water), a proppant (typically sand), and additives (chemicals), although there is
no standard or single composition of hydraulic fracturing fluid used. The number, type, and amount
of chemicals used to create the hydraulic fracturing fluid vary from well to well based on site- and
operator-specific factors. Spills may occur at any point in the chemical mixing process.1 The
potential for spilled fluids to reach, and therefore impact, ground or surface water resources
depends on the composition of the spilled fluid, spill characteristics, spill response activities, and
the fate and transport of the spilled fluid. This chapter is structured around these concepts.
The chapter starts by discussing the characteristics of hydraulic fracturing fluids (Sections 5.2 to
5.4). This includes an introductory overview of the chemical mixing process (Section 5.2), a
description of the different components of the hydraulic fracturing fluid (Section 5.3), the range of
different chemicals used and their classes, the most frequently used chemicals nationwide, and
volumes used (Section 5.4). 2 (Appendix H provides a list of chemicals that the EPA identified as
being used in hydraulic fracturing fluids.)

The chapter continues with a discussion on how chemicals are managed on the well pad, the
characteristics of spills when they occur, and spill response activities (Sections 5.5 to 5.7). This
includes a description on how potential impacts of a spill on drinking water resources depends
upon chemical management practices, such as storage, on-site transfer, and equipment
maintenance (Section 5.5). A summary analysis of reported spills and their common causes at
hydraulic fracturing sites is then presented (Section 5.6). Then, there is a discussion on the different
efforts of spill prevention, containment, and mitigation (Section 5.7).
Next, the fate and transport of spilled chemicals is discussed (Section 5.8). This section includes
how a chemical can move through the environment and transform, and what governs exposure
concentrations of chemicals in the environment. Due to the complexities of the processes and the
site-specific and chemical-specific nature of spills, it is difficult to develop a full assessment of their
fate and transport. This section provides a general overview and discusses how the fate and
transport of a chemical depends on site conditions, environmental conditions, physicochemical

In this assessment, a spill is considered to be any release of fluids. Spills can result from accidents, fluid management
practices, or illegal dumping.

1

2 Chemical classes are groupings of different chemicals based on similar features, such as chemical structure, use, or
physical properties. Examples of chemical classes include hydrocarbons, alcohols, acids, and bases.
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properties of the released chemicals, fluid composition, volume of the release, the proximity to a
drinking water resource, and the characteristics of the drinking water resource that is the receptor.
Next is an overview of on-going changes in chemical use in hydraulic fracturing, with an emphasis
on industry efforts to reduce potential impacts from surface spills by using fewer and safer
chemicals (Section 5.9). The chapter concludes by providing a synthesis, including a summary of
findings, factors that affect frequency and severity of potential impacts, and a discussion of
uncertainties and data gaps (Section 5.10).

Due to the limitations of available data and the scope of this assessment, it is not possible to provide
a detailed analysis of all of the factors listed above. Data limitations preclude a quantitative analysis
of the likelihood or severity of chemical spills or impacts. Spills that occur off-site, such as those
during transportation of chemicals to the site or storage of chemicals in staging areas, are out of the
scope of this assessment. This chapter qualitatively characterizes the potential for impacts on
drinking water resources given the current understanding of overall operations and specific
components of the chemical mixing process.

5.2 Chemical Mixing Process

Understanding the chemical mixing process is necessary to understand how, why, and when spills
might occur. This section provides a general overview of the chemical mixing stage of the hydraulic
fracturing water cycle (Carter et al., 2013; Knappe and Fireline, 2012; Spellman, 2012; Arthur et al.,
2008). Figure 5-1 shows a hydraulic fracturing site during the chemical mixing process. In our
discussion, we focus on the types of additives used at each phase of the process. While similar
processes are used to fracture horizontal and vertical wells, a horizontal well treatment is
described here. Horizontal well treatments are likely to be more complex and therefore illustrative
of the variety of practices that have become more prevalent over time with advances in technology
(Chapter 3). A water-based system is described, because water is the most commonly used base
fluid, appearing in more than 93% of FracFocus 1.0 disclosures between January 1, 2011 and
February 28, 2013 (U.S. EPA, 2015a). 1 While the number and types of additives may vary widely,
the basic chemical mixing process and the on-site layout of hydraulic fracturing equipment are
similar across sites (BJ Services Company, 2009). Equipment used in the chemical mixing process
typically consists of chemical storage trucks, water supply tanks, proppant supply, slurry blenders,
a number of high-pressure pumps, a manifold, surface lines and hoses, and a central control unit.
Detailed descriptions of specific additives and the equipment used in the process are provided in
Sections 5.3 and 5.5, respectively.

FracFocus (www.fracfocus.org) is a registry of information of water and chemical use in wells in which hydraulic
fracturing is conducted. More details are provided in Text Box 5-1.
1
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Figure 5-1. Representative hydraulic fracturing site showing equipment used on-site during
the chemical mixing process.

The frac well head is located in the center bottom (green), the manifold runs down the middle, and high pressure
pumps lead into the manifold from either side. Source: Schlumberger.

At a newly-drilled production well, the chemical mixing process begins after the drilling, casing, and
cementing processes are finished and hydraulic fracturing equipment has been set up and
connected to the well. The process can generally be broken down into one or more sequential
stages with specific chemicals added at different phases during each stage phase to achieve a
specific purpose (Knappe and Fireline, 2012; Fink, 2003). The process for water-based hydraulic
fracturing is described in Figure 5-2 below.
The first phase is the cleaning and preparation of the well. The fluid used in this phase is often
referred to as the pre-pad fluid, pre-pad volume, or spearhead. Acid is typically the first chemical
introduced. Acid, with a concentration of 3% to 28% (by volume, typically hydrochloric acid, HCl),
is used to clean any cement left inside the well from cementing the casing and dissolve any pieces of
rock that may remain in the well that could block the perforations. 1 Acid is typically pumped
directly from acid storage tanks or tanker trucks, without being mixed with other additives. The
first, or pre-pad, phase may also involve mixing and injection of additional chemicals to facilitate
the flow of fracturing fluid introduced in the next phase of the process. These additives may include
biocides, corrosion inhibitors, friction reducers, and scale inhibitors (Carter et al., 2013; King, 2012;
Knappe and Fireline, 2012; Spellman, 2012; Arthur et al., 2008).
Prior to the injection of the pad fluid, for wells that are cased in the production zone, the well casing is typically
perforated to provide openings through which the pad fluid can enter the formation. A perforating gun is typically used to
create small holes in the section of the well being fractured. The perforating gun is lowered into position in the horizontal
portion of the well. An electrical current is used to set off small explosive charges in the gun, which creates holes through
the well casing and out a short distance into the formation (Gupta and Valkó, 2007).

1

5-5

Chapter 5 – Chemical Mixing

Figure 5-2. Overview of a chemical mixing process of the hydraulic fracturing water cycle.

This figure outlines the chemical mixing process for a generic water-based hydraulic fracture of a horizontal well.
The chemical mixing phases outline the steps taken at the surface in the overall fracturing job, while the hydraulic
fracturing stages outline how each section of the horizontal well would be fractured beginning with the toe of the
well, shown on left-side. The proppant gradient represents how the proppant size may change within each stage of
fracturing as the fractures are elongated. The chemical mixing process is repeated depending on the number of
stages used for a particular well. The number of stages is determined in part by the length of the horizontal leg. In
this figure, four stages are represented, but typically, a horizontal fracturing treatment would consist of 10 to 20
stages per well (Lowe et al., 2013). Fracturing has been reported to be done in as many as 59 stages (Pearson et al.,
2013).

In the second phase, a hydraulic fracturing fluid, typically referred to as the pad or pad volume, is
mixed, blended, and pumped down the well under high pressure to create fractures in the
formation. 1 The pad is a mixture of base fluid, typically water, and additives and is designed to
create, elongate, and enlarge fractures in the targeted geologic formation when injected under high
pressure (Gupta and Valkó, 2007) (see Section 6.3 for additional information on fracture growth
following injection). A typical pad consists of, at minimum, a mixture of water and friction reducer.
A typical pad consists of, at minimum, a mixture of water and friction reducer. Other additives (see
U.S. EPA (2015a) and Table 5-1) may be used to facilitate flow and kill bacteria (Carter et al., 2013;
King, 2012; Knappe and Fireline, 2012; Spellman, 2012; Arthur et al., 2008). The pad is pumped
into the formation through perforations or sliding sleeves in the well casing.
In terms of chemical mixing, “pad” is a term used to describe hydraulic fracturing fluid without solid at the start of the
fracturing of the formation. In terms of the entire hydraulic fracturing process, the “well pad” or “pad” is the area of land
where drilling occurs.

1
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In the third phase, proppant, typically sand, is mixed into the hydraulic fracturing fluid. The
proppant volume, as a proportion of the injected fluid, is increased gradually until the desired
concentration in the fractures is achieved. Gelling agents, if used, are also mixed with the proppant
and base fluid in this phase to increase the viscosity to help carry the proppant. Additional
chemicals may be added to gelled fluids, initially to maintain viscosity and later to break down the
gel and decrease viscosity, so the hydraulic fracturing fluid can more readily flow back out of the
formation and through the well to facilitate production from the fractured formation (Carter et al.,
2013; King, 2012; Knappe and Fireline, 2012; Spellman, 2012; Arthur et al., 2008).

A final flush or clean-up phase may be conducted after the stage is fractured, with the primary
purpose of maximizing well productivity. The flush is a mixture of water and additives that work to
aid the placement of the proppant, clean out the chemicals injected in previous phases, and prevent
microbial growth in the fractures (Knappe and Fireline, 2012; Fink, 2003).
The second, third, and fourth phases are repeated multiple times in a well with multi-stage
hydraulic fracturing. For each stage, the well is typically perforated and fractured beginning at the
end, or toe, of the well and proceeding backwards toward the bend or heel of the well, near the
vertical section. In vertical wells, stages typically begin in deeper portions of the well and proceed
shallower. Each fractured stage is isolated before the next stage is fractured. The number of stages
sets how many times the chemical mixing process is repeated at the site surface (Figure 5-2). The
number of stages increases with longer intervals of the well subjected to hydraulic fracturing
(Carter et al., 2013; King, 2012; Knappe and Fireline, 2012; Spellman, 2012; Arthur et al., 2008).

The number of stages per well can vary, with several sources suggesting between 10 and 20 stages
is typical (GNB, 2015; Lowe et al., 2013). 1 The full range reported in the literature is much wider,
with one source documenting between 1 and 59 stages per well (Pearson et al., 2013) and others
reporting values within this range (NETL, 2013; STO, 2013; Allison et al., 2009). The number of
stages per well seems to have increased over time. One study reports that the average number of
stages per horizontal well rose from approximately 10 in 2008 to 30 in 2012 (Pearson et al., 2013).
As more stages are used, the total volume of hydraulic fracturing fluid and chemicals increase. This
increases the potential, frequency, and severity of surface spills associated with chemical mixing
and thus potential impacts on drinking water resources.
In each of these phases, water is usually the primary component of the hydraulic fracturing fluid,
though the exact composition of the fluid injected into the well changes over the duration of each
stage. In water-based hydraulic fracturing, the composition, by volume, of a typical hydraulic
fracturing fluid is 90% to 97% water, 2% to 10% proppant, and 2% or less additives (Carter et al.,
2013; Knappe and Fireline, 2012; SWN, 2011). 2
1

The number of stages has been reported to be 6 to 9 in the Huron in 2009 (Allison et al., 2009), 13 to 32 in the Marcellus
(NETL, 2013), and up to 40 by STO (2013).

2 This range is based on a compilation of sources. Sources present compositions as by mass, by volume, or without
specificity. Because of non-additive volumes, the composition by volume can be different before and after mixing. By
mass: 90% water, 8-9% proppant, 0.5 to 1.5% additives (Knappe and Fireline, 2012); 88% water, 11% proppant, <1%
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5.3 Overview of Hydraulic Fracturing Fluids
Hydraulic fracturing fluids are formulated to perform specific functions: create and extend the
fracture and transport and place the proppant in the fractures (Montgomery, 2013; Spellman, 2012;
Gupta and Valkó, 2007). 1 The hydraulic fracturing fluid generally consists of three parts: (1) the
base fluid, which is the largest constituent by volume, (2) the additives, and (3) the proppant.
Additives, which can be a single chemical or a mixture of chemicals, are chosen to serve a specific
purpose in the hydraulic fracturing fluid (e.g., friction reducer, gelling agent, crosslinker, biocide)
(Spellman, 2012). Throughout this chapter, “chemical” is used to refer to an individual chemical
substance (e.g., methanol, petroleum distillates). 2 Proppants are small particles, usually sand, mixed
with fracturing fluid to hold fractures open so that the target hydrocarbons can flow from the
formation through the fractures and up the wellbore. The combination of additives, and the mixing
and injection process, varies based on a number of factors as discussed below. The additive
combination determines the amount and type of equipment required for storage and, therefore,
contributes to the determination of the potential for spills and impacts of those spills.
The particular composition of a hydraulic fracturing fluid is designed based on empirical
experience, the geology and geochemistry of the production zone, economics, goals of the fracturing
process, availability of the desired chemicals, and preference of the service company or operator
(Montgomery, 2013; ALL Consulting, 2012; Klein et al., 2012; Ely, 1989). 3 No single set of specific
chemicals is used at every site. Multiple types of fracturing fluids may be appropriate for a given
site, and any given type of fluid may be appropriate at multiple sites. For the same type of fluid
formulation, there can be differences in the additives, chemicals in those additives, and the
concentrations selected. There are broad criteria for hydraulic fracturing fluid selection based on
the targeted production zone temperature, pressure, water sensitivity, and permeability (Gupta and
Valkó, 2007; Elbel and Britt, 2000). Figure 5-3 provides a general overview of the types of decisions
to determine which fluid can be used for different situations. Similar fluids may be appropriate for
different formations. For example, crosslinked fluids with 25% nitrogen foam (titanate or zirconate
crosslink + 25% nitrogen) can be used in both gas and oil wells with high temperatures and
additive (as median maximum concentration) (U.S. EPA, 2015a), 94% water, 6% proppant, <1% additive (Sjolander et al.,
2011), 88% water, 11% proppant, <1% additive (OSHA, 2014a, b). By volume: 95% water, 5% proppant, <1% additive
(before mixing), 97% water, 2% proppant, <1% additive (after mixing) (Sjolander et al., 2011), 90% water, 10%
proppant, <1% additive (before mixing), 95% water, 5% proppant, <1% additive (after mixing) (OSHA, 2014a, b), 9899.5%, water and sand 0.5 to 2% additives (Spellman, 2012). Not specified: 99.9% water and sand, 0.1% chemicals (SWN,
2011), 98-99% water and proppant, 1-2 % additives (Carter et al., 2013).
1

We use “hydraulic fracturing fluid” to refer to the fluid that is injected into the well and used to create and hold open
fractures the formation.

2

In this chapter, because of the way many chemicals are reported, we use the word “chemical” to refer to any individual
chemical or chemical substance that has been assigned a CASRN (Chemical Abstracts Service Registry Number). A CASRN
is a unique identifier for a chemical substance, which can be a single chemical (e.g., hydrochloric acid, CASRN 7647-01-0)
or a mixture of chemicals (e.g., hydrotreated light petroleum distillates (CASRN 64742-47-8), a complex mixtures of C9 to
C16 hydrocarbons). For simplicity, we refer to both pure chemicals and chemical substances that are mixtures, which
have a single CASRN, as “chemicals.”

3 Empirical experience tends to provide better result as operators gain experience at a new site or geology increases.
When an operator moves to a new basin geology, there may be less than optimal results. With experience and
understanding of the geology increases, the empirical evidence will inform what hydraulic fracturing fluid composition
works better than others.
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Figure 5-3. Example hydraulic fracturing fluid decision tree for gas and oil wells.

This decision tree figure serves as an example of the factors that determine the type of hydraulic fracturing fluid chosen to fracture a given formation, depending on whether the
well will produce oil or gas. Factors include water sensitivity, formation temperature, and pressure. HPG is hydroxypropylguar, guar derivatized with propylene oxide.
Parameters are: kf, fracture permeability, w is the fracture width, and xf is the fracture half-length. This figure was chosen to represent the differences between oil and gas wells
and the types of decisions involved with choosing a fluid. This is adapted from Elbel and Britt (2000) and, as such, is dated to that time period. Since then, slickwater has become
increasingly popular due to its simplicity and cheaper cost, and slickwater has often replaced linear and crosslinked gelled fluids, especially in shales. Other decision tree figures
may exist. © 2000 Schlumberger. First published by John Wiley & Sons Ltd. All rights reserved.
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variation in water sensitivity. 1,2 One of the most important properties in designing a hydraulic
fracturing fluid is the viscosity (Montgomery, 2013). 3

Table 5-1 provides a list of common types of additives, their functions, and the most frequently
used chemicals for each purpose based on the EPA’s analysis of disclosures to FracFocus 1.0 (U.S.
EPA, 2015a, hereafter referred to as the EPA FracFocus 1.0 report), the EPA’s project database of
disclosures to FracFocus 1.0 (U.S. EPA, 2015c, hereafter referred to as the EPA FracFocus 1.0
project database), and other literature sources.4 Additional information on more additives can be
found in U.S. EPA (2015a).

A general description of typical hydraulic fracturing fluid formulations nationwide is difficult,
because fracturing fluids vary from well to well. Based on the EPA FracFocus 1.0 report, the median
number of chemicals reported for each disclosure was 14, with the 5th to 95th percentile ranging
from four to 28 (see Appendix H for a list of hydraulic fracturing fluid chemicals). The median
number of chemicals per disclosure was 16 for oil wells and 12 for gas wells (U.S. EPA, 2015a).
Other sources have stated that between three and 12 additives and chemicals are used
(Schlumberger, 2015; Carter et al., 2013; Spellman, 2012; GWPC and ALL Consulting, 2009). 5

Water, the most commonly used base fluid for hydraulic fracturing, is inferred to be used as a base
fluid in more than 93% of EPA FracFocus 1.0 disclosures (U.S. EPA, 2015c). Alternatives to waterbased fluids, such as hydrocarbons and gases, including carbon dioxide and nitrogen-based foam,
may also be used based on formation characteristics, cost, or preferences of the well operator or
service company (ALL Consulting, 2012; GWPC and ALL Consulting, 2009). Non-aqueous base fluid
ingredients were identified in 761 (2.2%) of EPA FracFocus 1.0 disclosures (U.S. EPA, 2015a). Gases
and hydrocarbons may be used alone or blended with water; more than 96% of the disclosures
identifying non-aqueous base fluids are blended (U.S. EPA, 2015a). There is no standard method to
categorize the different fluid formulations (Patel et al., 2014; Montgomery, 2013; Spellman, 2012;
Gupta and Valkó, 2007). Therefore, we broadly categorize the fluids as water-based or alternative
fluids.

A crosslinked fluid is a fluid that has polymers that have been linked together through a chemical bond. A crosslink
chemical is added to have the polymer chains linked together to form larger chemical structures with higher viscosity.
The increased fracturing fluid viscosity allows the fluid to carry more proppant into the fractures. The fracturing fluid
remains viscous until a breaking agent is introduced to break the cross-linked polymer.

1

Water sensitivity refers to when a formation’s physicochemical properties are affected in the presence of water. An
example of a water sensitive formation would be one where the soil particles swell when water is added, reducing the
permeability of the formation.
2

Viscosity is a measure of the internal friction of fluid that provides resistance to shear within the fluid, informally
referred to as how “thick” a fluid is. For example, custard is thick and has a high viscosity, while water is runny with a low
viscosity. Sufficient viscosity is needed to create a fracture and transport proppant (Gupta and Valkó, 2007). In lowerviscosity fluids, proppant is transported by turbulent flow and requires more hydraulic fracturing fluid. Higher-viscosity
fluids allows the fluid to carry more proppant, requiring less fluid but necessitating the reduction of viscosity after the
proppant is placed (Rickman et al., 2008; Gupta and Valkó, 2007).
3

4
5

A disclosure refers to all data submitted for a specific oil and gas production well for a specific fracture date.
Sources may differ based on whether they are referring to additives or chemicals.
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Table 5-1. Examples of common additives, their function, and the most frequently used
chemicals reported to FracFocus for these additives.

The list of examples of common additives was developed from information provided in multiple sources (U.S. EPA,
2015a, c; Stringfellow et al., 2014; Montgomery, 2013; Vidic et al., 2013; Spellman, 2012; GWPC and ALL
Consulting, 2009; Arthur et al., 2008; Gupta and Valkó, 2007; Gidley et al., 1989). The additive functions are based
on information the EPA received from service companies (U.S. EPA, 2013a).

Chemicals reported in 20% or more of
disclosures in the EPA FracFocus 1.0 project
database for given additivea,b

Additives

Function

Acid

Dissolves cement, minerals, and clays to
reduce clogging of the pore space

Hydrochloric acid

Biocide

Controls or eliminates bacterial growth,
which can be present in the base fluid and
may have detrimental effects on the long
term well productivity

Glutaraldehyde;
2,2-dibromo-3-nitrilopropionamide

Breaker

Reduces the designed increase in viscosity
of specialized treatment fluids such as gels
and foams after the proppant has been
placed and flowback commences to clean
up the well

Peroxydisulfuric acid diammonium salt

Clay control

Prevents the swelling and migration of
formation clays that otherwise react to
water-based fluids

Choline chloride

Corrosion
inhibitor

Protects the iron and steel components in
the wellbore and treating equipment from
corrosive fluids

Methanol; propargyl alcohol; isopropanol

Crosslinker

Increases the viscosity of base gel fluids by
connecting polymer molecules

Ethylene glycol; potassium hydroxide; sodium
hydroxide

Emulsifier

Facilitates the dispersion of one immiscible 2-Butoxyethanol;
fluid into another by reducing the interfacial polyoxyethylene(10)nonylphenyl ether; methanol;
tension between the two liquids to achieve nonyl phenol ethoxylate
stability

Foaming agent

Generates and stabilizes foam fracturing
fluids

2-Butoxyethanol; Nitrogen, liquid; isopropanol;
methanol; ethanol

Friction reducer Reduces the friction pressures experienced
when pumping fluids through tools and
tubulars in the wellbore

Hydrotreated light petroleum distillates

Gelling agent

Increases fracturing fluid viscosity allowing
the fluid to carry more proppant into the
fractures and to reduce fluid loss to the
reservoir

Guar gum; hydrotreated light petroleum distillates

Iron control
agent

Controls the precipitation of iron
compounds (e.g., Fe2O3) from solution

Citric acid
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Chemicals reported in 20% or more of
disclosures in the EPA FracFocus 1.0 project
database for given additivea,b

Additives

Function

Nonemulsifier

Separates problematic emulsions generated Methanol; isopropanol; nonyl phenol ethoxylate
within the formation

pH control

Affects the pH of a solution by either
inducing a change (pH adjuster) or
stabilizing and resisting change (buffer) to
achieve desired qualities and optimize
performance

Carbonic acid, dipotassium salt; potassium
hydroxide; sodium hydroxide; acetic acid

Resin curing
agents

Lowers the curable resin coated proppant
activation temperature when bottom hole
temperatures are too low to thermally
activate bonding

Methanol; nonyl phenol ethoxylate; isopropanol;
alcohols, C12-14-secondary, ethoxylated

Scale inhibitor

Controls or prevents scale deposition in the Ethylene glycol; methanol
production conduit or completion system

Solvent

Controls the wettability of contact surfaces
or prevents or breaks emulsions 1

Hydrochloric acid

a

Chemicals (excluding water and quartz) listed in the EPA FracFocus 1.0 project database in more than 20% of disclosures for a
given purpose when that purpose was listed as used on a disclosure (U.S. EPA, 2015c). These are not necessarily the active
ingredients for the purpose, but rather are listed as being commonly present for the given purpose. Chemicals may be disclosed
for more than a single purpose (e.g., 2-butoxyethanol is listed as being used as an emulsifier and a foaming agent).
b

Analysis considered 32,885 disclosures and 615,436 ingredient records that met selected quality assurance criteria, including:
completely parsed (parsing is the process of analyzing a string of symbols to identify and separate various components); unique
combination of fracture date and API well number; fracture date between January 1, 2011, and February 28, 2013; valid CASRN;
valid concentrations; and valid purpose. Disclosures that did not meet quality assurance criteria (5,645) or other, query-specific
criteria were excluded from analysis.

5.3.1 Water-Based Fracturing Fluids
The advantages of water-based fracturing fluids are low cost, ease of mixing, and ability to recover
and reuse the water. The disadvantages are that they have low viscosity, they create narrow
fractures, and they may not provide optimal performance in water-sensitive formations
(Montgomery, 2013; Gupta and Valkó, 2007) (Section 5.3.2). Water-based fluids can be as simple as
water with a few additives to reduce friction, such as “slickwater,” or as complex as water with
crosslinked polymers, clay control agents, biocides, and scale inhibitors (Spellman, 2012). (See
Figure 5-4 for a slickwater example.)
Gels may be added to water-based fluids to increase viscosity, which assists with proppant
transport and results in wider fractures. Gelling agents include natural polymers, such as guar,
starches, and cellulose derivatives, which require the addition of biocide to minimize bacterial
growth (Spellman, 2012; Gupta and Valkó, 2007). Gels may be linear or crosslinked. Crosslinking

Wettability is the ability of a liquid to maintain contact with a solid surface. When wettability is high, a liquid droplet will
lie flat across a surface, maximizing the area of contact between the liquid and the solid. When wettability is low, a liquid
droplet will approach a spherical shape, minimizing the area of contact between the liquid and solid.

1
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increases viscosity without adding more gel. Gelled fluids require the addition of a breaker, which
breaks down the gel after it carries in the proppant, to reduce fluid viscosity to facilitate fluid
flowing back after treatment (Spellman, 2012; Gupta and Valkó, 2007). The presence of residual
breakers may make it difficult to reuse recovered water (Montgomery, 2013).

5.3.2 Alternative Fracturing Fluids

Alternative hydraulic fracturing fluids can be used for water sensitive formations (i.e., formations
where permeability is reduced when water is added) or as dictated by production goals
(Halliburton, 1988). Examples of alternative fracturing fluids include acid-based fluids; nonaqueous-based fluids; energized fluids, foams, or emulsions; viscoelastic surfactant fluids; gels;
methanol; and other unconventional fluids (Montgomery, 2013; Saba et al., 2012; Gupta and Hlidek,
2009; Gupta and Valkó, 2007; Halliburton, 1988).
Acid fracturing is generally used in carbonate formations without the use of a proppant. Fractures
are initiated with a hydraulic fracturing fluid, and acid (gelled, foamed, or emulsified) is added to
irregularly etch the wall of the fracture. The etching serves to prop open the formation, for a highconductivity fracture (Spellman, 2012; Gupta and Valkó, 2007).

Non-aqueous fluids, like petroleum distillates and propane, are used in water-sensitive formations.
Non-aqueous fluids may also contain additives, such as gelling agents, to improve performance
(Gupta and Valkó, 2007). The use of non-aqueous fluids has decreased due to safety concerns, and
because water-based and emulsion fluid technologies have improved (Montgomery, 2013; Gupta
and Valkó, 2007). Methanol, for example, was previously used as a base fluid in water-sensitive
reservoirs beginning in the early 1990s, but was discontinued in 2001 for safety concerns and cost
(Saba et al., 2012; Gupta and Hlidek, 2009; Gupta and Valkó, 2007). Methanol is still widely used as
an additive or in additive mixtures in hydraulic fracturing fluid formulations.

Energized fluids, foams, and emulsions minimize fluid leakoff in low pressure targeted geologic
formations, have high proppant-carrying capacity, improve fluid recovery, and are sometimes used
in water-sensitive formations (Barati and Liang, 2014; Gu and Mohanty, 2014; Spellman, 2012;
Gupta and Valkó, 2007; Martin and Valko, 2007). 1 However, these treatments tend to be expensive,
can require high pressure, and pose potential health and safety concerns (Montgomery, 2013;
Spellman, 2012; Gupta and Valkó, 2007). Energized fluids (see Figure 5-4 for an example of an
energized fluid composition) are mixtures of liquid and gas (Patel et al., 2014; Montgomery, 2013).
Nitrogen (N2) or carbon dioxide (CO2), the gases used, make up less than 53% of the fracturing fluid
volume, typically ranging from 20% to 30% by volume (Montgomery, 2013; Gupta and Valkó, 2007;
Mitchell, 1970). Energized foams are liquid-gas mixtures, with nitrogen or carbon dioxide gas
comprising more than 53% of the fracturing fluid volume, with a typical range of 65% to 80% by
volume (Montgomery, 2013; Mitchell, 1970). Emulsions are liquid-liquid mixtures, typically a
1 Leakoff is the fraction of the injected fluid that infiltrates into the formation (e.g., through an existing natural fissure)
and is not recovered during production (Economides et al., 2007). See Chapter 6, Section 6.3 for more discussion on
leakoff.
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hydrocarbon (e.g., condensate or diesel) with water. 1 Both water-based fluids, including gels, and
non-aqueous fluids can be energized fluids or foams.

Foams and emulsions break easily using gravity separation and are stabilized by using additives
such as foaming agents (Gupta and Valkó, 2007). Emulsions may be used to stabilize active chemical
ingredients or to delay chemical reactions, such as the use of carbon dioxide-miscible, non-aqueous
fracturing fluids to reduce fluid leakoff in water-sensitive formations (Taylor et al., 2006).
Other types of fluids not addressed above include viscoelastic surfactant fluids, viscoelastic
surfactant foams, crosslinked foams, liquid carbon dioxide-based fluid, and liquid carbon dioxidebased foam fluid, and hybrids of other fluids (King, 2010; Brannon et al., 2009; Curtice et al., 2009;
Tudor et al., 2009; Gupta and Valkó, 2007; Coulter et al., 2006; Boyer et al., 2005; Fredd et al., 2004;
MacDonald et al., 2003).

5.3.3 Tracers

Some chemicals are added to the fluid to act as tracers. Tracers are added to hydraulic fracturing
fluid to assess the efficiency of fracturing and proppant placement. As an example, the efficiency of
oil production from multistage fracturing was assessed by using 17 oil soluble tracers. Each tracer
was used to assess production from a specific interval of the well (Catlett et al., 2013), although the
specific compounds used were not identified (Table 5-2). Chemical classes of tracers and individual
examples show a range of compounds employed including both inorganic and organic, and
including radioactive elements, although only a few specific chemicals have been revealed. Of these,
examples are proppant tracers and fluorocarbons. Although radioactive fluids have also been used
for proppant tracing, a commonly-used approach has the short-half-life elements Antimony124,
Iridium192, and Scandium46 bound to the proppants and gamma emissions are subsequently
measured by a neutron-logging device (Sonnenfield et al., 2016; Odegard et al., 2015; Lowe et al.,
2013; Osborn and McIntosh, 2011; McDaniel et al., 2010). 2,3 Of the organic tracers, 14 fluorinated
organics have been identified through an analysis of FracFocus 2.0 disclosures (Konschnik and
Dayalu, 2016). Three fluorinated tracers and Antimony124 were identified in produced water
(Maguire-Boyle and Barron, 2014) (Appendix Table H-4).

Table 5-2. Classes and specifically identified examples of tracers used in hydraulic fracturing
fluids.
Class

Specific Chemicala

Reference

Thiocyanates (SCN-)

ND

Dugstad (2007)

Fluorobenzoic acids

ND

Dugstad (2007)

1 Diesel is a mixture typically of C8 to C21 hydrocarbons. The shorthand “C8” is used to represent a hydrocarbon with 8
carbons. Thus “C21” represents a hydrocarbon with 21 carbons. Octane has 8 carbons and is thus a C8, and is a
component of gasoline.
2

Antimony124: 60.2 days, Iridium192: 74 days, Scandium46: 83.8 days.

Gadolinium155 and Gadolinium157 have been suggested as bound proppant tracers because of their high-gamma-capture
cross-sections (Liu et al., 2015).

3
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Class

Specific Chemicala

Reference

Radioactive tracers

Tritiated Water

Dugstad (2007)

Tritiated Methanol

Dugstad (2007)

Antimony124

Silber et al. (2003)

Iridium192

Silber et al. (2003)

Scandium46

Silber et al. (2003)

2,2,3,3,4,4,4-heptafluorobutyl undecylate

Maguire-Boyle and Barron (2014)

2,3,4-Trifluorobenzoic acid

Konschnik and Dayalu (2016)

2,4,5-Trifluorobenzoic acid

Konschnik and Dayalu (2016)

2,4-Difluorobenzoic acid

Konschnik and Dayalu (2016)

2,6-Difluorobenzoic acid

Konschnik and Dayalu (2016)

2-Chloro-4-fluorobenzoic acid

Konschnik and Dayalu (2016)

2-Fluorobenzoic acid

Konschnik and Dayalu (2016)

2-Trifluoromethylbenzoic acid

Konschnik and Dayalu (2016)

3-Trifluoromethylbenzoate

Konschnik and Dayalu (2016)

4-(Trifluoromethyl)benzoic acid

Konschnik and Dayalu (2016)

4-Chloro-2-fluorobenzoic acid

Konschnik and Dayalu (2016)

4-fluoro-2-(trifluoromethyl)benzoic acid

Konschnik and Dayalu (2016)

4-Fluoro-3-(trifluomethyl)benzoic acid

Konschnik and Dayalu (2016)

Benzoic acid, 3,5-difluoro-

Konschnik and Dayalu (2016)

cis-4-ethyl-5-octyl-2,2-bis(trifluoromethyl)-1,3
dioxolane

Maguire-Boyle and Barron (2014)

p-Fluorobenzoic acid

Konschnik and Dayalu (2016)

tri-fluoromethyl tetradeculate

Maguire-Boyle and Barron (2014)

Oil soluble alkyl esters

ND

Deans (2007)

Unstable emulsions

ND

Catlett et al. (2013)

Controlled-release
polymers and solid
tracers

ND

Salman et al. (2014)

Fluorocarbons

a

ND = none disclosed.
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A different set of tracers have been proposed for identifying environmental impacts from hydraulic
fracturing fluids (Kurose, 2014). These tracers are designed so that the fluids from individual wells
are identifiable while having no environmental impact themselves. DNA and nanoparticles with
magnetic properties made specifically for each well have been proposed for this purpose (Kurose,
2014).

5.3.4 Proppants

Proppants are small particles carried down the well and into fractures by hydraulic fracturing fluid.
They hold the fractures open after the injection pressure has been released and the hydraulic
fracturing fluid has been removed (Brannon and Pearson, 2007). The propped fractures provide a
path for the hydrocarbon to flow from the reservoir. The EPA’s analysis of FracFocus 1.0 data
showed that 98% of disclosures reported sand as the proppant, making sand (i.e., quartz) the most
commonly reported proppant (U.S. EPA, 2015a). Other proppants include man-made or specially
engineered particles, such as high-strength ceramic materials or sintered bauxite (Schlumberger,
2014; Brannon and Pearson, 2007). Proppant types can be used individually or in combinations.

5.3.5 Example Hydraulic Fracturing Fluids

There is no standard composition of hydraulic fracturing fluid used across the United States, and
the literature does not present any typical hydraulic fluid composition. In Figure 5-4, we present
two examples of hydraulic fracturing fluid mixtures based on analyses conducted on the EPA
FracFocus 1.0 project database (U.S. EPA, 2015c). These examples represent two different types of
fluids used at two different wells. The first is a slickwater, and the second is an energized fluid. 1
Details of each fluid are presented in the figure along with pie charts of their composition, as given
by maximum percent by mass of the total hydraulic fracturing fluid.

The first hydraulic fracturing fluid (Figure 5-4a), the slickwater, is composed of 87% water, 13%
sand, and 0.05% chemicals, by mass. The fluid is 71% fresh water and 16% reused produced water,
with a total water volume of 4,763,000 gal (18,030,000 L). The chemical composition consists of six
different additive types (acid, friction reducer, biocide, scale inhibitor iron control, and corrosion
inhibitor) and a total of 13 chemicals.

The second hydraulic fracturing fluid (Figure 5-4b), the energized fluid, is more complex and
consists of 58% water, 28% nitrogen gas, 13% sand, and 1.5% additives, by mass, with a total water
volume of 105,000 gal (397,000 L). The hydraulic fracturing fluid composition consists of 10
additives (acid, surfactant, foamer, corrosion inhibitor, biocide, friction reducer, breaker, scale
inhibitor, iron control, and clay stabilizer) and a total of 28 chemicals.

A slickwater is a hydraulic fracturing fluid designed to have a low viscosity to allow pumping at high rates. The critical
additive in a slickwater is the friction reducer, which makes the fluid “slick.”

1
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Figure 5-4. Example hydraulic fracturing fluids.

Example compositions of (a) slickwater and (b) energized fluid. The base fluid and proppants are on the left, and
the additive breakdown is on the right. The number in parentheses represents the number of chemicals in that
additive. See Table 5-1 for the function of different additives and the most common chemicals in those additives
reported as based on the analysis of the EPA FracFocus 1.0 project database (U.S. EPA, 2015c).

These two examples give an idea of the difference in the compositions of two example hydraulic
fracturing fluids. These compositions are the final mixture as if the entire fluid were mixed at once;
they are generally not the actual composition at any given point in time. These compositions
provide the potential composition of a spilled hydraulic fracturing fluid during the chemical mixing
stage. Any of these ingredients (e.g., biocide) could be released by itself or mixed with the base fluid
with other additives. The variability of hydraulic fracturing fluids from well to well and site to site
makes it difficult to assess the potential of hydraulic fracturing additive or fluid release.

5.4 Frequency and Volume of Hydraulic Fracturing Chemical Use

This section highlights the different chemicals used in hydraulic fracturing fluids and discusses the
frequency and volume of use. Using the EPA FracFocus 1.0 project database (Text Box 5-1), we
focus our analysis on the individual chemicals that are used as ingredients in additive formulations,
rather than on the complete mixture of chemicals that may be present in a hydraulic fracturing
fluid. Operators can report information about well location, date of operations, and water and
chemical use to the FracFocus registry. Chemicals are reported in FracFocus by using the chemical
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name and the Chemical Abstract Services Registration Number (CASRN), which is a unique number
identifier for every chemical. 1 The information on specific chemicals, particularly those most
commonly used, can be used to assess potential impacts on drinking water resources. The volume
of chemicals stored on-site provides information on the potential volume of a chemical spill.

Text Box 5-1. The FracFocus Registry and EPA FracFocus Report.
The Ground Water Protection Council (GWPC) and the Interstate Oil and Gas Compact Commission (IOGCC)
developed a national hydraulic fracturing chemical registry, FracFocus (www.fracfocus.org). Well operators
can use the registry to disclose information about chemicals and water they use during hydraulic fracturing.
As part of the EPA’s Study of the Potential Impacts of Hydraulic Fracturing for Oil and Gas on Drinking Water
Resources, the EPA published the report titled Analysis of Hydraulic Fracturing Fluid Data from the FracFocus
Chemical Disclosure Record Registry 1.0 (U.S. EPA, 2015a). For this report, the EPA accessed data from
FracFocus 1.0 from January 1, 2011 to February 28, 2013, which included more than 39,000 disclosures
(records of well data) in 20 states that had been submitted by operators prior to March 1, 2013.
Accompanying the U.S. EPA (2015a) report is the published EPA FracFocus 1.0 project database, which. It
supported analyses of FracFocus chemical and water use data (U.S. EPA, 2015c), and a report describing the
details of data management for development of the project database (U.S. EPA, 2015b).

Submission to FracFocus was initially voluntary and varied from state to state. During the timeframe covered
in the EPA FracFocus 1.0 report (January 2011 to February 2013), six of the 20 states with data submitted to
FracFocus and included in the EPA FracFocus 1.0 project database began requiring operators to disclose
chemicals used in hydraulic fracturing fluids to FracFocus (Colorado, North Dakota, Oklahoma, Pennsylvania,
Texas, and Utah). Three other states started requiring disclosure to either FracFocus or the state (Louisiana,
Montana, and Ohio), and five states required or began requiring disclosure to the state (Arkansas, Michigan,
New Mexico, West Virginia, and Wyoming). Alabama, Alaska, California, Kansas, Mississippi, and Virginia did
not have reporting requirements during the period of the EPA’s study.

The EPA’s analysis may or may not be nationally representative. Disclosures from the five states reporting the
most disclosures to FracFocus (Texas, Colorado, Pennsylvania, North Dakota, and Oklahoma) comprise over
78% of the disclosures in the database; nearly half (47%) of the disclosures are from Texas. Thus, data from
these states are most heavily represented in the EPA’s analyses.
A disclosure reports the total water volume (in gallons) and the chemicals used in the fluid (as maximum
ingredient concentration by mass both in the additive and in the hydraulic fracturing fluid). The actual mass
of the chemicals used in the fluid are not reported. The fluid composition reported in the disclosure does not
necessarily reflect the actual composition of the fluid at any time. Rather, the disclosure represents what the
total composition of the fluid would be if all chemicals used were mixed together at their maximum reported
concentration.
The EPA summarized information on the locations of the wells in the disclosures, water volumes used, and
the frequency of use and maximum ingredient concentrations of the chemicals in the additives and the
hydraulic fracturing fluid. Additional information can be found in the EPA FracFocus 1.0 report (U.S. EPA,
2015a) and in the EPA FracFocus 1.0 project database (U.S. EPA, 2015c).
A CASRN and chemical name combination identify a chemical substance, which can be a single chemical (e.g.,
hydrochloric acid, CASRN 7647-01-0) or a mixture of chemicals (e.g., hydrotreated light petroleum distillates (CASRN
64742-47-8), a complex mixtures of C9 to C16 hydrocarbons). For simplicity, we refer to both pure chemicals and
chemical substances that are mixtures, which have a single CASRN, as “chemicals.”

1

5-18

Chapter 5 – Chemical Mixing

The EPA compiled a list of 1,084 chemicals with unique CASRNs reported as used in the hydraulic
fracturing process between 2005 and 2013 (full list, methodology, and details on sources in
Appendix H). 1 These chemicals fall into different chemical classes and include 455 organic
chemicals, 258 inorganic chemicals, and 361 organic mixtures or polymers. The chemical classes of
commonly used hydraulic fracturing chemicals include but are not limited to:
•

•
•
•
•
•
•
•

Acids (e.g., hydrochloric acid, peroxydisulfuric acid, acetic acid, citric acid);

Alcohols (e.g., methanol, isopropanol, ethylene glycol, propargyl alcohol, ethanol);

Aromatic hydrocarbons (e.g., benzene, naphthalene, heavy aromatic petroleum solvent
naphtha);
Bases (e.g., sodium hydroxide, potassium hydroxide);
Hydrocarbon mixtures (e.g., petroleum distillates);
Polysaccharides (e.g., guar gum);

Surfactants (e.g., poly(oxy-1,2-ethanediyl)-nonylphenyl-hydroxy, 2-butoxyethanol); and
Salts (e.g., sodium chlorite, dipotassium carbonate).

Further details on these chemicals and their associated hazards are presented in Chapter 9.

All of the sources of information used to compile the list of chemicals found in hydraulic fracturing
fluids (Appendix H) relied on reported use of those chemicals. In some cases, analysis of produced
water samples by advanced analytical methods could provide information on suspected hydraulic
fracturing additives, but other sources for the chemicals need careful consideration (Hoelzer et al.,
2016). These sources include chemicals originating from components of the well, lab
contamination, or subsurface reaction. We limit our discussion of hydraulic fracturing fluid
chemicals to those directly reported as used.

An additional complication in providing an assessment on the use of chemicals in hydraulic
fracturing is that companies can withhold reporting chemicals to the FracFocus registry by claiming
that a chemical is Confidential Business Information (CBI). The use of CBI is to protect proprietary
information, such as trade secrets. Details on CBI are provided in Text Box 5-2.

1 The EPA used eight different sources to identify chemicals used in hydraulic fracturing fluids. This included the EPA
FracFocus report (U.S. EPA, 2015a) and seven other sources (U.S. EPA, 2013a; Colborn et al., 2011; House of
Representatives, 2011; NYSDEC, 2011; PA DEP, 2010a; U.S. EPA, 2004a; Material Safety Data Sheets).
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Text Box 5-2. Confidential Business Information (CBI).
This assessment relies in large part upon information provided to the EPA or to other organizations. The
submitters (e.g., businesses that operate wells or perform hydraulic fracturing services) may view some of
the information as confidential business information (CBI) and accordingly asserted CBI claims to protect it.
Information deemed to be CBI may include trade secrets or other proprietary business information entitled to
confidential treatment under Exemption 4 of the Freedom of Information Act (FOIA) and other applicable
laws. The FOIA and EPA’s CBI regulations may allow for information claimed as CBI provided to the EPA to be
withheld from the public, including in this document. In practical terms, when a well operator claims CBI for a
specific chemical, they do not report the name or CASRN for that chemical in the disclosure submitted to the
FracFocus registry (see Text Box 5-1 for information on FracFocus).
The EPA evaluated data from FracFocus, a national hydraulic fracturing chemical registry used and relied
upon by some states, industry groups, and non-governmental organizations, as described in Text Box 5-1. A
company submitting a disclosure to FracFocus may choose to not report the identity of a chemical it
considers CBI. More than 70% of disclosures contained at least one chemical claimed as CBI and 11% of all
chemicals were claimed as CBI. Of the disclosures containing CBI chemicals, there were an average of five CBI
chemicals per disclosure (U.S. EPA, 2015a). Rates of withholding chemical information (designating a
chemical as CBI) have increased from 11% in the 2011 to early 2013 time period of the EPA report, to 16.5%
across the 2011 to early 2015 time period in another study using FracFocus data, with 92% of FracFocus 2.0
disclosures including at least one chemical claimed as CBI (Konschnik and Dayalu, 2016). When a chemical is
claimed as CBI, there is no public means of accessing information on these chemicals (e.g., CASRN, name).
Sometimes a CBI entry will provide the chemical family (Appendix H).

Consistent with the EPA’s Plan to Study the Potential Impacts of Hydraulic Fracturing on Drinking Water
Resources (U.S. EPA, 2011d), data were submitted by nine service companies to the EPA regarding chemicals
used in hydraulic fracturing from 2005 to 2009. These data were separate from the EPA FracFocus 1.0 project
database. The data were submitted directly to the EPA, with the actual names and CASRNs of any chemicals
the company considered CBI. This included a total of 381 CBI chemicals, with a mean of 42 CBI chemicals per
company and a range of 7 to 213 (U.S. EPA, 2013a). Of these 381 chemicals, some companies only provided a
generic chemical name and no CASRN, some provided neither a chemical name or CASRN, while others
provided a CASRN and a specific chemical name. This resulted in 80 CASRNs/chemical names on this CBI list.
Table H-3 lists generic chemical names, which may have been designed to mask CBI chemical names given to
the EPA. The EPA does not know if the 381 chemicals represent 381 unique chemicals or if there are
duplicates on this list.
The prevalence of CBI claims in the EPA FracFocus 1.0 project database limits completeness of the data set
and introduces uncertainty. Ideally, all data would be available on all chemicals to do a full assessment.

5.4.1 National Frequency of Use of Hydraulic Fracturing Chemicals
A total of 692 chemicals were identified in the EPA FracFocus 1.0 project database that were
reported as used in hydraulic fracturing from January 1, 2011, to February 28, 2013. This
information comes from a total of 35,957 disclosures with chemical data in the database (U.S. EPA,
2015a). 1
1 Chemicals may be pure chemicals (e.g., methanol) or chemical mixtures (e.g., hydrotreated light petroleum distillates),
and they each have a single CASRN. Of these 692 chemicals, 598 had valid fluid and additive concentrations (34,675
disclosures). Sixteen chemicals were removed, because they were minerals listed as being used as proppants. This left a
total of 582 chemicals (34,344 disclosures).
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Table 5-3 presents the 35 chemicals (5% of all chemicals identified in the EPA’s study) that were
reported as ingredients in additives in at least 10% of the EPA FracFocus 1.0 project database
disclosures for all states reporting to FracFocus 1.0 during this time (U.S. EPA, 2015c). This table
also includes the top four additives in which the given chemical was reported as an ingredient.

Table 5-3. Chemicals identified in the EPA FracFocus 1.0 project database in 10% or more
disclosures, with the percent of disclosures for which each chemical is reported as an
ingredient in an additive and the top four reported additives for which the chemical is used.
If a chemical is reported to be used in less than four additives, the table presents all additives (U.S. EPA, 2015c).

No. Chemical namea
1

Methanol

2

CASRN

Additives in which chemical is used
Percent of (four most common, EPA FracFocus 1.0
disclosuresb project database)c

67-56-1

72%

Corrosion inhibitors, surfactants, nonemulsifiers, scale control

Hydrotreated light
petroleum distillatesd

64742-47-8

65%

Friction reducers, gelling agents and gel
stabilizers, crosslinkers and related additives,
viscosifiers

3

Hydrochloric acid

7647-01-0

65%

Acids, solvents, scale control, clean
perforations

4

Watere

7732-18-5

48%

Acids, biocides, clay control, scale control

5

Isopropanol

67-63-0

47%

Corrosion inhibitors, non-emulsifiers,
surfactants, biocides

6

Ethylene glycol

107-21-1

46%

Crosslinkers and related additives, scale
control, corrosion inhibitors, friction reducers

7

Peroxydisulfuric acid,
diammonium salt

7727-54-0

44%

Breakers and breaker catalysts, oxidizer,
stabilizers, clean perforations

8

Sodium hydroxide

1310-73-2

39%

Crosslinkers and related additives, biocides, pH
control, scale control

9

Guar gum

9000-30-0

37%

Gelling agents and gel stabilizers, viscosifiers,
clean perforations, breakers and breaker
catalysts

10

Quartze

14808-60-7

36%

Breakers and breaker catalysts, gelling agents
and gel stabilizers, scale control, crosslinkers
and related additives

11

Glutaraldehyde

111-30-8

34%

Biocides, surfactants, crosslinkers and related
additives, sealers

12

Propargyl alcohol

107-19-7

33%

Corrosion inhibitors, inhibitors, acid inhibitors,
base fluid

13

Potassium hydroxide

1310-58-3

29%

Crosslinkers and related additives, pH control,
friction reducers, gelling agents and gel
stabilizers
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Additives in which chemical is used
Percent of (four most common, EPA FracFocus 1.0
disclosuresb project database)c

No. Chemical namea

CASRN

14

Ethanol

64-17-5

29%

Surfactants, biocides, corrosion inhibitors, fluid
foaming agents and energizers

15

Acetic acid

64-19-7

24%

pH control, iron control agents, acids, gelling
agents and stabilizers

16

Citric acid

77-92-9

24%

Iron control agents, scale control, gelling
agents and gel stabilizers, pH control

17

2-Butoxyethanol

111-76-2

21%

Surfactants, corrosion inhibitors, nonemulsifiers, fluid foaming agents and
energizers

18

Sodium chloride

7647-14-5

21%

Breakers/breaker catalysts, friction reducers,
scale control, clay control

19

Solvent naphtha,
petroleum, heavy arom.f

64742-94-5

21%

Surfactants, non-emulsifiers, inhibitors,
corrosion inhibitors

20

Naphthalene

91-20-3

19%

Surfactants, non-emulsifiers, corrosion
inhibitors, inhibitors

21

2,2-Dibromo-3nitrilopropionamide

10222-01-2

16%

Biocides, clean perforations, breakers and
breaker catalysts, non-emulsifiers

22

Phenolic resin

9003-35-4

14%

Proppants, biocides, clean perforations, base
fluid

23

Choline chloride

67-48-1

14%

Clay control, clean perforations, base fluid,
biocides

24

Methenamine

100-97-0

14%

Proppants, crosslinkers and related additives,
biocides, base fluid

25

Carbonic acid,
dipotassium salt

584-08-7

13%

pH control, proppants, acids, surfactants

26

1,2,4-Trimethylbenzene

95-63-6

13%

Surfactants, non-emulsifiers, corrosion
inhibitors, inhibitors

27

Quaternary ammonium
compounds, benzyl-C1216-alkyldimethyl,
chloridesg

68424-85-1

12%

Biocides, non-emulsifiers, corrosion inhibitors,
scale control

28

Poly(oxy-1,2-ethanediyl)nonylphenyl-hydroxy
(mixture)h

127087-87-0

12%

Surfactants, friction reducers, non-emulsifiers,
inhibitors

29

Formic acid

64-18-6

12%

Corrosion inhibitors, acids, inhibitors, pH
control
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No. Chemical namea

CASRN

Additives in which chemical is used
Percent of (four most common, EPA FracFocus 1.0
disclosuresb project database)c

30

Sodium chlorite

7758-19-2

11%

Breakers/breaker catalysts, biocides, oxidizer,
proppants

31

Nonyl phenol ethoxylate

9016-45-9

11%

Non-emulsifiers, resin curing agents,
activators, friction reducers

32

Tetrakis(hydroxymethyl)
phosphonium sulfate

55566-30-8

11%

biocides, scale control, clay control

33

Polyethylene glycol

25322-68-3

11%

Biocides, non-emulsifiers, surfactants, clay
control

34

Ammonium chloride

12125-02-9

10%

Friction reducers, crosslinkers and related
additives, scale control, clay control

35

Sodium persulfate

7775-27-1

10%

Breakers and breaker catalysts, oxidizer, pH
control

a

Chemical refers to chemical substances with a single CASRN; these may be pure chemicals (e.g., methanol) or chemical
mixtures (e.g., hydrotreated light petroleum distillates). Chemical names are sometimes different between FracFocus 1.0 and
Appendix H, though they will have the same CASRN.
b

Analysis considered 34,675 disclosures and 676,376 ingredient records that met selected quality assurance criteria, including:
completely parsed; unique combination of fracture date and API well number; fracture date between January 1, 2011, and
February 28, 2013; valid CASRN; and valid concentrations. Disclosures that did not meet quality assurance criteria (3,855) or
other, query-specific criteria were excluded from analysis.
C

Analysis considered 32,885 disclosures and 615,436 ingredient records that met selected quality assurance criteria, including:
completely parsed; unique combination of fracture date and API well number; fracture date between January 1, 2011, and
February 28, 2013; valid CASRN; valid concentrations; and valid purpose. Disclosures that did not meet quality assurance
criteria (5,645) or other, query-specific criteria were excluded from analysis.
d

Hydrotreated light petroleum distillates (CASRN 64742-47-8) is a mixture of hydrocarbons, in the C9 to C16 range.

e Quartz

(CASRN 14808-60-7), the proppant most commonly reported, and water were also reported as an ingredient in other
additives (U.S. EPA, 2015a).
f

Heavy aromatic solvent naphtha (petroleum) (CASRN 64742-94-5) is mixture of aromatic hydrocarbons in the C9 to C16 range.

g Quaternary

ammonium compounds, benzyl-C12-16-alkyldimethyl, chlorides (CASRN 68424-85-1) is a mixture of benzalkonium
chloride with carbon chains between 12 and 16.
h

Poly(oxy-1,2-ethanediyl)-nonylphenyl-hydroxy (mixture) (CASRN 127087-87-0) is mixture with varying length ethoxy links.

There is no single chemical used in all hydraulic fracturing fluids across the United States. Methanol
is the most commonly used chemical, reported at 72.1% of wells in the EPA FracFocus 1.0 project
database and is associated with 33 types of additives, including corrosion inhibitors, surfactants,
non-emulsifiers, and scale control (U.S. EPA, 2015c). 1 Table 5-3 also shows the variability in
different chemicals included in the EPA FracFocus 1.0 project database. The percentage of
disclosures reporting a given chemical suggests the likelihood of that chemical’s use at a site. Only
three chemicals (methanol, hydrotreated light petroleum distillates, and hydrochloric acid) were
used at more than half of the sites nationwide, and only 12 were used at more than one-third.
1

The number of additives may be an overestimate due to parsing issues. The true number of additives may be smaller.
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In addition to providing information on frequency of use, the EPA FracFocus 1.0 project database
provides the maximum concentration by mass of a given chemical in an additive. For example,
methanol is the most frequently reported chemical. The median value for the maximum mass
concentration reported for an additive in FracFocus disclosures is 30%, with a range of 0.44% to
100% (5th to 95th percentile). 1 Thus, methanol is generally used as part of a mixture of chemicals in
the hydraulic fracturing fluid (typically at a concentration around 30% by mass). Other times,
methanol is used as an additive in its pure form (concentration 100%). Therefore, methanol will
sometimes be stored on-site in a mixture of chemicals and other times as pure methanol. This wide
range of possible concentrations of methanol further complicates assessing the potential impact of
spills, as the properties of the fluid will depend on the different chemicals present and on their
concentrations. For all chemicals, spills of a highly concentrated chemical can have different
potential impacts than spills of dilute mixtures. For more discussion on fluid and additive chemical
composition, see Section 5.4.5.

A more recent study of FracFocus 2.0 data evaluated disclosures dating from March 9, 2011 to April
13, 2015 (96,449 disclosures) and reported 981 unique chemicals used in hydraulic fracturing
(Dayalu and Konschnik, 2016; Konschnik and Dayalu, 2016). The earlier, EPA study (covering the
2011 to early 2013 time period) found 692 chemicals (U.S. EPA, 2015a). Konschnik and Dayalu
(2016) identified 263 new CASRNs in addition to the 1,084 identified by the EPA (Appendix H),
increasing the number of chemicals by approximately 24%. Of the new CASRNs, the only chemical
reported in more than 1% of all disclosures was Alcohols, C9-11-iso-,C10-rich, ethoxylated
propoxylated (CASRN 154518-36-2).
The 20 most common chemicals reported in Konschnik and Dayalu (2016) are similar to those
listed in Table 5-3. There are three chemicals reported on their 20 most common list that are not
included in Table 5-3. These chemicals are: sorbitan, mono-(9Z)-9-octadecenoate (CASRN 1338-438, reported in 29.6% disclosures (Konschnik and Dayalu, 2016) vs. 4% (U.S. EPA, 2015c),
ethoxylated C12-16 alcohols (CASRN 68551-12-2, 27.9% vs. 4%), and thiourea polymer (CASRN
68527-49-1, 24.8% vs. 8%). Ammonium chloride was on each list, but disclosures increased from
10% to 30.5%. Four chemicals in Table 5-3 were not on their 20 most frequently used list: solvent
naphtha, petroleum, heavy arom. (CASRN 64742-94-5), naphthalene (CASRN 91-20-3), 2,2Dibromo-3-nitrilopropionamide (CASRN 10222-01-2), and phenolic resin (CASRN 9003-35-4).

5.4.2 Nationwide Oil versus Gas

Analyses based on the EPA FracFocus 1.0 project database also can elucidate the differences
between the chemicals used during hydraulic fracturing for oil production and those used for gas
production, providing a better understanding of potential spill impacts from each. Appendix Tables
C-1 and C-2 present the chemicals reported in at least 10% of all gas (34 chemicals) and oil (39
chemicals) disclosures nationwide.

1

For more information on how chemicals are reported to FracFocus see www.fracfocus.org and U.S. EPA (2015a).
5-24

Chapter 5 – Chemical Mixing

Many of the same chemicals are used for oil and gas, but some chemicals are used more frequently
in oil production and others more frequently in gas. 1 For example, hydrochloric acid is the most
commonly reported chemical for gas wells (73% of disclosures); it is the fifth most frequently
reported chemical for oil wells (58% of disclosures). However, both oil and gas operators each
reports using methanol in 72% of disclosures. Methanol is the most common chemical used in
hydraulic fracturing fluids at oil wells and the second most common chemical in hydraulic
fracturing fluids at gas wells.

5.4.3 State-by-State Frequency of Use of Hydraulic Fracturing Chemicals

The composition of hydraulic fracturing fluids varies from site to site. Since the impacts of hydraulic
fracturing occur locally, the potential impact depends on the chemicals used locally. We
investigated geographic variation of chemical use based on the frequency of chemicals reported to
FracFocus and included in the EPA FracFocus 1.0 project database by state (U.S. EPA, 2015c).
Appendix Table C-3 presents and ranks chemicals reported most frequently for each state (U.S. EPA,
2015c). The list of the 20 most frequently reported chemicals used in each state together include 94
unique chemicals. A total of 94 chemicals indicates some level of similarity in chemical usage among
states. 2

Methanol is reported in 19 of the 20 states (95%). Alaska is the only state in which methanol is not
reported (based on the state’s 20 disclosures). The percentage of disclosures reporting use of
methanol ranges from 38% (Wyoming) to 100% (Alabama, Arkansas).

Ten chemicals (excluding water) are among the 20 most frequently reported in 14 of the 20 states.
These chemicals are: methanol; hydrotreated light petroleum distillates; ethylene glycol;
isopropanol; quartz; sodium hydroxide; ethanol; guar gum; hydrochloric acid; and peroxydisulfuric
acid, diammonium salt. 3 These 10 chemicals are also the most frequently reported chemicals
nationwide.

This state analysis showed that methanol is used across the contiguous U.S. (not Alaska). There are
9 other chemicals that are frequently used across the United States. Beyond those, however, there
are a number of different chemicals that are used in one state more commonly than others, and
many chemicals may not be used at all in other states.

1

This separation was done solely based on whether it was an oil or gas disclosure. The analysis did not separate out
reservoir factors, such as temperature, pressure, or permeability, which may be important factors for which chemicals are
used. There is no nationwide criterion to distinguish oil wells from gas wells. Production wells often produce some of
both. A well identified as gas-producing in one place might be identified as oil-producing in another. This could affect the
distribution of chemical use among these wells.

The range of possible number of chemicals is from 20 to 400. If every state used the same 20 chemicals, there would be
20 different chemicals. If all 20 states each used 20 different chemicals, then there would be a total of 400 chemicals used.
2

3

Quartz was the most commonly reported proppant and also reported as an ingredient in other additives (U.S. EPA,

2015a).
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5.4.4 Volume of Chemical Use
Understanding the volume of chemicals used at each site is important for understanding potential
impacts of chemicals as well as potential severity of impacts on drinking water resources. The
chemical volume governs how much will be stored on-site, the types of containers required, the
total amount that could spill, and how much could end up in a drinking water resource. While the
on-site hydraulic fracturing service company has precise knowledge of the composition and volume
of chemicals stored on-site, this information is not generally publicly available. We conducted a
comprehensive review of publicly available sources and found two sources (OSHA, 2014a, b;
Sjolander et al., 2011) that identify specific chemicals used at a hydraulic fracturing site and
provide information on volumes. These are presented in Table 5-4. The volume of chemicals totaled
7,500 gal (28,000 L) and 14,700 gal (55,600 L) for the two sources, with a mean volume for an
individual chemical of 1,900 gal (7,200 L) and 1,225 gal (4,637 L), respectively. The range of
volumes for each chemical used is 30 to 3,690 gal (114 to 14,000 L).

Table 5-4. Example list of chemicals and chemical volumes used in hydraulic fracturing.

Volumes are for wells with an unknown number of stages and at least one perforation zone. Every well and fluid
formulation is unique. Blank cells are data not reported.

Sjolander et al. (2011)a
Ingredient

Examples

Water

OSHA (2014a, 2014b)b

Volume (gal)
or mass (lb)

Percent
overallc

Volume
(gal)

Percent by
volume

4,000,000 gal

94.62

2,700,000 gal

90

~ 1,500,000 lbd

5.26

285,300 gal

9.51

Proppant

Sand

Acid

Hydrochloric acid
or muriatic acid

1,338 gal

0.03

3,690 gal

0.123

Friction reducer

Polyacrylamide,
mineral oil

2,040 gal

0.05

2,640 gal

0.088

Surfactant

Isopropanol

2,550 gal

0.085

1,800

0.06

Potassium
chloride
Gelling agent

Guar gum or
hydroxymethyl
cellulose

-e

-e

1,680

0.056

Scale inhibitor

Ethylene glycol,
alcohol, and
sodium
hydroxide

2,040 gal

0.05

1,290

0.043

pH buffer

Carbonate

330

0.011

Preservative

Ammonium
persulfate

300

0.01
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Sjolander et al. (2011)a

OSHA (2014a, 2014b)b

Ingredient

Examples

Volume (gal)
or mass (lb)

Crosslinker

Borate salts

-e

-e

210

0.007

Iron control

Citric acid

-e

-e

120

0.004

Corrosion
inhibitor

n,n-Dimethyl
formamide

-e

-e

60

0.002

Biocide /
antimicrobial
agent

Glutaraldehyde,
ethanol,
methanol

2,040 gal

0.05

30

0.001

Gel-breaker

Ammonium
persulfate

-e

-e

7,458 gal

0.18

14,700

0.49

Total volume of all chemicals
Individual chemical volume: mean
(full range)

Percent
overallc

Volume
(gal)

Percent by
volume

1,864.5 gal
(1,338 – 2,040 gal)

1,225
(30 – 3,690)

Adapted from Penn State “Water Facts” publication entitled Introduction to Hydrofracturing (Sjolander et al., 2011).
Composite from two companies: Range Resources, LLC, and Chesapeake Energy, which released in July 2010 the chemistry and
volume of materials typically used in their well completions and stimulations.
a

b

Adapted from a table generated by the Occupational Safety and Health Administration (OSHA) for use in a training module
(OSHA, 2014a, b).
c

As presented in Sjolander et al. (2011); does not explicitly state percent by mass or by volume.

d

Sjolander et al. (2011) presents proppant in pounds instead of gallons.

e

Listed as an ingredient, but no information on volume or percentage.

Because of the limited information on chemical volumes publicly available, we estimated chemical
volumes used across the nation based on the information provided in the EPA FracFocus 1.0 project
database. Figure 5-5 plots median estimated chemical volumes, ranked from high to low, with the
range of 5th to 95th percentiles. Estimated volumes used are presented for the 74 chemicals that
were reported in at least 100 disclosures in the EPA FracFocus 1.0 project database and for which
density data were available. The estimated median volumes vary widely among the different
chemicals, covering a range of near zero to 27,000 gal (98,000 L). The mean of the estimated
median volumes was 650 gal (2,500 L), and the mean of the estimated median mass was 3,200 lb
(1,500 kg) (U.S. EPA, 2015c). Mass, volume, and density data are presented in Appendix C along
with the estimation methodology and assumptions used.
With the median chemical volume, we can estimate total chemical volume for all chemicals used.
Based on the above mean of median chemical volumes of 650 gal (2,500 L) per chemical, and given
that the median number of chemicals used at a site is 14 (U.S. EPA, 2015a), an estimated 9,100 gal
(34,000 L) of chemicals may be used per well. Given that the number of chemicals per well ranges
from 4 to 28 (U.S. EPA, 2015a), the total volume of chemicals per well may range from 2,600 to
18,000 gal (9,800 to 69,000 L).
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Another way to estimate total volume of chemicals per well is to use the estimated median volume
of 1.5 million gal (5.7 million L) of fluid used to fracture a well (U.S. EPA, 2015a) (Chapter 4) and
assume that up to 2% of that volume consists of chemicals added to base fluid (Carter et al., 2013;
Knappe and Fireline, 2012), resulting in up to 30,000 gal (114,000 L) of chemicals used per well.

Using the estimated volume per chemical of 650 gal (2,500 L), we can also estimate volume per
additive and extrapolate to estimate on-site chemical storage. If we assume three to five chemicals
per additive, then total volume per additive stored on-site would be approximately 1,900 to 3,200
gal (7,400 to 12,000 L). On-site containers generally store 20% to 100% more additive volume than
ultimately used (Houston et al., 2009; Malone and Ely, 2007). This would suggest that 2,300 to
6,500 gal (8,800 to 25,000 L) per additive are stored on site.

Figure 5-5. Estimated median volumes for 74 chemicals reported in at least 100 disclosures in
the FracFocus 1.0 project database for use in hydraulic fracturing from January 1, 2011 to
February 28, 2013.
Chemicals are plotted in order of largest to smallest median volume. Shaded area represents the zone of 5% and
95% confidence limits. Derived from U.S. EPA (2015c).

5.4.5 Chemical Composition of Hydraulic Fracturing Fluids and Additives
As the hydraulic fracturing process proceeds, the composition of the fluid injected changes over
time. The overall composition of additives and hydraulic fracturing fluid may be reported by well
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operators to the FracFocus national registry, depending on the local disclosure requirements and
operator preference. For each chemical that is injected into a well (excluding CBI chemicals), the
maximum concentration in the resulting overall fluid and in each additive is given as maximum
percent by mass. Based on this information, we calculated the median chemical composition
reported in at least 10% of the disclosures in the EPA FracFocus 1.0 project database (Table 5-3)
and a range based on the 5th and 95th percentile. Table 5-5 shows that some chemicals may be used
in their pure form (100% of mass in a given additive). These chemicals include: methanol,
hydrochloric acid, water, isopropanol, guar gum, citric acid, 2,2-Dibromo-3-nitrilopropionamide,
tetrakis(hydroxymethyl) phosphonium sulfate, and sodium persulfate.

Chemicals may be stored in their concentrated, pure form, resulting in the potential for spills of
concentrated volumes of these chemicals, which may increase the severity of impacts if they reach a
drinking water resource. Once chemicals are mixed with the base fluid to form the hydraulic
fracturing fluid, the chemical is diluted to much lower concentrations, which has the potential for a
less severe impact. However, a larger volume of spill could occur with smaller concentrations. The
larger volume may increase the potential for a spill reaching a drinking water resource, albeit at a
lower concentration. There is the further complication of the hazard of the associated chemicals,
since a smaller mass of a more hazardous chemical may be of more concern than a larger mass of a
less hazardous chemical (as discussed in Chapter 9). It is therefore impossible to make a general
statement without more detail on the spill characteristics, including the hazard, concentration, and
volume.

Appendix Table C-6 provides mean, median, 5th and 95th percentile mass (kg) estimates for all
reported chemicals in 100 or more disclosures in the EPA FracFocus 1.0 project database where
density information was available.

Table 5-5. Fluid and additive composition by maximum mass percent.

Median, 5th and 95th percentile maximum concentration in hydraulic fracturing fluid and in additive (percent by
mass) for the chemicals identified in the EPA FracFocus 1.0 project database in 10% or more disclosures. See Table
5-3 for percentage of disclosures and the common additives for which these chemicals are used. Analysis
considered 34,675 disclosures and 676,376 ingredient records that met selected quality assurance criteria,
including: completely parsed; unique combination of fracture date and API well number; fracture date between
January 1, 2011, and February 28, 2013; valid CASRN; and valid concentrations. Disclosures that did not meet
quality assurance criteria (3,855) or other, query-specific criteria were excluded from analysis.

Maximum concentration in
hydraulic fracturing fluid
(percent by mass)

Maximum concentration in
additive (percent by mass)

EPA-standardized
chemical name

CASRN

Methanol

67-56-1

0.0092

0.00011

0.12

30

0.44

100

Distillates, petroleum,
hydrotreated light

64742-47-8

0.025

0.0013

0.35

30

0.70

70

Hydrochloric acid

7647-01-0

0.15

0.0083

1.3

15

2.8

60

5th
95th
5th
95th
Median Percentile Percentile Median Percentile Percentile
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Maximum concentration in
hydraulic fracturing fluid
(percent by mass)
EPA-standardized
chemical name
Water

CASRN

Maximum concentration in
additive (percent by mass)

5th
95th
5th
95th
Median Percentile Percentile Median Percentile Percentile

7732-18-5

0.53

0.00065

82

65

5.0

100

Isopropanol

67-63-0

0.0038

0.000020

0.15

20

0.30

100

Ethylene glycol

107-21-1

0.016

0.00027

0.11

30

0.59

60

Peroxydisulfuric acid,
diammonium salt

7727-54-0

0.0069

0.00010

0.064

100

0.11

100

Sodium hydroxide

1310-73-2

0.0092

0.000040

0.077

10

0.085

52

Guar gum

9000-30-0

0.16

0.0019

0.42

50

1.6

100

Quartz

14808-60-7

0.0033

0.000030

12

2.0

0.10

97

Glutaraldehyde

111-30-8

0.0072

0.00039

0.023

27

0.040

60

Propargyl alcohol

107-19-7

0.00015

0.000010

0.0028

8.0

0.0032

30

Potassium hydroxide

1310-58-3

0.0070

0

0.053

15

0.14

50

Ethanol

64-17-5

0.0034

0.000060

0.098

30

1.0

60

Acetic acid

64-19-7

0.0033

0

0.037

50

1.0

90

Citric acid

77-92-9

0.0027

0.000060

0.017

60

7.0

100

2-Butoxyethanol

111-76-2

0.0047

0

0.14

10

0.29

60

Sodium chloride

7647-14-5

0.0083

0

0.14

30

0.020

50

Solvent naphtha,
64742-94-5
petroleum, heavy arom.

0.0051

0.000020

0.035

10

0.00052

30

Naphthalene

91-20-3

0.0014

0

0.0055

5.0

0.0023

5.0

2,2-Dibromo-3nitrilopropionamide

10222-01-2

0.0018

0.000010

0.022

98

10

100

Phenolic resin

9003-35-4

0.12

0.0046

1.1

5.0

0.80

20

Choline chloride

67-48-1

0.062

0.00068

0.14

75

0.75

80

Methenamine

100-97-0

0.010

0

0.21

1.0

0

2.0

Carbonic acid,
dipotassium salt

584-08-7

0.039

0

0.15

60

30

60

1,2,4-Trimethylbenzene

95-63-6

0.00067

0

0.0068

1.0

0.010

20
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Maximum concentration in
hydraulic fracturing fluid
(percent by mass)
EPA-standardized
chemical name

CASRN

Maximum concentration in
additive (percent by mass)

5th
95th
5th
95th
Median Percentile Percentile Median Percentile Percentile

Quaternary ammonium
compounds, benzylC12-16-alkyldimethyl,
chlorides

68424-85-1

0.0019

0

0.0041

7.0

3.0

10

Poly(oxy-1,2ethanediyl)nonylphenyl-hydroxy
(mixture)

127087-87-0

0.0025

0.000010

0.0089

5.0

5.0

10

64-18-6

0.0021

0

0.030

60

0.11

98

Sodium chlorite

7758-19-2

0.0040

0.00018

0.037

10

5.0

30

Nonyl phenol
ethoxylate

9016-45-9

0.0088

0.000030

0.085

10

5.0

54

Tetrakis(hydroxymethyl)
55566-30-8
phosphonium sulfate

0.011

0.00025

0.065

60

0.029

100

Polyethylene glycol

25322-68-3

0.0035

0.000010

0.038

20

0.0071

70

Ammonium chloride

12125-02-9

0.0025

0.00029

0.022

10

1.5

30

Sodium persulfate

7775-27-1

0.0017

0.000020

0.022

100

100

100

Formic acid

5.5 Chemical Management and Spill Potential
This section provides a description of the primary equipment used in the chemical mixing and well
injection processes, along with a discussion of the spill vulnerabilities specific to each piece of
equipment. Equipment breakdown or failure can trigger a spill itself, and it can also lead to a
suspension of activity and the disconnection and reconnection of various pipes, hoses, and
containers. Each manipulation of equipment poses additional potential for a spill. The EPA found
that 31% of chemical spills on or near the well pad related to hydraulic fracturing resulted from
equipment failure (U.S. EPA, 2015m). When possible, we describe documented spills, associated
with or attributed to specific pieces of equipment, in text boxes in the relevant subsections.

Equipment used in hydraulic fracturing operations typically consists of chemical storage trucks, oil
storage tanks/tanker trucks; a slurry blender; one or more high-pressure, high-volume fracturing
pumps; the main manifold; surface lines and hoses; and a central control unit (Table 5-6). There are
many potential sources for leaks and spills in this interconnected system. Furthermore, hydraulic
fracturing operations are mobile and must be assembled at each well site, and each assembly and
disassembly presents a potential for spills.
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Equipment varies in age and technological advancement depending upon service company
standards and costs associated with purchase and maintenance. Older equipment may have
experienced wear and tear, which may be a factor in spills caused by equipment failure. New
equipment may be more automated, potentially reducing opportunities for human error.
Information detailing the extent of technological and age differences in fracturing equipment across
sites and operators is limited.

Table 5-6. Examples of typical hydraulic fracturing equipment and its function.
Equipment

Function

Acid transport truck

Transports acids to job sites; the truck has separate compartments for
multiple acids or additives.

Chemical storage truck

Transports chemicals to the site in separate containment units or totes.
Chemicals are typically stored on and pumped from the chemical storage
truck.

Base fluid tanks

Stores the required volume of base fluid to be used in the hydraulic
fracturing process.

Proppant storage units

Holds proppant and feeds it to the blender via a large conveyor belt.

Blender

Takes fluid (e.g., water) from the fracturing tanks and proppant (e.g., sand)
from the proppant storage unit and combines them with additives before
transferring the mixture to the fracturing pumps

High-pressure fracturing pumps

Pressurizes mixed fluids received from the blender and injected into the well.

Manifold trailer with hoses and
pipes

Serves as a transfer station for all fluids. Includes a trailer with a system of
hoses and pipes connecting the blender, the high-pressure pumps, and the
fracturing wellhead.

Fracturing wellhead or frac head

Allows fracture equipment to be attached to the well; located at the
wellhead.

Central control unit or frac van

Monitors the hydraulic fracturing job using pressure and rate data supplied
from around the job site.

While the primary equipment and layout are generally the same across well sites, the type, size, and
number of pieces of equipment may vary depending on a number of factors (Malone and Ely, 2007):
•

Size and type of the fracture treatment;
o

o
o
o

o

Length of well and number of stages;

Number of wells drilled per well pad;
Geographic location;

Depth below surface;

Length of the fractures;
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•
•

Volumes and types of additives, proppants, and fluids used; and

Operating procedures of the well operator and service company (e.g., some companies
require backup systems in case of mechanical failure, while others do not).

Figure 5-6 provides a schematic diagram of a typical layout of hydraulic fracturing equipment.

Figure 5-6. Typical hydraulic fracturing equipment layout.

This illustration shows how the various components of a typical hydraulic fracturing site fit together. The numbers
of pumps and tanks vary from site to site. Some sites do not use a hydration unit as the gel is batch mixed prior to
the treatment (Olson, 2011; BJ Services Company, 2009).

5.5.1 Storage
This section provides an overview of publicly available information on storage and containment of
chemicals used in the hydraulic fracturing process. Most public sources provide general
information on the types and sizes of containment units. While operators maintain a precise
inventory of volumes of chemicals stored and used for each site, this information is typically not
made public.
The volumes of each chemical used are based on the size and site-specific characteristics of each
fracture treatment. Sites often store an excess of the design volume of chemicals for contingency
purposes, typically 20% to 100% beyond what is necessary (Houston et al., 2009; Malone and Ely,
2007). See Text Box 5-3 for documented spills from storage units.
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Text Box 5-3. Spills from Storage Units.
Of the 151 spills of chemicals, additives, or fracturing fluid discussed and evaluated in (U.S. EPA, 2015m) (see
Text Box 5-10 for more information), 54 spills were from storage units. Storage units include totes or tanks
used for storing individual chemicals or additives and larger tanks containing hydraulic fracturing fluid.
These spills resulted from equipment failure, failure of storage integrity, or human error. Sixteen of
these spills were due to failure of container integrity, which includes holes and cracks in containers,
demonstrating the importance of properly constructed and maintained storage units. The remaining spills
from storage containers resulted from human error or equipment malfunctions or had an unknown cause.

5.5.1.1 Hydraulic Fracturing Base Fluid Storage

Base fluids used in hydraulic fracturing are typically stored on-site in large volume tanks. Nonwater-based fluids may be stored in specialized containment units designed to prevent or minimize
releases. For example, nitrogen and carbon dioxide must be stored in compressed gas or cryogenic
liquid cylinders, as required by U.S. Department of Transportation (DOT) and OSHA regulations.
Due to the large volume of base fluid storage tanks (about 21,000 gal or 80,000 L) (Halliburton,
1988), uncontrolled spills could damage other storage units and equipment, which could result in
additional spills. Fresh water used as a base fluid is generally not a source of concern for spills.
Reused wastewater, brine, and non-aqueous base fluids have the potential to adversely impact
drinking water resources in the event of a spill. Chapter 7 discusses reusing hydraulic fracturing
wastewater as a base fluid and the spill/release potential on-site from pits and impoundments.

5.5.1.2 Additive Storage

Additives are typically stored on-site in the containers in which they were transported and
delivered. The additive trailer typically consists of a flatbed truck or van enclosure that holds a
number of chemical totes, described below, and is equipped with metering pumps that feed
chemicals to the blender. Depending on the size and type of the fracturing operation, there may be
one or more additive trailers per site (NYSDEC, 2015; ALL Consulting, 2012). While additives
constitute a relatively small portion of fluids used in a hydraulic fracturing fluid, additive volumes
can range from the tens to tens of thousands of gallons.
The storage totes generally remain on the transportation trailers, but they also may be unloaded
from the trailers and transferred to alternative storage areas before use. Our investigation did not
find much information on how often, when, or why these transfers occur. Additional transfers and
movement can increase the likelihood of a spill. See Text Box 5-4 for a documented spill from an
additive storage unit.

Text Box 5-4. Spill from Additive (Crosslinker) Storage Tote.
On Sept 19, 2009, during a tote transfer in Pennsylvania, a tote of crosslinker fell off a forklift spilling
approximately 15 – 20 gal (60 – 80 L) onto the well pad. The area was scraped clean with a backhoe, and the
waste was placed in a lined containment area (PA DEP, 2012, ID# 1845178).
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The most commonly used chemical totes are 200 – 375 gal (760 – 1,420 L) capacity polyethylene
containers that may be reinforced with steel or aluminum mesh (NYSDEC, 2015). Metal containers
may also be used. The totes are typically equipped with bottom release ports, which enable direct
feed of the additives to the blending equipment (NYSDEC, 2015). Spills may occur if lines are
improperly connected to these ports or if the connection equipment is faulty.

Figure 5-7. Metal and high-density polyethylene (HDPE) additive units.

The image on the left depicts metal totes (industry source). The image on the right depicts plastic totes. Source:
NYSDEC (2011).

Certain additives require specialized containment units with added spill prevention measures. For
example, additives containing methanol may be subject to federal safety standards, and industry
has developed guidance on methanol’s safe storage and handling (Methanol Institute, 2013).
Dry additives are typically transported and stored on flatbed trucks in 50 or 55 lb (23 or 25 kg)
bags, which are set on pallets containing 40 bags each (NYSDEC, 2015; UWS, 2008; Halliburton,
1988). Proppants are stored on-site in large tanks or bins with typical capacities of 350,000 to
450,000 lb (150,000 to 200,000 kg) (ALL Consulting, 2012; BJ Services Company, 2009;
Halliburton, 1988).

5.5.1.3 Acid Storage

Acids are generally stored on-site in the containment units in which they are transported and
delivered. A typical acid transport truck holds up to 5,000 gal (19,000 L) of acid and can have
multiple compartments to hold different kinds of acid (Arthur et al., 2009b). Acids such as
hydrochloric acid and formic acid are corrosive and can be extremely hazardous in concentrated
form. Therefore, acid transport trailers and fracture tanks must be lined with chemical-resistant
coating designed to prevent leakage and must meet applicable DOT regulatory standards (pursuant
to 40 Code of Federal Regulations (CFR) 173) designed to prevent or minimize spills.
Acid fracture treatments may use thousands of gallons of acid per treatment (Spellman, 2012).
Given the large volumes used, failure of containment vessels during storage or failure of
connections and hoses during pumping could result in high-volume acid spills. Details of a
documented acid spill are presented in Text Box 5-5.
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Text Box 5-5. Spill of Acid from Storage Container.
In July 2014, in Oklahoma, 20,000 gal (76,000 L) of hydrochloric acid spilled from a storage container when a
flange malfunctioned. The acid spilled into a nearby alfalfa field, where it was contained with an emergency
berm (Phillips, 2014; Wertz, 2014). There is no information on how much leached into soils or if the spill
reached drinking water resources.

5.5.1.4 Gel Storage

Gels can be added to hydraulic fracturing fluid using either batch or continuous (also called “on-thefly”) mixing systems. Gelling agents and gel slurries are stored differently on-site and can pose
different potential spill scenarios depending on whether the site is using batch or continuous
mixing processes (BJ Services Company, 2009).

In a typical batch mixing process, powdered gelling agents and related additives (e.g., buffers,
surfactants, biocides) are mixed on-site with base fluid water and proppant in large tanks, typically
20,000 gal (80,000 L)(BJ Services Company, 2009; Halliburton, 1988). The number of gel slurry
tanks used varies based on site-specific conditions and the size of the fracture job. These tanks can
be subject to leaks or overflow during the batch mixing process and during storage prior to
injection. One of the disadvantages of batch mixing is the need for multiple suction hoses to draw
pre-gelled fluids from storage tanks into the blender, if used, which can increase the potential for
spills. Yeager and Bailey (2013) state that a drawback of batch mixing is the “fluid spillage and
location mess encountered when pre-mixing tanks,” suggesting that small spills are not uncommon
during batch mixing. Details of a documented gel slurry spill are presented in Text Box 5-6. Details
of a documented gel slurry spill are presented in Text Box 5-6.

Text Box 5-6. Spill of Gel Slurry during Mixing.
On April 9, 2010, in Louisiana, a company was mixing a gel slurry for an upcoming fracture job. The tank had
developed a crack, which allowed approximately 10,000 gal (38,000 L) of water mixed with 60 gal (230 L) of
gel to leak out. The mixture did not reach a water receptor, and absorbents were used to clean up the gel
(LDEQ, 2013).

In continuous mixing operations, powdered gels are typically replaced with liquid gel concentrates
(Allen, 2013; BJ Services Company, 2009). Operators prepare dilute gelling agents as needed using
specialized hydration units (BJ Services Company, 2009). Liquid gel concentrates may be stored onsite in single-purpose tanker trucks (Harms and Yeager, 1987) but are more often stored in
specialized mixing and hydration units (Ayala et al., 2006). Continuous mixing requires less
preparation than batch mixing but typically requires more equipment (BJ Services Company, 2009;
Browne and Lukocs, 1999). This can increase the possibility for spills resulting from equipment
malfunctions or human error.
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5.5.2 Hoses and Lines
High- and low-pressure hoses and lines are used to transfer hydraulic fracturing fluids from storage
units to specialized mixing and pumping equipment and ultimately to the wellhead. A discussion of
the different types of hoses and lines and possible points of failure is provided below. Figure 5-8
shows an example of hoses and lines at a hydraulic fracturing site.

Figure 5-8. Hoses and lines at a site in Arkansas.
Photo credit: Christopher Knightes (U.S. EPA).

Suction pumps and hoses move large volumes of base fluid to the blender. Incomplete or damaged
seals in inlet or outlet connections can cause fluid leaks at the connection points. Improperly fitted
seals also severely limit or eliminate suction lift, which can impair the suction pump and increase
spill potential. Suction hoses themselves are susceptible to leaks due to wear and tear. Equipment
providers recommend hoses be closely inspected to ensure they are in good operating condition
prior to use (Upstream Pumping, 2015; BJ Services Company, 2009; Malone and Ely, 2007).
Discharge hoses transfer additives from containment vessels or totes to the blender. Given the
potential for concentrated chemicals to spill during transfer from storage totes to the blender, it is
particularly important that these hoses are in good condition and that connector seals or washers
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fit properly and are undamaged. Discharge hoses are also used to carry fracturing fluid pumped
from the blender via the low-pressure manifold to the high-pressure pumps. Proppant-heavy fluids
are pumped through discharge hoses at relatively low rates. If a sufficient flow rate is not
maintained, proppant may settle out, damaging pumps and creating a potential for spills and leaks
(Upstream Pumping, 2015; BJ Services Company, 2009; Malone and Ely, 2007).

High-pressure flow lines convey pressurized fluids from the high-pressure pumps into the highpressure manifold and from the manifold into the wellbore. High-pressure flow lines are subject to
erosion caused by the high-velocity movement of abrasive, proppant-laden fluid. Curved sections of
flow lines (e.g., swivel joints) where abrasive fluids are forced to turn corners are particularly
subject to erosion and are more likely to develop stress cracks or other defects that can result in a
leak or spill. Safety restraints are typically used to prevent movement of flow lines such as in the
event of failure and to help control spills. High-pressure flow lines are pressure-tested to detect
fatigue or stress cracks prior to the fracturing treatment (OSHA, 2015; BJ Services Company, 2009;
Arthur et al., 2008; Malone and Ely, 2007; Halliburton, 1988).

Nineteen spills of chemicals or fracturing fluids associated with leaks from hoses or lines had a total
spill volume of 12,756 gal (48,287 L), with a median volume of 420 gal (1,600 L) (U.S. EPA, 2015m).

5.5.3 Blender

The blender is the central piece of equipment used to create the fracturing fluid for injection. It
moves, meters, and mixes precise amounts of the base fluid, additives, and proppant and pumps the
mixed slurry to high-pressure pumping equipment (BJ Services Company, 2009; Malone and Ely,
2007; Halliburton, 1988) (Figure 5-6). A typical blender consists of a centrifugal suction pump for
pulling base fluid, one or more chemical metering pumps to apportion the additives, one or more
proportioners to measure and feed proppant, and a central agitator tank where fluid components
are mixed together.
The blending process is monitored to ensure that a uniform mixture is maintained regardless of
injection rates and volumes. Excessive or reduced rates of flow during treatment can cause the
blender to malfunction or to shut down, which can result in spills (Malone and Ely, 2007;
Halliburton, 1988). For aqueous hydraulic fracturing fluid blends, spills that occur downstream of
the blender will be a dilute mixture (less than or equal to 2%) of chemicals. Details of a spill from a
blender are presented in Text Box 5-7.

Text Box 5-7. Spill of Hydraulic Fracturing Fluid from Blender.
In May 2006, a blender malfunctioned during a fracture job in Oklahoma. Approximately 294 gal (1,110 L) of
fluid spilled into a nearby wheat field. The fluid consisted of hydrochloric acid, clay stabilizer, diesel, and
friction reducer. Contaminated soil was removed by the operator (OCC, 2013, ID#137000).
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5.5.4 Manifold
A trailer-mounted manifold and pump system functions as a central transfer station for all fluids
used in the hydraulic fracturing operation. The manifold is a collection of low- and high-pressure
pipes equipped with multiple fittings for connector hoses. Fluids are pumped from the blender
through the low-pressure manifold hoses, which distribute fluids to high-pressure pump trucks.
Pressurized slurry is sent from the pump trucks through high-pressure manifold lines and into
additional high pressure lines that lead to the wellhead (Malone and Ely, 2007).

Manifold and pump system components require varying amounts of manual assembly and undergo
varying amounts of pre-testing (Malone and Ely, 2007). Improperly tested parts may be more likely
to break or lose functionality, leading to a spill. In manifolds requiring more manual assembly, there
may be more opportunities for human error.

5.5.5 High-Pressure Fracturing Pumps

High-pressure fracturing pumps take the fracturing fluid mixture from the blender, pressurize it,
and propel it down the well. Typically, multiple high-pressure, high-volume fracturing pumps are
needed for hydraulic fracturing (Upstream Pumping, 2015). Such pumps come in a variety of sizes.
Bigger pumps move greater volumes of fluid at higher pressures; therefore, spills from these pumps
can be larger. Smaller pumps can require more operators and more maintenance (BJ Services
Company, 2009), and therefore have the potential for an increased frequency of spills.
The “fluid ends” of hydraulic fracturing pumps are the pump components through which fluids are
moved and pressurized. Pump fluid ends must withstand high pressure and move a large volume of
abrasive fluid high in solids content. These pumps have multiple parts (e.g., seals, valves, seats and
springs, plungers, stay rods, studs) that can wear out under the stress of high-pressure pumping
(Upstream Pumping, 2015). Given the sustained pressures involved, careful maintenance of fluid
ends is necessary to prevent equipment failure (Upstream Pumping, 2015; API, 2011). Details of a
documented spill from a fracture pump are presented in Text Box 5-8.

Text Box 5-8. Spill of Fluid from Fracture Pump.
On December 19, 2011, in Arkansas, a fluid end on a fracture pump developed a leak, spilling approximately
840 gal (3,200 L) of fracturing fluid. A vacuum truck was used to recover the spilled fluid, and all affected
soils were neutralized and taken to a landfill at the end of the job, after removal of the equipment (Arkansas
DEQ, 2012, ID#063012).

5.5.6 Surface Wellhead for Fracture Stimulation

A wellhead assembly, often referred to as a frac head or frac stack, is temporarily installed on the
wellhead during the fracture treatment. The frac head assembly allows high volumes of highpressure proppant-laden fluid to be injected into the formation (OSHA, 2015; Halliburton, 2014;
Stinger Wellhead Protection, 2010). The temporary frac head is equipped with specialized isolation
tools so that the wellhead is protected from the effects of pressure and abrasion.
5-39

Chapter 5 – Chemical Mixing

Figure 5-9. Multiple fracture heads.
Source: DOE/NETL.

As with all components of hydraulic fracturing operations, repeated and prolonged stress from
highly pressurized, abrasive fluids may lead to equipment damage. The presence of minute holes or
cracks in the frac head may result in leaks when pressurized fluids are pumped. In addition, surface
blowouts or uncontrolled fluid releases may occur at the frac head because of valve failure or
failure of other components of the assembly. 1 Details of a documented frac head failure are
presented in Text Box 5-9.

Text Box 5-9. Spill from Frac Head Failure.
On March 2, 2011, in Colorado, a frac head failed during fracturing operations. Approximately 8,400 gal
(32,000 L) of slickwater fracturing fluid leaked. The majority of the spill was contained on-site, though a small
amount ran off into a nearby cornrow. There were 5,460 gal (20,700 L) of the fluid recovered, and saturated
soils were scraped and stockpiled on the well pad. There was a net loss of 2,940 gal (11,100 L) (COGCC, 2012,
ID#2524586).

1

A well blowout is when there is uncontrolled flow of fluids out of a well.
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5.6 Overview of Chemical Spills Data
Spills of hydraulic fracturing fluids have occurred across the country and have affected the quality
of drinking water resources (U.S. EPA, 2015m; Brantley et al., 2014; COGCC, 2014; Gradient, 2013). 1
Spills may infiltrate drinking water resources by reaching surface water or by leaching into the
groundwater. Potential impacts depend upon a variety of factors including the chemical spilled,
environmental conditions, and actions taken in response to the spill.

5.6.1 EPA Analysis of Spills Associated with Hydraulic Fracturing

The EPA used data gathered from state and industry sources to characterize hydraulic fracturingrelated spills between January 2006 and April 2012 (2015m) (see Text Box 5-10 for additional
information). In this study, the sources had data on over 36,000 spills. Of these spills, the EPA
identified 457 spills that occurred on or near the well pad and definitively related to hydraulic
fracturing. Of these 457 spills, 151 were related to the chemical mixing process – spills that
consisted of chemicals, additives, or fracturing fluids. Information in the spill reports included: spill
causes (e.g., human error, equipment failure), sources (e.g., storage tank, hose or line), volumes, and
environmental receptors. Spill reports contain little information on chemical-specific spill
composition. Spilled fluids were often described by their additive type (e.g., acids, biocides, friction
reducers, cross-linkers, gels,) or as a blended hydraulic fracturing fluid. Specific chemicals
mentioned in spill reports included hydrochloric acid and potassium chloride.

Text Box 5-10. EPA Review of State and Industry Spill Data: Characterization of Hydraulic
Fracturing-Related Spills.

As part of the EPA’s Study of the Potential Impacts of Hydraulic Fracturing for Oil and Gas on Drinking Water
Resources, the EPA published the report titled Review of State and Industry Spill Data: Characterization of
Hydraulic Fracturing-Related Spills (U.S. EPA, 2015m). In this document, hereafter referred to as the EPA
spills report, the EPA used data gathered from state and industry sources to characterize hydraulic
fracturing-related spills with respect to volumes spilled, materials spilled, sources, causes, environmental
receptors, containment, and responses. For the purposes of the study, hydraulic fracturing-related spills were
defined as those occurring on or near the well pad before or during the injection of hydraulic fracturing fluids
or during the post-injection recovery of fluids. Because the main focus of this study is to identify hydraulic
fracturing-related spills on the well pad that may reach surface or groundwater resources, the following
topics were not included in the scope of this project: transportation-related spills, drilling mud spills, and
spills associated with disposal through underground injection control wells.
Data on spills that occurred between January 2006 and April 2012 were obtained from nine state agencies
with online spill databases or other data sources, nine hydraulic fracturing service companies, and nine oil
and gas production well operators. The data sources used in this study contained over 36,000 spills. The EPA
searched each spill report for keywords related to hydraulic fracturing (e.g., frac, glycol, flowback). Spill
records from approximately 12,000 spills (33 percent of the total number of spills reviewed) contained
insufficient information to determine whether the event was related to hydraulic fracturing.
(Text Box 5-10 is continued on the following page.)

In this assessment, a spill is considered to be any release of fluids. Spills can result from accidents, fluid management
practices, or illegal dumping.

1
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Text Box 5-10 (continued). EPA Review of State and Industry Spill Data: Characterization of
Hydraulic Fracturing-Related Spills.
Of the spills with sufficient information, the EPA identified approximately 24,000 spills (66%) as not related
to hydraulic fracturing on or near the well pad. The remaining 457 spills (approximately 1%) occurred on or
near the well pad and were definitively related to hydraulic fracturing. These 457 spills occurred in 11
different states over six years (January 2006 to April 2012). Of these 457 spills, 151 spills were chemical
mixing-related and included spills of chemicals, additives, and hydraulic fracturing fluid, and 225 releases
were of produced water (Chapter 7).

The EPA categorized spills according to the following causes: equipment failure, human error,
failure of container integrity, other (e.g., well communication, weather, vandalism), and unknown. 1
Figure 5-10 presents the percent distribution of causes of hydraulic fracturing-related spills and for
spills associated specifically with chemicals or fracturing fluid. The distributions for causes of
hydraulic fracturing- and chemical mixing-related spills are similar. 2

Spills in the EPA spills report were also categorized by the following sources: storage, equipment,
well or wellhead, hose or line, and unknown. Figure 5-11 presents the percent distribution for all
hydraulic fracturing- and chemical mixing-related spills associated with each source.

Figure 5-10. Percent distribution of the causes of spills.

Percent distribution by spill type for (a) 457 hydraulic fracturing-related spills (all spills) and (b) 151 chemical
mixing-related spills. Data from U.S. EPA (2015m). Legend shows categories in clockwise order, from the top left of
each pie chart.

1 Well communication is when hydraulic fracturing fluids or displaced subsurface fluids move through newly created
fractures into an offset well or its fracture network (See Section 6.3.2.3 for more details),

Hydraulic fracturing-related spills are spills that occur at any phase within the hydraulic fracturing water cycle. These
include chemicals, additives, hydraulic fracturing fluids (chemical mixing phase); produced water; and wastewater.

2
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Figure 5-11. Percent distribution of the sources of spills.

Percent distribution of spill source of (a) 457 hydraulic fracturing-related spills (all spills) and (b) 151 chemical
mixing-related spills. Data from U.S. EPA (2015m). Legend shows categories in clockwise order, from the top left of
each pie chart.

Figure 5-12 presents the distribution of the number of spills for different volumes for hydraulic
fracturing- and chemical mixing-related spills. The spills associated with chemical mixing ranged in
volume from 5 to 19,320 gal (19 to 73,130 L), with a median volume of 420 gal (1,600 L). The
source of largest spills was storage containers, which released approximately 83,000 gal (314,000
L) of spilled fluid (Figure 5-13b). Spills from wells or wellheads are often associated with high spill
volumes. There were no reported chemical mixing-related spills greater than 100,000 gal (380,000
L) (Figure 5-15b).

Figure 5-12. Distribution of the number of spills for different ranges of spill volumes.

Number of spills due to Hydraulic Fracturing related activities and distribution of spill volumes for (a) 457 hydraulic
fracturing-related spills (all spills) and (b) 151 chemical mixing-related spills. A value of 0% means that there were
no spills in that category. Data from U.S. EPA (2015m).
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Figure 5-13 presents the total volume of spills for different sources for all hydraulic fracturingrelated activity and those associated with chemicals and fracturing fluid. The reported total volume
of 125 of 151 chemical or hydraulic fracturing fluid spills was approximately 184,000 gal
(697,000 L). The volume was unknown for 26 of these spills.

Figure 5-13. Total volume of fluids spilled from different sources.

Total volume of fluids spilled for (a) 457 hydraulic fracturing-related spills (all spills) and (b) 151 chemical mixingrelated spills. Data from U.S. EPA (2015m).

Figure 5-14 presents the number of spills that reached environmental receptors, by receptor type,
for all hydraulic fracturing-related activity (Figure 5-14a) and those associated with chemicals and
fracturing fluid (Figure 5-14b). Environmental receptors (i.e., surface water, groundwater, soil)
were identified in 101 of the 151 chemical mixing-related spills, or 67% of all chemical and
fracturing fluid spills in the EPA’s analysis (U.S. EPA, 2015m). Soil was by far the dominant
environmental receptor, with 97 spills reaching soil; reported spill volumes ranged from 5 gal to
8,300 gal (19 L to 31,000 L). Thirteen spill reports indicated that the spilled fluid had reached
surface water; reported spill volumes ranged from 28 gal to 7,350 gal (105 L to 27,800 L). Nine spill
reports identified both soil and surface water as a receptor; spill volumes ranged from 28 gal to
2,856 gal (106 L to 10,800 L). Groundwater was not identified as a receptor from spills of chemicals
or hydraulic fracturing fluid in any of the spill reports. Due to the lack of observations, it is often
unclear if there was impact on groundwater. Movement through the subsurface is generally slow. 1
It may take years for a spilled fluid to reach groundwater or to reach a drinking water well. Thus,
even if there is a pre-drilling characterization of groundwater chemistry in private/public wells, the
time period of transport to actually detect a release at these private/public wells for contaminants
that are transported at the rates of groundwater flow (see Section 5.8 for discussion on fate and
transport of spilled chemicals).
1 For example, a groundwater flow rate of 1 foot per day (not uncommon) would mean it could take approximately 1,000
days (~3 years) to travel 1,000 ft (305 m) from the well pad. Likewise, for a groundwater travel rate of 0.1 ft (0.03m) per
day, impact would not be observed for at least 10,000 days (~27 years). For a travel rate of 10 ft (3 m) per day, the time
for impact would be at least 100 days (~0.3 years).
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Figure 5-14. Number of spills by environmental receptor.

Number of hydraulic fracturing-related spills and chemical mixing-related spills that reported whether an
environmental receptor was reached for (a) 457 hydraulic fracturing-related spills (all spills) and (b) 151 chemical
mixing related spills. “Yes” means that the spill was reported to reach this receptor. “Unknown” refers to hydraulic
fracturing related spill events for which environmental receptors were specified as unknown or not identified
(positively or negatively). “No” means the spill was reported to not meet this receptor. Data from U.S. EPA
(2015m).

Storage units were the predominant sources of spills that reached an environmental receptor. Six
spills from storage containers reached a surface water receptor. Thirty-eight of the spills from
storage units reached a soil receptor. If a spill was confined to a lined well pad, for example, it might
not have reached the soil, but most incident reports did not include whether the well pad was lined
or unlined. Regarding spills of hydraulic fluids and chemicals from storage containers, 16 spills
were due to failure of container integrity, which includes holes and cracks in containers, and
overflowing containers as a result of human error or equipment malfunctions.

5.6.2 Estimated Spill Rate and Other Spill Reports and Data

The rate of reported spills during the hydraulic fracturing water cycle is estimated to range from
0.4 to 12.2 reported spills for every 100 wells, based on spills data from Brantley et al. (2014),
Gradient (2013), Rahm et al. (2015), U.S. EPA (2013a), and North Dakota Department of Health
(2015) (Appendix E) with a median rate of 2.6 reported spills for every 100 wells. (See Appendix
Section C.4 and Appendix Table C-8 for details.) The estimated rates provide an approximate
estimate of the potential frequency of the number of spills at a site. It is uncertain how
representative these rates are of national spill rates or rates in other states. These numbers are not
specific to the chemical mixing stage.

There are an estimated 2.6 reported spills of injected fluids and chemicals per 100 wells
hydraulically fractured in North Dakota, based on an analysis of the North Dakota spills database
for 2015, separate from the EPA spills report. The median spill volume of injection fluid was 1750
gal (6620 L), with a range of 2.9 to 17,600 gal (11 to 66,600 L). The median spill volume of injection
chemical was 44 gal (167 L), with a range of 2.1 to 126 gal (7.9 to 477 L) (see Appendix E for more
information).
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A study of spills reported to the Colorado Oil and Gas Conservation Commission identified 125
spills during well stimulation (i.e., a part of the life of an oil and gas well that often, but not always,
includes hydraulic fracturing) between January 2010 and August 2013. Of these spills, 51% were
caused by human error and 46% were due to equipment failure (COGCC, 2014).

Considine et al. (2012) identified spills related to oil and gas development in the Marcellus Shale
that occurred between January 2008 and August 2011 from Notices of Violations issued by the
Pennsylvania Department of Environmental Protection. The authors identified spills greater than
400 gal (1,500 L) and spills less than 400 gal (1,500 L). Among these spills, spilled fluids included
hydrochloric acid, gel friction reducer, and blended hydraulic fracturing fluid. Brantley et al. (2014)
identified fewer than 10 instances of spills of additives and/or hydraulic fracturing fluids greater
than 400 gal (1,500 L) that reached surface waters in Pennsylvania between January 2008 and
September 2013. Reported spill volumes, among these spills, ranged from 3,400 gal to 227,000 gal
(13,000 L to 859,000 L).

Surface spills related to hydraulic fracturing activities are not well documented in the scientific
literature. There is some evidence of spills and impacts on environmental media (e.g., U.S. EPA,
2015i; Brantley et al., 2014; Gross et al., 2013; Papoulias and Velasco, 2013). Papoulias and Velasco
(2013) stated that fluid overflowed a retention pit into surface water and likely contributed to the
distress and deaths of threatened blackside dace fish in Kentucky. A variety of chemicals entered
the creek and significantly reduced the stream’s pH and increased stream conductivity. Using data
from post-spill sampling reports in Colorado, Gross et al. (2013) identified concentrations of
benzene, toluene, ethylbenzene, and xylene (BTEX) in groundwater samples. They attributed this to
numerous hydraulic fracturing-related spills, although not necessarily specifically related to the
chemical mixing process. This work, however, demonstrate that surface spills impacted
groundwater, with a frequency of < 0.5% of active wells. Drollette et al. (2015) reported that
organic compounds detected in shallow aquifers were consistent with surface spills, and that diesel
range compounds had elevated concentrations compared to gasoline range compounds, further
suggesting evidence of feasible groundwater impact.

5.7 Spill Prevention, Containment, and Mitigation

Spill prevention, containment, and mitigation affect the frequency and severity of the impacts of
spills. Several factors influence spill prevention, containment, and mitigation, including federal,
state, and local regulations and company practices. State regulations governing spill prevention,
containment, and mitigation at hydraulic fracturing facilities vary in scope and stringency (Powell,
2013; GWPC, 2009). Employee training and equipment maintenance are also factors in effective
spill prevention, containment, and mitigation. Analysis of these factors was outside the scope of this
assessment.
The province of New Brunswick, Canada released rules for industry on responsible environmental
management of oil and natural gas activities (GNB, 2013). Hydraulic fracturing service companies
themselves may develop and implement spill prevention and containment procedures. It was
beyond the scope of this assessment to evaluate the efficacy of these practices or the extent to
which they are implemented.
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Spill containment systems include primary, secondary, and emergency containment systems.
Primary containment systems are the storage units, such as tanks or totes, in which fluids are
intentionally kept. Secondary containment systems, such as liners and berms installed during site
set-up, are intended to contain spilled fluids until they can be cleaned up. Emergency containment
systems, such as berms, dikes, and booms, can be implemented temporarily in response to a spill.

The EPA investigated spill containment and mitigation measures in an analysis of spills related to
hydraulic fracturing activities (U.S. EPA, 2015m). Of the approximately 25% of reports that
included information on containment, the most common types of containment systems referenced
in the hydraulic fracturing-related spill records included berms, booms, dikes, liners, and pits,
though many of the spill reports did not indicate specific containment measures. Some spills were
reported to breach the secondary containment systems. Breaches of berms and dikes were most
commonly reported.
In cases where secondary containment systems were not present or were inadequate, operators
sometimes built emergency containment systems. The most common were berms, dikes, and
booms, but there were also instances where ditches, pits, or absorbent materials were used to
contain the spilled fluid. Absorbent materials were generally used when small volumes (10 – 200
gal or 40 – 800 L) of additives or chemicals were spilled (U.S. EPA, 2015m). There was not enough
information to detail the use of emergency containment systems or their effectiveness.

Remediation is the action taken to clean up a spill and its affected environmental media. The most
commonly reported remediation activity, mentioned in approximately half of the hydraulic
fracturing-related spill records evaluated by the EPA, was removal of spilled fluid and/or affected
media, typically soil. Other remediation methods reported in U.S. EPA (2015m) included the use of
absorbent material, vacuum trucks, flushing the affected area with water, and neutralizing the
spilled material. Removal activities were found to occur in various combinations. For example, a
spill of approximately 4,200 gal (16,000 L) of acid was cleaned up by first spreading soda ash to
neutralize the acid and then removing the affected soil (U.S. EPA, 2015m).

5.8 Fate and Transport of Spilled Chemicals

The fate and transport of chemicals in the environment is complex. Due to the complexities of the
processes and the site-specific and chemical-specific nature of spills, it is difficult to develop a full
assessment of their fate and transport. The potential for hydraulic fracturing chemicals and fluids to
reach drinking water resources is further complicated by the fact that these chemicals are typically
present as mixtures, and unlike many organic contaminant mixtures (e.g., gasoline, diesels, PCBs,
PAHs), hydraulic fracturing fluid chemicals are present as complex mixtures of chemicals covering a
range of chemical classes with varying properties, often in aqueous solutions.
In this section, we provide a general overview of fate and transport of hydraulic fracturing-related
chemicals spilled in the environment to give the reader a general understanding of the potential
pathways and processes with which these chemicals can impact drinking water resources (Figure
5-15). We also include a discussion of the physicochemical properties of the organic chemicals used
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in hydraulic fracturing fluids, because these properties directly affect the transport of chemicals in
the environment. This presentation is not meant to be exhaustive.

A chemical spill has the potential to migrate to and have an impact on drinking water resources.
Once spilled, there are different paths that chemicals can travel and different processes they can
undergo. Chemicals can react and transform into other chemicals, volatilize, travel to surface water,
leach into and partition to soils, and/or reach groundwater. The potential path and the severity of
the impact of a spill depend on different factors, including site conditions; the length of the path to a
drinking water resource; the type and characteristics of the drinking water resource (stream, lake,
aquifer); environmental conditions; climate; weather; chemical properties, constituents, and
concentrations; and the volume of the release. The point in the chemical mixing stage where the
spill occurs affects potential impact. If the spill occurs before chemicals are mixed into the base
fluid, the chemicals will be in a more concentrated form. If the hydraulic fracturing fluid spills, then
the chemicals will be diluted by the base fluid and can feasibly be present in lower concentrations.
There can also be effects on persistence and mobility due to interactions among the chemicals
present. The total mass of spilled chemical can therefore be dependent on what stage in the process
a spill occurs.

Figure 5-15. Fate and transport schematic for a spilled hydraulic fracturing fluid.

Schematic shows the potential paths and governing processes by which spilled chemicals can lead to potential
impacts on drinking water resources.
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For inorganic chemicals, the properties and processes governing fate and transport depend on pH,
oxidation state, presence of iron oxides, soil organic matter, cation exchange capacity, and major ion
chemistry (U.S. EPA, 1996). 1 Transport of these chemicals into groundwater depends on the nature
of groundwater flow and flow through the unsaturated zone above the water table. 2 Potential
transformations of inorganic chemicals differ from those of organic chemicals. Some inorganic
anions (i.e., nitrate, chloride, and bromide) move with their carrier liquid and are affected mostly by
physical transport mechanisms. For many inorganic chemicals, transport is driven by the physical
flow processes (advection and dispersion), sorption, and precipitation. The relative role of each of
these depends on both chemical and environmental characteristics.3,4
Determining the fate and transport of organic chemicals and mixtures is a complex problem,
because of the many processes and different environmental media (air, soil, water). Unlike
inorganic chemicals, organic chemicals degrade, which can affect their movement and potential
impact. Schwarzenbach et al. (2002) formalized a general framework for organic chemical
transport, where transport and transformation depend on both the nature of the chemical and the
properties of the environment. The fate and transport of organic chemicals in soils has been
presented in the literature (e.g., Bouchard et al., 2011; Rivett et al., 2011; Abriola and Pinder, 1985a,
b) and in textbooks (e.g., Domenico and Schwartz, 1997; Schnoor, 1996; Freeze and Cherry, 1979b).

5.8.1 Potential Paths

Chemicals and hydraulic fracturing fluids that are released into the environment may travel along
different potential paths, as detailed in Figure 5-15. Liquids can flow overland to nearby surface
water or infiltrate the subsurface, where they may eventually reach the underlying groundwater or
travel laterally to reach surface water. Movement can occur quickly or be delayed and have a later
or longer-term impact. Surface and groundwater gain or lose flow to each other (Chapter 2), and
can transport chemicals in the process. A dry chemical (e.g., gelling agents, biocides, friction
reducers) released to the environment can remain where it is spilled. Any spill that is not removed
could act as a long-term source of contamination. Wind could cause the chemical to disperse and
rain could mobilize soluble chemicals. Dissolved chemicals can infiltrate into soil or flow overland.
Insoluble chemicals and those sorbed to soil particles could be mobilized by rain events via runoff
and erosion.

5.8.1.1 Movement across the Land Surface

In low permeability soils, there may be little infiltration and greater overland flow. Higher
permeability soils will allow fluid to penetrate into the soil layer. In either case, some of the
Cation exchange capacity is the total amount of cations (positively charged ions) that a soil can hold. For example, when
metal ions like Ca2+ and Na+ pass through the soil, they adhere and remain attached to the soil.

1

The unsaturated zone is also referred to as the vadose zone. Meaning “dry,” the vadose zone is the soil zone above the
water table that is only partially filled by water.

2

Advection is a mechanism for moving chemicals in flowing water, where a chemical moves along with the flow of the
water itself.

3

4 Sorption is the general term used to describe the partitioning of a chemical between soil and water and depends on the
nature of the solids and the properties of the chemical.
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chemicals in the fluid can sorb to the soil particles and the vegetation, and then these chemicals can
be mobilized during precipitation, runoff, or erosion. As precipitation percolates through the soil, it
can dissolve stored chemicals, which can then migrate toward groundwater. The type of release is
also important. If the spill is a slow leak, then the liquid may pond and the affected area will expand
slowly with greater potential for infiltration. If a more rapid release occurs, like a blowout or tank
failure, then momentum can result in greater overland movement and less soil infiltration during
the event, with greater potential to reach a nearby surface water.

5.8.1.2 Movement through the Subsurface

The unsaturated and saturated zones are the two zones of soils below the ground surface.
Movement through the unsaturated zone is driven by the depth of ponding of the spilled fluid,
gravity, and capillary properties of the subsurface. 1 In fractured rock or highly permeable soils,
fluids can move quickly through the subsurface. In low permeability soil, the movement of the fluid
may be slower. However, the presence of preferential pathways (e.g., fractures, heterogeneities,
root holes, and burrows) can result in faster movement than the overall permeability would
suggest.

As chemicals pass through the subsurface, some can sorb to soil or remain in the open spaces
between soil particles, effectively slowing their movement. Chemicals can be mobilized during
future precipitation events, resulting in infiltration towards groundwater or movement through the
unsaturated zone towards surface water.

Fluids that move through the subsurface into the saturated zone will move in the direction of the
flowing groundwater. Generally, fluids travel farther in systems with high groundwater flow rates
and high recharge (e.g., sandy aquifers in humid climates) than in systems with low flow and low
recharge. Chemicals can sorb to suspended soil particles, complex with naturally occurring
chemicals (e.g., dissolved organic carbon), or associate with colloids and be transported with the
flowing water.2 These mechanisms can mobilize sparingly soluble chemicals that would otherwise
be immobile.

5.8.2 Physicochemical Properties of Organic Hydraulic Fracturing Chemicals

Three physicochemical properties are useful to describe the movement of organic chemicals in the
environment: (1) Kow, the octanol-water partition coefficient, (2) the aqueous solubility, and (3) the
Henry’s law constant. 3 These properties describe whether a chemical will sorb to soil and organic
Capillarity occurs because of the forces of attraction of water molecules to themselves (cohesion) and to other solid
substances such as soils (adhesion).

1

Complexation is a reaction between two chemicals that form a new complex, either through covalent bonding or ionic
forces. This often results in one chemical solubilizing the other.

2

3 The octanol-water partition coefficient (Kow) represents the ratio of the solubility of a compound in octanol (a nonpolar
solvent) to its solubility in water (a polar solvent) in a mixture of the two. The higher the Kow, the more nonpolar the
compound.
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matter or stay in water (Kow), how much of a chemical may dissolve in water (aqueous solubility),
and whether a chemical will tend to remain in the water or volatilize (Henry’s law constant). 1

The Kow measures the relative hydrophobicity (chemicals that prefer to be in oil, log Kow >0) and
hydrophilicity (chemicals that prefer to be in water, log Kow <0) of a chemical. Aqueous solubility is
the maximum amount of a chemical that will dissolve in water in the presence of a pure chemical;
solubility generally serves as an upper bound on possible concentrations. The Henry’s law constant
is the ratio of the concentration of a chemical in air (or vapor pressure) to the concentration of that
chemical in water.

Estimates and measured values for physicochemical properties were obtained by using the
Estimation Program Interface (EPI) Suite 4.1, as described in Appendix C. 2 Of the 1,084 chemicals
the EPA listed as used in hydraulic fracturing (Appendix H), EPI Suite™ has estimated properties for
455 organic chemicals (42% of all chemicals) with structures that are considered suitably
representative of the substance to compute properties within the constraints of EPI Suite™
software. Only uniquely defined organic desalted structures were submitted for property
calculation. Figure 5-16 presents histograms of all 455 of the organic chemicals, sorted by four
physicochemical parameters: measured log Kow (n = 195), estimated log Kow (n=455), estimated log
of the aqueous solubility (n = 455), and estimated log of Henry’s law constant (at 77°F or 25°C,
n = 449). Property estimation methods are limited in their ability to predict physicochemical
properties. Chemicals that are different than the chemicals used to develop the estimation
techniques may have more error associated with their predictions. These figures enable
comparison of physicochemical properties across the organic chemicals for which we have values.
These figures show how the physicochemical properties are distributed and which chemicals have
higher values compared to others with lower values. Limitations in knowing what chemicals are
present (e.g., CBI) further hinders our ability to know the physicochemical properties of these
chemicals and their potential to move through the environment and impact drinking water
resources. These estimates are solely for the organic chemicals for which EPI Suite™ could be used.
This does not provide information on the 258 inorganic chemicals or the 361 organic mixtures or
polymers. This limits our ability to make a full assessment on the physicochemical properties of all
chemicals, yet provides insight into the properties of the organic chemicals used.

1 We present the physicochemical parameter values using log10 because of the wide range of values that these parameters
cover.

EPI Suite™, version 4.1, http://www.epa.gov/opptintr/exposure/pubs/episuite.htm (U.S. EPA, 2012c). The EPI
(Estimation Programs Interface) Suite™ is a Windows®-based suite of physicochemical property and environmental fate
estimation programs developed by the EPA Office of Pollution Prevention and Toxics and Syracuse Research Corporation.
EPI Suite™ provides estimates of physicochemical properties for organic chemicals and has a database of measured values
for physicochemical properties when available. EPI Suite™ cannot estimate parameters for inorganic chemicals.
2
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Figure 5-16. Histograms of physicochemical properties of organic chemicals used in the
hydraulic fracturing process.

Physicochemical properties as given by EPI Suite™ (a) measured values of log Kow, (b) estimated log Kow, (c)
estimated log Solubility, and (d) estimated log Henry’s law constant.

We used EPI Suite™ to determine the physicochemical properties for 19 CBI chemicals used in
hydraulic fracturing fluids. These chemicals were submitted to the EPA by nine service companies
from 2005 to 2009 (see Text Box 5-3 for discussion on CBI). 1 The CBI chemical physicochemical
properties are plotted as histograms in Appendix Figure C-1. The values of the physicochemical
properties of known and CBI chemicals are similar, covering similar ranges and centered on similar
values, suggesting that even though these chemicals are not publicly known, their physicochemical
properties are not appreciably different from the known chemicals. This suggests that their fate and
transport would not be appreciably different than the chemicals that are publicly known.

5.8.3 Mobility of Organic Hydraulic Fracturing Chemicals

Figure 5-16 shows the distribution of log Kow, solubility, and Henry’s Law constant for organic
chemicals used in hydraulic fracturing fluids. These figures suggest that the organic chemicals used
in hydraulic fracturing cover a wide range of physicochemical properties. For example, many
chemicals are centered around log Kow = 0, which indicates that these chemicals are likely to
associate roughly equally with organic or aqueous phases. Many chemicals have log Kow > 0,
indicating less mobility, which may cause these chemicals to serve as later-term or long-term
sources of impact on drinking water. Solubilities range from fully miscible to sparingly soluble.
Many chemicals have log Henry’s law constants less than 0, indicating that most are not highly
volatile. Volatilization may not serve as a dominant loss process for hydraulic fracturing chemicals.
1 Well operators may specify certain ingredients as confidential business information (CBI) and not disclose the chemicals
used to FracFocus. The CASRNs of a range of CBI chemicals were provided to the EPA by nine service companies.
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The 20 chemicals with the smallest Kow (most mobile) may have greater potential to cause
immediate impacts on drinking water resources (Appendix Table C-10). Most of these chemicals
were infrequently reported in disclosures (≤2% of wells) in the EPA FracFocus 1.0 project database
(U.S. EPA, 2015a). Choline chloride (14% of wells), used for clay control, and
tetrakis(hydroxymethyl)-phosphonium sulfate (11% of wells), a biocide, were more commonly
reported. The 20 chemicals with the largest Kow (least mobile) may have a greater potential to serve
as long-term sources of contamination (Appendix Table C-11). The estimated aqueous solubilities
for some of these chemicals are extremely low, with highest solubilities of less than 10 μg/L. Seven
low mobility chemicals were reported in disclosures in the EPA FracFocus 1.0 project database (U.S.
EPA, 2015c). Five were reported infrequently (<1% of wells). Tri-n-butyltetradecylphosphonium
chloride (6% of wells), used as a biocide, and C>10-alpha-alkenes (8% of wells), a mixture of alphaolefins with carbon numbers greater than 10 used as a corrosion inhibitor, were more commonly
reported. Sorbitan, tri-(9Z)-9-octadecenoate, a mineral oil co-emulsifier (0.05% of wells) had the
highest estimated log Kow of 22.56. 1
Table 5-7 shows the EPI Suite™ estimated physicochemical property values of the 20 chemicals
most frequently reported nationwide in disclosures along with estimated mean and median
volumes based on disclosures in the EPA FracFocus 1.0 project database (U.S. EPA, 2015c). Most
have log Kow < 1, meaning that they are generally hydrophilic and will associate with water. These
chemicals also have very high solubilities, so they will be mobile in the environment, transport with
water, and can occur at high concentrations. These chemicals have the potential for faster impacts
on drinking water resources.

Naphthalene (CASRN 91-20-3) has a measured log Kow = 3.3 with an estimated solubility of 142.1
mg/L, which means it will be less mobile in the environment. Naphthalene will sorb to particles and
move slowly through the environment and has the potential to act as a long-term source of
contamination. 2 All of these chemicals have low Henry’s law constants, so they tend not to
volatilize. We also include ranges of similar physicochemical properties for two chemicals that are
organic mixtures: distillates, petroleum, hydrotreated light (CASRN 64742-47-8) and solvent
naphtha, petroleum, heavy arom. (CASRN 64742-94-5). Both of these are complex organic mixtures,
and thus EPI Suite™ cannot estimate their properties. However, the Total Petroleum Hydrocarbon
Work Group has provided regressions to relate physicochemical properties to the number of
carbons for aliphatic and aromatic hydrocarbons (Gustafson et al., 1997), which shows that they
have low solubilities and large log Kow.

1 Sorbitan, tri-(9Z)-9-octadecenoate, CASRN 26266-58-0, is soluble in hydrocarbons and insoluble in water, listed as an
effective coupling agent and co-emulsifier for mineral oil (Santa Cruz Biotechnology, 2015; ChemicalBook, 2010).

2 Chemicals can have the potential to be long-term sources of contamination when they move slowly through the
environment. In this discussion, we are not accounting for biodegradation or other transformation processes, which may
reduce the persistence of certain chemicals in the environment. Under certain conditions, for example, naphthalene is
biodegradable, which can reduce or remove it from the environment, and thus may not be a long-term source of
contamination.
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Table 5-7. The 20 chemicals reported most frequently nationwide for hydraulic fracturing based on the EPA FracFocus 1.0 project
database, with EPI Suite™ physicochemical parameters where available, and estimated mean and median volumes of those
chemicals where density was available.
Excludes water, sodium chloride, and quartz. NA means that the physicochemical parameter is not provided by EPI Suite™ or the volume could not be
estimated due to missing data. For organic salts, parameters are estimated using the desalted form. Analysis considered 34,675 disclosures and 676,376
ingredient records that met selected quality assurance criteria, including: completely parsed; unique combination of fracture date and API well number;
fracture date between January 1, 2011, and February 28, 2013; valid CASRN; and valid concentrations. Disclosures that did not meet quality assurance criteria
(3,855) or other, query-specific criteria were excluded from analysis.

Log Kow (unitless)

Water solubility
estimate from
Estimated,
log Kow
Estimated,
group method
25
Measured (mg/L @ 25oC) bond method

Chemical name

CASRN

Number of
wells using
chemical
(% of wells)

1

Methanol

67-56-1

24,753 (72%)

-0.63

-0.77

1.00 × 106

4.27 × 10-6

2

Distillates, petroleum,
hydrotreated lighta,b

64742-47-8

22,463 (65%)

log Koc = 4.5
to 6.7

NA

0.00035 to 0.12

3

Hydrochloric acid

7647-01-0

22,380 (65%)

NA

NA

4

Isopropanol

67-63-0

16,039 (47%)

0.28

Rank

Estimated

Estimated
volume, per
disclosure (gal)

Henry's Law Constant
(atm m3/mole @ 25oC)

Measured

Mean

Median

3.62 × 10-6

4.55 × 10-6

1,218

110

55 to 69
cm3/cm3

NA

NA

NA

NA

NA

NA

NA

NA

28,320

3,110

0.05

4.024 × 105

7.52 × 10-6

1.14 × 10-5

8.10 × 10-6

2,095

55

106

10-7

10-11

10-8

614

184

5

Ethylene glycol

107-21-1

15,800 (46%)

-1.2

-1.36

1.00 ×

6

Peroxydisulfuric acid,
diammonium salt

7727-54-0

14,968 (44%)

NA

NA

NA

NA

NA

NA

NA

NA

7

Sodium hydroxide

1310-73-2

13,265 (39%)

NA

NA

NA

NA

NA

NA

551

38

8

Guar gum

9000-30-0

12,696 (37%)

NA

NA

NA

NA

NA

NA

NA

NA

9

Glutaraldehyde

111-30-8

11,562 (34%)

-0.18

NA

1.672 × 105

1.10 × 10-7

2.39 × 10-8

NA

1,313

122

105

10-7

183

2

10

Propargyl alcohol

107-19-7

11,410 (33%)

-0.42

-0.38

11

Potassium hydroxide

1310-58-3

10,049 (29%)

NA

NA

NA

12

Ethanol

64-17-5

9,861 (29%)

-0.14

-0.31

13

Acetic acid

64-19-7

8,186 (24%)

0.09

14

Citric acid

77-92-9

8,142 (24%)

-1.67

6.00 ×

10-6

1.15 ×

NA

NA

NA

NA

NA

7.921 × 105

5.67 × 10-6

4.88 × 10-6

5.00E-06

831

121

-0.17

4.759 × 105

5.48 × 10-7

2.94 × 10-7

1.00 × 10-7

646

47

-1.64

106

10-18

10-14

163

20

1.00 ×

5.88 ×

5.60 ×

NA

5-54

9.355 ×

1.31 ×

8.33 ×

NA

4.33 ×
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Log Kow (unitless)

Water solubility
estimate from
Estimated,
log Kow
Estimated,
group method
25
Measured (mg/L @ 25oC) bond method

Rank

Chemical name

CASRN

Number of
wells using
chemical
(% of wells)

15

2-Butoxyethanol

111-76-2

7,347 (21%)

0.57

0.83

6.447 × 104

9.79 × 10-8

16

Solvent naphtha,
petroleum, heavy
arom.b,c

64742-94-5

7,108 (21%)

log Koc = 3.2
to 2.7

NA

5.8 to 65

17

Naphthalene

91-20-3

6,354 (19%)

3.17

3.3

18

2,2-Dibromo-3nitrilopropionamide

10222-01-2

5,656 (16%)

1.01

19

Phenolic resin

9003-35-4

4,961 (14%)

20

Choline chloride

67-48-1

4,741 (14%)

a Hydrotreated

Estimated
volume, per
disclosure (gal)

Henry's Law Constant
(atm m3/mole @ 25oC)

Measured

Mean

Median

2.08 × 10-8

1.60 × 10-6

385

26

0.028 to 0.39
cm3/cm3

NA

NA

NA

NA

1.421 × 102

5.26 × 10-4

3.7 × 10-4

4.4 × 10-4

72

12

0.82

2.841 × 103

6.16 × 10-14

NA

1.91 × 10-8

183

5

NA

NA

NA

NA

NA

NA

NA

NA

-5.16

NA

1.00 × 106

2.03 × 10-16

NA

NA

2,131

290

Estimated

light petroleum distillates (CASRN 64742-47-8) is a mixture of hydrocarbons in the C9 to C16 range.

Physicochemical parameters are estimated using Gustafson et al. (1997). Parameters are presented as log Koc (soil organic carbon-water partition coefficient), solubility (mg/L),
and Henry’s Law Constant (cm3/cm3).
b

c

Heavy aromatic solvent naphtha (petroleum) (CASRN 64742-94-5) is mixture of aromatic hydrocarbons in the C9 to C16 range.
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For the top 20 chemicals, many chemicals have high solubilities and negative or almost zero log Kow
(e.g., methanol, isopropanol, ethylene glycol). These chemicals are likely to travel quickly through
the environment and could result in an immediate impact. Three chemicals, with larger log Kow and
smaller solubilities (distillates, petroleum, hydrotreated light; solvent naphtha, petroleum, heavy
arom.; and naphthalene) may result in more severe impacts. These chemicals could associate with
the soil particles, releasing into the groundwater at low concentrations slowly over time, and thus
serve as long-term sources of contamination.
Mobility of a chemical is complex, and these numbers solely represent how a chemical behaves in
an infinitely dilute aqueous solution, a simplifying approximation of the real world. Many factors
can affect the fate and transport of a chemical, such as the transformation process (e.g.,
biodegradation), the presence of other chemicals, and site and environmental conditions. We
discuss these factors in the next sections.

5.8.4 Transformation Processes

Once a chemical is released into the environment, it can transform or degrade. Understanding the
processes governing these reactions in the environment is important to assessing potential impacts.
The transformation of a chemical may reduce its concentration over time. Chemicals may
completely degrade before reaching a drinking water resource. Transformation processes can be
biotic or abiotic and may transform a chemical into a less or more harmful chemical.
One important transformation process is biodegradation. Biodegradation is a biotic process where
microorganisms transform a chemical from its original form into another chemical. For example,
the general biodegradation pathway of methanol is CH3OH CH2O  CHOOH  CO2 or
methanol  formaldehyde  formic acid  carbon dioxide (Methanol Institute, 2013). 1 This
pathway shows how the original chemical transforms through a series of steps until it becomes the
final product, carbon dioxide. Some chemicals are readily biodegraded, while others break down
slowly over time. Biodegradation is a highly site-specific process, requiring nutrients, a carbon
source, water, and an energy source. A highly biodegradable chemical could be persistent if the
conditions for biodegradability are not met. Conversely, a chemical could biodegrade quickly under
the right conditions, affecting its potential to impact a drinking water resource. The relationship
between mobility and biodegradability is complex, and a variety of factors can influence a
particular chemical’s movement through the environment.
Abiotic processes, such as oxidation, reduction, photochemical reactions, and hydrolysis, can
transform or break apart chemicals. The typical results are products that are more polar than the

In methanol biodegradation, PQQ (pyrroloquinoline quinone) is a redox cofactor that goes from PQQ to PQQH2 removing
two hydrogen from methanol in the first step to form formaldehyde. Water is added to formaldehyde to provide the
second oxygen to form formic acid. Nicotinamide adenine dinucleotide (NAD) is a coenzyme that takes up a hydrogen,
going from NAD to NADH+. This removes the hydrogen in the second and third steps, to result in carbon dioxide.
1
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original compounds, and thus have different physicochemical properties (Schwarzenbach et al.,
2002). 1

5.8.5 Fate and Transport of Chemical Mixtures

Spills during the chemical mixing stage are often present as mixtures of chemicals. Additives are
often mixtures of a few to several chemicals, possibly highly concentrated, and hydraulic fracturing
fluids are often dilute mixtures of several additives. Chemical mixtures can act differently in the
environment than individual chemicals. Individual chemicals can affect the fate and transport of
other chemicals in a mixture primarily by changing their physicochemical properties and
transformation rates.

Chemical mixtures can be more mobile than individual chemicals due to cosolvency, which
increases solubility in the aqueous phase. Methanol and ethanol are examples of cosolvent alcohols
used frequently in hydraulic fracturing fluids (U.S. EPA, 2015a). The presence of either greatly
increases BTEX solubility (Rasa et al., 2013; Corseuil et al., 2011; Heermann and Powers, 1998). 2 By
increasing solubility, ethanol can affect the fate and transport of other compounds. For example,
BTEX has been observed to travel farther in the subsurface in the presence of ethanol (Rasa et al.,
2013; Corseuil et al., 2011; Corseuil et al., 2004; Powers et al., 2001; Heermann and Powers, 1998).
The presence of surfactants lowers fluid surface tension and increases solubility of organic
chemicals. Surfactants can mobilize less soluble/less mobile organic chemicals. Two common
surfactants reported in disclosures in the EPA FracFocus 1.0 project database were 2butoxyethanol (CASRN 111-76-2, 21% of disclosures) and poly(oxy-1,2-ethanediyl)-nonylphenylhydroxy (mixture) (CASRN 127087-87-0, 20% of disclosures). Additionally, surfactants can
mobilize bacteria in the subsurface, which can increase the impact of pathogens on drinking water
resources (Brown and Jaffé, 2001).

When chemicals are present as mixtures, one chemical can decrease or enhance the
biodegradability of another through inhibition or co-metabolism. The process of inhibition can slow
biodegradation of each of the chemicals present. For example, the biodegradation of ethanol and
methanol can slow the biodegradation rate of BTEX or other organic chemicals present (Rasa et al.,
2013; Powers et al., 2001). Co-metabolism can increase the biodegradation rate of other chemicals.
For example, when methane or propane is present with tetrachloroethylene, the enzyme produced
by bacteria to degrade methane also degrades tetrachloroethylene (e.g., Alvarez-Cohen and Speitel,
2001 and references therein). For the purposes of chemicals used in hydraulic fracturing, the
presence of other chemicals in additives and hydraulic fracturing fluids could result in increased or
decreased biodegradation if the chemicals are spilled.
A polar molecule is a molecule with a slightly positive charge at one part of the molecule and a slightly negative charge
on another. The water molecule, H2O, is an example of a polar molecule, where the molecule is slightly positive around the
hydrogen atoms and negative around the oxygen atom.

1

BTEX is an acronym for benzene, toluene, ethylbenzene, and xylenes. These chemicals are a group of single ringed
aromatic hydrocarbons based on the benzene structure. These compounds are found in petroleum and are of specific
importance because of their potential health effects.

2
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5.8.6 Site and Environmental Conditions
Environmental conditions at and around the spill site affect the movement and transformation of
chemicals. This section discusses the following: site conditions (e.g., proximity, land cover, and
slope), soil conditions (e.g., permeability and porosity), and weather and climate.

The proximity of a spill to a drinking water resource, either laterally in the case of a surface water
body or downward for groundwater, affects the potential for impact and its severity. Land cover
will affect how readily a fluid moves over land. For example, more rugged land cover such as forest
can impede flow, and an asphalt road can facilitate flow. A spill that occurs on or near a sloped site
can move overland faster, increasing the potential to reach nearby surface water. Flatter surfaces
result in a greater chance for infiltration to the subsurface, which could increase the potential for
groundwater impact.

Soil characteristics that affect the transport and transformation of spill chemicals include soil
texture (e.g., clay, silt, sand), permeability, porosity, and organic content.1,2 Fluids will move more
quickly through permeable soil (e.g., sand) than through less permeable soil (e.g., clay). A soil with a
high porosity provides more volume to hold water and spilled chemicals. Another important factor
for a site is the organic content, of which there are two competing types: soil organic carbon and
dissolved organic carbon. Each type of carbon acts as a strong substance for chemicals to associate
with. Soil organic carbon present in a solid phase, such as dead and decaying leaves and roots, is not
mobile and slows the movement of chemicals through the soil. Dissolved organic carbon (DOC)
moves with the water and can act as a shuttling mechanism to mobilize less soluble chemicals
across the surface and through the subsurface. Chemicals may also associate and move with
particulates and colloids.
Weather and climate conditions affect the fate and transport of a spilled chemical. After a spilled
chemical stops moving, precipitation can remobilize the chemical. The amount, frequency, and
intensity of precipitation will impact the volume, distance, and speed of chemical movement.
Precipitation can carry chemicals downward or overland, and it can cause erosion, which can move
sorbed chemicals overland.

5.8.7 Peer-Reviewed Literature on the Fate and Transport of Hydraulic Fracturing Fluid Spills
There has been limited peer-reviewed research investigating the fate and transport of chemicals
spilled at hydraulic fracturing sites. Aminto and Olson (2012) modeled a hypothetical spill of
1,000 gal (3,800 L) of hydraulic fracturing fluid using equilibrium partitioning. The authors
evaluated how 12 chemicals typically used for hydraulic fracturing in the Marcellus Shale would
partition among different phases: air, water, soil, and biota. 3 They presented a ranking of

Permeability of a soil describes how easily a fluid can move through the soil. Under a constant pressure, a fluid will move
faster in a high permeability soil than the same fluid in a low permeability soil.

1

Porosity of a soil describes the amount of empty space for a given volume of soil. The porosity describes how much air,
water, or hydraulic fluid a given volume of soil can hold.

2

The chemicals they investigated included: sodium hydroxide, ethylene glycol, 4,4-dimethyl oxazolidine, 3,4,4-trimethyl
oxazolodine, 2-amino-2-methyl-1-propanol, formamide, glutaraldehyde, benzalkonium chloride, ethanol, hydrochloric
acid, methanol, and propargyl alcohol.

3
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concentrations for each phase. In water, they showed that sodium hydroxide (a pH buffer), 4,4dimethyl oxazolidine (a biocide), hydrochloric acid (a perforation clean-up additive), and 3,4,4trimethyl oxazolidine (a biocide) had the highest simulated water concentrations; however, these
concentrations depended on the chemicals included in the simulated mixture and the
concentrations of each. Their analysis suggested that after a spill, a large fraction of the spill would
volatilize and leave the soil; however, some constituents would be left behind in the water, soil, and
biota compartments, which could act as long-term contamination sources. Aminto and Olson
(2012) only studied this one scenario. Other scenarios could be constructed with different
chemicals in different concentrations. These scenarios may result in different outcomes and
impacts. Any spill would require site- and spill-specific modeling on a case-by-case basis. For this
reason, we cannot make any general statement about fate and transport of hydraulic fracturing
chemicals and fluids. For this reason, we cannot make any general statement about fate and
transport of hydraulic fracturing chemicals and fluids.
Drollette et al. (2015) suggested a link between surface spills and groundwater contamination,
possibly from hydraulic fracturing activity, because the chemicals detected were hydraulic
fracturing additives. This work demonstrates the pathway for surface spills to impact groundwater
sources. They detected low levels of gasoline related organic chemicals with elevated diesel range
organic chemicals, which suggests that the former were degraded or volatilized, while the latter
were more persistent and penetrated into the subsurface and into groundwater.

5.8.8 Potential and Documented Fate and Transport of Documented Spills

There is limited information on the fate and transport of hydraulic fracturing fluids and chemicals.
This section highlights both potential and documented impacts for three reported spills (U.S. EPA,
2015m). In each case, we provide the documented and potential paths (surface, subsurface, or
combination) and the associated fate and transport governing processes by which the spill has been
documented or has the potential to have an impact on drinking water resources. The three cases
involve a tank overflow with a reported surface water impact, a human error blender spill with a
reported soil impact, and an equipment failure that had no reported impact. We specifically chose
these three spills to highlight three different cases. One demonstrates a documented impact with a
demonstrated pathway that had an observed effect on a nearby drinking water resource. The
second case shows how a release can impact an environmental receptor with a pathway for
potential impact on a drinking water resource, but there was no observed impact. The third
example is a spill that was contained and cleaned up resulting in likely no impact. None of these
chemical releases have any documented pre- or post-sampling. No information on the specific
chemicals spilled or the concentrations or total mass of any chemical is provided. We cannot
provide any quantitative assessment from these observed cases.

In the first documented spill, shown in Figure 5-17, a tank overflowed twice, releasing a total of
7,350 gal (980 ft3, 28 m3, or 27,800 L) of friction reducer and gel (PA DEP, 2012, ID#1830163). 1 The
spill traveled across the land surface, crossed a road, and then continued to a nearby stream. The

1 We provide the total volume of the spill in gallons as well as cubic length (cubic feet and cubic meters), because it may
be a little harder to visualize how far a volume of 7,300 gal (28,000 L) might travel.
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spill affected wetlands and a stream, where fish were reported to have been killed. The fish kill
indicates an observable impact. This represents a good example for how environmental conditions
can affect the severity and timing of impact, due to the slope of the lands surface, the permeability
of the soil, and the proximity to surface water. We are not aware of any measurements performed
for soils, groundwater, surface water, sediments, or fish tissue. Based on the publicly available
information, we do not know what chemicals were in the friction reducer and gel, which limits
further assessment.

Figure 5-17. Fate and Transport Spill Example: Case 1.
Spills information from PA DEP (2012, ID#1830163).

For this first spill, the documented path was overland flow from the tank to the stream with a
documented, immediate impact. There are also other potential paths for potential impacts on
drinking water resources. The spilled chemicals could have penetrated into the soils or sorbed to
soils and vegetation as the fluid moved across the ground towards the stream. Chemicals could then
be mobilized during later precipitation, runoff, or erosion events. Chemicals that infiltrated the
subsurface could serve as long-term sources, travel laterally across the unsaturated zone, or
continue downwards to groundwater. Some chemicals could be lost to transformation processes.
The absence of reported soil or groundwater sampling data prevents the ability to know if these
potential paths occurred or not.
The second documented spill, shown in Figure 5-18, occurred when a cap was left off the blender,
and 504 gal (70 ft3 or 2 m3) of biocide and hydraulic fracturing fluid were released (COGCC, 2012,
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ID#2608900). In addition, 294 gal (39 ft3 or 1.1 m3) were retained by a dike with a lined secondary
containment measure, demonstrating the partial effectiveness of this containment mechanism. The
remaining 210 gal (28 ft3 or 0.8 m3) of fluid (biocide and water) ran off-site. Of this, 126 gal were
vacuumed, leaving 84 gal. There was no documented impact on surface or groundwater. However,
potential impacts potentially could have occurred.

Figure 5-18. Fate and Transport Spill Example: Case 2.
Spills information from COGCC (2012, ID#2608900).

In this second case, the uncontained 84 gal could have infiltrated the subsurface, creating a
potential path to groundwater. Highly mobile chemicals could have penetrated the soil more
quickly than less mobile chemicals, which would have sorbed to soil particles. As the chemicals
penetrated into the soil, some could have moved laterally in the unsaturated zone, or traveled
downward to the groundwater table and moved with direction of groundwater flow. These
chemicals could have served as a long-term contamination source. The chemicals also could have
transformed into other chemicals with different physicochemical properties, and any volatile
chemicals could have moved to the air as a loss process. As in the first case, there was no reported
sampling of soil or groundwater, so there is no way to know if chemicals did or did not follow any of
these pathways. We do not have any more information on the types of chemicals present or the
concentrations with which they were present, which limits further assessment.
In the third documented spill, shown in Figure 5-19, 630 gal (84 ft3 or 2.4 m3) of crosslinker spilled
onto the well pad when a hose wore off at the cuff (COGCC, 2012, ID#1395827). The spill was
5-61

Chapter 5 – Chemical Mixing

contained in the berm and an on-site vacuum truck was used to clean up the spill. No impact on soil
or water was reported.

Figure 5-19 Fate and Transport Spill Example: Case 3.

The pad may or may not have had a liner. Spills information from COGCC (2012, ID#1395827).

For this third case, we do not have any information on whether the well pad was lined or not. If the
site had a liner, the spill could have been fully contained and cleaned up. Without a liner or if the
integrity of the liner was compromised (e.g., had a tear), any residual chemical that was not
effectively cleaned up could have remained in the soil. This would create potential paths similar to
those above in the second case, where the chemicals could have sorbed to the soils and penetrated
into the subsurface and possibly reach groundwater. There was no reported sampling of soil or
groundwater to determine whether or not chemicals migrated into the soil, and we do know the
types of chemicals or the concentrations of the released chemicals.

5.8.9 Challenges with Unmonitored and Undetected Chemicals

One of the challenges confronting a thorough assessment of the fate and transport of spilled
hydraulic fracturing chemicals lies in the lack of documented observations. It is difficult to prove
absence of impact, and absence of observations does not necessarily imply lack of impact. Also, we
know there are over 1,000 different chemicals reported used in hydraulic fracturing (Section 5.4),
and this number is increasing. For many chemicals, there is not an analytical technique available to
detect them in samples taken to a laboratory. Due to the lack of information on the chemicals used
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on site (some of which are claimed as CBI), one would not know what chemicals to include in the
lab analysis. Hydraulic fracturing chemicals are typically present as complex mixtures, which also
complicates sample analysis. Chemicals can transform upon release, which can result in different
chemicals in the environment than those originally released. Even if chemicals are detected on-site,
it can be difficult to demonstrate a direct linkage to hydraulic fracturing operations, since many of
the chemicals used in hydraulic fracturing are also used for other purposes (such as gasoline or
diesel from vehicles). Since there are currently no requirements for a detection–monitoring
network to assess the occurrence and extent of chemical releases from the well pad, it is not
possible to conclusively assess the frequency and impact of fluid releases during the chemical
mixing process.

5.9 Trends in the Use of Hydraulic Fracturing Chemicals

Hydraulic fracturing science and engineering continues to advance. A part of this research includes
using different chemicals. This section provides an overview of the changes in chemical use, with an
emphasis on efforts to reduce potential impacts from surface spills by using fewer and safer
chemicals. Reasons for changing the types of chemicals used can include: improving the fracturing
process, using greener/safer chemicals, and reducing overall cost.
Representatives from oil and gas companies, chemical companies, and non-profits are working on
strategies to reduce the number and volume of chemicals used and to identify safer chemicals
(Waldron, 2014). Southwestern Energy Company, for example, is developing an internal chemical
ranking tool (SWN, 2014), and Baker Hughes is working on a hazard ranking system designed for
wide-scale external use (Baker Hughes, 2014; Brannon et al., 2012; Daulton et al., 2012; Brannon et
al., 2011). Environmental groups, such as the Environmental Defense Fund, are also developing
hazard rating systems (Penttila et al., 2013). Typical criteria used to rank chemicals include
mobility, persistence, biodegradation, bioaccumulation, toxicity, and hazard characteristics. In this
assessment, toxicity and a methodology to rank chemical hazards of hydraulic fracturing chemicals
is discussed in Chapter 9.
Given that human error is the cause of 25% of chemical mixing related spills and spill prevention
can never be 100% effective, changes to the types of chemicals used could reduce the frequency or
the severity of potential impacts. Using chemicals with specific physicochemical properties that
affect the fate and transport of chemicals could reduce their potential impacts. Less mobile
chemicals could make cleanup of spills easier. For example, using dry chemicals that are hydrated
on-site could minimize impacts if there were a container failure. Using chemicals with lower
persistence and higher biodegradability, if spill prevention and cleanup are not fully effective,
would lessen the severity of potential impact. Use of less hazardous chemicals could lessen impact
in cases where a spill reaches a drinking water resource.

The EPA has not conducted a comprehensive review of efforts to develop safer hydraulic fracturing
chemicals. However, the following are some specific examples of efforts that companies cite as part
of their efforts toward safer chemical use:
•

A renewable citrus-based replacement for conventional surfactants (Fisher, 2012);
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•
•
•
•
•
•
•

•

A crosslinked gel system comprised of chemicals designated as safe food additives by the
U.S. Food and Drug Administration (Holtsclaw et al., 2011);
A polymer-free gel additive (Al-Ghazal et al., 2013);

A dry, hydrocarbon-free powder to replace liquid gel concentrate (Weinstein et al., 2009);
Biodegradable polymers (Irwin, 2013);

The use of ultraviolet light to control bacteria (Rodvelt et al., 2013);

New chelating agents that reduce the use of strong acids (LePage et al., 2013);

Eco-friendly viscoelastic surfactant (VES) polymer-free fluid reduces fracture cleanup time
with 95% retrieved fluids compared to 40 – 60% and is less toxic than polymer-based
fluids (AlKhowaildi et al., 2016); and
The recovery and reuse of produced water as hydraulic fracturing fluids, which can reduce
the need to add additional chemicals (Horn et al., 2013).

A review of the EPA’s new chemicals program found that, from 2009 to April 2015, the Agency
received pre-manufacturing notices (PMN) for about 110 chemicals that have the potential for use
as additives. Examples include chemicals intended for use as clay control agents, corrosion
inhibitors, gel crosslinkers, emulsifiers, foaming agents, hydrate inhibitors, scale inhibitors, and
surfactants. At the time of PMN submission, these chemicals were not in commercial use in the
United States. As of April 2015, the EPA had received 30 notices of commencement, indicating that
some of the chemicals are now used commercially.

As different hydraulic fracturing fluids are developed, they have corresponding effects on different
stages of the hydraulic fracturing water cycle. For example, in Figure 5-4(b) an example of an
energized fluid uses a total water volume of 105,000 gal (397,000 L), which means less water is
required in the water acquisition stage and less produced water results in less wastewater. Figure
5-4(a) shows slickwater with 4,763,000 gal (18,030,000 L) of water, yet a larger fraction of
slickwater may be reused, reducing the need for more water for another frac job and requiring the
treatment of less wastewater.

5.10 Synthesis

The chemical mixing stage includes the mixing of base fluid, proppant, and additives on the well pad
to make hydraulic fracturing fluid. This chapter provided an analysis of the factors affecting
potential impacts on drinking water resources during the chemical mixing stage of the hydraulic
fracturing water cycle and the factors governing the frequency and severity of these impacts.

5.10.1 Summary of Findings

Reports have demonstrated that spills and releases of chemicals and fluids have occurred during
the chemical mixing stage and have reached soils and surface water receptors. Spill reports have
not documented impacts on groundwater related to the chemical mixing stage. Spill reports have
little information on post-spill testing and sampling. Impacts on groundwater may remain
undocumented. The potential pathway for impact on groundwater has been demonstrated and
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documented for chemicals spilled during other parts of the hydraulic fracture water cycle.
(Evidence of groundwater impact from produced water spills is discussed Chapter 7.)

The hydraulic fracturing fluid generally consists of a base fluid (typically water), a proppant
(typically sand), and additives (chemicals), although there is no standard or single composition of
hydraulic fracturing fluid used. According to the analysis of the EPA FracFocus 1.0 project database,
based on FracFocus disclosure data from January 2011 to February 2013, approximately 93% of
hydraulic fracturing fluids use water as a base fluid. Non-aqueous fluids, such as nitrogen, carbon
dioxide, and hydrocarbons, are also used as base fluids or used in combination with water as base
fluids. The number of chemicals injected into a well typically ranges from 4 to 28, with a median of
14 (U.S. EPA, 2015a). In water-based hydraulic fracturing, the composition, by volume, of a typical
hydraulic fracturing fluid is 90% to 97% water, 2% to 10% proppant, and 2% or less additives
(Carter et al., 2013; Knappe and Fireline, 2012).
The EPA has identified 1,084 different chemicals used in chemical mixing. A recent study of
FracFocus disclosure data, covering January 2011 to April 2015, has reported 263 new CASRNs,
increasing the number of chemicals identified for use by approximately 24% (Konschnik and
Dayalu, 2016). Hydraulic fracturing chemicals cover a wide range of chemical classes and a wide
range of physicochemical properties. The chemicals include acids, aromatic hydrocarbons, bases,
hydrocarbon mixtures, polymers, and surfactants. The use of 32 chemicals, excluding water, quartz,
and sodium chloride, is reported in 10% or more of disclosures in the EPA FracFocus 1.0 project
database. The ten most common chemicals (excluding quartz) are methanol, hydrotreated light
petroleum distillates, hydrochloric acid, isopropanol, ethylene glycol, peroxydisulfuric acid
diammonium salt, sodium hydroxide, guar gum, glutaraldehyde, and propargyl alcohol (U.S. EPA,
2015c). These chemicals can be present in multiple additives. Methanol, hydrotreated light
petroleum distillates, and hydrochloric acid are the three chemicals reported to be used in more
than half of all hydraulic fracturing jobs, with methanol being used at 72% of all sites.
An EPA analysis of spills data (January 2006 to April 2012, from nine states, nine service
companies, and nine operators) identified over 36,000 spills, with 457 spills (~1%) that were on or
near the well pad and definitively associated with hydraulic fracturing. Of these spills, 151 were of
chemicals or hydraulic fracturing fluid and thus assumed to be associated with the chemical mixing
stage. Chemical spills during the chemical mixing stage were primarily caused by equipment failure
(34%), followed by human error (25%), although 26% spills had an unknown source. The
remaining spills were caused by a failure of container integrity, weather, vandalism, and well
communication. Reported spills covered a large range of volumes, from 5 to 19,320 gal (19 to
73,130 L), with a median of 420 gal (1,600 L) (U.S. EPA, 2015m).

The rate of reported spills during the hydraulic fracturing water cycle is estimated to range from
0.4 to 12.2 reported spills for every 100 wells, based on spills data from North Dakota,
Pennsylvania, and Colorado, with a median rate of 2.6 reported spills for every 100 wells (See
Appendix C). The estimated rates provide an approximate estimate of the potential frequency of the
number of spills at a site. It is uncertain how representative these rates are of national spill rates or
rates in other states. These numbers are not specific to the chemical mixing stage. In 2015, there
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are 2.6 reported spills occurring during the chemical mixing stage per 100 wells hydraulically
fractured in North Dakota.

The total volume of chemicals used on site are estimated to range from 2,600 to 30,000 gal (9,800
to 114,000L). An estimate for the mean volume for any chemical used on-site is 650 gal (2,500 L)
with a mean mass of 1500 kg (3,200 lb). An estimate of 2,300 to 6,500 gal (8,800 to 25,000 L) of
additives are stored on site, typically in multiple totes of 200 to 375 gal (760 to 1,420 L). These
volumes provide insight on how much potentially could spill at any given hydraulic fracturing site
and what the volume of a spill might be depending on where/when it occurs during the chemical
mixing process.

The potential of spills to reach drinking water resources depends on site and chemical properties.
The fate and transport of spilled hydraulic fracturing chemicals is complex, particularly because
chemicals are generally present as diverse, complex mixtures. There are different pathways for a
spill to reach ground and surface water and to serve as a long term source. Roughly 40% of
hydraulic fracturing chemicals are organic chemicals, which have physicochemical properties that
cover the parameter space, from fully miscible to insoluble and from highly hydrophobic to highly
hydrophilic. Of the 20 most frequently used chemicals used at hydraulic fracturing sites, three
chemicals have low mobility: hydrotreated light petroleum distillates, heavy aromatic petroleum
solvent naphtha, and naphthalene. These chemicals have the potential to act as long term sources of
contamination if spilled on-site.

5.10.2 Factors Affecting the Frequency or Severity of Impacts

The specific factors that have the potential to affect the frequency and severity of impacts include
the size and type of the fracturing operation; volume, mass, and concentration of chemicals spilled;
type of chemicals and their properties; combination of chemicals spilled; environmental conditions;
proximity to drinking water resources; employee training and experience; quality and maintenance
of equipment; and spill containment and mitigation.
The size and type of a fracturing operation, including the number of wellheads, the depth of the
well, the length of the leg(s), and the number of stages and phases, affect the potential frequency
and severity spills. Larger operations can require larger volumes of chemicals, more storage
containers, more equipment, and additional transfers between different pieces of equipment.
Larger storage containers increase the maximum volume of a spill or leak from a storage container.
Additional transfers between equipment increase the possibility of human error and potential
frequency of spills.
The volume, mass, and concentration of spilled chemicals affect the frequency and severity of
impacts. A larger volume increases the potential for a spill to travel a longer distance and reach a
drinking water resource. The severity of the spill will be affected by the spill volume, the total mass
of chemicals released, and the concentration with which it reaches the drinking water resource.
The type of chemicals spilled affects how the chemicals will move and transform in the
environment and the type of impact it will have on a drinking water resource. More mobile
chemicals move faster through the environment, which can increase the frequency of impact. More
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soluble chemicals can reach a drinking water resource at higher concentrations, thereby increasing
the potential severity of an impact. Less mobile chemicals will move more slowly, and can have
delayed and longer-term impacts at lower concentrations. The potential severity of impact is
affected by how the chemical adversely impacts water quality. Some chemicals can have severe
impacts at low concentrations, while some chemicals can have minimal impacts even at high
concentrations. Water quality impacts can range from aesthetic effects (e.g., taste, smell) to adverse
health effects.

The environmental conditions at and around the spill site affect the fate and transport of a given
chemical and thus affect the frequency of impacts as well as potential severity. Conditions include
soil properties, climate, weather, and terrain. Permeable soils allow for rapid transport of the
spilled fluid through the subsurface and to groundwater. The presence of preferential flow paths
(e.g., fractures, animal burrows) may provide rapid transport through the subsurface in what might
appear to have low permeability. The presence of complexing agents and colloids may further
increase transport of less soluble chemicals. Precipitation can re-mobilize trapped chemicals and
move them over land or through the subsurface.
The proximity of a spill to drinking water resources affects the frequency and severity of impact.
The closer a spill is to a drinking water resource, the higher the potential to reach it. As a fluid
moves toward a drinking water resource, it can decrease in concentration, which can reduce the
severity of an impact. The characteristics of the drinking water resource will also influence the
severity of the impact of a spill. For example, a slow release into a fast moving stream will result in
large dilution and lower concentrations of chemicals (less severe impact). The transport of a
chemical to groundwater may have a more severe impact, as there may be less dispersion of the
chemical (higher concentrations in the groundwater, more severe impact) and the chemical could
serve as a long-term source of contamination (resulting in a chronic exposure versus an acute
exposure).

Effective spill containment and mitigation measures can prevent or reduce the frequency and
severity of impacts. Spill containment measures include well pad containment liners, diversion
ditches, berms, dikes, overflow prevention devices, drip pans, and secondary containers. These may
prevent a spill from reaching soil and water receptors. Spill mitigation, including removing
contaminated soils, vacuuming up spilled fluids, and using sorbent materials can limit the severity
of a spill. It is unclear how effective these practices are and to what extent they are implemented.

5.10.3 Uncertainties

The lack of information and the uncertainty around information having to do with the composition
of additives and fracturing fluids, containment and mitigation measures in use, the proximity of
chemical mixing to drinking water resources, and the fate and transport of spilled fluids limits our
ability to fully assess potential impacts on drinking water resources and the factors affecting their
frequency and severity.
There is no standard design for hydraulic fracturing fluids. Detailed information on the chemicals
used is limited. Volumes, concentrations, and mass, as well as the identity of some of chemicals
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stored on-site, are generally not publicly available. The FracFocus national registry, which currently
holds the most comprehensive information on water and chemicals used in hydraulic fracturing
fluids, is structured so as to input chemical information as a maximum percentage of the mass of
fracturing fluid and the given additive. This does not provide exact information on the volume of a
chemical, the mass of a chemical, or the actual composition of an additive. The accuracy and
completeness of original FracFocus disclosure information has not been verified. In applying the
EPA-standardized chemical list to the ingredient records in the EPA FracFocus 1.0 project database,
standardized chemical names were assigned to only 65% of the ingredient records from the more
than 36,000 unique, fully parsed disclosures. The remaining ingredient records could not be
assigned a standardized chemical name and were excluded from analyses (U.S. EPA, 2015a).

Operators may specify certain ingredients as confidential business information (CBI) and not
disclose the chemical used. More than 70% of disclosures in the EPA FracFocus 1.0 project database
contained at least one CBI chemical. Of disclosures with at least one CBI chemical, the average
number of CBI chemicals per disclosure was five. Approximately 11% of all chemicals reported in
the disclosures in the EPA FracFocus 1.0 project database were reported as CBI (U.S. EPA, 2015a).
The rate of withholding in FracFocus 2.0 data has increased to 16.5% (Konschnik and Dayalu,
2016). No data are available in FracFocus disclosures for any chemical listed as CBI. Therefore,
chemicals identified as CBI in FracFocus disclosures are not included in any of the analyses in this
assessment including estimates of chemical volume, physicochemical properties, or frequency of
use. It is feasible that the same chemicals are repeatedly reported as CBI. Each reported CBI
chemical could also be unique, which would mean there is a very large number of chemicals that we
know nothing about. This results in an unknown amount of uncertainty regarding CBI chemicals
and their potential impact on drinking water resources.
Of the 1,084 hydraulic fracturing fluid chemicals identified by the EPA, 629 were inorganic
chemicals, mixtures, or polymers, and thus they did not have estimated physicochemical properties
reported in the EPI Suite™ database. Knowing the chemical properties of a spilled fluid is essential
to predicting how and where it will travel in the environment. Although we can make some
generalizations about the physicochemical properties of these chemicals and how spilled chemicals
may move in the environment, the distribution of properties could change if we obtained data for
all known fracturing fluid chemicals (as well as for those listed as CBI).
There has been limited research on the fate and transport of spilled chemicals on site. We have
provided a limited overview discussing the processes that may be important, but the processes are
complex. There is great uncertainty in how these chemicals will move in the environment. These
processes are complicated by the data gaps in fluid characteristics, especially present in mixtures,
and there is limited understanding on how chemicals act in mixture in the environment. Hydraulic
fluid mixtures are different than other previously studied mixtures (like petroleums, coal tars, and
polychlorinated biphenyls (PCBs). Those mixtures are of chemicals of similar classes, while
hydraulic fracturing fluids are chemicals covering a range of different chemical classes.

There is a lack of field data at hydraulic fracturing sites. There is a lack of baseline ground and
surface water quality data. This lack of data limits our ability to assess the relative change to water
quality from a spill or attribute the presence of a contaminant to a specific source. There is a lack of
5-68

Chapter 5 – Chemical Mixing

publicly or readily accessible sampling of soils and groundwater after a fracturing job is complete.
The lack of data and uncertainty on what chemicals are used for hydraulic fracturing makes it
unclear what chemicals to measure. Further uncertainty lies in the limited analytical techniques for
chemicals used in hydraulic fracturing.

There are uncertainties and data gaps in the current information on spills. The EPA spills report
included data from January 2006 to April 2012 from nine states, nine service companies, and nine
oil and gas production well operators (U.S. EPA, 2015a). This data contained over 36,000 reported
spills. From this data set, only 457 were determined to be definitively associated with hydraulic
fracturing and occurred on or near the well pad. With these data, it is impossible to know if all these
spill reports capture all spills occurring at hydraulic fracturing sites. The available data might not
extrapolate to the rest of the nation. Spill reports had limited information on spill causes,
containment and mitigation measures, and sources of spills. The actual chemicals spilled, the total
mass, and the composition are generally not included. There are little available data on impacts of
spills, due to a lack of baseline data and incomplete documentation of follow-up actions and testing.
In general, then, we are limited in our ability to fully assess potential impacts on drinking water
resources from chemical spills, based on current available information. To improve our
understanding we need: more information on the chemical composition of additives and fracturing
fluids and the physicochemical properties of chemicals used; baseline monitoring and field studies
of spilled chemicals; ground and surface water drinking water resources located and identified,
with quality conditions performed before and after hydraulic fracturing; detailed site-specific
environmental conditions; more information on containment and mitigation measures and their
effectiveness; and more detail on the characteristics of spills, such as the exact chemicals and the
amount spilled (mass, concentration, volume).

5.10.4 Conclusions

This chapter discusses the factors that affect the potential for the chemical mixing stage of the
hydraulic fracturing water cycle to impact drinking water resources. Reports have demonstrated
that spills and releases of chemicals and fluids have occurred during the chemical mixing stage and
have reached soils and surface waters with the potential to reach groundwater. The potential for
spilled fluids to reach, and therefore impact, ground or surface water resources depends on the
composition of the spilled fluid, spill characteristics, spill response activities, and the fate and
transport of the spilled fluid. There is no standard composition for a hydraulic fracturing fluid,
which consists of base fluid, proppant, and additives. The EPA identified 1,084 chemicals that have
been reported to be used nationwide, and these chemicals cover a wide variety of chemical classes
and physicochemical properties, and this number is increasing. These chemicals cover a range of
classes and physicochemical properties. The type of fluid and the number, volume, and type of
chemicals used vary from site to site. Hydraulic fracturing fluids generally consist of a mixture of
chemicals, which affects the potential for a release to reach a drinking water resource and the
severity of the potential impact. State and industry spill data collected and reviewed by the EPA and
others indicate that small (approximately 30 gal or 100 L) and large spills (greater than 1,000 gal or
4,000 L) can reach surface water resources. While small spills have reached surface water
resources (and have the potential to reach groundwater resources), large volume spills are more
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likely to travel longer distances and thus have a greater potential to reach ground and surface water
resources. Large volume spills, particularly of concentrated additives, also have a greater potential
to result in more severe impacts on drinking water resources, because they can deliver a large
quantity of potentially hazardous chemicals to ground or surface water resources.
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Chapter 6. Well Injection
Abstract
The well injection stage of the hydraulic fracturing water cycle involves the injection of hydraulic
fracturing fluids through the oil and gas production well and their movement in the production zone.
Subsurface pathways created during this stage—including the production well and newly created
fractures—can allow hydraulic fracturing fluids or naturally occurring fluids to reach groundwater
resources.

This chapter examines two types of pathways by which hydraulic fracturing fluids and liquids and/or
gases that exist in the subsurface can move to, and affect the quality of, subsurface drinking water
resources. First, fluids can move via pathways adjacent to or through the production well as a result of
inadequate design, construction, or degradation of the casing or cement. Second, fluid movement can
occur within the subsurface geologic formations via fractures extending out of oil/gas-containing
formations, by intersecting abandoned or active offset wells, or via naturally occurring faults and
fractures.

The primary factors that can affect the frequency or severity of impacts to drinking water associated
with injection for hydraulic fracturing are: (1) the condition of the well’s casing and cement and their
placement relative to drinking water resources, (2) the vertical separation between the production zone
and formations that contain drinking water resources, and (3) the presence/proximity and condition of
wells near the hydraulic fracturing operation.

We identified two cases where hydraulic fracturing activities affected the quality of drinking water
resources due to well construction issues, including inadequate cement or ruptured casing. Additionally,
there are places where oil and gas reservoirs and drinking water resources co-exist in the same
formation and hydraulic fracturing operations occur, which results in the introduction of hydraulic
fracturing fluids into the drinking water resource. There are other cases involving the migration of stray
gas where hydraulic fracturing could be a contributing cause to impacts on drinking water resources.
While there is evidence that these pathways have formed and that groundwater quality has been
impacted, there are limited nationally available data on the performance of wells used in hydraulic
fracturing operations, pre- and post-hydraulic fracturing groundwater quality, and the extent of the
fractures that develop during hydraulic fracturing operations.

These data limits, in combination with the geologic complexity of the subsurface environment and the
fact that these processes cannot be directly observed, make determining the frequency of such impacts
challenging.
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6. Well Injection
6.1 Introduction
In the well injection stage of the hydraulic fracturing water cycle, hydraulic fracturing fluids
(primarily water, mixed with the types of chemicals and proppant described in Chapter 5) are
injected into a well under pressure. 1 These fluids flow under pressure through the well, then exit
the well and move into the formation, where they create fractures in the rock. This process is also
known as a fracture treatment or a type of stimulation. 2 The fractures, which typically extend
hundreds of feet away from the well, are designed to remain within the production zone to access
as much oil or gas as possible by using an appropriate amount of water and chemicals to complete
the operation. 3

Production wells are sited and designed primarily to optimize production of oil or gas, which
requires isolating water-bearing formations from hydrocarbon-bearing formations in order to
prevent the water from diluting the hydrocarbons and to protect drinking water resources. 4
However, problems with the well’s components or improperly sited, designed, or executed
hydraulic fracturing operations (or combinations of these) could adversely impact the quality of
drinking water resources. (Note that, due to the subsurface nature of activities in the well injection
stage, the drinking water resources that may be directly impacted are groundwater resources; see
Chapter 2 for additional information about groundwater. 5)

The well and the geologic environment in which it is located are a closely linked system. Wells are
often designed with multiple barriers (i.e., isolation afforded by the well’s casing and cement and
the presence of subsurface rock formations) to prevent fluid movement between oil/gas zones and
drinking water resources. Therefore, this chapter discusses (1) the well (including its construction
and operation) and (2) the characteristics of or features in the subsurface geologic formations that
could provide or have provided pathways for migration of fluids to drinking water resources. If
present, and in combination with the existence of a fluid and a physical force that moves the fluid,
these pathways can lead to impacts on the quality of drinking water resources throughout the life of
the well, including during and after hydraulic fracturing.6
1A

fluid is a substance that flows when exposed to an external pressure; fluids include both liquids and gases.

2 In

the oil and gas industry, “stimulation” has two meanings—it refers to (1) injecting fluids to clear the well or pore
spaces near the well of drilling mud or other materials that block or inhibit optimal production (i.e., matrix treatment)
and (2) injecting fluid to fracture the rock to optimize the production of oil or gas. This chapter focuses on the latter.

3 The “production zone” (sometimes referred to as the target zone or the targeted rock formation) refers to the portion of
a subsurface rock zone that contains oil or gas to be extracted (sometimes using hydraulic fracturing). “Producing
formation” refers to the larger geologic unit in which the production zone occurs.
4A

subsurface formation (or “formation”) is a mappable body of rock of distinctive rock type(s) and characteristics (such
as permeability and porosity) with a unique stratigraphic position.

5 Government agencies and other organizations use a variety of terms to describe potable groundwater and groundwater
resources. In this chapter, we use the general term “groundwater resources” to refer to drinking water resources that
occur underground. However, other terms are used in specific contexts to reflect the language used in cited materials.

6 The primary physical force that moves fluids within the subsurface is a difference in pressure. Fluids move from areas of
higher pressure to areas of lower pressure when a pathway exists. Density-driven buoyancy may also serve as a driving
force; see Section 6.3 for more information.
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Fluids can move via pathways adjacent to or through the production well that are created in
response to the stresses exerted during hydraulic fracturing operations if the well is not able to
withstand these stresses (Section 6.2). While wells are designed and constructed to isolate fluids
and maximize the production of oil and gas, inadequate construction or degradation of the casing or
cement can allow fluid movement that can impact drinking water quality. Potential issues
associated with wells may be related to the following:
•

•

Inadequate or degraded casing. This may be influenced by the number of casing strings and
the depths to which they are set, compatibility with the geochemistry of intersected
formations, the age of the well, whether re-fracturing is performed, and other operational
factors.
Inadequate or degraded cement. This may be influenced by a lack of cement in key
subsurface intervals, poor-quality cement, improperly placed cement, or degradation of
cement over time.

Fluid movement can also occur via induced fractures and/or other features within subsurface
formations (Section 6.3). While the hydraulic fracturing operation may be designed so that the
fractures will remain within the production zone, it is possible that, in the execution of the
hydraulic fracturing treatment, fractures can extend beyond their designed extent. Four scenarios
associated with induced fractures may contribute to fluid migration or communication between
zones:
•

•

•

•

Flow of injected and/or displaced fluids through pore spaces in adjacent rock formations
out of the production zone due to pressure differences and buoyancy effects.

Fractures extending out of oil/gas formations into drinking water resources or zones that
are in communication with drinking water resources or fracturing into zones containing
drinking water resources.
Fractures intersecting artificial structures, including active (producing) or inactive offset
wells near the well that is being stimulated (i.e., well communication) or abandoned or
active mines.

Fractures intersecting geologic features that can act as pathways for fluid migration, such as
existing permeable faults and fractures.

This chapter describes the conditions that can contribute to or cause the development of the
pathways listed above, the evidence for the existence of these pathways, examples of impacts on the
quality of drinking water resources associated with these pathways that have been documented in
the literature, and the factors that can affect the frequency or severity of those impacts. (See
Chapter 10 for a discussion of factors and practices that can reduce the frequency or severity of
impacts to drinking water quality.)
The interplay between the well and the subsurface features is complex and not directly observable;
therefore, sometimes it is not possible to identify what specific element is contributing to or is the
primary cause of an impact on drinking water resources. For example, concerns have been raised
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regarding stray gas detected in groundwater in natural gas production areas (for additional
information about stray gas, see Sections 6.2.2 and 6.3.2.4). 1 Stray gas migration is a technically
complex phenomenon, because there are many potential naturally occurring or artificially created
routes for migration of gas into aquifers, including along production wells and via naturally existing
or induced fractures. It is also challenging to determine the source of the natural gas and whether
the mobilization is related to oil or gas production activities.
Furthermore, identifying cases where contamination of drinking water resources occurs due to oil
and gas production activities—including hydraulic fracturing operations—requires extensive
amounts of site and operational data, collected before and after hydraulic fracturing operations.
(See Section 6.4 for additional information on data limitations.) Where such data do exist and
provide evidence of contamination, we present it in the following sections. We do not attempt to
predict which of these pathways is most likely to occur or to lead to a drinking water impact, or the
magnitude of an impact that might occur as a result of migration via any single pathway, unless the
information is available and documented based on collected data. However, a qualitative
assessment of the factors that can affect the frequency or severity of impacts on drinking water
quality associated with the well injection stage is possible; see Section 6.4.

6.2 Fluid Migration Pathways Within and Along the Production Well

In this section, we discuss pathways for fluid movement along or through the production well used
in the hydraulic fracturing operation. While these pathways can form during other times within the
life of an oil and gas well, the repeated high pressure stresses exerted during hydraulic fracturing
operations can make maintaining the mechanical integrity of the well more difficult (Council of
Canadian Academies, 2014). 2 Section 6.2.1 presents the purpose of the various well components
and typical well construction configurations. Section 6.2.2 describes the pathways for fluid
movement that can potentially develop within the production well and wellbore and the conditions
that lead to pathway development, either as a result of the original design of the well, degradation
over time or use, or hydraulic fracturing operations.

While we discuss casing and cement separately, it is important to note that these are related—
inadequacies in one of these components can lead to stresses on the other. For example, flaws in
cement may expose the casing to corrosive fluids. Furthermore, casing and cement work together in
the subsurface to form a barrier to fluid movement, and it may not be possible to distinguish
whether mechanical integrity problems are related to the casing, the cement, or both. For additional
information on well design and construction, see Appendix D.

6.2.1 Overview of Well Construction

Production wells are constructed to transport hydrocarbon resources from the reservoirs in which
they are found to the surface. They are also used to isolate fluid-bearing zones (containing oil, gas,
1 Stray

gas refers to the phenomenon of natural gas (primarily methane) migrating into shallow drinking water resources
or to the surface.

2 Mechanical

integrity of a well refers to the absence of significant leakage within the injection tubing, casing, or packer
(referred to as internal mechanical integrity) or outside of the casing (referred to as external mechanical integrity).
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or fresh water) from each other. Multiple barriers (i.e., casing and cement) are often present, and
they act together to prevent both horizontal fluid movement (in or out of the well) and vertical fluid
movement (along the wellbore from deeper oil- or gas-bearing formations to drinking water
resources). Proper design and construction of the casing, cement, and other well components in the
context of the location of drinking water resources and maintaining mechanical integrity
throughout the life of a well are necessary to prevent migration of hydraulic fracturing fluids and
formation fluids into drinking water resources.
A well is a multiple-component system that typically includes casing, cement, and a completion
assembly, and it may be drilled vertically, horizontally, or in a deviated orientation (Figure 6-1).1,2
These components work together to prevent unintended fluid movement into, out of, or along the
well. Due to the presence of multiple barriers within the well and the geologic system in which it is
placed, the existence of a pathway for fluid movement through a component of this system does not
necessarily mean that an impact on a drinking water resource has occurred or will occur.

Figure 6-1. Schematic cross-section of general types of oil and gas resources and the
orientations of production wells used in hydraulic fracturing.

1 Completion is a term used to describe the assembly of equipment at the bottom of the well that is needed to enable
production from an oil or gas well. It can also refer to the activities and methods (including hydraulic fracturing) used to
prepare a well for production following drilling.
2 For

the purposes of this assessment, a well’s orientation refers to its inclination from verticality. Wells drilled straight
downward are considered to be vertical, wells drilled directionally to end up parallel to the production zone’s bedding
plane are considered horizontal, and directionally drilled wells that are neither vertical nor horizontal are referred to as
deviated. In industry usage, a well’s orientation commonly refers both to its inclination from vertical and the azimuthal
(compass) direction of a directionally drilled wellbores.
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Casing primarily acts as a barrier to lateral movement of fluids, and cement primarily acts as a
barrier to unintended vertical movement of fluids. Together, casing and cement are important in
preventing fluid movement into drinking water resources, and are the focus of this section. Figure
6-2 illustrates the configurations and types of casing and cement and other features that may occur
in oil and gas production wells. The figure depicts an idealized representation of the components of
a production well; it is important to note that there is a wide variety in the design of hydraulically
fractured oil and gas wells in the United States (U.S. EPA, 2015n), and the descriptions in the figure
or in this chapter do not represent every possible well design.

6.2.1.1 Casing

Casing is steel pipe that is placed into the drilled wellbore to maintain the stability of the wellbore,
to transport the hydrocarbons from the subsurface to the surface, and to prevent intrusion of other
fluids into the well and wellbore (Hyne, 2012; Renpu, 2011). A long continuous section of casing is
referred to as a casing string, which is composed of individual lengths of casing (known as casing
joints) that are threaded together using casing collars. In different sections of the well, multiple
concentric casing strings of different diameters can be used, depending on the construction of the
well.

The presence of multiple layers of casing strings can isolate and protect geologic zones containing
drinking water. In addition to conductor casing, which prevents the hole from collapsing during
drilling, one to three other types of casing may be also present in a well. The types of casing include
(from largest to smallest diameter) surface casing, intermediate casing, and production casing
(GWPC, 2014; Hyne, 2012; Renpu, 2011). One or more of any of these types of casing (but not
necessarily all of them) may be present in a well. Surface casing often extends from the wellhead
down to the base (i.e., the bottom or lowest part) of the drinking water resource to be protected.
Wells also may be constructed with production liners, which are anchored or suspended from
inside the bottom of the previous casing string. Production liners serve the same purpose as
production casing but extend only to the end of the previous casing, rather than all the way to the
surface. Wells may also have production tubing, which is used to transport the hydrocarbons to the
surface. Tie-back liners may be used to extend a production liner to the surface when downhole
pressure or corrosive conditions warrant additional protection of the intermediate or production
casing.

Among the wells represented by the Well File Review (described in Text Box 6-1), between one and
four casing strings were present (the Well File Review did not evaluate conductor casings). A
combination of surface and production casings was most often reported, followed by a combination
of surface, intermediate, and production strings. All of the production wells used in hydraulic
fracturing operations in the Well File Review had surface casing, while approximately 39% of the
wells (an estimated 9,100 wells) had intermediate casing, and 94% (an estimated 21,900 wells) had
production casing (U.S. EPA, 2015n). 1, 2
1 9,100

wells (95% confidence interval: 2,900 – 15,400 wells).

2 21,900

wells (95% confidence interval: 19,200 – 24,600 wells).
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Figure 6-2. Overview of well construction.
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Hydraulic fracturing operations impose a variety of stresses on the well components. In order to
prevent the formation of pathways to drinking water resources, the casing should be designed with
sufficient strength to withstand the stresses it will encounter during the installation, cementing,
hydraulic fracturing, production, and post-production phases of the life of the well. These stresses,
illustrated in Figure 6-3, include burst pressure (the interior pipe pressure that will cause the
casing to burst), collapse pressure (the pressure applied to the outside of the casing that will cause
it to collapse), tensile stress (the stress related to stretching exerted by the weight of the casing or
tubing being raised or lowered in the hole), compression and bending (the stresses that result from
pushing along the axis of the casing or bending the casing), and cyclic stress (the stress caused by
frequent or rapid changes in temperature or pressure). While the injection stage represents a
relatively brief portion of the life of a hydraulic fracturing well (Section 3.3), injection imposes the
highest stresses the well is likely to encounter.

Text Box 6-1. The Well File Review.
The EPA conducted a survey of onshore oil and gas production wells that were hydraulically fractured by nine
oil and gas service companies in the continental United States between approximately September 2009 and
September 2010. This effort, known as the “Well File Review,” produced two reports. The first report, Review
of Well Operator Files for Hydraulically Fractured Oil and Gas Production Wells: Well Design and Construction
(U.S. EPA, 2015n) describes well design and construction characteristics and their relationships to the
location of operator-reported drinking water resources and the number and relative location of constructed
barriers (i.e., casing and cement) that can block pathways for potential subsurface fluid movement. A second
report, Review of Well Operator Files for Hydraulically Fractured Oil and Gas Production Wells: Hydraulic
Fracturing Operations (U.S. EPA, 2016c) presents information on hydraulic fracturing job characteristics and
the reported use of casing pressure tests, annular pressure monitoring, surface treating pressure monitoring,
and microseismic monitoring conducted before or during hydraulic fracturing operations; it also explores the
roles of well mechanical integrity and induced fracture growth as they relate to the potential for subsurface
fluid movement to intersect protected groundwater resources.
The survey was based on a sample of 323 hydraulically fractured oil and gas production wells. Results of the
research are presented as rounded estimates of the frequency of occurrence of hydraulically fractured
production well design, construction, and operational characteristics with 95% confidence intervals (CIs).
The results are statistically representative of an estimated 23,200 onshore oil and gas production wells
hydraulically fractured in 2009 and 2010 by nine service companies where an estimated 28,500 hydraulic
fracturing jobs were performed.

In addition, the casing must be resistant to corrosion from contact with the formations and any
fluids that might be transported through the casing, including hydraulic fracturing fluids, brines,
and oil or gas. Casing strength or corrosion resistance can be increased by using fiberglass or highstrength alloys or by increasing the thickness of the casing.

One way to ensure that the strength of the casing is sufficient to withstand the stresses imposed by
hydraulic fracturing operations is to pressure test the casing. The casing can be pressurized to the
pressure anticipated during hydraulic fracturing operations and shut-in periods; if the well can
hold the pressure, it is considered to be leak-free and therefore should be able to withstand the
pressures of hydraulic fracturing. However, if the test pressure is less than the hydraulic fracturing
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pressure, the casing is determined to be leak-free, but its suitability to resist the stresses associated
with the planned fracturing operation is less certain.
The Well File Review (U.S. EPA, 2016c) found that pressure tests were performed prior to an
estimated 15,600 of 28,500 hydraulic fracturing jobs the EPA studied, including cases where a frac
string was pressure tested. 1 In 52% of those pressure tests performed (representing 28% of the
hydraulic fracturing jobs studied), the well was tested to a pressure equal to or greater than the
maximum pressure that occurred during the hydraulic fracturing job (U.S. EPA, 2016c). 2 Thus, in a
significant number of hydraulic fracturing jobs (i.e., 72% of the wells studied), there are no data in
the well files to indicate that the casing was tested in a manner that could ensure the adequacy of
the casing to withstand the pressures of hydraulic fracturing. While, in some cases, casing may not
have been pressure tested because a frac string was to be installed to protect the casing from the
increased pressure, only 10% of fracturing jobs were conducted using a frac string.

Figure 6-3. The various stresses to which the casing will be exposed.
In addition to the stresses illustrated, the casing will be subjected to bending and cyclic stresses. Source: U.S. EPA
(2012d).
1

15,600 jobs (95% confidence interval: 11,800 – 19,300 jobs).

2 52%

of pressure tests (95% confidence interval: 20 – 82% of tests).
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6.2.1.2 Cement
Cement is one of the most important components of a well for providing zonal isolation and
reducing impacts on drinking water. Cement in the space between the casing and formation isolates
fluid-containing formations from each other, protects the casing from exposure to formation fluids,
and provides additional strength to the casing. The strength of the cement and its compatibility
with the formation and fluids encountered are important for maintaining mechanical integrity
throughout the life of the well.
A variety of methods are available for placing the cement, evaluating the adequacy of the cementing
process and the resulting cement job, and repairing any identified deficiencies. Cement is most
commonly emplaced by pumping the cement down the inside of the casing to the bottom of the
wellbore and then up the space between the outside of the casing and the formation (or the next
largest casing string). This method is referred to as the primary cement job and can be performed
as a continuous event in a single stage (i.e., “continuous cementing”) or in multiple stages (i.e.,
“staged cementing”). Staged cementing may be used when, for example, the estimated weight and
pressure associated with standard cement placement could damage weak zones in the formation
(Crook, 2008).

Deficiencies in the cementing process can result from poorly centered casing, poor removal of
drilling mud behind the casing, cement shrinkage, premature gelation, excessive fluid loss,
improper mixing, or lost cement. 1, 2 Cement deficiencies can be reduced by proper design of the
cementing process including use of casing centralizers, proper design of the cement, proper mud
removal, and use of cement additives (Kirksey, 2013). 3 If any deficiencies or defects in the primary
cement job are identified, remedial cementing may be performed. See Text Box 6-2 for an example
of an incident where cementing issues were studied as part of an evaluation of drinking water well
impacts.

Text Box 6-2. Dimock, Pennsylvania.
In 2009, shortly after drilling and hydraulic fracturing in the Marcellus Shale commenced in the area,
residents near the township of Dimock, Pennsylvania reported that natural gas was appearing or increasing
in their water wells (Hammond, 2016; PA DEP, 2009a).

Water wells in the area largely draw from the Catskill Formation and range in depth from less than 50 ft (15
m) to more than 500 ft (150 m) (Molofsky et al., 2013). In this area, the Marcellus Shale is about 7,000 ft
(2,000 m) below the surface and its natural gas is extracted through vertical and horizontal wells (Hammond,
2016). Methane exists naturally in the subsurface in this part of Pennsylvania, including in the Catskill
Formation and the geologic formations below it (Baldassare et al., 2014; Molofsky et al., 2013; Molofsky et al.,
2011).
(Text Box 6-2 is continued on the following page.)

Gelation is the process in the setting of the cement where it begins to solidify and lose its ability to transmit pressure to
the formation.
1

2 Lost

cement refers to a failure of the cement or the spacer fluid used to wash the drilling fluid out of the wellbore to be
circulated back to the surface, indicating that the cement has escaped into the formation.
3

Centralizers are used to keep the casing in the center of the hole and allow an even cement job.
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Text Box 6-2 (continued). Dimock, Pennsylvania.
The Pennsylvania Department of Environmental Protection (PA DEP) investigated and made a determination
that 18 water wells located within a 9 mi2 (23 km2) area had been negatively affected as a result of natural gas
extraction activities. For approximately two years, during which there was a partial ban on gas well drilling
and hydraulic fracturing in the vicinity, the gas company plugged four gas wells and undertook remedial
construction actions at 18 additional gas wells (including remedial cementing at several wells, adding as
much as 6,300 ft (1,900 m) of cement behind the production casings) (PA DEP, 2010b, d, 2009a).
The figure below presents a simplified geologic representation of water wells and one type of horizontal gas
well completed within the geologic formations in the area. The location of remedial cementing performed in
some gas wells is indicated.

Several studies in this and surrounding areas have focused on the geochemistry of the groundwater, in
particular on gas composition, and noble and natural gas isotopes in the water. Results are consistent with an
accumulation of stray gas originating from greater depth and moving to the Catskill Formation (Jackson et al.,
2013c; Molofsky et al., 2013; Molofsky et al., 2011). However, the identity of the geologic formation(s)
sourcing the natural gas is not always certain and may be consistent with sourcing from either the Marcellus
(as suggested by Jackson et al. (2013c)), or the intervening geologic formations (Molofsky et al., 2013).

The role of hydraulic fracturing in the migration of gas to the Catskill Formation, and the specific pathways by
which this migration occurred, is even less certain. Some investigators suspect that the initial gas well
construction allowed natural gases from deeper formations to move upward along uncemented wellbores
(Hammond, 2016; PA DEP, 2010b, d, 2009a). However, no publicly available information exists to document
whether hydraulic fracturing may have aided fluid movement along wellbores to enter drinking water
resources from greater depths. Reviews of information, such as hydraulic fracturing job reports showing the
intervals hydraulically fractured, injection rates, and pressure monitoring, would support an evaluation of
whether hydraulic fracturing might have played a role in the migration of natural gas to drinking water wells
in the area.
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Among the wells represented in the Well File Review, over 90% of cemented casings were
cemented using primary cementing methods. Secondary or remedial cementing was used on an
estimated 8% of casings (most often on surface and production casings and less often on
intermediate casings). 1 The remedial cementing techniques employed in these wells included
cement squeezes, cement baskets, and pumping cement down the annulus (U.S. EPA, 2015n). See
Appendix D for more information on remedial cementing techniques.

The cement does not always need to be continuous along the entire length of the well to protect
drinking water resources; rather, protection of drinking water resources depends on a good cement
seal across the appropriate subsurface zones, including all fresh water- and hydrocarbon-bearing
zones. One study of wells in the Gulf of Mexico found that, if at least 50 ft (15 m) of high quality
cement was present, pressure differentials as high as 14,000 psi (97 MPa) would not lead to
breakdown in isolation between geologic zones (King and King, 2013).

Most wells have cement behind the surface casing, which is a key barrier to contamination of
drinking water resources. The surface casings in nearly all of the wells used in hydraulic fracturing
operations represented in the Well File Review (93% of the wells, or an estimated 21,500 wells)
were fully cemented. 2,3 None of the wells studied in the Well File Review had completely
uncemented surface casings.
The length and location of cement behind intermediate and production casings can vary based on
the presence and locations of over-pressured formations, formations containing fluids, or
geologically weak formations (i.e., those that are prone to structural failure when exposed to
changes in subsurface stresses). State regulations and economics also play a role.

In the Well File Review, the intermediate casings of most of the wells studied were fully cemented,
although there were relatively wide 95% confidence intervals in the results. Among production
casings, about half were partially cemented, about a third were fully cemented, and the remainder
were either uncemented or their cementing status was undetermined. Among the approximately
9,100 wells represented in the Well File Review that are estimated to have intermediate casing, the
intermediate casing was fully cemented in an estimated approximately 7,300 wells (80%) and
partially cemented in an estimated 1,700 wells (19%).4,5 Production casings were partially
cemented in 47% of the wells, or approximately 10,900 wells (U.S. EPA, 2015n). 6

1 8%

2 The

of casings (95% confidence interval: 3% – 14% of casings).

Well File Review defined fully cemented casings as casings that had a continuous cement sheath from the bottom of
the casing to at least the next larger and overlying casing (or the ground surface, if surface casing). Partially cemented
casings were defined as casings that had some portion of the casing that was cemented from the bottom of the casing to at
least the next larger and overlying casing (or ground surface), but were not fully cemented. Casings with no cement
anywhere along the casing, from the bottom of the casing to at least the next larger and overlying casing (or ground
surface), were defined as uncemented.

3

21,500 wells (95% confidence interval: 19,500 – 23,600 wells).

4 9,100

5 7,300
6

wells (95% confidence interval: 2,900 – 15,400 wells).
wells (95% confidence interval: 600 – 13,900 wells).

10,900 wells (95% confidence interval: 6,900 – 14,900 wells).
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The Well File Review also estimated the number of wells with a continuous cement sheath along the
outside of the well. An estimated 6,800 of the wells represented in the study (29%) had cement
from the bottom of the well to the ground surface, and approximately 15,300 wells (66%) had one
or more uncemented intervals between the bottom of the well and the surface. 1,2 In the remaining
wells, the location of the top of the cement was uncertain, so no determination could be made
regarding whether the well had a continuous cement sheath along the outside of the well (U.S. EPA,
2015n).
A variety of logs are available to evaluate the quality of cement behind the well casing. Among wells
in the Well File Review, the most common type of cement evaluation log run was a standard
acoustic cement bond log (U.S. EPA, 2015n). Standard acoustic cement bond logs are used to
evaluate both the extent of the cement placed along the casing and the cement bond between the
cement, casing, and wellbore. Cement bond indices calculated from standard acoustic cement bond
logs on the wells in the Well File Review showed a median bond index of 0.7 just above the
hydraulic fracturing zone; this value decreased to 0.4 over a measured distance of 5,000 ft (2,000
m) above the hydraulic fracturing zone (U.S. EPA, 2015n). 3 While standard acoustic cement bond
logs can give an average estimate of bonding, they cannot alone indicate zonal isolation, because
they may not be properly run or calibrated (Boyd et al., 2006; Smolen, 2006). One study of 28 wells
found that cement bond logs failed to predict communication between formations 11% of the time
(Boyd et al., 2006). In addition, they cannot discriminate between full circumferential cement
coverage by weaker cement and lack of circumferential coverage by stronger cement (King and
King, 2013; Smolen, 2006). A few studies have compared cement bond indices to zonal isolation,
with varying results. For example, Brown et al. (1970) showed that among 16 South American wells
with varying casing size and cement bond indices, a cemented 5.5 in (14 cm) diameter casing with a
bond index of 0.8 along as little as 5 ft (1.5 m) can act as an effective seal. The authors also suggest
that an effective seal in wells having calculated bond indices differing from 0.8 are expected to have
an inverse relationship between bond index and requisite length of the cemented interval, with
longer lengths needed along casing having a lower bond index. Another study recommends that
wells undergoing hydraulic fracturing should have a given cement bond over an interval three
times the length that would otherwise be considered adequate for zonal isolation (Fitzgerald et al.,
1985). Conversely, King and King (2013) concluded field tests from wells studied by Flournoy and
Feaster (1963) had effective isolation when the cement bond index ranged from 0.31 to 0.75.
External mechanical integrity tests (MITs), including temperature logs, noise logs, and radioactive
tracer logs, are another means to evaluate the zonal isolation performance of well cement. Instead
of measuring the apparent quality of the cement, external MITs measure whether there is evidence
of fluid movement along the wellbore (and potentially to a drinking water resource). An external
MIT conducted before the hydraulic fracturing job can allow detection of channels in the cement
that could allow injected fluids to move out of the production zone. An external MIT performed
1

6,800 wells (95% confidence interval: 1,600 – 11,900 wells).
wells (95% confidence interval: 10,500 – 20,100 wells).

2 15,300

3 Cement bond logs are used to calculate a bond index, which varies between 0 and 1, with 1 representing the strongest
bond and 0 representing the weakest bond.

6-14

Chapter 6 – Well Injection

after hydraulic fracturing operations can detect any fluid movement resulting from cement damage
caused by the hydraulic fracturing job. It is important to note that, if a well fails an MIT, this does
not mean there is a failure of the well or that drinking water resources are impacted. An MIT failure
is a warning that something needs to be addressed, and a loss of mechanical integrity is an event
that can result in fluid movement from the well if remediation is not performed. More details on
MITs are available in Appendix D.

Monitoring the treatment pressure of the hydraulic fracturing operation can also detect problems
occurring during fracturing. Sudden changes in pressure during hydraulic fracturing operations can
be indicative of failures in the cement or casing. This type of monitoring is performed in nearly all
hydraulic fracturing jobs: the Well File Review (U.S. EPA, 2016c) found that the treatment pressure
was monitored in 97% (or 27,700) of all hydraulic fracturing jobs studied. 1

6.2.1.3 Well Orientation

A well can be drilled and constructed with any of several different orientations: vertical, horizontal,
and deviated. The well’s orientation can be important, because it affects the difficulty of drilling,
constructing, and cementing the well. In particular, as described in Section 6.2.2, constructing and
cementing horizontal wells present unique challenges (Sabins, 1990). In a vertical well, the
wellbore is vertical throughout its entire length, from the wellhead at the surface to the production
zone. Deviated wells are usually drilled vertically in the shallowest part of the well but are then
drilled directionally, deviating from the vertical direction at some point such that the bottom of the
well is at a significant lateral distance away from the point in the subsurface directly under the
wellhead. In a horizontal well, the well is drilled vertically to a point known as the kickoff point,
where the well turns toward the horizontal, extending into and parallel with the approximately
horizontal targeted producing formation (Figure 6-2).

Among wells evaluated in the Well File Review, about 65% were vertical, 11% were horizontal, and
24% were deviated wells (U.S. EPA, 2015n). 2 This is generally consistent with information available
in industry databases—of the approximately 16,000 oil and gas wells used in hydraulic fracturing
operations in 2009 (one of the years for which the data for the Well File Review were collected),
39% were vertical, 33% were horizontal, and 28% were either deviated or the orientation was
unknown (DrillingInfo, 2014b). See Section 3.3 for additional information on the use of horizontal
wells in the United States.

6.2.1.4 Well Completion

Another important aspect of well construction is the way in which the well is completed into the
production zone, because the well’s completion is part of the system of barriers and must be intact
for the well to operate properly. A variety of completion configurations are available. The most
common configuration is for casing to extend to the end of the wellbore and be cemented in place
(U.S. EPA, 2015n; George et al., 2011; Renpu, 2011). In these cased and cemented completions, the
1 27,700
2 The

jobs (95% confidence interval: 24,800 – 30,600 jobs).

Well File Review considered any non-horizontal well in which the well bottom was located more than 500 ft (152
m) laterally from the wellhead as being deviated.
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cement provides the primary containment of fluids to the production zone. Before hydraulic
fracturing begins, perforations are made through the casing and cement into the production zone. It
is through the perforated casing and cement that hydraulic fracturing is conducted. In some cases, a
smaller temporary casing, known as a temporary frac string, is inserted inside the production
casing to protect the casing from the high pressures imposed during hydraulic fracturing
operations.
A different type of a cased completion uses production casing set on formation packers, where the
production casing extends through the production zone and the length of the casing extending
through the drilled horizontal wellbore is left uncemented, but has a series of formation packers
that swell to seal the annulus between the casing and the formation.1 With these completions, the
production zone is fractured in separate stages through ports that open between the formation
packers. When formation packers are used, they provide the primary isolation of hydraulic
fracturing fluids during hydraulic fracturing.

Another type of completion is an open hole completion. When open hole completions are used, the
entire production zone is fractured all at once in a single stage or may be fractured in separate
stages using a temporary frac string set on one or more temporary formation packers that are
positioned to a different interval for each stage. If a temporary frac string is used in an open hole
completion, its packer(s) provide the primary isolation of hydraulic fracturing fluids during
hydraulic fracturing and if no temporary frac string is used, then the next higher casing in the well
provides the primary isolation of hydraulic fracturing fluids during the treatment.

Among wells represented in the Well File Review, an estimated 6% of wells (1,500 wells) had open
hole completions, 6% of wells (1,500 wells) used formation packers, and the rest were cased and
cemented (U.S. EPA, 2015n).2,3

In some cases, wells may be re-completed after the initial construction, with re-fracturing if
production has decreased (Vincent, 2011). Re-completion also may include additional perforations
in the well at a different interval to produce from a new formation, lengthening the wellbore, or
drilling new laterals from an existing wellbore. In 95% of the re-completions represented in the
Well File Review, hydraulic fracturing occurred at shallower depths than the previous job (U.S. EPA,
2016c). 4

6.2.2 Factors that can Affect Fluid Movement to Drinking Water Resources

The following sections describe the pathways for fluid movement that can develop within the
production well and wellbore. We also describe the conditions leading to the development of fluid
movement pathways and, where available, evidence that a pathway has allowed fluid movement to
1A

formation packer is a specialized casing part that has the same inner diameter as the casing but whose outer diameter
expands to make contact with the formation and seal the annulus between the uncemented casing and formation,
preventing migration of fluids.
2 1,500
3 1,500
4 95%

wells with open hole completions (95% confidence interval: 10 – 4,800 wells).
wells using formation packers (95% confidence interval: 1,400 – 1,600 wells).

of jobs (95% confidence interval: 75 – 99% of jobs).
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occur within the casing or cement, and—in the case of sustained casing pressure (Section 6.2.2.4)—
a combination of factors within the casing and cement. (See Figure 6-4 for an illustration of
potential fluid movement pathways related to casing and cement.)

Figure 6-4. Potential pathways for fluid movement in a cemented wellbore.
These pathways (represented by the white arrows) include: (1) casing and tubing leak into a permeable formation,
(2) migration along an uncemented annulus, (3) migration along microannuli between the casing and cement, (4)
migration through poor cement, and (5) migration along microannuli between the cement and formation. Note:
the figure is not to scale and is intended to provide a conceptual illustration of pathways that may develop within
the well.
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We describe information regarding the rate at which these pathways have been identified in
hydraulic fracturing wells when it is available. Where such information does not exist, we present
the results of research on oil and gas production wells in general or on injection wells, including
those used for the geologic sequestration of carbon dioxide. 1 Publicly accessible information is
insufficient to determine whether wells intended for hydraulic fracturing are constructed
differently from production wells where no fracturing is conducted. See Chapter 10 for additional
discussion of data gaps. It is not generally possible, based on the literature reviewed for this
assessment, to determine the precise degree to which hydraulic fracturing created, or moved fluids
along, the pathways described or whether all of the wells studied were hydraulically fractured. Nor
is it generally possible to estimate the degree to which wells that were hydraulically fractured have
a significantly different number of redundant barriers to protect drinking water resources than
other production wells. However, given the applicability of well construction technology to address
the subsurface conditions encountered in hydraulic fracturing operations and production or
injection operations in general, the information presented here is considered relevant to the
assessment.

6.2.2.1 Pathways Related to Well Casing

High pressures associated with hydraulic fracturing operations can damage casing and lead to fluid
movement that can impact drinking water quality. As noted above, the casing string through which
hydraulic fracturing fluids are injected is subject to higher internal pressures during hydraulic
fracturing operations than during other phases in the life of a production well. To withstand the
stresses created by the high pressure of hydraulic fracturing, the well and its components must
have adequate strength and elasticity. If the casing is compromised or is otherwise not strong
enough to withstand these stresses (Figure 6-3), a casing failure can result. If undetected or not
repaired, casing failures can serve as pathways for hydraulic fracturing fluids to leak out of the
casing. Below we present data or information suggesting that pathways along the casing are
present or allowing fluid movement. See Chapter 10 for more information on factors that can
increase or decrease the frequency or severity of impacts to drinking water quality associated with
well construction.

Hydraulic fracturing fluids or fluids present within the well casing could flow into other zones in
the subsurface if there is a leak in the casing, and cement is inadequate or not present. As described
below, pathways for fluid movement associated with well casing can be related to the original
design or construction of the well, degradation of the casing over time, or problems that can arise
through extended use as the casing succumbs to stresses.

Casing failure can also occur if the wellbore passes through a structurally weak geologic zone that
shears and deforms the well casing. Such shearing is common when drilling through zones
containing salt (Renpu, 2011). The changes in the pressure field in the portions of the formation
near the wellbore during hydraulic fracturing can also cause mechanically weak formations to
shear, potentially damaging the well’s casing or cement. Palmer et al. (2005) demonstrated through
modeling that hydraulic fracturing within coal that had a low unconfined compressive strength
1 An

injection well is a well into which fluids are being injected (40 Code of Federal Regulations (CFR) 144.3).
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could cause shear failure of the coalbeds surrounding the wellbore. Shearing of the coalbed layers
can cause the casing to deform and potentially fail.

Corrosion in uncemented zones is the most common cause of casing failure. This can occur if
uncemented sections of the casing are exposed to corrosive substances such as brine or hydrogen
sulfide (Renpu, 2011). Corrosion commonly occurs at the collars that connect sections of casing or
where equipment is attached to the casing. Corrosion at collars can exacerbate problems with loose
or poorly designed connections, which are another common cause of casing leaks (Agbalagba et al.,
2013; Brufatto et al., 2003). Watson and Bachu (2009) found that 66% of all casing corrosion
occurred in uncemented well sections, as shown in Pathway 1 of Figure 6-4.

As noted above, the casing and cement work together to strengthen the well and provide zonal
isolation. Uncemented casing does not necessarily lead to fluid migration. However, migration can
occur if the casing in an uncemented zone fails during hydraulic fracturing operations.
Other mechanical integrity problems have been found to vary with the well environment,
particularly environments with high pressures and temperatures. Wells in high pressure/high
temperature environments, wells with thermal cycling, and wells in corrosive environments can
have life expectancies of less than 10 years (Agbalagba et al., 2013).

The depth of the surface casing relative to the base of the drinking water resource to be protected is
an important factor in protecting the drinking water resource. In a limited risk modeling study of
selected injection wells in the Williston Basin, Michie and Koch (1991) found the risk of aquifer
contamination from leaks from the inside of the well to the drinking water resource was seven in
1,000,000 injection wells if the surface casing was set deep enough to cover the drinking water
resource, and that the risk increased to six in 1,000 wells if the surface casing was not set deeper
than the bottom of the drinking water resource. An example where surface casing did not extend
below drinking water resources comes from an investigation of 14 selected drinking water wells
with alleged water quality problems in the Wind River and Fort Union formations near Pavillion,
Wyoming (WYOGCC, 2014b). The state found that the surface casing of oil and gas wells was
shallower than the depth of three of the 14 drinking water wells. Some of the oil and gas wells with
shallow surface casing had elevated gas pressures in their annuli (WYOGCC, 2014b). The presence
of gas in the annuli, combined with surface casing that is set above the lowest drinking water
resource, could allow migration of gas into drinking water resources.
Fleckenstein et al. (2015) found that the depth of surface casing and the presence of uncemented
gas zones are major factors in determining the likelihood of well failures and contamination. Their
study in the Wattenberg field in Colorado classified the wells in the field into seven categories
based on the depth of surface casing, the presence of cement, and the presence of intermediate gas
zones above the production zone (Table 6-1). The categories were arranged in order of risk, with
category 1 wells being at the highest risk of allowing fluid migration and category 7 wells being the
least likely to allow migration. The overall barrier failure rate was 2.4% of all wells, and the overall
catastrophic failure rate was 0.06% of all wells. A remediation effort was made in order to decrease
the likelihood of fluid migration, which included the plugging of 1,103 of the 17,948 wells studied.
All the wells shown in the table are vertical wells that were drilled between 1970 and 2013. Similar
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categories were created for the 973 horizontal wells in the field. No failures were recorded for any
of the horizontal wells.

Table 6-1. Failure rates of vertical wells in the Wattenberg field, Colorado.
From Fleckenstein et al. (2015).

Total wells

Wells with
barrier
failuresc

Wells with
catastrophic
failuresd

399

92 (23.06%)

3 (0.75%)

2 – Shallow surface casing and exposed under-pressured
intermediate gas zones

7,811

276 (3.53%)

6 (0.08%)

3 – Shallow surface casing but no exposed gas zones

3,407

20 (0.59%)

1 (0.03%)

4 – Shallow surface casing with production casing cemented
to bottom of surface casing

1,063

0 (0%)

0 (0%)

5 – Deep surface casing with production casing cement below
top of gas

1,374

13 (0.95%)

0 (0%)

6 – Deep surface casing with production casing cement above
top of gas

2,069

0 (0%)

0 (0%)

705

0 (0%)

0 (0%)

16,828

401 (2.4%)

10 (0.06%)

Category and descriptiona, b
1--Shallow surface casing and exposed (uncemented) overpressured intermediate gas zones

7 – Deep surface casing with production casing cement to
bottom of surface casing
Total
a

The study defined shallow surface casing as casing that did not extend below the Fox Hills Aquifer, a deep aquifer that had not
been identified and protected by the state prior to 1994.
b

Uncemented zones could be located along the intermediate or production casings.

c

Barrier failures were considered to have occurred when there were signs of a failure, but no contamination.

d

A catastrophic failure was considered to have occurred where there was contamination of drinking water aquifers (i.e., the
presence of thermogenic gas in a drinking water well) and evidence of a well defect such as exposed intermediate gas zone or
casing leaks.

Sherwood et al. (2016) examined complaint records in the same field. They reviewed 29 Colorado
Oil and Gas Commission complaint records associated with 32 incidents at 42 drinking water wells
in which thermogenic methane was detected. (See Text Box 6-3 for more information on
thermogenic and biogenic methane.) Of the 29 complaints, 10 were determined to be caused by oil
and gas wellbore failures, one was suspected of being a wellbore failure but not confirmed, three
were settled in court with documents being sealed, and the remaining 15 were unresolved. 1 If all 32
cases are assumed to be associated with an individual oil and gas well, that would result in a failure
rate of 0.06% of all oil and gas wells in the basin, the same failure rate as found in the Fleckenstein
et al. (2015) study. As in the Fleckenstein study, surface casing that was set too shallow and

1 This paper defined a wellbore failure as the failure of one or more barriers to fluid movement in the wellbore (e.g.,
cement, casing, etc.).
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uncemented intermediate zones were the main contributing factors to wellbore failure. All 11 of the
confirmed or suspected wellbore failures involved vertical wells that were drilled before 1933 and
had surface casing shallower than nearby aquifers. Of these wells, seven had been hydraulically
fractured. The study noted that the failure rate was fairly constant over time with about two new
cases per year since 2000 and that the rate had not changed since high rates of hydraulic fracturing
of horizontal wells became prevalent around 2010. This is consistent with the study’s finding of no
failures in horizontal wells.
During hydraulic fracturing operations in September of 2010 near Killdeer, in Dunn County, North
Dakota, the production, surface, and conductor casing of the Franchuk 44-20 SWH well ruptured,
causing fluids to spill to the surface (Jacob, 2011). The rupture occurred during the 5th of
23 planned stages of hydraulic fracturing when the pressure spiked to over 8,390 psi (58 MPa).
Ruptures were found in two locations along the production casing―one just below the surface and
one at about 55 ft (17 m) below ground surface. The surface casing ruptured in three places down
to a depth of 188 ft (57 m), and the conductor casing ruptured in one place. Despite a shutdown of
the pumps, the pressure was still sufficient to cause fluid to travel through the ruptured casings and
to flow to the surface. Ultimately, over 166,000 gal (628,000 L) of fluids and approximately
2,860 tons (2,595 metric tons) of contaminated soil were removed from the site (Jacob, 2011).
The EPA investigated the Killdeer site as part of its Retrospective Case Study in Killdeer, North
Dakota: Study of the Potential Impacts of Hydraulic Fracturing on Drinking Water Resources (U.S.
EPA, 2015i). As part of the study, water quality samples were collected from three domestic wells,
nine monitoring wells, two supply wells, one municipal well, and one state well in July 2011,
October 2011, and October 2012. Two study wells installed less than 60 ft (20 m) from the
production well (NDGW08 and NDGW07) had significant differences in water quality compared to
the remaining study wells. 1 These two wells showed differences in ion concentrations (e.g.,
chloride, calcium, magnesium, sodium, strontium) and tert-butyl alcohol (TBA). The sampling
identified brine contamination that was consistent with mixing of local groundwater with brine
from Madison Group formations, which the well had penetrated. The TBA was consistent with
degradation of tert-butyl hydroperoxide, a component of the hydraulic fracturing fluid used in the
Franchuk well. Based on the analysis of potential sources of contamination, the EPA determined
that the only potential sources of TBA were gasoline spills, leaky underground storage tanks, and
hydraulic fracturing fluids. However, the lack of MTBE and other signature compounds associated
with gasoline or fuels strongly suggests that the rupture (blowout) was the only source consistent
with findings of high brine and TBA concentrations in the two wells. 2 For additional information
about impacts at the Killdeer site, see Section 6.3.2.2.

1 Based on comparison with historical Killdeer aquifer water quality data, the remaining study wells were in general
consistent with historical background data; these wells were then used for the data analysis as background wells.
Comparisons of TBA between the study data and historical data could not be made since no historical data for TBA were
found for the Killdeer aquifer.
2

A well blowout is the uncontrolled flow of fluids out of a well.
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Inadequate casing or cement can respond poorly when blowout preventers activate. 1 When
blowout preventers are activated, they immediately stop the flow in the well, which can create a
sudden pressure increase in the well. If the casing or cement are not strong enough to withstand
the increased pressure when this occurs, well components can be damaged (The Royal Society and
the Royal Academy of Engineering, 2012) and the potential for fluid release and migration in the
subsurface increases. Blowouts can also occur during the production phase, and cause spills on the
surface that can affect drinking water resources; see Section 7.4.2.2.

While well construction and hydraulic fracturing techniques continue to change, the pressure- and
temperature-related stresses associated with hydraulic fracturing remain as factors that can affect
the integrity of the well casing. Tian et al. (2015) investigated one such case where temperature
effects led to casing damage in China. In the Changning-Weiyuan basin in China, 13 of 33 wells
(39.4%) suffered casing damage, with most of the wells experiencing the damage after fracturing.
The authors found that injection of the cooler hydraulic fracturing fluid led the casing temperature
to drop from the formation temperature of 212°F to 64°F (100°C to 18°C) in some cases. This drop
in temperature, in turn, caused pockets of high pressure fluid outside the casing to contract. If the
temperature dropped below 136°F (58°C), the effect was sufficient to form a vacuum outside the
casing, potentially leading to casing deformation. Areas of the casing with severe doglegs (i.e., bends
in the well) and where there was a smaller space between the casing and formation were more
prone to this type of damage. While the conditions in this Chinese basin may or may not represent
conditions in U.S. basins, they do demonstrate that temperature changes during hydraulic
fracturing can place additional stress on the well and highlight their importance as a consideration
in casing design. In the case mentioned, increasing the space around the casing, decreasing dogleg
angles, properly removing drilling mud, and using high strength, low elasticity cement were found
to improve performance.

Sugden et al. (2013) used numerical simulation to examine a similar problem using parameters
chosen to represent the Haynesville Shale. They found that injecting a fluid at 70°F (21°C) could
cool the wellbore temperature from 320°F to 96°F (160°C to 36°C). The temperature change was
90% complete within the first half hour of hydraulic fracturing operations. They also found that a
well with a 20 degree per 100 ft (31 m) dogleg decreased the pressure required to damage the well
casing by 850 psi (5.9 MPa). The study also reported that cooling of fluids in voids in the cement can
lead to contraction of the fluids. In low permeability shales, fluid cannot flow in fast enough to
compensate, and the pressure in the void can drop significantly. Sugden et al. (2013) report that
such cement voids can reduce the pressure needed to rupture the casing by 40%.
Emerging isotopic techniques can be used to identify the extent to which stray gas occurring in
drinking water resources is linked to casing failure. (See Text Box 6-3 for more information on stray
gas.) Darrah et al. (2014) used hydrocarbon and noble gas isotope data to investigate the source of
gas in eight identified “contamination clusters” that occurred in the Marcellus and Barnett shales.
Seven of these clusters were stripped of atmospheric gases (Argon-36 and Neon-20) and were
1A

blowout preventer (BOP) is casinghead equipment that prevents the uncontrolled flow of oil, gas, and mud from the
well by closing around the drill pipe or sealing the hole (Oil and Gas Mineral Services, 2010). BOPs are typically a
temporary component of the well, in place only during drilling and perhaps through hydraulic fracturing operations.
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enriched in crustal gases, indicating the gas migrated quickly from depth without equilibrating with
intervening formations. The rapid transport was interpreted to mean that the migration did not
occur along natural fractures or pathways, which would have allowed equilibration to take place.
Based on the isotopic results, the authors also ruled out the possibility that the gas was carried
upward (relative to the surface) as the geologic formation in which it formed was uplifted over
geologic time. Possible explanations for the rapid migration include transport up the well and
through a leaky casing (Pathway 1 in Figure 6-4) or along uncemented or poorly cemented
intervals from shallower depths (Pathways 2 through 5 in Figure 6-4). In four Marcellus Shale
clusters, gas found in drinking water wells had isotopic signatures and ratios of ethane to methane
that were consistent with those in the producing formation. The authors conclude that this suggests
that gas migrated along poorly constructed wells from the producing formation, likely with
improper, faulty, or failing production casings. In three clusters, the isotopic signatures and ethane
to methane ratios were consistent with formations overlying the Marcellus. The authors suggest
that this migration occurred from the shallower gas formations along uncemented or improperly
cemented wellbores. In another Marcellus cluster in the study, deep gas migration was linked to a
subsurface well, likely from a failed well packer.

Text Box 6-3. Stray Gas Migration.
Stray gas refers to the phenomenon of natural gas (primarily methane) migrating into shallow drinking water
resources, into water wells or other types of wells, to the surface, or to near-surface features (e.g., basements,
streams, or springs). The source of the migrating gas can be natural gas reservoirs (either conventional or
unconventional), or from coal mines, landfills, leaking gas wells, leaking gas pipelines, buried organic matter,
or natural microbial processes (Li and Carlson, 2014; Baldassare, 2011). Although methane is not a regulated
drinking water contaminant, its presence in drinking water resources can initiate chemical and biological
reactions that release or mobilize other contaminants. Over time, it can promote more reducing conditions in
groundwater, potentially leading to reductive dissolution of iron and manganese and the possible liberation
of naturally occurring contaminants, such as arsenic, that are potentially associated with iron and manganese
(U.S. EPA, 2014f). In addition, methane can accumulate to explosive levels in confined spaces (like basements
or cellars) if it exsolves (degases) from groundwater into those spaces. (See Section 9.5.5 for information
about the hazards associated with methane exposure.)
Detectable levels of dissolved natural gas exist in some aquifers, even in the absence of human activity
(Gorody, 2012). In northern Pennsylvania and New York, low levels of methane are frequently found in water
wells in baseline studies, prior to commercial oil or gas development (Christian et al., 2016; Kappel, 2013;
Kappel and Nystrom, 2012); for example, one USGS study detected methane in 80% of sampled wells in Pike
County, Pennsylvania (Senior, 2014). The origin of methane in groundwater can be either thermogenic
(produced by high temperatures and pressures in deeper formations, such as the gas found in the Marcellus
Shale) or biogenic (produced in shallower formations by bacterial activity in anaerobic conditions).
Gas occurrence is linked to local and regional geologic characteristics. In some cases, thermogenic methane
occurs naturally in shallow formations because the formation itself was uplifted (relative to the surface) over
geologic time. In other cases, it has migrated there via one or more pathways. For example, Brantley et al.
(2014) suggest that northern Pennsylvania’s glacial history can help explain why stray gas is more common
(Text Box 6-3 is continued on the following page.)
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Text Box 6-3 (continued). Stray Gas Migration.
there than in the southern part of the state. Christian et al. (2016), Mcphillips et al. (2014), Molofsky et al. (In
Press), and Wilson (2014) all identified correlations between the presence of methane in water wells and
certain geologic, hydrographic, and geochemical parameters, such as valley locations and the presence of coal
beds.
Stray gas migration can be a technically complex phenomenon to study, in part because there are many
potential sources and routes for migration. When a particular site lacks detailed monitoring data, especially
baseline measurements, determination of sources and migration routes is complicated and challenging.
Examining the concentrations and isotopic compositions of methane and higher molecular weight
hydrocarbons such as ethane and propane can aid in determining the source of stray gas (Tilley and
Muehlenbachs, 2012; Baldassare, 2011; Rowe and Muehlenbachs, 1999). Isotopic composition and
methane-to-ethane ratios can help determine whether the gas is thermogenic or biogenic in origin and
whether it is derived from shale or other formations (Gorody, 2012; Muehlenbachs et al., 2012; Barker and
Fritz, 1981). Isotopic analysis can also be used to identify the strata where the gas originated and provide
evidence for migration mechanisms (Darrah et al., 2014). For example, isotope-based techniques have been
used to investigate the potential sources of methane in drinking water wells in Dimock, Pennsylvania
(Hammond, 2016), and Jackson et al. (2013c) found evidence of potential Marcellus gas contamination in
some Pennsylvania drinking water wells using stable-isotopic ratios, while other wells in the area appeared
to be contaminated by shallower sources (not associated with gas production).

However, determining the source of methane does not necessarily establish the migration pathway. Multiple
researchers (e.g., Siegel et al., 2015; Jackson et al., 2013c; Molofsky et al., 2013; Révész et al., 2012; Osborn et
al., 2011) have described biogenic and/or thermogenic methane in groundwater supplies in Marcellus gas
production areas, although the sources and pathways of migration are generally unknown. Well casing and
cementing issues may be an important source of stray gas problems (Jackson et al., 2013c); however, other
potential subsurface pathways are also discussed in the literature. Zhang and Soeder (2016) suggested that
air-drilling practices used to construct the vertical component of gas wells can affect methane migration by
creating groundwater surges in the shallow subsurface. The type of well may also play a role; in one study,
deviated gas wells in Canada were three to four times more likely than vertical wells to have evidence of gas
migration to the surface (Jackson et al., 2013b).

In the absence of data on specific pathways, some researchers have investigated geographic correlations.
Jackson et al. (2013c) and Osborn et al. (2011) found that thermogenic methane concentrations in well water
increased with proximity to Marcellus Shale production sites. In contrast, Molofsky et al. (2013) found the
presence of gas to be more closely correlated with topography and elevation, and (Siegel et al., 2015)found no
correlation between methane in groundwater and proximity to production wells. Kresse et al. (2012)
investigated methane concentration and isotopic geochemistry in shallow groundwater in the Fayetteville
Shale area, and found no evidence that the water had been influenced by shale gas activities. Similarly, Li and
Carlson (2014), while not ruling out potential leakage pathways from deeper reservoirs, found no systematic
correlation between increasing well drilling density in the Wattenberg Field in Colorado and near-surface
stray gas concentrations.
EPA conducted retrospective case studies to investigate stray gas in northeastern Pennsylvania and the Raton
Basin of Colorado. As described in the northeastern Pennsylvania case study report, Retrospective Case Study
in Northeastern Pennsylvania: Study of the Potential Impacts of Hydraulic Fracturing on Drinking Water
Resources (U.S. EPA, 2014f), 27 of 36 drinking water wells within the study area (75%) contained elevated
methane concentrations. For some of the wells, the EPA concluded that the methane (of both thermogenic
and biogenic origin) was naturally occurring gas, not attributable to gas exploration activities. In others, it
(Text Box 6-3 is continued on the following page.)
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Text Box 6-3 (continued). Stray Gas Migration.
appeared that methane had entered the water wells following well drilling and hydraulic fracturing. In most
cases, the methane in the wells likely originated from intermediate formations between the production zone
and the surface; however, in some cases, the methane appears to have originated from deeper layers such as
those where the Marcellus Shale is found (U.S. EPA, 2014f). The Raton Basin case study examined the Little
Creek Field, where potentially explosive quantities of methane entered drinking water wells in 2007. As
described in the EPA’s Retrospective Case Study in the Raton Basin, Colorado: Study of the Potential Impacts of
Hydraulic Fracturing on Drinking Water Resources (U.S. EPA, 2015k), the methane was found to be primarily
thermogenic in origin, modified by biologic oxidation (U.S. EPA, 2015k). Secondary biogeochemical changes
related to the migration and reaction of methane within the shallow drinking water aquifer were reflected in
the characteristics of the Little Creek Field groundwater (U.S. EPA, 2015k).

The sources of methane in the two studies could be determined with varying degrees of certainty. Narrowly
identifying the most likely pathway(s) of migration has been more difficult. In northeastern Pennsylvania,
while the sources could not be definitively determined, the Marcellus Shale could not be excluded as a
potential source in some wells based on isotopic signatures, methane-to-ethane ratios, and isotope reversal
properties (U.S. EPA, 2014f). The Pennsylvania Department of Environmental Protection (PA DEP) cited at
least two operators for failure to prevent gas migration at wells within the study area. Evidence cited by the
state included isotopic comparison of gas samples from drinking water wells, water bodies, and gas wells;
inadequate cement jobs; and sustained casing pressure (although, under Pennsylvania law, oil or gas
operators can be cited if they cannot disprove the contamination was caused by their well using pre-drilling
samples) (Llewellyn et al., 2015). A separate study (Ingraffea et al., 2014) showed that wells in this area had
higher incidences of mechanical integrity problems relative to wells in other parts of Pennsylvania. While the
study did not definitively show that stray gas was linked to construction problems, it does imply that there
may be more difficulties in constructing wells in this area. In the Little Creek Field in the Raton Basin, the
source of methane was identified as the Vermejo coalbeds. While the nature of the migration pathway is
unknown, modeling suggests that it could have occurred along natural rock features in the area and/or along
a gas production well (U.S. EPA, 2015k). Because the production wells were shut in shortly after the incident
began, the wells could not be inspected to determine whether a mechanical integrity failure in the wellbore
was a likely cause of the migration. 1

These two case studies illustrate the considerations involved with understanding stray gas migration and the
difficulty in determining sources and migration pathways. To more conclusively determine sources and
migration pathways, studies in which data are collected on mechanical integrity and hydrocarbon gas (e.g.,
methane, ethane) concentrations both before and after hydraulic fracturing operations, in addition to the
types of data summarized above, would be needed.

In the Wattenberg Field in Colorado, Li et al. (2016a) investigated the concentration of various ions
in water from an uncontaminated aquifer, an aquifer containing thermogenic methane, and
produced water from oil and gas wells to understand the transport of aqueous- and gas-phase
fluids at the site. The results indicated that the methane that was contaminating water wells was
not transported with aqueous phase fluids; the authors suggested that this can provide evidence for
migration mechanisms, because certain pathways (e.g., migration from improperly sealed well
Shutting in a well refers to sealing off a well by either closing the valves at the wellhead, a downhole safety valve, or a
blowout preventer.

1
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casings) could potentially result in gas-phase but not aqueous-phase migration. See Text Box 6-4 for
another example of an investigation into the occurrence of stray gas in drinking water wells.

Text Box 6-4. Parker County, Texas.
Peer-reviewed studies have been conducted within the Barnett Shale area, which includes Parker County,
Texas. These include sampling studies of private water well composition, noble gas content, and isotopic
signatures of natural gases, as well as analysis of existing water sample data. Disagreement exists about the
origin of the increased natural gas in private well water.

One suggested possibility is that production casing annuli could serve as a migration pathway for natural gas
from formations located between the Barnett and the Trinity to reach overlying intervals (including the
Trinity aquifer) (Darrah et al., 2014). However, using measurements of hydrocarbon and noble gas isotopes,
Wen et al. (2016) suggests the source of methane in the Trinity aquifer water wells is directly from the
underlying Strawn Formation and not from pathways associated with the gas production wells although the
timing of methane entry into the Strawn is not known.

6.2.2.2 Pathways Related to Cement

Fluid movement can result from inadequate well design or construction (e.g., cement loss or other
problems that arise in cementing of wells) or degradation of the cement over time (e.g., corrosion
or the formation of microannuli), which may, if undetected and not repaired, cause the cement to
succumb to the stresses exerted during hydraulic fracturing. 1 The well cement must be able to
withstand the subsurface conditions and the stresses encountered during hydraulic fracturing
operations. This section presents data and information that can help indicate that pathways within
the cement are present or allowing fluid movement.

Uncemented zones can allow fluids or brines to move into drinking water resources. If a fluidcontaining zone is left uncemented, the open annulus between the formation and casing can act as a
pathway for migration of that fluid. Fluids can enter the wellbore along any uncemented section of
the wellbore if a sufficient pressure gradient is present. Once the fluids have entered the wellbore,
they can travel up along the entire uncemented length of the wellbore as shown in Pathway 2 of
Figure 6-4.

As mentioned in Section 6.2.2.1, Fleckenstein et al. (2015) found uncemented gas zones to be a
significant factor in barrier failures in wells in the Wattenberg basin in Colorado. A report on the
Pavillion field by AME (2016) identified a similar set of risk factors for fluid migration including:
uncemented production casing, shallow surface casing, and the presence of both an intermediate
pressurized gas zone and a permeable groundwater zone encountered in the same production
wellbore.

Because of their low density and buoyancy, gaseous fluids such as methane will migrate up the
wellbore if an uncemented wellbore is exposed to a gas-containing formation. Gas may then be able
1 Microannuli are very small openings that form between the cement and its surroundings and that may serve as
pathways for fluid migration to drinking water resources.
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to enter other formations (including drinking water resources) if the wellbore is uncemented and
the pressure in the annulus is sufficient to force fluid into the surrounding formation (Watson and
Bachu, 2009; Harrison, 1985). The rate at which the gas can move will depend on the difference in
pressure between the annulus and the formation (Wojtanowicz, 2008). See Chapter 10 for a
discussion of practices, such as well testing, that can decrease the frequency of such gas migration
that could impact drinking water quality.

In several cases, poor or failed cement has been linked to stray gas migration (Text Box 6-3). A
Canadian study found that uncemented portions of casing were the most significant contributors to
gas migration (Watson and Bachu, 2009). The same study also found that 57% of all casing leaks
occurred in uncemented segments. In the study by Darrah et al. (2014) (Section 6.2.2.1), using
isotopic data, four clusters of gas contamination were linked to poor cementing. In three clusters in
the Marcellus and one in the Barnett, gas found in drinking water wells had isotopic signatures
consistent with intermediate formations overlying the producing zone. This suggests that gas
migrated from the intermediate units along the well annulus, along uncemented portions of the
wellbore, or through channels or microannuli.

Cementing of the surface casing is the primary aspect of well construction intended to protect
drinking water resources. Most states require the surface casing to be set and cemented from the
level of the lowermost drinking water resource to the surface (GWPC, 2014). Most wells—including
those used in hydraulic fracturing operations—have such cementing in place. Among the wells
represented in the Well File Review, surface casing was found to be fully cemented in 93% of wells.
Of these, an estimated 55% of wells (12,600 wells) were cemented to below the operator-reported
protected groundwater resource; in an additional 28% of wells (6,400 wells), the operatorreported protected groundwater resources were fully covered by the next cemented casing
string. 1,2,3 A portion of the annular space between the casing and the operator-reported protected
groundwater resources was uncemented in at least 3% of wells (600 wells) (U.S. EPA, 2015n). 4
Improper placement of cement can lead to defects in external mechanical integrity. For example, an
improper cement job can be the result of loss of cement during placement into a formation with
1 In the Well File Review, protected groundwater resources were as reported by well operators. For most wells
represented in the Well File Review, protected groundwater resources were identified based on state or federal
authorization documents. Other data sources used by well operators included aquifer maps, data from offset production
wells, open hole log interpretations by operators, operator experience, online databases, and references to a general
requirement by the oil and gas agency.

2 The research that the EPA reviewed used various terms to describe subsurface water resources that are
used/potentially used for drinking water. Where another term is relevant to describing the author’s research, we use that
term; for the purpose of this assessment, all of these terms are considered to fall within the assessment’s definition of
“drinking water resources.” See Chapter 2 for additional information on the definition of a drinking water resource.
3 6,400
4 600

wells (95% confidence interval: 500 – 12,300 wells).

wells (95% confidence interval: 10 – 1,800 wells). The well files representing an estimated 8% of wells in the Well
File Review did not have sufficient data to determine whether the operator-reported protected groundwater resource
was uncemented or cemented. In these cases, there was ambiguity either in the depth of the base or the top of the
operator-reported protected groundwater resource. An additional 6% of wells represented had surface casing set below
the reported protected groundwater resource depth, but because the protected groundwater depth was based on a
nearby water well depth, the true base of the protected groundwater resource may be deeper, leaving uncertainty as to
whether the surface casing in these wells is set deeper than the base of the protected groundwater resource.
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high porosity or fractures, causing a lack of adequate cement across a water- or brine-bearing zone.
Additionally, failure to use cement that is compatible with the anticipated subsurface conditions,
failure to remove drilling fluids from the wellbore, and improper centralization of the casing in the
wellbore can all lead to the formation of channels (i.e., small connected voids) in the cement during
the cementing process (McDaniel et al., 2014; Sabins, 1990). If the channels are small and isolated,
they may not lead to fluid migration. However, if they are long and connected, extending across
multiple formations, or connecting to other existing channels or fractures, they can present a
pathway for fluid migration. Figure 6-4 shows a variety of pathways for fluid migration that are
possible from failed cement jobs.

One example of how hydraulic fracturing of a well with insufficient and improperly placed cement
led to contamination occurred in Bainbridge Township, Ohio. This incident was well studied by the
Ohio Department of Natural Resources (ODNR, 2008) and by an expert panel (Bair et al., 2010). The
level of detail available for this case is not typically found in studies of such events but was collected
because of the severity of the impacts and the resulting legal action. The English #1 well was drilled
to a depth of 3,900 ft (1,200 m) below ground surface (bgs) in October 2007 with the producing
formation located between 3,600 and 3,900 ft (1,100 and 1,200 m) bgs. Overlying the producing
formation were several uneconomic formations containing over-pressured gas (i.e., gas at
pressures higher than the hydrostatic pressure exerted by the fluids within the well).1 The original
cement design required the cement to be placed 700 – 800 ft (210 – 240 m) above the producing
formation to seal off these areas. During cementing, however, both the spacer fluid and cement
were lost in the subsurface, and the cement did not reach the intended height. 2 Despite the lack of
sufficient cement, the operator proceeded with hydraulic fracturing.

During the hydraulic fracturing operation in November 2007, about 840 gal (3,200 L) of fluid
flowed up the annulus and out of the well. When the fluid began flowing out of the annulus, the
operator immediately ceased operations and shut in the well; this caused the pressure in the
wellbore to increase. About a month later, there was an explosion in a nearby house where methane
had entered from an abandoned and unplugged drinking water well connected to the cellar (Bair et
al., 2010). In addition to the explosion, the over-pressured gas entering the aquifer resulted in the
contamination of 26 private drinking water wells with methane. The wells, some of which had
histories of elevated methane prior to the incident, were taken off-line. By 2010, all of the well
owners had been connected to a public water supply (Tomastik and Bair, 2010).
Contamination at the Bainbridge Township site was the result of inadequate cement. The ODNR
determined that failure to cement the over-pressured gas formations, proceeding with the
hydraulic fracturing operation without adequate cement, and the extended period during which the
well was shut in all contributed to the contamination of the aquifer with stray gas (ODNR, 2008).
Cement logs found the cement top was at 3,640 ft (1,110 m) bgs, leaving the uneconomic gasproducing formations and a portion of the production zone uncemented. The surface casing was
253 ft (77 m) deep and cemented to the surface. Hydraulic fracturing fluids flowing out of the
1 Hydrostatic

pressure is the pressure exerted by a column of fluid at a given depth. Here, it refers to the pressure exerted
by a column of drilling mud or cement on the formation at a particular depth.

2 Spacer

fluid is a fluid pumped before the cement to clean drilling mud out of the wellbore.
6-28

Chapter 6 – Well Injection

annulus provided an indication that hydraulic fracturing had created a path from the producing
formation to the well annulus in addition to the uncemented gas zones. Because the well was shut
in, the pressure in the annulus could not be relieved, and the gas eventually traveled through
natural fractures surrounding the wellbore into local drinking water aquifers (during the time the
well was shut in, natural gas seeped into the well annulus and pressure built up from an initial
pressure of 90 psi (0.6 MPa) to 360 psi (2.5 MPa)). From the aquifer, the gas moved into drinking
water wells and from one of those wells into a cellar, resulting in the explosive accumulation of gas.

The Well File Review found that 3% of all hydraulic fracturing jobs (800 jobs) reported a
mechanical integrity failure that allowed fluid to enter an annular space (U.S. EPA, 2016c).1 The
mechanical integrity failures generally resulted in hydraulic fracturing fluid entering the annular
space between the casing and formation or between two casings, and were generally noted by
increases in annular pressure or fluid bubbling to the surface. Other possible mechanisms for the
failures include casing leaks, cement failure, and fractures extending above the height of the
cement. (See Section 6.3.2.2 for additional information on fracture overgrowth.) While failures
were noted, these do not necessarily indicate there was movement of fluid into a drinking water
resource. In most cases, when problems occurred, the hydraulic fracturing operation was stopped
and operators addressed the cause of the failure before hydraulic fracturing operations resumed;
however, in 0.5% of the hydraulic fracturing jobs (100 jobs) with identified failures, there was no
additional barrier between the annular space with fluid and protected drinking water resources. 2
While it could not definitively be determined whether fluid movement into the protected drinking
water resource occurred, in these cases, all of the protective barriers intended to prevent such fluid
migration failed, leaving the groundwater resource vulnerable to contamination.
While limited literature is available on construction (including cementing) flaws in hydraulically
fractured wells, several studies have examined construction flaws in oil and gas wells in general.
One study that examined reported drinking water contamination incidents in Texas identified 10
incidents related to drilling and construction activities among 250,000 oil and gas wells (Kell,
2011). The study noted that many of the contamination incidents were associated with wells that
were constructed before Texas revised its regulations on cementing in 1969 (it is not clear how old
the wells were at the time the contamination occurred). Because this study relied on reported
incidents, it is possible that other wells exhibited mechanical integrity issues but did not result in
contamination of a drinking water well or were not reported. Therefore, this should be considered
a low-end estimate of the number of mechanical integrity issues that could be tied directly to
drilling and construction activities. It is important to note that the 10 contamination incidents
identified were not associated with wells that were hydraulically fractured (Kell, 2011).
Several investigators have studied violations information from the PA DEP online violation
database to evaluate the rates of and possible factors contributing to mechanical integrity
problems, including those related to cement. The results of these studies are summarized in Table
6-2.
1 800
2

jobs (95% confidence interval: 10 – 1,700 jobs).

100 jobs (95% confidence interval: 10 – 300 jobs).
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Table 6-2. Results of studies of PA DEP violation data that examined mechanical integrity
failure rates.
Study

Violations
investigated

Violations resulting
Considine et al.
in environmental
(2012)
damage

Wells
studied

3,533

Data
timeframe Key findingsa

2008−2011

Of 845 environmental damage incidents
(which resulted in 1,144 violations),
approximately 10% were related to casing
or cement problems. The overall violation
rate dropped from 52.9% of all wells in
2008 to 20.8% of all wells in 2011.

2005−2013

Approximately 5% of wells received this
type of violation. The incident rate
increased to 6.3% when failures noted on
forms, but not resulting in violations, were
included.

Davies et al.
(2014)

Failure of one of the
barriers preventing
fluid migration

Ingraffea et al.
(2014)

Violations and
inspection records
indicating structural
integrity loss

3,391

2000−2012

Wells in unconventional reservoirs
experienced a rate of structural integrity
loss of 6.2%, while the rate for
conventional wells was 1%.

Vidic et al.
(2013)

Construction
violations related to
casing or cement

6,466

2008−2013

Approximately 3.4% of wells received this
type of violation.

2,001

2008−2010

Analysis of 2,601 violations from 65
operators based on weighted risks found
that potentially risky violations increased
342% over the study period, while total
violations increased 110%.

7,234

Over the period studied, a total of 3.4% of
well operators received violations for
construction issues. Violations in any given
2005 – 2013
year ranged from 0.6% to 10.8%. Also,
0.24% of wells were cited for methane
migration.

Olawoyin et al.
(2013)

Brantley et al.
(2014)

All violations

Violations related
to well construction
issues

8,030

a While

all of these studies used the same database, their results vary because they studied different timeframes and used
different definitions of what violations constituted a mechanical integrity problem or failure.

Because a significant portion of Pennsylvania’s recent oil and gas activity is in the Marcellus Shale,
many of the wells in these studies were most likely used for hydraulic fracturing. For example,
Ingraffea et al. (2014) found that approximately 16% of the oil and gas wells drilled in the state
between 2000 and 2012 were completed in unconventional reservoirs, and nearly all of these wells
were used for hydraulic fracturing. Wells drilled in unconventional reservoirs experienced higher
rates of structural integrity loss, as defined by the authors, than conventional wells drilled during
the same time period (Ingraffea et al., 2014). The authors did not compare rates of structural
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integrity loss in conventional wells that were and were not hydraulically fractured; they assumed
that unconventional wells were hydraulically fractured and conventional wells were not.

Violation rates resulting in environmental damage among all Pennsylvania wells dropped from
52.9% in 2008 to 20.8% in 2011 (Considine et al., 2012), and the drop may be due to a number of
factors. Violations related to failure of cement or other well components represented a minority of
all well violations (i.e., among wells that were and were not hydraulically fractured). Of 845 events
that caused environmental damage, including but not limited to contamination of drinking water
resources, Considine et al. (2012) found that about 10% (85 events) were related to casing and
cement problems. The rest of the incidents were related to site restoration and spills; the violations
noted are confined to those incidents that caused environmental damage (i.e., the analysis excluded
construction flaws that did not have adverse environmental effects). In addition, two wells (0.06%)
were found to have contributed to methane migration into drinking water. Ingraffea et al. (2014)
identified a significant increase in mechanical integrity problems such as casing leaks, sustained
casing pressure, and insufficient cement from 2009 to 2011, rising from 5% to 6% of all newly
drilled oil and gas wells, followed by a decrease beginning in 2012 to about 2% of all wells, a
reduction of approximately 100 violations among 3,000 wells from 2011 to 2012. The rise in
mechanical integrity problems between 2009 and 2011 coincided with an increase in the number of
wells in unconventional reservoirs.

While all of the studies shown in the table used the same database, their results vary, not only
because of the different timeframes studied, but also because they used different definitions of what
violations constituted a mechanical integrity problem or failure. For example, Considine et al.
(2012) considered all events resulting in environmental damage—including effects such as
erosion—and found a relatively high violation rate. Davies et al. (2014) and Ingraffea et al. (2014)
investigated violations related to mechanical integrity, while Vidic et al. (2013) looked only at
mechanical integrity violations resulting in fluid migration out of the wellbore; these more specific
studies found relatively lower violation rates. Olawoyin et al. (2013) performed a statistical
analysis that weighted violations based on risk and found that the most risky violations included
those involving pits, erosion, waste disposal, and blowout preventers.
Another source of information on contamination caused by wells is positive determination letters
(PDLs) issued by the PA DEP. PDLs are issued in response to a complaint when the state determines
that contamination did occur in proximity to oil and gas activities. The PDLs take into account the
impact, timing, mechanical integrity, and formation permeability; liability is presumed for wells
within a given distance if the oil and gas operator cannot refute that they caused the contamination,
based on pre-drilling sampling (Brantley et al., 2014). 1 Brantley et al. (2014) examined these PDLs,
and concluded that, between 2008 and 2012, the water supplies of approximately seven properties
were impacted; depending on the assumptions used to determine how many unconventional gas
wells affected a single property; this equates to a rate of 0.12 to 1.1% of the 6,061 wells begun in
that timeframe. While these oil and gas wells were linked to contamination of wells and springs, the
1 Under Pennsylvania’s Oil and Gas Act, operators of oil or gas wells are presumed liable if water supplies within 1,000 ft
(305 m) were impacted within 6 months of drilling, unless the claim is rebutted by the operator; this was expanded to
2,500 ft (762 m) and 12 months in 2012.
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mechanisms for the impacts (including whether fluids may have been spilled at the surface or if
there was a pathway through the well or through the subsurface rock formation to the drinking
water resource) were not described by Brantley et al. (2014).

While the studies discussed above present possible explanations for higher violation incidences in
unconventional wells that are likely to be hydraulically fractured, it should be noted that other
explanations not specific to hydraulic fracturing are also possible. These could include different
inspection protocols and different formation types.

Cementing in horizontal wells, which are commonly hydraulically fractured, presents challenges
that can contribute to higher rates of mechanical integrity issues. The observation by Ingraffea et al.
(2014) that wells drilled in unconventional reservoirs (which are horizontal in Pennsylvania)
experience higher rates of structural integrity loss than conventional wells is supported by
conclusions of Sabins (1990), who noted that horizontal wells have more cementing problems
because they are more difficult to center properly and can be subject to settling of solids on the
bottom of the wellbore. Cementing in horizontal wells presents challenges that can contribute to
higher rates of mechanical integrity issues.
Thermal and cyclic stresses caused by intermittent operation also can stress cement (King and
King, 2013; Ali et al., 2009). Increased pressures and cyclic stresses associated with hydraulic
fracturing operations can contribute to cement integrity losses and, if undetected, small mechanical
integrity problems can lead to larger ones. Temperature differences between the (typically
warmer) subsurface environment and the (typically cooler) injected fluids, followed by contact
with the (typically warmer) produced water, can lead to contraction of the well materials (both
casing and cement), which introduces additional stresses. Similar temperature changes may occur
when multiple fracturing stages are performed. Because the casing and cement have different
mechanical properties, they may respond differently to these stress cycles and debond.

Several studies illustrate the effects of cyclic stresses. Dusseault et al. (2000) indicate that wells that
have undergone several cycles of thermal or pressure changes will almost always show some
debonding between cement and casing. Another laboratory study by De Andrade et al. (2015) found
that cycling temperatures between 61°F and 151°F (16°C and 66°C) at 35 bar pressure (2.5 MPa)
led to the formation of cracks in cement across both shale and sandstone formations. Cement
damage was more significant in sandstone formations and worsened with each thermal cycle. A
similar study by Roy et al. (2016) at ambient pressure did not find any cracks larger than 200
microns with temperature fluctuation between -40°F and 158°F (-40°C and 70°C), although
numerical modeling of the same scenario predicted that cracks up to 1 to 10 microns would form,
which would not have been detected by the methods used. Microannuli formed by this debonding
can serve as pathways for gas migration, in particular because the lighter density of gas provides a
larger driving force for migration through the microannuli than for heavier liquids. 1 One laboratory
study indicated that microannuli on the order of 0.01 in (0.25 mm) could increase effective cement
permeability from 1 nD (1 × 10−21 m2) in good quality cement up to 1 mD (1 × 10−15 m2) (Bachu and
Bennion, 2009). This six-order magnitude increase in permeability shows that even small
1 Microannuli

can also form due to an inadequate cement job, e.g., poor mud removal or improper cement placement rate.
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microannuli can significantly increase the potential for flow through the cement. Typically, these
microannuli form at the interface between the casing and cement or between the cement and
formation. Debonding and formation of microannuli can occur through intermittent operation,
pressure tests, and workover operations (Dusseault et al., 2000). 1 While a small area of debonding
may not lead to fluid migration, the microannuli in the cement resulting from the debonding can
serve as initiation points for fracture propagation if re-pressurized gas enters the microannulus
(Dusseault et al., 2000).

A number of modeling studies have indicated that fractures can propagate upwards from existing
defects in cement or areas with poorer bonding (Kim et al., 2016; Roy et al., 2016; De Andrade et al.,
2015). Feng et al. (2015) showed that fractures in cement tended to propagate upwards along the
wellbore instead of radially. Modeling studies have also shown that cements with lower Young’s
modulus tend to propagate fractures more slowly than stiffer cements (Kim et al., 2016; Feng et al.,
2015). 2
The Council of Canadian Academies (2014) found that the repetitive pressure surges occurring
during the hydraulic fracturing process would make maintaining an intact cement seal more of a
challenge in these wells. Wang and Dahi Taleghani (2014) performed a modeling study, which
concluded that hydraulic fracturing pressures could initiate annular cracks in cement. Another
study of well data indicated that cement failure rates are higher in intermediate casings compared
to other casings (McDaniel et al., 2014). The failures occurred after drilling and completion of wells,
and the authors surmised that the cement failures were most likely due to cyclic pressure stresses
caused by drilling. Theoretically, similar cyclic pressure events could also be experienced in the
production casing during multiple stages of hydraulic fracturing. Mechanical stresses associated
with well operation or workovers and pressure tests also may lead to small cracks in the cement,
which may provide migration pathways for fluid.

Corrosion can lead to cement failure. Cement can fail to maintain integrity as a result of degradation
of the cement after the cement is set. Cement degradation can result from attack by corrosive brines
or chemicals such as sulfates, sulfides, and carbon dioxide that exist in formation fluids (Renpu,
2011). These chemicals can alter the chemical structure of the cement, resulting in increased
permeability or reduced strength and leading to loss of cement integrity over time. Additives or
specialty cements exist that can decrease cement susceptibility to specific chemicals.

6.2.2.3 Well Age

Hydraulic fracturing within older (legacy) wells has the potential to impact drinking water
resources, either due to inadequate design and construction or degradation of the well components
over time that afford pathways for the unintended migration of fluids. While new wells can be
specifically designed to withstand the stresses associated with hydraulic fracturing operations,
1 A workover refers to any maintenance activity performed on a well that involves ceasing operations and removing the
wellhead. Depending on the purpose of the workover and the tools used, workovers may induce pressure changes in the
well.
2 Young’s

modulus, a ratio of stress to strain, is a measure of the rigidity of a material.
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older wells, which are sometimes used in hydraulic fracturing operations, may not have been
designed to the same specifications, and their reuse for this purpose could be a concern.

Aging and extended use of a well contribute to casing corrosion and degradation, and the potential
for fluid migration related to compromised casing tends to be higher in older wells. For example,
exposure to corrosive chemicals such as hydrogen sulfide, carbonic acid, and brines can accelerate
corrosion (Renpu, 2011). Ajani and Kelkar (2012) studied wells in Oklahoma and found a
correlation between well age and mechanical integrity issues. Specifically, in wells spaced between
1,000 and 2,000 ft (300 and 600 m) from a well being fractured, the likelihood of impact on the well
(defined in the study as a loss of gas production or increase in water production) rose from
approximately 20% to 60% as the well’s age increased from 200 days to over 600 days. Age was
also found to be a factor in mechanical integrity problems in a study of wells drilled offshore in the
Gulf of Mexico (Brufatto et al., 2003).

The Well File Review (U.S. EPA, 2016c, 2015n) provides evidence that fracturing does occur in
older wells, including re-entering existing wells to fracture them for the first time or re-fracturing
in wells that have been previously fractured. The Well File Review found that the median age of
wells being initially fractured was 45 days, with well ages at time of fracturing ranging from 8 days
to nearly 51 years. While 64% of the wells studied in the Well File Review were fractured within 6
months of the well spud date, the median age for wells being re-fractured was 6 years. 1,2 An
estimated 11% of fracture jobs studied in the Well File Review were re-completions in a different
zone than the original fracture job and 8% were re-fractures in the same zone as the original
fracture job. 3,4

The Well File Review also found that well component failures appeared to occur more frequently in
older wells that were being re-completed or re-fractured. 5 The failure rate in hydraulic fracturing
jobs involving re-completions and re-fractures was 6%, compared to 2% for hydraulic fracturing
jobs in wells that had not been previously fractured. 6,7 While the confidence levels overlap, there is
an indication that re-fractured and re-completed wells are more likely to suffer a failure of one or
more components during hydraulic fracturing operations.

Frac strings, which are specialized pieces of casing inserted inside the production casing, can be
used to protect older casing during fracturing. However, the effect of hydraulic fracturing on the
cement on the production casing in older wells is unknown. One study on re-fracturing of wells
noted that the mechanical integrity of the well was a key factor in determining the success or failure
of the fracture treatment (Vincent, 2011). The Well File Review (U.S. EPA, 2016c) found that

1 Spudding refers to starting the well drilling process by removing rock, dirt, and other sedimentary material with the drill
bit.
2 64%
3

4 8%
5
6
7

of wells (95% confidence interval: 48 – 77% of wells).

11% of jobs (95% confidence interval: 5 – 23% of jobs).
of jobs (95% confidence interval: 5 – 12% of jobs).

The Well File Review defines a failure as a defect in a well component that allows fluid to flow into an annular space.
6% failure rate (95% confidence interval: 2 – 19% failure rate).
2% failure rate (95% confidence interval: 0.5 – 8% failure rate).
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failures occurred more frequently in completions using frac strings, with failures occurring 20% of
the time, compared to failures occurring 0.9% of the time when a frac string was not used. 1,2

Note that there are also potential issues related to where these older wells are sited. For example,
some wells could be in areas with naturally occurring subsurface faults or fractures that could not
be detected or fully characterized with the technologies available at the time of construction. It is
also possible that, in areas of historic petroleum exploration, old abandoned wells can be present
which may have been improperly plugged or have degraded over time. 3 These wells could serve as
pathways for fluid migration if they are located within the fracture network of the well; see Section
6.3.2.

6.2.2.4 Sustained Casing Pressure

Sustained casing pressure illustrates how the issues related to casing and cement discussed in the
preceding sections can work together and be difficult to differentiate. 4 It is an indicator that
pathways within the well related to the well’s casing, cement, or both allowed fluid movement to
occur. Sustained casing pressure can result from casing leaks, uncemented intervals, microannuli,
or some combination of the three, which can be an indication that a well has lost mechanical
integrity. Sustained casing pressure can be observed when an annulus (either the annulus between
the tubing and production casing or between any two casings) is exposed to a source of nearly
continuous elevated pressure. Goodwin and Crook (1992) found that sudden increases in sustained
casing pressure occurred in wells that were exposed to high temperatures and pressures.
Subsequent logging of these wells showed that the high temperatures and pressures led to shearing
of the cement/casing interface and a total loss of the cement bond. Aly et al. (2015) demonstrated
methods using a combination of chemical analysis, isotopic analysis, well logs, and drilling records
to identify the most likely source of fluids causing sustained casing pressure.

Sustained casing pressure occurs more frequently in older wells and horizontal or deviated wells.
One study found that sustained casing pressure becomes a greater concern as a well ages. Sustained
casing pressure was found in less than 10% of wells that were less than a year old, but was present
in up to 50% of 15-year-old wells (Brufatto et al., 2003). While these wells may not have been
hydraulically fractured, the study demonstrates that older wells can exhibit more mechanical
integrity problems. Fleckenstein et al. (2015) also found that older wells exhibited more barrier
failures, including sustained casing pressure. They reported that 3.53% of the wells in the study
with under-pressured intermediate gas zones developed sustained casing pressure, although it is
likely the sustained casing pressure was due to poor well design (i.e., under older standards) rather
1
2

20% failure rate (95% confidence interval: 10 – 36% failure rate).

0.9% failure rate (95% confidence interval: 0.8 – 1.0% failure rate).

3 An

abandoned well refers to a well that is no longer being used, either because it is not economically producing or it
cannot be used because of its poor condition.

4 Sustained casing pressure is pressure in any well annulus that is measurable at the wellhead and rebuilds after it is bled
down, not caused solely by temperature fluctuations or imposed by the operator (Skjerven et al., 2011). If the pressure is
relieved by venting natural gas from the annulus to the atmosphere, it will build up again once the annulus is closed (i.e.,
the pressure is sustained). The return of pressure indicates that there is a small leak in a casing or through uncemented or
poorly cemented intervals that exposes the annulus to a pressured source of gas. It is possible to have pressure in more
than one of the annuli.
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than well age. Watson and Bachu (2009) found that a higher portion of deviated wells had
sustained casing pressure compared to vertical wells. Increased pressures and cyclic stresses (Syed
and Cutler, 2010) during hydraulic fracturing and difficulty in cementing horizontal wells (Sabins,
1990) also can lead to increased instances of sustained casing pressure (Muehlenbachs et al., 2012;
Rowe and Muehlenbachs, 1999).

Sustained casing pressure can be a concern for several reasons. If the pressures are allowed to build
up to above the burst pressure of the exterior casing or the collapse pressure of the interior casing,
the casing may fail. Increased pressure can also cause gas or liquid to enter lower-pressured
formations that are exposed to the annulus either through leaks or uncemented sections.
Laboratory experiments by Harrison (1985) demonstrated that over-pressurized gas in the annulus
could cause rapid movement of gas into drinking water resources if a permeable pathway exists
between the annulus and the groundwater. Over-pressurization of the annulus is commonly
relieved by venting the annulus to the atmosphere; however, this does not address the underlying
problem in the well and can result in additional releases of methane to the atmosphere.
One example of an area where sustained casing pressure is common is Alberta, Canada, where 14%
of the wells drilled since 1971 experienced serious sustained casing flow. This was defined in a
study by Jackson and Dussealt (2014) as more than 10,594 ft3 (300 m3)/day at pressures higher
than 0.48 psi/ft (11 kPa/m) of depth times the depth of the surface casing. Another study in the
same area found gas in nearby drinking water wells had a composition consistent with biogenic
methane mixing with methane from nearby coalbed methane and deeper natural gas fields (Tilley
and Muehlenbachs, 2012).

In a few cases, sustained casing pressure in wells that have been hydraulically fractured may have
been linked to drinking water contamination, although it is challenging to definitively determine
the actual cause. In one study in northeastern Pennsylvania, methane to ethane ratios and isotopic
signatures were used to investigate stray gas migration into domestic drinking water (U.S. EPA,
2014f). Composition of the gas in the water wells was consistent with that of the gas found in
nearby gas wells with sustained casing pressures; other possible sources of the gas could not be
ruled out. Several gas wells in the study area were cited by the PA DEP for having elevated
sustained casing annulus pressures. One such case included four well pads with two wells drilled on
each pad in southeastern Bradford County. The wells, drilled between September 2009 and May
2010, were 6,890 to 7,546 ft (2,100 to 2,300 m) deep and had surface casing to 984 ft (300 m). The
casing below the surface casing was uncemented. All four wells experienced sustained casing
pressure, with pressures ranging from 483 to 909 psi (3.3 to 6.3 MPa). Methane appeared in three
nearby domestic drinking water wells in July 2010. Investigation into the cause of the methane
contamination identified the drilled gas wells with sustained casing pressure as the most likely
cause. The likely path was over-pressured gas from intermediate zones above the Marcellus Shale
entering the uncemented well annulus and traveling up the annulus and along bedding planes
which intersected the well annulus. 1 The determination was based on multiple lines of evidence,
including: no methane present in a pre-drill sample, increases in methane after the wells had been
1A

bedding plane is the surface that separates two layers of stratified rocks.
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drilled, similar isotopic composition of the gas in the domestic wells and the gas in the annular
space of the gas wells, and the presence of bedding planes which intersected the uncemented
portion of the gas wells leading upwards toward the domestic wells (Llewellyn et al., 2015).

Adequate well design, detection (i.e., through annulus pressure monitoring), and repair of sustained
casing pressure reduce the potential for fluid movement. (See Chapter 10 for additional discussion
of practices that can reduce the frequency or severity of impacts to drinking water quality.) Watson
and Bachu (2009) found that regulations requiring monitoring and repair of sustained casing vent
flow or sustained casing pressure had a positive effect on lowering leak rates. The authors also
found injection wells initially designed for the higher pressures associated with injection (vs.
production) experienced sustained casing pressure less often than those that were retrofitted
(Watson and Bachu, 2009). As mentioned above, Fleckenstein et al. (2015) found that placing the
surface casing below all potential sources of drinking water and cementing intermediate gas zones
significantly reduced sustained casing pressure.

Another study in Mamm Creek, Colorado, obtained similar results. The Mamm Creek field is in an
area where lost cement and shallow, gas-containing formations are common. All the wells in the
formation were hydraulically fractured (S.S. Papadopulos & Associates, 2008). A number of wells in
the area have experienced sustained casing pressure, and methane has been found in several
drinking water wells along with seeps into local creeks and ponds. In one well, drilled in January
2004, four pressured gas zones were encountered during drilling and there was a lost cement
incident, which resulted in the cement top being more than 4,000 ft (1,000 m) lower than originally
intended. Due to high bradenhead pressure (661 psi, or 4.6 MPa), cement remediation efforts were
implemented (Crescent, 2011; COGCC, 2004). 1 The operator of this well was later cited by the
Colorado Oil and Gas Conservation Commission (COGCC) for causing natural gas and benzene to
seep into a nearby creek. The proposed route of contamination was contaminants flowing up the
well annulus and then along a fault. The proposed contamination route appeared to be validated
because, once remedial cementing was performed on the well, methane and benzene levels in the
creek began to drop (Science Based Solutions LLC, 2014). In response to the incident, the state
instituted requirements to identify and cement above the top of the highest gas-producing
formation in the area and to monitor casing pressures after cementing.
A study in the Woodford Shale in Oklahoma examined how various cement design factors affected
sustained casing pressure (Landry et al., 2015). The study focused on wells in the Cana-Woodford
basin, a very deep basin at 11,000 to 15,000 ft (3,400 to 4,600 m) below ground surface, where the
depth, long laterals, fracture gradients, and low permeability of the formations in the basin make
cementing a challenge. One operator had seven test wells in the basin, of which six exhibited
sustained casing pressure, usually after hydraulic fracturing operations. In early designs, the
operator had not been using centralizers on the horizontal sections of the well, because they
increased the frequency of stuck pipe. However, improvements in centralizer design allowed the
operator to use centralizers more frequently on later well designs, and the operator tried several
different techniques to address the sustained casing pressure problems, with varying results:
1

Bradenhead pressure is pressure between two casings in an oil and gas well.
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•

•

In three of the wells, the operator used three different techniques: a conventional cement
job with a water-based drilling mud and single slurry design; oil-based mud with single
slurry design; and a foamed cement to cement the vertical portion of the well from the
kickoff point up with conventional water-based cement on the lateral. All three of these
wells experienced sustained casing pressure after hydraulic fracturing operations.

In a fourth well, in 2013, the operator used centralizers, with three centralizers per every
two casing joints along the lateral and one centralizer per joint in the vertical section. The
design also involved an enhanced spacer fluid to remove drilling mud and a self-healing
cement in the upper portion of the well. While some channeling was detected in this well,
the channels were not connected and did not lead to sustained casing pressure.

The operator constructed an additional 21 wells using the same technique as was performed in the
fourth well, and 20 did not show any sustained casing pressure after fracturing. This study shows
the importance of cement design factors, such as casing centralization and mud removal, in
preventing sustained casing pressure.

Not every well that shows positive pressure in the annulus poses a potential problem. Sustained
pressure is only a problem when it exceeds the ability of the wellbore to contain it or when it
indicates leaks in the cement or casing (TIPRO, 2012). A variety of management options are
available for managing such pressure including venting, remedial cementing, and use of kill fluids in
the annulus (TIPRO, 2012). 1 While venting may be a common method to address sustained casing
pressure, it does not address the underlying mechanical integrity failure and is only a temporary
solution. Furthermore, venting releases fluids at the wellhead which, if gaseous, can contribute to
increased atmospheric emissions, or if liquid, potential spills on the surface.

6.3 Fluid Migration Associated with Induced Fractures within Subsurface
Formations

This section discusses potential pathways for fluid movement associated with induced fractures
and subsurface formations (outside of the well system described in Section 6.2). It examines the
potential for fluid migration into drinking water resources by evaluating the development of
migration pathways within subsurface formations, the flow of injected and formation fluids, and
important factors that affect these processes.

Fluid movement requires both a physical pathway (e.g., via the interconnected pores within a
permeable rock matrix or via a fracture in the rock) and a driving force. 2 In subsurface formations,
fluid movement is driven by the existence of a hydraulic gradient, which depends on elevation and
pressure and is influenced by fluid density, composition, and temperature (Pinder and Celia, 2006).

1A

kill fluid is a weighted fluid with a density that is sufficient to overcome the formation pressure and prevent fluids
from flowing up the wellbore.

2 Permeability (i.e., intrinsic or absolute permeability) of formations describes the ability of water to move through the
formation matrix, and it depends on the rock’s grain size and the connectedness of the void spaces between the grains.
Where multiple phases of fluids exist in the pore space, the flow of fluids also depends on relative permeabilities.
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In the context of hydraulic fracturing, two key factors govern fluid migration during and after the
hydraulic fracturing event:
•

•

Pressure differentials in the reservoir, which are influenced both by initial subsurface
conditions and by the pressures created by injection and production regimes. Specific
factors that may influence pressure differentials include structural or topographic features,
over-pressure in the shale reservoir, or a temporary increase in pressure as a result of fluid
injection during hydraulic fracturing (Birdsell et al., 2015a).

Buoyancy, which is driven by density differences among and between gases and liquids.
Fluid migration can occur when these density differences exist in the presence of a pathway
(Pinder and Gray, 2008).

During hydraulic fracturing, pressurized fluids leaving the well create fractures within the
production zone and then enter the formation through these newly created (induced) fractures.
Unintended fluid migration can result from this fracturing process. Migration pathways to drinking
water resources could develop as a result of changes in the subsurface flow or pressure regime
associated with hydraulic fracturing; via fractures that extend beyond the intended formation or
that intersect existing natural faults or fractures; and via fractures that intersect offset wells or
other artificial structures (Jackson et al., 2013d). These subsurface pathways may facilitate the
migration of fluids by themselves or in conjunction with the well-based pathways described in
Section 6.2. Fluids potentially available for migration include both fluids injected into the well
(including leakoff) and fluids already present in the formation (including brine or natural gas). 1

The potential for subsurface fluid migration into drinking water resources can be evaluated during
two different time periods (Kim and Moridis, 2015):
1. Following the initiation of fractures in the reservoir, prior to any oil or gas production. The
injected fluid, pressurizing the formation, flows through the fractures and the fractures
grow into the reservoir. Fluid leaks off into the formation, allowing the fractures to close
except where they are held open by the proppant (Adachi et al., 2007). Fractures will
generally continue to propagate until the fluid lost to leakoff is equal to the fluid injection
rate (King and Durham, 2015).

2. During the production period, after fracturing is completed and pressure in the fractures is
reduced. At this time, fluids (including oil/gas and produced water) flow from the reservoir
into the well. As fluids are withdrawn from the formation, pore pressure decreases; as a
result, the effective stress applied to fractures increases and (in the absence of proppant)
fractures will close (Aybar et al., 2015).

Note that these two time periods vary in duration. As described in Chapter 3, the first period of
fracture creation and propagation (i.e., the hydraulic fracturing itself) is a relatively short-term
process, typically lasting 2 to 10 days, depending on the number of stages in the fracture treatment
1 Leakoff

is the fraction of the injected fluid that infiltrates into the formation and is not recovered (i.e., it “leaks off” and
does not return through the well to the surface) during production (Economides et al., 2007). Fluids that leak off and are
not recovered are sometimes referred to as “lost” fluids.
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design. On the other hand, operation of the well for production covers a substantially longer period
(depending on many factors such as the amount of hydrocarbons in place and economic
considerations), and can be as long as 40 or 60 years in onshore tight gas reservoirs (Ross and King,
2007).
The following discussion of potential subsurface fluid migration into drinking water resources
focuses primarily on the physical movement of fluids and the factors affecting this movement.
Section 6.3.1 describes the basic principles of subsurface fracture creation, geometry, and
propagation, to provide context for the discussion of potential fluid migration pathways in Section
6.3.2. Geochemical and biogeochemical reactions among hydraulic fracturing fluids, formation
fluids, subsurface microbes, and rock formations are another important component of subsurface
fluid migration and transport. See Chapter 7 for a discussion of the processes that affect pore fluid
biogeochemistry and influence the chemical and microbial composition of produced water.

6.3.1 Overview of Subsurface Fracture Growth

Fracture initiation and growth is a highly complex process due to the heterogeneous nature of the
subsurface environment. As shown in Figure 6-5, fracture formation is controlled by the three in
situ principal compressive stresses: the vertical stress, the maximum horizontal stress, and the
minimum horizontal stress. During hydraulic fracturing, pressurized fluid injection creates high
pore pressures around the well. Fractures form when this pressure exceeds the local least principal
stress and the tensile strength of the rock (Zoback, 2010; Fjaer et al., 2008).

Fractures propagate (increase in length) in the direction of the maximum principal stress; they are
tensile fractures that open in the direction of least resistance and then propagate in the plane of the
greatest and intermediate stresses (Nolen-Hoeksema, 2013). Deep in the subsurface, the maximum
principal stress is generally in the vertical direction, because the overburden (the weight of
overlying rock) is the largest single stress. Therefore, in deep formations, fracture orientation is
expected to be vertical. This is the scenario illustrated in Figure 6-5. At shallower depths, where the
rock is subjected to less pressure from the overburden, more fracture propagation is expected to be
in the horizontal direction. Using tiltmeter data from over 10,000 fractures in various North
American shale reservoirs, Fisher and Warpinski (2012) found that induced fractures deeper than
about 4,000 ft (1,000 m) are primarily vertical (see below for more information on tiltmeters).
Between approximately 4,000 and 2,000 ft (1,000 and 600 m), they observed that fracture
complexity increases, and fractures shallower than about 2,000 ft (600 m) are primarily (though
not entirely) horizontal. 1 However, local geologic conditions can cause fracture orientations to
deviate from these general trends (Ryan et al., 2015). Horizontal fracturing can also occur in deeper

Fracture complexity is the ratio of horizontal-to-vertical fracture volume distribution, as defined by Fisher and
Warpinski (2012). Fracture complexity is higher in fractures with a larger horizontal component. For the reasons
explained above, this is more likely to occur at shallower depths. However, even in shallow zones, fractures are unlikely to
be completely horizontal. As noted by Fisher and Warpinski, “All of the fractures do not necessarily turn horizontal; they
might have significant vertical and horizontal components with more of a T-shaped geometry.” In the Fisher and
Warpinski data set, the maximum horizontal component of the fractures is approximately 70%.
1
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settings in some less-common reservoir environments where the principal stresses have been
altered by salt intrusions or similar types of geologic activity (Jones and Britt, 2009).

Figure 6-5. Hydraulic fracture planes (represented as ovals), with respect to the principal
subsurface compressive stresses: SV (the vertical stress), SH (the maximum horizontal stress),
and Sh (the minimum horizontal stress).
In addition to the principal subsurface stresses, a variety of factors and processes affect the
complex process of fracture creation, propagation, geometry, and containment. 1 Computational
modeling techniques have been developed to simulate fracture creation and propagation and to
provide a better understanding of this complex process (Kim and Moridis, 2013). 2 Modeling
hydraulic fracturing in shale or tight gas reservoirs requires integrating the physics of both flow
and geomechanics to account for fluid flow, fracture propagation, and dynamic changes in pore
volume and permeability. Some important flow and geomechanical parameters included in these

1 Fracture
2 There

geometry refers to characteristics of the fracture such as height and aperture (width).

are different kinds of mathematical models. Analytical models have a closed-form solution and therefore are
relatively simple to solve. In contrast, computational models (also called numerical models) require more extensive
computational resources and are used to study the behavior of complex systems.
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types of advanced models are: permeability, porosity, Young’s modulus, Poisson’s ratio, and tensile
strength, as well as heterogeneities associated with these parameters. 1

Based on modeling and laboratory experiments (e.g., by Khanna and Kotousov, 2016; Li et al.,
2016c; Li et al., 2016b; de Pater, 2015; Kim and Moridis, 2015; Lee et al., 2015; Narasimhan et al.,
2015; Smith and Montgomery, 2015; Wang and Rahman, 2015; Kim and Moridis, 2013), below are
some of the factors that have been noted in the literature as influencing fracture growth:
•

•
•
•
•

Geologic properties of the production zone such as rock type and composition, permeability,
thickness, and the presence of pre-existing natural fractures;
The presence, composition, and properties of the liquids and gases trapped in pore spaces;

Geomechanical properties, including tensile strength, Young’s modulus, and the pressure at
which the rock will fracture;
Characteristics of the interface (boundary) between adjacent rock layers; and

Operational characteristics, including injection rate and pressure, the properties of the
hydraulic fracturing fluids, and fracture spacing.

Some modeling investigations have indicated that the vertical propagation of fractures (due to
tensile failure) may be limited by shear failure, which increases the permeability of the formation
and allows more fluid to leak off into the rock. These findings demonstrate that elevated pore
pressure can cause shear failure, thus further affecting matrix permeability, flow regimes, and
leakoff (Daneshy, 2009).

It is important to note that, while computational modeling is a useful tool to understand complex
systems, modeling has limitations and associated uncertainties. All models rely on assumptions and
simplifications, and there is, as stated by Ryan et al. (2015), “currently no single numerical
approach that simultaneously includes the most important thermo-hydromechanical and chemical
processes which occur during the migration of gas and fluids along faults and leaky wellbores.”
Uncertainties in selecting values for input parameters and potentially inadequate field data for
model verification limit the reliability of model predictions.
In addition to their use in research applications, analytical and numerical modeling approaches are
used to design hydraulic fracturing treatments and predict the extent of fractured areas (Adachi et
al., 2007). Specifically, modeling techniques are used to assess the treatment’s sensitivity to critical
parameters such as injection rate, treatment volumes, fluid viscosity, and leakoff. Existing models
range from simpler (typically two-dimensional) theoretical models to computationally more
complicated three-dimensional models.
Monitoring of hydraulic fracturing operations can also provide insights into fracture development.
Monitoring techniques involve both operational monitoring methods and “external” methods not
1 As

described in Section 6.2.2.2, Young’s modulus, a ratio of stress to strain, is a measure of the rigidity of a material.
Poisson’s ratio is a ratio of transverse-to-axial (or latitudinal-to-longitudinal) strain, and it characterizes how a material is
deformed under pressure. See Zoback (2010) for more information on the geomechanical properties of reservoir rocks.
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directly related to the production operation. Operational monitoring refers to the monitoring of
pressure and flow rate, along with related parameters such as fluid density and additive
concentrations, using surface equipment and/or downhole sensors (Eberhard, 2011). This
monitoring is conducted to ensure the operation is proceeding as planned and to determine if
operational parameters need to be adjusted. Interpretation of pressure data can be used to better
understand fracture behavior (Kim and Wang, 2014). For example, pressure data from previous
hydraulic fracturing operations can indicate whether a geologic barrier to fracture growth exists
and whether the barrier has been penetrated, or whether fractures have intersected with natural
fractures or faults (API, 2015). Anomalies in operational monitoring data can also indicate whether
an unexpected event has occurred, such as communication with another well (Section 6.3.2.3).

As described in Chapter 4, the volume of fluid injected is typically monitored and tracked to provide
information on the volume and extent of fractures created (Flewelling et al., 2013). However,
numerical investigations have found that reservoir gas flows into the fractures immediately after
they open from hydraulic fracturing, and injection pressurizes both gas and water within the
fracture to induce further fracture propagation (Kim and Moridis, 2015). Therefore, the fracture
volume can be larger than the injected fluid volume. As a result, simple estimation of fracture
volume based on the amount of injected fluid may underestimate fracture growth, and additional
information (e.g., from geophysical monitoring techniques) is needed to accurately predict the
extent of induced fractures.
External monitoring technologies can also be used to collect data on fracture characteristics and
extent during hydraulic fracturing and/or production. These monitoring methods can be divided
into near-wellbore and far-field techniques. Near-wellbore techniques include the use of tracers,
temperature logs, video logs, and caliper logs that measure conditions in and immediately around
the wellbore (Holditch, 2007). However, near-wellbore techniques and logs only provide
information for, at most, a distance of two to three wellbore diameters from the well and are,
therefore, not suited for tracking fractures for their entire length (Holditch, 2007).

Far-field methods, such as microseismic monitoring or tiltmeters, are used if the intent is to
estimate fracture growth and height across the entire fractured reservoir area. Microseismic
monitoring involves placing geophones in a position to detect the very small amounts of seismic
energy generated during subsurface fracturing (Warpinski, 2009). 1 Monitoring these microseismic
events gives an idea of the location and size of the fracture network, as well as the orientation and
complexity of fracturing (Fisher and Warpinski, 2012). Using the results of microseismic
monitoring in conjunction with other information, such as time-lapse, multicomponent seismic data
(collected with surface surveys), can provide additional information for understanding fracture
complexity and the interaction between natural and induced fractures (D'Amico and Davis, 2015).
The Well File Review (U.S. EPA, 2016c) found that microseismic monitoring was conducted at 0.5%
(100) of the hydraulic fracturing jobs studied. 2 Tiltmeters, which measure extremely small
deformations in the earth, can be used to determine the direction and volume of the fractures and,
Typical microseismic events associated with hydraulic fracturing have a magnitude on the order of -2.5 (negative two
and half) (Warpinski, 2009).

1

2 100

jobs (95% confidence interval: 40 – 300 jobs).

6-43

Chapter 6 – Well Injection

within certain distances from the well, to estimate their dimensions (Lecampion et al., 2005). Other
monitoring techniques, such as seismic surveys, can also be used to gather information about the
subsurface environment. For example, Viñal and Davis (2015) demonstrated the use of time-lapse
multi-component seismic surveys to monitor changes in the overburden due to hydraulic
fracturing. Chapter 10 provides additional discussion of factors and practices, such as site
monitoring, that can reduce the frequency or severity of impacts to drinking water quality.

6.3.2 Migration of Fluids through Pathways Related to Fractures/Formations

As described above, subsurface migration of fluids requires a pathway, induced or natural, with
enough permeability to allow fluids to flow, as well as a hydraulic gradient physically driving the
movement. The following subsections describe and evaluate potential pathways for the migration
of hydraulic fracturing fluids, hydrocarbons, or other fluids from producing formations to drinking
water resources. They also present cases where the existence of these pathways has been
documented. The potential subsurface migration pathways are categorized as follows:
(1) migration out of the production zone through pore space in the rock, (2) migration due to
fracture overgrowth out of the production zone, (3) migration via fractures intersecting offset wells
or other artificial structures, and (4) migration via fractures intersecting other geologic features,
such as permeable faults or pre-existing natural fractures. Although these four potential pathways
are discussed separately here, they may act in combination with each other or in combination with
pathways along the well (as discussed in Section 6.2) to affect drinking water resources.

The possibility of fluid migration between a hydrocarbon-bearing formation and a drinking water
resource can be related to the vertical distance between these formations (Reagan et al., 2015;
Jackson et al., 2013d). In general, as the separation distance between the production zone and a
drinking water aquifer decreases, the likelihood of upward migration of hydraulic fracturing to
drinking water aquifers increases (Birdsell et al., 2015a). The separation distance between
hydraulically fractured producing zones and drinking water resources (and these formations’ depth
from the surface) varies substantially among shale gas plays, coalbed methane plays, and other
areas where hydraulic fracturing takes place in the United States (Figure 6-6 and Table 6-3). Many
hydraulic fracturing operations target deep shale zones such as the Marcellus or Haynesville/
Bossier, where the vertical distance between the top of the shale formation and the base of drinking
water resources may be 1 mi (1.6 km) or greater. This is reflected in the Well File Review, in which
approximately half of the wells were estimated to have 5,000 ft (2,000 m) or more of measured
distance along the wellbore between the point of the shallowest hydraulic fracturing and the
operator-reported base of the protected groundwater resource (U.S. EPA, 2015n). 1 Similarly, in a
review of FracFocus data from over 40,000 wells across the United States, Jackson et al. (2015)
found that the median depth of wells used for hydraulic fracturing was 8,180 ft (2,490 m) and the
mean depth was 8,290 ft (2,530 m).
In the Well File Review, measured depth represents length along the wellbore, which may be a straight vertical distance
below ground or may follow a more complicated path, if the wellbore is not straight and vertical. True vertical separation
distances were not reported in the Well File Review. Measured distance along a well is equal to the true vertical distance
only in straight, vertical wells. Otherwise, the true vertical distance is less than the measured distance.

1
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Figure 6-6. Vertical distances in the subsurface separating drinking water resources and
hydraulic fracturing depths.
However, as shown in Table 6-3, some hydraulic fracturing operations occur at shallower depths or
in closer proximity to drinking water resources. For example, both the Antrim and the New Albany
plays are relatively shallow, with distances of 100 to 1,900 ft (31 to 580 m) between the producing
formation and the base of drinking water resources. In the Jackson et al. (2015) review of
FracFocus data, 16% of wells reviewed were within 1 mi (1.6 km) of the surface and 3% were
within 2,000 ft (600 m) of the surface. 1 The distribution of the more shallow hydraulically fractured
wells varied nationally but was concentrated in Texas, California, Arkansas, and Wyoming. For
example, in California and Arkansas, 88% and 85% of hydraulically fractured wells, respectively,
were within about 5,000 ft (2,000 m) of the surface. Overall, the Well File Review found a higher
proportion of relatively shallow wells—the data in the Well File Review indicated that 20% of wells
used for hydraulic fracturing (an estimated 4,600 wells) had less than 2,000 ft (600 m) between the
shallowest point of the fractures and the base of protected groundwater resources (U.S. EPA,
2015n). 2 This is likely because the Well File Review results are more representative of hydraulic
fracturing operations across the country; Jackson et al. (2015) acknowledge that their analysis
1 Jackson

et al. (2015) use true vertical depth data from FracFocus; this represents the depth of the well but not
necessarily the depth of the fractures. The depth of the fractures may be shallower than the true vertical depth of the well,
though Jackson et al. (2015) note that most states do not require operators to submit information on the true vertical
depth to the top of the fractures.
2 4,600 wells (95% confidence interval: 900 – 8,300 wells). The Well File Review defines this separation distance as the
measured depth of the point of shallowest hydraulic fracturing in the well, minus the depth of the operator-reported
protected groundwater resource.
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underestimates the occurrence of relatively shallow hydraulic fracturing for states in which
FracFocus reporting is not required.

Table 6-3. Comparing the approximate depth and thickness of selected U.S. shale gas plays
and coalbed methane basins.

Shale data are reported in GWPC and ALL Consulting (2009) and NETL (2013); coalbed methane data are reported
in ALL Consulting (2004) and U.S. EPA (2004a). See Chapter 3 for information on the locations of these basins,
plays, and formations.

Approx. depth
(ft [m] below surface)

Approx. net
thickness (ft [m])

Distance between top of
production zone and base
of treatable water (ft [m])b

Antrim

600 to 2,200
[200 to 670]

70 to 120
[20 to 37]

300 to 1,900
[90 to 580]

Barnett

6,500 to 8,500
[2,000 to 2,600]

100 to 600
[30 to 200]

5,300 to 7,300
[1,600 to 2,200]

Eagle Ford

4,000 to 12,000
[1,000 to 3,700]

250
[76]

2,800 to 10,800
[850 to 3,290]

Fayetteville

1,000 to 7,000
[300 to 2,000]

20 to 200
[6 to 60]

500 to 6,500
[200 to 2,000]

Haynesville-Bossier

10,500 to 13,500
[3,200 to 4,120]

200 to 300
[60 to 90]

10,100 to 13,100
[3,080 to 3,990]

Marcellus

4,000 to 8,500
[1,000 to 2,600]

50 to 200
[20 to 60]

2,125 to 7,650
[648 to 2,330]

500 to 2,000
[200 to 600]

50 to 100
[20 to 30]

100 to 1,600
[30 to 490]

6,000 to 11,000
[2,000 to 3,400]

120 to 220
[37 to 67]

5,600 to 10,600
[1,700 to 3,230]

0 to 3,500
[0 to 1,100]

< 1 to > 70
[< 1 to > 20]

As little as zeroc

450 to >6,500
[140 to >2,000]

75
[23]

As little as zeroc

< 500 to > 4,100
[< 200 to > 1,300]

10 to >140
[3 to >43]

As little as zeroc

550 to 4,000
[170 to 1,000]

20 to 80
[6 to 20]

As little as zeroc

Basin/play/
formationa
Shale plays

New Albany
Woodford
Coalbed methane basins
Black Warrior
(Upper Pottsville)
Powder River
(Fort Union)
Raton (Vermejo
and Raton)
San Juan (Fruitland)
a

For coalbed methane, values are given for the specific coal units noted in parentheses.
The base of treatable water is defined at the state level; the information in the table is based on depth data from state oil and
gas agencies and state geological survey data.
c Formation fluids in producing formations meet the salinity threshold that is used in some definitions of a drinking water
resource in at least some areas of the basin. See the discussion after Text Box 6-5 for more information about this definition.
b
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In coalbed methane plays, which are typically shallower than shale gas plays, vertical separation
distances can be even smaller. In the Raton Basin of southern Colorado and northern New Mexico,
approximately 10% of coalbed methane wells have less than 675 ft (206 m) of separation between
the gas wells’ perforated intervals and the depth of local water wells. In certain areas of the basin,
this distance is less than 100 ft (31 m) (Watts, 2006). In California, nearly half of the hydraulic
fracturing has occurred at depths less than about 900 ft (300 m) (CCST, 2015b), with hundreds of
wells in the San Joaquin Valley between 150 ft (46 m) and 2,000 ft (600 m) deep (Jackson et al.,
2015).

Some hydraulic fracturing operations are conducted within formations containing drinking water
resources (Table 6-3). One example of hydraulic fracturing taking place within a geologic formation
that is also used as a drinking water source is in the Wind River Basin in Wyoming (Digiulio and
Jackson, 2016; WYOGCC, 2014b; Wright et al., 2012). Vertical gas wells in this area target the lower
Wind River Formation and the underlying Fort Union Formation, which consist of interbedded
layers of sandstones, siltstones, and mudstones. The Wind River Formation also serves as the
principal source of domestic, municipal, and agricultural water in this rural area. There are no
laterally continuous confining layers of shale in the basin to prevent upward movement of fluids.
While flow in the basin generally tends to be downward, local areas of upward flow have been
documented (Digiulio and Jackson, 2016). Assessing the relative depths of drinking water resources
and hydraulic fracturing operations near Pavillion, Wyoming, Digiulio and Jackson (2016) found
that approximately 50% of fracture jobs were within 1,969 ft (600 m) of the deepest domestic
drinking water well in the area, and that 10% were within 820 ft (250 m) (Digiulio and Jackson,
2016). Among the wells evaluated by DiGiulio and Jackson, the shallowest fracturing occurred at
1,057 ft (322 m) below ground surface, which is comparable to depths targeted for drinking water
withdrawal in the formation. See Text Box 6-5 for more information on Pavillion, Wyoming.

Text Box 6-5. Pavillion, Wyoming.
The Pavillion gas field is located east of the town of Pavillion, Wyoming. In addition to gas production, the
field is also home to rural residences that rely on approximately 40 private wells to supply drinking water.
The oldest known domestic water well in the field dates to 1934 (AME, 2016). Gas production in the field
began in 1960 and, by the 2000s, it had grown to producing from at least 180 wells. Most of these gas wells
were drilled since 1990, and approximately 140 to 145 were not plugged as of mid-2016 (AME, 2016; Digiulio
and Jackson, 2016).

In the Pavillion gas field the same geologic formation that is used to produce hydrocarbons supplies the area’s
drinking water (Digiulio and Jackson, 2016). Water wells draw from the Wind River Formation, and gas is
extracted from both the Wind River Formation and the underlying Fort Union Formation. The Wind River
Formation contains variably permeable strata with lenses of relatively higher permeability rock enriched
with natural gas. Water quality is typically freshest nearer the surface, and there is no rock formation acting
as a natural barrier to separate the drinking water from hydrocarbons (Digiulio and Jackson, 2016). There is
approximately 200 ft (60 m) vertical distance separating the deepest domestic well in the field from the
shallowest hydraulic fracturing, although there is approximately 2.5 mi (4 km) lateral distance between them
(AME, 2016; Digiulio and Jackson, 2016).
(Text Box 6-5 is continued on the following page.)
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Text Box 6-5 (continued). Pavillion, Wyoming.

Following complaints by area residents about changes to their water quality in the mid-2000s, state and
federal agencies began a series of investigations, centering on various aspects of the site and supporting
differing conclusions about the source and mechanism of the water quality changes (AME, 2016).

Twenty-five pits that were used to dispose of drill cuttings, drilling mud, and spent drilling fluids near some
of the water wells were also investigated as a potential source of the groundwater contamination. Based on
these evaluations, soil and/or groundwater remediation was performed at approximately six of the pits, no
further action was recommended at approximately twelve pits, and the remaining pits are receiving further
investigation (AME, 2016).

Samples collected from two monitoring wells at depths between those of the drinking water and active
intervals in gas production wells show elevated pH, unexpectedly high potassium values, and several organic
constituents, including natural gas, alcohols, phenols, glycols, and benzene, toluene, ethylbenzene, and
xylenes (BTEX) (Digiulio and Jackson, 2016). The potential source of chemicals in these two monitoring wells
include formation water, contaminants remaining after well construction (AME, 2016) and hydraulic
fracturing and other oil and gas activities (Digiulio and Jackson, 2016).

Water samples collected from domestic wells contain dissolved methane and some contain high sodium and
sulfate concentrations. Organic chemicals have also been detected in some domestic wells (AME, 2016;
Digiulio and Jackson, 2016). These same investigators suspect that pit proximity explains the origin of organic
chemicals. In addition, natural gases from intermediate depths not hydraulically fractured are likely moving
along some gas wellbores, potentially into zones used for drinking water (AME, 2016).
(Text Box 6-5 is continued on the following page.)

6-48

Chapter 6 – Well Injection

Text Box 6-5 (continued). Pavillion, Wyoming.
Of about 40 production wells at which pressure was measured on the bradenhead annulus between the
production and surface casings, about 25% exhibited sustained casing pressure consistent with an ongoing
source of gas and/or liquid. Gas samples collected from bradenhead annuli, production tubing and casing, and
water wells indicate that the samples have similar gas compositions. This suggests a common origin, which is
consistent with long-term migration from a deeper source (AME, 2016; WYOGCC, 2014b).
Production wells may be the source of gas migration, and groundwater immediately around some of the
disposal pits has been affected (AME, 2016). However, the investigative reports conclude that identifying the
precise source(s) of the water quality issues is challenging due to the lack of comprehensive pre-drilling
water quality and other baseline monitoring, the unique hydrogeologic setting, and the difficulty of
identifying specific geologic or well pathways.

In other cases, hydraulic fracturing takes place in formations that are not currently being used as
sources of drinking water, but that meet the salinity threshold that is used in some definitions of
drinking water resources. 1 This occurs in low-salinity coal-bearing formations in the Raton Basin of
Colorado (U.S. EPA, 2015k), the San Juan Basin of Colorado and New Mexico (U.S. EPA, 2004a), the
Powder River Basin of Montana and Wyoming (as described in Chapter 7), and in several other
coalbed methane plays. Hydraulic fracturing in these regions occurs in formations characterized by
total dissolved solids (TDS) values substantially lower than the 10,000 mg/L TDS value used in the
federal definition of an underground source of drinking water. 2 Across various basins, coalbed
methane operations have been reported to occur in formations with 300 to 3,000 mg/L TDS and at
depths as shallow as 350 ft (110 m) (U.S. EPA, 2004a). In one field in Alberta, Canada, there is
evidence that fracturing in the same formation as a drinking water resource (in combination with
mechanical integrity problems; see Section 6.2.2.4) led to gas migration into water wells (Tilley and
Muehlenbachs, 2012).

California is another area where hydraulic fracturing occurs in shallow zones with low-salinity
groundwater. A study by the California Council on Science and Technology (CCST, 2015b) found
that 3% of the hydraulic fracturing in the state occurred within 2,000 ft (600 m) of the surface. In
California’s San Joaquin Valley, hydraulic fracturing appears to have been conducted in formations
with a TDS of less than 1,500 mg/L (CCST, 2014). Another study in California examined the TDS
values of water samples taken during oil and gas activities and found that 15% to 19% of the oil and

1 For the purposes of this discussion, the federal definition of an underground source of drinking water is used. Pursuant
to 40 CFR 144.3, an underground source of drinking water is “an aquifer or its portion which supplies any public water
system; or which contains a sufficient quantity of groundwater to supply a public water system; and currently supplies
drinking water for human consumption; or contains fewer than 10,000 mg/L TDS; and which is not an exempted aquifer.”
This definition is used by the EPA’s Underground Injection Control Program, which regulates injection wells (but not
hydrocarbon production wells).

2 This salinity threshold is used as a point of comparison only. While the definition of an underground source of drinking
water is not exactly the same as the definition of a drinking water resource (and many states have their own definitions of
protected drinking water zones), the former provides a useful frame of reference when considering the ability of an
aquifer to potentially serve as a source of drinking water.
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gas activities in Kern County, California, occurred within zones containing water with less than
3,000 mg/L TDS (Kang and Jackson, 2016). 1

The overall frequency at which hydraulic fracturing occurs in formations that meet the definition of
drinking water resources across the United States is uncertain. Some information, however, that
provides insights on the occurrence and geographic distribution of this practice is available.
According to the Well File Review, an estimated 0.4% (90) of the 23,200 wells represented in that
study had perforations used for hydraulic fracturing that were placed shallower than the base of
the protected groundwater resources reported by well operators (U.S. EPA, 2015n). 2 Additional
information is available from a database of produced water composition data maintained by the
U.S. Geological Survey (USGS). The USGS produced water database contains results from analyses of
samples of produced water, including (among other data) samples collected from more than 8,500
oil and gas production wells in unconventional formations (coalbed methane, shale gas, tight gas,
and tight oil) within the contiguous United States. 3 Just over 5,000 of these samples, which were
obtained from wells located in 37 states, reported TDS concentrations. Because the database does
not track whether samples were from wells that were hydraulically fractured, the EPA selected
samples from wells that were more likely to have been hydraulically fractured by restricting
samples to those collected in 1950 or later and to those that were collected from wells producing
from tight gas, tight oil, shale gas, or coalbed methane formations. 4 This yielded 1,650 samples from
wells located in Alabama, Colorado, North Dakota, Utah, and Wyoming, with TDS concentrations
ranging from approximately 90 mg/L to 300,000 mg/L. 5 Of the 1,650 samples, approximately 1,200
(from wells in Alabama, Colorado, Utah, and Wyoming) reported TDS concentrations at or below
10,000 mg/L, indicating that hydraulic fracturing there may have occurred within formations that
meet the salinity threshold that is used in some definitions of a drinking water resource. This
analysis, in conjunction with the result from the Well File Review, suggests that the overall
frequency of this occurrence is relatively low, but is concentrated in particular areas of the country.

6.3.2.1 Flow of Fluids Out of the Production Zone

One potential pathway for fluid migration out of the production formation into drinking water
resources is advective or dispersive flow of injected or displaced fluids through the formation
matrix. In this scenario, fluids (such as those “lost” to leakoff, which are not recovered during
1

Kern County accounts for 85 percent of the hydraulic fracturing that occurs in California (CCST, 2015b).

2 90

wells (95% confidence interval: 10 – 300 wells).

3 The

EPA used the USGS Produced Water Geochemical Database Version 2.1 (USGS database v 2.1) for this analysis
(http://energy.cr.usgs.gov/prov/prodwat/). The database is comprised of produced water samples compiled by the USGS
from 25 individual databases, publications, or reports.
4 See Chapter 3, Text Box 3-1, which describes how commercial hydraulic fracturing began in the late 1940s.
5 For

this analysis, the EPA assumed that produced water samples collected in 1950 or later from shale gas, tight oil, and
tight gas wells were from wells that had been hydraulically fractured. To estimate which coal bed methane wells had been
hydraulically fractured, the EPA matched API numbers from coal bed methane wells in the USGS database v 2.1 to the
same API numbers in the commercial database DrillingInfo, in which hydraulically fractured wells had been identified by
the EPA using the assumptions described in Section 3.4. Wells with seemingly inaccurate (i.e., less than 12 digit) API
numbers were also excluded. Only coalbed methane wells from the USGS database v 2.1 that matched API numbers in the
DrillingInfo database were retained for this analysis.
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production) would flow through the pore spaces of rock formations, moving from the production
zone into other formations. In deep, low-permeability shale and tight gas settings and where
induced fractures are contained within the production zone, flow through the production formation
has generally been considered an unlikely pathway for migration into drinking water resources
(Jackson et al., 2013d).

Leakoff into shale gas formations can be as high as 90% or more of the injected volume (Table 7-2).
The actual amount of leakoff depends on multiple factors, including the amount of injected fluid, the
concentration of different components in the fracture fluid, the hydraulic properties of the
reservoir (e.g., permeability), the composition of the formation matrix, the capillary pressure near
the fracture faces, and the period of time the well is shut in following hydraulic fracturing before
the start of production (Kim et al., 2014; Byrnes, 2011). 1,2 Researchers generally agree that the
subsequent flow of this “lost” leakoff fluid is controlled or limited by processes such as imbibition
by capillary forces and adsorption onto clay minerals (Dutta et al., 2014; Dehghanpour et al., 2013;
Dehghanpour et al., 2012; Roychaudhuri et al., 2011) and osmotic forces (Zhou, 2016; Wang and
Rahman, 2015; Engelder et al., 2014). 3,4 It has been suggested that these processes can sequester
the fluids in the producing formations permanently or for geologic time scales (Engelder et al.,
2014; Engelder, 2012; Byrnes, 2011). Birdsell et al. (2015b) made quantitative estimates of the
amount of fluid that could be imbibed in shale formations. Their results indicate that between 15%
and 95% of injected fluid volumes may be imbibed in shale gas systems, while amounts are lower in
shale oil systems (3% to 27% of injected volumes). In modeling investigations, O'Malley et al.
(2015) found that it is likely that most hydraulic fracturing fluid that does not flow back is stored in
rock pore spaces (i.e., having displaced the gas that was present there) and not fractures. The
amount that can be stored in fractures is highly dependent on the effective interconnected pore
lengths.

If the injected fluid is not sequestered in the immediate vicinity of the fracture network, migration
into drinking water resources would likely require a substantial upward hydraulic gradient (e.g.,
due to the pressures introduced during injection for hydraulic fracturing), particularly for brine
that is denser than the groundwater in the overlying formations (Flewelling and Sharma, 2014). In
the presence of natural gas, buoyancy of the less dense gas could potentially provide an upward flux
(Vengosh et al., 2014). However, Flewelling and Sharma (2014) indicated that pressure
1 Relative

permeability is a dimensionless property allowing for the comparison of the different abilities of fluids to flow
in multiphase settings. If a single fluid is present, its relative permeability is equal to 1, but the presence of multiple fluids
generally inhibits flow and decreases the relative permeability (Schlumberger, 2014).

2 Shutting in the well after fracturing allows fluids to move farther into the formation, resulting in a higher gas relative
permeability near the fracture surface and improved gas production (Bertoncello et al., 2014).

Imbibition is the displacement of a nonwetting fluid (i.e., gas) by a wetting fluid (typically water). The terms wetting or
nonwetting refer to the preferential attraction of a fluid to the surface. In typical reservoirs, water preferentially wets the
surface, and gas is nonwetting. Capillary forces arise from the differential attraction between immiscible fluids and solid
surfaces; these are the forces responsible for capillary rise in small-diameter tubes and porous materials. These
definitions are adapted from Dake (1978).

3

4 The

contrast in water activity between brine and fresh water generates very substantial osmotic pressure differences
that will drive fluids into the shale matrix. The osmosis process requires a semi-permeable membrane and a
concentration gradient to allow the solvent to pass through it. The clay in the shale formation can provide a function
similar to a membrane (Zhou, 2016).
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perturbations due to hydraulic fracturing operations are localized to the immediate vicinity of the
fractures, due to the very low permeabilities of shale formations; this means that hydraulic
fracturing operations are unlikely to generate sufficient pressure to drive fluids into shallow
drinking water zones. Some natural conditions could also create an upward hydraulic gradient in
the absence of any effects from hydraulic fracturing. However, these natural mechanisms have been
found to cause very low flow rates over very long distances, yielding extremely small vertical fluxes
in sedimentary basins. These translate to some estimated travel times of 100,000 to 100,000,000
years across a 328 ft (100 m) thick layer with about 0.01 nD (1 × 10−23 m2) permeability (Flewelling
and Sharma, 2014). In an area of the Permian Basin with over-pressured source rocks, Engle et al.
(2016) concluded that chemical, isotopic, and pressure data suggest that there is little potential for
vertical fluid migration to shallow zones in the absence of pathways such as improperly abandoned
wells (Section 6.3.2.3).

To account for the combined effect of capillary imbibition, well operation, and buoyancy in upward
fluid migration, Birdsell et al. (2015a) conducted a numerical analysis over five phases of activity at
a hypothetical Marcellus-like hydraulic fracturing site: a pre-drilling steady state, the injection of
fluids, a shut-in period, production, and the continued migration of hydraulic fracturing fluids after
the well is plugged and abandoned. They quantified how much hydraulic fracturing fluid flows back
up the well after fracturing, how much reaches overlying aquifers, and how much is permanently
sequestered by capillary imbibition (which is treated as a sink term). Their results affirmed that,
without a pathway such as a permeable fault or leaky wellbore, it is very unlikely that hydraulic
fracturing fluid from a deep shale could reach an overlying aquifer. However, the study did indicate
that upward migration on the order of 328 ft (100 m) could occur through relatively lowpermeability overburden, even if no discrete, permeable pathway exists.

6.3.2.2 Fracture Overgrowth out of the Production Zone

Fractures extending out of the intended production zone into another formation, or into an
unintended zone within the same formation, could provide a potential fluid migration pathway into
drinking water resources (Jackson et al., 2013d). This migration could occur either through the
fractures themselves or in connection with other permeable subsurface features or formations
(Figure 6-7). Such “out-of-zone fracturing” is undesirable from a production standpoint and may
occur as a result of inadequate reservoir characterization or fracture treatment design (Eisner et al.,
2006). Some researchers have noted that fractures growing out of the targeted production zone
could potentially contact other formations, such as higher conductivity sandstones or conventional
hydrocarbon reservoirs, which may create an additional pathway for migration into a drinking
water resource (Reagan et al., 2015). In addition, fractures growing out of the production zone
could potentially intercept natural, preexisting fractures (discussed in Section 6.3.2.4) or active or
abandoned wells near the well where hydraulic fracturing is performed (discussed in Section
6.3.2.3).
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Figure 6-7. Conceptualized depiction of potential pathways for fluid movement out of the
production zone: (a) induced fracture overgrowth into over- or underlying formations; (b)
induced fractures intersecting natural fractures; and (c) induced fractures intersecting a
permeable fault.
The fracture’s geometry (Section 6.3.1) affects its potential to extend beyond the intended zone and
serve as a pathway to drinking water resources. Vertical heights of fractures created during
hydraulic fracturing operations have been measured in several U.S. shale plays, including the
Barnett, Woodford, Marcellus, and Eagle Ford, using microseismic monitoring and tiltmeters
(Fisher and Warpinski, 2012). These data indicate typical fracture heights extending from tens to
hundreds of feet. 1 Davies et al. (2012) analyzed this data set and found that the maximum fracture
height was 1,929 ft (588 m) and that 1% of the fractures had a height greater than 1,148 ft (350 m).
This may raise some questions about fractures being contained within the producing formation, as
some Marcellus fractures were found to extend vertically for at least 1,500 ft (460 m), while the
maximum thickness of the formation is generally 350 ft (110 m) or less (MCOR, 2012). However,
the majority of fractures within the Marcellus were found to have heights less than 328 ft (100 m),
suggesting limited possibilities for fracture overgrowth exceeding the separation between shale
reservoirs and shallow aquifers (Davies et al., 2012). This is consistent with modeling results found
by Kim and Moridis (2015) and others, as described below. Where the producing formation is not
1 As described in Section 6.3.1, microseismic data represent the small amounts of seismic energy generated during
subsurface fracturing. The Fisher and Warpinski dataset includes the top and bottom depths of mapped fracture
treatments in the four shale plays mentioned, giving the maximum propagation length.
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continuous horizontally, the lateral extent of fractures may also become important. For example, in
the Fisher and Warpinski (2012) data set, fractures were found to extend to horizontal lengths
greater than 1,000 ft (300 m).

Results of National Energy Technology Laboratory (NETL) research in Greene County,
Pennsylvania, are generally consistent with those reported in the Fisher and Warpinski (2012) data
set. Microseismic monitoring was used at six horizontal Marcellus Shale wells to identify the
maximum upward extent of brittle deformation (i.e., rock breakage) caused by hydraulic fracturing
(Hammack et al., 2014). At three of the six wells, fractures extending between 1,000 and 1,900 ft
(300 and 580 m) above the Marcellus Shale were identified. Overall, approximately 40% of the
microseismic events occurred above the Tully Limestone, the formation overlying the Marcellus
Shale. The microseismic data suggest that fracture propagation occurs above the Tully Limestone,
which is sometimes referred to as an upper barrier to hydraulic fracture growth (Hammack et al.,
2014). However, all microseismic events were at least 5,000 ft (2,000 m) below drinking water
aquifers, as the Marcellus Shale is one of the deepest shale plays (Table 6-3), and no impacts to
drinking water resources or another local gas-producing interval were identified. See Text Box 6-6
for more information on the Greene County site.

Text Box 6-6. Monitoring at the Greene County, Pennsylvania, Hydraulic Fracturing Test Site.
Monitoring performed at the Marcellus Shale test site in Greene County, Pennsylvania, evaluated fracture
height growth and zonal isolation during and after hydraulic fracturing operations (Hammack et al., 2014).
The site has six horizontally drilled wells and two vertical wells that were completed into the Marcellus Shale.
Pre-fracturing studies of the site included a 3D seismic survey to identify faults, pressure measurements, and
baseline sampling for isotopes; drilling logs were also run. Hydraulic fracturing occurred April 24 to May 6,
2012, and June 4 to 11, 2012. Monitoring at the site included the following:
•

•

•

Microseismic monitoring was conducted during four of the six hydraulic fracturing jobs on the site,
using geophones placed in the two vertical Marcellus Shale wells. These data were used to monitor
fracture height growth above the six horizontal Marcellus Shale wells during hydraulic fracturing.

Pressure and production data were collected from a set of existing vertical gas wells completed in
Upper Devonian/Lower Mississippian zones 3,800 to 6,100 ft (1,200 to 1,900 m) above the Marcellus.
Data were collected during and after the hydraulic fracturing jobs and used to identify any
communication between the fractured areas and the Upper Devonian/Lower Mississippian rocks.

Chemical and isotopic analyses were conducted on gas and water produced from the Upper
Devonian/Lower Mississippian wells. Samples were analyzed for stable isotope signatures of hydrogen,
carbon, and strontium and for the presence of perfluorocarbon tracers used in 10 stages of one of the
hydraulic fracturing jobs to identify possible gas or fluid migration to overlying zones (Sharma et al.,
2014a; Sharma et al., 2014b).

As of September 2014, no evidence was found of gas or brine migration from the Marcellus Shale (Hammack
et al., 2014), although longer-term monitoring is necessary to confirm that no impacts to overlying zones
have occurred (Zhang et al., 2014a).

Similarly, in Dunn County, North Dakota, there is evidence suggestive of out-of-zone fracturing in
the Bakken Shale (U.S. EPA, 2015i). At the Killdeer site (Section 6.2.2.1), hydraulic fracturing fluids
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and produced water were released during a rupture of the casing at the Franchuk 44-20 SWH well.
Water quality characteristics at two monitoring wells located immediately downgradient of the
Franchuk well reflected a mixing of local Killdeer Aquifer water with deep formation brine. Ion and
isotope ratios used for brine fingerprinting suggest that Madison Group formations (which directly
overlie the Bakken in the Williston Basin) were the source of the brine observed in the Killdeer
Aquifer, and the authors concluded that this provides evidence for out-of-zone fracturing (U.S. EPA,
2015i). Industry experience also indicates that out-of-zone fracturing could be fairly common in the
Bakken and that produced water from many Bakken wells has Madison Group chemical signatures
(Arkadakskiy and Rostron, 2013; Arkadakskiy and Rostron, 2012; Peterman et al., 2012).
Fracture growth from a deep formation to a near-surface aquifer is generally considered to be
limited by layered geological environments and other physical constraints (Fisher and Warpinski,
2012; Daneshy, 2009). For example, differences in in-situ stresses in layers above and below the
production zone can restrict fracture height growth in sedimentary basins (Fisher and Warpinski,
2012). High-permeability layers near hydrocarbon-producing zones can reduce fracture growth by
acting as a “thief zone” into which fluids can migrate, or by inducing a large compressive stress that
acts on the fracture (de Pater and Dong, 2009, as cited in Fisher and Warpinski, 2012). Although
thief zones may prevent fractures from reaching shallower formations or growing to extreme
vertical lengths, they do allow fluids to migrate out of the production zone into receiving
formations, which could (depending on site-specific conditions) potentially contain drinking water
resources. A volumetric argument has also been used to discuss limits of vertical fracture growth;
that is, the volumes of fluid needed to sustain fracture growth beyond a certain height would be
unrealistic (Fisher and Warpinski, 2012). However, as described in Section 6.3.1, fracture volume
can be greater than the volume of injected fluid due to the effects of pressurized water combined
with the effects of gas during injection (Kim and Moridis, 2015). Nevertheless, some numerical
investigations suggest that, unless unrealistically high pressures and injection rates are applied to
an extremely weak and homogeneous formation that extends up to the near surface, hydraulic
fracturing generally induces stable and finite fracture growth in a Marcellus-type environment and
fractures are unlikely to extend into drinking water resources (Kim and Moridis, 2015).

Modeling studies have identified other factors that can affect the containment of fractures within
the producing formation. As discussed above, additional numerical analysis of fracture propagation
during hydraulic fracturing has demonstrated that contrasts in the geomechanical properties of
rock formations can affect fracture height containment (Gu and Siebrits, 2008) and that geological
layers present within shale gas reservoirs can limit vertical fracture propagation (Kim and Moridis,
2015). In another modeling study, Myshakin et al. (2015) applied a multi-layered geologic model to
study whether fracture growth can extend upward through overlying strata and reach drinking
water resources in a Marcellus Shale-type environment. Most fractures were predicted either to
extend upward to the overlying layer (about 46%) or to remain in the Marcellus Shale (about 34%).
About 20% of the fractures were predicted to extend further upward into or above the overlying
limestone. These model results are consistent with microseismic events observed above the Tully
Limestone in Greene County, Pennsylvania (Hammack et al., 2014), where the fracture heights
ranged from 0 to 700 ft (0 to 200 m) and most of the fractures terminated less than 100 ft (31 m)
above the top of the Marcellus.
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If fractures were to propagate from the production zone to drinking water resources, other factors
would need to be in place for fluid migration to occur. Using a numerical simulation, Reagan et al.
(2015) investigated potential short-term migration of gas and water between a shale or tight gas
formation and a shallower groundwater unit, assuming that a permeable pathway already exists
between the two formations. Note that, for the purposes of this study, the pathway was assumed to
be pre-existing, and Reagan et al. (2015) did not model the hydraulic fracturing process itself.

The subsurface system evaluated in the Reagan et al. (2015) modeling investigation included a
horizontal well used for hydraulic fracturing and gas production, a connecting pathway between
the producing formation and the aquifer, and a shallow vertical water well in the aquifer (Figure
6-7). The parameters and scenarios used in the study are shown in Table 6-4; two vertical
separation distances between the producing formation and the aquifer were investigated, along
with a range of production zone permeabilities and other variables used to describe four
production scenarios. The horizontal well was assigned a constant bottomhole pressure of half the
initial pressure of the target reservoir, not accounting for any over-pressurization from hydraulic
fracturing. (As noted in Section 6.3.2.1, over-pressurization during hydraulic fracturing can create
an additional driving force for upward migration.) In the simulation, migration was assessed
immediately after hydraulic fracturing and for up to a 2-year simulation period representing the
production stage.

Results of this modeling investigation indicate a generally downward water flow within the
connecting fracture (i.e., flow from the aquifer through the connecting fracture into the
hydraulically induced fractures in the production zone) with some upward migration of gas
(Reagan et al., 2015). In certain simulated cases, gas breakthrough (the appearance of gas at the
base of the drinking water aquifer) was also observed. The key parameter affecting migration of gas
into the aquifer was the production regime, particularly whether gas production (which drives
migration toward the production well) was occurring in the reservoir. Simulations that included a
producing gas well showed only a few instances of breakthrough, while simulations without gas
production (i.e., that assumed the well was shut-in) tended to result in breakthrough. When gas
breakthrough did occur, the breakthrough times ranged from minutes to 20 days. However, in all
cases, the gas escape was limited in duration and scope, because the amount of gas available for
immediate migration toward the shallow aquifer was limited to that initially stored in the
hydraulically induced fractures after the stimulation process and prior to production. These
simulations indicate that the target reservoir may not be able to replenish the gas that was
available for migration prior to production.
Based on the results of the Reagan et al. (2015) modeling study, gas production from the reservoir
appears likely to mitigate gas migration, both by reducing the amount of available gas and
depressurizing the induced fractures (which counters the buoyancy of any gas that may escape
from the production zone into the connecting fracture). Production at the gas well also creates
pressure gradients that drive a downward flow of water from the aquifer via the fracture into the
producing formation, increasing the amount of water produced at the gas well. Furthermore, the
effective permeability of the connecting feature is reduced during water (downward) and gas
(upward) counter-flow within the fracture, further retarding the upward movement of gas or
6-56

Chapter 6 – Well Injection

allowing gas to dissolve into the downward flow. However, Reagan et al. (2015) did find an
increased potential for gas release from the producing formation in cases where there is no gas
production following hydraulic fracturing. The potential for gas migration during shut-in periods
following hydraulic fracturing and prior to production may be more significant, especially when
out-of-zone fractures are formed. Without the effects of production, gas can rise via buoyancy, with
any downward-flowing water from the aquifer displacing the upward-flowing gas.

Reagan et al. (2015) also found that the permeability of a connecting fault or fracture may be an
important factor affecting the potential upward migration of gas (although not as significant as the
production regime). For the cases where gas escaped from the production zone, the maximum
volume of migrating gas depended upon the permeability of the connecting feature: the higher the
permeability, the larger the volume. The modeling results also showed that lower permeabilities
delay the downward flow of water from the aquifer, allowing the trace amount of gas that entered
into the fracture early in the modeled period to reach the aquifer, which was otherwise predicted to
dissolve in the water flowing downward in the feature. Similarly, the permeabilities of the target
reservoir, fracture volume, and the separation distance were found to affect gas migration, because
they affected the initial amount of gas stored in the hydraulically induced fractures. In contrast, the
permeability of the drinking water aquifer was not found to be a significant factor in the
assessment.

Table 6-4. Modeling parameters and scenarios investigated by Reagan et al. (2015).

This table illustrates the range of parameters included in the Reagan et al. (2015) modeling study. See Figure 6-7,
Figure 6-8, and Figure 6-9 for conceptualized illustrations of these scenarios.

Model parameter or variable

Values investigated in model scenarios

All scenarios
Lateral distance from connecting feature to water well

328 ft (100 m)

Vertical separation distance between producing
formation and drinking water aquifer

656 ft (200 m);
2,625 ft (800 m)
1 nD (1 x 10-21 m2);
100 nD (1 x 10-19 m2);
1 µD (1 x 10-18 m2)

Producing formation permeability range

0.1 D (1 x 10-13 m2);
1 D (1 x 10-12 m2)

Drinking water aquifer permeability
Initial conditions
Production well bottom hole pressure

Hydrostatic
Half of the initial pressure of the producing formation
(not accounting for over-pressurization
from hydraulic fracturing)

Production regime

Production at both the water well and the gas well;
Production at only the water well;
Production at only the gas well;
No production
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Model parameter or variable

Values investigated in model scenarios

Fracture pathway scenarios
1 D (1 x 10-12 m2);
10 D (1 x 10-11 m2);
1,000 D (1 x 10-9 m2)

Connecting feature permeability

Offset well pathway scenarios
Lateral distance from production well to offset well

33 ft (10 m)
1 µD (1 x 10-18 m2);
1 mD (1 x 10-15 m2);
1 D (1 x 10-12 m2);
1,000 D (1 x 10-9 m2)

Cement permeability of offset well

6.3.2.3 Migration via Fractures Intersecting with Offset Wells and Other Artificial Structures
Another potential pathway for fluid migration is one in which hydraulic fracturing fluids or
displaced subsurface fluids move through newly created fractures into an offset well or its fracture
network, resulting in a process called well communication (Jackson et al., 2013d). The offset well
can be an abandoned (i.e., plugged), inactive, or actively producing well. In addition, if the offset
well has also been used for hydraulic fracturing, the fracture networks of the two wells might
intersect. The situation where hydraulic fractures propagate to (and inject fluid into and/or cause
pressure increases in) other existing wells or hydraulic fractures is referred to as a “frac hit” and is
known to occur in areas with a high density of wells (Jackson et al., 2013a).

Frac hits can be more common in unconventional production settings compared to conventional
production settings, due to the closer/denser well spacing (King and Valencia, 2016). Figure 6-8
provides a schematic to illustrate fractures that intercept an offset well, and Figure 6-9 depicts (in a
simplified illustration) how the fracture networks of two such wells might intersect. This can be a
particular concern in shallower formations, where the local least principal stress is vertical
(resulting in more horizontal fracture propagation), and in situations where there are drinking
water wells in the same formation as wells used for hydraulic fracturing.

Instances of well communication have been known to occur and are described in well records and
the oil and gas literature. For example, an analysis of operator data collected by the New Mexico Oil
Conservation Division (NM OCD) in 2013−2014 identified 120 instances of well communication in
the San Juan Basin between 2007 and 2013 (Vaidyanathan, 2014). In some cases, well
communication incidents have led to documented production and/or environmental problems. A
study in the Barnett Shale noted two cases of well communication, one with a well 1,100 ft (340 m)
away and the other with a well 2,500 ft (760 m) away from the initiating well; ultimately, one of the
offset wells had to be re-fractured because the well communication halted production (Craig et al.,
2012). In some cases, the fluids that intersect the offset well flow up the wellbore and spill onto the
surface. In its report Review of State and Industry Spill Data: Characterization of Hydraulic
Fracturing-Related Spills, the EPA (2015m) recorded 10 incidents in which fluid spills were
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attributed to well communication events (see Text Box 5-10 for more information on this effort). 1
The Well File Review (U.S. EPA, 2016c) reports that 1% of the wells (an estimated 280 wells)
represented in the study reported a frac hit, where the hydraulic fracturing operation documented
in the Well File Review led to communication with a nearby well. 2 (It was not possible to determine
whether fluids reached protected groundwater resources during these frac hits based on
information in the well files.) While the subsurface effects of frac hits have not been extensively
studied, these cases demonstrate the possibility of fluid migration via communication with other
wells and/or their fracture networks. More generally, well communication events can indicate
fracture behavior that was not intended by the treatment design.

Figure 6-8. Induced fractures intersecting an offset well (in a production zone, as shown, or in
overlying formations into which fracture growth may have occurred).
This image shows a conceptualized depiction of potential pathways for fluid movement out of the production
zone (not to scale).

1 These

spills are represented by line numbers 163, 236, 265, 271, 286, 287, 375, 376, 377, and 380 in Appendix B of U.S.
EPA (2015m).
2 280

wells (95% confidence interval: 240 – 320 wells).
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Figure 6-9. Well communication (a frac hit).

This image shows a conceptualized depiction of the fractures of a newly fractured well (Well A) intersecting the
existing fracture network created during a previous hydraulic fracturing operation in an offset well (Well B).
Evidence of this interaction may be observed in the offset well as a pressure change, lost production, and/or
introduction of new fluids. Depending on the condition of the offset well, this can result in fluid being spilled onto
the surface, rupturing of cement and/or casing and hydraulic fracturing fluid leaking into subsurface formations,
and/or fluid flowing out through existing flaws in the casing and/or cement. (Figure is not to scale.)

A well communication event is usually observed at the offset well as a pressure spike, due to the
elevated pressure from the originating well, or as an unexpected drop in the production rate (Lawal
et al., 2014; Jackson et al., 2013a). Ajani and Kelkar (2012) performed an analysis of frac hits in the
Woodford Shale in Oklahoma, studying 179 wells over a 5-year period. The authors used fracturing
records from the newly completed wells and compared them to production records from
surrounding wells. The authors assumed that sudden changes in production of gas or water
coinciding with fracturing at a nearby well were caused by communication between the two wells,
and increased water production at the surrounding wells was assumed to be caused by hydraulic
fracturing fluid flowing into these offset wells. The results of the Oklahoma study showed that
24 wells had decreased gas production or increased water production within 60 days of the initial
gas production at the nearby fractured well. A total of 38 wells experienced decreased gas or
increased water production up to a distance of 7,920 ft (2,410 m), which the study authors defined
as the distance between the midpoints of the laterals; 10 wells saw increased water production
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from as far away as 8,422 ft (2,567 m). In addition, one well showed a slight increase in gas
production rather than a decrease. 1

Other studies of well communication events have relied on similar information. In the NM OCD
operator data set, the typical means of detecting a well communication event was through pressure
changes at the offset well, production lost at the offset well, and/or fluids found in the offset well. In
some instances, well operators determined that a well was producing fluid from two different
formations, while in one instance, the operator identified a potential well communication event due
to an increase in production from the offset well (Vaidyanathan, 2014). In another study, Jackson et
al. (2013a) found that the decrease in production due to well communication events was much
greater in lower permeability reservoirs. The authors note an example where two wells 1,000 ft
(300 m) apart communicated, reducing production in the offset well by 64%. These results indicate
that the subsurface interactions of well networks or complex hydraulics driven by each well at a
densely populated (with respect to wells) area are important factors to consider for the design of
hydraulic fracturing treatments and other aspects of oil and gas production.

The key factor affecting the likelihood of a well communication event and the impact of a frac hit is
the location of the offset well relative to the well where hydraulic fracturing was conducted (Ajani
and Kelkar, 2012). In the Ajani and Kelkar (2012) analysis, the likelihood of a communication event
was less than 10% in wells more than 4,000 ft (1,000 m) apart, but rose to nearly 50% in wells less
than 1,000 ft (300 m) apart. Well communication was also much more likely with wells drilled from
the same pad. The affected wells were found to be in the direction of maximum horizontal stress in
the field, which correlates with the expected direction of fracture propagation. Modeling work by
Myshakin et al. (2015) is generally consistent with these results, indicating that the risk of fluid
movement through pre-existing wellbores or open faults is negligible unless hydraulic fractures are
located very close to these features. 2

Statistical modeling by Montague and Pinder (2015) investigated the probability that a hypothetical
new well used for hydraulic fracturing within the area of New York underlain by the Marcellus
Shale would intersect an existing wellbore. The results indicated that this probability would be
from 0 to 3.45%. The model incorporated the depth of the hypothetical new well, the vertical
growth of induced fractures, and the depth and locations of existing nearby wells. The model also
assumed that the existing wells are vertical and fracture growth is not impacted by nearby wells or
existing fractures. However, the authors concluded that the inclusion of horizontal wells within the
data set could increase the chance of intersection with induced fractures.
Well communication may be more likely to occur where there is less resistance to fracture growth.
Such conditions may be related to existing production operations (e.g., where previous
hydrocarbon extraction has reduced the pore pressure, changed stress fields, or affected existing
fracture networks) or the existence of high-permeability rock units (Jackson et al., 2013a). As Ajani
and Kelkar (2012) found in the Woodford Shale, one of the deepest major shale plays (Table 6-3),
induced fractures tend to enter portions of the reservoir that have already been fractured as
1 The
2 In

numbers of wells cited in the study reflect separate analyses, and the numbers cited are not additive.

the Myshakin et al. (2015) paper, the authors do not quantify or explain what is meant by “very close.”
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opposed to entering previously unfractured rocks, ultimately causing interference in offset wells.
Mukherjee et al. (2000) described this tendency for asymmetric fracture growth toward depleted
areas in low-permeability gas reservoirs due to pore pressure depletion from production at offset
wells. The authors note that pore pressure gradients in depleted zones would affect the subsurface
stresses. Therefore, depending on the location of the new well with respect to depleted zone(s) and
the orientation of the existing induced fractures, the newly created fracture can be asymmetric,
with only one wing of the fracture extending into the depleted area and developing significant
length and conductivity (Mukherjee et al., 2000). The extent to which the depleted area affects
fracturing depends on factors such as cumulative production, pore volume, hydrocarbon saturation,
effective permeability, and the original reservoir or pore pressure (Mukherjee et al., 2000).
Similarly, high-permeability rock types acting as thief zones may also cause preferential fracturing
due to a higher leakoff rate into these layers (Jackson et al., 2013a).
In addition to location, the potential for impact on a drinking water resource also depends on the
condition of the offset well. (See Section 6.2 for information on the mechanical integrity of well
components.) In their analysis, Ajani and Kelkar (2012) found a correlation between well
communication and well age: older wells were more likely to be affected. If the cement in the
annulus between the casing and the formation is intact and the well components can withstand the
stress exerted by the pressure of the fluid, nothing more than an increase in pressure and extra
production of fluids would occur during a well communication event. However, if the offset well is
not able to withstand the pressure of the hydraulic fracturing fluid, well components could fail
(Figure 6-4), allowing fluid to migrate out of the well.

The highest pressures most hydraulic fracturing wells will face during their life spans occur during
the process of fracturing (Section 3.3). In some cases, temporary equipment is installed in wells
during fracturing to protect the well against the increased pressure. Therefore, many producing
wells may not be designed to withstand pressures typical of hydraulic fracturing (Enform, 2013)
and can experience problems when fracturing occurs in nearby wells. Depending on the location of
the weakest point in the offset well, this could result in fluid being spilled onto the surface;
rupturing of cement and/or casing and hydraulic fracturing fluid leaking into subsurface
formations; and/or fluid flowing out through existing flaws in the casing and/or cement. (See
Chapters 5 and 7 for additional information on how such spills can affect drinking water resources.)
For example, a documented well communication event near Innisfail, Alberta, Canada (Text Box
6-7) occurred when several well components failed, because they were not rated to handle the
increased pressure caused by the well communication (ERCB, 2012). In addition, if the fractures
were to intersect an uncemented portion of the wellbore, the fluids could potentially migrate into
formations that are uncemented along the wellbore.

In older wells near a hydraulic fracturing operation, plugs and cement can degrade over time; in
some cases, abandoned wells may never have been plugged properly. Before the 1950s, most well
plugging efforts were focused on preventing water from the surface from entering oil fields. As a
result, many wells from that period were abandoned with little or no cement (NPC, 2011b). This
can be a significant issue in areas with legacy (i.e., historic) oil and gas exploration and when wells
are re-entered and hydraulically fractured (or re-fractured) to increase production in a reservoir. In
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one study, 18 of 29 plugged and abandoned wells in Quebec were found to show signs of leakage
(Council of Canadian Academies, 2014). Similarly, a PA DEP report cited three cases where
migration of natural gas had been caused by well communication events with old, abandoned wells,
including one case where private drinking water wells were affected (PA DEP, 2009c). In Tioga
County, Pennsylvania, following hydraulic fracturing of a shale gas well, an abandoned well nearby
produced a 30 ft (9 m) geyser of brine and gas for more than a week (Dilmore et al., 2015).

Text Box 6-7. Well Communication at a Horizontal Well near Innisfail, Alberta, Canada.
In most cases, well communication during fracturing results in a pressure surge accompanied by a drop in gas
production and additional flow of produced water or hydraulic fracturing fluid at an offset well. However, if
the offset well is not capable of withstanding the high pressures of fracturing, more significant damage can
occur.

In January 2012, fracturing at a horizontal well near Innisfail in Alberta, Canada, caused a surface spill of
fracturing and formation fluids at a nearby operating vertical oil well. According to the investigation report by
the Alberta Energy Resources Conservation Board (ERCB, 2012), pressure began rising at the vertical well
less than two hours after fracturing ended at the horizontal well.
Several components of the vertical well facility―including surface piping, discharge hoses, fuel gas lines, and
the pressure relief valve associated with compression at the well―were not rated to handle the increased
pressure and failed. Ultimately, the spill released, in addition to gas, an estimated 19,816 gal (75,012 L3) of
hydraulic fracturing fluid, brine, and oil covering an area of approximately 656 ft by 738 ft (200 m by 225 m).

The ERCB determined that the lateral of the horizontal well passed within 423 ft (129 m) of the vertical well
at a depth of approximately 6,070 ft (1,850 m) below the surface in the same formation. The operating
company had estimated a fracture half-length of 262 to 295 ft (80 to 90 m) based on a general fracture model
for the field. 1 While there were no regulatory requirements for spacing hydraulic fracturing operations in
place at the time, the 423 ft (129 m) distance was out of compliance with the company’s internal policy to
space fractures from adjacent wells at least 1.5 times the predicted half-length. The company also did not
notify the operators of the vertical well of the hydraulic fracturing operations. The incident prompted the
ERCB to issue Bulletin 2012-02―Hydraulic Fracturing: Interwellbore Communication between Energy Wells,
which outlines expectations for avoiding well communication events and preventing adverse effects on offset
wells.

Various studies estimate the number of abandoned wells in the United States to be significant. The
Interstate Oil and Gas Compact Commission (IOGCC, 2008) estimates that over one million wells
were drilled in the United States prior to the enactment of state oil and gas regulations, and the
status and location of many of these wells are unknown. A recent estimate of wells completed
before the adoption of statewide well abandonment criteria in 1957 in Pennsylvania placed the
range at 305,000 to 390,000 wells in the state, with more than 176,000 of those wells likely
abandoned pre-1957 (Dilmore et al., 2015). As of 2000, PA DEP’s well plugging program reported
that it had documented 44,700 wells that had been plugged and 8,000 that were in need of
plugging, and approximately 184,000 additional wells with an unknown location and status (PA
1 The

fracture half-length is the radial distance from a wellbore to the outer tip of a fracture propagated from that well
(Schlumberger, 2014).
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DEP, 2000). A similar evaluation from New York State found that the number of unplugged wells
was growing in the state despite an active well plugging program (Bishop, 2013). In the Midwest,
Sminchak et al. (2014) examined two areas of historical oil and gas exploration as part of an
investigation of potential carbon dioxide sequestration sites. They found that a 4.3 mi by 4.3 mi (6.9
km by 6.9 km) square area in Michigan contained 22 abandoned oil and gas wells and a 9.3 mi by
9.3 mi (15.0 km by 15.0 km) square area in Ohio contained 359 abandoned oil and gas wells.

Various state programs exist to plug identified orphaned wells, but they face the challenge of
identifying and addressing a large number of wells. 1 In some cases, remote sensing technologies can
be used to identify wells for which no records exist. For example, an NETL study in Pennsylvania
found that helicopter-based high-resolution magnetic surveys can be used to accurately locate wells
with steel casing; wells with no steel casing exhibit weak or no magnetic anomaly and are not
detected by such surveys (Veloski et al., 2015). Chapter 10 includes a discussion of factors and
practices, including those related to active and abandoned wells near hydraulic fracturing
operations, that can reduce the frequency of impacts to drinking water quality.
The Reagan et al. (2015) numerical modeling study included an assessment of migration via an
offset well as part of its investigation of potential fluid migration from a producing formation into a
shallower groundwater unit (Section 6.3.2.2). For the offset well pathway, it was assumed that the
hydraulically induced fractures intercepted an older offset well with deteriorated components.
(This assessment can also be applicable to cases where potential migration may occur via the
production well-related pathways discussed in Section 6.2) The highest permeability value tested
for the connecting feature represented a case with an open wellbore. A key assumption for this
investigation was that the offset well was already directly connected to a permeable feature in the
reservoir or within the overburden.

Similar to the cases for permeable faults or fractures discussed in Section 6.3.2.2, the study
investigated the effect of multiple well- and formation-related variables on potential fluid migration
(Table 6-4). Based on the simulation results, an offset well pathway can have a greater potential for
gas release from the production zone into a shallower groundwater unit than the fracture pathway
discussed in Section 6.3.2.2 (Reagan et al., 2015). This difference is primarily due to the total pore
volume of the connecting pathway within the offset well; if the offset well pathway has a
significantly lower pore volume compared to the fracture pathway, this would reduce possible gas
storage in the connecting feature and increase the speed of buoyancy-dependent migration.
However, as with the fracture scenario, the gas available for migration in this case is still limited to
the gas that is initially stored in the hydraulically induced fractures. Accordingly, any incidents of
gas breakthrough in the model results were limited in both duration and magnitude.
In their modeling study, Reagan et al. (2015) found that production at the gas well (the well used
for hydraulic fracturing) also affects the potential upward migration of gas and its arrival times at
the drinking water formation due to its effect on the driving forces (e.g., pressure gradient). Similar
to the fracture cases described in Section 6.3.2.2, production in the target reservoir appears to
mitigate upward gas migration, both by reducing the amount of gas that might otherwise be
1

An orphaned well is an inactive oil or gas well with no known (or financially solvent) owner.
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available for upward migration and by creating a pressure gradient toward the production well.
Only scenarios without the mitigating feature of gas production result in upward migration into the
aquifer. This assessment also found a generally downward water flow within the connecting well
pathway, which is more pronounced when the production well is operating and there is depressurization within the fractures. The producing formation and aquifer permeabilities appear not
to be significant factors for upward gas migration via this pathway. Instead, Reagan et al. (2015)
found the permeability of the connecting well to be the key factor affecting the migration of gas to
the aquifer and the water well. Very low permeabilities (less than 1 mD, or 1 × 10−15 m2) for the
connecting well lead to no migration of gas into the aquifer regardless of the vertical separation
distance, whereas larger permeabilities presented a greater potential for gas breakthrough.
Brownlow et al. (2016) also modeled communication with an abandoned well. The modeling
exercise was based on operator data from the Eagle Ford Shale. Two types of cases were modeled:
cases with an open (unplugged) abandoned well (which the authors note are known to occur in
Texas) and cases with an abandoned well that was converted into a water well after the lower
portion of the well had been filled with drilling mud (a practice allowed in Texas until 1967). The
modeling results indicated that fluid could potentially migrate up both types of abandoned wells,
with relatively greater flow rates in open abandoned wells and in abandoned wells closer to the
well used for hydraulic fracturing. Similar to the Reagan et al. (2015) study, the production regime
was also a key factor; when production and flowback were included in the simulation, they were
found to inhibit upward migration. Modeled flow rates through the mud-filled well were
comparable to those found by Reagan et al. (2015) with higher flows predicted through the open
well.

A similar study was conducted by Nowamooz et al. (2015), who modeled a hypothetical well in the
Utica Shale in Quebec. They assumed a 7.9 in (200 mm) wellbore with an approximately 2 in (51
mm) annulus space filled with intact cement. The researchers varied the permeability of the cement
from 1 µD (1 × 10−19 m2) to 1 mD (1 × 10−15 m2). The results indicated that, at the highest
permeability of 1 mD, a flow of methane of 1.02 × 10-2 ft3/day (2.9 x 10-4 m3/d) was possible. This
was two orders of magnitude higher than the flow when the cement permeability was 1 µD
(1 × 10−19 m2). The wellbore permeabilities used by Nowamooz et al. (2015) appear to be consistent
with actual permeabilities observed in the field, which can vary widely. For example, a study of 31
abandoned oil and gas wells in Pennsylvania found effective permeability values along the
wellbores in the range of 10−6 to 102 mD (1 × 10−21 to 1 × 10−13 m2) (Kang et al., 2015).
In the same way that fractures can propagate to intersect offset wells, they can also potentially
intersect other artificial subsurface structures including mine shafts or solution mining sites. No
known incidents of this type of migration have been documented. However, the Bureau of Land
Management (BLM) has identified over 48,000 abandoned mines in the United States and is adding
new mines to its inventory every year (BLM, 2015). In addition, the Well File Review identified an
estimated 800 cases where wells used for hydraulic fracturing were drilled through mining voids,
and an additional 90 cases of drilling through gas storage zones or wastewater disposal zones (U.S.
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EPA, 2015n). 1,2 The analysis suggests emplacing cement within such zones can be challenging,
which, in turn, could lead to a loss of zonal isolation (as described in Section 6.2) and create a
pathway for fluid migration.

6.3.2.4 Migration via Fractures Intersecting Geologic Features

Potential fluid migration via natural, permeable fault or fracture zones in conjunction with
hydraulic fracturing has been recognized as a potential contamination hazard for several decades
(Harrison, 1983). Natural fracture systems have a strong influence on the success of a fracture
treatment, and the topic has been studied extensively from the perspective of optimizing treatment
design (e.g., Dahi Taleghani and Olson, 2011; Weng et al., 2011; Vulgamore et al., 2007). While
porous flow in unfractured shale or tight sand formations is assumed to be negligible due to very
low formation permeabilities (as discussed in Section 6.3.2.1), the presence of small natural
fractures known as “microfractures” within tight sand or shale formations is widely recognized, and
these fractures affect fluid flow and production strategies. Naturally occurring permeable faults
and larger-scale fractures within or between formations can potentially allow for more significant
flow pathways out of the production zone (Jackson et al., 2013d). Figure 6-7 illustrates the concept
of induced fractures intersecting with permeable faults or fractures extending out of the target
reservoir. 3
The specific effects of natural fractures on fluid migration, and the mechanisms by which these
effects occur, are not completely understood. While naturally occurring microfractures can impact
the growth of induced fractures (e.g., by affecting the tensile strength of a shale layer), studies
based on modeling and monitoring data generally do not indicate that they contribute to fracture
growth in a way that could affect the frequency or severity of impacts. Microfractures could affect
fluid flow patterns near the induced fractures by increasing the effective contact area. Conversely,
these microfractures could act as capillary traps for the hydraulic fracturing fluid during treatment
(contributing to fluid leakoff) and potentially hinder hydrocarbon flow due to lower gas relative
permeabilities (Dahi Taleghani et al., 2013). Ryan et al. (2015) suggested that some natural fracture
processes/patterns (such as the presence of two subvertical fracture sets) can contribute to
upward gas migration, while others (such as small fracture sets with low connectivity that are
confined to individual geologic layers) can preclude it.
In some areas, larger-scale geologic features may affect potential fluid flow pathways. As discussed
in Text Box 6-3, baseline measurements taken before shale gas development show evidence of
thermogenic methane in some shallow aquifers, suggesting that, in some cases, natural subsurface
pathways exist and might allow for naturally occurring migration of gas over geologic time
(Robertson et al., 2012). There is also evidence demonstrating that gas undergoes mixing in
1 800
2

wells (95% confidence interval: 10 – 1,900 wells).

90 wells (95% confidence interval: 50 – 100 wells).

3 Faults and fractures can exhibit a range of permeabilities. For example, permeable (also referred to as “transmissive” or
“conductive”) faults or fault segments have enough permeability to allow fluids to flow along or across them, while others
are relatively impermeable and can serve as barriers to flow. These differences in permeability are associated with
geologic conditions such as rock type, depth, and stress regime. Generally, when researchers refer to the potential for
migration via natural geologic features, it is assumed that these features are sufficiently permeable to serve as a pathway.
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subsurface pathways (Baldassare et al., 2014; Molofsky et al., 2013; Fountain and Jacobi, 2000).
Warner et al. (2012) compared recent sampling results to data published in the 1980s and found
geochemical evidence for migration of fluids through natural pathways between deep underlying
formations and shallow aquifers―pathways that the authors suggest could lead to contamination
from hydraulic fracturing activities. In northeastern Pennsylvania, there is evidence that brine from
deep saline formations has migrated into shallow aquifers over geologic time, preferentially
following certain geologic structures (Llewellyn, 2014). However, this depends on local geologic
characteristics and does not appear to happen in all locations; for example, in the Monongahela
River Basin in West Virginia, shallow groundwater samples did not show evidence of mixing with
deep brines (Boothroyd et al., 2016). As described in Chapter 7, karst features (created by the
dissolution of soluble rock) can also serve as a potential pathway of fluid movement on a faster time
scale.
Monitoring data show that the presence of natural faults and fractures can affect both the height
and width of induced hydraulic fractures. When faults are present, relatively larger microseismic
responses are seen and larger fracture growth can occur, as described below. Rutledge and Phillips
(2003) suggested that, for a hydraulic fracturing operation in East Texas, pressurizing existing
fractures (rather than creating new hydraulic fractures) was the primary process that controlled
enhanced permeability and fracture network conductivity at the site. Salehi and Ciezobka (2013)
used microseismic data to investigate the effects of natural fractures in the Marcellus Shale and
concluded that fracture treatments are more efficient in areas with clusters or “swarms” of small
natural fractures, while areas without these fracture swarms require more thorough stimulation.
These microseismic data show that swarms of natural fractures within a shale formation can result
in a fracture network with a larger width-to-height ratio (i.e., a shorter and wider network) than
would be expected in a zone with a low degree of natural fracturing.

A few studies have used monitoring data to specifically investigate the effect of natural faults and
fractures on the vertical extent of induced fractures. A statistical analysis of microseismic data by
Shapiro et al. (2011) found that fault rupture (movement along a fault) from hydraulic fracturing is
limited by the extent of the stimulated rock volume and is unlikely to extend beyond the fracture
network. However, as demonstrated by microseismic data presented by Vulgamore et al. (2007), in
some settings, the fracture network—and, in this case, the possibility of fault rupture—could
extend laterally for thousands of feet. In the Fisher and Warpinski (2012) data set (Section 6.3.2.2),
the greatest fracture heights occurred when the hydraulic fractures intersected pre-existing faults.
Similarly, Hammack et al. (2014) reported that fracture growth seen above the Marcellus Shale is
consistent with the inferred extent of pre-existing faults at the Greene County, Pennsylvania,
research site (Section 6.3.2.2 and Text Box 6-6). The authors suggested that clusters of
microseismic events may have occurred where preexisting small faults or natural fractures were
present above the Marcellus Shale. Viñal (2015) used time-lapse multi-component seismic
monitoring to monitor the overburden of the Montney Shale during a hydraulic fracturing
operation in Alberta, Canada. The researchers found increases in the anisotropy in the overburden,
which they interpreted as fractures being propagated along natural faults out of the shale and into
the overburden. At a site in Ohio, Skoumal et al. (2015) found that hydraulic fracturing induced a
rupture along a pre-existing fault approximately 0.6 mi (1 km) from the hydraulic fracturing
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operation. Using a new monitoring method known as tomographic fracturing imaging, Lacazette
and Geiser (2013) also found vertical hydraulic fracturing fluid movement from a production well
into a natural fracture network for distances of up to 0.6 mi (1.0 km). However, Davies et al. (2013)
questioned whether this technique actually measures hydraulic fracturing fluid movement.

Modeling studies have also investigated whether hydraulic fracturing operations are likely to
reactivate faults and create a potential fluid migration pathway into shallow aquifers. Results from
one study suggest that, under specific circumstances, interaction with a permeable fault could
result in fluid migration to the surface but only on relatively long (ca. 1,000 year) time scales
(Gassiat et al., 2013). These findings have been disputed in the literature due to certain suggested
limitations of the study, including the model setup, assumptions, and calibration; unrealistic fault
representation; lack of constraints on fluid overpressure; and exclusion of the capillary imbibition
effect (Birdsell et al., 2015b; Flewelling and Sharma, 2015). In response to these critiques, the
authors stated that their work was a parametric study in which the model geometry, parameter,
and boundary conditions were defined based on data collected from multiple shale gas basins, and
the objective of the study was not to calibrate results to a specific site (Lefebvre et al., 2015). Other
researchers reject the notion that open, permeable faults coexist with hydrocarbon accumulation
(Flewelling et al., 2013). However, it is unclear whether the existence of faults in low permeability
reservoirs affects the accumulation of hydrocarbons because, under natural conditions, the flow of
gas may be limited due to capillary tension.

Like the other pathways discussed in this section, other conditions in addition to the physical
presence of a permeable fault or fracture would need to exist for fluid migration to a drinking water
resource to occur. The modeling study conducted by Reagan et al. (2015) and discussed in Section
6.3.2.2 indicates that, if such a permeable feature exists, the transport of gas and fluid flow would
strongly depend upon the production regime and, to a lesser degree, the features’ permeability and
the separation between the reservoir and the aquifer. In addition, the pressure distribution within
the reservoir (e.g., over-pressurized vs. hydrostatic conditions) will affect the fluid flow through
fractures/faults. As a result, the presence of multiple geologic and well-related factors can increase
the potential for fluid migration into drinking water resources. For example, in the Mamm Creek
area of Colorado (Section 6.2.2.4), mechanical integrity and drilling-related problems likely acted in
concert with natural fracture systems to result in a gas seep into surface water and shallow
groundwater (Crescent, 2011). A similar situation occurred in southeastern Bradford County,
Pennsylvania (discussed in Section 6.2), where natural fractures intersected an uncemented casing
annulus and allowed gas to flow from the annulus into nearby domestic wells and a stream
(Llewellyn et al., 2015).
Other modeling studies investigating the potential of fluid migration related to existing faults and
fractures have given mixed results. Pfunt et al. (2016) performed modeling based on conditions in
the North German Basin, i.e., deep geological settings where undisturbed cap rocks are present
between the fractured formation and shallow aquifers. Their modeling indicated that the hydraulic
fracturing fluid did not reach the near-surface area either during hydraulic fracturing operations or
in the long-term in the presence of highly permeable pathways (fault zones, fractures). Like
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previous modeling studies, the authors found that the injection pressure and permeability of the
connecting fault are two important factors that control upward fluid migration.

Rutqvist et al. (2013) found that, while somewhat larger microseismic events are possible in the
presence of faults, repeated events and a seismic slip would amount to a total rupture length of
164 ft (50 m) or less along a fault, not far enough to allow fluid migration between a deep gas
reservoir (approximately 6,562 ft or 2,000 m deep) and a shallow aquifer. A follow-up study using
more sophisticated three-dimensional modeling techniques also found that deep hydraulic
fracturing is unlikely to create a direct flow path into a shallow aquifer, even when hydraulic
fracturing fluid is injected directly into a fault (Rutqvist et al., 2015). Similarly, a modeling study
that investigated potential fluid migration from hydraulic fracturing in Germany found potential
vertical fluid migration up to 164 ft (50 m) in a scenario with high fault zone permeability, although
the authors note this is likely an overestimate because their goal was to “assess an upper margin of
the risk” associated with fluid transport (Lange et al., 2013). More generally, results from Rutqvist
et al. (2013) indicate that fracturing along an initially impermeable fault (as is expected in a shale
gas formation) would result in numerous small microseismic events that act to prevent larger
events from occurring (and, therefore, prevent the creation of more extensive potential pathways).

Schwartz (2015) modeled methane flow through a hypothetical permeable fault at a well in
Germany. Methane flow was modeled through a permeable leakage zone that was 0.1 ft by 13 ft
(0.03 m by 4 m) with an assumed permeability in the range of approximately 100 D to of 10,000 D
(1 × 10-10 m2 to 1 × 10-8 m2). The model indicated that methane could reach a drinking water aquifer
approximately 2,953 ft (900 m) above the gas zone in about a half a day and reach a maximum flow
after two days. According to the model results, methane entering the aquifer led to an increase in
pH, the release of negatively charged constituents such as chromium, and the adsorption of
positively charged ions such as arsenic. Decreasing the permeability of the leakage zone by a factor
of 100 increased the travel time by a factor of four. In another study, Myshakin et al. (2015)
modeled brine migration through a natural and induced fracture network. Their results indicated
that the main pathway for vertical migration of hydraulic fracturing fluid to overlying layers is
through the induced fractures, and not the natural fractures. The location of hydraulic fractures
relative to each other affects the extent of brine migration into overburden layers; compared to
single fractures separated by large distances, closely spaced fractures were associated with higher
pressures in—and, consequently, more brine migration into—overlying layers.

6.4 Synthesis

In the injection stage of the hydraulic fracturing water cycle, operators inject hydraulic fracturing
fluids into a well under pressure that is high enough to fracture the production zone. These fluids
flow through the well and then out into the surrounding formation, where they create fractures in
the rock, allowing hydrocarbons to flow through the fractures, to the well, and then up the
production string.

The production well and the surrounding geologic features function as a system that is often
designed with multiple elements that can isolate hydrocarbon-bearing zones and water-bearing
zones, including groundwater resources, from each other. This physical isolation optimizes oil and
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gas production and can protect drinking water resources via isolation within the well (by the casing
and cement) and/or through the presence of multiple layers of subsurface rock between the target
formations where hydraulic fracturing occurs and drinking water aquifers.

6.4.1 Summary of Findings

In this chapter, we consider impacts to drinking water resources to occur if hydraulic fracturing
fluids or other subsurface fluids affected by hydraulic fracturing enter and adversely impact the
quality of groundwater resources. Potential pathways for fluid movement to drinking water
resources may be linked to one or more components of the well and/or features of the subsurface
geologic system. If present, these potential pathways can, in combination with the high pressures
under which fluids are injected and pressure changes within the subsurface due to hydraulic
fracturing, result in the subsurface movement of fluids to drinking water resources.

The potential for these pathways to exist or form has been investigated through modeling studies
that simulate subsurface responses to hydraulic fracturing, and demonstrated via case studies and
other monitoring efforts. In addition, the development of some of these pathways—and fluid
movement along them—has been documented. It is important to note that, if multiple barriers
afforded by the well design and the presence of subsurface rock formations are present, the
development of a pathway within this system does not necessarily result in an impact on a drinking
water resource.

6.4.1.1 Fluid Movement via the Well

A production well undergoing hydraulic fracturing is subject to higher stresses during the relatively
brief hydraulic fracturing phase than during any other period of activity in the life of the well. If the
well cannot withstand the stresses experienced during hydraulic fracturing operations, pathways
associated with the casing and cement can form that can result in the unintended movement of
fluids into the surrounding environment (Section 6.2).

Multiple barriers within the well, including casing, cement, and a completion assembly can, if
present, isolate hydrocarbon-bearing formations from drinking water resources located at a
different depth. However, inadequate construction, defects in or degradation of the casing or
cement, and/or the absence of redundancies such as multiple layers of casing and proper
emplacement of cement can allow fluid movement into drinking water resources. Various studies of
wells in the Marcellus Shale showed failure rates between 3 and 10%, depending on the type of
failure studied (contamination of drinking water resources may or may not have occurred at these
wells). The EPA’s Well File Review found that 3% of all hydraulic fracturing jobs involved a
downhole mechanical integrity failure, which generally resulted in hydraulic fracturing fluid
entering the annular space between the casing and formation or between two casing strings.

Ensuring proper well design and mechanical integrity—particularly proper cement placement and
quality—are important actions for preventing unintended fluid migration along the wellbore. While
not all of the mechanical integrity failures described above resulted in fluid movement to—or
contamination of—a drinking water resource, aspects of well design that lead to increased failure
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rates have the potential to increase the frequency or severity of impacts to drinking water quality
associated with hydraulic fracturing operations.

6.4.1.2 Fluid Movement within Subsurface Geologic Formations

Potential subsurface pathways for fluid migration to drinking water resources include flow of fluids
out of the production zone into formations above or below it, fractures extending out of the
production zone or into other induced fracture networks, intersections of fractures with abandoned
or active wells, and hydraulically induced fractures intersecting with faults or natural fractures
(Section 6.3).
Vertical separation between the zone where hydraulic fracturing operations occur and drinking
water resources reduces the potential for fluid migration to impact the quality of drinking water
resources. However, not all hydraulic fracturing operations are characterized by large vertical
distances between the production zone and drinking water resources. In coalbed methane plays,
which are typically shallower than shale gas plays, these separation distances can be smaller than
in other types of formations. Also, in certain areas, hydraulic fracturing is known to take place in
formations containing water that meets the salinity threshold that is used in some definitions of a
drinking water resource.

Lateral separation between wells undergoing hydraulic fracturing and other wells (including active
and abandoned wells) also reduces the potential for fluid migration to impact drinking water
resources. While some operators design fracturing treatments to communicate with the fractures of
another well and optimize oil and gas production, unintended communication between two wells or
their fracture systems can lead to spills in an offset well, which is an indicator of hydraulic
fracturing treatments extending beyond their planned design. These well communication incidents,
or “frac hits,” have been reported in New Mexico, Oklahoma, and a few other locations. Surface
spills from well communication incidents have also been documented. Based on the available
information, frac hits most commonly occur on multi-well pads and when wells are spaced less than
1,100 ft (340 m) apart, but they have been observed at wells up to 8,422 ft (2,567 m) away from a
well undergoing hydraulic fracturing.

6.4.1.3 Impacts to Drinking Water Resources

We identified some example cases in the literature where the pathways associated with hydraulic
fracturing resulted in an impact on the quality of drinking water resources.

One of these cases took place in Bainbridge Township, Ohio, in 2007. Failure to cement
over-pressured formations through which a production well passed—and proceeding with the
hydraulic fracturing operation without adequate cement and an extended period during which the
well was shut in—led to a buildup of natural gas within the well annulus and high pressures within
the well. This ultimately resulted in movement of gas from the production zone into local drinking
water aquifers (Section 6.2.2.2). Twenty-six domestic drinking water wells were taken off-line and
the houses were connected to a public water system after the incident due to elevated methane
levels.
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Casings at a production well near Killdeer, North Dakota, ruptured in 2010 following a pressure
spike during hydraulic fracturing, allowing fluids to escape to the surface. Brine and tert-butyl
alcohol were detected in two nearby monitoring wells. Following an analysis of potential sources,
the only source consistent with the conditions observed in the two impacted water wells was the
well that ruptured during hydraulic fracturing. There is also evidence that out-of-zone fracturing
occurred at the well (Sections 6.2.2.1 and 6.3.2.2).

There are other cases where contamination of or changes to the quality of drinking water resources
near hydraulic fracturing operations were identified. Hydraulic fracturing remains a potential
contributing cause in these cases. For example:
•

•

Migration of stray gas into drinking water resources involves many potential routes,
including poorly constructed casing and naturally existing or induced fractures in
subsurface formations. Multiple pathways for fluid movement may have worked in concert
in northeastern Pennsylvania (possibly due to cement issues or sustained casing pressure),
the Raton Basin in Colorado (where fluid migration may have occurred along natural rock
features or faulty well seals), and the Wattenberg field in Colorado (where the surface
casing depth and the presence of uncemented gas zones are major factors in determining
the likelihood of mechanical integrity failures and contamination). While the sources of
methane identified in drinking water wells in each study area could be determined with
varying degrees of certainty, attempts to definitively identify the pathways of migration
have generally been inconclusive (Text Box 6-3).

At the East Mamm Creek drilling area in Colorado, inadequate placement of cement allowed
the migration of methane through natural faults and fractures in the area. This case
illustrates how construction issues, sustained casing pressure, and the presence of natural
faults and fractures, in conjunction with elevated pressures associated with hydraulic
fracturing, can work together to create a pathway for fluids to migrate toward drinking
water resources (Sections 6.2.2.2 and 6.3.2.4).

Additionally, there are places in the subsurface where oil and gas resources and drinking water
resources co-exist in the same formation. Evidence we examined indicates that some hydraulic
fracturing for oil and gas occurs within formations where the groundwater has a salinity of less
than 10,000 mg/L TDS. By definition, this results in the introduction of hydraulic fracturing fluids
into formations that meet both the Safe Drinking Water Act’s salinity-based definition of an
underground source of drinking water and the broader definition of a drinking water resource
developed for this assessment. According to the data we examined, these formations are generally
in the western United States, e.g., near Pavillion, Wyoming. Hydraulic fracturing in a drinking water
resource may be of concern in the short-term (where people are currently using these zones as a
drinking water supply) or the long-term (if drought or other conditions necessitate the future use
of these zones for drinking water).
There are other cases in which production wells associated with hydraulic fracturing are alleged to
have caused contamination of drinking water resources. Data limitations in most of those cases
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(including the unavailability of information in litigation settlements resulting in sealed documents)
make it difficult to assess whether or not hydraulic fracturing was a cause of the contamination.

6.4.2 Factors Affecting Frequency or Severity of Impacts

The multiple barriers within the hydraulic fracturing well and the presence of subsurface lowpermeability geologic formations between the production zone and drinking water resources
isolate fluids from drinking water resources. Because of this, any factors that affect the integrity of
the system comprised of the well and the surrounding geology have the potential to affect the
frequency or severity of impacts on drinking water quality. The primary factors that can affect the
frequency or severity of impacts are: (1) the construction and condition of the well that is being
hydraulically fractured, (2) the amount of vertical separation between the production zone and
formations that contain drinking water resources, and (3) the location, depth, and condition of
nearby wells or natural faults or fractures.

The presence and condition of the well’s casing and cement are key factors that affect the frequency
or severity of impacts to drinking water resources. Even in wells where there is substantial vertical
separation (e.g., thousands of feet), defects in the well can, in theory, allow fluid movement over
significant vertical distance. For example, fully cemented surface casing that extends through the
base of drinking water resources is a key protective component of the well. Risk evaluation studies
of a limited number of injection wells show that, if the surface casing is not set deeper than the
bottom of the drinking water resource, the risk of aquifer contamination increases a thousand-fold.
A review of wells that were hydraulically fractured in the Wattenberg field in Colorado showed that
wells with fewer casing and cementing barriers across gas-bearing zones exhibited higher rates of
failures. Most, but not all, wells used in hydraulic fracturing operations have fully cemented surface
casing.
The absence of or defects in casing or cement can be the result of inadequate design or
construction, including fewer layers of protective casing or when cement is incomplete (i.e., not
present across all oil-gas- or water-bearing formations), of inadequate quality, or improperly
emplaced. Wells that were constructed pursuant to older, less stringent requirements have a
greater likelihood of exhibiting mechanical integrity problems associated with inadequate design
and/or construction.

Deviated and horizontal wells may exhibit more casing and cement problems compared to vertical
wells. Some (but not all) studies have shown that sustained casing pressure—a buildup of pressure
within the well annulus that can indicate the presence of leaks—occurs more frequently in deviated
and horizontal wells compared to vertical wells. Cement integrity problems can arise as a result of
challenges in centering the casing and placing the cement in these wells. Absent efforts to ensure
the emplacement of sufficient cement that is of adequate integrity, the increased use of these wells
in hydraulic fracturing operations has the potential to increase the frequency at which associated
cementing problems occur. This, in turn, has the potential to increase the frequency of impacts to
the quality of drinking water resources.
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Even in optimally designed wells, degradation of the casing and cement as they age or due to the
cumulative effects of formation or operational stresses exerted on the well over time (e.g., cyclic
stresses in multi-stage fractures) can impact the mechanical integrity of the well and affect the
frequency of impacts to drinking water quality. Older wells exhibit more mechanical integrity
problems compared to newer wells when hydraulically fractured or re-fractured. If mechanical
integrity issues exist but are not detected and subsequently addressed, hydraulic fracturing fluids
or other fluids can move into drinking water resources and the concentrations of contaminants in
those drinking water resources—and therefore the severity of the impact—can increase.

In areas where there is little or no vertical separation between the production zone and drinking
water resources, there is a greater potential to increase the frequency or severity of impacts to
drinking water quality. For example, when the vertical separation is relatively small and other
subsurface pathways (e.g., artificial penetrations) are present, the potential for these pathways to
provide a more direct link between the production zone and a drinking water resource is greater
than if there is a large separation. As described above, there are places where hydraulic fracturing
operations occur in formations meeting the salinity threshold that is used in some definitions of a
drinking water resource. The practice of injecting hydraulic fracturing fluids into a formation that
also contains a drinking water resource can affect the quality of that water, because it is likely some
of that fluid remains in the formation following hydraulic fracturing. The properties (e.g., chemical
composition, toxicity, etc.) of hydraulic fracturing fluids or naturally occurring fluids that migrate to
drinking water resources can affect the severity of the impact on the quality of those resources (see
Chapter 9 for more information on the chemicals used in hydraulic fracturing fluids).
Where the separation between the production zone and drinking water resources is small, and
where natural or induced fractures that transect the layers between these formations are present,
there is a potential for increased frequency of impacts to drinking water quality via induced or
natural fractures or faults. (Impacts via well-related pathways can also be a concern in these
situations, as described above.)

Research shows that fractures created during hydraulic fracturing can extend out of the production
zone, and that the vertical component of fracture growth is generally greater in deeper formations
than shallow formations. Out-of-zone fracturing could be a concern in deeper formations if there is
little vertical separation between the production zone and a deep drinking water resource and
fractures propagate to unintended vertical heights. If out-of-zone fracturing is not detected (e.g., via
monitoring) and subsequently addressed, the impacts to the quality of drinking water resources
associated with fluid movement via these induced fractures have the potential to become more
severe.

Regardless of the extent of the vertical separation between the production zone and drinking water
resources, the presence of active or abandoned wells near hydraulic fracturing operations can
increase the potential for hydraulic fracturing fluids to move to drinking water resources. For
example, a deficiency in the construction of a nearby well (or degradation of the well’s
components), can provide a pathway for movement of hydraulic fracturing fluids, methane, or
brines that might affect drinking water quality. If the fractures intersect an uncemented portion of a
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nearby wellbore, the fluids can potentially migrate along that wellbore into any formations where
the well is not cemented.

The frequency of impacts to the quality of drinking water resources may increase where wells are
densely spaced (particularly in shallow hydraulic fracturing operations where more fracture
propagation is expected to be in the horizontal direction). The frequency of impacts may also be
higher in mature oil and gas fields that pre-date the use of construction/plugging methods that can
withstand the stresses associated with hydraulic fracturing operations. In these mature fields, wells
tend to be older so degradation is a concern, and the location or condition of abandoned wells may
not be documented. Based on the information presented in this chapter, the increased use of
hydraulic fracturing in horizontal wells and in multiple wells on a single pad can increase the
likelihood that these pathways could develop. This, in turn, could increase the frequency at which
impacts on drinking water quality occur.
See Chapter 10 for a discussion of factors and practices that can reduce the frequency or severity of
impacts to drinking water quality.

6.4.3 Uncertainties

Generally, less is known about the occurrence of (or potential for) impacts of injection-related
pathways in the subsurface than for other components of the hydraulic fracturing water cycle,
which tend to be easier to observe and measure. Furthermore, while there is a large amount of
information available on production wells in general, there is little information that is both specific
to hydraulic fracturing operations and readily accessible across the states to form a national
picture.

6.4.3.1 Limited Availability of Information Specific to Hydraulic Fracturing Operations

There is extensive information available on the design goals for hydraulically fractured oil and gas
wells (i.e., to address the stresses imposed by high-pressure, high-volume injection), including from
industry-developed best practices documents. Additionally, many studies have documented how
production wells have historically been constructed, how they perform, and the rates at which they
experience problems that can lead to pathways for fluid movement. However, because of possible
differences in well construction and operational practices, it is unknown how historical well
performance studies apply to wells used in hydraulic fracturing operations.

Because wells that have been hydraulically fractured must withstand many of the same downhole
stresses as other production wells, we consider studies of the pathways for impacts to drinking
water quality in production wells to be relevant to identifying the potential pathways relevant to
hydraulic fracturing operations. However, without specific data on the as-built construction of wells
used in hydraulic fracturing operations, we cannot definitively state whether these wells are
consistently constructed to withstand the stresses they may encounter.
There is also, in general, very limited information available on the monitoring and performance of
wells used in hydraulic fracturing operations. Published information is sparse regarding
mechanical integrity tests (MITs) performed during and after hydraulic fracturing, the frequency at
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which mechanical integrity issues arise in wells used for hydraulic fracturing, and the degree and
speed with which identified issues are addressed. There is also little information available
regarding MIT results for the original hydraulic fracturing event in wells built for that purpose, for
wells that are later re-fractured, or for existing, older wells not initially constructed for hydraulic
fracturing but repurposed for that use.

These limitations on hydraulic fracturing-specific information make it difficult to provide definitive
estimates of the rate at which wells used in hydraulic fracturing operations experience the types of
mechanical integrity problems that can contribute to the movement of hydraulic fracturing fluids or
other fluids to drinking water resources.
There is also a limited number of peer-reviewed published studies based on groundwater sampling
that provide evidence to assess whether formation brines, hydraulic fracturing fluids, or gas move
in unintended ways through the subsurface during and after hydraulic fracturing. Subsurface
monitoring data (i.e., data that characterize the presence, migration, or transformation of fluids
within subsurface formations related to hydraulic fracturing operations) are scarce relative to the
tens of thousands of oil and gas wells that are estimated to be hydraulically fractured across the
country each year (see Chapter 3 for more information on the occurrence of hydraulic fracturing in
the United States).

Information on fluid movement within the subsurface and the extent of fractures that develop
during hydraulic fracturing operations is also limited. For example, limited information is available
in the published literature on how flow regimes or other subsurface processes change at sites
where hydraulic fracturing is conducted. Instead, much of the available research, and therefore the
literature, addresses how hydraulic fracturing and other production technologies perform to
optimize hydrocarbon production. In addition, much of the published data on fracture propagation
are for shale formations, and no large-scale data sets on fracture growth in other unconventional
formations exist or are publicly available.

These limitations on hydraulic fracturing-specific information make it difficult to provide definitive
estimates of the rate at which wells used in hydraulic fracturing operations experience the types of
mechanical integrity problems that can contribute to unintended fluid movement.

6.4.3.2 Limited Systematic, Accessible Data on Well Performance or Subsurface Movement

While the oil and gas industry generates a large amount of information on well performance as part
of operations, most of this is proprietary, or otherwise not readily available to the public in a
compiled or summary manner. Therefore, no national or readily accessible way exists to evaluate
the design and performance of individual wells or wells in a region, particularly in the context of
local geology or the presence of other wells and/or hydraulic fracturing operations. Many states
have large amounts of operator-submitted data, but information about construction practices or the
performance of individual wells is typically not in a searchable or aggregated form that would
enable assessments of well performance under varying settings, conditions, or timeframes.
Although it is collected in some cases, there is no collection, reporting, or publishing of baseline
(pre-drilling and/or pre-fracturing) and post-fracturing monitoring data on a national basis that
6-76

Chapter 6 – Well Injection

could indicate the presence or absence of hydraulic fracturing-related fluids in shallow zones and
whether or not migration of those fluids has occurred. (See Chapter 10 for additional discussion of
data limitations.) Ideally, data from groundwater monitoring are needed to complement theories
and modeling on potential pathways and fluid migration.

While some of the types of impacts described above can occur quickly (i.e., on the scale of days or
weeks, as with mechanical integrity problems or well communication events), other impacts (e.g., in
slow-moving, deep groundwater) may be detectable only on much longer timescales. Without
comprehensive collection and review of information about how hydraulic fracturing operations
perform, fluid movement could occur without early detection, which could, in turn, increase the
severity of any resultant impacts to drinking water quality. For example, testing the mechanical
integrity of wells, monitoring the extent of the fractures that form, and conducting pre- and posthydraulic fracturing water quality monitoring can detect fluid movement (or the potential for fluid
movement) and provide opportunities to mitigate or minimize the severity of impacts associated
with unforeseen events.
The limited amount of available information also hinders our ability to evaluate how frequently
drinking water impacts are occurring, the probability that these impacts occur, or to what extent
they are tied to specific well construction, operation, and maintenance practices. This also
significantly limits our ability to evaluate the aggregate potential for hydraulic fracturing
operations to affect drinking water resources or to identify the potential cause of drinking water
contamination in areas where hydraulic fracturing occurs. The absence of this information greatly
limits the ability to make quantitative statements about the frequency or severity of these impacts.

6.4.4 Conclusions

The production well and the surrounding geologic features function as a system that provides
multiple barriers that can isolate hydrocarbon-bearing zones and water-bearing zones, including
drinking water resources. Because of this, factors affecting the integrity of any of these barriers
have the potential to adversely affect the quality of drinking water resources.

We have identified a number of pathways by which hydraulic fracturing fluids can reach and affect
the quality of drinking water resources. These pathways include migration via inadequate casing
and/or cement in the hydraulic fracturing well, fluid movement in the subsurface via fractures
extending out of the target zone, or vertical fluid movement via other natural or artificial structures.
The primary factors affecting the frequency or severity of impacts to drinking water quality
associated with hydraulic fracturing operations include the condition of the casing and cement of
the production well and their placement relative to drinking water resources, the extent of the
vertical separation between the production zone and drinking water resources, and the presence
and condition of offset wells or natural faults or fractures near the hydraulic fracturing operation.

There is evidence that, in some cases highlighted in the literature, these pathways have formed and
the quality of drinking water resources has been impacted. We do not know the frequency of such
impacts associated with the injection stage of the hydraulic fracturing water cycle, however. This is
related to the following: the subsurface environment is geologically complex, the relevant
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production processes cannot be directly observed, and publicly available data that can support an
evaluation of the impacts of hydraulic fracturing on the quality of drinking water resources is, in
general, very limited.
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Chapter 7. Produced Water Handling
Abstract
Produced water is a byproduct of hydrocarbon production and flows to the surface through the
production well, along with oil and gas. Operators must store and dispose of (or in some cases treat)
large amounts of non-potable produced water, either on site or off site, and spills or releases of
produced water have the potential to impact drinking water resources. Unlike produced water from
conventional oil and gas production, produced water generated following hydraulic fracturing initially
contains returned hydraulic fracturing fluids. Much of the hydraulic fracturing fluid remains below
ground; the median amount of fluid returned to the surface is 30% or less. Up to several million gallons
of water can be produced from each well, with production generally decreasing with time.

Produced water contains several classes of constituents: salts, metals, radioactive materials, dissolved
organic compounds, and hydraulic fracturing chemicals and their transformation products (the result of
reactions of these chemicals in the subsurface). The concentrations of these constituents change with
time, as the initially returning hydraulic fracturing fluid blends with formation water. Typically, this
means that the produced water becomes more saline with time. Produced water composition and
volume vary from well to well, both among different formations and within formations. A large number
of organic compounds have been identified in produced water, many of which are naturally occurring
petroleum hydrocarbons; some are known hydraulic fracturing chemicals. Only a few transformation
products have been identified, and they include chlorinated organics.

Spills and releases of produced water with a variety of causes have been documented at different steps
in the production process. The causes include human error, equipment or container failure (for instance,
pipeline, tank or storage pit leaks), accidents, and storms. Unauthorized discharges may account for
some releases as well. An estimated half of the spills are less than 1,000 gal (3,800 L). A small number of
much larger spills has been documented, including a spill of 2.9 million gal (11 million L). Both shortand long-term impacts to soil, groundwater, and surface from spills have occurred. For many spills,
however, the impacts are unknown. The potential of spills of produced water to affect drinking water
resources depends upon the release volume, duration, and composition, as well as watershed and water
body characteristics.
Data are lacking to characterize the severity and frequency of impacts on a nationwide scale. Suspected
local-scale impacts often require an extensive multiple lines-of-evidence investigation to determine
their cause. Further, when investigations do take place, the lack of baseline water quality data can make
it difficult to determine the cause and severity of the impact. In such cases, additional data are necessary
to determine the full extent of the impact of releases of produced water.
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7. Produced Water Handling
7.1 Introduction
Water is a byproduct of oil and gas production. After the hydraulic fracturing of the formation is
completed, the injection pressure is reduced, and a possible inactive period where the well is “shut
in” is completed, water is allowed to flow back from the well to prepare for oil or gas production. 1
This return-flow water may contain chemicals injected as part of the hydraulic fracturing fluid,
chemicals naturally occurring in the formation, or the products of reactions that take place in the
formation. Initially this water, sometimes called flowback, is mostly hydraulic fracturing fluid, but
as time goes on, water chemistry becomes more similar to water associated with the formation. For
formations containing saline water (brine), the salinity of the returned water increases as time
passes as the result of increased contact time between the hydraulic fracturing fluid and the
formation and inclusion of an increased portion of formation water. For this assessment, and
consistent with industry practice, the term produced water is used to refer to any water flowing
from the oil or gas well.
Produced water is piped directly to an injection well or stored and accumulated at the surface for
eventual management by injection into disposal wells, transport to wastewater treatment plants,
reuse, or in some cases, placement in evaporation pits or permitted direct discharge. See Text Box
ES-11 and Section 8.4 for discussion of these management practices.

Produced water spills and releases can occur due to several causes, including events associated
with pipelines, transportation, blowouts, and storage. Impacts to drinking water resources can
occur if this released water enters surface water bodies or reaches groundwater. Such impacts may
result in the water becoming unfit for consumption, either through obvious taste and odor
considerations or the constituents in the water exceeding hazard levels (Chapter 9). Once released
to the environment, transport of chemical constituents depends on the characteristics of the:
•

•
•
•

Spill (volume, duration, concentration);

Fluid (density as influenced by salinity);

Chemicals (volatility, sorption, solubility); and

Site-specific environmental characteristics (surface topography and location of surface
water bodies, the type of the soil and aquifer materials, layering and heterogeneity of
rocks, and the presence of dissolved oxygen and other factors needed to support
biodegradation, and the presence of inorganic species that affect metal transport).

This chapter provides characterization of produced water and also provides background
information for the coverage of wastewater disposal and reuse in Chapter 8. Chapter 7 addresses
the characteristics of produced water including per-well generation of produced water. Chapter 8
considers management of this water, now called wastewater, at an aggregate level, and thus
1

There can be no shut-in period at all or it can last several weeks (Stepan et al., 2010).
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discusses state, regional, and national estimates of treatment volumes. While Chapter 7 considers
impacts from several types of unintentional releases, Chapter 8 focuses on impacts that are
associated with wastewater management practices. One specific issue, leakage from pits and
impoundments, is introduced in Chapter 7 as one of several avenues for accidental releases, with a
more detailed exploration of the use of pits in wastewater management presented in Chapter 8.
Chapter 7 begins with a review of definitions for flowback and produced water in Section 7.1.1.
Definitions are followed by a discussion in Section 7.2 of water volumes per well, first presenting
data on the volume and percent of hydraulic fracturing fluid returned to the surface and then
presenting data on the volume of water returned during production. These data all represent the
response of individual wells. Because of the need to have aggregated volumes for estimating
wastewater treatment loadings, estimates of total volumes are given in Section 8.2.

Chapter 7 continues with discussion of the chemical composition of produced water (Section 7.3).
Because the composition of produced water is only known through analysis of samples, laboratory
methods and their limitations are described in Section 7.3.1. Time-dependent changes in
composition are discussed via three specific examples in Section 7.3.3, followed by discussion of
five types of constituents: salts, metals, radioactive materials, organics, and known hydraulic
fracturing additives in Section 7.3.4. The chemical and geological processes controlling the chemical
composition of produced water are described in Appendix E. Spatial and temporal trends in the
composition of produced water are illustrated with examples from the literature and data compiled
for this report (Section 7.3.5).
The potential for impacts on drinking water resources of produced water releases and spills are
described based on reported spill incidents (Section 7.4), and examples of spills from specific
sources and data compilation studies are given in Section 7.4.2. The potential for impacts is
described using contaminant transport principles in Section 7.6. The chapter concludes with a
discussion of uncertainties and knowledge gaps, factors that influence the severity of impacts, and
major findings (Section 7.7).

7.1.1 Definitions

Multiple definitions exist for the terms flowback and produced water. Appendix Section E.1 gives
examples of definitions used by different organizations. These differing definitions reflect differing
usage of the terms among various groups and that produced water reflects the continuously
varying mixture between returning injection fluid and formation water. The majority of produced
water definitions are fundamentally similar. The following definition is used in this report for
produced water: any type of water that flows from the subsurface through oil and gas wells to the
surface as a by-product of oil and gas production. Thus produced water can variously refer to
returned hydraulic fracturing fluid, formation water alone, or a mixture of the two.

The term flowback has two major meanings. First is the process used to prepare the well for
production by allowing excess liquids and proppant to return to the surface. The second use of the
term is to refer to fluids predominantly containing hydraulic fracturing fluid that return to the
surface. Because formation water can contact and mix with injection fluids, the distinction between
returning hydraulic fracturing fluid and formation water is not clear. Definitions of flowback are
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operational in the sense that they include some characteristic of the oil and gas operation (i.e.,
fluids returning within 30 days). These reflect that during the early phases of operation, a higher
concentration of chemical additives is expected and later, water is characteristic of the formation.
Because we use existing literature in our review, we do not introduce a preferred definition of
flowback, and describe all water flowing from the well as produced water.

7.2 Volume of Hydraulic Fracturing Flowback and Produced Water

Veil (2015) estimated that, in 2012, all types (i.e., from conventional and unconventional
reservoirs) of U.S. onshore and offshore oil and gas production generated 8.90 x 1011 gal (3.37 x
1012 L) of produced water. More details and state-level estimates are given in Section 8.2. This
section presents information on flowback and produced water volume over various time scales, and
where possible, on a per-well and per-formation basis, because characteristics and volume of
flowback and produced water vary by well, formation, and time.
The amount of produced water from a well varies and depends on several factors, including
production, formation, and operational factors. Production factors include the amount of fluid
injected, the type of hydrocarbon produced (gas or liquid), and the location within the formation.
Formation factors include the formation pressure, the interaction between the formation and
injected fluid (capillary forces), and reactions within the reservoir. Operational factors include the
volume of the fractured production zone that includes the length of well segments and the height
and width of the fractures. Certain types of problems also influence water production, including
possible loss of mechanical integrity and subsurface communication between wells, both of which
can result in an unexpected increase in water production (U.S. GAO, 2012; Byrnes, 2011; DOE,
2011a; GWPC and ALL Consulting, 2009; Reynolds and Kiker, 2003).

The processes that allow gas and liquids to flow are related to the conditions along the faces of
fractures. Byrnes (2011) conceptualized fluid flow across the fracture face as being composed of
three phases. The first is characterized by forced imbibition of fluid into the reservoir and occurs
during and immediately following fracture stimulation. 1 Second is fluid redistribution within the
reservoir rock, due to capillary forces. Estimates have shown that 50% or more of fracturing fluid
could be captured within the Marcellus shale if imbibition drives water 2 to 6 in (5 to 15 cm) into
the formation (Engelder, 2012; Byrnes, 2011; He, 2011). In the last phase, water flows out of the
formation when the well is opened and pressure is reduced in the wellbore and fractures. The
purpose of this phase is to recover as much of the injected fluid as possible (Byrnes, 2011) to allow
higher oil or gas flow rates. The length of the last phase and, consequently, the amount of water
removed, depends on factors such as the amount of injected fluid, the permeability and relative
permeability of the reservoir, capillary pressure properties of the reservoir rock, and the pressure
near the fracture faces. 2 The well can be shut in for varying time periods depending on operator
scheduling, surface facility construction and connection thereto, or other reasons.
1 The

displacement of a non-wet fluid (i.e., gas) by a wet fluid (typically water). Adapted from Dake (1978).
When multiple fluids (water, oil, gas) occupy portions of the pore space, the permeability to each fluid depends on the
fraction of the pore space occupied by the fluid and the fluid’s properties. As defined by Dake (1978), when this effective
permeability is normalized by the absolute permeability, the resulting relationship is known as the relative permeability.
2
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7.2.1 Flowback of Injected Hydraulic Fracturing Fluid
The amount of water produced by wells within the first few days following fracturing varies from
formation to formation. Wells in the Mississippi Lime and Permian Basin can produce 1 million gal
(3.8 million L) in the first 10 days of production. Wells in the Barnett, Eagle Ford, Granite Wash,
Cleveland/Tonkawa Sand, Niobrara, Marcellus, and Utica Shales can produce 300,000 to 1 million
gal (1.14 to 3.78 million L) within the first 10 days. Haynesville wells produce less, about 250,000
gal (950,000 L) (Mantell, 2013). Data show that the rate of water produced during the flowback
period decreases as time passes (Ziemkiewicz et al., 2014; Hansen et al., 2013; Hayes, 2009).

It is not possible to specify precisely the amount of injected fluids that return in the flowback,
because there is not a clear distinction between flowback and produced water, and the indicators
(e.g., salinity and radioactivity, to name two) are not routinely monitored (GWPC and ALL
Consulting, 2009). Rather, flowback estimates usually relate the amount of produced water
measured at a given time after fracturing as a percentage of the total amount of injected fluid.
Estimates of the fraction of injected hydraulic fracturing fluid that returns as flowback are highly
variable (U.S. EPA, 2016d; Vengosh et al., 2014; Mantell, 2013; Vidic et al., 2013; Minnich, 2011; Xu
et al., 2011). The maxima are less than 85% in all but one of the examples given in Table 7-1, Table
7-2, and Table 7-3, and most of the median values are less than 30%. In some cases, the amount of
flowback is greater than the amount of injected hydraulic fracturing fluid, and the additional water
comes from the formation (Nicot et al., 2014) or from a conductive pathway from an adjacent
formation (Arkadakskiy and Rostron, 2013). See Appendix Section E.2.1 for more details.

Table 7-1. Data from one company’s operations indicating approximate total water use and
approximate produced water volumes within 10 days after completion of wells.
From Mantell (2013).

Produced water (flowback)
within the first 10 days
after completion

Formation

Approx. total average
water use per well
(million gal)

Low estimate
(million gal)

High or only
estimate
(million gal)

Produced water as a
percentage of average water
use per well
Low estimate
High or only
(% of total
estimate (% of
water use) total water use)

Gas shale plays (primarily dry gas)
Barnetta

3.4

0.3

1.0

9%

29%

Marcellusa

4.5

0.3

1.0

7%

22%

Haynesville

5.4

--

0.25

--

5%

--

1.0

--

48%

Liquid plays (gas, oil, condensate)
Mississippi
Lime

2.1
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Produced water (flowback)
within the first 10 days
after completion

Produced water as a
percentage of average water
use per well

Approx. total average
water use per well
(million gal)

Low estimate
(million gal)

High or only
estimate
(million gal)

Cleveland/
Tonkawa

2.7

0.3

1.0

11%

37%

Niobrara

3.7

0.3

1.0

8%

27%

Utica

3.8

0.3

1.0

8%

26%

Granite
Wash

4.8

0.3

1.0

6%

21%

Eagle Ford

4.9

0.3

1.0

6%

20%

Formation

Low estimate
High or only
(% of total
estimate (% of
water use) total water use)

a

Mantell (2011) reported produced water for the first 10 days at 500,000 to 600,000 gal for the Barnett, Fayetteville and
Marcellus Shales.

Table 7-2. Additional short-, medium-, and long-term produced water estimates.
Produced water as
Location–formation percentage of injected fluid Reference

Comment

Estimates without reference to a specific data set
Unspecified Shale

5% – 35%

Hayes (2011)

Marcellus Shale

10% – 25%

Minnich (2011)

ND–Bakken

25%

Initial flowback

EERC (2013)

Estimates with reference to specific data evaluation
Short duration
Marcellus Shale

10%

Clark et al. (2013)

0 – 10 days

TX―Barnett

20%

Clark et al. (2013)

0 – 10 days

TX―Haynesville

5%

Clark et al. (2013)

0 – 10 days

AR―Fayetteville

10%

Clark et al. (2013)

0 – 10 days

WV―Marcellus

8%

Hansen et al. (2013)

30 days

Marcellus Shale

24%

Hayes (2011, 2009)

Average from 19 wells, 90
days

Medium duration
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Produced water as
Location–formation percentage of injected fluid Reference

Comment

Long duration
~100%a

TX―Barnett

Nicot et al. (2014)

72 months

WV―Marcellus

10% – 30%

Ziemkiewicz et al. (2014)

Up to 115 months

TX―Eagle Ford

<20%

Nicot and Scanlon (2012)

Lifetime

Unspecified duration
PA―Marcellus
a Approximate

6%

median with large variability:

5th

Hansen et al. (2013)
percentile of 20% and 90th percentile of 350%.

Table 7-3. Flowback water characteristics for wells in unconventional reservoirs.

Source: U.S. EPA (2016d). The formation-level data used to develop Tables 7-3 and 7-4 appear in Appendix Table E-1.

Fracturing fluid
(million gal)
Resource
type

Shale

Tight

Flowback
(percent of fracturing fluid returned)

Well type

Weighted
average

Range

Data
points

Weighted
average

Range

Data
points

Horizontal

4.2

0.091–24

80,388

7%

0%–580%

7,377

Directional

1.4

0.037–20

340

33%

1%–57%

36

Vertical

1.1

0.015–19

5,197

96%

2%–581%

57

Horizontal

3.4

0.069–12

7,301

12%

0%–60%

75

Directional

0.05

0.046–4

3,581

10%

0%–60%

342

1

0.016–4

10,852

4%

0%–60%

130

Vertical

7.2.2 Produced Water Volumes
Mantell (2013, 2011) described the amount of produced water over the long term as high,
moderate, or low for several formations. Wells in the Barnett Shale, Cleveland/Tonkawa Sand,
Mississippi Lime, and the Permian Basin can produce more than 1,000 gal (3,800 L) of water per
million cubic feet (MMCF) of gas. The most water-productive of these can be as high as
5,000 gal (19,000 L) per MMCF of gas. As a specific example, a high water producing formation in
the western United States was described as producing 4,200 gal (16,000 L) per MMCF of gas for the
life of the well (McElreath, 2011). The well was fractured and stimulated with about 4 million gal
(15 million L) of water and returned 60,000 gal (230,000 L) per day in the first 10 days, followed by
8,400 gal (32,000 L) per day in the remainder of the first year. The Niobrara, Granite Wash, Eagle
Ford, Haynesville, and Fayetteville Shales are relatively dry formations (with small amounts of
naturally occurring formation water) and produce between 500 and 2,000 gal (1,900 to 7,600 L) of
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produced water per MMCF of gas (Mantell, 2013). The Utica and Marcellus Shales are viewed as
drier still and produce less than 200 gal (760 L) per MMCF of gas.

Wells producing in various formation show high produced water volume variability, including the
Barnett Shale, which was attributed by Nicot et al. (2014) to a few wells with exceptionally high
water production. Some of these wells produced more than the amount of injected fracturing fluid.
Wells in conventional and unconventional reservoirs produce differing amounts of water.
Individual hydraulically fractured wells producing gas from the Marcellus Shale produced more
water than hydraulically fractured wells in conventional wells in Pennsylvania (Lutz et al., 2013).
However, on a per-unit of gas produced basis, wells producing from the Marcellus Shale generate
less water (35%), than those in the conventional formations.

The EPA (2016d) reported characteristics of long-term produced water for hydraulically fractured
shale and tight formations (Table 7-4). For shale, horizontal wells produced more water (1,100
gal/day; 4,200 L/day) than vertical wells (500 gal/day; 1,900 L/day). Typically, this would be
attributed to the longer length of the production zone in horizontal laterals than in vertical wells.

Table 7-4. Long-term produced water generation rates (gal/day per well) for wells in
unconventional reservoirs.

Source: U.S. EPA (2016d). The formation-level data used to develop Tables 7-3 and 7-4 appear in Appendix Table E-1.

Long-Term Produced Water Generation Rates
(gal per day per well)
Resource type

Shale

Tight

Well type

Weighted average

Range

Data points

Horizontal

1,100

0–29,000

43,893

Directional

820

0.83–12,000

1,493

Vertical

500

4.8–51,000

12,551

Horizontal

980

10–120,000

4,692

Directional

390

15–8,200

10,784

Vertical

650

0.71–2100

34,624

In an example from the Pennsylvania Marcellus Shale, the EPA determined that, for vertical wells in
unconventional reservoirs, 6% of water came from drilling, 35% from flowback, and 59% from
long-term produced water; for horizontal wells, the corresponding numbers were 9%, 33%, and
58% (U.S. EPA, 2016d). This result agrees with the U.S. Department of Energy (DOE, 2011a) who
concluded that the characteristic small amount of produced water from the Marcellus Shale was
due either to its low water saturation or low relative permeability to water (see Section 6.3.2.1). For
these dry formations, low shale permeability and high capillarity cause water to imbibe into the
formation, where some is retained permanently.
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7.2.2.1 Time Trends
High rates of water production (flowback) typically occur in the first few months after hydraulic
fracturing, followed by rates reduced by an order of magnitude (e.g., Nicot et al., 2014). In many
cases half of the total produced water from a well is generated in the first year. Similarly, the EPA
(2016d) reported a general rule of thumb that, for unconventional reservoirs, the volume of
flowback (which occurs over a short period of time) is roughly equal to the volume of long-term
produced water. These trends in produced water volumes occur within the timeline of hydraulic
fracturing activities (Section 3.3), and show that the large, initial return volumes of flowback last
for several weeks, whereas the lower-rate produced water phase can last for years (Figure 7-1).

Figure 7-1. Generalized examples of produced water flow from five formations.

Actual produced water flows vary by location, play, basin, and amount of water used for hydraulic fracturing (EWI,
2015). Figure used with permission.

7.2.2.2 Coalbed Methane
Water is pumped from coal seams to reduce pressure so that gas adsorbed to the surface of the coal
can flow to the production well (Guerra et al., 2011). Consequently, CBM tends to produce large
volumes of water early on: more than conventional gas-bearing formations (U.S. GAO, 2012)
(Figure 7-2). Within producing CBM formations, water production can vary for unknown reasons
(U.S. GAO, 2012). As an example, data show that CBM production in the Powder River Basin
produces 16 times more water than that in the San Juan Basin (U.S. GAO, 2012).
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Figure 7-2. Typical produced water volume for a coal bed methane well in the western United
States.
Source: Guerra et al. (2011).

7.3 Chemical Composition of Produced Water
For hydraulically fractured wells, the chemical composition of produced water changes from being
similar to the injected hydraulic fracturing fluid to reflecting a mixture of hydraulic fracturing
fluids, naturally occurring hydrocarbons, transformation products, and formation water. Initial
produced water data show continuous changes in chemical composition and reflect processes
occurring in the formation (Section 7.3.3). The data presented on longer-term produced water
represent water that is primarily associated with the formation, rather than the hydraulic
fracturing fluid (Section 7.3.4). Unlike the hydraulic fracturing fluid, the composition of which may
be disclosed, compositional data on produced water comes from laboratory analysis of samples.
Because of this reliance, we first discuss sampling and analysis of produced water, and especially
note the limitations of existing analytical methods for organic chemicals and radionuclides.1 It is
important to note that the analytical methods can differ depending on the purpose of the analysis.
Specifically, advanced laboratory methods have been used to identify unknown organic
constituents of produced water (Section 7.3.1), routine methods are used for pre-drilling sampling,
and a combination of methods may be needed for assessing environmental impacts (Section
7.4.2.5).

7.3.1 Determination of Produced Water Composition

Recent advances in analytical methods for produced water have allowed detection and
quantification of a broad range of organic compounds, including those associated with hydraulic
1

Chemical components of produced water are described below.
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fracturing fluid (Section 7.3.4.7 and Appendix E.3.5.). These studies make clear that standard
analytical methods are not adequate for detecting and quantifying the numerous organic chemicals,
both naturally occurring and anthropogenic, that are now known to occur in produced water
(Lester et al., 2015; Maguire-Boyle and Barron, 2014; Thurman et al., 2014). Similarly, methods
commonly applied for the analysis of radionuclides in drinking water may suffer from analytical
interferences that result in poor data quality (Maxwell et al., 2016; Ying et al., 2015; Zhang et al.,
2015b; Nelson et al., 2014; U.S. EPA, 2014i, 2004b). In these instances, alternative methods that
have been developed to support the nuclear materials production and waste industry provide more
reliable approaches to ensure adequate detection limits and avoid sample matrix interferences that
are anticipated for the high salinity and concentrations of organic constituents that may be present
in produced water samples. 1 Development of advanced or non-routine methods for both organics
and inorganics (especially radium) suggests that data generated from earlier methods may be less
reliable that those developed by the new methods (Nelson et al., 2014), and that advanced
analytical techniques are needed to detect or quantify some analytes.

The compositional data that follow in this chapter and Appendix E rely on the analytical procedures
used in measurement and were summarized as noted from numerous produced water studies or
compilations, such as the U.S. Geological Survey (USGS) produced water database (Blondes et al.,
2014).

7.3.2 Factors Influencing Produced Water Composition

Several interacting factors influence the chemical composition of produced water: (1) the
composition of injected hydraulic fracturing fluids, (2) the targeted geological formation and
associated hydrocarbon products, (3) the stratigraphic environment, and (4) subsurface processes
and residence time (Barbot et al., 2013; Chapman et al., 2012; Dahm et al., 2011; Blauch et al.,
2009).

The mineralogy and structure of a formation are determined initially by deposition, when rock
grains settle out of their transporting medium (Marshak, 2004). Generally, shale forms from clays
that were deposited in deep, oxygen-poor marine environments, and sandstone can form from sand
deposited in shallow marine environments (Ali et al., 2010; U.S. EPA, 2004a). Coal forms when
carbon-rich plant matter collects in shallow peat swamps. In the United States, coal formed in both
freshwater (northern Rocky Mountains) and marginal-marine environments (Alabama’s Black
Warrior formation) (NRC, 2010; Horsey, 1981). Consequently, shale and sandstone produced water
are expected to be saline, and CBM water may be much less so.

7.3.3 Produced Water Composition During the Flowback Period

The chemistry of produced water changes over time, especially during the first days or weeks after
hydraulic fracturing. Generally, produced water concentrations of cations, anions, metals, naturally
occurring radioactive material (NORM), and organics increase as time goes on (Barbot et al., 2013;
Haluszczak et al., 2013; Chapman et al., 2012; Davis et al., 2012; Gregory et al., 2011; Blauch et al.,

1 For guidance in planning, implementing, and assessing projects that require laboratory analysis of radionuclides, see
U.S. EPA (2004b).
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2009). The causes include precipitation and dissolution of salts, carbonates, sulfates, and silicates;
pyrite oxidation; leaching and biotransformation of organic compounds; and mobilization of NORM
and trace elements. Concurrent precipitation of sulfates (e.g., BaSO4) and carbonates (e.g., CaCO3)
alongside decreases in pH, alkalinity, dissolved carbon, and microbial abundance and diversity
occur over time after hydraulic fracturing (Orem et al., 2014; Barbot et al., 2013; Murali Mohan et
al., 2013; Davis et al., 2012; Blauch et al., 2009; Brinck and Frost, 2007). Leaching of organics
appears to be a result of injected and formation fluids associating with shale and coal strata (Orem
et al., 2014). Concentrations of organics in CBM produced water decrease with time, possibly due to
the depletion of coal-associated water through formation pumping (Orem et al., 2007).

7.3.3.1 Total Dissolved Solids

Produced water total dissolved solids concentrations (TDS) increase by varying degrees because of
the formation’s geological origin. As an example, TDS concentrations increased to upper bound
values in samples from four Marcellus Shale gas wells (Chapman et al., 2012) (Figure 7-3). The
increased TDS was composed of increased sodium, calcium, and chloride (Chapman et al., 2012;
Blauch et al., 2009). Similarly, TDS in flowback from the Westmoreland County wells started low
and exceeded that of typical seawater (35,000 mg/L) within three days (Chapman et al., 2012). In a
similar study, wells with hydraulic fracturing fluid containing less than 1,000 mg/L saw TDS
concentrations increase above a median value of 200,000 mg/L within 90 days (Hayes, 2009).

Figure 7-3. TDS concentrations measured through time for injected fluid (at 0 days), and
produced water samples from four Marcellus Shale gas wells in three southwest Pennsylvania
counties.
Data from Chapman et al. (2012).
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7.3.3.2 Radionuclides
Shales and sandstones naturally contain various radionuclides (Sturchio et al., 2001). 1 Radium in
pore waters or adsorbed onto clay particles and grain coatings can dissolve and return in produced
water (Langmuir and Riese, 1985). Available data indicate that radium and TDS concentrations in
produced water are positively correlated (Rowan et al., 2011; Fisher, 1998), likely because radium
remains adsorbed to mineral surfaces when salinity is low, and then desorbs into solution with
increased salinity (Sturchio et al., 2001). As an example, over the course of 20 days, radium
concentration in flowback from a Marcellus Shale gas well increased by almost a factor of four
(Chapman et al., 2012; Rowan et al., 2011) (Figure 7-4).

Figure 7-4. Total radium and TDS concentrations measured through time for injected (day 0),
and produced water samples Greene County, PA, Marcellus Shale gas wells.
Data from Rowan et al. (2011) and Chapman et al. (2012).

7.3.3.3 Dissolved Organic Carbon
Dissolved organic carbon (DOC) concentrations decrease from initial levels in shales and coalbeds
(Murali Mohan et al., 2013; Orem et al., 2007). This occurs while TDS and chloride concentrations
are increasing (Barbot et al., 2013; Chapman et al., 2012). DOC sorption, dilution with injected or
formation water, biochemical reactions, and microbial transformation may all cause decreased
concentrations of DOC during flowback. Injected organics can include gel polymer formulations,
namely guar gum; petroleum distillates; and ethyl and ether glycol formulations, which can serve as
food sources for microbes. (Wuchter et al., 2013; Arthur et al., 2009b; Hayes, 2009). In coalbeds,
Hydraulic fracturing fluids typically do not contain radioactive material (Rowan et al., 2011). However, reusing
produced water can introduce radioactive material into hydraulic fracturing fluid. See Section 7.3.4.6 and PA DEP
(2015b).
1
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water contacting the coal may become depleted in DOC to the degree that when outside water of
lower DOC is produced, the resulting DOC concentrations in the produced water are reduced (Orem
et al., 2014).

(a)

(b)

Figure 7-5. (a) Increasing chloride (Cl) and (b) decreasing DOC concentrations measured
through time for samples from three Marcellus Shale gas wells on a single well pad in Greene
County, PA.
Data from Cluff et al. (2014). Reprinted with permission from Cluff, M; Hartsock, A; Macrae, J; Carter, K; Mouser,
PJ. (2014). Temporal changes in microbial ecology and geochemistry in produced water from hydraulically
fractured Marcellus Shale Gas Wells. Environ Sci Technol 48: 6508-6517. Copyright 2014 American Chemical
Society.

As an example, produced water DOC concentrations decreased from their initial levels twofold from
the hydraulic fracturing fluid and initial samples (Figure 7-5b) followed by a decrease of 11-fold
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over nearly 11 months. The DOC leveled off several months after hydraulic fracturing, presumably
as a result of in situ attenuation processes (Cluff et al., 2014). As DOC was decreasing, chloride
concentrations increased five- to six-fold. These chloride concentrations increased linearly during
the first two weeks (Cluff et al., 2014) and then later approached higher levels (Figure 7-5a). The
pattern in the DOC and chloride levels reflected the changing composition of the produced water—
initially high in DOC from hydraulic fracturing additives and low in salinity, then higher in salinity
and lower in DOC reflecting the chemistry of formation water. The changing composition of
produced water suggests that the potential concern for produced water spills also changes: initially
the produced water may contain more hydraulic fracturing chemicals, and later the concern may
shift to the impact of high salinity water.

7.3.4 Produced Water Composition

The chemical composition of produced water continues to change after the initial flowback period.
Produced water may contain a range of constituents, but in widely varying amounts. Generally,
these can include:
•

•
•
•
•
•

Salts, including those composed from chloride, bromide, sulfate, sodium, magnesium and
calcium;
Metals including barium, manganese, iron, and strontium;

Radioactive materials including radium (radium-226 and radium-228);
Oil and grease, and dissolved organics (including BTEX); 1

Hydraulic fracturing chemicals, including tracers and their transformation products; and
Produced water treatment chemicals. 2

We discuss these groups of chemicals and then conclude by discussing variability within formation
types and within production zones.

7.3.4.1 Similarity of Produced Water from Conventional and Unconventional Reservoirs

Produced water generated from unconventional reservoirs is reported to be similar to produced
water from conventional reservoirs in terms of TDS, pH, alkalinity, oil and grease, TOC, and other
organics and inorganics (Wilson, 2014; Haluszczak et al., 2013; Alley et al., 2011; Hayes, 2009;
Sirivedhin and Dallbauman, 2004). Although produced water salinity varies within and among
shales and tight formations, produced water is typically characterized as saline (Lee and Neff, 2011;
Blauch et al., 2009). Produced water from coalbeds may have low TDS if the coal source bed was
formed in freshwater. Saline produced water is also enriched in major anions (e.g., chloride,
bicarbonate, sulfate); cations (e.g., sodium, calcium, magnesium); metals (e.g., barium, strontium);
1

BTEX is an acronym representing benzene, toluene, ethylbenzene, and xylenes.

Some chemicals are added to produced water for the purpose of oil/water separation, improved pipeline flow, or
equipment maintenance, including prevention of corrosion and scaling in equipment (Cal/EPA, 2016). Generally the
chemicals serve as clarifiers, emulsifiers, emulsion breakers, floating agents, and oxygen scavengers. Among proprietary
formulations, a few specific chemicals have been disclosed including low concentrations of benzene, toluene, and
inorganics (acetic acid, ammonium chloride, cupric sulfate, sodium hypochlorite).
2
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naturally occurring radionuclides (e.g., radium-226, radium-228) (Chapman et al., 2012; Rowan et
al., 2011); and organics (e.g., hydrocarbons) (Orem et al., 2007; Sirivedhin and Dallbauman, 2004).

7.3.4.2 Variability in Produced Water Composition Among Unconventional Reservoirs

Alley et al. (2011) compared geochemical parameters of shale gas, tight gas, and CBM produced
water. This comparison aggregated data on produced water from original analyses, peer-reviewed
literature, and public and confidential government and industry sources and determined the
statistical significance of the results.
As shown in Table 7-5, Alley et al. (2011) found that of the constituents of interest common to all
three types of produced water from unconventional reservoirs (calcium, chloride, potassium,
magnesium, manganese, sodium, and zinc):
1. Shale gas produced water had significantly different concentrations from those of CBM;

2. Shale gas produced water constituent concentrations were significantly similar to those of
tight gas, except for potassium and magnesium; and
3. Five tight gas produced water constituent concentrations (calcium, chloride, potassium,
magnesium, and sodium) were significantly similar to those of CBM (Alley et al., 2011).

The degree of variability between produced waters of these three resource types is consistent with
the degree of mineralogical and geochemical similarity between shale and sandstone formations,
and the lack of the same between shale and coalbed formations (Marshak, 2004). Compared to the
others, shale gas produced water tends to be more acidic, as well as enriched in strontium, barium,
and bromide. CBM produced water is alkaline, and it contains relatively low concentrations of TDS
(one to two orders of magnitude lower than in shale and sandstone). It also contains lower levels of
sulfate, calcium, magnesium, DOC, sodium, bicarbonate, and oil and grease than typically observed
in shale and sandstone produced waters (Alley et al., 2011; Dahm et al., 2011; Benko and Drewes,
2008; Van Voast, 2003). 1

Table 7-5. Compiled minimum and maximum concentrations for various geochemical
constituents in produced water from shale gas, tight gas, and CBM produced water.
Source: Alley et al. (2011).

Parameter

Unit

Shale gasa

Tight Gas Sandsb

CBMc

Alkalinity

mg/L

160−188

1,424

54.9−9,450

Ammonium-N

mg/L

-

2.74

1.05−59

Bicarbonate

mg/L

ND−4,000

10−4,040

-

Conductivity

μS/cm

-

24,400

94.8−145,000

Nitrate

mg/L

ND−2,670

-

0.002−18.7

Several regions had low representation in the Alley et al. (2011) data set, including the Appalachian Basin
(western New York and western Pennsylvania), West Virginia, eastern Kentucky, eastern Tennessee, and
northeastern Alabama.
1
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Parameter

Unit

Shale gasa

Tight Gas Sandsb

CBMc

Oil and grease

mg/L

-

42

-

pH

SUd

1.21−8.36

5−8.6

6.56−9.87

Phosphate

mg/L

ND−5.3

-

0.05−1.5

Sulfate

mg/L

ND−3,663

12−48

0.01−5,590

Radium-226

pCi/g

0.65−1.031

-

-

Aluminum

mg/L

ND−5,290

-

0.5−5,290

Arsenic

mg/L

-

0.17

0.0001−0.06

Boron

mg/L

0.12−24

-

0.002−2.4

Barium

mg/L

ND−4,370

-

0.01−190

Bromide

mg/L

ND−10,600

-

0.002−300

Calcium

mg/L

0.65−83,950

3−74,185

0.8−5,870

Cadmium

mg/L

-

0.37

0.0001−0.01

Chloride

mg/L

48.9−212,700

52−216,000

0.7−70,100

Chromium

mg/L

-

0.265

0.001−0.053

Copper

mg/L

ND−15

0.539

ND−0.06

Fluorine

mg/L

ND−33

-

0.05−15.22

Iron

mg/L

ND−2,838

0.015

0.002−220

Lithium

mg/L

ND−611

-

0.0002−6.88

Magnesium

mg/L

1.08−25,340

2−8,750

0.2−1,830

Manganese

mg/L

ND−96.5

0.525

0.002−5.4

Mercury

mg/L

-

-

0.0001−0.0004

Nickel

mg/L

-

0.123

0.0003−0.20

Potassium

mg/L

0.21−5,490

5−2,500

0.3−186

Sodium

mg/L

10.04−204,302

648−80,000

8.8−34,100

Strontium

mg/L

0.03−1,310

-

0.032−565

Uranium

mg/L

-

-

0.002−0.012

Zinc

mg/L

ND−20

0.076

0.00002−0.59

-, No value available; ND, non-detect. If no range, but a singular concentration is given, this is the maximum concentration.
an

= 541. Alley et al. (2011) compiled data from USGS (2006); McIntosh and Walter (2005); McIntosh et al. (2002) and
confidential industry documents.
bn

= 137. Alley et al. (2011) compiled data from USGS (2006) and produced water samples presented in Alley et al. (2011).

c

Alley et al. (2011) compiled data from Montana GWIC (2009); Thordsen et al. (2007); ESN Rocky Mountain (2003); Rice et al.
(2000); Rice (1999); Hunter and Moser (1990).
d SU

= standard units.
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7.3.4.3 General Water Quality Parameters
Data characterizing the content of produced water from unconventional reservoirs in 12 shale and
tight formations and CBM basins were evaluated for this assessment. These reservoirs and basins
include parts of 18 states, but the data do not allow for comparison of trends over time.

For most reservoirs, the amount of available general water quality parameter data is variable (see
Appendix Table E-2 for an example). Average pH levels range from 5.87 to 8.19, with typically
lower values for shales. Larger variations in average specific conductivity are seen among
unconventional reservoirs and range from 213 microsiemens (μS)/cm in the Bakken Shale to
184,800 μS/cm in Devonian sandstones (Appendix Table E-2). Shale and tight formation produced
waters are enriched in suspended solids, as reported concentrations for total suspended solids and
turbidity exceed those of coalbeds by one to two orders of magnitude.

The average dissolved oxygen (DO) concentrations of CBM produced water range from 0.39-1.07
mg/L (Appendix Table E-3). By comparison, well-oxygenated surface water can contain up to 10
mg/L DO at 59 °F (15 °C) (U.S. EPA, 2012a). Thus, coalbed produced water is either hypoxic (less
than 2 mg/L DO) or anoxic (less than 0.5 mg/L DO) and, if released to surface waters, could
contribute to aquatic organism stress (USGS, 2010; NSTC, 2000).

7.3.4.4 Salinity and Inorganics

The TDS profile of produced water from unconventional reservoirs is dominated by sodium and
chloride, with large contributions to the profile from mono- and divalent cations (Sun et al., 2013;
Guerra et al., 2011). Shale and sandstone produced waters tend to be characterized as sodiumchloride-calcium water types, whereas CBM produced water tends to be characterized as sodium
chloride or sodium bicarbonate water types (Dahm et al., 2011). Elevated levels of bromide, sulfate,
and bicarbonate are also present (Sun et al., 2013). Elevated strontium and barium levels are
characteristic of Marcellus Shale produced water (Barbot et al., 2013; Haluszczak et al., 2013;
Chapman et al., 2012). Data representing shales and tight formations are presented in Appendix
Table E-4.
Marcellus Shale produced water salinities range from less than 1,500 mg/L to over 300,000 mg/L,
as shown by Rowan et al. (2011). By comparison, the average salinity concentration for seawater is
35,000 mg/L.

Of the CBM data presented in Appendix Table E-5, differences are evident between the Black
Warrior and the three western formations (Powder River, Raton, and San Juan). The Black Warrior
is higher in average chloride, specific conductivity, TDS, TOC, and total suspended solids, and lower
in alkalinity and bicarbonate than the other three. These differences are due to the saline or
brackish conditions during deposition in the Black Warrior, and its older geologic age that contrasts
with the freshwater conditions for the younger western basins. The TDS concentration of CBM
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produced water can range from 170 mg/L to nearly 43,000 mg/L (range composited from Dahm et
al. (2011) and Benko and Drewes (2008); see also Van Voast (2003)). 1

7.3.4.5 Metals

The metals content of produced water from unconventional reservoirs varies by well and site
lithology. Levels of iron, magnesium, and boron were within ranges known for conventional
produced water (Hayes, 2009). Produced water from unconventional reservoirs may also contain
low levels of heavy metals (e.g., chromium, copper, nickel, zinc, cadmium, lead, arsenic, and
mercury as found by Hayes). Data illustrating metal concentrations in produced water appear in
Appendix Tables E-6 and E-7.

7.3.4.6 Naturally Occurring Radioactive Material (NORM) and Technologically Enhanced
Naturally Occurring Radioactive Material (TENORM)

Geologic environments contain naturally occurring radioactive material (NORM). Radioactive
materials commonly present in shale and sandstone sedimentary environments include uranium,
thorium, radium, and their decay products. Elevated formation uranium levels have been used to
identify potential areas of natural gas production for decades (Fertl and Chilingar, 1988). Shales
that contain significant levels of uranium include the Barnett in Texas, the Woodford in Oklahoma,
the New Albany in the Illinois Basin, the Chattanooga Shale in the southeastern United States, and a
group of black shales in Kansas and Oklahoma (Swanson, 1955). 2 When exposed to the
environment in produced water, NORM is called technologically enhanced naturally occurring
radioactive material (TENORM). 3 Water soluble forms of TENORM are present in most produced
water from unconventional reservoirs, but particularly so in Marcellus Shale produced water
(Rowan et al., 2011; Fisher, 1998).

Due to insolubility under prevailing reducing conditions encountered within shale formations, only
low levels of uranium and thorium are found in produced water, typically in the concentrated form
of mineral phases or organic matter (Nelson et al., 2014; Sturchio et al., 2001). Conversely, radium,
a decay product of uranium and thorium, is known to be relatively soluble within the redox range
encountered in subsurface environments (Sturchio et al., 2001; Langmuir and Riese, 1985). As
noted in Section 7.3.3.2, radium and TDS produced water concentrations are positively correlated
(Rowan et al., 2011; Fisher, 1998); therefore, in formations containing radium, increasing TDS
concentration indicates likely increasing radium concentration.

From a similar dataset, Dahm et al. (2011) report TDS concentrations from a composite CBM produced water database
(n = 3,255) for western basins that often are less than 5,000 mg/L (85% of samples).
1

2 Marine black shales are estimated to contain an average of 15−60 ppm uranium depending on depositional conditions
(Fertl and Chilingar, 1988).

The U.S. EPA Office of Air and Radiation’s website (https://www.epa.gov/radiation/technologically-enhanced-naturallyoccurring-radioactive-materials-tenorm) states that TENORM is produced when activities such as uranium mining or
sewage sludge treatment concentrate or expose radioactive materials that occur naturally in ores, soils, water, or other
natural materials. Formation water containing radioactive materials contains NORM, because it is not exposed; produced
water contains TENORM, because it has been exposed to the environment.
3
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Median values of total radium in the Marcellus Shale ranged from about 1,000 pCi/L to less than
6,000 pCi/L, which are values far exceeding the industrial discharge limit of 60 pCi/L (Rowan et al.,
2011) (Figure 7-6). In the Marcellus Shale, TENORM levels in produced water from unconventional
reservoirs exceeded levels from conventional reservoirs levels by factors of 4 to 26 (PA DEP,
2015b) (Appendix Table E-8). The individual median concentrations in produced water from
unconventional reservoirs of 11,300 pCi/L gross alpha, 3,445 pCi/L gross beta, and total radium of
7,180 pCi/L (Appendix Table E-8). TENORM has been identified in hydraulic fracturing fluid,
presumably due to the reuse of produced water at levels from 2 to 4.5 times lower than produced
water from unconventional reservoirs (PA DEP, 2015b) (Appendix Table E-8).

Figure 7-6. Data on radium 226 (open symbols) and total radium (filled symbols) for Marcellus
Shale wells (leftmost three columns) and other formations (rightmost three columns).

Source: Rowan et al. (2011). The dashed line represents the industrial effluent discharge limit of 60 pCi/L set by the
Nuclear Regulatory Commission. The black lines indicate the median concentrations, and the number of points in
each dataset are shown in parentheses. Citations within the figure are provided in Rowan et al. (2011).

7.3.4.7 Organics
The organic content of produced water varies by well and lithology, but consists of naturally
occurring and injected organic compounds (Lee and Neff, 2011). Of the organics detected by either
routine or advanced analytical methods (Section 7.3.1), the majority are naturally occurring
constituents of petroleum (Appendix Tables H-4 and H-5). These organics may be dissolved in
water or, in the case of oil production, in the form of a separate or emulsified phase. Several classes
of organic chemicals have been found in shale gas and CBM produced water, including aromatics,
7-21

Chapter 7 – Produced Water Handling

polyaromatic hydrocarbons, heterocyclic compounds, aromatic amines, phenols, phthalates,
aliphatic alcohols, fatty acids, and nonaromatic compounds (list from Orem et al. (2014), see also:
Hayes (2009), Benko and Drewes (2008), Orem et al. (2007), and Sirivedhin and Dallbauman
(2004)). Compounds found in CBM waters included pyrene, phenanthrenone, alkyl phthalates, C12
through C18 fatty acids, and others. Similarly, compounds found in shale gas produced water
included pyrene and perylene, ethylene glycol, diethylene glycol monodocecyl ether, 2-(2butoxyethoxy) ethanol, and others (Orem et al., 2014). Biomarkers—organic molecules
characteristically produced by life forms, and unique to shale formations—have recently been
suggested to fingerprint produced water (Hoelzer et al., 2016). More representative examples from
five coal bed and two shale gas formations with reported concentrations are given in Appendix
Tables E-9, E-11, and E-12, and the complete list of chemicals with CAS registry numbers identified
by the EPA for this assessment appears in Appendix H. (See Appendix Table H-4 for chemicals with
EPA-identified CAS numbers and Appendix Table H-5 for chemicals without.) Appendix Table E-13
lists concentrations of organic chemicals that were identified in three specific studies (Khan et al.,
2016; Lester et al., 2015; Orem et al., 2007).

7.3.4.8 Hydraulic Fracturing Fluid Additives

Several chemicals used in hydraulic fracturing fluids have been identified in produced water.
(Examples are shown in Table 7-6, Appendix Table E-10, and Appendix Tables H-4 and H-5.) Many
of these chemicals were identified through advanced analytical procedures and equipment, and
would not be expected to be found by routine analyses. Of note is that phthalates do not occur
naturally. Their presence in produced water is due to either their use in hydraulic fracturing fluids;
polyvinyl chloride (PVC) in well adhesives, valves, or fittings; or coatings on laboratory sample
bottles (Orem et al., 2007). 1 Phthalates can also be used in drilling fluids, as breaker additives, or as
plasticizers (Maguire-Boyle and Barron, 2014; Hayes and Severin, 2012a). 2 One of the produced
water phthalates has been identified as a component of hydraulic fracturing fluid (di(2-ethylhexyl)
phthalate) (Appendix Table H-2), while others have not, and those may originate from laboratory or
field equipment.

Table 7-6. Examples of compounds identified in produced water that can be components of
hydraulic fracturing fluid.

Appendix Tables H-4 and H-5 list chemicals identified in produced water and indicates those also identified as
constituents of hydraulic fracturing fluid. Chemical or class designation in this table is taken directly from the text
of the cited references except where noted, and may or may not reflect the chemical names from the Distributed
Structure-Searchable Toxicity Database (DSSTox) show in Appendix Table H-4 or other chemicals listed in Appendix
Table H-5.

Chemical or class

Use

Reference

2-Butanone

Solvent; microbial degradation
product

Lester et al. (2015)

1
2

Examples include di(2-ethylhexyl) phthalate, diisodecyl phthalate, and diisononyl phthalate (Orem et al., 2007).

Specifically fatty acid phthalate esters (Maguire-Boyle and Barron, 2014).
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Chemical or class

Use

Reference

2-Butoxyethanol

Acid dispersant, solvent, nonemulsifier

Thacker et al. (2015)

Acetone

Solvent; microbial degradation
product

Lester et al. (2015)

Cocamidopropyl dimethylamine
(C-7)

Foaming and lubrication enhancer

Lester et al. (2015)

Di(2-ethylhexyl) phthalatea

Derivative of polyvinyl chloride used Orem et al. (2007)
in adhesives, valves, fittings or
coatings of sample bottles

Diethylene glycol monododecyl
ether

Antifreeze, scale inhibitor, friction
reducer

Orem et al. (2014)

Dioctadecyl ester of phosphate
phosphoric acid

Common lubricant

Maguire-Boyle and Barron (2014)

Ethylene glycol

Antifreeze, scale inhibitor, friction
reducer

Orem et al. (2014)

Fatty acid phthalate esters

(Related to) use in drilling fluids and Maguire-Boyle and Barron (2014)
breakers

Fluorocarbons

Tracers

Maguire-Boyle and Barron (2014)

Hexahydro-1,3,5-trimethyl-1,3,5triazine-2-thione

Biocide

Orem et al. (2014)

Linear alkyl ethoxylates (C-4 to C-8,
C-11 to C-14)

Enhancer of surfactant properties

Lester et al. (2015); Thurman et al.
(2014)

Polyethylene glycol carboxylates
(PEG-C-EO2 to PEG-C-EO10)

Friction reducer, clay stabilizer,
surfactants

Thurman et al. (2016)

Polyethylene glycols (PEG-EO4 to
PEG-EO10)

Friction reducer, clay stabilizer,
surfactants

Thurman et al. (2016)

Polypropylene glycols (PPG-PO2 to
PPG PO10)

Friction reducer, clay stabilizer,
surfactants

Thurman et al. (2016)

Toluene

Solvent, scale inhibitor

Thacker et al. (2015)

Triethylene glycol monododecyl
ether

Antifreeze, scale inhibitor, friction
reducer

Orem et al. (2014)

Xylenes

Solvent, scale inhibitor

Thacker et al. (2015)

a Di(2-ethylhexyl)

phthalate was named di-2-ethyl hexyl phthalate in Maguire-Boyle and Barron (2014).
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7.3.4.9 Reactions within Formations
The introduction of hydraulic fracturing fluids into the target formation induces a number of
changes to formation solids and fluids that influence the chemical evolution and composition of
produced water. These changes can result from physical processes (e.g., rock fracturing and fluid
mixing); geochemical processes (e.g., introducing oxygenated fluids of composition unlike that of
the formation); and down hole conditions (elevated temperature, salinity, and pressure) that
mobilize trace or major constituents into solution.
The creation of fractures exposes new formation surfaces to interactions involving hydraulic
fracturing fluids and existing formation fluids. Formations in unconventional reservoirs targeted
for development are composed of detrital, cement, and organic fractions. For example, elements
potentially available for mobilization when exposed via fracturing include calcium, magnesium,
manganese, and strontium in cement fractions, and silver, chromium, copper, molybdenum,
niobium, vanadium, and zinc in organic fractions.

From organic compounds identified in five flowback samples and one produced water sample from
the Fayetteville Shale, three possible types of reactions were identified by Hoelzer et al. (2016):
hydrolysis of delayed acids, oxidant-caused halogenation reactions, and transformation of disclosed
additives. First, delayed acids are used to “break” gel structures and would be intentionally
introduced for their ability to cause in-formation reactions. Second, strong oxidants or other
compounds introduced as breakers, along with elevated temperature and salinity, can trigger
reactions between halogens (chloride, bromide, and iodide) and methane, acetone and pyrane
resulting in halomethane compounds. A similar suggestion was made by Maguire-Boyle and Barron
(2014). Low pH was found to promote oxidation of additives (Tasker et al., 2016). Third, known
additives may react to form byproducts. Hoelzer et al. (2016) postulate examples from several
types of compounds, two of these are the formation of benzyl alcohol from the hydraulic fracturing
additive benzyl chloride, and abiotic and biotic reactions of phenols. In a study that used synthetic
fracturing fluid, Tasker et al. (2016) reported that surfactants were recalcitrant to degradation
under high pressure and temperature, which may explain the presence of the surfactant glycols in
produced water as reported by Thurman et al. (2016) (Table 7-6), and the oxidation of other
additives (gelling and some friction reducers (Table 5-1)) may explain their absence.

7.3.5 Spatial Trends in Produced Water Composition

As was reported for the volume of produced water (Section 7.2.2), the composition of produced
water varies spatially on a regional to local scale according to the geographic and stratigraphic
locations of each well within a hydraulically fractured production zone (Bibby et al., 2013; Lee and
Neff, 2011). Spatial variability of produced water content occurs: (1) between plays of different
rock sources (e.g., coal vs. sandstone); (2) between plays of the same rock type (e.g., Barnett Shale
vs. Bakken Shale); and (3) within formations of the same source rock (e.g., northeastern vs.
southwestern Marcellus Shale) (Barbot et al., 2013; Alley et al., 2011; Breit, 2002).
Geographic variability in produced water content has been established at a regional scale for
conventional produced water. As an example, Benko and Drewes (2008) demonstrate TDS
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variability in conventional produced water among fourteen western geologic basins (e.g., Williston,
San Juan, and Permian Basins). Median TDS in these basins range from as low as 4,900 mg/L in the
Big Horn Basin to as high as 132,400 mg/L in the Williston Basin based on over 133,000 produced
water samples from fourteen basins (Benko and Drewes, 2008).1

Average or median TDS of more than 100,000 mg/L has been reported for the Bakken (North
Dakota, Montana) and Marcellus (Pennsylvania) formations; between 50,000 mg/L and 100,000
mg/L for the Barnett (Texas), and less than 50,000 mg/L for the Fayetteville (Arkansas) shale
formations. 2 In tight formations, the average TDS was above 100,000 mg/L for the Devonian
Sandstone (Pennsylvania) and Cotton Valley Group (Louisiana, Texas), between 50,000 mg/L and
100,000 mg/L for the Oswego (Oklahoma), and less than 50,000 mg/L for the Mesaverde
Formation (Colorado, New Mexico, Utah, Wyoming). Maximum concentrations above 200,000 mg/L
have been reported for the Marcellus, Bakken, Cotton Valley Group and Devonian Sandstone
(Appendix Table E-2).
CBM produced waters had average TDS of less than 5,000 mg/L in the Powder River (Montana,
Wyoming), Raton (Colorado, New Mexico), and San Juan (Arizona, Colorado, New Mexico, Utah)
basins; while above 10,000 mg/L in the Black Warrior Basin (Alabama, Mississippi), which as noted
above are due to the depositional history of these basins (Appendix Table E-3, Section 7.3.2).
Data further illustrating variability within both shale and tight gas reservoirs, as well as coalbed
methane fields, at both the formation and local scales are presented and discussed in Appendix
Section E.3.

7.4 Spill and Release Impacts on Drinking Water Resources

Surface spills of produced water from oil and gas production have occurred across the country and,
in some cases, have caused impacts to drinking water resources. Released fluids can flow into
nearby surface waters, if not contained on-site, or infiltrate into groundwater via soil. In this
section, we first briefly describe the potential for spills from produced water handling equipment.
Next, we address individually reported spill events. These have originated from pipeline leaks, well
blowouts, well communication events, and leaking pits and impoundments. We then summarize
several studies of aggregated spill data, which are based on state agency spill reports.

7.4.1 Produced Water Handling and Spill Potential

Throughout the production phase at oil and certain wet gas production facilities, produced water is
stored in containers and pits that can contain free phase, dissolved phase, and emulsified crude oil.
Since the crude oil is not efficiently separated out by the flow-through process vessels (such as
Data were drawn from the USGS National Produced Water Geochemical Database v2.0. Published updates made in
October 2014 to the database (v2.1) are not reflected in this document.

1

Because publications we are comparing may report either average or median values (but not uniformly both), we
combine average and medians in this paragraph.
2
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three-phase separators, heater treaters, or gun barrels), this crude oil can remain present in the
produced water container or pit.

Produced water can be transferred to surface pits for long-term storage and evaporation. Surface
pits are typically uncovered, earthen pits that may or may not be lined. 1 Unlined pits can lead to
contamination of groundwater, especially shallow alluvial systems. Recovered fluids can overflow
or leak from surface pits due to improper pit design and weather events.
Produced water that is to be treated or disposed of off-site is typically stored in storage tanks or
pits until it can be loaded into transport trucks for removal (Gilmore et al., 2013). Tank storage
systems are typically closed loop systems in which produced water is transported from the
wellhead to aboveground storage tanks through interconnecting pipelines (GWPC and IOGCC,
2014). Failure of connections and lines during the transfer process or the failure of a storage tank
can result in a surface release of fluids.

Depending on its characteristics, produced water can be recycled and reused on-site. It can be
directly reused without treatment (after blending with freshwater), or it can be treated on-site
prior to reuse (Boschee, 2014). As with other produced water management options, these systems
also can spill during transfer of fluids.

7.4.2 Spills of Produced Water
7.4.2.1 Pipeline Leaks

Produced water is typically transported from the wellhead through a series of pipes or flowlines to
on-site storage or treatment units (GWPC and IOGCC, 2014), or nearby injection wells. Faulty
connections at either end of the transfer process or leaks or ruptures in the lines carrying the fluid
can result in surface spills. A field report from PA DEP (2009b) described a leak from a 90-degree
bend in an overland pipe carrying a mixture of produced water and freshwater between two pits.
The impact included a “dull sheen” on the water and measured chloride concentration of 11,000
mg/L. The leak impacted a 0.4 mi (0.6 km) length of a stream, and fish and salamanders were killed.
Beyond a confluence at 0.4 mi (0.6 km) with a creek, no additional dead fish were found. The
release was estimated at 11,000 gal (42,000 L). In response to the incident, the pipeline was shut
off, a dam was constructed for recovering the water, water was vacuumed from the stream, and the
stream was flushed with fresh water (PA DEP, 2009b).
Another example of a pipeline release occurred in January 2015, when 70,000 bbls (2,940,000 gal
or 11,130,000 L) of produced water containing petroleum hydrocarbons (North Dakota
Department of Health, 2015) were released from a broken pipeline that crosses Blacktail Creek in
Williams County, ND. The response included placing absorbent booms in the creek, excavating
contaminated soil, removing oil-coated ice, and removing produced water from the creek. The
electrical conductivity and chloride concentration in the water along the creek, the Little Muddy
River, and Missouri River were found to be elevated above background levels, as were samples
1 The use of the terms “impoundments” and “pits” varies and is described in Chapter 8. For the purposes of this section,
the term “pits” will be generally used to cover all below-grade storage (but not above ground closed or open tanks).
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taken from groundwater recovery trenches. Remediation work on this site continues as of the date
of this writing (August, 2016).

7.4.2.2 Well Blowouts

Spills of produced water have occurred as a result of well blowouts. Fingerprinting of water from
two monitoring wells in Killdeer, ND, was used to determine that brine contamination in the two
wells resulted from a well blowout during a hydraulic fracturing operation. See the discussion in
Section 6.2.2.1 for more information.

Another example of a well blowout associated with a hydraulic fracturing operation occurred in
Clearfield County, PA. The well blew out, resulting in an uncontrolled flow of approximately
35,000 gal (132,000 L) of brine and fracturing fluid; some of the liquids reportedly reached a
nearby stream (Barnes, 2010). The blowout occurred during drilling of plugs that were used to
isolate fracture stages from each other. An independent investigation found that the primary cause
of the incident was that the sole blowout preventer on the well had not been properly tested. In
addition, the company did not have certified well control experts on hand or a written pressure
control procedure (Vittitow, 2010).

In North Dakota, a blowout preventer failed, causing a release of between 50 and 70 bbls per day
(2,100 gal/day or 7,900 L/day and 2,940 gal/day or 11,100 L/day) of produced water and oil
(Reuters, 2014). Frozen droplets of oil and water sprayed on a nearby frozen creek. Liquid flowing
from the well was collected and trucked offsite. A 3-ft (0.9-m) berm was placed around the well for
containment. Multiple well communication events have also led to produced water spills ranging
from around 700 to 35,000 gal (2,600 L to 130,000 L) (Vaidyanathan, 2013a). Well communication
is described in Section 6.3.2.3.
The Chesapeake Energy ATGAS 2H well, located in Leroy Township, Bradford County, PA,
experienced a wellhead flange failure on April 19, 2011, during hydraulic fracturing operations.
Approximately 10,000 gal (38,000 L) of produced water spilled into an unnamed tributary of
Towanda Creek, a state-designated trout stock fishery and a tributary of the Susquehanna River
(USGS, 2013b; SAIC and GES, 2011). Chesapeake conducted post-spill surface water and
groundwater monitoring (SAIC and GES, 2011).

Chesapeake concluded that there were short-term impacts to surface waters of a farm pond within
the vicinity of the well pad, the unnamed tributary, and Towanda Creek following the event (SAIC
and GES, 2011). The lower 500 ft (200 m) of the unnamed tributary exhibited elevated chloride,
TDS, and specific conductance, which returned to background levels in less than a week. Towanda
Creek experienced these same elevations in concentration, but only at its confluence with the
unnamed tributary; elevated chloride, TDS, and specific conductance returned to background levels
the day after the blowout (SAIC and GES, 2011).

7.4.2.3 Leaks from Pits and Impoundments

Leaks of produced water from on-site pits have caused releases as large as 57,000 gal (220,000 L)
and have caused surface water and groundwater impacts (Vaidyanathan, 2013b; Levis,
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2011; 2010c; PADEP, 2010). VOCs have been measured in groundwater near the Duncan Oil Field
in New Mexico downgradient of an unlined pit storing produced water. More example releases
from pits are described in Section 8.4.5.
Two of EPA’s retrospective case studies evaluated potential impacts from produced water pits. The
EPA retrospective case studies were designed to determine whether multiple lines of evidence
might be found that could specifically link constituent(s) found in drinking water to hydraulic
fracturing activities using the tiered assessment framework presented in Appendix Section E.6. A
multiple-lines-of-evidence approach was used to evaluate potential cause-and-effect relationships
between hydraulic fracturing activities and contaminant presence in groundwater. Such an
approach is needed, because the presence of a constituent in groundwater that is also found in
hydraulic fracturing fluids or produced water does not necessarily implicate hydraulic fracturing
activities as the cause. This is because some constituents of hydraulic fracturing fluids or produced
water are ubiquitous in society (i.e., BTEX), and some constituents of produced water can be
present in groundwater as background constituents (i.e., methane, iron, and manganese).
Elements of the assessment framework include gathering background information, including predrilling sample results; developing a conceptual model of the site; and assessing multiple analytes
to develop lines of evidence. Development of these requires adherence to sampling and quality
assurance protocols to generate defensible data. Among many other quality assurance
requirements, proper well purging and analyses of field and laboratory blanks are needed
(Appendix Table E-17 and Figure E-15).

In the EPA’s Retrospective Case Study in Southwestern Pennsylvania: Study of the Potential Impacts of
Hydraulic Fracturing on Drinking Water Resources (U.S. EPA, 2015j), elevated chloride
concentrations and their timing relative to historical data suggested a recent groundwater impact
on a private water well occurred near a pit. The water quality trends suggested that the chloride
anomaly was related to the pit, but site-specific data were not available to provide a definitive
assessment of the cause(s) and the longevity of the impact. Evaluation of other water quality
parameters did not provide clear evidence of produced water impacts.

In the EPA’s Retrospective Case Study in Wise County, Texas: Study of the Potential Impacts of
Hydraulic Fracturing on Drinking Water Resources (U.S. EPA, 2015l), impacts to two water wells
were attributed to brine, but the data collected for the study were not sufficient to distinguish
among multiple possible brine sources, including reserve pits, migration from underlying
formations along wellbores, migration from underlying formation along natural fractures and a
nearby brine injection well.

To aid in assessing impacts, a number of geochemical indicators and isotopic tracers for identifying
oil and gas produced water have been identified. These include (Lauer et al., 2016; Warner et al.,
2014a, b):




Common ion ratios, including bromide/chloride and lithium/chloride;

Isotope ratios, especially Strontium isotope ratios (87Sr/86Sr); and
7-28

Chapter 7 – Produced Water Handling



Enrichment of certain isotopes: δ18O, δ2H, δ7Li, δ13C-DIC, δ11B.1

For the case study, twelve geochemical indicators, including the bromine/chlorine (Br/Cl) and
strontium isotope ratios, were considered for the well-water samples.2 The results were used to
assess whether the likelihood that the observed values originated with produced water (the
aforementioned sources of brine), sea water, road salt, landfill leachate, sewage/septic tank
leachate, and animal waste. In each sample evaluated, it was found that the water could have
originated with one or more of the six sources. Thus these lines of evidence did not allow
identification of neither a specific source nor a hydraulic fracturing source (Appendix Table E-18).
A third well experienced similar impacts, and a landfill leachate source could not be ruled out in
that case.

The case studies illustrate how multiple lines of evidence were needed to assess suspected impacts
and that no single constituent or parameter could be used alone to assess potential impacts.

7.4.2.4 Other Sources

In the EPA’s Retrospective Case Study in Northeastern Pennsylvania: Study of the Potential Impacts of
Hydraulic Fracturing on Drinking Water Resources (U.S. EPA, 2014f), a pond was found to be
impacted due to elevated chloride and TDS, along with strontium ratios (87Sr/86Sr) characteristic of
Marcellus Shale produced water. Here, the suspected source of the impact was a well pad which had
a hydrochloric acid spill, a possible produced water spill and been used for temporary storage of
drill cuttings. The same mulidence fracturing impacts from constituents characteristic of produced
water (TDS, chloride, sodium, barium, strontium and radium) found in three domestic wells located
in an area with naturally occurring saline groundwater. Conversely, at a spring with organic
chemical contamination but no associated chloride or TDS impacts, hydraulic fracturing activities
were also ruled out.

An estimated 6,300 to 57,373 gal (24,000 to 217,280 L) of Marcellus Shale produced water was
discharged through an open valve that drained a tank at XTO Energy Inc.’s Marquardt pad and
flowed into a tributary of the Susquehanna River in November 2010 (U.S. EPA, 2016e; PA DEP,
2011c). Overland and subsurface flow of released fluids impacted surface water, a subsurface
spring, and soil. Five hundred tons of contaminated soil were excavated, and an estimated 8,000 gal
(30,000 L) of produced water was recovered (Science Applications International Corporation,
2010). Elevated levels of TDS, chloride, bromide, barium and strontium that indicated a release of
produced water were present in the surface stream and a spring for roughly 65 days (U.S. EPA,
2016e). At that time the chloride concentration in the spring dropped below the state surface water
standard of 250 mg/L. The impact extended a distance of approximately 1,400 ft (440 m) to the
spring from the release point. Samples were taken in the tributary roughly 500 ft downstream from
the spring, where chloride concentrations remained below the 250 mg/L standard throughout the
sampling period, but were above the upstream concentrations (PA DEP, 2011c; Schmidley and
Smith, 2011). Similarly, the total barium, total and dissolved iron, manganese and alkalinity
concentrations remained below the Pennsylvania surface water quality standards at the
downstream monitoring location throughout the monitoring period (Schmidley and Smith, 2011).
1
2

DIC is dissolved inorganic carbon.
The full list was: Br vs. B, Cl vs. Mg, Cl vs. Br, Cl vs. HCO3,Cl vs. Ca, Cl vs. K, Cl vs. Na, Cl vs. SO4, Cl/Br, Cl/I, K/Rb, 87Sr/86Sr.
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In Pennsylvania, discharges of brine were made into a storm drain that itself discharges to a
tributary of the Mahoning River in Ohio. Analyses of the brine and drill cuttings that were
discharged indicated the presence of contaminants, including benzene and toluene (U.S.
Department of Justice, 2014). In California, an oil production company periodically discharged
hydraulic fracturing wastewaters to an unlined sump for 12 days. It was concluded by the
prosecution that the discharge posed a threat to groundwater quality (Bacher, 2013). These
unauthorized discharges represent both documented and potential impacts on drinking water
resources. However, data do not exist to evaluate whether such episodes are uncommon or
whether they happen on a more frequent basis and remain largely undetected. Other cases of
unpermitted discharges have been reported by various sources (Caniglia, 2014; Paterra, 2011). 1

7.4.2.5 Data Compilation Studies

Three datasets were examined for produced water spill data. These included two published studies:
a review of spills in Oklahoma that occurred prior to the onset of widespread high-volume
hydraulic fracturing (Fisher and Sublette, 2005), and an EPA study of spills occurring between
February 2006 and April 2012 on the well pads of hydraulically fractured wells (U.S. EPA, 2015m).
The EPA spills study, Review of state and industry spill data: characterization of hydraulic fracturingrelated spills, is described in Text Box 5-10. Because of data availability, EPA’s study was dominated
by data from Pennsylvania (21% of releases) and Colorado (48% of releases). Several difficulties
are encountered in compiling and evaluating data on produced water spills and releases. Because
states have differing minimum reporting levels, more spills are potentially reported in states with
lower reporting limits. 2
To include data from another state and to give results current to 2015, data from North Dakota
were reviewed for this assessment. 3 Details on the procedures and results for non-produced water
spills are given in Appendix Section E.5. The North Dakota Department of Health (NDDOH) collects
data on environmental incidents and separately compiles oil field incidents; information is made
available to the public at http://www.ndhealth.gov/EHS/Spills/. Of these incidents, most describe a
release of oil, salt water, or other liquid. Of the remainder, a few describe releases of gas only.

For the period from November 2012 to November 2013, NDDOH reported 552 releases of produced
water that were retained within the boundaries of the production or exploration facility and 104
that were not (North Dakota Department of Health, 2011). Thus, 16% of the releases were not
contained within facility boundaries and had greater potential for impacting drinking water
resources.

1

Section 8.4 discusses permitted discharges of wastewater.

3

Wirfs-Brock (2015) presented an analysis of North Dakota spill data through 2013.

For example, two agencies in the state of California manage different databases that both store information on spills
associated with oil and gas production (CCST, 2015a). CCST (2015a) reported that the databases contain inconsistencies
as to the number of spills and the details regarding those spills (e.g., quantity, chemical composition of the wastewater)
resulting in uncertainty on the impacts spills have on the environment.
2
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7.4.2.6 Frequency of Spills and Releases
The EPA analyzed these data and found that, in recent years (2010-2015), there were between five
and seven produced water spills per hundred active production wells (Figure 7-7). Spills declined
between 2014 and 2015 (from 846 to 609), although the number of production wells increased. A
study of 17 states indicated that there was an overall reduction of 8% in spills from 2014 to 2015,
and an increase of 9% in Texas (King and Soraghan, 2016). More details on the data analysis are
given in Appendix Section E.5, which includes results on North Dakota oil and spills of other types,
including hydraulic fracturing fluids (as noted in Chapter 5).

Figure 7-7. Produced water spill rates (spills per active wells) for North Dakota from 2001 to
2015 (Appendix Section E.5).
7.4.2.7 Produced Water Releases—Causes and Sources
The causes and sources identified for releases vary among the three datasets reviewed. North
Dakota releases were dominated by leaks from various pieces of equipment, followed by “others,”
and various overflows (Figure 7-8). While the release rate declined from 2014 to 2015, the causes
remained ranked relatively in the same order; notably fewer releases were attributed to “other”
and more to equipment failure in 2015. The EPA’s spills study found on- or near-well pad releases
to be dominated by human error, unknown, and equipment failure (U.S. EPA, 2015m). The earlier
7-31

Chapter 7 – Produced Water Handling

Oklahoma study was dominated by overflows, unpermitted discharges, and storms (Figure 7-9). 1
Storms can cause releases, as was noted after a major flood in northeastern Colorado that caused
damage to produced water storage tanks releasing an estimated 43,000 gal (160,000 L) of
produced water (COGCC, 2013).

The sources of releases are documented for the Oklahoma and EPA studies (Figure 7-10). The EPA
cites storage, unknown, and hoses or lines as the major sources for its 225 well-pad releases. The
earlier Oklahoma study cites unclassified, lines, and tanks as major sources of its 8,874 releases.

Figure 7-8. Number of produced water releases in North Dakota by cause for 2014 and 2015
(Appendix Section E.5).

Some of the causes in the three studies may be more similar than they appear, because the categorization used in the
different studies overlap. For example, the EPA categorized overflows as “human error;” blowouts, vandalism and
weather as “other;” and corrosion as “equipment failure,” while other studies listed these separately.
1
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Figure 7-9. Distribution of spill causes in Oklahoma, pre-high volume hydraulic fracturing
years of 1993-2003 (left) and in the EPA study of spills on production pads (right).
Data sources: left, Fisher and Sublette (2005); right, U.S. EPA (2015m).

Figure 7-10. Distribution of spill sources in Oklahoma, pre-high volume hydraulic fracturing
years of 1993-2003 (left) and in the EPA study of spills on production pads (right).
Data sources: left, Fisher and Sublette (2005); right, U.S. EPA (2015m).
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7.4.2.8 The Volumes of Spilled Produced Water
The 2015 North Dakota spills were ranked from by the median volume, which is the level at which
50% of the spills are below this volume and 50% above (Figure 7-11). 1 Of the North Dakota spills in
2015, the highest median spill volume was caused by a blowout (2,400 gal, 91,000 L, left-most red
box). The smallest median volume spill is approximately 10 times lower in volume (84 gal, 320 L).
Spills larger than the median are of interest, because of their potential for impacting drinking water
resources. The largest volume spill occurred from a pipeline break (2,900,000 gal, 11,000,000 L).
The EPA spills study found the highest median volume spill was from equipment failure (1,700 gal,
6400 L), while the highest volume spill was due to container integrity (1,300,000 gal, 4,900,000 L)
(Figure 7-12).

Figure 7-11. Volumes of 2015 North Dakota salt water releases by cause (leftmost 13 boxes in
red), and all causes (last box in blue).

1 These figures are called “box” plots or “box and whisker” plots. The rectangle in the middle represents the range of data
from the 25th to 75th percentile. The line across the box represents the 50th percentile, also known as the median. Fifty
percent of the data are below the median. The lines extending above and below the boxes represent the range of data
from minimum to maximum. These concepts are illustrated in Appendix Figure E-6.
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Figure 7-12. Volumes of produced water spills reported by the EPA for 2006 to 2012 by cause
(the five left most boxes in red), source (the second five boxes in yellow), and all spills (blue).
Calculated from Appendix B of U.S. EPA (2015m).

From the analyses, half of the spills are less than 1,000 gal (3,800 L) (EPA) and 340 gal (1,300 L)
(North Dakota) (Figure 7-12, Figure 7-13, and medians in Table 7-7). The medians for the
Oklahoma study were higher (overall 1,700 gal or 6,400 L; see Table 7-7 for yearly values) (Fisher
and Sublette, 2005). These occurred in a different state and over an earlier time period, so a direct
connection with the recent North Dakota and EPA results has not been made.

The skewed nature of the distributions are noted by the mean values being considerably higher
than these medians (see Figure 7-13). In each case, this is caused by a small number of large spills.
For 2015 in North Dakota, for example, there were 12 releases of 21,000 gal (79,000 L) or more; 5
of 42,000 gal (160,000 L) or more; and one of greater than 420,000 gal (1,600,000 L) (Appendix
Table E-15). The largest spills from these data sets ranged from 1,000,000 gal (3,800,000 L) to
2,900,000 gal (11,000,000 L).

The EPA results give insight into recovery and reuse. Of the volume of spilled produced water, 16%
was recovered for on-site use or disposal, 76% was reported as unrecovered, and the rest was
unknown. The fewest spills occurred from wells and wellheads, but these spills had the greatest
median volumes. Failure of container integrity was responsible for 74% of the volume spilled (U.S.
EPA, 2015m).
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Figure 7-13. Median, mean, and maximum produced water spill volumes for North Dakota
from 2001 to 2015.
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Table 7-7. Summary of produced water release volumes.
Sources: U.S. EPA (2015m), Fisher and Sublette (2005), and Appendix Section E.5.

Number
Study
Oklahoma

U.S. EPA
North Dakota

Minimum

25th percentile

Median

Mean

75th percentile

Maximum

Year(s)

Total

Quantified

(gal)

(gal)

(gal)

(gal)

(gal)

(gal)

1993-2002

7,916

2,365

0.0

630

1,700

7,000

4,200

3,400,000

1993

373

161

0.4

420

1,500

3,900

4,200

46,000

1994

844

333

0.4

420

1,600

5,400

4,200

84,000

1995

913

333

0.0

420

1,500

3,700

4,200

63,000

1996

880

333

4.2

630

2,100

6,500

4,200

420,000

1997

806

270

0.4

630

1,900

6,000

4,200

120,000

1998

825

236

2.1

798

4,900

2,100

4,200

105,000

1999

886

218

10.5

840

2,100

6,600

4,200

120,000

2000

853

155

4.2

840

2,100

5,600

5,040

210,000

2001

826

144

21.0

840

2,100

31,000

6,510

3,400,000

2002

710

182

0.8

630

1,700

5,500

3,276

130,000

2006-2012

225

2.1

420

1,008

10,920

2,982

1,344,000

2001

97

21.0

168

420

2,646

2,520

42,000

2002

110

4.2

210

756

2,604

2,100

25,200

2003

128

2.1

126

504

3,150

2,562

58,800

2004

159

10.5

126

420

2,478

2,100

88,200

2005

184

5.0

126

420

2,142

1,680

54,600

2006

226

5.0

126

420

3,150

1,680

189,000

2007

248

0.4

210

420

2,814

2,100

210,000
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Minimum

25th percentile

Median

Mean

75th percentile

Maximum

Quantified

(gal)

(gal)

(gal)

(gal)

(gal)

(gal)

2008

248

8.4

84

504

2,520

2,058

54,600

2009

208

2.1

126

630

2,100

2,100

27,300

2010

255

0.1

126

840

2,478

2,310

34,020

2011

381

2.1

126

336

2,436

1,680

58,800

2012

543

7.1

84

336

2,310

1,260

84,000

2013

700

2.1

126

378

3,402

1,428

714,000

2014

846

0.8

84

336

3,528

1,470

1,008,000

2015

609

0.8

84

336

7,560

1,386

2,940,000

Number
Study
North Dakota, cont.

Year(s)

Total
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7.4.2.9 Environmental Receptors and Transport
Data from the EPA (U.S. EPA, 2015m) were used to show that some spills were known to impact
environmental receptors: soil (141 spills, 340,000 gal, or 1.3 million L); surface water (17 spills,
170,000 gal, or 640,000 L); surface water and soil (13 spills); and groundwater (1 spill, 130 gal, or
490 L). 1 Although 1 spill was identified as reaching groundwater, the possible groundwater impact
of 107 of the spills was unknown.

In summary, 18 produced water spills reached surface water or groundwater, accounting for 8% of
the 225 cases and accounting for approximately 170,000 gal (640,000 L) of produced water. Spills
with known volumes that reached a surface water body ranged from less than 170 gal (640 L) to
almost 74,000 gal (280,000 L), with median of 5,900 gal (22,000 L). In 30 cases, it is unknown
whether a spill of produced water reached any environmental receptor.

An assessment conducted by the California Council on Science and Technology (CCST, 2015a) states
that between January 2009 and December 2014, 575 produced water spills were reported to the
California Office of Emergency Services of which nearly 18 percent impacted waterways (CCST,
2015a). These spills occurred in areas where production from both unconventional and
conventional reservoirs occurs. Additional studies of spill impacts are presented in Appendix
Section E.5.3.
Studies of Environmental Transport of Released Produced Water

The processes that affected the fate and transport of spilled produced water (Figure 7-14) are the
same as those processes that impact the fate and transport of spilled chemicals (Section 5.8).
Produced water spills differ from the chemical spills as they are always primarily spills of water
containing multiple chemicals. Additionally, produced water of high salinity is denser than water
and may alter transport and transformation properties of the chemicals and soils. 2 If a spill occurs
prior to treatment in an oil and water separator, the produced water can be spilled along with oil. In
the environment, oil is transported as a separate phase liquid as it is immiscible with water. The oil
phase may become trapped (similarly to how oil is trapped in oil reservoirs) and serve as a slowly
dissolving source of hydrocarbons to the environment.
For example, Whittemore (2007) described a site with relatively little infiltration due to moderate
to low permeability of silty clay soil and low permeability of underlying shale units. Thus, most, but
not all, of the historically surface-disposed produced water at the site flowed into surface drainages.
Observed historic levels of chloride in receiving waters resulted from the relative balance of
produced water releases and precipitation runoff, with higher concentrations corresponding to low
stream flows. Persistent surface water chloride contamination was attributed to slow flushing and
discharge of contaminated groundwater.
Quoted volumes.
Appendix Section E.7 describes the estimation of chemical properties for organic chemical constituents of produced
water for baseline conditions of low TDS. Elevated salinity, as is common for produced water, would alter these values.
1
2
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Figure 7-14. Schematic view of transport processes occurring during releases of produced
water.
Because it is denser than freshwater, saline produced water can migrate downward through
aquifers. Whittemore (2007) reported finding oilfield brine with a chloride concentration of 32,900
mg/L at the base of the High Plains aquifer. Where aquifers discharge to streams, saline stream
water has been reported, although at reduced concentrations (Whittemore, 2007), likely due to
diffusion within the aquifer and mixing with stream water. The stream flow rate, in part,
determines mixing of substances in surface waters. High flows are related to lower chemical
concentrations, and vice versa, as demonstrated for bromide in the Allegheny River (States et al.,
2013).

7.5 Roadway Transport of Produced Water

Produced water is transported to treatment and disposal sites via pipeline, roadways, or railroad
tankers. Accidents during transportation of hydraulic fracturing produced water are a possible
mechanism leading to potential impacts to drinking water as truck-related releases have been
reported. Nationwide data are not available, however, on the number of such accidents that result
in impacts.

Crash rate estimates for Texas showed that commercial motor vehicle (CMV) crashes were
correlated with oil and gas development activities over a recent period of increased oil and gas
development (Quiroga and Tsapakis, 2015). As an example of the results, the number of new wells
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in the Permian Basin increased (by 61%) and so did rural CMV crashes (by 52%). For the Barnett
Shale region, the number of new wells decreased (by 49%), and so did rural CMV crashes (by 34%).
The correlations were strongest for the rural areas with oil and gas development (Permian and
Eagle Ford).

Based on scenarios presented in Appendix Section E.8, the EPA estimated for this assessment the
number of releases from truck crashes as having a chance of occurrence ranging between 1:110 and
1:13,000 over the lifetime of a producing well. The wide range of these estimates reflects both
variable (distance and volume transported) and uncertain (crash rate) quantities. At 5,300 gal (20
m3) per truckload, the volume from an individual spill would be low relative to the typical volume
of water produced from a well. Several limitations are inherent in this analysis, including differing
rural road and highway accident rates, differing transport distances, and differing amounts of
produced water transported. Further, the estimates present an upper bound on impacts, because
not all releases would reach or impact drinking water resources.
As for other types of impacts to drinking water resources, local effects can be significant despite the
generally small numbers. For example, a brine-truck spill in Ohio resulted in concern for impacts to
a drinking-water-source reservoir (Tucker, 2016).

7.6 Synthesis

Produced water is a by-product of oil and gas production and is that water that comes out of the
well after hydraulic fracturing is completed and injection pressure is reduced. Produced water may
contain hydraulic fracturing fluid, water from the surrounding formation, and naturally present
hydrocarbons. Initially the chemistry of produced water reflects that of the hydraulic fracturing
fluid. With time, the chemistry of the produced water becomes more similar to the water in the
formation. Produced water is directly re-injected or stored at the surface for eventual reuse or
disposal. Impacts to drinking water resources from produced water have been shown where spilled
produced water entered surface water bodies or aquifers.

7.6.1 Summary of Findings

The volume and composition of produced water vary geographically, both within and among
different production zones and with time and other site-specific factors. In most cases, there are
high initial flow rates of produced water that last for a few weeks, followed by lower flow rates
throughout the duration of gas production. The amount of fracturing fluid returned to the surface
varies, and typically is less than 30%. In some formations (e.g., the Barnett Shale), the ultimate
volume of produced water can exceed the volume of hydraulic fracturing fluid because of an inflow
of water.
Knowledge of the composition of produced water comes from analysis of samples. Analysis of an
individual sample is made much easier if the hydraulic fracturing and any equipment maintenance
chemicals have been disclosed. Much of the chemical loading of produced water comes from
naturally occurring material, both organic and inorganic, in the formation along with
transformation products. As such, knowledge of produced water composition is uniquely
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dependent on sampling and analysis, which requires appropriate analytical methods. These are
methods that can deal especially with high levels of TDS. Recently developed laboratory methods
have greatly expanded the knowledge of organic chemicals in shale-gas and CBM produced waters,
but these methods rely on advanced equipment and techniques. Routine methods of laboratory
analysis do not detect many of the organic constituents of produced water.

The composition of produced water changes with time as the hydraulic fracturing fluid contacts the
formation and mixes with the formation water. Typically it becomes more saline and more
radioactive, if those constituents are present in the formation, while containing less DOC. The
changing composition of produced water suggests that the potential concern for produced water
spills also changes: initially the produced water may contain more hydraulic fracturing chemicals,
later the concern may shift to the impact of high salinity water. Although varying within and
between formations, shale and tight gas produced water typically contains high levels of TDS
(salinity) and associated ionic constituents (bromide, calcium, chloride, iron, potassium,
manganese, and sodium). Produced water can also contain toxic materials, including barium,
cadmium, chromium, lead, mercury, nitrate, selenium, and BTEX. CBM produced water can have
lower levels of salinity if its coal source was deposited under fresh water conditions, or if
freshwater inflows to coal beds dilutes the formation water (Dahm et al., 2011). Many organic
compounds have been identified in produced water. Most of these are naturally occurring
constituents of petroleum. With the advent of advanced analytical techniques, more hydraulic
fracturing fluid chemicals have been identified in produced water. These include some known
tracer compounds, but others are known to exist whose identities have not yet been determined.
Work has been done to identify environmentally benign tracers for assessing impacts, but these
tracers have not been fully developed. Despite the presence in produced water of known hydraulic
fracturing chemicals, the majority of organic and inorganic constituents of produced water come
from the formation and cannot be minimized through actions of the operator. Throughout the
formation-contact time, reactions occur between the constituents of the fracturing fluid and the
formation.

Produced water spills have occurred across the country. From evaluation of data from across the
United States and a focused study of North Dakota, the median produced water spill ranges from
336 to 1,000 gal (1,300 to 3,800 L). Although half of the spills are smaller than the median spill size,
small numbers of much higher volume spills occur. In 2015, there were 12 spills in North Dakota
greater than 21,000 gal (80,000 L), and one of 2,900,000 gal (11,000,000 L). From 2010 to 2015,
there were approximately 5 to 7 produced water spills per hundred operating production wells.
The major causes identified for these spills are container and equipment failures, human error, well
communication, blowouts, pipeline leaks, and unpermitted discharges. Section 7.4.2 described
impacts that were both of short and long term duration.
Highway transportation of produced water has resulted in crashes, but the impacts from these are
unknown. Analysis of Texas crashes shows that as the oil and gas development activities increase,
so do crashes, especially in rural areas. The EPA estimated the chance of a crash releasing produced
water to range from 1:110 to 1:13,000.
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7.6.2 Factors Affecting the Frequency or Severity of Impacts
The potential of spills of produced water to affect drinking water resources depends upon the
release volume, duration, and composition, as well as watershed and water body characteristics.
Larger spills of greater duration are more likely to reach a nearby drinking water resource than are
smaller spills. Small releases, however, can impact resources where there are direct conduits from a
source to receptor, such as fractures in rock. The composition of the spilled fluid also impacts the
severity of a spill, as certain constituents are more likely to affect the quality of a drinking water
resource.
Potential impacts to water resources from hydraulic fracturing related spills are expected to be
affected by watershed and water body characteristics. For example, overland flow is affected by
surface topography and surface cover. Infiltration of spilled produced water reduces the amount of
water threatening surface water bodies. However, infiltration through soil can lead to groundwater
impacts. Releases from pits can directly impact drinking water resources.

7.6.3 Uncertainties

The volume and some compositional aspects of produced water are known from published sources.
The amount of hydraulic fracturing fluid returned to the surface is not well defined, because of the
imprecise distinction between flowback and produced water. With regard to composition, TENORM
and organics have the most limited data. Most of the available data on TENORM has come from the
Marcellus Shale, where concentrations are typically high in comparison to the limited data available
from other formations. Many organic constituents of produced water have been identified, and
many of them are naturally occurring petroleum hydrocarbons. As methods improve and more data
are collected, an increasing number of hydraulic fracturing fluid chemicals are being identified in
produced water. Little is known concerning subsurface transformations and is reflected in only a
few transformation products have been positively identified. Halogenation of organics has been
noted, though.
Nationwide data on spills of produced water are limited in two primary ways: the completeness of
reported data cannot be determined, and individual states’ reporting requirements differ (U.S. EPA,
2015m). Therefore, the total number of spills occurring in the United States, their release volumes,
and associated concentrations can only be estimated because of these underlying data limitations.

Spills vary in volume, duration, and composition, and most spill response focusses on immediate
clean up, so several aspects of spills are not precisely characterized. The volume released is often a
rough estimate, in part, because the spilled liquid spreads across the scene and is inherently
difficult to measure. Simple measurements are often used to characterize the spill, rather than
determining chemical concentrations (e.g., measuring electrical conductivity). As a consequence the
suite of chemicals, and their concentrations, potentially impacting drinking water resources are
usually unknown. Thus, the severity of impacts to drinking water resources is not usually well
quantified.
Spills can originate from blowouts, well communication, aboveground or underground pipeline
breaks, leaking pits, failed containers, human error (including unpermitted discharges, failure to
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detect spills, and failure to report spills) or unknown causes. The difference between these causes
affects the location and size of the spill or release. For example, a container that fails may release a
small amount of produced water, and be located on the well pad. A pipeline break may occur at a
distance away from the well pad and release a larger amount of water from a bigger source (i.e., a
pit). In addition, the factors governing transport of spilled fluid to a potential receptor vary by site:
the presence and quality of secondary or emergency containment and spill response; the rate of
overland flow and infiltration; the distance to a surface water body or drinking water well; and
transport and fate processes. Impacts to drinking water resources from spills of produced water
depend on environmental transport parameters, which can, in principle, be determined but are
unlikely to be known or adequately specified in advance of a spill.

Because some constituents of produced water are constituents of natural waters (e.g., bromide in
coastal surface waters) or can be released into the environment by other pollution events (e.g.,
benzene from gasoline releases, bromide from coal mine drainage), baseline sampling prior to
impacts is one way to increase the certainty of an impact determination. Further sampling and
investigation can be used to develop the linkage between a release and a documented drinking
water impact. Appropriate sampling and analysis protocols, using quality assurance procedures,
are essential for developing data that can withstand scrutiny. The EPA’s northeastern Pennsylvania
case study illustrates that the analytes that can be used to distinguish among types of water vary
depending on the specifics of the situation. No single constituent or parameter could be used alone
to assess impacts, and multiple lines of evidence were needed to assess the suspected impacts.

7.6.4 Conclusions

Produced water has the potential to affect the quality of drinking water resources if it enters into a
surface water or groundwater body used as a drinking water resource. This can occur through
spills at well pads or during transport of produced water. Specific impacts depend upon the spill
itself, the environmental conditions surrounding the spill, water body and watershed
characteristics, and the composition of the spilled fluid. The impacts from the majority of spills and
releases is generally localized in extent as only the largest spills and releases impact large areas.
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Chapter 8. Wastewater Disposal
and Reuse
Abstract
This chapter addresses the practices and related impacts on drinking water resources that take place
during the final stage of the hydraulic fracturing water cycle. This stage encompasses the management
of wastewater, including disposal, reuse in hydraulic fracturing operations, or other uses. For this
assessment, wastewater is defined as produced water from hydraulically fractured oil and gas wells that
is managed by any of a number of strategies. The constituents of concern in hydraulic fracturing
wastewaters that are most frequently noted include high total dissolved solids (TDS), chloride, bromide,
and radionuclides (radium in particular). Other alkaline earth metals (e.g., barium), organics, and
suspended solids, may be of concern as well.
Most hydraulic fracturing wastewater is managed by injection into Class II disposal wells. There are also
“aboveground” management practices, which include reuse in subsequent hydraulic fracturing
operations; treatment at a centralized waste treatment facility followed by reuse or discharge to surface
water or a publicly owned treatment works; evaporation; irrigation; and direct discharge (under limited
conditions). These practices can affect both surface water and groundwater.

Impacts on surface water arise from discharges of inadequately treated wastewater. In particular,
bromide and iodide found in highly saline wastewaters can contribute to disinfection byproduct
formation in downstream drinking water systems. If not removed during treatment, radium, metals, and
organic compounds can also be discharged. Factors affecting the frequency and severity of impacts on
surface waters include the wastewater’s composition, its volume, and the processes used to treat it
(common wastewater treatment processes do not significantly reduce the high TDS content in hydraulic
fracturing wastewaters). In addition, site-specific factors such as local hydrology, size of the receiving
water body, and other activities taking place in a watershed can affect the severity of the impact.

Pits and impoundments used for storage or disposal can impact surface water or groundwater through
spills, leaks, and infiltration through soils. The frequency and severity of such impacts depend on pit
construction and maintenance as well as proximity to drinking water resources. Unlined pits or those
with compromised liners can cause long-lasting impacts on groundwater. Depth to the water table, soil
properties, and the contaminants in the wastewater also affect the likelihood of impacts.

Characterizing the impacts from wastewater management associated with hydraulic fracturing is
challenging given gaps in the data. Specifically, there are limited data on the wastewater volumes
managed, on the influent and effluent concentrations and volumes from facilities that treat wastewater
from hydraulic fracturing operations, and on wastewater residual characteristics and management of
those residuals. Further, there is inadequate monitoring of drinking water resources for specific
contaminants associated with hydraulic fracturing wastewater. However, the data that are available
have shown that management of hydraulic fracturing wastewater through aboveground practices has
affected the quality of water resources.
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8. Wastewater Disposal and Reuse
8.1 Introduction
The final stage of the hydraulic fracturing water cycle encompasses disposal and reuse of hydraulic
fracturing wastewater. For the purposes of this assessment, “hydraulic fracturing wastewater” is
defined as produced water from hydraulically fractured oil and gas wells that is being managed
using practices that include, but are not limited to, reuse in subsequent hydraulic fracturing
operations, treatment and discharge, and injection into disposal wells. 12,3 Although the term
“wastewater” is generally used in this chapter, when more specific information about a wastewater
is known (e.g., a source indicates the wastewater is flowback), that information is also noted.
Wells producing from oil and gas reservoirs generate produced water during the course of their
productive lifespan. This produced water includes the often large volumes of flowback generated
immediately after fracturing in deep wells with long horizontal sections. Flowback estimates vary
by formation and are noted in Section 7.2.1 to range from about 300,000 to 10 million gal (1.14 to
37.8 million L) per well (Mantell, 2013; U.S. GAO, 2012). This large volume of initial flowback
necessitates having a wastewater management strategy in place before hydraulic fracturing is
initiated. Also, the longer-term generation of produced water requires ongoing wastewater
management.

The majority of wastewater generated from all oil and gas operations in the United States is
managed via Class II injection wells (Veil, 2015). Injection may be for either disposal or enhanced
recovery. As hydraulic fracturing activity expands or diminishes, choices regarding disposal
practices can change in a given region due to factors such as the quality and volume of the fluids;
regulations; available infrastructure; and the feasibility and cost of treatment, reuse, and disposal
options.

Several articles have noted potential effects of hydraulic fracturing wastewater on water resources
(Vengosh et al., 2014; Olmstead et al., 2013; Rahm et al., 2013; States et al., 2013; Vidic et al., 2013;
Rozell and Reaven, 2012; Entrekin et al., 2011). One study used probability modeling that indicated
water pollution risk associated with gas extraction in the Marcellus Shale is highest for the
wastewater disposal aspects of the operation (Rozell and Reaven, 2012). These concerns arise from

The term “wastewater” is being used in this study as a general description of certain waters and is not intended to
constitute a term of art for legal or regulatory purposes. This general description does not, and is not intended to, provide
that the production, recovery, or recycling of oil, including the production, recovery, or recycling of flowback or produced
water, constitutes “wastewater treatment” for the purposes of the Oil Pollution Prevention regulation (with the exception
of dry gas operations), which includes the Spill Prevention, Control, and Countermeasure rule and the Facility Response
Plan rule, 40 CFR 112 et seq.
1

Disposal wells are Underground Injection Control (UIC) Class II wells, including those used for disposal (Class IID),
enhanced oil recovery (Class IIR), and hydrocarbon storage (Class IIH).

2

3 The term “reuse” is sometimes used to imply no treatment or basic treatment (e.g., media filtration) for the removal of
constituents other than total dissolved solids (TDS), while “recycling” is sometimes used to convey more extensive
treatment (e.g., reverse osmosis (RO)) to remove TDS (Slutz et al., 2012). In this document, the term “reuse” will be used
to indicate use of wastewater for subsequent hydraulic fracturing, regardless of the level of treatment.
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the elevated concentrations of chloride, bromide, radionuclides, and other constituents of concern
found in many hydraulic fracturing wastewaters.

This chapter provides follow-on to Chapter 7, which discusses the per-well volumes of produced
water (Section 7.2) and composition (Section 7.3), as well as the processes involved in its
generation and impacts from a number of types of spills and releases. In this chapter, discussions
are provided on management practices for hydraulic fracturing wastewater, available wastewater
production information, and estimated aggregate volumes of wastewater generated for several
states with active hydraulic fracturing (Section 8.2). As a complement to information on the
composition of wastewaters in Chapter 7, Section 8.3 presents brief information on wastewater
constituents and their relevance to wastewater management. Management methods used in recent
years and their potential impacts on drinking water resources are described (Section 8.4). Based on
background information provided in the earlier sections of the chapter, Section 8.5 discusses
documented and potential impacts on drinking water resources from particular constituents, and a
final synthesis discussion is provided (Section 8.6).1

8.2 Volumes of Hydraulic Fracturing Wastewater

This section provides a general overview of aggregate wastewater quantities generated in the
course of hydraulic fracturing and subsequent oil and gas production, including estimates at
regional and state levels. It also discusses methodologies used to produce these estimates and the
associated challenges. (Chapter 7 provides a more in-depth discussion of the processes affecting
produced water volumes and presents some typical per-well values and temporal patterns.) Wells
also generate drilling fluid waste. Compared to produced water, however, drilling fluid wastewater
can constitute a relatively small portion of the total wastewater produced (e.g., <10% in
Pennsylvania during 2004-2013) (U.S. EPA, 2016d) and is not discussed further in this assessment.

Wastewater volume can be relevant to treatment costs, reuse options, and disposal capacities. IHS
Global Insight suggests that as a general rule of thumb, the amount of flowback produced in the
days or weeks after hydraulic fracturing is roughly comparable to the amount of produced water
generated long-term over a span of years, which can vary considerably among wells (IHS, 2013).
Thus, on a local level, operators can anticipate a relatively large volume of wastewater in the weeks
following fracturing, with slower subsequent production of wastewater.
Wastewater volumes will most likely vary in the future as the amount and locations of hydraulic
fracturing activities change and as existing wells age and move into the later phases of their
production cycles. Substantial increases in wastewater production have occurred during times of
increasing hydraulic fracturing activity. For instance, the average annual volume of wastewater

1 This chapter makes use of background information collected by the EPA’s Office of Water (OW) as part of the
development of its recent pretreatment standards for wastewater from unconventional oil and gas formations (U.S. EPA,
2016d). The pretreatment standards apply to wastewater from crude oil and natural gas produced by a well drilled into
shale and tight formations. Coalbed methane is beyond the scope of those standards. In this chapter, we consider
wastewater generated by the hydraulic fracturing of those unconventional oil and gas formations included in the
background research done by OW. But we also consider wastewater generated by hydraulic fracturing in coalbed
methane and conventional formations.
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generated by all gas production (both shale gas and conventional) in Pennsylvania quadrupled from
the 2001-2006 period to the 2008-2011 period (Wilson and Vanbriesen, 2012).
However, although the total volume of wastewater might be expected to generally increase and
decrease as oil and gas drilling and production changes, it is not necessarily a direct correlation.
Data from the Pennsylvania Department of Environmental Protection (PA DEP) (PA DEP, 2016b)
show trends in volumes of wastewater compared to gas produced from wells in the Marcellus Shale
in Pennsylvania (Figure 8-1). Although the data show some variation, they demonstrate a general
positive correlation between the volume of wastewater and the amount of produced gas until early
2015. At that time, Baker Hughes weekly rig counts also began to drop, declining from 85 in early
January 2014 to 24 in early June 2016 (Baker Hughes, 2016). This suggests that a decline in overall
drilling activity (generally a measure of new wells) can be associated with a decline in wastewater
production, although the exact timing depends on whether there is a time delay between drilling
and completion of a well and the start of production from that well.

Figure 8-1. Wastewater (i.e., produced water and fracturing fluid waste) and produced gas
volumes from unconventional (as defined by PA DEP) wells in Pennsylvania from January
2010 through June 2016.
Source: PA DEP (2016b).

Estimates of produced water compiled by Veil (2015) indicate that although oil and gas production
in the United States increased by 29% and 22%, respectively, between 2007 and 2012, produced
water volumes increased by less than 1%. There may be a number of factors contributing to this,
including as noted by Veil (2015), a number of uncertainties associated with produced water
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estimates. First, wastewater generation varies from well to well, as do oil and gas production (see
Chapter 7, Figure 7-1 for discussion of wastewater/produced water decline curves). The rates of
decline in both wastewater volume and hydrocarbon production also vary among reservoirs.
Additionally, some wells are drilled and completed but are not immediately put into production.
Relationships between hydraulic fracturing activity, hydrocarbon production, and produced water
volumes are likely reservoir- (and maybe production zone-) specific, and existing wells and
production need to be considered to anticipate wastewater management needs.

8.2.1 National Level Estimate

Veil (2015) estimated that in 2012, U.S. onshore and offshore oil and gas production generated
889.59 billion gal (21.18 billion bbls) of produced water. This national-level estimate represents
total oil and gas wastewater (from all oil and gas resources, and from wells hydraulically fractured
and wells not hydraulically fractured). The estimate was compiled through a state-by-state analysis
of survey data obtained from oil and gas agencies in the 31 states with active oil and gas production
as well as the Department of Interior and U.S. EPA. However, Veil notes several issues with the data
used for these estimates, including variability among states in data reporting, availability, and
completeness. These issues may result in underestimation of the volumes of water produced (U.S.
GAO, 2012). See Section 8.2.3 for more discussion on methods of estimating wastewater volumes.

8.2.2 Regional/State Level Estimates

A limited number of studies have described the geographic variability in oil and gas wastewater
volumes. Veil (2015) reported that the top ten states nationwide for wastewater production in
2012 included Texas (35% of total), California (15% of total), Oklahoma (11% of total), and
Wyoming (11% of total). A study by the Bureau of Land Management (BLM) (Guerra et al., 2011)
states that in 2008, more than 80% of all oil and gas wastewater was generated in the western
United States, with Texas producing the highest volume and Wyoming the second highest. The BLM
report notes substantial wastewater from CBM wells, in particular those in the Powder River Basin
(Wyoming). Figure 8-2 summarizes the wastewater volumes for these western states,
demonstrating the wide variability from state to state (likely reflecting differences in the number of
oil and gas production wells/production activity and reservoir geology). Although the authors do
not identify all wastewater contributions from production involving hydraulic fracturing, the
regions with established oil and gas production are likely to have methods and infrastructure
available for management of hydraulic fracturing wastewater.
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Figure 8-2. Wastewater quantities in the western United States (billions of gal per year).
Data from Guerra et al. (2011).

In the Marcellus region, waste data made public by the PA DEP have enabled analyses of
wastewater volumes and trends since 2009. Estimates of produced water (including flowback or
“fracing fluid waste” as well as “produced fluid”) by Wunz (2015) and Shale Alliance for Energy
Research Pennsylvania (SAFER PA, 2015) for 2014 are 1.73 and 1.64 billion gal (41.19 MMbl and
39.05 MMbl, respectively). The estimate compiled for this assessment is 0.65 billion gal (15.48
million bbls) for the first half of 2014 (Table 8-1). Variations among estimates reflect, among other
factors, challenges in working with a dynamic database for which changes and corrections are
ongoing.

Table 8-1 presents estimates of the volumes of hydraulic fracturing wastewater generated and the
associated numbers of wells in North Dakota, Ohio, Pennsylvania, Texas (injected flowback only),
and West Virginia. The data shown in this table were compiled for this assessment (except for West
Virginia) and come primarily from records of produced water made publicly available on state
websites. 1 These states are represented in Table 8-1 because the produced water volumes
associated with hydraulic fracturing were readily identifiable. The data show that the increase in

1 Data used for Table 8-1 were downloaded from state agency websites and compiled as needed (in either Microsoft Excel
or Microsoft Access) for each state except West Virginia. Once compiled, data were filtered if needed and summed to
produce estimates of wastewater production by year and a count of the numbers of wells generating the wastewater. Data
were downloaded up through 2014. (Note that 2014 data for Pennsylvania and Texas are for partial years.) Differences in
the years presented for the states are due to differences in data availability from the state agency databases. For West
Virginia, data are from a report by Hansen et al. (2013) that compiled available flowback data from West Virginia.
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the number of wells producing wastewater and the volumes of wastewater produced are generally
consistent with the timing of the expansion of high-volume hydraulic fracturing and track with the
increase in horizontal wells seen in Figure 3-20.

Several states with mature oil and gas industries (California, Colorado, New Mexico, Utah, and
Wyoming) make produced water volumes publicly available by well as part of their oil and gas
production data, but they do not directly indicate which wells have been hydraulically fractured.
Some states (Colorado, Utah, Wyoming, and New Mexico) specify the producing formation or the
basin along with volumes of hydrocarbons and produced water. Determining volumes of hydraulic
fracturing wastewater for these states is challenging because there is a possibility of either
inadvertently including wastewater from wells not hydraulically fractured or of missing volumes
that should be included. This may be a particular problem where state terminology regarding what
constitutes an unconventional resource or hydraulically fractured well is ambiguous or possibly
different from other states. Appendix Table F-1 provides estimates of wastewater volumes in
California, Colorado, New Mexico, Utah, and Wyoming in regions where hydraulic fracturing activity
is taking place, along with notes on data limitations. The data in Table 8-1 and Appendix Table F-1
illustrate the challenges in both compiling a national estimate of hydraulic fracturing wastewater
and comparing wastewater production among states due to dissimilar data types, presentation, and
availability.

8.2.3 Estimation Methodologies and Challenges

Compiling and comparing data on wastewater production at the wide array of oil and gas locations
in the United States presents challenges associated with data reporting and availability. Different
approaches have been used to estimate state-specific and national wastewater volumes. Data from
state agency websites and databases can be a ready source of information, whether publicly
available and downloadable or provided directly by agencies upon request.
Veil (2015) notes that the reported volumes of produced water (e.g., reported by well in state
production data) can be inaccurate or imprecise because produced water is not monitored
continuously. Therefore, reported volumes may be estimates. Other issues such as data
transcription errors or extrapolation of data can also affect reported volumes (Veil, 2015).

Using produced water volumes from state records to estimate the volume of wastewater regionally
or nationally presents additional challenges due to a lack of consistency in data collection,
availability, usability, completeness, and accuracy (Malone et al., 2015; Veil, 2015; U.S. GAO, 2012).
Due to what are sometimes significant differences in the types of data collected and the
mechanisms, formats, and definitions used, data cannot always be directly compared from state to
state. This makes it difficult to aggregate volume data, and estimates may be better and more useful
at a local or state level. Larger-scale estimates across regions or between states should be
interpreted carefully.
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Table 8-1. Estimated volumes (millions of gal) of wastewater based on state data for selected years and numbers of wells
producing fluid.
State

Basin

Principal
lithologies

North Dakota

Williston

Shale

Data type

2000

2004

2008

2010

2011

2012

2013

2014 Comments

Produced
water

2

3

130

790

1,900

4,500

8,500

9,700 From North Dakota Oil and
Gas Commission websitea.
Data provided for six
members of the Bakken
Shale. Produced water
includes flowback (reports
are submitted within 30 days
of well completion.)

161

152

844

2,083

3,303

5,036

6,913

8,039

Primarily
flowback

-

-

-

-

3

29

110

-

Wells

-

-

-

-

9

86

400

-

Flowback
plus
produced
water (%
flowback; %
produced
water)

-

-

-

180
(51%;
49%)

740
(46%;
54%)

1,100
(36%;
64%)

1,300
(27%;
73%)

650 Waste data from PA DEPc.
(32%; Second half of 2010 and first
68%) half of 2014. Data described
as unconventional as defined
by PADEP. Separate codes
are provided by PA DEP for
flowback and produced
water.

Wells

-

-

-

1,232

2,434

4,039

5,015

5,150

Wells
Ohio

Pennsylvania

Appalachian

Appalachian

Shale

Shale

8-9

Data from Ohio DNR Division
of Oil and Gasb. Utica data for
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State

Basin

Texas

West Virginia

a

Principal
lithologies

Data type

2000

2004

2008

2010

2011

2012

2013

2014 Comments

Unspecified
Shale,
(entire state) Sandstone

Flowback injected
volumes

-

-

-

-

490

2,200

3,100

2,000 Waste injection data from
Texas Railroad Commissiond.
Monthly totals are provided
for entire state. Oct - Dec for
2011, full years for 2012 and
2013, and Jan - Oct for 2014

Appalachian

Flowback Estimated
total
disposed

-

-

-

120

110

59

-

Shale

-

Estimates from Hansen et al.
(2013).e

North Dakota Industrial Commission. Department of Mineral Resources. Bakken Horizontal Wells By Producing Zone: https://www.dmr.nd.gov/oilgas/bakkenwells.asp.

b

Ohio Department of Natural Resources, Division of Oil and Gas Resources. Oil and Gas Well Production. http://oilandgas.ohiodnr.gov/production#ARCH1.

c

PA DEP Oil and Gas Reporting website, https://www.paoilandgasreporting.state.pa.us/publicreports/Modules/Welcome/Agreement.aspx.

d

Railroad Commission of Texas, Injection Volume Query, http://webapps.rrc.state.tx.us/H10/searchVolume.do;jsessionid=J3cgVHhK9nkwPrC7ZcWNMgyzF9LCYyR1NmvDy3F
1QQ5wqXfcGNGN!1841197795?fromMain=yes&sessionId=143075601021612. Texas state data provide an aggregate total amount of flowback injected for the past few years.
(Data on brine volumes injected do not differentiate hydraulically fractured wells and, therefore, well counts are not presented here.) These values are interpreted as estimates
of generated flowback as based on reported quantities of “fracture water flow back” injected into Class IID wells.
e

West Virginia flowback estimates from Hansen et al. (2013) are based on state data. Well counts that are explicitly associated with the flowback and total disposed volumes
were not available.
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To compile estimates of the production and management of hydraulic fracturing wastewater, there
are additional challenges. Reporting of wastewater volumes may or may not include information
that helps determine whether the producing well was hydraulically fractured (e.g., an indicator of
resource type or formation). It also might not be clear whether volumes listed as ‘produced water’
include the flowback component. Some states (e.g., Colorado and Pennsylvania) include information
on disposal and management methods along with production data, and others do not.
Given the limitations of comparing state databases, some studies have generated estimates of
wastewater volume using water-to-gas and water-to-oil ratios along with the reports of
hydrocarbon production (Murray, 2013). The reliability of any wastewater estimates made using
this method would need to be evaluated in terms of the quality, timeframe, and spatial coverage of
the available data, as well as the extent of the area to which the estimates will be applied. Water-tohydrocarbon ratios are empirical estimates. Because these ratios show a wide variation among
formations, reliable data are needed to formulate a ratio in a particular region.
Another approach to estimating wastewater volumes would entail multiplying per-well estimates
of produced water production rates by the numbers of wells in a given area. Challenges associated
with this approach include obtaining accurate estimates of the number of new and existing wells,
along with accurate estimates of per-well water production both during the flowback period and
during the production phase of the well’s lifecycle. In particular, it can be challenging to correctly
match per-well wastewater production estimates, which will vary by formation, with counts of
wells, which may or may not be clearly associated with specific formations. Temporal variability in
wastewater generation would also be difficult to capture and would add to uncertainty. Such an
approach, however, may be attempted for order of magnitude estimates if the necessary data are
available and reliable.

8.3 Wastewater Characteristics

Along with wastewater volumes, wastewater characteristics and the characteristics of residuals
produced during treatment or storage are important for understanding the potential impacts of
management and disposal of hydraulic fracturing wastewater on drinking water resources. This
section provides brief highlights on several important constituents known to exist in hydraulic
fracturing wastewaters and residuals. Chapter 7 provides more in-depth detail on the chemistry of
produced water, and Chapter 9 discusses reference values and health effects associated with
hydraulic fracturing wastewater constituents.

8.3.1 Wastewater

Wastewater composition is the result of naturally-occurring constituents originating in the
formation solids and fluids as well as chemicals associated with the fracturing fluid. Discussion in
this chapter focuses on constituents in hydraulic fracturing wastewater for which adequate
information is available to assess documented and potential impacts on drinking water resources.
There may also be unknown constituents in wastewaters for which analyses have not been
performed. This is due, in part, to a lack of information on fracturing fluid ingredients identified as
confidential business information (CBI). In addition, there are uncertainties about how fracturing
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fluid ingredients are degraded or removed in the subsurface. (See Chapter 5, Section 5.8 for a
discussion of processes that can cause chemicals to degrade or transform in the subsurface.)

8.3.1.1 Total Dissolved Solids and Inorganics

Hydraulic fracturing wastewaters are generally high in total dissolved solids (TDS), especially those
from shales and tight formations, with TDS values ranging from less than 1,000 mg/L to hundreds
of thousands of mg/L (Section 7.3.4.4). The TDS in wastewaters from shale formations is typically
dominated by sodium and chloride and may also include elevated concentrations of bromide,
bicarbonate, sulfate, calcium, magnesium, barium, boron, strontium, radium, organics, and heavy
metals (Chapman et al., 2012; Rowan et al., 2011; Blauch et al., 2009; Orem et al., 2007; Sirivedhin
and Dallbauman, 2004).

Within each formation, the minimum and maximum values presented in Section 7.3.4.4 suggest
spatial variation in TDS content that may need to be accommodated when considering management
strategies such as reuse or treatment. In contrast to shales and sandstones, TDS values for
wastewater from CBM formations are generally lower, with reported concentrations ranging from
approximately 150 mg/L to 62,000 mg/L (DOE, 2014b; Dahm et al., 2011) (Appendix Table E-3).
This results in fewer treatment challenges and a wider array of management options.
Constituents commonly found in TDS from hydraulic fracturing wastewaters may have potential
health impacts or create treatment burdens on downstream drinking water systems if discharged
at high concentrations to drinking water resources. Bromide, for example, can contribute to the
increased formation of disinfection byproducts (DBPs) during drinking water treatment (Hammer
and VanBriesen, 2012); see Section 8.5.1.

8.3.1.2 Organics

Less information is generally available about organic constituents in hydraulic fracturing
wastewaters than about inorganic constituents, but there are now several studies reporting
analyses of organic constituents (Chapter 7). The organic content in flowback waters can vary
based on the chemical additives (e.g., biocides, antiscalants, gelling agents, breakers) used in
hydraulic fracturing fluids and the chemistry of the formation, but the organics generally include
polymers, oil and grease, volatile organic compounds (VOCs), and semi-volatile organic compounds
(SVOCs) (Akob et al., 2016; Walsh, 2013; Hayes, 2009). Examples of other constituents detected
include alcohols, naphthalene, acetone, and carbon disulfide, compounds that may be remnants of
hydraulic fracturing fluid chemicals (Hayes and Severin, 2012b; Hayes, 2009) (Appendix E).
Wastewater associated with CBM wells may have high concentrations of aromatic and halogenated
organic contaminants potentially requiring treatment depending on how the wastewater will be
managed (Pashin et al., 2014; Sirivedhin and Dallbauman, 2004). Concentrations of BTEX (benzene,
toluene, ethylbenzene, and xylenes) in CBM produced waters are lower than in shale produced
waters (Appendix Table E-9).
New research is focusing on transformation products generated in the subsurface; experimental
work by Kahrilas et al. (2015) suggests that the biocide glutaraldehyde can be present in
wastewaters along with its transformation products. Low molecular weight organic acids such as
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acetate, formate, and pyruvate have been detected in Marcellus wastewater, indicating microbial
degradation of organic compounds in the fracturing fluid or formation (Akob et al., 2015).

8.3.1.3 Radionuclides

Radionuclides are constituents of concern in some hydraulic fracturing wastewaters, with most of
the available data obtained for the Marcellus Shale in Pennsylvania (Appendix Table E-8). Results
from a United States Geological Survey (USGS) report (Rowan et al., 2011) indicate that the
predominant radionuclides in Marcellus Shale wastewater are radium-226 and radium-228.
Radionuclides in produced fluids are considered ‘technologically enhanced naturally-occurring
radioactive material’ (TENORM) because they have been exposed to the accessible environment. 1

Although data regarding radionuclides in wastewater from formations other than the Marcellus
Shale are limited, there is information on the naturally occurring radioactive material (NORM) in
the formations themselves. 2 In particular uranium and thorium can be found in certain organic-rich
black shales. High uranium content has been measured in the Marcellus, Barnett, Woodford, and
other black shales (Swanson, 1955) (Section 7.3.4.6). Radium-226 and -228 are decay products of
uranium and thorium and are soluble (Sturchio et al., 2001; Langmuir and Riese, 1985). Therefore
wastewater from shales with high concentrations of uranium and thorium can contain radium,
especially where TDS concentrations are also high (Rowan et al., 2011; Sturchio et al., 2001; Fisher,
1998). Section 7.3.3.2 provides further information on radionuclides in produced waters and in
formations.

8.3.2 Constituents in Residuals

Depending on the wastewater and the treatment processes used, treatment residuals can consist of
sludges, spent media (used filter materials), or brines. Residuals may require further treatment
(e.g., dewatering sludges) prior to disposal (see Section 8.4.7 for further discussion on management
of residuals). Residuals can contain constituents such as total suspended solids (TSS), TDS, metals,
radionuclides, and organics. These constituents will be concentrated in the residuals, with the
degree of concentration depending on the type of treatment employed. Processes such as
electrodialysis and mechanical vapor recompression have been found to yield residuals with TDS
concentrations in excess of 150,000 mg/L after treating waters with influent TDS concentrations of
approximately 50,000 – 70,000 mg/L (Hayes et al., 2014; Peraki and Ghazanfari, 2014).
Also, TENORM in wastewaters can cause residual wastes to have gamma radiation emissions
(Kappel et al., 2013). A laboratory study by Zhang et al. (2014b) estimated that the barium sulfate
solids precipitated during treatment to remove barium and strontium from Marcellus Shale
wastewater would also contain between 2,571 and 18,087 pCi/g of radium due to coprecipitation.
Another similar study using mass balances calculated that sludge from a sulfate precipitation

1 Technologically Enhanced Naturally Occurring Radioactive Material (TENORM) is defined by the EPA as naturally
occurring radioactive materials (NORM) that have been concentrated or exposed to the accessible environment as a result
of human activities such as manufacturing, mineral extraction, or water processing.

2 Naturally Occurring Radioactive Materials (NORM) are radioactive materials found in nature that have not been moved
or concentrated by human activities.
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process would have an average radium concentration of 213 pCi/g (Silva et al., 2012). In sludge
from lime softening processes, Silva et al. (2012) estimated a radium-226 concentration of 58
pCi/g, a level that would necessitate disposal as a low-level radioactive waste.

8.4 Wastewater Management Practices and Their Potential Impacts on
Drinking Water Resources

Operators have several strategies for management of hydraulic fracturing wastewaters (Figure
8-3), with the most common choice being disposal via Class IID wells (Veil, 2015; Clark et al., 2013;
Hammer and VanBriesen, 2012). Other practices include reuse in subsequent hydraulic fracturing
operations (with varying levels of treatment), treatment at a centralized waste treatment facility
(CWT) (often followed by reuse), evaporation (in arid regions), irrigation (with no discharge to
waters of the United States), and direct discharge for livestock or agricultural use (allowed west of
the 98th meridian). Up until 2011, treatment of unconventional oil and gas wastewaters (as defined
by PA DEP) at publicly owned treatment works (POTWs) was a common practice for wastewater
management in the Marcellus region (Lutz et al., 2013); this is discussed further in Text Box 8-1.

The methods shown in Figure 8-3 represent wastewater management strategies, not all of which
would be used at the same facility. Descriptions of incidents of unpermitted disposal and resulting
legal actions have also been publicly reported (Chapter 7). However, such events are not generally
described in the scientific literature, and the prevalence of this type of activity is unclear. Additional
sources of information about potential impacts exist, but some records are sealed (e.g., litigation
records) and are not publicly accessible.

Figure 8-3. Schematic of wastewater management strategies.

Gray lines indicate management strategies that involve injection, either for reuse or disposal, and blue lines
indicate management strategies that lead to other end points such as discharge, evaporation, landfills, or other
uses.
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Each of the wastewater management strategies can potentially lead to impacts on drinking water
resources during some phase of their execution. Such impacts include, but are not limited to:
accidental releases during transport (Chapter 7); discharges of treated wastewaters from CWTs or
POTWs where treatment for certain constituents has been inadequate; migration of constituents to
groundwater due to leakage from pits or land application of wastewaters; leakage from pits that
reach surface waters (Chapter 7, Section 8.4.5); inappropriate management of liquid or solid
residuals (e.g., leaching from landfills); or accumulation of constituents in sediments near outfalls of
CWTs or POTWs that are treating or have treated hydraulic fracturing wastewater. 1

A reliable census of oil and gas wastewater management practices nationwide is difficult to
assemble due to a lack of consistent and comparable data among states. In addition, we do not
know how often operators use more than one wastewater management strategy at a site (e.g.,
evaporation and injection), further complicating the tracking of wastewater management. As part of
a data survey conducted by Veil (2015), some state agencies provided estimates of oil and gas
wastewater volumes handled by several management practices (Table 8-2). These estimates
illustrate how widespread injection for both enhanced recovery and for disposal is for managing oil
and gas wastewater. The data also show regional differences in reuse and other practices. For
hydraulic fracturing wastewaters, Table 8-3 illustrates nationwide variability in the primary
wastewater management methods using qualitative and quantitative sources. Similar to Table 8-2,
Table 8-3 shows disposal via underground injection predominates in most regions, and reuse is
predominant in the Marcellus Region. (Table 8-3 does not include wastewater management in areas
of CBM production.)
Management choices are affected by cost and a number of directly and indirectly related factors,
including the chemical properties of the wastewater; the volume, duration, and flow rate of the
wastewater generated; the feasibility of each option; the availability of necessary infrastructure;
local, state, and federal regulations (Text Box 8-2); and operator discretion (U.S. GAO, 2012; NPC,
2011a). The economics (such as transport, storage, and disposal costs) and availability of treatment
and disposal methods are of primary importance (U.S. GAO, 2012). For wastewater composition,
there is limited information on the degradation or removal of fracturing fluid ingredients in the
subsurface. Chemical disclosure requirements vary among states, and some fracturing fluid
ingredients are claimed to be CBI. Therefore, the possible presence of unknown chemical
constituents in wastewater contributes to uncertainty about the effectiveness and potential impacts
of management strategies, particularly with regard to treatment efficacy.

The term surface water as used in this assessment refers to surface waters that meet the definition of waters of
the United States under the CWA (House Bill No. 1950, 2011).
1
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Table 8-2. Estimated percentages of wastewater managed by practice and by state.

Source: Veil (2015). Estimates do not identify interstate transport (e.g., wastewater transported from PA to OH or WV for injection into disposal wells). Thus,
there may have been some double counting of volumes in both the generating and receiving states.

Management
practice
AR

CA

CO

NM

ND

OH

OK

PA

TX

UT

WV

WY

Injection for
enhanced oil
recovery

22

46

32

50 d

18

4.0

47

0

48

40

27

73

Injection for
disposal

76

20

32

50 d

56

91

47

12

37

47

25

27

Surface
discharge

0

2

10

no data

0

0

0

2.3

5.0 f

6

0

uncertain

Evaporation

0

21

9.0

no data

0

0

0

0

0

0

uncertain

Offsite
commercial
disposal

0.1 a

9

5.7 c

no data

26

Included in
injection
for disposal

6.0 e

0

10 e

7g

28 h

uncertain

0

85
(includes
reuse for
HF)

Est. 15-20
(flowback
fluid)

0.5

uncertain

uncertain

Beneficial
reuse
a

Percentage of produced water managed by practice and state

1.1

b

no data

12

b

no data

0

5.0

Land farm.

b

Reuse for HF.

c

Pits.

d

Assumes even split with injection for enhanced oil recovery and injection for disposal.

e

Injection.

f Fresh

produced water.

g Evaporation
h

ponds.

Disposal wells.
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Table 8-3. Management practices for wastewater from unconventional oil and gas resources.
Source: U.S. EPA (2016d).

Basin

Formation

Resource
type

Michigan

Antrim

Shale gas

Marcellus/Utica (PA)

Shale gas

XXX

XX

XX

Marcellus/Utica (WV)

Shale gas/oil

XXX

XX

X

Quantitative

Marcellus/Utica (OH)

Shale gas/oil

XX

XXX

X

Mixed

Granite Wash

Tight gas

XX

XXX

Xa

Mixed

Mississippi Lime

Tight oil

X

XXX

Woodford, Cana, Caney Shale gas/oil

X

XXX

Xa

Arkoma

Fayetteville

Shale gas

XX

XX

Xa

Few existing disposal wells; new CWT
facilities are under construction

Fort Worth

Barnett

Shale gas

X

XXX

Xa

Reuse/recycle not typically used due to
high TDS early in flowback and abundance Mixed
of disposal wells

Permian

Avalon/Bone Springs,
Wolfcamp, Spraberry

Shale/tight
oil/gas

X

XXX

Xa

Mixed

TX-LA-MS Salt

Haynesville

Tight gas

X

XXX

West Gulf

Eagle Ford, Pearsall

Shale gas/oil

X

XXX

X

Mixed

Denver Julesburg Niobrara

Shale gas/oil

X

XXX

X

Mixed

Piceance; Green
River

Tight gas

X

XX

X

Appalachian

Anadarko

Mesaverde/Lance

Injection for
Reuse
disposal

CWT
facilities

Notes

XXX
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Available
datab
Qualitative

Limited disposal wells in east

Reuse/recycling limited but is being
evaluated

Quantitative

Qualitative
Qualitative
Mixed

Reuse/recycle not typically used due to
high TDS early in flowback and abundance Mixed
of disposal wells

Also managed through evaporation to
atmosphere in ponds in this region

Qualitative
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Basin

Formation

Resource
type

Williston

Bakken

Shale oil

a

Reuse

Injection for
disposal

X

XXX

CWT
facilities

Notes
Reuse/recycling limited but is being
evaluated

Available
datab
Mixed

CWT facilities identified in these formations are all operator-owned.

b

This column indicates the type of data the EPA based the number of Xs on. In most cases, the EPA used a mixture of qualitative and quantitative data sources along with
engineering judgment to determine the number of Xs.
XXX—The majority (≥50%) of wastewater is managed with this management practice; XX—A moderate portion (≥10% and <50%) of wastewater is managed with this
management practice; X—This management practice has been documented in this location, but for a small (<10%) or unknown percent of wastewater. Blanks indicate the
management practices have not been documented in the given location.
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The availability and use of wastewater management strategies in a region can change over time as
oil and gas production increases or decreases, regulations change, costs shift, and technologies
evolve. Text Box 8-1 and Figure 8-4 illustrate shifting wastewater management practices in
Pennsylvania as gas development in the Marcellus Shale increased and concerns over high-TDS
discharges prompted a regulatory response. Reuse has increased substantially at well sites in
Pennsylvania (labeled as “Reuse HF” in Figure 8-4) and wastewater management at CWTs has
moved toward more facilities that provide wastewater for reuse and do not discharge (termed
“zero-discharge facilities”). The estimated total reuse rate in Pennsylvania was 80% in 2012 and
90% in 2013 (PA DEP, 2015a). In contrast, wastewater disposal data in areas of Colorado where
hydraulic fracturing takes place show a steady use of injection wells, an increase in surface water
discharges, and a decrease in the use of on-site pits for evaporation since 2000 (Figure 8-5).

Another factor influencing reuse is the pace of hydraulic fracturing in the area. When hydraulic
fracturing is active, demand for reuse is high. Some formations that are hydraulically fractured such
as the Marcellus Shale and the Utica Shale are still in the early stages of development, with large
potential resources not yet developed. For these plays, the need for wastewater treatment and/or
reuse may remain high for decades to come, and the long-term wastewater management needs
must be considered and addressed (SAFER PA, 2015). 1
Researchers have developed optimization models to aid in the minimization of wastewater
management costs as a part of comprehensive water management planning. For example, Yang et
al. (2014) suggest an approach for reusing flowback in scheduled hydraulic fracturing events to
minimize the operational costs of transportation, treatment, storage, and wastewater disposal.
Another modeling study proposes an approach to minimize the total cost of water usage and
wastewater treatment and disposal by optimizing capital costs (such as the costs of treatment units
and storage pits) and operating costs for flowback management, treatment, storage, reuse, and
wastewater disposal (Lira-Barragan et al., 2016).

Text Box 8-1. Temporal Trends in Wastewater Management – Experience of Pennsylvania.
Gross natural gas withdrawals from shale formations in the United States increased 518% between 2007 and
2012 (EIA, 2014b). This production increase has led to larger volumes of wastewater requiring appropriate
management (Vidic et al., 2013; Gregory et al., 2011; Kargbo et al., 2010). The rapid increase in wastewater
generated from hydraulically fractured oil and gas wells has led to many changes in wastewater disposal
practices in the oil and gas industry. Changes have been most evident in Pennsylvania, which has experienced
a more than 1,400% increase in natural gas production since 2000 (EIA, 2014b).
Lutz et al. (2013) estimated that total wastewater generation in the Marcellus region increased 570%
between 2004 and 2013. The authors concluded that this increase has created stress on the existing
wastewater disposal infrastructure. In 2010, concerns arose over elevated TDS in the Monongahela River
(Text Box 8-1 is continued on the following page.)

As noted in Chapter 3, oil and gas prices influence new drilling activity. However, the links between oil and gas prices
and the generation of wastewater (as a byproduct of production) appear to be less direct.

1
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Text Box 8-1 (continued). Temporal Trends in Wastewater Management – Experience of
Pennsylvania
basin, and studies linked high TDS (and, in particular, high bromide levels) to elevated DBP levels in drinking
water systems (PA DEP, 2011a). In response, PA DEP amended Chapter 95 Wastewater Treatment
Requirements under the Clean Streams Law for new discharges of TDS in wastewaters. This regulation is also
informally known as the 2010 TDS regulation. The regulation disallowed any new direct discharges to
streams as well as direct disposal at POTWs of hydraulic fracturing wastewater and set limits on treated
discharges from new CWTs of 500 mg/L TDS, 250 mg/L chloride, 10 mg/L barium, and 10 mg/L strontium.
Existing discharges were exempt.

In April 2011, PA DEP announced a request that by May 19, 2011, gas drilling operators voluntarily stop
transporting wastewater from shale gas extraction (i.e., unconventional resources as defined by PA DEP) to
the eight CWTs and seven POTWs that were exempt from the 2010 TDS regulation. 1 Follow-up letters from
PA DEP to the owners of the wells specified that the role of bromides from Marcellus Shale wastewaters in the
formation of total trihalomethanes (TTHM) was of concern due to the their potential public health impacts
(PA DEP, 2011a).
In response to the request, the oil and gas industry in Pennsylvania accelerated the switch of wastewater
deliveries from POTWs to CWTs for better removal of metals and suspended solids (Schmidt, 2013). Effluent
sampling at two POTWs that had accepted Marcellus Shale wastewater showed that concentrations of
bromide, chloride, barium, strontium, and sulfate dropped after the April 2011 request (Ferrar et al., 2013);
data based on two sampling events, one before and one after May 2011).
Between early and late 2011, although reported wastewater production more than doubled, Marcellus Shale
drilling companies in Pennsylvania reduced their use of CWTs that were exempt from the 2010 TDS
regulation by 98%, and direct disposal of Marcellus Shale wastewater at POTWs was “virtually eliminated”
(Hammer and VanBriesen, 2012).

Along with the decreased discharges from POTWs, there has been increased reuse of wastewater in the
Marcellus Shale region. From 2008-2011, reuse of Marcellus wastewater for hydraulic fracturing increased,
POTW treatment volumes decreased, tracking of wastewater improved, and wastewater transportation
distances decreased (Rahm et al., 2013). Maloney and Yoxtheimer (2012) analyzed data from 2011 and found
that reuse of flowback increased to 90% by volume. Eight percent of flowback was sent to CWTs. Brine water,
which was defined as formation water, was reused (58%), disposed via injection well (27%), or sent to CWTs
(14%). Of all the fluid wastes in the analysis, brine water was most likely to be transported to other states
(28%). Maloney and Yoxtheimer (2012) also concluded that wastewater disposal to municipal sewage
treatment plants declined nearly 100% from 47,221 bbls in the first half of 2011 to 408 bbls in the second
half.

1 An unconventional formation was defined in 2011 by the state of Pennsylvania as “A geological shale formation existing
below the base of the Elk Sandstone or its geologic equivalent stratigraphic interval where natural gas generally cannot be
produced at economic flow rates or in economic volumes except by vertical or horizontal wellbores stimulated by
hydraulic fracture treatments or by using multilateral wellbores or other techniques to expose more of the formation to
the wellbore.” The EPA defines unconventional oil and gas as crude oil and natural gas produced by a well drilled into a
shale and/or tight formation (including, but not limited to, shale gas, shale oil, tight gas, and tight oil). For the purpose of
the rule, the definition of UOG does not include CBM (U.S. EPA, 2016d).
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Figure 8-4. Percentages of total unconventional wastewater (as defined by PA DEP) managed
via various practices for the second half of 2009 through the first half of 2014.
The volume sent to POTWs in 2013 was 0%. Note also that a majority of wastewater sent to CWTs is subsequently
reused, so that when combined with “Reuse HF,” the total reuse rate was approximately 90% in 2013. “Reuse HF”
indicates on-site reuse. Source: Waste data from PA DEP (2015a).

Text Box 8-2. Regulations Affecting Wastewater Management.
Regulations affect wastewater management options and vary geographically as well as over time. At the
Federal level, the EPA has promulgated national technology-based regulations, known as effluent limitations
guidelines and standards (ELGs), for the oil and gas extraction industry, which can be found in 40 U.S. Code of
Federal Regulations (CFR) Part 435. These ELGs do not apply to CBM discharges which are subject to
technology based limits developed by permit writers on a case-by-case “best professional judgment” basis.
The Onshore subcategory of the oil and gas, ELGs 40 CFR 125.3, Subpart C, prohibits the discharge of
wastewater pollutants to waters of the United States from onshore oil and gas extraction facilities, with one
exception in the arid west as discussed below. This “zero-discharge standard” means that, unless the
exception applies, oil and gas wastewater pollutants cannot be discharged directly to waters of the United
States. Operators have met this requirement through underground injection, reuse, or transfer of wastewater
to POTWs and/or CWTs. The EPA finalized a rule in June 2016 that would prohibit operators from sending
wastewater from unconventional oil and gas extraction to POTWs. Operators can continue to send
wastewater to CWTs, which are subject to regulation under a separate set of ELGs in 40 CFR Part 437.

In addition, Subpart E of the oil and gas ELGs establishes an exception to the zero discharge standard west of
the 98th meridian (the arid western portion of the continental United States), allowing discharges of
produced water from onshore oil and gas extraction facilities to waters of the United States if the produced
water has a use in agriculture or wildlife propagation when discharged into navigable waters. The term “use
in agricultural or wildlife propagation” means that: (1) the produced water is of good enough quality to be
used for wildlife or livestock watering or other agricultural uses; and (2) the produced water is actually put to
(Text Box 8-2 is continued on the following page.)
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Text Box 8-2 (continued). Regulations Affecting Wastewater Management.
such use during periods of discharge (40 CFR 135.51(c)). Produced water discharged under this exception
must not exceed an oil and grease concentration of 35 milligrams per liter (mg/L). Subpart E does not allow
for discharge from sources other than produced water (i.e., drilling muds, drill cuttings, produced sands) to
waters of the United States.
In addition to the technology-based limitations discussed above, the Clean Water Act (CWA) and the EPA’s
implementing regulations also require that permits include more stringent limits as necessary to meet
applicable water quality standards. CWA Section 301(b)(1)(C); 40 CFR 122.44(d)(1).

Figure 8-5. Management of wastewater in Colorado in regions where hydraulic fracturing is
being performed.

See footnote for details on disposal codes. 1 Production data from Colorado Oil and Gas Conservation Commission
(COGCC, 2015).

The following sections provide an overview of hydraulic fracturing wastewater management
methods, with some discussion of the geographic and temporal variations in practices and their
impacts on drinking water resources. In addition to currently used treatment and disposal
methods, this section also briefly describes past treatment of hydraulic fracturing wastewater at
Codes for wastewater disposal from COGCC are described by Veil (2015) as follows:
Commercial disposal facility: water sent to commercial pits.
On-site pit: most water evaporates, or excess water is hauled to disposal wells.
Central disposal pit: Central facilities owned by a single producer to handle water from multiple wells (some
recycled, much is injected).
•
Injected on lease: Injected into wells, roughly half for enhanced recovery.
•
Surface discharge: water is either fresh or treated to acceptable standards and discharged to surface water.
1

•
•
•
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POTWs. More in-depth descriptions of treatment technologies applicable to hydraulic fracturing
wastewater are available in Appendix F.

8.4.1 Underground Injection

Oil- and gas-related wastewater may be disposed of via Class II injection wells (disposal wells are
referred to as Class IID whereas enhanced recovery wells are referred to as Class IIR) regulated by
the UIC Program under the SDWA. 1 Nationwide, injection wells receive a large percentage of
wastewater from the oil and gas industry, including wastewater associated with hydraulic
fracturing. Veil (2015) estimates that in 2012, U.S. oil and gas production from onshore wells
generated over 863 billion gal (20.56 billion bbls or 3.27 trillion L) of produced water, and of that
volume, information on management was available for 97%. The study estimated that about 93%
was injected into Class II wells, with about 47% injected into Class IID wells and 46% injected into
Class IIR wells. 2

The above national estimates are for the oil and gas industry as a whole. A good national estimate of
the amount of hydraulic fracturing wastewater injected into Class II wells is difficult to develop due
to lack of available information and data on injection of hydraulic fracturing wastewater.
Management of hydraulic fracturing wastewater is not well tracked or made publicly available in
many states (Pennsylvania being a notable exception). The local availability of Class IID wells along
with generally low reuse rates, however, are consistent with Class IID wells being a primary means
of wastewater management in many areas with hydraulic fracturing activity.

According to recently released data from 2012 and 2013, there are about 26,400 active Class IID
wells in the United States, with more than 65% of these located in Texas, Oklahoma, and Kansas
(Table 8-4). In Pennsylvania, on the other hand, there are currently nine operating disposal wells,
and only three of these are commercially operated wells (at one facility) (SAFER PA, 2015). The
location and number of Class IID wells is in part determined by geology (including depth and
permeability of geologic formations appropriate for injection), permitting, and historical demand
for disposal of oil and gas wastewater. The large Class IID well capacity in Texas, for example, is
consistent with the availability of formations with suitable geology and the demand for wastewater
disposal associated with a mature and active oil and gas industry. In contrast, injection plays a
relatively small role in Marcellus Shale wastewater management in Pennsylvania—about 10% in
2013 and the first half of 2014 (PA DEP, 2015a).

1 States may be given federal approval to run a UIC program under SDWA. UIC Class II wells include those used for
disposal (Class IID), enhanced oil recovery (Class IIR), and hydrocarbon storage (Class IIH).

2 Because some states surveyed by Veil (2015) do not distinguish between volumes injected for disposal versus enhanced
recovery, assumptions and analyses were used in the study to estimate the two types of injection in some states.
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Table 8-4. Distribution of active Class IID wells across the United States.
Data are primarily from 2012 and 2013. Source: U.S. EPA (2016d).

Geographic region
(from the EIA)

State

Number of active
disposal wellsa

Average disposal
rate per well
(gpd/well)b

Alaska

Alaska

45

182,000

8.2

East

Illinois

1,054

—c

—c

Michigan

772

16,200

13

Florida

14

246,000

3.4

Indiana

208

7,950

1.7

Ohio

190

8,570

1.6

West Virginia

64

6,970

0.45

Kentucky

58

4,650

0.27

Virginia

12

17,500

0.21

Pennsylvania

9

6,380

0.057

10d

33.7

0.00034

Texas

7,876

52,100

410

Louisiana

2,448

40,300

99

New Mexico

736

48,600

36

Mississippi

499

24,200

12

Alabama

85

53,300

4.5

Kansas

5,516

25,600

140

Oklahoma

3,837

35,900

140

Arkansas

640e

25,400

16

Nebraska

113

19,100

2.2

Missouri

11

2,270

0.025

Iowa

3

—c

—c

North Dakota

395

53,300

21

Montana

199

32,700

6.5

South Dakota

15

17,400

0.26

New York
Gulf Coast/Southwest

Mid-Continent

Northern Great Plains
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Number of active
disposal wellsa

Average disposal
rate per well
(gpd/well)b

State disposal
rate (MGD)

Wyoming

335

107,000

36

Colorado

292

48,800

14

Utah

118

83,400

9.8

California

826

86,800

72

Nevada

10

54,600

0.55

Oregon

9

—c

—c

Washington

1

—c

—c

26,400

41,300

1,050

Geographic region
(from the EIA)

State

Rocky Mountains

West Coast

Total
Abbreviations: gpd—gal per day; MGD—million gal per day.
a Number

of active disposal wells is based primarily on data from 2012 to 2013.

b

Typical injection volumes per well are based on historical annual volumes for injection for disposal divided by the number of
active disposal wells during the same year (primarily 2012 to 2013 data).
c Disposal rates and volumes are unknown.
d

These wells are not currently permitted to accept extraction wastewater from production in unconventional reservoirs.

e

Only 24 of the 640 active disposal wells in Arkansas are in the northern half of the state, close to the Fayetteville Shale.

The decision to inject hydraulic fracturing wastewater into Class IID wells depends in part on cost,
including transportation costs. Therefore, the distance between the production well and a disposal
well is an important consideration. For oil and gas producers, underground injection is a low cost
management strategy unless significant trucking is needed to transport the wastewater to a
disposal well (U.S. GAO, 2012).
Evaluation of documented or potential impacts on drinking water resources associated with
disposal at Class IID injection wells is outside of the scope of this assessment. However, disposal
wells play a significant role in the overall management of hydraulic fracturing water nationwide,
and their availability and capacity are integral factors in determining which wastewater
management strategies are used by operators in a given region. Should the feasibility of managing
wastewater via underground injection become limited or less economically advantageous,
operators will need to adjust their wastewater management programs. They may evaluate and
implement other local practices such as sending wastewater to a CWT for treatment and discharge
or reuse.

Recent events and studies, for example, have documented a link between wastewater injection and
seismic activity in some locations in several states, including Oklahoma, Colorado, New Mexico,
Arkansas, and Ohio (Weingarten et al., 2015; Wong et al., 2015). The Oklahoma Geological Survey
(Andrews and Holland, 2015) “considers it very likely that the majority of recent earthquakes,
particularly those in central and north-central Oklahoma, are triggered by the injection of produced
water in disposal wells.” Walsh and Zoback (2015) correlated wastewater injection from
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production wells (including hydraulically fractured wells) into Oklahoma’s Arbuckle formation to
the steep increase in seismic events observed in that state. Farther west, in the Raton Basin of
southern Colorado and northern New Mexico, Rubinstein et al. (2014) presented several lines of
evidence linking injection well disposal of CBM produced water to seismic events. Horton (2012)
attributed a swarm of earthquakes in Northern Arkansas to hydraulic fracturing wastewater
injection, and in a study evaluating multiple states in the mid-continent region, Weingarten et al.
(2015) demonstrated a relationship between Class II wells (including both Class IID and Class IIR
wells) and seismicity.

The local availability of Class IID wells and the capacity to accept large volumes of wastewater
could be affected by these recent findings concerning seismic activity associated with injection (U.S.
EPA, 2014c). Between 2011 and 2016, some state UIC programs modified their Class II wastewater
injection regulations and permitting requirements. At least eight states (Arkansas, Colorado,
Illinois, Kansas, Ohio, Oklahoma, Texas, and West Virginia) consider an assessment of seismicity in
their Class II programs and have regulatory provisions for banning or shutting injection wells
and/or modifying injection volumes and pressures if evidence indicates that a well is near a fault
and/or is contributing to seismic activity.
As an example, Oklahoma has recently taken steps to reduce the risk of induced seismicity by
implementing a regional strategy intended to reduce wastewater injection in certain regions (OCC
OGCD, 2016). These actions affect over 10,000 square miles and 600 wastewater injection wells in
western and central Oklahoma. The measures are intended to reduce wastewater injection in the
area by 40% below 2014 totals, which will affect wastewater management and disposal practices
across this large area. 1

In terms of potential impacts on drinking water resources, Class IID facilities are subject to the
same general considerations regarding wastewater storage and handling as other wastewater
management sites and facilities (e.g., CWTs). Changes in surface water or groundwater quality due
to general wastewater handling at these facilities may be another factor affecting wastewater
management practices in some locations or regions. For example, Kell (2011) identified eight
groundwater contamination incidents in Texas between 1993 and 2008 due to water releases from
storage facilities associated with Class II well sites. A recent study by the United States Geological
Survey documented impacts on surface water from hydraulic fracturing wastewater at a Class II
disposal well site in central West Virginia (Akob et al., 2016). Water samples collected downstream
from the facility were indicative of wastewater from hydraulic fracturing operations handled at the
site. The authors documented elevated specific conductance and elevated TDS, sodium, chloride,
barium, bromide, strontium, and lithium concentrations, and different strontium isotope ratios
compared to those found in upstream, background waters. The study concluded that activities at
the wastewater facility have affected water quality in a nearby stream. The pathways for the
movement of wastewater into the local stream include several possibilities (e.g., leaks from storage
ponds and tanks, transportation activities, previous site history).
1 For additional information on strategies and initiatives regarding wastewater injection and inducted seismicity, see the
following: KDHE (2014), States First Initiative (2014), and U.S. EPA (2014c).
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8.4.2 Publicly Owned Treatment Works
POTWs are designed to treat local municipal wastewater and indirect discharges from industrial
users. POTWs are also used to treat wastewater and other wastes from oil and gas operations in
some eastern states. Although this is not a common method of treatment for oil and gas
wastewaters in the United States, the scarcity of injection wells for waste disposal in Pennsylvania
drove the need for disposal alternatives (Wilson and Vanbriesen, 2012). When development of the
Marcellus Shale began, POTWs were used to treat wastewater originating from these oil and gas
wells (Kappel et al., 2013; Soeder and Kappel, 2009). However, elevated concentrations of
constituents in wastewater from the Marcellus region (halides, heavy metals, organic compounds,
radionuclides, and salts) can pass through the treatment processes commonly used in POTWs and
be discharged to receiving waters (Cusick, 2013; Kappel, 2013; Lutz et al., 2013; Schmidt, 2013). In
addition, sudden, extreme salt fluctuations can disturb POTW biological treatment processes
(Linarić et al., 2013; Lefebvre and Moletta, 2006).

The annual reported volume of oil and gas wastewater treated at POTWs in the Marcellus Shale
region peaked in 2008 and has since declined significantly (Figure 8-6). As discussed in Text Box
8-1, this was in response to an April 2011 request from PA DEP asking operators to cease sending
Marcellus Shale wastewater to 15 POTWs and CWTs that were exempt from the 2010 TDS
regulation (Rahm et al., 2013). Although operators complied with the request in May 2011, nonMarcellus oil and gas produced water continued to be processed at these facilities (Ferrar et al.,
2013; Lutz et al., 2013; Wilson and Vanbriesen, 2012). 1 In August 2016, the EPA finalized
pretreatment standards prohibiting discharges of unconventional wastewater pollutants to POTWs
(U.S. EPA, 2016d).

Figure 8-6. Oil and gas wastewater volumes discharged to POTWs from 2001-2011 in the
Marcellus Shale. (“Conventional” is indicated by the authors as non-Marcellus wells and
described as vertically drilled to shallower depths in more porous formations.)

Due to an unrecoverable data loss at the PA DEP, records for 2007 were not available. Source: Lutz et al. (2013).
1 POTWs in Pennsylvania have likely been accepting waste considered conventional by Pennsylvania but unconventional
by others based on the EPA’s broader definition (Text Box 8-1).
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8.4.3 Centralized Waste Treatment Facilities
A CWT facility is generally defined as one that accepts industrial materials (hazardous or nonhazardous, solid, or liquid) generated at another facility (off-site) for treatment or recovery (EPA,
2000). (Wastewater may also be treated at on-site mobile or semi-mobile facilities; see Appendix F
for additional information.) The decision to treat hydraulic fracturing wastewater at a CWT and the
level of treatment used depends upon several factors, such as a lack of proximity to Class II disposal
wells; whether the wastewater might be reused for additional hydraulic fracturing jobs; the water
quality needed if it will be reused; whether the treated wastewater can be discharged under the
Subpart E agricultural and wildlife use exception in the arid west; and the water quality needed if it
will be discharged to the waters of the United States. As a group, CWTs that accept oil and gas
wastewater offer a wide variety of treatment capabilities and configurations (Text Box 8-3 and
Appendix F).

Text Box 8-3. Wastewater Treatment Processes.
The constituents prevalent in hydraulic fracturing wastewater include TDS, TSS, radionuclides, organic
compounds, and metals (Section 8.3 and Chapter 7). If the ultimate disposal or use of the wastewater
necessitates treatment, a variety of technologies can be employed to remove or reduce these constituent
concentrations.
The most basic treatment needed for oil and gas wastewaters, including those from hydraulic fracturing
operations, is separation to remove TSS and oil and grease. This is accomplished through separation
technologies including settling, skimming, hydrocyclones, dissolved air or induced gas flotation, media
filtration, or biological aerated filters (Igunnu and Chen, 2014; Duraisamy et al., 2013; Barrett, 2010;
Shammas, 2010).

Other treatment processes that may be used include media filtration after chemical precipitation for hardness
and metals (Boschee, 2014); adsorption technologies for organics, heavy metals, and some anions (Igunnu
and Chen, 2014); a variety of membrane processes (microfiltration, ultrafiltration, nanofiltration, reverse
osmosis (RO)); and distillation technologies for metals and organics (Drewes et al., 2009).
Advanced processes, such as RO, or distillation methods, such as mechanical vapor recompression (MVR), are
needed if the system requires significant reduction in TDS (Drewes et al., 2009; LEau LLC, 2008; Hamieh and
Beckman, 2006). However, RO is typically only capable of treating TDS concentrations less than 35,000 mg/L
(Shaffer et al., 2013), whereas distillation can effectively treat higher TDS waters (Hayes et al., 2014; Drewes
et al., 2009). Extremely high TDS waters may require a series of advanced treatment processes, which can be
very costly.
An emerging technology in hydraulic fracturing wastewater treatment is electrocoagulation, which has been
used in mobile treatment systems to remove organics, TSS, and metals (Halliburton, 2014; Igunnu and Chen,
2014).
Appendix F provides more in-depth descriptions of technologies used to treat for hydraulic fracturing
wastewaters and the constituents they remove. Also, Appendix Table F-4 provides an overview of influent
and effluent results and removal percentages for constituents of concern at oil and gas treatment facilities
reported in the literature (both conventional and unconventional) and the specific technology(ies) used to
remove them. Section 8.4.7 discusses solid and liquid residuals, including treatment-related wastes.
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The treated effluent from a CWT can be reused in hydraulic fracturing operations (also called zerodischarge), discharged directly to a receiving water under a National Pollutant Discharge
Elimination System (NPDES) permit, discharged indirectly to a POTW, or a combination of these.
Some CWTs may be configured so that they can either (1) partially treat the waste stream to suit
the needs of operators who reuse it or (2) use more advanced treatment (i.e., TDS removal) if the
treated wastewater will be discharged. Generally, the former option is less costly for the CWT, and
some facilities that have permits to discharge do not do so continuously, opting to direct as much of
the wastewater as possible for reuse. There are also CWTs permitted to discharge that do not have
TDS removal capabilities. However, these facilities must still meet TDS discharge limits specified by
their state. Appendix F contains additional information on treatment configurations, including
examples of processes at several facilities treating oil and gas wastewater.

Facilities discharging treated wastewater to waters of the United States or POTWs are regulated
under the Clean Water Act (CWA). For zero-discharge facilities, some states, including Pennsylvania
and Texas, have adopted regulations to control permitting of these facilities or to encourage
treatment and reuse. The PA DEP issues permits that allow zero-discharge CWTs to treat and
release water back to oil and gas industries for reuse (see the Eureka Resources Facility in
Williamsport, PA listed in Appendix Table F-6 as an example of a zero-discharge facility).1

In developing this assessment, we looked at NPDES permit information for several CWTs in the
eastern United States treating wastewater from the Marcellus region and one near the Fayetteville
Shale in Arkansas. The facilities include those with and without TDS removal capabilities, and some
are undergoing upgrades to implement TDS removal. Some of the permits reviewed for this
assessment are current, and others are expired and may be in the process of renewal. The permits
require monitoring (with or without limits) for a range of constituents that may include chloride,
TDS, TSS, total strontium, total barium, oil and grease, heavy metals, 5-day biological oxygen
demand (BOD5), and a range of organic compounds (e.g., phenol, cresol, BTEX, phthalates), with the
specific constituents varying by permit. Sample types for the facilities are generally 24-hour
composites. The newer permits set limits for several important constituents such as chloride, TDS,
TSS, total barium, total strontium, oil and grease, and a number of heavy metals. Bromide is
generally either not included or is required to be reported but with no limit specified. However,
limits on TDS will reduce bromide concentrations. Some permits require monitoring for total
radium, uranium, and gross alpha, but no limits are specified. Note that these facilities do not
necessarily discharge consistently because treated wastewater can be sent for reuse.

Although there are CWTs serving hydraulic fracturing operations throughout the country, the
majority serve Marcellus Shale operations in Pennsylvania (Boschee, 2014). Of the 74 CWT facilities
identified by the EPA (U.S. EPA, 2016d) as having accepted or having the ability to accept hydraulic
fracturing wastewater (not counting facilities treating CBM wastewater), 40 are located in
Pennsylvania (Table 8-5). Most are zero-discharge facilities, and many do not have treatment
processes for TDS removal. Although several Pennsylvania facilities are permitted to discharge,
Wunz (2015) found few that currently discharge (two CWTs in Pennsylvania, one in West Virginia,
1

The facility is also permitted for indirect discharge to the Williamsport Sewer Authority.
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Table 8-5. Number, by state, of CWT facilities that have accepted or plan to accept wastewater from unconventional oil and gas
activities.
Source: U.S. EPA (2016d).

State

Unconventional
formation(s) served

Zero discharge CWT
facilitiesa

CWT facilities that discharge
to a surface water or POTWa

CWT facilities with multiple Total known
facilities
discharge optionsa

Non-TDS
removal

TDS
removal

Non-TDS
removal

TDS
removal

Non-TDS
removal

TDS
removal

2

0

0

0

0

1

3

3 (1)

0

0

0

0

0

3

0

1 (1)

0

0

0

0

1

10 (7)

0

1

0

0

0

11

AR

Fayetteville

CO

Niobrara, Piceance Basin

ND

Bakken

OH

Utica, Marcellus

OK

Woodford

2

0

0

0

0

0

2

PA

Utica, Marcellus

22

7(3)

8

0

0

3 (1)

40

TX

Eagle Ford, Barnett, Granite Wash

1

3

0

0

0

0

4

WV

Marcellus, Utica

4 (2)

0

0

0

1

1

6

WY

Mesaverde and Lance

0

2

0

0

0

2

4

44

13

9

0

1

7

74

Total
a

Information is current as of 2014; it is possible that since 2014, some listed CWT facilities have closed and/or new CWT facilities not listed have begun operation. The number
of facilities includes those that have not yet opened but are under construction, pending permit approval, or are in the planning stages. Facilities that are not accepting hydraulic
fracturing wastewater but plan to accept it in the future are noted parenthetically and not included in the sum of total known facilities. Facilities handling CBM wastewater are
not represented here.
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and one in Ohio). According to EPA research (U.S. EPA, 2016d), the number of CWT facilities serving
operators in the Marcellus and Utica Shales has increased since the mid-2000s, growing from
roughly five in 2004 to over 40 in 2013. A similar trend has been noted for the Fayetteville Shale
region in Arkansas, where there are fewer Class IID injection wells compared to the rest of the state
(U.S. EPA, 2016d).

In other regions, a small number of newer facilities have emerged in the last several years, most
often with TDS removal capabilities. In Texas, for example, two zero-discharge facilities with TDS
removal capabilities are available to treat wastewater from the Eagle Ford Shale (beginning in 2011
and 2013), and one zero-discharge facility with TDS removal is located in the Barnett Shale region
(operational since 2008). In Wyoming, there are four facilities in the region of the Mesaverde/Lance
formations that started operating between 2006 and 2012. Two are zero-discharge facilities, and
two have multiple discharge options; all are capable of TDS removal (U.S. EPA, 2016d).
Few states maintain a comprehensive list of CWT facilities, and the count provided by the EPA (U.S.
EPA, 2016d) includes facilities that do not currently but plan to accept wastewater from
unconventional formations. Therefore, the data in Table 8-5 do not precisely reflect the number of
facilities currently handling hydraulic fracturing wastewaters. Other sources indicate either use of,
or interest in, development of treatment facilities in other regions such as the Barnett Shale region
(Hayes and Severin, 2012b), the Fayetteville (Veil, 2011), and other areas in Texas and Wyoming
(Boschee, 2014, 2012). In addition, news releases and company announcements indicate that other
wastewater treatment facilities are being planned (Greenhunter, 2014; Geiver, 2013; Purestream,
2013; Alanco, 2012; Sionix, 2011).
Use of specific types of CWTs has and will continue to shift due to drivers such as availability and
cost of other disposal options (e.g., disposal wells), operator demand for reuse and the associated
quality needed, developments in treatment, treatment costs, and regulatory changes. Practices in
Pennsylvania over the last several years provide such an example. Between 2010 and 2013, the
percentage of Marcellus wastewater treated at CWTs dropped from 52% to 20% (Figure 8-4), and
the percentage of wastewater reused on-site rose to 65%, reflecting a shift in practice among
operators. Among the percentage of the wastewater sent to CWTs, the portion sent to zerodischarge facilities for subsequent reuse rose from 10% to 65%. This is consistent with an
increased emphasis on reuse in Pennsylvania. (See Section 8.4.4 for a discussion on reuse as a
waste management practice.)

8.4.3.1 Relationship to Potable Surface Waters

Figure 8-7 shows the relationship between Pennsylvania potable water supplies and the CWTs that
lie in their upstream watersheds. These surface waters, including streams, rivers, and waterbodies
(e.g., lakes and reservoirs) have been evaluated by the PA DEP for attainment of a designated use of
potable water supply as per the CWA Section 305(b) reporting and Section 303(d) listing. Ninetyfour percent of the waterbodies and 98% of the streams and rivers were attaining their designated
use in 2016. These stream segments may or may not currently have intakes for drinking water
treatment plants. The map also shows the locations and types of CWTs that either currently accept
unconventional oil and gas wastewater (as defined by PA DEP) or have accepted such wastewater
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Figure 8-7. Map showing Pennsylvania surface water designated as potable water supplies and upstream CWTs.

Surface waters are colored orange to red to indicate the number of CWTs located in the upstream watershed. Blue surface waters have no upstream CWTs,
and light gray lines show those not designated as potable water supplies. Symbols show the locations of CWTs that currently accept or have accepted
unconventional oil and gas wastewater. Data sources: U.S. EPA (2016d), U.S. EPA (2016f), and PA DEP (2016b).
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within approximately the last five years. 1 CWTs represented include both dischargers (direct and
indirect) as well as zero-discharge facilities. For some facilities, we were not able to determine if the
facility was zero-discharge or if it has a NPDES permit. The surface waters have been color-coded to
indicate the number of CWTs that are located upstream. Darker red indicates more CWTs located in
the upstream watershed, while blue indicates no upstream CWTs. Softer grey lines show portions of
the stream network not designated for potable water supply. The thickness of the line indicates the
size of the stream or river, categorized by the “stream order” designation.
The map provides a general illustration of how CWTs are situated within catchments in
Pennsylvania, showing their spatial and general hydrologic relationships to streams that can serve
as potable water supplies. The map shows that a given stream or waterbody may have a number of
CWTs upstream, potentially contributing to combined impacts on surface water if there are spills or
inadequately treated discharges. Note that the upstream catchment areas are large for the major
rivers. Therefore, some rivers, such as the Ohio or Susquehanna, have as many as 15 or 16
upstream CWTs, although most are located far away. The map does not represent the effects of
dilution on either discharges or spills; such an evaluation would necessitate currently unavailable
data required to do a complete analysis of water quality. Note that many of the CWTs are zerodischarge facilities, and those that are permitted to discharge may do so intermittently. However,
the storage and handling of wastewater at CWTs could impact nearby surface water through leaks
and spills.
To more completely place these facilities in a watershed context, other types of discharges that
could be occurring upstream should be taken into consideration. Impacts from hydraulic fracturing
wastewater may be more problematic if there are additional pollutant sources within the
watershed, increasing the cumulative effects of discharges and spills. For example, an EPA source
apportionment study (U.S. EPA, 2015o) evaluated the relative contributions of bromide, chloride,
nitrate, and sulfate from CWTs primarily treating hydraulic fracturing wastewater to the Allegheny
River Basin and to two downstream public water system intakes. The study considered that the
Allegheny River and its tributaries also receive runoff and discharges from an array of sources that
include acid mine drainage and mining operations, coal-fired electric power stations, industrial
wastewater treatment plants, and POTWs. It was concluded that CWTs treating oil and gas
wastewater and coal-fired power plants with flue gas desulfurization were the primary
contributors of bromide and chloride at the intakes (see Section 8.5.1 for further discussion), while
nitrate and sulfate contributions were from POTWs and Acid Mine Drainage (U.S. EPA, 2015o).

8.4.3.2 Potential Impacts from CWTs

The potential impacts of managing hydraulic fracturing wastewater at CWTs depend on whether
the CWT adequately treats for constituents of concern prior to discharge to surface water or a
POTW, and whether treatment residuals are managed appropriately. Historically, CWTs have not

1 The list of CWTs used to develop this map is based on best available data, including information in the technical
development document supporting the new EPA unconventional oil and gas effluent limitation guidelines (U.S. EPA,
2016d) as well as data from PA DEP waste records. This information was supplemented with other publicly available
descriptions of the facilities. The information may, however, not be complete, and the symbols may not definitively reflect
the discharge status of a facility.
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included processes to treat for constituents that are difficult to remove, such as the high
concentrations of TDS found in wastewater from unconventional reservoirs. As a result, impacts on
drinking water resources have included increased suspended solids and chloride concentrations
downstream of discharging facilities that were accepting hydraulic fracturing wastewater
(Olmstead et al., 2013) and elevated bromide concentrations and radium concentrations in CWT
effluent (Warner et al., 2013a); see Sections 8.5.1 and 8.5.2. In addition, spills and leaks can occur in
pits or impoundments associated with the storage of treated wastewater at CWTs (impacts related
to spills and leaks from pits and impoundments are discussed in Section 8.4.5). Wastewater being
transported by truck or pipeline to and from a CWT can also present a vulnerability for spills or
leaks (Easton, 2014) (Chapter 7).

While selection of appropriate treatment processes is critical for CWTs that discharge to surface
waters, there are also two important issues related to completeness of treatment that can have an
impact. First, there may be unknown constituents in the wastewater. The effectiveness of treatment
cannot be evaluated for constituents for which the wastewater has not been tested. This makes it
challenging to know the degree to which effluent from a CWT is protective of public health. Second,
even an efficient treatment process may not be able to reduce the concentrations of some
constituents to levels that allow for discharge to a drinking water resource if influent
concentrations are so high that they exceed the capabilities of the treatment technology(ies) to
meet those discharge limits. For example, a facility described by Kennedy/Jenks Consultants (2002)
removed a high percentage of boron (88%), but the effluent concentration of 1.9 mg/L (average
influent concentration of 16.5 mg/L) was not low enough to meet California’s action level of 1
mg/L. Thus, the influent concentration must be considered together with removal efficiency to
determine whether the effluent quality will meet the requirements dictated by end use or by
regulations.
Relatively few studies describe the ability of individual treatment processes to remove constituents
from hydraulic fracturing wastewater. For this assessment, simple estimated effluent
concentrations were calculated for several combinations of unit treatment processes, wastewater
constituents, and influent concentrations (details are given in Appendix Table F-3). The purpose of
the analysis was to illustrate the relative capabilities of a number of treatment processes and not to
represent a complete treatment system. As an example, the estimates suggest that if wastewater
contains radium with a concentration in the thousands of pCi/L, a 95% removal rate with chemical
precipitation may result in an effluent that exceeds 100 pCi/L. Treatment of the same wastewater
via distillation or reverse osmosis could result in effluent concentrations in the tens of pCi/L. This
analysis suggests that attention should be paid to the capabilities of a planned treatment system for
the full range of anticipated wastewater compositions.
To gain a better understanding of impacts, the USGS has conducted sampling for a wide array of
water quality parameters in surface water and groundwater in the Monongahela River Basin in
West Virginia to establish baseline water-quality conditions (Chambers et al., 2014). Future water
quality sampling can be compared to this baseline to assess impacts from hydraulic fracturing
activities. To address past impacts, Pennsylvania, having experienced water quality impacts on
receiving streams due to discharges of high-TDS effluent modified their regulations to address
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these issues by setting water quality standards for CWT dischargers (Mauter and Palmer, 2014;
Shaffer et al., 2013). (See Text Box 8-1.)

8.4.4 Wastewater Reuse for Hydraulic Fracturing

The reuse of hydraulic fracturing wastewater for subsequent hydraulic fracturing operations has
increased in some regions of the country in recent years (Boschee, 2014, 2012; Gregory et al., 2011;
Rassenfoss, 2011). 1 This practice is driven by factors that include cost (including treatment costs),
the lack of availability of other management options (e.g., Class II disposal wells), and changes to
state regulations (Boschee, 2014; Shaffer et al., 2013). Wastewater quality is a consideration; some
constituents pose challenges for reuse and may necessitate treatment. For example, high
concentrations of barium and sulfate can lead to scaling, and the presence of some constituents in
wastewater can hinder crosslinking (Akob et al., 2016; Boschee, 2014). Hydraulic fracturing fluid
formulations that can use high TDS waters (e.g., as high as 150,000 mg/L to over 300,000 mg/L)
facilitate reuse with minimal treatment (Boschee, 2014; Mauter and Palmer, 2014). See Chapter 5
for more information regarding the chemical composition of hydraulic fracturing fluids and
Appendix F for more discussion of considerations for reuse.

Reuse can be accomplished by blending either untreated or minimally treated hydraulic fracturing
wastewater with fresh water to lower the TDS content (Boschee, 2014). Wastewater may be reused
at a site with multiple wells, eliminating the need for transport to a CWT (Lester et al., 2015; Easton,
2014). Alternatively, wastewater can be treated at a CWT and then taken by operators for mixing
with other water sources for reuse (Easton, 2014). Flowback may be preferable to later-stage
produced water for reuse because of its lower TDS concentration. Also, it is typically generated in
larger quantities from a single location as opposed to water produced later on, which is generated
in smaller volumes over time from many different locations (Barbot et al., 2013; Maloney and
Yoxtheimer, 2012). Reuse can reduce the costs associated with water acquisition and produced
water management. Such economic and logistical benefits can be expected to inform ongoing
wastewater management decisions.
Costs can be the most significant driver for reuse. For example, the costs of transporting
wastewater from the generating well to the treatment facility and then to the new well can be
weighed against the costs for transport to alternative locations (e.g., a disposal well). Trucking large
quantities of water can be relatively expensive—from $0.01 to $0.19 per gallon ($0.50 to $8.00 per
bbl)—rendering on-site treatment technologies and reuse economically competitive in some
settings (Dahm and Chapman, 2014; Guerra et al., 2011). Reuse rates may also be driven by
wastewater production rates compared to the demand for reuse, with both production and demand
increasing in a region if more wells go into production or decreasing as plays mature (Lutz et al.,
2013; Hayes and Severin, 2012b; Slutz et al., 2012). Other logistics to consider include proximity of
the water sources for aggregation and sequencing of completion schedules (Mauter and Palmer,

1 Reused hydraulic fracturing wastewater is discussed in Chapter 4 of this report (Water Acquisition) as well as in this
chapter, though in a different context. The wastewater reuse rate described in this chapter is the amount or percentage of
generated hydraulic fracturing wastewater that is managed through use in subsequent hydraulic fracturing operations. In
contrast, Chapter 4 discusses reused wastewater as a source water and as one part of the base fluid for new fracturing
fluid.
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2014). A small survey by Mauter and Palmer (2014) indicates that the scheduling of well
completions is complex, requiring optimization of labor, contractual issues, equipment usage, and
water storage capacity among other factors. Boschee (2014) notes that in the Permian Basin, older
conventional wells are linked by pipelines to a central disposal facility, facilitating movement of
treated water to areas where it is needed for reuse. Companies drilling fewer wells or located in
more remote areas may find reuse difficult because of challenges in consolidating wastewater from
their wells or accessing wastewater from centralized facilities.
Regulations may also encourage reuse. For example, in 2013, the Texas Railroad Commission
adopted rules eliminating the need for a permit when operators reuse on their own lease or
transfer the fluids to another operator for reuse (Rushton and Castaneda, 2014). Any information
on wastewater management practices in Texas that becomes available for the years after 2013 will
allow evaluation of whether reuse has in fact increased.

A summary of reuse practices throughout the United States is hampered by the limited amount of
data available for many regions of the country. However, current data indicate that extensive reuse
takes place in the Marcellus region. Several studies using data from PA DEP data show that total
reuse rates of oil and gas wastewater in Pennsylvania have risen over the last several years to
between 85 and 90% (Table 8-6). This includes wastewater sent to CWTs to treat for reuse as well
as reuse at the well sites without transfer to a CWT (labeled as “Reuse HF” in Figure 8-4). In
particular, reuse of Marcellus wastewater at well sites in Pennsylvania has risen from about 8% in
the second half of 2010 to nearly 70% in the first half of 2014 (PA DEP, 2015a). Schmid and
Yoxtheimer (2015) report more recent data stating that in 2014, approximately 85% of Marcellus
hydraulic fracturing wastewater was reused. Of that amount, 78% occurred on-site, and 22% was
via CWTs.

Table 8-6. Estimated percentages of reuse of hydraulic fracturing wastewater.
Play or basin

Source and year

2008

2009

2010

2011

Marcellus, PA

Rahm et al. (2013)

9

8

25 – 48

67 – 80

Marcellus, PA

Ma et al. (2014)

Marcellus, PA

Shaffer et al.
(2013)

Marcellus, PA

Schmid and
Yoxtheimer (2015)

Marcellus, PA

Hansen et al.
(2013)

Marcellus, PA

Maloney and
Yoxtheimer (2012)

Marcellus, PA

Tiemann et al.
(2014)

2012

2013

2014

East Coasta

15 - 20

90
90
85

9

6

20

56
71.6
72
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Play or basin

Source and year

2008

2009

2010

2011

2012

2013

~67
(general
estimate)
96 (one
company)

Marcellus, PA

Rassenfoss (2011)

Marcellus, PA

Wendel (2011)

Marcellus, PA

Lutz et al. (2013)

Marcellus, PA
(SW region)

Rahm et al. (2013)

~10

~15

~25-45

~70-80

Marcellus, PA
(NE region)

Rahm et al. (2013)

0

0

~55-70

~90-100

Marcellus, WV

Hansen et al.
(2013)

88

73

75-85
13 (prior to 2011)

90
56

65 (partial
year)

Gulf Coast and Midcontinent
Fayetteville

Veil (2011)

20 (single
company
target)
5 (general
estimate –
appears
to cover
recent
years)

Barnett

Rahm and Riha
(2014), Nicot et al.
(2012)

Eagle Ford

Nicot and Scanlon
(2012)

0

East Texas

Nicot and Scanlon
(2012)

5

Haynesville

Horner et al.
(2014)

Haynesville

20
(estimate
based on
interviews)

0
5 (general
estimate –
appears
to cover
recent
years)

Rahm and Riha
(2014)
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Play or basin

Source and year

2008

2009

2010

2011

2012

2013

2014

West Coast and Upper Plains
DenverJulesburg
Sumi (2015)
(Weld County),
CO
Bakken
a

54 (flowback only)

Horner et al.
(2014)

0

Studies focusing on the Marcellus Shale use waste data reports from PA DEP.

Reuse in the Marcellus region is higher in the northeastern part of Pennsylvania than in the
southwestern portion where easier access to Class IID wells in Ohio makes disposal by injection
more feasible (Rahm et al., 2013). Outside of the Marcellus region, reuse rates are lower. Ma et al.
(2014) note that only a small amount of reuse is occurring in the Barnett Shale. Reuse has not yet
been pursued aggressively in New Mexico or in the Bakken (North Dakota) (Horner et al., 2014;
LeBas et al., 2013). Other sources, however, indicate growing interest in reuse, as evidenced in
specialized conferences (e.g., “Produced Water Reuse Initiative 2014” on produced water reuse in
Rocky Mountain oil and shale gas plays), and available state-developed information on reuse (e.g.,
fact sheet by the Colorado Oil and Gas Conservation Commission) (Colorado Division of Water
Resources et al., 2014).

If hydraulic fracturing activity slows in an area that is currently reusing wastewater, demand for
the wastewater may decrease and wastewater management practices may shift. Analysis by Wunz
(2015) and data in Figure 8-1 suggest a decline in wastewater production in Pennsylvania. Wunz
(2015) also notes that in the future, there could be a trend of more wastewater coming from latestage produced water and less from flowback as more wells are in the production phase and fewer
wells are being fractured. If the demand drops relative to production due to fewer wells being
drilled and fractured, then the “excess” produced water will need to be managed by other means.
Alternatives to reuse may include increased transport to disposal wells (e.g., those in Ohio),
development of more disposal wells in Pennsylvania, or advanced treatment and discharge to
surface water via CWTs that have TDS removal capabilities (SAFER PA, 2015; Wunz, 2015; Silva et
al., 2014a).

8.4.4.1 Potential Impacts from Reuse

For companies employing reuse as a wastewater management strategy, surface spills and leaks can
occur during wastewater transport to and from a treatment facility or from storage tanks/pits
located at the treatment facility or at the well site. Releases may be due to failed infrastructure such
as tank or pipe ruptures, from natural disasters such as floods or earthquakes, or incidents such as
overfills, improper operations, or vandalism (CCST, 2015a; NYSDEC, 2011). If the spill or leak is not
contained or otherwise mitigated, these releases could reach groundwater or surface water
(CCST, 2015a; NYSDEC, 2011). See Chapter 7 for more discussion on types of spills associated with
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hydraulic fracturing activities, including storage and transport. See Section 8.4.5 for discussion of
storage pits and associated impacts on drinking water resources.

With reuse there is the potential for accumulation of dissolved solids such as salts and TENORM in
the wastewater over successive reuse cycles (see Section 7.3.4.6 and Section 8.5.2 for more
information about TENORM). Because wastewater is often reused with minimal treatment,
constituents resulting from time spent in the subsurface remain in the wastewater and can increase
during additional hydraulic fracturing. This potentially concentrated wastewater can pose a bigger
issue if a breach occurs in an on-site pit or tank storing this wastewater while awaiting reuse
(Section 8.4.5; Chapter 7).

The issue of concentrating contaminants during reuse has not yet been quantitatively evaluated in
the literature. Also, it is not known how much this problem would be mitigated due to the dilution
of wastewater when reused as new fracturing fluid. Estimates of the percentages of reused
wastewater in new fracturing fluids in Pennsylvania range from about 2% in 2009 to as much as
22% in 2013 (SRBC, 2016; Schmid and Yoxtheimer, 2015) (Chapter 4). However, data from
Pennsylvania’s TENORM study (PA DEP, 2015b) showed radium in some hydraulic fracturing fluids,
presumably from a reused wastewater component. As reused wastewater continues to accumulate
contaminants, the water will eventually need to be managed, either through treatment or injection.

8.4.5 Storage and Disposal Pits and Impoundments

The use of pits and impoundments as part of a wastewater management strategy is a historic as
well as current practice in the oil and gas industry. These structures are either used for temporary
storage (on-site at oil and gas production wells or off-site at CWTs or disposal wells) or they are
intended for permanent disposal (evaporation or percolation). There are a variety of terms to
describe these structures depending upon their use (Richardson et al., 2013); “pits,”
“impoundments,” and “reserve pits” are some of the more common terms associated with
wastewater management. The terms “impoundment” or “pond” are often used to refer to large area
holding structures and are also used by some states for specific applications such as holding
“freshwater” for fracturing fluid formulation (Quaranta et al., 2012). Definitions and terminology
are not standardized and vary from state to state (Richardson et al., 2013). For the purposes of this
section, the nomenclature will defer to the term used by the original author/regulating authority.

States govern the use and permitting of pits under their jurisdiction. Regulations vary from state to
state regarding the circumstances in which pits can be used (e.g., chemical composition of the fluid),
how they should be constructed, and whether they must be lined (e.g., proximity to drinking water
resources and/or chemical composition of the fluid) (Richardson et al., 2013). Most states restrict
the use of wastewater pits in environmentally sensitive areas. To avoid contamination events, some
states are moving toward requiring closed loop systems (i.e., tanks) or injection wells rather than
using pits for hydraulic fracturing wastewater storage. For example, Pennsylvania has modified
their regulations (published October 8, 2016) to ban the use of pits for temporary storage of
unconventional (as defined by PA DEP) wastewaters; many operators have already moved to
closed-loop systems (PA DEP, 2016a). This development is particularly notable because of
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Pennsylvania’s heavy reliance on reuse for wastewater management, necessitating both on-site and
off-site storage.

8.4.5.1 Locations and Numbers of Pits

The locations and number of existing pits (both for storage and for disposal) are not well
documented in all states, and in the data found, pits associated with hydraulic fracturing operations
were not specifically identified. With respect to larger pits for storage or disposal of wastewater,
some states (e.g., Utah and Oklahoma) provide locational data on their websites. In 2016, the state
of California began posting the number of active and inactive oil field produced water “ponds”
(defined as unlined surface impoundments), both permitted and unpermitted, on their website. The
July 2016 posting showed that 64% (682) of the 1,065 unlined ponds identified in the Central
Valley and Central Coast of California were active. Of the active ponds, 21% (144) were not
permitted (CA Water Board, 2016). Active ponds are primarily found in the southern San Joaquin
Valley (CCST, 2015a). The EPA Region 8 conducted a survey of pits associated with oil and gas
operations in Colorado, Montana, North Dakota, South Dakota, Utah, and Wyoming from 1996
through 2002. Results indicated there were approximately 28,000 pits at that time (U.S. EPA,
2003b).
In the absence of an inventory of pits in Pennsylvania, the organization SkyTruth led an effort using
volunteers to produce a map of pits believed to be associated with drilling and hydraulic fracturing
the Marcellus Shale (Manthos, 2014). The identification of pits was based on USDA aerial imagery
taken in 2005, 2008, 2010, and 2013. SkyTruth acknowledges the uncertainties associated with
identifying pits based on aerial images and volunteer labor. They have described their methodology
as including multiple reviewers and QA/QC procedures. The study cannot differentiate ponds for
drilling fluids and fracturing fluids from those for wastewater. Their preliminary findings indicate
that the estimated number of ponds rose from 11 in 2005 to 529 in 2013, with the structures
themselves increasing in size from a median size of 3,713 ft2 (345 m2) in 2005 to 66,844 ft2 (6,210
m2 in 2013. SkyTruth also notes that impoundments are not permanent and that of 581 ponds
delineated in 2010, only 116 of them were found in the images from 2013.
Evaporation ponds, referred to as Commercial Oil Field Waste Disposal Facilities (COWDFs), are a
waste management strategy most commonly used in the western states such as Utah, Wyoming,
and Colorado (USFWS, 2014). According to a 2016 list of approved COWDFs posted by the Utah
Division of Oil, Gas, and Mining (Utah Division of Oil, 2016), 20 facilities in Utah are approved to
accept produced water. All are in the eastern part of the state where the Uinta and Paradox basins
are found (unconventional shale formations). The Wyoming Department of Environmental Quality
website, accessed in 2016, lists 35 active COWDFs (WDEQ, 2016b). The increase in hydraulic
fracturing activity in Wyoming has resulted in significant increase in wastewater disposed of in
COWDFs (USFWS, 2014). Data from the Colorado Oil & Gas Conservation Commission includes
eight active evaporation pits, five of which are unlined (COGCC, 2016). Ninety-five other active pits
are listed in Colorado, with descriptors such as “production,” “multi-well pit,” “skim,” or “produced
water.” Seventy-one of these are unlined, and 22 have synthetic liners. Eleven pits are located in
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Garfield County, where there is hydraulic fracturing activity. The Colorado data do not distinguish
pits at centralized commercial facilities from on-site pits.

8.4.5.2 Unlined Storage Pits and Percolation Pits

Whether an unlined pit is designed and intended to percolate wastewater into the ground for
disposal or if it is built for storage, it provides a pathway for wastewater to infiltrate into the
subsurface and potentially reach groundwater. Such pits have been used historically for
conventional oil and gas wastewater. More recently, they have received wastewater in areas where
hydraulic fracturing takes place. States such as Montana and Wyoming allow unlined pits to be used
for storage if the quality of the waste fluid meets specified limits and the pit is not in close
proximity to environmentally sensitive areas such as drinking water resources, wetlands, and
floodplains (Kuwayama et al., 2015b; Richardson et al., 2013).

In the past, several states have allowed unlined pits designed to dispose of wastewater via
percolation into the subsurface. For example, until July 2015, percolation pits were permitted for
wastewaters from hydraulically fractured wells in the Central Valley Region in California (Grinberg,
2016). The California Department of Conservation’s Division of Oil, Gas, and Geothermal Resources
(DOGGR) listed “evaporation-percolation” as the management method for almost 60% (190 million
gal) of the wastewater generated via well stimulation in Kern County between 2011 and 2014
(CCST, 2015a). However, according to DOGGR’s 2015 report addressing well stimulation activities
in Kern County from January 1, 2014 through September 30, 2015, evaporation/percolation was
not employed as a disposal option during that period (98% of the produced water was disposed of
via operator-owned Class II injection wells, 1.75% was disposed of via commercial Class II injection
wells, and 0.16% was reused).
While the practice of disposal via percolation pits has been discontinued in most states, as of July
2016, Wyoming’s regulations still allow the use of percolation for disposing produced water
specific to CBM operations in the Powder River Basin. To be permitted, the operator must
demonstrate that the disposed fluid will comply with water quality standards of the Department of
Environmental Quality (WYOGCC, 2015).

8.4.5.3 Evaporation Ponds

Evaporation is a simple water management strategy involving transporting wastewater to a pond
or pit with a large surface area and allowing passive evaporation of the water from the surface
(NETL, 2014; Clark and Veil, 2009). As discussed above, this disposal option, often referred to as a
COWDF, is practical for drier climates of the western United States. Evaporation ponds have been
used for oil and gas wastewater disposal in Montana, Colorado, Utah, New Mexico, and Wyoming
(Veil et al., 2004). However, New Mexico no longer allows the use of pits for disposal (NM EMNRD
OCD, 2013), and in Montana, evaporation ponds are no longer allowed because they do not put
extracted water to a beneficial use (NRC, 2010). Figure 8-8 shows an example of a lined evaporation
pit in Montana (DOE, 2006).
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Figure 8-8. Lined evaporation pit in the Battle Creek Field (Montana).
Source: DOE (2006). Reproduced with permission from ALL Consulting.

As the water component of the wastewater is subject to evaporation, the fluid remaining in the
pond becomes concentrated, and a sludge layer is formed. Remaining residual brines in the pond
can be collected and disposed of via an underground injection well, and the solids can be taken to a
landfill (see Section 8.4.7 for more details). In cold, dry climates, a freeze-thaw evaporation method
has also been used to purify water from oil and gas wastewater (Boysen et al., 1999).
Nowak and Bradish (2010) describe the design, construction, and operation of two large
commercial evaporation facilities in Southern Cross, Wyoming and Danish Flats, Utah. Each facility
includes 14,000 gal (53,000 L) three-stage concrete receiving tanks, a sludge pond, and a series of
five-acre (20,234 m2) evaporation ponds connected by gravity or force-main underground piping.
The Wyoming facility, which opened in 2008, consists of two ponds with a total capacity of
approximately 84 million gal (2 million bbls or 318 million L). The Utah facility, open since 2009,
consists of 13 ponds with a total capacity of approximately 218.4 million gal (5.2 million bbls or
826.6 million L). Each facility receives 0.42 to 1.47 million gal (10,000 to 35,000 bbls; 1.59 million
to 5.56 million L) of wastewater per day from oil and gas production companies in the area.
Evaporation ponds or pits are subject to state regulatory agency approval and must meet state
standards for water quality and quantity (Boysen et al., 2002).

8.4.5.4 Impacts and Potential Impacts from Pits and Impoundments

Pits containing hydraulic fracturing wastewater have the potential to impact drinking water
resources if spills and overflows cause runoff to surface water or if wastewater percolates through
the soil and reaches groundwater. In addition to contaminants in the wastewater itself, wastewater
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that reaches groundwater may mobilize constituents in pit bottoms or soils, and it may also reach
hydrologically connected surface water. These impacts are amplified with increasing
pit/impoundment size (Quaranta et al., 2012). Percolation may be accidental (through tears or
improper installation of liner) or by design in unlined pits (Sumi, 2004).

Compromised pit liners can result in leaks, and extreme weather events, such as floods, can cause
pits to overflow. An analysis of three state databases (New Mexico, Oklahoma, and Colorado) where
pits and tanks have been used for storage of hydraulic fracturing wastewater found that for pits, the
most common causes of spills were from overflows and liner malfunctions (Kuwayama et al.,
2015b). For instance, of the 106 pit-related spills reported in New Mexico between 2000 and 2014,
33% were due to overflows and 26% were caused by liner malfunctions. Of the 62 tank spills
reported, 44% were due to leaks, and 27% were related to overfilling (Kuwayama et al., 2015b).
The types of constituents in pits that may be of concern from such events include VOCs, metals,
TDS, oil, and TENORM (Kuwayama et al., 2015b).
Operational factors also influence potential impacts from pits and impoundments. These can
include water level management (influent, seepage, spillage), the length of time water is stored in
the pit/impoundment, the composition of the water, the local climate (rainfall and/or evaporation),
and the transmission method (piped or delivered in an open channel) (NRC, 2010).
Construction and Capacity Issues

Construction requirements typically include specifications for features that can reduce the potential
for impacts on groundwater or surface water. These can include liner specifications, depth to
groundwater, secondary containment, setback requirements, freeboard, leak detection, and water
quality monitoring (Kuwayama et al., 2015b). 1,2 For example, in a 2012 review of 19 states with
shale gas development or potential for shale gas development, many states had setback
requirements for pits in sensitive areas including surface water, wetlands, and floodplains. As of
December 2015, however, 12 of the 19 states surveyed did not include setback requirements in
their regulations. Many states did address the vertical separation of pits from the water table (e.g.,
20 in (0.5 m) to seasonal high water table in PA; 10 ft (3 m) in WY; 50 ft (15 m) in NM) (Kuwayama
et al., 2015b).

Despite construction standards, impacts on groundwater or surface water due to overflows, liner
breaches, and other construction issues have been documented. In 2007 in Knox County, Kentucky,
retention pits holding hydraulic fracturing flowback fluids overflowed into Acorn Fork Creek during
the development of four natural gas wells (CCST, 2015a; Papoulias and Velasco, 2013). The incident
caused the pH of the creek to drop from 7.5 to 5.6 and the conductivity to increase from 200 to
35,000 μS/cm. In addition, organics and metals including iron and aluminum formed precipitates in
the stream. Fish and aquatic invertebrates were killed or distressed in the area of the stream
affected by the release (Papoulias and Velasco, 2013).
1

Setback is the distance between the pit and a stream, lake, building, or other feature or structure that needs protection.

Freeboard is the vertical distance between the level of the water in an impoundment and the overflow elevation (an
outfall or the lowest part of the berm).

2
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Similarly, in 2009, Marcellus wastewater stored in an impoundment from a hydraulic fracturing
operation in Washington County, Pennsylvania overflowed the bank of the impoundment and
reached surface water (a tributary of Dunkle Run) (CCST, 2015a). NRC (2010) reported continuous
overfilling of an impoundment in the Powder River Basin (Wyoming) with CBM produced water,
resulting in significant erosion of a seasonal water channel. The CBM operator was required
through litigation to manage flows to the impoundment to prevent overflows. The literature did not
report specific impacts on groundwater or surface water from the Pennsylvania or Wyoming
incidents.
In Pennsylvania in 2010, pit liner failure was reported to have impacted groundwater through
leakage of Marcellus wastewater from six impoundments (Colaneri, 2014). Ziemkiewicz et al.
(2014) note that a study of 15 pits and impoundments in West Virginia found that slope stability
and liner deficiencies were common problems. Construction quality control and quality assurance
were often inadequate; the authors found a lack of field compaction testing, use of improper soil
types, excessive slope lengths, buried debris, and insufficient erosion control, although no breaches
were reported. A statistical analysis of oil and gas violations in Pennsylvania found that structurally
unsound impoundments or inadequate freeboard were the second most frequent type of violation,
with 439 instances in the period from 2008 to 2010 (Olawoyin et al., 2013).
Unlined Pits

Impacts on groundwater from historic and current uses of unlined pits in the oil and gas industry
have been documented. In a review of records spanning 25 years (1983 – 2007), 63 incidents of
private water supply contamination from the infiltration of saline fluids from unlined or
inadequately constructed reserve pits were identified in Ohio (Kell, 2011). The same study (Kell,
2011) identified 57 legacy (pre-1984) incidents in Texas involving groundwater contamination
from unlined produced water disposal pits. Such pits were phased out in Texas by 1984, prompting
a move towards disposal of oil and gas wastewater in disposal wells.

Kern County, California has experienced impacts on groundwater associated with unlined
percolation pits. A 2014 study notes that there are hundreds of pits across Kern County and
elsewhere in the state, stretching state resources for regulatory oversight (Grinberg, 2014). Past
sampling of water in percolation pits has shown exceedances of California’s Tulare Lake Basin Plan
(Basin Plan), which specifies maximum levels permitted for discharges of oil field well wastewater
to unlined ponds overlying groundwater (Grinberg, 2014). 1 For example, the McKittrick 1 and 1-3
pits are large percolation pits in Kern County near oil fields where most of the hydraulic fracturing
in California takes place (Grinberg, 2014). The pits are situated close to a number of important
resources. They are located within a few miles of the Kern River Flood Channel, the California State
Water Project, farmland, and are in an area of high quality groundwater (Grinberg, 2014). Sampling
of fluids in the pits dating back to 1997 showed consistent exceedances of Tulare Basin Plan
standards for TDS, chlorides, and boron. Sampling also revealed the presence of BTEX, gasoline
range organics (GRO), and diesel range organics (DRO) (MTA, 2014). Sampling of three monitoring

1 The Basin Plan sets limits for salinity (1,000 μmhos/cm measured as electrical conductivity), chloride (175 mg/L), and
boron (1 mg/L) (California Regional Water Quality Control Board Central Valley Region, 2015).
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wells indicated that in 2004, a plume had migrated at least 4,000 ft (1,000 m) from the pits and was
still detected in test wells in 2013. As of July 1, 2015, California’s Code of Regulations includes a
provision that no longer allows the use of pits, including percolation pits, for fluids produced from
stimulated wells (Grinberg, 2016).

Unlined pits that were used from the 1960s until the mid-1990s for disposal of drilling muds and
flowback and produced waters associated with hydraulic fracturing operations have been linked to
groundwater contamination in Pavillion, Wyoming (Digiulio and Jackson, 2016; AME, 2015). A
report by the Wyoming Oil and Gas Conservation Commission (WYOGCC) (WYOGCC, 2014a)
summarizes site investigations and reclamation activities conducted by WOGCC, the Wyoming
Department of Environmental Quality (WDEQ), and Encana Oil and Gas for pits in the Pavillion Well
Field. The report includes information on samples collected between 2006 and 2013 from shallow
groundwater in the vicinity of the pits. Some sites had detections for one or more of the following
contaminants: GRO, DRO, BTEX, and/or naphthalene. Of the shallow groundwater sites with
detections, some were associated with pits located within one-quarter mile of a domestic well. One
of these sites exceeded clean-up levels established by the WDEQ Voluntary Remediation Program
for DRO (13,000 µg/L) and benzene (110 µg/L). 1 The report noted that there was insufficient
evidence to determine whether or not drinking water supply wells in the vicinity of the pits were
contaminated by disposal of hydraulic fracturing wastewater in those pits (WYOGCC, 2014a).
Other examples in the literature include the detection of VOCs in groundwater downgradient of an
unlined pit containing oil and gas wastewater near the Duncan Oil Field in New Mexico (Sumi,
2004) (Section 8.5). Groundwater impacts downgradient of an unlined pit in Oklahoma included
high salinity (3500-25,600 mg/L) and the presence of VOCs (Kharaka et al., 2002). Neither New
Mexico nor Oklahoma currently allows unlined pits for disposal or storage (OCC OGCD, 2015; NM
EMNRD OCD, 2013).
Mobilization and Transport of Constituents

Groundwater impacts may result not just from constituents in the wastewater but also from
mobilization of existing constituents in the soil or sediment. A CBM produced water impoundment
in the Powder River Basin of Wyoming was studied for its impact on groundwater (Healy et al.,
2011; Healy et al., 2008). Infiltration of water from the impoundment was found to create a perched
water mound in the unsaturated zone above bedrock in a location with historically little recharge.
Elevated concentrations of TDS, chloride, nitrate, and selenium were found at the site, with one
lysimeter sample exceeding 100,000 mg/L of TDS (Healy et al., 2008). Most of the solutes found in
the groundwater mound did not originate with the CBM produced water, but rather were the
consequence of dissolution of previously existing salts and minerals (Healy et al., 2011).
Generally, the deeper that wastewater can move into an aquifer, as impacted by the volume and
timing of the release, the longer the duration of contamination (Whittemore, 2007). Kharaka et al.
(2007) reported on studies at a site in Oklahoma with one abandoned and two active unlined pits.
WDEQ cleanup levels are derived from a combination of promulgated levels (MCL, state-assigned water quality
standards) and risk-based cleanup level concentrations (WDEQ, 2016a).
1
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Produced water from these pits penetrated 10 to 23 ft (3 to 7 m) thick shale and siltstone units,
creating three plumes of high-salinity water (5,000 to 30,000 mg/L TDS). The impact of these
plumes on the receiving water body (Skiatook Lake) was judged to be minimal, although the
estimate was based on a number of notably uncertain transport quantities (Otton et al., 2007).

Vadose (unsaturated) zone transport was illustrated at a site in Oklahoma where two abandoned
pits were major sources for releases of produced water and oil. Saline water from the pits flowed
through thin soils and readily percolated into underlying permeable bedrock. Deeper, lesspermeable bedrock was contaminated by salt water later in the history of the site, presumably due
to fractures. The mechanisms proposed were vertical movement through permeable sand bodies,
lateral movement along shale fractures, and possibly increased clay permeability due to the
presence of highly saline water (Otton et al., 2007).
Summary

Collectively, the above examples show that regardless of the purpose of pits (storage or disposal),
they present a potential pathway for wastewater constituents to impact groundwater or surface
water. Good construction standards and practices, including liners, adequate freeboard, and
setbacks, are important for minimizing potential impacts on both surface water and groundwater.
Proper monitoring and maintenance (e.g., avoiding overfilling, maintaining the integrity of liners
and berms) are also important for protecting surface water and groundwater. Unlined pits, in
particular, can lead to groundwater contamination. This can be long-lasting, as evidenced by legacy
impacts from older pits. Most states have phased out unlined disposal pits and unlined storage pits,
but if such pits are still in use, they can provide ongoing potential sources of groundwater
contamination (CCST, 2015a; Grinberg, 2014).

8.4.6 Other Management Practices and Issues

Additional strategies for wastewater management in some states include directly discharging to
surface waters and land application. In particular, wastewater from CBM fracturing and production
generally has lower TDS concentrations than wastewater from other types of unconventional
formations and more readily lends itself to other uses.

8.4.6.1 Land Application and Road Spreading

Road spreading has been used as a disposal option for high-TDS wastewaters (brines) from
conventional oil and gas production. Road spreading can be done for dust control and de-icing.
Although recent data are not available, an American Petroleum Institute (API) survey estimated
that approximately 75.6 million gal (1.8 million bbls or 286.2 million L) of wastewater was used for
road spreading in 1995 (API, 2000). The API estimate does not specifically identify hydraulic
fracturing wastewater. There is no current nationwide estimate of the extent of road spreading
using hydraulic fracturing wastewater.
Road spreading with hydraulic fracturing wastewater is regulated primarily at the state level
(Hammer and VanBriesen, 2012) and is prohibited in some states. For example, with annual
approval of a plan to minimize the potential for pollution, PA DEP allows spreading of brines from
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conventional (as defined by PA DEP) wells for dust control and road stabilization. Hydraulic
fracturing flowback, however, cannot be used for dust control and road stabilization (PA DEP,
2011b). In West Virginia, use of gas well brines for roadway de-icing is allowed per a 2011
memorandum of agreement between the West Virginia Division of Highways and the West Virginia
Department of Environmental Protection, but the use of “hydraulic fracturing return fluids” is not
permitted (Tiemann et al., 2014; West Virginia DEP, 2011).
Concerns about road application center on contaminants such as barium, strontium, and radium. A
report from PA DEP analyzed several commercial rock salt samples and compared results with
contaminants found in Marcellus Shale flowback samples. The results noted elevated barium,
strontium, and radionuclide levels in Marcellus Shale brines compared with commercial rock salt
(Titler and Curry, 2011). Another study found increases in metals (radium, strontium, calcium, and
sodium) in soils ranging from 1.2 to 6.2 times the original concentrations (for radium and sodium,
respectively), attributed to road spreading of wastewater from conventional oil and gas wells for
de-icing (Skalak et al., 2014).

Potential impacts on drinking water resources from road spreading have been noted by Tiemann et
al. (2014) and Hammer and VanBriesen (2012). These include potential effects of runoff on surface
water and migration of brines to groundwater. Snowmelt can carry salts and other chemicals from
the application site, and transport can increase if application rates are high or rain occurs soon after
application (Hammer and VanBriesen, 2012). Research on the impacts of conventional road salt
application has documented long-term salinization of both surface water and groundwater in the
northern United States (Kelly, 2008; Kaushal et al., 2005). When conventional oil field brine was
used in a controlled road spreading experiment, elevated chloride concentrations were detected in
shallow groundwater (Bair and Digel, 1990). The amount of salt attributable to road application of
hydraulic fracturing wastewaters has not been quantified.
To evaluate land application of solid wastes from oil and gas production, a laboratory study
mimicking land spreading of conventional oilfield scales and sludges indicated that 20% of the
radium in barite sulfate scales was released by microbial processes during incubation with soil
(Matthews et al., 2006; Swann et al., 2004). Although the radium was then complexed with the soil,
it would be more mobile and more bioavailable than when it was associated with the barite.
Overall, potential effects on drinking water resources from land spreading are not well understood,
including the amounts of hydraulic fracturing wastes that are managed by land spreading.

8.4.6.2 Management of Coalbed Methane Wastewater

Many, but not all, CBM wells are hydraulically fractured to enhance recovery, using fluids that range
from water alone to more complex gel formulations with proppant (e.g., Engle et al., 2011;
McCartney, 2011; NRC, 2010; Halliburton, 2008; U.S. EPA, 2004a). The literature indicates that
hydraulic fracturing of CBM formations is being conducted in the San Juan, Raton, Piceance, and
Uinta Basins, among others. Literature such as NRC (2010) notes that hydraulic fracturing may not
be common in the Powder River Basin. Additionally, when CBM well stimulation does take place, it
can be accomplished using very simple hydraulic fracturing fluid formulations (Chapter 3).
8-47

Chapter 8 – Wastewater Disposal and Reuse

Wastewater from CBM wells can be managed like other hydraulic fracturing wastewater discussed
above. However, the wastewater from CBM wells can also be of higher average quality (typically
lower TDS content) than wastewater from other hydraulically fractured wells. The lower TDS
content makes it more suitable for certain management practices and uses. A number of
management strategies have been proposed or implemented, with varying degrees of treatment
required depending on the quality of the wastewater and the intended use (Hulme, 2005; DOE,
2003, 2002). Although specific volumes managed through the practices discussed below are not
well documented, qualitative information and considerations for feasibility are available and
presented. The discussion below covers both dilute and higher-TDS wastewater from CBM
formations.

The quality of CBM wastewater plays a large role in how the wastewater is managed. The TDS
content can range from an average of nearly 1,000 mg/L in the Powder River Basin to an average of
about 14,000 mg/L (and as high as approximately 62,000 mg/L) in the Black Warrior Basin
(Appendix Table E-3). Data sources from about 2002 through 2008 indicate that operators in some
basins such as the San Juan, Uinta, and Piceance, and Raton (in New Mexico), where TDS is typically
higher compared to other basins (e.g., Powder River), manage most wastewater by injection into
disposal wells (NRC, 2010; U.S. EPA, 2010a).

Discharge to rivers and streams, a management option governed by the CWA, may be permitted in
cases where wastewater is of high quality. 1 To be discharged, the wastewater must meet
technology-based effluent limitations established by the permitting authority on a case-by-case
“best professional judgment” basis as well as any more stringent limitations necessary to meet
applicable water quality standards. For example, as a means of protecting high-quality waters of the
state, the Montana Supreme Court ruled in 2010 that treatment is required for all CBM produced
water prior to discharge to surface water (NRC, 2010).
A 2008 EPA survey of CBM operators found that of the projects represented in the results, direct
discharge to surface water was by far most prevalent in the Powder River Basin but was also
reported as a management practice in the Green River, Raton, Black Warrior, Cahaba, Illinois, and
Appalachian basins (U.S. EPA, 2013e, 2010a). 2 Discharges to surface water can provide habitat
maintenance, restoration of wildlife-waterfowl fishery habitat, and flow augmentation to benefit
downstream water users. However, hydrologic changes from such discharges could also have
unanticipated effects on ecosystems previously adapted to intermittent streamflow.

Some CBM wastewater can be put to agricultural use, including livestock and wildlife watering, and
crop irrigation. Livestock watering with CBM wastewater can be done using on-channel or offchannel impoundments, and irrigation is an area of active research (e.g., Engle et al., 2011; NRC,
2010). However, wastewater from some higher-salinity CBM basins (e.g., San Juan, Uinta, and
Piceance) would need blending or treatment before such uses. Irrigation with treated CBM

Although discharge to rivers and streams is generally prohibited under the EPA’s oil and gas ELGs, the ELGs do not apply
to CBM.
2 These reports did not describe certain non-discharging wastewaters management strategies in basins with few
operators in order to preserve CBI. The reports also do not provide information on hydraulic fracturing activities in the
basins. Not also that results are presented by numbers of projects, which may vary in the number of wells they contain.
1
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wastewater would be most suitable on coarse-textured soils for cultivation of salt-tolerant crops
(DOE, 2003). NRC (2010) remarks that “use of CBM produced water for irrigation appears practical
and sustainable,” provided that appropriate measures are taken such as selective application,
dilution or blending, appropriate timing, and rehabilitation of soils.

Although CBM wastewater is generally lower in TDS than wastewater associated with shale gas
development, it can still have higher TDS concentrations than stream water. This poses concerns
regarding the sodium adsorption ratio (SAR) for agricultural soils. A USGS study performed trend
analysis of water quality at sampling sites in the Tongue and Powder River watersheds (Powder
River Basin) (Sando et al., 2014). One of the study objectives was to determine possible effects of
CBM produced water particularly in areas where the water was discharged to impoundments or
upper reaches of in-stream channels for infiltration. Trend analysis showed potential effects of CBM
production on downstream water quality (increases in sodium, alkalinity, and SAR) in the mainstem Powder River but found mixed results at the Tongue River sites (some appeared to be
impacted by CBM activities while others did not) (Sando et al., 2014).
Sando et al. (2014) found that CBM pumping rates (i.e., discharge of produced water) were high
relative to streamflow in the Powder River Basin. For the three main-stem Powder River sites, the
CBM pumping rates were 26-34% of the 2001-2010 median streamflows. For one site in the Little
Powder River watershed, the CBM pumping rate was 360% of 2001-2010 median streamflow. This
underscores that in arid climates in the western United States, permitted discharges from CBM
activities (whether hydraulically fractured or not) at a particular site may be large relative to the
size of the receiving water and may sometimes dominate flows.
As noted above, a degree of treatment is needed (or required) for some uses. Plumlee et al. (2014)
examined the feasibility, treatment requirements, and potential costs of several hypothetical uses
for CBM wastewater. In several cases, costs for these uses were projected to be comparable to or
less than estimated disposal costs. In one case study, use of CBM wastewater for streamflow
augmentation or crop irrigation could potentially cost between $0.26 and $0.27 per bbl. For
comparison, reported disposal costs in 2000-2001 ranged from $0.01 per bbl for a pipeline
collection system with impoundment to $2.00 per bbl for hauling to disposal or treatment. The
2010 NRC report (NRC, 2010) noted that 15 to 18% of CBM produced water in the Powder River
Basin was being treated to reduce SAR in order to satisfy NPDES permits for discharge. 1 If
wastewater is treated to address SAR, reported costs are approximately $0.12 to $0.60/bbl (NRC,
2010).

The applicability of particular uses may be limited by ecological and regulatory considerations as
well as the irregular nature of CBM wastewater production (voluminous at first, and then declining
and halting after a period of years). Legal issues, including overlapping jurisdictions at the state
level and senior water rights claims in over-appropriated basins (in western states) can also
determine the use of CBM wastewater (Wolfe and Graham, 2002).
1 SAR is the relative proportion of sodium to other cations in water. It is also an indication of risk to soil from alkalinity.
The higher the SAR, the less suitable the water is for irrigation, and long-term use can damage soil structure.
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8.4.6.3 Other Documented Uses of Hydraulic Fracturing Wastewater
Uses of wastewater from shales or other hydraulically fractured formations face many of the same
possibilities and limitations as those associated with wastewater from CBM operations. The biggest
difference is in the quality of the water. Wastewaters vary widely in water quality, with TDS values
from shale and tight sand formations ranging from less than 1,000 mg/L TDS to hundreds of
thousands of mg/L TDS (DOE, 2006) (Chapter 7). Wastewaters on the lower end of the TDS
spectrum could be reused in many of the same ways as CBM wastewater, depending on the
concentrations of potentially harmful constituents and applicable federal, state, and local
regulations. High TDS wastewaters have more limited uses, and pre-treatment may be necessary
(Shaffer et al., 2013; Guerra et al., 2011; DOE, 2006). Agricultural and wildlife uses are subject to the
produced water daily effluent discharge limit of 35 mg/l for oil and grease. 1

Potential uses for wastewater in the western United States include livestock watering, irrigation,
streamflow supplementation, fire protection, road spreading, and industrial uses, with each having
their own water quality requirements and applicability (Guerra et al., 2011). Guerra et al. (2011)
summarized the least conservative TDS standards for five possible uses in the western United
States that include 500 mg/L for drinking water (the drinking water secondary maximum
contaminant level (SMCL)), 625 mg/L for groundwater recharge, 1,000 mg/L for surface water
discharge, 1,920 mg/L for irrigation, and 10,000 mg/L for livestock watering. The authors
estimated that wastewater from 88% of unconventional wells in the western United States could be
used for livestock watering without TDS removal based on a maximum TDS concentration of 10,000
mg/L. However, wastewater from only 10% of unconventional wells could be used for surface
discharge without treatment for TDS based on the least conservative standard among the western
states of 1,000 mg/L TDS (Guerra et al., 2011). Guerra et al. (2011) indicate that in several basins in
the western United States (e.g., Wind River, Green River, and Powder River), wastewater from 50%
or more of oil and gas wells is suitable for agricultural use. In other basins (e.g., San Juan, Piceance,
and Permian) over 50% of oil and gas wastewater is unsuitable for use without treatment. A 2006
Department of Energy (DOE) study pointed out that the quality necessary for use in agriculture
depends on the plant or animal species involved and that in the Bighorn Basin in Wyoming, lowsalinity wastewater is used for agriculture and livestock watering after minimal treatment to
remove oil and grease (DOE, 2006).
Although TDS is a common criterion for water quality, there are also recommended limits or
considerations for some metals, alkalinity, and nitrate in water for use in livestock watering, and for
metals, SAR, electrical conductivity (ECw), and pH for water for irrigation (Guerra et al., 2011). Also,
using TDS/salinity as the primary criterion may not be appropriate if wells contributing to the
produced water have undergone hydraulic fracturing or if maintenance chemicals are being used
on the well.
The water quality standards and monitoring requirements for direct discharge for use in irrigation
or livestock watering include few specifications. In California, the California Council on Science and
Technology (CCST, 2015a) notes that the testing and treatment required by the regional water
1

40 CFR 435.52(b).
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quality control boards prior to use of produced water for irrigation do not include assessment for
chemicals associated with hydraulic fracturing and that there are no policies prohibiting the use of
hydraulic fracturing wastewaters for irrigation.

In the Wind River Basin in Wyoming, three NPDES permits were appealed by environmental groups
due to concerns that the permits failed to address maintenance and hydraulic fracturing chemicals
(Natural Resources Defense Council, 2015; PEER, 2015). The environmental groups argued that the
EPA’s regulations do not allow for the discharge of produced water containing chemicals from well
treatment, and that, moreover, the EPA lacked sufficient information regarding the well treatment
chemicals to determine whether the discharge would be “good enough quality” for wildlife and
agricultural use, as required under the ELG regulations. As an example, the environmental groups
pointed to MSDS information provided upon request for six maintenance products, which included
toxic chemicals such as ethylene glycol, benzyl chloride, isopropanol, naphthalene, benzene, and
xylene, among others. This raised concerns that produced water permitted for direct discharge may
contain toxic chemicals or their degradation products. Ultimately, pursuant to a settlement
agreement with the environmental groups and permittees, the EPA issued modified permits that
included additional conditions for handling of and reporting about well stimulation and well
maintenance chemicals.

8.4.7 Management of Solid and Liquid Residuals

Solid and liquid residuals associated with hydraulic fracturing wastewater are formed from
treatment processes at CWTs, buildup of sludges in tanks and pits, and scale formation on pipes and
equipment. These residuals must be managed and disposed of properly to avoid impacts on ground
and surface water resources. (Note that drill cuttings and drilling muds are outside the scope of this
chapter.)

8.4.7.1 Solid Residuals

The solid residuals produced at a CWT depend on the constituents in the untreated water and the
treatment processes used and are likely to contain TSS, TDS, metals, radionuclides, and organics.
Solid residuals can consist of sludges (from precipitation, filtration, settling units, and biological
processes), spent media (filter media, adsorption media, or ion exchange media), and other
material such as spent filter socks used to remove gross particulates. In addition, solids that
accumulate in storage tanks and pits and scale that deposits on equipment are part of the residual
load from a site. These residuals can constitute a considerable fraction of solid waste in an oil or gas
production area.

Handling and disposal of residual sludges from treatment processes can present some of the biggest
challenges associated with these technologies (Igunnu and Chen, 2014). Additional treatment may
be applied to solid residuals including thickening, stabilization (e.g., anaerobic digestion), and
dewatering processes prior to disposal. The solid residuals are then typically sent to a landfill, land
spread on-site, or incinerated (Morillon et al., 2002). Land spreading is a waste management
method in which wastes are spread over the soil surface and tilled into the soil to allow the
hydrocarbons in the wastes to biodegrade (Smith et al., 1998); note that inorganic constituents
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(e.g., salts, metals, metalloids, and radionuclides) will not degrade. In addition, pits or
impoundments that have reached the end of their useful life have accumulated residuals. Practices
used to decommission these pits include draining and leveling the pit in place or land farming the
residual materials into the ground (Rich and Crosby, 2013), although more information is needed
on the potential for these practices to affect water resources.

A particular concern for the management of residual wastes is TENORM that originates from the
geologic formation and was present in the produced water (SAFER PA, 2015). Studies have found
TENORM in solid residuals at oil and gas operations including the filter cake (PA DEP, 2015b), filter
socks (Harto et al., 2014), and pit sludges (Rich and Crosby, 2013). Researchers have assessed
Marcellus produced water samples, finding that many with low barium and high radium-226 levels
would generate sludges that exceed the maximum acceptable radium-226 activity for
nonhazardous landfill disposal in Pennsylvania (Silva et al., 2014b; Silva et al., 2014a). In scales that
build up on hydraulic fracturing and treatment equipment and sludges that accumulate in tanks and
pits, radium can coprecipitate with barium, strontium, or calcium sulfates (Smith et al., 1999). (See
Section 8.5.2 for additional discussion of TENORM associated with residuals.)

The accumulation of TENORM in the solids generated can limit or preclude landfills as a disposal
option. Walter et al. (2012) point out that wastes containing TENORM can be problematic due to
the possibility of radon emissions from the landfill. Regulatory limits on permissible radionuclide
levels accepted at non-hazardous landfills vary by state (Silva et al., 2014a). 1 Some states have
volumetric limitations on TENORM in their landfill permits (e.g., Colorado). Also, some states write
criteria, such as gamma exposure rates (radiation) and radioactivity concentration limits, into
permits for many landfills that are permitted to accept TENORM. Silva et al. (2014a) note that there
are 50 nonhazardous (RCRA-D) disposal facilities in Pennsylvania, but no TENORM disposal
facilities. Texas and other states have disposal facilities for TENORM.

8.4.7.2 Liquid Residuals

Liquid residuals include concentrated brines (from membrane or evaporation processes) and
regeneration or cleaning chemicals (from ion exchange, adsorption, and membrane processes)
(Fakhru'l-Razi et al., 2009). Practices for managing liquid residual streams from treatment
processes are generally the same as for untreated hydraulic fracturing wastewaters, although the
treated volumes are smaller, resulting in lower costs (Hammer and VanBriesen, 2012).
Concentrations of contaminants in liquid residuals, however, will be higher. The most common
disposal method is injection into disposal wells.
If the liquid is not injected into a disposal well, treatment to remove salts would be required for
surface water discharge to meet NPDES permit requirements and protect the water quality for
downstream users such as drinking water utilities (Section 8.5). Because some constituents of
concentrated liquid residual waste streams can pass through or impact municipal wastewater
treatment processes (Linarić et al., 2013; Hammer and VanBriesen, 2012), these residuals would

Examples of permissible radionuclide levels at non-hazardous landfills: Pennsylvania requires alarms to be set at all
municipal landfills, with a trigger set at 10 µR/hr above background radiation. Texas sets a radioactivity limit, requiring
that any waste disposed by burial contains less than 30 pCi/g radium or 150 pCi/g of other radionuclides.

1

8-52

Chapter 8 – Wastewater Disposal and Reuse

not be appropriate for discharge to a POTW. Elevated salt concentrations, in particular, can have
detrimental effects on microbiological treatment at municipal wastewater systems, such as
activated sludge treatment (Linarić et al., 2013).
Liquid residuals can also be mixed with a solidifying agent such as Portland cement and then
disposed of in landfills, or they can undergo advanced treatment processes to generate products
such as road salt or industrial chemicals (SAFER PA, 2015).

8.4.7.3 Potential Impacts from Solid and Liquid Residuals

Residual wastes have the potential to impact the quality of drinking water resources if
contaminants leach to groundwater or reach surface water. In a recent study by PA DEP, radium
was detected in leachate from 34 of 51 landfills that accept waste from the oil and gas industry
(Marcellus in particular). Radium-226 concentrations ranged from 54 to 416 pCi/L, and radium228 ranged from 2.5 to 1,100 pCi/L (PA DEP, 2015b). (See also Section 8.5.2 and see Chapter 9 for
health effects associated with radium). Countess et al. (2014) studied the potential for a wide array
of elements to leach from sludges generated at a CWT handling hydraulic fracturing wastewater in
Pennsylvania. Tests used strong acid solutions (to simulate the worst case scenario) and weak acid
digestions (to simulate environmental conditions). The data illustrate the possibility of leaching of
these constituents from landfills. The extent of leaching varied by constituent and by fluid type, but
the authors concluded that boron, bromide, calcium, magnesium, manganese, silicon, sodium, and
strontium had high potential to migrate from the residual solids, with bromide and sodium having
the highest leaching potential (Countess et al., 2014). (See also Section 5.8 in Chapter 5 for
discussion of the processes governing the movement of constituents in the subsurface.)

In another study assessing the leaching behavior of residuals from hydraulic fracturing operations,
Sharma et al. (2015) found that alkali metals, alkaline earth metals, and bromide had the highest
leaching potential of the constituents tested. The authors also found that disposing of hydraulic
fracturing residuals along with other solids (e.g., at a municipal landfill) produces a greater leaching
potential than if the residuals are disposed of by burying or land disposal designed for solely the
hydraulic fracturing residuals. This is due to the more acidic leachate formed at the co-disposal
locations (Sharma et al., 2015).
Sang et al. (2014) studied the potential for hydraulic fracturing fluid to mobilize colloidal particles
in the soil. The study used microspheres and sand particles as surrogates for contaminant particles.
The authors note that the chemistry of hydraulic fracturing fluid favors transport of colloids and
mineral particles through rock cracks, and they found that infiltration of flowback fluid can
transport existing pollutants such as heavy metals, radionuclides, and pathogens, in unsaturated
soils (Sang et al., 2014). Heavy metals can also move through soil. Although not specific to hydraulic
fracturing wastes, Camobreco et al. (1996) report high levels of heavy metal transport in soil
columns, with 12% recovery for lead, 15% for copper, 23% for zinc, and 30% for cadmium
(Camobreco et al., 1996).
Residuals, whether liquid or solid, are the most concentrated wastes and waste streams associated
with hydraulic fracturing operations. Contaminants in the produced water will accumulate in the
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sludges in storage tanks/pits, in scale on the equipment, and in treatment facilities. Proper
management and disposal of these highly concentrated wastes is critical to minimize the potential
for impacts on water resources.

8.5 Potential Impacts of Hydraulic Fracturing Wastewater Constituents on
Drinking Water Resources

The previous section discussed the potential impacts of specific wastewater management strategies
on drinking water resources. The severity of impacts, however, depends largely on the constituents
in the wastewater, the concentrations of those constituents, and their health and ecological effects.
This section will discuss the potential impacts of several specific types of hydraulic fracturing
wastewater constituents on drinking water resources.
The impacts or potential impacts discussed in the literature are heavily focused on discharges from
CWTs, including treated wastewater that is discharged indirectly through POTWs. Available
evidence suggests that the effects of hydraulic fracturing on surface water quality are related to
discharges of partially treated wastewater (Kuwayama et al., 2015a). Other avenues of
contamination for both surface water and groundwater include leaks from pits and impoundments,
landfill leachate, and leaching from contaminated sediments and other improperly managed solid
wastes.

As noted, an important consideration regarding the potential impacts of hydraulic fracturing
wastewater on receiving water is whether there are constituents of concern known to have health
effects or that can give rise to compounds with health effects. See Chapter 9 for discussion of the
health effects of wastewater constituents. For some classes of constituents, such as DBP precursors,
considerable research exists regarding concentrations in the waste stream and impacts on
downstream drinking water treatment plants or the finished drinking water after treatment. For
other constituents, information is limited, especially within the context of hydraulic fracturing
activities. There may also be unknown constituents because some ingredients in the original
hydraulic fracturing fluids are claimed to be CBI. The following subsections identify several classes
of constituents known to occur in hydraulic fracturing wastewater, discuss whether potential
impacts are likely, and detail information gaps.

8.5.1 Bromide, Iodide, and Chloride

Halides, including bromide, chloride, and iodide, are commonly found in high-TDS hydraulic
fracturing wastewater. As noted in Section 8.3.1.1, chloride is a regulated contaminant with a
secondary MCL of 250 mg/L. Bromide and iodide are not regulated, but are of concern due to their
role in the formation of DBPs (Parker et al., 2014; Krasner, 2009). (See Appendix F for information
on DBP formation.) High-TDS wastewaters from the Marcellus Shale have been the focus of concern
due to the state’s history of treating these wastewaters at POTWs (without pretreatment) and at
CWTs without TDS removal capabilities (Text Box 8-1). Discontinuing the practice of sending shale
gas wastewater to POTWs without pretreatment (States et al., 2013), and compliance with the new
EPA pretreatment standards for discharges of unconventional oil and gas wastewaters helps
mitigate this problem. This section describes the role of some constituents in high-TDS fluids in the
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formation of DBPs and provides more details on the effects on surface waters as observed in
Pennsylvania. The lessons learned and steps taken in the Marcellus region can provide valuable
knowledge for operators and state agencies in other parts of the country that treat and discharge
high-bromide and high-iodide wastewaters.

8.5.1.1 Influence of Bromide and Iodide on Formation of Disinfection Byproducts

Disinfection byproducts (DBPs) are formed when organic material comes in contact with
disinfectants (e.g., chlorine, chloramine, chlorine dioxide, or ozone). Of particular concern are DBPs
formed in the presence of halides (e.g., bromide or iodide). The type of DBP formed depends on the
organic precursors in the source water and the disinfectant used. Regulated DBPs include total
trihalomethanes (TTHM), five haloacetic acids (HAA5), bromate, and chlorite. There are, however,
many additional DBPs that are not regulated and may in fact be of greater concern than the
regulated species. Brominated forms of DBPs, for example, are considered to be more toxic and
carcinogenic than chlorinated species (McGuire et al., 2014; Parker et al., 2014; States et al., 2013;
Krasner, 2009; Richardson et al., 2007). Another halide, iodide is also found in some hydraulic
fracturing wastewater (Chapter 7), and although its effects have not been as well documented as
those associated with bromide, iodide raises some of the same concerns regarding formation of
toxic DBPs as bromide (Xu et al., 2008).

Studies have found that elevated bromide levels in water correlate with increased DBP formation in
the drinking water that is delivered to customers (also called “finished drinking water”) (Obolensky
and Singer, 2008; Matamoros et al., 2007; Hua et al., 2006; Yang and Shang, 2004). Harkness et al.
(2015) studied the chemical composition of flowback, produced waters, treated wastewaters,
instream flows downstream from discharges, and accidental spill sites. The study found high
concentrations of bromide and iodide in the flowback and produced waters, concluding that the
elevated levels of these constituents could promote the formation of toxic brominated and
iodinated DBPs in downstream drinking water systems (Harkness et al., 2015).

In terms of the resulting DBP formation, laboratory experiments using hydraulic fracturing
wastewater from the Marcellus and Fayetteville shales and river water from the Allegheny and Ohio
rivers suggest that a relatively small portion of hydraulic fracturing wastewater can notably affect
DBP formation (Parker et al., 2014). In particular, trihalomethanes (THM; a category of DBPs) were
shown to shift towards greater brominated and iodinated species with a little as 0.01% hydraulic
fracturing wastewater in disinfected samples. Modeling work by Landis et al. (2016) evaluated the
impact of CWT discharges on DBP formation at a drinking water system and suggested that
although only a 3% increase in overall TTHM formation was predicted, the model predicted a
decrease in chlorinated THM and a substantial shift toward a higher percentage of the more-toxic
brominated THMs (Landis et al., 2016).

States et al. (2013) found a strong correlation between bromide concentrations in source water
from the Allegheny River in Pennsylvania and the percentage of brominated THMs in finished water
at a drinking water facility using Allegheny source water. Bromide concentrations in the river water
measured during the study ranged from less than 25 µg/L to 299 µg/L. The authors noted that
source water containing 50 µg/L of bromide resulted in treated drinking water with approximately
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62% of total THMs consisting of brominated species. When the source water contained 150 µg/L
bromide, the brominated THM percentage was 83% (States et al., 2013).

Pope et al. (2007) reported that increased bromide levels are the second best indicator of DBP
formation, with pH being the first. Furthermore, bromine (which may be formed from bromide in
the water during disinfection) reacts as much as ten times faster and more efficiently with DBP
precursors than chlorine (Westerhoff et al., 2004). These studies show that increased bromide
concentration in a drinking water resource shifts the DBP formation towards more-toxic
brominated forms.

If disinfection is accomplished using ozonation instead of or in addition to chloramination or
chlorination, bromide and iodide in the source water can form two additional constituents: bromate
and iodate. Iodate, although formed during disinfection by ozonation, is not considered a DBP and is
non-toxic (Allard et al., 2013). Bromate, however, is a DBP of concern and has an MCL of 0.010
mg/L (U.S. EPA, 1998).
Another category of DBP that is not regulated is the nitrogenous DBPs, including nitrosamines. Data
are lacking on the formation of nitrogenous DBPs specifically linked to hydraulic fracturing
wastewater, but their formation is possible. During chloramination, bromide can enhance the
formation of the nitrosamine N-nitrosodimethylamine (NDMA) in waters containing the precursor
dimethylamine (DMA) (Le Roux et al., 2012; Luh and Mariñas, 2012). As with some other nonregulated DBPs, nitrogenous DBPs may be more toxic than the regulated ones (Harkness et al.,
2015; McGuire et al., 2014; Parker et al., 2014).
As discussed in Section 8.4 and Text Box 8-3, removal of dissolved solids, including chloride and
bromide, requires advanced treatment processes such as reverse osmosis (RO), distillation,
evaporation, or crystallization. Unless the treatment plant receiving the high-TDS wastewater
employs processes specifically designed to remove these constituents, effluent discharge may
contain high levels of bromide and chloride. Drinking water systems with intakes downstream of
these discharges may receive water with correspondingly higher levels of bromide and chloride
and may have difficulty complying with SDWA regulations related to DBPs.

8.5.1.2 Effects on Receiving Waters

Studies show that discharges from oil and gas wastewater treatment facilities can elevate TDS,
bromide, and chloride levels in receiving waters, and potential impacts may be detectable far
downstream (> 1km) of an outfall (States et al., 2013; Warner et al., 2013a; Wilson and Van Briesen,
2013). The work by Landis et al. (2016) in the Allegheny River mentioned above is consistent with
these findings. The authors studied the impacts of a CWT accepting oil and gas wastewater on water
quality at a downstream drinking water intake. They found that compared to data from upstream
(background) locations, bromide concentrations at the intake were increased by 53% at low
streamflow and 22% during high streamflow. 1
1

Background samples are those taken from locations upstream of, and therefore unaffected by, permitted facilities.
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Elevated TDS, chloride, and bromide can serve as indicators of potential influence from hydraulic
fracturing wastewater in surface water and can also raise concerns about DBP formation in
downstream drinking water systems. Elevation of bromide has been shown to place a burden on
downstream drinking water systems. The Pittsburgh Water and Sewer authority (PWSA) drinking
water system concluded that elevated bromide in their source water led to elevated TTHMs in their
finished drinking water, with a substantial increase in the percentage of brominated TTHMs (States
et al., 2013). The utility modified their treatment process and proposed improvements to their
storage facilities to address the elevated TTHM levels in the distribution system (Chester Engineers,
2012).
Conversely, changes in regional wastewater handling that reduce bromide discharges can be
reflected in receiving waters. A three-year study at water intakes downstream of wastewater
discharges on the Monongahela River in western Pennsylvania evaluated water chemistry in the
context of flow measurements. The authors concluded that an overall decrease in bromide
concentrations at drinking water intakes from 2010 to 2012 was likely associated with shale gas
operators voluntarily ceasing the practice of sending high-bromide wastewaters to treatment
facilities that discharge to surface waters without adequate TDS removal (Wilson and Van Briesen,
2013).

Elevated TDS and halides need to be interpreted in the context of other inputs into a watershed. An
EPA source apportionment study of the Allegheny River in Pennsylvania (U.S. EPA, 2015o) found
that CWTs accounted for almost 90% of the bromide at one drinking water treatment plant intake
and 37% of the bromide at another intake. Other sources include coal-fired power plants and acid
mine drainage. Furthermore, although effluent is diluted when discharged to a water body, this may
not always be sufficient to avoid water quality problems if there are existing pollutant loads in the
waterbody from other contributors (e.g., such as acid mine drainage or power plant effluent)
(Ferrar et al., 2013). Warner et al. (2013a) evaluated effluent from the Josephine Brine Treatment
Facility, which treated both conventional and unconventional (as defined by PA DEP) oil and gas
wastewater at the time of the study. The authors concluded that even a 500 to 3,000-fold dilution of
the wastewater would not reduce bromide levels to background. Modeling by Weaver et al. (2016)
suggests that bromide levels in receiving streams can be improved by reducing concentrations in
the effluent, discharging during periods of high streamflow, and discharging intermittently
(pulsing). (See Appendix F for additional description of modeling studies.)
In addition to concerns about formation of DBPs within downstream drinking water systems,
treatment at the upstream CWTs and POTWs themselves can also produce DBPs if the facilities
disinfect prior to discharge. The DBPs may then be released into receiving waters and increase
concerns about the total loads of brominated and iodinated DBPs at downstream drinking water
systems (Hladik et al., 2014). A study by Hladik et al. (2014) documented brominated and iodinated
DBPs at the outfalls of CWTs and POTWs treating both conventional and unconventional
wastewater and noted that this DBP signature was different than for those plants that did not
accept oil and gas wastewater.
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8.5.1.3 Other Constituents That Can Affect Downstream DBP Formation
In addition to halogens, organic matter and ammonium can also be present in hydraulic fracturing
wastewater (Chapter 7; Appendix E) and can have an influence on the formation of DBPs at
downstream drinking water systems (Harkness et al., 2015). Experimental work by Parker et al.
(2014) found that a mixture of river water with 1-2% flowback by volume could contribute to DBP
formation due to the higher dissolved organic carbon content of the flowback. Harkness et al.
(2015) studied the chemical composition of water associated with oil and gas production and found
high concentrations of ammonium in the flowback and produced waters. Elevated levels of
ammonium can convert chlorine to chloramines at downstream drinking water treatment plants.
This could have an impact on the plant’s disinfection practices because chloramines are a weaker
disinfectant than chlorine (Harkness et al., 2015; Parker et al., 2014).

8.5.1.4 Mitigating Impacts from TDS and Halides on Drinking Water Utilities

High bromide concentrations and low flow conditions in waterways have been shown to increase
DBP formation in downstream drinking water systems (States et al., 2013). Most drinking water
treatment plants are not designed to address high concentrations of TDS (including bromide and
iodide), limiting their options for restricting the formation of brominated and iodinated DBPs when
these halides are present.
To mitigate these impacts, one strategy that was implemented in Pennsylvania was to disallow
influent of high-TDS wastewaters to POTWs and CWTs that discharged to streams and were not
designed to treat for TDS. Wilson and Van Briesen (2013) showed that this strategy was effective
for reducing bromide concentrations at drinking water utilities downstream from POTWs and
CWTs that had formerly accepted hydraulic fracturing wastewaters (States et al., 2013; Warner et
al., 2013a; Wilson and Van Briesen, 2013). Alternatively, advanced treatment processes such as
reverse osmosis, distillation, evaporation, and crystallization, can be employed to reduce
constituents that contribute to high TDS (e.g., such as chloride, bromide, and iodide), reducing
impacts on surface waters and, subsequently, downstream drinking water utilities. Strategies such
as discharging during higher streamflow periods and using a pulsing or intermittent discharge
could also reduce the frequency and severity of potential impacts on drinking water systems from
elevated TDS.

8.5.2 Radionuclides

Potential impacts on drinking water resources from TENORM associated with hydraulic fracturing
wastewater can arise through a number of pathways, including: treated wastewater in which
radionuclides were not adequately removed; accumulation of radionuclides in surface water
sediments downstream of wastewater treatment plant discharge points; migration or mobilization
from soils that have accumulated radionuclides from previous activities such as pits or land
application; and inadequate management of treatment plant solids (such as filter cake), landfill
leachate, or sediments in pits or tanks that have accumulated radionuclides.

An additional concern is the potential for underestimation of radium concentrations in hydraulic
fracturing wastewater due to the high TDS content. When using wet chemical techniques, high TDS
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concentrations can result in poor recovery of some chemical constituents. For radium, recovery
may be as low as <1% in a high-salt matrix (Nelson et al., 2014). This may lead to the inability to
identify an impact on drinking water resources or an underestimation of the severity of an impact.
Research suggests that spectroscopic methods are more appropriate for analysis of radium in highTDS wastewaters (Nelson et al., 2014).
A recent study by the PA DEP (PA DEP, 2015b) provides information that helps fill a general data
gap regarding TENORM content in oil and gas wastes that are treated and discharged to surface
waters. The study, although not exclusive to Marcellus wastes, was motivated by concerns over an
increase in radionuclides in oil and gas wastes observed during the expansion of Marcellus Shale
production. The study began in 2013 and quantified radionuclide (radium-226, radium-228, K-40,
gross alpha, and gross beta) levels at CWTs, POTWs, well sites, and landfills and discussed human
health and environmental implications. Other relevant studies addressing radionuclides focus on
CWTs that have handled Marcellus wastewater, evaluation of solids in storage pits, and analysis of
scale on pipes and tanks.

8.5.2.1 Effluent from POTWs

In Pennsylvania between 2007 and 2010, TENORM-bearing wastewaters were sent to POTWs,
which are generally not required to monitor for radioactivity (Resnikoff et al., 2010). Although
management of Marcellus wastewaters via POTWs has declined, there is still potential for input of
radionuclides to surface waters via discharge of CWT effluent either directly to surface water or
indirectly through discharge to POTWs. The potential for TENORM to pass through treatment at
POTWs is one of the concerns addressed in the EPA’s recently promulgated pretreatment standards
for unconventional oil and gas wastewaters that discharge to POTWs.
Six of the POTWs in the PA DEP TENORM study received effluent from a CWT along with municipal
wastewater. Note that the CWTs in the study are not described as receiving exclusively Marcellus
wastewater. The POTWs that receive both CWT effluent and municipal waste had radium in their
effluent (overall average effluent radium-226 concentration of 103 pCi/L, with a range of <35 to
340 pCi/L). Those POTWs receiving only municipal wastewater also contained radium, with an
average effluent radium-226 concentration of 145 pCi/L. 1 These concentrations are many times
higher than the MCL for radium (5 pCi/L) and are also orders of magnitude higher than typical
background values; radium-226 in river water generally ranges from 0.014 pCi/L to 0.54 pCi/L
(IAEA, 2014). 2
1

These values are for unfiltered samples. In filtered samples, the POTWs that receive both CWT effluent and municipal
waste had higher average radium-226 values than those for POTWs only treating municipal waste (497 pCi/L vs. 85
piCi/L). Filtered samples are passed through a filter to remove fine particles; concentrations of constituents in filtered
samples are often lower than in unfiltered samples. However, liquid samples in this study were filtered after preservation
with acid. Therefore, the difference between unfiltered and filtered samples may not be reliable.

2 A confounding issue for this study is that it was not clear why the radium-226 concentrations were comparable or
higher for those POTWs not receiving oil and gas CWT effluent. However, sample sizes were small and possible
alternative sources for the radium were not discussed. The report also did not describe how it was verified that the
POTWs did not receive contributions from oil and gas wastewater.
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8.5.2.2 Effluent from CWTs
Four of the ten CWTs sampled during the PA DEP TENORM study (PA DEP, 2015b) discharged to
surface water under a National Pollution Discharge Elimination System (NDPES) permit, and the
other six discharged to POTWs. The average radium-226 concentration in the effluent from the
CWTs (1,840 pCi/L for unfiltered samples) was an order of magnitude higher than in effluent from
the POTWs. Samples of treated wastewater from zero-discharge facilities contained higher
concentrations, averaging 2,610 pCi/L radium-226 and 295 pCi/L radium-228 (PA DEP, 2015b).
The treated wastewater from these zero-discharge facilities will likely be reused for subsequent
hydraulic fracturing jobs, postponing the need for disposal, but reuse could result in overall
increases in some constituents of concern due to repeated passage through the subsurface. In
addition, there is also a potential for impacts on drinking water resources from spills and leaks
associated with wastewater storage and handling at these facilities.

Sampling done at the Josephine Brine Treatment Plant in western PA from 2010 – 2012 (Warner et
al., 2013a) detected radium in the effluent (mean values of 4 pCi/L of radium-226 and 2 pCi/L of
radium-228). Treatment at the facility removes radium by coprecipitation with barium sulfate. The
authors note that if the activities of radium-226 and radium-228 in Marcellus brine influent at the
CWT are similar to those reported by other researchers (Rowan et al., 2011), then the CWT
achieved a 1,000-fold reduction in radium content. (This facility also accepted conventional oil and
gas wastewater.) The detection of radium in the effluent from this CWT suggests that if the influent
concentration is extremely high, radium will still be found in the effluent of a treatment plant even
if the treatment process removes a high percentage (see Section 8.4 and Appendix F for additional
discussion on constituent removal efficiencies at CWTs).

8.5.2.3 Accumulation in Sediments

In addition to concerns about TENORM in discharges to surface waters, studies have shown the
potential for a legacy of radionuclide accumulation in surface water sediments. The PA DEP
TENORM study (PA DEP, 2015b) found radium in sediments near the outfalls for CWTs (averages of
84.2 pCi/g and 19.8 pCi/g for radium-226 and -228, respectively) and three POTWs receiving
treated oil and gas wastewater from CWTs (radium-226 and radium-228 concentrations ranging
from 1.8 to 18.2 pCi/g). Typical background soil levels of radium are approximately 1 to 2 pCi/g (PA
DEP, 2015b).
Warner et al. (2013a) measured radium-226 levels in stream sediment samples at the point of
discharge of a CWT that had treated both conventional oil and gas wastewater and unconventional
Marcellus wastewater. They found concentrations approximately 200 times greater than upstream
and background sediments. This indicates the potential for accumulation of contaminants in
localized areas near wastewater discharge facilities. Although the CWT studied by Warner et al.
(2013a) also accepted conventional oil and gas wastewater, the authors observed that the radium228/radium-226 ratio in the river sediments near the discharge (0.22 – 0.27) is consistent with
ratios in Marcellus wastewater. The authors indicate that the radium likely accumulated in the
sediments, originating from the discharge of treated unconventional Marcellus oil and gas
wastewater. Accumulation of TENORM can also occur in sediments receiving discharged effluent
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from landfills that accept oil and gas wastes. In the PA DEP TENORM study (PA DEP, 2015b),
samples of impacted soils were collected at three landfill outfalls. Radium-226 and -228 were
detected in all samples (2.82 to 4.46 pCi/g and 0.979 to 2.53 pCi/g, respectively).

A study by Skalak et al. (2014), on the other hand, did not find elevated levels of alkali earth metals
(including radium) in sediments just downstream of the discharge points of five POTWs that had
previously treated Marcellus wastewater. These inconsistencies among studies suggest that
accumulation of contaminants in sediment may depend on treatment processes and their removal
rates for each constituent as well as stream chemistry and hydrologic characteristics.
Contamination with radium-226 would potentially be long lived because of the long half-life of
radium. 1

The association of radium with sediments near discharge points is attributed to adsorption of
radium to the sediments, a process governed by factors such as the salinity of the water and
sediment characteristics. Increased salinity promotes desorption of radium from sediments, while
lower salinity promotes adsorption, with radium adsorbing particularly strongly to sediments high
in iron and manganese (hydr)oxides (Porcelli et al., 2014; Gonneea et al., 2008). Warner et al.
(2013a) speculate that when saline CWT effluent is discharged into stream water, the lower salinity
of the stream environment facilitates sorption of radium onto streambed sediments. The long-term
fate of radium sorbed to sediments depends upon changes in water salinity and the sediment
properties, including any reduction/oxidation chemical reactions that affect iron and manganese
minerals in the sediments. Additionally, the sediment may be physically transported downstream
due to high flows or if sediment is disturbed and resuspended.

8.5.2.4 Pits and Tanks

Where pits or impoundments are used, radionuclides may accumulate in the bottom sludges and
can also be found in soils once the pit is closed and leveled. A study of three centralized wastewater
storage impoundments in southwestern Pennsylvania (Zhang et al., 2015a) showed that radium226 accumulated in various components of the bottom solids, including through coprecipitation
with barium sulfate. Sludge from one pit showed a substantial increase in radium-226 between
sampling events 2.5 years apart (from 8.8 pCi/g to 872 pCi/g). The authors attributed the steep
increase to enrichment in radium during cycles of wastewater reuse. In Texas, accumulation of
radionuclides (potassium, thorium, bismuth, radium, and lead) was documented for two pits that
stored fluids associated with hydraulic fracturing (Rich and Crosby, 2013). One pit was
decommissioned and used as farmland, and the other was active at the time of sampling. Analyses
of soil and sludge samples detected a number of radionuclides, including radium-226, radium-228,
thorium-228, strontium-90, and potassium-40 (radium-226 was only found at the former pit). Rich
and Crosby (2013) note a total beta radiation value of 1,329 pCi/L in one sample from the active pit.
They note that this value exceeded regulatory guidelines even though the values for individual
1 The half-life of radium-226 is approximately 1,600 years, while the half-life of radium-228 is 5.76 years. The half-life is
the time it takes for half of the nuclei in a sample of a radioactive element to decay. After two half-lives, one fourth of the
original sample will be left, and after three half-lives there will be one eighth of the original sample remaining, and so
forth.
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radionuclides did not exceed regulatory guidelines, suggesting that using a single radionuclide (i.e.,
radium) as an indication of exposure can underestimate total radioactivity.

Although the sample sizes were small for both the Zhang et al. (2015a) and the Rich and Crosby
(2013) studies, the results suggest that radionuclides associated with sediments from some pits
could have potential impacts on surface water or groundwater. These studies illustrate the need for
appropriate management where wastes have high TENORM content. Rich and Crosby (2013) note
that pits are often found in agricultural regions. If pit solids that are incorporated into soils (e.g.,
during draining and leveling or during land application) contain radionuclides, they may reach
surface water in runoff or leach from the solids and migrate to groundwater. In active pits, Rich and
Crosby (2013) note that TENORM in the contents may be deposited onto crops and soil through
aerosolization or breaching. The Pennsylvania study (Zhang et al., 2015a) suggests that landfill
leachate may be affected by receiving sludges from impoundments that store produced water and
will need to be managed appropriately.
With radium-226 values of 121 pCi/g and 872 pCi/g, sludges from the pits studied by Zhang et al.
(2015a) exceeded the limit for disposal as a nonhazardous solid in a municipal or industrial solid
waste landfill but would meet the radium-226 limits for disposal in a hazardous waste landfill.
There are currently no federal requirements to test solid residuals for radionuclides before
disposal. At landfills studied in the PA DEP TENORM report (PA DEP, 2015b), seven samples of
treated effluent from nine facilities that accept oil and gas waste had radium-226 values ranging
from 105 pCi/L to 378 pCi/L and radium-228 values ranging from <6 pCi/L to 1,100 pCi/L.
Untreated effluent from the nine landfills had radium-226 contents ranging from 70 to <139 pCi/L.
The study authors conclude that there is “limited potential” for environmental impacts from spills
or discharges of leachate from these facilities.

Where wastewater is stored in tanks, TENORM concentrations can increase through radioactive
ingrowth. 1 Radium-226 and radium-228 are generally considered the radionuclides of greatest
concern in wastewaters and are the most frequently measured. But recent research indicates that
in closed environments such as tanks, where the radium decay product radon cannot escape, total
radioactivity may increase due to ingrowth of other decay products of radium such as Pb-210, Po210, and Th-228 (Nelson et al., 2015). Experimental work by Nelson et al. found that concentrations
of these decay products in Marcellus produced water that was stored in a sealed drum started
growing immediately. Concentrations started at zero and reached 10.49 pCi/L for Po-210 and 155
pCi/L for Th-228 over the first 50 and 66 days of storage, respectively. The authors note that these
decay products are not soluble, would be associated primarily with particulates, and could be
bioavailable. This study demonstrates that analyzing for radium will not provide a complete
indication of sample radioactivity if the water is stored in a closed environment and that
subsequent management decisions would need to take into account possible increases in
radioactivity due to ingrowth.
1 The ingrowth, or growth within a sample, of radioactive daughter products from radionuclides initially present in the
sample can cause greater radioactivity than that resulting from the parent radionuclides alone.
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8.5.2.5 Other Solids
Other solid wastes associated with unconventional oil and gas production that may contain
radionuclides include solid residuals from POTWs and CWTs and scale in oil and gas equipment.
Filter cake samples from POTWs were found by PA DEP (2015b) to have highly variable radium226 concentrations, with an average of 16 pCi/g, while typical soil concentrations in Pennsylvania
have been found to be less than 2.5 pCi/g (Greeman et al., 1999). Filter cake from CWTs had an
average radium-226 concentration of 111 pCi/g. The authors conclude that there could be impacts
on surface waters through spills or effects on groundwater from landfill leachate containing
contaminants originating in residuals sent to landfills.

Accumulation of TENORM-bearing scale in CWTs or POTWs may continue to affect the treatment
plant even after discontinuing treatment of wastewaters containing high radionuclide
concentrations. Radium can adsorb onto scales in pipes and tanks and can also be removed from
water by coprecipitation if sulfate or carbonate is added to hydraulic fracturing wastewater to
precipitate calcium, barium, or strontium (Kappel et al., 2013; USGS, 2013a). Pipe scale in oil and
gas production facilities has been found to have radium concentrations as high as 154,000 pCi/g,
although concentrations of less than about 13,500 pCi/g are more common (Schubert et al., 2014).
A similar issue, the potential for accumulation and possible release of radionuclides and other trace
inorganic constituents in water distribution systems, has gained attention, with the potential for
drinking water concentrations to exceed drinking water standards (Water Research Foundation,
2010). Scale eventually removed from pipes or other oil and gas equipment can end up in landfills
and then leach into groundwater or run off to surface water (USGS, 2013a). Also, laboratory
research suggests that radium in land-applied barium sulfate scales from conventional oil and gas
operations may become mobilized by microbial processes, rendering the radium more mobile and
bioavailable (Matthews et al., 2006; Swann et al., 2004); see discussion in Section 8.4.6.1.
Monitoring would be needed in order to ascertain the potential for accumulation and release of
radionuclides from systems that have treated or continue to treat hydraulic fracturing wastewaters
with elevated TENORM concentrations.

8.5.2.6 Road Spreading

Salt and radionuclide accumulation can occur near road spreading sites; one study in Pennsylvania
describes a roughly 20% increase in average radium-226 concentrations in soils near five roads
where wastewaters from conventional operations had been spread for de-icing (Skalak et al., 2014).
However, the standard deviation for the samples was large (24 pCi/g), and background
concentrations were approximately 1 pCi/g. Should significant accumulation of radionuclides in
soils near roads occur, it would present a vehicle for potential impacts on drinking water resources.
The frequency with which hydraulic fracturing wastewater contributes to this type of impact
depends on state-level regulations dictating whether the wastewater can be used for road
spreading.
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8.5.2.7 Potential for Monitoring
Effluent from treatment plants (e.g., CWTs, POTWs) and receiving waters can be monitored for
radionuclides. Research suggests that radium-226 and radium-228 are the predominant
radionuclides in Marcellus Shale wastewater, and they account for most of the gross alpha and
gross beta activity in the waters studied (Rowan et al., 2011). Gross alpha and gross beta
measurements may, therefore, serve as an effective screening mechanism for the presence of
radionuclides in hydraulic fracturing wastewater. This in turn can help in evaluating management
strategies. Portable gamma spectrometers allow rapid screening of wastewater effluent. Sediments
can also be measured for radionuclide concentrations at discharge points. If an accurate assessment
of total radioactivity is needed rather than a screening, measuring radium content may not be
adequate depending upon how wastewater has been stored. Analyses of other radionuclides such
as Pb-210, Po-210, and Th-228 may be warranted, especially if the wastewater has been stored in
closed loop systems.

8.5.3 Metals

Given the presence in hydraulic fracturing wastewaters of some heavy metals, as well as barium
and strontium concentrations that can reach hundreds or even thousands of milligrams per liter
(Table 7-5), surface waters may be impacted if discharges from CTWs or POTWs indirectly
receiving oil and gas wastewater via CWTs are not managed appropriately or if spills occur.

Common treatment processes, such as chemical precipitation, are effective at removing many
metals (Section 8.4). Effluent sampling results collected between October 2011 and February 2013
from seven facilities in Pennsylvania treating oil and gas wastewaters were requested by the EPA.
The results revealed low to modest concentrations of copper (0 – 50 µg/L), zinc (14 – 256 µg/L),
and nickel (8 – 22 µg/L) (U.S. EPA, 2015f, g). However, metals such as barium and strontium were
found to range from low to elevated concentrations in the effluent for some of the facilities. The
data showed effluent barium concentrations ranging from 0.35 to 25 mg/L (median of 3.5 mg/L
and average of 6.7 mg/L). For results that were greater than 2 mg/L, the drinking water MCL for
barium was exceeded. Strontium concentrations ranged from 0.36 to 546 mg/L (median of 297
mg/L and mean of 236 mg/L) (U.S. EPA, 2015g). (See Chapter 9 for information on health effects for
barium and strontium.)

Volz et al. (2011) discussed a December 2010 effluent sampling effort at a Pennsylvania CWT that
had been treating both conventional and Marcellus wastewater; they measured average barium and
strontium concentrations of 27 mg/L and nearly 3,000 mg/L, respectively (eight samples from the
one plant) (Volz et al., 2011). NPDES compliance data submitted for 2011 shows that effluent from
the same CWT had average barium effluent levels ranging from 26 to 98 mg/L in the months prior
to PA DEP’s April 2011 request to cease sending hydraulic fracturing wastewater to this and other
facilities exempt from the 2010 TDS regulation (U.S. EPA, 2015f, g). After May, 2011, barium
effluent concentrations dropped to average values of 9 to 22 mg/L. The facility is scheduled to
upgrade its TDS removal capabilities, which should help decrease concentrations of metals in the
effluent.
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Limited data are available on metal concentrations in wastewater and treated effluent that are
directly discharged; additional information would be needed to assess whether there could be
downstream effects on drinking water utilities. NPDES discharge permits, which restrict TDS
discharge concentrations, would likely reduce metal effluent concentrations due to the additional
treatment necessary to minimize TDS.

8.5.4 Volatile Organic Compounds

Benzene is a common constituent in hydraulic fracturing wastewater, and it is of concern due to
recognized human health effects. A wide range of concentrations of BTEX compounds occurs in
wastewater from the Barnett and Marcellus shales. Natural gas formations generally produce more
BTEX than oil formations (Veil et al., 2004), and lower concentrations of BTEX naturally occur in
wastewater from CBM production (Appendix Table E-9). The organic chemistry of Marcellus
wastewater has been found by Akob et al. (2016) to be more variable than that of inorganic
constituents, indicating the need to consider the concentrations of organic compounds when
planning wastewater management.

Processes such as air stripping or dissolved air flotation can remove VOCs during treatment, but if
treatment is not adequate prior to discharge, the VOCs may reach water resources. For example, the
average benzene concentration measured in the discharge from a Pennsylvania CWT in December
2010 was 12 µg/L (Volz et al., 2011) exceeding the MCL for benzene of 5 µg/L. 1 The facility was
receiving wastewater from both conventional and unconventional operations at that time. Ferrar et
al. (2013) measured for BTEX in effluent from the same facility, and mean concentrations among
the four compounds ranged from approximately 2 to 46 µg/L. Concentrations were lower for
samples taken after May 19, 2011 (when Marcellus operators voluntarily stopped sending
wastewater to POTWs and CWTs exempt from the 2010 TDS regulation), and the difference
between pre and post May 2011 sampling was considered statistically significant.
Spills and leakage from pits creates another potential route of entry to drinking water resources, as
described in Section 8.4.5. Akob et al. (2016) documented the microbial degradation of organic
compounds in Marcellus produced water and note that more research is needed to evaluate how
this could mitigate the migration of organic constituents in the event of spills or leaks.

8.5.5 Semi-Volatile Organic Compounds

Little is known about the fate of the SVOC, 2-butoxyethanol (2-BE) (an antifoaming and anticorrosion agent used in slick-water) (Volz et al., 2011) or its potential impact on surface waters,
drinking water resources, or drinking water systems. This compound is very soluble in water and is
subject to biodegradation, with an estimated half-life of approximately 1-4 weeks in the
environment (Wess et al., 1998). It is classified by the EPA’s Integrated Risk Information System
(IRIS) as not likely to be carcinogenic to humans, and the International Agency for Research on
Cancer (IARC) classifies it as having insufficient evidence to determine carcinogenicity (see Chapter
9 for more information). 2-BE was detected in the discharge of a Pennsylvania CWT at

1 Among the BTEX compounds, the MCL for benzene is the lowest at 5 µg/L; the MCL for ethylbenzene is 700 µg/L, the
MCL for toluene is 1,000 µg/L, and the MCL for xylenes is 10,000 µg/L.
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concentrations of 59 mg/L (Volz et al., 2011). Ferrar et al. (2013) detected 2-BE in the effluent from
a CWT in western Pennsylvania at average concentrations of 34 – 45 mg/L; the latter value was
measured when the CWT was receiving only conventional oil and gas wastewater. Data are lacking
on 2-BE concentrations in surface waters that receive treated effluent from hydraulic fracturing
wastewater treatment systems.
Polyaromatic hydrocarbons (PAHs; a group of SVOCs) have been found in hydraulic fracturing
wastewater (Section 7.3.4.7, Table 7-6). PAHs detected in an unlined pit containing oil and gas
wastewater near the Duncan Oil Field in New Mexico were also detected in soils 82 ft (25 m)
downgradient at concentrations ranging from 2,000 to 4,900 µg/kg and 164 ft (50 m)
downgradient, with concentrations ranging from 22 to 370 µg/kg (Sumi, 2004; Eiceman, 1986).

8.5.6 Oil and Grease

Oil and grease in oil and gas wastewater can come from the formation or from oil-based drilling
fluids. Typically, oil and grease are separated from the wastewater before discharge either by heat
treatment or by gravity separation followed by skimming. If these processes are inefficient, oil and
grease can be integrated with the discharge to surface waters. For example, in some cases, oil and
grease are allowed to separate in pits, and water is then withdrawn from the lower part of the pit. If
the oil layer is allowed to drop to the level of the standpipe or if the water is agitated, oil and grease
may be discharged along with the water. Oil and grease are also often dispersed in wastewater in
the form of small droplets that are 4 to 6 microns in diameter. These droplets can be difficult to
remove using typical oil/water separators (Veil et al., 2004).
A study was conducted in Wyoming by the U.S. Fish and Wildlife Service from 1996 to 1999 of sixty
five oil and gas sites that discharge to ephemeral streams and subsequently to wetlands. Fifteen
percent of the wetlands receiving wastewater contained oil-stained vegetation and had a visible oil
sheen on the sediments. In addition, ten of twelve sites that were randomly selected for water
sample collection (from oil field separator or skim pit effluent) exceeded the discharge limit of 10
mg/L for oil and grease with one site as high as 54 mg/L (Ramirez, 2002).

8.6 Synthesis

A variety of strategies may be considered for the management of hydraulic fracturing wastewater.
Important factors for planning management include cost, logistics, wastewater composition,
wastewater volumes, and regulations. Available information suggests that Class IID wells regulated
under the UIC Program are the most frequently used wastewater management practice, but reuse,
sending to a CWT, and various other methods are also employed.

8.6.1 Summary of Findings

8.6.1.1 Wastewater Volumes
The most current national estimate of the total wastewater volume generated in the oil and gas
industry (both onshore and offshore) was 889.59 billion gal (21.18 billion bbls or 3.37 trillion L) in
2012, although this estimate is subject to a number of uncertainties (Veil, 2015). The total amount
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of wastewater generated may increase if hydrocarbon production increases in a region, although
Veil (2015) suggests that this trend may not hold true at the national level. Geographically, a large
portion of onshore oil and gas wastewater in the United States is reported to be generated in the
western part of the country, consistent with the areas where most oil and gas wells are located and
most production takes place.

Obtaining reliable national estimates of the amount of wastewater attributable to hydraulic
fracturing is a challenge. State data collection efforts vary, and in many states, production data do
not identify which wells have been hydraulically fractured. However, annual estimates compiled
from those states where hydraulic fracturing wastewater is identified range from hundreds of
millions to billions of gallons of wastewater generated each year. Data from individual states
indicate that along with an increase in the numbers of hydraulically fractured wells, associated
wastewater volumes have generally increased over the last several years into 2014. However, while
there is a general correlation between unconventional oil and gas production and wastewater
volume, the relationship is complicated by several factors such as timing of drilling and production.
More complete and comparable estimates of local, state, and regional wastewater volumes would
facilitate wastewater management on the part of operators as well as planning on the part of
agencies that oversee wastewater management.

8.6.1.2 Wastewater Management Practices

Hydraulic fracturing wastewater is managed in a variety of ways, including disposal via Class IID
wells; minimal treatment and reuse (in subsequent fracturing operations); more complete
treatment followed by reuse; sending to CWTs for treatment followed by direct discharge or
transfer to POTWs; evaporation; and other uses such as agriculture and wildlife use (allowed only
in the arid west when the wastewater is of good enough quality for such uses). All of these
strategies have the potential to affect drinking water resources. Wastewater management practices
continue to shift in response to evolving understanding of environmental concerns, emplacement of
new regulatory controls, changes in costs, and changes in technology and operator practices.
Unauthorized discharges of hydraulic fracturing wastewater have also been documented, and such
discharges can potentially impact drinking water resources.
As of 2015, available information suggests that Class IID disposal wells are a primary wastewater
management practice for operators in most of the major unconventional reservoirs in the United
States, with the notable exception of the Marcellus Shale region in Pennsylvania. Class IID wells
tend to be economically favorable, especially if they are located within a reasonable transportation
distance from well sites (U.S. GAO, 2012). In particular, large numbers of active injection wells are
found in Texas (7,876), Kansas (5,516), Oklahoma (3,837), Louisiana (2,448), and Illinois (1,054)
(U.S. EPA, 2016d).

Pennsylvania is somewhat unique in having only nine Class IID wells (as of February 2015), along
with having experienced significant growth of shale gas production in the Marcellus and
corresponding production of large volumes of wastewater. Operators producing from
unconventional formations (as defined by PA DEP) have managed their wastewater through the use
of POTWs (a practice that is subject to recently promulgated regulations), CWTs, extensive reuse
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for hydraulic fracturing operations, and hauling to disposal wells (to a lesser degree). The
wastewater management history in Pennsylvania provides an example of evolving strategies to
manage the treatment, discharge, storage, and reuse of hydraulic fracturing wastewaters that are
high in constituents of concern (e.g., bromide, TDS, and TENORM).

Reuse of hydraulic fracturing wastewater to formulate fluid for subsequent hydraulic fracturing
jobs is most prevalent in Pennsylvania (as high as 90%), with much of the reuse happening on-site
(PA DEP, 2015b). Reuse is practiced in other regions as well (e.g., Haynesville Shale, the Fayetteville
Shale, the Barnett Shale, and the Eagle Ford Shale), but at much lower rates (about 5 – 20%).
Reliable estimates are not available for all areas of the United States because waste management
practices are not consistently reported across all states. If hydraulic fracturing activity slows,
demand for wastewater for reuse will also likely decrease, and other forms of wastewater
management will be needed. Potential impacts associated with reuse center on concerns over the
storage of untreated or minimally treated wastewater on-site or transport to CWTs.

Treatment of hydraulic fracturing wastewater may be done at CWTs or using mobile or semimobile systems designed for on-site use. Treatment at a CWT may be followed by direct discharge
by the CWT to surface water, indirect discharge to a POTW in accordance with recently
promulgated regulations, or reuse. Most CWTs treating hydraulic fracturing wastewater are located
in Pennsylvania (about 40 facilities), with a limited number in other states. CWTs vary widely in
treatment capabilities, ranging from producing high-quality effluent to minimal treatment for reuse.
Other wastewater management practices, such as evaporation and agricultural uses, represent a
smaller fraction of wastewater management nationally. These practices can, however, be locally
significant. Although specific instances of contamination were not identified for this assessment,
these practices could lead to impacts on drinking water resources if facilities are not properly
constructed and maintained or if water quality is not adequately characterized to ensure that
management is appropriate.

8.6.1.3 Treatment and Discharge

Wastewater that is treated and subsequently discharged by CWTs can result in impacts due to
inadequate treatment. A frequently cited concern is the high TDS content in wastewaters from
unconventional formations, which poses challenges for treatment, discharge, and reuse. Treatment
processes such as sedimentation, filtration, flotation, and chemical precipitation are capable of
removing constituents such as oil and grease, major cations, metals, and TSS. They do not, however,
adequately reduce TDS in high-salinity wastewaters. More advanced processes such as reverse
osmosis (RO) or distillation are needed if TDS removal is required (Shaffer et al., 2013; Younos and
Tulou, 2005). Most available information on treatment of hydraulic fracturing wastewater is based
on practices used in Pennsylvania because that is where most data have been collected.
Hydraulic fracturing wastewater discharged from treatment facilities without advanced TDS
removal processes has resulted in elevated TDS concentrations (including bromide, iodide, and
chloride levels) in receiving waters. Impacts from these discharges is due largely to the role of
bromide and iodide in DBP formation at downstream drinking water systems, potentially causing
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higher levels of harmful DBPs in finished drinking water. 1 Modeling suggests that very small
percentages of hydraulic fracturing wastewater added to a river used as a source for drinking water
systems could cause a notable increase in DBP formation.
Radionuclides (i.e., TENORM), which are present in some hydraulic fracturing wastewaters, can
cause impacts if the wastewater is discharged without adequate treatment. TENORMs have been
measured in effluent from wastewater treatment facilities receiving Marcellus wastewater (which
includes effluent sent for reuse and not discharged to surface water). Radium-226, radium-228,
gross alpha, and gross beta are most cited as the radioactive constituents of concern, likely due to
the availability of test methods for these constituents in wastewater. Radium concentrations can
range up to thousands or tens of thousands of pCi/L. Fewer data are available on concentrations of
uranium and other radionuclides in hydraulic fracturing wastewaters. Also, fewer data exist on
radionuclide concentrations in wastewaters from unconventional formations other than the
Marcellus, limiting our ability to assess potential impacts from TENORM on a nationwide basis.

Other constituents posing health or environmental concerns that can be discharged in inadequately
treated hydraulic fracturing wastewater include organic compounds, barium, strontium, and other
metals. Chemicals used in the fracturing fluid or their degradation products could also be present. A
variety of treatment processes can be used for removal of these contaminants, from commonly used
methods such as chemical precipitation and filtration to more advanced and more costly
techniques, such as reverse osmosis, distillation, and mechanical vapor recompression.

8.6.1.4 Storage and Disposal Pits and Impoundments

Regardless of the wastewater management practices used, some type of temporary storage of fluids
is generally required. Storage can be in the form of tanks as well as pits and/or impoundments. Pits
encompass a variety of structures, from on-site pits for storage at the well site to larger, centralized
facilities (typically referred to as “impoundments” or “ponds”). Some states allow evaporation pit
facilities or percolation pits as a means of wastewater disposal. The locations and number of pits
are not well documented in most states, nor are pits associated with hydraulic fracturing
operations necessarily identified, despite efforts by the U.S. EPA (U.S. EPA, 2003b) and
environmental groups such as SkyTruth to identify pits in use. Information that is typically
available on state websites includes permitted centralized commercial evaporation facilities
(COWDFs) most commonly used in the western United States.
Impacts on both groundwater and surface water resources due to inadequate pit capacities,
overfilling, and leaks have been documented. In extreme precipitation events, pits can be
overtopped. Leaks can occur if liners are compromised or were not used. With an increased
emphasis on reuse in some regions, the need for temporary storage of high-TDS wastewater
increases the potential for leaks and spills from pits and during fluid handling.

Some types of DBPs are regulated under SDWA’s Stage 1 and Stage 2 DBP Rules, but a subset of DBPs, including a
number of chlorinated, brominated, nitrogenous, and iodinated DBPs, are not regulated. Brominated and iodinated DBPs
are more toxic than other species of DBPs.
1
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Unlined pits, in particular, provide a pathway for contaminants to reach groundwater, and impacts
on groundwater from historic and current uses of unlined pits in the oil and gas industry have been
documented. The resulting contamination can be long-lasting. States have taken measures to phase
out the use of unlined disposal and storage pits, but unlined pits that are still in use can provide an
ongoing potential source of contamination for groundwater (Grinberg, 2014).

8.6.1.5 Residuals

Solid and liquid residuals associated with hydraulic fracturing wastewater (treatment residuals
from CWTs, sludges from tanks and pits, and pipe scale) could have impacts on drinking water
resources if not managed and disposed of properly. Liquid residuals are inappropriate for surface
water discharge or discharge to a POTW due to high concentrations of salts and other
contaminants; they are commonly disposed of in an injection well. Solid residuals may leach a
number of constituents, such as alkali metals, alkaline earth metals, and bromide. They can also
contain TENORM if radionuclides are present in the wastewater being treated. Given that residuals
are commonly disposed of in landfills, TENORM can be problematic due to the possibility of radon
emissions and radioactivity in the landfill leachate. Solids from pits or tanks can also contain
TENORM if the wastewater contains radionuclides, and one study has shown the potential for
radioactivity to increase in the closed environment of tanks.

8.6.2 Factors Affecting the Frequency or Severity of Impacts

The frequency and severity of impacts on drinking water resources from hydraulic fracturing
wastewater will depend upon the wastewater composition and volumes, and the mix of wastewater
management strategies used. 1 The types of potential impacts (along with frequency and severity)
may shift in time as management practices change in response to evolving environmental,
regulatory, economic, or logistical drivers. The frequency and severity of impacts can also depend
on the size and initial quality of the drinking water resource and its proximity to wastewater
management operations.

8.6.2.1 Role of Changing Wastewater Management Practices

The most common disposal option for hydraulic fracturing wastewater is injection into Class II
disposal wells. If this option becomes restricted in a given location, the wastewater management
options could shift, at least locally, towards other options such as sending wastewater to CWTs for
treatment and either discharge or reuse. Although reuse avoids the immediate need to discharge
wastewater by directing it to ongoing hydraulic fracturing activities, the practice could concentrate
radionuclides or other constituents as fluid moves through cycles of reuse. Whether such
concentrations would be significant depends on the ratio of recycled to “fresh” water when the
wastewater gets reused. Alternatively, wastewater might need to be transported to more distant

1 Both national and state regulations affect the wastewater management practices used. At a national level, although the
EPA’s oil and gas ELG regulations generally prohibit the direct discharge of oil and gas wastewater to waters of the U.S.,
treatment and discharge of hydraulic fracturing wastewater can occur under certain limited circumstances, such as under
an exemption authorizing discharge for agricultural and wildlife use in the arid west, or by Centralized Waste Treatment
facilities. For additional information on national regulations relevant to hydraulic fracturing wastewater management, see
Text Box 8-2.
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Class IID wells. This option, while attractive from the perspective of limited disposal impacts, could
increase the frequency of impacts from spills and leaks during transportation (see Chapter 7 for
discussion of roadway transport of produced water).

8.6.2.2 Treatment and Discharge

Both the frequency and severity of potential impacts on drinking water resources from treated
hydraulic fracturing wastewater depend on the influent concentrations of the constituents in the
wastewater and the type and adequacy of the treatment processes employed. If treatment and/or
blending is inadequate, the resulting quality in a receiving water could, for example, influence
formation of DBPs during subsequent drinking water treatment, impair biological treatment
processes, and release TENORMs into receiving waters.

The volume of treated effluent discharged relative to the size of the receiving water body is an
important local factor affecting the frequency and severity of potential impacts. Because of dilution
effects, drinking water systems drawing from smaller rivers will likely face greater challenges in
dealing with contaminants in their source water than systems drawing from larger rivers receiving
the same volume of effluent. Seasonal changes in streamflow will also affect frequency and severity
by affecting the degree of dilution. Existing loadings of pollutants from other sources in a watershed
can increase the frequency and severity of potential impacts if the additional contributions from
hydraulic fracturing wastewater cause concentrations to exceed thresholds.
Direct discharges of wastewaters with lower TDS concentrations to ephemeral streams are allowed
in parts of the country where the wastewater is considered to be “of good enough quality” for
livestock watering and wildlife use, and the discharges may constitute a large portion of
streamflow. Permits authorizing such discharges may only require monitoring for a limited set of
constituents. In particular, they may not necessarily require monitoring for specific constituents
associated with hydraulic fracturing. The potential for water quality impacts from such discharges
depends upon whether chemicals used for fracturing fluid or maintenance (or their degradation
products) are present and at what concentrations. Long-term discharges to these ephemeral
streams could result in ongoing impacts if there are unrecognized or unaddressed water quality
issues.

Concerns about radionuclides in hydraulic fracturing wastewater have received considerable public
attention, especially in the Marcellus region. The severity and frequency of impacts on receiving
waters and sediments from TENORM depends upon the TENORM content in the wastewater
(highest in regions with NORM-rich formations), temporal variability in the wastewater
composition, and the treatment processes used. There are insufficient data to indicate whether
radionuclides from these wastewaters have reached drinking water intakes. However, data do
suggest that radionuclides can accumulate in sediments at or near discharge points from facilities
that treat and discharge oil and gas wastewater. A recent PA DEP study (PA DEP, 2015b) reported
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radium in the effluent of both CWTs handling oil and gas wastewater and POTWs receiving effluent
from such facilities.

Analysis of TENORM concentrations in hydraulic fracturing wastewaters prior to treatment,
selection of appropriate treatment processes that adequately address the TENORM levels, and
monitoring of TENORM in the treated effluent and receiving waters could help address the
frequency and severity of potential impacts on drinking water resources in these areas. However, a
confounding issue is underestimation of radium concentrations when using traditional wet
chemical methods with high-TDS waters. This could consequently cause underestimation of
frequency or severity of impacts. Newer studies have begun to use gamma spectroscopy for better
recovery, which could help with more accurate assessment of frequency and severity of impacts
(Nelson et al., 2014).

Accumulation of other contaminants such as organic compounds or metals in sediments at or near
discharge points is also possible. If the sediments are disturbed or entrained due to dredging or
flood events, contaminated sediments could be transported downstream closer to drinking water
systems. The fate of such sediments and likelihood of mobilization of contaminants originating from
hydraulic fracturing wastewaters have not been explored. The frequency and severity of impacts
related to contaminated sediments would depend on a number of site-specific factors such as
concentrations in the sediments, effluent quality, volume from the discharging facility, stream
water quality, and stream hydrodynamics.

8.6.2.3 Storage and Disposal Pits and Impoundments

Tanks, pits, and impoundments, ever-present at oil and gas operations and CWTs, provide an
opportunity for impacts on drinking water resources. Tanks are generally regarded as being safer
than pits in terms of containment, although recent research has shown the potential for an increase
in radioactivity in tank sediment if the wastewater contains TENORM. For pits and impoundments,
the likelihood and severity of impacts due to spills and leaks depends in part on state construction
and maintenance requirements for pits and how well these are observed. Frequency and severity of
impacts will be lessened by attention to design standards, competent construction, and operational
practices.

Liners, in particular, are an important measure to protect groundwater resources and are a
common aspect of pit construction requirements. Liner specifications address materials, thickness,
and leak detection. If a liner is compromised or nonexistent, the severity of impacts on groundwater
will be affected by the volume leaked, the composition of the water in the pit, the depth to the water
table, soil permeability, and the capacity of the soil to retain certain pollutants as the water
percolates through. If substantial sediment has built up in the bottom of the pit, then in the event of
a liner breach, contaminants may leach if the sediments permit water to pass through and into the
soil. The fate and transport of wastewater contaminants in the subsurface is governed by a complex
set of physical, chemical, and biological processes that dictate interactions between wastewater
constituents and soil minerals, degradation or transformation of wastewater constituents, and
possible mobilization of constituents in the soil under a pit (see Section 5.8 in Chapter 5 for a
thorough discussion of processes affecting movement of constituents in the subsurface). Duration
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of use is also a consideration; the longer a pit with a faulty or nonexistent liner receives
wastewater, the more severe the ultimate impact could be on underlying sediment and
groundwater.

In the event of overtopping of a pit due to overfilling or extreme weather, the severity of impacts on
surface water or groundwater will depend on the volume that overflows, wastewater composition,
distance to surface water (if wastewater flows over land), depth to the water table, and soil
properties (if the overflow infiltrates into the soil). If the overflow reaches a stream or river, the
size of the spill relative to stream size and flow rate could also affect the severity of the impact. The
combined factors that can contribute to overflows include capacity of the pit, the volume of fluid
stored in the pit (i.e., freeboard) at the start of the precipitation event, and failure to monitor/
reduce pit fluid levels if needed.
As with concerns over discharges, the potential for impacts will be tied to other, existing stresses
within a watershed. If the surface water is already receiving pollutant loadings from other sources,
then an additional contribution from a pit-related leak or spill may not be as readily accommodated
without causing water quality impairment.

8.6.2.4 Other Management Practices and Management of Residuals

Other management strategies such as irrigation, road spreading, and evaporation are less
frequently employed for hydraulic fracturing wastewaters. The severity of impacts on surface
waters from irrigation and road spreading will depend on the constituents in the wastewater (e.g.,
salts, radionuclides, and chemicals used in hydraulic fracturing), the distance to a receiving water,
and whether stormwater management measures exist to mitigate runoff. The factors influencing
whether constituents will migrate to shallow groundwater include depth to the water table,
precipitation, soil permeability, and the soil’s ability to retain pollutants that can adsorb to
particles. If irrigation and road spreading are long-term management practices, the frequency of
impacts will likely be proportional to the frequency with which the practices are employed.

Liquid and solid residuals generated from the treatment, storage, and handling of hydraulic
fracturing wastewater have highly concentrated waste constituents. This could increase the
potential severity of impacts due to spills that reach surface water resources or leach to
groundwater. Potential impacts from management of residuals can be lessened in frequency and
severity through careful handling, adequate characterization (including TENORM content), and
selecting an appropriate disposal method, including use of a landfill that can accept TENORM waste
if needed.

8.6.3 Uncertainties

A full understanding of hydraulic fracturing wastewater management is limited by a lack of
available data in several areas. First, it is difficult to assemble a complete national- or regional-level
picture of wastewater volumes and the management practices used because the tracking and
availability of data vary from state to state. Although some states provide well-organized and
relatively thorough data, not all states collect or make such information available. It can be difficult
to identify wastewater volumes specifically associated with hydraulic fracturing (as compared to all
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oil and gas production activities). Such data would be needed to place hydraulic fracturing
wastewater in the broader context of all oil and gas wastewaters. It is also generally difficult to
determine whether hydraulic fracturing wastewater is being injected under a given disposal well
permit because the permit rarely identifies which production wells are contributing to the
wastewater stream. Data are also generally difficult to locate for wastewater production volumes,
the chemical composition and concentrations in wastewater, and the management and disposal
strategies for residuals.

Up-to-date information on the volume of hydraulic fracturing wastewater disposed of via
underground injection by state is not uniformly available. Without this information, it is difficult to
assess whether disposal well capacity will become an issue in areas where hydraulic fracturing
activity is expected to increase or where use of disposal wells may become restricted locally or
regionally.

For CWTs permitted to discharge to surface water, the ability to assess the potential effects of these
discharges on drinking water resources is limited by the lack of effluent water quality data. Some
monitoring data are required by the permit, but the list of monitored constituents may be limited.
Selection of the appropriate water quality parameters to be monitored is critical to ensure that
potentially problematic constituents are identified (e.g., chemicals associated with hydraulic
fracturing fluids, maintenance chemicals, and degradation products of those chemicals). Some
chemicals used in fracturing fluids are not disclosed, and analytical methods are lacking for some
chemicals of concern and their degradation products.

Pollutant removal capabilities of the treatment facilities would also be valuable information to have,
but this would require well-coordinated collection of both influent and effluent samples; this type
of data is even less commonly available. In addition, the use of inappropriate analytical methods for
the high TDS wastewater associated with hydraulic fracturing operations can complicate the use of
available data. Methods used should be suitable for the highly complex matrix of contaminants
encountered with oil and gas wastewater to have confidence in the results of chemical analyses.
Monitoring of surface waters downgradient of discharges, such as screening with a TDS proxy (i.e.,
conductivity), would also help assess the frequency of impacts on receiving waters by hydraulic
fracturing activities (including spills and discharges of wastewater). Such data can also give an
estimation of the severity of those impacts. Other than a few studies in the Marcellus Shale region,
these types of water quality data are lacking. Existing data are also limited regarding legacy effects,
such as accumulation of contaminants in sediments at discharge points, soil accumulation due to
application of de-icing brines or salts from wastewater treatment, and handling of wastewater
treatment residuals.

Assessing longer-term impacts on surface water quality from hydraulic fracturing activities in
general is severely hampered by inadequate data. Bowen et al. (2015) state that available nationallevel databases are inadequate for addressing the question of whether there is evidence of nationallevel trends in surface water quality (as measured by specific conductivity and chloride) in areas
where unconventional oil and gas production is taking place. Work by the Northeast-Midwest
Institute and the USGS (Betanzo et al., 2016) was undertaken to explore the types and amounts of
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data needed to assess whether shale gas development activities contaminate surface water or
groundwater in the Susquehanna River Basin. The focus was on longer-term cumulative impacts
because detection of such impacts requires water quality monitoring. Detection of impacts (in
either surface water or groundwater) requires a systematic monitoring approach that includes
sampling at appropriately selected locations at an adequate frequency and duration and for a suite
of water quality parameters to detect changes over time. Comparison sites without hydraulic
fracturing activity are needed as well. The authors concluded that the data necessary to detect
changes in surface water or groundwater due to hydraulic fracturing activities do not currently
exist for the Susquehanna River Basin.

8.6.4 Conclusions

Oil and gas operations in the United States generated an estimated 2.43 billion gal of wastewater
per day (about 60 million bbls/day) in 2012 (Veil, 2015). This includes wastewater associated with
hydraulic fracturing activities, although what portion of this oil and gas wastewater is attributable
to hydraulic fracturing operations is difficult to estimate. Available information indicates that the
majority of hydraulic fracturing wastewater is injected into Class IID wells regulated under the UIC
Program. In the Marcellus Shale region in Pennsylvania, this option is limited, and the majority of
wastewater is reused (either with or without treatment) for new hydraulic fracturing jobs.
Hydraulic fracturing wastewater may also be treated at a CWT and discharged by the CWT to
surface water or to a POTW. In the western United States, wastewater is used in other ways (e.g.,
livestock watering) if water quality allows. Wastewater is also sent to evaporation ponds for
disposal or stored on-site or in centralized pits or impoundments prior to final disposal or reuse.

Impacts on drinking water resources have resulted from discharges of inadequately treated
wastewater and from leaks, spills, and percolation associated with pits. Other mechanisms for
impacts include improper handling of treatment residuals or pit and tank sludges as well as
leaching and runoff associated with other wastewater management practices. The impacts related
to pits and residuals/sludges affect both surface water and groundwater; unlined pits or those with
compromised liners present a particular concern (see Chapter 7 for additional discussion of spills).
The constituents that have received the greatest attention in the literature include TDS, DBP
precursors (especially bromide), and radium, although hydraulic fracturing wastewater can contain
elevated concentrations of a number of organic and inorganic constituents of concern. Regardless of
the management option utilized, if the wastewater is not thoroughly characterized or sampling is
not conducted for analytes of concern, the severity and frequency of the impacts will be unknown
or unquantified. The nature and volume of wastewater generated through hydraulic fracturing
activities necessitate careful consideration of handling, treatment, and ultimate reuse or disposal to
ensure that water resources are not adversely impacted. There is also a need for reliable and
consistent waste generation data collection and reporting, improved efforts to characterize
wastewater quality (both treated and untreated), and systematic monitoring efforts to be able to
detect impacts on drinking water resources.
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Chapter 9. Identification and Hazard
Evaluation of Chemicals across
the Hydraulic Fracturing Water Cycle
Abstract
This chapter identifies chemicals associated with hydraulic fracturing and provides an overview of the
potential human health effects associated with these chemicals, as well as variables that could affect
chemical occurrence in drinking water. The EPA has identified 1,606 chemicals associated with
hydraulic fracturing, including 1,084 chemicals that are used in hydraulic fracturing fluid and 599
chemicals that have been detected in produced water. There is some uncertainty surrounding this
chemical list, as it does not include a subset of chemicals that are classified as confidential business
information, and because understanding of produced water composition is constrained by limitations of
analytical chemistry as well as site-specific variations in the geochemistry of hydraulically fractured
rock formations.

The EPA used selected federal, state, and international sources of toxicological data to identify toxicity
values that can be used to support risk assessment for these chemicals, including chronic oral reference
values (RfVs) for noncancer effects and oral slope factors (OSFs) for cancer. Chronic oral RfVs or OSFs
were available for 173 (11%) of the total 1,606 chemicals. Health effects associated with chronic oral
exposure to these chemicals include carcinogenicity, neurotoxicity, immune system effects, changes in
body weight, changes in blood chemistry, liver and kidney toxicity, and reproductive and developmental
toxicity.

For the majority of chemicals that lack chronic oral RfVs or OSFs, risk assessors will have to turn
towards other sources of toxicological information that may have greater uncertainty than RfVs and
OSFs, including quantitative structure-activity relationship (QSAR) models or additional data from the
EPA’s Aggregated Computational Toxicology Resource (ACToR) database. To understand whether
specific chemicals can affect human health through their presence in drinking water, data on chemical
concentrations in drinking water are needed. In the absence of these data, a preliminary analysis of
relative hazard potential for drinking water resources can be conducted using the multi-criteria decision
analysis (MCDA) approach outlined in this chapter. The MCDA combines data on toxicity, occurrence,
and physicochemical properties for selected subsets of chemicals and was used in this chapter to
highlight several chemicals that may be more likely than others to reach drinking water resources and
present a health hazard.
Overall, while evidence suggests that hydraulic fracturing has the potential to impact human health, the
actual human health implications are not well understood or well documented. Given that chemicals in
hydraulic fracturing fluids and produced water are likely to vary on a regional basis and even between
individual wells, the materials presented in this chapter are best applied for risk assessment and risk
management decision-making at the local level.
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9. Identification and Hazard Evaluation of Chemicals
across the Hydraulic Fracturing Water Cycle
9.1 Introduction
In this chapter, we present and integrate what is known about chemicals in the hydraulic fracturing
water cycle, and provide an initial assessment of the potential for these chemicals to impact human
health. The discussion is focused on the availability of toxicity values and qualitative assessments
that can be used to inform the risk assessment of these chemicals for oral exposure via drinking
water—in particular, the available noncancer oral reference values (RfVs), cancer oral slope factors
(OSFs), and qualitative cancer classifications. 1,2,3 Public health impacts will depend upon both the
inherent toxicity of these chemicals and the potential for human exposure. We highlight several
field studies that have detected hydraulic fracturing-related chemicals in drinking water resources,
and discuss properties of chemicals related to environmental fate and transport that could affect
their potential impact on drinking water resources. To the extent information was available to do
so, knowledge of toxicological and chemical properties was combined to illustrate a preliminary
analysis of the relative hazard that these chemicals could pose to drinking water resources. The
data are presented in this chapter as follows:

Section 9.2 provides a brief background on public health concerns surrounding hydraulic fracturing
and unconventional oil and gas extraction, which have been highlighted in several recent studies.
Section 9.3 discusses how information sources were used to create a list of chemicals used in or
detected in various stages of the hydraulic fracturing water cycle. The consolidated chemical list
includes chemicals reportedly added to hydraulic fracturing fluids in the chemical mixing stage, as
well as fracturing fluid chemicals, formation chemicals, or their reaction products that may be
carried in produced water.

Section 9.4 provides an overview of the methods that were used for gathering information on
toxicity and physicochemical properties for all chemicals identified in Section 9.3, and outlines the
number of chemicals that had available data on these properties. For toxicological data, the primary
focus is on chronic oral RfVs, OSFs, and qualitative cancer classifications from selected data sources
that met the EPA’s criteria for inclusion in this assessment. This section also discusses other

1A

reference value (RfV) is an estimate of an exposure for a given duration to the human population (including
susceptible subgroups) that is likely to be without an appreciable risk of adverse health effects over a lifetime. RfV is a
generic term not specific to a given route of exposure (U.S. EPA, 2011f). In the context of this report, the term RfV refers to
reference values for non-cancer effects occurring via the oral route of exposure and for chronic durations, except where
noted.
2 An oral slope factor (OSF) is an upper-bound, approximating a 95% confidence limit, on the increased cancer risk from a
lifetime oral exposure to an agent. This estimate, usually expressed in units of proportion (of a population) affected per
mg/kg day, is generally reserved for use in the low dose region of the dose response relationship, that is, for exposures
corresponding to risks less than 1 in 100 (U.S. EPA, 2011f).
3 Qualitative cancer classifications are a system used for the hazard identification of probable carcinogens, in which
human data, animal data, and other supporting evidence are combined to characterize the weight of evidence (WOE)
regarding the potential of an agent to cause cancer in humans.
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potential sources of toxicity information: the use of quantitative structure-activity relationship
(QSAR) modeling to estimate chemical toxicity, as well as the availability of toxicological
information on the EPA’s Aggregated Computational Toxicology Resource (ACToR) database. A
brief description of other potential tools and approaches that may be used by stakeholders for sitespecific evaluation of chemical hazards, but are not used in this report, is provided in Appendix G.
Section 9.5 describes the potential hazards of subsets of chemicals identified as being of interest in
previous chapters of this report. This includes chemicals in hydraulic fracturing fluid (Chapter 5);
organic chemicals, inorganic chemicals, and pesticides detected in produced water (Chapter 7);
stray gas, such as methane (Chapter 6); and disinfection byproducts (DBPs) formed from
constituents of hydraulic fracturing fluid wastewaters (Chapter 8). We discuss instances in which
these chemicals have been detected in drinking water resources in areas of hydraulic fracturing
activity, and provide an overview of the available toxicological information for these chemicals.
Section 9.6 uses a multi-criteria decision analysis (MCDA) framework to provide a preliminary
analysis of the potential hazards of chemicals used in hydraulic fracturing fluids or detected in
produced water. The MCDA framework is used to integrate data on chemical toxicity, occurrence,
and physicochemical properties. In this context, occurrence and physicochemical properties are
used as metrics to estimate the likelihood that a chemical will reach and impact drinking water
resources. Chemicals considered in these hazard evaluations include a subset of chemicals
identified in the EPA FracFocus 1.0 project database, as well as a subset of organic chemicals that
have been detected in produced water.

This chapter is not a human health risk assessment. As shown in Text Box 9-1, risk assessment
consists of four basic steps: hazard identification, dose-response assessment, exposure assessment,
and risk characterization. This chapter provides an overview of hazard identification and doseresponse assessment for these chemicals, but lacks information to fully characterize exposure and
risk. In Section 9.5, we highlight instances in which these chemicals have been detected in drinking
water resources, but these data are only available for a small number of chemicals. The MCDA
approach in Section 9.6 provides a method for integrating data on toxicity and exposure potential,
but should be considered only as a preliminary analysis, and should not be used in place of local
data on chemical exposure.
This chapter is focused on potential human health hazards of chemicals for the oral route of
exposure (drinking water); therefore, the toxicological properties and physicochemical ranking
metrics described herein do not necessarily apply to other routes of exposure that may occur with
these chemicals, such as inhalation or dermal exposure. We additionally note that this analysis is
focused on individual chemicals, rather than mixtures of chemicals used as additives.

In general, characterizing chemicals and their properties on a national scale is challenging and the
use and occurrence of chemicals is likely to differ between geological basins and possibly on a wellto-well basis (Chapters 5 and 7). Therefore, for the protection of human health at the local level,
chemical hazard evaluations are best conducted on a regional or site-specific scale. This level of
analysis is outside the scope of this report; however, the methods of hazard evaluation presented
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here can also be applied on a regional or site-specific scale in order to identify chemicals that may
present a potential human health hazard.

Text Box 9-1. Applying Toxicological Data for Human Health Risk Assessment.
Understanding potential human health impacts requires knowledge not only of the inherent toxicity of the
chemicals found in contaminated environmental media, but also of the potential for exposure to these
chemicals. The process of evaluating the nature and probability of such impacts is known as human health
risk assessment. Overall, human health risk assessment includes four basic steps (U.S. EPA, 2016a):

1. Hazard identification: Examining whether a chemical has the potential to cause harm to humans and/or
ecological systems, and if so, under what circumstances.
2. Dose-response assessment: Examining the numerical relationship between exposure and effects.

3. Exposure assessment: Examining what is known about the frequency, timing, and levels of contact with a
chemical.
4. Risk characterization: Examining how well the data support conclusions about the nature and extent of
risk from exposure to a chemical. Information from the hazard identification, dose-response assessment, and
exposure assessment are summarized and integrated into quantitative and qualitative expressions of risk.
The RfVs and OSFs compiled by the EPA in this study pertain to the first two steps of human health risk
assessment: identifying chemicals that have the potential to affect human health (hazard identification), and
characterizing the exposure levels at which those effects occur (dose-response assessment). These toxicity
values may be used in combination with site-specific chemical exposure information (exposure assessment)
in order to evaluate potential human health risks (risk characterization). Qualitative cancer classifications
characterize the weight of evidence regarding the potential for a chemical to cause cancer, and therefore
provide additional information that can be used for hazard identification.

Toxicity information spans a wide range with respect to extent, quality and reliability. The RfVs, OSFs, and
qualitative cancer classifications compiled in this study are those identified by the EPA as being of the highest
quality and reliability, per the criteria discussed in this chapter. The QSAR-based toxicity estimates discussed
in this chapter are considered to be lower on the continuum of quality and reliability, but may provide useful
information pertaining to hazard identification and dose-response assessment when a chemical does not
have an RfV or OSF available. The EPA’s ACToR database provides an aggregation of a wide range of
toxicological data that may also be useful for supporting the risk assessment of these chemicals. This chapter
provides information on whether a chemical has data available from ACToR; however, it is beyond the scope
of this report to evaluate the quality and reliability of data for these chemicals within ACToR, or to provide
guidance on how the data within ACToR should be used to support human health risk assessment.

9.2 Overview: Hydraulic Fracturing and Potential Impacts on Human Health
As discussed in the previous chapters of this assessment, a variety of chemicals are associated with
the hydraulic fracturing water cycle. Chemicals are added to hydraulic fracturing fluids at the
chemical mixing stage (Chapter 5), and then injected into the well (Chapter 6). These chemical
additives may return to the surface in produced water, along with chemicals from the formation
(Chapter 7). The chemicals in produced water may persist in wastewater effluents, with some
constituents contributing to the formation of disinfection byproducts in treated wastewater
(Chapter 8). Through events such as large volume spills (Figure 9-1), mechanical integrity failures,
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hydraulic fracturing directly into groundwater resources, or discharge of inadequately treated
hydraulic fracturing wastewater, there are specific instances in which these chemicals have been
demonstrated to enter drinking water resources. Thus, there is potential for human exposure to
these chemicals, and the potential for adverse human health effects resulting from exposure.

Figure 9-1. Fate and transport schematic for a hydraulic fracturing-related spill or release.
Multiple authors have noted with the recent increase in hydraulic fracturing operations there may
be an increasing potential for significant public health and environmental impacts (Goldstein et al.,
2014; Finkel et al., 2013; Korfmacher et al., 2013; Weinhold, 2012). These concerns have been
highlighted in several recent studies. An epidemiological study in Colorado demonstrated
residential proximity of pregnant mothers to natural gas wells is associated with an increased
incidence of congenital heart defects, and, to a lesser extent, neural tube malformations (Mckenzie
et al., 2014). A similar study in Pennsylvania found pregnant mothers living closer to
unconventional natural gas wells were more likely to have infants that were small for gestational
age, with lower birth weights compared to infants from mothers living farther from wells (Stacy et
al., 2015). Residential proximity to natural gas wells in the Marcellus Shale is associated with an
increase the number of self-reported health symptoms, particularly upper respiratory and dermal
symptoms (Rabinowitz et al., 2015), chronic rhinosinusitis, migraine headache, and fatigue
symptoms (Tustin et al., 2016). Laboratory studies have found that endocrine disrupting activity
measured using in vitro bioassays may be elevated in surface and groundwater at known hydraulic
fracturing spill sites (Kassotis et al., 2014) and in surface water downstream from a hydraulic
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fracturing wastewater injection facility (Kassotis et al., 2016). Although none of these studies
demonstrate a direct effect of hydraulic fracturing activity on human health, and none of the
epidemiological studies provided measures of individual or population level exposures or
differentiated between drinking water contamination and other potential routes of exposure (e.g.,
air pollution), all are suggestive of a relationship between unconventional oil and gas development
and adverse health outcomes.

Previous chapters of this report have identified cases in which contamination of drinking water
resources could clearly be linked to hydraulic fracturing activity. For example, equipment failure
and human error have led to spills of hydraulic fracturing fluids across the country and have
affected the quality of drinking water resources (U.S. EPA, 2015m; Brantley et al., 2014; COGCC,
2014; Gradient, 2013). Other studies highlighted in previous chapters provide indirect evidence
hydraulic fracturing activity has contaminated surface water or groundwater. For example, two
recent studies in the Marcellus Shale detected known hydraulic fracturing-related chemicals in
nearby groundwater wells, and used multiple lines of evidence to link the origin of these chemicals
to hydraulic fracturing activity (Drollette et al., 2015; Llewellyn et al., 2015).

There have also been documented impacts on ecological receptors. In Knox County, Kentucky,
retention pits holding hydraulic fracturing flowback fluids overflowed into Acorn Fork Creek during
the development of four natural gas wells, causing a decrease in pH and increase in conductivity. 1
Organics and metals including iron and aluminum formed precipitates in the stream, and fish and
aquatic invertebrates were killed or displaced in a 2.7 km length of the stream affected by the
release (Papoulias and Velasco, 2013). A field report from the Pennsylvania Department of
Environmental Protection (PADEP) described a leak in an overland pipe carrying a mixture of
flowback and freshwater between two impoundments that impacted a 0.6 km length of a stream, in
which 168 fish and 6 salamanders were killed (PA DEP, 2009b).
In some instances, chemical concentrations in drinking water resources impacted or potentially
impacted by hydraulic fracturing activity exceeded their respective primary or secondary
maximum contaminant level (MCL), or health advisory levels provided by the EPA’s National
Primary Drinking Water Regulations (NPDWRs) and Drinking Water Standards and Health
Advisories (DWSHA) tables (U.S. EPA, 2012b), indicating that these chemicals are present at levels
that may impact human health. 2 Examples will be discussed in Section 9.5. These studies generally
did not indicate the contaminated water was used directly for human consumption, so it is not clear
that people are being exposed to these chemicals at these levels. Nevertheless, these studies
indicate that hydraulic fracturing activity may contribute to the entry of chemicals into drinking
water resources at potentially harmful levels.

1 “Flowback” refers to fluids containing predominantly hydraulic fracturing fluid that return from a well to the surface.
Flowback is a type of produced water. See Chapter 7 for more details.

Maximum contaminant level (MCL): The highest level of a contaminant that is allowed in drinking water. MCLs are set as
close to the maximum contaminant level goal (MCLG) as feasible using the best available analytical and treatment
technologies and taking cost into consideration. MCLs are enforceable standards. The MCLG is a non-enforceable health
benchmark goal which is set at a level at which no known or anticipated adverse effect on the health of persons is
expected to occur and which allows an adequate margin of safety (U.S. EPA, 2012b).
2
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Risk assessment and risk management decisions will be informed by scientific information on the
toxicity of chemicals in hydraulic fracturing fluid and wastewater. The U.S. House of
Representatives’ Committee on Energy and Commerce Minority Staff released a report in 2011
noting that more than 650 products (i.e., chemical mixtures) used in hydraulic fracturing contain 29
chemicals that are either known or possible human carcinogens or are currently regulated under
the Safe Drinking Water Act (House of Representatives, 2011). More recently, several studies have
performed a reconnaissance of toxicity and/or physicochemical property data for specific subsets
of chemicals used in hydraulic fracturing fluids (Elliott et al., 2016; Wattenberg et al., 2015;
Stringfellow et al., 2014; Colborn et al., 2011), and have provided discussion on the hazards
inherent to these chemicals. In all cases, authors reported toxicity data was not available for many
of the chemicals assessed in these studies, with some studies indicating significant data gaps. For
instance, Wattenberg et al. (2015) evaluated 168 chemicals commonly used in hydraulic fracturing
fluids in North Dakota, and reported that 59% did not have chronic toxicity data available, and 35%
did not have acute toxicity data available. Elliott et al. (2016) performed a systematic evaluation of
reproductive and developmental toxicity for 1021 chemicals used in hydraulic fracturing fluids or
detected in wastewater, and found this toxicity information was lacking for 76% of these chemicals.
Overall, while combined evidence suggests hydraulic fracturing has the potential to impact human
health via contamination of drinking water resources, the actual public health impacts are not well
understood and not well documented. Available information indicates there are many chemicals
within the hydraulic fracturing water cycle that are known to be hazardous to human health, as
well as hundreds of chemicals for which toxicological data is limited or unavailable.

In this chapter, our primary goal is to evaluate the availability of toxicity data for a list of chemicals
used in hydraulic fracturing fluids or present in produced water, focusing primarily on toxicity
values from sources that meet the criteria for inclusion in this assessment, and to highlight
chemicals that may pose human health hazards.

9.3 Identification of Chemicals Associated with the Hydraulic Fracturing Water
Cycle

As the initial step towards evaluating the hazards of chemicals in the hydraulic fracturing water
cycle, the EPA compiled a list of chemicals used in or released by hydraulic fracturing operations
across the country. 1 This section describes the compilation of that list. This consolidated list
includes a total of 1,606 chemicals, and can be broken down into two sublists: (1) a list of chemicals
used in hydraulic fracturing fluids, and (2) a list of chemicals detected in produced water from
hydraulically fractured wells (Text Box 9-2).

This list demonstrates the range and variety of chemicals that are associated with the hydraulic
fracturing industry. These chemicals should not be considered unique to the hydraulic fracturing
1

We use the word “chemical” to refer to any individual chemical or chemical substance that has been assigned a CASRN
(Chemical Abstracts Service Registry Number). A CASRN is a unique identifier for a chemical substance, which can be a
single chemical (e.g., hydrochloric acid, CASRN 7647-01-0) or a mixture of chemicals (e.g., hydrotreated light petroleum
distillates (CASRN 64742-47-8), a complex mixtures of C9 to C16 hydrocarbons). For simplicity, we refer to both pure
chemicals and chemical substances that are mixtures, which have a single CASRN, as “chemicals.”
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industry; many of the chemicals used in hydraulic fracturing fluids are widely used industrial
chemicals, and many of the chemicals in produced water are naturally occurring. Although this list
represents the best information available to the EPA at the time of the assessment, it should not be
considered comprehensive. It is likely that, as industry practices change, chemicals may be used or
detected that are not included on these lists. Some additional limitations to this chemical list are
described in the subsections below.

Text Box 9-2. The EPA’s List of Chemicals Identified in Hydraulic Fracturing Fluids and/or
Produced Water.
This chemical list progressed through multiple iterations as the EPA’s hydraulic fracturing study was
developed, culminating in the list of 1,606 chemicals presented in this report.

The first iteration of this chemical list was published in the interim progress report (U.S. EPA, 2012h), and
included 1,026 chemicals that were identified from ten sources of information. Seven of these information
sources were documents from federal and state governmental units—including the EPA (U.S. EPA, 2011a, e,
2004a; Material Safety Data Sheets), the U.S. House of Representatives (House of Representatives, 2011), the
New York State Department of Environmental Conservation (NYSDEC, 2011), and the Pennsylvania
Department of Environmental Protection (PA DEP, 2010a)—which obtained data directly from industry. This
includes a list of chemicals provided directly to the EPA by nine well operating companies, representing
chemicals used in hydraulic fracturing fluids between 2005 and 2009, and a list of chemicals detected by
these companies in produced water from 81 wells. The remaining three sources are as follows: a technical
report prepared by the Gas Technology Institute for the Marcellus Shale Coalition, which is a drilling industry
trade group (Hayes, 2009); a peer-reviewed journal article by Colborn et al. (2011); and the FracFocus
Chemical Disclosure Registry, which is a national hydraulic fracturing chemical registry developed by the
Ground Water Protection Council and the Interstate Oil and Gas Compact Commission (GWPC, 2012).

In the external review draft of the EPA’s hydraulic fracturing study report (U.S. EPA, 2015d), this chemical list
was updated to 1,173 chemicals. The updated chemical list includes the 1,026 chemicals published in the
progress report, along with additional chemicals that were identified in the EPA FracFocus 1.0 report (U.S.
EPA, 2015a).
For the final version of this assessment, the list has again been updated to include additional chemicals in
produced water, which were identified from 18 additional literature sources. The final list includes a total of
1,606 chemicals that have been reported as used in hydraulic fracturing fluids or detected in produced water.
The complete list of sources used to compile the final chemical list is provided in Appendix Table H-1. To the
extent possible, after chemicals were identified from the sources in Table H-1, the EPA verified the identity of
the chemicals used in hydraulic fracturing fluids and detected in produced water of hydraulically fractured
wells as described in Appendix Section H.1.

9.3.1 Chemicals Used in Hydraulic Fracturing Fluids
Of the 1,606 total chemicals, the EPA identified 1,084 chemicals as being used in hydraulic
fracturing fluids. This list was originally introduced in Chapter 5 of this assessment (Section 5.4),
which describes some of the chemical classes and their purpose, and identifies the most frequently
used chemicals. This list of 1,084 chemicals is shown in Appendix Table H-2.
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Although a total of 8 sources were used to identify the list of chemicals used in hydraulic fracturing
fluids, only one source—the EPA analyses based on disclosures submitted to FracFocus—had
sufficient information for estimating the frequency with which these chemicals were used (Section
5.4, Text Box 5-1). 1 Of the 1,084 chemicals, 688 were identified in the EPA FracFocus 1.0 report
(U.S. EPA, 2015a). 2 Frequency of use for individual chemicals ranged from low (480 chemicals on
the list were reported in less than 1% of disclosures nationally) to very high (methanol was
reported in 73% of disclosures nationally).

As discussed in Chapter 5, this list provides valuable information on the chemicals used in hydraulic
fracturing fluids, but should not be considered complete. For example, in the analysis of the
disclosures submitted to the FracFocus 1.0 registry, the EPA was only able to assign standardized
chemical names to 65% of ingredient records. The remaining 35% of ingredient records did not
have valid CASRNs and were excluded from the analysis because they could not be assigned a
standardized chemical name (U.S. EPA, 2015a). In a more recent analysis of data reported to the
FracFocus registry through April 2015, Konschnik and Dayalu (2016) found that 80% of chemicals
had valid CASRN. That analysis identified an additional 263 CASRNs that are not on the EPA’s list of
chemicals used in hydraulic fracturing fluids (Dayalu and Konschnik, 2016).
Industry use of CBI is another factor that likely limits the completeness of this chemical list and
introduces uncertainty. For example, companies submitting to FracFocus 1.0 were not required to
disclose chemicals claimed as CBI. EPA determined that approximately 70% of the disclosures
submitted to FracFocus 1.0 contain at least one CBI chemical, and for those disclosures, the average
number of CBI chemicals per disclosure was five. Overall, 11% of ingredients were reported to
FracFocus 1.0 as CBI (U.S. EPA, 2015a). Konschnik and Dayalu (2016) report a 5.6% increase in the
number of CBI ingredients, as well as an increase in the number of disclosures reporting the use of
at least one CBI ingredient (Section 5.4; Text Box 5-2).

Although FracFocus disclosures do not provide the name or CASRN of CBI chemicals, the chemical
family is sometimes provided. The EPA determined that 79% of CBI ingredient records submitted
to FracFocus 1.0 had enough information to partially define the chemical and assign it to a chemical
family (U.S. EPA, 2015a). This resulted in the designation of 448 standardized chemical families to
which these chemicals could be assigned. The most common standardized chemical families for CBI
ingredients were oxyalkylated alcohol (4.7% of CBI ingredient records), petroleum distillates (4.0%
of CBI ingredient records), and quaternary ammonium compounds (3.6% of CBI ingredient
records) (U.S. EPA, 2015a) (Appendix Table B-1). These standardized chemical family designations
are not discussed further in this chapter, but may be useful for site-specific risk assessment, as they

1 The FracFocus frequency of use data presented in this chapter is based on 35,957 FracFocus disclosures that were
deduplicated, within the study time period (January 1, 2011 to February 28, 2013), and with ingredients that have a valid
CASRN. In the interest of including as many chemicals as possible, this analysis includes chemicals that do not have valid
concentration data. The 692 chemicals includes 16 chemicals that are listed as being used as proppants.

EPA analyses based on disclosures submitted to FracFocus identified 692 unique CASRN. Of these 692, we determined
that 4 chemicals are listed under two different CASRN (indicated in the footnote of Appendix Table H-2). Frequency of use
data is therefore available for 688 chemicals that were included on EPA’s list of chemicals in hydraulic fracturing fluids.

2
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may provide insight into potential physicochemical properties and toxicity of CBI chemicals used at
a particular site.

9.3.2 Chemicals Detected in Produced Water

Of the 1,606 total chemicals, the EPA identified 599 as having been detected in produced water.
Included among these chemicals are naturally occurring organic compounds, metals, radionuclides,
industrial chemicals, and pesticides. These chemicals were originally introduced in Chapter 7 of this
assessment, and were compiled from a total of 21 sources. Seventy-seven of the total 599 chemicals
in produced water were also identified by at least one of the sources in Appendix H as being used in
hydraulic fracturing fluid. However, the EPA used different sets of sources to identify chemicals
used in hydraulic fracturing fluids versus those detected in produced water, and there is not a
matched comparison between the chemicals used in hydraulic fracturing fluids and returned in
produced water at each particular well. Therefore, it is difficult to draw direct comparisons
between these two chemical lists, or to use these lists to draw conclusions on the persistence of
chemicals in produced water from hydraulically fractured wells. The list of 599 chemicals identified
in produced water is shown in Appendix Table H-4.

Although this list provides useful information on the chemical composition of produced water, it is
not likely that the data sources were able to capture all of the chemicals present. Chemicals and
their metabolites may go undetected in produced water because they were not targeted in the
analytical protocols, they were below the limit of detection, or because no standard analytical
method exists. Additionally, as discussed in Chapter 7, the composition and concentration of
chemicals in produced water will differ depending upon factors like the geology of the formation,
the chemicals used for hydraulic fracturing, and the amount of time that has elapsed since hydraulic
fracturing. There is therefore expected to be a high degree of local and temporal variation in these
chemicals, and there was not sufficient information to determine the frequency with which these
chemicals were detected on a national basis.
Concentration data in produced water are available for 175 of these 599 chemicals (Appendix E),
including inorganic contributors to salinity (Appendix Tables E-4 and E-5), metals (Appendix
Tables E-6 and E-7), radioactive constituents (Appendix Table E-8), and organic constituents
(Appendix Tables E-9, E-11, E-12, and E-13). The remaining chemicals were detected in produced
water, but concentration was not reported. For these chemicals with concentration data, the
measured concentrations spanned several orders of magnitude. For instance, for organic chemicals
in produced water from the Marcellus shale formation (Appendix Table E-11), average or median
measured concentrations ranged from 2.7 µg/L for N-nitrosodiphenylamine to 400 µg/L for carbon
disulfide.

9.4 Toxicological and Physicochemical Properties of Hydraulic Fracturing
Chemicals

As the next step towards evaluating the hazards of chemicals in the hydraulic fracturing water
cycle, toxicological and physicochemical data were collected as available for each of the chemicals
identified in Appendix H. This section describes the compilation of these data, and discusses the
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extent to which toxicological and physicochemical property data are available for this list of
chemicals.

The primary focus of the toxicological analysis in this chapter is on the availability of chronic oral
RfVs and OSFs from sources that met the EPA’s criteria for inclusion in this study. Qualitative cancer
classifications were also identified from these sources when available. This is not intended to be an
exhaustive compilation of toxicity values for this chemical list. Rather, it is intended to be a
reconnaissance of high-quality toxicological information that met the EPA’s criteria for inclusion in
this study. If a source of RfVs, OSFs, or qualitative cancer classifications was not included here, that
only means that it did not meet the criteria for the purposes of the EPA’s study, which are described
in this chapter in Section 9.4.1.
Section 9.4.1 describes the criteria used to identify and select RfVs, OSFs, and qualitative cancer
classifications, and describes the availability of these toxicological data for the chemicals on the
EPA’s list of hydraulic fracturing-related chemicals. The next two sections describe additional
sources of toxicological information, which may be useful for hazard evaluation when chronic oral
RfVs and OSFs are not available: Section 9.4.2 describes the use of a QSAR model to estimate
chronic oral toxicity, and Section 9.4.3 describes the availability of additional toxicological
information on the EPA’s ACToR database. Section 9.4.4 describes other available software tools
and approaches that may be used by stakeholders for site-specific risk assessment, but are not
utilized in this report. Section 9.4.5 discusses the methods used in this report to generate
physicochemical property data, and presents the availability of physicochemical property data for
the chemicals on the EPA’s list. A brief overview of the toxicity values discussed in the chapter is
presented in Text Box 9-3.

As a resource that can be used to support risk assessment at hydraulic fracturing sites, all of the
selected RfVs, OSFs, qualitative cancer classifications, QSAR-based toxicity estimates, and
physicochemical property data described in this chapter will be compiled into an electronic
database that will be publicly accessible via the EPA’s website. Additionally, the EPA’s compilation
of toxicity data for this chemical list has been discussed in two recent manuscripts, both of which
focused on the list of 1,173 chemicals that was presented in the external review draft of the EPA’s
hydraulic fracturing study report (U.S. EPA, 2015d). Yost et al. (2016b) describes the compilation of
RfVs and OSFs for the list of 1,173 chemicals. Yost et al. (2016a) describes the use of a QSAR model
to estimate toxicity for the list of 1,173 chemicals.

Text Box 9-3. Toxicity Values for Hydraulic Fracturing-Related Chemicals.

Here we provide a brief description of the toxicity values that are presented in this chapter, and how they
should be interpreted and used to evaluate chemical hazards. Formal definitions of these terms are footnoted
in the chapter and can also be found in the glossary (Appendix J).

Reference value (RfV): RfVs are health-protective values, which describe the dose of a chemical that is likely
to be without an appreciable risk of adverse health effects. In general, lower RfVs indicate greater toxicity;
however, comparison of RfVs among a set of chemicals requires careful consideration. RfVs are developed by
considering the full database of epidemiological and experimental studies available for a particular chemical.
(Text Box 9-3 is continued on the following page.)
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Text Box 9-3 (continued). Toxicity Values for Hydraulic Fracturing-Related Chemicals.
These data are used to identify the critical effect, which is the first adverse effect, or its known precursor, that
occurs as the dose rate increases (U.S. EPA, 2011f). An RfV is then derived by starting with a quantitative
point of departure (POD), which is the toxicological dose-response point that marks the beginning of a lowdose extrapolation for the critical effect, and applying uncertainty factors (UFs) to derive a value for the
protection of human health. UFs are applied to account for 5 areas of uncertainty: (1) intraspecies variability;
(2) interspecies uncertainty; (3) extrapolation from a subchronic study; (4) extrapolating from a noobserved-adverse-effect level (NOAEL); and (5) deficiencies in the database. A UF of 1, 3, or 10 can be applied
for any of these areas of uncertainty depending upon the amount and/or type data available, up to a
maximum total UF of 3,000 (U.S. EPA, 2002). Thus, a chemical with a low RfV may reflect high uncertainty in
the value, and not necessarily the toxicity of the chemical. Chemicals with a lower total UF generally have
more reliable and robust health effect information.

Oral slope factor (OSF): An OSF is a measure of the increased cancer risk from a lifetime oral exposure to an
agent. Higher OSFs indicate greater carcinogenic potency. As with RfVs, OSFs are developed by considering
the full database of epidemiological and experimental studies for a particular chemical, and evaluating the
increase in cancer incidence as dose rate increases. OSFs should be considered in conjunction with qualitative
cancer classifications, which characterize the weight of evidence regarding the agent’s potential to cause
cancer in humans.
No-observed-adverse-effect level (NOAEL): NOAEL is defined as the highest exposure level at which there
are no biologically significant increases in the frequency or severity of adverse effect between the exposed
population and its appropriate control; some effects may be produced at this level, but they are not
considered adverse or precursors of adverse effects (U.S. EPA, 2011f).
Lowest-observed-adverse-effect level (LOAEL): LOAEL is defined as the lowest exposure level at which
there are biologically significant increases in the frequency or severity of adverse effects between the
exposed population and its appropriate control group (U.S. EPA, 2011f). Lower LOAELs indicate greater
toxicity.

Maximum contaminant level (MCL): MCLs are the highest level of a contaminant that is allowed in drinking
water. MCLs are set as close to the maximum contaminant level goal (MCLG) as feasible using the best
available analytical and treatment technologies and taking cost into consideration. MCLs are enforceable
standards. The MCLG is a non-enforceable health benchmark goal which is set at a level at which no known or
anticipated adverse effect on the health of persons is expected to occur and which allows an adequate margin
of safety (U.S. EPA, 2012b). Whereas RfVs, LOAELs, and NOAELs are expressed in terms of dose (mg/kg-day),
MCLs are expressed in terms of the concentration of an agent in water (μg/L).

9.4.1 Reference Values (RfVs), Oral Slope Factors (OSFs), and Qualitative Cancer
Classifications
For the purpose of this study, the EPA’s primary goal was to identify high quality toxicity values
that met the criteria for inclusion in this study, and that could be used by stakeholders to support
the risk assessment of hydraulic fracturing chemicals (Text Box 9-1). Briefly, the sources of RfVs,
OSFs, and qualitative cancer classifications selected by the EPA for the purposes of this chapter met
the following key criteria:
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1. The body or organization generating or producing the peer-reviewed RfVs, peer-reviewed
OSFs, or peer-reviewed qualitative assessment must be a governmental or
intergovernmental body.

2. The data source must include peer-reviewed RfVs, peer-reviewed OSFs, or peer reviewed
qualitative assessments.

3. The RfVs, OSFs, or qualitative assessments must be based on peer-reviewed scientific data.
4. The RfVs, OSFs, or qualitative assessments must be focused on protection of the general
public.

5. The body generating the RfVs, OSFs, or qualitative assessments must be free of conflicts of
interest with respect to the chemicals for which it derives reference values or qualitative
assessments.

These five criteria were developed by the EPA specifically for the purpose of this assessment, and
are similar to the EPA Office of Solid Waste and Emergency Response (OSWER) recommendations
for selecting toxicity values in conducting site-specific risk assessments (Regional Tier 3 Toxicity
Value Workgroup, 2013; U.S. EPA, 2003a, 1989). 1 The OSWER directives provide recommendations
on the appropriate sources of toxicity values and toxicological information that should be
considered in risk assessments, and were designed to recognize toxicity values that were developed
using the best available scientific information. In addition, these directives outline references to
various resources that provide guidance on the approaches and issues considered in deriving
toxicity values. This type of information can be especially important in cases in which multiple
sources of toxicity values need to be considered or evaluated, or in which a value needs to be
developed. More detail on these criteria for selection and inclusion of data sources, as well as the
full list of data sources that were considered for this study, are available in Appendix G.
Table 9-1 shows the data sources that met these five criteria for the selection of toxicological
information. The federal databases of RfVs or OSFs that met these criteria are the EPA’s Integrated
Risk Information System (IRIS) database, the EPA’s Provisional Peer-Reviewed Toxicity Value
(PPRTV) database, the EPA’s Human Health Benchmarks for Pesticides (HHBP) database, and the
Agency for Toxic Substances and Disease Registry (ATSDR) database. IRIS and PPRTV also provide
qualitative cancer classifications. One state source of RfVs and OSFs, the California Environmental
Protection Agency (CalEPA) Toxicity Criteria Database, met the criteria for inclusion. 2 One
intergovernmental source of RfVs, the World Health Organization (WHO) International Programme
on Chemical Safety (IPCS) Concise International Chemical Assessment Documents (CICAD), met the
criteria for inclusion. The International Agency for Research on Cancer (IARC) and U.S. National
Toxicology Program (NTP) Report on Carcinogens (RoC) also met the criteria and were used as
additional sources for qualitative cancer classifications.

1
2

OSWER changed its name to the Office of Land and Emergency Management (OLEM), effective December 15, 2015.

State RfVs and OSFs are also publicly available from Alabama, Texas, Hawaii, and Florida, but they did not meet the
criteria for consideration as sources for RfVs and OSFs in this report. See Appendix G for details.
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Table 9-1. Sources of selected RfVs, OSFs, and qualitative cancer classifications.
Type of toxicological
Information

Data source

Website

RfVs, OSFs, and
qualitative cancer
classifications

EPA Integrated Risk Information System (IRIS) http://cfpub.epa.gov/ncea/iris/index.cf
m?fuseaction=iris.showSubstanceList
database

RfVs, OSFs, and
qualitative cancer
classifications

EPA Provisional Peer-Reviewed Toxicity Value http://hhpprtv.ornl.gov/index.html
(PPRTV) database

RfVs, OSFs

EPA Human Health Benchmarks for Pesticides http://iaspub.epa.gov/apex/pesticides/
(HHBP) database
f?p=HHBP:home

RfVs

Agency for Toxic Substances and Disease
Registry (ATSDR) Minimum Risk Levels

http://www.atsdr.cdc.gov/toxprofiles/i
ndex.asp#bookmark05

RfVs, OSFs

California Environmental Protection Agency
(CalEPA) Toxicity Criteria Database

http://oehha.ca.gov/tcdb/index.asp

RfVs

World Health Organization (WHO)
International Programme on Chemical Safety
(IPCS) Concise International Chemical
Assessment Documents (CICAD)

http://www.who.int/ipcs/publications/
cicad/en/

Qualitative cancer
classifications

National Toxicology Program (NTP) 13th
Report on Carcinogens (RoC)

https://ntp.niehs.nih.gov/pubhealth/
roc/

Qualitative cancer
classifications

International Agency for Research on Cancer
(IARC) Monographs

http://monographs.iarc.fr/

In addition to the sources in Table 9-1, we also consulted the NPDWRs and DWSHA tables (U.S. EPA,
2014a) to determine whether the chemicals on this list are regulated as drinking water
contaminants. NPDWRs provide a list of MCLs, which are legally enforceable standards on the
concentration of a substance that is allowed in drinking water under the Safe Drinking Water Act. In
this chapter, MCL values are referenced as a means of comparison with reported concentration data
where appropriate, and are reported in Appendix G and are compiled on the EPA’s electronic
database for the hydraulic fracturing study.
As noted above, this chapter focuses on the presentation and use of chronic RfVs. Chronic RfVs
account for the potential that chemical exposure may be continuous, in low concentration, and over
a longer duration. In the absence of reliable information on the potential duration of chemical
exposure, this is a conservative assumption for the protection of human health. Chronic RfVs are
also lower than less-than-chronic RfVs (e.g., acute, intermediate, or subchronic toxicity values), and
are therefore more health protective. For these reasons, chronic RfVs are generally preferred as the
default by risk assessors when conducting site-specific risk assessments (U.S. EPA, 1989) and when
developing regional screening levels (U.S. EPA, 2016b). In contrast, acute RfVs are more applicable
for single exposures and/or exposures of limited frequency to high concentration and shorter
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durations (e.g., emergencies). However, the availability of less-than chronic RfVs are also presented
for the sake of completeness.
Some chemicals had chronic oral RfVs or OSFs available from more than one of the sources in Table
9-1. For these chemicals, we selected a single value for use in this chapter by applying a
modification of the EPA OSWER Directives 9285.7-53 and 9285.7-86 tiered hierarchy of toxicity
values (U.S. EPA, 2003a). A single RfV and/or OSF was selected from the sources in this order:
HHBP (pesticides only), IRIS, PPRTV, ATSDR, and then other available values. The RfVs considered
from these sources included chronic oral reference doses (RfDs) from the IRIS, PPRTV, and HHBP
programs; chronic oral minimal risk levels (MRLs) from ATSDR; oral maximum allowable daily
levels (MADLs) from CalEPA; and tolerable daily intakes (TDIs) from CICAD. 1,2,3,4,5

Of the 1,606 chemicals identified by the EPA, 173 (11%) have federal, state, or international chronic
oral RfVs and/or OSFs from sources listed in Table 9-1. Chronic oral RfVs and/or OSFs from the
selected sources are lacking for the remaining 1,433 (89%) chemicals that the EPA has identified as
associated with hydraulic fracturing. All available chronic oral RfVs and OSFs from the sources
listed in Table 9-1 are tabulated in Appendix G. Chronic oral RfVs and OSFs for chemicals used in
hydraulic fracturing fluids are listed in Appendix Tables G-1a through G-1c, and chronic oral RfVs
and OSFs for chemicals reported in hydraulic fracturing flowback or produced water are listed in
Appendix Tables G-2a through G-2c. The EPA’s IRIS database was the most abundant source of
these toxicity values.
Overall, when chemicals in hydraulic fracturing fluid and chemicals in produced water are
considered separately, the availability of chronic RfVs and OSFs can be summarized as follows:
•

For the 1,084 chemicals used in hydraulic fracturing fluid, chronic oral RfVs or OSFs from
at least one of the selected federal, state, and international sources were available for 98
chemicals (9%). From the US federal sources alone, chronic oral RfVs were available for 81
chemicals (7%), and OSFs were available for 15 chemicals (1%).

1 The OSWER hierarchy indicates that sources should be used in this order: IRIS, PPRTV, and then other values. In this
report, this hierarchy was followed, but HHBP values were used in lieu of an IRIS value for a few chemicals that are
pesticides.
2 An

RfD is an estimate (with uncertainty spanning perhaps an order of magnitude) of a daily oral exposure to the human
population (including sensitive subgroups) that is likely to be without an appreciable risk of deleterious effects during a
lifetime. It can be derived from a NOAEL, LOAEL, or benchmark dose, with uncertainty factors generally applied to reflect
limitations of the data used. Generally used in the EPA's non-cancer health assessments (U.S. EPA, 2011f). This estimate is
expressed in terms of mg/kg-day.

3 An MRL is an estimate of daily human exposure to a hazardous substance at or below which the substance is unlikely to
pose a measurable risk of harmful (adverse), non-cancerous effects. MRLs are calculated for a route of exposure
(inhalation or oral) over a specified time period (acute, intermediate, or chronic). MRLs should not be used as predictors
of harmful (adverse) health effects (ATSDR, 2016). Chronic MRL: Duration of exposure is 365 days or longer. This
estimate is expressed in terms of mg/kg-day.
4 An MADL is the maximum allowable daily level of a reproductive toxicant at which the chemical would have no
observable adverse reproductive effect, assuming exposure at 1,000 times that level (OEHHA, 2012). This estimate is
expressed in terms of μg/day.
5 A TDI is an estimate of the intake of a substance, expressed on a body mass basis, to which an individual in a (sub)
population may be exposed daily over its lifetime without appreciable health risk (WHO, 2015). This estimate is
expressed in terms of mg/kg-day.
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•

For the 599 chemicals reported in produced water, chronic oral RfVs or OSFs from at least
one of the selected federal, state, and international sources were available for 120
chemicals (20%). From the US federal sources alone, chronic oral RfVs were available for
97 chemicals (16%), and OSFs were available for 30 chemicals (5%).

In addition to these chronic values, some of the chemicals also have less-than-chronic oral RfVs
available from the sources listed in Table 9-1. Subchronic, acute, or intermediate oral RfVs were
identified for 103 chemicals on the consolidated list, including 60 chemicals used in hydraulic
fracturing fluid (Appendix Table G-1d), and 73 chemicals reported in produced water (Appendix
Table G-2d). The majority of these chemicals also had chronic oral RfVs available, although there
were 10 chemicals that had less-than-chronic oral RfVs but lacked a chronic oral RfV. All of these
less-than-chronic RfVs were found on the PPRTV, ATSDR, or HHBP databases. As stated above,
chronic values more protective of human health than less-than-chronic values, and are generally
preferred for risk assessment. These less-than-chronic values are therefore not discussed further in
this report, but are provided in Appendix G as supporting information.

Of the 1,606 chemicals identified by EPA, 207 (13%) had a qualitative cancer classification available
from at least one of the sources listed in Table 9-1, which include IRIS, PPRTV, IARC, and RoC. These
classifications are based on the weight-of-evidence (WOE) that a chemical causes cancer in humans.
Of these 207 chemicals:
•

•

•

•

21 were reported by at least one source to be a known carcinogen in humans.

66 were reported by at least one source to be a probable or possible carcinogen in
humans. These chemicals have been demonstrated to be carcinogenic in animal models,
but have limited or insufficient data to adequately assess carcinogenicity in humans.

117 were reported to be not classifiable as to carcinogenicity in humans. These chemicals
have been evaluated by at least one of these sources for their potential to cause cancer, but
had inadequate evidence from human exposure and animal studies to assess carcinogenic
potential.
3 were reported as not likely to be a human carcinogen.

The complete list of chemicals with qualitative cancer classifications are shown in Appendix Table
G-1e (chemicals in hydraulic fracturing fluids) and Appendix Table G-2e (chemicals in produced
water).

9.4.2 Estimating Toxicity Using Quantitative Structure Activity Relationship (QSAR)
Modeling

Because the majority of chemicals identified in this report do not have RfVs and/or OSFs from the
selected sources, it is likely that risk assessors at the local and regional level may turn to alternative
sources of toxicological information. One potential resource is QSAR modeling software, which is
able to provide estimates or predictions of toxicity based on chemical structure. A key advantage to
QSAR models is that they are able to rapidly and inexpensively estimate toxicity values for
chemicals. A disadvantage is that QSAR estimates may be of higher uncertainty and less reliable
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than values generated using traditional toxicological methods. However, because they increase the
available pool of toxicity information, QSAR estimates may be a useful resource for risk assessors
that are faced with evaluating potential exposures to data-poor chemicals.
A recent study by Yost et al. (2016a) used TOPKAT (Toxicity Prediction by Komputer Assisted
Technology) QSAR software to estimate toxicity for the EPA’s list of chemicals used in hydraulic
fracturing fluids or detected in produced water, and evaluated how effectively these toxicity
estimates could be used to rank chemicals based on toxicity. The chemical list examined in this
study is the list of 1,173 chemicals published in the external review draft of the EPA’s hydraulic
fracturing study report (U.S. EPA, 2015d) (Text Box 9-2), so the full list of 1,606 chemicals was not
assessed using the QSAR model. TOPKAT is commercially available QSAR software that is able to
estimate the rat chronic oral lowest-observed-adverse-effect level (LOAEL), which is the LOAEL
measured in a rat model following chronic oral exposure to a chemical. 1

The authors of this study used TOPKAT to generate rat chronic oral LOAEL estimates for EPA’s list
of chemicals, and assigned qualitative confidence scores (high, medium, or low) to each estimate
based on parameters reported by the model. The authors then examined a list of 48 chemicals that
had both a high-confidence TOPKAT LOAEL estimate and a chronic oral reference dose (RfD) from
EPA’s IRIS database. The authors ranked these 48 chemicals from most toxic to least toxic based on
either TOPKAT LOAEL estimate or on IRIS chronic oral RfD, and then used Spearman rank
correlation to examine the similarity between these chemical rankings.
Of the 1,173 hydraulic fracturing chemicals, TOPKAT was able to generate toxicity estimates for
515 (44%) of the chemicals, including 453 chemicals that are used in hydraulic fracturing fluids,
and 86 chemicals that have been detected in produced water. The authors found a strong and
statistically significant correlation between chemical rankings based on high-confidence TOPKAT
LOAEL estimates and on IRIS chronic oral RfDs, indicating that high-confidence TOPKAT LOAEL
estimates can effectively be used to rank chemicals based on toxicity when experimentally derived
toxicity values are not available. Overall, TOPKAT LOAEL estimates were available for 417
chemicals in this study that lack chronic oral RfVs or OSFs from the sources identified by EPA. Of
these, 389 were found to be high-confidence estimates.

When available, the high-confidence TOPKAT LOAEL estimates from Yost et al. (2016b) are
discussed in this chapter as an additional resource that can be used to rank chemicals based on
toxicity. Low- or medium-confidence TOPKAT LOAEL estimates are not shown in this chapter, as
the use of these values for chemical ranking has not been validated.

LOAEL is defined as the lowest exposure level at which there are biologically significant increases in the frequency or
severity of adverse effects between the exposed population and its appropriate control group following chronic (lifetime)
exposure.

1
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9.4.3 Chemical Data Available from EPA’s Aggregated Computations Toxicology Resource
(ACToR) Database
An additional tool for obtaining information focused on toxicology and risk assessment is the EPA’s
ACToR database. 1 ACToR is a large data warehouse developed by the EPA to consolidate large and
disparate amounts of public data on chemicals, including data on chemical identity, structure,
physicochemical properties, in vitro assay results, and in vitro toxicology data. The primary goals of
ACToR are to make information on chemical health effects and exposure potential readily
accessible, to characterize chemical toxicological data gaps, and to provide a resource for model
building to address data gaps in environmental risk information (Judson et al., 2012).

ACToR contains data on over 500,000 chemicals from over 2,500 data sources, covering many
domains including hazard, exposure, risk assessment, risk management, and use. Data sources and
collections in ACToR include the US EPA, National Institutes of Health (NIH), the Centers for Disease
Control and Prevention (CDC), US Food and Drug Administration (FDA), State Agencies, the
European Chemicals Agency (ECHA), corresponding government agencies in Canada (e.g., Health
Canada), Europe and Japan, the World Health Organization (WHO), and non-governmental
organizations (NGOs). Data within ACToR ranges from the federal RfVs and OSFs discussed in
Section 9.3.1, which have undergone extensive peer review, to other toxicity values and study and
test results that have undergone little to no peer review.
ACToR organizes these data into several levels of “assays” and “assay categories,” which serve to
classify data sets according to the nature of the data. For instance, the “Hazard” assay category
includes all data that are associated directly or indirectly with toxicology experiments. The “Risk
Management” assay category includes regulatory and non-regulatory risk management
benchmarks. Considering the diversity and overlapping nature of the data resources within ACToR,
a single data set may fall into multiple assay categories (Judson et al., 2012).

We searched the ACToR database for information related to the list of 1,606 hydraulic fracturingrelated chemicals. Specifically, we searched within the “Hazard” and “Risk Management” assay
categories of ACToR. Results of the query were then filtered to include the assays that are most
relevant to chemical exposure via drinking water. These assays were assigned into the following
nine data classes: carcinogenicity, dose response values, drinking water criteria, genotoxicity or
mutagenicity, hazard identification, LOAEL/NOAEL, RfV, OSF, and water quality criteria. 2

Of the 1,606 chemicals, it was found that 735 (46%) have some data available within these data
classes on ACToR, with the total number of data points found for individual chemicals ranging from
1 to 243. Figure 9-2 shows the percentage of the total 1,606 chemicals that had data available in
each of the nine ACToR data classes, and indicates the fraction of those chemicals that also had a
chronic oral RfV or OSF available from at least one of the selected sources in Table 9-1. As can be
seen in Figure 9-2, 37% of the chemicals had some information on hazard identification, 25% had
1

The ACToR database, including the full list of data collections and assays, is available at: http://actor.epa.gov.

NOAEL is defined as the highest exposure level at which there are no biologically significant increases in the frequency
or severity of adverse effect between the exposed population and its appropriate control; some effects may be produced
at this level, but they are not considered adverse or precursors of adverse effects. Source: U.S. EPA (2011f).

2
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information on carcinogenicity, and 24% had a LOAEL or NOAEL identified. A LOAEL and/or
NOAEL identified from a well conducted dose-response study are often considered the minimum
data needed for RfV derivation (U.S. EPA, 2002).

Focusing on the 1,433 chemicals that lacked a chronic RfV and/or OSF from the selected sources
described in Section 9.3.1, 567 (40%) had available data within at least one of these data classes on
ACToR. Thus, ACToR has a significant amount of potentially useful data on chemical hazards,
including for some data-poor chemicals, and might help to fill data gaps in the ongoing effort to
understand potential hazards of hydraulic fracturing chemicals.

It is outside the scope of this assessment to evaluate the quality and reliability of data within ACToR
that has not already undergone peer review. Therefore, with the exception of data from the sources
listed in Table 9-1, data from ACToR was not considered in the hazard evaluation presented in this
chapter. However, as a potential resource for risk assessors, the tables in this chapter indicate
whether a chemical had data available on ACToR.

Figure 9-2. Percentage of hydraulic fracturing-related chemicals (out of 1,606 total) with at
least one data point in each ACToR data class.
9.4.4 Additional Tools for Hazard Evaluation
In addition to the methods and approaches utilized in this chapter, there are other potential tools
and approaches that could be used by stakeholders to prioritize and estimate toxicity of chemicals
that have a limited toxicity database. We briefly describe three such approaches in Appendix G
(Section G.4): the Threshold of Toxicological Concern (TTC) approach, the Organisation for
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Economic Co-operation and Development (OECD) QSAR Toolbox, and the application of data from
high throughput screening (HTS) assays. Toxicity predictions from these additional data sources
can be either quantitative or qualitative, and may be used to fill and address gaps related to risk
assessment.

Although these additional tools may be potentially useful for the evaluation of chemical hazards,
they currently have limited utility in this chapter, and are not discussed further. The TTC approach
requires an estimate of human intake, which is challenging for hydraulic fracturing-related
chemicals, since the potential for human exposure is generally not clear. The OECD QSAR Toolbox is
potentially useful for qualitative assessment, and may be useful for quantitative toxicity assessment
as its human health hazard and repeated dose toxicity databases expand. HTS assays are an
emerging technology, and the potential application of these data for human health risk assessment
is not well understood. These tools would be more appropriately applied by stakeholders on a sitespecific basis, as preliminary steps to identify potential chemicals of concern.

9.4.5 Physicochemical Properties

As presented in Chapter 5, EPI SuiteTM software was used to generate data on the physicochemical
properties of the hydraulic fracturing-related chemicals identified by EPA. EPI Suite provides an
estimation of physicochemical properties based upon chemical structure, and will additionally
provide experimentally measured values for these properties when they are available for a given
chemical. For more details on this software and on the use of physicochemical properties for fate
and transport estimation, see Chapter 5.
From the total list of 1,606 chemicals associated with hydraulic fracturing, EPI Suite was able to
generate data on physicochemical properties for 917 (57%) of the chemicals (Appendix H). This
includes 455 chemicals that are reported in hydraulic fracturing fluids, 521 chemicals that have
been reported in produced water, and 59 chemicals that were both used in hydraulic fracturing
fluids and reported in produced water. The remaining 689 chemicals on EPA’s total list lacked the
structural information necessary to generate estimates.

In addition to EPI Suite, two other software programs were consulted to generate physicochemical
property data for EPA’s list of hydraulic fracturing-related chemicals. QikProp (Schrodinger,
2012) and LeadScope (Leadscope Inc., 2012) are commercial products designed primarily as drug
development and screening tools, which are able to estimate properties related to chemical fate and
transport as well as pharmacokinetics. Properties generated by QikProp and LeadScope are
generally more relevant to drug development than to environmental assessment. The properties
generated by QikProp and LeadScope were not used in the analysis presented in this report, but
will be compiled on the electronic database for EPA’s hydraulic fracturing study.

9.4.6 Summary of Available Toxicological and Physicochemical Information for Hydraulic
Fracturing Chemicals

Figure 9-3 summarizes the toxicological and physicochemical information that is available for the
list of hydraulic fracturing chemicals identified by EPA in this study. This figure also summarizes
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the availability of data on the occurrence of these chemicals in hydraulic fracturing fluids
(frequency of use) or in produced water (measured concentrations).

Figure 9-3. Overall representation of the selected toxicological, physicochemical, and
occurrence data available for the 1,606 hydraulic fracturing-related chemicals identified by
the EPA.
Overall, there is a clear paucity of chronic oral RfVs and OSFs for this list of chemicals, indicating
that the majority of chemicals associated with hydraulic fracturing activity have not undergone
significant toxicological assessment. QSAR-based toxicity estimates (TOPKAT LOAELs) were
available for a larger number of these chemicals, and were often available for chemicals that lack
chronic oral RfVs and OSFs. EPA’s ACToR database offers additional toxicological data that may be
useful for the hazard evaluation of these chemicals, although the quality and reliability of the data
for these chemicals within ACToR was not evaluated here.

9.5 Hazard Identification of Hydraulic Fracturing Chemicals

This section focuses on the hazard identification of subsets of chemicals that were identified as
being of particular interest in previous chapters of this report, or which otherwise may be of
particular interest to risk assessors. For these chemicals, we summarize what is known about
events that may lead to the entry of these chemicals into drinking water resources. We provide
examples of recent studies that have reported these chemicals in drinking water resources,
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including examples in which these chemicals have been reported at concentrations exceeding
MCLs. We then summarize the available toxicological data for these chemicals, including chronic
oral RfVs, OSFs, cancer classifications, QSAR-based toxicity estimates (TOPKAT LOAELs), and the
availability of relevant toxicological information from EPA’s ACToR database—and indicate which
chemicals are regulated by EPA as drinking water contaminates.
We focused on the following subsets of chemicals:

1. Chemicals used in hydraulic fracturing fluids (Chapter 5)

2. Organic chemicals that may be returned to the surface in produced water, including
naturally occurring hydrocarbons such as BTEX (Chapter 7)

3. Inorganic chemicals that may be returned to the surface in produced water, including
metals, inorganic ions, and technologically enhanced naturally occurring radioactive
material (TENORM) (Chapter 7)

4. Methane in stray gas, which has been reported in drinking water resources in areas of
hydraulic fracturing activity (Chapter 6)

5. Disinfection byproducts (DBPs) that may be formed from wastewater constituents
(Chapter 8)

6. Banned chemicals reported in produced water, specifically organochlorine pesticides and
polychlorinated biphenyls (PCBs).

7. Chemicals on EPA’s consolidated list that were reported in both hydraulic fracturing fluids
and produced water

The hazard identification for these subsets of chemicals is presented below.

9.5.1 Chemicals Used in Hydraulic Fracturing Fluids

Chapter 5 provided an overview of chemicals that are used in hydraulic fracturing fluids. These
chemicals have the potential to enter drinking water resources through events such as spills of
hydraulic fracturing fluids, injection of hydraulic fracturing fluids directly into groundwater, and
leakoff of fluids into the formation. These chemicals may also persist in produced water, and may
enter drinking water resources through spills or releases of produced water or inadequately
treated wastewater.

Several recent field studies have detected chemicals that are commonly used in hydraulic fracturing
fluids in groundwater near hydraulically fractured wells. In some cases, the origin of the chemicals
could be clearly linked to hydraulic fracturing activity. For example, in Killdeer, North Dakota
(Section 6.2.2.1), evidence strongly suggests a well blowout during hydraulic fracturing led to the
contamination of a drinking water aquifer with tert-butyl alcohol, a degradation product of tertbutyl hydroperoxide used in hydraulic fracturing fluids at that site (U.S. EPA, 2015i). In
groundwater monitoring wells in the Pavillion Field in Wyoming, Digiulio and Jackson (2016)
reported detections of organic chemicals used in hydraulic fracturing fluids at that site, including 2-
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butoxyethanol, naphthalene, 1,2,4-trimethylbenzene, diethylene glycol, methanol, ethanol, and
isopropanol, likely as a result of shallow hydraulic fracturing in that region.

Other studies provide indirect evidence that chemical contaminants originated from hydraulic
fracturing activity. For example, in the Marcellus Shale in Pennsylvania, Llewellyn et al. (2015)
detected trace levels of 2-butoxyethanol in water wells near several hydraulically fractured wells,
with multiple lines of evidence suggesting that the chemical originated from a surface spill or leak
related to hydraulic fracturing activity. In northeastern Pennsylvania, Drollette et al. (2015) found
trace concentrations of known constituents of hydraulic fracturing fluid in private residential
groundwater wells, including di(2-ethylhexyl) phthalate, with evidence suggesting that the
chemicals originated from known surface spills of hydraulic fracturing fluids. In the Barnett Shale,
Texas, a survey of water quality in public and residential wells reported chemicals that are known
to be used in hydraulic fracturing fluids, including methanol, ethanol, isopropanol, and propargyl
alcohol, but it was not clear whether these chemicals originated from hydraulic fracturing activity
or from other potential sources (Hildenbrand et al., 2015).

Table 9-2 shows the list of chemicals that were reported in at least 10% of disclosures nationally in
the EPA FracFocus 1.0 project database (excluding water, quartz, and sodium chloride), and shows
the noncancer toxicity data (chronic oral RfVs and TOPKAT LOAEL estimates) and ACToR data
available for these chemicals. 1 Cancer information is provided in Table 9-3. Nine (26%) of these 34
chemicals have a chronic oral RfV available from at least one of the sources in Table 9-1. Chronic
oral RfVs ranged from 0.002 mg/kg-day (propargyl alcohol) to 2 mg/kg-day (methanol and
ethylene glycol). Critical effects for these chemicals include kidney/renal toxicity, hepatotoxicity,
developmental toxicity (extra cervical ribs), reproductive toxicity, neurotoxicity, and decreased
terminal body weight. Only one of these chemicals, sodium chlorite, is regulated in drinking water
under the NPDWRs.
Of the 25 chemicals that lack chronic oral RfVs, 11 have high-confidence TOPKAT LOAEL estimates
available. Of these, methenamine (~14% of disclosures) had the lowest TOPKAT LOAEL estimate,
and choline chloride (~15% of disclosures) had the second lowest. All but five of these chemicals
had at least some relevant toxicological data available on EPA’s ACToR database.

1 The analysis of the FracFocus 1.0 project database presented in this chapter did not exclude chemicals that lacked valid
concentration data, in order to present a more inclusive analysis of the potential toxicity of chemicals used in hydraulic
fracturing fluids. The chemical list and percent disclosures listed for each chemical is therefore slightly different that
those shown in Chapter 5 (Table 5-3), which excluded chemicals lacking valid concentration data.
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Table 9-2. Chemicals reported to FracFocus 1.0 from January 1, 2011 to February 28, 2013 in
10% or more disclosures, with the percent of disclosures for which each chemical is reported.
Chronic oral RfVs, TOPKAT LOAEL estimates, and availability of ACToR data are shown when
available.

Chemicals are ordered in the table, from high to low, based on their number of disclosures in the EPA FracFocus
1.0 project database. Water, quartz, and sodium chloride are excluded from this analysis. Asterisk (*) indicates
chemicals that are regulated as drinking water contaminants under the NPDWRs.

Chronic oral RfVb

ACToR

Chemical Name

CASRN

% of
Disclosuresa

Methanol

67-56-1

73%

Distillates,
petroleum,
hydrotreated light

64742-47-8

67%

4

Hydrochloric acid

7647-01-0

66%

50

Ethylene glycol

107-21-1

47%

Isopropanol

67-63-0

46%

Diammonium
peroxydisulfate

7727-54-0

44%

11

Guar gum

9000-30-0

39%

2

Sodium hydroxide

1310-73-2

39%

26

Propargyl alcohol

107-19-7

33%

Glutaraldehyde

111-30-8

33%

398

13

Ethanol

64-17-5

31%

59.2

182

1310-58-3

31%

Acetic acid

64-19-7

25%

183

35

Citric acid

77-92-9

24%

55.8

25

2-Butoxyethanol

111-76-2

23%

707

44

Solvent naphtha,
petroleum, heavy
arom.

64742-94-5

21%

91-20-3

19%

Potassium hydroxide

Naphthalene

RfV
Source
(mg/kg
of RfV
-day)

QSAR

2

IRIS

2

IRIS

0.002

IRIS

Critical effect

c

TOPKAT
# of
d
LOAEL
data
(mg/kg) pointse

Extra cervical ribs

Kidney toxicity

122

130

102

81.4

26

Renal and
hepatotoxicity

42

21

0.1

IRIS

Hemosiderin
deposition in the
liver

5

0.02
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Chronic oral RfVb

ACToR

CASRN

% of
Disclosuresa

10222-01-2

16%

52.4

67-48-1

15%

20.8

24

Phenol-formaldehyde
resin

9003-35-4

14%

Carbonic acid,
dipotassium salt

584-08-7

14%

137

3

Methenamine

100-97-0

14%

12.3

15

Thiourea, polymer
with formaldehyde
and 1phenylethanone

68527-49-1

13%

1,2,4Trimethylbenzene

95-63-6

13%

91.5

71

Polyethylene glycol

25322-68-3

13%

5

Polyethylene glycol
nonylphenyl ether

9016-45-9

13%

4

Quaternary
ammonium
68424-85-1
compounds, benzylC12-16-alkyldimethyl,
chlorides

12%

Poly(oxy-1,2ethanediyl)127087-87-0
nonylphenyl-hydroxy
branched

12%

Ammonium chloride

12125-02-9

12%

64-18-6

11%

Tetrakis(hydroxymethyl)
phosphonium sulfate

55566-30-8

11%

Sodium chlorite*

7758-19-2

11%

Chemical Name
2,2-Dibromo-3nitrilopropionamide
Choline chloride

Formic acid

RfV
Source
(mg/kg
of RfV
-day)

QSAR

0.01

0.44

IRIS

HHBP

Critical effectc

Decreased pain
sensitivity

TOPKAT
# of
LOAELd
data
(mg/kg) pointse

Decreased body
weight and weight
gain

3

18
0.9

PPRTV

Reproductive
toxicity

72

148

0.03
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Chronic oral RfVb
Chemical Name

CASRN

% of
Disclosuresa

Alcohols, C12-14,
ethoxylated
propoxylated

68439-51-0

11%

Sodium persulfate

7775-27-1

10%

RfV
Source
(mg/kg
of RfV
-day)

Critical effectc

QSAR

ACToR

TOPKAT
# of
LOAELd
data
(mg/kg) pointse
1450
6

CASRN = Chemical Abstract Service Registry Number; RfV = Reference value; IRIS = Integrated Risk Information System; PPRTV =
Provisional Peer-Reviewed Toxicity Value; HHBP = Human Health Benchmarks for Pesticides; QSAR = Quantitative structureactivity relationship; TOPKAT = Toxicity Prediction by Komputer Assisted Technology; ACToR = EPA’s Aggregated Computational
Toxicology Online Resource
a

The FracFocus frequency of use data presented in this chapter is based on 35,957 FracFocus disclosures that were
deduplicated, within the study time period (January 1, 2011 to February 28, 2013), and with ingredients that have a valid
CASRN.
b Reference

value (RfV): An estimate of an exposure for a given duration to the human population (including susceptible
subgroups) that is likely to be without an appreciable risk of adverse health effects over a lifetime. RfVs considered in this
analysis include chronic oral reference doses (RfDs) from IRIS, PPRTV, and HHBP; chronic oral minimal risk levels (MRLs) from
ATSDR; maximum allowable daily levels (MADLs) from CalEPA; and tolerable daily intake (TDI) from CICAD. See Section 9.4.1.
c

Critical effect: The first adverse effect, or its known precursor, that occurs to the most sensitive species as the dose rate of an
agent increases.
d TOPKAT

LOAEL: The LOAEL is the lowest exposure level at which there are biologically significant increases in frequency or
severity of adverse effects between the exposed population and its appropriate control group. TOPKAT LOAELs were predicted
using a QSAR-based software model, as described in Section 9.4.2. Values are rounded to 3 significant figures.
e Indicates

the total number of data points available for a chemical in the relevant data classes on EPA’s ACToR database, as
described in Section 9.4.3.

Table 9-3 shows the chemicals reported in at least 10% of disclosures nationally in the EPA
FracFocus 1.0 project database that are considered by at least one of the sources in Table 9-1 to be
known, probable, or possible human carcinogens. Ethanol is classified as a “carcinogenic to
humans” (Group 1) by IARC. Naphthalene is classified by IARC as “possibly carcinogenic to humans”
(Group 2B), and is classified by RoC as “reasonably anticipated to be a human carcinogen,” while
IRIS classifies naphthalene as having inadequate data to assess carcinogenic potential. Neither
chemical has an available OSF.
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Table 9-3. List of OSFs and qualitative cancer classifications available for all carcinogenic
chemicals reported to FracFocus 1.0 from January 1, 2011 to February 28, 2013 in 10% or
more disclosures.

Includes all chemicals from Table 9-2 that are classified as known, probable, or possible human carcinogens by at
least one of the sources in Table 9-1.

OSFa

Chemical Name

OSF (per
mg/kg- Source
CASRN
day)
of OSF

Ethanol

64-17-5

Naphthalene

91-20-3

Qualitative cancer classification

IRISb

PPRTVc

IARCd

RoCe

1
“Data are inadequate to
assess human
carcinogenic potential”

2B

RAHC

CASRN = Chemical Abstract Service Registry Number; IRIS = Integrated Risk Information System; PPRTV = Provisional Peer
Reviewed Toxicity Values; IARC = International Agency for Research on Cancer Monographs; RoC = National Toxicology Program
13th Report on Carcinogens
a

Oral slope factor (OSF): An upper-bound, approximating a 95% confidence limit, on the increased cancer risk from a lifetime
oral exposure to an agent. This estimate, usually expressed in units of proportion (of a population) affected per mg/kg-day, is
generally reserved for use in the low dose region of the dose response relationship, that is, for exposures corresponding to risks
less than 1 in 100. OSFs considered in this analysis include values from IRIS, PPRTV, HHBP, and CalEPA. See Section 9.4.1.
b

IRIS assessments use EPA’s 1986, 1996, 1999, or 2005 guidelines to establish descriptors for summarizing the weight of
evidence as to whether a contaminant is or may be carcinogenic. See glossary in Appendix G for details.
c

PPRTV assessments use EPA’s 1999 guidelines to establish descriptors for summarizing the weight of evidence as to whether a
contaminant is or may be carcinogenic. See glossary in Appendix G for details.
d The

IARC summarizes the weight of evidence as to whether a contaminant is or may be carcinogenic using five weight of
evidence classifications: Group 1: Carcinogenic to humans; Group 2A: Probably carcinogenic to humans; Group 2B: Possibly
carcinogenic to humans; Group 3: Not classifiable as to its carcinogenicity to humans; Group 4: Probably not carcinogenic to
humans. See glossary in Appendix G for details.
e The

listing criteria in the 13th RoC Document are: Known = Known to be a human carcinogen; RAHC = Reasonably anticipated
to be a human carcinogen.

In addition to evaluating chemicals that are frequently used in hydraulic fracturing fluids, we also
evaluated the availability of toxicological data for subsets of chemicals that are used less frequently
on a national basis (Figure 9-4). For this analysis, we binned the chemicals according to frequency
of use as identified from the EPA FracFocus 1.0 project database (>10% of disclosures, 5-10% of
disclosures, 1-5% of disclosures, <1% of disclosures, or unknown frequency of use), and evaluated
the percentage of chemicals within each bin that have available chronic oral RfVs or OSFs, TOPKAT
LOAEL estimates, and relevant data on ACToR. This analysis demonstrates that the availability of
chronic oral RfVs and OSFs is low across all of these subsets of chemicals. Proportionately, the
availability of chronic oral RfVs, OSFs, and data on ACToR is slightly higher for chemicals that are
used in >10% of disclosures, compared to chemicals that are used less frequently.
Of the chemicals on the EPA’s list that had frequency of use data available from the EPA FracFocus
1.0 project database, the majority were used in <1% of disclosures (n=480), suggesting that
potential exposure to these chemicals is more likely to be a local issue rather than a national issue.
Given that the analysis of the EPA FracFocus 1.0 project database presented in this chapter was
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based on 35,957 disclosures, a chemical used in <1% of wells nationally could still be used in
several hundred wells. Chemicals used infrequently on a national basis could still be used more
frequently within certain areas or counties, increasing the potential for local exposure to that
chemical.

Figure 9-4. Availability of toxicity data (chronic oral RfVs/OSFs, TOPKAT LOAEL estimates, and
relevant data on ACToR) for subsets of chemicals used at various frequencies in hydraulic
fracturing fluids, as determined based on the number of disclosures in the EPA FracFocus 1.0
project database.
As described in Chapter 5, many of the chemicals used in hydraulic fracturing fluids can be
classified as chemical mixtures. Among the most common chemical mixtures on EPA’s list of
chemicals are petroleum distillates (i.e., hydrocarbon solvents), which are complex mixtures of
petroleum hydrocarbons. 1 Two of the most frequently used chemicals in Table 9-2 are petroleum
distillates. (Petroleum) hydrotreated light distillates is a mixture of hydrocarbons having carbon
numbers predominantly in the range of C9 through C16, and was reported as used in 67% of
disclosures in the EPA FracFocus 1.0 project database. Heavy aromatic (petroleum) solvent
naphtha is a mixture consisting predominantly of aromatic hydrocarbons in carbon fraction range
of C9 through C16, and was reported as used in 21% of disclosures in the EPA FracFocus 1.0 project
database. These petroleum distillates lack chronic oral RfVs or OSFs, and have little information
available in ACToR. However, a methodology that describes the toxicity and derivation of surrogate
Total petroleum hydrocarbons (TPH) is a term used to describe a large family of several hundred chemical compounds
that originally come from crude oil. TPH is a mixture of chemicals, but they are all made mainly from hydrogen and
carbon, called hydrocarbons. TPH are divided into groups of petroleum hydrocarbons that act alike in soil or water. These
groups are called petroleum hydrocarbon fractions. Each hydrocarbon fraction contains many individual chemicals. Some
chemicals that may be found in TPH are hexane, jet fuels, mineral oils, benzene, toluene, xylenes, naphthalene, and
fluorene, as well as other petroleum products and gasoline components. Source: ATSDR (2011).

1
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toxicity values for such mixtures was developed by the Total Petroleum Hydrocarbon Criteria
Working Group (TPHCWG) (Edwards et al., 1997). This indicator/surrogate approach uses a
combination of toxicity data and existing RfVs on individual compounds and fraction-specific
mixtures. Examples of compounds present in each fraction include: toluene, ethylbenzene, and
styrene (C5-C8) and isopropylbenzene (cumene), naphthalene, fluorene, pyrene, and
methylnaphthalene (C9-C16). No data was available for consideration for C>16. Applying their
methodology, the TPHCWG derived surrogate aliphatic and aromatic oral toxicity values for
fractions in the C5-C8, C9-C16, and C17-C35 ranges. For aromatics, the toxicity ranking was C9-C16
and C17-C35 > C5-C8; and for aliphatics, the toxicity ranking was C9-C16 > C17-C35 > C5-C8. As
reviewed by the TPHCWG, compounds above C20 are likely not volatile or soluble in groundwater
and will remain at the release site and compounds above C35 are typically not likely to be
bioavailable by the oral route of exposure. These surrogate toxicity values are not included in EPA’s
analysis in this report, but this methodology might be useful for risk assessors at sites where these
petroleum distillates are used.

We additionally note that several of the frequently used chemicals in Table 9-2 are designated as
being “generally recognized as safe” (GRAS) for use in food additives or food contact substances by
the U.S. Food and Drug Administration (FDA). This includes hydrochloric acid, guar gum, sodium
hydroxide, sodium chloride, potassium hydroxide, acetic acid, citric acid, choline chloride, carbonic
acid dipotassium salt, ammonium chloride, and formic acid. Overall, 103 chemicals on EPA’s list of
chemicals used in hydraulic fracturing fluids have GRAS designations by the FDA. GRAS chemicals
may be used by hydraulic fracturing industry operators in an effort to avoid more hazardous
chemicals and minimizes concern in the public perception (Loveless et al., 2011). However, GRAS
determinations are often specific to certain conditions as expressed in the FDA GRAS Notification
Database and therefore do not indicate that the same chemical is safe for use in hydraulic fracturing
fluids. For instance, formic acid is considered GRAS for specific use in paper food packaging
materials (U.S. FDA, 2016), but has a chronic oral RfD of 0.9 mg/kg-day based on reproductive
effects (U.S. EPA, 2010b). For human health risk assessment in areas of hydraulic fracturing activity,
hazard and dose-response relations for these chemicals need to be assessed in the context of the
use and levels that are likely to be encountered in an appropriate exposure scenario.

9.5.2 Organic Chemicals in Produced Water

Chapter 7 discussed the detection of volatile and semi-volatile organic chemicals in produced
water. Many of these chemicals, including the BTEX chemicals and related hydrocarbons, occur
naturally in hydrocarbon formations and are characteristic of produced water from oil and gas
production wells in both conventional and unconventional reservoirs. Some of these chemicals
have anthropogenic origins, such as di(2-ethylhexyl) phthalate, which does not occur naturally but
has known use in hydraulic fracturing fluids. Naphthalene is an example of a chemical that may
occur naturally in hydrocarbon formations but is also used frequently in hydraulic fracturing fluids
(19% of disclosures in the EPA FracFocus 1.0 project database; Table 9-2). These chemicals have
the potential to enter drinking water resources through events such as spills of produced water,
mechanical integrity failures, infiltration into groundwater from produced water storage pits, and
persistence in inadequately treated wastewater.
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Several recent field studies have reported these organic constituents in surface water and
groundwater in areas of hydraulic fracturing activity. For example, the BTEX chemicals, dieselrange organics, gasoline-range organics, and naphthalene were detected in groundwater
monitoring wells in Pavillion Field, Wyoming, likely as a result of legacy contamination from leaking
unlined production fluid storage pits (Digiulio and Jackson, 2016). BTEX chemicals were also found
to be elevated above their respective MCLs following spills by the oil and gas industry in Colorado,
and were reduced to lower concentrations following remediation (Gross et al., 2013). Ferrar et al.
(2013) reported mean concentrations of the BTEX chemicals in effluent from a centralized waste
treatment (CWT) facility in Pennsylvania ranged from about 2 to 46 µg/L, with significantly lower
concentrations observed after oil and gas well operators were asked to stop discharging waste at
this facility (Text Box 8-1). In a survey of 500 private and public water supply wells overlying and
adjacent to the Barnett Shale in Texas, Hildenbrand et al. (2015) reported that benzene
concentrations exceeded their MCL in all 34 wells where benzene was detected, while toluene,
ethylbenzene, and xylenes were prevalent at trace levels; the authors noted that BTEX detections
occurred at a high rate in an area that houses a large number of underground injection wells for
drilling waste disposal, but it was not clear that these chemicals originated from hydraulic
fracturing activity or from another potential source.
As there were a large number of organic chemicals identified on EPA’s list, this section focuses on
the toxicological evaluation of those organic chemicals that had measured concentration data
available in Appendix E and had at least some toxicity data available from the sources in Table 9-1,
TOPKAT, or ACToR (69 chemicals total). 1 There were an additional 46 organic chemicals that had
measured concentration data in Chapter 7 or Appendix E that did not have any toxicity data
available. Organic chemicals that lacked concentration data and are not discussed here.

For this subset of 69 organic chemicals, noncancer toxicity values (chronic oral RfVs and high
confidence TOPKAT LOAEL estimates) and ACToR data availability are shown in Table 9-4, and
cancer information (OSFs and qualitative cancer classifications) are shown in Table 9-5. Chronic
oral RfVs were available for 31 of these chemicals, and ranged from 0.001 mg/kg-day (pyridine) to
0.9 mg/kg-day (acetone). Critical effects for these chemicals include kidney/renal toxicity,
hepatotoxicity, neurotoxicity, reproductive toxicity (decreased maternal weight gain),
developmental toxicity (decreased offspring body weight, fetal toxicity), and decreased terminal
body weight. Six of the chemicals in Table 9-4 are regulated as drinking water contaminants under
the NPDWRs: the BTEX chemicals (benzene, ethylbenzene, toluene, xylenes), benzo(a)pyrene, and
di(2-ethylhexyl) phthalate.

Of the 38 chemicals in Table 9-4 that lack chronic oral RfVs, 10 have high-confidence TOPKAT
LOAEL estimates available. Several of these had similarly low LOAEL estimates:
benzo(g,h,i)perylene, indeno(1,2,3-cd)pyrene, benzo(b)fluoranthene, benzo(k)fluoranthene,
benzo(a)pyrene, dibenz(a,h)anthracene, and N-nitrosodiphenylamine. Notably, 33 of the chemicals

1 Note that chemical names presented in this chapter and in Appendix H sometimes differ from the chemical names
presented with the concentration data in Appendix E. This is because Appendix E uses the chemical names provided by
the original sources of chemical data, while this chapter and Appendix H use chemical names that were verified by EPA
during the curation of the chemical list. See Appendix H for details on the curation of the chemical list.
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in Table 9-4 were added to EPA’s chemical list after the release of the external review draft (Text
Box 9-2), and therefore were not included in the QSAR analysis (Section 9.4.2).

Table 9-4. List of a subset of organic chemicals that have been detected in produced water,
with respective chronic oral RfVs, TOPKAT LOAEL estimates, and availability of ACToR data
shown when available.

Includes organic chemicals that were identified on the EPA’s list of chemicals in produced water (Appendix H) that
have measured concentration data available in Appendix E and have at least some toxicity data available from the
sources consulted by the EPA. Chemicals are ordered in the table from most toxic to least toxic based on chronic
oral RfV. Chemicals without RfVs were ordered based on TOPKAT LOAEL, and then by number of data points on
ACToR. *Indicates chemicals that are regulated as drinking water contaminants under the NPDWRs.

Chronic oral RfVa

QSAR
estimate

ACToR

TOPKAT
LOAELc
(mg/day)

# of
data
pointsd

69.5

114

Chemical Name

CASRN

RfV
(mg/kgday)

Pyridine

110-86-1

0.001

IRIS

Increased liver weight

Benzidine

92-87-5

0.003

IRIS

Brain cell vacuolization;
liver cell alterations in
females

127

2,4-Dichlorophenol

120-83-2

0.003

IRIS

Decreased delayed
hypersensitivity response

122

Benzene*

71-43-2

0.004

IRIS

Decreased lymphocyte
count

77.6

238

2-Methylnaphthalene

91-57-6

0.004

IRIS

Pulmonary alveolar
proteinosis

103

52

1,3,5-Trimethylbenzene

108-67-8

0.01

IRIS

Decreased pain sensitivity

63

76

1,2,4-Trimethylbenzene

95-63-6

0.01

IRIS

Decreased pain sensitivity

91.5

71

47.1

221

Source
of RfV

Critical Effectb

Chloroform

67-66-3

0.01

IRIS

Moderate/marked fatty
cyst formation in the liver
and elevated serum
glutamic pyruvic
transaminase (SGPT)

Naphthalene

91-20-3

0.02

IRIS

Decreased mean terminal
body weight in males

67.5

157

112

88

4040

229

2,4-Dimethylphenol

105-67-9

0.02

IRIS

Clinical signs (lethargy,
prostration, and ataxia)
and hematological
changes

Di(2-ethylhexyl)
phthalate*

117-81-7

0.02

IRIS

Increased relative liver
weight
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Chronic oral RfVa

Chemical Name

CASRN

RfV
(mg/kgday)

Source
of RfV

Critical Effectb

QSAR
estimate

ACToR

TOPKAT
LOAELc
(mg/day)

# of
data
pointsd

36.1

129

Pyrene

129-00-0

0.03

IRIS

Kidney effects (renal
tubular pathology,
decreased kidney
weights)

1,4-Dioxane

123-91-1

0.03

IRIS

Liver and kidney toxicity

207

148

44.6

103

Fluoranthene

206-44-0

0.04

IRIS

Nephropathy, increased
liver weights,
hematological alterations,
and clinical effects

Fluorene

86-73-7

0.04

IRIS

Decreased RBC, packed
cell volume and
hemoglobin

95.1

120

m-Cresol

108-39-4

0.05

IRIS

Decreased body weights
and neurotoxicity

123

103

o-Cresol

95-48-7

0.05

IRIS

Decreased body weights
and neurotoxicity

229

94

Toluene*

108-88-3

0.08

IRIS

Increased kidney weight

163

188

Alterations in clinical
chemistry; increased
kidney. liver, and spleen
weights

30.8

86

Fetal toxicity/
malformations

126

89

Effects on survival,
growth, and tissue
histopathology

210

45

Diphenylamine

122-39-4

0.1

HHBP

Carbon disulfide

75-15-0

0.1

IRIS

Benzyl alcohol

100-51-6

0.1

PPRTV

Ethylbenzene*

100-41-4

0.1

IRIS

Liver and kidney toxicity

226

207

Cumene

98-82-8

0.1

IRIS

Increased average kidney
weight in female rats

246

101

Acetophenone

98-86-2

0.1

IRIS

General toxicity

274

58

Dibutyl phthalate

84-74-2

0.1

IRIS

Increased mortality

2090

143

1330-20-7

0.2

IRIS

Decreased body weight,
increased mortality

110

174

Xylenes*

Benzyl butyl phthalate

85-68-7

0.2

IRIS

Significantly increased
liver-to-body weight and
liver-to-brain weight
ratios

Phenol

108-95-2

0.3

IRIS

Decreased maternal
weight gain
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Chronic oral RfVa

QSAR
estimate

ACToR

TOPKAT
LOAELc
(mg/day)

# of
data
pointsd

Chemical Name

CASRN

RfV
(mg/kgday)

Biphenyl

92-52-4

0.5

IRIS

Renal papillary
mineralization in male
F344 rats

103

Caprolactam

105-60-2

0.5

IRIS

Reduced offspring body
weight

39

Acetone

67-64-1

0.9

IRIS

Nephropathy

Benzo(g,h,i)perylene

Source
of RfV

Critical Effectb

119

79

191-24-2

29.1

68

Indeno(1,2,3-cd)pyrene

193-39-5

38.6

111

Dibenz(a,h)anthracene

53-70-3

38.9

96

Benzo(b)fluoranthene

205-99-2

39

121

Benzo(k)fluoranthene

207-08-9

39

118

N-Nitrosodiphenylamine

86-30-6

39.4

99

Benzo(a)pyrene*

50-32-8

43

184

Phenanthrene

85-01-8

61.3

69

p-Cresol

106-44-5

95.5

98

Dioctyl phthalate

117-84-0

4740

61

Caffeine

58-08-2

134

Benz(a)anthracene

56-55-3

122

Chrysene

218-01-9

114

2-Mercaptobenzothiazole

149-30-4

95

1,2-Diphenylhydrazine

122-66-7

83

Dimethyl phthalate

131-11-3

79

N-Nitroso-Nmethylethylamine

10595-95-6

42

4-(1,1,3,3Tetramethylbutyl)phenol

140-66-9

30

p-Tert-butylphenol

98-54-4

27

2,6-Di-tert-butylphenol

128-39-2

22

Dimethylphenol

1300-71-6

17

2-Ethylhexyl diphenyl
phosphate (Octicizer)

1241-94-7

14

2,5-Cyclohexadiene-1,4dione

106-51-4

12

Cholesterol

57-88-5

11
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Chronic oral RfVa
RfV
(mg/kgday)

Source
of RfV

Critical Effectb

QSAR
estimate

ACToR

TOPKAT
LOAELc
(mg/day)

# of
data
pointsd

Chemical Name

CASRN

Benzothiazole

95-16-9

10

Octadecanoic acid

57-11-4

9

Butanoic acid, butyl ester

109-21-7

9

Tetradecanoic acid

544-63-8

7

Triphenyl phosphate

115-86-6

7

Dodecanoic acid

143-07-7

6

Drometrizole

2440-22-4

6

3-(4-Methoxyphenyl)-2ethylhexylester-2propenoic acid

5466-77-3

6

2,6-Bis(dimethylethyl)2,5-cyclohexadiene-1,4dione

719-22-2

3

Diphenylmethane

101-81-5

3

Isopropyl myristate

110-27-0

2

2-[2-[4-(1,1,3,3tetramethylbutyl)phenoxy]ethoxy]-ethanol

2315-61-9

2

Sterane

50-24-8

1

3-(4-Methoxyphenyl)-2propenoic acid

830-09-1

1

CASRN = Chemical Abstract Service Registry Number; RfV = Reference value; IRIS = Integrated Risk Information System; PPRTV =
Provisional Peer-Reviewed Toxicity Value; HHBP = Human Health Benchmarks for Pesticides; QSAR = Quantitative structureactivity relationship; TOPKAT = Toxicity Prediction by Komputer Assisted Technology; ACToR = EPA’s Aggregated Computational
Toxicology Online Resource
a

Reference value (RfV): An estimate of an exposure for a given duration to the human population (including susceptible
subgroups) that is likely to be without an appreciable risk of adverse health effects over a lifetime. RfVs considered in this
analysis include chronic oral reference doses (RfDs) from IRIS, PPRTV, and HHBP; chronic oral minimal risk levels (MRLs) from
ATSDR; maximum allowable daily levels (MADLs) from CalEPA; and tolerable daily intake (TDI) from CICAD. See Section 9.4.1.
b

Critical effect: The first adverse effect, or its known precursor, that occurs to the most sensitive species as the dose rate of an
agent increases.
c TOPKAT

LOAEL: The LOAEL is the lowest exposure level at which there are biologically significant increases in frequency or
severity of adverse effects between the exposed population and its appropriate control group. TOPKAT LOAELs were predicted
using a QSAR-based software model, as described in Section 9.4.2. Values are rounded to 3 significant figures.
d Indicates

the total number of data points available for a chemical in the relevant data classes on EPA’s ACToR database, as
described in Section 9.4.3.

Of the organic chemicals in produced water listed in Table 9-4, 17 have available OSFs and 23 are
classified as known, probable, or possible carcinogens (Table 9-5). Benzidine and benzene were
both classified as human carcinogens by IRIS, IARC, and RoC, with benzidine being the most potent
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carcinogen listed in Table 9-5 (OSF of 230 per mg/kg-day). Benzo(a)pyrine is classified as a human
carcinogen by IARC, and as a probable human carcinogen by IRIS. The remaining chemicals were
classified as probable or possible human carcinogens.

Table 9-5. List of OSFs and qualitative cancer classifications available for a subset of organic
chemicals that have been reported in produced water.
Includes organic chemicals that were identified on EPA’s list of chemicals in produced water (Appendix H) that
have measured concentration data available in Chapter 7 or Appendix E (Table 9-4) and are classified as known,
probable, or possible carcinogens. Chemicals that had OSFs available are ordered in this table from most potent
(highest OSF) to least potent (lowest OSF).

OSFsa

Qualitative Cancer Classifications

OSF (per
mg/kg- Source
day)
of OSF

IARC d

RoC e

A (Human
carcinogen)

1

Known

IRIS

B2 (Probable
human
carcinogen)

2B

7.3

IRIS

B2 (Probable
human
carcinogen)

1

RAHC

53-70-3

4.1

CalEPA

2A

RAHC

Indeno(1,2,3cd)pyrene

193-39-5

1.2

CalEPA

2B

RAHC

Benzo(b)fluoranthene

205-99-2

1.2

CalEPA

2B

RAHC

Benzo(k)fluoranthene

207-08-9

1.2

CalEPA

2B

RAHC

1,2Diphenylhydrazine

122-66-7

0.8

IRIS

B2 (Probable
human
carcinogen)
2B

Chemical Name

CASRN

Benzidine

92-87-5

230

IRIS

10595-95-6

22

Benzo(a)pyrene

50-32-8

Dibenz(a,h)anthracene

N-Nitroso-Nmethylethylamine

IRIS b

PPRTV c

RAHC

Benz(a)anthracene

56-55-3

0.7

PPRTV

B2 (Probable
human
carcinogen)

Chrysene

218-01-9

0.12

CalEPA

B2 (Probable
human
carcinogen)

2B

1,4-Dioxane

123-91-1

0.1

IRIS

"Likely to be
carcinogenic to
humans"

2B
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OSFsa
OSF (per
mg/kg- Source
day)
of OSF

IARC d

RoC e

A (Human
carcinogen)

1

Known

CalEPA

B2 (Probable
human
carcinogen)

2B

RAHC

IRIS

B2 (Probable
human
carcinogen)

2B

RAHC

CalEPA

D (Not
classifiable as to
human
carcinogenicity)

2B

Chemical Name

CASRN

Benzene

71-43-2

0.0150.055

IRIS

Chloroform

67-66-3

0.019

Di(2-ethylhexyl)
phthalate

117-81-7

0.014

Ethylbenzene

100-41-4

Qualitative Cancer Classifications

0.011

IRIS b

PPRTV c

Biphenyl

92-52-4

0.008

IRIS

"Suggestive
evidence of
carcinogenic
potential"

N-Nitrosodiphenylamine

86-30-6

0.0049

IRIS

B2 (Probable
human
carcinogen)

3

91-20-3

“Data are
inadequate to
assess human
carcinogenic
potential”

2B

RAHC

Cumene

98-82-8

D (Not
classifiable as to
human
carcinogenicity)

2B

RAHC

2-Mercaptobenzothiazole

149-30-4

m-Cresol

108-39-4

Naphthalene

o-Cresol

95-48-7

2A
C (Possible
human
carcinogen)

C (Possible
human
carcinogen)
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OSFsa

Chemical Name

CASRN

Benzyl butyl
phthalate

85-68-7

Qualitative Cancer Classifications

OSF (per
mg/kg- Source
day)
of OSF

IRIS b
C (Possible
human
carcinogen)

PPRTV c

IARC d

RoC e

3

CASRN = Chemical Abstract Service Registry Number; IRIS = Integrated Risk Information System; PPRTV = Provisional Peer
Reviewed Toxicity Values; HHBP = Human Health Benchmarks for Pesticides; CalEPA = California Environmental Protection
Agency; IARC = International Agency for Research on Cancer Monographs; RoC = National Toxicology Program 13th Report on
Carcinogens
Oral slope factor (OSF): An upper-bound, approximating a 95% confidence limit, on the increased cancer risk from a lifetime
oral exposure to an agent. This estimate, usually expressed in units of proportion (of a population) affected per mg/kg-day, is
generally reserved for use in the low dose region of the dose response relationship, that is, for exposures corresponding to risks
less than 1 in 100. OSFs considered in this analysis include values from IRIS, PPRTV, HHBP, and CalEPA. See Section 9.4.1.
a

IRIS assessments use EPA’s 1986, 1996, 1999, or 2005 guidelines to establish descriptors for summarizing the weight of
evidence as to whether a contaminant is or may be carcinogenic. See glossary in Appendix G for details.

b

PPRTV assessments use EPA’s 1999 guidelines to establish descriptors for summarizing the weight of evidence as to whether a
contaminant is or may be carcinogenic. See glossary in Appendix G for details.
c

The IARC summarizes the weight of evidence as to whether a contaminant is or may be carcinogenic using five weight of
evidence classifications: Group 1: Carcinogenic to humans; Group 2A: Probably carcinogenic to humans; Group 2B: Possibly
carcinogenic to humans; Group 3: Not classifiable as to its carcinogenicity to humans; Group 4: Probably not carcinogenic to
humans. See glossary in Appendix G for details.
d

The listing criteria in the 13th RoC Document are: Known = Known to be a human carcinogen; RAHC = Reasonably anticipated
to be a human carcinogen.

e

9.5.3 Inorganic Chemicals and TENORM in Produced Water
Chapter 7 discussed the detection of inorganic constituents such as metals, inorganic ions, and
TENORM in produced water. Examples include barium, cadmium, chromium, copper, lead,
manganese, nickel, zinc, and radium. In general, these chemicals are naturally occurring, and are
characteristic of produced water from both conventional and unconventional reservoirs. These
chemicals have the potential to enter drinking water resources through events such as spills of
produced water, mechanical integrity failures, infiltration into groundwater from produced water
storage pits, and persistence in inadequately treated wastewater.

The entry of inorganic constituents of produced water into drinking water resources has been
documented in numerous studies. In Pennsylvania, elevated levels of barium and strontium have
been observed in CWT effluent (PA DEP, 2015a), with effluent concentrations dropping after oil and
gas well operators were asked to stop discharging waste at this facility (see Text Box 8-1 for details
on temporal trends in wastewater management in Pennsylvania). Likewise, effluent concentrations
at two publicly owned treatment words (POTWs) that had accepted Marcellus wastewater were
found to have lower concentrations of bromide, chloride, barium, strontium, and sulfate after oil
and gas well operators were asked to stop discharging waste at this facility in May 2011 (Ferrar et
al., 2013). Effluents from POTWs and CWTs that handle Marcellus Shale wastewater have been
found to have levels of radium-226 and radium-228 that exceed the MCL for radium and are
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significantly higher than typical background levels of radium in river water (PA DEP, 2015b).
Radium-226 and radium-228 have been demonstrated to accumulate in sediments near the outfalls
of CWTs and of POTWs that handle oil and gas wastewater from CWTs (PA DEP, 2015b; Warner et
al., 2013a), and in sediments receiving effluent from landfills that accept oil and gas wastes (PA
DEP, 2015b). In West Virginia, water samples collected downstream of a hydraulic fracturing
wastewater injection facility had elevated specific conductance and total dissolved solids, elevated
bromide, chloride, sodium, barium, strontium, and lithium concentrations, and different strontium
isotope ratios compared to those found in upstream, background waters (Akob et al., 2016). In a
survey of 500 groundwater wells overlying and adjacent to the Barnett Shale in Texas, Hildenbrand
et al. (2015) reported a variety of metals and anions that are known produced water constituents at
concentrations that sometimes exceeded primary or secondary MCLs, health advisory levels, or
other suggested levels as provided in the EPA Drinking Water Standards, although it was not clear
that these chemicals originated from nearby hydraulic fracturing activity or from other potential
sources.
For the inorganic chemicals that were identified in produced water on EPA’s chemical list,
noncancer toxicity values (chronic oral RfVs) and ACToR data availability for these chemicals are
shown in Table 9-6, and cancer information (OSFs and qualitative cancer classifications) are shown
in Table 9-7. As shown in Table 9-6, chronic oral RfVs were available for 26 of these chemicals,
ranging from 0.00002 mg/kg-day (phosphorus) to 1.6 mg/kg-day (nitrate). Critical effects for these
metals include neurotoxicity, developmental and liver toxicity, hyperpigmentation and keratosis of
the skin, and decrements in blood copper status and enzyme activity. Nineteen of the inorganic
chemicals in Table 9-6 are regulated as drinking water contaminants under the NPDWR.
All but one of these inorganic chemicals had at least some relevant data available on EPA's ACToR
database. However, none of the inorganic chemicals have TOPKAT LOAEL estimates available, as
this QSAR model is only able to generate estimates for organic chemicals (Section 9.4.2).

Table 9-6. List of inorganics and TENORM reported in produced water, and respective chronic
oral RfVs and OSFs when available.

Includes inorganic chemicals that were identified on EPA’s list of chemicals in produced water (Appendix H).
Chemicals are ordered from most toxic to least toxic based on chronic oral RfV. Chemicals without chronic oral
RfVs were ordered in terms of the number of data points on ACToR. *Indicates chemicals are regulated as drinking
water contaminants under the NPDWR.

Chronic oral RfVsa

ACToR

CASRN

RfV
(mg/kgday)

Source
of RfV

Phosphorus

7723-14-0

0.00002

IRIS

Parturition mortality;
forelimb hair loss

113

Vanadium

7440-62-2

0.00007

PPRTV

Kidney histopathology

76

Arsenic*

7440-38-2

0.0003

IRIS

Hyperpigmentation and
vascular complications

243

Chemical Name
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Chronic oral RfVsa

ACToR

CASRN

RfV
(mg/kgday)

Source
of RfV

Critical effectb

# of
data
pointsc

Cobalt

7440-48-4

0.0003

PPRTV

Decreased iodine uptake

76

Antimony*

7440-36-0

0.0004

IRIS

Hematological;
alterations in glucose
and cholesterol

163

Cadmium*

7440-43-9

0.0005

IRIS

Proteinuria

230

Beryllium*

7440-41-7

0.002

IRIS

Intestinal lesions

186

Mercury

7439-97-6

0.002

CICAD

Renal toxicity

177

Lithium

7439-93-2

0.002

PPRTV

Adverse effects in
multiple organ systems

43

Chromium (VI)

18540-29-9

0.003

IRIS

None reported

120

Selenium*

7782-49-2

0.005

IRIS

Clinical selenosis

232

Silver

7440-22-4

0.005

IRIS

Argyria

120

Molybdenum

7439-98-7

0.005

IRIS

Increased uric acid levels

73

Iodine

7553-56-2

0.01

CICAD

Nitrite*

14797-65-0

0.1

IRIS

Methemoglobinemia

109

Chlorine

7782-50-5

0.1

IRIS

No adverse effect level

116

Manganese

7439-96-5

0.14

IRIS

Central nervous system
(CNS) effects

128

Barium*

7440-39-3

0.2

IRIS

Nephropathy

167

Boron

7440-42-8

0.2

IRIS

Decreased fetal weight
(developmental)

93

IRIS

Decreases in erythrocyte
Cu, Zn-superoxide
dismutase (ESOD)
activity in humans

163

Reproductive Toxicity

168

Chemical Name

0.3

27

Zinc

7440-66-6

Lead*

7439-92-1

Strontium

7440-24-6

0.6

IRIS

Rachitic bone

67

Iron

7439-89-6

0.7

PPRTV

Adverse gastrointestinal
effects

73

Aluminum

7429-90-5

1

PPRTV

Neurotoxicity

88

Chromium (III)

16065-83-1

1.5

IRIS

No effects observed

71

0.5 μg/day d CalEPA
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Chronic oral RfVsa

ACToR

CASRN

RfV
(mg/kgday)

Nitrate*

14797-55-8

1.6

Nickel

7440-02-0

181

Copper*

7440-50-8

163

Thallium*

7440-28-0

136

Chromium

7440-47-3

125

Uranium-238*

7440-61-1

100

Ammonia

7664-41-7

90

Zirconium

7440-67-7

55

Alpha particle*

12587-46-1

55

Fluoride*

16984-48-8

53

Radium*

7440-14-4

52

Beta particle*

12587-47-2

51

Magnesium

7439-95-4

40

Tin

7440-31-5

40

Chloride

16887-00-6

32

Sodium

7440-23-5

31

Sulfate

14808-79-8

27

Potassium

7440-09-7

25

Titanium

7440-32-6

25

Calcium

7440-70-2

24

Radium-226*

13982-63-3

13

Radium-228*

15262-20-1

11

Sulfide

18496-25-8

11

Caesium

7440-46-2

7

Caesium-137

10045-97-3

6

Silicon

7440-21-3

5

Rubidium

7440-17-7

5

Chemical Name
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Chronic oral RfVsa

Chemical Name

CASRN

RfV
(mg/kgday)

Source
of RfV

ACToR
# of
data
pointsc

Critical effectb

Bromide

24959-67-9

2

Sulfite

14265-45-3

1

Uranium-235*

15117-96-1

1

Octasulfur

10544-50-0

CASRN = Chemical Abstract Service Registry Number; RfV = Reference value; IRIS = Integrated Risk Information System; PPRTV =
Provisional Peer-Reviewed Toxicity Value; CalEPA = California Environmental Protection Agency; CICAD = Concise International
Chemical Assessment Documents; ACToR = EPA’s Aggregated Computational Toxicology Online Resource
a Reference

value (RfV): An estimate of an exposure for a given duration to the human population (including susceptible
subgroups) that is likely to be without an appreciable risk of adverse health effects over a lifetime. RfVs considered in this
analysis include chronic oral reference doses (RfDs) from IRIS, PPRTV, and HHBP; chronic oral minimal risk levels (MRLs) from
ATSDR; maximum allowable daily levels (MADLs) from CalEPA; and tolerable daily intake (TDI) from CICAD. See Section 9.4.1.
b

Critical effect: The first adverse effect, or its known precursor, that occurs to the most sensitive species as the dose rate of an
agent increases.
c Indicates

the total number of data points available for a chemical in the relevant data classes on EPA’s ACToR database, as
described in Section 9.4.3.
d

CalEPA MADLs are in units of μg/day, while all other chronic oral RfVs in this table are in units of mg/kg-day.

OSFs were available for 4 of the inorganic chemicals reported in produced water, and 14 are
classified as known or probable carcinogens (Table 9-7). OSFs ranged from 15 per mg/kg-day for
cadmium to 0.0085 mg/kg-day for lead. Chromium (VI), arsenic, alpha particle, beta particle,
radium-226, and radium-288 are all classified as known human carcinogens by all sources
reporting in this table. Beryllium and cadmium are both classified as known human carcinogens by
IARC and NTP, and as probable human carcinogens by EPA. Lead, cobalt, nickel, nitrate, and nitrite
are classified by these sources as possible or probable human carcinogens.

Table 9-7. List of qualitative cancer classifications available for inorganics and NORM that
were reported in produced water.

Includes inorganic chemicals that were identified on EPA’s list of chemicals in produced water (Appendix H) that
classified as known, probable, or possible carcinogens by at least one of the sources in Table 9-1. Chemicals that
had OSFs available are ordered in this table from most potent (highest OSF) to least potent (lowest OSF).

OSFa

Chemical Name

CASRN

Qualitative Cancer Classifications

OSF (per
mg/kg- Source
day)
of OSF

IRISb

PPRTVc

IARCd

RoCe

Cadmium

7440-43-9

15

CalEPA

B1 (Probable
human
carcinogen)

1

Known

Arsenic

7440-38-2

1.5

IRIS

A (Human
carcinogen)

1

Known
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OSFa

Chemical Name

CASRN

Qualitative Cancer Classifications

OSF (per
mg/kg- Source
day)
of OSF

IRISb

PPRTVc

IARCd

Chromium (VI)

18540-29-9

0.5

CalEPA

Inhaled: A
(Human
carcinogen)
Oral: D (Not
classifiable as to
human
carcinogenicity)

Lead

7439-92-1

0.0085

CalEPA

B2 (Probable
human
carcinogen)

Alpha particle

12587-46-1

Beryllium

7440-41-7

Beta particle

12587-47-2

1

Radium

7440-14-4

1

Radium-226

13982-63-3

1

Radium-228

15262-20-1

1

Cobalt

7440-48-4

Nickel

7440-02-0

2B

Nitrate

14797-55-8

2A

Nitrite

14797-65-0

2A

RoCe

1

Known

2B

RAHC

1
B1 (Probable
human
carcinogen)

1

Likely to be
carcinogenic to
humans

Known

2B
RAHC

CASRN = Chemical Abstract Service Registry Number; IRIS = Integrated Risk Information System; PPRTV = Provisional Peer
Reviewed Toxicity Values; HHBP = Human Health Benchmarks for Pesticides; CalEPA = California Environmental Protection
Agency; IARC = International Agency for Research on Cancer Monographs; RoC = National Toxicology Program 13th Report on
Carcinogens
a Oral slope factor (OSF): An upper-bound, approximating a 95% confidence limit, on the increased cancer risk from a lifetime
oral exposure to an agent. This estimate, usually expressed in units of proportion (of a population) affected per mg/kg-day, is
generally reserved for use in the low dose region of the dose response relationship, that is, for exposures corresponding to risks
less than 1 in 100. OSFs considered in this analysis include values from IRIS, PPRTV, HHBP, and CalEPA. See Section 9.4.1.
b IRIS assessments use EPA’s 1986, 1996, 1999, or 2005 guidelines to establish descriptors for summarizing the weight of
evidence as to whether a contaminant is or may be carcinogenic. See glossary in Appendix G for details.
c PPRTV assessments use EPA’s 1999 guidelines to establish descriptors for summarizing the weight of evidence as to whether a
contaminant is or may be carcinogenic. See glossary in Appendix G for details.
d The IARC summarizes the weight of evidence as to whether a contaminant is or may be carcinogenic using five weight of
evidence classifications: Group 1: Carcinogenic to humans; Group 2A: Probably carcinogenic to humans; Group 2B: Possibly
carcinogenic to humans; Group 3: Not classifiable as to its carcinogenicity to humans; Group 4: Probably not carcinogenic to
humans. See glossary in Appendix G for details.
e The listing criteria in the 13th RoC Document are: Known = Known to be a human carcinogen; RAHC = Reasonably anticipated
to be a human carcinogen.
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9.5.4 Organochlorine Pesticides and Polychlorinated Biphenyls (PCBs) in Produced Water
EPA’s list of chemicals detected in produced water includes several chemicals that have been
banned from commercial use: specifically, organochlorine pesticides and Aroclor 1248, which is a
commercial PCB mixture. These chemicals were reported by two of the sources used to compile
EPA’s chemical list (Appendix H): a technical report prepared by the Gas Technology Institute for
the Marcellus Shale Coalition (MSC), which is a drilling industry trade group (Hayes, 2009); and a
report by the New York State Department of Environmental Conservation (NYSDEC), which
referenced the results of the MSC study (NYSDEC, 2011). These chemicals are listed in Table 9-8
along with their respective noncancer toxicity values (chronic oral RfVs and TOPKAT LOAELs) and
availability of relevant toxicological information on ACToR. Cancer information (OSF or qualitative
cancer classification) for these chemicals is listed in Table 9-9.

There is uncertainty about why organochlorine pesticides and PCBs were detected, as they are not
used in hydraulic fracturing fluids and are not naturally occurring. The MSC study stated the
banned substances were detected sporadically and at low concentrations, and suggested they may
have originated from laboratory contamination. The NYSDEC report suggested that the banned
substances may have been introduced to the shale or the water as a result of drilling or fracturing
operations. It is possible that these chemicals were present as legacy contaminants in the source
water used for hydraulic fracturing fluid formulation, or were mobilized from the environment near
the well. Although these chemicals are notable for their high toxicity, the extent to which these
chemicals may be detected in produced water from other hydraulic fracturing sites is not clear.
Chronic oral RfVs for these organochlorine pesticides ranged from 0.000013 mg/kg-day
(Heptachlor epoxide) to 0.0005 mg/kg-day (heptachlor), and were all based on liver toxicity. All of
these pesticides had TOPKAT LOAEL estimates, and all have relevant data available within EPA’s
ACToR database.). Heptachlor epoxide, heptachlor, and lindane are regulated as drinking water
contaminants under the NPDWR.

Table 9-8. List of organochlorine pesticides and PCBs that were reported in produced water,
and their respective chronic oral RfVs, TOPKAT LOAEL estimates, and availability of data in
EPA’s ACToR database.
Includes banned chemicals that were identified on EPA’s list of chemicals in produced water (Appendix H).
Chemicals are ordered from most toxic to least toxic based on chronic oral RfV. Chemicals without chronic oral
RfVs were ordered in terms of the number of data points on ACToR. *Indicates chemicals that are regulated as
drinking water contaminants under the NPDWRs.

Chronic oral RfVa

CASRN

RfV
(mg/kgday)

Source
of RfV

Heptachlor epoxide*

1024-57-3

0.000013

IRIS

Aldrin

309-00-2

0.00003

IRIS

Chemical Name
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QSAR

ACToR

TOPKAT
LOAELc
(mg/kg)

# of
data
pointsd

Increased liver-to-body
weight ratio in both
males and females

0.595

168

Liver toxicity

0.743

166

Critical effectb
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Chronic oral RfVa

QSAR

ACToR

Chemical Name

CASRN

RfV
(mg/kgday)

Dieldrin

60-57-1

0.00005

IRIS

Liver lesions

0.442

167

Lindane*

58-89-9

0.0003

IRIS

Liver and kidney
toxicity

23.9

238

Heptachlor*

76-44-8

0.0005

IRIS

Liver weight increases
in males

0.927

203

betaHexachlorocyclohexane

319-85-7

23.9

88

deltaHexachlorocyclohexane

319-86-8

23.9

22

12672-29-6

21.87

35

72-55-9

14.6

103

Endrin aldehyde

7421-93-4

4.09

27

Endosulfan I

959-98-8

2.27

32

Endosulfan II

33213-65-9

2.27

32

Aroclor 1248
p,p'-DDE

Source
of RfV

Critical effectb

TOPKAT
LOAELc
(mg/kg)

# of
data
pointsd

CASRN = Chemical Abstract Service Registry Number; RfV = Reference value; IRIS = Integrated Risk Information System; QSAR =
Quantitative structure-activity relationship; TOPKAT = Toxicity Prediction by Komputer Assisted Technology; ACToR = EPA’s
Aggregated Computational Toxicology Online Resource
a

Reference value (RfV): An estimate of an exposure for a given duration to the human population (including susceptible
subgroups) that is likely to be without an appreciable risk of adverse health effects over a lifetime. RfVs considered in this
analysis include chronic oral reference doses (RfDs) from IRIS, PPRTV, and HHBP; chronic oral minimal risk levels (MRLs) from
ATSDR; maximum allowable daily levels (MADLs) from CalEPA; and tolerable daily intake (TDI) from CICAD. See Section 9.4.1.
b

Critical effect: The first adverse effect, or its known precursor, that occurs to the most sensitive species as the dose rate of an
agent increases.
c TOPKAT

lowest-observed-adverse-effect level (LOAEL): The LOAEL is the lowest exposure level at which there are biologically
significant increases in frequency or severity of adverse effects between the exposed population and its appropriate control
group. TOPKAT LOAELs were predicted using a QSAR-based software model, as described in Section 9.4.2.
d Indicates

the total number of data points available for a chemical in the relevant data classes on EPA’s ACToR database, as
described in Section 9.4.3.

OSFs were available for 7 of the organochlorine pesticides that are classified as known, probable, or
possible human carcinogens (Table 9-9). OSFs ranged from 17 per mg/kg-day (aldrin) to 0.34 per
mg/kg-day (p,p’-DDE). Aldrin, dieldrin, heptachlor epoxide, heptachlor, betahexachlorocyclohexane, and p,p’-DDE are classified as probable or possible carcinogens. Lindane is
classified as a known carcinogen by IARC, and as “reasonably anticipated to be a human
carcinogen” by RoC.
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Table 9-9. List of OSFs and qualitative cancer classifications available for organochlorine
pesticides reported in produced water.

Includes banned chemicals that were identified on EPA’s list of chemicals in produced water (Appendix H) that are
classified as known, probable, or possible carcinogens by at least one of the sources in Table 9-1. Chemicals are
ordered in this table from most potent (highest OSF) to least potent (lowest OSF).

OSFa

Qualitative cancer classifications

OSF (per
mg/kg- Source
day)
of OSF

IRISb

PPRTVc

IARCd

Chemical Name

CASRN

Aldrin

309-00-2

17

IRIS

B2 (Probable human
carcinogen)

3

Dieldrin

60-57-1

16

IRIS

B2 (Probable human
carcinogen)

3

Heptachlor
epoxide

1024-57-3

9.1

IRIS

B2 (Probable human
carcinogen)

Heptachlor

76-44-8

4.5

IRIS

B2 (Probable human
carcinogen)

betaHexachlorocyclohe
xane

319-85-7

1.8

IRIS

C (Possible human
carcinogen)

Lindane

58-89-9

1.1

CalEPA

p,p'-DDE

72-55-9

0.34

IRIS

RoCe

2B

1

RAHC

B2 (Probable human
carcinogen)

CASRN = Chemical Abstract Service Registry Number; IRIS = Integrated Risk Information System; CalEPA = California
Environmental Protection Agency; IARC = International Agency for Research on Cancer Monographs; RoC = National Toxicology
Program 13th Report on Carcinogens
a Oral slope factor (OSF): An upper-bound, approximating a 95% confidence limit, on the increased cancer risk from a lifetime
oral exposure to an agent. This estimate, usually expressed in units of proportion (of a population) affected per mg/kg-day, is
generally reserved for use in the low dose region of the dose response relationship, that is, for exposures corresponding to risks
less than 1 in 100. OSFs considered in this analysis include values from IRIS, PPRTV, HHBP, and CalEPA. See Section 9.4.1.
b IRIS assessments use EPA’s 1986, 1996, 1999, or 2005 guidelines to establish descriptors for summarizing the weight of
evidence as to whether a contaminant is or may be carcinogenic. See glossary in Appendix G for details.
c PPRTV assessments use EPA’s 1999 guidelines to establish descriptors for summarizing the weight of evidence as to whether a
contaminant is or may be carcinogenic. See glossary in Appendix G for details.
d The IARC summarizes the weight of evidence as to whether a contaminant is or may be carcinogenic using five weight of
evidence classifications: Group 1: Carcinogenic to humans; Group 2A: Probably carcinogenic to humans; Group 2B: Possibly
carcinogenic to humans; Group 3: Not classifiable as to its carcinogenicity to humans; Group 4: Probably not carcinogenic to
humans. See glossary in Appendix G for details.
e The listing criteria in the 13th RoC Document are: Known = Known to be a human carcinogen; RAHC = Reasonably anticipated
to be a human carcinogen.

9.5.5 Methane in Stray Gas
Chapter 6 discussed stray gas as a potential hazard in areas of hydraulic fracturing activity (Text
Box 6-3). Stray gas refers to the phenomenon of natural gas (primarily methane, plus lesser
amounts of ethane) migrating into shallow groundwater, into water wells, or to the surface (e.g.,
cellars, streams, or springs). As discussed in Chapter 6, some studies indicate an association
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between hydraulic fracturing activity and elevated methane concentrations in drinking water, while
other studies did not find such a correlation. Potential pathways for migration of stray gas into
aquifers include pathways along production wells with casing and/or cement issues, through
naturally existing fractures, through induced fractures, or via a route that is some combination of
these pathways.
Although ingestion of methane is not considered to be toxic, it has the potential to pose a physical
hazard. Methane can accumulate to explosive levels when allowed to exsolve (degas) from
groundwater in closed environments. High concentrations of methane may also displace oxygen
and act as an asphyxiant (NIOSH, 2000), potentially causing suffocation, loss of consciousness, or
symptoms such as headache and nausea. Methane is not a regulated drinking water contaminant.
Methane does not have an RfV, OSF, or qualitative cancer classification available from any of the
sources consulted by EPA, and did not have a high-confidence TOPKAT LOAEL estimate.
Information on methane is available within the ACToR database.

9.5.6 Disinfection Byproducts (DBPs) Formed from Wastewater Constituents

Some of the inorganic constituents of hydraulic fracturing produced water, including chloride,
bromine, iodine, and ammonium, can contribute to the formation of DBPs during wastewater
treatment (Harkness et al., 2015; Parker et al., 2014). The entry of these constituents into drinking
water resources—e.g., as a result of wastewater spills or from the discharge of inadequately treated
hydraulic fracturing wastewater—can result in DBPs in finished drinking water from downstream
drinking water treatment plants (States et al., 2013). DBPs may also be formed when hydraulic
fracturing produced water is treated at a centralized or publicly owned treatment works, and may
reach drinking water resources when the treated wastewater is discharged to surface water (Hladik
et al., 2014). Currently, there are no data available on the concentrations of DBPs in finished
drinking water as related to contributions of DBP precursors from hydraulic fracturing wastewater.
Regulated DBPs such as bromate, chlorite, haloacetic acids, and trihalomethanes are a small subset
of the full spectrum of DBPs that include other chlorinated and brominated DBPs as well as
nitrogenous and iodated DBPs. Long term exposure to these DBPs can result in an increased risk of
cancer, anemia, liver and kidney effects, and central nervous system effects. Some of the
unregulated DBPs may be more toxic than their regulated counterparts (Harkness et al., 2015;
McGuire et al., 2014; Parker et al., 2014). In addition, brominated forms of DBPs are considered to
be more cytotoxic, genotoxic, and carcinogenic than chlorinated species based on studies using
rodents, various types of human cells, and a salmonella strain containing human P450 genes
(McGuire et al., 2014; Parker et al., 2014; States et al., 2013; Krasner, 2009; Richardson et al., 2007).
As with brominated DBPs, there is concern that some iodinated forms of DBPs are more cytotoxic
and genotoxic than chlorinated species (McGuire et al., 2014; Parker et al., 2014; Krasner, 2009;
Richardson et al., 2007), as evidenced by studies involving rodent research and human cell research
(Plewa et al., 2010; Plewa and Wagner, 2009; Richardson et al., 2007). The MCLs (mg/L) for the
regulated DBPs are: 0.01 for bromate, 1.0 for chlorite, 0.06 for haloacetic acid, and 0.08 for total
trihalomethanes.
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9.5.7 Chemicals Detected in Multiple Stages of the Hydraulic Fracturing Water Cycle
As mentioned in Section 9.3 above, there were a total of 77 chemicals on EPA’s list that were
identified as being used in hydraulic fracturing fluids and detected in produced water. The presence
of these chemicals within both of these stages of the hydraulic fracturing water cycle may indicate
that these chemicals persist after they are injected into the well. However, this is not necessarily the
case, as some of these chemicals (e.g., BTEX, naphthalene, metals) also occur naturally in oil and gas
reservoirs. Additionally, the EPA’s list of chemicals used in hydraulic fracturing fluids and list of
chemicals in produced water were compiled from different sets of sources, and does not provide a
matched comparison between the chemicals used in hydraulic fracturing fluid and the chemicals
present in produced water at a particular site. There may have been other chemicals in present in
produced water that were not detected by these studies due to limitations of analytical chemistry.
Thus, the EPA’s composited chemical list cannot reliably be used to draw conclusions on the
persistence of hydraulic fracturing chemicals following well injection.
Of the 77 chemicals identified in both hydraulic fracturing fluids and produced water, 45 have a
chronic oral RfV or OSF available from at least one of the sources in Table 9-1. These 45 chemicals
and their respective toxicity values are shown in Table 9-10, with frequency of use data from the
EPA FracFocus 1.0 project database provided when available. Eleven of these chemicals are
regulated as drinking water contaminants.

Table 9-10. List of 45 chemicals on EPA’s list that were used in hydraulic fracturing fluids and
detected in produced water and have an RfV or OSF available.

Frequency of use data from the EPA FracFocus 1.0 project database is provided when available. Chemicals with
available data from the FracFocus 1.0 project database are ordered from high to low based on frequency of use.
Chemicals without frequency of use data are ordered from most toxic to least toxic based on chronic oral RfV.
*Indicates chemicals that are regulated as drinking water contaminants under the NPDWRs.

Chronic oral RfVsb
% of
RfV
Disclo- (mg/kg- Source
suresa
day) of RfV

Critical Effectc

Chemical Name

CASRN

Methanol

67-56-1

73%

2

IRIS

Extra cervical ribs

Ethylene glycol

107-21-1

47%

2

IRIS

Kidney toxicity

Propargyl alcohol

107-19-7

33%

0.002

IRIS

Renal and
hepatotoxicity

2-Butoxyethanol

111-76-2

23%

0.1

IRIS

Hemosiderin
deposition in liver
(inhalation study)

Naphthalene

91-20-3

19%

0.02

IRIS

Decreased mean
terminal body
weight in males
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Chronic oral RfVsb
% of
RfV
Disclo- (mg/kg- Source
suresa
day) of RfV

Critical Effectc

Chemical Name

CASRN

1,2,4Trimethylbenzene

95-63-6

13%

0.01

IRIS

Decreased pain
sensitivity

Formic acid

64-18-6

11%

0.9

PPRTV

Reproductive
Toxicity

N,NDimethylformamide

68-12-2

9%

0.1

PPRTV

Increase in ALT
enzyme and liver
weight

Benzyl chloride

100-44-7

6%

0.002

PPRTV

Cardiotoxicity

1,2-Propylene glycol

57-55-6

4%

20

PPRTV

Reduced RBC
counts and
hyperglycemia

Xylenes*

1330-20-7

2%

0.2

IRIS

Decreased body
weight, increased
mortality

D-Limonene

5989-27-5

2%

0.1

CICAD

Increased liver
weight

1-Butanol

71-36-3

1%

0.1

IRIS

Hypoactivity and
ataxia

Toluene*

108-88-3

0.7%

0.08

IRIS

Increased kidney
weight

Bis(2-chloroethyl)
ether

111-44-4

0.7%

2-(2Butoxyethoxy)ethan
ol

112-34-5

0.6%

0.03

PPRTV

Changes in red
blood cells (RBC)

1,3,5Trimethylbenzene

108-67-8

0.5%

0.01

IRIS

Decreased pain
sensitivity

Cumene

98-82-8

0.5%

0.1

IRIS

Increased average
kidney weight in
female rats

Iron

7439-89-6

0.4%

0.7

PPRTV

Adverse
gastrointestinal
effects

1,2,3Trimethylbenzene

526-73-8

0.4%

0.01

IRIS

Decreased pain
sensitivity
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IRIS
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Chronic oral RfVsb
% of
RfV
Disclo- (mg/kg- Source
suresa
day) of RfV

Critical Effectc

OSFsd
OSF
(per mg/kg- Source
day)
of OSF

Chemical Name

CASRN

Phenol

108-95-2

0.4%

0.3

IRIS

Decreased
maternal weight
gain

Ethylbenzene*

100-41-4

0.4%

0.1

IRIS

Liver and kidney
toxicity

0.011

CalEPA

1,4-Dioxane

123-91-1

0.3%

0.03

IRIS

Liver and kidney
toxicity

0.1

IRIS

Acetone

67-64-1

0.2%

0.9

IRIS

Nephropathy

7440-42-8

0.05%

0.2

IRIS

Decreased fetal
weight

o-Xylene*

95-47-6

0.05%

0.2

ATSDR

Neurotoxicity

Acetophenone

98-86-2

0.04%

0.1

IRIS

General toxicity

Quinoline

91-22-5

0.02%

3

IRIS

0.002

IRIS

0.015-0.055

IRIS

3

IRIS

1.5

IRIS

0.5

CalEPA

0.009

PPRTV

Boron

Dichloromethane*

75-09-2

0.02%

0.006

IRIS

Hepatic effects
(hepatic
vacuolation, liver
foci)

Trimethylbenzene

25551-13-7

0.01%

0.01

IRIS

Decreased pain
sensitivity

Benzene*

71-43-2

0.01%

0.004

IRIS

Decreased
lymphocyte count

Bisphenol A

80-05-7

0.01%

0.05

IRIS

Reduced mean
body weight

Aluminum

7429-90-5

0.003%

1

PPRTV

Neurotoxicity

Hydrazine

302-01-2

0.003%

Chlorobenzene*

108-90-7

0.003%

Arsenic*
Acrolein
Chromium (VI)
Tributyl phosphate

0.02

IRIS

Histopathologic
changes in liver

7440-38-2

0.0003

IRIS

Hyperpigmentation
and vascular
complications

107-02-8

0.0005

IRIS

Decreased survival

18540-29-9

0.003

IRIS

None reported

126-73-8

0.01

PPRTV

Occasional
salivation
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Chronic oral RfVsb

Chemical Name

CASRN

% of
RfV
Disclo- (mg/kg- Source
suresa
day) of RfV

Di(2-ethylhexyl)
phthalate*

117-81-7

0.02

IRIS

Increased relative
liver weight

Chlorine

7782-50-5

0.1

IRIS

No adverse effect
level

p-Xylene*

106-42-3

0.2

ATSDR

Neurotoxicity

IRIS

Decreases in
erythrocyte Cu, Znsuperoxide
dismutase (ESOD)
activity in humans

Zinc

7440-66-6

Lead*

7439-92-1

Chromium (III)

16065-83-1

0.3

0.5
CalEPA
μg/day e
1.5

Critical Effectc

Reproductive
toxicity

OSFsd
OSF
(per mg/kg- Source
day)
of OSF
0.014

IRIS

0.0085

CalEPA

IRIS

CASRN = Chemical Abstract Service Registry Number; RfV = Reference value; IRIS = Integrated Risk Information System; PPRTV =
Provisional Peer-Reviewed Toxicity Value; HHBP = Human Health Benchmarks for Pesticides; ATSDR = Agency for Toxic
Substances and Disease Registry; CalEPA = California Environmental Protection Agency; CICAD = Concise International Chemical
Assessment Documents; QSAR = Quantitative structure-activity relationship; TOPKAT = Toxicity Prediction by Komputer Assisted
Technology; ACToR = EPA’s Aggregated Computational Toxicology Online Resource
a

The FracFocus frequency of use data presented in this chapter is based on 35,957 FracFocus disclosures that were
deduplicated, within the study time period (January 1, 2011 to February 28, 2013), and with ingredients that have a valid
CASRN.
b Reference

value (RfV): An estimate of an exposure for a given duration to the human population (including susceptible
subgroups) that is likely to be without an appreciable risk of adverse health effects over a lifetime. RfVs considered in this
analysis include chronic oral reference doses (RfDs) from IRIS, PPRTV, and HHBP; chronic oral minimal risk levels (MRLs) from
ATSDR; maximum allowable daily levels (MADLs) from CalEPA; and tolerable daily intake (TDI) from CICAD. See Section 9.4.1.
c

Critical effect: The first adverse effect, or its known precursor, that occurs to the most sensitive species as the dose rate of an

agent increases.
d

Oral slope factor (OSF): An upper-bound, approximating a 95% confidence limit, on the increased cancer risk from a lifetime
oral exposure to an agent. This estimate, usually expressed in units of proportion (of a population) affected per mg/kg-day, is
generally reserved for use in the low dose region of the dose response relationship, that is, for exposures corresponding to risks
less than 1 in 100. OSFs considered in this analysis include values from IRIS, PPRTV, HHBP, and CalEPA. See Section 9.4.1.
e

CalEPA MADLs are in units of μg/day, while all other chronic oral RfVs in this table are in units of mg/kg-day.

9.6 Hazard Evaluation of Selected Subsets of Hydraulic Fracturing Chemicals
Using Multi-Criteria Decision Analysis (MCDA): Integrating Toxicity,
Occurrence, and Physicochemical Data
Based on the information presented in Section 9.5, it is clear that there are a variety of chemicals
used in hydraulic fracturing fluids or detected in produced water that are known to be hazardous to
human health. However, there are gaps in our understanding of the potential for human exposure
to these chemicals. Although there are subsurface and surface pathways by which these chemicals
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may be introduced into drinking water resources—including spills, leaks, mechanical integrity
failures, intersection of the fracture network with groundwater, or discharge of wastewater, as
described in previous chapters of this report—there are significant limitations associated with the
publicly available data on these potential impacts, and the potential for human exposure has not
been systematically characterized. This makes it difficult to determine which chemicals are of the
greatest concern for human exposure in drinking water, and creates a challenge for hazard
evaluation.

Although exposure assessment data are limited, some of the chemicals identified by EPA have other
data available that might provide preliminary insight into relative hazard potential. This includes
data on toxicity, frequency of use in hydraulic fracturing fluids, detected concentrations in
produced water, and data on physicochemical properties. By integrating these types of data, we can
place the severity of potential impacts (i.e., the toxicity of specific chemicals) into the context of
factors that affect the likelihood of impacts (i.e., frequency of use, environmental fate and
transport).

Multi-criteria decision analysis (MCDA) is one possible approach that can be used to facilitate data
integration. MCDA is a well-established decision support tool, which is used to integrate multiple
lines of evidence to develop an overall ranking or classification (Hristozov et al., 2014; Mitchell et
al., 2013b; Huang et al., 2011; Linkov et al., 2011). Using MCDA, a problem is approached by
dividing it into smaller criteria that need to be evaluated; the criteria are each analyzed
individually, and then combined to provide an integrated evaluation. This approach is structured
yet flexible, and offers a transparent means of combining information to provide weight of evidence
and insight into a complex problem. MCDA has gained increasing popularity as an environmental
decision-making tool (Huang et al., 2011). A recent publication by Yost et al. (In Press) described
the use of an MCDA framework to evaluate the hazard potential of chemicals associated with
hydraulic fracturing.
Here, to demonstrate one possible method for exploring the potential hazards of these chemicals,
we use an adaptation of the MCDA framework developed by Yost et al. (In Press) to analyze and
rank selected subsets of chemicals that have data available. 1 Chemicals were assigned scores based
on toxicity, occurrence, and physicochemical properties that describe transport in water. These
scores were then combined to develop a relative ranking of chemicals based on hazard potential.

The MCDA scores provide a preliminary evaluation of hazard potential, and serve as a qualitative
metric for making comparison between chemicals when exposure assessment data is limited or
unavailable. This analysis is not intended to define whether or not a chemical will present a human
health hazard or indicate that one chemical is safer than another, and should not be used in place of

Yost et al. (In Press) used the MCDA framework to analyze and rank the hazards of chemicals used in hydraulic
fracturing fluids, using data from the FracFocus 1.0 project database as the metric of occurrence. This chapter uses that
same framework for the analysis of chemicals used in hydraulic fracturing fluids. For chemicals detected in produced
water, this chapter modifies the MCDA framework by using measured concentration in produced water as the metric of
occurrence.
1
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site-specific data on chemical exposures. An overview of the MCDA framework and selection of
chemicals for inclusion in the MCDA is described below.

9.6.1 Overview of the MCDA Framework for Hazard Evaluation

The MCDA framework employed in this chapter was designed specifically to fit the scope of EPA’s
hydraulic fracturing study (Yost et al., In Press). A basic schematic of the model is shown in Figure
9-5, and the methods for assigning scores are outlined below. Under the MCDA framework, each
chemical was assigned three scores:
1. A Toxicity Score;

2. An Occurrence Score; and

3. A Physicochemical Properties score.

The three scores were each standardized based on the highest and lowest respective score within
the given subset of chemicals, and then summed to develop a Total Hazard Potential Score for each
chemical. The Total Hazard Potential Scores reflect a relative ranking of each chemical within the
given subset of chemicals, and offer a means of making comparisons between chemicals.

Figure 9-5. Overview of the MCDA framework for hazard evaluation.
Source: Yost et al. (In Press).

9.6.2 Selection of Chemicals for Hazard Evaluation in the MCDA Framework
From the overall list of 1,606 chemicals identified in this assessment, subsets of chemicals were
selected for hazard evaluation in the MCDA framework if they had sufficient data for inclusion,
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using an adaptation of the criteria outlined by Yost et al. (In Press). Specifically, chemicals were
selected if they had the following information available:
1. Had a chronic oral RfV or OSF from a US federal source (IRIS, PPRTV, ATSDR, HHBP);

2. Had available data on frequency of use in hydraulic fracturing fluids (data available from
the EPA FracFocus 1.0 project database) or measured concentrations in produced water
(data available from Appendix E) 1; and

3. Had data on physicochemical properties available from EPI Suite.

The rationale for applying these criteria is as follows:

1. Federal toxicity values generally undergo more extensive peer review compared to other
sources of toxicity values, and are based on the best available scientific information. For
this reason, EPA generally prefers to apply RfVs and OSFs from US federal sources for
human health risk assessment.
2. Data on frequency of use (in hydraulic fracturing fluids) or measured concentration (in
produced water) provide a metric to help assess the likelihood of chemical occurrence in
the hydraulic fracturing water cycle.
3. Information on physicochemical properties enables estimation of the likelihood a
chemical will be transported in water.

Chemicals used in hydraulic fracturing fluids and chemicals detected in produced water were
evaluated separately using the MCDA framework. To explore the different types of toxicity values
identified by EPA, two versions of the MCDA were performed on each of these subsets of chemicals:
a noncancer MCDA, in which the Toxicity Score is calculated using chronic oral RfVs; and a cancer
MCDA, in which the Toxicity Score is calculated using OSFs. For chemicals used in hydraulic
fracturing fluids, the noncancer MCDA was repeated for specific subsets of chemicals used in three
states that have a significant amount of hydraulic fracturing activity: Texas, Pennsylvania, and
North Dakota. Thus, seven iterations of the MCDA were performed: 1-4) noncancer MCDAs for
chemicals used in hydraulic fracturing fluids on a national or state-specific basis, 5) a cancer MCDA
for chemicals used in hydraulic fracturing fluids, 6) a noncancer MCDA for chemicals detected in
produced water, and 7) a cancer MCDA for chemicals detected in produced water.
In total, 42 chemicals used in hydraulic fracturing fluid and 29 chemicals detected in produced
water had sufficient information available for inclusion in noncancer MCDAs (Figure 9-6), while 10
chemicals used in hydraulic fracturing fluid and 7 chemicals detected in produced water had
sufficient information available for inclusion in cancer MCDAs (Figure 9-7).

1 Chemicals in produced water were considered for the MCDA if they had average or median measured concentrations
from any of the tables in Appendix E. Chemicals with only a maximum or minimum concentration listed in Appendix E
were not considered for the MCDA.
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Figure 9-6. The subsets of chemicals selected for hazard evaluation using the noncancer MCDA framework included 42 chemicals
used in hydraulic fracturing fluids and 29 chemicals detected in produced water.

For chemicals used in hydraulic fracturing fluids, subsets of these chemicals were also considered in state-specific analyses for Texas (36 chemicals),
Pennsylvania (20 chemicals), and North Dakota (21 chemicals).
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Figure 9-7. The subsets of chemicals selected for hazard evaluation using the cancer MCDA framework included 10 chemicals used
in hydraulic fracturing fluids, and 7 chemicals detected in produced water.
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9.6.3 Calculation of MCDA Scores
For each iteration of the MCDA, chemicals were assigned scores based on toxicity, occurrence, and
physicochemical properties according to the protocol outlined by Yost et al. (In Press). These scores
were then standardized to the highest and lowest score within the given subset of chemicals, and
then summed to determine a total score and relative ranking for each chemical. The methods used
to assign each score and calculate a total score are outlined below.

9.6.3.1 Toxicity Score (Noncancer MCDA)

For each noncancer MCDA, Toxicity Scores were calculated based on chronic oral RfVs from US
federal sources (IRIS, PPRTV, ATSDR, and HHBP). If a chemical had a chronic oral RfV available
from more than one of these sources, a single value was selected in this order, as described in
Section 9.4: HHBP (pesticides), IRIS, PPRTV, ATSDR. Toxicity Scores for the noncancer MCDA were
then assigned based on a relative ranking. Within each suite of chemicals considered in this analysis
(chemicals used in hydraulic fracturing fluids, or chemicals detected in produced water), RfVs were
ranked based on quartiles, and each chemical was assigned a Toxicity Score of 1 to 4 (Table 9-11).
Chemicals in the lowest quartile received the highest Toxicity Score, as these chemicals have lower
RfVs than other chemicals (i.e., may have lower thresholds for toxicity).

9.6.3.2 Toxicity Score (Cancer MCDA)

For each cancer MCDA, Toxicity Scores were calculated based on OSFs from US federal sources
(IRIS, PPRTV, and HHBP). If a chemical had an OSF available from more than one of these sources, a
single value was selected in this order, as described in Section 9.4: HHBP (pesticides), IRIS, PPRTV.
Toxicity Scores for the cancer MCDA were assigned based on a relative ranking. Within each suite of
chemicals considered in this analysis (chemicals used in hydraulic fracturing fluids, or chemicals
detected in produced water), OSFs were ranked based on quartiles, and each chemical was assigned
a Toxicity Score of 1 to 4 (Table 9-11). Chemicals in the highest quartile received the highest
Toxicity Score, as these chemicals have higher OSFs than other chemicals (i.e., are associated with a
higher increased risk of cancer per unit of exposure).

9.6.3.3 Occurrence Score

For each of the noncancer and cancer MCDAs, an Occurrence Score was calculated based on the
frequency or concentration at which each chemical was reported within the hydraulic fracturing
water cycle. For chemicals used in hydraulic fracturing fluids, the Occurrence Score was based on
the number of well disclosures for each chemical in the EPA FracFocus 1.0 project database. For
chemicals detected in produced water, the Occurrence Score was based on the average or median
measured concentration reported in Appendix E. If an average or median concentration of a
chemical was reported by multiple studies in Appendix E, the highest of these reported average or
median concentrations was used for this calculation. Once a value was determined for each
chemical, Occurrence Scores were then assigned based on a relative ranking. Within each suite of
chemicals considered in this analysis (chemicals used in hydraulic fracturing fluids, or chemicals
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detected in produced water), chemical occurrence was ranked based on quartiles, with each
chemical assigned an Occurrence Score of 1 to 4 (Table 9-11).

9.6.3.4 Physicochemical Properties Score

For each of the noncancer and cancer MCDAs, a Physicochemical Properties Score was calculated
based upon inherent physicochemical properties that describe the likelihood that a chemical will be
transported in water. The total Physicochemical Properties Score was calculated as the sum of
three subcriteria scores: a Mobility Score, a Volatility Score, and a Persistence Score. The Mobility
Score was assessed based upon three physicochemical properties that describe chemical solvency
in water: the octanol-water partition coefficient (Kow), the soil adsorption coefficient (Koc), and
aqueous solubility. The Volatility Score was assessed based on the Henry’s law constant, which
describes partitioning of a chemical between water and air. The Persistence Score was assessed
based on estimated half-life in water, which describes how long a chemical will remain in water
before it is degraded.
For input into the MCDA, experimentally measured physicochemical property values (provided in
EPI Suite) were used whenever available. Otherwise, estimated values from EPI Suite were used. To
classify these values and assign a score, these numerical values were compared against threshold
values (Table 9-11). Each chemical was assigned a Mobility Score, Volatility Score, and Persistence
Score (each on a scale of 1 to 4), which were then summed to calculate the Physicochemical
Properties Score. The threshold values in Table 9-11 are based upon previously published values
employed by existing exposure assessment models, including the EPA’s Design for the Environment
Alternatives Assessment Criteria for Hazard Evaluation (U.S. EPA, 2011b), the EPA’s Pollution
Prevention (P2) Framework (U.S. EPA, 2012i), and a peer-reviewed publication by Mitchell et al.
(2013b). More details on the Physicochemical Properties Score calculation are provided in the
Chapter 9 Annex, Section 9.8.1.

9.6.4 Total Hazard Potential Score

Within each iteration of the MCDA, the three criteria scores (Toxicity, Occurrence, Physicochemical
Properties) were each standardized to the dataset by scaling to the highest and lowest respective
score within the given subset of chemicals. The following equation was used:
Sx_final = (Sx – Smin) / (Smax – Smin)

in which Sx is the raw score for a particular chemical, Smax is the highest observed raw score within
the set of chemicals, and Smin is the lowest observed raw score within the set of chemicals. Sx_final is
the standardized score for the chemical. Each standardized score (Toxicity, Occurrence, or
Physicochemical Properties) falls on a scale of 0 to 1, and represents a relative ranking within the
given subset of chemicals.
The standardized Toxicity Score, Occurrence Score, and Physicochemical Properties Score were
summed to calculate a Total Hazard Potential Score for each chemical. The Total Hazard Potential
Scores fall on a scale of 0 to 3, with higher scores indicating chemicals that may be more likely to
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affect drinking water resources. Examples of the Total Hazard Potential Score calculation can be
found in the Chapter 9 Annex, Section 9.8.2.

Table 9-11. Thresholds used for developing the Toxicity Score, Occurrence Score, and
Physicochemical Properties Score in this MCDA framework.
Adapted from Yost et al. (In Press).

Score
Criteria

Sub-criteria Value

1

2

3

4

Toxicity
NA
(Noncancer MCDA)

Chronic oral RfV >3rd
(mg/kg-day)
quartile

>2nd quartile to >1st quartile to
≤3rd quartile
≤2nd quartile

Toxicity
(Cancer MCDA)

OSF (per mg/kg- <1st
day)
quartile

≥1st quartile to
<2nd quartile

≥2nd quartile to ≥3rd
<3rd quartile
quartile

Frequency of
use (% of
disclosures in
EPA’s FracFocus
1.0 project
database)
<1st
or
quartile

≥1st quartile to
<2nd quartile

≥2nd quartile to ≥3rd
<3rd quartile
quartile

Occurrence

NA

NA

≤1st
quartile

Measured
concentration in
produced water
(μg/L; Appendix
E)
Log KOW

>5

>3 to ≤5

>2 to ≤3

≤2

Log KOC

>4.4

>3.4 to ≤4.4

>2.4 to ≤3.4

≤2.4

Aqueous
<0.1
solubility (mg/L)

≥0.1 to <100

≥100 to <1000

≥1000

Volatility

Henry’s law
constant

>10-1

>10-3 to ≤10-1

>10-5 to ≤10-3

≤10-5

Persistence

Half-life in
water (days)

<16

≥16 to <60

≥60 to <180

≥180

Mobility
Physico-chemical
Properties

9.6.5 MCDA Results
For each iteration of the MCDA, we first present the data used for input into the MCDA, including
data on toxicity, occurrence, and physicochemical properties. We then present the results of each
MCDA, which show a relative ranking of chemicals based on integration of these data. Lastly, we
discuss the key limitations of this MCDA approach, which is intended as a preliminary analysis only.
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9.6.5.1 Results: Noncancer MCDA for Chemicals Used in Hydraulic Fracturing Fluids
A total of 42 chemicals used in hydraulic fracturing fluids were evaluated in a noncancer MCDA
(Table 9-12). Chronic oral RfVs within this suite of chemicals range from 0.001−20 mg/kg-day, with
(E)-crotonaldehyde having the lowest chronic oral RfV and 1,2-propylene glycol having the highest.
These RfVs were derived based on health effects including immune system effects, changes in body
weight, changes in blood chemistry, cardiotoxicity, neurotoxicity, liver and kidney toxicity, and
reproductive and developmental toxicity. The total UFs used in the derivation of these chronic oral
RfVs (Table 9-12) reflect varying degrees of confidence surrounding the data sets for these
chemicals. Three of the chemicals with the lowest chronic oral RfVs [(E)-crotonaldehyde, propargyl
alcohol, benzyl chloride] have total UFs of 3000, indicating a relatively large amount of uncertainty
in these values. Comparatively, chemicals such as benzene, acrylamide, and dichloromethane also
have low chronic oral RfVs, but with much less uncertainty reflected in the values.
Figure 9-8 presents the results of a noncancer MCDA for these 42 chemicals in hydraulic fracturing
fluids. Of these 42 chemicals, propargyl alcohol received the highest overall Total Hazard Potential
Score. Propargyl alcohol was reported in 33% of disclosures nationally in the EPA FracFocus 1.0
project database, making it one of the most widely used chemicals that was considered in this
analysis. It has physicochemical properties that are conducive to transport in water, and a low RfV.
Given these properties, propargyl alcohol received the highest overall ranking based on hazard
potential across all of the metrics that were considered in the MCDA.

Several of the other chemicals that received high Occurrence Scores also received among the
highest Total Hazard Potential Scores, including 2-butoxyethanol, naphthalene, 1,2,4trimethylbenzene, N,N-dimethylformamide, and formaldehyde (reported in 23%, 19%, 13%, 9%,
and 7% of disclosures, respectively). Methanol, ethylene glycol, and formic acid (73%, 47%, and
11% of disclosures, respectively) received lower Total Hazard Potential Scores as a result of having
higher RfVs. Likewise, didecyldimethylammonium chloride and dodecylbenzenesulfonic acid (8%
and 7% of disclosures, respectively) received lower Total Hazard Potential Scores as a result of
having higher RfVs and more hydrophobic properties.
The other chemicals that received high Toxicity Scores (i.e., had low chronic oral RfVs) received
moderate to high Total Hazard Potential Scores overall. Acrylamide was reported in only 1% of
disclosures, but has physicochemical properties that are very conducive to transport in water, and
therefore received one of the highest overall Total Hazard Potential Scores. 1,2,4Trimethylbenzene, benzyl chloride, and epichlorohydrin (13%, 6%, and 1% of disclosures in the
EPA FracFocus 1.0 project database, respectively) scored slightly lower than acrylamide with
regards to physicochemical properties. Other chemicals, including 1,2,3-trimethylbenzene, 1,3,5trimethylbenzene, (E)-crotonaldehyde, benzene, dichloromethane, aniline, furfural, and 2(Thiocyanomethylthio)benzothiazole, received lower overall scores because they are used more
infrequently (the trimethylbenzenes were reported in <1% of disclosures, and the rest reported in
<0.1% of disclosures).
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9.6.5.2 Results: Noncancer MCDA for Chemicals Used in Hydraulic Fracturing Fluids (Statespecific analysis for Texas, Pennsylvania, and North Dakota)
To investigate the extent of regional differences and examine the applicability of the MCDA model
at the regional scale, we repeated the noncancer MCDA for hydraulic fracturing fluids for subsets of
chemicals used in three representative states that have a significant amount of hydraulic fracturing
activity: Texas, Pennsylvania, and North Dakota. The chemicals used in these state-specific analyses
are subsets of the chemicals used nationally, and are indicated in Table 9-12. Some of the chemicals
considered in the national analysis were not included in the state-specific analyses because they
were not disclosed to FracFocus 1.0 as used in these states.
Results are presented in Figure 9-9 (Texas), Figure 9-10 (Pennsylvania), and Figure 9-11 (North
Dakota). By comparing these results to each other and to the national noncancer MCDA (Figure
9-8), it is evident that there are some regional differences in the Total Hazard Potential Scores,
although many chemicals were commonly used and received similar overall rankings.

Methanol, ethylene glycol, and 2-butoxyethanol were among the most frequently reported
chemicals in all three state-specific analyses, while other chemicals differed distinctly between
states. For instance, propargyl alcohol was frequently reported in Texas (39% of disclosures) and
Pennsylvania (58% of disclosures), but not North Dakota (1% of disclosures). Likewise,
naphthalene was reported frequently in Texas (14% of disclosures) and North Dakota (43% of
disclosures), but not in Pennsylvania (1% of disclosures). The most toxic chemicals (occurring in
the lowest quartile of chronic oral RfVs) common among all three states include propargyl alcohol,
benzyl chloride, acrylamide, and 1,2,4-trimethylbenzene. Other chemicals receiving high Toxicity
Scores in these states include epichlorohydrine (Texas and Pennsylvania), 1,3,5-Trimethylbenzene
(Texas and Pennsylvania), 1,4-dioxane (North Dakota), naphthalene (North Dakota), benzene,
aniline, and 1,2,3-Trimethylbenzene (Texas).

Overall, in Texas, propargyl alcohol received the highest possible Total Hazard Potential Score, with
acrylamide receiving the second highest score. In Pennsylvania, propargyl alcohol also received the
highest possible Total Hazard Potential Score, with 2-butoxyethanol receiving the second highest
score. In North Dakota, 2-butoxyethanol received the highest Total Hazard Potential Score, with
naphthalene receiving the second highest score.
The results of these state-specific MCDAs support the concept presented in Chapter 5 that there is
no single hydraulic fracturing fluid formulation, and that the chemicals of most potential concern
will vary between regions or even between wells.
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Table 9-12. Data on the selected subset of chemicals in hydraulic fracturing fluids used for input into a noncancer MCDA.
Chemicals within the table are ordered from most toxic to least toxic based on chronic oral RfV.

% disclosures in EPA
FracFocus 1.0 project
databaseb

Noncancer toxicity
(chronic oral RfV)a

Mobility

Chemical Name

CASRN

RfV
(mg/
kg-day)

(E)-Crotonaldehyde

123-73-9

0.001

3000

PPRTV

0.06%

Propargyl alcohol

107-19-7

0.002

3000

IRIS

33%

39%

58%

Benzyl chloride

100-44-7

0.002

3000

PPRTV

6%

7%

Acrylamide

79-06-1

0.002

30

IRIS

1%

2%

Benzene

71-43-2

0.004

300

IRIS

0.006%

0.01%

Epichlorohydrin

106-89-8

0.006

1000

PPRTV

1%

0.20%

Dichloromethane

75-09-2

0.006

30

IRIS

0.02%

Aniline

62-53-3

0.007

1000

PPRTV

0.02%

0.05%

1,2,4Trimethylbenzene

95-63-6

0.01

300

IRIS

13%

11%

1%

1,3,5Trimethylbenzene

108-67-8

0.01

300

IRIS

0.5%

0.80%

1%

1,2,3Trimethylbenzene

526-73-8

0.01

300

IRIS

0.4%

0.80%

2-(Thiocyanomethylthio)benzothiazole

21564-170

0.01

300

HHBP

Furfural

98-01-1

0.01

3000

Naphthalene

91-20-3

0.02

3000

Volatility

Persistence

Log
KOW

Log
KOC

Solubility
(mg/L)

0.6

0.254

41480

1.94E-05

15

1%

-0.38

0.28

935500

1.15E-06

15

5%

0.80%

2.3

2.649

1030

4.12E-04

15

1%

1%

-0.67

0.755

504000

1.70E-09

15

2.13

1.75

2000

5.55E-03

37.5

0.45

1

50630

3.04E-05

15

1.25

1.44

10950

3.25E-03

37.5

0.9

1.6

20820

2.02E-06

15

3.63

2.788

79.59

6.16E-03

37.5

3.42

2.82

120.3

8.77E-03

37.5

3.66

2.8

75.03

4.36E-03

37.5

0.006%

3.3

3.528

41.67

6.49E-12

37.5

HHBP

0.003%

0.41

0.784

53580

3.77E-06

15

IRIS

19%

3.3

2.96

142.1

4.40E-04

37.5

Total
UF

Source

National

TX

14%
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25%

43%
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% disclosures in EPA
FracFocus 1.0 project
databaseb

Noncancer toxicity
(chronic oral RfV)a

Mobility

Volatility

Persistence

Chemical Name

CASRN

RfV
(mg/
kg-day)

Chlorobenzene

108-90-7

0.02

1000

IRIS

0.003%

0.01%

2-(2-Butoxyethoxy)
ethanol

112-34-5

0.03

3000

PPRTV

0.6%

0.40%

1,4-Dioxane

123-91-1

0.03

300

IRIS

0.3%

0.50%

1,3-Dichloropropene

542-75-6

0.03

100

IRIS

0.02%

Bisphenol A

80-05-7

0.05

1000

IRIS

0.006%

0.01%

3.32

4.576

172.7

9.16E-12

37.5

Toluene

108-88-3

0.08

3000

IRIS

0.7%

1%

2.73

2.07

573.1

6.64E-03

15

Ethylenediamine

107-15-3

0.09

100

PPRTV

0.01%

0.02%

-2.04

1.172

1000000

1.73E-09

15

2-Butoxyethanol

111-76-2

0.1

10

IRIS

23%

27%

21%

15%

0.83

0.451

64470

1.60E-06

8.67

N,N-Dimethylformamide

68-12-2

0.1

1000

PPRTV

9%

10%

11%

0.60%

-1.01

0

977900

7.39E-08

15

Didecyldimethylammonium chloride

7173-51-5

0.1

100

HHBP

8%

7%

12%

0.05%

4.66

5.546

0.9

6.85E-10

15

1-Butanol

71-36-3

0.1

1000

IRIS

1%

2%

0.70%

0.88

0.5

76700

8.81E-06

8.67

Cumene

98-82-8

0.1

1000

IRIS

0.5%

0.80%

3.66

2.844

75.03

1.15E-02

15

Ethylbenzene

100-41-4

0.1

1000

IRIS

0.4%

0.50%

3.15

2.23

228.6

7.88E-03

15

Acetophenone

98-86-2

0.1

3000

IRIS

0.04%

0.04%

1.58

1.8

4484

1.04E-05

15

Formaldehyde

50-00-0

0.2

100

IRIS

7%

8%

4%

8%

0.35

0

57020

3.37E-07

15

1330-20-7

0.2

1000

IRIS

2%

3%

1%

0.20%

3.2

2.25

207.2

7.18E-03

15

Xylenes

Total
UF

Source

National

TX

9-63

PA

ND

4%
0.80%

1%
0.10%

Log
KOW

Log
KOC

Solubility
(mg/L)

Henry's
Law
Constant

Half-life
in water
(days)

2.84

2.15

400.5

3.11E-03

15

0.56

1

71920

7.20E-09

8.67

-0.27

0.421

213900

4.80E-06

15

2.04

1.82

1994

3.55E-03

37.5
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% disclosures in EPA
FracFocus 1.0 project
databaseb

Noncancer toxicity
(chronic oral RfV)a

Mobility

Volatility

Persistence

Chemical Name

CASRN

RfV
(mg/
kg-day)

o-Xylene

95-47-6

0.2

30

ATSDR

0.05%

0.1%

Phenol

108-95-2

0.3

300

IRIS

0.4%

0.80%

2-Methyl-1-propanol

78-83-1

0.3

1000

IRIS

0.3%

Dodecylbenzenesulfonic acid

27176-870

0.5

100

HHBP

7%

10%

2%

8%

4.71

4.066

0.8126

6.27E-08

15

Formic acid

64-18-6

0.9

300

PPRTV

11%

14%

8%

11%

-0.54

0

955200

1.67E-07

8.67

Ethyl acetate

141-78-6

0.9

1000

IRIS

0.4%

0.70%

0.73

0.747

29930

1.34E-04

15

Acetone

67-64-1

0.9

1000

IRIS

0.2%

0.02%

1%

-0.24

0.374

219900

3.50E-05

15

Methanol

67-56-1

2

100

IRIS

73%

80%

69%

54%

-0.77

0.44

1000000

4.55E-06

8.67

Ethylene glycol

107-21-1

2

100

IRIS

47%

60%

35%

37%

-1.36

0

1000000

6.00E-08

8.67

Hexanedioic acid

124-04-9

2

300

PPRTV

0.70%

1%

0.08

1.386

167300

4.71E-12

8.67

Benzoic acid

65-85-0

4

1

IRIS

0.06%

0.10%

0.04%

1.87

1.5

2493

3.81E-08

15

1,2-Propylene glycol

57-55-6

20

300

PPRTV

4%

4%

8%

-0.92

0.36

811100

1.29E-08

8.67

Total
UF

Source

National

TX

PA

Log
KOW

Log
KOC

Solubility
(mg/L)

Henry's
Law
Constant

Half-life
in water
(days)

3.12

2.25

224.1

5.18E-03

15

0.05%

1.46

1.9

26160

3.33E-07

15

4%

0.76

0.465

97120

9.78E-06

15

ND

8%

CASRN = Chemical Abstract Service Registry Number; IRIS = Integrated Risk Information System; PPRTV = Provisional Peer Reviewed Toxicity Values; ATSDR = Agency for Toxic
Substances and Disease Registry; HHBP = Human Health Benchmarks for Pesticides; KOW = octanol-water partitioning coefficient; KOC = soil adsorption coefficient
a Reference

value (RfV): An estimate of an exposure for a given duration to the human population (including susceptible subgroups) that is likely to be without an appreciable
risk of adverse health effects over a lifetime. RfVs considered in the MCDA include chronic oral reference doses (RfD) from IRIS, PPRTV, and HHBP; and chronic oral minimal risk
levels (MRLs) from ATSDR.
b The

FracFocus frequency of use data presented in this chapter is based on 35,957 FracFocus disclosures that were deduplicated, within the study time period (January 1, 2011
to February 28, 2013), and with ingredients that have a valid CASRN.
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Figure 9-8. Noncancer MCDA results for 42 chemicals used in hydraulic fracturing fluids
(national analysis), showing the Toxicity Score, Occurrence Score, and Physicochemical
Properties Score for each chemical.

Chemicals are ordered from high to low based on Total Hazard Potential Score. See Section 9.6.4 for details on the
calculation.
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Figure 9-9. Noncancer MCDA results for 36 chemicals used in hydraulic fracturing fluids in
Texas (state-specific analysis), showing the Toxicity Score, Occurrence Score, and
Physicochemical Properties Score for each chemical.

Chemicals are ordered from high to low based on Total Hazard Potential Score. See Section 9.6.4 for details on the
calculation.
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Figure 9-10. Noncancer MCDA results for 20 chemicals used in hydraulic fracturing fluids in
Pennsylvania (state-specific analysis), showing the Toxicity Score, Occurrence Score, and
Physicochemical Properties Score for each chemical.

Chemicals are ordered from high to low based on Total Hazard Potential Score. See Section 9.6.4 for details on the
calculation.
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Figure 9-11. Noncancer MCDA results for 21 chemicals used in hydraulic fracturing fluids in
North Dakota (state-specific analysis), showing the Toxicity Score, Occurrence Score, and
Physicochemical Properties Score for each chemical.

Chemicals are ordered from high to low based on Total Hazard Potential Score. See Section 9.6.4 for details on the
calculation.
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9.6.5.3 Results: Cancer MCDA for Chemicals Used in Hydraulic Fracturing Fluids
A total of 10 chemicals used in hydraulic fracturing fluids were evaluated in a cancer MCDA (Table
9-13). OSFs for these chemicals ranged from 0.002 to 3 per mg/kg-day, with quinoline having the
highest OSF, and dichloromethane having the lowest. Benzene is the only one of these chemicals
that is classified as a known human carcinogen by at least one of the sources in Table 9-1, while the
other chemicals in this subset are classified as probable carcinogens in humans (Appendix Table G1e).

Figure 9-12 presents the results from the cancer MCDA for chemicals used in hydraulic fracturing
fluids. Of the 10 chemicals that were considered in this analysis, acrylamide received the highest
Total Hazard Potential Score. Acrylamide has an OSF of 0.5 per mg/kg-day, which is one of the
higher OSFs in this suite of chemicals, and has physicochemical properties that are highly conducive
to transport in water. Acrylamide was reported in 1% of disclosures nationally in the EPA
FracFocus 1.0 project database. This nevertheless places acrylamide in the top quartile in terms of
frequency of use, as none of the chemicals within this subset were used with great frequency on a
national basis.
Bis(2-chloroethyl)ether and quinoline, which are the two most potent carcinogens considered in
the analysis and received high Toxicity Score, received the second and third highest Total Hazard
Potential Scores within this suite of chemicals. Bis(2-chloroethyl)ether was reported in 0.7% of
disclosures, while quinoline was reported in 0.02% of disclosures. Both are expected to be readily
transported in water.
In addition to acrylamide, the other two chemicals receiving high Occurrence Scores were benzyl
chloride and epichlorohydrin (6% and 1% of disclosures, respectively). These two chemicals both
received moderate Total Hazard Potential Scores. Benzyl chloride has an OSF of 0.17 per mg/kgday, while epichlorohydrine has an OSF of 0.0099 per mg/kg-day. Both received lower
Physicochemical Properties Scores relative to other chemicals in this analysis, due in part to
volatility.
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Table 9-13. Data on the selected subset of chemicals in hydraulic fracturing fluids used for input into a cancer MCDA.
Chemicals within the table are ordered from most potent to least potent based on OSF.

% disclosures in
EPA FracFocus
1.0 project
databaseb

Cancer-specific
toxicity (OSF)a

Mobility

Volatility

Persistence

Chemical Name

CASRN

OSF (per
mg/kgday)

Quinoline

91-22-5

3

IRIS

0.02%

2.03

3.1

1711

1.67E-06

15

Bis(2-chloroethyl)
ether

111-44-4

1.1

IRIS

0.7%

1.29

1.88

6435

1.70E-05

37.5

Acrylamide

79-06-1

0.5

IRIS

1%

-0.67

0.755

504000

1.70E-09

15

Benzyl chloride

100-44-7

0.17

IRIS

6%

2.3

2.649

1030

4.12E-04

15

1,4-Dioxane

123-91-1

0.1

IRIS

0.3%

-0.27

0.421

213900

4.80E-06

15

71-43-2

0.0150.055c

IRIS

0.006%

2.13

1.75

2000

5.55E-03

37.5

1,3-Dichloropropene

542-75-6

0.05

IRIS

0.02%

2.04

1.82

1994

3.55E-03

37.5

Epichlorohydrin

106-89-8

0.0099

IRIS

1%

0.45

1

50630

3.04E-05

15

Aniline

62-53-3

0.0057

IRIS

0.02%

0.9

1.6

20820

2.02E-06

15

Dichloromethane

75-09-2

0.002

IRIS

0.02%

1.25

1.44

10950

3.25E-03

37.5

Benzene

Source

National

Log KOW

Log KOC

Solubility
(mg/L)

Henry's
Law
Constant

Half-life in
water (days)

CASRN = Chemical Abstract Service Registry Number; IRIS = Integrated Risk Information System; KOW = octanol-water partitioning coefficient; KOC = soil adsorption coefficient
a Oral

slope factor (OSF): An upper-bound, approximating a 95% confidence limit, on the increased cancer risk from a lifetime oral exposure to an agent. This estimate, usually
expressed in units of proportion (of a population) affected per mg/kg-day, is generally reserved for use in the low dose region of the dose response relationship, that is, for
exposures corresponding to risks less than 1 in 100. OSFs considered in the MCDA include values from IRIS, PPRTV, and HHBP.
b The

FracFocus frequency of use data presented in this chapter is based on 35,957 FracFocus disclosures that were deduplicated, within the study time period (January 1, 2011
to February 28, 2013), and with ingredients that have a valid CASRN.
c IRIS

lists the OSF for benzene as a range from 0.015 to 0.055 per mg/kg-day. For input into the MCDA, we used the high end of this range (0.055 per mg/kg-day).
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Figure 9-12. Cancer MCDA results for 10 chemicals used in hydraulic fracturing fluids, showing
the Toxicity Score, Occurrence Score, and Physicochemical Properties Score for each
chemical.

Chemicals are ordered from high to low based on Total Hazard Potential Score. See Section 9.6.4 for details on the
calculation.

9.6.5.4 Results: Noncancer MCDA for Chemicals in Produced Water
A total of 29 chemicals detected in produced water were evaluated in a noncancer MCDA (Table
9-14). Of these 29 chemicals, 13 were also included in the noncancer MCDA for hydraulic fracturing
fluids. Chronic oral RfVs within this suite of chemicals range from 0.001 to 0.9 mg/kg-day, with
pyridine having the lowest chronic oral RfV, and acetone having the highest. Chronic oral exposure
to these chemicals may induce a variety of adverse outcomes, including immune system effects,
changes in body weight, changes in blood chemistry, pulmonary toxicity, neurotoxicity, liver and
kidney toxicity, and reproductive and developmental toxicity. The total UFs used in the derivation
of these chronic oral RfVs (Table 9-14) reflect varying degrees of confidence surrounding the data
sets for these chemicals.

Figure 9-13 presents the results of a noncancer MCDA for these 29 chemicals detected in produced
water. Benzene, pyridine, and naphthalene received the highest Total Hazard Potential Scores,
followed by 2-methylnaphthalene. These four chemicals all received high Toxicity Scores and high
Occurrence Scores (with maximum average concentrations of 1500 μg/L, 413 μg/L, 238 μg/L, and
1362 μg/L in Barnett, Marcellus, or Powder River Basin produced water, respectively), but received
moderate to low Physicochemical Property Scores.
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Table 9-14. Data on the selected subset of chemicals detected in produced water used for input into a noncancer MCDA.
Chemicals within the table are ordered from most toxic to least toxic based on chronic oral RfV.

Occurrence
(concentration in
produced water)b

Noncancer toxicity
(chronic oral RfV)a

RfV
Average or
(mg/kgMedian
day)
Total UF Source Conc. (μg/L) Reference

Mobility

Volatility

Henry's Half-life
Law
in water
Constant (days)

Chemical Name

CASRN

Pyridine

110-86-1

0.001

1000

IRIS

413

Table E-11

0.65

1.6

729800

1.10E-05

15

Benzene

71-43-2

0.004

300

IRIS

1500

Table E-13

2.13

1.75

2000

5.55E-03

37.5

2-Methylnaphthalene

91-57-6

0.004

1000

IRIS

1362

Table E-11

3.86

3.6

41.42

5.18E-04

15

1,2,4Trimethylbenzene

95-63-6

0.01

300

IRIS

173

Table E-11

3.63

2.788

79.59

6.16E-03

37.5

1,3,5Trimethylbenzene

108-67-8

0.01

300

IRIS

59

Table E-11

3.42

2.82

120.3

8.77E-03

37.5

Chloroform

67-66-3

0.01

1000

IRIS

28

Table E-11

1.97

1.6

2096

3.67E-03

37.5

Tributyl phosphate

126-73-8

0.01

1000

PPRTV

0.26

Table E-12

4

3.371

7.355

1.41E-06

8.67

Naphthalene

91-20-3

0.02

3000

IRIS

238

Table E-11

3.3

2.96

142.1

4.40E-04

37.5

Di(2-ethylhexyl)
phthalatec

117-81-7

0.02

1000

IRIS

210

Table E-11

7.6

4.94

0.001132

2.70E-07

15

Chlorobenzened

108-90-7

0.02

1000

IRIS

100

Table E-13

2.84

2.15

400.5

3.11E-03

15

2,4-Dimethylphenol

105-67-9

0.02

3000

IRIS

14.5

Table E-11

2.3

2.692

4068

9.51E-07

15

Pyrene

129-00-0

0.03

3000

IRIS

13

Table E-11

4.88

4.9

0.2249

1.19E-05

60

1,4-Dioxane

123-91-1

0.03

300

IRIS

6.5

Table E-11

-0.27

0.421

213900

4.80E-06

15

Fluorene

86-73-7

0.04

3000

IRIS

8.4

Table E-11

4.1

3.614

20.13

1.59E-03

15

Fluoranthene

206-44-0

0.04

3000

IRIS

6.1

Table E-11

5.16

4.8

0.1297

8.86E-06

60

o-Cresole

95-48-7

0.05

1000

IRIS

28.3

Table E-11

1.95

2.486

9066

1.20E-06

15

Toluene

108-88-3

0.08

3000

IRIS

760

Table E-9

2.73

2.07

573.1

6.64E-03

15
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Occurrence
(concentration in
produced water)b

Noncancer toxicity
(chronic oral RfV)a

RfV
Average or
(mg/kgMedian
day)
Total UF Source Conc. (μg/L) Reference

Mobility

Volatility

Henry's Half-life
Law
in water
Constant (days)

Chemical Name

CASRN

Ethylbenzene

100-41-4

0.1

1000

IRIS

2010

Table E-13

3.15

2.23

228.6

7.88E-03

15

Carbon disulfide

75-15-0

0.1

100

IRIS

400

Table E-11

1.94

1.337

2928

1.44E-02

15

Cumenef

98-82-8

0.1

1000

IRIS

120

Table E-11

3.66

2.844

75.03

1.15E-02

15

100-51-6

0.1

1000

PPRTV

81.5

Table E-11

1.1

1.1

41050

3.37E-07

15

Dibutyl phthalate

84-74-2

0.1

1000

IRIS

41

Table E-11

4.5

3.14

2.351

1.81E-06

8.67

Acetophenone

98-86-2

0.1

3000

IRIS

13

Table E-11

1.58

1.8

4484

1.04E-05

15

Diphenylamine

122-39-4

0.1

100

HHBP

5.3

Table E-11

3.5

2.78

63.61

2.69E-06

37.5

Xylenes

1330-20-7

0.2

1000

IRIS

360

Table E-9

3.2

2.25

207.2

7.18E-03

15

Benzyl butyl phthalate

85-68-7

0.2

1000

IRIS

34.3

Table E-11

4.73

3.72

0.9489

1.26E-06

0.04

Phenol

108-95-2

0.3

300

IRIS

63

Table E-11

1.46

1.9

26160

3.33E-07

15

Caprolactam

105-60-2

0.5

100

IRIS

0.75

Table E-12

0.66

1.3892

28720

2.53E-08

14508

Acetone

67-64-1

0.9

1000

IRIS

145

Table E-10

-0.24

0.374

219900

3.50E-05

15

Benzyl alcohol
g

Log KOW Log KOC

Solubility
(mg/L)

Persistence

CASRN = Chemical Abstract Service Registry Number; IRIS = Integrated Risk Information System; PPRTV = Provisional Peer Reviewed Toxicity Values; HHBP = Human Health
Benchmarks for Pesticides; KOW = octanol-water partitioning coefficient; KOC = soil adsorption coefficient
a Reference

value (RfV): An estimate of an exposure for a given duration to the human population (including susceptible subgroups) that is likely to be without an appreciable
risk of adverse health effects over a lifetime. RfVs considered in the MCDA include chronic oral reference doses (RfD) from IRIS, PPRTV, and HHBP; and chronic oral minimal risk
levels (MRLs) from ATSDR.
b From

Appendix E.

c

Di(2-ethylhexyl) phthalate is listed under the name bis(2-ethylhexyl) phthalate in Appendix Table E-11.

d

Chlorobenzene is listed under the name chloro-benzene in Appendix Table E-13.

e

o-Cresol is listed under the name 2-methylphenol in Appendix Table E-11.

f

Cumene is listed under the name isopropylbenzene in Appendix Table E-11.

g Dibutyl

phthalate is listed under the name dibutyl-n-phthalate in Appendix Table E-11.
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Figure 9-13. Noncancer MCDA results for a subset of 29 chemicals detected in produced
water, showing the Toxicity Score, Occurrence Score, and Physicochemical Properties Score
for each chemical.

Chemicals are ordered from high to low based on Total Hazard Potential Score. See Section 9.6.4 for details on the
calculation.
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The other chemicals that received high Toxicity Scores were 1,2,4-trimethylbenzene, 1,3,5trimethylbenzene, chloroform, 2,4,-dimethylphenol, tributyl phosphate, di(2-ethylhexyl) phthalate,
and chlorobenzene. These chemicals received moderate Total Hazard Potential Scores, as all were
detected at lower concentrations compared to other chemicals considered in this analysis and are
expected to have moderate transport in water.

The other chemicals that received high Occurrence Scores are ethylbenzene, toluene, xylenes, and
carbon disulfide, which were detected at maximum average concentrations of 2010 μg/L, 760 μg/L,
360 μg/L, and 400 μg/L in Barnett, Marcellus, or Powder River Basin produced water. These
chemicals received moderate Total Hazard Potential Scores, as all have as all have higher chronic
oral RfVs relative to many of the other chemicals in the hazard evaluation, and are all expected to
have moderate transport in water relative to the other chemicals.

9.6.5.5 Results: Cancer MCDA for Chemicals in Produced Water

A total of 7 chemicals reported in produced water were evaluated in a cancer MCDA (Table 9-15).
OSFs within this suite of chemicals ranged from 7.3 to 0.0049 per mg/kg-day, with benzo(a)pyrene
having the highest OSF and N-nitrosodiphenylamine having the lowest. Of these 7 chemicals,
benzene and 1,4-dioxane were also included in the cancer MCDA for chemicals used in hydraulic
fracturing fluids. Benzene and benzo(a)pyrene are both classified by at least one of the sources in
Table 9-1 as a known human carcinogen, while the other chemicals as classified as likely or
probable carcinogens in humans (Appendix G: Tables G-1e and G-2e).
Figure 9-14 presents the results of a cancer MCDA for these 7 chemicals in hydraulic fracturing
fluids. Benzene and benzo(a)pyrene tied for highest Total Hazard Potential Scores. Of these,
benzene was detected at the highest average concentrations in produced water (1500 µg/L in
Power River Basin produced water), while benzo(a)pyrene were detected at lower average
concentrations (6.7 µg/L in Barnett shale produced water). Benzo(a)pyrine and 1,2diphenylhydrazine were the most potent carcinogens within this suite of chemicals and received
high Toxicity Scores.

The other chemical that received a high Occurrence Score was di(2-ethylhexyl) phthalate, which
was detected at an average concentration of 210 µg/L in Barnett Shale produced water. It received
a moderate Total Hazard Potential Score because it is hydrophobic and not expected to be readily
transported in water.
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Table 9-15. Data on the selected subset of chemicals detected in produced water used for input into a cancer MCDA.
Chemicals within the table are ordered from most potent to least potent based on OSF.

Cancer-specific
toxicity (OSF)a

Occurrence
(concentration in
produced water)b

OSF (per
mg/kg- Source
day)
of OSF

Average or
Median
Conc. (μg/L) Reference

Volatility

Persistence

Solubility
(mg/L)

Henry's Law
Constant

Half-life
in water
(days)

Mobility

Chemical Name

CASRN

Log KOW Log KOC

Benzo(a)pyrene

50-32-8

7.3

IRIS

6.7

Table E-11

6.13

5.95

0.01038

4.57E-07

60

1,2-Diphenylhydrazine

122-66-7

0.8

IRIS

4.2

Table E-11

2.94

2.98

161.9

4.78E-07

28.17

1,4-Dioxane

123-91-1

0.1

IRIS

6.5

Table E-11

-0.27

0.421

213900

4.80E-06

15

Benzene

71-43-2

0.0150.055c

IRIS

1500

Table E-13

2.13

1.75

2000

5.55E-03

37.5

Di(2-ethylhexyl) phthalated

117-81-7

0.014

IRIS

210

Table E-11

7.6

4.94

0.001132

2.70E-07

15

Tributyl phosphate

126-73-8

0.009

PPRTV

0.26

Table E-12

4

3.371

7.355

1.41E-06

8.67

N-Nitrosodiphenylamine

86-30-6

0.0049

IRIS

8.9

Table E-11

3.13

3.42

94.85

1.21E-06

37.5

CASRN = Chemical Abstract Service Registry Number; IRIS = Integrated Risk Information System; PPRTV = Provisional Peer-Reviewed Toxicity Values; KOW = octanol-water
partitioning coefficient; KOC = soil adsorption coefficient
a Oral

slope factor (OSF): An upper-bound, approximating a 95% confidence limit, on the increased cancer risk from a lifetime oral exposure to an agent. This estimate, usually
expressed in units of proportion (of a population) affected per mg/kg-day, is generally reserved for use in the low dose region of the dose response relationship, that is, for
exposures corresponding to risks less than 1 in 100. OSFs considered in the MCDA include values from IRIS, PPRTV, and HHBP.
b From
c IRIS
d

Appendix E.

lists the OSF for benzene as a range from 0.015 to 0.055 per mg/kg-day. For input into the MCDA, we used the high end of this range (0.055 per mg/kg-day).

Di(2-ethylhexyl) phthalate is listed under the name bis(2-ethylhexyl) phthalate in Appendix Table E-11.
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Figure 9-14. Cancer MCDA results for 7 chemicals detected in produced water, showing the
Toxicity Score, Occurrence Score, and Physicochemical Properties Score for each chemical.

Chemicals are ordered from high to low based on Total Hazard Potential Score. See Section 9.6.4 for details on the
calculation.

9.6.6 Limitations and Uncertainty of the MCDA Framework
While this MCDA framework provides a simple and transparent tool for exploring the relative
hazard potential of chemicals in the hydraulic fracturing water cycle, it is intended only as a
preliminary analysis. It is important to acknowledge the limitations of this analysis, as well as the
limitations of the parameters that were used for input in the MCDA.

Chronic oral RfVs and OSFs were selected for the MCDA because they are a primary focus of the
toxicological evaluation presented in this chapter. We were interested in placing these values in the
context of variables that may impact the likelihood of human exposure. These toxicity values were
available for a relatively small fraction of chemicals on EPA’s list, which limited the number of
chemicals considered in the MCDA.

The FracFocus 1.0 data used in the MCDA does not represent a complete record of hydraulic
fracturing chemical usage in the United States, as described in more detail in Chapter 5 and in
Section 9.3.1. Frequency of use also does not reflect the volume or concentration of chemical usage,
and therefore is an incomplete metric for potential exposure. The EPA FracFocus 1.0 project
database provides data on the maximum concentration of chemicals in additives and in hydraulic
fracturing fluid, as discussed in Section 5.4, but we elected not to use this data in the MCDA because
reported concentrations for each chemical varied widely between disclosures (see Table 5-5 and
volume estimates in Figure 5-5), making it difficult to determine a chemical concentration to use in
an MCDA. Additionally, many chemicals in the EPA FracFocus 1.0 project database did not have
valid concentration data; for instance, the maximum concentrations of a chemical in additive often
added up to greater than 100%. We therefore elected to focus on frequency of use as a general
metric of chemical occurrence in the hydraulic fracturing water cycle.
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The produced water concentrations used in the MCDA are based on the compilation of data
presented in Appendix E. While this data reflects the findings of recent studies, it does not
represent a complete record of chemicals present in produced water, as described in more detail in
Chapter 7 and in Section 9.3.2. Concentrations in produced water also do not necessarily reflect the
concentrations in treated wastewater, drinking water wells, or residuals in soil or sediment.
Concentrations of these chemicals in treated wastewater or well water would likely be more dilute
compared to concentrations in produced water. Concentrations in soils or sediments may be higher,
particularly for hydrophobic chemicals.
The physicochemical properties from EPI Suite used in the MCDA are useful for making comparison
across chemicals, but these values are also subject to uncertainty. Many of the values used in the
MCDA were estimated by EPI Suite, and therefore are subject to the inherent limitations of the EPI
Suite model (Section 5.8). Chemical fate and transport will be also influenced by environmental and
site-specific conditions, which are outside the scope of this analysis. For instance, the half-lives used
to develop the Physicochemical Properties Score are estimated values that assume aerobic
conditions, and thus may underestimate the expected half-life under anaerobic conditions (e.g., in a
groundwater contaminant plume). If chemicals are present in a mixture, as inevitably occurs in
hydraulic fracturing fluids and in the subsurface environment, fate and transport will be influenced
by changes in solubility or degradation resulting from interactions with other chemicals.

There are also fundamental limitations with regards to the scope of the MCDA. The chemicals used
in these analyses may not be representative of chemicals at a specific field site. The analysis only
examined organic chemicals, as EPI Suite is not able to estimate physicochemical properties of
inorganic chemicals. Additionally, the physicochemical properties used in the MCDA were chosen
specifically to reflect chemical transport in water, and therefore do not highlight the potential
hazards of hydrophobic or volatile chemicals. Hydrophobic chemicals may serve as long-term
sources of pollution by sorbing to soils or sediments at contaminated sites, and volatile chemicals
may be hazardous when inhaled. This analysis also does not attempt to address bioavailability or
toxicokinetics, which may be influenced by physicochemical properties such as log Kow. For
instance, chemicals with log Kow of 2-4 tend to absorb well through biological membranes, while
chemicals with log Kow > 4 tend not to absorb well, and those with log Kow of 5-7 tend to
bioconcentrate (U.S. EPA, 2012i).

9.6.7 Application of the MCDA Framework for Preliminary Hazard Evaluation

The MCDA framework presented here is intended as a preliminary analysis, and illustrates one
possible method for integrating data to explore potential hazards. By combining multiple lines of
data, we can stratify chemicals according to estimated hazard potential, and gain preliminary
insight into those chemicals that may be of more concern than others to drinking water resources.

Researchers may find this approach useful in their efforts to explore the potential hazards of
chemicals present at specific field sites, particularly in instances when exposure assessment data is
not available. The MCDA framework is flexible, and could be adapted to incorporate site-specific
data on chemical usage, different types of toxicity data, as well as other variables that may be of
interest for risk assessment. For instance, rather than focusing on RfVs and OSFs from US federal
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sources, one could choose to derive the Toxicity Score using other sources of relevant toxicity
information. Additionally, one could choose to perform this analysis using different
physicochemical property inputs, to highlight chemical interactions with different environmental
media (e.g., hydrophobic or volatile chemicals). Researchers could also choose to apply different
weights to each of the three criteria considered in this analysis (toxicity, occurrence,
physicochemical properties), to reflect expert judgement of each variable’s relative importance.

9.7 Synthesis

The overall objective of this chapter was to identify and provide information on the toxicological
properties of chemicals used in hydraulic fracturing and of hydraulic fracturing wastewater
constituents, and to evaluate the potential hazards of these chemicals for drinking water resources.
Toward this end, the EPA developed a list of 1,606 chemicals that are reported to be associated
with hydraulic fracturing, separating them into subsets based on whether they were reported to
have been used in hydraulic fracturing fluids (1,084 chemicals total) or detected in produced water
(599 chemicals total). To evaluate the potential hazards of these chemicals, the EPA compiled
chronic oral RfVs, OSFs, and qualitative cancer classifications from selected federal, state, and
international sources that met the EPA’s criteria for consideration in this assessment. This
toxicological information was used to conduct an initial identification of the potential human health
hazards associated with several subsets of chemicals identified as being of particular interest in
previous chapters of this report. Finally, in order to illustrate how data integration could be used to
explore potential hazards, an MCDA framework was used to evaluate selected subsets of chemicals
based on toxicity, environmental occurrence, and physicochemical properties affecting chemical
transport in water.

9.7.1 Summary of Findings

A major finding of this chapter was that chronic oral RfVs and OSFs were not available for the
majority of chemicals that the EPA has identified as being associated with hydraulic fracturing
activity, indicating that the majority of these chemicals have not undergone significant toxicological
evaluation. Similarly, there have been several recent peer-reviewed studies that have attempted to
gather toxicological information for subsets of chemicals that are used in hydraulic fracturing fluids,
and they have found that many of these chemicals do not have toxicity values available (Elliott et al.,
2016; Wattenberg et al., 2015; Stringfellow et al., 2014; Colborn et al., 2011). Taken together, this
suggests a potentially significant knowledge gap exists with respect to the scientific community’s
understanding of the potential human health impacts of these chemicals. With the limited
availability of toxicity values, risk assessment is difficult, and potential impacts on drinking water
resources may not be assessed adequately. This lack of toxicity values is not unique to the hydraulic
fracturing industry; in fact, it has been estimated that there are tens of thousands of chemicals in
commercial use that have not undergone significant toxicological evaluation (Judson et al., 2009).
There are a variety of chemicals associated with hydraulic fracturing known to be hazardous to
human health. Chronic oral RfVs or OSFs from the sources considered by the EPA in this assessment
were available for 98 (9%) of the 1,084 chemicals used in hydraulic fracturing fluids, and 120
(20%) of the 599 chemicals detected in hydraulic fracturing produced water. Potential hazards
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associated with chronic oral exposure to these chemicals include carcinogenesis, immune system
effects, changes in body weight, changes in blood chemistry, cardiotoxicity, neurotoxicity, liver and
kidney toxicity, and reproductive and developmental toxicity. Methane is not considered to be toxic
when ingested, but may accumulate to explosive levels or act as an asphyxiant. DBPs formed during
wastewater treatment can contribute to an increased risk of cancer, anemia, liver and kidney
effects, and central nervous system effects, with brominated forms of DBPs considered to be more
cytotoxic, genotoxic, and carcinogenic than chlorinated species.
To assess the toxicity of chemicals that lack chronic oral RfVs and OSF, risk assessors will need to
turn towards alternative data sources. This chapter explored two alternative data sources that may
provide useful information. QSAR-based toxicity estimates—specifically, rat chronic oral LOAEL
estimates generated using TOPKAT—were available for many of the chemicals that lacked chronic
oral RfVs and OSFs from the sources considered in this assessment, and may be used to rank
chemicals based on toxicity when other data are not available. Additionally, many of these
chemicals have information available on the EPA’s ACToR database, which is an online data
warehouse designed to consolidate large and disparate amounts of chemical data. The information
available in the ACToR data warehouse ranges from the selected RfVs and OSFs discussed in this
assessment, which have undergone extensive peer review, to toxicological data that have
undergone little-to-no peer review.

When considering the potential impact of chemicals on drinking water resources and human health,
it is important to consider exposure as well as toxicological properties. As discussed in previous
chapters of this report and highlighted in this chapter, events such as spills, leaks from storage pits,
and discharge of inadequately treated wastewater have led to the entry of hydraulic fracturingrelated chemicals into drinking water resources. In some instances, chemical concentrations in
surface water or groundwater were in exceedance of MCLs, indicating their presence at levels that
could impact human health. While these studies demonstrate the potential entry of these chemicals
into drinking water resources, there is a lack of systematic studies examining actual human
exposures to these chemicals in drinking water as a result of hydraulic fracturing activity.
In the absence of exposure assessment data, the MCDA framework presented in this chapter
provides a preliminary analysis of the relative hazard potential of these chemicals. In this context,
occurrence and physicochemical property data were used as metrics to estimate the likelihood that
a chemical could reach and impact drinking water, and toxicity data was used as a metric for the
potential severity of an impact. This analysis highlighted several chemicals that may be more likely
than others to reach drinking water and create a toxicological hazard. Of the chemicals used in
hydraulic fracturing fluids that were considered in this analysis, chemicals such as propargyl
alcohol stood out as having high potential toxicity, high frequency of use, and physicochemical
properties that are conducive to transport in water. Of the chemicals in produced water, chemicals
such as benzene, pyridine, 2-methylnaphthalene, and naphthalene stood out as having high
potential toxicity, high concentrations in produced water, and physicochemical properties that are
conducive to transport in water.
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9.7.2 Factors Affecting the Frequency or Severity of Impacts
There are multiple pieces of information that could be taken into account when evaluating the
frequency and severity of impacts that these chemicals may have on drinking water resources. This
includes knowledge of the chemicals used at a given site, the toxicological and physicochemical
properties of these chemicals, the amount of fluid being used and recovered, the likelihood of
mechanical integrity failures, the likelihood of spills and other unintentional releases, and the
efficiency of chemical removal during wastewater treatment. The MCDA presented in this chapter
incorporated parameters that may impact the likelihood of chemical exposure, including frequency
of use, measured concentration, and transport in water, and was used to stratify and rank chemicals
based on relative hazard potential. However, it should be considered only as a preliminary analysis,
and should not be used in place of local data on the concentrations and volumes of chemicals in
areas of hydraulic fracturing activity.
Analysis of the chemicals used in hydraulic fracturing fluids indicated that the majority of chemicals
on the EPA’s list are used in <1% of wells nationally (Figure 9-4). Therefore, potential exposure to
the majority of these chemicals is more likely to be a local issue, rather than a national one. Given
that the analysis of the EPA FracFocus 1.0 project database presented in this chapter was based on
35,957 disclosures, a chemical used in <1% of wells nationally could still be used in several
hundred wells. Chemicals used infrequently on a national basis could still be used more frequently
within certain areas or counties, increasing the potential for local exposure to that chemical.
As an example of how an infrequently used chemical could have local impacts, consider (E)crotonaldehyde, which had one of the lowest chronic oral RfVs among the chemicals considered in
the noncancer MCDA for hydraulic fracturing chemicals, and was reported in approximately 0.06%
of disclosures in the EPA FracFocus 1.0 project database. If the EPA FracFocus 1.0 project database
is a representative sample of all of the wells across the country, then the likelihood of (E)crotonaldehyde contamination on a national scale is limited. However, this in no way diminishes
the likelihood or potential severity of (E)-crotonaldehyde contamination at sites where this
chemical is used.

This is in contrast with frequently used chemicals such as methanol. Methanol was reported in 73%
of wells in the EPA FracFocus 1.0 project database, and was the most frequently used chemical
considered in the noncancer MCDA for chemicals used in hydraulic fracturing fluids. Methanol is
soluble and relatively mobile in water, but has a higher chronic oral RfV compared other chemicals
considered in this analysis. Therefore, methanol may be expected to have a higher exposure
potential on a national basis compared to other chemicals, with a moderate hazard potential due to
its relatively high RfV.

Even if no chemicals were added to hydraulic fracturing fluids, there is still a potential for impacts
from constituents naturally present in the subsurface which could be brought to the surface in
produced water. As described in Section 9.5, many of the naturally occurring chemicals in produced
water—e.g., organic chemicals (e.g., BTEX and related hydrocarbons), metals, anions, and
TENORM—are hazardous to human health and have been reported in drinking water resources as a
result of hydraulic fracturing activity, sometimes at concentrations exceeding MCLs. The
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constituents of produced water that contribute to the formation of DBPs, specifically bromide,
chloride, iodine, and ammonium, are naturally occurring and are characteristic of wastewater from
hydraulically fractured wells.

Overall, contamination of drinking water resources depends on site-, chemical-, and fluid-specific
factors (Goldstein et al., 2014), and the exact mixture and concentrations of chemicals at a site will
depend upon the geology and the chemicals used in the oil and gas extraction processes. Therefore,
potential hazard and risk considerations are best made on a site-specific, well-specific basis.

9.7.3 Uncertainties

There are notable uncertainties in the chemical and toxicological data limiting a comprehensive
assessment of the potential health impacts of hydraulic fracturing on drinking water resources.

For human health risk assessment, a significant data gap is the lack of chronic oral RfVs and OSFs
from sources meeting the EPA’s criteria for inclusion in this report. For instance, of the 34
chemicals (excluding water, quartz, and sodium chloride) that were reported in ≥10% of
disclosures in the EPA FracFocus 1.0 project database, 9 chemicals have chronic oral RfVs available,
and none have OSFs (Table 9-2). Without reliable and peer reviewed toxicity values, comprehensive
hazard evaluation and hazard identification of chemicals is difficult, and the ability to consider the
potential cumulative effects of exposure to chemical mixtures in hydraulic fracturing fluid or
produced water may be limited. Although there are other potential sources of toxicity information
for many of these chemicals, some of it may be limited or of lesser quality. Consequently, potential
impacts on drinking water resources and human health may not be assessed adequately.

An equally significant data gap is the lack of exposure assessment data for drinking water resources
in areas of hydraulic fracturing activity. As discussed in Text Box 9-1, data on exposure potential is
a critical component of the risk assessment process, and is necessary for risk characterization. In
the absence of exposure assessment information, the MCDA framework presented in this chapter
may be useful for exploring the potential hazards of hydraulic fracturing-related chemicals, but
should be considered as a preliminary analysis only. The MCDA presented in this chapter
considered only a small subset of chemicals that had data available, was limited in scope, and may
not be representative of the chemicals that are present at a specific field site. It should be
emphasized that this MCDA framework represents just one method that can be used to integrate
chemical data for hazard evaluation, and is readily adaptable to include different variables, different
weights for the variables, and site-specific considerations.
There is also uncertainty surrounding the EPA’s list of chemicals associated with hydraulic
fracturing activity. As discussed in Section 5.4 and Section 9.3.1, there is incomplete information
available on chemicals used in hydraulic fracturing fluids due to industry use of CBI as well as
incomplete reporting of chemical use. For instance, the EPA’s analysis of the FracFocus 1.0 project
database found that approximately 11% of ingredients were reported as CBI, and that more than
70% of FracFocus 1.0 disclosures contained at least one CBI ingredient. There may also be regional
limitations in the disclosures submitted to FracFocus 1.0, as 78% of chemical disclosures in came
from five states, and 47% were from Texas (U.S. EPA, 2015a). Despite these limitations, FracFocus
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remains the most complete source for tracking hydraulic fracturing chemical usage in the United
States, and therefore was the best available source for the hazard evaluation in this chapter.
Although the sources used to compile the chemical list represented the best available data at the
time of this study, it is possible that some of these chemicals are no longer used at all, and many of
these chemicals may only be used infrequently. Therefore, it may be possible that significantly
fewer than 1,084 chemicals are currently used in abundance. As practices evolve, it is likely that
chemicals are used or will be used that are not included on this chemical list. Having a better
understanding of the chemicals and formulations, including those that are CBI, along with their
frequency of use and volumes, would greatly benefit risk assessment and risk management
decisions.

Additionally, the list of produced water chemicals identified in this chapter is almost certainly
incomplete. As discussed in Chapter 7, chemicals and their metabolites may go undetected because
they were not included in the analytical methodology, or because an analytical methodology was
not available. Chemical analysis of produced water can also be challenging because high levels of
dissolved solids in produced water and wastewater can interfere with chemical detection. As a
result, there are likely chemicals of concern in produced water that have not been detected or
reported, and are not included on the chemical list presented in this report.

9.7.4 Conclusions

The EPA identified 1,606 chemicals associated with the hydraulic fracturing water cycle, including
1,084 chemicals used in hydraulic fracturing fluids, and 599 chemicals detected in produced water.
Toxicity-based chronic oral RfVs and/or OSFs from sources meeting selection criteria were not
available for the majority (89%) of the chemicals on this total list. Thirty-seven percent of
chemicals on the EPA’s list that are used in hydraulic fracturing fluids lack data on their frequency
of use. Current understanding of the chemical composition of produced water is constrained by
analytical chemistry limitations and by the likelihood that chemical composition will vary between
wells. A limited number of studies have detected these chemicals in surface water, groundwater, or
well water near areas of hydraulic fracturing activity, suggesting the potential for human exposure;
however, actual human exposures to these chemicals in drinking water resources has not been well
characterized. Given the large number of chemicals used or detected in various stages of the
hydraulic fracturing water cycle, as well as the large number of hydraulically fractured wells
nationwide, this missing chemical information represents a significant data gap.

While it remains challenging to fully understand the toxicity and potential public health impacts of
these chemicals for drinking water resources, the toxicological data, occurrence data, and
physicochemical data compiled in this report provide a resource for assessing the potential hazards
of chemicals in the hydraulic fracturing water cycle. The MCDA framework presented here
illustrates one method for integrating these data for a preliminary hazard evaluation, which may be
useful when exposure assessment data are not available. While the analysis in this chapter is
constrained to the assessment of chemicals on a national scale, this approach is readily adaptable
for use on a regional or site-specific basis.
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This collection of data provides a tool to inform decisions about protection of drinking water
resources. Stakeholders may use these results to prioritize chemicals for hazard assessment or for
determining future research priorities. Industry may use this information to prioritize chemicals for
replacement with less toxic, persistent, and mobile alternatives.

9.8 Annex

9.8.1 Calculation of Physicochemical Property Scores (MCDA Hazard Evaluation)
Section 9.6.3 describes how Physicochemical Properties Scores for the noncancer and cancer
MCDAs were calculated based on three subcriteria which affect the likelihood that a chemical will
be transported in water: mobility, volatility, and persistence. Calculation of these subcriteria scores
was performed as described by Yost et al. (In Press), as follows:

9.8.1.1 Mobility Score

Chemical mobility in water was assessed based upon three physicochemical properties that
describe chemical solvency in water: the octanol-water partition coefficient (KOW), the soil
adsorption coefficient (KOC), and aqueous solubility. KOW describes the partitioning of a chemical
between water and a carbon-based media (octanol), while KOC described the partitioning of a
chemical between water and organic carbon in soil. KOW and KOC are generally represented on a
logarithmic scale. Aqueous solubility is the maximum amount of a chemical that will dissolve in
water in the presence of pure chemical. Chemicals with low KOW, low KOC, or high aqueous solubility
are more likely to solubilize and move with water, and therefore were ranked as having greater
potential to affect drinking water resources.
For input into the MCDA, we used experimentally measured values (provided in EPI Suite)
whenever available. Otherwise, we used the following estimated values from EPI Suite: log KOW
estimated using the KOWWIN™ model, log KOC estimated using the KOCWIN™ Sabljic molecular
connectivity method, and aqueous solubility estimated using the WSKOWWIN™ model. Using the
thresholds designated in Table 9-11, each of these properties was assigned a score of 1-4. The
highest of these three scores (KOW, KOC, or solubility) was designated as the Mobility Score for each
chemical.

9.8.1.2 Volatility Score

Chemical volatility was assessed based on the Henry’s law constant, which is the ratio of the
concentration of a chemical in air to the concentration of that chemical in water. Chemicals with
low Henry’s law constants are less likely to leave water via volatilization, and were therefore
ranked as having greater potential to affect drinking water resources.

For input into the MCDA, we used experimentally measured values (provided in EPI Suite)
whenever available. Otherwise, we used Henry’s Law constants that were estimated using the EPI
Suite HENRYWIN™ model, which generates values using two different methods (group contribution
and bond contribution); the lower of these two estimated values was used as input into the MCDA.
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Using the thresholds designated in Table 9-11, the Henry’s law constant for each chemical was
assigned a score of 1-4. This value was designated as the Volatility Score for each chemical.

9.8.1.3 Persistence Score

Chemical persistence was assessed based on estimated half-life in water, which describes how long
a chemical will persist in water before it is transformed or degraded. Chemicals with longer halflives are more persistent, and were therefore ranked as having greater potential to impact drinking
water resources.

EPI Suite estimates biodegradation time using the BIOWIN™ 3 model, which provides an indication
of a chemical’s environmental biodegradation rate in relative terms (e.g., hours, days, weeks, etc.),
assuming aerobic conditions. These BIOWIN3 estimates are converted to numerical half-life values
for use in EPI Suite’s Level III Fugacity model. For input into the MCDA, we used the same estimated
half-life in water that is used in the Level III Fugacity model. Using the thresholds designated in
Table 9-11, the half-life in water of each chemical was assigned a score of 1-4. This value was
designated as the Persistence Score for each chemical.

9.8.1.4 Total Physicochemical Properties Score

For each chemical, the Mobility Score, Volatility Score, and Persistence Score (each on a scale of 1 to
4) were summed to calculate a total Physicochemical Properties Score. Higher Physicochemical
Properties Scores indicate chemicals that are more likely to be transported in water, with a
maximum possible score of 12.

9.8.2 Example of MCDA Score Calculation

The methods used for MCDA score calculation are described in Section 9.6.3. For an example of how
the MCDA scores were calculated, consider benzene, which was included in both the noncancer
MCDA (national analysis) and cancer MCDA for chemicals used in hydraulic fracturing fluids. This
demonstrates how MCDA scores were calculated for benzene for these two different analyses.

9.8.2.1 Score Calculation for Benzene in Noncancer MCDA for Hydraulic Fracturing Fluids
•

•

Toxicity Score (Noncancer): Benzene has a chronic oral RfV of 0.004 mg/kg-day (source:
IRIS). Across the 42 chemicals that were considered in the noncancer MCDA (national
analysis), chronic oral RfVs ranged from 0.001 mg/kg-day [(E)-crotonaldehyde] to 20
mg/kg-day (1,2-propylene glycol). The chronic oral RfV of benzene falls in the lowest
(most toxic) quartile of these chemicals, and therefore benzene was assigned a Toxicity
Score of 4. When the results were standardized to the highest Toxicity Score (4) and
lowest Toxicity Score (1) within the set of chemicals, benzene was calculated to have a
final Toxicity Score of 1, as follows:
1 = (4 – 1) / (4 – 1)

Occurrence Score: Benzene was used in 0.006% of wells nationally. For the 42 chemicals
considered in the national noncancer MCDA, frequency of use ranged from 73%
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(methanol) to 0.003% (furfural) of wells nationally. Benzene falls in the lowest quartile
with regards to frequency of use, and therefore benzene was assigned an Occurrence Score
of 1. When the results were standardized to the highest Occurrence Score (4) and lowest
Occurrence Score (1) within the set of chemicals, benzene was calculated to have a final
Occurrence Score of 0, as follows:
•

•

0 = (1 – 1) / (4 – 1)

Physiochemical Properties Score: Benzene received a Mobility Score of 4 (log KOW =
2.13; log KOC = 1.75; solubility = 2000 mg/l), a Volatility Score of 2 (Henry’s law constant =
0.00555), and a Persistence Score of 2 (half-life in water = 37.5 days). This sums to a Total
Physicochemical Properties Score of 8. Within the 42 chemicals considered in the national
noncancer MCDA, several chemicals received Total Physicochemical Properties Scores of
9, which was the highest observed score. Cumene received a Total Physicochemical
Properties Scores of 6, which was the lowest score. When the results were standardized to
the highest (9) and lowest (6) of these scores, benzene was calculated to have a final Total
Physicochemical Properties Scores of 0.67, as follows:
0.67 = (8 – 6) / (9 – 6)

Total Hazard Potential Score (Noncancer MCDA): For benzene, the Toxicity Score (1),
Occurrence Score (0), and Physicochemical Properties Score (0.67) were summed to
calculate a Total Hazard Potential Score of 1.67. The relative contribution of the three
criteria scores to this total score is depicted as a graphic in Figure 9-8.

9.8.2.2 Score Calculation for Benzene in Cancer MCDA for Hydraulic Fracturing Fluids
•

•

Toxicity Score (Cancer): Benzene has an OSF of 0.055 per mg/kg-day (source: IRIS).
Within the entire set of 10 chemicals that was considered in the cancer MCDA, OSFs
ranged from 3 (quinoline) to 0.002 (dichloromethane) per mg/kg-day. The OSF of benzene
falls in the second quartile of these scores, and therefore was assigned a Toxicity Score of
2. When the results were standardized to the highest Toxicity Score (4) and lowest
Toxicity Score (1) within the set of chemicals, benzene was calculated to have a final
Toxicity Score of 0.33, as follows:
0.33 = (2 – 1) / (4 – 1)

Occurrence Score: As described in the noncancer MCDA above, benzene was used in
0.006% of wells nationally. This was the lowest frequency of use among the 10 chemicals
that were considered in the cancer MCDA, with benzyl chloride (used in 6% of wells)
having the highest. Benzene therefore falls in the lowest quartile with regards to
frequency of use, and was assigned an Occurrence Score of 1. When the results were
standardized to the highest Occurrence Score (4) and lowest Occurrence Score (1) within
the set of chemicals, benzene was calculated to have a final Occurrence Score of 0, as
follows:
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•

•

0 = (1 – 1) / (4 – 1)

Physiochemical Properties Score: As described in the noncancer MCDA above, benzene
received a Total Physicochemical Properties Score of 8. Within the 10 chemicals that were
considered in the cancer MCDA, all chemicals either received a Total Physicochemical
Properties Score of 8 or 9. When the results were standardized to these high and low
scores, benzene was calculated to have a final Total Physicochemical Properties Scores of
0 as follows:
0 = (8 – 8) / (9 – 8)

Total Hazard Potential Score (Cancer MCDA): The Toxicity Score (0.33), Occurrence
Score (0), and Physicochemical Properties Score (0) were summed to calculate a Total
Hazard Potential Score of 0.33. The relative contribution of the three criteria scores to this
total score is depicted as a graphic in Figure 9-12.
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10. Synthesis
Introduction
The goals of this report were to assess the potential for activities in the hydraulic fracturing water
cycle to impact the quality or quantity of drinking water resources, and to identify factors affecting
the frequency or severity of those impacts. Overall, we conclude activities in the hydraulic
fracturing water cycle can impact drinking water resources under some circumstances. Impacts can
range in frequency and severity, depending on the combination of hydraulic fracturing water cycle
activities and local- or regional-scale factors. The following combinations of activities and factors
are more likely than others to result in more frequent or more severe impacts:
•

•

•
•
•
•

Water withdrawals for hydraulic fracturing in times or areas of low water availability,
particularly in areas with limited or declining groundwater resources;

Spills during the management of hydraulic fracturing fluids and chemicals or produced
water that result in large volumes or high concentrations of chemicals reaching
groundwater resources;

Injection of hydraulic fracturing fluids into wells with inadequate mechanical integrity,
allowing gases or liquids to move to groundwater resources;
Injection of hydraulic fracturing fluids directly into groundwater resources;

Discharge of inadequately treated hydraulic fracturing wastewater to surface water
resources; and
Disposal or storage of hydraulic fracturing wastewater in unlined pits, resulting in
contamination of groundwater resources.

These conclusions are based on cases of identified impacts and other data, information, and
analyses presented in this report. Cases of impacts were identified for all stages of the hydraulic
fracturing water cycle. Identified impacts generally occurred near hydraulically fractured oil and
gas production wells and ranged in severity, from temporary changes in water quality to
contamination making private drinking water wells unusable. The inherent characteristics of
groundwater resources make them more vulnerable to impacts from activities in the hydraulic
fracturing water cycle compared to surface water.

We see the identification of factors affecting the frequency or severity of impacts, and uncertainties
and data gaps in this report as particularly useful for decision makers. Factors often can be
managed, changed, or used to identify areas for specific monitoring or modification of practices.
Thus, in the short-term, information on factors can help decision makers reduce current
vulnerabilities of drinking water resources to activities in the hydraulic fracturing water cycle. In
the longer term, reducing the uncertainties and filling the data gaps could enhance science-based
decisions to protect drinking water resources in the future.
The purpose of this chapter is to synthesize for decision makers the information on factors,
uncertainties, and data gaps presented in this assessment. In Section 10.2, we focus on factors
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increasing or decreasing the frequency or severity of impacts at each stage of the hydraulic
fracturing water cycle. In Section 10. 3, we discuss major uncertainties and data gaps identified in
this assessment. Finally, in Section 10.4, we discuss potential uses for this assessment.

10.1 Factors Affecting the Frequency or Severity of Impacts
10.1.1 Water Acquisition

Groundwater and surface water resources serve as both sources of water for hydraulic fracturing
and public and private drinking water supplies. Thus, water withdrawals for hydraulic fracturing
can impact the quantity or quality of drinking water resources under certain circumstances. Since,
by definition, every water withdrawal affects water quantity, we focused in this assessment not on
all water withdrawals per se, but rather on those with the potential to limit the availability of
drinking water or alter its quality. Whether a withdrawal has this potential depends upon a
combination of factors at the local scale. Factors can either increase or decrease the frequency or
severity of impacts. In this section on water acquisition, we combine our discussion of frequency
and severity because all of the factors we discuss in this section affect both frequency and severity
in a similar fashion (i.e., either increase both frequency and severity, or decrease both frequency
and severity).

10.1.1.1 Frequency and Severity

The local balance between water withdrawals and water availability is the most important factor
determining whether water acquisition impacts are likely to occur or be severe. Impacts are more
likely to be frequent or severe where or when hydraulic fracturing water withdrawals are relatively
high and water availability is low. In contrast, the same amount of water withdrawn can have a
negligible effect if withdrawn in an area of—or at a time of—higher water availability. For this
reason, it is important not to focus solely on the amount withdrawn, but the balance between water
withdrawals and availability in place and time.
For this assessment, we developed county-level estimates of water use (i.e., water withdrawals) for
hydraulic fracturing, which were then compared to an index of readily available fresh water. This
readily available fresh water index included unappropriated surface water and groundwater, and
appropriated water potentially available for purchase (Tidwell et al., 2013) (Text Box 4-2).1 In the
majority of counties where hydraulic fracturing takes place, hydraulic fracturing water use was less
than 1% of this index of readily available fresh water. We did find, however, a small number of
counties with higher percentages. There were 45 counties out of the almost 400 surveyed where
hydraulic fracturing water use was above 10% of the index. Of these counties, 35 exceeded 30%,
and 17 of these counties had hydraulic fracturing water use exceeding the index. All of the counties
in this latter category are located in Texas.
In the western United States, water is generally allocated by the principle of prior appropriation—that is, first in time of
use is first in right. New development must use unappropriated water or purchase appropriated water from vested users.
In the index of readily available fresh water, it was assumed 5% of appropriated irrigated water could be purchased. See
Text Box 4-2 for more details about this analysis.

1
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This does not mean impacts to drinking water quantities occurred or will occur in these counties,
nor does it mean that impacts did not or will not occur in counties with relatively low percentages.
To truly determine whether impacts occurred, water withdrawals and availability need to be
compared at the scale of the drinking water resource. For instance, groundwater withdrawals for
hydraulic fracturing could affect water levels in nearby private water wells. As a national
assessment, we could not often examine impacts at this local scale, although we did cite studies of
local impacts where available. Nevertheless, our county level assessment does point to places
where the potential for impacts is higher. This information may be useful to focus efforts on
reducing the fresh water demand of hydraulic fracturing.

Beyond our county level assessment, we conclude that declining groundwater resources are
particularly vulnerable to water quantity and quality impacts from withdrawals. Groundwater
recharge rates can be low, and groundwater withdrawals are exceeding recharge in areas of the
country (Konikow, 2013). When withdrawals exceed recharge, the result is declining water levels.
For this reason, water levels in some aquifers in the United States have declined substantially over
the last century (Konikow, 2013). Although irrigated agriculture is often the dominant user of
groundwater, hydraulic fracturing withdrawals now also contribute to declining groundwater
levels in some areas (e.g., southern Texas; Steadman et al., 2015; Scanlon et al., 2014b) Cumulative
groundwater withdrawals can also impact water quality by mobilizing chemicals, such as uranium,
from naturally occurring sources in the surrounding rock into the groundwater (DeSimone et al.,
2014).

In certain instances, state and local governments have encouraged or mandated the use of surface
water in place of groundwater, as evidenced in both Louisiana and North Dakota. In 2008, the state
of Louisiana asked oil and gas companies to switch from groundwater to surface water to mitigate
stress on the Carrizo-Wilcox aquifer, a critical source of drinking water in the region. Likewise, the
state of North Dakota requested the oil industry obtain water from the Missouri river system, and
not from stressed groundwater sources. By contrast, surface water availability is limited in other
regions and cannot provide an alternative source of water (e.g., western Texas).

Among surface water sources, small streams are particularly vulnerable to impacts. This is the case
across the country, even in the eastern United States where surface water is generally more
plentiful. An EPA study of the Susquehanna River Basin in northeastern Pennsylvania found that the
smallest streams (with less than 10 mi2 of contributing area–i.e., the watershed area drained by the
stream) would be the most likely to be impacted from water withdrawals in the absence of
protective passby flows; see discussion below and U.S. EPA (2015e). 1 While the amount of
contributing area varies by geographic location due to differences in runoff, the finding that the
smallest streams are the most vulnerable to withdrawals holds across all landscapes.
Not only does water availability vary from one location to another, but it can also vary temporally at
a given location, often due to variations in precipitation. Because of this dynamic, long-term or
seasonal drought can increase the frequency or severity of impacts from withdrawals by decreasing
water availability. The EPA study of the Susquehanna River Basin found even larger streams (up to
1

Passby flows are low stream flow thresholds below which withdrawals are not allowed.
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600 mi2 of contributing area) would be vulnerable to impacts at times of drought, again absent
passby flows (U.S. EPA, 2015e). Dry conditions can also stress groundwater supplies by
simultaneously increasing water demand (e.g., irrigation water demand increases in dry
conditions) while also decreasing groundwater recharge. Much of the western United States has
experienced extended periods of drought over the last decade. Climate change is likely to
exacerbate these conditions in certain locations (Meixner et al., 2016).

Conversely, there are factors that can reduce the frequency or severity of impacts. Reuse of
hydraulic fracturing wastewater (i.e., produced water managed for reuse, treatment and discharge,
or disposal), for example, can reduce demands on fresh water resources. 1 Reuse does not appear to
be driven by water scarcity, but rather by the cost of disposal. Operators are likely to dispose of
wastewater when it is less expensive than reuse. For instance, greater reuse of wastewater occurs
in the Marcellus Shale in Pennsylvania than in the Barnett Shale in Texas, even though water
availability is generally higher in the Marcellus region (Figure 10-1). The general lack of disposal
wells in Pennsylvania means disposing of wastewater requires trucking to Ohio or other locations
with disposal wells. Because of this expense, operators reuse substantial proportions of their
wastewater, in contrast to the Barnett Shale where disposal wells are readily available.

The reuse of wastewater to offset fresh water use in hydraulic fracturing is often limited by the
amount of wastewater available. The volume of produced water from a single well can be relatively
small compared to the volume needed to fracture a well (Figure 10-1a). This means produced water
would need to be aggregated from multiple wells to equal the volume needed to hydraulically
fracture an additional well. For instance, it would take 10 wells to make enough water to fracture
an 11th well if, as has been shown in the Marcellus Shale in Pennsylvania, produced water volumes
are 10% of injected volumes (Figure 10-1a). Thus, reuse is a factor that can reduce fresh water
demand, but not eliminate it in most cases. Nevertheless, even a marginal decline in fresh water
demand can make a difference in the frequency or severity of impacts.

The use of brackish groundwater is also a factor reducing fresh water demand, in some cases to a
much greater degree than reuse. In the Permian Basin in western Texas, for instance, brackish
water makes up 30 to 80% of water used for hydraulic fracturing, and 20% in the Eagle Ford Shale
in southern Texas (Nicot et al., 2012). Our county level estimates suggest brackish water availability
could entirely meet current hydraulic fracturing water demand in Texas and many other locations. 2
In 35 counties nationally, hydraulic fracturing water use equaled or exceeded 30% of an index of
fresh water availability; when brackish water and wastewater were considered in addition to fresh
water availability, only two counties equaled or exceeded 30% (Text Box 4-2).

1 Hydraulic fracturing wastewater is produced water that is managed using practices that include, but are not limited to,
reuse in subsequent hydraulic fracturing operations, treatment and discharge, and injection into disposal wells. The term
is being used in this study as a general description of certain waters and is not intended to constitute a term of art for
legal or regulatory purposes (see Chapter 8 and Appendix J, the Glossary, for more detail).
2 Brackish water for the purposes of this analysis ranged from 3,000 to 10,000 ppm of total dissolved solids (TDS), and
from 50 to 2,500 ft (15-760 m) below the surface (Tidwell et al., 2013). (See Text Box 4-2 for more details.)
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Figure 10-1. Water budgets representative of practices in (top) the Marcellus Shale in the
Susquehanna River Basin in Pennsylvania and (bottom) the Barnett Shale in Texas.

Pie size and arrow thickness represent the relative volume of water as it flows through the hydraulic fracturing
water cycle. Water budgets illustrative of typical water management practices in the Marcellus Shale in the
Susquehanna River Basin between approximately 2008 and 2013 and the Barnett Shale in Texas between
approximately 2011 and 2013. They do not represent any specific well. Sources for the top figure (a) Tables 4-1 and
4-2 (SRBC, 2016)—note, surface water, groundwater, and reuse values of 92%, 8%, and 16% in table normalized to
79%, 7%, 14%, respectively, for this chart (this was done to represent reuse on the same chart as surface water
and groundwater—in the original tabular values, reuse is expressed as a percentage of total water used, and
surface water and groundwater are expressed in percentages relative to each other); (b) Appendix Table B-5 (U.S.
EPA, 2015a); (c) Table 7-2 (Ziemkiewicz et al., 2014)—note: produced water volumes estimated from percentages
applied to volumes injected, and value from the West Virginia portion of the Marcellus Shale used in this chart
since it was the longest term measurement of produced water volumes; (d) Figure 8-4 (PA DEP, 2015a) and Table
8-6 (Ma et al., 2014; Shaffer et al., 2013). Sources for the bottom figure: (e) Tables 4-1 and 4-2 (Nicot et al., 2014;
Nicot et al., 2012)—note, surface water, groundwater, and reuse values of 50%, 50%, and 5% in the tables
normalized to 48%, 48%, and 4%, respectively, for this chart (see reason for this above); (f) Appendix Table B-5
(U.S. EPA, 2015a; Nicot et al., 2012; Nicot et al., 2011)—note: see median value for Fort Worth Basin; (g) Table 7-2
(Nicot et al., 2014); (h) Table 8-6 (Nicot et al., 2012)—note, percentage going to disposal wells estimated by
subtracting reuse values from 100%.
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Finally, passby flows can be a factor reducing the frequency or severity of surface water impacts.
Passby flows are low stream flow thresholds below which withdrawals are not allowed. This
management practice has been shown to be protective of streams from over-withdrawals in the
Susquehanna River Basin in northern Pennsylvania (U.S. EPA, 2015e). This is likely most important
for protecting aquatic life in smaller streams, but may also aid in protecting drinking water
supplies.

10.1.2 Chemical Mixing and Produced Water Handling

Like water acquisition, activities in the chemical mixing and produced water handling stages of the
hydraulic fracturing water cycle can impact drinking water in some instances. We combine our
discussion of the two stages here because activities in these stages both affect drinking water
resources primarily through spills. The chemical mixing stage encompasses management of fluids
on the well pad to create hydraulic fracturing fluid. Chemicals are mixed with a base fluid, typically
water, and then injected into the production well. After the pressure is released post-fracturing,
produced water flows from the well and needs to be collected and managed in the produced water
handling stage.

Chemical mixing and produced water handling activities can impact drinking water resources
through spills of chemicals used to make hydraulic fracturing fluid, hydraulic fracturing fluid itself,
or produced water reaching surface water or groundwater.1 There is some information on spill
frequencies—although limited—and spill severities are most often uncharacterized. Nevertheless,
we could identify factors affecting the frequency or severity of impacts from chemical mixing or
produced water spills. In the section below, we discuss these factors, with those affecting frequency
first, followed by those affecting severity. We discuss each of the factors individually, but spill
events in reality exhibit combinations of these factors. These factors can interact to increase or
decrease the frequency or severity of a spill beyond the effect of an individual factor.

10.1.2.1 Frequency

An impact on the quality of a drinking water resource from a spill first depends on a spill occurring.
Most spill frequency estimates are of spills in total, and not the subset reaching drinking water
resources. Spill estimates from three states (Colorado, North Dakota, and Pennsylvania) ranged
from 0.4 to 12.2 reported spills per 100 hydraulically fractured wells (Appendix C.4). 2 The
estimates from Pennsylvania and Colorado included hydraulic fracturing chemicals, fluids, and
produced water; while the North Dakota estimate was based on spills of hydraulic fracturing
chemicals and fluids only. 3 Spill rates can also be expressed on a per-active-well basis. This may be
1 In Chapter 5 and elsewhere in this assessment, the chemicals added to the base fluid (most often water) and proppant
(most often sand) are referred to as “additives” since this is the term used in FracFocus. Here, this chapter simply refers to
them as “chemicals.” It does this to discuss chemicals in a unified manner in this combined section on chemical mixing and
produced water.

Since most wells are not reported hydraulically fractured in databases, these estimates used spudded, completed, or
installed wells as proxies for hydraulically fractured wells. (See Appendix Section C.4 for more detail.)

2

These estimates from Pennsylvania and Colorado also included spills of diesel fuel and drilling muds, which could not be
separated out from the total frequency estimate even though they were generally out-of-scope of this assessment (diesel
fuel was in scope if used in hydraulic fracturing fluid).
3
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more appropriate for produced water spills since they can occur years or even decades after
hydraulic fracturing. An analysis of North Dakota produced water spills found there were
approximately 5 to 7 spills of produced water per 100 active wells between 2010 and 2015
(Appendix E.5). We conclude from these data that spills do occur in both the chemical mixing and
produced water stages of the hydraulic fracturing water cycle, generally in the range of 1 to 10% of
hydraulically fractured or active wells.

Not all spills, however, reach and therefore impact a drinking water resource. In U.S. EPA (2015m),
32 of the 457 (7%) spills characterized were reported to have reached surface water or
groundwater. The California Office of Emergency Services estimated 18% of produced water spills
reached waterways between January 2009 and December 2014 (CCST, 2015b). It is unclear if this
estimate included groundwater, or was limited to surface water. If, however, roughly 5 to 20% of
spills reach surface water or groundwater (encompassing the U.S. EPA and California estimates
above), we would expect a spill to occur and reach a drinking water resource at approximately 0.05
to 2% of active or hydraulically fractured wells. 1 This estimate of spills reaching drinking water
resources would be broadly consistent with estimates from the limited number of published studies
addressing this topic (e.g., Brantley et al., 2014; Gross et al., 2013). 2 If a 0.05 to 2% frequency rate is
applied to the estimates of approximately 275,000 to 370,000 new wells hydraulically fractured
nationally between 2000 and part of 2013 and 2000 and part of 2014, respectively (Chapter 3), we
would expect roughly 140 to 7,400 spills to reach a drinking water resource during this almost 14to-15 year time-period. This would be approximately 10 to 500 spills per year reaching a drinking
water resource, dividing by the respective time periods. This large range reflects the high
uncertainty of these estimates and the lack of data on this topic.
Despite the data limitations and uncertainties surrounding estimates of spills, we can with more
certainty identify factors likely affecting the frequency of spills reaching drinking water resources.
These factors include spill characteristics, encompassing the volume of the chemical spilled; factors
related to the environmental fate and transport of the spill, such as properties of the chemical
spilled and characteristics of the site where the spill occurred; and finally, factors related to spill
prevention and response.
Everything else being equal, a larger volume spill will be more likely to reach a drinking water
resource than a smaller spill (U.S. EPA, 2015m). On-site spills in the chemical mixing and produced
water handling stages are typically in the hundreds of gallons (U.S. EPA, 2015m). Larger spills,
though less common, do occur. Well blowouts, pipeline leaks, and impoundment failures are
sources of some of the largest individual spill volumes. Well blowouts were responsible for the

1 Estimated by multiplying the 1 to 10% spill rate for active or hydraulically fractured wells by 5% to 20% for spills
reaching drinking water, and then reconverting to a percentage by multiplying by 100.
2 Brantley et al. (2014) estimated approximately 0.4 to 0.8 spills per 100 hydraulically fractured wells reached surface
water in Pennsylvania between 2008 to September 2013. These were spills of 400 gal (1,514 L) or more, containing
hydraulic fracturing chemicals, fluids, or produced water. This might be an underestimate of spills reaching surface water
since spill volumes were limited to only 400 gal (1,514 L) or more. In estimate of the frequency of spills reaching
groundwater, Gross et al. (2013) examined oil and produced water spills between July 2010 and July 2011 in Weld
County, Colorado. They counted 77 such spills reaching groundwater, approximately 0.4% of the nearly 18,000 active
wells in the county.
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highest volume spills on average in 2015 in North Dakota. In Bradford County, Pennsylvania, a well
blowout resulted in a spill of approximately 10,000 gal (38,000 L) of produced water into a
tributary of Towanda Creek, a state designated trout fishery. The largest volume spill identified in
this assessment occurred in North Dakota, where approximately 2.9 million gal (11 million L) of
produced water spilled from a broken pipeline and impacted surface water and groundwater.
Though relatively rare compared to smaller volume spills, these types of spills are more likely to
reach—and therefore impact—a drinking water resource because they are of larger volumes.

By this same principle, produced water spills are more likely to impact drinking water resources
than chemical mixing spills. In an analysis of on-site spills, the median volume of produced water
spills was approximately twice as large as that in the chemical mixing stage (990 versus 420 gal, or
3,750 versus 1,590 L; U.S. EPA (2015m)). Additionally, offsite, large pipeline spills of produced
water can occur. It is possible that spills of produced water are larger, in part, because they are less
likely to be stopped as quickly as spills in the chemical mixing stage. Spills in the chemical mixing
stage are likely to occur when people are on-site, and so the spills can be quickly addressed. In
contrast, spills of produced water may occur when no one is on-site or, in the case of pipelines, near
the off-site location of the spill. This may delay a response, allowing larger volumes to spill,
increasing the likelihood of the spill reaching a drinking water resource.

Properties of the chemicals spilled also affect the frequency of impacts. We identified or estimated
chemical and physical properties for almost half of the chemicals used in hydraulic fracturing fluids
between 2006 and 2013 (455 of the 1,084 chemicals). These were individual organic chemicals, not
inorganic chemicals, polymers, or mixtures. Volatility, solubility, and hydrophobicity/hydrophilicity
are three properties, among others, affecting whether a spill reaches a drinking water resource
(hydrophobic chemicals tend to repel or fail to mix with water, while hydrophilic chemicals tend to
mix with water). The vast majority of organic chemicals in hydraulic fracturing fluid do not readily
volatilize or evaporate, meaning these chemicals tend to remain in water if spilled. These chemicals
also vary widely in their solubility and hydrophobicity/hydrophilicity, defying a general
characterization. Nevertheless, of the 20 chemicals most frequently used according to our analysis
of FracFocus, most are highly soluble and hydrophilic, meaning they will be mobile if spilled
(Chapter 5). For example, methanol, isopropanol, and ethylene glycol are all likely to travel quickly
through the environment. Thus, these chemicals may more frequently reach drinking water
because of two unrelated, yet compounding factors: relatively high frequency of use in hydraulic
fracturing operations and relatively high mobility in the environment.

Site characteristics are also an important factor determining whether a spill reaches a drinking
water resource (Figure 10-2). Site characteristics facilitating infiltration to groundwater are of
particular concern, since spills into groundwater are more likely to have severe impacts than those
into surface water (discussed in the severity section below). More permeable, sandier soils allow
greater infiltration of spilled fluids, whereas less permeable soils with more clay content can greatly
slow infiltration. More permeable rock also facilitates infiltration and movement of spills through
preferential flow paths—for example, in fractured or karst bedrock. Thus, sandier soils and more
permeable rock can increase the potential for spills to reach groundwater.
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Figure 10-2. Fate and transport schematic for a spill of chemicals, hydraulic fracturing fluid, or
produced water.
Schematic shows the potential paths, transport processes, and factors governing potential impacts of spills to
drinking water resources.

There are spill prevention and response factors that reduce the frequency of impacts to drinking
water resources from spills. Spill containment systems include primary, secondary, and emergency
containment systems. Primary containment systems are the storage units, such as tanks or totes.
Secondary containment systems, such as liners and berms installed during site set-up, are intended
to contain spilled fluids until they can be cleaned up. Emergency containment systems, such as
berms, dikes, and booms, can be implemented temporarily in response to a spill. Remediation is the
action taken to clean up a spill and its affected environmental media. One of the most commonly
reported remediation activities is the removal of spilled fluid and/or affected media, typically soil
(U.S. EPA, 2015m). Other remediation methods include the use of absorbent material, vacuum
trucks, flushing the affected area with water, and neutralizing the spilled material (U.S. EPA,
2015m). It was beyond the scope of this assessment to evaluate the implementation and efficacy of
spill prevention practices and spill response activities.

10.1.2.2 Severity

In addition to frequency, there are also factors affecting the severity of an impact on a drinking
water resource from a spill. For a given concentration, a larger volume spill will be more severe
than a smaller spill (see frequency section above for discussion of spill volumes). In addition to
10-11

Chapter 10 – Synthesis

volume, the concentration and toxicity of the chemicals reaching a drinking water resource affect
severity, as well as site characteristics.

A spill with higher chemical concentrations will be more severe than a more dilute spill of equal
volume. In the chemical mixing stage, chemicals are stored in concentrated form on-site, prior to
diluting with a base fluid. Approximately 3,000 to 30,000 gal (11,000 to 114,000 L) of chemicals are
used per well on average, with up to twice that amount stored on site. If multiple wells are
fractured per site, tens to hundreds of thousands of gallons of chemicals are likely stored in
containers at a single site during the hydraulic fracturing of these wells. These storage containers
are a relatively frequent source of spills during the chemical mixing stage. Spills from these storage
containers, even if low in volume, may be severe if they reach a drinking water resource because
they often contain concentrated chemicals.

In the produced water handling stage, the severity of impacts from a spill also increases with higher
concentrations, especially if the spill reaches groundwater (see site characteristics below).
Produced water can vary substantially in chemical concentrations, including total dissolved solids
(TDS), metals, radioactive isotopes, and organic chemicals. Within the Marcellus Shale, for example,
produced water can range in TDS from less than 1,500 mg/L to over 300,000 mg/L (Rowan et al.,
2011). By comparison, the average salinity concentration for seawater is 35,000 mg/L. The more
concentrated the produced water, the more likely impacts will be severe if a spill reaches a drinking
water resource. When a spilled fluid has greater concentrations of TDS than groundwater, the
higher-density fluid can move downward through the groundwater resource. Depending on the
flow rate and other properties of the groundwater, impacts from produced water spills can last for
years.
In addition to concentration, the toxicity of chemicals affects the severity of the impact if they enter
a drinking water resource. There were 37 chemicals listed in 10% or more of all FracFocus
disclosures between January 1, 2011 and February 28, 2013. Of these 37 chemicals, nine had
chronic oral reference values meeting the criteria used in this assessment. 1 These nine chemicals
are associated with health effects including liver toxicity, kidney toxicity, developmental toxicity,
reproductive toxicity, and/or carcinogenesis. Chemicals used in hydraulic fracturing fluids and
detected in produced water will vary from site to site, so human health hazards are best evaluated
on a site-specific basis. Nevertheless, the multi-criteria decision analysis (MCDA) presented in
Chapter 9 highlighted certain chemicals that may have greater hazard potential. Propargyl alcohol,
2-butoxyethanol, and N,N-dimethylformamide are three such chemicals having relatively greater
hazard potential in the MCDA based on toxicity, frequency of use in hydraulic fracturing fluids, and
mobility in water.

Many of the chemicals in produced water are also known or suspected to cause cancer and/or noncancer health effects in humans. Associated health effects include liver toxicity, kidney toxicity,
neurotoxicity, reproductive and developmental toxicity, and carcinogenesis, based on the produced

1 The

analysis of toxicity presented in Chapter 9 included chemicals regardless of accompanying concentration data in
FracFocus, and therefore listed 37 chemicals that were reported in 10% or more disclosures. Comparatively, Chapter 5
listed 35 chemicals that had valid concentration data from FracFocus and were reported in 10% of more disclosures.
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water chemicals having chronic oral reference values meeting the criteria used in this assessment.
Benzene, pyridine, and naphthalene are three of the chemicals highlighted in the MCDA as having
relatively greater hazard potential based on toxicity, measured concentrations in produced water,
and mobility in water.

We did not evaluate trends in chemical use by toxicity (e.g., the trends in the use of less toxic
chemicals). However, a more recent study of FracFocus data evaluated disclosures dating from
March 9, 2011, to April 13, 2015 (Dayalu and Konschnik, 2016; Konschnik and Dayalu, 2016). When
compared to the list of 1,084 chemicals used in hydraulic fracturing operations between 2005 and
2013 compiled for this assessment (Appendix H), an additional 263 chemicals were identified
(Chapter 5). Only one of these 263 chemicals was reported in more than 1% of disclosures. This
comparison of chemical lists does not address potential shifts in volumes of chemicals used, but it
does suggest that a shift to new types of chemicals–less toxic or otherwise–did not occur between
2013 and early 2015.

Finally, site characteristics also affect the severity of the impact. Spills into groundwater are likely
to be more severe than spills into surface water, everything else being equal. This is not to say that
spills into surface water cannot be severe, especially in the immediate vicinity of the spill. For
instance, a tank overflowed on a well site in Kentucky spilling fluid into a nearby stream at
concentrations sufficient to kill fish in the area (Papoulias and Velasco, 2013). Chemicals can also
associate with stream sediments, forming a source of long-term contamination (e.g., radium). In
general, however, surface water dilutes a spilled chemical much more rapidly than groundwater.
Groundwater often moves slowly between areas of recharge and discharge. Groundwater
movement can be as slow as one foot per year or even one foot per decade (Alley et al., 1999).
Because of this dynamic, chemicals from multiple spills can accumulate over time in groundwater.
Multiple chemical mixing and produced water spills, even if individually small, may impact a
groundwater resource in aggregate. Additionally, groundwater contamination may not be as readily
apparent as that in surface water because of the need to install monitoring wells to detect
contamination in groundwater. Lastly, groundwater can be difficult and expensive to remediate,
adding to the severity of impacts if spills reach groundwater (Alley et al., 1999).

10.1.3 Well Injection

Like the water acquisition, chemical mixing, and produced water handling stages, activities in the
well injection stage of the hydraulic fracturing water cycle can affect drinking water resources in
some instances. The well injection stage involves the injection of hydraulic fracturing fluids through
the production well and into the targeted rock formation at sufficient pressure to fracture the rock.
There are two fundamental pathways outlined in this assessment by which activities in the well
injection stage have the potential to affect drinking water resource quality. They are: (1) fluid
(meaning, liquid or gas) movement into a drinking water resource through defects or deficiencies
in the production well casing and/or cement; and (2) fluid movement into a drinking water
resource through the fracture network. The fluids potentially affecting drinking water resources
include hydraulic fracturing fluids, hydrocarbons (including methane gas), and naturally occurring
brines. The drinking water resources impacted directly in this stage are almost always groundwater
resources, rather than surface water.
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Though we could not in this assessment quantify an overall frequency of groundwater quality
impacts from the well injection stage, we can describe factors which make impacts more or less
frequent or more or less severe, as we did for other stages. We describe these factors below, first
with frequency and then severity. Within the frequency discussion, we address factors by each
pathway type.

10.1.3.1 Frequency

Pathway #1: Fluid movement into a drinking water resource through defects or deficiencies in the
production well casing and/or cement.
To reach and then fracture the production zone, an oil or gas well must first be drilled and
constructed down through the subsurface rock formations, often containing an overlying drinking
water resource. Since the well passes through the drinking water resource, this means defects or
deficiencies in the production well can lead to unintended movement of fluid into the drinking
water resource. This can occur regardless of the vertical separation between the drinking water
and the production zone.
The relatively brief hydraulic fracturing phase will likely impose the highest stresses to which the
well will be exposed during its entire life. If the well cannot withstand the stresses experienced
during hydraulic fracturing, the casing or cement can fail, resulting in the loss of mechanical
integrity and the unintended movement of fluids into the surrounding environment.

A few studies have estimated rates of mechanical integrity failure of production wells resulting in
the loss of all barriers protecting the groundwater or in contamination of groundwater in areas
with hydraulic fracturing activity (Table 10-1). The estimates are all approximately equal to or less
than 1% of wells drilled or hydraulically fractured over varying time frames. For most of these
estimates, it is not possible to tell whether failures occurred during hydraulic fracturing or at some
other point in the well’s life, with the exception of the EPA’s Well File Review (U.S. EPA, 2015n). If
the failure rate from the Well File Review (0.5%) is applied to the estimates of 275,000 to 370,000
new wells hydraulically fractured nationally between 2000 and part of 2013 and 2000 and part of
2014, respectively (Chapter 3), we would expect roughly 1,370 to 1,850 mechanical integrity
failures during this time-period (almost 14 to 15 years). Dividing by each time period yields
approximately 100 to 125 mechanical integrity failures per year on average, resulting in the loss of
all barriers protecting the groundwater during hydraulic fracturing. These estimates also have a
high degree of uncertainty like the spills estimates. This not only stems from the lack of certainty
about failure rates, but also uncertainties surrounding the estimates of the number of wells
hydraulically fractured (Chapter 3). These are likely low estimates because they do not include
mechanical integrity failures occurring outside of the hydraulic fracturing process (e.g., during the
production phase), nor do they consider failures in re-fractured wells.
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Table 10-1. Literature estimates of mechanical integrity failure rates resulting in
contamination of groundwater or failure of all well barriers, potentially exposing the
groundwater.
Citation

Mechanical Integrity Geographic
Failure Rate (%)
Scope

Key Findings & Description of Mechanical
Integrity Failurea,b

Fleckenstein et
al. (2015)

0.06

ColoradoWattenberg
Field

An overall catastrophic failure rate of 0.06% was found
for 16,828 wells studied (out of 17,948 total wells)
drilled in the Wattenberg Field between 1970 and 2013.
The timing of the failures was unknown, but most of the
failures occurred in the older wells. The Wattenberg
Formation is 4,400 ft (1,300m) below surface and
typically is hydraulically fractured. A catastrophic failure
was considered to have occurred when there was
contamination of drinking water aquifers (i.e., the
presence of thermogenic gas in a drinking water well)
and evidence of a well defect such as exposed
intermediate gas formations or casing leaks.

Considine et al.
(2012)

0.06

Pennsylvania

Two wells were cited between 2008 and 2011 by PA
DEP for causing methane migration into an aquifer. In
this same time period, 3,533 wells were drilled.

Brantley et al.
(2014)

0.12–1.1

Pennsylvania

Based on positive determination letters (PDLs) for
violations that occurred between 2008 and 2012,
Brantley et al. estimated between 7 and 64 problematic
unconventional wells contaminated 85 properties.
Since PDLs are tied to drinking water wells and not gas
wells, Brantley et al. made assumptions about how
many unconventional gas wells were represented by
each PDL. This equates to problematic unconventional
gas wells compromising approximately 0.1 to 1% of the
6,061 wells spudded between 2008 and 2012.c Not all of
these PDLs may be due to mechanical integrity failures–
they could also be due to other causes, such as spills, or
methane migration from natural or other
anthropogenic sources.

0.25

Pennsylvania

Of the 6,466 wells studied, 16 received notices
regarding contamination of groundwater with gas or
other fluids from the PA DEP associated with incidents
that occurred between 2008 and 2013.

Vidic et al.
(2013)
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Citation
U.S. EPA (2016c)

Mechanical Integrity Geographic
Failure Rate (%)
Scope
0.5

National

Key Findings & Description of Mechanical
Integrity Failurea,b
In an estimated 0.5% of the approximately 28,500
hydraulic fracturing jobs surveyed, a failure occurred
during hydraulic fracturing, such that there was no
additional barrier between the annular space with fluid
and the protected drinking water resource. While it
could not definitively be determined whether fluid
movement into the protected drinking water resource
occurred, in these cases, all of the protective barriers
intended to prevent such fluid migration had failed,
leaving the groundwater source vulnerable to
contamination.

a

Note: While some information is available on the age of the wells studied, it is unclear whether the failure occurred during the
hydraulic fracturing event, with the exception of the U.S. EPA (2016c) study. In that study, the failures occurred during hydraulic
fracturing.
b While

the Pennsylvania studies did not specifically identify whether the wells were involved in hydraulic fracturing operations,
a significant portion of Pennsylvania’s recent oil and gas activity is in the Marcellus Shale; therefore, many of the wells in these
studies were most likely used for hydraulic fracturing.
c Spudding

refers to starting the well drilling process by removing rock, dirt, and other sedimentary material with the drill bit
(U.S. EPA, 2013f).

Not all wells are equally likely to lose mechanical integrity; instead, there are factors that make
some wells more likely to experience a mechanical integrity failure than others. Well design and
construction are two such factors. First, a primary element of well design is the placement of at
least one additional layer of casing (besides the production casing) from the surface through the
lowest depth of the drinking water resource. This additional casing provides redundancy if the
production casing fails. In a study of 731 saltwater injection wells in the Williston Basin in North
Dakota, Michie and Koch (1991) found the risk of aquifer contamination from leaks into the
drinking water resource was 7 in 1,000,000 injection wells if a surface casing, in addition to the
production casing, was set deep enough to cover the drinking water resource. The risk increased to
6,000 per 1,000,000 wells (or 6 in 1,000) if this additional casing was not set deeper than the
bottom of the drinking water resource.

Second, fully cementing casing(s) through the entire drinking water resource affects the frequency
of impacts. Uncemented sections of surface casing increase the frequency of fluid leaks from the
well that can reach groundwater (Fleckenstein et al., 2015; Watson and Bachu, 2009). The EPA’s
Well File Review estimated that a portion of the protected groundwater resource identified by well
operators was uncemented in 3% of the wells surveyed (U.S. EPA, 2015n). With approximately
25,000 to 30,000 new wells hydraulically fractured a year (Chapter 3), this percentage means 750
to 900 of the wells used in hydraulic fracturing operations annually might lack this protection.
Adding re-fractured wells would increase the estimate of wells lacking this protection. Knowing the
depth of the groundwater resource at the point of drilling and then setting and cementing casings
below the lowest part of the drinking water resource can reduce the frequency or likelihood of an
impact.
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Third, the well’s casing, cement, and components need to be designed and constructed to withstand
the stresses applied to the well during hydraulic fracturing. In an example of inadequate well
construction, hydraulic fracturing of a gas well with insufficient and improperly placed cement in
Bainbridge Township, Ohio led to gas contamination of 26 domestic water supply wells and an
explosion in the basement of one of the nearby homes. This was due in part to a failure to cement
through the over-pressured gas formations and proceeding with the fracturing operation without
adequate cement (ODNR, 2008). In another case, casings at an oil well near Killdeer, North Dakota,
ruptured in 2010 following a pressure spike during hydraulic fracturing, allowing fluids to escape
to the surface. Brine and tert-butyl alcohol were detected in two nearby water wells. Following an
analysis of potential sources, the only potential source consistent with the conditions observed in
the two impacted water wells was the ruptured well (U.S. EPA, 2015i).

In addition to well design and construction, the degradation or corrosion of well components can
also increase the frequency of impacts to drinking water quality. Older wells exhibit more integrity
problems as cement and casings age. The EPA’s Well File Review estimated at least 10% of the wells
represented in the national survey were greater than five years old at the time of hydraulic
fracturing. Hydraulic fracturing or re-fracturing older wells has the potential to increase the
frequency of casing or cement failures allowing unintended fluid migration into drinking water
resources.

Confirming well mechanical integrity can reduce the frequency of water quality impacts. Pressure
testing the casing used for hydraulic fracturing prior to the job can help detect problematic
casing—and provide an opportunity to make needed repairs if necessary. Monitoring the annular
space behind the casing used for hydraulic fracturing during the hydraulic fracturing job can detect
well component failure in real time and signal for an immediate shut down. Based on the EPA’s Well
File Review study, casing pressure testing occurred at slightly less than 60% of the approximately
28,500 hydraulic fracturing jobs represented in that time frame (primarily 2009-2010) and annulus
monitoring took place during slightly more than 50% of these same jobs, implying these activities
did not always occur (U.S. EPA, 2016c). It is unclear whether the frequency of these practices have
changed since this time period.
Pathway #2: Fluid movement into a drinking water resource through the fracture network.

The other potential pathway for fluid movement into a drinking water resource is through the
fracture network. This could occur indirectly if the fracture network extends to a nearby well or its
fracture network, or to another permeable subsurface feature, such as natural fractures or faults,
which then allow the fluid to reach an underground drinking water resource. It could also occur
directly by the fracture network extending out of the production zone into a drinking water
resource, or hydraulic fracturing into a drinking water resource itself. 1 Key factors affecting the
frequency of this pathway are the presence, distance, and condition of nearby wells; and the vertical

1

Hereafter, fractures extending out of the production zone are referred to as “out-of-zone” fractures, consistent with
Chapter 6.
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separation distance and the characteristics of the intervening rock between the production zone
and the drinking water resource.

Nearby wells (often called offset wells) can be a pathway for fluid movement, with hydraulic
fracturing fluid from one production well moving through the subsurface and entering another
nearby oil or gas well or its fracture network. These events are commonly referred to as “well
communication events” or “frac hits.” The communication event might simply be registered as an
increase in pressure in the nearby well; yet there is also the possibility of damage to the nearby well
or its components, causing a surface spill or a subsurface release of fluids. The EPA’s Well File
Review found 1% of the wells represented in the study experienced a frac hit, and the EPA spills
report identified 10 spills attributed to well communication events (U.S. EPA, 2015m, n). It is
unknown whether any fluid reached a drinking water resource from these spills. Where active
nearby wells exist, operators of those wells can shut them in temporarily during the nearby
hydraulic fracturing to reduce the possibility of spills or damage to their wells, and therefore, the
potential for drinking water resource contamination.
The distance to the nearby well can affect the frequency of these communication events. In one
study, the likelihood of a frac hit was less than 10% in hydraulically fractured wells more than
4,000 ft (1,219 m) apart, while nearly 50% in wells less than 1,000 ft (300 m) apart (Ajani and
Kelkar, 2012). Distance was measured from the mid-point of each horizontal lateral. Thus, the
closer the nearby wells, the more likely a communication event.

If nearby wells are in good condition and can withstand an increase in pressure, then an impact is
unlikely to occur. However, if the nearby well is not able to withstand the pressure of the fluid, well
components may fail and allow fluid to move into a drinking water resource. Because of this, nearby
older or abandoned wells are of particular concern. In older wells near a hydraulic fracturing
operation, plugs and cement may have degraded over time; in some cases, abandoned wells may
never have been plugged properly. This can be a significant issue in areas with legacy (i.e., historic)
oil and gas exploration. A Pennsylvania Department of Environmental Protection (PA DEP) report
cited three cases where migration of natural gas had been caused by well communication events via
old, abandoned wells (PA DEP, 2009c). In Tioga County, Pennsylvania, following hydraulic
fracturing of a shale gas well, an abandoned well nearby produced a 30 ft (9 m) geyser of brine and
gas for more than a week (Dilmore et al., 2015). Various studies estimate the number of abandoned
wells in the United States to be significant. For example, the Interstate Oil and Gas Compact
Commission (IOGCC, 2008) estimates that approximately 1 million wells were drilled in the United
States prior to a formal regulatory system, and the status and location of many of these wells are
unknown. Hydraulic fracturing operators can reduce the possibility of impacts by identifying
nearby wells, and if necessary, plugging or otherwise addressing deficiencies in these wells.
If nearby wells serve as a pathway, fluid movement can bypass layers of intervening rock. In the
absence of this pathway, however, vertical distance and the intervening rock between the
production zone and the drinking water resource are factors affecting the possible movement of
fluid into a drinking water resource. The extension of fractures out of the oil and/or gas production
zone can—and does—occur. Examples have been reported in Greene County, Pennsylvania
(Hammack et al., 2014); at the Killdeer site in Dunn County, North Dakota (U.S. EPA, 2015i); and in
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other wells within the Bakken Shale (Arkadakskiy and Rostron, 2013; Arkadakskiy and Rostron,
2012; Peterman et al., 2012). In a study across several major shale formations, Davies et al. (2012)
found upward vertical fracture growth was often on the order of tens-to-hundreds of feet. One
percent of the fractures had a fracture height greater than 1,148 ft (350 m), and the maximum
fracture height among all of the data reported was 1,929 ft (588 m). This would suggest that
substantial vertical separation could preclude out-of-zone-fractures from directly reaching the
drinking water resource, although these measurements were only conducted in shale formations
and the extension of fractures is not the only way the drinking water resource could be
contaminated from out-of-zone fractures (see below). A modeling study also suggests fractures are
unlikely to extend from the production zone directly to a shallow drinking water resource in a deep
Marcellus-like environment (Kim and Moridis, 2015).

Not all fracturing occurs, however, with substantial vertical separation between the production
zone and the drinking water resource (Figure 10-3). The EPA’s Well File Review found that 20% of
wells used for hydraulic fracturing had less than 2,000 ft (600 m) between the shallowest point of
fracturing and the base of the protected groundwater resource (U.S. EPA, 2015n). In coalbed
methane (CBM) plays, typically shallower than shale gas plays, these separation distances can be
smaller. For example, in the Raton Basin of southern Colorado and northern New Mexico,
approximately 10% of CBM wells have less than 675 ft (206 m) of separation between the
production zone and the depth of local water wells. In certain areas of the basin, this distance is less
than 100 ft (31 m) (Watts, 2006). Many of these areas are shallower in depth, and fracture growth
has been shown to be primarily horizontal, rather than vertical, at less than 2,000 ft (600 m) from
the surface (Fisher and Warpinski, 2012). Nevertheless, the possibility of an out-of-zone fracture
reaching a drinking water resource is more likely in a setting with less vertical separation than with
more.
Even if an out-of-zone fracture does not extend into a drinking water resource, it could connect to
other permeable subsurface features, such as natural fractures or faults, which could then connect
to a drinking water resource. Thus, properties of the intervening rock can also make this pathway
more or less frequent or likely. For instance, in the Pavillion gas field in Wyoming, there are no
laterally-continuous confining layers to prevent upward movement of fluids into the groundwater
(Digiulio and Jackson, 2016). While flow of subsurface fluids generally tends to be downward, local
areas of upward flow have been observed (Digiulio and Jackson, 2016).

There are cases of hydraulic fracturing without vertical separation between the drinking water
resource and the production zone (Figure 10-3). The co-location of the oil or gas formation with the
drinking water resource is the factor affecting the frequency of an impact in these cases. Directly
fracturing into a drinking water resource causes an impact because it changes the quality of the
resource by introducing hydraulic fracturing fluids. The EPA’s Well File Review found an estimated
0.4% of the wells represented in the study had perforations used for hydraulic fracturing shallower
than the base of the protected groundwater resource, as reported by well operators (U.S. EPA,
2015n). The EPA’s Well File Review did not examine these instances by formation type. This
practice may be concentrated in locations in western states, especially in CBM plays. Examples
include the Raton Basin in Colorado (U.S. EPA, 2015k), the San Juan Basin of Colorado and New
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Mexico (U.S. EPA, 2004a), and the Powder River Basin of Montana and Wyoming (Dahm et al., 2011;
ALL Consulting, 2004; U.S. EPA, 2004a). This is a concern in the short term (should there be people
using these drinking water resources currently) and the long term (if drought or other conditions
necessitate the future use of these drinking water resources). For the most part in this chapter, we
focused on factors which can be managed, changed, or used to identify areas to target monitoring
efforts. In this situation, hydraulic fracturing directly into a drinking water resource would need to
cease if it was decided the resulting impacts to drinking water resource quality were unacceptable.

Figure 10-3. Separation in measured depth between drinking water resources and
hydraulically fractured intervals in wells.

In panel (a), the oil- and gas-bearing formation (dark gray) being hydraulically fractured is much deeper than the
depth where drinking water resources (light blue) exist, and hence a comparatively large separation distance
exists. In panel (b), there are two oil- and gas-bearing formations (dark gray and grayish blue) being hydraulically
fractured. The shallower formation has no separation distance, because the water also contained in this formation
is a drinking water resource. Panel (b) also shows another subsurface drinking water zone at a shallower depth
(light blue). Multiple groundwater zones of varying qualities can exist between the production zone and the
surface. These two panels depict end-member cases of separation distance: from large separation distances to no
separation distance. The graph in panel (c) illustrates the distribution of separation distances among the
approximately 23,000 oil and gas production wells hydraulically fractured by nine service companies between 2009
and 2010 (U.S. EPA, 2015n). Error bars in the panel (c) display 95% confidence intervals.
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Lastly, the presence of gas, as opposed to liquids, in the subsurface may be a factor affecting the
frequency of impacts from fluid movement via defects or deficiencies in the well (pathway #1), or
through the fracture network (pathway #2). The low density of gas compared to liquids makes it
buoyant, which creates an upward drive toward the surface. Thus, gas found in the subsurface, such
as methane, can exploit pathways in a well (such as along a well lacking mechanical integrity), or in
the surrounding rock (such as induced or naturally occurring fractures). If a pathway exists and gas
is present, it can reach groundwater used for drinking. Consequently, gases could be more likely to
contaminate drinking water resources than liquids (Li et al., 2016a).

10.1.3.2 Severity

The well injection chapter (Chapter 6) focused primarily on the potential for impacts to occur and
factors affecting frequency. By contrast, we have little-to-no information on factors affecting the
severity of impacts for this stage of the hydraulic fracturing water cycle. Severity would likely be
affected by the chemical composition of the fluid entering the drinking water resource; the volume
of the fluid; the duration in which that volume is delivered; and the concentration of the fluid and
its specific components, among other factors. Logically, the relatively simple pathway of a
mechanical integrity failure might result in the highest fluid volume delivered to a drinking water
resource over a short period of time—e.g., contamination of water wells in Bainbridge Township,
Ohio. By contrast, fluid movement through a fracture network, then through the intervening rock,
and finally into a drinking water resource may take a longer time and deliver a comparatively lower
volume. Even in this case, however, the impacts could still be severe if the fluid movement was to go
undetected and unaddressed.

10.1.4 Wastewater Disposal and Reuse

The last stage of the hydraulic fracturing water cycle is wastewater disposal and reuse. Produced
water from hydraulically fractured oil or gas production wells is managed predominantly through
disposal in underground Class II wells. Secondarily, it is disposed of via other practices, such as
discharge to surface waters or disposal in pits or evaporation ponds, or reused in other hydraulic
fracturing operations. Activities in the wastewater disposal and reuse stage of the hydraulic
fracturing water cycle can impact drinking water resources in some instances. Two such activities
are: the discharge of inadequately treated wastewater to surface water, and the storage or disposal
of wastewater in unlined pits or impoundments leading to contamination of surface water or
groundwater. In this section, we address factors increasing or decreasing the frequency or severity
of impacts from these activities. As in the water acquisition section, we combine our discussion of
frequency and severity here.

10.1.4.1 Frequency and Severity

Discharge of inadequately treated wastewater has impacted surface water. The quality of the
wastewater discharged is a factor affecting the frequency and severity of impacts. This factor is a
function of the chemical characteristics of the wastewater prior to treatment (i.e., the composition
and concentration of chemicals in the wastewater) and the efficacy of the treatment process. The
pre-2011 treatment of Marcellus wastewater in Pennsylvania illustrates this combination. In
10-21

Chapter 10 – Synthesis

Pennsylvania before 2011, wastewater from shale gas operations was treated at centralized waste
treatment facilities (CWTs) and publicly owned treatment works (POTWs). The POTWs and some
CWTs at the time were not equipped to adequately treat high TDS wastewater. This resulted in
wastewater discharges containing elevated levels of TDS, including bromide and iodide, to surface
waters.

The elevated levels of TDS raised concerns about the formation of disinfection byproducts (DBPs)
after treatment at downstream drinking water facilities. Disinfection byproducts are formed when
organic material comes in contact with disinfectants (e.g., chlorine, chloramine, chlorine dioxide or
ozone). Many DBPs have long-term health effects including an increased risk of cancer, anemia,
liver and kidney effects, and central nervous system effects. Of particular concern are DBPs formed
in the presence of bromide or iodide, which are considered particularly toxic. Management of DBPs
places a burden on downstream drinking water utilities. Concerns regarding elevated TDS (in
particular high bromide) and the potential for formation of DBPs led the PA DEP to take steps in
2010 and 2011 to route Marcellus Shale wastewater away from POTWs and CWTs (that could not
treat for TDS) to alternate options such as disposal via injection wells, on-site reuse, or reuse after
limited treatment at CWTs. By 2014, only a small percentage (approximately less than 1%) of
Marcellus wastewater went to CWTs permitted to discharge to surface waters (Figure 10-1).
Additionally, the new EPA pretreatment standards prohibit oil and gas operators from sending
unconventional oil and gas wastewater directly to POTWs (U.S. EPA, 2016d).

The combination of wastewater composition and inadequate treatment have also resulted in the
discharge of other constituents such as barium, strontium, and radium into surface waters in
Pennsylvania. Marcellus Shale wastewater contains radium, naturally occurring in the subsurface
formation. Radium has been found in stream sediments at discharge points for POTWs and CWT
facilities that have accepted Marcellus Shale wastewater. The ratio of radium isotopes (radium-228
to radium-226) in these sediments is consistent with ratios in Marcellus Shale wastewater (Warner
et al., 2013a). Radium-226, with a half-life of approximately 1,600 years, causes long-term
contamination. The practice of management of wastewaters via POTWs and CWTs without TDS
removal has declined, yet it remains uncertain whether the discharge of radionuclides to surface
waters from the oil and gas industry in Pennsylvania has ceased entirely (PA DEP, 2015b).

The storage or disposal of wastewater in pits or impoundments can also lead to contamination of
surface water or groundwater resources. This can occur via surface spills or overflows. It can also
occur via infiltration into the soil and percolation to groundwater through the pit itself. Whether
the pit or impoundment is lined is an important factor affecting the frequency and severity of
impacts on groundwater due to subsurface leaching. Historically, unlined pits have been used to
dispose of wastewater via percolation (or evaporation). While this practice has been banned in
most states, it is allowed in certain locations or instances (e.g., storage of wastewater, but not
disposal) as of July 2016. Even where prohibited, unpermitted unlined disposal or storage pits exist.
For example, approximately 1,000 unlined storage or disposal pits of oil and gas wastewater are
located in the Central Valley Region of California (California State Water Resources Control Board,
2016; Esser et al., 2015). Of these, approximately 60% were still active as of July 2016, and roughly
20% of those pits lacked permits (CA Water Board, 2016).
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Unlined pits have been shown to cause contamination of drinking water resources. The presence of
BTEX (benzene, toluene, ethylbenzene, and xylenes) and other organics in groundwater are linked
to pits in California and New Mexico (California Regional Water Quality Control Board Central
Valley Region, 2015; Sumi, 2004; Eiceman, 1986). Groundwater impacts downgradient of an
unlined pit in Oklahoma included high salinity (3500-25,600 mg/L) and the presence of volatile
organic compounds (Kharaka et al., 2002). Impacts can also occur in the case of disposal of
relatively low TDS wastewater (Healy et al., 2011; Healy et al., 2008). For example, a CBM
wastewater impoundment in the Powder River Basin of Wyoming resulted in high concentrations
of TDS, chloride, nitrate, and selenium in the groundwater (Healy et al., 2011; Healy et al., 2008).
Total dissolved solids exceeded 100,000 mg/L in one groundwater sample, despite the much lower
concentrations (2,300 mg/L) in the wastewater being discharged (Healy et al., 2008). Most of the
solutes found in the groundwater did not originate with the CBM wastewater, but rather resulted
from dissolution of previously existing salts and minerals in the subsurface. Lining pits or using
closed-loop systems (i.e., tanks) can decrease the frequency of such impacts.

10.1.5 Summary

In the above section, we synthesized the information in this assessment by discussing factors
increasing or decreasing the frequency or severity of impacts from activities in the hydraulic
fracturing water cycle. We focused particularly on factors that could be managed, changed, or used
to identify locations for additional monitoring or alteration of practices. Based on the information
reviewed, we conclude the following combinations of activities and factors are more likely than
others to result in more frequent or more severe impacts:
•

•

•
•
•
•

Water withdrawals for hydraulic fracturing in times or areas of low water availability,
particularly in areas with limited or declining groundwater resources;

Spills during the management of hydraulic fracturing fluids and chemicals or produced
water that result in large volumes or high concentrations of chemicals reaching
groundwater resources;

Injection of hydraulic fracturing fluids into wells with inadequate mechanical integrity,
allowing gases or liquids to move to groundwater resources;
Injection of hydraulic fracturing fluids directly into groundwater resources;

Discharge of inadequately treated hydraulic fracturing wastewater to surface water
resources; and
Disposal or storage of hydraulic fracturing wastewater in unlined pits, resulting in
contamination of groundwater resources.

Conversely, the scientific literature and data provide evidence that certain factors can reduce the
frequency or severity of impacts. Based on the information reviewed in this assessment, we
conclude the following factors are likely to reduce the frequency or severity of impacts:
•

Passby flows, or low-flow criteria, for surface water withdrawals, and the use of brackish
groundwater or reused wastewater as substitutes for fresh water withdrawals;
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•
•

•
•

•
•

Implementation of spill prevention and response measures;

Design and placement of well casing and cement able to withstand the stresses imposed by
hydraulic fracturing (including identifying the depth of the drinking water resource at the
point of drilling, and setting and cementing casings through the entire drinking water
resource);

Confirming mechanical integrity of oil and gas wells prior to, during, and after hydraulic
fracturing, and correcting deficiencies if necessary;

Identification of active or abandoned wells near hydraulic fracturing operations and, if
necessary, adjustment of the operations to minimize well-to-well communication and/or
plugging improperly abandoned wells;

The use of treatment technologies to remove TDS, and other constituents, such as radium,
when present prior to discharge; and
Storage of wastewater in lined pits or the use of closed-loop systems instead of pits.

The above factors are not the only factors that can reduce the frequency or severity of impacts, yet
are the ones most emphasized by the information reviewed for this assessment. It should be noted
that the above factors reduce, but do not completely eliminate, the possibility of an impact
occurring. In the case of hydraulic fracturing directly into a drinking water resource or disposal of
wastewater via unlined pits, we did not identify factors which could reduce the frequency or
severity of impacts, besides restricting the activity itself.

10.2 Uncertainties and Data Gaps

In this assessment, we identified impacts on drinking water resources in all stages of the hydraulic
fracturing water cycle and described the factors affecting the frequency or severity of impacts. The
major conclusions presented above (in Section 10.2.5) are the strongest conclusions based on data
and information synthesized for the assessment.
There were also many areas within the assessment for which strong conclusions could not be
reached. This was because of the lack of publicly available data and large uncertainties in available
sources of information. Below, we provide perspective on what data gaps and uncertainties
prevented us from drawing additional strong conclusions about the potential for impacts and/or
the factors affecting the frequency or severity of impacts.

We encountered uncertainties associated with, and gaps in, aggregated, publicly accessible
information about both activities in the hydraulic fracturing water cycle and groundwater data. In
general, comprehensive information on the location of activities in the hydraulic fracturing water
cycle is lacking, either because it is not collected, not publicly-available, or prohibitively difficult to
aggregate. Thus, we lacked complete information on the geographic locations of well sites (both
new and existing) where the chemical mixing, well injection, and produced water handling stages
take place; the depth(s) of zones that have been hydraulically fractured in these wells; where water
is being acquired (i.e., the source water) for hydraulic fracturing; and where hydraulic fracturing
wastewater is treated and/or disposed. FracFocus provided data on well locations, and water and
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other chemicals used at those locations. However, reporting to FracFocus at the time period studied
was not always required, making it difficult to determine the completeness or representativeness of
the information.
In addition, there are uncertainties about where groundwater resources are located. This includes
the thickness of the resource, from its top to its lowest depth, and its relation to the shallowest
depth where hydraulic fracturing occurred. If comprehensive data about the locations of both
drinking water resources and activities in the hydraulic fracturing water cycle were available, it
would have been possible to more completely identify areas in the United States where hydraulic
fracturing-related activities and drinking water resources overlap.

There are also uncertainties and data gaps related to chemicals used in hydraulic fracturing fluid
and those detected in produced water. Some chemicals and chemical mixtures remain undisclosed
because of confidential business information (CBI) claims. Well operators claimed at least one
chemical as CBI at more than 70% of disclosures reported to FracFocus between 2011 and early
2013. Data suggests this practice is increasing. Konschnik and Dayalu (2016) reported that 92% of
FracFocus disclosures submitted between approximately March 2011 and April 2015 included at
least one chemical claimed as confidential. When chemicals are claimed as CBI, there is no public
means of accessing information on these chemicals. Furthermore, many of the chemicals and
chemical mixtures disclosed, or those detected in produced water, lack information on properties
affecting their movement, persistence, and toxicity in the environment should they be spilled.
Better information on these chemicals would allow for a more robust evaluation of potential human
health hazards posed, and thus a better understanding about the severity of impacts should the
chemicals reach drinking water resources.
In places where we know hydraulic fracturing water cycle activities have occurred, data to assess
impacts are often either not collected or are not publicly available in accessible forms. Specifically,
local water quality monitoring and well mechanical integrity integrity data are not consistently
collected or readily available. In particular, sufficient baseline data on local water quality are
needed to quantify any changes post-hydraulic fracturing. There are exceptions to this, for example,
the state of California recently implemented a plan to make water quality monitoring information
public (Text Box 10-1). In general, however, the limited amount of data collected before, during,
and after hydraulic fracturing activities and made public, reduces the ability to determine whether
hydraulic fracturing affected drinking water resources.

Text Box 10-1. Hydraulic Fracturing and Groundwater Quality Monitoring in California.
In July 2015, the California Water Resources Control Board adopted Senate Bill 4 (SB4), Model Criteria for
Groundwater Monitoring in Areas of Oil and Gas Well Stimulation. This resolution directed the establishment of
a “comprehensive regulatory groundwater monitoring and oversight program...in order to assess the
potential effects of well stimulation treatment activities on the state’s groundwater resources” (California
State Water Resources Control Board, 2015). The adoption of SB4 concluded a multi-year process, which
incorporated stakeholder engagement, review by the public, and consultation with an expert scientific panel.
(Text Box 10-1 is continued on the following page.)
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Text Box 10-1 (continued). Hydraulic Fracturing and Groundwater Quality Monitoring in
California.
The recommendations of the expert panel informed the creation and implementation of SB4 with respect to
criteria “to be used for assessment, sampling, analytical testing, and reporting of water quality associated
with oil and gas well stimulation activities” (Esser et al., 2015).
The resolution requires two different scales of groundwater monitoring for different purposes. First, it
requires well-by-well (also called “area-specific”) groundwater monitoring by well operators. This includes
groundwater monitoring conducted for all hydraulic fracturing projects initiated after July 2015. Each oil or
gas production well operator must submit a design and timeline for monitoring groundwater resources in
proximity to its proposed well. The State Water Resources Control Board approves the monitoring plan
before hydraulic fracturing can proceed. The groundwater monitoring plan must include:
•

•
•

The installation of monitoring wells within 0.5 miles of the wellhead. At least one monitoring well must
be upgradient of the production well and two monitoring wells must be downgradient. Should the
production well penetrate more than one protected groundwater resource (as defined by the resolution),
monitoring wells must facilitate sampling of at least one that is shallow and one that is deep.
A monitoring timeline that includes sampling prior to production well construction and hydraulic
fracturing, as well as semi-annual sampling after completion.

A list of water quality parameters and constituents to be monitored, including TDS, specific metals, and
specific organic compounds.

The area-specific monitoring requirements also include submission of information by well operators about
geologic and human-made features in the subsurface that could serve as pathways for impacts to
groundwater, aspects of production well construction, and hydraulic fracturing fluid composition.

Second, a regional groundwater monitoring program will document trends in baseline water quality and
locate protected groundwater state-wide. In addition to monitoring for trends in groundwater quality related
to activities at well sites, it will also be designed to detect trends related to impacts from wastewater disposal
practices.
All data from the monitoring programs will be publicly accessible in a state-maintained database. The
database is intended to support public health, scientific, and academic needs, as well as future “investigation,
assessment, and research relevant to oil and gas development impacts on groundwater quality” (Esser et al.,
2015).

Together, the data and information collected and made publicly available as part of the area-specific and
regional groundwater monitoring in California will help fill data gaps identified in this section of the
assessment by locating groundwater resources, monitoring drinking water resources at spatial and temporal
scales relevant for detecting impacts from activities in the hydraulic fracturing water cycle, and distinguishing
impacts from hydraulic fracturing activities from the impacts of other potential sources.

In the cases where effects are suspected, it is often difficult to separate the potential effects of
hydraulic fracturing activities from effects of broader oil and gas industry activities and other
industries or causes. The use of long-lasting, mobile tracer chemicals added to hydraulic fracturing
fluids to monitor for impacts has been proposed (Kurose, 2014), but has received relatively little
attention in the scientific literature as of mid-2016. Instead, measured changes in water quality
parameters can be associated with, but not necessarily diagnostic of, impacts from hydraulic
fracturing activities. For instance, measurable changes in methane levels, TDS, ratios of geochemical
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constituents, and isotopic ratios might suggest impacts from hydraulic fracturing but could also be
from other sources, either natural or anthropogenic. To try to assign a cause, these measurements
often have to be followed with further collection of evidence supporting or refuting hydraulic
fracturing activities as the cause of the changes. (See Text Box 10-2 for discussion of causal
assessments.)

Text Box 10-2. Causal Assessment and Hydraulic Fracturing Water Cycle Activities.
A number of recent studies have conducted regional-scale assessments of trends in water quality in areas
with hydraulic fracturing activity, showing either no trend or trends linked temporally or spatially with
hydraulic fracturing (Burton et al., 2016; Hildenbrand et al., 2016; Hildenbrand et al., 2015; Siegel et al., 2015;
Darrah et al., 2014; Fontenot et al., 2013; Warner et al., 2013b) Regional assessments can be important for
integrating information over broader scales, and for posing hypotheses about how hydraulic fracturing water
cycle activities may impact drinking water resources. Oftentimes, however, activities in the hydraulic
fracturing water cycle are merely one of several possible causes of an observed change in water quality or
quantity at a specific site. In this case, more thorough, site-specific investigations are often necessary. Causal
assessment (also called causal analysis) involves collecting multiple kinds of evidence to determine which of
several possible causes of contamination is most likely.
Causal assessment requires several steps. First, the spatial and temporal scope of the issue is defined,
including a description of all the possible causes of an observed impact, in this case the change in quality or
quantity of a drinking water resource. Once this is done, evidence is collected and assembled to support or
refute the potential causes. Evidence indicating how a potential cause and an observed effect are related in
time can help support or refute potential causes. Other kinds of evidence can also be useful in identifying a
cause, including: determining whether the composition and volume of a leaked, spilled, or treated and
discharged fluid are capable of causing observed impacts on water quality; and determining whether a
physical pathway between a well or well site exists by measuring the mechanical integrity of hydraulically
fractured wells and/or establishing the presence/absence of a contaminant plume.

Ideally, the evidence helps exclude possible causes of the reported contamination, narrowing down the list of
potential causes to a single cause. Causal assessments can take a long time to complete and can require a lot
of resources and expertise. In some situations, available data and resources are simply not sufficient to
definitively identify the cause. Nevertheless, causal assessments conducted in a consistent and transparent
way can help enable the identification of the likely cause(s) of contamination of drinking water resources.

The retrospective case studies conducted by the EPA under the Study Plan are examples of scientific
investigations using a multiple lines of evidence approach consistent with the principles of causal assessment
(U.S. EPA, 2015i, j, l, 2014f, g). These case studies were cited throughout this report. For instance, as noted
previously, the Killdeer, North Dakota case study found that an inner string of casing burst during hydraulic
fracturing of an oil well, resulting in a release of hydraulic fracturing fluids and formation fluids that impacted
a groundwater resource (U.S. EPA, 2015i). Following an analysis of potential sources, the only potential
source consistent with the conditions observed was the ruptured well (U.S. EPA, 2015i).
Regardless of whether a single cause can be determined, actions can still be taken to mitigate one or more
potential causes of contamination. Information gained once the suspected activity has been halted or at least
reduced could elucidate whether hydraulic fracturing operations are more or less likely to have been the
source of the contamination.

Many members of the public are interested in understanding the national frequency of impacts to
drinking water resources from activities across the entire hydraulic fracturing water cycle. Because
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of the significant data gaps and uncertainties in the available data, it was not possible to estimate
the national frequency of impacts to drinking water resources from activities in the hydraulic
fracturing water cycle collectively. We were, however, able to estimate impact frequencies in some,
limited cases within the larger hydraulic fracturing water cycle (i.e., spills of hydraulic fracturing
fluids or produced water, and mechanical integrity failures). These more specific estimates had a
high degree of uncertainty, but were the best estimates that could be provided with the data and
literature currently available.

Finally, it should be recognized that this assessment is a snapshot in time. Our understanding of the
factors affecting the frequency or severity of impacts may change in the future as industry practices
evolve and new information becomes available.

10.3 Use of this Assessment

This assessment contributes to the understanding of the potential impacts to drinking water
resources by activities in the hydraulic fracturing water cycle and the factors influencing those
impacts. The scientific information presented can be used by federal, tribal, state, and local officials;
industry; and the public to better understand and address vulnerabilities of drinking water
resources to activities in the hydraulic fracturing water cycle.
The uncertainties and data gaps identified throughout this assessment could be used to identify
future data collection efforts. Data collection efforts could include, for example, surface water and
groundwater monitoring programs in areas with hydraulically fractured oil and gas production
wells; collection and the public dissemination of data on the condition of hydraulically fractured
wells; or targeted research programs to better characterize the environmental fate and transport
and human health hazards associated with chemicals in the hydraulic fracturing water cycle. Data
collected and analyzed through new data collection efforts may identify new factors increasing or
decreasing the frequency or severity of impacts.

In the near term, decision-makers could focus their attention on the combinations of activities and
factors that we conclude are more likely than others to result in more frequent or more severe
impacts (Section 10.2.5). By focusing attention on the above combinations, impacts to drinking
water resources from activities in the hydraulic fracturing water cycle can be prevented or reduced.

Overall, the practice of hydraulic fracturing is expanding and continues to change. Oil and gas
production associated with hydraulic fracturing was insignificant in 2000, but by 2015 it accounted
for an estimated 51% of U.S. oil production and 67% of U.S. gas production (EIA, 2016c, d). The
number of wells drilled and hydraulically fractured is likely to continue to increase in the coming
decades (EIA, 2014a). The work of evaluating potential impacts from combinations of activities and
factors in the hydraulic fracturing water cycle will need to keep pace with this industry and as new
scientific studies are produced. This assessment provides a foundation for those efforts, while
offering information to support the reduction of current vulnerabilities of drinking water resources.
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As high-volume hydraulic fracturing (HF) has grown substantially in the United States over the past
decade, so has the volume of produced water (PW), i.e., briny water brought to the surface as a byproduct
of oil and gas production. According to a recent study (Groundwater Protection Council, 2015), more than
21 billion barrels of PW were generated in 2012. In addition to being high in TDS, PW may contain
hydrocarbons, PAH, alkylphenols, naturally occurring radioactive material (NORM), metals, and other
organic and inorganic substances. PW from hydraulically fractured wells includes ﬂowback water, i.e.,
injection ﬂuids containing chemicals and additives used in the fracturing process such as friction reducers, scale inhibitors, and biocides e many of which are known to cause serious health effects. It is
hence important to gain a better understanding of the chemical composition of PW and how it is
managed. This case study of PW from hydraulically fractured wells in California provides a ﬁrst aggregate
chemical analysis since data collection began in accordance with California's 2013 oil and gas well
stimulation law (SB4, Pavley). The results of analyzing one-time wastewater analyses of 630 wells hydraulically stimulated between April 1, 2014 and June 30, 2015 show that 95% of wells contained
measurable and in some cases elevated concentrations of BTEX and PAH compounds. PW from nearly
500 wells contained lead, uranium, and/or other metals. The majority of hazardous chemicals known to
be used in HF operations, including formaldehyde and acetone, are not reported in the published reports.
The prevalent methods for dealing with PW in California e underground injection and open evaporation
ponds e are inadequate for this waste stream due to risks from induced seismicity, well integrity failure,
well upsets, accidents and spills. Beneﬁcial reuse of PW, such as for crop irrigation, is as of yet insufﬁciently safety tested for consumers and agricultural workers as well as plant health. Technological advances in onsite direct PW reuse and recycling look promising but need to control energy requirements,
productivity and costs. The case study concludes that (i) reporting of PW chemical composition should be
expanded in frequency and cover a wider range of chemicals used in hydraulic fracturing ﬂuids, and (ii)
PW management practices should be oriented towards safer and more sustainable options such as reuse
and recycling, but with adequate controls in place to ensure their safety and reliability.
© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction
Signiﬁcant unconventional oil and natural gas deposits and the
advancement of technologies for stimulating production from
these sources, including the use of high-volume hydraulic
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fracturing (HF), have led to an unprecedented expansion in U.S. oil
and gas production over the past decade (EIA, 2014). Large-volume
hydraulic fracturing (HF) is a well stimulation technique involving
the pumping of large amounts of water mixed with a proppant
(typically sand) and chemicals under high pressure into the shale
formation to create, expand and prop open fractures to release
trapped oil and gas to the well surface (EPA, 2015a). An issue arising
concomitantly with oil and gas production, conventional and unconventional, is the generation of large amounts of produced water
(PW) (Groundwater Protection Council, 2015), a byproduct that
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ﬂows to the well surface together with the oil and gas and is
typically high in TDS (including sodium, potassium, bromide, calcium, ﬂuoride, nitrate, phosphate, chloride, sulfate, magnesium), oil
and other hydrocarbons, naturally occurring radioactive materials
(NORM), metals, and other substances originating from the formation and the well stimulation processes. Benko and Drewes
(2008) found that the TDS content of PW in the Western United
States ranges from 1,000 mg/L to 400,000 mg/L and the oil and
grease content varies between 40 mg/L and 2000 mg/L (Benko and
Drewes, 2008). In wells stimulated using HF, varying amounts of
the injection ﬂuid returns to the wellhead for a period after the
stimulation. Referred to as ﬂowback it contains chemicals and additives used to facilitate the HF process, but may also include
compounds such as NORM and heavy metals washed out of the
formation (Sovacool, 2014). Some of the controversy surrounding
the use of HF has been galvanized by the lack of information
available concerning the types and amounts of chemicals used for
HF and the volumes and chemical composition of the wastewater
produced (Centner and O'Connell, 2014; EPA, 2016a; Konschnik
et al., 2013; Rawlins, 2013). Several studies of HF ﬂuids found
hundreds of chemicals and compounds, many of which are known
carcinogens, toxic to developmental, neurological, and other processes, or otherwise harmful to human and ecological health
(Colborn et al., 2011; EPA, 2015b; Stringfellow et al., 2014) (see
Table 1).
The wastewater volumes produced by HF stimulated wells are
substantial, ranging from 210,000 to 2,100,000 gallons during the
ﬂowback, and median ﬂow rates of 200e800 gallons per day during
production (Federal Register, 2016). California has a particularly
high PW to oil ratio, generating on average 15 barrels (630 gallons)
of wastewater for every barrel of oil; equivalent to an estimated 130
billion gallons of wastewater annually (Clean Water Action, 2015).
The volumes and chemical composition of PW thus raise questions
about the appropriate management strategies to control the risk of
harm to human health and the environment.
Using new data collected by the state's Division of Oil, Gas and
Geothermal Resources (DOGGR) in accordance with Senate Bill 4
(Pavley, 2013), the present study examined 851 oil wells in California to gain a better understanding of the potential hazards posed
by PW and assess the adequacy of current PW management strategies. California serves as a suitable case study because SB4 is
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widely seen as a pilot law to address information gaps in the oil and
gas industry and thus offers a starting point to evaluate the adequacy of the new information with regard to PW management.
2. Materials and methods
The data for this case study were compiled from individual well
reports submitted by operators to DOGGR, the California state
agency tasked under SB4 with publishing the information relating
to well stimulation activities (CA Division of Oil, Gas and
Geothermal Resources, 2015). The publicly available repository
referenced 851 well reports at the time of access (June 30, 2015).
The inventory is not comprehensive, however, because some wells
had missing or incomplete reports and because of the decades-long
history of HF in California, not all hydraulically fractured wells are
represented. For the purpose of this study, only HF wells are
included (i.e., wells stimulated using acid fracturing, matrix acidizing, etc. are excluded). SB4 regulations require operators to submit only one report per well after stimulation ﬁnished. Thus, the
data represent a cross-sectional sample of the produced water
composition of hydraulically fractured wells.
Of the 851 initial wells available in DOGGR's repository, 20 wells
were not stimulated using HF, 116 well reports were listed as
“pending,” 56 reports stated that the sample was unsuitable for
analysis, and 6 reports contained faulty links. An additional group
of 24 wells were linked to the same single report. Inquiries to the
listed contact person remained unanswered and, therefore, only
one of the 24 wells was included in the study. These data limitations reduce the count of wells included in the study to 630. These
wells were stimulated between January 2, 2014 and May 27, 2015. A
small number of well reports contained only geochemical information and individual well reports did not always contain data for
all constituents represented in the full database. The number of
wells that measured the constituent (N) and the number of wells
that contained measurable concentrations (Na) are both noted in
the Supplementary Material (Tables A.1eA.5). For many constituents, more than 25% of wells had readings below detection limits.
The summary statistics are computed with only nonzero values,
with the number of wells included (Na) noted throughout.
For some well reports the chemical data is not rigorously supported. Speciﬁcally, many analyses used EPA methods 8260B and

Table 1
Summary of the types and examples of chemicals commonly used in HF, adapted from FracFocus, https://fracfocus.org/chemical-use/what-chemicals-are-used.
Type

Function

Selected Examples

Acids
Biocides
Breakers

Improve injection or penetration; dissolve minerals to reduce clogging
Prevent bacterial growth, which can erode pipes and interfere
with fracking process
Break down gellants; added at end of sequence to enhance ﬂowback

Clay stabilizers
Corrosion inhibitors
Crosslinker

Prevent clay plugs of fractures
Reduce rusting
Maintain ﬂuid viscosity; may include carrier ﬂuids

Hydrochloric acid
Glutaraldehyde; Quaternary ammonium compounds;
Tetrakis hydroxymethyl phosphonium sulfate
Ammonium persulfate; Sodium, calcium chloride; Magnesium oxide;
Magnesium peroxide
Choline chloride; Sodium chloride; Tetramethyl ammonium chloride
Isopropanol; Methanol; Formic acid; Acetaldehyde
Potassium metaborate; Triethyanolamine zirconate; Petroleum
distillate; Boric acid; Zirconium complex; Sodium tetraborate
Polyacrylamide; Methanol; Ethylene glycol; Petroleum distillate
Guar gum; Polysaccharide blend; Ethylene glycol; Hydrotreated light
petroleum distillate
Citric acid; Acetic acid; Thioglycolic acid; Sodium erythorbate
Lauryl sulfate; Isopropanol; Ethylene glycol
Sodium hydroxide; Potassium hydroxide; Acetic acid; Sodium
carbonate
Silica (quartz; sand)
Copolymer of acrylamide and sodium acrylate; Sodium
polycarboxylate; Phosphonic acid salt
Lauryl sulfate; Ethanol; Naphthalene; Methanol; Isopropyl alcohol;
2-butoxyethanol

Friction reducers
Make water slick to increase rate and efﬁciency of ﬂuid movement
Gellants (gelling agent) Increase viscosity and suspend sand during proppant transport,
as a product stabilizer
Iron control
Prevent precipitation of metal oxides
Non-emulsiﬁer
Prevent formation of emulsions, and as a product stabilizer
pH control
Maximize effectiveness of other additives
Proppants
Scale control

Hold ﬁssures open for gas & oil escape
Prevent mineral buildup and clogs

Surfactants

Decrease surface tension and improve ﬂuid passage
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8270C-SIM for VOCs and PAHs respectively, which require three
surrogates that in some cases were not within the Lower to
Maximum Contaminant Level range (LCL-MCL range). A total of
2.7% of wells had at least one problematic VOC surrogate and just
under 47% had at least one problematic PAH surrogate. These wells
are nonetheless included in the analysis, because it was not
possible to re-analyze the samples or collect new wastewater
samples, and their inclusion provides a more comprehensive look
at statewide patterns in waste composition. In order to take into
account possible inconsistencies from surrogates, a two-sampled ttest assuming unequal variances was run to compare mean concentrations between the full data and a set that excluded any data
with one or more unsubstantiated surrogate value. For the VOCs,
none of the compounds had any statistically signiﬁcant difference.
However, the majority of PAHs did have a statistically signiﬁcant
difference, with the exception of those with very small sample
sizes. In every case, the mean concentrations of wells with unsubstantiated surrogates were lower than the mean concentrations
of all wells for a given constituent. Full results are in the Supplementary Material (see Table A.6).
3. Results
3.1. General ﬁndings
The 630 well reports on PW composition collectively contain
information on the concentrations of benzene, toluene, ethylbenzene, and toluene (known as BTEX), polycyclic aromatic hydrocarbons (PAHs), geochemical data on metals, nonmetals, pH and
alkalinity, and other chemical characteristics. It was found that the
quantity and quality of information provided by operators for each
individual well varies considerably. Importantly, a number of
chemicals of concern that have been documented in HF ﬂuid,
including formaldehyde, acetone, ethylene glycol, and hydrogen
sulﬁde (Colborn et al., 2011; Webb et al., 2014), were not measured
or not reported.
The average pH value was 6.99 (range 2.30e9.58, Na ¼ 615).
Alkalinity, reported as CaCO3, varied signiﬁcantly, from 17 mg/L to
39,000 mg/L, with a median of 350 mg/L and an average of 760 mg/
L (standard deviation 1770 mg/L, Na ¼ 623). Total Dissolved Solids
(TDS) ranged from 0.24 to 190 g/L, with a median of 280 g/L and an
average of 100 g/L (standard deviation of 190 g/L, Na ¼ 628).
Although not a direct risk to human health, high TDS concentrations impair water quality with respect to aesthetic and/or cosmetic
purposes.
3.2. Volatile organic compounds
Volatile organic compounds (VOCs) are a large class of compounds that include a subgroup of structurally similar chemicals,
collectively referred to as the “BTEX” chemicals: benzene, ethylbenzene, toluene, and all xylenes. The effects of exposure to BTEX
(mainly through inhalation and ingestion) include skin irritation,
vomiting, dizziness, headaches, rapid heart rate, respiratory
distress, anemia, convulsions, immune system and nervous system
impacts, leukemia and other cancers, and death (Gross et al., 2013;
Miller, 2015; ATSDR, 2015a; ATSDR, 2015b; ATSDR, 2015c; EPA,
2015c). Dermal exposure is possible for oil and gas workers as a
result of accidents and spills but is less likely to occur to the general
population. These four chemicals are of major concern to health
and public safety advocates and health effects.
All four chemicals showed a wide range of values, with toluene
having the widest range (2.4e11,000 mg/l, average 1100 mg/l with st.
dev. 1300 mg/l, Na ¼ 546). Benzene concentrations reached a
maximum of 7700 mg/l (see Table 2). Although the wastewater is

not suitable for drinking purposes without speciﬁc treatment, it is
noteworthy that more than 91% of reported concentrations would
exceed drinking water maximum contaminant levels for benzene.
Considering the high toxicity of BTEX, a spatial hotspot analysis
using ArcGIS software by ESRI (version 10.3) was conducted to
determine if any well locations had clusters of particularly high
concentrations (see Supplementary Material Fig. S1). The results
indicate that BTEX levels had a noticeable spatial gradient running
from north-west (higher) to south-east (lower) within California's
Central Valley. The cluster of high BTEX concentrations was also a
hotspot for TPH and PAHs.
3.3. Polycyclic aromatic hydrocarbons (PAHs)
Polycyclic aromatic hydrocarbons (PAHs), are a complex group
of molecules. Overall, little research on health impacts is available
on individual PAHs. ATSDR has evaluated seventeen of the more
common PAHs collectively (ATSDR, 1995) and accumulating
research links them to adverse effects on the skin, the immune
system, fertility, low birth weight, and possibly birth defects.
Several are reasonably expected to be carcinogenic. Concentrations
for EPA-assessed total probable carcinogens ranged from 0.095 mg/l
to 127 mg/l with an average of 5.4 mg/l (st. dev. 12.6 mg/l). The
complete data for measured PAHs is in the Supplementary Material,
Table A4). Some of the analytical reports had unsubstantiated
surrogate data as discussed in the previous section.
3.4. Total Petroleum Hydrocarbons (crude oil)
Total Petroleum Hydrocarbons (TPH) refers to a mix of several
hundred different organic molecules originating from crude oil
(ATSDR, 2015a). Their health effects can vary considerably and
include adverse effects on the blood, immune and respiratory
systems, the skin and eyes, the digestive and the central nervous
systems (ATSDR, 2015a). Some compounds found in TPH (including
BTEX and PAHs) are known or suspected carcinogens. The distribution of TPH concentrations was heavily right-skewed with a
median of 90 mg/L and an average concentration of 2300 mg/L
(standard deviation of 42,000 mg/L, Na ¼ 560). The highest
measured concentration was 990,000 mg/L; 64 wells (11% of all
wells in which TPH was measured) had concentrations over
500 mg/L, and 249 wells (44%) had concentrations over 100 mg/L.
3.5. Methane gas
Although methane dissolves in water, most will volatilize very
quickly when exposed to air (Mathes and White, 2006). Little information exists on the impacts of methane ingestion, either acute
or long-term. In high ambient concentrations (between 5 and 15%)
methane is ﬂammable and explosive at concentrations of 5e15% in
the air (Mathes and White, 2006). The mean concentration of
methane was 0.8 mg/L (standard deviation of 1.4 mg/L, Na ¼ 554)
and the median was 0.2 mg/L. Compared with guidelines from the
US Department of the Interior, Ofﬁce of Surface Mining for methane
in well water, no wells had concentrations high enough to pose
immediate concerns, while only one had concentrations that warranted monitoring (10e28 mg/L).
3.6. Elemental contaminants
This group consists primarily of metals that pose varying risk to
human health, including lithium, lead and uranium. A total of 21
metals were commonly measured (antimony, arsenic, barium,
beryllium, boron, cadmium, chromium, cobalt, copper, lead,
lithium, mercury, molybdenum, nickel, selenium, silver, strontium,
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Table 2
Measured BTEX concentrations.
Compound

Min (mg/L)

Median (mg/L)

Max (mg/L)

Mean (mg/L)

St. Dev. (mg/L)

Na

Nab

Benzene
Ethylbenzene
Toluene
Total Xylenes
p-,m-xylene
o-xylene

0.48
1.9
2.4
8.8
5.1
2.8

380
140
660
600
380
240

7700
1200
11000
7600
5500
2100

630
180
1100
840
550
300

810
150
1300
870
600
270

565
565
565
565
565
565

522
532
546
532
529
534

a
b

Number of wells that measured the constituent in question.
Number of wells that contained a measurable concentration of the constituent in question.

thallium, vanadium, zinc, uranium). Only metals linked to particular health risks are presented here (see Table 3, complete data can
be found in the Supplemental Materials).
Several other constituents occurred in higher concentrations,
including barium, boron, lithium, and strontium. While most health
effects are only seen with soluble forms of barium, the data do not
differentiate chemical species. The effects of ingesting barium
include gastrointestinal disturbance and muscular weakness,
vomiting, abdominal cramps, diarrhea, difﬁculties in breathing,
increased or decreased blood pressure, numbness around the face,
and muscle weakness (Long et al., 2015a). Ingesting large amounts
can cause changes in heart rhythm or paralysis and possibly death
(Long et al., 2015a). If all barium measured were assumed to be

soluble, 466 wells (74% of wells that measured barium) would
require treatment for barium prior to use for human consumption
(applying California's MCL standard for barium of 1000 mg/L) California has established a drinking water Notiﬁcation Level (NL) of
1000 mg/L for boron, above which a release notice is required and
which would be exceeded by wastewater from 543 wells (86% of
wells reporting boron). Chronic exposure to high levels of lithium
(above 1000 mg/L, a level exceeded by 420 wells) may impact thyroid function, with a wide range of symptoms and health effects
(Broberg et al., 2011). For strontium no national or California regulations exist and no adverse health effects are known for the levels
of strontium present in the environment. However, bone growth
may be impacted in children ingesting very high levels of stable

Table 3
Measured concentrations of elemental contaminants reported in the wastewater analyses.
Element

Health Effectsa

Min
(mg/L
except
uranium)

Mean conc.
(st dev)
(mg/L)

Max
(mg/L)

Nab

Chromium VI

Irritation and ulcers in the digestive tract, anemia, and male reproductive
system damage; known carcinogen through respiratory exposure; possible
carcinogen through ingestion exposure
Main exposure through inhalation. In animal studies, long-term ingestion led to
liver damage and blood changes, while prolonged contact can cause skin
irritation. Not currently classiﬁed as a carcinogen
Nausea and vomiting, decreased production of red and white blood cells,
abnormal heart rhythm, damage to blood vessels, and a 'pins and needles'
sensation in extremities; higher doses can be lethal. Long term effects: darkened
skin and warts; known carcinogen, increasing the risk for skin, liver, bladder,
and lung cancer; may affect pregnant women and fetuses.
Ingestion can cause severe stomach irritation, vomiting and diarrhea; prolonged
exposure at lower levels can cause kidney disease and fragile bones; known
carcinogen; possibly causes birth defects. Animal studies suggest it may cause
behavioral and learning changes; young children may be more susceptible.
Affects nearly every system in the human body. Long-term exposure can cause
damage to the nervous system, weakness in ﬁngers, wrists, or ankles, increased
blood pressure (particularly in the middle aged and elderly) and anemia. At
higher levels it can cause severe brain and kidney damage; pregnant women
may miscarry and men may develop reproductive system harm. Small children
are most vulnerable and may experience effects on brain and blood functioning,
including mental and physical growth. Premature births, smaller birth size,
reduced growth and mental ability, with lifelong repercussions; probable
carcinogen.
Necessary micro-nutrient but toxic in higher doses. In excessive concentrations,
selenium can cause nausea, vomiting, and diarrhea; chronic exposure can
produce selenosis: symptoms include hair loss, nail brittleness, and neurological
abnormalities. Not classiﬁed as a carcinogenc
A necessary nutrient but at levels ten to ﬁfteen times higher than dietary needs
it can cause stomach cramps, nausea, and vomiting, and over longer time
periods it can cause anemia and decreased good cholesterol levels. Not classiﬁed
as a carcinogen.
Ingestion can cause kidney damage; animal studies suggest other toxicity effects
and birth defects or death in offspring of exposed mothers. Radioactive and
known carcinogen with excessive radiation exposure.

0.7

8.5 (10)

64

187

17

1100 (220)

12000

73

9

1100 (2500)

15000

146

2.2

40 (110)

600

28

4

420 (960)

5800

232

29

1900 (3300)

17000

178

5.9

420 (990)

9400

470

0.17 pCi/L

1.9 (8.8)

95

284

Antimony

Arsenic

Cadmium

Lead

Selenium

Zinc

Total Recoverable Uranium

a
b
c

Health effect information was compiled from ATSDR ToxFac fact sheets.
Number of wells that contained a measurable concentration of the constituent in question (dataset for summary statistics).
With the exception of uncommon selenium sulﬁde. The chemical analyses only characterized total selenium.
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strontium, especially if the diet is low in calcium and protein. Total
concentrations of strontium reported ranged from 0.28 to 3400 mg/
l with an average of 240 mg/l (st. dev. 590 mg/l).
4. Challenges for produced water management
The volume and chemical composition of PW in California e as
shown in this study for hydraulically fractured wells - raises concerns regarding the fate of the wastewater generated during the
lifespan of the wells.
The constituents of PW, from conventional and unconventional
wells, such as high TDS, heavy metals, chemicals, and NORM, can
adversely affect a number of designated uses of the surface water,
including drinking water, aquatic life, livestock watering, irrigation,
and industrial use if PW is discharged untreated to surface water
(Federal Register, 2016). PW from hydraulically fractured wells may
include additional harmful chemicals used in the fracturing process. Thus, most subsequent uses of oil and gas wastewater will
require treatment to remove excessive levels of contaminants prior
to discharge or reuse.
4.1. Current practices and risks in California's oil and gas
wastewater management
Approximately half of the wastewater produced by the oil and
gas industry in California is not treated, reused or recycled but
disposed of through some 26,000 Class II underground injection
wells, 80% of which are used for enhanced oil recovery (EOR)
(Jackson et al., 2014; Ferrar, 2015). Another 40% of PW is evaporated
in large, open pits, also known as percolation pits or sumps
(Sovacool, 2014).
Direct discharges of oil and gas extraction wastewater from
onshore operations to waters of the United States have been
regulated since 1979 under the Oil and Gas Efﬂuent Limitations
Guidelines and Standards (ELGs) and its amendments (40 CFR part
435). However, Congress in 1980 exempted “drilling ﬂuids, produced waters, and other wastes associated with the exploration,
development, or production of crude oil or natural gas or
geothermal energy” from regulation under the Federal Resource
Conservation and Recovery Act (RCRA) Subtitle C as hazardous
wastes (EPA, 2016c), which means PW is not considered hazardous
waste.
Underground injection is covered under the Safe Drinking Water Act (SDWA). The U.S. Environmental Protection Agency (EPA,
2016b) has developed Underground Injection Control regulations
(UIC) and may grant states primary enforcement (primacy) to
implement, operate and enforce a Class II UIC program (EPA, 2016c).
To protect drinking water sources from contamination, the wells
need to meet certain conditions with regard to construction,
operation, monitoring and testing, reporting, and closure (EPA,
2016b).
Underground injection carries several health and environmental risks. An ongoing investigation by EPA of California's Underground Injection program determined that in several hundred
cases underground injection wells pumped wastewater into nonexempt aquifers, potentially contaminating potential sources of
drinking water (CA Dept. of Conservation, 2015). In addition, the
practice has been linked to induced seismicity, which occurs when
the injected ﬂuids lubricate existing fault lines (Davies et al., 2013;
Ellsworth, 2013; Friberg et al., 2014). Underground injection
furthermore effectively removes water from the hydrological cycle,
thereby preventing its use for other purposes.
The second most widely used PW disposal method, temporary
or ﬁnal storage in evaporation ponds, has also led to safety concerns
for human health, wildlife and groundwater safety. Independent air

sampling at one disposal site near the McKittrick oil ﬁeld in Kern
County, CA identiﬁed 24 VOCs and methane. The concentrations of
benzene and 2-hexanone were above the long term effects
screening levels used by EPA to gauge potential health consequences (Clean Water Action, 2014). Disposal in unlined or otherwise compromised pits has also resulted in known cases of
groundwater aquifer contamination in California and elsewhere
(Clean Water Action, 2014; Groat and Grimshaw, 2012). Spills and
overﬂowing pits have contaminated surrounding land and diminished soil health (Pichtel, 2016; Environment America, 2015). According to DOGGR, there are at least 432 unlined evaporation pits in
use in California (Groat and Grimshaw, 2012), most of them in the
state's most active oil and gas area in Kern County.
General risks posed by oil and gas wastewater management
include air pollution (Gilman et al., 2013; Helmig et al., 2014), accidents and spills during the on-site handling and transport of the
wastewater (Rozell and Reaven, 2012), as well as the potential for
contamination of surface and groundwater due to impaired well
integrity or malfunctioning of producing and injection wells
(Pittsburg PosteGazette, 2014). EPA reports that the frequency of
on-site spills from hydraulic fracturing (includes spills of hydraulic
fracturing ﬂuids and chemicals, and produced water) ranged from
one spill for every 100 wells in Colorado to between approximately
0.4 and 12.2 spills for every 100 wells in Pennsylvania, but data are
lacking for other states and nationally (EPA, 2015b). The same study
estimated that the volume of fracturing ﬂuids or chemicals spilled
ranged from 5 gal to more than 19,000 gal (median volume 420 gal)
per spill. According to the data compiled by EPA, the most common
cause of spills was well-pad equipment failure, speciﬁcally blowout
preventer failure, corrosion, and failed valves. More than 30% of the
analyzed ﬂuid or chemical spills originated from malfunctioning
ﬂuid storage units such as tanks and trailers. Another study (AP,
2015) that focused speciﬁcally on wastewater spills in 11 leading
oil and gas producing states, including California, found that between 2009 and 2014 more than 180 million gallons of wastewater
were spilled in 21,651 separate incidents caused by ruptured pipes,
overﬂowing storage tanks, other causes and intentional release.
These ﬁgures are likely underestimates, because not all releases are
reported. Moreover, wastewater spills are on the rise: for 2009 the
study recorded 2470 reported spills (21.1 million gal), while in 2014
the total rose to 4643 (37.6 million gal).
4.2. Options for safe management of oil and gas wastewater
In some parts of the U.S. where underground injection wells are
sparse, oil and gas wastewater from HF and other unconventional
extraction was initially sent to Publicly Owned Treatment Works
(POTWs) for treatment and discharge into receiving streams (e.g.,
in Pennsylvania). However, POTWs are typically not equipped to
handle the types and concentrations of pollutants found in this
waste stream. They may leave the POTW untreated, impair biological treatment processes, accumulate in sewage sludge, or
facilitate the formation of harmful disinfection byproducts (Federal
Register, 2016). In 2016 EPA, under authority provided by the Clean
Water Act (CWA, sections 304(g) and 307(b)), established
technology-based categorical pretreatment standards for discharges of pollutants into POTWs from existing and new onshore
unconventional oil and gas extraction facilities. These pretreatment standards require zero discharge of wastewater pollutants associated with these facilities to POTWs, thereby, essentially
eliminating POTWs from receiving unconventional oil and gas
wastewater (EPA has extended the implementation deadline for
existing sources of unconventional oil and gas wastewater that
were lawfully discharging to POTWs on or between April 7, 2015
and June 28, 2016 to August 29th, 2019).
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Commercial and centralized oil ﬁeld wastewater disposal facilities (COWDFs) typically use large evaporation ponds (passive or
with aeration) to dispose of and treat liquid oil and gas wastes.
Commercial COWDFs initially dispose the wastewater into a
receiving pit to let oil and grease ﬂoat to the surface to be skimmed
off. The remaining water is moved to one or more other pits for
evaporation or further management. This practice poses risks to
migratory birds and other wildlife due to contact with or ingestion
of the polluted water (e.g., the feathers of birds may become soiled
with oil, which can cause hypothermia and be fatal). Human health
is also at risk from exposure to hazardous air pollutants that may
volatilize from the ponds and impact air quality in their vicinity
(especially when aerators are used or strong winds prevail). Accidental drowning, ingestion of the hazardous wastewater and/or
dermal contact is also possible if the ponds are not adequately
secured.
In part in response to the growth in unconventional oil and gas
development, oil and gas producers seek to innovate in managing
their water and wastewater. Considering that the median volume of
water required to hydraulically fracture a well is 1.5 million gal and
that between 5% and 80% of the injected ﬂuids return as ﬂowback
water depending on well characteristics (EPA, 2015b), effective
procurement of water and management of PW is critical. One option to reduce both freshwater demand and wastewater disposal
volumes is to reuse PW in subsequent hydraulic fracturing operations (many wells are fractured multiple times) and for enhanced
oil recovery (EOR). Although the water needs to meet certain
quality requirements to prevent scaling and equipment corrosion,
onsite treatment such as dilution with freshwater or reverse
osmosis (RO) treatments to remove salts, has increased the median
direct reuse of wastewater as a percentage of injected volumes to
5% nationally e varying regionally depending on PW water quality,
availability of freshwater and alternative disposal options such as
disposal wells (EPA, 2015b). However, RO is energy-intensive and
considered infeasible for oil and gas wastewater with TDS concentrations exceeding 40,000 mg/L (Gregory et al., 2011). Another
solution for treating high TDS wastewaters is thermal distillation
and crystallization, a mature technology relying on evaporation to
separate the water from its dissolved constituents. Distillation can
remove up to 99.5% of dissolved solids (for water with 125,000 mg/
L TDS or more) and can be done cost-effectively. Its primary constraints are energy demand and low throughput rates (Fakhru'lRazi et al., 2009; Gregory et al., 2011). Overall, on-site treatment
technologies for PW recycling are gaining momentum with efﬁciency in energy use and removal of bacteria and excessive salts
being the main objectives. Some companies now recycle 100% of
their PW through a combination of disinfection and sterilization,
oxidization, as well as the prevention and removal of scaling,
corrosion and biofouling.
Lastly, oil and gas wastewater is also used to supplement irrigation supplies in some parts of California's agriculturally productive Central Valley (CA Regional Water Quality Control Board, 2012),
although concerns have been raised about the potential risks to
farm workers and consumers of using oil ﬁeld produced water for
irrigation (Central Valley Regional Water Quality Control Board,
2016). This practice represents opportunities for more efﬁcient
water use via mutually beneﬁcial collaborations between oil and
gas producers, water districts and farmers. However, gaps in state
and federal regulations regarding water quality testing requirements for reclaimed water use in agriculture mean that but it
needs further scientiﬁc study to ensure its safety. The issue has
been recognized as a key area for further research in the development of scientiﬁc understanding and policy development for unconventional oil and gas development, including hydraulic
fracturing (Long et al., 2015b). The creation of a Food Safety Expert
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Panel by the Central Valley Regional Water Quality Control Board in
California is a step in that direction.
As domestic supplies of unconventional oil and gas production
continue to put downward pressure on crude oil and natural gas
prices, the oil and gas industry will seek further efﬁciencies in its
production chain, including produced water management. This
presents an opportunity for technological innovations that are safe
and supported by effective regulations from relevant state and
federal agencies.
5. Discussion
This study examines the types and concentrations of chemicals,
metals, and other compounds reported in wastewater analyses for
hydraulically fractured wells in California in the context of the
challenges they pose to wastewater management. Until passage of
Senate Bill 4 (Pavley, 2013) there was little information available on
the constituents of oil and gas wastewater in California, especially
from hydraulically fractured wells. The law and its pursuant regulations have partially ﬁlled this information gap and increased
transparency and monitoring of oil and gas activities. However, the
present study identiﬁes several shortcomings: First, the amount of
publicly available information in California on the chemicals and
compounds used and generated by the hydraulic fracturing process
remains limited to one-time analyses that are not easily accessible.
Since wastewater changes in composition and ﬂow volume over
time, the single snapshot is not enough to fully assess the treatment
options and requirements for safely disposing of PW or putting it to
other uses. Second, in addition to the individual well reports,
aggregated statistics are helpful in identifying patterns and ranges
in chemical content that can inform management practices and
regulations. Third, the results of the study show that there is reason
for concern with respect to the safe management of this waste
stream for human health: Metals and dissolved solids were found
in all wells, while BTEX and PAHs were found in more than 96% of
samples that tested for them. Moreover, pollutant concentrations
measured vary widely across wells, in many wells reaching levels
that pose human health concerns if not managed appropriately.
Their presence and variation in the wastewater highlights the need
for regular monitoring and standardized and enforced treatment
and disposal methods. Fourth, previous studies identiﬁed several
hundred different chemicals and compounds in hydraulic fracturing ﬂuids, including formaldehyde, acetone, and ethylene glycol
(Earthworks, 2017). The number and range of pollutants tested for
in the well reports remain insufﬁcient to capture the full spectrum
of potentially present chemicals.
The implications of chemical constituent analysis on PW management are mixed. On the one hand, responsible management of
the state's water resources remains a critical public concern. Yet,
treatment options and practices are linked to historical context,
existing regulations, economic feasibility, technology performance
and suitability for treating the particular wastewater produced
(Gregory et al., 2011). Deep underground injection and open pit
evaporation are comparatively low-cost and easy solutions but
carry substantial risks to wildlife and human health such as
induced seismicity, air and groundwater pollution, wildlife impacts
and injury from accidents and spills. The direct reuse of PW in
hydraulic fracturing and enhanced oil recovery processes is
increasingly being used in areas where underground injection is
limited and/or freshwater resources are limited. Wastewater recycling can be done on-site and is increasingly cost-effective due to
recent technological innovations, but limiting factors include the
variability in the wastewater's chemical composition and their
potentially undesired effects on well productivity. Pretreatment
prior to reuse may alleviate some of these issues. Reverse osmosis
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(RO) can produce high-purity water for industrial and even drinking water use. Given these constraints, producers also consider
alternative strategies, including using oil and gas wastewater for
agricultural crop irrigation in water-constrained areas such as the
southern Central Valley. Although the partnership between oil and
gas producers and farmers in reusing wastewater can be mutually
beneﬁcial, the present study's results from analyzing 630 well reports on wastewater chemical composition show that more work
remains to be done to demonstrate the safety of this solution for
consumers, agricultural workers and communities near the application sites that may be exposed to the irrigation water (L.A. Times,
2015).
The study's ﬁndings should be used with several limitations in
mind. First, the sample of 630 wells is still small compared with the
thousands of wells that have been hydraulically fractured in California and represent a single snapshot in time for each well's PW
composition. Chemical composition and concentrations are likely
to evolve over time. Furthermore, the reports do not cover the
hundreds of fracturing ﬂuid chemicals known to be used. Together,
these constraints make a comprehensive evaluation of the wastewater treatment challenge posed by oil and gas PW more difﬁcult.
More research and improved reporting are needed to effectively
and safely manage the oil and gas industry's largest byproduct
stream. In regard to the assessment of wastewater practices and
technologies, more systematic data collection on the frequency and
severity of oil and gas wastewater spills, groundwater contamination, air quality impairment and impacts on wildlife and human
health is needed (Long et al., 2015a).
In conclusion, proper wastewater treatment and disposal is in
the public interest to reduce the risk of release of hazardous and
toxic pollutants into the environment and the study indicates that
more transparency through increased data collection and monitoring are needed. Current wastewater management practices in
the case of open pit evaporation and deep underground injection
are likely inadequate for this wastewater stream. Reuse in agricultural crop irrigation calls for further testing to ensure the safety
of consumers, agricultural workers and communities living near
application sites. Continued technological advances in wastewater
recycling are promising and can increase water use efﬁciency.
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Background and Key Objectives
In the context of rapidly increasing oil production from low-permeability rocks,
including hydrocarbon source rocks, elsewhere in the country, the Bureau of Land
Management (BLM) as an owner of federal lands with potential for expanded oil
exploration
and production in California was interested in an up-to-date independent technical
assessment of well stimulation technologies (WST), with a focus on hydraulic fracturing,
employed in this state. WST increase the permeability of rocks around a well to allow or
increase oil production. The three WST considered in this report include hydraulic
fracturing, acid fracturing, and matrix acid stimulation as practiced in California.
The purpose of this report, commissioned in September 2013, is to provide BLM with the
required independent technical assessment. (Appendix A provides BLM’s charge to the
California Council on Science and Technology (CCST).) This information will be used in
future planning, leasing, and development decisions regarding oil and gas issues on the
Federal mineral estate in California. The report provides a synthesis and assessment of the
available scientific and engineering information available up to February 2014 associated
with hydraulic fracturing and other WST in onshore oil reservoirs in California.
This report addresses three key questions posed by BLM:
• Key Question 1: What are the past, current and potential future practices in
well stimulation technologies including hydraulic fracturing, acid fracturing, and
matrix acidizing in California?
• Key Question 2: Where will well stimulation technologies allow expanded
production of oil onshore in California?
• Key Question 3: What are the potential environmental hazards of well stimulation
technologies in California?
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The History of Oil Production in California
The Midway-Sunset field, which is the largest in California in terms of expected total oil
production, was discovered in 1894. The twelve largest onshore or partially onshore oil
fields were discovered by 1932 and the 43 largest by 1949. All 45 onshore or partially
onshore oil fields termed “giant” by DOGGR (more than 16 million m3 (100 million
barrels) of expected total oil production) were discovered by 1975 (DOGGR, 2010).
More oil was produced in California in 2013 than in any other state except Texas and
North Dakota. California has produced the third most oil of all the states since at least the
1980s. The volume of oil produced in California peaked in 1985 and had declined by
approximately half as of 2013 (US EIA, 2014).
Oil production in California has been enhanced by application of a number of technologies
through time. Wide deployment of water flooding commenced in the mid-1950s. This
technique involves injecting water into the oil reservoir via one set of wells, which causes
more oil to flow to the production wells. Wide deployment of cyclic steaming and steam
flooding commenced in the mid-1960s (Division of Oil and Gas, 1966). Injection of steam
heats highly viscous (“heavy”) oil resulting in more flowing to the production well. In
cyclic steaming, injection of steam alternates with oil production in the same well. Steam
flooding involves continuous steam injection into wells interspersed among the production
wells. Intensive deployment of hydraulic fracturing commenced in the 1980s (see Chapter 3).
DOGGR first attributed the portion of oil production due to water flooding and steam
injection for production in 1989. It attributed 71% of oil production in that year to these
techniques (DOGGR, 1990). A total of 76% of production in 2009, the most recent year
with attribution, was due to these techniques (DOGGR, 2010). The portion of production
involving hydraulic fracturing was not listed.
In addition to steam injection, fire flooding and downhole heating were tested for heating
viscous oil in the subsurface in the early 1960s. Fire flooding involved injecting air into
the reservoir to sustain combustion of part of the oil. Downhole heating involved placing
pipe loops into wells that circulated hot water or oil. Fire flooding was found to be
generally uneconomical. Downhole heating resulted in more modest, and less economic,
production increases than steam injection (Rintoul, 1990).
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CCST Committee Process
A WST steering committee was assembled and vetted by CCST. Members were appointed
based on technical expertise and a balance of technical viewpoints. (Appendix A provides
information about CCST’s steering committee.) In parallel, BLM contracted with Lawrence
Berkeley National Laboratory to support the analysis and develop the findings based on
the literature review and analyses. Appendix B provides information about the LBNL
review team which authored Sections 2, 3, 4, and 5 of this report.
For each of the three key questions asked by the BLM, investigations conducted by LBNL
and their contractors led to a series of findings, and based on these findings, the steering
committee reached a series of consensus conclusions. These findings and conclusions are
included below. The literature and analyses are described in the bulk of this report in
Section 2, 3, 4, and 5.
This report has also undergone extensive peer review. (Peer reviewers are listed in
Appendix H, “California Council on Science and Technology Study Process”). Reviewers
were chosen for their relevant technical expertise. Following the receipt of peer review
comments in May 2014, this report was revised.
Method and Data Sets Available for the Report
This assessment is based on review and analysis of existing data and scientific literature.
Preference is given to using the findings in peer-reviewed scientific literature. Peer-reviewed
scientific literature is principally found in peer-reviewed scholarly journals. Certain
institutions such as the National Academies of Sciences and United States federal
regulatory agencies such as the United States Geological Survey also self-publish
scientific papers that undergo a rigorous peer review process. Scientific papers that
undergo independent peer review by a panel of experts are considered to provide
information that is more likely to be accurate than non-peer reviewed literature.
Peer review entails experts not involved in the work assessing the thoroughness, accuracy
and relevance of the work. If the reviewers find omissions or errors in the work, they
provide comments describing these to the authors of the paper and the editor of the
publication. In order for the paper to be published, the authors must address these to
the satisfaction of the editor. Because of this process, such papers are referred to as
“peer-reviewed scientific literature.”
During the conduct of this review, it was found that the body of relevant peer-reviewed
literature — the source that meets the highest standard of scientific quality control —
is very limited. For instance there is little information on water demand in California for
hydraulic fracturing. Consequently other material was considered, such as government
data and reports including well records collected by the Division of Oil, Gas and Geothermal
Resources (DOGGR) and recent notices submitted pursuant to California Senate Bill 4
(SB 4, Pavley, Chapter 313, Statutes of 2013), and so-called “grey literature” if this

19

Introduction

literature was topically relevant and met scientific standards for inclusion. We also accessed
and analyzed voluntary web-based databases such as FracFocus. In some cases where
specific data on California were not available, analogues from other locations were used,
while recognizing the limitations of the analogues. Much of the data available to analyze
current practice come from voluntary sources plus six weeks of data from well stimulation
notices required by SB4. Data from well stimulation notices submitted through January
15th, 2014, were considered. Data through the end of 2013 were considered from the
other sources. Relevant scientific literature available as of February, 2014, was reviewed.
A reference to a report from US EIA published in June 2014 was added during the peer
review process because the updated assessment had a substantial bearing on our findings
and conclusions.
Extensive efforts were made to survey all information relevant to this report, including
peer-reviewed scientific literature, government-collected data, voluntary reporting by
industry, and non-peer reviewed literature. Categories of non-peer reviewed literature
considered admissible to the report were government reports, studies issued by universities
and non-government organizations, textbooks, and papers from technical conferences.
To be considered admissible to the report, literature needed to be based on data that drew
traceable conclusions clearly supported by the data. Opinion-based materials were not
included in the assessment.
Avenues for finding relevant literature and data included:
1. Keyword searches in databases of scientific literature;
2. Finding literature and data, regardless of peer-review status, referenced
in other literature;
3. Soliciting data and literature submissions from the public via two webinars,
a website, and a press release;
4. Discussions with outside experts in the field, consisting of informal dialogues
and organized technical meetings;
5. Data mining of voluntary industry reporting to FracFocus.org;
6. Data mining of government-collected data; and
7. Internet keyword searches.
Further details on the process for reviewing data and literature for the report can be found
in Appendix E, “Bibliography of Submitted Literature.”
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We caution that official government records were not necessarily designed to answer
all the questions posed by BLM to CCST. Records filed with DOGGR in the past do not
comprehensively record well stimulation events. Voluntarily submitted data, such as those
available on FracFocus, although very useful, are not required to be either complete or
accurate. We describe the challenges with the quality of the data in order to transparently
qualify the limitations in our conclusions.
More information pertinent to this assessment may exist, but was unavailable at the time
of writing. This is particularly the case for research and development and exploration
results. Oil companies and their service providers spend billions of dollars per year on
research and development (IHS, 2013). This compares to hundreds of millions of dollars
per year in Federal government funding for all research related to fossil fuels, including
coal (US Department of Energy, 2013). The resulting disparity in private versus publicly
available information makes it particularly difficult to assess the prospects for further
application of well stimulation in California in the future.
Furthermore, due to the timing of this report, the mandatory reporting requirements
pursuant to California Senate Bill 4 (SB 4, Pavley, Chapter 313, Statutes of 2013) were
only just becoming available for analysis in this study. Effective January 1, 2014, SB4
required that notices have to be submitted at least 30 days prior to each well stimulation
operation, and that well stimulation records have to be filed within 60 days after
stimulation. These well records will provide information on well stimulation locations,
fluid volumes, and constituents, as well as the composition and disposition of flowback
fluids. Such information will in the future allow a much improved assessment of potential
hazards specific to California associated with well stimulation, including material and
equipment supply for stimulation, disposal of stimulation fluids, and land-use changes.
For our study, however, no well records had yet been submitted, and only a limited
amount of well stimulation notices projecting future activity could be considered,
submitted during a 6-week period between November 1, 2013 and January 15, 2014.
In future months, more disclosures required by SB4 will be filed, and the picture we
obtained from the limited data available for this report may change. Some important data
gaps will likely remain, for example: (1) the depth of the base of groundwater in the
vicinity of well stimulations (which varies depending upon the definition of groundwater,
the location, and other factors); (2) the means of delivery of stimulation fluids to and
removal from well stimulation sites; (3) emissions from venting and flaring of gases from
flowback fluids; and (4) the number of oil and gas wells that show indications of structural
integrity impairment. Lack of data on structural integrity impairment of oil and gas well
casing and cement limits the ability to identify the extent of the sub-surface migratory
mechanisms through which fluids and gases can move from the well and the well bore
into the environment.
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Well Stimulation Technologies
Hydraulic fracturing creates fractures in reservoir rocks in order to enhance the flow of
petroleum or natural gases to the well. This is accomplished by pumping fluids into a zone
of the well until the fluid pressure is sufficient to break the rock. Then, small particles
called “proppant” are pumped into the fracture to keep it from closing back down when
the fluid pressure is reduced, e.g., during subsequent fluid production. The hydraulic
fracturing fluid that returns up the well bore is called “flowback” fluid. Fluid removed
from the well gradually changes from flowback fluid to “produced water” and the time
at which a well changes from the hydraulic fracturing process to the production process
is not precisely defined
Acid fracturing accomplishes the same goal as hydraulic fracturing by injecting low pH
fluids instead of proppants into a created fracture. This process is not intended to create
new fractures via high fluid pressures. The acid is intended to non-uniformly etch the walls
of the fracture so that some fracture conductivity is maintained after the fracture closes.
Matrix acidizing is the process of injecting strong acids into the formations around a well
at pressures below the fracturing pressure of the rock. The most common acid systems
used are hydrochloric acid (HCl) in carbonate formations, and hydrofluoric/hydrochloric
acid (HF/HCl) mixtures in sandstone formations. Matrix acidizing in carbonates can
create small channels or tubes called wormholes that can propagate as much as 20 feet
into the formation. This can provide a true stimulation of a well, analogous to that of a
small hydraulic fracturing treatment. Because of much smaller reaction rates, the acid
dissolution in sandstones is limited to a much smaller distance, of less than one to perhaps
two feet into the formation. Because of this limited penetration distance, the benefit of
matrix acidizing in sandstones comes primarily from removing damaging solids that have
reduced the near-well permeability. However, there are some instances of matrix acidizing
using HF/HCl reported in the Monterey Formation in California that may have greater
penetration because of the presence of natural fractures.
Report Structure and Content Overview
Section 1 below gives the major findings and conclusions of this study that were developed
in a consensus process by members of the steering committee. The detailed technical
information in the remainder of this report is presented in four sections. Section 2 covers
WST in general, subject to the constraint that the stimulation is used to increase the
permeability of the oil reservoir. Section 3 presents information on the past, current and
potential future use of WST in California. Section 4 presents information on the petroleum
geology of California. Section 5 covers a wide range of items all linked to potential
adverse impacts caused by the use of WST in California.

22

Introduction

Section 2 presents information on the general types and applications of WST in general,
starting with the techniques for drilling and constructing the well. Well drilling methods
for vertical and directional drilling are covered and the associated installation of casing
and cement are presented. Section 2 also defines and presents well stimulation methods,
including the typical types of materials and procedures, and how these methods are
applied for different geologic conditions. The stimulation methods described are hydraulic
fracturing, acid fracturing, and matrix acidizing.
Section 3 describes the application of the WST for onshore oil production in California.
These are discussed in terms of how the horizontal wells and well stimulation technologies
have been used in the past along with information about current applications in California.
An assessment is provided of the current level of activity for each well stimulation method
including the types and quantities of well stimulation fluids currently in use.
Section 4 provides background on the geologic components and processes that affect the
development of petroleum systems. The important reservoir rock types currently being
produced using well stimulation technologies in California are described and their rock
properties are summarized. These rock types and properties are compared with the
Bakken shale, an unconventional shale reservoir found in North Dakota, Montana and
Canada, that has been extensively developed using WST. The California oil reservoirs are
then described in terms of the major sedimentary basins in which they occur, including
deeper petroleum source rocks that have not been subject to significant petroleum resource
development. Some general observations are provided about the potential application of
advanced well stimulation technologies, as currently used elsewhere for petroleum
production from unconventional shale reservoirs, to oil-bearing shales in California.
Section 5 brings together all the potential environmental impacts of using well stimulation
technologies in California. The section begins with a discussion impacts in terms of the
quantities of water being used for well stimulation activities in the state. Water quality are
discussed in terms of chemicals used for well stimulation fluids and the composition of
fluids recovered at the end of the stimulation during flowback. The potential contamination
pathways are then summarized for various types of surface discharge and subsurface
pathway formation and fluid migration. Information on known or suspected contamination
episodes in California and elsewhere that have occurred as a result of well stimulation
activities are presented for both surface and subsurface sources of contamination. The
potential effects of well stimulation activities on air quality using information from various
US locations are reviewed and put into context for California. In addition, atmospheric
emissions of greenhouse gases (CO2 and methane) are also estimated and compared
with emission related to overall energy use. The impacts on wildlife and vegetation are
discussed in the context of the typical petroleum recovery infrastructure and from which
effects of well stimulation activities are inferred. The potential for induced seismic activity
as a result of the injection of hydraulic fracturing fluids and injection of flowback for
waste disposal are reviewed. Other impacts of increased vehicular traffic and noise as a
result of well stimulation activities are also discussed. There is very little definitive

23

Introduction

information on the direct environmental impacts of WST in California. Most of the available
information addresses indirect impacts from oil and gas production, or direct impacts in
other states, or provides some partial information on direct impacts in California, but fails
to provide complete answers to the question at hand. As a result, the authors surveyed a
wide range of literature that offers relevant information but few conclusive answers.
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Major Findings And Conclusions
Authored by
CCST Steering Committee

Key Question 1: What are the past, current and potential future practices in well
stimulation technologies including hydraulic fracturing, acid fracturing, and matrix
acidizing in California?

Many of the concerns about WST and hydraulic fracturing in particular arise because
practices in other states have come under scrutiny and criticism. Over the last decade,
application of horizontal drilling and hydraulic fracturing has allowed a substantial
increase in production of oil from low-permeability rocks containing this resource, such
as the Bakken Formation in Montana and North Dakota (Pearson et al., 2013; Hughes,
2013). This report critically evaluates the practices in California and the differences
between the practice in California and the major hydraulic fracturing practice in other
states. In the Bakken and the Eagle Ford, for example, oil is found in thin, but very
extensive layers that have very low permeability because they are lacking many natural
fractures in the rock. Producers drill long, horizontal wells and create permeability by
creating networks of connected fractures. In California, reservoirs that are produced using
hydraulic fracturing tend to be thick and not laterally extensive and they typically have
higher initial permeability than the shale oil formations mentioned above. Consequently
the practice in our state is significantly different than elsewhere.
Conclusion 1: Available data suggests that present day well stimulation practices
in California differ significantly from practices used for unconventional shale
reservoirs in states such as North Dakota and Texas. For example, California
hydraulic fractures tend to use less water, the hydraulic fracturing fluids tend to
have higher chemical concentrations, the wells tend to be shallower and more
vertical, and the target geologies present different challenges. Therefore the impacts
of hydraulic fracturing observed in other states are not necessarily applicable to
current hydraulic fracturing practices in California.
Hydraulic fracturing in a variety of forms has been widely applied over many decades in
California with records of application in at least 69 onshore oil fields identified through
well-record searches in central and southern California out of more than 300 fields in the
state. The vast majority (85%) of past and current recorded fracturing activities occur in
the North and South Belridge, Lost Hills, and Elk Hills fields, located in the southwestern
portion of the San Joaquin Valley, in Kern County. Data from FracFocus, Division of Oil,
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Gas and Geothermal Resources’ (DOGGR’s) well records, well stimulation notices filed
from December 1, 2013 to January 15, 2014 pursuant to SB 4 requirements, and
well-record searches suggest hydraulic fracturing is conducted in 100 to 150 wells per
month. Well-record searches indicate that this rate has increased since the end of the
most recent recession, but is the same as before the recession. For comparison, over one
million hydraulic fracturing operations are estimated to have occurred throughout the
United States, with over 100,000 of these in recent years. (Sections 3.2.1, Historical Use
of Hydraulic Fracturing, and 3.2.2, Current Use of Hydraulic Fracturing)
Large-scale application of high-fluid-volume hydraulic fracturing has not found much
application in California, apparently because it has not been successful, and for reasons
discussed below is unlikely in the future (see Conclusion 3). The majority of the oil
produced from fields in California is not in the low-permeability shale source rock
(i.e., shale in the Monterey Formation), but rather from other more permeable geologic
formations that often contain oil that has migrated from source rocks. These reservoirs do
not resemble the low-permeability extensive, and continuous shale layers that are amenable
to production with high volume hydraulic fracturing from long-reach horizontal wells.
(Section 4, Prospective Application of Well-Stimulation Technologies in California)
According to DOGGR well data and SB 4 stimulation notices, most of the hydraulically
fractured wells in California are vertical or near vertical. These shorter wells require less
fluid for hydraulic fracturing applications than wells that have long lateral (i.e., horizontal)
legs. More than 95% of the hydraulic fracture events in California employ a gel for the
stimulation fluid as opposed to applications of “slickwater.” Slickwater includes a friction
reducer to allow injection of more stimulation fluid volume in a given time period. This is
useful where the goal is to create a new network of fractures in rocks that are relatively
brittle with low permeability. Gel is used in California because the main rocks targeted for
stimulation are less brittle and more permeable than areas where slickwater is used.
Additionally, gel is capable of carrying more proppant than slickwater to hold existing
fractures open. Because of the predominance of stimulation in vertical and near-vertical
wells, and the use of gel, the volumes of water used in hydraulic fracturing in California
are much smaller than in oil source rock plays elsewhere.
The average amount of reported water used in the recent past and currently in California
for each hydraulic fracturing operation is 490 to 790 m3 (130,000 to 210,000 gallons) per
well. These volumes are similar to the annual water use of 580 m3 (153,000 gallons) in an
average household in California over the last decade and are significantly less than the
average 16,100 m3 of water per well (4.25 million gallons) reported for the Eagle Ford
shale tight oil play in Texas. Further, the volume per treatment length in California is
2.3 to 3.0 m3/m (188 to 244 gallons per ft) based on FracFocus and notice data.
This is much less than the 9.5 m3/m (770 gallons per foot) used in the Eagle Ford formation.
It is slightly below the 3.4 m3/m (277 gallons/ft) for cross-linked gel used in the Bakken
formation, in North Dakota, but considerably below the 13.2 m3/m (1,063 gallons/ft) for
slickwater used in that location. (Section 3.2.3, Fluid Volume, and 3.2.4, Fluid Type)
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Conclusion 2: Acid fracturing is a small fraction of reported WST to date in California.
Acid fracturing is usually applied in carbonate reservoirs, and these are rare in
California. Matrix acidizing has been used successfully but rarely in California.
These technologies are not expected to lead to major increases in oil and gas
development in the state.
Acid fracturing is commonly limited to carbonate reservoirs, because the acid-mineral
reaction rates in in a sandstone or siliceous shale rock as found in California are too slow
to create significant etching of the fracture walls. For the process to work in such rocks
as it does in carbonates, the acid-rock reaction rates would have to be increased by many
orders of magnitude (4-8 orders). It is not reasonable to expect any innovation that would
accomplish this. A few instances of acid fracturing in siliceous rock in California were
reported in SB 4 well stimulation notices. However, given that acid fracturing of siliceous
rocks is otherwise unknown, these may be cases of misreported matrix acidization.
As mentioned above, acid fracturing is generally applied only to carbonate reservoirs,
which include those consisting of dolomite. The only onshore carbonate oil reservoirs
identified in California are in the Santa Maria and possibly the Los Angeles basins.
The carbonate reservoirs occurring in a few fields in the Santa Maria Basin consist of
naturally fractured dolomite. Reports of the use of acid fracturing in these reservoirs in
California were not identified in the literature.
Hydrochloric acid mixed with hydrofluoric acid is generally reported as used for matrix
acidizing of siliclastic reservoirs, which predominate in California. In these reservoirs,
matrix acidizing is typically used to overcome the effects of formation damage (reduction
in the rock permeability near the wellbore) that occurs during drilling and completion
operations in conventional reservoirs. In the absence of formation damage, matrix acidizing
can increase well productivity by only about 20%. In a very-low-permeability reservoir,
this limited increase in productivity is far less than the stimulation level necessary to make
oil or gas recovery economic.
By comparison, the large-scale fracturing treatments being applied in shale formations like
the Eagle Ford or the Bakken increase well productivity by orders of magnitudes above the
productivity of an unstimulated well. Thus, matrix acidizing technology is not expected to
lead to dramatic increases in oil and gas development as has hydraulic fracturing
technology in many shale formations.
Use of matrix acidizing is only reported in three onshore oil fields in California, which
contrasts with the tens of fields identified where hydraulic fracturing has been used.
Stimulation notices submitted to the State to date indicate matrix acidizing only in the
Elk Hills Field. There were 26 matrix acid notices submitted and not withdrawn in the first
six weeks of SB 4 permitting, as compared to 208 hydraulic fracture notifications.
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All the notices specify use of “mud” acid, either by combining HCl and HF acids directly
or by producing an HCl-HF acid mixture by reacting NH4HF2 (ammonium bifluoride) with
an excess of HCl. The notices indicate an average matrix acidizing water volume per well
of 109 m3 (40,000 gallons), which represents a fraction of that needed for hydraulic
fracturing. The average volume per treatment length implied by the notices is 1.7 m3/m
(137 gallons per ft). (Section 3.3, Acid Fracturing, and 3.4, Matrix Acidizing)

Key Question 2: Where will well stimulation technologies allow expanded
production of oil onshore in California?

Figure 1-1. Oil production through time from selected low permeability (“tight”)
oil plays in the United States US EIA (2013).

As shown in Figure 1-1, the current production from low-permeability portions of the
Monterey Formation in California is modest compared to production from other
low-permeability strata in the United States. Furthermore, the Monterey production level
has remained fairly constant between 2000 and 2012, a trend quite different from oil shales
such as the Eagle Ford and the Bakken formations. However, in 2011 the United States
Energy Information Administration (US EIA) estimated the Monterey Formation contains
2.45 billion cubic meters (m3; 15.4 billion barrels) of recoverable tight oil. The report
estimated this to be 64% of the recoverable oil from low-permeability rocks in the United
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States (US EIA, 2011). This estimate of recoverable tight oil in the Monterey Formation
gained broad attention and raised the question whether California might experience the
same type of rapid increase in oil production and development of associated infrastructure
as has occurred elsewhere in the country, such as in Montana and North Dakota (e.g.
Garthwaite, 2013). Our report examined the assumptions in the original EIA estimate
and the likelihood for WST technology to expand production in California. We found the
original EIA estimate to be based on a series of highly skewed assumptions that resulted in
a very high estimate for the amount of recoverable oil in the Monterey. Notably, since this
report was prepared, the EIA has revised their estimate of recoverable oil in the Monterey
Formation downward to about one thirtieth of the original estimate (US EIA, 2014).
Conclusion 3. The most likely scenario for expanded onshore oil production using
WST in California is production in and near reservoirs that are currently using WST.
Thus, existing and likely future production is expected to come from reservoirs
containing oil migrated from source rocks, not from the Monterey Formation source
rock. Credible estimates of the potential for oil recovery in and near 19 existing
giant fields (> 1 billion barrels of oil) in the San Joaquin and Los Angeles basins
indicate that almost 10 billion barrels of additional oil might be produced but
would require unrestricted application of current best-practice technology, including,
but not restricted to WST. In 2011 the EIA estimated about 15 billion barrels of
technically recoverable oil from new plays in the Monterey Formation source rock,
but these estimates have been revised in 2014 to a value of 0.6 billion barrels.
Neither of these estimates of unconventional oil resources in California source
rocks are well constrained.
There are significant resources in existing oil fields, and estimates of these resources are
relatively consistent. The United States Geological Survey (USGS) estimates that an
additional 6.5 billion barrels and 3.2 billion barrels can be recovered from the largest
fields in the San Joaquin and Los Angeles basins, respectively, using existing oil production
technology (see Figures 1-2(a) and (b)). Figures 1-2(a), (b) and (c) show existing oil and
gas fields in California and locations where expanded production might occur in the
San Joaquin and Los Angeles basins, respectively. Some but not all of this expanded
production requires WST. In California today, WST enables production in the diatomite
reservoirs of the San Joaquin Valley and expanded production in similar reservoirs would
likely also be enabled by WST. In contrast, WST may not be required to expand production
in the Los Angeles Basin where its use is not common today.
New oil and gas production in regions removed from existing fields is more uncertain
than increased production in existing oil and gas fields. There is a considerable amount
of source rock, including the Monterey Formation and other geologic units within the
deeper portions of major basins, which could potentially contain oil that has not migrated
(“source” oil), and could perhaps be extracted using WST. However, there is little published
information on these deep sedimentary sections, so it is difficult to estimate the potential
recoverable reserves associated with these rocks. No reports of significant production of
source oil from these rocks were identified.
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Figure 1-2. Maps of major sedimentary basins and associated oil fields in California.
(a) The San Joaquin Basin with outlines of producing oil fields. USGS estimates an additional
6.5 billion barrels of oil could be recovered from existing fields in the San Joaquin Basin.
(b) The Los Angeles Basin with outlines of producing oil fields. USGS estimates an additional
3.2 billion barrels of oil could be recovered from existing fields in the Los Angeles Basin.
(c) All major sedimentary basins and associated oil fields in California.
Data from DOGGR, Wright (1991), and Gautier (2014).
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The US EIA 2011 INTEK report has garnered considerable attention because of its large
estimate of 2.45 billion m3 (15.4 billion barrels) of technically recoverable oil in Monterey
Formation source rock. Very little empirical data is available to support this analysis and
the assumptions used to make this estimate appear to be consistently on the high side.
INTEK estimated that the average well in low-permeability source rock in the Monterey
Formation would produce 87.5 thousand m3 (550 thousand barrels) of oil. This amount
greatly exceeds the production that has occurred to date from low-permeability rocks in
known oil accumulations in this formation, with single-well oil production of only 10.7
and 22.4 thousand m3 (67 and 141 thousand barrels) in the San Joaquin and Santa Maria
basins, respectively. Consequently the INTEK estimate requires a four- to five-fold increase
in productivity per well from an essentially unproven resource.
In addition, the Monterey Formation was formed by complex depositional processes and
subsequently deformed in many tectonic events, resulting in highly heterogeneous as well
as folded and faulted rocks that are difficult to characterize. INTEK posited production
over an area of 4,538 km2 (1,752 square miles), but this is almost the entire source rock
area estimated in this report. (Note that the updated US EIA (2014b) report has reduced
this areal extent significantly to 497 km2 (192 square miles). There has not been enough
exploration to know how much of the Monterey source rock has retained oil, or if the oil
has largely migrated away, but it is unlikely the entire source rock area will be productive,
given the extreme heterogeneity in the Monterey Formation. Finally, even if significant
amounts of oil do remain in the Monterey Shale, and wells reach this oil, it still remains
to be determined if hydraulic fracturing of Monterey source rock will result in economically
viable production. For all these reasons, the INTEK estimate of recoverable oil in Monterey
Formation source rock warranted skepticism. The EIA has recently issued a revised
estimate (0.6 billion barrels) of this unconventional oil resource (US EIA, 2014b); this
decrease is mainly due to a nine-fold reduction in the estimated potential resource area.
The information and understanding necessary to develop a meaningful forecast, or even
a suite of scenarios about possible recoverable unconventional oil in the Monterey shale,
are not available.
While major production increases from oil shale source rock are considered highly uncertain,
they are not impossible. High-volume proppant fracturing is the enabling technology for
significant increases in development of low permeability reservoirs. If large-scale proppant
fracturing can be shown to work in source rocks in California as it has in other low
permeability plays in the United States, it would change the outlook for oil and gas
production in the state. The oil and gas industry is constantly innovating, and research
and development could improve the utility of proppant fracturing in the future. Deep test
wells in source rock-shale plays have been drilled in California that with research and
development may eventually prove successful. (Section 4.5, Oil-Producing Sedimentary
Basins in California, and 4.7, Review of the US EIA Estimate of Monterey Source Rock Oil)
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Key Question 3: What are the potential environmental hazards of well stimulation
technologies in California?

This report focuses on what we refer to as the “direct” environmental impacts caused by
application of WST. We define direct impacts as the impacts incurred by the act of using
WST themselves, either a single application or the additive impacts of many applications.
Direct impacts include, for example, those that might arise from the use of large volumes
of water for stimulation, from the addition of chemicals in the WST fluids that may be
toxic, or those related to injecting at high pressures into the subsurface to break the rock.
Each well stimulation treatment requires the use of water, incurs transportation of
materials, can cause emission of pollutants or greenhouse gases, and pumps chemically
loaded water underground.
In this report we attempted to carefully assess the direct environmental, climate, and
public health impacts of WST within the limits of data availability. The direct impacts
in general have not been monitored, but some can be inferred from operations data and
California practice. In other cases, it is not possible to make inferences and all that can be
done is to review and summarize what has been observed in other states or the published
literature. This information should be taken as background material, which can direct
further monitoring and observation in California. We do not claim that what has been
observed in other states is happening in California or directly applicable to California.
The vast majority of California hydraulic fractures are conducted in shallower wells that
tend to be vertical rather than horizontal, and use a relatively small amount of water that
is more highly concentrated in chemicals in geologic settings that differ significantly from
those in other states. Regulations are different in California and some practices in other
states are not allowed in California.
WST applications can slow the decline of production in existing fields or increase that
production. WST may allow production in new greenfield sites that could not be produced
with more conventional technologies. We refer to all of this collectively as “WST-enabled
production.” Because WST can enable oil production, WST can have indirect environmental
impacts in addition to the direct impacts of well stimulation. If well stimulation enables
greater oil and gas production1, which has additional environmental impacts, we refer to
these as “indirect” impacts. The report identifies issues and impacts that may arise because
of well stimulation-enabled production. Indirect impacts arise because oil and gas
production involves building, supplying, and managing oil and gas well operations,
including land clearing and construction, general truck traffic to bring and remove materials,
energy operations at the wellheads, and wastewater management. The report identifies

1

Although the focus of the report is on oil production, the fact is that oil contains natural gas in solution which can

vaporize from the oil, and therefore we cannot avoid consideration of this “associated gas” along with oil.
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indirect issues and impacts that may arise because of well stimulation-enabled production;
however, they receive only cursory treatment in the synthesis and assessment conducted
here. As noted in the conclusions and the assessments below, there is evidence that the
indirect impacts of WST-enabled oil and gas production may be significant, and we
recommend that a more detailed analysis should be undertaken. The scientific literature
indicates that indirect impacts should not be dismissed and will be the focus of future
work. Indirect effects are beyond the scope of this study, but we provide key issues for
future study at the end of this summary.
WST-enabled oil and gas production presents environmental, health and safety impacts
that can be very different depending on the history of land use where it takes place.
For example, environmental impacts of oil and gas production depend on whether it
occurs in an existing oil and gas field versus a greenfield location, or if the surrounding
area is urban, agricultural, or undeveloped. Local conditions also affect the environmental
impacts of expanded production, such as the depth and quality of the local groundwater,
availability of surface water, local air quality, distance to human population centers, and
the proximity of sensitive species and habitats.
Important conditions that affect impacts associated with expanded production include:
• Quality and depth of groundwater;
• Local air quality;
• Proximity to population centers;
• Proximity to species and habitats;
• Volume of fluids requiring disposal; and
• Proximity to active faults.
In some cases, the line between direct and indirect effects is not absolutely clear.
Wastewater disposal presents an illustrative example of an indirect impact, but some
assessment was made in this report. Wastewater includes “flowback water,” which is the
water used in a hydraulic fracturing operation that returns to the surface, as well as
“produced water,” which comes up with the produced oil and gas and is subsequently
separated and disposed of. Flowback water is directly attributable to WST, whereas
produced water is an indirect effect of WST enabled production. After a hydraulic fracturing
event, the fluid that comes out of the well changes gradually from flowback water to
produced water. There is no formal distinction between the two fluids. In California, the
volumes of water used in WST applications are currently a very small fraction of the total
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volume of produced water. We refer to this fluid as flowback/produced water, to make it
clear we are discussing the combined direct and indirect issues. Produced water disposal
in dedicated injection wells (Class II wells according to EPA’s regulation for underground
injection) presents the possibility of triggering earthquakes. Given concerns about this
issue, we briefly address some issues with flowback/produced water disposal.
Although the focus of this report is primarily on the direct impacts of WST, rather than
the lifetime processes and environmental hazards of oil and gas production as a whole as
enabled by the technologies, it seems likely that the major environmental effects of WST
are not from the WST itself, but rather from new or expanded production enabled by WST.
Direct impacts represent a very narrowly defined marginal change in risks associated only
with actual conduct of the WST itself. The impacts associated with these technologies exist
within the overall context of environmental risks associated with oil and gas development
in general. For example, dozens of chemical constituents may be present in hydraulic
fracturing fluids, but operators typically combine fluids associated with hydraulic fracturing
with produced water streams, which, by themselves typically contain high concentrations
of salt, trace elements, and hydrocarbons. The volumes of flowback water are extremely
small relative to the volume of water produced along with the oil. The emissions associated
with WST operations are a small fraction of emissions from the highly energy-intensive oil
production industry.
A large number of other impacts associated with WST in California were not covered in
this report including local and state economic and employment impacts; local, state, and
federal tax and royalty payment impacts; increased industry research and technology
investments resulting from expanded WST applications; and of particular importance to
Californian, the impact of increased WST-driven production on the level of imported crude
to the state from non-U.S. sources. The CCST steering committee recognizes the importance
of these impacts which have had material effects in other states, but notes that they were
not within the defined scope of the of this report.
Direct impacts on water supply, water quality, air quality, greenhouse gas emissions and
induced seismicity are described below.
Water Supply
Conclusion 4: While current water demand for WST operations is a small fraction
of statewide water use, it can contribute to local constraints on water availability,
especially during droughts.
The upper estimate of current annual water demand for WST in California is 1.4 million
m3 (1,200 acre-feet), based on estimates of water use from notices filed with DOGGR;
the lower estimate is 560 thousand m3 (450 acre-feet) based on water volumes reported
voluntarily to FracFocus. Ninety-five percent of water currently used is fresh water; the
remainder is produced water. Most of this demand is in the southwestern San Joaquin
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Valley. Stimulation notices indicate the Belridge Water Storage District, supplied by the
State Water Project, meets most of the demand in this area. The demand indicated by
the notices represents less than 1% of this District’s allocation. However, their allocation
from the State Water Project can be cut in average and in drier years. The notices indicate
use of well water for stimulation fluid as an alternative to supply from the District, but it
is unclear under which conditions this would occur. If well water is used, it could draw
down the groundwater table. (Section 5.1.1, Quantities and Sources of Water Used for Well
Stimulation in California)
Water Quality
Conclusion 5: Of the chemicals reported for WST treatments in California for which
toxicity information is available (compiled from the voluntary industry database,
FracFocus), most are considered to be of low toxicity or non-toxic. However, a few
reported chemicals present concerns for acute toxicity. These include biocides (e.g.,
tetrakis (hydroxymethyl) phosphonium sulfate; 2,2-dibromo-3-nitrilopropionamide;
and glutaraldehyde), corrosion inhibitors (e.g. propargyl alcohol), and mineral acids
(e.g. hydrofluoric acid and hydrochloric acid). Potential risks posed by chronic
exposure to most chemicals used in WST are unknown at this time.
A list of chemicals used for hydraulic fracturing was developed from disclosures in
FracFocus. These data are not required to be either complete or accurate. For matrix
acidization, a list of chemicals used was developed from stimulation notices, which did not
indicate any undisclosed chemicals. Information on acute oral toxicity was available for
some of these chemicals. This toxicological assessment is limited, because it considers only
oral toxicity as an indicator of potential impacts to human health, and does not consider
other effects such as biological responses to acute and chronic exposure to many of the
stimulation chemicals, eco-toxicological effects of fluid constituents, overall toxicological
effects of fluids as a mixture of compounds (compared to single-chemical exposure), and
potential time-dependent changes in toxicological impacts of fluid constituents, due to
their potential degradation or transformations in the environment. Thus, further review
of the constituents of injection fluids used in well stimulation jobs in California is needed,
which additionally considers information that is now required to be submitted to DOGGR
by operators, and some of the above mentioned toxicological effects.
After hydraulic fracturing fluids are injected, they return along with some formation
water as flowback water and are subsequently either disposed off or sometimes used for
other purposes (see Conclusion 7). At this time, it is not possible to evaluate flowback
contaminants in California, because there is very limited information regarding the
concentrations of these substances in flowback/produced waters from well stimulation
operations in California. Flowback and produced water compositions vary considerably
across regions, and their characteristics can change according to the fluids injected during
well stimulation, the amount of fluids recovered at the surface, and over the duration of
the flowback period. The chemistry of produced waters from unconventional oil production
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could potentially differ from that of conventional oil production due to differences in the
target formations and interactions of fracturing fluids with formation rocks and water,
although this does not generally appear to be the case based on the limited data that
is available. More California-specific data will become available starting in 2014 as
operators are now required to report the composition of waters recovered from well
stimulation operations to DOGGR. (Section 5.1.2, Chemistry of Fluids Related to
Well Stimulation Operations)
Conclusion 6: There are no publicly recorded instances of subsurface release of
contaminated fluids into potable groundwater in California, but a lack of studies,
consistent and transparent data collection, and reporting makes it difficult to
evaluate the extent to which this may have occurred. Existing wells are generally
considered as the most likely pathway for subsurface transport of WST and
subsurface fluids (water, brines, gas). California needs to characterize this potential
hazard in order to evaluate risk to groundwater resources. In California, hydraulic
fracturing is occurring at relatively shallow depths and presents an inherent risk for
fractures to intersect nearby aquifers if they contain usable water. Fracturing has
occurred in many fields at a depth less than 600 m (2000 ft). Available research
indicates 600 m is likely the maximum distance for vertical propagation of hydraulic
fractures, although the maximum vertical length of a fracture may be less than 600 m
for fracturing in shallow formations because of the different stress conditions.
California needs to develop an accurate understanding about the location, depth,
and quality of groundwater in oil and gas producing regions in order to evaluate
the risks of WST operations to groundwater. This information on groundwater must
be integrated with additional information to map the actual extent of hydraulic
fractures to assess whether and where water contamination from WST activities
has been or will be a problem.
More complete information about the quality and location of groundwater resources
relative to the depth at which hydraulic fracturing is occurring would make it possible
to identify inherently hazardous situations that could and should be avoided. Data on
the location and quality of groundwater must be obtained in order to assess risks from
proposed hydraulic fracturing.
Hydraulic fracturing at shallow depths poses a greater potential risk to water resources
because of its proximity to groundwater and the potential for fractures to intersect nearby
aquifers. Geomechanical studies conducted for WST in other states have indicated that
fracturing directly from the stimulated reservoir into groundwater is unlikely when well
stimulation is applied in formations that are sufficiently far below overlying aquifers.
However, according to FracFocus and DOGGR’s GIS well data files, the depth of roughly
half of the wells in California that have been stimulated using hydraulic fracturing lie
within 610 m (2,000 feet) of the ground surface, where 600 m (1,969 feet) has been
identified as a threshold for vertical disturbance by hydraulic fracturing. Based on well
stimulation notices filed to date with DOGGR, much of the current and planned hydraulic
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fracturing operations in California occur at depths of less than 305 m (1,000 feet) below
the ground surface. Because of the shallow depth of well stimulation and the typically
lower injection volumes in California, the stress and damage behavior is very different
from high-volume hydraulic fracturing elsewhere, meaning the separation distance of
600 m suggested may not be applicable to the conditions in this state. However, the
potential for hydraulic fractures to intercept groundwater in these conditions warrants
more careful investigation and monitoring (see Figure 1-3), including geomechanical
studies and surveys of fracture extent relative to groundwater location, depth, and quality.

Figure 1-3. A map showing the shallowest hydraulic fracturing depth from the well stimulation
notices or hydraulically fractured well total depth (measured depth from DOGGR for wells
drilled after 2001 or true vertical depth from FracFocus) in each field. Pink areas show regions
in the San Joaquin Valley where the shallow groundwater has total dissolved solids above
California’s short-term secondary maximum contaminant level for drinking water of 1,500 mg/L.
Note the oil fields colored orange and yellow in the San Joaquin Valley, indicating shallow
hydraulic fracturing, that are located in areas with better groundwater quality. Data from
DOGGR 2014(a), DOGGR 2014(b), FracFocus (2013), and Bertoldi et al. (1991).
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Even when well stimulation occurs well below groundwater levels, leakage paths along
existing wells or other permeable pathways in the rock— either naturally existing or
generated by hydraulic fractures propagating beyond the target reservoir— may cause
contamination. Some studies in other regions outside California have found a correlation
between the location of hydraulically-fractured production wells and elevated
concentrations of methane, arsenic, selenium, strontium, and, to a lesser extent, total
dissolved solids (TDS). However, there is no consensus as to whether these are naturally
occurring, due to hydraulic fracturing, production well defects, abandoned wells, or a
combination of mechanisms. Pathways due to compromised or failed structural integrity
of cement in oil and gas wells and well bores are generally considered the most likely
potential pathway for groundwater contamination. While well integrity is a concern for all
types of wells, including conventional oil and gas exploration wells, the risk of long-term
damage or deterioration may be higher for hydraulic fracturing operations because of
higher induced pressure and multi-stage fracturing. California-specific studies of the
proportion of wells that exhibit indications of compromised wellbore integrity and
corresponding groundwater contamination have not been conducted. California needs
to determine the locations and conditions of preexisting wells near hydraulic fracturing
operations in order to assess potential leakage hazards. Continued monitoring and data
collection are warranted to avoid potential risks.
Conclusion 7: Current practice could allow flowback water to be mixed with
produced water for use in irrigation. California needs to monitor the quality of
flowback/produced water and review regulations on the appropriate use of
flowback/produced water, based on its quality and the intended uses.
In California, there are documented cases of intentional and accidental surface releases
of flowback fluids or chemicals associated with well stimulation. Detailed assessments are
not available as to whether these releases contaminated surface water and/or groundwater,
but this is a common pathway for surface and groundwater contamination. In other
states, disposal of water in surface facilities causes more groundwater contamination than
disposal by injection (Kell, 2011), and surface spills of various constituents have
contaminated both groundwater and surface water.
Most flowback water is disposed of by Class II injection in California, but DOGGR does
not distinguish between flowback and produced water. Current management practices in
California also allow for the disposal of oil and gas wastewater, including the co-mingled
well stimulation fluids, into unlined pits if the electrical conductivity (EC) is less than or
equal to 1,000 micromhos per centimeter (µmhos/cm), chloride concentration is less than
or equal to 200 milligrams per liter (mg/l), and boron concentration is less than or equal
to 1 mg/l, with no testing required for, or limits on, other contaminants. Some produced
water is permitted for irrigation, but data do not exist to determine if flowback fluid is
included in that water. A more detailed assessment of wastewater disposal practices is
needed to determine their levels of risk to surface water, groundwater, or agriculture.
A lack of baseline data on groundwater quality is a major impediment to identifying or
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clearly assessing the key water-related risks associated with hydraulic fracturing and
other well stimulation techniques. (Section 5.1.3, Potential Release Pathways, and 5.1.4,
Case Studies of Surface and Groundwater Contamination)
Air Quality and Climate Impacts
Conclusion 8: Estimated marginal emissions of NOx, PM2.5, VOCs directly from
activities directly related to WST appear small compared to oil and gas production
emissions in total in the San Joaquin Valley, where the vast majority of hydraulic
fracturing takes place. However, the San Joaquin Valley is often out of compliance
with respect to air quality standards and as a result, possible emission reductions
remain relevant.
Three major sources of air pollutants include the use of diesel engines, flaring of gas,
and the volatilization of flowback water. The first, diesel engines (used for transport
and pumping of estimated fluid volumes required for WST) emit a small portion of
total-emissions nitrogen oxides (NOx), particulate matter (PM2.5), and volatile organic
compounds (VOC) associated with other oil and gas production operations as a whole.
Emissions from flaring in California are uncertain, because of variability in flare combustion
conditions and a lack of information regarding the frequency of flare-use during WST
operations. However, current California Air Resource Board inventories of pollutant
emissions from all flaring suggest that flares as a whole emit less than 0.1% of the VOCs
and are not a major regional air quality hazard.
Emissions from volatilization of flow-back water constituents have not been measured
but might be bracketed. The California Air Resource Board has conducted a “bottom-up”
VOC emission inventory by adding up all known sources of emissions. It is unknown
whether these sources included emissions from WST-related produced or flowback water.
However, the sum of the emissions in the inventory matches well with “top-down”
measurements taken from the air in the San Joaquin Valley. This agreement between
“bottom-up” and “top-down” estimates of VOC emissions from oil and gas production
indicates California’s inventory probably included all major sources.
The inventory indicates that VOC emissions from oil and gas evaporative sources, such
as from flowback water, might occur from stimulation fluids produced back after the
application of WST, are small compared to other emission sources in the oil and gas
development process. Data suggest that emissions from oil and upstream operations in
general contribute to roughly 10% of anthropogenic VOC ozone precursor emissions
in the San Joaquin Valley.
Some of the potential air-quality impacts can be addressed by regulation and largely
avoided. (Section 5.2.1, Air Quality)

39

Chapter 1: Major Findings and Conclusions

Conclusion 9: Fugitive methane emissions from the direct application of WST to oil
wells are likely to be small compared to the total greenhouse gas emissions from
oil and gas production in California. This is because current California oil and gas
operations are energy intensive. However, all greenhouse gas emissions are relevant
under California’s climate laws, and many emissions sources can be addressed
successfully with best-available control technology and good practice.
While WST will require additional energy use and could result in fugitive methane
emissions, it is unlikely that these emissions will be large in comparison to other California
oil and gas greenhouse gas emissions. California oil and gas production operations are
generally energy intensive, due to steam-based thermal recovery operations and depleted
oil fields with high water handling requirements. Therefore, greenhouse gas emissions
from California oil and gas operations mostly result from energy consumption that releases
CO2. The California Air Resources Board (CARB) inventory indicates that methane
emissions represent less than 10% of total greenhouse gas emissions, on a CO2e basis,
from all oil and gas production.
Greenhouse gas emissions due to WST activities would include the same three sources
discussed above for air quality. For the same reasons listed above, these sources are
likely to be small compared to other oil and gas production sources. Nevertheless, to help
achieve California’s climate goals, many significant sources of fugitive methane emissions
associated with WST could be controlled through the requirement of green completions
and by requiring vapor controls for flow-back water.
Emissions estimates from inventories are subject to uncertainty. Evidence across all scales
(individual devices to continental atmospheric measurements) suggests that methane
emissions from the natural gas and petroleum industries are likely larger than those
expected from the US Environmental Protection Agency (EPA) inventories. More
specifically to California, atmospheric measurement studies in Southern California
indicate that state inventories of methane emissions from oil and gas production activities
may be underestimated by a factor of about 5. Adjusting the CARB inventory by this factor
would make the global warming potential of oil and gas production-related methane
emissions larger, although still less than direct CO2 emissions from fuel use.
New US EPA regulations requiring reduced emission completions (so called “green
completions”) for gas wells beginning in 2015 do not apply to the majority of wells in the
San Joaquin Valley, as they are principally oil and associated gas wells. Similar control
standards could be applied to oil wells in California.
While other regions are currently using WST for the production of oil (e.g., the Bakken
formation of North Dakota) or gas (e.g., the Barnett shale of Texas), emissions from these
regions may not be representative of emissions from California-specific application of
WST. For example, the volume of fluid used for WST operations in California is typically
lower than operations in other shale plays, potentially leading to lower evaporative
emissions of methane from flowback fluid. (Section 5.2.2, Climate Impacts)
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Seismic Risk
Conclusion 10: Hydraulic fracturing rarely involves large enough volumes of fluids
injected at sufficient rate to cause induced seismicity of concern. Current hydraulic
fracturing for oil and gas production in California is not considered to pose a
significant seismic hazard. In contrast, disposal of produced water from oil and gas
production in deep injection wells has caused felt seismic events in several states.
Expanded oil and gas production due to extensive hydraulic fracturing activity in
California would lead to increased injection volumes for disposal. If this produced
water is disposed of by injection and not handled through an expansion of water
treatment and re-use systems, it could increase seismic hazards.
Induced seismicity is a term used to describe seismic events caused by human activities.
These include injection of fluids into the subsurface, when elevated fluid pore pressures
can lower the frictional strengths of faults and fractures leading to seismic rupture.
Induced seismicity can produce felt or even damaging ground motions when large volumes
of water are injected over long time periods into zones in or near potentially active
earthquake sources. The relatively small fluid volumes and short time durations involved
in most hydraulic fracturing operations themselves are generally not sufficient to create
pore pressure perturbations of large enough spatial extent to generate induced seismicity
of concern. Current hydraulic fracturing activity is not considered to pose a significant
seismic hazard in California. To date, only one felt earthquake attributed to hydraulic
fracturing in California has been documented, and that was an isolated, low-energy event.
In contrast to hydraulic fracturing, earthquakes as large as magnitude 5.7 have been
linked to injection of large volumes of wastewater into deep disposal wells in the eastern
and central United States. To date, compared to some other states, water disposal wells
in California have been relatively shallow and volumes disposed per well relatively small.
There are no published reports of induced seismicity caused by wastewater disposal
related to oil and gas operations in California, and at present the seismic hazard posed by
wastewater injection is likely to be low. However, possible correlations between seismicity
and wastewater injection in California have not yet been studied in detail. Injection of
much larger volumes of produced water from increased WST activity and the subsequent
increase in oil and gas production could increase the hazard, particularly in areas of high,
naturally-occurring seismicity. Therefore, given the active tectonic setting of California, it
will be important to carry out quantitative assessments of induced seismic hazard and risk.
The chance of inducing larger, hazardous earthquakes most likely could be reduced by
following protocols similar to those that have been developed for other types of injection
operations. Even though hydraulic fracturing itself rarely induces felt earthquakes,
application of similar protocols could protect against potential worst-case outcomes
resulting from these operations as well. (Section 5.3, Potential Seismic Impacts)
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Indirect environmental effects of WST-enabled production
Conclusion 11: Based on Conclusions 1 through 10 above, the direct impacts of WST
appear to be relatively limited for industry practice of today and will likely be limited
in the future if proper management practices are followed. If the future brings
significantly increased production enabled by WST, the primary impacts of WST
on California’s environment will be indirect impacts, i.e. those due to increases and
expansion in production, not the WST activity itself. Indirect impacts of WST through
WST-enabled production will vary depending on whether this production occurs in
existing rural or urban environments or in regions that have not previously been
developed for oil and gas — as well as on the nature of the ecosystems, wildlife,
geology and groundwater in the vicinity.
The indirect effects of WST were not a focus of this study. However, an understanding of
the future of WST in California is incomplete without consideration of the idea that WST
and other advanced technologies can enable more and new production. Consequently,
we provide here a few comments relevant to future study.
If new plays in formations such as the Monterey Formation source rocks prove to be
attractive economic targets, the industry is likely to want to explore them and find WST
and production technologies that work in these environments. Existing or as yet unidentified
technologies might be developed for these specific circumstances. Then, some years in
the future — much like the unconventional gas plays that came into production because of
high-volume hydraulic fracturing from horizontal wells — there could be novel technologies
appropriate to novel plays in California. Such new technologies could have different
environmental impacts over what is experienced today. To the extent that producers
develop successful new methods, these technologies will deserve new scrutiny to ensure
that they do not damage the environment of California.
Oil and gas production activities in general are known to present environmental, health,
and safety risks via an array of industrial activities and technologies — including, but not
limited to, drilling, truck traffic, land clearing, gas compressor stations, separator tanks,
wastewater processing and disposal, and land subsidence. Our assessment of current WST
practices in California suggests that the per-barrel impacts of producing oil with WST are
comparable to the impacts of producing oil without WST. As a result, WST will mainly
affect California’s environment through indirect effects caused by an increase in production.
The intensity and extent of expanded production impacts will vary, depending on where
operations occur: in new greenfield sites, existing rural fields, or in existing fields in
dense, urban environments. Some locations for expanded production may present few
new impacts and some may present unique challenges to public health and safety, because
of high population densities, vulnerable demographics, and geographic proximity to oil
and gas development activities and their corresponding environmental emissions.
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Expanded WST-enable production in California oil and gas fields could have the indirect
effect of increasing the risk of contamination to groundwater water systems, by exposing
greater areas of groundwater to contaminants and increasing the number of adverse
events. The overall risks, however, will depend on groundwater and geological
characteristics and operating practices, including (especially) practices to dispose of
produced/flowback water and ensure the integrity of well casings and wellbore cement.
If the use of WST expands oil and gas production in California, strategies for better
understanding and mitigating any increased groundwater risk should be considered during
planning and implementation efforts. Similarly, expanded production could lead to an
increase in VOC, methane, carbon dioxide and other associated air-pollutant emissions
if other measures to reduce these emissions are not undertaken.
There is a large body of work showing that habitats are altered to the detriment of wildlife
and vegetation in areas where oil and gas production occurs. While it is obvious that
wildlife and vegetation will be impacted if well stimulation converts pristine areas to oil
and gas fields, increasing the level of production in existing fields will also have negative
impacts on organisms that inhabit the fields. (Section 5, Potential Direct Environmental
Effects of Well Stimulation)
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This section provides background information on the currently available well-treatment
technologies for increasing the rate of oil flow from the reservoir to the well. This type of
treatment is called well stimulation and is used for situations where the natural reservoir
flow characteristics are not favorable and need to be improved for effective oil recovery.
The review covers the materials and methods used to perform the three commonly used
well stimulation methods: (1) hydraulic fracturing, (2) acid fracturing, and (3) matrix
acidizing. In addition this section reviews the materials and methods used to perform well
drilling, construction, and completion which also play a role in well stimulation. The main
points identified here that are used in subsequent sections to help understand the
application of well stimulation technologies for oil production in California are:
(1) The design of a hydraulic fracture is a function of reservoir flow and mechanical
characteristics. Reservoirs that have relatively better flow characteristics (within the
range of these characteristics where well stimulation is needed) and are relatively weak
mechanically tend to require less intensive fracturing, which leads to a relatively smaller
volume of fracture fluid used. Reservoirs that have relatively poor flow characteristics and
are relatively strong mechanically tend to require more intensive fracturing, which leads
to a relatively larger volume of fracture fluid used.
(2) Acid fracturing is commonly limited in application to carbonate reservoirs, i.e., those
rich in limestone and dolomite. This is significant because California’s oil resources are
primarily found in silica-rich rock rather than carbonate rock.
(3) Matrix acidizing for silica-rich reservoirs typically has a very limited penetration
distance from the well into the reservoir. Therefore matrix acidizing in silica-rich rock has
a limited effect on larger-scale reservoir flow characteristics, with the possible exception of
reservoirs where natural fracture flow paths are effective in which acidizing may open up
natural fractures by dissolving plugging material.
The term stimulation with respect to petroleum production refers to a range of activities
used to increase the production of oil from petroleum reservoirs (a body of rock containing
oil in pore spaces or natural fractures) by increasing the permeability of the materials
through which oil flows to the well. There are two distinct situations that lead to the use
of stimulation technologies. The first is damage induced by well drilling and construction
and through oil production operations (Economides, Hill, Ehlig-Economides, and Zhu,
2013). Damage may occur in the form of blockage of perforations in the well casing
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through which oil flows, e.g., by scale formation (mineral precipitation) or sand production
from the reservoir into the well (Ghalambor and Economides, 2002). Damage can also
occur to the rock in the immediate vicinity of the well as a result of mechanical disturbances
and chemical interaction with the fluids (drilling mud) used during the drilling of the
well bore. For example pores may be plugged as a result of drilling mud plugging the rock
pores, migration of fine particles in the rock, or swelling of clays in the rock (Ghalambor
and Economides, 2002). Mechanical damage in the form of crushing and compaction of
the rock may occur as a result of creating the perforations through the casing, a process
carried out by literally shooting a projectile through the steel casing to punch holes to
connect the well to the reservoir (Ghalambor and Economides, 2002). Techniques to
correct these adverse impacts of well construction by clearing blockages in the well, or
restoring the permeability of the rock, are termed well stimulation.
The term stimulation also refers to the use of techniques to enhance the natural
permeability of the undisturbed rock containing the reservoir (a rock formation) to the
point that it can provide economic rates of oil production (permeability is the ability of
the rocks to conduct fluid including oil or water). In this event, stimulation technologies
may be applied that increase reservoir permeability sufficiently to allow enhanced rates of
oil production. This stimulation is also on occasion termed well stimulation, but is perhaps
more precisely called reservoir stimulation (Economides et al., 2013). However throughout
the remainder of this report, the focus will be on stimulation technologies whose purpose
is to increase reservoir permeability, and these technologies will be referred to by the term
well stimulation (WST), or simply stimulation. This is in accord with the definition of well
stimulation in section 3157 of Division 3 of Chapter 1 of the California Public Resources Code.
This report section presents a review of stimulation technologies for increasing reservoir
permeability. This section does not review stimulation technologies used to repair damage
induced by well drilling and oil production.
2.1 The Purpose of Stimulation Technologies
As described above the production of oil from a reservoir depends on reservoir permeability,
but it is also a function of the thickness of the reservoir, viscosity of the oil produced, well
radius, and other factors. As a result, an exact permeability threshold for the use of WST
does not exist (Holditch, 2006). However, the likelihood that well stimulation is needed
to economically produce oil increases as the reservoir permeability falls below 1 millidarcy
(md) (9.87 x 10-16 m2 or 1.06 x 10-14 ft2)(e.g., King, 2012).
An oil reservoir is typically classified as unconventional if well stimulation is required for
economical production. Guidelines concerning the classification of petroleum resources
(World Petroleum Council, 2011) categorize a reservoir as unconventional if it is spatially
extensive and yet not significantly affected by natural flow processes. The oil in the
Bakken play in North Dakota is an example of such an accumulation. A different and
quantitative definition proposed by Cander (2012) is shown in Figure 2-1, in which the
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permeability of the reservoir and viscosity of the oil are used to define conventional and
unconventional. This definition is a more useful guide to the conditions amenable to well
stimulation, in part because it does not include the geographic aspect (“large area”) of
the first definition.

Figure 2-1. Definition of unconventional hydrocarbon resource (Cander, 2012)

The threshold between conventional and unconventional is defined by practical
considerations. Unconventional resources require the use of technology to alter either
the rock permeability or the fluid viscosity in order to produce the oil at commercially
competitive rates. Conversely, conventional resources can be produced commercially
without altering permeability or viscosity (Cander, 2012). This report focuses on WST
for reservoirs that are unconventional due to low permeability, but this definition of
unconventional oil resources also highlights methods for reservoirs that are unconventional
due to high oil viscosity. Thermal methods are used to allow production of exceedingly
viscous oil (Prats, 1982). Such hydrocarbons are called “viscous oil” or “heavy oil.” Thermal
methods lower oil viscosity by heating the reservoir, most commonly through steam or hot
water injection (Farouq Ali, 2003). According to the California Division of Oil, Gas and
Geothermal Resources (DOGGR), a majority of the oil produced onshore in California now
involves steam injection (DOGGR, 2010).
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There are three main WST: hydraulic fracturing either utilizing proppant (traditional
hydraulic fracturing) or acid (also known as acid fracturing) and matrix acidizing.
(Economides and Nolte, 2000). Because these methods do not reduce oil viscosity, they
are primarily targeted at tight (low permeability) rock formations containing gas or
lower-viscosity oil, although they may be used in combination with thermal stimulation
for heavy oil.
The main technologies currently used for the production of most unconventional reservoirs
are horizontal drilling combined with some form of hydraulic fracturing (McDaniel and
Rispler, 2009). Because of this close association, horizontal wells are also discussed in
this report. Relatively simple geologic systems have nearly horizontal deposition and layer
boundaries and typically have much longer dimensions along the direction of bedding as
compared with the dimension perpendicular to bedding. Horizontal drilling allows a well
to access the reservoir over a longer distance than could be achieved with a traditional
vertical well. An example of horizontal and vertical wells is shown in Figure 2-2 for the
Eagle Ford play in Texas, which consists of a calcium-carbonate rich mudstone called a
marl. In this case, the horizontal well intercepts about 5,000 m (16,400 ft) of reservoir as
compared with about 80 m (262 ft) by the vertical well.

Figure 2-2. Example of horizontal and vertical wells in the Eagle Ford play
(stratigraphy from Cardneaux (2012))
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Hydraulic fracturing induces fractures by injecting fluid into the well until the pressure
exceeds the threshold for fracturing. The induced fractures emanate from the well into
the reservoir and provide a high-permeability pathway from the formation to the well, as
shown on Figure 2-3. One of the goals of the fracturing operation is to only fracture rock
within the target reservoir. After fracturing, a fine granular material (e.g., sand) known
as a “proppant,”, is introduced into the fractures to prevent the natural overburden stress
(compressive) from closing the fractures after the injection pressure is removed. The
creation of a highly permeable fracture network connecting the reservoir to the well
significantly reduces the average distance that oil must migrate through the low-permeability
reservoir rock in order to reach the well. Another variation of hydraulic fracturing is called
acid fracturing, where acid is injected instead of proppant. The acid etches channels into
the fracture surfaces which then prevents the natural overburden stress from closing the
fractures and allows fluid flow pathways to remain along the fractures even after the
injection pressure is removed.

Figure 2-3. Hydraulic fractures initiated from a series of locations along
a cased and perforated horizontal well.
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Matrix acidizing involves injecting acidic fluids at pressures below the fracture pressure,
such that the acid dissolves acid-soluble minerals in the rock matrix. The end result is
enhanced flow pathways through the rock matrix. By comparison, however, the penetration
into the formation of enhanced permeability caused by matrix acidizing is not typically
as extensive as it is after hydraulic fracturing with proppant or acid. The two important
exceptions in carbonate reservoirs are the creation of more deeply penetrating channels,
known as wormholes, and deeper acid penetration into more permeable fractures of
naturally fractured reservoirs (Economides et al., 2013).
Well drilling and construction, hydraulic fracturing, and matrix acidizing are discussed
in more detail below.
2.2 Well Drilling and Construction
Well drilling, construction, and completion are necessary steps for conducting production
operations from the vast majority of hydrocarbon reservoirs (some shallow hydrocarbon
deposits, such as oil sands, can be mined from the surface). Well construction involves
the installation of well casing and cement that seals the annular space between the casing
and the formation as drilling proceeds. Well casing and cement provide the main barriers
against contamination of groundwater by native (e.g., deeper and more saline
groundwater), injected, or produced fluids during well operation
Well completion following construction configures and optimizes the well for hydrocarbon
production. Completion includes (as needed) sand control, perforation of the production
casing, and installation of production tubing. As mentioned above, completion can also
include well stimulation to remove formation damage caused by drilling, construction,
and other completion activities.
2.2.1 Vertical Wells
Until the 1980s, the vast majority of oil wells were drilled as vertical wells (US Energy
Information Administration (EIA), 1993). Although the use of horizontal-well technology
has steadily increased since that time, vertical wells are still being drilled for oil production.
(Horizontal wells, discussed in Section 2.2.2, are an important technological development
for production from unconventional reservoirs.)
Nearly all oil wells (vertical or horizontal) are drilled using the rotary drilling method
(Culver, 1998; Macini, 2005). The first major oil discovery using rotary drilling was made
at Spindletop near Beaumont, Texas, in 1901 (Geehan and McKee, 1989). There are a
number of other methods used to drill wells in general, but most of these alternative
methods are used for wells less than 600 m deep (ASTM, 2014) and therefore are not
suitable for most oil wells, which average over 1,500 m deep in the US (US EIA, 2014).

50

Chapter 2: Advanced Well Stimulation Technologies

2.2.1.1 Rotary Drilling Process and Drilling Muds for Onshore Oil Wells
The rotary drilling process is conducted from a drilling rig at the ground surface. The drill
bit and other components, such as weights called drill collars, make up the bottom-hole
assembly that is connected to the first section of drill pipe, and then is put in place below
the drilling rig floor to begin. The drill pipe is connected to a square or hexagonal pipe
called the “kelly.” The kelly is turned by a motor via the rotary table in the floor of the
drilling rig and a kelly bushing that connects to the kelly. Alternatively, a newer system
known as “top drive” can be mounted to the rig derrick that turns the drill pipe (Macini,
2005). In either case, the rotational coupling with the drill string (collectively the drill
pipe and bit) permits vertical movements such that the desired downward force can be
applied to the drill bit while it is rotating. (More recent technology has led to the
development of downhole motors which drive rotation of the drill bit; therefore, rotation
of the drill pipe is not required. This technology is particularly important for directional
drilling and will be discussed further in Section 2.2.2.) When the hole has been drilled
deep enough to hold the bottom-hole assembly and drill pipe, another section of pipe is
added and the process is repeated.

Figure 2-4. Drilling mud circulation system. Arrows indicate mud flow direction
(modified from Macini (2005) and Oil Spill Solutions (2014))

51

Chapter 2: Advanced Well Stimulation Technologies

As drilling proceeds, the bit is supplied with drilling mud, which is denser and more
viscous than water, through a nonrotating hose that connects to the top of the kelly
through a connection called a swivel. Drilling mud flows down the drill string and exits
through ports on the face of the drill bit. This action flushes drill cuttings away from the
drilling face and up the annulus between the drill pipe and the borehole wall or casing
pipe. The circulating mud exits the annulus and is recycled back to the well after the
cuttings have been separated from the mud (Varhaug, 2011). Figure 2-4 shows the
components of the drilling mud circulation system.
Drilling muds have several important functions. As mentioned previously, the mud
continuously cleans the cuttings off the bit face and transports them out of the hole.
In the same vein, the mud limits the rate at which cuttings settle in the borehole annulus,
so that the drill bit is not quickly buried by cuttings whenever the mud flow is temporarily
stopped. The mud also serves to lubricate and cool the drill bit. Finally, the mud provides
hydraulic pressure to help stabilize the borehole walls and control native fluid pressures
in the rock, to prevent an uncontrolled release (blowout) of these fluids through the
borehole. The energy of the flowing drilling mud also drives the bit rotation when a
downhole motor is used.
There are three basic types of drilling muds: (1) aqueous-based mud; (2) hydrocarbon-based
mud; and (3) gas, aerated, or foam muds (Khodja, Khodja-Saber, Canselier, Cohaut, and
Bergaya, 2013), in which the classification is based on the predominant fluid in the mud.
One of the critical factors that influences the choice of mud used is the clay content of
shale encountered by the borehole. Shales make up about 75% of drilled formations, and
about 70% of borehole problems can be associated with shale instability (Lal, 1999). Clay
hydration caused by water-based muds often lead to reduced rock strength and instability
in the borehole. This can result in a variety of problems, including borehole collapse, tight
borehole, stuck pipe, poor borehole cleaning, borehole washout, plastic flow, fracturing,
and lost circulation and well control (Lal, 1999). Furthermore, borehole wash-out in
the shale sections can result in problems for cementing the casing in these sections and
impedes the ability to isolate zones and control leakage along the well outside the casing
(Brufatto et al., 2003; Chemerinski and Robinson, 1995). Because of these issues
surrounding interaction of water with shale, oil-based muds are considered more suitable
for drilling through shale. However, because of environmental issues associated with the
use and disposal of drilling muds, more suitable water-based muds for drilling through
shale continue to be developed (Deville et al., 2011). Another strategy used to minimize
the environmental effects of drilling muds is to use water initially to penetrate the
freshwater aquifer zone, then progress to more complex, water-based inhibitive muds,
and then to oil-based muds at greater depth (Williamson, 2013).
2.2.1.2 Well Casing and Cementing
Wells are secured at discrete intervals as the borehole is being drilled by installing a steel
pipe with diameter slightly smaller than the borehole diameter. This pipe, termed casing,
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is then fixed in place by filling the annulus between the pipe and the borehole wall with
cement. After installing the casing, the pathway for fluid movement along the borehole is
restricted to the circular interior of the casing. The casing provides mechanical support to
prevent borehole collapse and hydraulically isolates flow inside the casing from the rock
formations around the well. Furthermore, the casing, in combination with the cement,
impedes fluid movement along the borehole outside the casing between the different
formations encountered, as well as to the ground surface. This function is referred to as
“zonal isolation” (Nelson, 2012; Bellabarba et al., 2008).

Figure 2-5. Schematic cross section of well casing and cement configuration. Casing extends
above ground surface for connection to wellhead. (Redrawn and modified from API, 2009)

Zonal isolation is accomplished by filling the annulus between the casing and the formation
with cement, which bonds the casing to the formation. There are different types of cements
that are used depending on conditions of depth, temperature, pressure, and chemical
environment (Lyons and Plisga, 2005). Cement placement and curing processes have to
address numerous factors for the cement to be an effective barrier to fluid movement
behind the casing (American Petroleum Institute (API), 2010). After placement and
curing of the cement, API guidelines recommend that each section of cemented casing
is pressure tested to ensure that the cement is capable of withstanding the pressures to be
used during well operations (API, 2009 and 2010). Furthermore, wireline logging tools
should be run after the cement job to verify that the well is correctly cemented and there
are no hydraulic leakage paths. This is accomplished using acoustic tools (sonic and
ultrasonic) that can determine the quality of the cement bond and can detect channels
(API, 2009; Griffith et al., 1992).
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The first casing to be installed is called the conductor casing (essentially a pipe with
diameter larger than any of the other casings in the well), shown in Figure 2-5. This
casing prevents the typically weak surficial materials from collapsing into the drill hole.
The conductor casing is either driven into the ground by a pile driver or placed in the hole
after drilling (API, 2009). The length of the conductor casing is normally 30 to 50 m (98.4
to 164 ft) (Macini, 2005), but generally less than 91 m (299 ft) in length (Burdylo and
Birch, 1990). If the conductor pipe is not cemented, it is not strictly considered as part
of the well casing (Macini, 2005).
The next casing installed is called the surface casing. The purpose of the surface casing is
to protect freshwater aquifers from drilling mud and fluids produced during the life of the
well, and to isolate these zones from overlying and underlying strata. The surface casing
is necessarily smaller in diameter than the conductor casing and is typically about 91 m
(299 ft), but can extend farther up to about 305 m (1,000 ft) in depth (King, 2012). Once
the target depth for the surface casing is reached, the surface casing is inserted into the
borehole and the annulus between the casing and the borehole wall and conductor casing
are cemented. The casing extends from the bottom of the hole to the ground surface.
The surface casing (or conductor casing if it is cemented) is used to anchor the wellhead,
which provides the interface between the well and equipment attached to the wellhead
above the ground surface. During drilling operations, an operational and safety valve
system called a blowout preventer is attached to the wellhead. After drilling is complete,
the blowout preventer is replaced by a different valve system called a Christmas tree,
which is used for production operations (Macini, 2005).
Drilling then proceeds until the next casing, which could be the production casing or an
intermediate casing (needed for deeper wells). In either situation, the next section of
casing is assembled and inserted into the borehole, and the annulus is cemented. The
production casing is the last section of casing that either enters the reservoir (if the
production is to be done through an open hole) or extends throughout the production
interval of the borehole. In some instances, a production liner is used that does not extend
the full length of the hole. Instead, the liner hangs off the base of and is sealed to the
intermediate casing and is not always cemented.
The casing is subject to hydraulic and mechanical stress, including axial tension caused
by its own weight as well as dynamic stresses caused by installation and operational
activities, external fluid pressures from the formation during cementing operations, and
internal fluid pressure during drilling and operations. Thermal stresses are also present.
These stresses need to be taken into account when selecting casing type and size (Lyons
and Plisga, 2005). For systems that will be used for hydraulic fracturing, the high levels of
fluid pressure imposed also need to be taken into account for casing selection (API, 2009).
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Cementing the annulus of the casing is essential for control of leakage along the well
outside the casing. After a casing segment has been put into the borehole, cement is
injected to displace the drilling mud. Oilfield cements are calcium silicate type (Portland)
cements containing additives depending on well depth, temperature, and pressure
conditions, borehole rock characteristics, and chemical environment (Economides,
Watters, and Dunn-Norman, 1998).
Additives are used for a variety of reasons, including altering the curing time, controlling
water loss and solids/water separation, and preventing gas migration—among other
things. Water loss and curing reactions that result in shrinkage cracking have been
identified as significant factors leading to leakage behind the casing (Dusseault et al.,
2000). Various polymers are typically used to prevent water loss (Economides et al.,
1998), and magnesium oxide is used to cause an expansion of the cement upon curing
(Joy, 2011). The ability of the cement to withstand stresses and borehole flexure without
fracturing is increased by the addition of elastomeric fibers such as polypropylene
(Sounthararajan, Thirumurugan, and Sivakumar, 2013; Shahriar, 2011).
After the desired volume of cement has been introduced to the well, drilling mud is again
added to continue driving the cement through the well. When the cement reaches the
bottom of the hole, the cement continues to displace the mud ahead of it upward along
the outside annulus of the casing. The injection ends when the cement fills the annulus to
the top of the casing. Deep intermediate or production casings may not be cemented to the
top of the casing. This is because the high fluid pressure associated with the dense cement
slurry over these longer intervals can fracture the formation (King, 2012). Once the
cement sets, the residual cement and any remaining items from the cement operation that
are at the bottom of the hole are drilled out to continuing deepening the borehole.
A simple schematic of the casing and cement configuration is shown in Figure 2-5.
A number of problems can occur that lead to incomplete cementing around the casing.
These include mixing of the cement and the drilling mud, poor displacement of the drilling
mud by the cement, off-center casing that contacts the borehole wall, and gas migration
through the cement prior to setting (American Petroleum Institute, 2010; King, 2012).
Any of these could lead to incomplete cement behind the casing and the potential for
leakage along the casing. To avoid mixing between the cement and the drilling mud, a
chemical washer is injected ahead of the cement to help clean out the drilling mud and
provide a fluid gap between the cement and the drilling mud. Wiper plugs are placed just
in front of and behind the cement slug that is injected, also to prevent cement contamination
by the drilling mud (Nelson, 2012). Casing centralizers are used to position the casing in
the middle of the borehole to avoid trapping mud between the casing and the borehole
wall (leading to mud channels in the cement). Additives are used to reduce cement
shrinkage and permeability during setting, and to accelerate setting times, to avoid gas
migration problems in the cement (Bonett and Pafitis, 1996).
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Leakage along wells is considered the most likely route for injected fracturing fluids or
reservoir fluids to migrate into overlying strata (King, 2012). Both casing and cement
design need to account for any operational pressures and chemical environments that may
occur during well stimulation. If the design is not adequate, leakage can result. Leakage
along wells as a potential contamination pathway is described in Section 5.1.3.
2.2.2 Directional Drilling and Horizontal Wells
Directional drilling was initially developed in the late 1920s and 1930s (Gleason, 1934;
Kashikar, 2005). Directional drilling refers to well construction with at least one section
that has a curved axis. A horizontal well is a special case of a directional well in which the
well axis is curved by 90 degrees from the vertical followed by a straight horizontal
section, also referred to as a lateral. The technology required several improvements before
it started to be utilized the 1970s; its application became widespread by the 1990s
(Williams, 2004). By the end of 2012, 63% of wells drilled in the U.S. were horizontal,
11% were directional, and only 26% were vertical (Amer et al., 2013).
2.2.2.1 Drilling Process and Drilling Muds
The operations discussed for vertical wells generally apply to the initial phases of drilling a
well that will include intentionally curved deeper sections. Directional drilling begins at a
kick-off point after the initial vertical section is drilled. One of the first methods developed
for establishing a deviation in direction used a mechanical device known as a whipstock,
which is a wedge-shaped tool placed in the bottom of the hole that forces the drill to
deviate from the vertical direction (Giacca, 2005). A major improvement in directional
drilling was the development of steerable systems that use a downhole motor, in which
the energy of the drilling fluid can be used to drive bit rotation. The steerable system
eliminates the need for a whipstock for directional or horizontal wells. In this system, the
direction of the drill bit is bent slightly relative to the drill string axis. Drilling by rotating
the drill string causes the bit to drill in a straight line aligned with the drill string. By
setting the drill string at a fixed angle and turning the bit through the energy of the drilling
mud flow, the angle between the bit and the drill pipe can be maintained. The bit is rotated
using the positive-displacement motor and drills ahead at the angle set by the position of
the drill string, which does not rotate, and slides behind the bit. This method creates a
somewhat tortuous borehole when drilling curved sections, making drilling more difficult,
as well as greater difficulty in formation evaluation and running casing (Williams, 2004).
The latest technology, called rotary steerable drilling, allows for continuous drill-string
rotation in curving and straight sections. Changes in direction are imposed by either a
point-the-bit system similar to the bent steerable system just discussed, or a push-the-bit
system in which pressure is applied by pushing against the borehole wall (Downton et
al., 2000). The key difference is that the rotary steerable system mechanics allow
continuous rotation of the drill string and produces much smoother and less tortuous
curved boreholes. The greatest advantage of a rotary steerable system is that continuous
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rotation reduces the friction between the drill string and the formation, allowing better
transfer of weight to the bit. Sliding (i.e., no rotation) results in less weight on bit and
much slower drilling. Control of the drilling direction is done from the surface by sending
signals to steering actuators at the drill bit through a series of pressure pulses in the
drilling mud (Giacca, 2005), a process referred to as mud pulse telemetry (MPT)
(Downton et al., 2000).
In addition to development of improved directional control (inclination and azimuth)
and borehole quality, there has been the development of methods to measure the local
temperature and pressure conditions, as well as the orientation and motion of the drill
bit. This measurement technique is referred to as “measurement while drilling” (MWD),
and the information is transmitted to the surface using MPT (Downton et al., 2000; Amer
et al., 2013). Thus, the conditions and path of the drill bit is known in real time to help
control the drilling process. More recently, sophisticated technology to perform formation
evaluation measurements, such as resistivity, gamma ray, sonic, and magnetic resonance
measurements, have been integrated into the drilling process and may also be received in
real time through MPT (Amer et al., 2013). For drilling in shales, the inclination, azimuth,
and gamma ray activity are the most critical data. The information on borehole trajectory
and changes in the formation allow for “geosteering,” in which directional drilling is
actively controlled using real-time data to properly position the borehole relative to
the target formation.
The various drilling muds discussed for drilling of vertical wells are also used for directional
drilling. The demands of high-angle and horizontal drilling, and extensive drilling path
lengths through shales for unconventional reservoirs, result in greater use of oil-based
drilling muds. However, alternative water-based muds for these conditions are being
developed because of the greater environmental risks and costs associated with oil-based
muds. Success using water-based muds requires development of custom formulations
based on the specific reservoir rock and conditions to be encountered (Deville et al., 2011).
Directional wells can be drilled with long, medium, or short radius curves. The longer-radius
wells are typically used when the objective is extended horizontal reach (thousands of
meters), while medium and short radius wells are used when a shorter horizontal leg
(~1,000 m for medium radius and up to 300 m for short radius) is needed, and/or when
highly accurate placement is necessary (Giacca, 2005). Directional drilling also allows for
the construction of multilateral wells where a single vertical bore is used to kick off one or
more lateral legs from a cased hole (Fraija et al., 2002; Bosworth et al., 1998). The lateral
leg is initiated using a whipstock and a milling assembly to cut a well lateral from a cased
hole (Fraija et al., 2002; Bosworth et al., 1998). The advances in directional drilling
technology discussed here have also led to greater capabilities in terms of well depth and
lateral drilling distances. Horizontal wells have been drilled to lateral distances in excess
of 10 km (32,800 ft) (Sonowal et al., 2009). True vertical well depths up to about 7 km
(23,000 ft) have been achieved for horizontal wells with lateral reach up to about 3 km
(9,840 ft) (Agbaji, 2009; Bakke, 2012).
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2.2.2.2 Well Casing and Cement
The casing and cementing of the vertical section of a directional well are the same as
described in Section 2.2.1.2. There is, however, greater variation in the casing and
cementing configurations used for horizontal wells. This variation is in part driven by
the hydraulic fracturing approach utilized, so the description of horizontal well completions
is given in the next section.
2.3 Hydraulic Fracturing
Hydraulic fracturing in general is a relatively old technology for improving gas and oil
field production rates. However, there has been a significant evolution of this technology.
As discussed in the introduction, the focus of this review effort is on hydraulic fracturing
as a means to enhance reservoir permeability.
Hydraulic fracturing was first implemented in 1949; since this time, use of this stimulation
method has grown substantially (Montgomery and Smith, 2010). Originally, hydraulic
fracturing was used exclusively as a well stimulation method, applied in cases where the
natural reservoir permeability was too low for economic petroleum recovery. But in the
1990s, hydraulic fracturing started to be used for higher-permeability reservoirs as a
method to remediate formation damage around wells (Ghalambor and Economides,
2002). The general permeability levels used to distinguish high and low permeability
reservoirs, which is also influenced by the viscosity of the oil, is shown in Figure 2-1.
Unlike California (Section 3), the main classes of reservoirs where hydraulic fracturing
has been used intensively in other areas of the United States are very low permeability,
unconventional shale reservoirs and tight-gas sand reservoirs, accounting for over 73%
of the hydraulic fracturing activity (Beckwith, 2010). Most of the unconventional shale
reservoirs contain natural gas, with the exceptions of the Eagle Ford, which produces oil
in the shallower portion of the formation, and the Bakken and Niobrara plays, which
mainly contain oil.
The typical hydraulic fracture operation involves four process steps to produce the fractures
(Arthur et al., 2008). The long production intervals present in most horizontal wells leads
to a staged approach to hydraulic fracturing. For the staged approach, a portion of the
well is hydraulically isolated in order to focus the injected fracture fluid pressure on an
isolated interval, which is called a “stage.” After isolating the stage, the first phase of the
fracturing process is the “pad,” in which fracture fluid is injected without proppant to
initiate and propagate the fracture from the well. The second phase adds proppant to the
injection fluid; the proppant is needed to keep the fractures open after the fluid pressure
dissipates. This phase is also used to further open the hydraulic fractures. The third phase,
termed the “flush,” entails injection of fluid without proppant to push the remaining
proppant in the well into the fractures. The fourth phase is the “flowback,” in which the
hydraulic fracture fluids are removed from the formation, and fluid pressure dissipates.
Examples of the stages of hydraulic fracturing including the time spent for each phase
is given in Section 2.3.7.
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An acid preflush is sometimes used prior to injection of the pad. For instance, Halliburton’s
(2014) fracture-fluid-composition disclosure indicates it is used in about half of their
specific formulations (DOE, 2009). The acid preflush may be needed to remove scale, help
clean drilling mud and casing cement from perforations, and to weaken the rock to help
initiate a fracture (King, 2010; Halliburton, 2014; DOE, 2009). Prior to injecting the acid,
corrosion inhibitor, at a level of 0.2 to 0.5% by mass, is added to the fluid to prevent acid
corrosion of steel components, such as the casing (DOE, 2009; King, 2010). The pre-flush
acid concentrations range from 7.5 to 15% HCl, and volumes range from 0.946 to 26.5
m3 (33.4 to 936 ft3 or 250 to 7,000 gallons) per stage (Halliburton, 2014) injected at a
relatively low rate below the fracture pressure.
In the following sections, aspects of hydraulic fracture geomechanics and the attributes
of hydraulic fracture fluids and proppants are presented. In addition, the alternative to
proppant use for carbonate reservoirs, called “acid fracturing,” is discussed further.
Following these discussions of the physical mechanisms and materials involved, various
engineering alternatives for completion and isolation of the stages and information on the
phases of the fracturing process are discussed.
2.3.1 Hydraulic Fracture Geomechanics, Fracture Geometry, and the Role of Natural
Fractures and Faults

Figure 2-6. Fracture patterns for different orientations of the borehole relative to principal
compressive stresses: (a) fractures open in the direction of the minimum principal stress,
(b) effects of horizontal well alignment with maximum and minimum horizontal
principal stresses (Rahim et al., 2012)
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Fluid pumped into deep underground rocks at sufficient pressure will cause the rock to
break or “fracture”. The technical description of conditions that result in such hydraulic
fractures is this: fractures are formed when fluid pressure exceeds the existing minimum
rock compressive stress by an amount that exceeds the tensile strength of the rock
(Thiercelin and Roegiers, 2000). The operator cannot easily control the orientation of the
hydraulic fractures. Rather, it is the stress conditions in the rock that will determine the
orientation. Rocks at depth experience different amounts of compression in different
directions. Because the compressive stress in rock often varies with direction, the hydraulic
fracture will preferentially push open against the least compressive stress for a rock with
the same strength in all directions (Economides et al., 2013). Therefore, the fracture
plane develops in the direction perpendicular to the minimum compressive stress, as
shown on Figure 2-6.
If the compressive stress in the rock were the same in all directions (or nearly so), then
the orientation of the fracture would tend to be random. In addition to stress orientation,
rock strength varies and fracture geometry also depends on the variation in rock strength
in different directions.
Finally, natural fractures are generally present to some degree in natural rock and affect
the formation of hydraulic fractures. These features of the rock are often the pathways for
hydraulic fractures (Weijermars, 2011). Gale and Holder (2010) found that fractures filled
with secondary calcite in siliceous mudrocks are generally weaker than the surrounding
rock and may be susceptible to reopening during hydraulic fracturing. However, fractures
filled with secondary quartz may be stronger than the surrounding rock and hinder the
development of hydraulic fractures. Williams-Stroud, Barker, and Smith (2012) found
that shearing of existing fractures played a significant role in hydraulic fracturing, based
on discrete fracture network modeling and microseismic measurements from a hydraulic
fracturing field test.
Typically, conditions underground favor hydraulic fractures that are vertical. (Vertical
fractures result because most rocks at depth experience greater vertical stress than
horizontal stress.) Consequently, the question of the vertical fracture height growth is
important when considering the potential migration of fracture fluid or other reservoir
fluids out of the typically very low-permeability target oil reservoir. Thousands of
microseismic measurements have been conducted in the Barnett, Woodford, Marcellus,
and Eagle Ford shales to characterize hydraulic fractures. Fracture heights have been
investigated over a range of reservoir depths from 1,220 to 4,270 m (4,000 to 14,000
ft) deep, and found that the tallest fractures formed in deeper sections. However, typical
fracture heights are in the range of tens to hundreds of feet (Fisher and Warpinski, 2012).
The maximum recorded fracture height from these reservoirs and the Niobrara shale was
found to be 588 m (1,930 ft) (Davies et al., 2012) (see also Section 5.1.3.2.1). The statistics
of fracture height from these measurements show that the probability of exceeding 350
m (1,150 ft) is about 1% (Davies et al., 2012). Fracture height is limited by a number
of mechanisms, including variability of in situ stress, material property contrasts, weak
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interfaces between layers, and the volume of fracture fluid required to generate extremely
large fracture heights (Fisher and Warpinski, 2012). Finally, the minimum stress at shallow
depths (305 to 610 m or 1,000 to 2,000 ft) is typically in the vertical direction, which
contrasts with the typical minimum stress being horizontal at greater depth. This stress
condition favors a horizontal fracture orientation, which tends to prevent vertical fracture
growth from deeper into shallower depths (Fisher and Warpinski, 2012). Interaction of
hydraulic fracture fluids with faults may also affect fracture height growth. Simulations
of hydraulic-fracturing-induced fault reactivation were conducted by Rutqvist et al.
(2013), who found fault rupture lengths to be less than 100 m (328 ft). Consequently,
in general fault reactivation does not create permeable pathways far beyond the target
reservoir (Flewelling et al., 2013). A fracture design that incorporates these factors into
the selection of operational variables (pressure, injection rate, fluid type, etc.) for the
hydraulic fracture means that fracture height is controllable to a reasonable degree.
Hydraulic fracture development is also affected by neighboring wells, which may undergo
hydraulic fracture treatment at the same or at different times. This typically involves
multiple parallel horizontal wells that are separated by 457 m (1,500 ft) or less (King,
2010). The fracturing can be carried out simultaneously or in sequence. The idea is to
use the change in stress created by neighboring wells and stimulation treatments to alter
fracturing directions and increase complexity in the fractures created. Differences in the
effects of simultaneous and sequential fracturing are not large (King, 2010).
Fracture geometry also depends on other factors not related to rock mechanics per se, in
particular on the magnitude of the stimulation pressure and the fracturing fluid viscosity.
These are discussed in Section 2.3.2, where fracture fluids and operations are presented.
2.3.2 Hydraulic Fracture Fluids and their Effects on Fracture Geometry
The design of a hydraulic fracture requires specification of the type of hydraulic fracture
fluid. While there are many additives used in hydraulic fracture fluids, most of these are
used to mitigate adverse chemical and biological processes. The main property of hydraulic
fracturing fluids that influence the mechanics of fracture generation is the viscosity1. Both
laboratory and field data indicate that low-viscosity fracture fluids tend to create complex
fractures with large fracture-matrix area and narrow fracture apertures—as compared
with higher viscosity fracture fluids, which tend to create simpler fractures with low
fracture-matrix area and wide fracture apertures (Cipolla et al., 2010).
The lowest viscosity fracturing fluid is slickwater, which contains a friction-reducing
additive (typically polyacrylamide) and has a viscosity on the order of 0.004 Pa-s (4 cp
or 8.36 x 10-5 lbf-s/ft2) (about 4 times that of pure water) (Kostenuk and Browne, 2010).

1

Viscosity is a fluid property that quantifies resistance to fluid flow. It takes little effort to stir a cup of water

(viscosity ~ 1 centipoise (cp)), noticeably more effort to stir a cup of olive oil (viscosity ~ 100 cp), and significantly
more effort to stir a cup of honey (viscosity ~ 10,000 cp).
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Gelled fracture fluids generally use guar gum or cellulose polymers to increase viscosity
(King, 2012). Further increases in viscosity can be achieved by adding a cross-linking
agent to the gel that is typically a metal ion, such as in boric acid or zirconium chelates
(Lei and Clark, 2004). The cross-linking binds the gel’s polymer molecules into larger
molecules and that causes an increase in the solution viscosity. Linear gels have viscosities
about 10 times that of slickwater, and cross-linked gels have viscosities that are on the
order of 100 to 1000 times larger (Montgomery, 2013). Fracture fluids energized using
nitrogen and surfactant with linear gels (to create foams) lead to increased viscosity of the
energized fluid over the linear gel, and the viscosity of energized cross-linked gels increase
by factors of 3 to 10 over those not using a cross-linking agent (Ribeiro and Sharma, 2012;
Harris and Heath, 1996). The type of fracture fluid also affects the ability to emplace
proppant (see Section 2.3.3). In particular, cross-linked gels are better for transporting
proppant than slickwater (Lebas et al., 2013). The effective viscosity is also influenced
by the proppant concentration (Montgomery, 2013).
In general fracture length and fracture-network complexity decrease as the viscosity of the
fracturing fluid increases as illustrated on Figure 2-7 (Cipolla, Warpinski, and Mayerhofer,
2010; Rickman, Mullen, Petre, Grieser, and Kundert, 2008). Fracture lengths also increase
with the volume of injected fracture fluid. Flewelling et al. (2013) found that fracture
length could be represented as approximately proportional to fracture height with a
proportionality factor that ranged from 0.5 to 1. Fracture apertures (or widths) are on the
order of a few tenths of an inch (Barree et al., 2005; Bazan, Lattibeaudiere, and Palisch,
2012) and tend to increase with viscosity, rate, and volume of the fluid injected
(Economides et al., 2013).

Figure 2-7. Effects of fracture fluid viscosity on fracture complexity
(modified from Warpinski, Mayerhofer, Vincent, Cippola, and Lolon (2009)).
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The type of fluid used depends on the properties of the reservoir rock, specifically the rock
permeability and brittleness (Cipolla et al., 2010; Rickman et al., 2008). Formations with
higher intrinsic permeability (but still low enough to warrant hydraulic fracturing) are
generally stimulated using a higher-viscosity fracture fluid to create a simpler and wider
fracture (Cipolla et al., 2010). The rationale for this selection is that the fracture is needed
mainly to help move the fluids as they converge closer to the well, but are able to flow
adequately to the fracture farther out in the formation. As reservoir permeability decreases,
the resistance to fluid movement through the unfractured portion of the formation increases.
Therefore, a denser fracture pattern (narrower spacing between the fractures) is needed
to minimize the distance that reservoir fluids must flow in the rock matrix to enter the
hydraulically induced fractures (Economides et al., 2013). This leads to the use of
lower-viscosity fracturing fluids to create more dense (and complex) fracture networks.
The choice of fracture fluid also depends on rock brittleness (Rickman et al., 2008).
Wider fracture apertures are needed as rock brittleness decreases (or as ductility
increases) because of the greater difficulty maintaining fracture permeability after
pressure is withdrawn (Rickman et al., 2008). Therefore, rock permeability and brittleness
both influence the choice of fracturing fluid. Stimulation of natural fractures is also
thought to be critical for effective hydraulic fracture treatment in very low permeability
shales (Warpinski, Mayerhofer, Vincent, Cippola, and Lolon, 2009; Cramer, 2008; Fisher
et al., 2005). Although these characteristics may lead to conflicting requirements for the
fracturing fluid, permeability is often found to be lower in brittle rocks and higher in
ductile rocks (Economides et al., 2013), and natural fractures are usually more prevalent
in brittle rock as compared to ductile rock. Natural fractures in shales can be sealed by
secondary minerals. Such fractures do not have much influence on the natural
permeability, although in some cases can preferentially reactivate during hydraulic
fracturing (Gale and Holder, 2010).
The general trends in fracture fluid types, fluid volumes used, and fracture complexity
as a function of rock properties are shown in Figure 2-8. This figure shows that hydraulic
fracturing in ductile, relatively higher permeability reservoir rock having low natural
fracture density tends to receive a hydraulic fracture treatment using a viscous cross-linked
gel with a relatively low volume of fluid injected but a large concentration and total mass
of proppant. The fracture response in this case tends to produce a simple single fracture
from the well into the rock that has a relatively large aperture filled with proppant. As
rock brittleness and degree of natural fracturing increase, and as permeability decreases,
hydraulic fracturing treatments tend to use a higher-volume, lower viscosity fracture fluid
that carries less proppant. The response of the rock to this fracture treatment is to create
more complex fracture networks in which the fractures have relatively narrower apertures
and a more asymmetric cross-section in the vertical direction as a result of limited
proppant penetration. In short, ductile and more permeable rocks usually receive gel
fracture treatments while more brittle, lower permeability rocks with existing fractures
are more amenable to slickwater fracturing.
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Figure 2-8. General trends in rock characteristics, hydraulic fracture treatment applied,
and hydraulic fracture response (modified from Rickman et al. (2008)).

Fracture fluids may contain several other additives in addition to those already identified.
These include biocides, corrosion inhibitors, clay stabilizers, and polymer breakers
(Kaufman et al., 2008). Example concentrations for slickwater and gelled fracture fluids
are given in 2- 9.
A summary of the various types of additives is given in Table 2-1. In some cases, acids
are injected as a separate pre-flush before injection of the hydraulic fracture pad in order
to clean out the casing perforations, help clean out the pores near the well, and dissolve
minerals, to aid in initiating fractures in the rock (DOE, 2009). More detailed descriptions
of the chemicals used in hydraulic fracturing fluids are given in Section 5.1.2.1.
Recycling of fracture fluid is one way to reduce the amount of water required for hydraulic
fracturing. The principal issue involved is that recycled fracturing fluid develops high
concentrations of dissolved salts that become highly saline brines. One approach has been
the development of more salt-tolerant additives, such as polymers used for slickwater
friction reducers (Paktinat et al., 2011). Other processes are also being developed to aid
in the reuse of fracturing fluids (Ely et al., 2011).
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Figure 2-9. Example compositions of fracture fluids a) Colorado DJ Basin WaterFrac
Formulation – a slickwater fracturing fluid; b) Utah Vertical Gel Frac Formulation –
a cross-linked gel fracturing fluid; c) Pennsylvania FoamFrac Formulation – a gelled nitrogen
foam fracturing fluid (source: Halliburton, 2014). Note: although not stated on the website,
comparisons of these compositions with information on fracture fluid compositions given
on the FracFocus (2014) website indicate these values are percent by mass.
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Table 2-1. Additives to Aqueous Fracture Fluids (NYSDEC, 2011)

Additive Type

Description of Purpose

Examples of Chemicals

Proppant

“Props” open fractures and allows gas / fluids to flow more
freely to the well bore.

Sand [Sintered bauxite;
zirconium oxide; ceramic beads]

Acid

Removes cement and drilling mud from casing perforations
prior to fracturing fluid injection

Hydrochloric acid (HCl, 3% to 28%)
or muriatic acid

Breaker

Reduces the viscosity of the fluid in order to release proppant
into fractures and enhance the recovery of the fracturing fluid.

Peroxydisulfates

Bactericide / Biocide
/ Antibacterial Agent

Inhibits growth of organisms that could produce gases
(particularly hydrogen sulfide) that could contaminate
methane gas. Also prevents the growth of bacteria which can
reduce the ability of the fluid to carry proppant into
the fractures.

Gluteraldehyde; 2,2-dibromo-3nitrilopropionamide

Buffer / pH Adjusting
Agent

Adjusts and controls the pH of the fluid in order to maximize
the effectiveness of other additives such as crosslinkers

Sodium or potassium
carbonate; acetic acid

Clay Stabilizer /
Control /KCl

Prevents swelling and migration of formation clays which
could block pore spaces thereby reducing permeability.

Salts (e.g., tetramethyl ammonium
chloride Potassium chloride (KCl)

Corrosion Inhibitor
(including Oxygen
Scavengers)

Reduces rust formation on steel tubing, well casings, tools,
and tanks (used only in fracturing fluids that contain acid).

Methanol; ammonium bisulfate for
Oxygen Scavengers

Crosslinker

Increases fluid viscosity using phosphate esters combined
with metals. The metals are referred to as crosslinking agents.
The increased fracturing fluid viscosity allows the fluid to carry
more proppant into the fractures.

Potassium hydroxide; borate Salts

Friction Reducer

Allows fracture fluids to be injected at optimum rates and
pressures by minimizing friction.

Sodium acrylate-acrylamide copolymer; polyacrylamide (PAM); petroleum distillates

Gelling Agent

Increases fracturing fluid viscosity, allowing the fluid to carry
more proppant into the fractures.

Guar gum; petroleum distillates

Iron Control

Prevents the precipitation of metal oxides which could plug
off the formation.

Citric acid

Scale Inhibitor

Prevents the precipitation of carbonates and sulfates (calcium
carbonate, calcium sulfate, barium sulfate) which could plug
off the formation.

Ammonium chloride; ethylene Glycol

Solvent

Additive which is soluble in oil, water and acid-based
treatment fluids which is used to control the wettability of
contact surfaces or to prevent or break emulsions

Various aromatic hydrocarbons

Surfactant

Reduces fracturing fluid surface tension thereby aiding
fluid recovery.

Methanol; isopropanol;
ethoxylated alcohol

Alternative fracture fluids are also under investigation. Some of the purposes of alternative
fluids are to reduce water use and to reduce formation-damage effects sometimes caused
by aqueous fracture fluids and by additives such as gels. These alternatives include
supercritical2 CO2 and supercritical CO2-nitrogen mixtures, CO2 foam, nitrogen, liquid
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propane (LPG), and explosive propellant systems (EPS) (Rogala et al., 2013). These
systems generally eliminate or greatly reduce the amount of water involved in fracturing,
with attendant benefits according to Rogala et al. (2013) of elimination or reduction of
• Formation-damage effects associated with water sensitivity;
• Formation damage associated with water and chemical (particularly gels)
remaining in the reservoir;
• Chemical additives and their environmental effects; and
• Flowback waste water disposal.
Despite the advantages from a water perspective, there are several disadvantages
according to Rogala et al. (2013), including,
• Transport and handling of pressurized CO2 with potential for leakage into
the atmosphere;
• Relative difficulty to transport proppant in the fracture, particularly for nitrogen;
• Added problems working with surface pressures/increased injection pressures
for CO2, nitrogen, foams and LPG;
• Risk of explosion with LPG;
• Greater cost except for EPS; and
• Lower fracture lengths for EPS (10 to 50 m).
2.3.3 Proppants
After injecting the hydraulic fracture pad, the proppant is injected in with the hydraulic
fracture fluid. As mentioned, proppants are a solid granular material, such as sand, that
act to keep the fractures from closing after hydraulic fracture fluid pressure is released.
Proppant size and size distribution are key factors affecting the permeability of
proppant-filled fractures. Larger, more uniformly sized proppants result in the greatest
permeability. Proppant grain sizes generally lie in the range of 10-4 to 2 x 10-3 m
(3.28 x 10-4 to 6.56 x 10-3 ft) in diameter (Horiba Scientific, 2014).

2

Supercritical CO2 exists when the temperature and pressure are above the critical temperature (31° C, 88° F)

and critical pressure (7.4 MPa, 1070 psi). Supercritical CO2 is a fluid that has properties between those of a
gas and a liquid.
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In addition to these characteristics, the transportability and strength of the proppant also
affect the ultimate fracture permeability. The ability of the proppant to be transported by
a given fracture fluid depends in part on the proppant size and density. Greater
transportability is desirable because it allows for delivery of proppant deep into the
formation fractures. Proppants that are smaller and have a lower density are more easily
transported (Economides et al., 2013).
Proppant strength is also important. If the closure stress of the fracture exceeds the
compressive strength of the proppant, the proppant grains will be crushed. This reduces
the effective proppant size and thus the permeability of the fracture.
The most common proppant is natural sand that has been sieved to a uniform size class
(Beckwith, 2011). A number of alternative synthetic proppants have been used as well,
including sintered bauxite and ceramics. Ceramic and bauxite proppants can be
manufactured to have different mass densities and compressive strengths, and the size
and shape can be tightly controlled to produce highly uniform grains (Lyle, 2011).
Various types of resin coatings have also been used with all types of proppants, including
sand (Beckwith, 2011). Resin coatings can be pre-cured or curable on the fly. Pre-cured
resin coatings are used to improve proppant strength and to prevent movement of broken
proppant fines. Cureable resin coatings are intended to bond proppant together after
placement to help prevent proppant flowback during the flowback phase of the fracturing
process and during hydrocarbon production (Beckwith, 2011).
The transport of proppant also impacts the choice of hydraulic fracture fluids.
Lower-viscosity fluids are not as capable of delivering proppants and generally are used
with lower proppant concentrations during the proppant-injection phase of the operations.
Higher proppant settling in lower viscosity fluids will tend to deposit proppant in the
lower parts of the fracture as compared with higher viscosity fluids (Cipolla et al., 2010).
This is indicated schematically on the right-hand side of Figure 2-8. Furthermore,
proppant delivery is more problematic in the more complex fracture networks created by
lower-viscosity fracture fluids. Therefore, lower-viscosity fracture fluids are sometimes
replaced after injection of the pad with high-viscosity fluids to more effectively deliver
proppant. The use of two or more different fracture fluids during the same fracturing
event is called a hybrid treatment. Slickwater fracture treatments may only deliver a
sparse amount of proppant, resulting in conductivity dominated by the unpropped fracture
conductivity (Cipolla et al., 2010). The success of such a treatment may hinge on other
factors such as the rock compressive stress varying with direction and the presence of
natural fractures being “self-propped” as a result of shearing of the fracture surfaces
(Cipolla et al., 2010).
2.3.4 Acid Fracturing
An alternative to the use of proppant to maintain fracture conductivity is to inject
hydrochloric acid under fracture pressures. This method is called acid fracturing and is
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only applicable to strongly reactive carbonate reservoir rock types. The acid etches the
faces of the fracture surfaces. The presence of the etched channels allows fractures to
remain permeable even after the fracture-fluid pressure is removed and compressive rock
stress causes the fractures to close (Economides et al., 2013). Acid fracturing is sometimes
preferred in carbonate reservoirs because of the relatively high degree of natural fractures
generally present and the difficulties of placing proppant because of fluid leak-off into
the natural fracture system. Acid fractures generally result in relatively short fractures as
compared with fractures secured with proppant; therefore, it is generally more successful
in higher-permeability formations (Economides et al., 2013).
2.3.5 Completions and Multistage Hydraulic Fracturing
As mentioned, multistage hydraulic fracturing refers to the application of the hydraulic
fracturing process to multiple, hydraulically isolated intervals along the production interval
of the well. Fracturing of a well’s entire production interval at once can result in an
uneven distribution of fractures. Slight variations in rock strength result in the fracturing
fluid flow focused on the weakest rock along the well. The multistage fracturing process
allows for greater control over where fractures are generated and produces a more
uniform distribution of fractures along the production interval.
The conduct of multistage hydraulic fracturing requires that the completion used in the
production interval is capable of stage isolation. The two most common completions used
for multistage hydraulic fracturing are cemented liner and uncemented liner (Snyder and
Seale, 2011). The cemented liner involves installation of the liner and cementing the
annulus following the process discussed in Section 2.2.1.2. For the cemented liner, the
cement isolates the annulus between the liner and the rock for multistage hydraulic
fracturing. An uncemented liner is called an open-hole completion because of the open
annulus outside the liner. However, isolation along the annulus for multi-stage fracturing
can still be obtained through the use of a series of hydraulically set mechanical packers
that are attached to the outside of the liner (Snyder and Seale, 2011). McDaniel and
Rispler (2009) presents a discussion of a wider array of completion configurations for
horizontal wells stimulated by hydraulic fracturing.
Multistage stimulation starts at the far end of the production interval first. For blank
(unperforated) liners, openings in the liner for communication with the rock are generated
using a perforating gun. This device sets off a set of shaped charges. Each shaped charge
shoots a fast-moving jet of metal particles that makes a hole (perforation) that penetrates
the casing, casing cement, and a short distance (~ 0.4 to 0.9 m or 1.31 to 2.95 ft) into
the rock formation (Bell and Cuthill, 2008; Brady and Grace, 2013; Renpu, 2008). The
process of multistage hydraulic fracturing using a perforating gun, called “plug and perf,”
provides the greatest control on placement of fractures. Beginning at the far end of the
production interval where a set of perforations are opened, the fracture fluid (pad and
fracturing fluid/proppant mixture) is injected and fractures the rock. Then a bridge plug
is set that seals off the perforated and fractured segment from the remainder of the

69

Chapter 2: Advanced Well Stimulation Technologies

production interval. The next set of perforations is then opened and fractured. This is
repeated along the entire production interval (Snyder and Seale, 2011). After all stages
have been fractured, the bridge plugs are drilled out to conduct flowback and oil production.
Perforation patterns are typically shot in clusters separated by 10.7 to 22.9 m (35 to 75 ft)
or more (King, 2010). Each cluster is 0.305 to 0.71 m (1 to 2 ft) in length with about 20
perforations per meter (6 perforations per foot). The idea of a cluster is to initiate one
main fracture from each cluster; the multiple perforations within a cluster help to find the
easiest fracture initiation point. With the narrow spacing between perforations in a cluster,
only one fracture will grow, because of the effects of the fracture on the local stress field
that tend to suppress any other fractures trying to emerge from the cluster (King, 2010).
For a typical stage interval of 61 or 91.4 m (200 or 300 ft), this results in about 4 to 7
clusters per stage. The plug and perf and sliding sleeve completions for a horizontal lateral
are shown in Figure 2-10.

Figure 2-10. Horizontal well completion. a) plug and perf ; b) sliding sleeve
(source: Allison (2012))
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Open-hole completions can also be accomplished using a sliding-sleeve liner which has
pre-set ports that can be opened by size-specific actuator balls (Snyder and Seale, 2011).
Multistage fracturing is conducted by dropping a series of actuator balls for each fracturing
stage that simultaneously opens the pre-set ports in the uncemented liner and also seals
off the far end of the production interval. After performing the fracturing operation, the
next actuator ball is dropped and the next section is fractured. This is repeated along the
entire production interval (Snyder and Seale, 2011). The actuator balls, which act like
check valves, are recovered during the flowback phase after all stages have been fractured.
Even more complex sliding sleeve liners can be used in which each sliding sleeve can be
individually opened or closed from the surface through remote hydraulic actuators.
2.3.6 Fracturing Fluid Flowback
As mentioned, flowback is the fourth phase of a hydraulic fracturing operation. The
flowback rates are typically high (0.00795 to 0.0159 m3/s, equivalent to 3 to 6 bbl/min)
initially because of the high-pressure charge just delivered to the reservoir. However, these
rates typically decrease quickly to less than 0.00265 m3/s (1 bbl/min) after 24 hours, and
to 0.0002 to 0.002 m3/s (100 to 1,000 bbl/day or 4,600 to 46,000 gallons/day) after 2 or
3 weeks (King, 2012).
Natural formation brines get mixed with the recovered fracturing fluid and affect the
composition of the flowback fluid. The natural formation waters of petroleum reservoirs
often contain high levels of dissolved solids, organic components from contact with in situ
hydrocarbons, and frequently higher levels of naturally occurring radioactive materials
(NORM). The concentrations of dissolved solids, organics, and radioactive materials
can be high because of dissolution of these constituents into the formation water during
prolonged contact with rock and hydrocarbon (Guerra, Dahm, and Dundorf, 2011;
Zielinski and Otton, 1999). These aspects are discussed in greater detail in Section 5.1.2.5.
Very few well-documented cases of detailed flowback rates and composition have been
found. One of the more detailed analyses of flowback rates and composition that has
been identified is for the Marcellus shale in Pennsylvania, an unconventional gas resource
(Hayes, 2009). The flowback rate and total dissolved solids concentration for a particular
case are shown in Figure 2-11. The input fracturing-fluid total-dissolved-solids composition
ranges from 221 to 27,800 ppm, where higher levels may be due to recycling of fracturing
fluid. The rapid increase in total dissolved solids during flowback indicates that a
substantial amount of formation brine is mixing with fracturing fluid in the flowback
stream after a few days of flowback (Haluszczak, Rose, and Kump, 2013). Another
mechanism that can increase the salinity of the flowback is the dissolution of salt or
other minerals from the formation into the fracturing fluid (Blauch, Myers, Moore,
Lipinski, and Houston, 2009). See Section 5.1.2.5.1 for further discussion.
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Figure 2-11. Example of flowback rates and totals dissolved solids composition
from the Marcellus shale (source: Hayes, 2009).

2.3.7 Hydraulic Fracturing Process: Examples from the Bakken and Eagle Ford Plays
This discussion of the different phases of the hydraulic fracturing process will include
examples of fracturing conducted in the Bakken and Eagle Ford plays. These
unconventional reservoirs are considered analogous to shale reservoirs in California’s
Monterey Formation (described in detail in Section 4) because they compare favorably
in terms of total organic content, depth, porosity, and permeability. However, there are
significant differences in terms of depositional age, extent of natural fracturing, tendency
towards great thickness, multiple lithofacies, tectonic activity, and folding (Beckwith,
2013). Section 3 discusses differences between hydraulic fracturing operations as currently
implemented in California with hydraulic fracturing for unconventional shale reservoirs
such as the Bakken and Eagle Ford.
As mentioned, the Bakken play is located in the Williston Basin in North Dakota, Montana,
and Canada (Pearson et al., 2013). The upper and lower members of the Bakken are
shales that are source rocks for oil. The middle member is the most frequent production
target: It is a silty sandstone to silty dolomite, with permeability in the range of 0.1 md
(9.87 x 10-17 m2 or 1.06 x 10-15 ft2), and in North Dakota is found at depths of about 3,050
m (10,000 ft) (Pearson et al., 2013; Wiley, Barree, Eberhard, and Lantz, 2004). Production
wells in the Bakken shale are typically horizontal wells with long laterals ranging from
2,290 to 2,900 m (7,500 to 9,500 ft) and use open-hole (uncemented) blank or sliding
sleeve liners in the production interval (Pearson et al., 2013). A comparison of fracture
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fluid volumes used within the middle Bakken member, shown in Table 2-2, found that
slickwater fracture operations used about three times more fluid per length of lateral
than wells using a hybrid method, and about four times more than wells employing a
cross-linked gel (Pearson et al., 2013). This is in accord with the relationship between
fracturing fluid type and volume shown on Figure 2-8.
Table 2-2. Variations in fluid volume and proppant use with treatment type
(Pearson et al., 2013)

Treatment type

Average number Average stage
of stages
spacing (m (ft))

Average fluid volume
per lateral foot (m3/m
(bbl/ft))

Average proppant weight per
lateral length (kg/m (lbs/ft))

Slickwater

35

84.4 (277)

13.2 (25.3)

613 (412)

Hybrid

26

112.2 (368)

3.91 (7.5)

420 (282)

Cross-linked gel

29

103.3 (339)

3.44 (6.6)

570 (383)

The Eagle Ford play is composed of interbedded calcareous shale and calcisiltite (a rock
consisting of fine-grained calcareous detritus), and massive calcareous shale or mudstone
(Smith, 1981). The Eagle Ford play ranges in depth from 762 to 4,270 m (2,500 feet to
14,000 ft). Different parts of the play produce either oil and liquid-rich hydrocarbons or
mainly gas (Stegent et al., 2010). The permeability of the Eagle Ford ranges from 1 to 800
nanodarcies (nd, which is 10-9 darcies) (9.87 x 10-22 m2 to 7.9 x 10-19 m2 or 1.06 x 10-20
ft2 to 7.9 x 10-19 ft2). Production wells in the Eagle Ford more commonly used cemented
blank liners with plug and perf completions (Greenberg, 2012). In the example discussed
below, the horizontal well has a true vertical depth of 4,040 m (13,250 ft) with a
lateral length of 1,160 m (3,800 ft), and produces at a high liquid/gas ratio (Stegent
et al., 2010).
While acid preflush treatments have not been identified in examples from the Bakken
play, Stegent et al. (2010) reported the use of 19.1 m3 (674 ft3 or 5,040 gallons) of 15%
HCl for several Eagle Ford play horizontal wells prior to injecting fracture fluids for each
stage. Examples from the Bakken and Eagle Ford use pad volumes that are about 20% to
30% of the total fluid injected (Wiley et al., 2004; Stegent et al., 2010). In the case of the
Eagle Ford example, a hybrid fracture fluid scheme is used in which a linear gel alternating
with a cross-linked gel is used as the pad and a cross-linked gel is used to carry proppant
(Stegent et al., 2010). Furthermore, alternating injections of proppant-laden fluid with the
pad fluids are used to transition to a final period of extended proppant injection. Pearson
et al. (2013) report on the use of slickwater, cross-linked gel, and hybrid fracturing fluids
for the Bakken shale. Hlidek and Rieb (2011) indicate an increase in the use of linear gel
pad and a cross-linked gel for proppant injection.
The proppant injection stage constitutes the bulk of the remaining fluid injected for
hydraulic fracturing. The final stage ends with a 37.9 m3 (10,000 gallons) or less overflush
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of fracture fluid without proppant to clear proppant from the well and perforations.
The entire injection profiles for the example cases from the Bakken and Eagle Ford plays
are shown in Figures 2-12 and 2-13, respectively.

Figure 2-12. Slickwater fluid and ceramic proppant injection profile for the Bakken Shale
example (a) Cumulative fluid injection and injection rate; (b) Cumulative proppant injected
and proppant concentration (taken from Pearson et al., 2013, Figure 14).

Figure 2-13. Hybrid fluid and sand proppant injection profile for the Eagle Ford Shale example
(a) Cumulative fluid injection and injection rate [fluid type initially a linear gel followed by
15% HCl and then by alternating pulses of x-link gel and linear gel, x-link used exclusively
from 95 minutes to the end]; (b) Cumulative proppant injected and proppant concentration
[proppant mesh size 30/50 initially until 124 minutes and then 20/40 until the end]
(Stegent et al., 2010). Note: about 60% of the 20/40 sand was a resin-coated proppant
(Stegent et al., 2010).

In the case of the Bakken example, there were up to 30 stages per well for a 2,900-m
(9,500-ft) lateral. For the Eagle Ford example, a 1,160-m (3,800-ft) lateral was treated
with 11 stages. Therefore, the total fluid usage per well for the Bakken in this example is
about 29,900 m3 (1.06 x 106 ft3 or 7.9 million gallons), as compared to about 12,500 m3
(441,000 ft3 or 3.3 million gallons) for the Eagle Ford case.
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Based on the number of stages and lateral lengths, the average stage lengths in the two
examples were about the same, with a length of 97 m (318 ft) for the Bakken and 105 m
(344 ft) for the Eagle Ford. So the volume of fracturing fluid per well length is a bit higher
in the Eagle Ford example (10.9 m3/m or 881 gallons/ft [gpf]) than the Bakken example
(10.2 m3/m or 824 gpf). The higher fluid volume for the Eagle Ford as compared with the
Bakken is consistent with the trend in Figure 2-8 given the lower permeability in the Eagle
Ford. However, the much higher permeability in the Bakken than the Eagle Ford suggests
there should be a larger difference in fracturing fluid volume. The small difference in
fluid volume may result from the choice of fracture fluid not following the trend for
permeability in Figure 2-8. The lower permeability of the Eagle Ford suggests that
slickwater would be more likely to be used in that play and a gelled fracture fluid in the
Bakken instead of the reverse, as was actually done. It may be that the difference in
brittleness between the Bakken and Eagle Ford is a more important control on fluid
selection than is permeability. These examples suggest the trends in Figure 2-8 may only
be true on average, and that individual cases may deviate substantially.
After fracture fluid injection, the well is produced to remove the fracture fluids (but not
the proppant). The flowback fluids are initially similar to the injected fracture fluids but
gradually are displaced until aqueous-phase fluid compositions are controlled by the
aqueous phase present in the reservoir, typically a higher-salinity fluid. The amount of
fracture-fluid recovery varies considerably for different reservoirs and generally ranges
between 5% and 50% of the injected volume (King, 2012). However, many of the
fracture-fluid additives are not recovered because of sorption or are perhaps recovered
as products of chemical reactions that occur in the reservoir. Polymers, biocides, and
acids react and degrade under in situ reservoir conditions, and surfactants are adsorbed
on rock surfaces.
2.4 Matrix Acidizing
Matrix acidizing is the oldest well stimulation method, with the first matrix acidizing
treatment performed on carbonate formations near Lima, Ohio in 1895 (Kalfayan, 2008).
Matrix acidizing may be distinguished from acid fracturing discussed in Section 2.3.4, in
that the acid solution is injected below the parting pressure of the formation; therefore,
hydraulic fractures are not created by matrix acidizing (Kalfayan, 2008).
The modern application of matrix acidizing is split into two broad categories: carbonate
acidizing and sandstone acidizing. Hydrochloric acid (HCl) is very effective at dissolving
carbonate minerals. For that reason, carbonate acidizing utilizes concentrated HCl
injected into the formation to create wormholes that bypass formation damage around the
well. However, because wormholes can penetrate up to 6.1 m (20 ft) from the wellbore,
carbonate acidizing may also be used to stimulate carbonate formations that do not have
significant formation damage around the well (Economides et al., 2013).
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Sandstone acidizing utilizes alternating treatments of concentrated HCl and concentrated
mixtures of HCl and hydrofluoric acid (HF), which are effective at dissolving silicate
minerals. This type of acidizing treatment dissolves materials (such as drilling mud) that
clog the casing perforations and pore networks of the near-wellbore formation. Sandstone
acidizing is nearly always limited to treatment of formation damage within one or two
feet of the well. The main exception to the limited range of treatment for sandstone
acidizing is for naturally fractured siliceous formations, including shales and cherts
(Kalfayan, 2008).
Matrix acidizing is not commonly used for stimulation of unconventional reservoirs.
This is because these low-permeability reservoirs require the more deeply penetrating
and intensive stimulation available from hydraulic fracturing to effectively produce oil
or gas. A unique exception that has been identified is the use of sandstone acidizing
stimulation to enhance oil production from a producing field in the Monterey Formation
in California (Rowe, Hurkmans, and Jones, 2004; Trehan, Jones, and Haney, 2012; El
Shaari, Minner, and Lafollette, 2011). Therefore, the remainder of this section will focus
on sandstone acidizing.
2.4.1 Sandstone Acidizing
Sandstone acidizing typically consists of three injection phases: (1) an initial injection of
HCl preflush; (2) injection of an HCl/HF mixture; and (3) a post-flush of diesel, brine, or
HCl. After the injection phases the well is flowed back (Economides et al., 2013). The
injection phases are conducted below the fracture pressure. Acid concentrations are
dependent on formation mineralogy and permeability. The preflush HCl concentrations
typically vary from 5% to 15%, while the HCl/HF mixture may have HCl concentrations
from about 13.5% down to 3% and HF from 3% down to 0.5% in various combinations
(Kalfayan, 2008). In general, higher permeability formations with lower clay and silt
content are treated with higher acid concentrations (Economides et al., 2013).
The purpose of the HCl preflush is to dissolve carbonate minerals and displace formation
water. Carbonate minerals react with HF to form insoluble precipitates that can cause
formation damage. Organic acids, such as formic-acetic acid blends, are sometimes used
alone or in combination with HCl for the preflush (Kalfayan, 2008). The preflush volumes
are generally equal to 50 to 100% of the subsequent HCl/HF treatment volume.
The HCl/HF acid treatment is the main acid stage for sandstone acidizing. This acid
targets siliceous minerals that are blocking flow paths to the well. These minerals may be
siliceous particles from drilling mud, such as bentonite, that have invaded and blocked
pores and fractures, or naturally occurring fine-grained sediments in the reservior. The
contact time should be limited to 2 to 4 hours per stage to avoid mineral precipitation
damage caused by HF reaction products.
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Volumes injected generally range from 0.124 to 3.1 m3/m (10 to 250 gpf) of treated
interval (Kalfayan, 2008). Injection rates are also important because of the reaction-rate
kinetics, both for mineral dissolution and precipitation, the transport times for the acid
to penetrate the formation, and because the injection pressure needs to remain below the
fracture pressure (Economides et al., 2013). High-volume, high-rate treatments are
typically limited to high-permeability, high-quartz content sands and fractured rock,
including shales.
Sandstone acidizing is normally used only when formation damage near the well is
impeding flow into the well. This is because penetration of a sandstone acidizing treatment
into the formation is generally limited to about 0.3 m (1 foot). The maximum benefit of
enhancing permeability in this limited region around the well for an undamaged formation
is only about 20% (Economides at al., 2013). However, there is much less known about
sandstone acidizing in siliceous reservoirs with permeable natural fractures, such as in
some parts of the Monterey Formation (Kalfayan, 2008). In these circumstances, sandstone
acidizing may be able to penetrate and remove natural or drilling-induced blockage in
fractures deeper into the formation (Rowe et al., 2004; Patton, Pits, Goeres, and Hertfelder,
2003; Kalfayan, 2008). Kalfayan (2008) indicates that HCl/HF acidizing in naturally
fractured siliceous rock uses high volumes > 1.24 m3/m (> 100 gpf). However, both low
volume 0.248 m3/m (20 gal/ft) and higher volume 3.1 m3/m (250 gal/ft) HCl/HF
treatments in fractured Monterey reservoirs have been reported (Patton, et al., 2003;
Rowe et al., 2004).
The post-treatment flush displaces any live acid from the well and may be done with
diesel, ammonium chloride solutions, and HCl (Economides et al., 2013). The volume of
the post-flush should at least be sufficient to displace acid from the wellbore. After the
injection phases are completed, the well is typically flowed back to recover spent-acidreaction products to minimize damage caused by precipitation.
2.4.1.1 Sandstone Acidizing Fluid Composition
Similar to hydraulic fracturing fluids, a number of additives are generally included in the
acid treatment fluids. In particular, corrosion inhibitors and iron control agents are always
used. Corrosion inhibitors are needed to protect steel components in the well, such as the
casing and tubing. Iron control agents react with dissolved iron and other dissolved
metals to limit solids precipitation. Surfactants and mutual solvents are also often used,
but not in all cases. Surfactants are needed to enhance the removal of spent acid during
the backflow and to leave the formation in a water-wet condition (meaning water
adheres to the rock more strongly than oil). Mutual solvents have been found to be useful
in helping remove corrosion inhibitors that tend to adsorb onto rock and leave it in an
oil-wet condition (meaning oil adheres to the rock more strongly than oil, which reduces
oil production). Table 2-5 gives further information on these and other additives that are
used in some cases.
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Table 2-3. Sandstone acidizing additives (Kalfayan, 2008)

Additive type

Description of purpose

Examples of chemicals

Injection
phase used

Typical concentration
range

corrosion inhibitor

prevent corrosion of metallic well components

cationic polymers

all injection
phases

0.1 – 2%

iron control agent

inhibit precipitation of
iron, prevention of sludge
formation

ethylenediaminetetraacetic
acid (EDTA), erythorbic acid,
nitrilotriacetic acid (NTA),
citric acid

all acid phases

EDTA: 30-60*
erythorbic acid: 10100* NTA: 25-350*
citric acid: 25-200*

surfactant

aid in recovery of spent
acid products

nonionic, such as polyethylene
oxide and polypropylene oxide

all acid phases

0.1-0.4%

mutual solvent

help remove corrosion
inhibitors

ethylene glycol monobutyl
ether (EGMBE)

post-flush

3-5%

nonemulsifiers

prevent acid-oil emulsions

nonionic or cationic surfactant

all acid phases

0.1-0.5%

antisludging agent

prevents formation of
sludge from acid and high
asphaltenic oils

surfactant and iron
control agents

all acid phases

0.1-1%

clay stabilizer

prevent migration/ swelling
of clays

Polyquaternary amines,
polyamines

post-flush

0.1-0.4%

fines-stabilizing
agent

prevent migration of
non-clay fines

organosilanes

all phases

0.5-1%

calcium carbonate
/ calcium sulfate
scale inhibitor

prevent formation of
calcium scale

phosphonates, sulfonates,
polyacrylates

all acid phases

NA

friction reducer

reduce pipe friction

polyacrylamide

all injection
phases

0.1-0.3%

acetic acid

reduce precipitation of
aluminosilicates

acetic acid

HCl/HF phase

3%

* pounds per thousand gallons of acid

2.4.1.2 Diversion
Placement of acid is an important element for effective sandstone acidizing. This is
because the acid tends to flow into formation pathways that are most permeable. This is
problematic, because acidizing treatments are generally intended to contact and improve
the permeability of zones that are plugged and have a low permeability. Therefore,
methods to divert acidizing treatments away from permeable zones and into the
low-permeability zones are needed (Economides et al., 2013).
The main diversion methods are mechanical, including packer systems, ball sealants,
and coiled tubing, and chemical, including particulate diverters, foams, and gels. Direct
mechanical diversion is provided by packers which isolate the zones where the acid contacts
the formation. Packers are an effective but somewhat resource-intensive diversion method.
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Ball sealers are also a mechanical diversion method that injects 0.0159 to 0.0318
m (0.0512 to 0.104 ft) diameter balls made of nylon, hard rubber, or bio-degradable
materials such as collagen, into the well (Kalfayan, 2008). The balls seat on and seal
perforations, preferentially closing perforations that are taking most of the flow, thereby
diverting flow to other perforations (Samuel and Sengul, 2003). The method requires high
pumping rates and perforations that are in good condition to be effective. Coiled tubing
is another mechanical diversion method. Coiled tubing is any continuously-milled tubular
product manufactured in lengths that require spooling onto a take-up reel and have
diameters ranging from 0.0191 to 0.102 m (0.0625 to 0.333 ft) (ICoTA, 2014). The
tubing is sent down the well to the location where treatment is desired, and the treatment
fluids are pumped through the tubing. The method is effective at delivering fluids at
locations needed, but can result in pump-rate limitations because of the small tubing
diameter, and the tubing can be damaged by acid corrosion causing leaks and tubing
failure (Kalfayan, 2008).
Particulate diverters are a chemical diversion technique that uses benzoic acid, which
precipitates into flakes or fines when the acid solution mixes with formation waters at
reservoir conditions. The particulates then plug off the more actively flowing zones, and
the acid treatment is diverted to locations where less of the diverting agent has been
deposited. Gels and foams are viscous diversion treatments that reduce flow into higher
permeability zones by the establishment of a bank of higher viscosity fluid in the region.
Gels are more reliable, but can lead to problems if they cannot be subsequently broken
and/or removed after the acidizing treatment (Kalfayan, 2008).
A final method that is applicable for high-rate injection schemes is known as maximum
pressure differential and injection rate (MAPDIR) (Paccaloni, 1995). A similar approach is
also used for carbonate acidizing (Economides et al., 2013). This method pumps the acid
treatments at the highest rate possible without exceeding the formation fracture pressure.
One of the advantages of this method is that diverting agents may not be needed. The
method is useful for treating long, damaged, naturally fractured intervals.
2.5 Main Findings
The main findings of this section that are used in subsequent sections that evaluate
hydraulic fracturing in California are the following:
(1) The design of a hydraulic fracture is a function of the reservoir’s flow and mechanical
characteristics. Reservoirs that are more permeable (within the permeability range where
well stimulation is needed) and ductile tend to require less intensive fracturing. This leads
to the use of a more viscous gelled fracturing fluid and a relatively smaller fracture fluid
volume. Gelled fluids typically have more types and a higher total mass of chemical
additives than slickwater. Reservoirs that have relatively low permeability and are brittle
tend to require more intensive fracturing. This leads to the use of a less viscous slickwater
fluid and a relatively larger fluid volume injected.
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(2) Acid fracturing is commonly limited in application to carbonate reservoirs. This is
significant because California’s oil resources are primarily found in siliceous rock rather
than carbonate rock as shown in Section 3.
(3) Matrix acidizing for siliceous reservoirs typically has a very limited penetration
distance from the well into the formation. Therefore, this type of matrix acidizing tends to
have a small effect on larger-scale reservoir permeability, with the possible exception of
reservoirs where permeable natural fractures are present.
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This chapter reviews the application of each of the three well stimulation technologies
(WST) described in Chapter 2 for onshore oil production in California, and includes
a review of the history of each technology’s application, estimates of current deployment
rates for each technology and the stimulation-fluid volumes and types typically utilized
in California.
Hydraulic fracturing has been applied in numerous onshore oil fields in California for
decades, starting in 1953. Intensive use of the technique commenced in the late 1970s
and early 1980s. This was shortly before oil production in the state peaked (California
Division of Oil, Gas, and Geothermal Resources (DOGGR) 2010). Data indicate hydraulic
fracturing of 100 to 150 wells per month is a reasonable estimate of current activity. This
amount of activity is the same as was occurring in the years prior to the recent recession.
Most hydraulic fracturing currently occurs primarily in a few fields in the southwestern
portion of the San Joaquin Valley in Kern County. In contrast to hydraulic fracturing
predominantly of horizontal wells in the low-permeability Eagle Ford reservoir in Texas
and Bakken in North Dakota, hydraulic fracturing of reservoirs in California occurs
primarily in vertical wells requiring correspondingly smaller volumes of hydraulic fracturing
fluid. This is in part because vertical wells have shorter treatment intervals than horizontal
wells. It is also in part because gel, predominantly cross-linked, is used almost exclusively
in California as compared to less viscous gels and slickwater in the other locations.
The volumes per treatment length of less viscous fluids are typically up to several times
the volumes used of cross-linked gel.
Based on available data, matrix acidizing has occurred in just a few fields, and more
recently in just one field. A few tens of wells per month may be matrix acidized using
combinations of hydrochloric and hydrofluoric acid. Recent data indicate all of this
activity occurs in one field in the southwestern portion of the San Joaquin Valley in Kern
County. The average acidizing fluid volume per well is a third to a fifth of the average
hydraulic fracturing fluid volume in California. However, the average fluid volume per
length of well treated is one half to two thirds of that used for hydraulic fracturing.

87

Chapter 3: Historic and Current Application of Well stimulation Technology in California

Acid fracturing generally uses hydrochloric acid in carbonate reservoirs, of which there are
few in California. Those that do occur tend to be naturally fractured and no record of the
use of acid fracturing in these reservoirs was identified. There is a recent record of acid
fracturing of three wells using a hydrochloric and hydrofluoric acid combination. These
are located in the same field as all recent matrix acidizing activity. The total fluid volume
per well is similar to that for hydraulic fracturing, but the fluid volume per length of well
treated implied by the available data is less than half that for matrix acidizing and a third
to a fourth of that for hydraulic fracturing.
Section 2 explains that horizontal drilling technology is integral to hydraulic fracturing
practice in many locations. Consequently, this section begins by considering the application
of horizontal wells in California. The combination of horizontal wells and hydraulic
fracturing in unconventional plays like the Eagle Ford and Bakken (primarily in Texas and
North Dakota, respectively) has provided for economic development of those resources.
However, horizontal wells can be used with or without well stimulation, as discussed in
the next section. Discussion of horizontal wells is followed by discussion of well stimulation
history and practice in California.
3.1 Horizontal Wells
In California, horizontal wells are used with and without well stimulation. This section
discusses the historic application of horizontal wells without well stimulation followed by
an assessment of recent horizontal well installation activity. Historic and recent stimulation
of horizontal wells is discussed in Section 3.2 regarding hydraulic fracturing.
3.1.1 Historical Horizontal Well Utilization
The first horizontal-well-drilling technology was developed in the 1920s, but the immaturity
of the technology led to only periodic use until the mid-1980s. By that time, the technology
had been sufficiently developed such that the number of horizontal well installations for
onshore oil production increased until the 1990s, when they became common (Ellis et
al., 2000). Many thousands of horizontal wells had been installed in the United States by
the mid-1990s (Joshi and Ding, 1996). The following is a review of the use of horizontal
wells in California. Note that all of the fields mentioned in the discussion are located in
the mid- to southern San Joaquin Valley.
Horizontal wells of a sort were drilled in the Kern River field in the early 1980s, but
horizontal drilling technology had not yet reached maturity (Dietrich, 1988). Rather than
advancing the horizontal lateral by turning a boring from vertical (as described in Section
2.2.2), the horizontal borings were drilled straight out in eight equiangular directions
from within a large shaft excavated in the field. Production from these wells was below
anticipated, and operation of the installation ended after recovering an additional 2.5%
of the oil in place.
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Horizontal wells as described in Section 2.2.2 have a number of applications in oil
production (Ellis et al., 2000). They can have greater contact area with the petroleumcontaining reservoir in near-horizontal layered geologic systems. In thinner reservoirs,
vertical wells may not produce a volume of oil sufficient to make the well economic due
to the short contact length between the well and the reservoir. Horizontal wells may be
economic in these situations because they have a longer contact length with the reservoir,
and so may produce a volume of oil that is sufficiently larger to make the horizontal well
economic. Horizontal wells can also more readily intersect more natural fractures in the
reservoir that may conduct oil, owing not only to their intersecting more of the reservoir
than a vertical well, but also because fractures are typically perpendicular to rock strata,
and so are nearly vertical in near-horizontal strata.
Horizontal wells can parallel water-oil or oil-gas contacts and so can be positioned along
their length to produce more oil, without drawing in water or gas, than is possible from
a vertical well. Due to their orientation parallel to geologic strata, horizontal wells can
improve sweep efficiency during secondary or tertiary oil recovery, which involves the
injection of other fluids, such as steam, to mobilize oil to a production well. A horizontal
well also provides for more uniform injection to a particular stratum. On the production
side, a horizontal well provides a more thorough interception of the oil mobilized by the
injection. Vertical wells are more readily bypassed by mobilized oil due to variation in
the permeability of the reservoir rock. Similar to being better positioned to intercept oil
mobilized by injection, horizontal wells are also better positioned to intercept oil draining
by gravity through a reservoir.
In California, horizontal wells have been used to access thin reservoirs, provide a more
uniform distribution of steam injected to mobilize viscous oil, and better intercept oil
draining by gravity. An example of a thin reservoir development is the installation of a
horizontal well in a Stevens Sand layer of the Yowlumne field— a layer too thin to be
developed economically using vertical wells. It was completed in 1991 at a true depth of
over 3400 m (11,200 ft) with a 687 m (2,252 ft) lateral. The well tripled the production
rate from the previous vertical wells in the reservoir (Marino and Shultz, 1992).
The use of horizontal wells for the second purpose, to improve the efficiency of steam
injection for oil recovery began in the early 1990s. Steam injection reduces the viscosity of
highly viscous oil, allowing it to flow more readily to production wells. For example three
horizontal wells were installed in 45° dipping (tilted) units with a long history of steam
injection in the Midway Sunset field. Two of the wells were installed with 121 m (400 ft)
sloping laterals. They produced a volume of oil two to three times that of the nearby
vertical wells, but these horizontal wells cost two to three times as much as vertical wells
and so did not provide an economic benefit. A third horizontal well with a longer horizontal
lateral of 213 m (700 ft) produced six times more oil than nearby vertical wells and so
was more economically successful (Carpenter and Dazet, 1992).
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Horizontal wells were also installed in a shallow, tilted (dipping) geologic bed in the
Coalinga field in the early 1990s. Steam injection with oil production via vertical wells
started in this zone in the late 1980s. The horizontal wells were installed in the same
reservoir but deeper along the tilted bed. The wells were initially operated with steam
cycling. This process entails injecting steam for a period, then closing the well to let the
steam continue to heat the oil and reservoir, then opening the well and producing oil.
However, the increase in production resulting from steam cycling was lower than expected.
Vertical wells for continuous steam injection were subsequently installed shallower along
the tilted bed from the horizontal wells. This resulted in a large sustained production
rate that justified the horizontal wells, which led to considering further opportunities for
installing horizontal wells in the Coalinga field (Huff, 1995).
By the late 1990s, horizontal well installation projects for production of shallow oil, using
vertical steam injectors, involved tens of wells each. Nearly a hundred horizontal wells
were installed in shallow sands containing heavy (viscous) oil in the Cymric and McKittrick
fields from the late 1990s to early 2000s. These wells were installed in association with
vertical wells that injected steam to reduce the viscosity of the oil by heating, allowing it
to flow to the horizontal wells. The wells were installed in phases, allowing optimization
with each phase that reduced the cost per well by 45% by the last phase (Cline and
Basham, 2002). By the late 2000s and early 2010s, installation programs in reservoirs
with steam injection involved as many as hundreds of wells. For instance, over 400
horizontal wells were installed in the Kern River field between 2007 and 2013, targeting
zones identified with low oil recovery to date. These wells provided a quarter of the field’s
daily production (McNaboe and Shotts, 2013).
The third application of horizontal wells in California is for more efficient production of
oil by gravity drainage. A prominent example of this is the installation of horizontal wells
in a steeply dipping (60° from horizontal) sandstone reservoir in the Elk Hills field.
Pressure to produce oil from this zone was maintained by injection of natural gas updip in
the reservoir. The position of the gas-oil contact grew deeper as oil production proceeded.
Production from vertical wells in the oil zone was reduced to limit the amount of overlying
gas they drew in, which then had to be re-injected. The wells were also reconfigured
periodically to move the top of the interval from which they produced to greater depths
(Mut et al., 1996).
The first horizontal well in this reservoir was installed in Elk Hills in 1988; the second
in 1990. The wells’ laterals were installed 12 m (40 ft) above the oil-water contact and
about 76 m (250 ft) downdip of the gas-oil contact. This allowed production rates multiple
times that from the adjacent vertical wells without drawing in the overlying gas or water
from below. Production was also more constant over time compared to the necessarily
declining rates from the vertical wells (Gangle et al., 1991); production from one of the
first two wells remained constant for at least five years (Gangle et al., 1991). Given the
successful production from these wells, another 16 had been installed by early 1995
(Mut et al., 1996).
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3.1.2 Recent Horizontal Well Installation
The GIS data files made available by DOGGR regarding oil, gas, and geothermal wells
in California (DOGGR, 2014a) include the county and field in which the well is located,
the date drilling was initiated, and whether the well was vertical (listed as “not directional”
in the file), directional, horizontal, or had an unknown path. Review of a sample of
recent well records available from DOGGR for directionally drilled wells indicates they
are typically near-vertical in the reservoir, with the directional drilling employed primarily
to offset (shift) where the well encounters the reservoir relative to the point from which
it is drilled.
Of the more than 5247 wells with a drilling initiation date in 2012 or 2013, 85% list the
type of well path. A total of 315 of these wells are listed as horizontal, which is 7% of
the wells with a known path. Over 91% of the wells identified as horizontal are located in
Kern County, and 68% are in the fields discussed in this section or indicated as having
horizontal wells in Section 3.2.1 (on the history of hydraulic fracturing). The Kern River
field alone contained 47% of the wells identified as horizontal. All but three of the
horizontal wells—over 99%—were in pre-existing fields as defined by DOGGR. The three
outside pre-existing fields were in Kern County. So in sum, a small percentage of recently
installed wells in California are horizontal, the vast majority of these are in Kern County,
and almost all are in pre-existing oil fields rather than in new development areas.
3.2 Hydraulic Fracturing
3.2.1 Historical Use of Hydraulic Fracturing
The earliest fracturing reported in California dates back to 1953 in the Cymric field of the
San Joaquin basin—according to DOGGR (1998) — and in the Brea-Olinda and Esperanza
fields in the Los Angeles basin—according to Ghauri (1960). The technique was applied
in other fields, such as the Buena Vista, Sespe, and Holser fields, in the following decades
(Erickson and Kumataka, 1977; Norton and Hoffman, 1982). This early fracturing was
accomplished with water- and oil-based fluids, both gelled and ungelled (Ghauri, 1960;
Erickson and Kumataka, 1977). Ungelled, oil-based fluids provided the best results
(Erickson and Kumataka, 1977; Norton and Hoffman, 1982). These applications were
typically in low-permeability sandstone to shale (Ghauri, 1960; Erickson and Kumataka,
1977; Norton and Hoffman, 1982).
The first reported hydraulic fracturing of diatomite in California occurred in the late
1960s. Diatomite is a high-porosity, low-permeability rock consisting primarily of siliceous
matter from diatoms, a type of marine algae. It is a reservoir rock containing oil in some
fields (see more information in Section 4). Multistage fracturing from vertical wells
successfully treated a 230 m (750 ft) vertical interval of diatomite in the Lost Hills field.
Oil production increased relative to untreated wells, but only for two months. The increase
was insufficient for the treatments to be economic (Yarbrough et al., 1969). Further
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development of the technique in the diatomite led to its economically viable application
by the late 1970s (Emanuele et al., 1998). Hydraulic fracturing of the diatomite in the San
Joaquin Valley became relatively standardized within companies in the following decades,
but practice varied from company to company (Allan et al., 2010).
The first successful production resulting from hydraulic fracturing in diatomite at the
South Belridge field occurred in 1977 (Allan et al., 2010). By the early 1980s, one operator
had hydraulically fractured hundreds of wells in the diatomite at South Belridge, as well
as at several other fields (Strubhar et al., 1984). Water flooding of the diatomite in the
South Belridge field started in the late 1980s, and hydraulic fracturing of both injectors
and producers was standard practice (Yang, 2012). Water flooding involves injection of
water into an oil reservoir to drive more oil to the producing wells.
The first horizontal wells were installed in the South Belridge field in the early 1990s.
They were installed in permeable sands with oil overlying the diatomite and (therefore)
were not hydraulically fractured; they did not produce sufficiently. Horizontal wells were
subsequently installed in the diatomite and hydraulically fractured in stages. Vertical wells
were found to be a better approach in zones with oil thicker than 137 m (450 ft) toward
the center of the field. Horizontal wells were installed in the thinner oil zones consisting
of diatomite recrystallized to opal CT (see Section 4.2.2) along some margins of the field.
Orienting the wells for longitudinal fractures was found to result in greater production
(Allan et al., 2010). (As described in Chapter 2, a longitudinal fracture is oriented in the
same direction as, rather than perpendicular to, the horizontal well from which it extends,
which is generally an advantage in relatively more permeable formations.)
The development history of the diatomite in the Lost Hills field is similar to that in the
South Belridge field. Hydraulic fracturing was implemented in the Lost Hills field in 1976
(Fast et al., 1993); fracturing was from vertical wells (Strubhar et al., 1984; Hansen
and Purcell, 1989). In the early 1990s, water flooding of the diatomite in the Lost Hills
field was implemented to improve production and reduce ground subsidence. The vertical
injectors and producers were hydraulically fractured (Wilt et al., 2001). By the mid-1990s,
over 2,700 hydraulic fracture stimulations had been completed (since the late 1980s) in
diatomite at Lost Hills (Nelson et al., 1996). Subsequently, tens to hundreds of hydraulically
fractured vertical wells were installed per year through at least 2005 (Hejl et al., 2007).
Horizontal wells in the thinner oil zones along the margins of the field were first installed
in the mid-1990s. The first test wells were oriented for transverse fractures (perpendicular
to well direction). Based on the results, subsequent horizontal wells were installed
oriented for longitudinal fractures (Emanuele et al., 1998).
Hydraulic fracturing of the siliceous shales in the Lost Hills field is reported as early as
the 1960s as well (Al-Khatib et al., 1984). These shales are diatomaceous mudstones that
recrystallized due to the large depth of burial, as discussed further in Section 4.2.2.
Hydraulic fracturing during the 1960s through most of the 1970s, in an area with
naturally-occurring fractures, did not significantly improve production. In 1979, oil was
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found in nearby areas without natural fractures and was successfully produced after
hydraulic fracturing. This was followed in the early 1980s by the installation of hundreds
of vertical wells fractured over 30 to 120 m (100 to 400 ft) vertical intervals.
The reported hydraulic fracturing fluid types used since the 1970s are all water-based
and predominantly gels. For instance, Hejl et al. (2007) reports the various gels used to
fracture the diatomite at Lost Hills starting in the 1980s. Fracturing with gels is noted in
the McKittrick field in the mid-1990s (Minner et al., 1997; El Shaari et al., 2005) and in
the Belridge field at the same time (Allan et al., 2010). One of the Stevens Sand reservoirs
at Elk Hills field was fractured with gels starting in the late 1990s (Agiddi, 2004, 2005).
A similar progression from vertical to horizontal wells occurred in the North Shafter field.
Production was established from hydraulically fractured vertical wells starting in 1982,
and installation of hydraulically fractured horizontal wells commenced in 1997 (Ganong
et al., 2003). Horizontal wells in the similar Rose field nearby were oriented for longitudinal
fractures, but fracturing resulted in complex fractures with both transverse and longitudinal
components. This was attributed to almost equal stress in all directions (Minner et al.,
2003). Production from these fields is from a quartz-phase shale (Ganong et al., 2003).
This is a more recrystallized form of diatomite, due to greater burial depth, as explained
in Section 4.2.2.
As described above, hydraulic fracturing has been used to produce oil from diatomite,
opal CT and siliceous shale, and quartz-phase shale. These represent the various rock
types from diatomite at different depths, indicating the broad range of applicability of
hydraulic fracturing to this rock sequence. Besides diatomite and rock derived from
diatomite, hydraulic fracturing has also been used in low-permeability sandstones. For
instance, such rocks have been successfully targeted in the Elk Hills, North Coles Levee,
and Mount Poso fields (Underdown et al., 1993; Agiddi, 2004; Evans, 2012).
For decades all the reported fluids have been water-based, but the type of fluid used has
changed through time in some locations to better match conditions. For example, ungelled
water was successfully used for fracturing in the Edison field. Ungelled water subsequently
replaced the gels used for hydraulic fracturing previously in the Tejon field. The ungelled
fractures provided economically viable results as opposed to the gelled fractures (Mathis
et al., 2000). Research starting in 2002 led to switching from cross-linked gels, described
in Section 2.3.2, to low-polymer-concentration gels to minimize plugging of the natural
pores in a low-permeability sandstone reservoir in the Elk Hills field (Agiddi, 2005).
To develop a more comprehensive understanding of hydraulic fracturing activity over the
last decade, well records were sampled to estimate the percent of all wells hydraulically
fractured, the result of which was then used to extrapolate the number of hydraulically
fractured wells in California. The well records in the sample were searched to identify
wells in which hydraulic fracturing operations have occurred. Well records are publicly
available from DOGGR in the form of scans without searchable text (DOGGR, undated).
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Through application of optical character recognition software, DOGGR provided versions
of the records with searchable text for all wells identified as first producing oil after 2001
outside of Kern County, and for a selected sample of such records inside Kern County
(Bill Winkler, DOGGR, personnel communication). Presuming the 20% of the wells were
fractured, the size of the well record sample size was selected to provide a 95% probability
of the estimated proportion being within 2% of the actual proportion, using a finite
population correction factor.
The well-record search provided information on the number of hydraulic fracturing
operations over time. An operation consists of all the stimulation stages performed in a
well during a single entry, typically over a period of hours to days. Records indicating that
a well was hydraulically fractured were identified using the search term “frac ”. The space
after the term avoided occurrences of the term “fracture,” which appears in the template
information on some forms, and consequently the term is not correlated with wells that
have been hydraulically fractured. The term “frac ” was found to correctly identify more
such records of hydraulic fracturing than other potential terms, such as “fracture,”
“stimulation,” “stage,” and “frack.” The few records containing the latter term also all
included the term “frac ”. Records containing “frac ” were reviewed to determine if
hydraulic fracturing indeed occurred. In some cases a record containing “frac ” was for a
well that was not hydraulically fractured because this term was also used in descriptions
of geologic materials and the fracture gradient (the minimum fluid pressure per depth that
will fracture the rock in a particular location). For Kern County well records, over 90% of
the records containing “frac ” indicated hydraulic fracturing had occurred. For all other
counties as a group, fewer than 40% of the records containing “frac ” indicated hydraulic
fracturing had taken place.
Figure 3-1 shows the average annual number of wells with first production (in three
different time periods) that have a record of hydraulic fracturing. This figure does not
represent an estimate of the total amount of hydraulic fracturing activity, however, because
not all hydraulic fracturing jobs were recorded in the well records, and this well-record
search pertained only to production wells and did not include injection wells, which are
also hydraulically fractured in some locations. Injection well records were not searched.
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Figure 3-1. Average annual number of wells with first production in different time periods
that were hydraulically fractured. There is a 95% chance that if all the well records had been
searched rather than a sample, the average annual number of wells indicated as hydraulically
fractured would be within the range indicated by the vertical bars.

Hydraulic fracturing occurred in Kings, Monterey, and Santa Barbara counties, in addition
to those shown in Figure 3-1. Kings County is not shown on the figure because the average
annual number of operations was less than two. For Monterey and Santa Barbara counties,
records were available for a portion of all the wells. For the 2007-2011 time period in
these counties, the search results from this well record sample and the size of the sample
compared to the total number of wells indicate a 95% likelihood that the average annual
number of hydraulic fracturing operations is fewer than two. In the other time periods
for Monterey and Santa Barbara counties, and in all three time periods for Orange and
San Luis Obispo counties, no hydraulic fracturing operations were identified in the
available well records. However, because records for many wells in these counties
were not available, the well record sample size is too small to provide confidence in
a quantitative result.
Figure 3-1 indicates that about 60 production wells per month are fractured, with almost all
this activity in Kern County. It also indicates that the number of recent hydraulic fracturing
operations is similar to that before the recession in 2008. This contrasts with the fact that
hydraulic fracturing activity increased substantially in other parts of the country.
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3.2.2 Current Use of Hydraulic Fracturing
There is no comprehensive source of information on hydraulic fracturing activities in
California. However, in addition to the results of the well-record search above, there are
four useful sources of data regarding recent and pending hydraulic fracturing in California:
FracFocus, FracFocus data compiled by SkyTruth, DOGGR GIS data files, and well
stimulation notices. These are each described below.
FracFocus is a website used by the oil and gas industry to voluntarily disclose information
about drilling and chemical use in hydraulic fracturing. The site was created in 2011 by
two industry groups, the Interstate Oil and Gas Compact Commission, and the Groundwater
Protection Council. Operators uploaded information on their hydraulic fracturing activities,
which were (and still are) posted on the site as PDF documents for each individual fracturing
job. The reports include a unique identifier for each well (an American Petroleum Institute
(API) number), the well name and location, and information about the type and quantity
of chemicals used. Many of the reports also include the volume of water used, although
they do not report the source or type of water, i.e., operators do not report whether they
used freshwater or produced water, nor whether water was withdrawn from a well, public
supply, or another source. FracFocus provides voluntary disclosures that are not required
to be either accurate or complete.
FracFocus data for hydraulic fracturing in California through the end of 2013, available
as of January 21, 2014, were provided for this review by a DOGGR staff member with
administrative access to the site (Vincent Aguseigbe, DOGGR, personal communication).
The FracFocus data file provided was missing data for some fields. Upon inspection, it was
determined much of the missing data were present in the individual PDF reports posted on
the FracFocus website, and also available in the database compiled from the data available
in FracFocus as of the end of July 2013 by the organization SkyTruth. This included data
on hydraulic fracturing operations through April 2013. The information in the SkyTruth
database was used to fill in almost all the missing records, with information from the PDFs
on FracFocus entered for a few missing water volumes (Skytruth, 2013).
The third data source is geographic information system (GIS) data files maintained by
DOGGR regarding oil, gas, and geothermal wells in California (DOGGR, 2014a). These
files include some information on wells that was not available in the FracFocus database,
such as whether a well had been directionally or horizontally drilled. These additional
columns were added to the FracFocus database by joining records based on the API
number for the well, which is a unique identifier for each well in the United States.
The GIS well data file also included the dates that drilling and installation of some wells
commenced, the measured depth of some wells, and voluntary identification of wells that
were hydraulically fractured.
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The fourth data source is well stimulation notices filed by operators posted by DOGGR as
required by California Senate Bill 4 of 2013 (SB 4), which took effect on January 1, 2014.
Under SB 4 operators must obtain permits at least 30 days prior to commencing a well
stimulation treatment, and the notices must include basic information about water and
chemical use (Pavley, 2013). Operators began filing notices in December 2013 for
operations beginning in January 2014. Notices posted by DOGGR as received through
January 15, 2014 are considered (DOGGR, undated).
The FracFocus database described above was the main source of information for analysis.
However, these data are based on voluntary reports by operators and do not capture the
full extent of hydraulic fracturing in California. There is evidence that the reports posted
on FracFocus underestimate the extent of hydraulic fracturing occurring in California,
especially before May 2012. FracFocus includes reports of 89 fractured wells in 2011,
while the Western States Petroleum Association (WSPA) reports that during the same
year, “WSPA member oil companies conducted some form of hydraulic fracturing operation
on 628 wells” (WSPA, 2013). WSPA is the main oil and gas industry organization in
California, and represents 80% of the state’s suppliers (Kiparsky & Hein, 2013, note 14,
page 48). The number of hydraulically fractured wells reported by WSPA is equivalent to
over 50 wells per month on average in 2011, This contrasts with about 15 wells per month
hydraulically fractured in 2011 according to FracFocus, indicating FracFocus did not
capture all hydraulic fracturing operations during that period.
Data from the first three sources were loaded into a relational database (Microsoft Access),
to perform queries and summaries. The data were cleaned to remove obvious errors,
including typos, missing information, and duplicates. In total, the database of known
hydraulically fractured oil and gas wells in California between January 30, 2011 and
December 31, 2013 included 1,478 records of hydraulically fractured wells, of which
1,453 were distinct wells (several wells have been fractured more than once).
Analyses of the FracFocus data along with DOGGR’s GIS well layer provide some
understanding of recent hydraulic fracturing activity in California. The number of onshore
hydraulic fracturing operations for oil per month reported in FracFocus and DOGGR’s
well database is shown on Figure 3-2. For the DOGGR data, the date shown in Figure 3-2
is when drilling started, because that is the only date available. The fracturing operation
presumably occurred sometime later.
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Figure 3-2. The number of fracturing operations per month summed from FracFocus
and DOGGR’s well table.

Figure 3-2 shows a sharp increase in the number of hydraulically fractured wells reported
to the FracFocus in mid-2012. This followed a DOGGR notice to operators in March 0123
requesting they voluntarily report data on their fracturing operations to FracFocus (Kustic,
2012). This provides further evidence that the FracFocus data do not capture all hydraulic
fracturing activity, particularly in 2011 and 2012. Considering only the period after April
2012, the average number of reported operations is 69 per month.
Figure 3-3 shows the comparison between the FracFocus data and the results of the
well-record search, accounting for the Kern County well-record sample proportion of
one quarter for the 2012 to 2013 time period. Figure 3-3 shows the well-record search
identified about 80% of the wells in FracFocus. The well-record search identified about
10% more wells compared to the number of hydraulic fracturing operations in FracFocus.
Based on the FracFocus average of 69 wells per month, this suggests a total monthly
activity of 76 operations.
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Figure 3-3. Overlap between wells indicated as fractured in FracFocus and in well records
during May 2012 through October 2013, which is the period of greatest overlapping coverage
between the two sources.

However, because this number is based on voluntary and incomplete reports, the count
of hydraulic fracturing notices received by DOGGR provides a check. As of this writing,
DOGGR has posted the notices it received in December 2013 and the first half of January
2014. DOGGR received 195 hydraulic fracturing notices in December. Of these 190 were
approved and five were subsequently withdrawn. In contrast, 18 notices have been posted
for the first half of January, but that number is low because DOGGR stopped approving
submittals received without groundwater monitoring plans as of January 1, 2014
(Vincent Agusiegbe, DOGGR, personal communication). The number of notices submitted
in December 2013 suggests the monthly average number of hydraulic fracturing events
may be greater than 76 based on FracFocus and the well record search. Because of this,
for the purposes of this study, the estimated monthly number of hydraulic fracturing
events per month in California is taken as 100 to 150. For comparison, over one million
hydraulic fracturing operations are estimated to have occurred throughout the United
States (King 2012), with over 100,000 of these in recent years (Ellsworth 2013).
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The December notice count suggests a number of operations per month two to three times
as great as indicated by the voluntary data sources, if it is assumed that all these operations
were to be carried out in January. However, while the notices must be submitted in
advance of the fracturing operation by at least 30 days, a notice can be submitted some
indeterminately greater amount of time in advance. The December notices include large
groups of notices identical except for the well details, suggesting that operators submitted
project plans for a period longer than a month. Doing so would provide some level of
efficiency for the operator. Thus, the December notice count provides a high-side estimate
of monthly activity for the post-SB 4 period.
All of the data sources also provide for estimating where hydraulic fracturing occurs.
Joining FracFocus to DOGGR’s GIS well data file provided information on the oil field
where each well is located. This indicated that 93% of the wells in FracFocus are located
in North and South Belridge, Lost Hills and Elk Hills fields on the west side of the southern
San Joaquin Valley. Considering wells indicated as hydraulically fractured whose drilling
started after April 2012 in DOGGR’s GIS well files, 94% are in these four fields. From the
well-record search, 87% of the wells identified as fractured with first production after
2011 were in these four fields, while 91% identified from the previous decade were in
these fields. A total of 94% of the first 208 hydraulic fracturing notices posted (those listed
as received through January 15, 2014) list these four fields. Consequently, all the data
sources indicate that most of the hydraulic fracturing activity is in these four fields.
The three data sources (well-record search results, FracFocus, and DOGGR’s GIS well data
files) along with the literature identify 69 fields with a record of hydraulic fracturing out
of the 303 onshore oil fields with field boundaries from DOGGR (DOGGR, 2014b). None of
the data sources described above provides thorough identification of onshore oil fields
that have been hydraulically fractured, and it is unlikely that they provide such thorough
identification in combination. More fields have likely been hydraulically fractured than
are shown in Figure 3-4. Ventura County was the only other county besides Kern with
wells indicated by the hydraulic fracturing notices. Three notices were submitted for
wells in Ventura County.
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Figure 3-4. Onshore oil fields with a record of hydraulic fracturing.

3.2.3 Fluid Volume
Based on voluntary disclosures by operators in the FracFocus database, average water use
for hydraulic fracturing in California was 490 m3 (130,000 gallons) per operation. This is
similar to the average annual water use of 580 m3 (153,000 gallons) in each household
in California over the last decade. This is based on residential water use of 0.54 m3 (143
gallons) per person per day (Department of Water Resources, 2013) and an average
household size of 2.93 people (US Census Bureau, 2014).
There is considerable variation in the water use per operation, as shown on Table 3-1 and
Figure 3-5. The minimum water use was 23 m3 (6,000 gallons) per well, and the maximum
was 17,000 m3 (4.4 million gallons) per well. As a result, the coefficient of variation for
these data is high (1.7), meaning that the standard deviation is larger than the mean, or
that there is a large spread in the amount of water used. The 90% confidence interval for
the mean water use is 470 to 540 m³ (120,000 to 140,000 gal) per well.
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Table 3-1. Base water volume statistics from FracFocus and hydraulic fracturing notices.

FracFocus Voluntary Reports
(2011–2013)

Hydraulic Fracturing Notices
(Dec. 2013 - Jan 2014)

1,478

213

Number of Records:

Cubic meters

Gallons

Cubic meters

Gallons

23

6,000

240

63,000

Minimum
10%-ile

83

22,000

760

200,000

25%-ile

180

48,000

760

200,000

50%-ile (Median)

280

74,000

760

200,000

75%-ile

530

140,000

760

200,000

90%-ile

1,100

280,000

950

200,000

17,000

4,400,000

1,800

250,000

Average
(arithmetic mean)

Maximum

490

130,000

790

210,000

Standard deviation

830

220,000

230

60,000

1.7

1.7

2.8

0.28

Coefficient of Variation
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Figure 3-5. Water use per hydraulic fracturing operation in California according to (top)
FracFocus voluntary reports and (bottom) hydraulic fracturing notices.
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In Figure 3-5, each dot represents a single fracturing operation. The overlay line represents
the smoothed data density. Note that the bulk of the reported water use from 2011 to
2013 in the FracFocus database is below 100,000 gallons per well, but that the data set is
highly skewed with a “long tail,” or many high observations. Of the 1,478 FracFocus
reports, there are 47 observations over 500,000 gallons per operation, and 11 observations
over 1 million gallons per operation. The distribution is also represented in log space on
Figure 3-6, which shows that it is relatively log normal, with some right skew due to the
few highest values.

Figure 3-6. Distribution of water volumes in FracFocus per hydraulic fracturing operation.

Table 3-1 and Figure 3-5 summarize the water volume used per hydraulic fracturing
operation according to two data sources. The notices contain a water-volume estimate
because operators are required to file a water-management plan with the following
information (California Public Resource Code Section 3160, subdivision (d) (1) (C)):
i. An estimate of the amount of water to be used in the treatment. Estimates of
water to be recycled following the well stimulation treatment may be included.
ii. The anticipated source of the water to be used in the treatment.
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iii. The disposal method identified for the recovered water in the flowback fluid
from the treatment that is not produced water included in the statement pursuant
to Section 3227.
As indicated in Table 3-1 and Figure 3-5, planned future water use for hydraulic fracturing
reported by operators is somewhat higher than historical water use over the last three
years. Among the 213 notices for hydraulic fracturing, planned water use averaged 790 m3
(210,000 gallons) per operation, with a standard deviation of 230 m3 (60,000 gallons).
Thus, the planned water use in the notices is higher than the historical average reported
in the FracFocus database, but has a smaller variance.
Among the hydraulic fracture notices, many report the same planned water use. It is of
note that one company, Aera Energy LLC, which submitted the majority of the hydraulic
fracturing notices (174 of 213), included the identical water plan in 171 of those cases.
This plan stated that “the maximum [emphasis added] volume of fresh water used in
the treatment will be 4,800 barrels (201,600 gallons).” In this case, the planned water
use of 763 m3 (201,600 gallons) per operation was entered in the database. Because this
represents a maximum planned water use, it may bias the results upwards, causing an
estimated higher average water use than will actually take place. Because the majority
of hydraulic fracturing notices are exact copies of one another, they may not capture the
variability in water use that is likely to occur in the field.
The relationship between water use and a number of independent variables (e.g., time,
well depth, perforation length, region, and operator) was examined. It does not appear
that there is a significant trend in water use over time as shown in Figures 3-7, nor does
there appear to be a strong relationship between the volume of water used and the depth
of the well as shown in Figure 3-8. Water use has varied widely from early reports in 2011
until the end of 2013, and there is not a statistically significant trend in water use with
time. However, each of the four largest observations of water use (all over 11,400 m3
(3 million gallons)) occurred during the second half of 2013. It is not known whether
these high outliers are isolated experiments or indicative of future trends.
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Figure 3-7. Time series of water volume used for each hydraulic fracture operation in California
according to information voluntarily reported by operators to FracFocus during 2011-2013.

Figure 3-8. Volume of water used for each hydraulic fracture operation in California versus the
absolute vertical depth of the well, according to information voluntarily reported by operators
to FracFocus during 2011-2013.
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The DOGGR well database contained data on well configuration for a total of 1,090
wells that are also listed in FracFocus. It was found that hydraulic fracturing operations
in horizontal wells use more water on average in California than in directional and
non-directional wells (DOGGR’s term for vertical wells). Average water use per operation
for each well configuration is shown in Table 3-2. Water use for operations in directional
wells was slightly higher on average than for wells that were non directional; however,
the difference in the means is not statistically significant (according to a two-tailed t-test
for difference in sample means, P = 0.16). Operations in horizontal wells use significantly
more water than vertical wells (two-tailed t-test, P<0.001); average water use in these
operations is nearly three times higher than the water use for operations in other wells.
Table 3-2. Average water use per hydraulic fracture operation in wells in California by their
directional drilling status

Not directionally
drilled
Past Fracturing
Activity in the FracFocus
database

Future fracturing
activity from Well
Stimulation Notices

Number

Directionally drilled

213

Horizontally drilled

833

44

Water Use (m3)

370

420

0.17

Stdev (m3)

350

500

1,000

Water Use (gallons)

99,000

110,000

300,000

Stdev (gallons)

92,000

130,000

270,000

11

194

8

760

780

1,800

0*

130

40

200,000

210,000

460

0*

35,000

11,000

Number
Water Use (m3)
Stdev (m3)
Water Use (gallons)
Stdev (gallons)

* Aera Energy submitted each of the 11 notices for non-directionally drilled wells to be hydraulically fractured,
and states in each notice that “the maximum volume of fresh water used in the treatment will be 4,800 barrels,”
or 201,600 gallons, thus there is no variability among these 11 observations.

The average volumes from both FracFocus and the notices for California hydraulic
fracturing operations contrast with the average volume per operation of 16,000 m3 (4.25
million gallons) reported by Nicot and Scanlon (2012) for fracturing horizontal wells in
the Eagle Ford in Texas. Table 3-2 indicates part of this difference is caused by the
predominance of hydraulic fracturing of vertical and directional wells over horizontal
wells in California, while horizontal wells are predominant in the Eagle Ford. This is
particularly the case as review of a small sample of directionally-drilled-well records
indicates they are typically vertical or close to vertical through the producing zone.
The well path primarily deviated from vertical above the production zone to offset the
location at which the well entered the producing zone from the location where the well
was drilled. The well records available from DOGGR for the wells indicated as horizontal
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by DOGGR were also examined. Only half of these wells are actually horizontal according
to the records. The average hydraulic fracturing water volume per operation in just those
wells is 1,700 m3 (450,000 gallons) with a standard deviation of 170 m3 (48,000 gallons).
This volume, as well as that listed on Table 3-2 from the hydraulic fracture notices for
horizontal wells, are both about one-tenth the average volume per well in the Eagle Ford.
Average water use intensity per unit length of well hydraulically fractured was estimated
using information in the hydraulic fracturing notices submitted by operators to DOGGR.
Most of the notices for vertical and directionally-drilled wells provide the anticipated
measured top and bottom depth of the stimulation interval, as well an estimated water
volume. The average intensity is given on Table 3-3. Water use intensity was also calculated
for the 21 wells with water usage in FracFocus indicated as horizontal in DOGGR’s well
file and confirmed as horizontal in each well’s record. The hydraulic fracturing treatment
length is not available for these wells, so the intensity calculation used the distance
between the shallowest and deepest production casing perforations listed in well records.
This small data set contained a high outlier where the water use intensity (water volume
per well length stimulated) was 13 m3/m (1,000 gallons per foot, or gpf). The average
water use intensity for these horizontal wells, excluding this high observation, is also
given on Table 3-3. The perforated length explains about 40% of the variability in water
use among the remaining 20 operations. The comparison to average water use intensity
in the Eagle Ford and Bakken on Table 3-3 indicates intensities in California are similar to
gels in the Bakken, but considerably less than the average intensity in the Eagle Ford and
slickwater in the Bakken.
Table 3-3. Average water use intensity from hydraulic fracturing notices and FracFocus
horizontal well disclosures compared to average intensity in the Eagle Ford (Nicot and Scanlon,
2012) and for different fluid types in the Bakken (described in section 2.3.7)

Notices

FracFocushorizontal

Eagle Ford

Bakken
Cross-linked

Hybrid

Slickwater

3.9 (315)

13.2 (1063)

m3/m (gallons per ft)
Average
intensity

3.0 (244)

2.3 (190)

9.5 (770)

Standard
deviation

0.9 (74)

1.6 (130)

3.4 (277)

3.4 (277)

The water volume per hydraulic fracture operation was mapped to determine whether
there are geographic patterns to water use. There are several apparent clusters of similar
water use, as shown in the example in Figure 3-6. This figure shows a cluster of water
volumes per operation of 950 m3 to 1100 m3 (250,000 to 300,000 gallons) per well.
These wells are operated by XTO Energy/Exxon Mobil. Operations immediately to the
north and south have a water use averaging about 190 m3 (50,000 gallons) and were
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conducted by Area Energy LLC. Another cluster of high-water-use operations occurs near
the border of Belridge North and Belridge South fields and were conducted by BreitBurn
Energy Partners L.P.
The FracFocus data indicate that the water used in each fracturing operation varies by
company and that the operator of a well is a more important predictor of water use than
any other factor, as shown in Table 3-4, which ranks companies from high to low in terms
of their average per-operation water use. A statistical test (single factor or one-way ANOVA)
among the six companies with more than 10 hydraulically fractured wells indicates water
use varies significantly by company (P-value less than 10–56). In fact, the operator is a
better predictor of water use per operation than any other factor considered. This is
consistent with the statement by Allan et al. (2010) that fracturing of diatomite has
become relatively standardized within companies, but varies from company to company.

Figure 3-9. Hydraulically fractured oil wells in the Belridge North and Belridge South fields in
Kern County, California. The diameter of the point is proportional to the volume of water used
in hydraulic fracturing.
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Table 3-4. Water volume used per hydraulic fracturing operation per operator according to data
voluntarily reported to FracFocus for January 2011 to December 2013.

Operator

Seneca Resources Corporation
BreitBurn Energy Partners L.P.
XTO Energy/ExxonMobil
Chevron USA Inc.
Occidental Oil and Gas
Plains Exploration & Production
Company
Aera Energy LLC
The Termo Company
Venoco Inc

Number of
operations
reported

Water use per operation (million gallons)
Min

Average

Max

18

0.27

0.60

3.4

8

0.26

0.28

0.36

106

0.110

0.27

0.3

38

0.03

0.26

1.50

284

0.010

0.23

4.4

0.13

0.15

0.17

2
999

0.0060

0.077

1.4

3

0.038

0.071

0.11

20

0.011

0.035

0.23

3.2.4 Fluid Type
In this section, the chemical composition of hydraulic fracturing fluid in use in California
is described. Chemical constituents were available in the FracFocus data set for 1,386
onshore oil hydraulic fracturing operations. Guar gum, a gelling agent, was included in
over 96% of the operations; borate compounds, which serve as cross linkers, are included
in 90% of the operations. In addition, 210 of the 213 hydraulic fracturing notices received
by DOGGR before 16 January 2014 indicate the use of a gelled fluid based on the
components listed. These data indicate hydraulic fracturing in California is primarily
performed with gels, and the gels are predominantly cross-linked. More information on
fluid composition in well stimulation fluids is given in Section 5.1.2.1.
Of the 1,386 operations with chemical data, 3.4% included a friction reducer, indicating
an operation involving slickwater fracturing. This includes all operations listing acrylimide
compounds, as well as those involving compounds with “friction reducer” listed as the
purpose. Compounds with this purpose listed included petroleum distillates (which are
likely a carrier fluid in an additive with another friction-reducing compound) and
undisclosed constituents.
There is a strong correlation between water volume and the type of hydraulic fracturing
fluid used. The average water volume for operations involving slickwater is 2,200 m3
(590,000 gallons), which is almost four times the average volume for all operations.
Additionally, the three highest volume events (12,900, 13,600 and 16,700 m3 (3.4, 3.6
and 4.4 million gallons)) involved slickwater.
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3.3 Acid Fracturing
No reports of the use of acid fracturing in California were found in the literature. As
described in Section 2.3.4, acid fracturing is used in carbonate reservoirs (which includes
dolomite). The only such reservoirs identified in California were in some of the fields in
the Santa Maria basin and possibly the Los Angeles basin (Ehrenberg and Nadeau, 2005;
see Section 4.7 for basin locations). The fields in the Santa Maria basin consist of naturally
fractured dolomite (Roehl and Weinbrandt, 1985). The dolomite reservoir in one of these
fields (West Cat Canyon) was characterized as producing oil from the natural fractures
(Roehl and Weinbrandt, 1985).
The highest concentration of hydrochloric acid in hydraulic fracturing fluid disclosed in
the FracFocus data set is less than 3.5%, and the highest concentration of hydrofluoric
acid is less than 0.5%. These concentrations are too low to indicate an acid fracturing
operation (Economides et al., 2013). In addition, nine of the ten operations with greater
than 1% hydrochloric acid in the hydraulic fracturing fluid also include guar gum and
borate cross-linkers. Four of these, along with the one operation without guar gum or
borate cross linkers, also included polyacrylamide or another component identified as
a friction reducer.
The three hydraulic fracturing notices received from Occidental Petroleum by DOGGR on
31 December 2013 specify a sandstone matrix acidizing fluid, indicating these planned
stimulations are acid fracturing. This is a novel type of stimulation relative to stimulation
approaches characterized in the literature. The fluid components, including hydrochloric
acid and ammonium biflouride, are the same as those listed on about half of the matrix
acidizing notices submitted by Occidental and received by DOGGR on or before 15 January
2014. The planned stimulations are in the Elk Hills field at vertical depths ranging from
2,100 m to 3,224 m (6,888 to 10,575 ft).
The estimated water volume for these three planned stimulations ranges from 493 to 760
m3 (130,000 to 200,000 gallons). This is less than or almost equal to the average volume
for hydraulic fracturing from the notices. Based on the top and bottom depth of the
treatment interval listed, the water use per well length ranges from 0.60 to 0.74 m3/m (48
to 72 gpf). This volume per treatment length is less than that from the matrix acidizing
notices given in Section 3.3.3. This raises the question of whether the notices that indicate
acid fracturing are actually matrix acidizing, with the wrong box checked on the notice.
If these notices really do represent acid fracturing, the treatment volumes per treatment
length suggest limited penetration into the reservoir. Another possibility is that the
treatment is applied to only a portion of the well length implied by the top and bottom
depth of the treatment interval listed on the notices, such as if multiple short intervals
were treated within that depth range.
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3.4 Matrix Acidizing
3.4.1 Historic Use of Matrix Acidizing
The use of sandstone matrix acidizing for well stimulation in the Monterey Formation is
relatively recent. The first and most detailed report of production enhancement as a result
of high-volume sandstone acidizing for onshore production from the Monterey is from
Rowe et al. (2004) for the “NA shale” reservoirs at Elk Hills. A series of 21 horizontal wells
were drilled and stimulated between 1999 and 2001. The treatment process started from
low-volume sandstone acidizing treatments, first using 0.0248 m3/m (2 gpf) of production
interval with a 17% HCl acid. Diversion was accomplished by a mechanical method
employing coiled tubing. Subsequent wells were treated with an increased volume of 0.35
m3/m (28 gpf). Apparent damage due to the water-based drilling mud led to drilling with
an oil-based mud. Despite the use of a nondamaging mud, HCl acid treatments were
effective for roughly doubling oil production. Subsequent wells were then treated with
17% HCl followed by a 12% HCl, 3% HF acid, with 0.256 m3/m (20.6 gpf) and 0.373
m3/m (30 gpf), respectively. Treatment volumes were increased to 1.86 m3/m (150 gpf)
of the 12% HCl, 3% HF acid, resulting in nine-fold oil production increases. Treatments
were eventually tested with 3.1 m3/m (250 gpf) of 17% HCl and 3.1 m3/m (250 gpf) 12%
HCl, 3% HF, which was found to be optimum. The reported recovery of spent acid from
the formation was 50%, either by natural flowback or using nitrogen gas lift. Although
fracture characterization was not presented, Rowe et al. (2004) concluded that the
acidizing treatment must have resulted in the mitigation of drilling damage from natural
fractures. While this is possible, the use of nondamaging drilling muds in some of the
wells and the positive response to acidizing suggests that the treatment may also be
opening up natural fractures plugged with some type of natural fracture-filling material.
The use of successful sandstone acidizing at Elk Hills is also reported by Trehan et al.
(2012), who employed a high-rate injection (MAPDIR)/foam diversion approach to the
acid treatment. The treatment was applied to intervals of 457 to 610 m (1,500 to 2,000 ft)
in length. A foamed HCl/HF acid was successfully applied to producing wells in shallow
sands with steam injection in the South Belridge field in the early 1990s as an improvement
over previous sandstone acidizing with lower concentrations and volumes per treatment
length in the same reservoir (Dominquez and Lawson, 1992). The more successful treatment
used 1.9 m3/m (150 gallons per ft) of 15% HCl and 5% HF.
The possibility of the high-volume sandstone acidizing treatment in naturally fractured
siliceous shales is supported by Kalfayan (2008), who states, “There are few cases requiring
greater volumes of HF than 1.86 to 2.48 m3/m (150 to 200 gpf). These are limited to
high-permeability, high-quartz sands and fractured formations, such as shales, where high
volumes of acid can open fracture networks deeper in the formation”. Similar conclusions
were reached by Patton et al. (2003), who utilized sandstone acidizing for offshore
production from the Monterey. The hypothesis for the improvement in production is that
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the HCl/HF treatment is effective at removing clay and chert from natural fractures and
improving permeability of the fracture system. However, note that the injection volumes
cited by Patton et al. (2003) are not large, only 0.248 m3/m (20 gpf) for the 12%/3%
HCl/HF acid.
A review of stimulation methods in the Monterey Formation by El Shaari et al. (2011)
provides an alternative view that sandstone acidizing in the Monterey is effective at
removing formation damage in fractures, but that good fracture-network permeability
must exist naturally beyond the near-wellbore region if the treatment were to result in
high oil production rates. For poorly fractured zones, such as at Elk Hills, El Shaari et al.
(2011) postulate that either the treatment provides improved connection between the
well and fractured calcareous intervals, or that the treatment in long production
intervals characteristic of the Monterey, such as reported by Trehan et al. (2012), can
significantly boost the overall magnitude of production, if not provide a large increase
in the stimulation ratio.
A different acid system has been applied to the Stevens Sandstone in the North Coles
Levee field in the early 1980s and continuing at least through the early 1990s (Hall et al.,
1981; McClatchie et al., 2004). Termed “sequential hydrofluoric acid”, the system involves
alternating injection of HCl and ammonium fluoride. These react on clay surfaces producing
HF, thus targeting the fine-grained material in the sandstone for dissolution. The HCl
concentration used in these treatments was 5%. Typical treatment volumes were 36 m3
(9,750 gallons). The typical treatment volume per well length was 0.44 m3/m (49 gallons
per ft). This treatment resulted in an approximately four times larger increase in production
compared to stimulation with an HCl and HF mix (Marino and Underwood, 1990).
3.4.2 Current Use of Matrix Acidizing
The only data on matrix acidizing currently comes from the matrix-acidizing notices
submitted to DOGGR by operators. A total of 22 notices were received by DOGGR in
December 2013 after the 11th and 14 were received in January 2014 before the 12th of
that month. All the notices were for stimulations in the Elk Hills field. Ten of the notices
received in January were subsequently withdrawn for unknown reasons, although this
may have resulted from DOGGR’s not approving submittals without groundwater
monitoring plans after January 1, 2014 (Vincent Agusiegbe, DOGGR, personal
communication), rather than from the operators deciding that the stimulations were
not desired. Given this uncertainty, the suggested activity rate is 30 matrix-acidizing
operations per month.
3.4.3 Fluid Volume
Water use for matrix acidizing is listed on the notices. Planned water use ranged from 29
to 550 m3 (8,000 to 140,000 gallons), with an average of 160 m3 (42,000 gallons). The
90% confidence interval for the mean water use, based on 36 notices, is 120 to 200 m3

112

Chapter 3: Historic and Current Application of Well stimulation Technology in California

(31,000 to 51,000 gallons). Based on the notices that list top and bottom depth of the
treatment interval, the average water use per well length and standard deviation are 1.7
m3/m and 1.5 m3/m (140 and 123 gallons per ft), respectively. These volumes are in the
higher treatment range, suggesting treatment of fractured formations based on the
discussion in Section 3.3.1.
3.4.4 Fluid Type
All the matrix-acidizing notices indicated use of HCl. About half of the treatments included
HF and half included ammonium biflouride. However, ammonium bifluoride produces HF
acid when mixed with HCl acid (McClatchie et al. 2004). The chemicals included in the
acidizing fluids (according to the notices) are further assessed in Section 5.2.1.
3.5 Conclusions
Available data suggest that present-day well stimulation practices for oil production in
California differ significantly from practices in states such as North Dakota and Texas.
For example, California hydraulic fractures tend to use less water and the wells tend to
be more vertical. Large-scale application of high-fluid-volume hydraulic fracturing has not
found much application in California, apparently because it has not been successful.
As pointed out in Section 4, the majority of the oil produced from fields in California is not
from the shale source rock (i.e., shale in the Monterey Formation), but rather from
reservoirs containing oil that has migrated from source rocks. These reservoirs do not
resemble the extensive, and continuous shale layers that are amenable to oil production
with high water –volume hydraulic fracturing from long-reach horizontal wells, such as
found in North Dakota.
Hydraulic fracturing has been the main type of well stimulation applied in California
to date, based both on the total number of wells and fields where it has been used based
on the literature and available data. Data indicate that hydraulic fracturing is performed
in more than 76 wells per month on average, and perhaps up to 190 wells in some
months. Given this range, hydraulic fracturing of 100 to 150 wells per month is a
reasonable estimate.
Most of this fracturing occurs in the southwestern San Joaquin Valley in Kern County.
For instance, 85% or more of recent hydraulic fracturing as well as fracturing over the
last decade has occurred in the North and South Belridge, Elk Hills and Lost Hills fields
in this area.
Data indicate average water use per well of 490 m3 (130,000 gallons) to 790 m3
(210,000) per hydraulic fracture operation. This is considerably less than in other
hydraulically fractured plays in the United States. For instance, average water use per
operation in the Eagle Ford in Texas is 16,000 m3 (4.25 million gallons). This results in
part from the predominance of fracturing in vertical wells, which have shorter treatment
intervals in California, as compared to the predominance of horizontal wells in major
unconventional oil plays like the Eagle Ford and Bakken.
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Water use per treatment length is also lower in California than elsewhere. The average
and standard deviation water use in a set of horizontal wells disclosed as fractured is 2.3
m3/m (190 gpf). The average value from hydraulic fracturing notices is 3.0 m3/m
(240 gpf). This compares to an average of 9.5 m3/m (770 gallons/ft) in the Eagle Ford
(Nicot and Scanlon, 2012) and 3.4 m3/m (280 gallons/ft) for cross-linked gel, 3.9 m3/m
(320 gallons/ft) for hybrid gel and 13 m3/m (1100 gallons/ft) for slickwater used in the
Bakken, as described in section 2.3.7.
As indicated by the information from the Bakken, as well as engineering guidance
discussed in Section 2.3.2, gels are associated with lower volumes per treatment length
than slickwater, and cross-linked gel is associated with the least water volume among the
gel types. The predominant fracturing fluid type in California is gel, of which most
is cross-linked.
Acid fracturing is a small fraction of reported well stimulations to date in California.
Acid fracturing is usually applied in carbonate reservoirs and these are rare in California.
Matrix acidizing has been used effectively but rarely in California. These technologies are
not expected to lead to major increases in oil development in the state. As explained in
Chapter 2, these technologies increase the natural permeability of reservoirs consisting
of silicate minerals only a limited amount.
The use of matrix acidizing is reported in far fewer fields in the literature than is hydraulic
fracturing and the number of notices submitted for use of this technology is a small fraction
of the number submitted for hydraulic fracturing. A total of 36 notices were received in
the month from submittal of the first notice. All the notices were for stimulations in the
Elk Hills field. Ten of the notices were subsequently withdrawn, but the timing suggests
they may have been withdrawn due to action by DOGGR rather than because the operator
did not want to perform them. Given this uncertainty and short timeline, the number of
matrix-acidizing stimulations per month is estimated at 30.
Proposed water use for matrix acidizing on the notices averaged 160 m3 (42,000 gallons)
per operation. The volume per treatment length from the notices averaged 1.7 m3/m
(140 gallons per ft). This is somewhat less than for hydraulic fracturing, but in the higher
part of the range identified for matrix-acidizing stimulations in general. This suggests that
the treatments are targeted more toward treating natural fractures than the rock matrix
(pores in the rock itself).
References to acid fracturing in California were not identified in the literature. Section
2.3.4 indicates that it is only applied in carbonate reservoirs. Only a few such reservoirs
were identified in California, and these are naturally fractured, suggesting that acid
fracturing is not applicable. However, three hydraulic fracturing well stimulation notices
for wells in the Elk Hills field specify use of an HCl and HF mix, indicating acid fracturing.
The minimum and maximum water volumes per treatment length implied by the three
notices are 0.60 and 0.74 m3/m (48 and 72 gpf), respectively. This is smaller than indicated
by the notices for matrix acidizing, and far less than the water use intensities for hydraulic
fracturing. This suggests the treatment extent relative to the well is quite limited.
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This section provides a brief introduction to petroleum systems, followed by a review
of key hydrocarbon source rocks (typically shales) associated with petroleum systems
found within onshore California sedimentary basins. Key aspects of the geology will
also be discussed, such as the tectonic and structural features that have affected basin
development and diagenetic processes impacting the types of minerals formed and rock
properties. Where available, data describing the rock properties will be summarized.
This is followed by a brief description of the Bakken Formation in the Williston Basin,
from which significant unconventional shale oil production is occurring in North Dakota,
along with a comparison with the Monterey Formation in California. This is followed by
descriptions of the major sedimentary basins in California, along with a discussion of the
results of exploration activities in deep portions of these basins, where hydrocarbon
source rocks are within the oil window. The section concludes with some general
observations regarding the potential application of unconventional techniques to
oil-bearing shales in California.
4.1 Overview of Significant Findings
Oil-bearing sedimentary basins in California are relatively young in geologic time, but
are structurally complex due to the presence of a very dynamic transform plate boundary,
currently represented by the San Andreas Fault System. The dominant source rock for
hydrocarbon generation in many of these basins is the Monterey Formation, a thick
Miocene age sequence of marine sediments consisting of siliceous, phosphatic, organic,
and clay-rich shales and mudstones, dolomites, and intercalated turbiditic sandstones.
Most oil fields in California are located in reservoirs associated with structural traps at
depths above where the oil is actively generated (the oil window), indicating that the oil
in these petroleum systems has migrated from the source rocks to the reservoirs. While
there have been few new onshore oil discoveries in the past two decades (the 30 largest
onshore oil fields in California were all discovered prior to 1950; California Division of
Oil, Gas and Geothermal Resources (DOGGR), 2010), the United States Geological Survey
(USGS) has recently estimated that almost 10 billion barrels of oil can be recovered using
existing technologies (including well stimulation methods) from the largest existing
oil fields in the San Joaquin and Los Angeles Basins (Tennyson et al., 2012; Gautier et
al., 2013). Much of the current well stimulation in California has occurred in diatomite
reservoirs in the Monterey Formation (see Sections 2 and 4.5.2 for more details), and it is
likely that this type of reservoir rock will continue to be a focus of future well stimulation
activity in California.
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Technological advances in well completion and stimulation techniques have led to dramatic
increases in oil recovery from shale oil deposits elsewhere in the United States. Based in
part on large increases in drilling and oil production in the Bakken Formation in North
Dakota and the Eagle Ford Formation in Texas, the US Energy Information Administration
(EIA) (2011) predicted that even larger oil resources could be tapped from the deeper
portions (the active source rock) of the Monterey Formation in California, estimating that
there are 15.4 billion barrels of technically recoverable oil. However, the assumptions
used to develop this estimate are not supported by historical well production rates in the
Monterey (Hughes, 2013), suggesting that this estimate is highly inflated, and a more
recent estimate by the US EIA (2014b) has reduced the estimated unproved technically
recoverable shale oil from the Monterey/Santos play to a value of 0.6 billion barrels.
Recent exploration wells that have targeted deeper portions of the Monterey, where active
source rocks may retain unmigrated oil, have not resulted in the identification of new oil
reserves to date. The potential of discovering significant oil resources from new plays in
the deep source rocks of the Monterey is highly uncertain.

4.2 Introduction to Oil Deposits
Petroleum systems require the following key elements: a source rock that contains sufficient
concentrations of organic matter, a reservoir rock that accumulates the generated oil and
gas, a seal rock that traps the hydrocarbons in the reservoir, and overburden rock that
provides the burial depths needed for oil generation to occur (e.g., Doust, 2010; Magoon
and Dow, 1994). The generation of hydrocarbons in the source rock requires the presence
of abundant organic matter; the organic matter is transformed into oil and gas over time
when subjected to sufficient pressure and temperature, which are related to sediment
burial depth. The migration of hydrocarbons into the reservoir requires transport pathways
and sufficient time. The reservoir must have a relatively impermeable barrier or “trap” so
that oil can accumulate in commercial quantities without escaping, as shown on Figure
4-1. A variety of trapping mechanisms is possible, including stratigraphic traps (where
an impermeable formation overlies a porous and permeable reservoir rock), structural
traps (faults or folds that form a barrier to the continued upward migration of buoyant
hydrocarbons), and diagenetic traps (where the alteration of the reservoir rocks associated
with burial and fluid flow causes changes in flow properties of the rock).
Insoluble organic matter in the source rock (kerogen) must undergo sufficient maturation
through burial and heating over time for oil and gas to be generated (McCarthy et al.,
2011). The “oil window” is defined as the range of depths for which a source rock,
having undergone burial and heating, will generate oil – this is a function of the type of
organic matter and the integrated time-temperature history of the source rock (Fig. 4-2).
This process is characterized by progressive changes in vitrinite reflectance. Vitrinite is
a type of woody kerogen (a type of insoluble organic matter) that changes predictably
and consistently upon heating, and its increased reflectance indicates increasing source
rock maturity. The top of the oil window (where oil first is generated) corresponds to
temperatures of around 50°C and a vitrinite reflectance (Ro) of 0.6 (although some
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workers suggest that oil generation in some of the California basins is initiated at lower
vitrinite maturity levels (Walker et al., 1983; Petersen and Hickey, 1987). Higher levels of
heating will result in the transformation of organic matter to natural gas; the base of the oil
window (where all hydrocarbons will be transformed into gas) corresponds to a vitrinite
reflectance of ~1.2. The depth to the top of the oil window depends on the burial and
thermal histories of the basin. Oil can be traced back to its source rock through the use of
biomarkers and stable isotopic compositions, which serve as chemical fingerprints that link
it to the organic matter (kerogen) from which it was generated (Kruge, 1986; McCarthy et
al., 2011; Peters et al., 2007; 2013).

Figure 4-1. Example of a hypothetical petroleum system showing plan view map, cross section,

and timeline for system formation. Figure taken from Doust (2010), which was modified from
Magoon and Dow (1994).

In the case of an unconventional shale oil system, the source rock also serves as the
reservoir rock, because the oil stays trapped within the source rock due to its low
permeability. Producing oil from low permeability source rocks requires reservoir
stimulation techniques such as those discussed in Section 2.
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Figure 4-2. Thermal transformation of kerogen to oil and gas, depicting the location of the oil
window (McCarthy et al., 2011).

There are three general categories of prospective target areas for oil production in
California involving well stimulation. The first target consists of continued or increased
oil production from discovered oil fields (or similar undiscovered reservoirs) that
produce from formations with low permeability (also known as tight oil formations).
The producing oil reservoirs in these fields generally lie above the oil window, indicating
that the oil has migrated upwards from deeper source rocks and is now contained by
structural, stratigraphic, and/or diagenetic traps, as shown on Figure 4-3. The largest
fields in California, situated in the San Joaquin and Los Angeles Basins, have produced
billions of barrels of oil, and the USGS estimates that there are over 9 billion barrels of
additional oil that could be recovered from these two basins using current technology,
which might include well stimulation technologies such as hydraulic fracturing (Gautier
et al., 2013; Tennyson et al., 2012). Of these producing fields, many have oil sourced
from the Miocene Monterey Formation (or Monterey Formation-equivalent rocks), a
formation that contains organic, siliceous, phosphatic, and clay-rich shales, diatomites,
and dolomites (Section 4.4.1). A significant fraction of these fields also have oil reservoirs
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in the Monterey Formation, often hosted in diatomites, fractured siliceous shales, or
in interbedded sandy turbidite deposits; the oil has migrated from the deeper active
source rock into shallower reservoirs with overlying seals. To date, most of the hydraulic
fracturing well stimulation activity in California has been in the Monterey Formation
diatomites in South Belridge, Lost Hills, and Elk Hills fields of the San Joaquin Basin
(Agiddi, 2004; Martinez et al., 1994; Rowe et al., 2004; Strubhar et al., 1984; Wright
et al., 1995). It is possible that hydraulic fracturing well stimulation methods, or others
adapted from unconventional shale oil production in other regions, could be applied more
widely in the Monterey Formation to increase oil recovery and production.

Figure 4-3. Cross section depicting the Antelope-Stevens Petroleum System in the southern San

Joaquin Valley (Magoon et al., 2009). The Antelope Shale and Stevens Sand are subunits of the
Monterey Formation. Note that the bulk of the oil fields are located on the margins of the basin,
and that the oil appears to have migrated updip from the source region (below the top of the
petroleum window) in the center of the basin.

A second target area consists of organic-rich shales located deep in the basins within the
oil window. (These areas correspond to the active source rock colored according to the
different vitrinite reflectance contours (Ro values) in Figure 4-3). These zones have not
been a major target for oil exploration in California. However, these shales have been
the source rocks for much of the oil that has been discovered and produced in California.
Depending on how much oil still remains in these rocks, there may be significant potential
associated with these rocks. Exploitation of the source rock would constitute a true shale
oil play. This target corresponds to the Monterey shale oil play described by US EIA
(2011) – however, estimates of the potential size of recoverable oil associated with this
target are highly uncertain (see Sections 4.6 and 4.7).
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A third potential target would be oil-bearing shales in basins where little oil production
has occurred. Very little published information is available about these basins, except for
some data relating to the presence and distribution of potential source rocks.
4.3 Sedimentary Basins in California
Most of the Neogene (the time period spanning between 23 to 2.6 million years before
present) sedimentary basins in California (Behl, 1999) consist of marine depositional
environments located along the continental margin as shown on Figure 4-4. All of the oil
and gas fields in California are located in these basins (DOGGR, 1982; 1992; 1998). The
basins are typically formed and bounded by faults, with many of the faults associated with
the San Andreas Fault System. More detailed descriptions of many of these basins will be
presented in Section 4.5.

Figure 4-4. Neogene sedimentary basins in and along the coastal margins of California
(from Behl, 1999).
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The oil-bearing sedimentary basins in California are filled with mostly marine sediments,
which consist of both biogenic (produced by marine organisms) and clastic (derived by
erosion of existing rocks) materials. In each basin, distinct packages of sedimentary rocks
have been identified as formations, which are composed of rock units that represent a
similar time-depositional sequence and have distinctive and continuous characteristics that
allow them to be mapped. Formations can be divided into subunits, known as members,
which in turn have specific lithologic characteristics. The same geologic formations can
often be found in adjacent basins; they would represent units that were deposited at the
same time, and presumably under similar conditions. A discussion of key source rock
formations (dominated by organic-rich shales) in California is presented in Section 4.4;
descriptions of the main sedimentary basins where these rocks were deposited are given
in Section 4.5.
4.3.1 Structural Controls
Oil reservoirs in California have a complex structural history that resulted in folding and
faulting. The most important aspect of these processes is that they took place along the
margins of the North American continent over time periods when the tectonic forces caused
a radical change of the Pacific and North American plate boundary from a subduction zone
to a strike-slip margin in the region that is now California. The result was the formation
of a number of structural depressions (basins) where sediments with a wide range of
compositions were deposited. These sediments were subjected to burial and then deformation
(faulting and folding). The following technical discussion describes these processes.

Regional tectonism plays a large role in the creation of sedimentary basins in California
and the distribution of sedimentary facies within these basins (Graham, 1987). In many
cases, faulting accompanied basin formation and filling, and played an integral role in
the types and rates of sedimentation. The dynamic tectonic environment of the California
continental margin has contributed to the structurally complex nature of many of these
sedimentary basins, and has led to the creation of structural traps (faults and folds) in
many of the oil and gas fields. Wright (1991) finds that over 90 percent of the oil found
in oil fields in the Los Angeles Basin is associated with anticlinal or fault traps, associated
(in turn) with Miocene and younger tectonism. Ingersoll and Rumelhart (1999) and
Ingersoll (2008) have postulated a three-stage tectonic evolution of the Los Angeles
Basin (Fig. 4-5) involving transrotation (simultaneous occurrence of strike-slip faulting
and rotation) between 18 and 12 million years ago (Ma), transtension (simultaneous
occurrence of strike-slip faulting and extension) between 12 and 6 Ma, and transpression
(simultaneous occurrence of strike-slip faulting and compression) from 6 Ma to the present.
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Figure 4-5. Three-stage tectonic evolution of the Los Angeles Basin. A – Present day structural
setting, B, C, D – Palinspastic reconstructions of basin at 6, 12, and 18 Ma (details described in
Ingersoll and Rumelhart, 1999).

Other California basins have experienced complex tectonic histories related to strike-slip
movement along the San Andreas Fault. Graham (1978) described the role of wrench
tectonics in the formation of the Salinas Basin, where right-lateral offset along the
Rinconada-Reliz fault zone (located parallel to and between the San Andreas and San
Gregorio-Hosgri faults) led to the formation of en echelon depressions and uplifts. A shift
from transtension to transpression in this region followed the deposition of the Miocene
Monterey Formation (Colgan et al., 2012; Titus et al., 2007).
Faults and fractures play a critical role in the migration and accumulation of hydrocarbons
(Fig. 4-6) in many California oil fields (Chanchani et al., 2003; Dholakia et al., 1998;
Dunham and Blake, 1987; Finkbeiner et al., 1997). Compressive stresses can lead to the
development of folds, which can form structural traps with effective cap rocks when the
formations deform plastically. Under similar forces, more brittle rocks develop fractures,
which can provide flow pathways for upward hydrocarbon migration by providing fracture
permeability—this is especially important when matrix permeabilities are low in clay-rich
shales and siliceous mudstones (Hickman and Dunham, 1992).
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Figure 4-6. Schematic depiction of the development of bed-parallel faulting in the more brittle
porcelanite layers in the Monterey Formation, which leads to the formation of petroleum-filled
breccia zones (Dholakia et al., 1998).

4.3.2 Diagenetic Controls
As sediments are progressively buried over time, they undergo compaction and heating,
and reductions in matrix permeability and porosity (Zieglar and Spotts, 1978) during
diagenesis, a process that represents the chemical, physical, and biological changes
that transform sediments into sedimentary rocks. In addition to these physical changes,
mineralogical and textural changes occur in many sedimentary rocks. For instance,
silica-rich diatomaceous sediments, such as those that occur in the Monterey Formation,
undergo significant mineralogic changes that affect their physical properties (Behl and
Garrison, 1994; Behl, 1998; Chaika and Dvorkin, 2000; Chaika and Williams, 2001;
Eichhubl and Behl, 1998; Isaacs et al., 1983; Isaacs, 1980, 1981c, 1982; Keller and
Isaacs, 1985; Pisciotto, 1981). Changes in temperature result in the transformation from
opal-A to opal-CT to microcrystalline quartz. This transformation is also affected by the
amount of detrital minerals mixed with the silica phase (Fig. 4-7). This can lead to a
significant change in physical properties from a diatomite, which has very high (>60%)
porosity, to porcelanites and cherts, which have much lower porosities; all of these rocks
have intrinsically low matrix permeabilities. The porcelanites and cherts are much more
brittle than diatomite, and thus often develop natural fractures that can conduct fluid
(Behl, 1998; Eichhubl and Behl, 1998; Hickman and Dunham, 1992). Contrasts in rock
properties associated with these changes in mineralogy in the Monterey Formation can
result in the formation of diagenetic oil traps, such as those observed in the Rose oil field,
where the top of the reservoir in the McLure shale member occurs at the transition from
opal-CT to quartz (Ganong et al., 2003).
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Figure 4-7. (a) Sediment composition and temperature effects on silica phase changes in the
Monterey Formation (Behl and Garrison, 1994). (b) Changes in porosity as a function of silica
phase transformation and burial (Isaacs, 1981c).

4.4 Primary Oil Source Rocks in California
As described above, each basin with oil has at least one source rock unit. In California
basins, the dominant source rocks are in the Monterey Formation. However, the source
rocks in some basins may include other geologic units. The various units identified as
including source rock in California are discussed below.
4.4.1 Monterey Formation
The Miocene Monterey Formation is dominated by deep water marine sediments, comprising
siliceous, phosphatic, and calcareous materials, along with a significant organic component,
making it one of the major hydrocarbon source rocks in California (Behl, 1999; Bramlette,
1946; Graham and Williams, 1985; Isaacs, 1989; Tennyson and Isaacs, 2001). It forms
extensive deposits within many of the Neogene sedimentary basins in California, including
all of the major oil-producing regions (Fig. 4-4).
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4.4.1.1 Lithologic variability of the Monterey Formation.
The main lithologies encountered (Figs. 4-8 and 4-9) include thinly laminated beds of
chert, siliceous mudstone, porcelanite, phosphatic shale, clay shale, and dolomite (Behl,
1999; Bramlette, 1946; Dunham and Blake, 1987; Isaacs et al., 1983; Isaacs, 1980).
While many of these lithologic units have informally been called “shales”, they are more
appropriately classified as mudstones, given that they are fine-grained but are relatively
poor in actual clay mineral content (e.g., Behl, 1999; MacKinnon, 1989). Areas closer
to the continental margin (e.g., the San Joaquin and Los Angeles Basins) have higher
amounts of terriginous clastic input and contain turbiditic sandstones (Link and Hall,
1990; Redin, 1991). These coarser grained deposits form important subunits within the
Monterey, such as the Stevens and Santa Margarita sandstones (e.g., Magoon et al.,
2009). The unit is characterized by its wide range in lithologic variability (Fig. 4-10).
This variability can be characterized through studies of outcrops and cores, but is most
easily achieved in the subsurface through the use of geochemical (e.g., Hertzog et al.,
1989) and integrated formation evaluation (e.g., Zalan et al., 1998) logging tools.
A variety of different lithological characterizations have been developed for the Monterey,
based upon the varying amounts of silica, carbonate, and detrital minerals present (e.g.,
Carpenter, 1989; Dunham and Blake, 1987; Isaacs, 1981a, 1981b). In general, the lower
portion of the Monterey is carbonate-rich, the middle section has abundant phosphatic,
organic-rich shales, and the upper section tends to be dominated by siliceous mudstones,
porcelanite, chert, and diatomite (Behl, 1999; Govean and Garrison, 1981; Isaacs et al.,
1983; Isaacs, 1981b). A type section of the Monterey in the southwestern San Joaquin
basin, at Chico Martinez Creek, is over 6,000 ft (1,830 m) thick, and consists of four major
shale subunits: the Gould, Devilwater, McDonald, and Antelope shales (Mosher et al., 2013).

Figure 4-8. Generalized stratigraphic section of the Monterey Formation from the Santa Barbara

coastal region (Isaacs, 1980). Open pattern depicts massive units, broken stipple indicates
irregularly laminated beds, and thinly lined pattern denotes finely laminated units.
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Figure 4-9. Photographs of the main types of lithologies found in the Monterey Formation.
Upper left – dark lenses of chert within porcelanite, Point Buchon; Upper right – Porcelanite
with thin organic-rich clay shale interbeds, Point Buchon; Middle left – Interbedded phosphatic
mudstones and dolomites, Shell Beach; Middle right – Orange dolomitic layers interbedded with
siliceous shales and porcelanite, Montana de Oro State Park; Lower left – Pebbly phosphatic
hardground, Montana de Oro State Park; Lower right – Sandy turbidite lens (with yellow field
book) between fractured chert and porcelanite layers, Point Buchon. These localities are
described in Bohacs and Schwalbach (1992). Photos: P. Dobson.

130

Chapter 4: Prospective Application of Well Stimulation Technologies in California

Figure 4-10. Lithologic variability of the Monterey Formation (Behl, 1999).

One of the main constituents of these marine sedimentary rocks comprises silica-rich
diatoms. The physical properties of these diatoms are dramatically impacted by diagenetic
processes, which result in a progressive change (with increasing temperature and burial
depth) from opal-A to opal-CT to microcrystalline quartz (Fig. 4-7). This transformation
results in significant changes in porosity, permeability, Young’s elastic modulus (the ratio
of longitudinal stress to longitudinal strain), and the brittleness of the rocks, with cherts
and siliceous mudstones particularly susceptible to fracturing (Hickman and Dunham,
1992; Isaacs, 1984).
In addition to being an important oil reservoir, the Monterey Formation is also a major
petroleum source rock (Graham and Williams, 1985; Isaacs, 1989, 1992a; Peters et al.,
2013, 2007; Tennyson and Isaacs, 2001). The Monterey contains several organic-rich
shale intervals with elevated total organic carbon (TOC), including the Reef Ridge,
McLure, Antelope, McDonald, Devilwater, and Gould shales. Graham and Williams
(1985) reported TOC values for the Monterey in the San Joaquin Basin ranging from
0.40 to 9.16 wt. %, with a mean value of 3.43 wt. %; higher TOC values with unit
averages ranging between 4 and 8% TOC (6 and 13% organic matter) were reported for
the Santa Maria Basin and the Santa Barbara coast by Isaacs (1987). TOC abundances
are generally highest in the phosphatic shale section in the Middle Monterey (Fig. 4-11),
where reduced dilution with biogenic sediments occurs (Bohacs et al., 2005). This
TOC-rich portion of the Monterey would be the most likely target for unconventional
shale oil. The kerogen in the Monterey has been interpreted to be mostly of marine
origin (Tennyson and Isaacs, 2001).
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Figure 4-11. Distribution of organic matter, detrital sediments, and biogenic silica accumulations

as a function of stratigraphic position in the Monterey Formation (Bohacs et al., 2005).

Key processes affecting the distribution and mineralogy of the Monterey involve original
facies variations associated with the deposition of sediments and subsequent diagenetic
processes, which had a profound impact on siliceous materials. These facies variations
depend on paleoceanographic conditions which control the relative amounts of biogenic
production of diatoms, coccoliths, and foraminifera relative to clastic sedimentation (Behl,
1999; Bohacs and Schwalbach, 1992).
4.4.1.2 Physical Properties of the Monterey
The physical properties of a rock are critical in determining if a rock can serve as a
reservoir rock and how it might be stimulated by hydraulic fracturing. The porosity of
a rock represents the open pore and fracture volume of a rock. The matrix and fracture
porosity not only provide storage volumes for fluids, but they also provide potential
pathways for fluid flow in rocks provided the pores and fractures are interconnected.
The permeability of a rock measures the ability of a rock to transmit fluids; the goal of
well stimulation is to improve well production by enhancing the permeability of the
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surrounding reservoir rock. The ability to stimulate a rock through hydraulic methods
depends on the ability to shear or dilate existing fractures (causing them to open), or to
create new fractures. The strength and elasticity and spatial variations of these properties
of the rock will determine how hydraulic fractures will develop. Young’s modulus, the
ratio of longitudinal stress to longitudinal strain, is used to estimate the rigidity of a rock.
The total organic content determines whether a particular lithology could serve as a
potential hydrocarbon source rock.
Physical properties (porosity, permeability, total organic content (TOC), Young’s elastic
modulus) have been determined for a variety of Monterey rock samples. Note that the
presence of natural fractures in the more brittle lithologies of the Monterey would result
in a fracture permeability that would have a significant impact on oil migration (Behl,
1998; Eichhubl and Behl, 1998; Hickman and Dunham, 1992).
The Newlove 110 well (API 08222212) in the Orcutt field was the subject of a detailed
hydrofracture research study conducted jointly by Unocal and the Japan National Oil
Company (Shemeta et al., 1994). Prior to the hydrofracture, the well had a thick section
of continuous core sampled from the Monterey section (which extends from 2,030 to
2,805 ft (619 to 855 m) in the well). Core Laboratories drilled 239 one-inch-diameter
(2.54 cm) core plugs parallel to bedding from this core between the depths of 2,412 and
2,820 ft (735 and 860 m) and measured horizontal air permeability, helium porosity,
fluid saturation, and grain density. The porosities ranged from 3.7 to 37%, with an
arithmetic average of 22.8% and a median value of 23.4% (Fig. 4-12a). Matrix horizontal
air-permeability values ranged from 0.00 md to 5,080 md, with an arithmetic average of
99.6 md, a geometric average of 2.59 md, a median value of 1.67 md, and a harmonic
average of 0.12 md (Fig. 4-12b). Grain density values ranged from 2.19 to 2.96 g/cm3,
with an arithmetic average of 2.50 g/cm3 and a median value of 2.49 g/cm3.
Isaacs (1984) reports the physical properties of three different siliceous Monterey Formation
lithologies that illustrate the effects of diagenesis. Opal-A bearing diatomaceous mudstones
have porosities ranging from 50-70%, matrix permeabilities from 1-10 md, and grain
densities of 2.2-2.4 g/cm3. Opal-CT porcelanites have porosities ranging from 30-40%,
matrix permeabilities from <0.01 to 0.1 md, and grain densities of 2.2-2.35 cm3. Quartz
porcelanites have porosities of 10-20%, matrix permeabilities of <0.01 md, and grain
densities of 2.1-2.4 g/cm3. Chaika and Williams (2001) observed that permeability
reductions associated with silica phase transformation at increasing depth of burial in
the Monterey appear to have two different trends: (1) a silica-rich host rock that has an
abrupt porosity reduction (from 55 to 45%) associated with the change from opal-A to
opal-CT, lending itself to a more brittle, fractured rock below this transition, and (2) a
more gradual porosity reduction associated with this transformation for siliceous shales
and mudstones with a higher abundance of detrital minerals. This second, more clay-rich
rock tends to retain higher matrix porosity, which could lead to higher volumes of
hydrocarbon storage.
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Figure 4-12. Helium porosity (a) and horizontal air permeability (b) measurements of 239
Monterey Formation core samples from the Newlove 110 well, Orcutt oil field, Santa Maria
basin. The Core Laboratories report can be found on the DOGGR website at:
http://owr.conservation.ca.gov/WellRecord/083/08322212/08322212 Core Analysis.pdf

Measurements of physical properties were conducted on samples of the Antelope Shale
member of the Monterey Formation in the Buena Vista Hills field, located between the
giant Elk Hills and Midway-Sunset fields in the SW portion of the San Joaquin Basin
(Montgomery and Morea, 2001). Four different rock types were studied: opal-CT
porcelanite, opal-CT porcelanite/siltstone, clay-poor sandstone, and sandstone/siltstone.
The porcelanite samples (399) had an average porosity of 33.8%, a median permeability
of 0.1 md, and an average density of 2.31 g/cm3; the porcelanite/siltstone samples (451)
had an average porosity of 25.7%, a median permeability of 0.07 md, and an average
density of 2.36 g/cm3; the sandstones (19) had an average porosity of 21.1%, a mean
permeability of 6.3 md, and an average density of 2.62 g/cm3; and the sandstone/siltstone
samples (57) had an average porosity of 20.8%, a mean permeability of 0.16 md, and an
average density of 2.57 g/cm3.
Liu et al. (1997) analyzed a number of Monterey core samples from the Santa Maria
Basin. They reported lithotype, porosity, density, and TOC values (Table 4-1) for 10
Monterey Formation samples obtained from two wells (with sample depths ranging from
4,560 to 5,553 ft (1390 to 1693 m) in the Santa Maria Basin (Liu, 1994).
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Table 4-1. Physical properties of Monterey core samples from the Santa Maria Basin
(Liu et al., 1997).

Lithology

Number of core
samples

Porosity (%)

Grain density (g/cm3)

Total organic carbon
(wt. %)

Porcelanite

2

10-11.4

2.14-2.17

2.28-2.4

Siliceous shale

1

4.3

2.24

6.81

Shale

3

18-21

2.02-2.35

8.19-18.2

Siliceous dolomite

3

11-19

2.38-2.70

0.52-8.12

Dolomite

1

3.0

2.72

0.19

Morea (1998) performed reservoir characterization studies of siliceous shales and mudstones
from the Antelope and Brown shale members of the Monterey Formation from the Buena
Vista Hills field. As part of this study, seven core samples recovered from depths ranging
from 4,191 to 4,799.3 ft (1277.4 to 1462.8 m) were analyzed for Young’s modulus.
These samples, consisting of porcelanite and clayey porcelanite, have values ranging from
1,172,000 psi up to 2,724,000 psi (8.8 to 18.9 GPa), with an average value of 1,990,000
psi (13.7 GPa).
At the Belridge oil field, diatomites corresponding to the uppermost portion of the Monterey
Formation are an important oil reservoir rock. Schwartz (1988) reports that the diatomites
have elevated porosities ranging from 54 to 70%, permeabilities ranging from 0.00 to 7 md,
and grain densities from 2.2 to 2.5 g/cm3. Similar rock-property values (55-60 % porosity,
0.03 to 0.3 md permeability, and 2.2 to 2.5 g/cm3 grain density) are reported for this unit
by De Rouffignac and Bondor (1995). These properties vary as a function of stratigraphic
depth and are related to cyclical changes in biogenic and clastic sedimentation (Schwartz,
1988). Bowersox (1990) reports lower effective porosities (36.7 to 55.4%) and higher
permeabilities (1.86-103 md) for the producing diatomite intervals. The highly porous
diatomites are soft rocks that have very low Young’s modulus values as follows: 20,000 500,000 psi (0.14 – 3.4 GPa) (Allan et al., 2010); 50,000 – 200,000 psi (0.34 – 1.4 GPa)
(Wright et al., 1995); 25,000 – 80,000 psi (0.17 – 0.55 GPa) (De Rouffignac and Bondor,
1995); ~100,000 psi (0.69 GPa) (Vasudevan et al., 2001). In spite of the low rigidity of
these rocks as indicated by the low Young’s modulus values, diatomite units have been
successfully subjected to hydraulic stimulation to increase oil production from this highly
porous but low-permeability lithology (Allan et al., 2010; Wright et al., 1995).

In conclusion, the different lithologies of the Monterey Formation exhibit a wide range
of physical properties. Silica-rich diatomites have the highest porosities of any Monterey
lithology (typically > 50%), but with diagenesis, these rocks are converted into porcelanites,
which have significantly lower porosities (generally 20-40%). All of the Monterey lithologic
units have intrinsically low matrix permeabilities (typically less than a millidarcy).
However, the porcelanites, siliceous shales and mudstones, and dolomite units are quite
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brittle, and often develop natural fractures, which can lead to higher fracture permeability
for these rock types. Most of the shale (clay-rich) lithologies in the Monterey Formation
have TOC values greater than 2%, making them prospective hydrocarbon source rocks.
The organic-rich phosphatic shales found within the Middle Monterey (Fig. 4-11) are the
most prospective source rocks (and most likely unconventional oil shale target) within
the Monterey Formation.
4.4.2 Vaqueros Formation
The Vaqueros Formation is an early to mid-Miocene marine sedimentary unit consisting
of sandstones and shales, typically found in basins on the western side of the San Andreas
Fault (Dibblee, 1973). The lower portion of this unit is the Soda Lake Shale Member,
consisting of shale, claystone, and siltstone. This is overlain by the Painted Rock Sandstone
Member. Lillis (1994) used biomarkers and stable isotopic compositions to conclude that
much of the oil produced from the Cuyama Basin comes from the Soda Lake Shale source
rock (see Section 4.5.5 for more details).
4.4.3 Tumey and Kreyenhagen Formations
The Tumey Formation, an Eocene age unit that just overlies the Kreyenhagen Formation,
contains a thin calcareous shale and is often combined with the Kreyenhagen in
stratigraphic sections (Milam, 1985; Peters et al., 2007). The Kreyenhagen Formation is
a shale-rich formation of Eocene age that serves as a source rock for hydrocarbons in the
San Joaquin Basin, and has a thickness of over 1,000 ft (305 m) at its type section at
Reef Ridge, just south of Coalinga (Von Estorff, 1930). It consists of shales, laminated
sandstones and shales, siltstones, and pebbly green sands (Isaacson and Blueford, 1984;
Johnson and Graham, 2007; Milam, 1985). In some locations, it contains a turbiditic
sandstone that can exceed over 1,600 ft (488 m) in thickness known as the Point of
Rocks sandstone; in these areas, the lowermost Kreyenhagen member is known as the
Gredal Shale member, and the uppermost Kreyenhagen member is the Welcome Shale
member (Dibblee, 1973; Johnson and Graham, 2007). Hydrocarbons derived from
the Kreyenhagen and Tumey Formations have been chemically distinguished from the
Monterey on the basis of isotope geochemistry and biomarkers (Clauer et al., 2014;
Lillis and Magoon, 2007; Peters et al., 1994; 2013).

4.4.4 Moreno Formation
The Moreno Formation is a shale-rich formation of Cretaceous-Paleocene age (McGuire,
1988). It consists of four members that represent different clastic depositional facies.
The base of this unit consists of the Dosados Member (and lower portion of the Tierra
Loma Member), which consists of silty shales and turbidites with interbedded sandstones.
The rest of the Tierra Loma member consists of brown to maroon shales. This is in turn
overlain by the Marca Shale Member, consisting of diatomaceous and siliceous shales.
The uppermost section of the Moreno is formed by the Dos Palos Shale Member, formed
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by clay shales, silty shales, and glauconitic sandstones (the Cima Sandstone) and
siltstones. The stratigraphic section of the Moreno Formation, exposed in Escarpado
Canyon in the Panoche Hills on the western margin of the central San Joaquin Valley,
has a thickness of around 800 m (Fig. 4-13). He et al. (2014) have characterized the
geochemical signature of oils sourced from this formation.

Figure 4-13. Stratigraphic column of the Moreno Formation, Escarbado Canyon, Panoche Hills,
western margin of the central San Joaquin Basin (McGuire, 1988).

4.4.5 Comparison of the Monterey Formation with the Bakken Formation
The Monterey Formation in California can be compared with the Bakken Formation in
North Dakota, which has seen a dramatic increase in drilling and oil production over the
past five years (Fig. 4-14). The Bakken, along with the Eagle Ford Formation of Texas,
are two of the largest producing unconventional shale oil units in the United States
(US EIA, 2014a). The introduction of horizontal drilling and hydraulic stimulation
techniques to these fields has led to near-quantum leap in oil production from these tight
oil units. The jump in oil production from the Bakken and Eagle Ford through the use of
unconventional well completion and stimulation techniques led to the identification of
the Monterey as a potential next big shale oil target (US EIA, 2011). Thus, a comparison
between the nature of the Bakken and Monterey Formations can provide insights into
assessing the possible increases in oil production in California resulting from
implementation of well stimulation methods.
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Figure 4-14. Increases in oil production from the Bakken Formation (US EIA, 2014a).

The Upper Devonian-Lower Mississippian Bakken Formation is a shale oil unit located in
the Williston Basin, and found in North Dakota, Montana, Saskatchewan, and Manitoba
(Gaswirth et al., 2013). It consists of three main zones: an upper unit, consisting of an
organic-rich black shale; a middle unit, consisting of a silty dolostone or limestone to
sandstone; and a lower unit, consisting of an organic black shale (Pitman et al., 2001).
A fourth unit has been proposed for the Bakken, the Pronghorn unit, which underlies the
lower shale unit and consists of a sandy unit previously known as the Sanish (LeFever et
al., 2011). The Bakken has a maximum thickness of 160 ft (49 m) in the central portion
of the basin (Fig. 4-15). The unit generally has a total thickness of less than 100 ft (30
m) (Lefever, 2008). The main target for production has been the middle dolomitic
zone, while the upper and lower shales are considered the primary source rocks for
hydrocarbons found in the Bakken. The shales are organic rich, with TOC values ranging
from less than 1% up to 35%, and averaging around 11 wt. % (Webster, 1984). The
Bakken petroleum system is located below the top of the oil generation window (Fig.
4-16), so hydrocarbons sourced from the shale unit are not required to have undergone
significant migration (only into the adjacent dolomite unit (Sonnenberg et al., 2011)).
This type of petroleum system is called a continuous petroleum accumulation (Nordeng,
2009). Unconventional techniques (horizontal drilling into the middle Bakken combined
with multiple zone well stimulation) have been employed to maximize oil production
from this formation (Jabbari and Zeng, 2012). Around 450 million barrels of oil have
been produced using these techniques from the Bakken and Three Forks Formations in the
Williston Basin between 2008 and 2013 (Gaswirth et al., 2013). The successful production
of oil from the Bakken has prompted discussions regarding the possible recovery of oil
from other shale oil formations such as the Monterey (Price and LeFever, 1992).
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Figure 4-15. Isopach map of the Bakken Formation (Lefever, 2008).

Figure 4-16. Schematic EW cross section of the Bakken petroleum system. Note that the Bakken
lies below the top of the oil window (Sonnenberg et al., 2011).
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4.4.5.1 Physical Properties
Core samples from the Middle Bakken unit obtained from the Parshall field have porosities
ranging from 1-11% and permeabilities that average 0.0042 md (Simenson et al., 2011);
a similar range of values of 1.1 to 10.2% (porosity) and <0.001 to 0.215 md (permeability)
were reported by Ramakrishna et al. (2010). Production sweet spots involve areas with
enhanced porosity and the presence of natural fractures (Pitman et al., 2001; Sonnenberg
et al., 2011). Log-derived Young’s modulus values for the Middle Bakken are around 7
GPa (Ramakrishna et al., 2010).
4.4.5.2 Similarities and Differences Between the Monterey and the Bakken Formations

The range of permeabilities of the Bakken dolomite reservoir unit (Middle Bakken) is
similar to the permeability of porcelanites in the Monterey. The porosities of most of the
Monterey lithologies, while varying significantly as a function of burial depth and degree
of diagenesis, tend to be higher than those in the Middle Bakken dolomite.
The ages of these deposits are very different. The Monterey is Miocene in age and is still
actively producing hydrocarbons, while the Bakken is much older (Upper Devonian-Lower
Mississippian) in age.
The thicknesses of these units are dramatically different. The Bakken is typically less
than 100 ft (30 m) in thickness, with a maximum thickness of 160 ft (49 m), and the
producing middle dolomitic unit is generally less than 50 ft (15 m) thick, with a
maximum thickness of around 90 ft (27 m). In contrast, the type section of the Monterey
in the San Joaquin Basin is about 6,000 ft (1,830 m) thick (Mosher et al., 2013), and
even greater thicknesses can be encountered in some of the basin depocenters. It is
important to note that the organic-rich phosphatic shale portion of the Monterey, which
would be the primary candidate for an unconventional oil resource in this formation, is
considerably thinner (Figure 4-11).
The lithologic variability of the Bakken and Monterey are quite different. The Bakken
Formation consists primarily of two distinct lithologies: (1) organic-rich shale, which
makes up the upper and lower members of the Bakken (serving as the source rock), and
(2) dolomite, which is the primary rock type of the producing middle Bakken member.
In contrast, the Monterey consists of organic-rich, silicecous, and carbonate-rich shales and
mudstones, porcelanite and diatomite, as well as interfingering sandstone turbidite bodies.
The structural setting of the Williston Basin in which the Bakken Formation resides is
much less complex than those corresponding to the main sedimentary basins in California.
The Williston Basin is an intracratonic basin that is not structurally controlled (Sloss,
1987), whereas the Neogene sedimentary basins in California are tectonically controlled,
with faults and folds strongly influencing the trapping and accumulation of hydrocarbons
in many of the major oil fields (Wright, 1991). The presence of wrench fault structures,
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combined with a basement of highly deformed Mesozoic subduction complex rocks,
has led to the creation of numerous trapping structures in many of the oil regions in
California (Graham, 1987).
Because of the extreme variability of the Monterey, where bed lithologies vary on a
centimeter scale, and diagenesis has dramatically affected rock physical properties,
effective hydraulic stimulation methods vary significantly for different portions of the
Monterey (El Shaari et al., 2011).

Figure 4-17. Schematic cross section illustrating conventional oil reservoirs (with migrating
oil) and a continuous petroleum accumulation, as illustrated by the Bakken petroleum system
(Nordeng, 2009).

The style of oil accumulation for the discovered resources associated with the Monterey
Formation is different from that in the Bakken Formation. The producing oil fields that
are hosted in the Monterey represent a conventional oil system where the oil has migrated
from the source rock up into a reservoir zone that is capped by a trapping feature
(structural, stratigraphic, or diagenetic trap). In contrast, the Bakken petroleum system
represents a continuous petroleum accumulation (Fig. 4-17), where the oil is formed
from organic-rich shales and migrates locally into an adjacent formation (the dolomite
of the Middle Bakken) that is slightly more permeable and porous than the source shales
(Nordeng, 2009). We note that the dolomite still has low enough permeability so that
it requires stimulation for commercial production. The absence of faults and extensive
fractures precludes hydrocarbon migration away from this region. It is possible that a
similar type of oil accumulation could exist within the deeper portions of the Monterey,
but significant amounts of oil that have been generated from these depocenters (areas
where thickest accumulations of sediment have occurred) have migrated and accumulated
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to form the main oil fields in California. The complex tectonic history for sedimentary
basins in California, and the presence of natural fractures in the siliceous mudstones in the
Monterey, would both indicate that oil generated in the basin depocenters would migrate
via higher permeability fracture and fault pathways.
4.5 Oil-producing Sedimentary Basins in California
California is one of the largest oil producing states in the U.S., and hosts several giant
(> 1 billion barrels of oil) oil fields. Detailed information on these oil fields can be found
in DOGGR (1982; 1992; 1998) and on the DOGGR website http://www.conservation.
ca.gov/dog/Pages/Index.aspx. Below is a summary of selected sedimentary basins in
California (Fig. 4-18), including the two most prolific oil-producing regions (the San
Joaquin and Los Angeles Basins), several regions with abundant oil production (the
Ventura and Santa Maria Basins), and two basins with a few significant oil fields (the
Salinas and Cuyama Basins). The Sacramento Basin has almost exclusively gas production
(the Brentwood field is the exception (Ditzler and Vaughan, 1968)), and thus is not
included in this discussion.

Figure 4-18. Map of major sedimentary basins and associated oil and gas fields in California.

For each of the basins described in this section, figures were generated that depict the
basin boundaries, mapped Quaternary faults, the locations of active oil fields, the areal
extent of the main source rocks, and where these rocks lie within the oil window (see
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Figs. 4-19, 4-23, 4-24, 4-25, 4-26, 4-29, 4-31, 4-32, 4-35, and 4-36). The existing oil
fields would correspond to the first type of well stimulation target mentioned in Section
4.2, whereas the deeper source rocks located within the oil window would constitute the
second “unconventional shale oil” target.
4.5.1 Los Angeles Basin

Figure 4-19. Map of the Los Angeles Basin with outlines of producing oil fields. The orange
shaded area depicts where deep source rocks within the oil window are located. Data from
DOGGR, Wright (1991), and Gautier (2014).

The Los Angeles Basin is an active margin Neogene sedimentary basin (Fig. 4-19) that
has undergone transrotation, transtension, and more recently, transpression (Fig. 4-5)
in response to active faulting over the past 18 Ma (Beyer, 1988; Ingersoll and Rumelhart,
1999). This complex deformational history has led to folding and faulting, creating
structural traps for hydrocarbons (Wright, 1991). For example, the supergiant Wilmington
oil field is hosted by a faulted, doubly plunging anticline (Mayuga, 1970; Montgomery,
1998). Sedimentation in this basin has been dominated by submarine fan deposits
(Redin, 1991). Thick accumulations of Miocene and Pliocene sandstones of the Puente
and Repetto Formations serve as the primary oil reservoir rocks. Organic-rich Miocene
shales, also described as nodular organic shales, serve as the source rock for these prolific
oil fields (Behl and Morita, 2007; Beyer, 1988; Hoots et al., 1935; Lanners, 2013; Walker
et al., 1983); these shales are interpreted to be time correlative with the Monterey
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Formation. Cross sections of four oil fields, West Beverly Hills, East Beverly Hills,
Inglewood, and Huntington (Fig. 4-20) depict the oil reservoir rocks, the structural traps,
and the underlying source rocks (Lanners, 2013).

Figure 4-20. Cross-sections of the West Beverly Hills, East Beverly Hills, Wilmington, and
Inglewood oil fields (Lanners, 2013). Dark-shaded areas depict location of main oil reservoir
sections, orange-shaded areas depict organic-rich source rocks of Miocene age.

The USGS has recently conducted an assessment of the recoverable oil from of the ten
giant (each with accumulations greater than 1 billion barrels of oil) oil fields in the
Los Angeles Basin (Gautier et al., 2013). Based upon a probabilistic assessment of the
original oil in place, the amount of oil produced, and expected recovery factors employing
existing oil field technology, the USGS calculated a mean estimate of an additional 3.2
billion barrels of oil that could be recovered from these fields. According to Gautier et
al. (2013), the recovery of this quantity of oil in place in these fields would require the
“unrestricted application of current best-practice technology, including improved imaging
and widespread application of directional drilling, combined with extensive water, steam,
and CO2 floods”; it does not indicate whether hydraulic and acid stimulation methods
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would be applied. This estimate does not include potential contributions from the other
58 existing oil fields in the basin, nor does it consider the discovery of new conventional
fields, nor resources derived from unconventional sources, such as shale oil.
4.5.2 San Joaquin Basin
The San Joaquin Basin is located in the southern portion of the Great Valley, a large
topographic depression between the Sierra Nevada and the Coast Ranges (Fig. 4-21).
It first formed as a forearc basin (located between the subduction zone and the volcanic
arc (the Sierra Nevada batholith represent the intrusive roots of this system)) during the
Mesozoic and was associated with subduction along the continental margin. A change
from a convergent to a transform plate boundary during the Cenozoic led to periods of
subsidence and uplift (Goodman and Malin, 1992; Hosford Scheirer and Magoon, 2008;
Schwochow, 1999). The basin is filled with a thick sequence of Cretaceous to Quaternary
sediments, with mixed marine and continental sources (Hosford Scheirer and Magoon,
2008; Johnson and Graham, 2007; Schwochow, 1999)

Figure 4-21. The San Joaquin Basin and producing oil fields (Oil field data from DOGGR).
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Figure 4-23. Distribution and estimated active source area of the Moreno Formation in the
San Joaquin Basin (Magoon et al., 2009).

Figure 4-24. Distribution and estimated active source area of the Kreyenhagen in the San
Joaquin Basin (Magoon et al., 2009).
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Figure 4-25. Distribution and estimated active source area of the Tumey in the San Joaquin
Basin (Magoon et al., 2009).

Figure 4-26. Distribution and estimated active source area of the Monterey in the San Joaquin
Basin (Magoon et al., 2009).
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The Monterey is the dominant source rock for producing oil fields in the San Joaquin
Basin and also serves as a reservoir rock for many oil fields. However, many of these
reservoirs are located above the oil window (Fig. 4-3), and the kerogen present at
reservoir depths is thermally immature, suggesting that the oil migrated updip from
deeper in the basin (Graham and Williams, 1985; Kruge, 1986).
In several fields in the San Joaquin, such as South Belridge and Lost Hills, significant oil
production occurs from the upper Monterey diatomite unit (Bowersox, 1990; Schwartz,
1988). These reservoir rocks have high matrix porosities, but low permeabilities (see
Section 4.4.1.1 for more details). Directional wells targeting specific pay zones coupled
with hydraulic fracturing (Fig. 4-27) have been employed to improve hydrocarbon recovery
from the South Belridge and Lost Hills fields (Allan et al., 2010; El Shaari et al., 2011;
Emanuele et al., 1998; Wright et al., 1995). While some oil production occurs from
low-permeability diatomite and fractured siliceous mudstones in the Monterey at the
Midway-Sunset field, the most productive intervals are interbedded turbidite sands
(Fig. 4-28) (Link and Hall, 1990; Mercer, 1996; Underwood and Kerley, 1998). These sands
have much more favorable reservoir properties (porosity ~33%, permeabilities between
800-4,000 md) than the Monterey lithologies that surround them (Link and Hall, 1990).

Figure 4-27. Schematic of directional well for the South Belridge field targeting the top of
the diatomite unit, oriented longitudinally along the flanks of the anticline, with hydraulic
fracturing to improve well performance (Allan and Lalicata, 2012).

Production also occurs from diagenetically transformed diatomite, porcelanite, in the Elk
Hills field (Reid and McIntyre, 2001). Oil production out of the Antelope shale member
of the Monterey at the Buena Vista Hills field (mostly consisting of porcelanite) has been
hampered by low primary recovery values of 4-6%. Attempts to stimulate the reservoir
using hydraulic stimulation techniques led to the generation of a complex system of
fractures, which seemed to increase flow tortuosity near the well bore. The failure to
stimulate longer vertical fractures was thought to be due in part to the wide contrast in
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rock strength on a bed-to-bed scale, leading to delamination and poor transmission
of proppants into the fracture network (Montgomery and Morea, 2001). Enhanced oil
recovery using CO2 flooding was proposed as a means to improve oil recovery in this field.

Figure 4-28. Block diagram depicting location of Webster sand turbidite lobes within the Antelope

Shale Member of the Monterey Formation in the Midway-Sunset field (Link and Hall, 1990).

The USGS has recently conducted an assessment of the recoverable oil from nine major
oil fields in the San Joaquin Basin (Tennyson et al., 2012). Based upon a probabilistic
assessment of the original oil in place, the amount of oil produced, and expected recovery
factors employing existing oil field technology, the USGS calculated a mean estimate
of an additional 6.5 billion barrels of oil that could be recovered from these existing
fields. Tennyson et al. (2012) note that “much of the potential reserves could come from
improved recovery in diatomite reservoirs of the Monterey Formation”. Given that the
increased production of oil from Monterey diatomite reservoirs in the San Joaquin (such
as at South Belridge) has been associated with most of the well hydrofracturing conducted
in California (see Section 3), this increased recovery would certainly require similar well
stimulation methods. This estimate does not include potential contributions from the other
oil fields in the basin, nor does it consider the discovery of new conventional fields, nor
resources derived from unconventional sources, such as shale oil. Results of exploratory
drilling in deeper portions of the San Joaquin Basin, which would test the viability of the
Monterey Formation source rock oil play, are discussed in Section 4.6.
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4.5.3 Santa Maria Basin
The Santa Maria Basin is located along the coast of California between Point Arguello
and San Luis Obispo (Fig. 4-29). It is bounded by the San Rafael Mountains and
Sur-Nacimiento fault to the northeast and the Santa Ynez Mountains and Santa Ynez
fault to the south (Sweetkind et al., 2010; Tennyson and Isaacs, 2001; Tennyson, 1995).
Changes in plate interactions have led to a complex tectonic evolution of this basin, with
episodes of extension and subsidence, shortening and uplift, and rotation (McCrory et al.,
1995). It contains a thick sequence of Neogene sediments, most of which are Miocene and
younger. The Monterey Formation is the principal source rock for oil fields in this basin,
and most of the production occurs from fractured siliceous mudstone, porcelanite, chert,
and dolomite in the Monterey (Isaacs, 1992b; MacKinnon, 1989; Tennyson and Isaacs,
2001). Fractured diagenetic dolomites have been identified as a significant component
of some of the producing oil fields from this basin (Roehl and Weinbrandt, 1985). Oil
fields in this basin are localized in faulted anticline structures, and deeper synclines are
interpreted to represent the source region for the migrated hydrocarbons produced from
these fields (Fig. 4-30). A brief description of the results of deep exploration drilling in
the Santa Maria Basin is presented in Section 4.6.

Figure 4-29. Santa Maria Basin and producing oil fields (Oil field data from DOGGR).
Distribution of Monterey Formation (green) and portion below top of oil window (~6,700
feet depth - Tennyson and Isaacs, 2001) highlighted in orange) determined using data from
Sweetkind et al. (2010).
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Figure 4-30. NS cross section through the Santa Maria Basin (Tennyson and Isaacs, 2001). Oil
fields are located in faulted anticlinal traps – oil presumed to be generated in deeper synclines.

4.5.4 Ventura Basin
The Ventura Basin (and the adjacent offshore Santa Barbara Basin) is a structurally
complex faulted and folded synclinal trough between the Santa Ynez Mountains to the
north and the Santa Monica Mountains and Channel Islands to the south (Fig. 4-31)
(Dibblee, 1988; Keller, 1988; 1995; Nagle and Parker, 1971; Tennyson and Isaacs, 2001).
It contains a thick sequence (up to 36,000 ft (11,000 m) of Upper Cretaceous, Tertiary,
and Quaternary sediments. In the primary depocenter, the Plio-Pleistocene sedimentary
section can reach thicknesses of up to 20,000 ft (6,100 m) (Dibblee, 1988; Nagle and
Parker, 1971) (Fig. 4-32). Most of the oil accumulations in the basin are associated
with faulted anticlinal traps (Keller, 1988; Nagle and Parker, 1971; Tennyson and Isaacs,
2001). While the main source rock for this basin is thought to be the Monterey, the
overlying Sisquoc Formation and the underlying Rincon shale may also be sources
of hydrocarbons. The Monterey is age-correlative with the Modelo Formation, which
contains a much higher proportion of sandstone (Nagle and Parker, 1971). The most
prolific oil fields in this basin produce from sandstones from the Pliocene Pico and
Repetto Formations (Keller, 1988; Nagle and Parker, 1971; Tennyson and Isaacs, 2001).
Production from the fractured Monterey is limited to a few fields, including the offshore
South Elwood and Hondo fields (Tennyson and Isaacs, 2001).
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Figure 4-31. The Ventura Basin and producing oil fields (Oil field data from DOGGR).
Distribution of the Monterey (green) from Nagle and Parker (1971). No data were available
to constrain the distribution of the active source rock for this basin.

Figure 4-32. NE-SW cross-section through the Ventura Basin (Nagle and Parker, 1971).
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4.5.5 Cuyama Basin
The Cuyama Basin is a Neogene basin located in the southern Coast Ranges in central
California, just west of the San Andreas Fault (Fig. 4-33). The basin contains nonmarine and
marine sediments, and has been affected by strike-slip and thrust faulting (Baldwin, 1971).
In the Cuyama Basin, the Saltos shale forms the lower part of the Monterey Formation,
while the Whiterock Bluff shale forms the upper section. The Branch Canyon sandstone
is intercalated with both of these shale units, and is more abundant in the SE portion of
the basin, which had a larger input of terrigenous sediments (Lagoe, 1982; 1984; 1985).
The Saltos shale has a larger terrigenous sedimentary component than the Whiterock Bluff
shale and consists of interbedded sandstones, mudstones, and impure carbonates. In contrast,
the Whiterock Bluff shale is dominated by biogenic sediments, and consists of siliceous
and diatomaceous shales and mudstones with minor dolomitic interbeds (Lagoe, 1985).

Figure 4-33. Cuyama Basin and associated oil fields (DOGGR), along with distribution of
Monterey source rock (Sweetkind et al., 2013) and portion below top of oil window (~2.7 km
depth based on data from Lillis (1994)).
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Oil production from this basin is predominantly from the Painted Rock Sandstone
member of the Miocene Vaqueros Formation, which underlies the Monterey Formation
(Fig. 4-34) (Isaacs, 1992a). Based on carbon stable isotope compositions and biomarker
data, Lillis (1994) determined that the source rock is the Soda Lake shale member of the
Early Miocene Vaqueros Formation. The distribution of the Soda Lake shale member and
the portion of this unit that lies within the oil window are depicted in Figure 4-35.

Figure 4-34. Diagrammatic NW–SE stratigraphic section across the Cuyama Basin
(Sweetkind et al., 2013).
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Figure 4-35. Cuyama Basin and associated oil fields (DOGGR), along with distribution of
Vaqueros source rock (Sweetkind et al., 2013) and portion below top of oil window (~2.5 km
depth based on data from Lillis (1994)).

Figure 4-36. Salinas Basin and associated oil fields (DOGGR), along with distribution of source
rock (green) and portion below top of oil window (~2,000 m - Menotti and Graham, 2012),
with data from Durham (1974) and Menotti and Graham (2012).
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4.5.6 Salinas Basin
The Salinas Basin is a Neogene basin dominated by wrench tectonics, with mid-Miocene
subsidence associated with transtension and subsequent uplift, folding, and faulting
associated with transpression (Colgan et al., 2012; Durham, 1974; Graham, 1978;
Menotti and Graham, 2012) (Figure 4-36). The period of basin subsidence coincided with
deposition of a thick sequence (up to 3 km) of Monterey Formation sediments (Menotti
et al., 2013). Laminated marine shales from the lower portion of the Monterey have
elevated total organic carbon contents (TOC), with moderately laminated shales having
average TOC values of 3.12% and well-laminated hemipelagic Monterey sediments having
an average TOC value of 4.59%, making them good candidates for oil source rocks
(Mertz, 1989). The Salinas Basin contains a single large oil field, the San Ardo field
(Baldwin, 1976; Isaacs, 1992a). A cross section through this field (Fig. 4-37) illustrates
the important role that structural features play in the migration and trapping of oil
(Menotti and Graham, 2012).

Figure 4-37. E-W cross section through the San Ardo oil field, Salinas Basin, depicting key
components of the petroleum system (Menotti and Graham, 2012).
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4.5.7 General Observations of Neogene Sedimentary Basins in California
While there are numerous differences between different Neogene sedimentary basins in
California, they do share a number of common characteristics. They all have complex
tectonic histories that have been shaped by the transform plate boundary characterized by
the San Andreas Fault system. Phases of rotation, extension, and compression associated
with this faulting led to episodes of basin deepening, uplift, and deformation. During the
Miocene, there was extensive deposition of silica-rich fine-grained marine sediments in
many of these basins, resulting in the Monterey Formation. The organic-rich phosphatic
shale portion of this thick and areally extensive unit is the primary source rock for
most of the major oil fields in California. The structural complexity of the basins led
to the development of structural traps on the margins of the basins, where most of the
producing oil reservoirs are encountered. The zones where oil generation occurs (within
the oil window) are in the deeper portions of the basins. Oil has migrated from the active
source rock areas into the reservoir rocks, and has been trapped by impermeable seals
that overlie the reservoirs. Areas with potentially active source rock have been identified
in each basin, but as discussed below in Section 4.6, exploration wells drilled into these
active source rocks as a shale oil play have not yet resulted in the discovery of new oil
fields in California.
4.6 Results of Exploratory Drilling of Deep Shales in California
Relatively few of the hundreds of thousands of oil wells drilled to date in California have
targeted deep exploration zones (Schwochow, 1999), in part due to the higher costs, and
also because many of the discovered oil fields are hosted in relatively shallow reservoirs
with structural traps that lie above the oil window (Fig. 4-3). As noted in Section 4.5,
source rocks within the Neogene sedimentary basins in California are found at depths
typically greater than 8,000 to 10,000 feet (2.4 to 3.0 km), which marks the top of the
oil window. Deep wells are needed to ascertain if these source rocks retain significant
hydrocarbons and could serve as unconventional shale oil reservoir rocks.
Deep drilling beneath the existing oil reservoirs at the Elk Hills oil field (San Joaquin
Basin) was conducted by the United States Department of Energy (DOE) to evaluate the
prospects for hydrocarbon production from deeper reservoir intervals (Fishburn, 1990).
Three deep wells were drilled, ranging in depth from 18,270 to 24,426 ft (7,455 m).
While these wells did not encounter commercial quantities of hydrocarbons beneath
the main production units of the field, they did have oil and gas shows. Cores of shale
recovered from the Eocene Kreyenhagen Formation, the top of which was encountered
at a depth of 15,700 ft (4,785 m) in the 987-25R well, exuded oil and gas from fine
fractures. This shale overlies a 325 ft (99 m) thick section of oil-stained sands from the
Eocene Point of Rocks sandstone, which is just above an 800 ft (244 m) thick section
of salt. Measured porosity values for this sandstone range from 14-16% in this well,
but are quite a bit lower (around 6%) for the same stratigraphic section in the 934-29R
well, which encountered it at depths between 21,640 to 22,890 ft (6596 to 6977 m).
Much higher porosities (20-35%) are observed for this unit where it is encountered at
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significantly shallower depths (<3000 feet) in other oil fields in the San Joaquin Basin
(Schwochow, 1999), suggesting that compaction due to burial and diagenesis has led to
significant porosity reduction. Average measured core permeabilities for this sandstone
were around 4 md in the 987-25R well and less than 1 md in the deeper occurrence in the
934-29R well. The location of the oil window beneath the Elk Hills field based on vitrinite
reflectance measurements is estimated to be between depths of 12,900 to 19,200 ft (3,930
to 5,850 m). The only oil field that has reported significant production of oil from the
Point of Rocks Sandstone where it is encountered at depths greater than 9,000 ft (2,740 m)
is the McKittrick field; this pool also has substantial gas production (Schwochow, 1999).
Another potential deep target consists of shales that have been displaced deeper due to
thrust faulting and folding such as a fault displacement gradient fold at the Lost Hills
field (Fig. 4-38) as described by Wickham (1995). Based upon a subthrust play developed
for the East Lost Hills, several exploratory deep wells were drilled into the footwall. The
first well, spudded in 1998, encountered a high gas pressure surge while drilling in the
Temblor at a depth of 17,640 ft (5377 m), and as the crew attempted to circulate out the
gas, the venting gas and hydrocarbons ignited, engulfing the rig in flames. It took more
than 6 months to bring the well under control (Schwochow, 1999). However, of the 65-70
deep wells that were drilled to a depth greater than 15,000 ft (4,570 m) in the San
Joaquin Basin by 1999, none proved to be commercially productive (Schwochow, 1999).

Figure 4-38. Cross section through the Lost Hills oil field constrained by seismic data depicting
relative downward offset of Monterey and other units in footwall block of Lost Hills thrust fault.
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Within the Santa Maria Basin in the Los Alamos field, innovative drilling techniques were
used to drill a deep target (~10,000 ft true vertical depth (TVD)) in the Monterey, where
a fractured siliceous shale interval had been identified (Witter et al., 2005). However,
even though a highly deviated well course that intersected numerous fractures was drilled,
the well did not result in sustained commercial production.

With the success of unconventional drilling and well completion methods in other oil
shale areas in the U.S., there has been renewed focus on the Monterey to explore the
effectiveness of using these methods (Durham, 2010, 2013; Redden, 2012). Venoco
and Oxy have drilled a number of deeper wells targeting zones between 6,000 and
14,000 feet, and have employed well stimulation techniques in an attempt to increase
hydrocarbon production. As part of this exploration effort, Venoco has drilled a number
of deeper wells in the Semitropic field that target the Monterey, which lies below the
Randolph sands of the Pliocene Etchegoin Formation, where most current production
from this field occurs. One of these new wells, the Scherr Trust et al 1-22 (API 03041006),
was spudded in Dec. 2010 and drilled to a depth of 14,015 ft (4272 m) (13,921 ft (4243
m) TVD) (Fig. 4-39) (http://owr.conservation.ca.gov/Well/WellDetailPage.aspx?domsa
pp=1andapinum=03041006). The primary target was the Monterey “N” chert; this zone
was perforated (depth interval of 12,495-12,510 ft (3808-3813 m) and then fracture
stimulated, but only a very limited amount of oil was produced in subsequent flow tests.
Based on reviews of DOGGR records for new wells from this field and the neighboring
Bowerbank field, these deeper Monterey wells have not been very successful to date. A
review of drilling results for unconventional oil reservoirs in the Monterey for a number
of fields in the San Joaquin Basin from 2009 to 2013 by Burzlaff and Brewster (2014)
indicates that average initial production rates are on the order of 75-150 barrels of oil per
day. Projected expected ultimate recovery (EUR) from these wells is estimated to be on
the order of 20,000-25,000 barrels for wells in fields on the west side of the San Joaquin
Basin and about 90,000-100,000 barrels for wells located in fields on the eastern margins
of the basin, with much higher gas-to-oil ratios for the west side wells. An industry report
of testing of hydraulic fracturing and oil production in the Kreyenhagen indicates the
presence of mobile oil (Petzet, 2012). However, no evidence has been found to suggest
any further development of oil production from the Kreyenhagen.
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Figure 4-39. Schematic well completion diagram for Scherr Trust et al 1-22 well in Semitropic
field, with Monterey “N” chert interval perforated and hydrofractured (DOGGR records).
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4.7 Review of the US EIA 2011 Estimate of Monterey Source Rock Oil
US EIA (2011) estimated that there are 15.4 billion barrels of technically recoverable shale
oil resources in the Monterey/Santos play in southern California. This estimate was based
on the play covering an area of 1,752 square miles (4,538 km2), with 16 wells per square
mile, and each well recovering an average of 550,000 barrels of oil. This prospective
play area covers parts of the San Joaquin, Los Angeles, Ventura, Santa Maria, Cuyama,
and Salinas Basins, and includes offshore regions. For this play, the oil shale is located at
depths varying between 8,000 and 14,000 ft (2,440 and 4,270 m) and with thicknesses
ranging from 1,000 to 3,000 ft (305 to 914 m). Other estimated shale play properties
include an average porosity of 11% and a TOC of 6.5 % (US EIA, 2011).

The calculated total areas of estimated active (below the top (Ro > 0.6) and above the
bottom (Ro < 1.2) of the oil window) Monterey (and Monterey equivalent) source rocks
for the major onshore oil basins in California (as depicted in Figures 4-18, 4-25, 4-28,
4-30, 4-32, and 4-35) are summarized in Table 4-2. The calculated areal extent of the
potential unconventional Monterey resource (4532 km2) is similar to that reported by US
EIA (2011), which is 4538 km2. Given that the onset of oil generation may begin at lower
vitrinite reflectance levels in the Monterey (Walker et al., 1983; Petersen and Hickey,
1987), the extent of active oil generation may be greater, as this could extend the oil
window to shallower depths.
Table 4-2. Estimated extent of potential Monterey Formation unconventional oil shale play.

Basin
Los Angeles

Areal extent of source
rock (km2)

References

455

Wright, 1991; Gautier, 2014

San Joaquin (Antelope)

1309

Magoon et al., 2009

San Joaquin (McLure)

2309

Magoon et al., 2009

204

Tennyson and Isaacs, 2001; Sweetkind et al., 2010

Santa Maria
Ventura

unconstrained

Nagle and Parker, 1971

Cuyama

33

Lillis, 1994; Sweetkind et al., 2013

Salinas

222

Durham, 1971; Menotti and Graham, 2012

Total

4532

The assumed average oil production amount per well for the US EIA report (550,000
barrels) significantly exceeds the observed long-term cumulative productivity of wells in
this formation in conventional oil fields. Hughes (2013) conducted an extensive review of
all oil wells in the San Joaquin and Santa Maria Basins that were drilled since 1980 and
that produce from the Monterey Formation. For wells with a production history of at least
10 years, Hughes found that the average cumulative oil production of wells with vertical
and directional completions was 127,000 barrels and 97,000 barrels from the San Joaquin
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Basin and 67,000 and 141,000 barrels from the Santa Maria Basin (Fig. 4-40). Based on
these observed historical production rates, it is unlikely that the average recovery per
well from Monterey source rocks will be as high as the average cumulative production
of 550,000 barrels assumed in the US EIA report. A 4 to 5-fold increase in average well
productivity relative to current production in the conventional reservoirs would need to be
achieved to meet the assumed levels for unconventional production in what is essentially
an unproven resource.

Figure 4-40. Cumulative oil production grouped by year of first production, 1980 through
June 2013. Left – Monterey wells from the San Joaquin Basin; Right – Monterey wells from the
Santa Maria Basin. Figures from Hughes (2013) based on data obtained from the Drillinginfo
production database. Dashed line denotes average cumulative well production assumed in US
EIA/INTEK report.

The US EIA (2011) estimate of total recoverable oil from the Monterey source rock
appears to be overstated given that the assumed average oil recovery per well is significantly
higher than historical production from wells in oil fields that have Monterey reservoir
rocks. Due to a lack of operational experience, the potential recovery factor for this
shale oil target is poorly constrained, but it is likely to be lower than what is currently
obtained for Monterey-hosted oil reservoirs for a number of reasons, including expected
lower permeability and porosity of the deeper source rocks. In addition, there is little
information regarding the amounts of oil remaining in place in the deep (below oil
window) portions of the Monterey. The thickness of the Monterey used in the INTEK
model may also be overstated, as only a portion of the Monterey Formation has elevated
organic contents which would allow it to serve as a source rock (Fig. 4-11). Well stimulation
would likely be required to produce any remaining oil present in these source rocks given
their intrinsically low matrix permeabilities.
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The EIA Assumptions to the Annual Energy Outlook 2014 report (US EIA, 2014b) has
revised the estimated unproved technically recoverable shale oil from the Monterey/
Santos to a value of 0.6 billion barrels. This revision is based on new estimates of the
potential area, the well density, and the production per well (Table 4-3). The biggest
change in the new EIA analysis results from a nine-fold reduction in the prospective
area estimate; the projected well production rate is only 20% lower than that used in
the INTEK model. The revised model has also assumed the use of wells with horizontal
completions, thus resulting in fewer wells per square mile.
Table 4-3. Comparison of model parameters for 2011 INTEK and 2014 EIA estimates of unproved

technically recoverable oil from Monterey/Santos play.

INTEK (2011)

EIA (2014)

Areal extent (mi2)

1752

192

Wells/mi2

16

6.4

Production/well (Kbbl oil)

550

451

Total recoverable oil (Bbbl oil)

15.4

0.6

4.8 Prognosis
The Monterey Formation (and its Miocene equivalents) is the dominant source rock for
much of the oil production in California. It also serves as an important reservoir rock
with significant resources of migrated oil produced from several active fields, both from
interbedded turbidite sandstones (such as the Stevens sand), as well as from diatomite
and fractured siliceous shale, porcelanite, and dolomite. The large areal extent of the
Monterey over most of the main sedimentary basins in California, as well as its thickness
(up to 6,000 ft (1,830 m)), make it a significant petroleum resource target. The Monterey
is a very young unit (Miocene), and it is currently still generating hydrocarbons.
All of the sedimentary basins in California have been impacted by active tectonism,
which has resulted in the development of faults and folds, which serve as key structural
components for the major oil fields. Understanding the interplay between structures
and fluid flow in the subsurface will be critical in discovering new resources, as well as
designing well stimulation methods that interact with the natural fracture network and
improve recovery rates of hydrocarbons.
Almost all of the existing major oil fields that involve the Monterey occur at depths that
are shallower than the oil window. This suggests that these fields contain oil that was
sourced from deeper portions of the Monterey and subsequently migrated upwards and
was trapped in the shallower intervals by either structural, stratigraphic, or diagenetic
traps. This is confirmed by evaluation biomarker maturity indicators, which demonstrate
that the oil found in most Monterey Formation oil reservoirs in the San Joaquin was not
generated in situ, but instead was sourced from deeper Monterey shales (Kruge, 1986).
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For the Monterey Formation source rocks to also be reservoirs for unconventional
production of oil, they would need to retain oil that was self-sourced (i.e., was formed in
place and has not migrated). There is a considerable amount of the Monterey Formation
within the deeper portions of major basins that lies within the oil window, but only a
portion of the total thickness of this formation (primarily the organic-rich phosphatic
shales in the Middle Monterey (Fig. 4-11)) would serve as a prospective unconventional
oil shale target. These intervals could potentially host oil that has not migrated, and could
perhaps be extracted using well stimulation methods. However, there is little published
information on these deep sedimentary sections, so it is difficult to estimate the potential
recoverable reserves associated with these rocks. Few deep wells have been drilled to
date, and there are no reports of successful production from such depths. Reservoir quality
of these rocks may be reduced through compaction and diagenesis, which would reduce
porosity and permeability with depth (Schwochow, 1999).
Because of the higher depths and temperatures encountered within the oil window,
compaction and diagenetic effects would result in the conversion of what was originally
biogenic opal-A to opal-CT or microcrystalline quartz. This would cause a reduction in
matrix porosity, but could also result in siliceous shales that are more brittle and that have
developed natural fractures (Chaika and Williams, 2001). The presence of such fractures
could lead to increased formation permeability that could permit upward migration of oil.
The Monterey Formation is fundamentally different from the other major low-permeability
unconventional oil units, such as the Bakken, in its highly variable mineralogy, lithology,
and changes in silica phase (El Shaari et al., 2011) and the structural complexity of the
basins within which is it located (e.g., Wright, 1991; Ingersoll and Rumelhart, 1999).
This variability makes it more challenging to discover and produce source-rock oil, as
evidenced by the available information regarding the results of deep drilling in the
San Joaquin Basin. There is a lack of data regarding oil saturations for the Monterey
Formation at depths below the oil window. This is due in part to the lack of deep wells.
One other factor is that oil-based muds are often used when drilling through shale units,
as the presence of swelling clays can be problematic for wellbore stability if water-based
drilling fluids are used. This could obscure the presence of naturally occurring oil in these
well sections.

Within the San Joaquin Basin, there are several other deeper shale units that serve as
source rocks and that could potentially host additional unconventional shale oil resources.
Based on the distributions of the Moreno, Kreyenhagen, and Tumey Formations and the
depth to the top and the base of oil window reported by Magoon et al. (2009), potential
active source regions (with Ro > 0.6 and < 1.2) for each of these units were identified
(Figs. 4-23, 4-24, and 4-25). The calculated areal extents of the potential unconventional
resource plays for the Moreno, Kreyenhagen, and Tumey are 2529, 3629, and 3527 km2,
respectively. However, there is very little information available on how much generated
oil these deep shale units still retain.

165

Chapter 4: Prospective Application of Well Stimulation Technologies in California

The potential volume of migrated oil in new conventional onshore discoveries in
California is relatively small. The USGS assessed the mean of this potential for the San
Joaquin Basin as 393 million barrels of additional recoverable oil (Gautier et al., 2003).
Fig. 4-40, which shows the history of onshore oil field discoveries in California, provides
some perspective on this assessment. Only one new field, Rose (Ganong et al., 2003),
has been discovered since 1990. Hydraulic fracturing has been used to develop this field,
suggesting well stimulation could play a role in producing future migrated oil discoveries.

Figure 4-41. Discovery year of onshore oil fields (DOGGR, 1992; 1998; California Division of
Oil and Gas, 1987; Minner et al., 2003).

Well stimulation methods could be used to a larger degree to increase the recovery
efficiency of oil within the Monterey Formation from existing oil fields, as has been done
in the South Belridge and Lost Hills fields, as well as oil within other geologic units. The
USGS predicts that nine of the largest oil fields in the San Joaquin Basin could have 6.5
billion barrels of additional oil production using current recovery technology, with 2.8
billion barrels hosted in Monterey diatomite reservoirs (Tennyson et al., 2012). The USGS
used probabilistic models to obtain a mean estimate of an additional 3.2 billion barrels
of oil that could be recovered from the 10 largest oil fields in the LA basin (Gautier et al.,
2013). Part of this recovery effort would likely involve well stimulation methods.
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4.9 Summary
Credible estimates of the potential for increased recovery enabled by well stimulation
technologies (WST) indicate that about 5 to 16 billion barrels might be produced in and
near 19 existing giant fields in the San Joaquin and Los Angeles Basins where the WST
and production technologies in use today work well. The 2011 US EIA estimates of about
15 billion barrels of technically recoverable oil from new plays in the Monterey Formation
source rock have been revised in 2014 to a value of 0.6 billion barrels (US EIA 2014b);
these estimates of unconventional oil resources are not well constrained.
There are significant resources in existing fields and estimates of these resources are
relatively consistent. The USGS (Tennyson et al., 2012; Gautier et al., 2013) estimates
that an additional 6.5 billion barrels and 3.2 billion barrels can be recovered from the
largest fields in the San Joaquin and Los Angeles Basins, respectively, using existing oil
production technology (see Figures 4-19 and 4-26).
New oil and gas production in regions removed from existing fields is more uncertain
than increased production in existing oil and gas fields in the near term. There is a
considerable amount of source rock including the Monterey Formation and other geologic
units within the deeper portions of major basins that could potentially contain oil that
has not migrated (“source” oil), and could perhaps be extracted using WST. However,
there is little published information on these deep sedimentary sections, so it is difficult
to estimate the potential recoverable reserves associated with these rocks. No reports of
significant production of source oil from these rocks were identified.
The US EIA 2011 INTEK report has garnered considerable attention because of its large
estimate of 15.4 billion barrels of technically recoverable oil in Monterey Formation source
rock. Very little empirical data is available to support this analysis and the assumptions
used to make this estimate appear to be consistently on the high side. INTEK estimates
that the average well in low-permeability source rock in the Monterey Formation will
produce 550 thousand barrels of oil. This amount greatly exceeds the production that
has occurred to date from low-permeability rocks in known oil accumulations in this
formation, with single-well oil production of only 67 and 141 thousand barrels in the
San Joaquin and Santa Maria Basins, respectively (Hughes 2013). Consequently the
INTEK estimate requires a four to five-fold increase in productivity per well from an
essentially unproven resource.
In addition the Monterey Formation was formed by complex depositional processes and
subsequently deformed in many tectonic events, resulting in highly heterogeneous as
well as folded and faulted rocks that are difficult to characterize. INTEK posits production
over an area of 4,538 km2 (1,752 square miles), but this is almost the entire source rock
area estimated in this report (note that the updated US EIA (2014b) report has reduced
this areal extent significantly to 497 km2 (192 square miles). There has not been enough
exploration to know how much of the Monterey source rock has retained oil, or if the oil
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has largely migrated away (Hughes 2013), but it is unlikely the entire source rock area
will be productive given the extreme heterogeneity in the Monterey Formation. Finally,
even if significant amounts of oil do remain in the Monterey Shale, and wells reach this
oil, it still remains to be determined if hydraulic fracturing of Monterey source rock will
result in economically viable production. For all these reasons, the INTEK estimate of
recoverable oil in Monterey Formation source rock warrants some skepticism. The EIA
has issued a revised estimate (0.6 billion barrels) of this unconventional oil resource
(US EIA, 2014b); this decrease is mainly due to a nine-fold reduction in the estimated
potential resource area.
Although there is potential for new production from undiscovered migrated oil accumulations
in the Monterey Shale, the potential is small. A major reason for the reduced potential is
that the USGS assessment of (migrated) oil in new, undiscovered conventional fields in
the San Joaquin Basin is less than 400 million barrels, much smaller than the estimate
given above for recoverable oil from known fields.
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This section provides an assessment of potential direct environmental effects from the
use of well stimulation. Direct environmental effects include potential impacts to water
supply, water quality, air quality due to emissions of hazardous air contaminants and
climate forcing pollutants, induced seismicity, and other miscellaneous impacts. This
assessment considers potential effects from the stimulation process itself, as well as
potential effects from transportation of stimulation supplies to the site and disposal of
flowback/produced waters following the stimulation. Examples of direct environmental
effects of well stimulation reviewed in this assessment are emission of air pollutants from
diesel engines operating the pumps injecting the stimulation fluid, and spills of hydraulic
fracturing fluid. The approach taken is literature review and data mining to infer potential
impacts based on a wide foundation of knowledge and experience for well stimulation
operations across the U.S. However, the interpretation of hazards and risks associated
with well stimulation techniques, and more broadly oil and gas development is beyond
the scope of this document.
Well stimulation technology (WST) can enable new or expanded production of oil.
Consequently, indirect effects of well stimulation (such as additional emissions of air
pollutants or methane due to expanded production or combustion of oil produced
subsequent to stimulation, potential contamination due to leaks or spills that may occur
during storage and transportation of oil, and ecological disruption from oil fields under
production) can result from oil and gas production that has been enabled by WST. Indirect
effects occur with all oil and gas production, whether or not well stimulation techniques
have been used, and these will not be comprehensively evaluated in this assessment.
Section 5.1 concerns potential impacts of WST to water resources and reviews the effects
on water use and water quality. Section 5.1.1 focuses on issues concerning water supply
and demand due to the expected usage of freshwater in well stimulation operations,
and compares water demand for stimulation activities in California to elsewhere in the
country. Section 5.1.2 describes the typical chemistries of waters used in well stimulation
treatments, and identifies potential contaminants that can impact water quality near
well stimulation operations. This includes characterization of the injection fluids used in
well stimulation in California, and an overview of the constituents typically present in
flowback and produced waters from well stimulation operations across the United States
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(since California-specific data were not available at the time of this assessment). Section
5.1.3 discusses the possible surface and subsurface pathways through which the potential
contaminants identified in Section 5.1.2 might be released into surface and groundwater.
Section 5.1.4 presents findings from water quality studies that have been conducted for
surface and groundwater near sites where WST have been used in the United States and
in California, and reviews episodes of known or possible contamination that may have
occurred as a result of well stimulation activities.
Section 5.2 concerns potential impacts to the atmosphere in terms of air quality and
climate caused by well stimulation operations. Section 5.2.1 provides an overview of
possible air quality hazards related to increased well stimulation operations. Studies of
air quality effects and emissions of pollutants from oil and gas production operations
across the country are reviewed and discussed in the context of the practices common in
California. Estimates of pollutant emissions attributable to a stimulation job (from diesel
engines, such as trucks and pumping equipment) for practices typical in California are
compared to emission estimates for high-volume fracturing practices typical outside of
California. Emissions (including fugitive emissions) of volatile organic compounds (VOCs)
and pollutants from flares are assessed in the context of current California inventories,
the California regulatory context, and general scientific uncertainty.
Section 5.2.2 describes greenhouse gas (GHG) emissions related to well stimulation
operations. Overall, oil and gas production operations in California include energy-intensive
operations, such as steam generation for enhanced oil recovery, and this section compares
energy use and CO2 emissions from well stimulation operations to overall energy use
and CO2 emissions within the oil and gas production sector. The section also describes
methane emissions. Methane can play an important role in total GHG emissions from oil
and gas production because methane has a global warming potential (GWP) more than
30 times that of carbon dioxide (on a per mass basis) over 100 years and more than 80
times that of carbon dioxide over 20 years. Methane emissions from oil and gas operations
are uncertain, with atmospheric measurements suggesting higher emission rates than
standard bottom-up inventories (both nationally and in California). Current California
inventories of methane emissions from well stimulation and oil and gas production are
discussed in the context of local atmospheric-measurement campaigns.
Section 5.3 evaluates the hazard of induced seismicity due to well stimulation technologies.
The processes considered include both the well stimulation itself, and the disposal of
wastewater fluids through underground injection following stimulation. The mechanics
of induced seismicity were reviewed to provide context for this assessment.

Section 5.4 concerns other impacts of well stimulation operations. The implications of
well stimulation for wildlife and ecology are reviewed in Section 5.4.1. The review found
no information on the specific impacts of well stimulation, because existing studies focus
on the impacts of oil and gas development in general and because wildlife responds to the
entire oil field infrastructure and activities. Consequently, this section reviews literature
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regarding the hazards of oil production development on wildlife in general and makes
some inferences regarding the potential hazards of well stimulation. Section 5.4.2 reviews
impacts of traffic and noise as a result of well stimulation operations. Well stimulation
operations generate noise and lead to an increase in heavy truck traffic for transporting
water, chemicals used in fracturing fluids, and equipment needed for well stimulation.
Estimates for noise levels and increased truck traffic are provided.
Finally, Section 5.5 provides a summary list of findings from the potential environmental
impacts of WST in California. Due to lack of data specific to operations in California, a
number of findings are supported by, or partially based on, an analysis and interpretation
of information from well stimulation activities elsewhere in the United States.
5.1 Potential Impacts to Water
This section discusses issues related to water usage and water quality that may arise due
to the use of WST in unconventional oil production. This assessment considers water
demand for well stimulation in California, and several aspects of water quality including
a review of potential contaminants that can be present in injection and wastewater
fluids from well stimulation operations, potential pathways by which the contaminants
can be released into surface and groundwater, and specific cases of known or possible
contamination that may have been related to well stimulation in the United States.
Section 5.1.1 examines the water demand for stimulation in California, discusses the
water sources, and puts this information into context with other areas across the United
States. Section 5.1.2 discusses the chemicals used for well stimulation in California
according to an analysis of voluntary disclosures of well stimulation practices reported
to the FracFocus Chemical Disclosure Registry (FracFocus). This discussion includes
statistical analysis of the usage (Section 5.1.2.1) and the toxicity (Section 5.1.2.2), if
toxicity data were available, of any chemicals used in more than 2% of the reported
stimulations. Section 5.1.2.3 provides an overview of the amount and typical chemical
properties of flowback and produced fluids recovered from well stimulation operations
across the U.S, since California-specific data were not available at the time of this
assessment. Potential contaminants that can be present in the recovered fluids are
discussed — namely those constituents that may be present due to the injection fluids
(Section 5.1.2.4) or those that naturally are present in the formation waters such as
total dissolved solids (TDS)/salts, trace metals, radioactive elements, and organics
(Section 5.1.2.5). A more detailed assessment of the hazards associated with flowback/
produced water in California was not conducted due to the lack of data regarding the
masses of materials used in well stimulation, recovery factors for flowback waters, and
concentrations of potential contaminants in flowback/produced waters.
Section 5.1.3 reviews the documented types of surface and subsurface pathways for
potential water contamination associated with well stimulations. Potential surface
pathways by which well stimulation could result in water contamination are considered
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in Section 5.1.3.1. The section opens with consideration of surface spills and leaks,
management and disposal of flowback water, and storm runoff and flooding. The
discussion of flowback water considers the difficulty of distinguishing between flowback
and produced water based on composition. The review of subsurface release pathways in
Section 5.1.3.2 focuses on the two components of subsurface pathways that could result
in contamination hazards: (1) the possibility of forming permeable pathways that intercept
groundwater or surface water resources during the hydraulic fracturing process; and
(2) the potential for transport of gas and formation fluids through these pathways into
overlying groundwater resources. The former involves the potential failure of confining
geological formations that protect groundwater quality, the potential failure of well casing
or well cement during fracturing, during production, or at any point during the active
or inactive lifetime of the well, and the potential interception of pre-existing pathways
(old wells, permeable faults) via induced fractures. The latter includes discussion of
the hydrological processes that govern flow and transport through any such induced or
intercepted pathway. While actual data are limited, we attempt to evaluate current debate
regarding contamination of groundwater resources through subsurface pathways by focusing
on existing knowledge and published works in reservoir engineering and related fields.
Section 5.1.4 reviews further information on known or possible contamination cases
that have occurred as a result of well stimulation activities. Section 5.1.4.1 considers
contamination events that have occurred as a result of legal, accidental, or illegal surface
discharges. Section 5.1.4.2 reviews literature regarding groundwater quality near well
stimulation sites and possible contamination of groundwater due to fracturing activities.
The discussion focuses on the direct effects of constituents that may be present in well
stimulation, flowback, and produced fluids identified in Section 5.1.2. It should be noted
that the constituents of fluids associated with well stimulation could also have “indirect
effects” that can potentially alter water quality due to additional reactions with the
surface or groundwater, or with aquifer sediments. For instance, changes could occur in
redox conditions resulting from migration of methane into the formation that can trigger
microbial methane oxidation and subsequent consumption of oxygen, or due to the
introduction of oxygen from the stimulation fluids. Changes to redox can degrade water
quality and trigger a host of subsurface geochemical reactions, such as the dissolution of
trace metals and radioactive elements into groundwater aquifers. The potential impacts
on water quality due to these effects are beyond the scope of this project and have not
been investigated for this report.
5.1.1 Quantities and Sources of Water Used for Well Stimulation in California
This section discusses actual total water use for well stimulation activities in California
based on the assessments of water use per well for hydraulic fracturing and matrix
acidizing from Sections 3.2.3 and 3.4.3, respectively. The available information on
the sources of this water is considered, followed by some comparison to water use in
other regions across the United States. This section finds that actual water use per well
in California is less than in other areas due to a combination of factors described in
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Section 3.2.2, including the use of vertical wells with shorter treatment lengths and use
of cross-linked gels used in smaller volumes than slickwater. Total water use for well
stimulation depends on the level of activity. Assuming a rate of 100-150 well stimulations
per month, current total annual water use could be as much as 1.4 million m3 (1,200
acre-feet). An acre-foot of water is enough to serve two average California households
for a year at current water use rates (California Department of Water Resources (DWR)
2012). Farmers in California typically use 3 to 6 acre-feet per year to irrigate one acre
of cropland (DWR 2013). While current water demand for WST operations is a small
fraction of statewide water use, it can contribute to local constraints on water availability,
especially during droughts. The type of impact and its magnitude will depend on local
conditions, as well as the where, when, or how much water is used, and thus would
require analysis on a site-specific basis.
5.1.1.1 Water Use
It is difficult to accurately estimate the volume of water currently used for hydraulic
fracturing and other well stimulation techniques in California due to the lack of
comprehensive data. Before 2013, companies engaged in oil and gas production were
not required to publish or otherwise disclose information about their water and chemical
use. However, some producers voluntarily reported information to state regulators and
to the website FracFocus. According to these data, there were 792 reports of hydraulic
fracturing in California in 2013 that used a combined total of 300 acre-feet of water. As
noted, this estimate is based on voluntary disclosures and may not capture the full extent
of hydraulic fracturing activity in California. Further, it does not include water use for
matrix acidizing because these data are not included in FracFocus.
An approximate current rate of water use for hydraulic fracturing was determined by
estimating the number of hydraulic fracturing operations that take place each month along
with an average water use per operation (see Sections 3.2.2 and 3.2.3). A rate of 100 to
150 hydraulically-fractured wells per month was assumed.1 Voluntary reports in FracFocus
for 2011–2013 suggest that the average water use for hydraulic fracturing is 500 m3
(130,000 gallons) per well, with the 90% confidence interval ranging from 470 to 540 m3
(120,000 to 140,000 gallons). Based on these estimates, annual water use for hydraulic
fracturing is estimated at 560,000 to 970,000 m3 (150 million to 260 million gallons, or
450 to 780 acre-feet) per year. Assuming a higher average water use of 810 m3 (210,000
gallons) per well, as estimated from well stimulation notices filed with Division of Oil, Gas
and Geothermal Resources (DOGGR) in December 2013 and January 2014, total annual
water use could be from 950,000 to 1,400,000 m3 (770 to 1,160 acre-feet) per year.

1

This estimate is based on the 76 operations per month implied by FracFocus, DOGGR’s GIS well files, and well-

record searches in combination, and the 190 hydraulic fracturing notices approved by DOGGR in December 2013.
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Water use for matrix acidizing was estimated from information contained in well stimulation
permit applications, or notices, filed by operators.2 DOGGR posted 36 well stimulation
notices planning to use acid stimulation on oil wells through mid-January 2014, although
10 of the notices were subsequently withdrawn. All 36 of these notices were filed by
Occidental of Elk Hills, Inc. for wells in the Elk Hills oil field in Kern County. The 90%
confidence interval for the mean water use, based on 36 notices, is 120–200 m3 (32,000–
53,000 gallons). Assuming a rate of 30 matrix-acidizing stimulations per month over the
coming year results in an annual water use of 43,000-72,000 m³/year (11–19 million
gallons, or 35–58 acre-feet per year).

5.1.1.2 Water Sources
According to the well stimulation notices filed through the middle of January 2014, of
the 249 planned well stimulation operations, operators plan to use fresh water for the
majority of treatments (238 of 249), produced water for 10 operations, and both fresh
and produced water for one operation. The average planned water use is 720 m3 (210,000
gallons) per well, and the mean or variance does not appear to change depending on the
water source (Table 5-1). Furthermore, the notices indicate that most planned hydraulic
fracturing activity will occur in Kern County, and most operators plan to purchase water
from nearby irrigation districts (Table 5-1). One district, the Belridge Water Storage
District, is specified as the water source for 171 of the 213 permits and provides two-thirds
of the estimated water supply. In some cases, operators frequently state a primary water
source in their water management plans, while noting that water may also be withdrawn
from on-site wells.
Table 5-1. Total planned water use for well stimulation by water source, from hydraulic
fracturing notices posted in December 2013 through the middle of January 2014.

“District water”
Belridge Water Storage District; own wells

Number of
operations

Total Water
(m³)

Volume
(acrefeet)

9

16,000

13

171

130,000

110

Casitas Municipal Water District

3

2,400

2

West Kern Water District*

55

21,000

17

Not specified

11

10,000

8

249

180,000

150

Total

*Note: All 36 permits for matrix acidizing operations filed to date are planned in the Elk Hills field by Occidental
corporation, and plan to use water from the West Kern Water District

2

Available through http://maps.conservation.ca.gov/DOGGR/iwst_index.html.
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The Belridge Water Storage District is an irrigation district formed to serve farmers in
central Kern County. The primary source of water is from the State Water Project, although
limited groundwater supplies are also available. The total planned water use by oil field
operators filed during the first one and a half months of the program totals 110 acre-feet
(130,000 m3). This is less than 0.1% of the District’s water use in 2012 but about 50% of
the District’s water used for oil production for that year (Belridge Water Storage District
(BWSD) 2013). Deliveries of surface water from the State Water Project can be curtailed
or even eliminated during drought years. Indeed, the State Water Project has announced
that irrigation districts such as Belridge should plan to expect only 5% of its water
allocation this year due to severe drought. The majority of crops within the District’s
service area are permanent crops that require water every year, increasing competition
for limited water resources in the region. As an indication of the constraints on water in
the region, Starrh and Starrh Farms, located within the BWSD service area, purchased
1,700 acre-feet of water from a nearby irrigation district at a cost of $1.97 million, or
$1,130 per acre-foot (Henry, 2014).
As described above, operators noted that on-site groundwater wells may also be used for
water for well stimulation treatments. There is a risk that accessing this water may come
at the expense of other users, especially agricultural users in regions adjacent to oil and
gas production fields. However, none of the operators specifies when, or under what
circumstances, they would switch from purchased canal water to pumping from on-site
wells. Groundwater pumping has a number of well-known and possibly detrimental
impacts. Despite this, the state does not regulate the quantity of groundwater extracted
from wells. Possible impacts of groundwater withdrawals, in addition to competition with
agricultural uses, include decreases in river flows, land subsidence, permanent reductions
in aquifer storage, increased pumping costs for neighbors, or nearby wells that run dry
and need to be re-drilled and deepened. The type of impact and its magnitude will depend
on local conditions, as well as the where, when, or how much water is used, and thus
would require analysis on a site-specific basis. An additional area of interest and concern
is the possible use of produced water for agricultural production. This is briefly addressed
in Sections 5.1.3 and 5.1.3.1.4.
5.1.1.3 Comparison of Water Use to Other Regions Across the United States
There are few published estimates in the literature of water use for hydraulic fracturing in
unconventional oil deposits. As described in Section 3.2.3, water use per well for hydraulic
fracturing to produce oil in California is considerably lower than that reported to produce
oil from the Eagle Ford unconventional play in Texas (Nicot and Scanlon, 2012). More
generally, much of the published information on water use regards hydraulic fracturing
to produce shale gas, which provides another basis for comparison. Average shale-gas
water-use intensities of 3,800–23,000 m3 (1–6 million gallons) per well have been
reported in Texas (Nicot and Scanlon, 2012). A study for the US Department of Energy
(DOE) reported median volume of fracturing water per well for select shale gas plays
of 1,900–3,100 m3 (2.3–3.8 million gallons; Ground Water Protection Council and ALL
Consulting, 2009).
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The smaller volume per well in California appears to result from a combination of factors
as described in Section 3.2.2, including that vertical wells are predominant as opposed
to horizontal wells in the comparison areas (Nicot and Scanlon, 2012; Ground Water
Protection Council and ALL Consulting, 2009). Vertical wells presumably have shorter
treatment lengths. In addition, gel, mostly cross-linked, is the predominant fracturing
fluid. As discussed in Section 2.3.2, gels, particularly cross-linked, are typically used in
smaller volumes than slickwater.
5.1.2 Chemistry of Fluids Related to Well Stimulation Operations
This section reviews the chemical compositions of waters related to well stimulation
operations – namely the injection fluids (also referred to as well stimulation fluids or
fracturing fluids), and the wastewaters recovered from well stimulation operations (i.e.
flowback and produced waters). In addition, some contaminants that may be present in
the injection and wastewater fluids are identified. This section also provides context for
subsequent sections discussing the potential for fluids involved in WST operations to leak
into shallow water resources through surface and subsurface pathways.
For the injection fluids (Sections 5.1.2.1 and 5.1.2.2), an evaluation is provided based
on an analysis of acute, oral toxicity information for individual constituents that have
been used in well stimulation operations in California. The list of chemicals was compiled
from disclosures in FracFocus for hydraulic fracturing operations, and from stimulation
notices submitted to DOGGR since December 2013 for matrix acidization operations.
Both of these sources are dependent on self-reporting and may, therefore, not be
comprehensive. The majority of the chemicals applied in California, for which toxicity
information is available, are of low toxicity or non-toxic. However, some chemicals of
concern were identified, including biocides (e.g. tetrakis(hydroxymethyl)phosphonium
sulfate; 2,2-dibromo-3-nitrilopropionamide; and glutaraldehyde), corrosion inhibitors
(e.g. propargyl alcohol), and mineral acids (e.g. hydrofluoric acid and hydrochloric
acid). Approximately one-third of the chemicals had insufficient available information
for evaluation. This toxicological assessment is limited as it considers only one chemical
property (i.e. acute mammalian oral toxicity) that may impact human health, and does
not consider other effects such as biological responses to acute and chronic exposure,
eco-toxicological effects, overall toxicological effects of mixtures of compounds (compared
to single-chemical exposure), and potential time-dependent changes in toxicological
impacts of fluid constituents, due to their potential degradation or transformations in
the environment. Thus further review of the constituents of injection fluids used in well
stimulation jobs in California is needed.
For flowback and produced waters, Section 5.1.2.3 first outlines the general characteristics
of flowback and produced waters across the U.S., to enable the reader to understand
their typical constituents. However, flowback and produced water compositions vary
considerably across regions, and their characteristics can change according to the
fluids injected during well stimulation, the amount of fluids recovered at the surface,
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and over the duration of the flowback period. The chemistry of produced waters from
unconventional oil production could potentially differ from that of conventional oil
production in the same region due to differences in the target formations and interactions
of fracturing fluids with formation rocks and water, although this does not generally
appear to be the case based on the limited data that is available.
Sections 5.1.2.4 and 5.1.2.5 focus on identifying potential contaminants that could be
present in flowback or produced waters, either due to the presence of injection fluids used
in fracturing operations or due to dissolved constituents that may be present in formation
waters brought up to the surface. Injection fluid constituents typically measured for
their residual concentrations in flowback or produced waters include friction reducers,
surfactants, PCBs, biocides, alcohols, glycols and organic acids, of which organic chemicals
and biocides appear to be of particular concern. Furthermore, formation waters in oil
reservoirs can contain naturally occurring dissolved constituents that can potentially
degrade water quality, such as some major cations and anions that contribute to salinity
and hardness (sodium, calcium, magnesium, chloride), trace elements including heavy
metals, radiological material (NORMs), and organics. The list of potential contaminants
identified in Section 5.1.2.5 is based on reports of contamination possibly related to
well stimulation activities in the United States, but may not necessarily be applicable to
California. It was not possible to provide an assessment of problems that may occur in
California as there is no publicly available information about the composition of flowback
and produced waters from well stimulation operations in California at the time this
assessment was conducted.
Ultimately, the constituent concentrations in injection fluids, flowback and produced
waters, as well as the specific exposure pathways, will determine potential hazards to
human and ecological health. More data on the composition of injection fluids, and
flowback and produced waters will enable a more comprehensive evaluation of the
hazards to water quality due to fracturing operations in California.
5.1.2.1 Well Stimulation Injection Fluid Composition
As discussed in Section 2.3.2, fracturing fluids contain a series of reagents which serve
various functions during the fracturing process. For example, sand is typically used as a
“proppant” that ensures that the newly created fractures remain open. Other compounds
such as guar gum are added to facilitate efficient delivery of proppant throughout the
fracture zone, biocides are added to prevent the growth of bacteria, and other chemicals
are added to minimize the mineral deposits (scaling) in the well. Classes of relevant
chemicals include gelling and foaming agents, friction reducers, cross-linkers, breakers,
pH adjusters/buffers, biocides, corrosion inhibitors, scale inhibitors, iron control chemicals,
clay stabilizers, and surfactants (King, 2012; New York State Department of Environmental
Conservation, 2011; Stringfellow et al., 2014, US Environmental Protection Agency (US
EPA), 2004; Wilson and Schwank, 2013). Lists of common or widely used chemicals have
been compiled based on regional or national usage (Stringfellow et al., 2014, US EPA,
2004; Wilson and Schwank, 2013), but no prior investigations have examined chemical
use specific to California.
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Extensive lists of chemicals frequently used during hydraulic fracturing nationwide
are available in the literature (e.g. Stringfellow, et al., 2014). An example short-list of
chemicals frequently used during hydraulic fracturing in Michigan is given in Appendix
F (Table AF-1.) For this report, a list of constituents used in hydraulic fracturing in
California was compiled using information voluntarily disclosed by industry on the
FracFocus Chemical Disclosure Registry (http://fracfocus.org/). The FracFocus registry
is not easily accessible and data from FracFocus have been compiled by SkyTruth
(http://skytruth.org/) and DOGGR into searchable data sets. The data available from
SkyTruth for the period between January 2011 (the earliest available) and May 2013
were combined with data compiled by DOGGR (Vincent Agusiegbe, personal communication,
see Section 3 for details) for the remainder of 2013 to develop a list of chemicals used in
hydraulic fracturing that is specific to California. This list is also presented in Appendix F
(Table AF-2). Most of the data included in this analysis are from after April 2012
(see Figure 3-2 for details), which corresponds to an increase in data submissions shortly
after a request DOGGR sent to operators in March 2012 asking for voluntary disclosure
(Kustic, 2012).
The disclosed list of chemicals compiled by SkyTruth and DOGGR was ranked in terms
of their frequency of use in fracturing for on-shore oil production in California; therefore
hydraulic fracturing operations applied to natural gas and offshore oil production were
not included in this analysis. All chemical used in more than 2% of the wells in California,
where hydraulic fracturing was applied and disclosures to FracFocus were made, were
included in this analysis. In total, 114 chemicals or chemical mixtures were reported
as being used in more than 2% of the wells that have been hydraulically fractured in
California. The majority of these additives were identified by Chemical Abstract Service
(CAS) number (Table AF-2), but 17 were just identified by common name, group names,
or names suggesting mixtures of compounds (Table AF-3). Chemicals can have multiple
names, including common names, so CAS numbers are assigned to individual chemicals
by the CAS of the American Chemical Society (https://www.cas.org/) to uniquely and
definitively identify chemical compounds. Disclosure of chemical usage without reporting
CAS numbers has limited value. The 97 chemicals reported with CAS numbers and used
in more than 2% of the fracturing operations were further considered. For Table AF-2,
chemical names (based on CAS Numbers) were selected from an US EPA report (US EPA,
2012) in order to provide consistency with previous publications.
In addition to hydraulic fracturing, well stimulation techniques also include matrix
acidizing (discussed in Sections 2.4). A list of compounds used in matrix acidizing are
given in Table AF-4. This list was developed from stimulation notices submitted to DOGGR
between December 2013 and mid-January 2014 by operators and others who intended to
perform well stimulation operations in the first part of 2014. Submitting a “Notice of
Intent” is a new requirement in California as of December 2013, and although the list
of compounds in Table AF-4 cannot be considered comprehensive, it is representative of
current practices in California. All 70 listed compounds were used in at least 3% of the
reported events, with 69 chemicals being applied to 47% or more events.
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Comparison of Tables AF-1 and AF-2 suggests that chemicals used for hydraulic fracturing
in California differ from chemicals used in other parts of the country. This conclusion is
supported by comparison with lists of chemicals reported in the literature (King, 2012;
New York State Department of Environmental Conservation, 2011; Stringfellow et al.,
2014, US EPA, 2004; Wilson and Schwank, 2013). For example, the use of isothiozolone
biocides appears to be more common in California and the use of glutaraldehyde and
quaternary ammonia biocides less common in California than elsewhere. Overall,
this voluntarily disclosed information of chemicals listed in Table AF-2 is consistent
with earlier observations that the large majority of hydraulic fracturing applications
in California use a gel-matrix approach and that the use of slick-water applications
is less common in California than in other regions of the country. This conclusion is
indicated by the high reporting frequency for guar gum and related compounds (used
in gel treatments) and the absence of polyacrylamide compounds (used in slick-water
treatments) in Table AF-2. The significance of these differences between chemical use
in California and other regions of the country needs to be further investigated and
confirmed, since chemical usage in industry is an important component of hazard
assessment and risk analysis.
5.1.2.2 Preliminary Assessment of Hazards Associated with Well Stimulation Chemicals

Hazards associated with chemicals include physical, health, and environmental hazards
(United Nations 2003). Physical hazards include properties such as flammability and
oxidizing potential; health hazards include properties such as acute toxicity and skin
irritation; and environmental hazards include both narrow and broad effects to environmental
systems, particularly effects on aquatic organisms. A complete assessment of hazards
associated with chemicals used in well stimulation in California is beyond the scope of
this document, so for this report, only acute mammalian toxicity was investigated (see
Appendix G). Mammalian toxicity is relevant for the evaluation of chemicals handled
during well stimulation operations, especially in the context of the potential exposure
of workers and the contamination of drinking water resources. Acute toxicity tests are
commonly used as a reference point in both hazard and risk assessment. Examining acute
oral toxicity has value for identifying potential chemicals of concern, but it is only the first
step in understanding hazards associated with the chemicals used in well stimulation.
Tables 5-2 and 5-3 summarize the number of identified chemicals found in each Global
Harmonized System (GHS) category (see Appendix G) for hydraulic fracturing and
matrix-acidizing fluids, and provide the number of constituents for which no oral-toxicity
information could be located. For this report we also identified compounds with categories
above (>5), which may be interpreted as compounds that are non-toxic (Stringfellow
et al., 2014). In Tables AF-2 and AF-4, GHS Categories are color-coded. There are no
GHS Category 1 compounds (red color) found in the lists of well stimulation chemicals.
However, for almost one third of the chemicals reported with CAS numbers, acute oral
toxicity data could not be found (Table 5-2). The majority of the chemicals listed are in
GHS Category 5 or above, suggesting they have low hazard potential in terms of oral
toxicity. Examples of these lower toxicity or non-toxic compounds include guar gum (CAS
9000-30-0), a gelling agent, and ethanol (CAS 64-17-5), which is a common solvent.
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Table 5-2. Grouping of chemicals found in hydraulic fracturing fluids in more than 2% of
California hydraulic fracturing jobs based on GHS Categories for oral toxicity data (GHS
category 1: most toxic; category 5: least toxic).

GHS Category

Number and Percent of Chemicals
Oral Rat LD50

Oral Mouse LD50

Oral Rabbit LD50

[N]

[%]

[N]

[%]

[N]

[%]

1

0

0%

0

0%

0

0%

2

1

1%

1

1%

0

0%

3

7

7%

2

2%

2

2%

4

15

15%

13

13%

6

6%

5

17

18%

12

12%

2

2%

>5

25

26%

12

12%

9

9%

No/insufficient data

32

33%

57

59%

78

80%

TOTAL

97

100%

97

100%

97

100%

Table 5-3. Grouping of chemicals found in injection fluids in more than 2% of California matrix
acidizing operations based on GHS Categories for oral toxicity data (GHS category 1: most
toxic; category 5: least toxic).

GHS Category

Number and Percent of Chemicals
Oral Rat LD50

Oral Mouse LD50

Oral Rabbit LD50

[N]

[%]

[N]

[%]

[N]

[%]

1

0

0%

0

0%

0

0%

2

1

1%

3

4%

0

0%

3

6

9%

3

4%

0

0%

4

16

23%

9

13%

4

6%

5

15

21%

8

11%

2

3%

>5

12

17%

10

14%

8

11%

No/insufficient data

20

29%

37

53%

56

80%

TOTAL

70

100%

70

100%

70

100%

For both hydraulic fracturing and matrix acidizing chemicals, oral toxicity data for rats
were more readily available than data for mice or rabbits, providing information on 65
of 97 (66%) and 50 of 70 (71%) chemicals applied in hydraulic fracturing and matrix
acidizing, respectively (Tables 5-2 and 5-3). Chemicals that had mice or rabbit toxicity
data almost always also had data for rats, therefore, rat-based toxicity information provided
the most complete basis for a qualitative comparison between oral toxicological effects of
constituents found in hydraulic fracturing and matrix-acidizing fluids.
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Using acute oral toxicity data for rats, most chemicals (59%) used in hydraulic fracturing
are Category 4, 5 and above, and only 8% (representing 8 compounds) are Category 2
or 3. As discussed above, no compounds were in Category 1, the most toxic category.
For matrix acidizing fluids, 61% of chemicals are in Categories 4, 5 and >5 and 10%
are in Categories 2 and 3. Hence, based on this qualitative analysis, compounds added
to injection fluids used in hydraulic fracturing and matrix-acidizing jobs for which oral
toxicity data are available are characterized by a similar distribution of oral toxicities for rats.
Although acute oral toxicity data are useful for investigating hazards of industrial chemicals,
as discussed above, oral toxicity is only one aspect used during the determination of
hazards associated with chemicals. For example, constituents in matrix-acidizing fluids,
such as hydrofluoric acid (CAS 7664-39-3), are hazardous, even if there is an absence of
data on rat acute oral toxicity (Table AF-4). For example, hydrofluoric acid is toxic when
inhaled; it is a contact hazard, causing skin corrosion or chemical burns when in contact
with skin; and it is a dermal toxin, due to potential dermal absorption of fluoride.
A more complete analysis of hazards associated with well stimulation chemicals is needed.
The total amounts of chemicals used and the concentrations at which they are applied
needs to be determined. Other properties that need to be assessed include variables such
as corrosivity, ignitability, and chemical reactivity. Future assessments need to evaluate
whether the well stimulation chemicals are carcinogens (substances that can cause
cancer), endocrine-disrupting compounds (chemicals that may interfere with the body’s
endocrine system and produce adverse developmental, reproductive, neurological, and
immune effects), and bioaccumulable materials (chemicals that increase in concentration
in a biological organism over time compared to their concentrations in the environment).
Previous studies suggest that some of the compounds listed on Table AF-1 may be
endocrine disrupting compounds (Colborn et al., 2010, Kassotis et al., 2013). Chemicals
that are endocrine disrupting, carcinogenic, or that bioaccumulate potentially can cause
long-term or chronic impacts on ecosystems. Long-term and chronic effects are not
necessarily indicated by results of LD50 tests as presented in this report.

Potential toxicological hazards may not only involve effects on humans, but also any
impacts on aquatic organisms and other receptors. An evaluation of eco-toxicological
effects, including the potential impacts of these chemicals on aquatic organisms is needed.
Such an analysis will need to consider the large variety of types of toxicity tests applied
in this area, which confounds direct comparisons between chemicals. A more complete
evaluation of potential eco-toxicological effects of injection fluids applied during well
stimulation is needed in the future.
Future analysis should also take into account and evaluate the potential interactive effects
between chemicals. The toxic effects of a mixture of two or more compounds can be
substantially different from that suggested by simply adding the effects of the single
compounds. Overall effects can potentially be smaller or larger, depending on the
specific interactions between compounds in the mixture, changes in uptake, etc. To our
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knowledge, no studies are currently available in the peer-reviewed literature describing
the overall toxicological effects of fracturing fluids as mixtures of many different types
of compounds; however, a few examples of studies are available where combined effects
of small subgroups of fracturing fluid chemicals have been evaluated. For instance, a
combination of two biocides (Di-Me Oxazolidine and glutaraldehyde) has been shown to
achieve equivalent performance of either alone in fracturing fluids while improving the
overall ecotoxicity profile (Enzien et al., 2011). For endocrine-disrupting chemicals acting
through a common biological pathway, additive effects of mixtures have been observed,
even when individual chemical concentrations were present at levels below an observed
effect threshold (Christiansen et al., 2008; Silva et al., 2002; Christiansen et al., 2009).
The use of effluent toxicity tests may be useful for evaluating the effects of mixtures of
well stimulation chemicals and associated wastewaters (Riedl et al., 2013). Whole Effluent
Toxicity (WET) tests are specifically designed to evaluate the aggregate toxic effects of
an aqueous sample without precise information about the chemicals causing that toxicity
(US EPA, 2002). For instance, in California, these US EPA methods have been applied in
order to evaluate the water quality of agricultural drains in the San Joaquin River and
Sacramento River watersheds (Vlaming et al., 2004). Other researchers have evaluated
complex mixtures for endocrine disrupting activity using whole water samples (Soto et al.,
2003; Zhao et al., 2011). The application of toxicological and eco-toxicological methods
for testing mixtures of fracturing fluids is recommended in future studies.
Finally, degradation and transformation reactions affecting fracturing-fluid constituents in
the environment need to be considered for future studies. Degradation and transformation
reactions could cause either an increase or decrease in toxicological effects. For example,
some biocides, such as glutaraldehyde, degrade relatively quickly in the subsurface,
leading to lower toxicities in flowback water compared to the injected fluid (Blotevogel
et al., 2013). In contrast, a photochemical degradation of polyacrylamide polymers may
result in increased environmental hazard, since acrylamide monomer units are more
toxic than the parent polymer and acrylamide is a mammalian neurotoxin and a probable
carcinogen (Brown et al., 1980).
In summary, numerous chemicals are used for well stimulation in California. A full
assessment of the hazards associated with those chemicals is needed. The extensive list
of possible WST chemicals provides only part of the information needed to assess risk;
additional information on concentrations, synergistic interactions, exposures, and more
are also needed to assess risks and environmental impacts from WST. A preliminary
assessment, using mammalian acute oral toxicity as a screening criteria, suggests that
only a few of the well stimulation chemicals can be considered highly toxic and most
compounds are of equivalent toxicity to many commonly used industrial and household
chemicals (such as anti-freeze). We note, of course, that many household and industrial
chemicals also have potential toxicity under certain circumstance or in different combinations,
and we recommend that all such risks be carefully assessed as part of future investigations
of risks associated with WST. Numerous compounds can be classified as non-toxic and
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some are allowed as food additives or are found in food naturally. It is emphasized that
mammalian oral toxicity is a very limited screening criteria and that a more complete
hazard assessment must include physical, health, and environmental hazards. Other
factors that must be considered to fully evaluate hazards associated with these chemicals
include eco-toxicological effects, endocrine disruption, bioaccumulation, environmental
transformation, and the properties of mixtures of compounds.
5.1.2.3 General Characteristics of Flowback and Produced Waters
After completion of the stimulation process, the pressure in the well is released and the
direction of flow is reversed, bringing some of the injected stimulation fluid and formation
water to the surface (see Section 2.3 for a description of the hydraulic fracturing process).
This fluid is generally classified as either flowback or produced water. Flowback is
commonly defined as the return of injected fluids and produced water is water from
the formation (US EPA, 2012). The distinction between flowback and produced water
during operations is not clear-cut, since mixing occurs in the formation. In practice, the
term flowback is used to refer to initial, higher flows in the period immediately after
well stimulation and produced water refers to long-term, typically lower flows associated
with commercial hydrocarbon production. After the pressure in the well is reduced,
flowback water is returned to the surface at high rates for up to several weeks, and this
flow is, initially, predominantly fluids that were injected, but over time the fraction of the
fluid that represents formation water increases (Barbot, et al. 2013; Clark et al., 2013;
Haluszczak et al. 2013: King 2012). Produced water flows to the surface, along with the
gas or oil, throughout the production life of the well and originates from water naturally
trapped in the geologic formation (King 2012).
Flowback fluids consist of (1) fracturing/injection fluids pumped into the well previously,
which include water and the additives described in Section 5.1.2.1, (2) new compounds
that may have formed due to chemical reactions between additives, (3) dissolved substances
from waters naturally present in the target geological formation, (4) substances that
have become mobilized from the target geological formation due to the interaction of
fracturing fluids with formation rocks and water, and (5) some oil and/or gas (New York
State Department of Environmental Conservation, 2011; Stepan et al., 2010). Thus, the
chemistry of flowback waters is generally different from that of the injection fluids, as
shown by the example in Table 5-4.
The composition of flowback fluids usually changes over the course of the flowback timeperiod, gradually evolving from being more similar to the injection fluids to approaching
the chemical characteristics of the formation waters. For example, fluid-composition
changes were observed in studies conducted in the Marcellus shale (Hayes, 2009; Barbot
et al., 2013) and the Bakken (Stepan et al., 2010), indicating concentration increases in
the flowback water collected over time for constituents such as TDS (such as shown on
Figure 5-1), chloride, and some cations/metals (such as shown on Figures 5-2 and 5-3).
In the Marcellus study, water hardness and radioactivity levels were found to increase
during the flowback period, but sulfate and alkalinity levels decreased with time.
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Table 5-4. An example of differences in the composition of injection fluids and 14-day flowback
water collected from seven horizontal wells in the Marcellus shale (Table from Haluszczak et al.,
2013, based on data from Hayes, 2009)

Concentrations in mg/L
Injected fluid median,
day 0

Flowback median,
day 14

Flowback range, day 14

pH

7.0

6.2

5.8–6.6

Alkalinity as CaCO3

126

71

26–95

Total dissolved solids

735

157000

3010–228,000

Total organic carbon

205

14

1.2–509

Chemical oxygen
demand

734

8370

228–128,000

Cl

82

98300

1070–151,000

Br

<10 (<0.2–19)

872

16–1190

SO4

59

<50*

0.8–89

NH3-N

16

193

4–359

P

0.36

0.55*

0.04–2.2

Al

0.3*

0.5

0.15–0.91

Ba

0.6

1990

76–13,600

B

0.5

20

2.7–3880

Ca

32

11200

204–14,800

Fe

0.68

47

14–59

K

<50 (3-57)

281

8–1010

Li

0.04

95

4–202

Mg

3.7

875

22–1800

Mn

0.074

5.6

1.2–8.4

Na

80

36400

1100–44,100

Sr

0.82

2330

46–5350

Zn

0.08

0.09

0.07–0.14
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Figure 5-1. TDS content of flowback waters typically increases during the flowback period
(Figure from Hayes, 2009 showing data from the Marcellus shale)

Figure 5-2. Concentrations of some cations (e.g. calcium, potassium, sodium, iron) and anions
(e.g. chloride) typically increase during the flowback period in the Bakken shale (Figure from
Stepan et al., 2010).
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Figure 5-3. Concentrations of some cations (e.g. calcium, sodium, strontium) and anions
(e.g. chloride) typically increase during the flowback period in the Marcellus shale (Figure from
Barbot et al., 2013). The concentrations of these ions increase over time because the chemistry
of the fluid changes from resembling the injection fluids (that are made using waters with low

TDS) to formation waters (these typically have high TDS because the waters in most formations
are of marine origin).

The duration of the flowback periods can range anywhere from two days to a few weeks,
and can vary between producers within a region (e.g., Hayes, 2009; Stepan et al., 2010;
Warner et al., 2013; Barbot et al., 2013). Besides variation during the duration of the
flowback period, compositions of flowback and produced waters are known to vary
geographically, as shown in Table 5-5 (Bibby et al., 2013). The chemical composition of
these waters ultimately determines the options available for their treatment, reuse, and
disposal, as discussed in Section 5.2.3.1.4.
Once the well is placed into production, the waters recovered from the operations are
“operationally defined” as “produced waters.” One question that this report addresses
is whether produced waters from WST operations in California are different from
waters recovered during conventional oil and gas production. It turns out it is difficult
to evaluate this question, given the wide variations in the water chemistries of flowback
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and produced waters, as well as the scarcity of recent data from unconventional and
conventional production. A limited number of studies in other regions suggest that the
hydraulic fracturing operation has little effect on the eventual produced water chemistry.
For example, an industry-sponsored study by the Gas Coalition Institute focusing on
fracturing operations in the Marcellus shale (Hayes, 2009) concluded that the general
water chemistries of produced water from conventional and unconventional productions
are similar. A subsequent study from Pennsylvania State University (Haluszczak et
al., 2013) used four different data sources, including the data from the Gas Coalition
Institute, and similarly concluded that the general chemistry of later flowback/produced
water resembled brines produced from conventional wells, although they also noted
that the concentrations of NORMs in the flowback waters (226Ra and 228Ra) were high.
Specifically for California, the samples for which data is reported in the “USGS
produced water database 2.0” (United States Geological Survey (USGS), 2014), were
collected from conventional hydrocarbon wells before 1980. Thus these samples may
not be representative of modern produced waters from conventional extraction or of
produced water from well stimulation operations. More data is needed on the composition
of flowback/produced waters from well stimulation operations in California to assess
whether the fluid chemistries would differ significantly from conventional production.
Table 5-5. Comparison of produced water compositions from unconventional and conventional
oil and gas operations.

Parameter

pH

Marcellusa

5.1–8.4

Conductivity (mS/
cm)
Alkalinity (mg/L as
CaCO3)

Bakkenb

Conventional Oilc

Conventional Oil
and Gas
(California)d

5.5–6.5

5.2–8.9

2.6–11.5

205–221
8–577

300–380

TSS (mg/L)

4–7600

TDS (mg/L)

680–345000

150000–219000

Chloride (mg/L)

64–196000

90000–130000

1000–84891
36–238534

0–156000

Sulfate (mg/L)

0–1990

300–1000

Bicarbonate (mg/L)

0–763

300–1000

8–13686

0–12809

300–1000

1–2

1–207

0–92

0–18

15–3501

0–2054

0.0–0.1

0–250

Bromide (mg/L)
Nitrate (mg/L)

5–802

Oil and GreaseHEM (mg/L)

195–36600

COD (mg/L)

1–1530

TOC (mg/L)
Aluminium (mg/L)

0–14879

ND

Arsenic (mg/L)

0.2–0.9
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Parameter

Barium (mg/L)

Marcellusa

Bakkenb

Conventional Oilc

Conventional Oil
and Gas
(California)d

0 - 13800

0 - 25

0.1 - 7.4

0 - 174

38 - 41000

7540 - 13500

4 - 52920

0 - 13613

Boron (mg/L)
Calcium (mg/L)

40–192

Cadmium (mg/L)

0.0 - 0.2

Chromium (mg/L)
Copper (mg/L)
Iron (mg/L)

3 - 321

0 - 200

0.3 - 2.7

0 - 100

ND

0.1 - 0.5

0 - 540

2 - 43

0 - 7987

17 - 2550

630 - 1750

2 - 5096

0 - 2260

4 - 10

1-8

0 - 50

69 - 117000

47100 - 74600

405 - 126755

0 - 99920

1 - 8460

518 - 1010

Manganese (mg/L)
Sodium (mg/L)

0.1 - 1.0
ND
0 - 5770

Potassium (mg/L)
Magnesium (mg/L)

Nickel (mg/L)
Strontium (mg/L)
Zinc (mg/L)

a

0 - 602

2 - 11

Ra 226 (pCi/L)

3 - 9280

Ra 228 (pCi/L)

0 - 1360

U235 (pCi/L)

0 - 20

U238 (pCi/L)

0 - 497

Gross alpha (pCi/L)

37 - 9551

Gross beta (pCi/L)

75 - 597600

3 - 10

0 - 30

0-2

0 - 600

6 - 17
0 - 10

Barbot et al. (2013)

b

Stepan et al. (2010)

c

Alley et al. (2011)

d

Compiled for this report from the USGS Produced Water Database 2.0 (USGS, 2014)

Another open question that remains is the extent of recovery of stimulation fluids during
the flowback period. The volume of flowback water recovered may affect the fate of
the injected fluid retained in the formation, and the potential for future mobilization of
fracturing-fluid constituents in subsurface environments. Recoveries of flowback water
will depend on various factors, including how much free water is present in the formation,
as well as the rock and fluid properties in the target. A considerable amount of water can
be retained in the formation, given that recoveries of fracturing fluids are relatively low - e.g.,
ranging between 9% and 53% in the Marcellus shale (New York State Department of
Environmental Conservation, 2011; Vidic et al., 2013), and between 5% and 41% in the
Bakken (Stepan et al., 2010).
Although it is unlikely that retained fracturing fluids will migrate out of the reservoir as
discussed below in Section 5.1.3.2, these fluids can potentially interact with formation
rocks over time. Hence, the resulting products of these fluid-mineral interactions, which
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can potentially include environmental contaminants, may appear in produced waters
at a later stage. While some consider the environmental risks associated with “trapped
chemicals” to be low (King, 2012), more studies are needed on the interactions of
injection fluids and their additives with formation rocks and the overall fate of injection
fluids in the subsurface environment, in order to determine if these have the potential to
alter the chemistry of produced waters over the long term (such as causing slow release
of trace metals or radioactive elements).
Available California data do not include specifics on the recovery of fracturing fluids
during well stimulation. However, somewhat different recoveries may be expected in
California, for two reasons. First, targets in California vary from those in other states
geologically. For instance, diatomite, which is one of the main targets for hydraulic
fracturing (see Section 3.2.1), has high porosity (as described in Section 4.3.2). Regarding
matrix acidizing using mud acid, hydrofluoric and hydrochloric acids are expected to
become consumed due to acid-mineral interactions over short penetration depths, while
the remaining fluid often migrates over further distances. Assuming the rock is not
fractured, acid penetration depths in sandstones have typically been reported to be on
the order of 0.3 m (12 inches; Economides and Nolte, 2000) or less than 0.3-0.6 m (1-2
feet; Kalfayan, 2008). However, for high-permeability, high-quartz sands and fractured
formations, such as the Monterey Formation (in places), higher than typical volumes of
mud acid 3.1 to 3.7 m3/m (250 or 300 gallons per ft) have been applied to open fracture
networks deeper in the formation (Kalfayan, 2008; Rowe et al., 2005).
Second, as described in Section 3.2.4, the predominant fracturing fluid applied in California
is a gel, which may vary from the fluids used in the Marcellus and Bakken flowback
fraction studies cited. This in turn may affect the penetration depth of injection fluids,
the later recovery of fluids, as well as the recovery of specific, individual constituents.
Additional information regarding the total estimated volume of recovered fluids in
California should become available in the near future, due to new DOGGR reporting
requirements (DOGGR, 2013).

5.1.2.4 Fracturing-Fluid Constituents in Flowback and Produced Waters
With respect to fracturing fluid constituents, degradation reactions and interactions
with mineral phases within the reservoir may affect their individual recoveries and/or
recovery rates. Fracturing fluid constituents that are typically evaluated for their residual
concentrations in flowback or produced waters include friction reducers, surfactants,
polychlorinated biphenyls (PCBs), biocides, alcohols, glycols, and acids, such as acetic acid
(New York State Department of Environmental Conservation, 2011).
For instance, Orem et al. (2014) reported that the general composition of organic
substances in produced and formation waters from coalbed methane and gas shale plays
across the U.S. were similar. However, the researchers noted that produced water from
hydraulic fracturing operations at the Marcellus shale contained a range of additional
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organic chemicals used as fracturing-fluid constituents, such as solvents, biocides, and
scale inhibitors, at levels of 1,000s of μg/L (parts per billion) for individual compounds.
Elevated total organic carbon (TOC) concentrations as high as 5,500 mg/L were present
in produced waters from hydraulic fracturing operations in the Marcellus shale compared
to about 8 mg/L for conventional production. While the concentrations of hydraulic
fracturing chemicals and TOC decreased rapidly over the first 20 days of water recovery,
some residual organic contaminants remained up to 250 days after hydraulic fracturing.
In particular, biocides, which are toxic by necessity, are expected to persist in flowback
water, and limit the options for flowback water disposal in the case of high concentrations
(Rimassa et al., 2011).
An assessment of fracturing fluids being present in flowback/produced waters in California
was not conducted due to the lack of data. Additional information regarding the specific
composition of recovered water associated with well stimulation treatments should
become available in the near future, due to new California reporting requirements
(DOGGR, 2013).

5.1.2.5 Potential Direct Contaminants from Target Formations in Flowback and
Produced Waters
The groundwater present in oil and gas reservoirs can contain naturally existing dissolved
constituents such as stray gas (e.g., methane), salts, trace metals, NORMs (naturally occurring
radioactive materials) and organic compounds that are released into the waters upon their
interaction with formation rocks. The amount of dissolved material present in the fluids
will depend on several characteristics of the formation, such as its geology, geochemistry,
and microbiology. These dissolved constituents can be present in flowback and produced
waters recovered at the surface, and can potentially degrade the water quality of shallow
groundwater and surface-water resources, if released into those environments.

This section discusses potential contaminants that can be naturally present in the
formation, i.e., those substances that have not been added to the injection fluids and
include TDS (salts), trace metals, NORMs and organic compounds. Such contaminants
could be present at higher levels in flowback and produced waters from unconventional
production, as compared to oil and gas conventional production due to differences in
the geology of the targets and chemistry of the formation waters. Formation waters are
typically high in TDS, and organics, and several studies (particularly in the Marcellus
shale) have noted high TDS values present in flowback and produced fluids from
stimulation operations. Well stimulation could also lead to the potential release of trace
metals due to decrease in pH (that may be relevant in acid stimulation operations) or
complexation with organic ligands present in the injection fluids. The source rock (e.g.
many shales) may also contain high concentrations of radioactive elements, which may
be dissolved in formation waters.
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The section outlines some of the problems that have been reported for these potential
contaminants in regions where well stimulation has been conducted in the United States
(several of these are in the Marcellus shale). Since the composition of flowback and
produced waters varies considerably with geography, the relevance of these issues to
California is discussed wherever possible. However, it is not currently possible to evaluate
whether this list of potential contaminants is complete or even relevant to California since
data about the chemistry of flowback and produced waters from stimulation operations in
California was not available at the time this assessment was done.
The discussion for this report emphasizes contaminant concerns that are amplified due
to the use of well stimulation; the report does not review some of the problems typically
associated with conventional oil and gas operations, e.g., contamination by hydrocarbons
such as benzene, toluene, ethylbenzene, and xylenes (BTEX), generation of H2S due
to biosouring of wells (Chilingar and Endres, 2005), or contaminants originating from
drilling mud, cuttings, and fluids. It should be recognized that contaminants detected in
conventional oil and gas operations, although not within the scope of this report, can also
be a concern in well stimulation operations.
The interaction of well stimulation fluids with a formation containing unconventional
oil can also result in effects such as transformations of the constituents of formation
waters and sediments. These include changes to redox conditions, which can occur due
to the introduction of oxygen from the stimulation fluids (for instance). Changes to
redox can trigger a host of subsurface geochemical reactions such as oxidation of iron,
pyrite, or organic matter present in a formation. Introduction of the stimulation fluids to
the formation can also lead to changes in microbial communities (Mohan et al., 2013;
Struchtemeyer and Elshahed, 2011). The potential changes to flowback fluids due to
these effects were not investigated for this report.
5.1.2.5.1 TDS, Salinity and Water Hardness
TDS is defined as the total concentration of solids that will pass through a 0.2 μm filter in
solution. Typical TDS values in fresh water are <1,000 mg/L, between 15,000-30,000
mg/L in saline water, between 30,000-40,000 mg/L in seawater, and >40,000 mg/L in
brine (wqa.org). Formation waters can contain high TDS concentrations, with salinities
far exceeding seawater values, because many shales have marine origins (King, 2012).
Thus, flowback and produced waters from well stimulation operations can contain high
concentrations of TDS, although the concentrations change during the flowback and
production periods. The source of the TDS and salinity in recovered wastewaters could
either be salts present in formation brines or salts dissolved from formation rocks (Blauch
et al., 2009). Some studies suggest that the TDS in the recovered wastewaters could result
from mixing of injection fluids with formation brines (Haluszczak et al., 2013; Engle and
Rowan, 2013). But another study of Marcellus shale produced waters found that, while
most major cations were correlated with chloride, the variations in their concentrations
could not be explained by dilution of existing formation brine with fracturing fluid
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(Barbot et al., 2013). A study using strontium isotopes to characterize the signatures of
produced waters suggested a basin-wide source of TDS in the Marcellus shale (Chapman
et al., 2012).
The most concentrated ions found in flowback and produced waters are typically sodium
and chloride (Barbot et al., 2013; Blauch et al., 2009; Haluszczak et al., 2013; Warner
et al., 2012). Table 5-6 indicates this is the case in California as well. Magnesium and
calcium can also be present at high levels and can contribute to increased water hardness.
Typically, sulfate and alkalinity (measured as carbonate or bicarbonate) concentrations
were low.
Table 5-6. Average concentrations of major ions and TDS (mg/L) in produced water samples
from conventional oil and gas basins in California. Data from the USGS produced water
database (USGS, 2014). All samples were collected before 1980.

BASIN

DATA
POINTS

pH

BICARBONATE

CALCIUM

CHLORIDE

MAGNESIUM

POTASSIUM

SODIUM

SULFATE

TDS

COASTAL
BASINS

14

7.9

1469

154

5257

82

71

3777

68

11169

LA BASIN

318

7.4

1060

604

16428

300

151

9399

35

27773

SACRAMENTO

12

6.4

372

191

9890

68

26

5980

18

16633

SAN JOAQUIN

344

7.4

1407

764

11121

133

259

5208

88

19570

SANTA MARIA

41

7.4

1354

435

10703

200

118

6047

849

18922

VENTURA

41

7.4

1670

958

13234

167

134

5972

170

26396

TDS can be a concern if present in high concentrations in flowback/produced waters.
For example, the TDS content in the Marcellus shale is high, with ranges in flowback
waters between 680 and 345,000 mg/L (ppm; Hayes, 2009). Such high TDS values
are consistent with waters in the Marcellus being the second saltiest of all basins in the
United States (Vidic et al., 2013). One study (Haluszczak et al., 2013) concluded that
flowback waters from hydraulic fracturing of Marcellus wells resembled brines produced
from conventional gas wells in the region. A study in the Bakken found large differences
in the salinities of flowback water, not only between different producers, but also among
different wells of a single producer, with values ranging from 60,000 mg/L to over
200,000 mg/L (Stepan et al., 2010).
The TDS values of flowback/produced waters from well stimulation operations in California
may be lower than those reported in other regions. Produced waters in California have
historically tended to have lower TDS concentrations as shown in Table 5-6. TDS values
ranging from 10,000 to 40,000 mg/L have been reported for the formation waters in
the San Joaquin and Sacramento basins at depths ranging from ~1,500 to ~3,500 m
(Kharaka et al., 1985). A study of produced waters collected from the San Joaquin Basin
found TDS of waters produced from depths <1,500 m were <4,000 mg/L (typically
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<2,000 mg/L), whereas waters produced from depths >1,500 m were more saline
(typically >25,000 mg/L) (Fisher and Boles; 1980). This depth-salinity pattern was found
to be consistent with the transition in the basin from nonmarine strata at shallow depths
to marine strata at greater depths. Since fracturing operations in California are conducted
at shallower depths than in other regions - e.g. more than half the wells that have been
stimulated using hydraulic fracturing are within 610 m (2000 feet) of the ground surface
(Section 5.1.3.2.1), it is expected that TDS values of target formation waters, and hence
of flowback/produced waters will be relatively low (as compared to wastewaters from
stimulation operations in other regions in the United States) based on the depth-salinity
gradient patterns in the formation, It is also possible that the TDS content of waters recovered
from stimulation jobs using gels will be different from TDS values reported for slickwater
fracturing. Well stimulation using gels is more common in California (Section 3.2.4).
Contamination by TDS/salty brines has been a problem in some areas where wastewaters
recovered from WST operations ultimately ended up in freshwaters (Section 5.2.3.1.4).
However, contamination of freshwaters is expected to be less problematic when the
recovered fluids are disposed into Class II injection wells or reused in well stimulation
operations, as is expected to be the case in California. High TDS values in flowback
and produced waters can still be a concern if improperly handled at the surface during
management, disposal or reuse.
5.1.2.5.2 Trace Metals
Formation brines can contain high concentrations of trace metals, which may be brought
up to the surface in flowback and produced waters. Several studies report measuring high
levels of barium, strontium, and iron in the waters recovered from fracturing operations in
the Marcellus shale (e.g., Hayes et al., 2009; Barbot et al., 2013; Haluszczak et al., 2013).
However, concentrations of trace elements in flowback and produced waters can vary
widely across shale plays. For example, barium concentrations in the Fayetteville, Barnett,
and Bakken shales can be much lower than elsewhere (Jackson 2013; Stepan et al., 2010).
There is no current information available on the trace-element composition of flowback
or produced waters recovered from stimulation operations in California.
The Monterey formation is high in trace elements compared to the World Shale Average
(WSA) abundance (http://energy.cr.usgs.gov/TraceElements/faq.html). In particular,
the lower and middle portions of the Monterey formation consist of different types of
lithologies that might be relevant to mobilization of trace metals from the formation,
i.e., carbonate-rich, organic-rich shales and phosphatic rock units as discussed in Section
4.3.1. The Monterey formation is also known to have selenium-enriched stratigraphic
zones (Issacs 1999). Concentrations of some elements such as chromium, copper,
nickel, antimony, selenium, uranium, vanadium, and zinc have been found to be highly
correlated with organic carbon content. Other trace metals that were somewhat
correlated with organic carbon include As, Ba, Cd, and Mo (Isaacs 1999). Borehole
cuttings from the Santa Maria and Santa Barbara areas also had similar patterns
showing high trace-element concentrations.
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However, the release of trace elements present in the source rock into formation waters
is dependent on several factors, such as pH, redox conditions, temperature, and the
presence of organics (Kharaka et al., 1985). In general, trace elements can be mobilized
as a result of decreases in pH, changes to redox, and the presence of organic ligands
that can form complexes with metals (Stumm and Morgan, 1986). Some trace elements
(particularly those present as cations) can be potentially mobilized due to decreases
in pH, which may be relevant in matrix acidizing jobs. However, some contaminants
(e.g., anionic species like arsenate) can be favorably attenuated as a consequence of pH
decrease. The injection of biodegradable organic chemicals could result in both pH and
redox changes in the subsurface that could alter trace metal mobility. These potential
effects are not fully understood.
5.1.2.5.3 Naturally Occurring Radioactive Materials (NORMs)
NORMs include elements such as uranium, radium, and radon gas that are present in
low concentrations in ambient soil and groundwater. Formation brines in contact with
organic-rich shales can naturally contain high concentrations of radiogenic material.
Uranium and thorium are present in many shale source rocks, are typically associated
with high organic content (Ferti and Chillinger, 1988), and can decay to 226Ra, 228Ra and
radon (Rowan et al., 2011).
The Monterey Formation is approximately six times more enriched in uranium than
the WSA values (http://energy.cr.usgs.gov/TraceElements/monterey.html). Uranium
concentrations in the Monterey formation rocks range from <2 ppm to more than 1,850
ppm (USGS, 1987). However, the uranium content of California crude oil is not typically
high; for example, uranium concentrations in crude oil samples from Tertiary rocks in
California ranged from 0.1 to 37.7 ppb (Bell, 1960).
Problems with elevated levels of radium have been noted in oil field equipment that
process produced waters from conventional oil and gas production (USGS, 1999),
particularly because radium is easily incorporated into barite (barium sulfate) scales,
which precipitate when produced waters are brought to the surface. The hazard to
operators and to the general public due to radioactive material trapped in scales within
oilfield equipment are expected to be low (ALL Consulting, 2008). Moreover, in a survey
of oil field equipment conducted by the American Petroleum Institute in 1989, the
measurable radioactivity on external surfaces of equipment in California was at or near
background level (USGS 1999).
However, flowback and produced waters from some shale formations can potentially
contain high levels of NORMs that can be several hundred times U.S. drinking water
standards. Several studies have measured high levels of radioactivity in samples collected
from the Marcellus shale, which is known to contain radioactive elements (Hill et al.,
2004). For example, the highest level of total radium measured in a study of flowback
waters from Pennsylvania was 6540 pCi/L (Haluszczak et al., 2012) and uranium
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concentrations in produced waters from N. Pennsylvania ranged from 0-20 pCi/L for
U-235 and 0-297 pCi/L for U-238 (Barbot et al., 2013). Production brine samples from
New York showed elevated gross alpha and gross beta results, ranging 14,530 - 123,000
pCi/L, with concentrations of 226Ra ranging from 2,472 to 16,030 pCi/L (NYSDEC,
2009). A study of various samples from the Marcellus shale found radium activities to
range from non-detect to 18,000 pCi/L (Rowan et al., 2011). The high concentrations
of NORMs found in flowback/produced waters from other shale plays do not imply that
a similar situation will occur in California. No information about radioactive element
concentrations in flowback or produced waters from stimulation operations in California
could be located for this assessment, which is a major data gap in evaluating the hazards
associated with WST.
5.1.2.5.4 Organics
Produced waters from oil and gas operations typically contain many organic substances
that can originate from sources such as the formation water, formation rocks (e.g.
organic-rich shales), oil present in the formation, and (in the case of well stimulation)
from chemical additives added to the injection fluids (Orem et al., 2014). Section 5.1.2.1
lists the most commonly disclosed constituents of the stimulation fluids, including
organics. The presence of organics in produced waters from conventional oil and gas
operations have been extensively described in the literature, including in California (e.g.,
Fisher and Boles, 1990; Higashi and Jones, 1997). Organic compounds typically found in
conventional produced waters include organic acids, polycyclic aromatic hydrocarbons
(PAHs), phenols, and volatile organic compounds (VOCs) such as BTEX and naphthalene
(Veil et al., 2004).
Very few studies have examined the presence of organics in produced waters from WST
operations. Often organics are not measured, since these analyses are expensive and
time-consuming. One industry-sponsored study by the Gas Coalition Institute (Hayes,
2009) measured a suite of organics in Marcellus shale flowback waters at the suggestion
of the Pennsylvania Department of Environmental Protection, including VOCs, semi-volatile
organic compounds (SVOCs), pesticides, and PCBs. The concentrations of most organic
constituents were found to be below detection limits, and those VOCs that were measurable
were similar to those found in conventional produced waters. The study concluded that it
was unnecessary to measure pesticides, PCBs, and a large fraction of VOCs and SVOCs in
produced waters from well stimulation. It is worth noting that this study did not measure
the non-volatile, polar and water soluble compounds used in well stimulation fluids
(Section 5.1.2.1).
As described in Section 5.1.2.4 regarding fracturing fluid in flowback/produced waters,
the constituents of injection fluids make up the large fraction of organics additionally
present in produced waters from hydraulic fracturing in the Marcellus Shale. These
organics are not typically detected in conventional produced waters (Dahm et al., 2012;
Orem et al., 2014). No information about organic constituents in flowback or produced
waters from stimulation operations in California was identified.
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5.1.3 Potential Release Pathways
There are a variety of activities associated with oil and gas development that can
potentially release contaminants into surface water and groundwater aquifers. This
section provides an overview of surface and subsurface release pathways, emphasizing
those pathways and contaminants that are unique to the well stimulation treatments
under consideration in this assessment.
In Section 5.1.3.1, surface pathways for water contamination are reviewed. Surface
pathways include (1) surface spills and leaks; (2) the management and disposal of
flowback/produced water; and (3) stormwater runoff. Produced water and flowback of
well stimulation fluids are not managed separately in California, and most flowback/
produced water is injected into Class II wells. However, current management practices in
California allow for the disposal of flowback/produced water into unlined pits in some
areas and reuse for agriculture without prior treatment. A more detailed assessment is
needed of disposal and reuse practices to determine if they pose a risk to water resources.
Furthermore, there is one documented case of the intentional release of flowback fluids
in California, as well as other documented cases of the accidental release of chemicals
associated with well stimulation in other states. Detailed assessments are not available
as to whether these releases contaminated surface water and/or groundwater aquifers,
but this is a potential pathway for surface and groundwater contamination. Furthermore,
data on the water quality impacts of well stimulation are limited. Much of the available
literature is focused on unconventional natural gas production; far less is available on
shale oil production or about well stimulation technologies that may be used to access
these resources, e.g., acid fracturing and matrix acidizing.
Section 5.1.3.2 discusses mechanisms for groundwater contamination via migration
through subsurface pathways. Potential subsurface pathways include (1) natural and
induced high-permeability pathways, the latter possibly created by hydraulically induced
fractures propagating outside the target reservoirs; (2) engineered subsurface penetrations
such as old wells that have not been properly abandoned and have been intersected by
fracturing operations; and (3) direct introduction of contaminants via failing, degraded,
or poorly constructed operating wells. Mechanisms of pathway formation, and leakage
and transport through these existing, induced, and propagated failures are discussed and,
for each pathway, the manner in which contamination may occur and the documentation
of such an occurrence are provided, where available.
It is important to note that pathways must first exist (whether natural, preexisting, or
induced by operations) before migration can occur. A summary of the literature on the
subject, however, suggests that pathway formation via hydraulic fracturing itself is likely
to be limited in vertical extent, and documented instances of contamination across the
U.S. have been shown to be correlated with nearby operations, but not conclusively linked
except in cases of direct injection of contaminants via operator error or well failure (US
EPA, 2012).

206

Chapter 5: Potential Direct Environmental Effects Of Well Stimulation

Well stimulation notices filed to date with DOGGR indicate that much of the current and
planned hydraulic fracturing operations in California occur at depths of less than 2000
feet below the ground surface, which is substantially shallower than in other states.
Hydraulic fracturing at shallow depths poses a greater risk to water resources because of
its proximity to groundwater and the potential for fractures to intersect nearby aquifers.
In addition, migration of fracturing fluids via other permeable pathways is also possible.
Some studies in other regions across the United States have found a correlation between
the location of hydraulically-fractured production wells and elevated concentrations
of methane (Osborn et al., 2011; Warner et al., 2012; Warner et al., 2013), arsenic,
selenium, strontium (Fontenot et al., 2013) and, to a lesser extent, TDS (Warner et al.,
2013). However, there is no consensus as to whether these are naturally occurring, or due
to hydraulic fracturing, production well defects, abandoned wells, or a combination of
mechanisms. More complete information about the location and quality of groundwater
resources relative to the depth at which hydraulic fracturing is occurring in California
would make it possible to identify inherently hazardous situations that could and
should be avoided.
5.1.3.1 Surface Release Pathways
5.1.3.1.1 Surface Spills and Leaks of Fracturing Fluids
Oil and gas production involves the possibility of surface or groundwater contamination
from spills and leaks. Well stimulation, however, raises additional concerns, due to the use
of additional chemicals during the stimulation process, the generation of flowback fluids
that contain these chemicals, and the increased transportation requirements to haul these
materials to the well and disposal sites. Surface release of these chemicals and fluids can
run off into surface water bodies and/or seep into groundwater aquifers. In this section,
we describe concerns associated with well stimulation chemical usage at the surface
and associated transportation concerns. The management and disposal of flowback and
produced water are described in Section 5.1.3.1.2.
Well stimulation necessitates the transport and usage of chemicals (see Section 5.1.2).
Chemicals needed for well stimulation are typically transported to the site by truck and
are stored in the containers in which they were transported. Liquid chemicals and other
additives are transported via hose to a blending unit, where they are mixed with the base
fluid. Dry additives are poured by hand into the blending unit. This solution is then mixed
with a proppant, if necessary, and pumped directly into the well (NYSDEC, 2011). Some
of the fluids can be mixed and stored in preparation for the treatment; however, many are
added only as the stimulation process is taking place (Cardno ENTRIX, 2012; King, 2012).
This ensures that any chemical reactions occur at the appropriate time and in the proper
location, and enables operators to ensure that there are no unused mixed fluids
for storage or disposal.
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These processes can result in chemical releases to the environment. Surface spills and
leaks can occur during chemical or fluid transport, pre-stimulation mixing, or as the
stimulation process is taking place. In addition, storage containers used for chemicals
and well stimulation fluids can leak. These releases can result from tank ruptures, piping
failures, blowouts, equipment failures and defects, overfills, fires, vandalism, accidents, or
improper operations (NYSDEC, 2011). For example, in September 2009, two pipe failures
and a hose rupture in Pennsylvania released 8,000 gallons of a liquid gel mixture during
the hydraulic fracturing process, polluting a local creek and wetland (PA Department of
Environmental Protection, 2009a; 2009b).
Data on hazardous materials spills are maintained by the California Emergency Management
Agency (CEMA). According to California law, any significant release or threatened release
of hazardous substances must be reported to CEMA.3,4 According to these data, spills of
chemicals typically used in well stimulation fluids, e.g., hydrochloric, hydrofluoric, and
sulfuric acids, have occurred at oil and gas operations in California. For example, in
February 2012, a storage tank containing 5,500 gallons of hydrochloric acid exploded
in the Midway-Sunset Oil Field in Kern County, spreading the acid beyond a secondary
containment wall. It is not possible, however, to discern whether stimulation was the
intended purpose of this chemical, because acids are used to clear out drilling debris before
the well is brought into production and are not uniquely associated with well stimulation.

5.1.3.1.2 Management and Disposal of Flowback/Produced Water
Produced water is generated by both conventional and unconventional oil and gas
operations. Flowback fluids, by contrast, are unique to the well stimulation techniques
under consideration in this report. In California, produced water and flowback water are
managed together. As noted in a recent white paper from DOGGR, “when well stimulation
occurs, most of the fluid used in the stimulation is pumped to the surface along with the
produced water, making separation of the stimulation fluids from the produced water
impossible. The stimulation fluid is then co-disposed with the produced water” (DOGGR,
2013). Given that these fluids are co-mingled, surface release pathways that may be
associated with how these fluids are collectively managed are described. Although these
fluids are sometimes referred to collectively as “wastewater,” this report uses the term
“flowback/produced water” in order to avoid confusion. A detailed assessment of the
location and method of flowback/produced water disposal for specific wells was beyond
the scope of this report. Consequently, we have conducted a review of the hazards
associated with wastewater management and disposal in general.

3

Hazardous materials are defined as “any material that, because of its quantity, concentration, or physical or

chemical characteristics, poses a significant present or potential hazard to human health and safety or to the
environment if released into the workplace or the environment” (HSC 25501).
4

Spills on highways must be reported to the California Highway Patrol, who then notifies CEMA.
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5.1.3.1.3 Onsite Storage and Transport of Flowback/Produced Water
Once at the surface, flowback/produced water may be temporarily stored at the well site
in pits, embankments, or tanks, and then transported to a disposal site. Currently, oil
and gas operations in California typically use closed loop systems to re-inject produced
water onsite or transport these fluids through a pipeline network to a nearby disposal
site. In some areas, however, trucks may be used. The onsite storage and transportation
of flowback can result in the accidental releases of flowback fluids from spills and leaks
that can reach surface water and groundwater aquifers. Spills or leaks can occur as a
result of tank ruptures, piping and equipment failures, surface impoundment failures,
overfills, vandalism, accidents (including vehicle collisions), fires, drilling, and production
equipment defects, or improper operations (New York State Department of Environmental
Conservation (NYSDEC), 2011).
There is evidence that surface spills of flowback/produced water affect surface water
and groundwater aquifers. For example, in 2007, flowback fluids overflowed retention
pits in Knox County, KY, releasing the fluid directly into Acorn Fork. The incident killed
or displaced all fish, invertebrates, and other biota for months over a 2.7 km (1.7 miles)
section of the creek. Papoulias and Velasco (2013) found that fish exposed to Acorn Creek
waters showed signs of stress and higher incidence of gill lesions, consistent with exposure
to low pH and toxic concentrations of heavy metals. Further, they found that the release
degraded water quality sufficiently to have adverse impacts on the health and survival of
Chrosomus cumberlandensis (Blackside Dace), a federally threatened species. Additionally,
in an analysis of surface spills between July 2010 and July 2011 in Weld County, CO,
Gross et al. (2013a) found that surface spills of produced water from the fracturing
process or crude oil from fractured wells released BTEX to groundwater at levels that
exceeded National Primary Drinking Water Maximum Contaminant Levels (MCLs) for
each compound. In general, remediation efforts were sufficient to address these spills.
Data on flowback/produced water spills associated with oil and gas operations in California
are reported to the DOGGR. According to Title 14, Section 1722 of the California Code
of Regulations, “signiﬁcant” water leaks must be promptly reported to the appropriate
DOGGR district ofﬁce (California Code of Regulations, n.d.). The reporting requirements
are vague. There is no definition of what constitutes a significant leak, and all spills
are likely not reported. According to the available data, between January 2009 and
February 2014, 423 surface spills at oil and gas fields in California released nearly 2.8
million gallons of flowback/produced water, or an average of 6,500 gallons per incident.
Of these, 34 spills released a total of 88,000 gallons of flowback/produced water into
California waterways. Corrosion and sensor failures that cause tanks to overflow are
the most common causes of these spills. As described previously, surface spills also have
the potential to intercept groundwater aquifers, although lack of data on underlying
groundwater quality before and after spills, and/or lack of data on the chemical composition
of the spills, and varying conditions across the state limit the ability to evaluate general
potential impacts in California.
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5.1.3.1.4 Flowback/Produced Water Disposal
Problems with disposal of wastewaters recovered from well stimulation operations have
been noted in some regions where flowback and produced waters ultimately ended up
in fresh surface waters. For example, in the early development of the Marcellus region
(2008-2009), flowback and produced waters were legally discharged into public
twastewater treatment plants (WWTPs) that were not equipped to handle the high TDS
content of these fluids, which resulted in increased loading of salts to Pennsylvania
rivers (Brantley et al., 2014; Vidic et al., 2013; Kargbo et al., 2010). Bromide was also
found to be a contaminant of concern due to the presence of carcinogenic disinfection
byproducts in the WWTPs, formed from the reaction of elevated levels of bromine present
in flowback/produced waters with organics (Ferrar et al., 2013). State regulators in
Pennsylvania subsequently discouraged the practice of discharging waters recovered
from fracturing operations into WWTPs, due to the many concerns about water quality
degradation. There is some evidence that produced water is being discharged into
municipal WWTPs but an assessment of this practice is beyond the scope of this report.
In California, disposal of flowback/produced water is typically done by one of three other
methods: injection in Class II wells; reuse and recycling for oil and gas production or other
beneficial uses; and percolation in unlined surface impoundments. Disposing of oil and
gas flowback/produced water introduces surface release pathways that are unique to the
disposal method under consideration. Each is described in more detail below.
Class II Wells
The majority of flowback/produced water from oil and gas operations in California
is injected into Class II wells (Kiparsky and Hein, 2013). Injection wells are classified
according to the location and type of fluid injected. According to the US EPA, Class II wells
are used to inject brines and other fluids associated with oil and gas production. Class II
well types include saltwater disposal wells, enhanced recovery wells (e.g., water flooding),
and hydrocarbon storage wells (US EPA, 2014). Of the more than 30,000 Class II wells
in California, about 95% are used for enhanced oil production and ~3% are used for
disposal. More than 80% of Class II wells are located in District 4, representing Kern, Inyo,
and Tulare Counties (Walker, 2011). There are a few documented cases of contamination
associated with injection in Class II wells, as discussed in Section 5.2.3.2.2 of this report.
However, as described below, groundwater contamination incidents in Ohio declined after
injection in Class II wells replaced earthen pit disposal (Kell, 2011).
Reuse
While injection is the primary mechanism for managing flowback/produced water from
oil and gas operations in California and in the rest of the United States (Guerra, Dahm, and
Dundorf, 2011), flowback/produced water may also be reused for oil and gas operations
(e.g., hydraulic fracturing) or other beneficial purposes (e.g., for irrigation, livestock
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watering, and some industrial uses). Produced water/flowback may be treated prior to
reuse or simply blended with fresh water to bring the levels of TDS and other constituents
down to an acceptable range (Veil, 2010).
As described previously, well stimulation notices filed with DOGGR since December 2013
indicate that oil and gas operators are currently using fresh water for well stimulation,
and thus flowback/produced water is not being used for subsequent treatments (DOGGR,
2014). Flowback/produced water, however, is used to supplement irrigation water in
California in some places. For example, in October 2011, the Central Valley Regional
Water Quality Control Board (CVRWQCB) issued a general waiver to allow a discharger
to pipe oilfield wastewater to an existing irrigation reservoir, where the water is mixed
with groundwater (7% oilfield wastewater/93% groundwater) to irrigate 120 acres of
citrus trees in Kern County (CVRWQCB 2011). Also in Kern County, produced water/
flowback is treated and delivered by pipeline to a reservoir, where it is blended with
surface water and groundwater. The blended water is then used to irrigate farmland
throughout the Cawelo Water District service area during the irrigation season and is used
to recharge groundwater during the nonirrigation season (CVRWQCB 2012). The Tulare
Basin Plan notes that produced water “is used extensively to supplement agricultural
irrigation supply in the Kern River sub-basin” (CVRWQCB 2004).
The use of produced water can potentially provide a new source of water supply, e.g.,
to farmers in San Joaquin Valley, where water resources are extremely constrained. The
use of produced water comingled with flowback fluids, however, raises a set of unique
concerns that are not yet well understood, especially when the mixture is not treated prior
to reuse. In particular, the toxicity, persistence, and mobility of stimulation chemicals
and constituents in the flowback/produced water, resulting from degradation of those
chemicals and the interaction of the stimulation fluid with the formation, have not yet
been evaluated.
Surface Impoundments
In some areas, wastewater from oil and gas operations is also disposed of via percolation
in unlined surface impoundments—also sometimes referred to as sumps or pits. Sumps
are primarily regulated by the state’s nine Regional Water Quality Control Boards.5 Each
regional board is required to formulate and adopt water quality control plans, or basin
plans, for all areas within the region. The plans establish water-quality objectives to
protect beneficial uses and policies to implement the objectives.
Much of the state’s oil production occurs within the jurisdiction of the CVRWQCB and
is covered within the Tulare Basin Plan. The Tulare Basin Plan notes that hundreds of
sumps are in use in the region to separate oil from wastewater and to dispose of oil

5

Local Air Districts also regulate some aspects of oilfield sumps, e.g., VOC emissions.
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field wastewater via percolation. Disposal of oil field wastewater in sumps overlying
groundwater with existing and future beneficial uses is permitted if the electrical
conductivity (EC) (represents salinity) of the wastewater is less than or equal to 1,000
micromhos per centimeter (µmhos/cm), and a maximum of 200 milligrams per liter
(mg/L) chlorides, and 1 mg/L boron, with no other testing required for, or limits on,
other contaminants. Oil field wastewater that exceeds these specified salinity limits may
be discharged in “unlined sumps, stream channels, or surface water if the discharger
successfully demonstrates to the Regional Water Board in a public hearing that the
proposed discharge will not substantially affect water quality nor cause a violation of
water quality objectives.”
There is evidence of groundwater contamination associated with disposal of flowback/
produced water in unlined surface impoundments in other parts of the United States. Kell
(2011) reviewed incidents of groundwater contamination caused by oil field activities in
Texas between 1993 and 2008 and in Ohio between 1983 and 2007. Of the 211 incidents
in Texas over the 16-year study period, more than 35% (or 75 incidents) were associated
with waste management and disposal activities. Fifty-seven of these incidents were
associated with produced water disposal pits, which were banned in 1969 and closed
no later than 1984. Of the 185 groundwater contamination incidents in Ohio over the
25-year period, 5% (or 10 incidents) were associated with the failure of unlined pits. Like
Texas, earthen pits are no longer in use in Ohio, and no incidents have been reported
since the mid-1980s. Kell (2011) further notes that while there are cases of groundwater
contamination incidents associated with Class II injection operations, “documented
groundwater contamination incidents dropped significantly after subsurface injection
replaced earthen pit disposal as the primary method of produced water management.”
While these studies and others linking unlined surface impoundments to groundwater
contamination do not specify whether well stimulation fluids were the cause of the
contamination, they are illustrative of the hazards of this disposal method.
A case in Pavillion, WY, raises additional concerns about the use of surface impoundments
to contain flowback and produced water. The Pavillion gas field is located in central Wyoming
in the Wind River Basin, the upper portion of which serves as the primary source of
drinking water for the area. Oil and gas exploration began in the area in the 1950s and
increased dramatically between 1997 and 2006. In 2008, domestic well owners began
complaining about taste and odor problems, and residents believed these issues to be
linked to nearby natural gas activities. In response to complaints from local residents, the
US EPA initiated an investigation, collecting water samples from residential, stock, shallow
monitoring, deep monitoring, and two municipal wells. According to the US EPA draft
report, released in 2011, high concentrations of hydraulic fracturing chemicals found in
shallow monitoring wells near surface pits “indicate that pits represent a source of shallow
ground water contamination in the area” (Digiulio et al., 2011). At least 33 surface pits
were used to store/dispose of drilling muds, flowback, and produced water in the area.
These findings were not contested by Encana Oil and Gas, the company responsible for the
natural gas wells, or other the stakeholders (Folger, Tiemann, and Bearden, 2012). There
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was, however, considerable controversy about US EPA’s other findings, i.e., the presence
of hydraulic fracturing chemicals in deep wells and thermogenic methane in monitoring
and domestic wells, as discussed in Section 5.1.3.2.3.
Illegal Discharges
Illegal waste discharges may result in the release of contaminants to surface water and
groundwater aquifers. Kiparsky and Hein (2013) note that lax enforcement of regulations
and insignificant penalties can incentivize illegal dumping when the punishments are
less costly than proper disposal or reuse. In July 2013, for example, the Central Valley
Regional Water Quality Board (CVRWQB) issued a fine to Vintage Production California
LLC in the amount of $60,000 for periodically discharging saline water, formation fluids,
and hydraulic fracturing fluid to an unlined sump for 12 days. The sump was located next
to a newly drilled oil well near the City of Shafter in Kern County. Discharge of high-salinity
water into an unlined sump is prohibited in areas with good-quality groundwater, and
the Board’s Executive Officer noted that there is concern “that similar discharges may
have occurred elsewhere throughout the Central Valley” (CVRQCB, 2013). In response,
the CVRQCB issued an Order in November 2013 seeking information from oil and gas
operators about the discharge of drilling fluids and well completion fluids since January
2012. This information will help the Board identify the characteristics and volumes of
waste discharged to land and to evaluate the potential impacts or threatened impacts to
water quality posed by the discharge of these fluids to land.
5.1.3.1.5 Stormwater Runoff, Including Floods
Stormwater runoff carries substances that can be harmful to water quality and ecosystem
health from the land surface into local waterways. While runoff is a natural occurrence,
disturbances to the land surface can increase its timing, volume, and composition. For
example, a one-acre construction site with no runoff controls can contribute 35-45 tons
of sediment each year, compared to less than 1 ton of sediment per year from forest land
(US EPA, 2007a).
There is some evidence that oil and gas operations exacerbate stormwater runoff impacts
to water resources. However, it is not clear the degree to which impacts are more generally
associated with oil and gas activities or specific to the well stimulation treatments under
consideration in this report. Olmstead et al. (2013) found that shale gas operations
increased total suspended solid (TSS) concentrations in downstream surface water bodies.
The particular mechanism by which this occurred, e.g., precipitation events or initial
construction activities, could not be determined.
While limited studies that examine runoff associated with well stimulation activities
are available, there are likely to be some impacts that are unique to well stimulation
treatments. Specifically, runoff from well pads can pick up spilled chemicals used during
well stimulation as well as residual process and flowback fluids that may be located
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onsite. Additionally, precipitation events and flooding may damage storage and disposal
sites or cause them to overflow, washing these materials into waterways. For example,
major flooding in 2013 damaged oil and gas operations in northeast Colorado, spilling
an estimated 48,000 gallons of oil and 43,000 gallons of produced water (COGCC,
2013). Furthermore, the additional truck traffic associated with transporting materials,
equipment, and flowback/produced water can increase wear and erosion on local roads
and/or result in the development of new paved and unpaved roads with impacts to
surface runoff.
Stormwater discharge is regulated by state and local governments. The National Pollution
Discharge Elimination System (NPDES) program regulates stormwater runoff at the
federal level. States can receive primacy to administer their own permitting program
and can implement stronger requirements, if desired.6 At the federal level, oil and gas
operations have been afforded special protections and are exempt from some provisions
in the Clean Water Act. Consequently, oil and gas operators are not required to obtain a
stormwater permit unless, over the course of operation, the facility generates stormwater
discharge containing a reportable quantity of oil or hazardous substances or if the facility
violates a water-quality standard (40 CFR 122.26(c)(1)(iii)).7 In 2005, the definition
of oil and gas exploration and production was broadened to include construction and
related activities, although regulations still require well pads larger than one acre to apply
for an NPDES stormwater permit. A 2005 study on the surface water impacts of natural
gas drilling noted the difficulty of monitoring and suggested that few facilities were
monitoring in a way that would allow them to determine whether a NPDES permit was
required (US EPA, 2007b).

5.1.3.2 Subsurface Release Pathways
The consideration of potential subsurface contamination pathways is organized into three
parts. The first part regards the formation of high permeability pathways by hydraulic
fracturing, which regards the extent and permeability of induced fractures and the
possibility of connection to overlying aquifers. By definition, a hydrocarbon reservoir is
likely to be capped or bounded by low-permeability layers. Thus, contaminant migration
requires a pathway, whether natural or induced. The second part addresses issues with
wells (drilling, completions, and failures) that may create opportunities for hydrocarbons
or fracturing fluids to enter groundwater aquifers. The third part discusses transport
processes that could occur within permeable pathways, if they exist, and the evidence
for such migration.

6

California’s Regional Water Quality Control Boards have authority to issue stormwater permits, where

they are required.
7

This requirement will not be met by sediment discharges alone.
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In a recent progress report concerning ongoing US EPA studies of the potential impacts of
hydraulic fracturing on groundwater resources (US EPA, 2012), the authors state clearly
that data concerning hydraulic fracture communication outside of target reservoirs is
currently very limited, with few peer-reviewed studies in place to confirm or deny the
possibility of contaminant transport due to fracturing operations. In response, the US
EPA is performing case studies at multiple locations in the US where contamination of
water resources has been alleged in areas with historic oil and gas operation (Texas,
Pennsylvania, Colorado, North Dakota). Water sampling from wells and surface water
sampling and monitoring is under way to understand the impact of prior drilling, current
drilling, and fracturing work, and in the case of North Dakota, the aftermath of a well
blowout accident. In conjunction with field studies, modeling studies are being performed
to assess the mechanics of fracture propagation and flow processes governing various gas
and fluid leakage scenarios (US EPA, 2012). In addition, the US EPA report describes out
a number of hypothetical leakage scenarios, but these scenarios have yet to be evaluated.
Beyond a literature review, the data and modeling results for the transport studies have
not been released to the public or to the general scientific community. Therefore, an
independent examination of the literature is required.
5.1.3.2.1 Formation of High Permeability Pathways
One possible concern about hydraulic fracturing operations, in particular those using
high-volume injections, is the degree to which induced fractures may extend beyond the
target formation to connect to higher permeable aquifers, or to natural or man-made
pathways such as faults, natural fractures, or abandoned wells. The current state of
understanding about the formation of such permeable pathways due to hydraulic
fracturing is surrounded by some controversy, due to concerns about groundwater
contamination above hydraulically fractured reservoirs. The bulk of previous published
work in the area of hydraulic fracturing has been in the form of data and literature
reviews, geomechanical modeling studies, and analysis of existing microseismic data to
assess fracture formation and propagation, all with a focus on the creation of permeability
for oil and gas production. Basic theoretical and geomechanical work spans decades,
with early work on fracture propagation such as that by Hubbert and Willis (1972) and
Nordgren (1972), and work on fracture width evolution by Perkins and Kern (1961).
The review by Adachi et al. (2007) summarizes much of the early work with a focus on
numerical simulation. However, the latest and most relevant published work, directly
addressing concerns about possible leakage of gas and fracturing fluids, has occurred since
2011, with multiple papers creating a vigorous debate about the nature and extent of
artificial fractures and the processes creating them.
Myers (2012) discusses transport in porous media and in fractures and pathways driven
by both natural advection and fracturing-related pressure increases within porous media
in the Marcellus shale. Using a simplified flow simulation, the work determined that
pressure increases are localized, subside in a year or less, and that the injection-stimulated
systems could re-equilibrate in pressure with a year or less. The simulation operates
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under the assumption of the existence of out-of-formation fracturing or connectivity to
permeable faults, which, if present, could drive fluids or gas into overlying formations on
decadal scales or more quickly. Supporting this assumption is a published letter by Warner
at al. (2012b) stating that microseismic monitoring indicates fracture propagation is more
likely in the vertical direction, increasing the possibility of fractures reaching upward
toward more permeable formations, or into pathways that are inferred in a previously
published geochemical study. However, Myers’ (2012) simulation work lacks key coupled
hydrological processes, particularly the properties of unsaturated shales (Vidic et al.,
2013), and did not include coupled geomechanical modeling.
A later study by Flewelling and coauthors (Flewelling et al., 2013) developed a novel
relationship between injected fluid volumes and maximum possible fracture height,
calibrated via a dataset of the observed extent of microseismicity during well stimulation
operations. The study capped potential vertical fracture propagation at 600 m (2,000 ft)
or less. Additional limitations created by injected volumes, combined with the observation
that shallow formations are more likely to fracture horizontally rather than vertically,
led to the authors’ lack of concern about the possibility of fracturing at depths greater
than 150 m (500 ft) intercepting shallow groundwater resources, thus disputing Myers’
underlying assumptions. In a similar vein, work by Fisher and Warpinski (2012) and a
review by Davies and collaborators (Davies et al., 2012) attempted to demonstrate that
fracture propagation is inherently limited.
Specifically, Fisher and Warpinski (2012) compare fracture extent as mapped by microseismic
data to water well depths for active shale production regions in the Barnett, Woodford,
Eagle Ford, and Marcellus formations. They find that vertical fracture extent for deep
hydraulic fracturing operations does not bring the fractures in close contact with shallow
aquifers, and uses mineback data (artificial fractures excavated and examined in situ)
and experience to posit fracture growth-limiting mechanisms that would lead to
well-contained fractured reservoirs. This work also indicates the likelihood of fractures
in shallower formations (<1,200 m or 3,900 ft) having a greater horizontal component
(due to decreasing vertical normal stress at shallower depths), with the consequence of
reduced likelihood of extended vertical propagation toward shallow aquifers.

Davies et al. (2012) also argues that the height of artificial fractures is limited. The
study reviews data on both natural and stimulated fractures, comparing the mechanisms
proposed for formation of natural “pipes” and “chimneys” (clusters of large fractures/
faults extending hundreds or thousands of meters, typical in sub-seafloor environments)
with fractures artificially created for stimulation purposes, or as a result of production
accidents or blowouts. Using a variety of datasets, they plotted frequency versus fracture
height for natural and artificial fractures, estimating the probabilities that induced
fractures could reach specific heights. They find that the majority of artificial fractures
(with data focused on the Barnett Shale) range from <100 m (330 ft) to ~600 m (2,000
ft) in height, with approximately a 1% probability of a fracture exceeding 350 m (1,100
ft). They correlate this data with previous studies suggesting that artificial fracture growth
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is also limited by fracturing fluid volume, similar to the findings of Flewelling et al.
(2013). The limited scale of induced fractures is compared with larger, more extensive
natural fractures systems, or “pipes,” that are created by processes that involve much
larger fluid volumes, overpressures, longer time frames, and other factors such as
erosion or collapse of surrounding strata. Thus, a minimum separation of 600 m (2,000 ft)
between shale reservoirs and overlying groundwater resources is suggested for thigh-volume
fracturing operations, although local geology must always be evaluated.
In California, an industry study (Cardno ENTRIX, 2012) evaluated the effects of ten years
of hydraulic fracturing and gas production from a Los Angeles Basin oil and gas field.
Microseismic monitoring indicates that fractures were contained within the reservoir
zone, extending to within no more than 2,350 m (7,700 ft) of the base of the fresh-water
zone. However, microseismic inversion depends on an initial velocity model, and thus the
characterization of hydraulic fractures via this method can result in some inaccuracy or
ambiguity (Johnston and Shrallow, 2011).
Recent studies include coupled flow-geomechanical modeling to increase the fundamental
understanding of how fractures form and propagate during injection and pressurization
(Kim and Moridis, 2012). A coupled flow-geomechanical simulator (Kim and Moridis,
2013) has been developed using the established TOUGH+ subsurface flow and transport
simulator (Moridis and Freeman, 2013) and validated against analytical solutions for
poromechanical effects, static fractures, and fracture propagation. The initial work looked
at fracture development versus injection rate, and found that shear failure can limit
the extent of fracture propagation. Later work using full 3D domains suggests possible
inconsistencies between fracture volume and the volume of injected water, resulting
from the difference between the propagation of the water front (a flow process) and the
propagation of the fractures themselves (a geomechanical process), with the net result
that injected fluid volume may underestimate fracturing extent. However, the work also
suggests inherent physical limitations to the extent of fracture propagation, for example,
the presence of overlying confining formations may slow or stop fracture growth, thus
containing fractures within the shale reservoir (Kim et al., 2014).
Application of this work to California requires an understanding of the depth of hydraulic
fracturing operations relative to groundwater aquifers. Data regarding hydraulic fracturing
depth are available only from the well stimulation notices. Data regarding the true
vertical depth of some wells hydraulically fractured are available from FracFocus, and the
measured depths of some wells hydraulically fractured are available in DOGGR’s GIS well
data files. The proportion of wells at various depth-levels is shown on Figure 5-4. A large
fraction of the depths are less than 610 m (2,000 ft). The distribution of depths for the
hydraulic fracturing intervals is necessarily shallower than the well depth distributions.
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Portion of hydraulic fracturing operations in each depth range
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Figure 5-4. Portion of hydraulic fracturing operations vs. depth range (DOGGR data is only
for wells drilled after 2001).

Figure 5-5 indicates the depth of the shallowest well hydraulically fractured in each field.
The shallowest well depth in a number of fields is less than 610 m (2,000 ft) and in even
more fields is less than 1,220 m (4,000 ft). This suggests that the separation between
some fracturing intervals and groundwater is less than the suggested 600 m separation
based on Flewelling et al. (2013) and Davies et al. (2012), which would imply that
the likelihood of propagation of fractures into groundwater aquifers may be higher in
California. However, it is important to remember that this depth-separation suggestion
was based on high-volume hydraulic fracturing conducted in deep shale reservoirs, meaning
the subsurface stress conditions as well as the WST operations are quite different from
the situation in California. For example, fractures may primarily propagate horizontally
at shallower depth and, due to relatively smaller fracturing fluid volumes, the height
distribution of fractures in California may also be smaller than that used as the basis for
the depth-separation suggestion (Fisher and Warpinski, 2012).
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Figure 5-5. A map showing the shallowest hydraulic fracturing depth from the well stimulation
notices or hydraulically fractured well depth in each field (measured depth from DOGGR for
wells drilled after 2001 or true vertical depth from FracFocus). Pink areas show regions in
the San Joaquin Valley where the shallowest groundwater has total dissolved solids above
California’s short-term secondary maximum contaminant level for drinking water of 1,500
mg/L. Note oil fields colored orange and yellow in the San Joaquin Valley, indicating shallow
hydraulic fracturing, located in areas with better groundwater quality. Data from DOGGR
2014(a), DOGGR 2014(b), FracFocus (2013), and Bertoldi et al. (1991).

Also highlighted in Figure 5-5 are regions with relatively poor groundwater resources
containing > 1,500 mg/L of total dissolved solids (TDS), from Bertoldi et al. (1991).
California has established secondary maximum contaminant levels (SMCLs) for various
constituents in drinking water. The SMCLs are based on odor and taste rather than health
thresholds. The recommended SMCL for TDS is 500 mg/L and the upper SMCL is 1,000
mg/L. There is also a short-term SMCL of 1,500 mg/L allowed in rare circumstances
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(State Water Resources Control Board, 2010). The proportion of fracturing operations vs.
depths are re-plotted in Figure 5-6, for operations that occur in regions with groundwater
containing < 1,500 mg/L of total dissolved solids (TDS). Comparison of Figure 5-4
with Figure 5-6 suggests that the majority of shallow operations occur in regions where
groundwater is of poor quality. However, the well records search results indicate up to
3% of hydraulically fractured wells are shallower than 610 m (2,000 ft) in regions with
good to reasonable groundwater quality. This percentage equates to tens of shallow wells
being fractured per year given estimates of the number of wells hydraulically fractured.
It is unknown if the fracturing intervals in these wells are sufficiently deep to preclude
induced fractures propagating into potable groundwater. Because most of the wells are
vertical, the fractured interval must be shallower than the total vertical well depth. Page
(1973) indicates the base of water with < 2,000 mg/L TDS is up to a thousand meters
(thousands of feet) deep in some areas. So the separation between hydraulically fractured
well intervals and groundwater may be much less than 600 m (2,000 ft) at tens of wells
per year. For instance the shallowest hydraulically fractured well in the Kern River Field,
which is shown in yellow just north of Bakersfield in Figure 5-5, is less than 610 m (2,000
ft) deep. Groundwater with less 2,000 mg/L TDS is implied to that depth and deeper by
Page (1973). A portion of the produced water from this field is used for irrigation (Coburn
and Gillespie, 2002). While the water is treated, it is not known if the treatment would
remove all the fracturing fluid constituents that might be of concern.
Further, it is not clear that 1,500 mg/L TDS is the threshold for groundwater to be
considered with regard to protection from entry of well stimulation fluids. DOGGR has
historically protected groundwater with < 3,000 mg/L and the federal definition of
underground sources of drinking water requiring protection is < 10,000 mg/L (Walker
2011). The number of hydraulically fractured intervals within a few hundred meters of
groundwater with concentrations less than 20,000 mg/L is necessarily larger than the
tens of wells per year mentioned above with regard to groundwater with < 1,500 mg/L
TDS. The potential for hydraulic fractures to intercept groundwater resources in cases of
shallow well stimulation warrants more careful investigation and monitoring.
For fracturing intervals more than 600 m (2,000 ft) from overlying aquifers, our review
of the existing literature suggests that creation of permeable pathways connected to these
aquifers solely through hydraulic fracturing operations seems unlikely in most cases,
considering the relative separation of the formations and the difficulty of creating very
long, extensive fractures or fracture networks. A review by Jackson et al. (2013b) comes
to the same conclusion, noting that no “out-of-zone” fracturing has been documented,
while at the same time reiterating that studies are limited and data are sparse. However,
fracturing that creates connectivity to preexisting pathways, whether naturally formed
(pre-existing permeable fractures or faults) or artificial (abandoned, degraded, poorly
constructed, or failing wells) cannot be discounted, nor can we ignore the possibility of
human error in the drilling, completion, and stimulation processes. Of particular concern
is the creation of connections to abandoned or degraded wells, since the existence of
such pre-existing pathways is likely in regions targeted for WST operations, and such
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wells provide a clear case of a potentially permeable feature that connects to shallow
formations. Additional research is required to better quantify this hazard (Jackson et al.,
2013b).
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Figure 5-6. Portion of hydraulic fracturing operations vs. depth range, for locations where the
overlying groundwater has TDS of less than 1,500 mg/L (DOGGR data is only for wells drilled
after 2001).

5.1.3.2.2 Leakage from Wells During Injection, Production, or Stimulation
The possibility of operating wells serving as leakage pathways for subsurface migration
has been known for a long time. Papers by Harrison (1983; 1985) indicate that overpressured
annuli are a likely mechanism for contamination of groundwater with produced gas or
other formation fluids, even for wells using a surface casing to protect shallow aquifers
and particularly if the surface casing does not extend to a sufficient depth below the
aquifer. Failures in well barriers (cement and casing strings) may allow intrusion of
gas and fluids from producing formations below the casing shoe or shallower gas and
fluid-bearing formations intersected by the wellbore to lower-pressure annuli, resulting
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in annular gas flow or sustained casing pressure (SCP) and a pathway for gas migration
to the surface (Brufatto et al., 2003; Watson and Bachu 2009) of two overlying aquifers.
Multiple factors over the operating life of a well may lead to barrier failure including
improper or inadequate cementing, poor mud displacement, and fractures in the cement
due to hydraulic and mechanic stresses during construction or associated with tectonic
activity and subsidence events; radial cracking of the cement due to thermal and pressure
fluctuations in the casings during stimulation and production; and general degradation
of the well structure due to age (Bonnet and Parfitis, 1996; Dusseault et al., 2000;
Brufatto et al., 2003; Watson and Bachu 2009; Carey et al., 2012). Corrosive subsurface
environments (e.g., H2S, CO2) also pose a threat to cement and casings throughout the
life of a well and after abandonment/plugging, particularly if cement is already impaired
(Brufatto et al., 2003; Chilingar and Endres 2004;). The most important mechanism
leading to gas and fluid migration, however, is poor well construction or exposed or
uncemented casing (Watson and Bachu, 2009).
Unconventional wells may be subject to greater stresses due to mechanical stresses
induced in high pressure stimulation and lateral drilling practices. The casing and cement
of the vertical section of the well, from the surface casing down to the production zone,
is subject to hydraulic and mechanical stress during drilling and operations (see Section
2.2.1.2). For wells used in hydraulic fracturing operations, the high levels of fluid pressure
imposed also need to be taken into account during casing selection and well design.
During hydraulic fracturing operations, there has been concern that the expansion and
contraction of the steel casing during the multiple stages of high-pressure injection
may result in radial fracture and/or shear failure at the steel-concrete or concrete-rock
interfaces (Carey et al., 2012). This expansion and contraction of the casing, not typically
present in conventional oil and gas operations, could lead to separation between the
casing and the cement. These processes could create gaps or channels that would serve
as conduits between the various strata through which the well penetrates. Current
cementing technology may not be sufficient to control for such defects. However, with
current practice, the fracturing fluid is pumped down a tubing string within the innermost
casing, such that the casing and surrounding cement are not experiencing the high
injection pressure associated with the fracturing operation. Monitoring of the annulus
between the tubing string and production can identify problems or failures that lead
to high casing pressure.
Watson and Bachu (2009) also noted that deviated wellbores, defined as “any well with
total depth greater than true vertical depth”, show a higher occurrence of sustained casing
pressure and gas migration than vertical wells, likely due to centralization and cementing
challenges increasing the likelihood of gaps, bonding problems, or thin regions in the
cement. Creation of such annular permeable pathways may create connectivity to higher
formations. In a review of the regulatory record, Vidic et al. (2013) noted a 3.4% rate
of cement and casing problems in Pennsylvania wells based on filed notices of violation.
Pennsylvania inspection records, however, show a large number of wells with indications
of cement/casing impairments for which violations were never noted suggesting that the
actual rate of occurrence could be higher than that reported by Vidic et al. (2013).
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Human error during the well-completion and hydraulic fracturing process must also
be considered. A 2011 incident in Alberta, Canada (Energy Resources Conservation
Board (ERCB), 2012) involved inadvertent fracturing of an overlying formation and
injection of fluids into water-bearing strata below an aquifer. Misreading of well fluid
pressures resulted in the perforation gun being fired at 136 m depth (446 ft) rather than
the specified 1,486 m (4,875 ft), with subsequent pressurization creating a fractured
interval above the base of groundwater protection. Immediate flowback of fracturing
fluids recovered most of the injected volume, and monitoring wells were installed at the
perforation depth and at 81 m (266 ft) in an overlying sandstone aquifer at a distance of
50 m (164 ft). A hydraulic connection between the fractured interval and the overlying
aquifer was not observed, and a surface gas release nearby was not linked to the injected
fluids. The ERCB finding states that the incident presented “insignificant” risk to drinking
water resources, but criticized the onsite crew’s risk management, noting there were
multiple opportunities to recognize abnormal well behavior before the misplaced perforation.
Well integrity must also be evaluated for Class II deep injection wells, which have become
the method of choice for the disposal of flowback and produced fluids. The regulatory
review by Kell (2011) reviewed incidents of contamination associated with deep injection
in Ohio and Texas. The injection process was implicated in six contamination incidents
in Texas (none in Ohio); however, properly permitted Class II injection wells still have
a significantly better record of protecting groundwater resources than older methods
of earthen pit disposal (see Section 5.2.3.1.3). In California, a 2011 report studied the
over-24,000 active and 6,900 inactive injection wells in the state and found that, while
procedures were in place to protect fresh-water resources, other water resources (with
higher levels of dissolved components, but not considered saline) may be at risk due
to deficiencies in required well-construction practices (Walker, 2011). Zonal isolation
of saline formations via cement placement is not mandated, nor is the isolation of
hydrocarbon-containing zones, thus leading to potential migration of fluids into overlying
groundwater resources. Depending on the target formation, injection pressures must be
monitored and maintained at or below levels appropriate for the geology. In addition,
operators are required to perform mechanical integrity tests on Class II wells every five years.
An earlier US Government Accountability Office report (US GAO, 1989) regarding Class
II wells across the United States found that, although the total extent of drinking water
contamination was unknown, several cases of contamination had been documented. In
one-third of the cases, the contamination was caused by communication between injection
wells and improperly plugged (abandoned) oil and gas wells nearby, causing injected
brines to migrate vertically through the abandoned wellbores. Injection wells built and
operating prior to 1976 are exempt from Underground Injection Control (IUC) program
permitting requirements (40 CFR 144.31, 146.24) which mandate an area search for
abandoned wells within a quarter mile of a new proposed injection wellbores. The GAO
report notes that 70% of the injection wells studied were grandfathered and as such the
presence of nearby degraded wells was discovered only after contamination had occurred.

223

Chapter 5: Potential Direct Environmental Effects Of Well Stimulation

Although the work was not specific to hydraulic fracturing, the hazards of degraded wells
and well failure are highlighted in a review paper by Chilingar and Endres (2004). They
document multiple incidents in which oilfield gas reached the surface through degraded,
abandoned, and leaking wellbores. The paper highlights a 1985 incident where well
corrosion at shallow depths led to casing failure of a producing well and the migration of
gas via faults and other pathways, creating a gas pocket in a permeable collecting zone
below a populated area in Los Angeles. Methane accumulated underneath a department
store until overpressurization drove gas into the building’s basement, resulting in an
explosion. A vent well was used to reduce the hazard, but failure of the vent well resulted
in another release of gas in 1989, although this was detected before another explosion
could occur. While these incidents are not related directly to fracturing operations, they
show that cement and casing impairments in modern wells and inadequately cemented
abandoned wells may provide pathways for vertical migration of formation gas and fluids.
5.1.3.2.3 Mechanisms of Leakage via Transport Through Subsurface Pathways
To reiterate, contaminant migration requires a pathway, whether natural or induced.
If such pathways have been created through hydraulic fracturing operations, whether
the result is a direct fracturing into overlying aquifers or a connection to a preexisting
pathway for fluid flow outside of the reservoir, reservoir and fracturing fluids may migrate
through the subsurface. Data concerning such contamination mechanisms are currently
very limited, with few peer-reviewed studies in place and ongoing US EPA assessments
as yet unpublished (US EPA, 2012; Jackson et al., 2013b). Transport through preexisting
pathways has occurred in conventional oil and gas operations (see previous section), but
whether hydraulic fracturing is likely to enhance the problem remains to be determined.
In a manner similar to the issue of fracturing and fracture propagation, the core literature
consists of a few groups of competing and contentious studies, none of which provides
direct evidence of fracturing leading to contaminating groundwater.
Although mechanisms for transport through fractures and faults have been proposed, few
conclusions can yet be made about the conditions under which liquid or gas release can
occur. Overburden thickness, formation permeabilities, production strategies (assuming no
drilling or casing incidents), and other site-specific factors may all regulate the probability
of contaminant migration. The study by Myers (2012), mentioned previously, attempted
to model flow through artificially created pathways, but did so using a highly simplified
flow and hydrologic model (Vidic, 2013). A more recent modeling study by Kissinger et
al. (2013) performs porous-media modeling of liquid and gas migration through specific,
previously characterized fractured systems. The study, although limited to one set of
geological models (and thus to one set of subsurface geometries), does highlight factors
that may increase or decrease the risk of contamination. Fluid migration resulting from
a two-week fracturing-related overpressure is shown to drive fracturing fluids only a
limited distance from the fractured reservoir, even when high-permeability pathways are
assumed. Long-term tracer transport and transport of methane to overlying aquifers are
shown to be a function of pathway porosity, permeability, and irreducible gas saturation,
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but only under the assumption of a continuous permeable pathway from the reservoir to
the aquifer. Factors such as production strategy or ranges of overburden thickness are not
evaluated, but Kissinger et al. (2013) suggest that transport of liquids, fracturing fluids, or
gas is not an inevitable outcome of fracturing into connected pathways, and that further
evaluation of a range of geological systems is warranted.
Several studies have noted the presence of methane in groundwaters near hydraulic
fracturing operations, and have tried to determine the source and pathways for methane
migration based on the chemical and isotopic composition of the gas. Methane found
in groundwater can either be formed as a result of thermogenic processes at depth or
microbial processes in shallower horizons. Biogenic methane typically consists of pure
methane and carbon dioxide, whereas thermogenic methane, such as that found in shale
gas, will also contain higher-chain hydrocarbons (ethane, propane, butane, and pentane).
Biogenic and thermogenic methane are also isotopically different, with the former having
a lower ratio of carbon-13 to carbon-12 isotope (more negative δC13 values (-64‰))
than the latter (-50‰) (Osborn et al., 2011a). Earlier studies (Révész et al., 2010) show
the presence of both biogenic and thermogenic methane, as well as some ethane, in
well water near Marcellus gas production, but variation over time (i.e., before and after
production activities commenced) had not been established. However, correlations have
been shown to exist between gas reservoir locations and gas production activity and the
presence of methane in groundwater and surface water.
The most recent controversies began with the research of Osborn et al. (2011a) that
performed geochemical studies of sampled water from 60 drinking-water wells in a gas
producing region of northeastern Pennsylvania. They noted that methane concentrations
in wells increased with increasing proximity to gas wells, compared to neighboring wells
away from production activity. Isotopic ratios of the sampled gas, as well as the presence
of longer-chain hydrocarbons, indicated a thermogenic source for the gas, along with
matching the geochemistry of gas from nearby production wells. However, evidence
of contamination from brines or fracturing fluids was not found in the sampling. This
result highlights an important issue, specifically that liquid and gas transport do not
necessarily occur together, and that gas migration and liquid migration within the
subsurface may occur at different rates and timescales. The absence of brine migration
led to the conclusion that methane transport via liquid migration is unlikely to be the
source, but rather that leakage and migration of gas through any number of possible
permeable pathways (well casings, artificial fractures, or enlarged fractures due to
hydraulic fracturing) could have provided the pathway for the contamination. The paper
notes the existence of a preexisting fracture network within the overlying formation,
combined with numerous undocumented, uncased abandoned wells that could serve as
conduits for gas migration. In response, letters by Davies (2011) and Schon (2011) state
that leakage through well casings is a better explanation than any fracturing-related
process, referencing PA Department of Environmental Protection reports that document
specific casing-failure incidents. The responders also promote the hypothesis that the
high methane concentrations may be pre-existing, noting that such processes are already
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documented and well-understood (Dyck and Dunn, 1986) for oil and gas producing
formations, and that a lack of evidence for fracturing fluids in the contaminated water
supports ongoing natural processes. Further discussion, in a letter to PNAS by R. B. Jackson
and colleagues, and a follow-up paper (Osborn et al., 2011b; Jackson et al., 2011; 2013a),
counters those conclusions, pointing out that methane contamination has indeed occurred,
but that natural migration pathways or abandoned wells are the less likely scenarios as,
although abandoned wells are common in Pennsylvania, few abandoned wells are known
in the area of this particular study. Jackson, however, agrees that casing leakage from
poor well construction is a plausible mechanism, while still maintaining that, since it is
neither proven nor disproven, hydraulic fracturing operations could be involved in the
subsurface processes. A key conclusion of this series of studies is that there is a strong
correlation between gas well location and the appearance of stray gas contamination.
Another sampling study by Jackson et al. (2013a) found ethane and propane, as well
as methane, in water wells near Marcellus production locations, and also noted isotopic
compositions that suggest a “Marcellus-like” origin for the thermogenic component of the
methane. The concentration of methane was again correlated most strongly to distance
from production activities, as was the ratio of longer-chain hydrocarbons to methane. The
authors propose leakage caused by well casing and cementation problems as the most
plausible mechanism, noting the number of violations recorded for well-construction
issues in nearby production operations. In contrast, another isotopic study by Molofsky
and colleagues (Molofsky et al., 2013) states that the isotopic ratios of methane found in
Pennsylvania wells are more consistent with samples of shallower Upper Devonian gas
rather than Marcellus formation gas, thus casting doubt on the source of the dissolved gas
and the existence of connecting pathways.
Geochemical evidence for natural migration of fluids has been published by Warner et
al. (2012b), who revisited northeastern Pennsylvania and collected new water samples
for comparison to older data published in the 1980s. The study indicated that elevated
salinity levels in the region may predate shale gas production in the area, and that
geochemical signatures matching that of the Marcellus fluids led to the conclusion that
natural permeable pathways may have already existed between the shale and overlying
formations. These natural permeability pathways could create contamination hazards
if oil and gas operations occur near the zones of enhanced connectivity. In response,
Engelder (2012), disputes this possibility, noting that recent drilling data for hundreds of
wells suggests the saturation of water in the pore space is typically in the range of 13%
to 33%, which is near or below the irreducible water saturation for the shale. Such low
saturations would result in capillary binding of the water, restriction of brine migration,
and the possible sequestration of fracturing fluids left in the formation, as the aqueous
phase would be drawn into the pore space of the shale and rendered immobile. This
capillary seal would be expected to trap both gas and liquids within the Marcellus, and
this concept is supported by differences in the isotopic signature of Marcellus gas and gas
that exists in the overlying formations (see also Molofsky et al., 2013). The previously
referenced work by Flewelling et al. (2013) also addresses this issue of formation
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isolation, pointing out that the occurrence of permeable pathways overlying significant
hydrocarbon accumulations is inherently contradictory. Therefore, their work finds that
some mechanism that activates pre-existing, but impermeable features or creates new
pathways is necessary to allow liquid and gas migration, while noting the potential
constraints to vertical fracture propagation mentioned in the previous section. A further
response by Warner et al. (2012b) maintains that there are insufficient data to support
the capillary binding hypothesis, and that recent production data counter the notion that
the shale has little mobile brine—in fact, the opposite has been true for some production
wells—but also concedes that mechanisms for rapid brine transport are neither indicated
nor understood.
For Marcellus production in Pennsylvania, an extensive review by Brantley et al. (2014)
assesses both the scientific literature and the regulatory record, in an attempt to establish
a relationship between production activities, known production problems and violations,
and the existence of subsurface migration pathways. The paper states up front that
fracturing fluids or flowback have never been conclusively tied to a water-contamination
incident, and that distinguishing common tracers is challenging, because background
concentrations are spatially and temporally variable. The true processes are clouded
by lack of information about drilling and production incidents, unreleased water
quality data, the sparseness of available data, and lack of knowledge of pre-existing
contaminants. Attempts to perform mathematical risk assessments of contamination
through all mechanisms have primarily highlighted the lack of knowledge (Rozell and
Reaven, 2012) with envelopes of uncertainty spanning orders of magnitude, although
when risk is formally assessed, the consequences of wastewater disposal (i.e., potentially
large spills) generated more concern than that for subsurface leakage and migration.
However, over a thousand complaints about water quality issues have been recorded in
areas near Marcellus gas production. The review delves into the regulatory record and
finds numerous Notices of Violation, particularly for well-construction problems, in the
regions of Pennsylvania where contamination is suspected. While postglacial processes
and bedrock fracturing may make the gas-producing regions of the state more susceptible
to gas and fluid migration even without stimulative fracturing, there is also the presence
of thousands of pre-Marcellus wells, with 200,000 dating from before formal record-keeping
began and 100,000 that are essentially unknown (noted in a companion study by Vidic
et al., 2013). These potential hazards were highlighted by a 2012 incident in which
fracturing operations intercepted an old offset well, resulting in a blowout and the release
of gas, but not of fracturing or formation fluids, through the compromised abandoned
well. This is consistent with the previous conclusion that care must be taken to avoid
situations where hydraulic fracturing creates connectivity to abandoned or degraded wells.
The literature, particularly peer-reviewed literature, is heavily weighted toward regions
where public concern over new stimulation technologies has been strongest—currently,
regions overlying the Marcellus. In California, there is a history of oil and gas production
(Chilingar and Endres, 2005), including the use of hydraulic fracturing technologies,
but at present, there is no comprehensive source of information on well stimulation
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activities (Section 3.2.2). Recently, an industry study (Cardno ENTRIX, 2012) reviewed
ten years of hydraulic fracturing and gas production from the Inglewood field, a Los
Angeles Basin oil and gas field. The Inglewood field is located in a populated area, and
underlies a fresh-water formation that, while not used for drinking water and while likely
not connected to nearby drinking water resources, is still regulated and monitored for
water quality. Microseismic monitoring indicates that fractures were contained within the
hydrocarbon reservoir zone, extending to within no more than 2,350 m (7,700 ft) of the
base of the fresh-water zone. The 2011-2012 study showed no impacts to groundwater
quality, either through migration of fracturing fluids, formation fluids, or methane gas,
even though the formation includes faults and fractures connecting shallow formations
to deeper formations. No evidence was found of well-casing failure, when wells have
been constructed to industry standards, and thus no direct contamination occurred via
stimulation or production activities. However, the review of Chilingar and Endres (2005)
documents a history of gas-transport incidents associated with other conventional oil and
gas production in the L.A. Basin. The paper documents multiple cases of gas leakage from
active oil fields and natural gas storage fields in the Los Angeles Basin and elsewhere,
with the most common issue being gas migration through faulted and fractured rocks
penetrated by abandoned and leaking wellbores, many of which predate modern well-casing
practice and are undocumented or hidden by more recent urban development. These
features led to several documented cases of methane from oil and gas operations
traveling and reaching near-surface formations or reaching the surface—between leaking
wells and near-surface formations, through near-surface faults, and between pressurized
gas-storage reservoirs and abandoned wells. While stimulation technologies are not
implicated in these events (with the possible exception of water-flooding procedures
creating increased pressures that drive transport), they illustrate the real possibility of
flow through permeable pathways if such pathways, natural and/or induced, exist and are
allowed to communicate with hydrocarbon reservoirs.
It is clear that methane appears in groundwater near hydraulic fracturing operations
for shale gas operations, but studies have essentially established only correlation, not
causation of leakage pathways. Thus, additional research is required to better quantify
this hazard (Jackson et al., 2013b), with a focus on (1) establishing background values
of various contaminants, (2) field experiments and monitoring, and (3) better modeling
studies to elucidate possible transport mechanisms. In this regard, additional studies
are under way to identify tracer materials that could be useful for the monitoring of
the migration of fracturing fluids in the subsurface, as well as fracturing fluid-shale
interactions. For instance, nanoparticles are currently tested, which could be added as
nonreactive tracers to fracturing fluids in the future (Maguire-Boyle et al., 2014). The
analysis of strontium (Sr) isotope ratios has been proposed as a useful approach to
evaluate fluid-rock interactions (Chapman et al., 2012). In either case, these tracers could
provide relevant tools for elucidating open questions regarding potential contaminant
pathways related to well stimulation applications in the future.
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5.1.4 Case Studies of Surface and Groundwater Contamination
This section examines evidence of the contamination of surface water and groundwater
aquifers from well stimulation treatments, and discusses the findings from groundwater
quality studies that have been conducted at sites located near well stimulation operations.
No reports of water contamination resulting from well stimulation in California were
found, although only one study for a site in California was identified in the Inglewood
oil field. While limited information is currently available in peer-reviewed literature, two
studies provide evidence of surface water contamination. Reports from state agencies
provide additional evidence of contamination. Based on the limited data that are
available, it appears that groundwater quality near hydraulic fracturing has not been
significantly impacted due to well stimulation treatments, although two reported instances
of potential groundwater contamination by hydraulic fracturing fluid were identified.
Neither of these studies was documented in peer-reviewed literature, and the findings
from one (at Pavillion, Wyoming) have been questioned in subsequent studies conducted
at the site. Elevated levels of some contaminants that could have been brought up from
the target formation, such as methane, TDS, and some trace metals, have been observed
in the groundwater near some hydraulic fracturing sites in the United States. However,
the sources of these contaminants are in dispute (as described in Section 5.1 .3), and
cannot be directly linked to well stimulation treatments.
The potential impacts of well stimulation on surface water and groundwater quality are
ultimately dependent on reliable and current baseline data describing water characteristics
prior to drilling operations (or if not possible, for representative background sites), and on
comprehensive monitoring conducted during and after well stimulation. It should be
noted that water quality data near well stimulation sites are sparse, and an absence of
studies (or data) neither supports nor refutes evidence of problems. Proper pre-drilling
baseline and post-stimulation monitoring data are essential to evaluating the impacts of
well stimulation on nearby groundwater. Efforts should be made to collect such data in
the future, and the findings from water quality monitoring should be included in reporting
requirements for operators.
5.1.4.1 Surface
There are no reports of surface water contamination associated with well stimulation in
California, although there are documented cases in other parts of the U.S. For example, in
2007, flowback fluids overflowed retention pits in Knox County, KY, killing or displacing
all fish, invertebrates, and other biota for months over a 2.7 km section of the creek.
Papoulias and Velasco (2013) found that fish exposed to Acorn Creek waters showed signs
of stress and higher incidence of gill lesions, consistent with exposure to low pH and toxic
concentrations of heavy metals.
In another study, (Kassotis, Tillit, Davis, Hormann, and Nagel, 2013) examined the presence
of known or suspected endocrine-disrupting chemicals used for well stimulation in surface
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and ground water samples in drilling-dense areas of Garifeld County, Colorado. Nineteen
surface water samples were collected from five distinct sites that contained from 43 to 136
natural gas wells within one mile and had a spill or incident related to natural gas drilling
processes within the past six years. Additional samples were collected from the Colorado
River, which captures drainage from this region, and from nearby reference sites. The
study found that most water samples exhibited greater estrogenic, antiestrogenic, and/or
antiandrogenic activities than water samples from nearby references sites with limited or
no drilling activity.
Additional surface water contamination incidents have been reported, although these
are not captured in peer-reviewed studies. Some of these incidents were reported to
the appropriate local and/or state agencies, while others may not have been reported.
For example, in 2009, a fish kill event in an unnamed tributary to Brush Run in Hopewell
Township was reported to the Pennsylvania Department of Environmental Protection.
Responders found an overland pipe transporting flowback fluid had failed, releasing about
250 barrels into the tributary (Pennsylvania Department of Environmental Protection,
2010a). Also in Pennsylvania, a wastewater pit overflowed its embankment, polluting a
tributary of Dunkle Run. While the company cleaned up the spill once it was discovered,
it failed to report the incident to the Pennsylvania Department of Environmental
Protection (Pennsylvania Department of Environmental Protection, 2010b).
5.1.4.2 Subsurface
5.1.4.2.1 General Findings from Groundwater Quality Studies in the United States
Typically, monitoring studies sample the natural groundwater in wells in the vicinity
of well stimulation operations and draw conclusions based on a comparison of pre-drilling
baseline data (if available) and post-drilling monitoring. If pre-drilling baseline data were
not available, some studies collected groundwater samples at nearby background sites
that had comparable geology and geochemistry, but were relatively unimpacted by well
stimulation operations. The list of parameters measured in the groundwater quality studies
varied according to the topic under investigation, and included subsets of the following:
• Acidity (pH), alkalinity
• Dissolved gases: Methane, carbon dioxide, oxygen
• General water quality parameters: Total Dissolved Solids (TDS), Total Suspended
Solids (TSS), specific conductance, turbidity, Total Organic Carbon (TOC),
Dissolved Organic Carbon (DOC)
• Major cations: Sodium, potassium, magnesium, calcium, ammonium
• Major anions: Chloride, bromide, nitrate, nitrite, phosphate, fluoride, cyanide
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• Trace metals: Ag (silver), Al (aluminium), As (arsenic), Ba (barium), Be
(beryllium), B (boron), Cd (cadmium), Cr (chromium), Co (cobalt), Cu (copper),
Fe (iron), Li (lithium), Mn (manganese), Hg (mercury), Mo (molybdenum), Ni
(nickel), Pb (lead), Se (selenium), Sb (antimony), Sn (tin), Sr (strontium), Ti
(titanium), Th (thorium), U (uranium), Zn (zinc).
• NORM (Naturally occurring radioactive material): Gross alpha, gross beta,
226
Ra, 228Ra, Radon, Uranium
• Organics: Oil and grease, Volatile organic compounds (VOCs), Semi-volatile
Organic Compounsd (SVOCs), pesticides, Polychlorinated Biphenyls (PCBs)
• Stable isotopes: dC13 (carbon), dO18 (oxygen), dD (hydrogen)
• Selected constituents of injection/fracturing fluids
A limited number of studies have investigated groundwater quality in the vicinity of
hydraulic fracturing in several regions, including the Marcellus shale, PA (e.g. Boyer et
al., 2011, Brantley et al., 2014 and references therein), the Fayetteville shale, AK (Warner
et al., 2013), and one study in California in the Inglewood oil field (Cardno ENTRIX
2012). Most studies comparing baseline trends to post-stimulation measurements did not
determine any statistically significant changes in the water quality of nearby groundwater
wells resulting from well stimulation operations. Studies reporting elevated levels of some
contaminants that were detected in groundwater situated near fracturing operations are
discussed below. However, none of the studies could directly link the elevated levels of
measured contaminants to the use of well stimulation technologies.
An extensive review of groundwater-contamination claims and existing data can be found
in the report of Kell (2011) for the Ground Water Protection Council. The report focuses
on Ohio and Texas groundwater-investigation findings from 1983 through 2008, and notes
that the literature provides no conclusive documentation of groundwater contamination
resulting from the hydraulic fracturing process itself. The study area and time period
included development of 16,000 horizontal shale gas wells with multistage fracturing
operations in Texas, and one horizontal shale gas well in Ohio. However, the report notes
that there is evidence of groundwater contamination due to improper storage of flowback
and produced fluids in surface containment pits (as discussed in Section 5.1.3.1.4), a
practice that has mostly been replaced by disposal via Class II injection wells that have a
significantly better record of protecting groundwater resources than earthen pit disposal.
Sections 5.1.3.2.1 and 5.1.3.2.3 discuss the report’s findings on abandoned wells being
a leakage pathway. The report concludes that, although no documented links have been
found implicating fracturing operations in contamination incidents, a regulatory focus on
activities that could be linked to contamination is critical, along with documentation of
hydraulic fracturing operations such that regulators can determine which processes put
groundwater at risk.
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5.1.4.2.2 Detection of Well Stimulation Fluids in Groundwater
Very limited information is currently available in peer-reviewed literature about the
detection of fracturing-fluid additives in groundwater. Two reported instances of potential
groundwater contamination due to subsurface leakage of hydraulic fracturing fluid within
the United States were identified, neither of which has been documented in a peer-reviewed
publication (Brantley et al., 2014, Vidic et al., 2013). The first study is a US EPA investigation
in Pavillion, WY, where surface storage and disposal of flowback/produced waters was
implicated in contamination of shallow surface water (as discussed in Section 5.1.3.1.4).
Initial results published in a draft report (DiGiulio et al., 2011) suggested that groundwater
wells had been contaminated with various fracturing-fluid chemicals, as well as methane,
via flow from the stimulated reservoir to groundwater. However, a follow-up study by
the USGS involving resampling of the wells could not confirm these findings (Wright et
al., 2012). The US EPA is no longer working on this study, but the State of Wyoming is
continuing to investigate these data, with a report due in September 2014.
The second reported incident of contamination is based on a U.S. EPA study focusing
on operations in Ripley, WA. In this case, a gel used as a constituent in fracturing fluids
was reported to have contaminated a local water well located <330 m (1,000 ft) from
a vertical gas well (US EPA, 1987). Contaminant transport could have either occurred
through four abandoned wells located near the vertical gas well during the fracturing
process, or by contamination from the flush fluid (not used in hydraulic fracturing) used
to remove loose rock cuttings prior to cementing (Brantley et al., 2014).
Kassotis et al. (2013) evaluated the potential of elevated activities of endocrine disrupting
chemicals in surface and groundwater systems close to natural gas extraction sites utilizing
hydraulic fracturing. Surface and groundwater samples were collected in a drilling-dense
region in Garfield County, CO, and analyzed for estrogen- and androgen-receptor activities
using reporter gene assays in human cell lines. Based on a comparison with reference
control sites, the authors concluded that these data suggest elevated endocrine-disrupting
chemical activity in surface and groundwaters close to unconventional natural gas drilling
operations. However, potential contaminant pathways were not discussed in this publication
and are currently unknown.

5.1.4.2.3 Detection of Direct Contaminants from Target Formations in Groundwater
A number of studies have monitored the groundwater in the vicinity of hydraulic fracturing
operations for contaminants other than those present in fracturing fluids, such as methane,
TDS (including chloride and bromide), heavy metals, NORMs, and organics. None of these
studies definitively traced the source of or migration pathway for these contaminants to
application of hydraulic fracturing, as discussed in Section 5.1.3.2.3. The contaminants
could have either been naturally present in the formation or could have migrated along
alternate pathways, unrelated to well stimulation, into the groundwater.
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Elevated methane in groundwater near hydraulic fracturing operations was a particular
focus of many of the studies. Leakage of fugitive methane into groundwater wells situated
near hydraulic fracturing sites is a public concern due to fire and explosion hazard. The
US Department of the Interior recommends a warning at dissolved methane levels of 10
mg/L (ppm) and requires action at concentrations greater than 28 mg/L (ppm).
Regions where shale gas production is feasible tend to have naturally high methane
concentrations, and have been sites for previous natural gas extraction activities. For
example, concentrations as high as 45 to 68.5 mg/L (ppm) have been observed in New
York, West Virginia, and Pennsylvania groundwaters (Vidic et al., 2013). A survey of
methane concentrations in Southern California, which was carried out following the Ross
Department Store explosion, identified eight high-risk areas where methane could pose a
safety problem (Geoscience Analytical, 1986). These include the Salt Lake Oil field in
Los Angeles, the Newport Oil field, the Santa Fe Springs Oil field; the Rideout Heights
area of the Whittier Oil Field; the Los Angeles City Oil field; the Brea-Olinda Oil field;
the Summerland Oil field; and the Huntington Beach Oil field. Comprehensive baseline
measurements collected before drilling can help determine whether high methane levels
detected in wells, post-production, are a result of well stimulation.
As extensively discussed in Section 5.1.3.2.3, some studies have found high concentrations
of thermogenic methane in drinking-water wells in Pennysylvania, particularly those
within a 1 km radius of hydraulic fracturing operations (Osborne et al., 2011; Jackson et
al., 2013a), although the source of the methane detected in those studies is under debate.
Another study measuring pre-drilling and post-stimulation methane concentrations in 48
water wells in Pennsylvania located within 760 m (2,500 ft) of Marcellus shale gas wells
found no differences in methane levels before and after drilling, except in one well where
drilling had been completed nearby (Boyer et al., 2011).

Several studies also focused on measurements of TDS in groundwater, particularly due
to the high levels of TDS present in flowback and produced fluids recovered from some
shale plays. As discussed in Section 5.1.3.2.3, high salinities detected in some shallow
Marcellus groundwater wells could have resulted from migration of brines from deeper
formations through natural pathways that were unrelated to hydraulic fracturing (Warner,
2012). A study of 100 groundwater wells located in aquifers overlying the Barnett shale
found that that TDS concentrations exceeded the US EPA Maximum Contaminant Level
(MCL) of 500 mg/L in 50 out of 91 samples located within 3 km of gas wells, and that the
maximum values of TDS near the wells were over three times higher than the maximum
value from background reference wells unimpacted by fracturing. However, the study was
conducted in aquifers that naturally have high levels of TDS. TDS concentrations in 7 out
of 9 samples collected from the background wells also exceeded the MCL, and the average
TDS values near the hydraulic fracturing sites were similar to historical data for the region
(Fontenot et al., 2013). Monitoring for TDS in the Inglewood oil field near Los Angeles
(Cardno Entrix, 2012) found no significant differences in pre-drilling and post-stimulation
TDS values; TDS values ranged from 510 to 2,500 mg/L in shallow wells and 1,400 to
3,900 mg/L in deep wells.
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Fontenot et al. (2013) also reported that the heavy metals arsenic, barium, selenium, and
strontium were found to be present at much higher levels in groundwater wells located
< 3 km from production wells in the Barnett shale, when compared to background or
historical concentrations. Although the trace elements of concern were known to be
naturally present in the formation at low levels, the authors suggest further investigation
to determine if the high concentrations detected in the groundwater were a result of
fracturing operations. The study did not investigate the complex biogeochemistry that
can lead to mobilization of trace elements such as arsenic, but suggested some possible
mechanisms by which the development of wells for oil and gas (and indirectly) well
stimulation could cause release of trace metals into the groundwater. These include
lowering of the water table due to excessive water withdrawals, and mechanical
disturbances due to drilling that could loosen iron oxides (potentially mobilizing arsenic
and selenium) or sulfate/carbonate scales (potentially mobilizing barium and strontium)
from the casings of private wells.
The only study that has identified trace-element concentrations in groundwaters near
well stimulation operations in California was conducted in the Inglewood oil field
(Cardno Entrix, 2012). Arsenic was the only trace element that exceeded drinking water
standards in that study. However, arsenic is naturally present at high levels in Southern
California, and concentrations were high in the monitoring wells even before drilling.
Information on background levels of trace metals in California is available as part of the
USGS Groundwater Ambient Monitoring and Assessment (GAMA) program. High levels of
some trace elements such as arsenic, boron, molybdenum, chromium, and selenium have
been measured in shallow groundwaters in several regions in California (e.g. USGS, 2006;
USGS, 2009). These data should be considered in future investigations that attempt to
determine the impact of well stimulation on groundwater quality in California.
In general, there have been no reports of high levels of NORMs found in groundwater
near well stimulation operations. It should also be noted that uranium concentrations in
some California groundwaters have historically been high. For example, high levels of
uranium, frequently exceeding US EPA MCLs, have been noted in the Central Valley and
are correlated with high bicarbonate concentrations in the groundwater (Jurgens et al.,
2005). Radium levels in California groundwaters are typically low (Ruberu et al., 2005).
A couple of studies have reported measuring some organic constituents in groundwaters
near well stimulation operations. These include the US EPA investigation in Pavillion,
WY, where glycols and alcohols were detected (DiGuilio et al., 2011) and a study in the
Barnett shale, where methanol and ethanol were detected in 29% of samples in private
drinking-water wells (Fontenot et al., 2013). However, the presence of organics could not
be linked to fracturing operations in either case.
Several articles note that there is a clear need for future studies and the monitoring
of multiple water-quality parameters, to ensure that groundwater resources near well
stimulation operations are not impacted by well stimulation and related activities
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(Brantley et al., 2014; Jackson, 2013; Bibby et al., 2013; Vidic et al., 2013). Future
conclusions regarding potential impacts of well stimulation on groundwater quality
are ultimately dependent on reliable and current baseline data describing groundwater
characteristics prior to drilling operations, or if not possible, for representative background
sites. The USGS is currently conducting a broad, US-wide water-quality study, which includes
the following objectives (besides others): (1) determine current baseline concentrations
of major ions in surface water and groundwater in areas of unconventional oil and gas
production; (2) evaluate potential changes in water quality over time; and (3) identify
spatial and temporal data gaps where further information is needed to evaluate existing
water quality and water-quality trends (Susong et al., 2012). Specifically for California, the
USGS has published a series of reports describing groundwater quality for a number of CA
basins, such as the Monterey Bay and Salinas Valley basins, and the Los Angeles, Southern
San Joaquin and Central Coast basins, as part of the GAMA Priority Basin Project (e.g.,
USGS, 2011). However, these studies may not be formulated to provide baseline data
specific to the question of groundwater contamination due to well stimulation.
5.1.4.2.4 Groundwater Monitoring for Well Stimulation Operations in California
DOGGR requires the reporting of constituents in injected and recovered fluids including
chemical composition and radiological information (DOGGR Interim Well Stimulation
Reporting Requirements Instructions, 2013). In addition, all well stimulation notices
submitted to DOGGR as of January 1, 2014, must include a monitoring plan, regardless
of the specific groundwater quality in close proximity to the wells (Vincent Agusiegbe,
DOGGR, personal communication). Most of the notices submitted and received in December
and subsequently approved did not have monitoring plans because groundwater in those
oil fields was exempt from beneficial use.
A monitoring plan, which was approved as part of a well stimulation permit in the Rose
oil field as of January 2014, included pre-stimulation and semi-annual measurements of
temperature, pH, electrical conductivity, BTEX, and TDS at locations where the property
owner requested it for up to two years after the well stimulation was concluded. While
the operators claim that this list of constituents provides an appropriate evaluation of the
potential impacts of well stimulation, many published scientific studies suggest the need
for more comprehensive monitoring plans (e.g., Jackson, 2013; Bibby et al., 2013; Vidic
et al., 2013). This would include measuring a larger set of parameters (such as those
mentioned above) that are based upon an evaluation of regional geology and typical
groundwater and formation water chemistries at more locations than just those requested
by the landowners (both monitoring wells near the oil fields and residential wells can be
used to collect the data).
5.2 Potential Impacts to Air Quality and Climate
The following sections address air quality and climate impacts. Although air quality and
climate impacts are treated separately below, certain aspects of the analysis and literature
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review in each section may inform discussion in the other section. For example, many
processes that lead to emissions of local pollutants also lead to emissions of greenhouse
gases. Diesel fuel combustion leads to emissions of nitrogen oxides (NOx) and particulate
matter (PM) but also carbon dioxide. Processes in WST that lead to emissions of volatile
organic compounds (VOC) also frequently lead to emissions of methane (methane is a
potent greenhouse gas). Some methods to control emissions for air quality also control
greenhouse gas emissions, for example reduced emission, or “green,” completions control
both VOC emissions and methane emissions. In both the Air Quality and Climate Impacts
sections comparison are made between “bottom-up” inventories, in which all known
sources of emissions are summed to generate a total emission estimate, to “top-down”
emission estimates, in which ambient measurements of pollutants or greenhouse gases
are used to characterize likely emissions.
5.2.1 Air Quality
This section evaluates the pollutant emission and potential air quality impacts related to
well stimulation in California. Most well stimulation activity in California occurs in the
San Joaquin Valley, an air basin that is designated as a non-attainment area for ozone and
particulate matter (PM) standards, thus marginal changes to air quality may be relevant.
Ideally, one would connect emissions of pollutants directly to air quality impacts through
the use of an air quality model that could account for dispersion and chemical transformation
of the emitted pollutants as they travel through an air basin. Use of an air quality model
is out of the scope of this report. Air quality impacts are instead evaluated by comparing
estimates of emissions related to WST to estimates of total emissions from oil and gas
processes or other sectors. If emissions are much smaller than emissions from other sectors
we assume the air quality impacts are small.
Well stimulation activities that lead to emissions include the use of diesel engines, flaring
or venting of gas and the volatilization of chemicals in flowback water. This section
presents separate emission estimates for each of the above activities and describes how
those emissions compare to emissions from other relevant sectors.
It is reported in this section that emissions of NOx and PM2.5 in California from diesel
equipment used for WST, both for on-road trucks and off-road equipment such as pumps,
produces negligible emissions compared to other related sectors. Furthermore, emissions
from both diesel off-road equipment and on-road trucks could be controlled if the use of
diesel engines with NOx and PM2.5 exhaust controls were mandated.
Emissions from flaring in California are uncertain because of variability in flare combustion
conditions and to a lack of information regarding the frequency of flare-use during WST
operations. However, current California Air Resource Board inventories of pollutant emissions
from all flaring suggest that flares as a whole emit less than 0.1% all VOCs and are not a
major regional air quality hazard.
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Emissions from venting of gases during completion and from volatilization of flowback
water constituents have not been measured in California but might be bracketed. The
California Air Resources Board (CARB) has conducted a “bottom-up” VOC emission
inventory by adding up all known sources of emissions. It is unknown whether these
sources included emissions from WST-related produced or flowback water. However,
the sum of the emissions in the inventory matches well with “top-down” measurements
taken from the air in the San Joaquin Valley (Gentner et al., 2014). This agreement between
“bottom-up” and “top-down” estimates of VOC emissions from oil and gas production
indicates that California’s inventory probably included all major sources. The CARB
inventory suggests that venting and VOC emissions from flowback water are small
compared to other production related sources of VOC emissions. Emissions from venting
during WST could be controlled by requiring reduced emission (“green”) completions.
Requiring tighter vapor controls on temporary tanks that hold the flowback water could
control emissions from fluids produced during WST.
Oil and gas production operations are a major (~10%) source of total anthropogenic
ozone precursor emissions in the San Joaquin Valley. Although the marginal emissions
from WST alone are small, the potential increase to VOC emissions due to additional oil
and gas production activities enabled by WST could potentially impact ozone air quality
in the San Joaquin Valley.
5.2.1.1 Air Quality Overview
Most of the WST activity in California takes place in the San Joaquin Valley, a region of
California that is designated as a non-attainment area for ozone and particulate matter
(PM) standards. Since the region is not currently meeting national standards, any marginal
increase to emissions can present a challenge for local regulators in that they will have to
find an equal source of emission reductions from a different sector just to maintain the
current pollution levels, let alone reduce total emissions so that air quality measurements
fall below the standards.
The air quality of a region is characterized by measurements of specific pollutants, including
PM2.5 and ozone, from central monitors in that region. Before the pollutants emitted from
WST encounter and are measured by the monitors, they are dispersed by wind and may
undergo chemical transformation in the atmosphere. The manner in which the same
emissions will affect air quality will differ depending on the meteorological conditions
and the other pollution already present in the atmosphere (the chemical transformations
depend on total pollution levels).

There are several methods one might employ to evaluate how WST emissions impact
air quality. One could try to determine the impact of WST emissions through analyzing
air quality measurements, comparing air quality on days with high WST activity to days
with low WST activity. However, the day-to-day variation in WST emissions is unknown
and the variability in meteorology and atmospheric chemistry between days would
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likely overwhelm any signal that might exist otherwise. Instead of depending only on
measurements, air quality models are often used to describe how pollutants are dispersed
through the atmosphere and chemically transformed. The models connect the pollutant
emissions to their air quality impacts. It is out of the scope of this report to develop air
quality modeling of WST related emissions. Instead, we can compare WST related emissions
to emissions from other sectors. If the magnitude of emissions is much smaller than other
known sectors we can assume the air quality impacts from those emissions are much
smaller as well. In this report, emissions from WST activities are evaluated by comparison
to the sum of total emissions from the oil and gas production and processing sector.
To estimate emissions we would, ideally, have direct measurements of emissions from
a representative sample of WST activities in California. There are, however, very few
measurements of emissions from WST in California, let alone a representative sample,
as WST emissions can vary over wells, reservoirs, operator practices, control technologies
and other factors. An additional challenge is that independent scientists have limited
access to well pads to conduct emission measurements. In fact, emissions from oil and gas
production activities are the subject of numerous scientific studies, reviewed below, and
continue to be a source of uncertainty regarding total environmental impacts from oil and
gas production.
Given these limitations we estimate emissions from WST in California using a “bottom-up”
approach, meaning we break WST into a series of processes and estimate emissions for
each process separately. The estimates for each process are based on estimates of activity
(for example gallons of fuel-used) and emissions per activity (for example pollutant
emissions per gallon of fuel). In some cases, information regarding an activity is limited,
and we can develop only a qualitative emissions estimate based on available literature.
We compare emissions estimates to the CARB emission inventory, which lists emission
estimates by air basin for thousands of separate source-types, including more than 200
oil and gas source-types. Although the total emission estimates from the CARB inventory
are publically available, CARB releases relatively little detail on the methodology used
to create these emission estimates. In the sections below we note when we believe our
comparisons to CARB’s emission inventory may be uncertain due to a lack of knowledge
of particular details of CARB’s underlying methodology for inventory development.
The separate WST processes we evaluate include: (1) Bringing supplies to the well pad,
including fluids; (2) Pumping the fluid into the well; (3) Venting of gases from the well
during WST or completion; (4) Flaring of gases produced during WST or completion;
and (5) Evaporation of chemicals from liquids produced during WST and completion.
Each of those practices releases a different set of pollutants. The diesel equipment used
to pump the fluid into the well and the diesel trucks used to bring supplies to the well
are primarily a concern because of nitrogen oxides (NOx) and particulate matter (PM)
emissions. Increased chronic exposure to particulate matter is associated with increased
rates of premature mortality. NOx is of concern for multiple reasons. NOx emissions can
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lead to ozone formation, ozone, a key constituent of photochemical smog, is an irritant
and also associated with negative short and long term health impacts. NOx can also
undergo chemical transformation in the atmosphere and condense to a solid form adding
to the total PM2.5 burden.
Venting of gases from the well and evaporation of chemicals from flowback or produced
liquids are of concern due to emissions of VOCs. There are thousands of potential
chemicals that fall under the VOC category. Some VOCs are carcinogens or endocrine
disruptors and directly hazardous to humans. Many VOCs can react in the atmosphere to
increase ozone formation. Some VOCs are transformed to form PM. If gases are flared,
instead of vented, then most, but not all, of the VOCs are burned. The combustion during
flaring may cause PM2.5 and NOx emissions.
Below we review studies of air quality near oil and gas production operations across the
US. This literature review provides context for the range of concerns related to air quality
and oil and gas production, including concerns related to WST. However, it should be
stressed that environmental impacts from WST operations vary greatly by region and in
response to local regulations. Many of the following sections include explicit description
of known differences between WST processes observed in other regions and the WST
processes that are observed in California. There are also certain studies performed outside
of California, for example studies measuring ambient levels of certain toxic VOCs, that
have not been replicated inside California. In those cases we report the concerns found in
other regions with the caveat that it is unknown whether these same issues are relevant or
not to California. The sections following the literature review present emissions estimates
for each of the five WST processes listed above. Available technology or practices that
could be used to control emissions is mentioned at the end of each emission estimate
section.
5.2.1.2 Air Quality Literature Review
The review here focuses on studies in which an attempt has been made to link air quality
measurements directly to oil and gas production activities. The studies reviewed below
present air quality measurements taken far away from the actual well pads and present
a variety of methods to attribute measured pollution levels to oil and gas production
sources. These types of studies fall in the general category of “top-down” measurement
studies. In some cases top-down measurement studies can be used as a way to ensure
the assumptions about activity and emission rates in a parallel bottom-up inventory are
correct. Other studies reviewed below use other methods to link air quality to oil and gas
emissions, for example, air quality modeling. Together the studies represent the range
of concerns related to air quality from oil and gas production and provide examples of
techniques used to measure the air quality effects. The studies also show the difficulty
and uncertainty inherent in characterizing total air quality impacts from oil and gas
production, and show the limits to which air quality impacts from separate processes
within oil and gas production, for example WST, can be measured.
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A common technique for calculating the air-quality impacts of oil and gas operations is
to measure both total pollution and the relative abundance of chemicals associated only
with oil and gas production operations. For example, C2 – C6 alkanes, like propane (C3H8),
are emitted from oil and gas operations but not other activities. Measurements in spring
2002 presented by Katzentstein et al. (2003) indicated that oil and gas operations were
responsible for “major quantities” of VOC emissions across regions in Texas, Kansas and
Oklahoma. Katzentstein et al. (2003) also found evidence that the oil and gas emissions
led to surface ozone formation.
In Colorado, Gilman et al. (2013) found that VOC emissions related to oil and gas
operations were important sources of ozone precursors (during winter 2011). They used
the ratio of propane (associated with oil and gas operations) to ethyne (not associated
with oil and gas operations) to distinguish between “urban emissions” and those related
to oil and gas operations. Compared to ambient measurements in U.S. cities, including
Pasadena, CA, the propane-to-ethyne ratio in Northeastern Colorado was often one to
two orders of magnitude larger, indicating the presence of emissions from oil and gas
operations. Also in Colorado, in locations with both gas development and residential
areas, Colborn et al. (2014) found the presence, in ambient air samples, of potentially
health-damaging VOCs, including methylene chloride, various endocrine disruptors, and
harmful levels of polycyclic aromatic hydrocarbons (PAHs) associated with oil and gas
production. The VOCs were highest during the drilling phase and did not increase during
hydraulic fracturing. However, venting and condensate tank flashing emissions accounted
for 95% of all VOC emissions in Weld County in Colorado (Bar-Ilan et al., 2008; Bar-Ilan
et al., 2008; Pétron et al., 2012). Pétron et al. (2012; 2014) found higher VOC emissions
from oil and gas operations than listed in a standard bottom-up inventory in Colorado.
Venting and condensate tank flashing emissions accounted for a lower fraction of VOC
emissions in other regions of the United States. For example, Zavala-Araiza et al. (2014)
report that condensate tanks account for close to 50% of total VOC emissions in the
Barnett Shale.
Olaguer (2012) modeled near-source air-quality effects in the Barnett Shale, finding that
emissions of NOx associated with compressor engines and flaring can increase peak 1 hr
ozone by 3 ppb 2 km and and farther downwind of the source. Olaguer (2012) states:
“Major metropolitan areas in or near shale formations will be hard pressed to demonstrate
future attainment of the federal ozone standard, unless significant controls are placed
on emissions from increased oil and gas exploration and production.” Formaldehyde
emissions from flares and compressors were also found to be of concern.
A few papers and public reports examine links between oil and gas production and related
air pollution and health effects. For example, McKenzie et al. (2012) found residents
living in Wyoming within 0.5 miles of wells were at greater cancer risk due to exposure to
benzene and other emissions than residents living farther away from production activity.
In contrast, Bunch et al. (2014), in an industry-funded study, examined ambient VOC
measurements in regions around the Barnett Shale, and found little evidence of toxic
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health effects linked to increased gas production activity. Pinto (2006) described high
winter ozone episodes in Wyoming associated with oil and gas production and, separately,
a report from the Wyoming Department of Health describes the association between
observed high ozone levels and increased respiratory health clinic visits (Pride et al., 2013).
In California, Gentner et al. (2014) found that oil and gas operations in the San Joaquin
Valley were responsible for about 8% of the anthropogenic precursors to ozone, consistent
with the ~10% of total anthropogenic reactive organic gas that is attributed to oil and gas
operations in the CARB inventory (CARB, 2009). In the San Joaquin Valley, ozone sensitivity
varies by location and characteristic wind direction, and some urban locations would
likely see higher sensitivity to increased VOC emissions than rural areas (Jin et al., 2013).
We can conclude from this literature review that in other regions of the country expanded
oil and gas production has caused air-quality hazards. Specifically, high measurements
of ozone (NOx and VOC emissions are precursors to ozone) and emissions of toxic VOCs
are of concern in multiple regions around the United States. A major challenge revealed
in the literature lies in attributing emissions to specific processes within oil and gas
operations. Many of the observations used to evaluate air-quality impacts of oil and gas
operations are taken as ambient measurements and can be attributed generally to oil and
gas sources based on their chemical characteristics, but cannot be attributed specifically to
well stimulation processes versus general production processes. An additional challenge
is the lack of peer-reviewed literature analyzing emissions of toxic VOCs from oil and gas
operations in California. In fact, Allen (2014) points out, in a review of the air quality
impacts of natural gas production and use, that in general, “data are sparse on toxic air
pollutant impacts of natural gas production…” While we point to concerns related to
emissions of toxic VOCs from oil and gas production in other regions, we are not able to make
a definitive statement about how relevant those concerns are for operations in California.

Previous sections of this report describe a number of important differences between well
stimulation employed in California compared with other regions. Section 5.1.1 indicates
less fluid is used per stimulation operation, and Section 5.1.3.2.1 finds that most hydraulic
fracturing in California occurs in relatively shallow wells. Because of these differences,
published emission estimates from regions in Colorado or Texas, for example, should not
be directly applied to California.
5.2.1.3 Qualitative Discussion of Enhanced Emissions Due to Well Stimulation
As described in the introduction, the processes within WST that can lead to significant
emissions include trucking supplies to the well pad, pumping the fluid into the well,
venting or flaring of gases from the well during WST or completion, and evaporation of
chemicals from liquids produced during WST and completion.
In California, a high emission scenario would occur at a deep oil field remote from pipeline
infrastructure. In this situation, infrastructure would not be available to transport fluids,
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oil, or natural gas by pipeline. All materials and fluids would need to be trucked to and
from the site, and any methane produced during well completion would need to be flared.
Additionally, the field would have some properties similar to those of unconventional
plays outside of California, such as the Marcellus shale, and require massive amounts
of fluid, ~105 bbl per well stimulation, and use ~104 gallons of diesel fuel per well
stimulation to power the pumps (Rodriguez and Ouyang, 2013).
The assumption in the scenario is that the diesel pumps would be at least five years old
and the trucks used to bring fluids and supplies would be older than 2007 model year
(older diesel engines can emit an order of magnitude more PM2.5 and NOx per gallon
of fuel burned compared to the newest engines that have post-combustion controls).
Produced fluids would be stored in temporary open-air ponds or tanks before disposal or
treatment, allowing dissolved VOC to evaporate.
In this scenario, high levels of uncontrolled diesel combustion, uncontrolled flaring
combustion, and potential evaporation and venting of VOCs could lead to high emissions
of a number of key pollutants that may cause air-pollution problems, such as described
in the literature.
In contrast to the above, a lower emission scenario potentially more common in California,
and perhaps representative of current well stimulation in California’s South Belridge oil
field, will lead to smaller amounts of emissions. In this scenario, pipelines deliver the fluid
for well stimulation, removing the burden of trucking the fluid to each well (although
other supplies, such as sand, must be trucked to the site if needed). Significantly less
fluid, ~103 bbl per well, is needed for well stimulation compared with practices in other
regions. Infrastructure exists to pipe away associated gas, and gas produced during
completion, so that, ideally, flaring or venting is not performed. Although not required
in the San Joaquin Valley, produced fluids would not be allowed to equilibrate with the
atmosphere before disposal to a different well or removal to a water treatment facility.
Finally, and also not required, newer diesel equipment (trucks and pumps) would be
employed to significantly reduce the emissions per gallon of fuel burned.

The comparison of the two scenarios above demonstrates how important local conditions
and practices are in determining the amount of emissions related to well stimulation.
When evaluating the air pollution hazards of well stimulation, these questions should be
asked explicitly: How much fluid will be needed? Will the fluid be delivered by truck or
pipeline? How much fuel will be used for pumping during well stimulation? How will
fluids recovered from the well be stored and disposed? Will flaring occur? Will direct
venting occur? These questions are considered quantitatively below.
5.2.1.4 Quantitative Discussion of Enhanced Emissions Due to Well Stimulation
This discussion focuses on emissions from three broad categories: (1) exhaust from diesel
engines including diesel-powered pumping associated with well stimulation and diesel
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trucks used to bring and remove supplies and waste (fluids, sand, chemicals, equipment);
(2) flaring and venting of gases produced during completion, well workovers, or other
practices associated with well stimulation; and (3) evaporative emissions from fluids
recovered from the well and fugitive emissions throughout the process.
The type of pollution varies by activity type. Diesel engines are associated with NOx and
PM2.5 emissions. Flaring is associated with NOx, PM, and VOC emissions. Evaporative and
general fugitive emissions are a concern due to VOC content within the gas or liquids.
5.2.1.4.1 Exhaust from Diesel Pumps
For emissions from diesel trucks and diesel pumps we focus on NOx and PM2.5 emissions.
We use a fuel-use-based approach to estimate total emissions per activity as the product of
fuel use and an emission factor (mass emitted per mass of fuel used).
We base our estimates of fuel-use for pumping during well stimulation on published
estimates of fuel-use in locations outside of California. To adapt the values to California
we assume pumping related fuel-use scales linearly with the total fluid volume pumped
and then scale fuel-use based on reported fluid volumes in California. One caveat to this
approach is that there are other factors that could affect fuel used for pumping than total
fluid volume, for example, the pressure to which the fluid was pumped. There is not
enough information to characterize these other factors.
In addition to the total fuel used, we need to estimate the emission rate, mass emitted
per mass of fuel used, in order to generate emission estimates. We base emission rates on
published emission rate estimates and briefly describe here the regulatory framework that
controls emissions from diesel engines.
From a regulatory standpoint, diesel equipment is divided into on-road and off-road
categories, and the emissions of pollutants per fuel burned vary with the equipment
category along with the specific piece of equipment. In California, on-road vehicles
(such as the trucks used to deliver fluids, sand, and other supplies) must meet more
stringent emission requirements than off-road vehicles. The most dramatic difference is that
most on-road heavy-duty trucks must be equipped with some form of post-combustion
particle-control device that removes most of the PM2.5 emissions compared to an uncontrolled
vehicle. Similar regulations regarding PM2.5 and NOx emissions from off-road diesel equipment
and NOx emissions from on-road vehicles will be phased in slowly over the next 10–15
years. Thus, over the next few years, PM2.5 emissions from on-road trucks will be
significantly lower (on a per mass of fuel basis) compared with PM2.5 emissions from
diesel pumps (off-road equipment).
Emission standards for on-road equipment and mobile off-road equipment are regulated
by CARB. The emission rate from diesel pumping equipment is 28.0 grams of NOx/kg
fuel (0.028 lb emitted/lb fuel) and 1.5 grams PM2.5/kg fuel (0.0015 lb emitted/lb fuel)
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according to Rodriguez and Ouyang (2013). This NOx emission factor is similar to other
previous measurements and analysis of off-road equipment, specifically Tier 2 rated
off-road equipment (Abolhasani et al., 2008; Frey et al., 2008; Millstein and Harley,
2009). The PM2.5 emission factor is roughly half of the US EPA’s estimate reported in
Millstein and Harley (2009) and based on the US EPA’s NONROAD model. The difference
for the PM2.5 emission factor between the US EPA and Rodriguez and Ouyang (2013) is
related to assumptions regarding the age of the equipment.
Total emissions are calculated as the product of fuel use × emission rate, where, fuel
use is a function of the total volume of fluid pumped, and the pressure at which the fuel
is pumped. Equipment other than the pumps only contributes a small portion of total
fuel-use during the pumping phase (Rodriguez and Ouyang, 2013).
Rodriguez and Ouyang (2013) reported on stimulations in the Marcellus and Eagle Ford
shales. The stimulations studied typically pumped about 135,000 bbl of fluid using about
21,000 gallons of diesel fuel over a two-day period. This fuel-use resulted in ~1900 kg
(4200 lb) of NOx emissions and 100 kg (220 lb) of PM2.5 emissions over the period. These
estimates are within the range of estimates presented by Litovitz et al. (2013) using similar
methodology: 3800–4600 kg (8,400 – 10,100 lb) NOx and 87–130 kg (192 – 287 lb) PM2.5
per total well-site development. This estimate includes emissions from hydraulic fracturing
itself, but also other activities.
For California, the emissions estimate is based on pumping 175,000 gallons (5,550 bbl)
of fluid based on the average water volumes discussed in Section 3.2.3. This volume is
between the average from FracFocus and the average from the well stimulation notices.
Lacking any information on actual fuel use, the total amount of fluid pumped is used to
estimate total emissions from the pumping phase: 5,550 bbl ∕135,000 bbl = 1/24 of the
emissions compared to the high-emissions case. Note that other aspects of the pumping
process, such as the pressure used to pump the fluid, may affect fuel use, but in this
example only change due to fluid volume is considered. Total pumping emissions are
1/24th the amount estimated for the prior Marcellus and Eagle Ford example. This is
approximately 80 kg (176 lb) of NOx emissions and 4 kg (9 lb) of PM2.5 over a 1-day period.
Assuming a rate of 125 hydraulic fracturing operations per month (the center of the
100–150 operations per month estimate used in Section 5.1.1) allows a daily emission
estimate. This rate implies the equivalent of four stimulations per day, which would emit
an estimated 320 kg (704 lb) of NOx and 16 kg (35 lb) of PM2.5. For reference, CARB
estimates ~16 metric tons (18 short tons) and 0.5 metric tons (0.6 short tons) NOx and
PM2.5 emissions per day, respectively, in the San Joaquin Valley in 2008 from off-road
diesel engines for use in oil drilling, workovers, and pumping (CARB, 2009).
We conclude, based on the above estimates, that pumping for well stimulation is not
currently a major air pollution hazard in California as the estimates for pumping here are
only 2-3% of the total emissions from off-road diesel engines associated with oil and gas
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production in the San Joaquin Valley as estimated by CARB. However, if well stimulation
requires significantly more fluid in the future, such as due to a transition to using
slickwater, then emissions from diesel pumps could become more important. Technology
exists to control emissions from diesel pumping. The use of US EPA classified “Tier 4”
nonroad diesel engines would reduce emissions from diesel equipment by 90% compared
to diesel equipment from the 1990s.
5.2.1.4.2 Exhaust from Diesel Trucking Activity
To estimate emissions from diesel trucking activity we use similar methods to those
used to estimate pumping related emissions. Again we use a fuel-use-based approach to
estimate total emissions per activity as the product of fuel use and an emission factor.
To estimate fuel-use we reference published estimates of fuel economy for bulk tankers,
include the fluid volume estimates from the above example, and chose an arbitrary
delivery distance of 100 miles. Emission rates for on-road heavy-duty diesel trucks are
based on previous literature.
Heavy-duty trucks, such as bulk tankers and tractor-trailers, consume 6.5 gallons per 103
short ton-miles (14 kg of fuel per 103 metric ton-kilometer; Davis et al., 2013). Applying
emission factors of ~30 g NOx/kg fuel and ~1 g PM2.5 / kg fuel (Dallmann and Harley,
2010) results in freight emission factors of about 686 g NOx and 23 g PM2.5 per 103 metric
ton-miles.
In the Marcellus and Eagle Ford example based on Rodriguez and Ouyang (2013),
135,000 bbl of fluid were delivered, although the delivery method and distance are not
specified. The 135,000 bbl delivered would weigh about 16,000 metric tons. If delivered
by truck, and over a hypothetical distance of 100 miles that would be 1.6×106 metric
ton-miles. Multiplying by the above emission factors yields about 1.1 metric tons (1.2
short tons) NOx and 37 kg (81 lbs) PM2.5 per well stimulation operation.
As described in the California example above, the fluid volume commonly used in
California is 1/24th the fluid used in the Marcellus and Eagle Ford example from
Rodriguez and Ouyang (2013). Consequently, emissions from delivering the fluid in
California would equal about 46 kg (101 lb) NOx and 1.5 kg (3.3 lb) PM2.5 per well
stimulation. These emissions may be lower as fluid is often delivered by pipeline close
to the well, according to many of the hydraulic fracturing notices.
Based on the data in FracFocus, a reasonable estimate of the average mass of proppant
used per hydraulic fracture operation is about 100 metric tons (110 short tons). Transporting
this proppant for 100 miles by truck emits 7 kg NOx and 0.2 kg PM2.5 per well stimulation.
Summing the emissions from fluid and sand delivery gives emissions of 53 kg NOx and
1.7 kg PM2.5. Based on the 125 hydraulic fracture operations per month used in the
pumping emission estimate, the annual trucking emission estimate is about 79 metric tons
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(87 short tons) NOx and 2.6 metric tons (2.9 short tons) PM2.5 per year for sand
and fluid deliveries. CARB (2009) estimates on-road diesel trucks emit about 75,000
metric tons (82,000 short tons) of NOx per year and 2,700 metric tons (3,000 short tons)
of PM2.5 per year in the San Joaquin Valley. Emissions from delivering supplies are
small in comparison.
As with pumping emissions, the above estimates indicate that delivery of supplies, particularly
fluids and sand for well stimulation, is not a major contributor to NOx and PM2.5 emissions
in California. The basic point being, given current activity levels, the trucking activity
required for WST is negligible compared with the trucking activity for other sectors in the
San Joaquin Valley. However, if future well stimulation techniques require significantly
more fluid, then emissions from the diesel trucks that might deliver the supplies could
become more important. As with diesel pumping equipment, technology to control
emissions from trucks is available. In fact, most trucks built since 2010 are required to
include exhaust controls for PM2.5 and NOx emissions. Simply requiring that the newest
trucks be employed could largely reduce emissions from diesel trucking activity
associated with WST.

5.2.1.4.3 Emissions from Flares
Information on the number of flares used for well stimulation or completion operations is
not available. The combustion conditions and efficiency of the flares are also unavailable.
Thus, emissions of CO, NOx or PM2.5 from flaring cannot be estimated quantitatively.
Instead, in this section we review basic information about flaring in California and report
the results of emission estimates developed by the State.
Emissions during flaring consist of unburned VOC, partially combusted VOCs, PM2.5,
carbon monoxide (CO), and NOx produced during combustion. The characteristics of
emissions from flares vary across uses and conditions. For example Torres et al. (2012)
found combustion efficiency of flares varied under various operating conditions, although
this study focused on large industrial flares, which would not necessarily represent the
types of flares found in use during well completion activities. Note there are very few
studies of flaring efficiency relevant to oil production in the United States. Allen et al.
(2013) report 99.5% efficiency for a production flare in the Marcellus Shale, but this
does not provide enough data to derive general conclusions about flaring efficiency
related to WST. In the San Joaquin Valley, permanent facilities are required to obtain
permits in order to operate a flare. Well drilling, completion, and stimulation are
considered temporary, however, and would not need to file for a specific permit
(personal communication, Mike Oldershaw, San Joaquin Valley Air Pollution Control
District (SJVAPCD)).
The official CARB inventory shows emissions from flares, as a percent of total oil and
gas emissions in the San Joaquin Valley, are equal to 0.3, 3.6, 1.0, 5.7, 1.5, and 1.6%
for VOCs, CO, NOx, SOx, PM, respectively (CARB, 2009). It is unclear, however, if the
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reported emissions account for flaring during completion stages. It is also unclear how the
volume of gas flared during completion stages would compare to the volume of gas that
was assumed flared in CARB’s above emission estimates.
CARB’s oil and gas survey (Detwiler, 2013) estimates annual total carbon dioxide emissions
from flaring in California of 242,454 metric tons (267,260 short tons). A first-order
estimate of unburned VOC emissions can be derived from this estimate. Given the lack
of relevant peer-reviewed studies addressing flaring efficiency, we assume a standard
efficiency of 98% for flaring during production, and a “generic” composition of 80%
methane, 15% ethane, and 5% propane (Shires et al., 2009), to find total annual flaring is
estimated to emit 335 metric tons (369 short tons) of non-methane hydrocarbons or only
82 metric tons (90 short tons) of VOCs (reactive organic carbon such as propane; methane
and ethane are not considered reactive, or precursors to ozone).

This total would not include VOC produced from combustion itself. It is also unclear if
this total includes flaring operations during completion or well stimulation operations, or
is limited to more permanent flares. However, CARB estimates a total of 369 short tons
of anthropogenic reactive VOC emitted per day, or about 135,000 short tons per year in
the San Joaquin Valley. VOC emissions from flaring would need to be more than an order
of magnitude larger than the oil and gas survey estimated to be of consequence to VOC
atmospheric concentrations at the regional level.
In conclusion, although emissions from flaring are uncertain, the two inventories described
above indicate that current flaring associated with WST is likely to have a negligible effect
on air quality in the San Joaquin Valley. Control technology is not available to control
flaring emissions; however, alternate practices can reduce the use of flares, for example
requiring reduced emission completions, or “green completions.”

5.2.1.4.4 Fugitive and Evaporative Emissions
A representative set of direct measurements of fugitive and evaporative VOC emissions
from oil and gas processes in California is not available. In this section we review published
emission inventories. We compare a top-down measurement study of VOC emissions from
oil and gas production in the San Joaquin Valley to CARB’s bottom-up inventory.
As mentioned in the literature review, Gentner et al. (2014) found that ambient VOC
measurements from a field campaign in the San Joaquin Valley indicated that oil and
gas operations were responsible for 8% of organic compound ozone precursor emissions,
consistent with CARB’s estimates. Note that estimates from both CARB and Gentner et
al. (2014) take into account, to a certain extent, the reactivity of the organic compounds.
For example, Gentner et al. (2014) indicate that while petroleum operations comprised
22% of anthropogenic non-methane organic carbon at Bakersfield, petroleum operations
account for 8% of anthropogenic ozone precursor emissions. CARB’s inventory attributes
60% of all oil and gas-related VOC emissions in the San Joaquin Valley to the top five oil
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and gas source types, all of which are related to production, as opposed to processing and
marketing. The top five sources are listed as “(1) tertiary oil production - cyclic wells, (2)
tertiary oil production - steam drive wells, (3) i.c. reciprocating engines, (4) fugitive losses
– fittings, and (5) fugitive losses – valves.” None of the top five source types is related
to evaporative sources; they are instead related to combustion sources and to fugitive
emissions during production processes.
Based on CARB’s estimate, vented and evaporative emissions from liquids related to WST
are not a major source of VOC emissions. The agreement between CARB’s bottom-up
estimate of emissions from oil and gas operations in the San Joaquin Valley and the
top-down estimate for the same sector reported by Gentner et al. (2014) indicate that it is
unlikely that there is a large unknown source of VOC emissions. However, one potential
problem with CARB’s estimate is that it is unclear if VOC emissions during fracturing and
completion are incorporated into the inventory, as they are not considered stationary
sources by the SJVAPCD. It should be noted that while initial measurements and inventories
in the San Joaquin Valley are in agreement, Zavala-Araiza et al. (2014) report that emission
inventories for production processes in the Barnett Shale region are not in agreement
with atmospheric measurements and Allen et al (2013) find that emissions from liquid
unloadings may be poorly represented and potentially underestimated.
In conclusion, evaporative VOC emissions directly from WST have not been directly
measured but current California inventory indicates they are unlikely to cause significant
impacts to ozone air quality. Technology exists that could control evaporative VOC
emissions, such as requiring vapor controls on temporary tanks in which WST flowback
water is stored. Additionally, requiring green completions could control vented VOC
emissions related to WST. It is important to note that, in the San Joaquin Valley, the oil
and gas industry contributes ~8% of anthropogenic ozone precursors, thus any marginal
increase to total oil and gas production could potentially lead to increased ozone levels.
5.2.1.5 Air Quality Conclusions
Estimated marginal emissions of NOx, PM2.5, and VOCs directly from activities directly
related to WST appear small compared to oil and gas production emissions in total in the
San Joaquin Valley where the vast majority of hydraulic fracturing takes place. However,
the San Joaquin Valley is often out of compliance with respect to air quality standards and
as a result, possible emission reductions remain relevant.
Three major sources of air pollutants include the use of diesel engines, flaring of gas
and the volatilization of flowback water. The first, diesel engines (used for transport
and pumping of estimated fluid volumes required for WST) emit a small portion of total
emissions of nitrogen oxides (NOx), particulate matter (PM2.5), and VOCs associated with
other oil and gas production operations as a whole.
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Emissions from flaring in California are uncertain because of variability in flare combustion
conditions and to a lack of information regarding the frequency of flare-use during WST
operations. However, current CARB inventories of pollutant emissions from all flaring
suggest that flares as a whole emit less than 0.1% of the VOCs and are not a major
regional air quality hazard.

Emissions from volatilization of flowback water constituents have not been measured
but might be bracketed. CARB has conducted a “bottom-up” VOC emission inventory by
adding up all known sources of emissions. It is unknown whether these sources included
emissions from WST-related produced or flowback water. However, the sum of the
emissions in the inventory matches well with “top-down” measurements taken from the
air in the San Joaquin Valley (Gentner et al., 2014). This agreement between “bottom-up”
and “top-down” estimates of VOC emissions from oil and gas production indicates
California’s inventory probably included all major sources.
The inventory indicates that VOC emissions from oil and gas evaporative sources, such from
flowback water, might occur from stimulation fluids produced back after the application
of WST, are small compared to other emission sources in the oil and gas development
process. Data suggest that emissions from oil and gas production and upstream processing
in general contribute to ~10% of anthropogenic VOC ozone precursor emissions in the
San Joaquin Valley. Although the marginal emissions from WST alone are small, the
potential increase to VOC emissions due to other oil and gas production activities enabled
by WST may impact ozone air quality in the San Joaquin Valley.

Emissions from diesel equipment and diesel trucks can be controlled through use of the
cleanest engines, such as US EPA classified Tier 4 engines for off-road equipment or
on-road truck engines that meet 2010 engine standards. Requiring reduced emission
completions can control emissions from flaring and venting related to WST. Emissions
from evaporative sources related to WST could be limited by requiring vapor controls on
the temporary tanks to which flowback water is stored.
As described above, some of the potential air-quality impacts can be addressed by
regulation and largely avoided. Most WST takes place in the San Joaquin Valley. WST
is subject to a variety of regulatory processes in the San Joaquin Valley. For example,
there are requirements on emissions from individual pieces of equipment, and new
drilling operations must meet New Source Review and other regulations. Evaluation of
opportunities to reduce emissions of pollutants from WST and other production-related
operations would benefit from independent, on-the-ground studies of emissions from
individual processes within petroleum production in the San Joaquin Valley.
If practices in California changed, for example if more fluid was used in WST or production
moved to remote locations, emissions from activities directly related to WST could become
important if left uncontrolled.
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5.2.2 Climate Impacts
This section presents estimates of GHG emissions associated with WST. GHG emissions
in California occur in a context of needing to reduce total emissions to 2005 levels under
AB32 and a Governor’s executive order that requires 80% emission cuts by 2050. The oil
and gas enterprise worldwide is responsible for a large fraction of the total GHGs emitted
to the atmosphere. By far the largest factor in these emissions is burning the fuel, not
producing it. Nevertheless oil and gas production produces GHGs and in California these
are subject to control under the state’s climate laws.
GHG emissions from WST come from fuel-use associated with pumping and supply delivery
and also from fugitive methane emissions. We find that CO2 emissions from fuel-use directly
related to WST are negligible.

Fugitive methane emissions in this case include vented and leaked methane during WST
and also methane that is emitted from flowback water. Methane emissions from oil and
gas operations are uncertain and are currently a major research topic. Because of the
uncertainty regarding methane emissions and because methane is a potent greenhouse gas
it is a focus of this section.
We review measurement studies and current inventory estimates of methane emissions
from oil and gas production in California. A number of measurement studies in California
suggest higher methane emissions from oil and gas production activities than is listed in
the State inventory. However, even if accepting the higher rate of emissions indicated
by the measurement studies, the marginal fugitive methane emissions from the direct
application of WST to oil wells are likely to be small compared to the total greenhouse
gas emission impacts from current energy–intense oil and gas production in California.
Methane emissions related to WST could be controlled by requiring reduced emission,
“green,” completions and by requiring tighter vapor controls on temporary tanks that hold
flowback water.
5.2.2.1 GHG Emissions in California
According to California’s official GHG emission inventory, oil and gas extraction processes
account for ~16 million tons of CO2eq emissions, or 3.5% of California’s total GHG
emissions (CARB 2013). In California, Assembly Bill 32 requires reductions of total GHG
emissions to below a cap in 2020 and a Governor’s executive order requires 80% emission
cuts by 2050, thus increases to emissions from sectors accounting for only a few percent of
total emissions may become important if state total emissions are close to the cap.
The marginal GHG emissions from WST are small, of course, compared to the emissions
from burning the fuel that is produced from stimulated wells. However, this section focuses
on the marginal emissions from WST and not on emissions from combustion of the produced
fuel. Emissions of GHG from well stimulation come from fuel combustion and fugitive
methane emissions (methane that is vented or leaked from wells or equipment). Emissions
of CO2 are tied directly to fuel-use or flaring.
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Per ton emitted, methane is considered to cause much more warming than CO2 (Myhre
et al., 2013). Because methane is such a potent greenhouse gas, small leaks of methane
can be important sources of greenhouse gas emissions. Much of this section focuses on
methane emissions during WST and oil and gas production in general for this reason.
Another reason that methane emissions are a focus of this section is that methane emissions
from oil and gas operations are uncertain. Methane emissions from oil and gas operations
are currently a major research topic. Methane leak rates are likely not normally distributed,
but heavily skewed so that a few locations may have high leak rates compared to an
average location (Brandt et al., 2014). Because of the uncertainty regarding the
distribution of methane emissions among locations and across geographies, and the lack
of easy access to production locations, most field campaigns designed to measure methane
leakage and venting from specific processes during production are unable to capture a
representative sample. One potential solution that would allow for a field campaign to
derive a representative sample would be for a regulatory agency to compel companies
to allow independent researchers access to production areas, for example see the City of
Fort Worth Natural Gas Air Quality Study (Eastern Research Group; Sage Environmental
2011). “Bottom-up” estimates of methane emissions, based on counting equipment and
processes and applying an average emission factor to each type of equipment and process,
commonly produce estimates of total methane emissions that are significantly lower than
“top-down” regional measurement campaigns (Brandt et al., 2014).

In this section, a short literature review describes top-down and bottom-up estimates
of methane emissions. This is followed by assessments of GHG emissions from three
processes that occur during WST: (1) diesel fuel-use for pumping and supply delivery; (2)
emissions from flaring; and (3) emissions of fugitive methane.
Some of the same processes associated with VOC emissions from venting, flaring and
evaporative sources, described earlier in Sections 5.2.1.4.3 and 5.2.1.4.4, will also lead to
methane emissions. As published literature does not provide specific enough information
to develop fugitive methane emission estimates from WST, our approach to evaluate
fugitive methane emissions will be to compare current California bottom-up inventories
of methane emissions from oil and gas production to top-down methane measurements
and attempt to bracket total emissions. The total methane emission estimates will then be
put in context of total GHG emissions estimates from all oil and gas production activities.
Carbon dioxide emissions will be related directly to fuel use, and thus be related directly
to processes used to calculate NOx and PM2.5 emissions in the air-quality section.
5.2.2.2 Methane Emissions Literature Overview
In the case of California, top-down measurement studies indicate higher oil and gas
emissions than bottom-up inventories. For example, Wennberg et al. (2012) and Peischl et
al. (2013), using aircraft measurements, find high emissions of methane from the overall
oil and gas system in Southern California compared with bottom-up inventories. Peischl
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et al. (2013) estimate emissions separately for the oil and gas production and processing
sector and the gas transmission and distribution sector, and report higher emissions of
methane compared to the bottom-up inventories for both of those sectors. Jeong et al.
(2014) compare bottom-up and top-down inventories in California and found that if the
emissions rates estimated for the oil and gas industry in southern California by Peischl
et al. (2013) were extended across the state, state total methane emissions from oil and
associated gas production would be equal to 1% of CA total CO2eq (100 yr), roughly five
times the official state inventory estimate for oil and associated gas production. Gentner et
al. (2014) also found qualitative evidence that dairies were responsible for the majority of
methane emissions in the San Joaquin Valley, but did not provide quantitative estimates
of methane emissions. Jeong et al. (2014) estimated that even accounting for the higher
emission inventory for oil and gas production based on ambient measurements, dairies
still emit eight times the methane in the San Joaquin Valley compared with oil and gas
production, and so the higher California emission estimates are not in conflict with work
by Gentner et al. (2014).
Outside of California, Pétron et al. (2012) find that approximately 4% of total methane
production is emitted to the atmosphere, approximately two times the methane emissions
estimate from a standard bottom-up inventory in Colorado. Karion et al. (2013), using
airborne measurements of methane from a large field in Uintah County, Utah, find high
emissions: 6.2%–11.7% (1σ) of production. The Petron et al. (2012) emission estimate
does not distinguish between emissions by well type (petroleum or natural gas) and
should not be directly compared to national inventories that estimate emissions from
petroleum production and natural gas production separately (see for example, Brandt et
al. 2014.) The Karion et al. study focuses on the gas-bearing portion of the basin, and so
should not suffer from this problem. Maps in the Karion et al. paper show clear divergence
between oil and gas regions of the Uintah, and a flight path that would isolate the gas wells.
From a national perspective, a report by the US Government Accountability Office (GAO)
indicates that up to 5% of total gas production can be vented and flared, and in some
cases a majority of the venting and flaring activity occurred during completion (US GAO,
2010). Similarly, Howarth (2011) estimated that up to 3.2% of lifetime gas production
is emitted as methane during the flowback period following stimulation in shale gas.
However, note that Cathles et al (2012) and O’Sullivan and Paltsev (2012) contest
some of the methodology employed by Howarth et al., (2011) and an analysis by the
Department of Energy and Climate Change in the United Kingdom (MacKay and Stone
2013) concluded that the result presented in Howarth et al (2011) is an outlier (six times
greater than the next highest estimate).
Allen et al. (2013) estimates, based on measurements of a sample of individual completion
events and other activities, that only 0.42% of national gross gas production is leaked
or vented to the atmosphere. The 0.42% rate includes only production operations and
not gathering, processing, and other sectors. However, the work by Allen et al. (2013)
depends on measurements of a small sample of facilities, and it is unclear whether the
sample is representative of oil and gas operations at large.
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The range of emission values reported in the studies above indicates there is a high
degree of variability and uncertainty in emissions from oil and gas production. Estimates
of methane leakage from oil and gas production across the country are highly variable
and depend on specific features of the fields being measured, and are often not directly
comparable. The topic of methane emissions from oil and gas production is an active area
of research. The limited number of studies in California indicate that current bottom-up
inventories have smaller estimates of methane emissions compared to top-down estimates
in Southern California.
5.2.2.3 Assessment of Emissions from Diesel Fuel Use Related to Well Stimulation
The approach to estimate CO2-related emissions is to base the estimates on the amount of
diesel fuel use estimated under the scenarios presented in the air-quality section. In the
high-fluid-volume scenario, ~104 gallons of diesel fuel were used for pumping during well
stimulation. At about 10 kg CO2/gallon diesel, that is about 100 metric tons CO2 (110
short tons) per well stimulation event. Carbon dioxide emissions from delivery of supplies
are similar in magnitude (see Sections 5.2.1.4.1 and 5.2.1.4.2), so the total emissions
in the high-volume scenario are about a couple hundred metric or short tons per well
stimulation event from both fluid delivery and pumping.
The low-emissions scenario, based on hydraulic fracturing fluid volumes in California and
following the methods in the air-quality section, results in an estimate of about 3 metric
tons CO2 (3.3 short tons) per well stimulation event or about 4,500 metric tons (5,000
short tons) per year, based on the estimate of 125 operations per month.
For perspective, the California Air Resources Board estimated 13 million metric tons per
year of direct CO2 (14.3 million short tons) emissions from steam generators, turbines,
and combined heat and power production within the oil and gas industry in California
(Detwiler, 2013). The same report estimated that only 45 thousand metric tons CO2
(50 thousand short tons) were emitted from all water and other non-crude oil pumps.
Consequently, a drastic change in well stimulation activity or volume would be needed to
materially impact the CO2 emissions from the oil and gas industry. We conclude that GHG
emissions from diesel fuel use during WST are negligible.
5.2.2.4 Emissions of CO2, CH4, and N2O from Flaring
There is little available information regarding flaring in California beyond what is reported
in official state inventories, thus in this section we review the state’s inventories to generate
conclusions. CARB’s oil and gas survey (Detwiler, 2013) reported 196 flare “units,”
accounting for 242×103, 812, and 0.4 metric tons of CO2, CH4, and N2O, respectively
(267×103, 895, 0.44 short tons, respectively). Note that it is unclear what portion of
those emissions is related directly to well stimulation or well-completion activities, or even
if well stimulation and completion activities were incorporated in that total. As described
in Section 5.3.1.4.3 regarding air quality and flaring, in the San Joaquin Valley, where
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much of California’s well stimulation activity takes place, drilling, fracturing, and well
completion are considered temporary activities, and thus operators are not required to
obtain permits for flaring.
There is uncertainty about the efficiency of flares. Without site-specific information, the
standard efficiency assumption for flares, as defined by the American Petroleum Institute
(Shires et al., 2009), is that 98% of the gas is combusted, leaving 2% vented. Due to the
high GWP of methane, a reduction in average efficiency of a group of flares from 98% to
97% could have a significant impact of total GHG emissions. However, as with fuel use,
the relatively low baseline of GHG emissions from flaring from all oil and gas production
and processing (as opposed to only well stimulation-related activities) in California
suggests that even doubling or tripling the activity of flaring in the State would have
only a marginal effect on total GHG emissions from the oil and gas production sector.
Current use of flaring in WST causes negligible GHG emissions and could be controlled
by requiring green completions.
5.2.2.5 Fugitive Methane Emissions
In this section, we review bottom-up estimates of fugitive methane emissions and compare
them to top-down studies. The discrepancy between the bottom-up inventories and
top-down measurements of methane emissions (top-down measurements indicate higher
methane emissions) from oil and gas operations indicates the high level of uncertainty
regarding methane emissions from the sector as a whole. Below we describe what the
implications are for GHG emissions if the top-down estimates are correct. Note that
additional uncertainty exists when attempting to estimate emissions from a process, such
as well stimulation, within the larger group of production activities.
Table 5-7 shows methane and CO2 emission estimates for oil and gas production from
CARB’s bottom-up survey. This again shows that CO2 emissions (primarily due to steam
generation for enhanced oil recovery, which is not evaluated in this report) are dominant
over methane emissions. Even after increasing the oil and associated gas production
methane emissions by a factor of five, as suggested by Jeong et al. (2014), direct CO2
emissions still dominate total GHG emissions from oil and gas production. Quantifying the
portion of fugitive emissions from production processes attributable to well stimulation
is not possible without more detailed information on the well stimulation activities. To
conclude, the marginal methane emissions from WST are uncertain, but likely much
smaller than the direct CO2 emissions from oil and gas extraction. The marginal fugitive
methane emissions from WST could be controlled through the requirement of green
completions and by requiring vapor controls for flowback water.
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Table 5-7. Estimated greenhouse gas emissions from oil and gas production in 2007
(Detwiler, 2013).

Process

Constituent

Total Statewide, 106 metric
(short) tons CO2e

Venting (from well workovers)

CH4

0.07 (0.08)

Venting (from well completions)

CH4

NOT ESTIMATED

Oil and Associated Gas Production Total

CH4

1.07 (1.18)

Oil and Associated Gas production and
processing total

CH4

2.1 (2.31)

CO2 + CH4

18.6 (20.5)

Oil and Gas CO2 + CH4 total (mostly
generating steam)

5.2.2.6 Climate Impact Conclusions
Fugitive methane emissions from the direct application of WST to oil wells are likely to
be small compared to the total GHG emissions from oil and gas production in California.
This is because current California oil and gas operations are energy intensive. However, all
GHG emissions are relevant under California’s climate laws and many emissions sources
can be addressed successfully with best available control technology and good practice.
Fugitive methane emissions for oil and gas production are uncertain and are currently
an active area of scientific research. A number of measurement studies in California
suggest higher methane emissions from oil and gas production activities than is listed in
the State inventory. However, even if accepting the higher rate of emissions indicated by
the measurement studies, methane emissions from oil and gas production are still likely
to be small compared to direct CO2 emissions associated with oil and gas production.
Additionally, methane emissions directly related to WST are likely to account for only
a small portion of total production related methane emissions.
Methane emissions related to WST can be addressed successfully with best controls, such
as requiring reduced emission, or “green,” completions and requiring vapor controls on
temporary tanks in which flowback water is stored. For example, Allen et al. (2013)
reported low leakage rates from well completions after some of the controls listed above
were implemented compared to uncontrolled processes and ICF International (ICF 2014)
analyzed the costs and viability of methane reduction opportunities in the U.S. oil and
natural gas industries. We note that while green completions will be required nationally
for gas wells starting in 2015, they will not be required for wells that produce oil or oil
and associated gas, such as most of the wells in the San Joaquin Valley. Other emissions
such as CO2 from diesel fuel used for pumping fluid or delivering supplies were found
to be negligible.
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While other regions are currently using WST for the production of petroleum (e.g., the
Bakken formation of North Dakota) or gas (e.g., the Barnett shale of Texas), emissions
from these regions may not be representative of emissions from California-specific
applications of WST. For example, the volume of fluid used for WST operations in California
is typically lower than operations in other shale plays, potentially leading to lower
evaporative emissions of methane from flowback fluid.
5.3 Potential Seismic Impacts
Induced seismicity is a term used to describe seismic events caused by human activities.
These include injection of fluids into the subsurface, when elevated fluid pore pressures
can lower the frictional strengths of faults and fractures leading to seismic rupture. Induced
seismicity can produce felt or even damaging ground motions when large volumes of water
are injected over long time periods into zones in or near potentially active earthquake
sources. The relatively small fluid volumes and short time durations involved in most
hydraulic fracturing operations themselves are generally not sufficient to create pore
pressure perturbations of large enough spatial extent to generate induced seismicity
of concern. Current hydraulic fracturing activity is not considered to pose a significant
seismic hazard in California. To date, only one felt earthquake attributed to hydraulic
fracturing in a California oil or gas field has been documented, and that was an anomalous
slow-slip event that radiated much lower energy at much lower dominant frequencies
than normal earthquakes of similar size.
In contrast to hydraulic fracturing, earthquakes as large as magnitude 5.7 have been
linked to injection of large volumes of wastewater into deep disposal wells in the eastern
and central United States. To date, compared to some other states, water disposal wells
in California have been relatively shallow and volumes disposed per well relatively small.
There are no published reports of induced seismicity caused by wastewater disposal
related to oil and gas operations in California, and at present the seismic hazard posed by
wastewater injection is likely to be low. However, possible correlations between seismicity
and wastewater injection in California have not yet been studied in detail. Injection of
much larger volumes of produced water from increased WST activity and the subsequent
increase in oil and gas production could increase the hazard, particularly in areas of high
naturally-occurring seismicity. Therefore, given the active tectonic setting of California, it
will be important to carry out quantitative assessments of induced seismic hazard and risk.
The chance of inducing larger, hazardous earthquakes would most likely be reduced by
following protocols similar to those that have been developed for other types of injection
operations, such as enhanced geothermal. Even though hydraulic fracturing itself rarely
induces felt earthquakes, application of similar protocols could protect against potential
worst-case outcomes resulting from these operations as well.
5.3.1 Overview of Seismic Impacts
Earthquakes attributed to human activity are termed induced seismicity, and have been
observed for many years. Activities that can induce earthquakes include underground
mining, reservoir impoundment, and the injection and withdrawal of fluids as part of
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energy production activities (see National Research Council (NRC), 2013). Note that
some authors distinguish between “induced” and “triggered” events according to various
criteria (e.g. McGarr et al., 2002; Baisch et al., 2009). In this report we do not make this
distinction, but refer to all earthquakes that occur as a consequence of human activities
as induced seismicity. With respect to seismicity related to well stimulation for oil and gas
recovery, we will address the effect of fluid injection during the initial hydraulic fracturing
stimulation and flowback periods as well as the impact of waste fluid disposal during the
entire period of stimulation and subsequent production.
An earthquake is a seismic event that involves sudden slippage along a fault or fracture
in the Earth. This process occurs naturally as a result of stresses that build up owing
to deformation within the Earth’s crust and interior. The size, or magnitude, of an
earthquake depends primarily on the surface area of the fault patch that slips and the
amount of stress relieved. Earthquake sizes range over many orders of magnitude. There
are many more small than large events; roughly, a decrease of one unit in the magnitude
scale corresponds roughly to a ten-fold increase in the number of events. As a result, the
vast majority of earthquakes can only be detected by sensitive instruments. If, however,
the slip area is sufficient to generate an earthquake larger than magnitude 2 to 3 the
amount of energy released during the event can generate seismic waves sufficient to
produce ground motions that can be felt by humans and in some cases cause structural
damage (usually above magnitude 4). Over 1 million natural earthquakes of magnitude
2 or more occur worldwide every year (NRC, 2013).
The mechanism that explains how well stimulation activities can cause earthquakes - i.e.,
reduction in the forces holding a fault together due to increased fluid pressure in the fault
- is fairly well understood (Hubbert and Rubey, 1959). However, applying this knowledge
in a predictive sense is difficult because of uncertainties in in situ rock material properties
and stress conditions and complexities in well stimulation procedures and the resulting
pressure perturbations. Assessing the seismic hazard in a local area due, for example,
to fluid injection requires knowledge of pre-existing faults, the state of stress on those
faults, rock properties, and subsurface fluid pressures. As in seismic hazard in general,
an important part of the hazard assessment procedure is to properly characterize the
uncertainties in these input parameters, which are usually large.
To date, the largest observed event caused by hydraulic fracture stimulation itself is the
magnitude 3.6 earthquake that occurred in the Horn River Basin in 2011 (see Table 5-8).
The lower magnitudes of events associated with hydraulic fracturing relative to those
induced by wastewater disposal are generally attributed to the short durations, smaller
volumes and smaller pressure disturbances involved in hydraulic fracturing, compared
with the longer time periods and much higher volumes of wastewater injection. None
of the events related to hydraulic fracturing reported in the literature has occurred in
California and (with the possible exception of one paper that discusses a highly anomalous
event) we have found no published study that addressed this topic in California. If
hydraulic fracturing operations carried out in California to date have, in fact, not caused

257

Chapter 5: Potential Direct Environmental Effects Of Well Stimulation

normal seismic events above magnitude 2, one possible explanation is the small injected
volumes employed so far (Section 3.2.3). A shift to larger volumes, perhaps also combined
with a shift to deeper stimulation, could increase the probability of such events occurring,
and hence increase the hazard.
The largest observed earthquake suspected to be related to wastewater disposal in the
US to date is the 2011 magnitude 5.7 event near Prague, Oklahoma (Keranen et al.,
2013; Sumy et al., 2014), although the cause of this event is still under debate (Keller
and Holland, 2013; McGarr, 2014). The typical wastewater volumes injected per well in
California are generally less than those related to shale hydraulic fracturing operations
in other parts of the country where induced events have occurred. For example, to date
typical California volumes are about four times less than in the Barnett shale in Texas.
This would suggest that at the present time the potential seismic hazard from wastewater
disposal in California is low compared with other regions in the US. Expanded hydraulic
fracturing activity would, of course, require disposal of larger volumes of fluid, which
could potentially increase the hazard.
5.3.2 Mechanics of Earthquakes Induced by Fluid Injection
This section summarizes the physical mechanisms responsible for earthquakes induced by
fluid injection and the geological and tectonic conditions that influence their occurrence.
The characteristics of pore pressure perturbations and induced seismicity resulting from
both well stimulation and wastewater disposal and their potential impact on seismic
hazard are discussed in Section 5.4.4.
During fluid injection there can be two types of rock failure, tensile and shear. Below
we describe these two types of failure in the context of injection operations related to
hydraulic fracturing stimulation.
5.3.2.1 Tensile Fracturing
The primary objective of stimulation is to inject fluid into the earth to create a new fracture
(a hydraulic fracture) that connects the pores and existing fractures in the surrounding
rock with the well, thus forming a permeability pathway that enables the oil and/or gas
(and water) in the pores and fractures to be recovered. Hydraulic fractures are created by
the rock failing in tension when the fluid pressure exceeds the in situ minimum principal
stress (see Section 5.4.2.3 below). In this type of failure the walls of the fracture move
apart perpendicular to the fracture plane. These large-scale hydraulic fractures form
slowly (hours) and can extend hundreds of meters away from the well. Although the
physical processes at the crack tip are not yet fully understood, it appears that the amount
of seismic energy radiated as it propagates is small and difficult to detect. Therefore,
hydraulic fracture growth is responsible for little if any of the seismicity recorded in the
field, and it probably makes little or no contribution to seismic hazard.
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5.3.2.2 Shear Failure on Pre-Existing Faults and Fractures
Shear failure on existing faults and fractures can occur during both stimulation and
wastewater disposal. During stimulation shear events serve to enhance the permeability
of small, existing fractures and faults and to link them up to create conductive networks
connected to the main hydraulic fracture. Shear slip is the type of failure that occurs in
most natural tectonic earthquakes, and it is shear events on larger faults that can produce
perceptible or damaging ground motions at the Earth’s surface.
During a shear event the two faces of the fault slip in opposite directions to each other
parallel to the fault surface. The conditions for the initiation of shear slip are governed
by the balance between the shear stress applied parallel to the fault surface, the cohesion
across the fault and the frictional resistance to sliding (shear strength). Stress is the force
applied per unit area. Assuming that the cohesion is negligible, these conditions are
summarized in the Coulomb criterion,
τ=μ(σ - p),
in which an applied shear stress (τ) is balanced by the shear strength, which is the product
of the coefficient of friction (μ) and the difference between normal stress (σ) and pore-fluid
pressure (p). Shear stress is directed along the fault plane, while normal stress is directed
perpendicular to the plane. Nearly all rocks have μ values between 0.6 and 1.0. The
quantity (σ-p) is called the effective stress. Effective stress represents the difference
between the normal stress, which pushes the two sides of the fault together and increases
the frictional strength, and the fluid pressure within the fault, which has the opposite
effect. The Coulomb criterion states that slip will occur when the shear stress (τ) exceeds
the strength of the fracture (right hand side of the equation). So failure can be instigated
by decreasing the effective stress either by decreasing the normal stress (σ) which holds a
fracture closed, or by increasing the fluid pressure in the fracture thus pushing the sides
of the fracture apart, or by simply increasing the shear stress itself.
5.3.2.3 State of Stress
To assess when a fault will slip according to the Coulomb criterion, it is necessary to know
the local state of effective stress, also called in situ stress. The in situ effective stress state
is fully described by pore pressure and three orthogonally directed principal stresses,
which are related to the normal and shear stress on a fault by the fault orientation. Within
the Earth, the load of the overburden at a given depth usually leads to a compressional
state, with one principal stress oriented vertically (σv) and having a magnitude equal to
the weight per unit area of the overlying rock. This simplifies the problem of determining
the complete stress state to estimation of the minimum (σh) and maximum (σH) horizontal
stresses and the azimuth of one of them. However, determining the in situ stress state is
still a challenging problem because often only approximate stress directions and the type
of stress regime — normal, strike-slip or thrust faulting — are known (e.g., Heidbach et
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al., 2008). Stress parameters are inferred from available, often sparse measurements in the
region, such as earthquake focal mechanisms, wellbore breakouts and drilling-induced
fractures (Zoback and Zoback, 1980; Heidbach et al., 2008). In principle, the relative
magnitudes of the principal stresses and the stress azimuths enable identification of the
faults that are most favorably oriented for slip and calculation of the normal and shear stress
acting on them. However, the scarcity of stress measurements usually permits estimation
of resolved stresses acting on faults only with significant uncertainty (e.g. NRC, 2013).

In contrast, Townend and Zoback (2000) proposed that, in general, the ambient pore
fluid pressure is near-hydrostatic throughout the brittle, upper crust of the Earth in the
interiors of tectonic plates. In this case, pore pressures can be estimated relatively reliably
just from the thickness of the overburden. Townend and Zoback (2000) used deep crustal
permeability data over nine orders of magnitude acquired from six different regions to
suggest that faults within the brittle crust are constantly in a state of critical stress; i.e.,
an incremental increase in shear stress or increase in pore pressure can lead to rupture.
However, the difficulty in accurately estimating the shear and normal stress components
often prevents precise determination of how near a particular fault is to failure. Exceptions
to commonly assumed hydrostatic pressures occur in some deep basins, such as the Raton
Basin in Colorado, where Nelson et al. (2013) showed using drillstem tests that deep
formations are underpressured. If the crust within these basins is also critically stressed,
then an increment in pore pressure less than that required to reach hydrostatic could bring
favorably-oriented faults to failure.
5.3.3 Earthquake Measurements
5.3.3.1 Earthquake Recording and Analysis
Seismic waves radiated by earthquakes are recorded by networks of seismometers placed
on the Earth surface or deployed in boreholes. Seismic recordings are used to analyze
earthquake source parameters, including location in space and time, magnitude, source
type and the direction and amount of fault slip, as well as to understand the properties
of the rock layers along the propagation path between the earthquake and seismometer.
Record fidelity is commonly referred to as “signal-to-noise,” the ratio of signal amplitude
to background noise. Placing seismometers in boreholes greatly enhances signal-to-noise,
often enabling recording of very small earthquakes (magnitude less than zero).
Earthquake detectability, the minimum magnitude that can be detected at a given location,
depends upon the spacing of seismic recording stations within the region. Detectability
is usually stated in terms of a threshold magnitude above which a particular earthquake
catalog is considered complete. As shown in Figure 5-7, the present completeness threshold
is less than magnitude 1 in large areas of California, and less than magnitude 2 over most
of the state. This is significantly better than in most other regions of the US, where the
completeness threshold provided by the USGS’s Advanced National Seismic System
(ANSS) backbone monitoring array and regional networks is generally about magnitude
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2.5 or greater (see the Figure on p.131 of NRC, 2013). Temporary arrays of seismometers
are often installed at sites of particular interest to increase detectability and improve
signal-to-noise in order to enable detailed analyses of the spatial and temporal distributions
and mechanisms of microearthquakes (e.g., Frohlich et al., 2011).

Figure 5-7. Earthquake detectability in California. The map shows the distribution of earthquake

magnitudes that can be detected with 99% probability by the USGS ANSS network currently
deployed in California (from Bachmann, 2011).

5.3.3.2 Earthquake Magnitude
The size of an earthquake is most commonly expressed as a magnitude, which is a measure
of the amount of energy released by slip on the fault. In general terms, the magnitude
depends on the size of the area on the fault that undergoes slip. Several magnitude
scales are in common use, most of which (e.g. local magnitudes, ML, and body-wave
magnitudes, mb) are defined based on trace amplitude or signal duration measured
on recorded seismograms. However, the moment magnitude (Mw) scale is preferred by
most seismologists because Mw is calculated from seismic moment (Hanks and Kanamori,
1979), a more fundamental measure of earthquake size (and energy) that is directly
proportional to the product of slip and slipped area. To give an idea of how magnitude
relates to slip area, Mw4.5 and Mw3.5 earthquakes rupture fault areas of about 2.5 and
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0.2 km2, respectively. In the remainder of this report we use moment magnitudes when
they have been reported and published magnitudes otherwise. In cases when the scale is
not specified magnitudes are denoted by “M”.
5.3.4 Earthquakes Induced by Subsurface Fluid Injection
In this section, the two fluid injection activities associated with well stimulation that have
been observed to induce earthquakes are discussed in terms of their spatial and temporal
effects on the distributions of fluid pore pressures.
Fluids are injected into the subsurface for both hydraulic fracturing and wastewater disposal.
If elevated pore pressures produced by either hydraulic fracturing or wastewater injection
reach nearby faults or fractures, the resulting decrease in effective stress on the fault/
fracture planes can lead to shear slip according to the Coulomb failure mechanism
discussed in Section 5.3.2.2. Therefore, in both activities the aim should be to prevent the
pressure perturbation from reaching larger faults capable of generating significant seismic
events, both to minimize the seismic hazard and, in the case of stimulation, to prevent
break out and subsequent leakage from the hydrocarbon reservoir. In general, induced
seismicity related to well stimulation is dominated by pore-pressure perturbations, not
changes in principal stress (NRC, 2013).

The probability of inducing seismic events is determined by the scale of the injection
operation, the spatial extent of the affected subsurface volume, ambient stress conditions,
and the presence of faults well-oriented for slip. The primary factors affecting the
magnitude and extent of a pore-pressure perturbation include the rate and pressure of
fluid injection, the total volume injected, and the hydraulic diffusivity (a measure of how
fast a pore-pressure perturbation propagates in a saturated rock). At early stages the
size of the pressure perturbation depends on the reservoir’s hydraulic diffusivity and the
duration of the injection, while the maximum pore pressure depends on the product of
injection rate and duration divided by permeability (NRC, 2013). At the later stages of
wastewater injection the induced pore-pressure field does not depend on the injection rate
or permeability, but becomes proportional to the total volume of fluid injected.
Beginning with the earthquakes induced by fluid injection at the Rocky Mountain Arsenal
in the 1960s (Healy et al., 1968), the cases of injection into deep disposal wells discussed
below indicate that reactivation of basement faults is the predominant cause of lager
magnitude induced earthquakes, including the largest events observed to date. This is
because the higher stresses at basement depths and the brittle rheologies of crystalline
basement rocks mean that favorably-aligned faults are more likely to reactivate under
increased pore pressure. This can occur even when the faults lie below the injection
interval as a result of hydraulic communication with the injection zone (Justinic et al.,
2013). Although the matrix permeability of basement rock is generally very low, critically
stressed faults and fractures in this part of the brittle crust can serve as high permeability
channels (Townend and Zoback, 2000). This was shown to be the case during an enhanced
geothermal system (EGS) stimulation, in which hydraulic shearing of basement rocks
262

Chapter 5: Potential Direct Environmental Effects Of Well Stimulation

resulted in migration of microseismicity consistent with a basement hydraulic diffusivity
equivalent to sandstone (Fehler et al., 1998; Shapiro et al., 2003).
5.3.4.1 Spatial and Temporal Characteristics
The volume of the subsurface affected by pore-pressure perturbations directly related to
hydraulic fracturing treatments are usually largely confined within at most a few hundred
meters of the injection interval, as evidenced by observed microseismicity. Davies et al.
(2013) suggest possible fluid pathways that may explain how pore pressure reactivates
faults in the vicinities of stimulation zones. Induced shear events are mainly caused by
fluids “leaking off” into preexisting fractures intersected by the hydraulic fracture. Shear
failure may also occur on nearby, favorably oriented fractures isolated from the pressure
perturbation due to perturbation of the local stress field near the tip of the propagating
hydraulic fracture (e.g. Rutledge and Phillips, 2003).
In contrast, wastewater disposal operations have been shown to generate overpressure
fields of much larger extent. For example, at the Rock Mountain Arsenal, CO significant
earthquakes caused by fluid injection occurred 10 km away from the well (Healy et al.,
1968; Herrmann et al., 1981; Nicholson and Wesson, 1990). Hydrologic modeling of
injection into the deep well at the site indicated that the seismicity front tracked a critical
pressure surface of 3.2 MPa (Hsieh and Bredehoeft 1981).
The time delay between cessation of injection and the occurrence of larger (M>2)
magnitude seismicity can be quite long. For hydraulic fracturing cases, the longest time
delay observed so far is almost 24 hours at the Horn River Basin, BC site (BC Oil and Gas
Commission, 2012). The 2011 M2.3 earthquake in Blackpool, UK, occurred about 10
hours after injection ceased at the Preese Hall 1 stimulation well (de Pater and Baisch,
2011). In wastewater disposal cases, much longer time delays are sometimes observed.
For example, at the Rocky Mountain Arsenal an MW4.3 earthquake occurred 15 years after
the injection stopped (Herrmann et al., 1981).
These spatial and temporal observations are critical for understanding the causal
relationships between injection activities and induced seismicity. Overall there is a lower
potential seismic hazard from short-duration hydraulic fracture operations, because of
the relatively small volumes of rock that experience elevated pressures, than from disposal
of large volumes of wastewater into a single formation over time periods of months to
years (NRC, 2013).
5.3.4.2 Maximum Magnitude
McGarr (2014) proposed estimating upper bounds on induced earthquake magnitudes
based on net total injected fluid volume, observing that such a relationship is found
to be valid for the largest induced earthquakes that have been attributed to fluid
injection. Shapiro et al. (2011) proposed a similar approach to estimating maximum
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magnitude, based on the dimensions of the overpressurized zone deduced from observed
microseismicity. Brodsky and Lajoie (2014) concluded that induced seismicity rates
associated with the Salton Sea geothermal field correlate with net injected volume rate,
which lends support to the proposed general dependence of induced seismicity on net
injected volume. However, the approaches proposed by both McGarr (2014) and Shapiro
et al. (2011) appear to imply that fault rupture induced by the injection occurs only
within the volume of pore-pressure increase. While both are based on observations, the
alternative, and perhaps more likely, hypothesis is that a rupture that initiates on a fault
patch within the overpressured volume can continue to propagate beyond its boundaries,
in which case the possible maximum magnitude is determined by the size of the entire
fault. Indeed, McGarr (2014) does not regard that his relationship determines an absolute
physical limit on event size.
5.3.5 Observations of Induced Seismicity Related to Well Stimulation
The vast majority of earthquakes induced by fluid injection in general do not exceed
~M1 (e.g. Davies et al., 2013; Ellsworth, 2013). However, larger magnitude earthquakes
(M>2) have resulted from both wastewater injection and hydraulic fracturing. Table
5-8 summarizes observations of seismicity M>1.5 that have been reported and then
investigated due to their correlation in space and time with wastewater injection or
hydraulic fracturing activity. The table also includes observations of wastewater injection
induced seismicity not related to well stimulation activities because the underlying
physical mechanism of induced seismicity from wastewater injection is the same
regardless of the source of wastewater; these observations are denoted with a single
asterisk in the ‘Proximate Activity’ column. Where a series of earthquakes occurred, only
the largest magnitude is reported.
After first summarizing criteria for classifying an event as induced, we discuss three cases
of induced seismicity that resulted from hydraulic fracturing. Then we discuss four cases
of seismicity generally accepted as being attributable to wastewater disposal as well as
three cases in which the available evidence could not rule out a natural explanation. The
seven additional examples of induced seismicity caused by fluid injection not related to
well stimulation are listed in Table 5-8 for completeness, but are not discussed further here.
5.3.5.1 Criteria for Classifying an Earthquake as Induced
The following criteria proposed by Davis and Frohlich (1993) have been commonly
used to determine whether an earthquake sequence was induced by fluid injection or
occurred naturally:
• Are these events the first known earthquakes of this character in the region?
• Is there a clear correlation between injection and seismicity?
• Are epicenters near wells (within 5 km)?
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• Do some earthquakes occur at or near injection depths?
• If not, are there known geologic structures that may channel flow to sites
of earthquakes?
• Are changes in fluid pressure at well bottoms sufficient to encourage seismicity?
• Are changes in fluid pressure at hypocentral locations sufficient to
encourage seismicity?
These criteria provide a basic foundation for establishing whether or not a given sequence
has been induced, and have enabled a clear link between seismicity and injection operations
to be established in some of the cases listed in Table 5-8. However, used alone, they
have proven inadequate to establish conclusively that other sequences were induced. It is
often very difficult to prove causality for the following reasons: (1) In some of the cases –
including some of those for which the evidence from in-depth scientific study is generally
regarded as being conclusive – there is no clear temporal and/or spatial correlation
between injection and the occurrence of specific earthquakes, the largest events having
occurred several years after the beginning (e.g. Prague OK) or cessation (e.g. Ashtabula
OH) of injection, or up to ~10 km from the injection well (e.g. Rocky Mountain Arsenal
and Paradox Valley in Colorado); (2) Often regional seismic network coverage is
too sparse to locate the earthquakes with sufficient accuracy - particularly in depth - to
investigate in detail their relationship to the injection well; (3) Even if detailed scientific
studies are carried out, they are often hampered by lack of densely-sampled volume
and pressure data and adequate site characterization. In particular, subsurface pressure
measurements are rarely available; (4) While it is relatively straightforward to apply the
first criterion to initially identify suspected cases in regions of low naturally-occurring
seismicity such as the central and eastern US, discrimination is much more difficult in
active tectonic regions like California, where the rate of naturally-occurring seismicity
is much higher.
Table 5-8. Observations of seismicity (M>1.5) correlated with hydraulic fracturing and
wastewater injection.

Site/Location

Country

Date

Magnitude

Proximate
Activity

Induced?

USA

09 Aug 1967

4.85 Mw

Wastewater
injection*

Induced

Healy et al.,
1968; Herrmann
et al., 1981

Matsushiro

Japan

25 Jan 1970

2.8

Wastewater
injection*

Induced

Ohtake, 1974

Rangely, CO

USA

1962 – 1975

3.1 ML

Wastewater
injection*

Induced

Nicholson and
Wesson, 1990

Rocky Mountain
Arsenal, CO
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Site/Location

Country

Date

Magnitude

Proximate
Activity

Induced?

Reference(s)

Love County, OK

USA

1977 – 1979

1.9

Hydraulic
Fracturing

Unclear

Nicholson and
Wesson, 1990

Perry, OH

USA

1983 – 1987

2.7

Wastewater
injection*

Induced

Nicholson and
Wesson, 1990

El Dorado, AR

USA

09 Dec 1989

3.0

Wastewater
injection*

Induced

Cox, 1991

Paradox Valley,
CO

USA

24 Jan

4.0 MW

Wastewater
injection*

Induced

Block et al.,
2014

Ashtabula, OH

USA

26 Jan 2001

4.3 mb

Wastewater
injection*

Induced

Seeber et al.,
2004

Dallas/Fort
Worth, TX

USA

16 May 2009

3.3 mb

Wastewater
injection

Induced

Frohlich et al.,
2011

Cleburne, TX

USA

09 Jun 2009

2.8 mb

Wastewater
injection

Unclear

Justinic et al.,
2013

Garvin County,
OK

USA

18 Jan 2011

2.9 ML

Hydraulic
fracturing

Induced

Holland, 2013

Guy-Greenbrier,
AR

USA

27 Feb 2011

4.7

Wastewater
injection

Induced

Horton, 2012

Blackpool

UK

01 Apr 2011

2.3 ML

Hydraulic
fracturing

Induced

de Pater and
Baisch, 2011;
Green et al.,
2012

Prague, OK

USA

05 Nov 2011

5.7 MW

Wastewater
injection

Induced

Keranen et al.,
2013

Youngstown,
OH

USA

31 Dec 2011

3.9 MW

Wastewater
injection

Induced

Kim, 2013

Horn River
Basin, BC

CAN

19 May 2011

3.6 ML

Hydraulic
fracturing

Induced

BC Oil and Gas
Commission,
2012

Raton Basin, CO

USA

23 Aug 2011

5.3 MW

Wastewater
injection

Induced

(see McGarr,
2014)

Timpson, TX

USA

17 May 2012

4.8 MW

Wastewater
injection

Unclear

Frohlich et al.,
2014

* Disposed fluids did not result from hydraulic fracturing

5.3.5.2 Observations of Induced Seismicity Attributed to Hydraulic Fracturing
Several series of M>2 earthquakes have been linked to hydraulic fracturing treatments
through detailed scientific investigation. These include the sequences on April 2011,
ML2.3 in Blackpool, UK (de Pater and Baisch, 2011; Green et al., 2012); January 2011,
ML2.9 in Garvin County, OK (Holland, 2013); and May 2011, ML3.6 in the Horn River
Basin, British Columbia (BC Oil and Gas Commission, 2012).
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The ML2.3 earthquake near Blackpool, UK, was attributed to hydraulic fracturing in the
Preese Hall 1 well (de Pater and Baisch, 2011). A second ML1.5 event occurred near the
same well in May 2011. Both events occurred at about 2 km (1.2 mi) depth. These events
are believed to have resulted from hydraulic connection out to distances further than
anticipated, facilitated by bedding planes. Prior to August 2012, this event was the
only documented observation of hydraulic fracturing-induced seismicity of magnitude
greater than 1.
In January 2011, a sequence of earthquakes (maximum ML2.8) occurred in close proximity
to a hydraulic fracturing treatment operation in the Eola Field, Oklahoma. Initial reporting
of the events (Holland, 2011) could not establish a conclusive link to well stimulation.
Only after the operator released detailed production data, including underground pressure
and injection rate, were the events clearly identified as having been induced (Holland,
2013). This clarification was made possible in part because the earthquake activity ceased
during a two-day break in well stimulation due to bad weather and then began again
when stimulation resumed.
The largest magnitude earthquakes observed to result from hydraulic fracturing (maximum
ML3.6) occurred in the Horn River Basin in British Columbia, Canada between April 2009
and December 2011 (BC Oil and Gas Commission, 2012). Twenty earthquakes in this series
were above ML3. Although the regional earthquake recording system is unable to detect
M<2 earthquakes, all seismic events detected in the Horn River Basin occurred during or
between hydraulic fracturing treatments. There are numerous north-south trending
sub-parallel faults in the region. Average total fluid volume injected per well was 61,612
m3 (16,276,000 gal) with an average injection rate of 18,720 m3/day (4,945,000 gal/day).

Nicholson and Wesson (1990) reported on two earthquake series in Oklahoma that
occurred in June 1978 and May 1979. The largest of these was M1.9. In each case,
nearby hydraulic-fracturing operations correlated with the seismic events, but a lack of
local seismic recording resulted in large location uncertainties and prevented a clear
determination that the events were induced.
5.3.5.3 Observations of Induced Seismicity Attributed to Water Disposal
There are many cases in which disposal of wastewater related to hydraulic fracturing via
Class II wells is the most likely explanation of seismicity. These include seismic events in
Dallas-Fort Worth, TX, Guy, AR, Youngstown, OH, Prague, OH, and Raton Basin, CO. In
other cases (Cleburne, TX; Timpson, TX), wastewater injection represents one possible
explanation, but it was impossible to rule out that the earthquakes were of natural origin.
Texas, like many states east of the Rocky Mountains, had a low rate of natural seismicity
before well stimulation began in the Barnett Shale. For example, there were no local
felt earthquakes in Dallas-Fort Worth (DFW), TX between 1850 and 2008. Beginning
in October 2008, seven weeks after Chesapeake Oil and Gas Company began injecting
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wastewater in a disposal well in the DFW area, felt earthquakes (mb2.5 – 3.3) began to
be reported by the public. This prompted researchers to deploy a local seismometer array
in the area. The local array enabled a reduction in the location uncertainty of the 11
recorded earthquakes from ±10 km (6 mi) to ±200 m (0.125 mi) (Frohlich et al., 2010).
These events were all located within 1 km of a northeast-trending normal fault, favorably
oriented in the N40 – 47°E regional stress field, and 200 m north (on average) of a water
disposal well. Brine-injection volumes for this well averaged 950 – 1,310 m3/day (252,000
– 346,500 gal/day) during the period covered by the temporary array, which is a typical
rate for disposal wells in this and neighboring counties. The depth of wastewater
injection in this well (3.1 – 4.1 km; 10,100 – 14,400 ft) was ~1 km (3,300 ft) above the
average depth of recorded seismicity (4.4 – 4.8 km; 14,400 – 15,700 ft). Felt seismicity
(M>2) continues to occur in the DFW area more than two years after injection ceased
in the disposal well.
The following month, in Cleburne, TX, about 50 km southwest of DFW, another series
of earthquakes occurred (maximum magnitude mb2.8) in another area of prior quiescence
that contained nearby active water-disposal wells (Justinic et al., 2013). Continuous
injection began two years prior to the onset of seismicity. The lack of fluid-pressure data
barred detailed understanding of how seismicity correlated with injection, and ultimately
prevented positive identification of this series as natural or induced.
On May 17, 2012, a third case of potentially induced seismicity in Texas occurred near
Timpson (Frohlich et al., 2014). Epicenters of the earthquake series (maximum MW4.8)
lie along a mapped basement fault about 6 km long. Four active water disposal wells lie
within about 3 km of the epicenters and near the largest magnitude event. Total injected
volumes for the two largest volume wells were 1,050,000 m3 and 2,900,000 m3 (277
billion gallons and 766 billion gallons), with average injection rates exceeding 16,000 m3/
mo (420,000 gallons/mo). The injection interval for all four wells was 1.8 – 1.9 km (5,900
– 6,200 ft), and the top of the basement is at a depth of approximately 5 km (16,000 ft).
The five largest earthquakes occurred between depths of 2.75 and 4.5 km (9,000 and
14,800 ft). Although the evidence favors the conclusion that these events were induced,
Frohlich et al., (2014) could not rule out the possibility that they occurred naturally.
In central Arkansas, disposal of wastewater from hydraulic fracturing operations in the
Fayetteville Shale has been correlated with 224 earthquakes of magnitude M>2.5 that
occurred between 2007 and 2011. The largest event, M4.7, occurred on February 27, 2011
(Horton, 2012). In an area of generally diffuse seismicity, 98% of the recent earthquakes
occurred within 6 km (3.7 mi.) of three Class II disposal wells. One injection well appears
to intersect the Guy-Greenbrier fault within the basement, which is suitably oriented for
slip within the regional tectonic stress field (Horton, 2012).
The largest earthquake suspected of being related to injection of wastewater from well
stimulation was an MW5.7 event that occurred within a region of previously sparse seismicity
near Prague, OK on November 6, 2011 (Keranen et al., 2013; Sumy et al., 2014). This
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event is the second largest earthquake instrumentally recorded in the eastern US, and
it destroyed 14 homes and injured two people. The hypocenter was located on the
previously mapped NNE-SSW-striking Wilzetta fault system and was followed two
days later by an MW5.0 about 2 km to the west. Sumy et al. (2014) proposed that the
MW5.7 mainshock was triggered by an MW5.0 foreshock that occurred the previous
day approximately 2 km from two active wastewater injection wells located within the
Wilzetta North oilfield. One well injected into the previously depleted Hunton Limestone
reservoir, while the other injected into two deeper formations. The zone of well-located
aftershocks of this event extends along the strike of the fault to within about 200 m of
these wells. Although injection into the first well began in 1993, the cumulative rate of
injection was increased by starting injection into the second, deeper well in December
2005, accompanied by a tenfold increase in wellhead pressure; pressures at both wells
averaged approximately 3.5 MPa (508 psi) between 2006 and December 2010, falling to
1.8 MPa (261 psi) in 2011. Keranen et al. also note that local earthquake activity began
with an MW4.1 earthquake a few km from the 2011 mainshock in 2010, during the period
of near-peak wellhead pressures, but they do not mention microseismicity before
or after this event .
Keranen et al. (2013) concluded that the November 5, 2011 MW5 event was likely induced
by a progressive buildup of overpressure in the effectively sealed reservoir compartment
and on its bounding faults (part of the Wilzetta fault system) after the original fluid volume
capacity of the depleted reservoir had been exceeded as a result of injection. However, this
explanation apparently does not take into account injection into the deeper formations,
which are separated from the reservoir by a (presumably relatively low-permeability)
shale layer. An alternative explanation might be that the triggering mechanism involved
only the more recent injection into the deeper formations, the lowest of which directly
overlays basement. McGarr (2014) proposed that the MW5.7 mainshock was induced
directly by injection of much larger volumes into three wells located 10 to 12 km southeast
of the epicenter. However, if, as asserted by Keranen et al., the faults of the Wilzetta
system form barriers to lateral (SE-NW) flow that compartmentalize the oilfield then
it would not be expected that the wells discussed by McGarr would be in hydraulic
communication with the westernmost fault of the system on which the earthquake apparently
occurred. The occurrence of these events close to several high-volume injection wells
strongly suggests that they were likely induced. However, the six-year delay between
the significant increase in injection rate and pressure in the Wilzetta North wells and the
conflicting hypotheses regarding the source and magnitude of the pressure perturbation
mean that natural causes, as proposed by Keller and Holland (2013), cannot at present
be ruled out.
During a 14-month period in Youngstown, OH, an area of relatively low historic seismicity,
167 earthquakes (M≤3.9) were recorded in proximity to ongoing wastewater injection
(Kim, 2013). Earthquake depths were in the range 3.5–4.0 km and located along basement
faults. Given that relatively small fluid volumes (~700 m3; ~180,000 gallons) were
injected prior to the onset of seismicity, there is believed to be a near-direct hydraulic
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connection to a pre-existing fault. Periods of high and low seismicity tracked maximum
and minimum injection rates and pressures. The total injected volume over this period was
78,798 m3 (20,816,000 gallons) with an average injection volume of 350 m3/day (1,150
gallons/day) at a pressure of 17.2 MPa (2,490 psi).
Induced seismicity (MW≤5.3) near Raton Basin, CO, is believed to have been caused by
injection of 7.8 million m3 (2.1 billion gallons) of wastewater near the southwestern
extension of the local fault zone (Rubenstein, et al., 2014, submitted; manuscript
referenced in McGarr, 2014). Since this study has not yet been published we are unable
to report its conclusions.
5.3.6 Factors Affecting the Potential for Induced Seismicity in California
All of the US cases of induced seismicity related to fluid injection listed in Table 5-8
occurred within the stable continental interior, where tectonic deformation rates are low.
California, on the other hand, is situated within an active tectonic plate margin, where the
relatively rapid shear stressing rate on the numerous active faults result in much higher
seismicity rates, as can be seen in Figure 5-9. If, as discussed in Section 5.3.4 and 5.3.2.3,
the Earth’s upper crust is generally in a critically-stressed state, then the high loading
rates would imply that a relatively high proportion of faults in California will be close to
failure at any given time, and hence susceptible to earthquakes triggered by small effective
or shear stress perturbations. The abundance of faults large enough to generate M5 and
greater earthquakes would suggest that there exists the potential for inducing earthquakes
in California at least as large as those observed to date in the mid-continent, and also
raises the question of whether earthquakes induced by stress perturbations at typical
oil reservoir depths (<5 km) could trigger large (magnitude >6) tectonic earthquakes.
However, whereas earthquakes in intraplate regions are often observed to nucleate
within the upper few km, suggesting that the seismogenic crust in these regions extends
to shallow depths (e.g. Adams et al., 1991; McGarr et al., 2002), evidence suggests that
within active plate boundaries like California large earthquakes tend to nucleate at the
base of the seismogenic crust at depths on the order of 10 km or greater (e.g. Mori and
Abercrombie, 1997; Sibson, 1982). (One notable exception to this was the 1992 MW7.3
Landers earthquake under the Mojave desert, which nucleated at a depth of 3-6 km.) Mori
and Abercrombie (1997) (see also Scholz, 2002) proposed that the upper crust in active
regions is more heterogeneous and the prevailing stresses are lower, so that earthquake
ruptures that nucleate there are more likely to be arrested before they can grow into large
events. Therefore, according to this argument, induced earthquakes in intraplate regions
nucleate at or near the top of the seismogenic crust and are more likely to grow into
larger events given a sufficiently large fault, but the magnitudes of earthquakes induced
at reservoir depths in California are likely to be limited, perhaps below MW~5.5.
Assessment of the potential for induced seismicity, and hence the possible increase in
seismic hazard, in California requires data on present and possible future WST activities,
and the locations and characteristics of faults and in situ stresses in relation to those
activities. Details of WST activities are described in Chapter 2. In the following sections,
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available fault and stress data are first summarized, followed by a discussion of recorded
seismicity and its relation to current and likely future locations of injection activity.
5.3.6.1 California Faults and Tectonic Stress Field
Unlike the central and eastern US, a large number of active faults have been mapped and
characterized in California. Figures 5-8 through 5-10 show the surface traces of active
faults in California south of latitude 37° contained in the Uniform California Earthquake
Rupture Forecast, Version 3 (UCERF3) Fault Model 3.1, prepared by the Working
Group on California Earthquake Probabilities (Field et al., 2014). This database contains
characterizations, including geometry and average slip rates, of faults known of believed
to be active during the Quaternary (the last 2.6 million years). While particular attention
should paid to these faults in assessing the potential for induced seismicity (and in siting
WST activities), inactive local faults that are suitably oriented for slip in the prevailing
in situ stress field need to be taken into account (see Section 5.3.6 and 5.34.2.3). The
possible presence of unmapped faults, such as the basement faults activated in some of the
recent cases of induced seismicity discussed above, also need to be considered. These may
be detectable in seismic data acquired during exploration and reservoir characterization,
or may be illuminated by microseismicity recorded during early stages of injection.
The most recent published stress data for California are contained in the World Stress
Map catalog compiled by Heidbach et al. (2008). Figure 5-8 shows only the highest
quality (quality A in the catalog) stress measurements for the southern part of California.
These point measurements of the orientation of the tectonic stress field, and in some cases
the magnitudes of principal stress components, are derived from observations of wellbore
breakouts, earthquake focal mechanisms, tiltmeter monitoring of hydraulic fractures, and
geological strain indicators
Although there are a large number of stress measurements in California compared with
other regions of the US, the catalog provides only a sparse sampling of the stress field.
While overall trends appear relatively uniform, for example a NW-SE maximum horizontal
stress direction in the southern San Joaquin and Santa Maria Basins, significant variations
are evident. This is to be expected because stress states at the local scale are complicated
by heterogeneous distributions of fractures and fracture orientations and are influenced
by changes in lithology and rock material properties (e.g. Finkbeiner et al., 1997). Ideally,
stress measurements at a given injection site are needed to assess the potential for induced
seismicity. To achieve this, it may be possible to employ other measurement techniques
in addition to using borehole data. For example, in a hydraulic fracturing experiment in
the Monterey formation, Shemeta et al., 1994 studied the geometry of the vertical fracture
using continuously recorded microseismic data, regional stress information, and well logs.
They found that the microseismic and well data were consistent with both the regional
tectonic stress field and fracture orientations observed in core samples and microscanner
and televiewer logs. The results of this study suggest that observations of the natural
fracture system can be used as indicators for the orientations of induced fractures and
hence of the in situ stress.
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Figure 5-8. Highest quality stress measurements for California from the World Stress Map
(Heidbach et al., 2008), plotted with mapped faults from UCERF3 FM 3.1 (Field et al., 2014).
Stress measurements show orientation of the maximum horizontal compressive stress direction,
color-coded according to stress regime.

5.3.6.2 Naturally-Occurring and Induced Seismicity in California
The generally low-magnitude detection threshold in California discussed in Section 5.3.3.1
means that Californian earthquake catalogs provide a relatively high-resolution picture
of seismicity in the state as a whole. Figure 5-9 shows high-precision, relocated epicenters
(Hauksson et al., 2012;) of southern California earthquakes recorded between 1981 and
2011, contained in the Southern California Earthquake Data Center catalog (SCEDC,
2013). Intense seismicity occurs along the major fault systems like the San Andreas and
Eastern California Shear Zone, and includes relatively frequent (10s to 100s of years),
large (MW>6) earthquakes. Large events accompanied by aftershock sequences have also
occurred during this 30-year time period along the western slopes of the Central Valley
near Coalinga (1983), near Northridge north of Los Angeles (1994), and along the coast
near San Simeon (2003). Elsewhere, lower-magnitude seismicity is generally more diffuse.

In addition to the Los Angeles basin, areas of the southern San Joaquin, Ventura, Santa
Clarita and Santa Maria basins, where active water disposal wells are concentrated at
present (Figure 5-10), have relatively high rates of seismicity in the 2-5 magnitude range.
While undoubtedly most of these earthquakes are naturally-occurring, detailed study of
the seismicity in relation to fluid injection will be needed to assess the likelihood that a
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proportion of the events in these areas are induced. There are numerous published studies
of induced seismicity associated with production from geothermal fields in California (e.g.
Eberhart-Phillips and Oppenheimer, 1984; Majer et al., 2007; Kaven et al., 2014; Brodsky
and Lajoie, 2013). However, while microseismic monitoring is routinely used to monitor
hydraulic fracturing operations (e.g. Murer et al., 2012), no systematic study to examine
possible correlations of significant (M>2) seismicity with well stimulation or other fluid
injection operations at oil and gas fields in California has yet been completed or published.

Figure 5-9. High-precision earthquake locations 1981-2011 from Hauksson et al. (2011).
Faults as in Figure 5-8.

To our knowledge, in only one published paper (Kanamori and Hauksson, 1992) was
a California earthquake greater than magnitude 2 linked to oilfield fluid injection. In
that case, the authors attributed the occurrence of a very shallow ML3.5 slow-slip event to
hydraulic fracture injection at the Orcutt oilfield in the Santa Maria basin. This event was
anomalous in that it radiated much lower energy at much lower dominant frequencies
than normal earthquakes of similar size. One reason for the lack of progress on this
front to date is that unlike stable plate interiors, where identification of anthropogenic
seismicity is relatively easy, one of the major challenges in tectonically-active regions is the
problem mentioned previously of discriminating between induced and naturally-occurring
events (e.g. Brodsky and Lajoie, 2013). The University of Southern California Induced
Seismicity Consortium is currently carrying out a study of spatial and temporal variations
in seismicity statistics in relation to active oilfields in the southern San Joaquin basin.
Preliminary results reported by Aminzadeh and Gobel (2013) suggest that systematic
differences in earthquake frequency-magnitude distributions and other characteristics
may be a promising tool for identifying induced seismicity.
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Figure 5-10. Locations of 1509 active water disposal wells from DOGGR (2014b). Faults
as in Figure 5-8.

5.3.6.3 Wastewater Disposal Activity in California
With the exception of the San Joaquin Valley, presently active wastewater disposal wells
shown in Figure 5-10 are in general situated within a few km of mapped Quaternary
active surface faults. Wells along the western margin of the southern San Joaquin Valley
are more than 10 km (~6 mi.) away from the San Andreas fault, but several of the
southernmost wells are within a few km of the historically active (MW7.3) White Wolf
fault. The crystalline basement under the western margin is 10-12 km deep. The basement
surface slopes upward to outcrop at the Sierra front, and in the vicinity of Bakersfield it
is at a depth of about 2-3 km, much closer to reservoir depths. In this respect the setting
towards the eastern Valley margin appears more similar to that in the midcontinent than
in other oil-producing basins in California, although, as discussed previously, the shallow
basement may not be capable of nucleating large (M>6) tectonic earthquakes. Within
and on the margins of other currently producing basins the structure is generally much
more complex, and basement depths are highly variable. Injection depths are available for
roughly twenty percent (20%) of the ~1500 active water disposal wells in the DOGGR
(2014b) database. Of these, 21 wells in their current configurations have the deepest
injection interval at a depth greater than 1.8 km (6,000 ft) (DOGGR, 2014c).
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Currently, the total disposal volume per well in California is generally less than in other
regions where well stimulation is taking place. According to DOGGR (2010) (the most
recent annual report available), total annual wastewater disposed in 2009 for Kern County
was approximately 79.4 million m3 (2.1 billion gal) into 611 active wells. This indicates an
average disposal rate of about 360 m3 (95,000 gallons) per well per day. This is one-fourth
of the average 2008 water disposal rate per well of 1,430 m3 (378,000 gallons) per day
in Tarrant and Johnson Counties, Texas, where the Dallas-Fort Worth events occurred
(Frohlich et al., 2010).
In-depth analyses are required to examine relationships, in any, of past and current
wastewater disposal to seismicity and possible surface and basement fault sources. The
results of the analyses will provide a foundation for assessing the potential for induced
seismicity as a result of disposing of substantially larger volumes of wastewater, and
perhaps also from carrying out hydraulic fracturing in the significantly deeper Monterey
source formations. This assessment will form the basis for quantitative seismic hazard
analyses at basin scale utilizing the approaches outlined below. In other areas in the US
where stimulation-related induced seismicity has occurred, access to accurate, finely
sampled (volume per day) injection rate data was a critical piece of information required
to demonstrate a causal link.
5.3.7 Induced Seismic Hazard and Risk Assessment
Seismic hazard is defined as the annual probability that a specific level of ground shaking
will occur at a particular location. Seismic risk is the probability of a consequence, such as
deaths and injuries or a particular degree of building damage, resulting from the shaking.
Risk, therefore, combines the hazard with the vulnerability of the population and built
infrastructure to shaking, so that for the same hazard the risk is higher in densely populated
areas. Seismic hazard maps are developed for California by the USGS and California
Geological survey as part of the National Seismic Hazards Mapping Project (http://
earthquake.usgs.gov/hazards/index.php). Of the areas in which water disposal wells are
currently active (Figure 5-10), seismic hazard from naturally-occurring earthquakes is
high in the Los Angeles and Ventura Basins and the Santa Clarita Valley, moderate in the
Santa Maria Basin and moderate to high along the western and southern flanks of the
southern San Joaquin Valley. The hazard decreases towards the center of the Valley and
is relatively low in the Bakersfield area.
Rigorous assessment of the incremental hazard and risk from induced seismicity will be
needed both for regulatory purposes and, in the worst-case scenario, for determining
liability. In addition to the probability of damage and casualties dealt with in conventional
seismic risk analysis, the risk of public nuisance from small, shallow events that occur
relatively frequently has also to be considered. Approaches to assess induced seismicity
risk can be developed by adapting standard probabilistic seismic hazard assessment
(PSHA) and probabilistic seismic risk assessment (PSRA) methods, such as that used by
the USGS and CGS. The standard methods cannot be applied directly, however, because

275

Chapter 5: Potential Direct Environmental Effects Of Well Stimulation

(except on a few of the best-characterized fault segments of the San Andreas system)
conventional PSHA is based only on mean long-term (100s to 1000s of years) earthquake
occurrence rates; i.e. earthquake occurrence is assumed to be time-independent. Induced
seismicity, on the other hand, is strongly time- and space-dependent because it is driven by
the evolution of the pore pressure field, which must therefore be built in to the calculation
of earthquake frequencies and spatial distributions. There is also the problem of discriminating
induced from naturally-occurring events.
Developing a rigorous PSHA method for short- and long-term hazards from induced seismicity
presents a significant challenge. In particular, no satisfactory method of calculating the
hazard in the planning and regulatory phases of a project is available at the present time.
This is largely because, whereas in conventional PSHA earthquake frequency-magnitude
statistics for a given region are derived from the record of past earthquakes, obviously no
such record can exist prior to injection. Using seismicity observed at an assumed “analog”
site as a proxy (e.g. Cladouhos, 2012) would not appear to be a satisfactory approach
because induced seismicity is in general highly dependent on site-specific subsurface
structure and rock properties. Physics-based approaches to generate simulated catalogs
of induced seismicity at a given site for prescribed sets of injection parameters are under
development (e.g. Foxall et al., 2013). Such approaches rely on adequate characterization
of the site geology, hydrogeology, stress and material properties, which are inevitably
subject to significant uncertainties (see Chapter 4, Section 5.3 and Section 5.3.6). However,
large uncertainties in input parameters are inherent in PSHA in general, and techniques
for propagating them to provide rigorous estimates of the uncertainty in the final hazard
have been developed.

There has been more progress in developing methods for short-term hazard forecasting
based on automated, near real-time empirical analysis of microseismicity recorded by a
locally-deployed seismic network once injection is underway (e.g. Bachmann et al., 2011;
Mena et al., 2013; Shapiro et al., 2007). Continuously-updated hazard assessments can
form the input to a real-time mitigation procedure (Bachmann et al., 2011; Mena et al.,
2013), as outlined in the following section (5.3.7.1). Using two different time-dependent
empirical models, Bachmann et al. (2011) and Mena et al. (2013) were able to obtain
acceptable overall fits of forecast to observed seismicity rates induced by the 2006 EGS
injection in Basel, Switzerland over time periods ranging from 6 hours to 2 weeks. However,
the forecast occurrence probability of the largest event (ML3.4), which occurred after well
shut-in, was only 15%, and the probability of exceeding the maximum observed ground
motion was calculated as 5%. The performance of the method could probably be improved
by incorporating a more physically-based dependence on injection rate or pressure
(C. Bachmann, personal communication, 2014).
5.3.7.1 Protocols for Evaluating and Reducing the Risk from Induced Seismicity
The issue of induced seismicity is not new or unique to the oil and gas industry. The
geothermal industry has had projects not only delayed, but cancelled due to induced
seismicity (Majer et al 2007). In 2004 the US DOE and the IEA started an effort to develop
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protocols and best practices to guide all stakeholders (operators, public, regulators, policy
makers) to aid the geothermal industry to advance in a cost effective and safe manner.
These protocols/best practices (Majer et al., 2009, 2012, Majer et al., 2014) were jointly
developed by researchers, industry and geotechnical engineers. They were not intended
to be a universally applicable approach to induced seismicity management, but rather a
suggested methodology to observe, evaluate, understand and manage induced seismicity
at a geothermal project. It is not a “one size fits all” approach, and stakeholders should
tailor their actions to project-specific needs and circumstances.
The oil and gas industry outside of California, especially in the midcontinent, is now
facing the same issues with induced seismicity that the geothermal industry faced in the
early 2000’s, including public resistance, felt seismicity that is being attributed (rightly
or wrongly) to oil and gas operations, and potential regulatory requirements. Therefore,
based on the experiences in the geothermal industry, similar protocols and best practices
are beginning to be developed by oil and gas companies (mainly in the midcontinent) to
implement practices and tools for dealing with induced seismicity issues. Two examples
of such protocols are the ones being developed by the Oklahoma Geological Survey and
also by an industry consortium of companies in the American Exploration and Production
Council (AXPC), a national trade association representing 34 of America’s independent
natural gas and oil exploration companies (personal communication, Austin Holland,
Oklahoma Geological Survey; Hal McCartney AXPC). Another example of a “protocol”
that resembles the geothermal protocol is Zoback (2012), which describes similar steps
and could also be used as a guide for oil and gas companies.
Most protocols are a “common sense” approach but guided by the best available science.
They are not regulatory documents; consequently the protocols are intended to be living
documents and evolve as needed. As new knowledge and experience is gained the protocols
should be updated and refined to match “accepted” practices. In the geothermal and other
protocols, there is series of recommended steps to address the hazard and risks associated
with induced seismicity. Not all steps may be needed and the order of steps may vary. How
the protocol is implemented will depend upon such factors as project location, past seismicity,
community acceptance needs, current monitoring of seismicity, geologic conditions, past
experiences with induced seismicity, and proximity to sensitive facilities. As an example,
the geothermal protocol has the following steps for addressing induced seismicity issues as
they relate to the whole project. All of the protocols have varying degrees of the following
steps. (For details of the protocols, refer to the published editions referenced above.)

1. Perform a preliminary screening evaluation. (Does the project pass basic hazard
criteria, i.e. proximity to known active faults, past induced seismicity, near
population centers, amount of injection and time of injection, public acceptance
issues etc.)
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2. Implement an outreach and communication program. (Keep the community
informed and educated on anticipated hazards and risk. An important step is
gaining acceptance by non-industry stakeholders and promoting safety, the
protocols outline the suggested steps a developer should follow to address
induced seismicity issues)
3. Review and select criteria for ground vibration and noise. (Which communities,
types of structures, etc. will be affected by any induced seismicity; this will inform
criteria for setting maximum event sizes)
4. Establish seismic monitoring. (What has been the past seismicity in the area. Also
allow data to be collected to develop an understanding of the origin (in space and
in time) of any seismicity in the area and help determine if it is induced or natural)

5. Quantify the hazard from natural and induced seismic events. (How big an event
is expected and what are the seismicity rates and magnitude distributions. For
induced seismicity this may be difficult with a limited amount of geologic and site
condition knowledge)
6. Characterize the risk of induced seismic events. (Given information in steps 3,4,
and 5) perform a risk analysis. As discussed in Section 5.4.7 this is a challenging
problem for induced seismicity, but at least bounds on risk should be estimated.)
7. Develop risk-based mitigation plan. (Such as a stop light procedure as described
below, appropriate insurance coverage, etc.)
Figure 5-11 shows an example implementation strategy for the oil and gas induced seismicity
protocol that the AXPC is considering. This step-wise approach will depend on specifics
of the site and activity. This is a proposed draft that was shown at the KCC/KGS/KDHE
Induced Seismicity State Task Force Meeting in Wichita, KS April 16, 2013.

The success of developing specific induced seismicity protocols for WST has yet to be
evaluated in the midcontinent, let alone California. In terms of how such risk-reduction
protocols may be defined and implemented for WST in California, one would expect a
strong similarity to the response of the California geothermal industry. Many geothermal
operators in the western US are successfully implementing either all or parts of the geothermal
protocol. In addition, the BLM is using the geothermal protocol to develop its own criteria
for geothermal permitting on BLM land in the U.S. as a whole.
Current real-time induced seismicity monitoring and mitigation strategies used by most
enhanced geothermal system (EGS) operators employ a traffic light system (see Step 7
in the sample protocol above), originally developed for the Berlin geothermal project in
El Salavador (Bommer et al., 2006). The traffic light system may incorporate up to four
stages of response to seismicity as it occurs, and is generally based on some combination
of maximum observed magnitude, measured peak ground velocity and public response.
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Figure 5-11. This example represents the collective thoughts of subject matter experts drawn
from AXPC member companies and other Oil and Gas Industry companies. The subject matter
experts include geologists, geophysicists, hydrologists, and regulatory specialists. This is a
proposed draft that was shown at the KCC/KGS/KDHE Induced Seismicity State Task Force
Meeting in Wichita, KS April 16, 2013. This presentation does not represent the views of any
specific trade association or company.

Based on these criteria the injection will be either: 1) continued as planned (green); 2)
continued but without increasing the rate (yellow); 3) stopped and pressure bleed-off
initiated (orange); or 4) stopped with bleed-off to minimum wellhead pressure (red).
Exact definition of these criteria is usually somewhat ad hoc and depends on the project
scenario. The traffic light procedure implemented at the Basel EGS project was not
successful in preventing the occurrence of the ML3.4 earthquake on the same day that
shut down the project, even though the orange stage was triggered after an ML2.7 and
the well eventually shut down. The traffic light system implemented at the St Gallen,
Switzerland EGS project was also unsuccessful in preventing a strongly-felt earthquake
that caused minor damage, but the circumstances in that case were highly unusual.
The EGS community is currently beginning development of traffic light methods that
employ near-real time hazard updating like that reported by Bachmann et al. (2011)
and Mena et al. (2013). These will provide input for truly predictive, risk-based decision
making based on the evolving seismicity and state of the reservoir.
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5.3.8 Summary of Induced Seismicity Hazard Assessment
The severity of ground shaking generated by an earthquake depends on it’s magnitude,
the proximity of the surface site to the earthquake source, the geology along the seismic
wave propagation path, and the local soil or rock conditions. For example, an m3
earthquake that would likely not be felt if it occurred at a normal seismogenic depth for
California would most likely be strongly felt if it occurred nearby at the relatively shallow
depths at which most fluid injections take place.
The underlying general mechanism for how well stimulation activities induce seismic events
is fairly well understood. However, applying this knowledge in a predictive sense to assess
seismic hazard is difficult because of complexities in geology, subsurface fluid flow and
well stimulation technology. Advances in coupled hydro-geomechanical modeling and
simulation of fluid injection and hydraulic fracturing are beginning to explain how they
affect fracture propagation and fault rupture (e.g. Rutqvist et al., 2013). Assessing the
seismic hazard in a local area due to, for example fluid injection, requires knowledge of
pre-existing faults, the state of stress on those faults, the evolving subsurface pressure
field, and fault and rock properties, but many of these parameters will be known only
with large uncertainties. However, seismic hazard assessment in general is invariably
subject to considerable uncertainty, and an important and mature part of the analysis
procedure is to properly characterize the uncertainties in the input parameter and then
propagate them through the calculation to provide rigorous uncertainty bounds on the
final hazard estimates.

To date, the maximum observed magnitude caused by hydraulic fracturing is ML3.6 (BC
Oil and Gas Commission, 2012). The largest earthquake suspected of being related to
wastewater disposal is MW5.7 (Keranen et al., 2013; Sumy et al., 2014), but the causal
mechanism of this event is still the subject of active research and the possibility that it
was a natural tectonic earthquake cannot, at present, confidently be ruled out. Overall,
the likelihood of such an event occurring in the US as a whole is extremely low, given the
current scale of well stimulation activities and the small handful of cases of significant
induced seismicity experienced to date.
Hydraulic fracturing as it is carried out at the present time in California is not considered
to pose a high seismic hazard. Apart from one highly anomalous event reported by
Kanamori and Hauksson (1992), there have been no other published reports of felt
seismicity related to either hydraulic fracturing or wastewater disposal in California.
However, in many areas of California discriminating small induced events in the 2-4
magnitude range from frequently occurring natural events poses a significant challenge,
and systematic studies have begun only recently. The duration and extent of the pressure
disturbance from hydraulic fracturing in general are relatively small and, based on
experience elsewhere, appear unlikely to generate larger felt or damaging events. The
lack of reported felt seismicity for hydraulic fracturing in California is consistent with
the relatively shallow injection depths (Section 5.2.3.2.1) and small injection volumes
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(Section 3.2.3) currently employed in California operations. A shift to deeper stimulation,
particularly if combined with increased injection volumes, could increase the seismic
hazard to some degree.
The total volume of wastewater injected in California is much larger than the volume
used for well stimulation. However, because present injection volumes are relatively small
and injection intervals are shallow compared to other areas of the United States, the
seismic hazard related to current wastewater injection is also likely to be relatively low.
For example, California‘s disposed water volume per wastewater-injection well is about
four times less and 1.5–2.7 km (4,700–7,700 ft) shallower than disposal into the wells
in the vicinity of the Barnett Shale where induced events have occurred (Frohlich et al.,
2010). However, further studies of the relationship, if any, between wastewater injection,
seismicity and faulting in California will be need to establish this with confidence and to
provide a better idea of incremental hazard levels due to induced seismicity.
The results from these studies can then be used as the initial basis for assessing the hazard
that would result from increase well stimulation activity. WST applied at the scale
presently employed in other regions of the US currently requires the disposal of much
larger volumes of both flowback water from the stimulations themselves and produced
water resulting from increased and expanded production, which could increase the hazard.
Given the high rate of tectonic activity and the large number of active and potentially
active faults in most of the areas that might be considered for unconventional recovery,
it will be very important to carry out formal, probabilistic assessments of the potential
incremental hazard and risk that could result from induced seismicity in those areas.
5.4 Other Potential Impacts
This section briefly addresses miscellaneous other possible impacts of WST.
5.4.1 Wildlife and Vegetation
While the impacts of oil and gas production on wildlife and vegetation are well-documented,
the direct impacts of well stimulation are not. It is difficult to parse out direct and indirect
impacts from the extant literature. This report outlines the most well-documented impacts
of oil and gas production on wildlife and vegetation, examines the aspects that are most
likely to be exacerbated by well stimulation, and discusses the native species in California
most likely to be impacted by well stimulation.

5.4.1.1 General Effects of Oil and Gas Production on Wildlife and Vegetation
Oil and gas production has been shown to have numerous negative effects on wild animal
and plant populations (for a review of unconventional oil and gas production impacts
on wildlife impacts, see Northrup and Wittemyer, 2013). The footprint of well pads and
support infrastructure such as upgrading facilities, roads, seismic lines, and power lines
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cause habitat loss (Jones and Pejchar 2013). Unpermitted activities can also cause habitat
loss, as in one case in Pennsylvania when a company illegally constructed a wastewater
pit in a wetland, important habitat for native wildlife (Department of Environmental
Protection, Commonwealth of Pennsylvania). However, the area directly occupied by oil
and gas production infrastructure is small compared to the area that is fragmented by
the web of seismic lines, power lines, and roads that connect well pads (McDonald et al.,
2009). Habitat fragmentation associated with oil and gas development impacts wildlife
populations in a number of ways. It can reduce the size of home ranges for territorial
animals and force them to travel longer distances to avoid interaction with human-built
features (Webb et al., 2011a; 2011b), reduce patch sizes below what is needed by an
animal that requires a large area for foraging (Linke et al., 2005), and act as barriers to
dispersal (Dyer et al., 2002). Fragmentation also increases the proportion of disturbed
edge habitat to interior habitat; some species are more vulnerable to predation or to
be killed by humans along edge habitat (Moseley et al., 2009; Nielsen et al., 2006). In
addition to habitat loss and fragmentation, noise pollution from oil and gas production
have been shown to cause changes in the behavior of local wildlife that contribute to
population declines (Bayne et al., 2008; Blickley et al., 2012; Francis et al., 2012).
Vehicle collisions kill animals (Nielsen et al., 2006). Organisms sometimes die after
drinking from or immersing themselves in wastewater (Ramirez 2010; Timoney and
Ronconi 2010). Accidental spills of oil or wastewater can also cause mortality of plants
and animals (Brody et al., 2012). In one case, an intentional application of wastewater
following hydraulic fracturing caused tree mortality in an eastern forest (Adams 2011).
The disturbances caused by oil and gas production promotes colonization by invasive
species (Bergquist et al., 2007, Fiehler and Cypher 2011). Organisms that specialize in
habitat near human disturbances are often invasive species that can inhabit a wide array
of habitats, tolerate human disturbance, and displace native species (Coffin 2007; Belnap
2003; Jones et al., 2014).
All of the above impacts have been specifically documented in areas where well stimulation
is commonly applied. However, to our knowledge, no study has attempted to parse out
the direct impacts of well stimulation from the impacts of activities that precede and
follow well stimulation. As a result, it is not possible to say what proportion of impacts
on wildlife and vegetation are directly attributable to the process of well stimulation as
opposed to the indirect impacts associated with all oil and gas production activities.

5.4.1.2 Potential Direct Effects of Well Stimulation on Wildlife and Vegetation
This section of the report focuses on wildlife and vegetation impacts of hydraulic fracturing,
as it is the most commonly documented form of well stimulation in California. Hydraulic
fracturing can affect wildlife and vegetation via direct and indirect pathways. Important
direct factors are the possibility of increased toxicity of wastewater, water resource
depletion, truck traffic, and noise. Indirectly, hydraulic fracturing can affect biota by
increasing the intensity of oil and gas production in existing fields, or, probably to a lesser
extent in California, by extending the range of oil and gas production into new areas.
However, indirect impacts are beyond the scope of this report.
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As mentioned above, the authors of this report could not find any studies that isolated
the impacts of well stimulation from the effects of oil and gas production in general.
Nonetheless, it is reasonable to infer that certain activities that are associated with well
stimulation have the potential to exacerbate the known impacts of oil and gas production
on wildlife and vegetation.
5.4.1.2.1 Wastewater Toxicity
One report found that nine chemicals used in hydraulic fracturing are regulated under
the Safe Drinking Water Act for their risks to human health (United States House of
Representatives Committee on Energy and Commerce 2011); however, the toxicity,
concentrations of these chemicals in flowback and produced water, and the likelihood
of releases to the environment are unknown (US EPA, 2012). Potential routes of
environmental exposure to hydraulic fracturing chemicals include surface spills (discussed
in Section 5.1.3.1.1 of this report) and wildlife drinking from or immersing themselves in
surface storage ponds (Ramirez 2010; Timoney and Ronconi 2010). Bamberger and
Oswald (2012) document a number of observations of harm to livestock, domestic
animals, and wildlife that correlated with surface spills or intentional surface applications
of wastewater from hydraulically fractured wells; however, these case studies were not
controlled, replicated experiments, nor did they distinguish hydraulic fracturing flowback
from produced water, so they cannot be taken as definitive evidence of direct harm from
hydraulic fracturing operations. As detailed in Section 5.1.3.1.4 of this report, under
certain circumstances wastewater can legally be disposed of via unlined sumps or
discharged to a stream. As a result it is possible for flora and fauna to come in contact with
flowback either in sumps or surface waterways. No studies were found that document
whether these practices are either benign or harmful. In sum, it is established that oil and
gas production yields wastewater that can at times be fatal to plants and animals, and it
is possible under current regulations for wildlife and vegetation to come in contact with
flowback in California. However, additional research is necessary to determine the extent
to which wastewater toxicity is altered by the inclusion of hydraulic fracturing chemicals.
5.4.1.2.2 Water Depletion
Water use for hydraulic fracturing is discussed in detail in Section 5.1.1 of this report.
While the quantity of water used for hydraulic fracturing is a small proportion of freshwater
used in the state, it could be an important fraction of water in a given area, especially
during periods of drought. If water is sourced from local water districts, it will come out
of the overall regional or statewide allotment of water for agriculture, industrial and
domestic use in the state. However, unlike water used in other applications, water injected
for oil and gas production can effectively leave the water cycle if it is disposed of in a Class
II well. Water for oil and gas production can also be sourced from local wells. To date,
hydraulic fracturing notices state they are using fresh water from local water districts,
with well water as a backup water source. Rapid withdrawal from aquifers can lower the
water table, diminish stream recharge, and affect groundwater quality (US EPA, 2011).
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5.4.1.2.3 Truck Traffic
Vehicles impact natural habitats by striking and killing animals (Fahrig and Rytwinski
2009), acting as vectors for invasive species (Ansong and Pickering 2013), and causing
noise (Blickley et al., 2012; Forman and Deblinger 2014). Road mortality is noted as a
major factor affecting the conservation status of three state and federally listed special
status species in California: the San Joaquin kit fox, the blunt-nosed leopard lizard, and
the California tiger salamander (Williams et al., 1998; Bolster 2010). The San Joaquin kit
fox and blunt-nosed leopard lizard ranges overlap with oil fields in the San Joaquin Valley
(Williams et al., 1998), while California tiger salamanders can be found in oil fields in
Santa Barbara County (US Fish and Wildlife Service (FWS) 2000).
The proppant, and occasionally water, required for hydraulic fracturing is transported via
trucks. Section 5.4.2 of this report discusses the amount of truck traffic associated with
hydraulic fracturing in the state. However, there is insufficient data to quantify the impact
to wildlife and plant populations caused by truck transport associated specifically with
hydraulic fracturing.
5.4.1.2.4 Noise from Well Stimulation
As discussed in Section 5.4.2 of this report, there is only one reported measurement of
noise during hydraulic fracturing in California. Noise levels of 68.9 and 68.4 decibels
(dBA) were measured 1.8 m (5 ft) above the ground 33m (100 ft) and 66 m (200 ft)
away from a high-volume hydraulic fracturing operation in the Inglewood Field (Cardno
ENTRIX, 2012). These levels are substantially lower than those found to disturb wildlife
and ecosystem processes in Blickley et al., 2012 and Francis et al., 2012, but difficult
to compare to the noise levels measured in Bayne et al., 2008, which were noted as
averaging 48 db(A) (SD 6) at an average distance of 242 m (SD 86). Regardless of the
noise levels, well stimulation would increase the duration of noise generation at a well
site. Unfortunately, there is insufficient data on typical noise levels associated with well
stimulation in California and the behavioral responses of local species to reach any
conclusions on how noise from well stimulation affects native fauna in the state.
5.4.1.3 Wildlife and Vegetation Most Likely to be Affected by Well Stimulation
A substantial number of native organisms, including endangered and threatened species,
live on existing oil fields in California (Table 5-9), where they could be impacted by the
direct effects of well stimulation.
It has been documented that species specializing in saltbush scrub habitat such as
Le Conte’s thrashers, San Joaquin antelope squirrel, short-nosed kangaroo rats, and
San Joaquin kit foxes occur in oil and gas fields with a low density of well pads and a
corresponding low level of human disturbance (fewer than 50 wells in a 36 hectare area,
and less than 70% of area disturbed) (Fiehler and Cypher 2011). In plots with higher
levels of disturbance, none of these specialist species was found.
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Table 5-9. List of special status species inhabiting oil fields in California. Key: CT = listed as
threatened by the state of California, CE = listed as endangered by the state of California, FT =
listed as threatened by the United States federal government, FE = listed as endangered by the
United States federal government. The year the species was listed is given in parenthesis.

Species

Status

Reference

Bakersfield cactus
(Opuntia basilaris var. treleasei)

CE (1990)
FE (1990)

Williams et al., 1998

Blunt-nosed leopard lizard
(Gambelia silus)

CE (1971)
FE (1967)

Williams et al., 1998

California Condor
(Gymnogyps californianus)

SE (1971)
FE (1967)

US FWS 2005

California Tiger Salamander
(Ambystoma californiense)
3 Distinct Vertebrate Population Segments:
Central CA …………………..
Santa Barbara ………………
Sonoma County …………….

ST (2010)

US FWS 2000

Giant kangaroo rat
(Dipodomys ingens)

CE (1980)
FE (1987)

Williams et al., 1998

Kern mallow
(Eremalche kernensis)

FE (1990)

Williams et al., 1998

San Joaquin antelope squirrel
(Ammospermophilus nelsoni)

CT (1980)

Williams et al., 1998

San Joaquin kit fox
(Vulpes macrotis mutica)

CT (1971)
FE (1967)

Williams et al., 1998,
Cypher et al., 2000,
Fiehler and Cypher 2011

San Joaquin woollythreads
(Monolopia congdonii)

FE (1990)

US FWS 2001

FT (2004
FE (2000)
FE (2000)

The California condor forages in the Sespe Oil Field in the Los Padres National Forest.
Condors have died or been injured by landing on power poles and colliding with power
lines (Mee et al., 2007a). Despite US Forest Service guidelines that well pads be maintained
free of debris, oil operations are nonetheless potential sources of microtrash that can
cause mortality in condors (Mee et al., 2007b). Power poles, power lines, and microtrash
can increase with the intensity of oil production activities; however, they are not uniquely
associated with well stimulation, but rather with oil and gas production activity as a whole.
5.4.2 Traffic and Noise
Well stimulation operations generate noise and lead to an increase in heavy truck traffic
for transporting water, proppant, chemicals, and equipment. Well stimulation as practiced
in California typically requires about a hundred to two hundred heavy truck trips per

285

Chapter 5: Potential Direct Environmental Effects Of Well Stimulation

vertical well and two hundred to four hundred trips per horizontal well, counting two
trips for each truck traveling to the site. This is one-third to three-quarters of the heavy
truck traffic required for well pad construction and drilling. Noise generation during
hydraulic fracturing could not be quantified because of the limited data and estimates,
and disagreement between those that are available.
For vertical wells, NYDEC (2011) indicates light truck traffic increases about one-eighth due
to hydraulic fracturing relative to that related to pad construction and drilling. Hydraulic
fracturing in California is predominantly performed in vertical and near-vertical wells, as
discussed in Section 3.2.3.
NYDEC (2011) assesses vehicle trips associated with gas-well development using hydraulic
fracturing. Most of the heavy truck trips for hydraulic fracturing are for hauling water
and proppant to the site and hauling flowback fluid away. The remaining trips are for
equipment and chemical delivery. The analysis estimates one-fifth as many truck trips for
produced water disposal as for water supply for a horizontal well, and one-half as many
for a vertical well.

The typical tractor-trailer and bulk tanker has an 18.2 to 24.5 metric ton (20 to 27 short
ton) capacity (Davis et al., 2013). Consequently, delivery of the average proppant mass
of 100 metric tons for hydraulic fracturing in California discussed in Section 5.2.1.4.2
requires 4 to 6 truck trips (all trips are one-way in this discussion, so the values should be
doubled to calculate trips to and from the site). Section 5.2.1.4.2 used an estimate of 662
m3 (175,000 gallons) of water per hydraulic fracturing treatment per well in California.
This has a mass of 662 metric tons (728 short tons) and so requires 27 to 36 truck trips.
Flowback water volume may be higher in California than in New York, due to use of
hydraulic fracturing in migrated oil reservoirs rather than shale gas reservoirs, as discussed
in Section 5.1.2. Assuming the volume of flowback fluid is the same as water used in the
hydraulic fracturing results in a total of 58 to 78 heavy truck trips per vertical well that is
not near pipelines for water delivery and flowback removal.
For wells in fields with available pipelines, NYDEC (2011) estimated heavy truck traffic
would be reduced by 72% for water delivery and 38% for flowback fluid disposal. Applying
these reductions to the California case with equal water supply and flowback fluid volumes
results in a total of 28 to 38 heavy truck trips per vertical well near pipelines for water
and proppant delivery and flowback removal.
Hydraulic fracturing also entails heavy truck trips to transport fluid storage tanks,
chemicals, and other equipment, such as the pumps. NYDEC (2011) indicates the number
of trips for fluid storage tanks and chemicals is the same as for water and proppant
supply for a vertical well far from pipelines. NYDEC (2011) estimates five trips for other
equipment, resulting in 36 to 46 trips for fluid tanks, chemicals and other equipment in
the California case.
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For the California case of a vertical well far from water supply and disposal pipelines,
the total of all the heavy truck trips is 94 to 124. For the case of a vertical well near such
pipelines, the total is 64 to 84 trips.
NYDEC (2011) estimates 171 to 164 heavy truck trips related to pad construction and
drilling of a vertical well far and near pipelines, respectively. The difference is due to
fewer trucks for pad construction in the near pipeline case.
NYDEC (2011) does not state the well depth for this estimate, but maps the depth and
thickness of the Marcellus Shale, the main unconventional gas resource considered. The top
of the Marcellus shale resource is between 1,830 to 2,130 m (6,000 and 7,000 ft) in depth
with a thickness less than 100 m (330 ft). The median depth appears to be shallower
than the midpoint of this range. Consequently the depth of unconventional gas wells
in the Marcellus may be similar to hydraulically fractured wells in California currently,
as represented in Section 5.1.3.1. This suggests the drilling rig size may be similar in
California, and so the estimated heavy truck traffic related to drilling may be similar.
The analysis above indicates that, on average, hydraulic fracturing increases heavy truck
traffic relative to that related to pad construction and drilling by about one-third to
one-half for vertical wells near water supply and disposal infrastructure, and one-half to
three-quarters for wells far from pipelines.
NYDEC (2011) indicates heavy truck traffic for hydraulic fracturing of horizontal wells
would be larger, by up to 2.5 times, than heavy truck traffic for other activities. However,
this study assumed 18,000 m3 (5 million gallons) of water use. The average water volume
used to fracture horizontal wells in California is smaller by an order of magnitude, and
about two times the volume used above in the vertical well estimate. NYDEC (2011)
indicates about twice the heavy truck trips related to pad construction and drilling for a
horizontal versus a vertical well. This suggests that, on average, hydraulic fracturing of
horizontal wells in California requires about twice the heavy truck trips as for vertical wells.
Only one set of measurements of noise at one site during hydraulic fracturing was identified.
Noise levels of 68.9 and 68.4 decibels (dBA) were measured 1.8 m (5 ft) above the ground
33 m (100 ft) and 66 m (200 ft) away from a high-volume hydraulic fracturing operation
in the Inglewood Field (Cardno ENTRIX, 2012). For comparison, this is nearly as loud
as a typical home vacuum cleaner (Cardno ENTRIX, 2012). The measured noise level is
substantially less than 85 to 90 dBA estimate at 76 m (250 ft) in NYDEC (2011). These
levels are loud enough to potentially damage hearing. The reason for the difference in
noise levels measured by ENTRIX (2012) and reported by NYDEC (2011) is not known.
The Inglewood Field operates under an allowable noise limit set by local regulation due
to the proximity of the surrounding urban land use (Cardno ENTRIX, 2012). This may
have resulted in the deployment of noise mitigation measures that are not typical of other
contexts. Consequently it is not clear how representative the identified measurements are
with regard to hydraulic fracturing in other settings.
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5.5 Conclusions
The main conclusions regarding the potential direct environmental effects from the use
of well stimulation are given below. These are organized by technical subject matter. The
relevant section numbers for each topic are provided.
Water Quantity and Sources (Section 5.1.1)
1. Water use for typical WST operations in California is much lower than for
hydraulic fracturing in unconventional plays outside of California. Given the
relatively low average volumes of water for each hydraulic fracturing event, the
total water demand for hydraulic fracturing relative to total water supply or
compared to other major water uses in the California economy is low in average
water years, but can be sufficiently large locally in constrained years or specific
watersheds to potentially have an impact.
2. Water use for hydraulic fracturing could substantially increase in California if
operators switch from low-volume fracturing with gel to slickwater.
Water Quality: Injection-Fluid Composition and Toxicology (Sections 5.1.2.1 and 5.1.2.2)
3. A list of chemicals used for hydraulic fracturing in the United States and in
California was developed from disclosures in FracFocus, but the list is incomplete,
to an unknown degree, because of incomplete disclosure in that data source.
For matrix acidization, a list of chemicals used was developed from stimulation
notices, which did not indicate any undisclosed chemicals. Toxicological data
were gathered from various sources for the chemicals on these lists, but such data
were available for just a majority of chemicals for oral toxicity.
4. A number of stimulation-fluid constituents are known toxicants to mice and rats
during single-component exposure, implying a general possibility of hazardous
effects on humans. However, most of the chemicals applied in California for
which toxicity information was available are considered to show low toxicity.
In any case, the individual constituent concentrations in injection fluids, flowback
and produced waters, as well as the specific exposure pathways, will ultimately
determine effective doses and potential hazards.
5. In California, injection fluids applied to “general” hydraulic fracturing and
matrix-acidizing jobs are different in their overall chemical composition, because
of the unique technical needs for each type of application. However, a first,
qualitative analysis of oral toxicity during single-component exposure in rats
suggests that toxic effects of the chemicals used are fairly comparable between
these fluids.
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6. During this review, a series of data gaps have been identified in the literature
regarding the potential toxicological impacts of fracturing/injection fluids. These
include gaps in the following areas: (1) biological responses to acute exposure to
many of the stimulation chemicals; (2) biological responses to chronic exposure
to stimulation-fluid chemicals, such as carcinogens, endocrine disrupting
compounds, and bioaccumulable materials; (3) eco-toxicological effects of fluid
constituents on aquatic organisms; (4) overall toxicological effects of fluids as a
mixture of compounds (compared to single-chemical exposure); and (5) potential
time-dependent changes in toxicological impacts of fluid constituents, due to their
potential degradation or transformation in the environment.
Water Quality: Flowback and Produced Water (Sections 5.2.2.3, 5.2.2.4, and 5.2.2.5)
7. Flowback and produced waters exhibit a range of compositions that depend on
regional geology, fluids injected, and time at which samples were collected. In
general, for oil-bearing shales such as the Monterey, flowback/produced waters
would contain oil and gas, dissolved constituents from the formation (major
cations/anions, trace elements, NORMs, organics), and potentially constituents
of injection fluids and their reaction products.
8. The recovery of wastewaters from well stimulation varies widely, with values
between 5 and 53% within the United States. In California, somewhat different
recoveries compared to national averages may be expected, for the following two
reasons: (1) targets in California differ from those in other states in terms of their
local geology and rock types, with often higher permeability zones consisting
of moderately brittle rocks; and (2) predominantly cross-linked gel is used for
hydraulic fracturing in California as compared to a variety of fluids elsewhere.
9. Fracturing-fluid constituents typically evaluated for their residual concentrations
in flowback or produced waters include friction reducers, surfactants, PCBs, biocides,
alcohols, glycols and acids, such as acetic acid. Organic chemicals and biocides
appear to be of particular concern.
10. While a detailed evaluation proves difficult, current literature suggests that the
general composition of produced waters from well stimulation operations is
similar to produced waters recovered during conventional oil and gas production.
Water Quality: Potential Impacts to Surface and Groundwater (Sections 5.1.3 and 5.1.4)
11. In California, flowback and produced waters from well stimulation are managed
together. Current management practices in California allow for the disposal of oil
and gas wastewater, including the co-mingled well stimulation fluids, into unlined
pits in some areas and reuse for agriculture without prior treatment. A detailed
assessment is needed to ascertain the wastewater disposal practices in the areas
where well stimulation is occurring, to determine if they pose a risk to surface
water and groundwater aquifers.
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12. There are reports of surface water and groundwater contamination in regions
where hydraulic fracturing activities are occurring in the United States. In
California, there are documented cases of the intentional release of flowback
fluids into unlined pits, as well as the accidental release of hazardous chemicals
associated with well stimulation. Detailed assessments are not available as to
whether these releases contaminated surface water and/or groundwater aquifers.
13. Potential contaminant of concern in flowback/produced waters include methane,
TDS (salts), trace metals, NORMs, and some organics. However, at this time,
it is not possible to evaluate whether this list of contaminants is relevant to
California, since there is very limited information regarding the concentrations of
these substances in flowback/produced waters from well stimulation operations
in California. Some data may become available in 2014 as operators report the
composition of waters recovered from well stimulation operations to DOGGR.
14. There are no recorded instances of subsurface release of hydraulic fracturing
fluid into potable groundwater in California, but a lack of studies and consistent
and transparent data collection and reporting makes it difficult to evaluate the
extent to which this may have occurred. California needs to develop an accurate
understanding about the location, depth, and quality of groundwater in oil
and gas producing regions in order to evaluate the risks of WST operations
to groundwater. This information on groundwater must be integrated with
additional geophysical information to map the actual extent of hydraulic fractures
to assess whether and where water contamination from WST activities have been
or will be a problem.
15. Geomechanical modeling studies conducted for high-volume fracturing operations
in the Barnett Shale have indicated that fracturing directly from shale formations
into groundwater is unlikely for formations more than 600 m (1,970 ft) below
the base of groundwater, but fracture connections to pre-existing permeable
pathways (e.g., abandoned or degraded wells) have been discussed as possible
migration mechanisms.
16. Most hydraulic fracturing occurs at a depth of less than 610 m (2,000 ft) in
California. Much of this occurs in areas with poor groundwater quality, but tens
of hydraulic fracturing operations per year in this depth range may occur in areas
with higher quality groundwater. Data are not available to assess if changes to
groundwater quality as a result of shallow hydraulic fracturing have occurred.
17. In general, monitoring efforts near well stimulation operations in the United States
have not been extensive, and data on concentrations of potential contaminants in
groundwater are sparse and not easily available to the public. A lack of baseline
data on groundwater quality is a major impediment in identifying or clearly assessing
the key water-related risks associated with hydraulic fracturing and other WST.
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18. The few studies that have monitored groundwater near well stimulation operations
in the United States have so far not observed significant impacts to water quality.
Elevated levels of constituents detected in a few studies could not be definitively
linked to the fracturing operations. For example, even though high levels of
methane and TDS have been detected in groundwater near hydraulic fracturing
operations outside of California, it has not been demonstrated whether this is
solely due to hydraulic fracturing, natural processes, pre-existing pathways, or
a combination of mechanisms. Further research is needed to understand the
mechanisms by which contamination could occur.
19. Existing wells are often considered as the highest concern for subsurface migration
of WST and subsurface fluids (including injection fluids, flowback/produced
waters, formation brines and gas present in the target or other subsurface
formations). Understanding this potential hazard is critical for the protection
of groundwater resources. In particular, the locations and condition of preexisting
wells near WST operations in California should be determined to assess potential
hazards. Continued monitoring and data collection are warranted to avoid
potential risks.

20. Proper well construction is critical for the protection of groundwater resources,
and for preventing subsurface release or migration of reservoir or fracturing fluids.
Well construction standards should be enforced for WST operations in California.
Air Quality (Section 5.2.1)
21. Estimated marginal emissions of NOx, PM2.5, VOCs directly from activities
directly related to WST appear small compared to oil and gas production
emissions in total in the San Joaquin Valley where the vast majority of hydraulic
fracturing takes place. However, the San Joaquin Valley is often out of compliance
with respect to air quality standards and as a result, possible emission reductions
remain relevant.
22. Three major sources of air pollutants include the use of diesel engines, flaring of
gas and the volatilization of flowback water. The first, diesel engines (used for
transport and pumping of estimated fluid volumes required for WST) emit a small
portion of total emissions nitrogen oxides (NOx), particulate matter (PM2.5), and
volatile organic compounds (VOC) associated with other oil and gas production
operations as a whole.
23. Emissions from flaring in California are uncertain because of variability in flare
combustion conditions and to a lack of information regarding the frequency of
flare-use during WST operations. However, current California Air Resource Board
inventories of pollutant emissions from all flaring suggest that flares as a whole
emit less than 0.1% of the VOCs and are not a major regional air quality hazard.
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24. Emissions from volatilization of flowback water constituents have not been
measured but might be bracketed. The California Air Resource Board has conducted
a “bottom-up” VOC emission inventory by adding up all known sources of emissions.
It is unknown whether these sources included emissions from WST-related
produced or flowback water. However, the sum of the emissions in the inventory
matches well with “top-down” measurements taken from the air in the San
Joaquin Valley (Gentner et al., 2014). This agreement between “bottom-up” and
“top-down” estimates of VOC emissions from oil and gas production indicates
California’s inventory probably included all major sources.
25. The inventory indicates that VOC emissions from oil and gas evaporative sources,
such from flowback water, might occur from stimulation fluids produced back
after the application of WST, are small compared to other emission sources in
the oil and gas development process. Data suggest that emissions from oil and
gas production and upstream processing in general contribute to ~10% of
anthropogenic VOC ozone precursor emissions in the San Joaquin Valley.
26. Some of the potential air-quality impacts can be addressed by regulation and
largely avoided. Emissions from diesel equipment and diesel trucks can be
controlled through use of the cleanest engines, such as US EPA classified tier 4
engines for off-road equipment or on-road truck engines that meet 2010 engine
standards. Requiring reduced emission completions can control emissions from
flaring and venting related to WST. Emissions from evaporative sources related
to WST could be limited by requiring vapor controls on the temporary tanks to
which flowback water is stored.
27. If practices in California were to change, for example if more fluid was used in
WST or production was moved to remote locations, emissions from activities
directly related to WST could become important if left uncontrolled.
Climate Impacts (Section 5.2.2)
28. Fugitive methane emissions from the direct application of WST to oil wells are
likely to be small compared to the total greenhouse gas emissions from oil and gas
production in California. This is because current California oil and gas operations
are energy intensive. However, all greenhouse gas emissions are relevant under
California’s climate laws and many emissions sources can be addressed successfully
with best available control technology and good practice.
29. Fugitive methane emissions for oil and gas production are uncertain and are
currently an active area of scientific research. A number of measurement studies
in California suggest higher methane emissions from oil and gas production
activities than is listed in the State inventory. However, even if accepting the
higher rate of emissions indicated by the measurement studies, methane emissions
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from oil and gas production are still likely to be small compared to direct CO2
emissions associated with oil and gas production. Additionally, methane emissions
directly related to WST are likely to account for only a small portion of total
production related methane emissions.
30. Methane emissions related to WST can be addressed successfully with best controls,
such as requiring reduced emission, or “green,” completions and requiring vapor
controls on temporary tanks in which flowback water is stored. We note that
while green completions will be required nationally for gas wells starting in 2015,
they will not be required for wells that produce oil or oil and gas, such as most of
the wells in the San Joaquin Valley.

31. Other emissions such as CO2 from diesel fuel used for pumping fluid or delivering
supplies was found to be negligible.
32. While other regions are currently using WST for the production of petroleum
(e.g., the Bakken formation of North Dakota) or gas (e.g., the Barnett shale of
Texas), emissions from these regions may not be representative of emissions from
California-specific application of WST. For example, the volume of fluid used for
WST operations in California is typically lower than operations in other shale
plays, potentially leading to lower evaporative emissions of methane from
flow back fluid.
Induced Seismicity (Section 5.3)
33. The general underlying mechanism for inducing seismic events as a result of well
stimulation technologies is well established (i.e., reduction in effective stress due
to increased pore pressure) (NRC, 2013).
34. Hydraulic fracturing does not pose a high seismic hazard in California. The duration
and extent of pressure increases from hydraulic fracturing is believed to be
relatively small. In California in particular, most hydraulic fracturing is shallow
and uses a small injection volume. A shift to deeper stimulation, particularly
combined with a shift to larger volumes, would increase the hazard. Protocols
and best practices developed for other water/wastewater injection activities to
limit induced seismicity should be followed.

35. At present, the seismic hazard due to the disposal by injection of flowback water
is relatively low in California. While the total volume of wastewater injected is
about two orders of magnitude larger than the total volume used for stimulation
in WST operation typical for California, the total wastewater injection volumes are
generally smaller than in other parts of the country. In addition, injection is
relatively shallow, and injection rates are relatively small. Disposal of produced
water from oil and gas production in deep injection wells has caused felt seismic
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events in several states. However, to date, no felt seismic events have been
observed in this state as a result of produced water disposal from oil and gas
production. If future WST practices in California result in expanded oil and gas
production, the seismic hazard due to produced water disposal could increase, in
particular when injecting larger volumes into deeper formations, and in areas of
higher seismic risk.
Wildlife and Vegetation (Section 5.4.1)
36. No studies that specifically evaluated impacts of well stimulation on wildlife and
vegetation were identified. One reason for this lack of information is that well
stimulation occurs alongside other oil and gas production activities, and so its
direct effects cannot be readily separated in the field from the overall effects of oil
and gas production.
37. Co-management of flowback and produced water creates the possibility that
wildlife could be exposed to stimulation-fluid constituents in waters discharged
into pits for disposal or used for irrigation.
38. Increased truck traffic related to well stimulation can increase wildlife road
mortality. For instance, road mortality is a major factor affecting the San Joaquin
kit fox, blunt-nosed leopard lizard, and the California tiger salamander, whose
ranges overlap with oil fields.
Traffic and Noise (Section 5.4.2)
39. Well stimulation as practiced in California typically requires about a hundred to
two hundred heavy truck trips per vertical well and two hundred to four hundred
trips per horizontal well, counting two trips for each truck traveling to the site.
This is one-third to three-quarters of the heavy truck traffic required for well pad
construction and drilling.
40. Noise generation during hydraulic fracturing could not be quantified because of the
limited data and estimates, and disagreement between those that are available.

Indirect Impacts of WST-enabled Increases and Expansion in Production (Entire Section)
41. The primary impacts of WST on California’s environment will be indirect impacts
due to WST-enabled expansion in the footprint of oil and gas production by way
of increased intensity of production in established fields, and potentially by
expansion of oil and gas production into new areas. Impacts of WST-enabled
production will vary depending on whether expanded production occurs in
existing rural or urban fields or in green fields, as well as on the nature of the
ecosystems, wildlife, geology, and groundwater in the vicinity.
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Hydraulic fracturing in a variety of forms has been widely applied over many decades
in California. However, the practice of using well stimulation has mostly been different
from the high-volume hydraulic fracturing (using long-reach horizontal wells) conducted
elsewhere, such as in the Bakken formation in North Dakota or the Eagle Ford formation
in Texas. In California, hydraulic fracturing tends to use less water, the hydraulic fracturing
fluids tend to have higher chemical concentrations, the wells tend to be shallower and
more vertical, and the target geologies present different challenges. This is because the
majority of the oil produced from fields in California is not from oil source rocks (i.e.,
organic-rich shales in the Monterey Formation), but rather from porous sandstone and
diatomite reservoirs, or from naturally fractured siliceous mudstones, porcelanites,
and dolomitic mudstones, which contain oil that has migrated from source rocks.
Consequently, the experiences in other states are largely not applicable to California.
As to the prospects for expanded oil production in California using hydraulic fracturing
in the future, the likelihood of finding major new shale plays similar to what has occurred
in other states is quite uncertain. However, about 5 to 16 billion barrels of oil from additional
oil production, beyond reported reserves, could be produced through the application
of currently used technology in existing oil fields of the San Joaquin and the Los Angeles
Basins. Production from Monterey diatomite reservoirs the San Joaquin Basin depends
in part on hydraulic fracturing. New production in and around these existing production
sites would likely also be amenable to production with hydraulic fracturing. New production
in and around existing fields that currently does not depend on well stimulation technologies
(WST), such as in the Los Angeles Basin, could well continue to be produced without WST
in the future.
Current water demand for well stimulation operations in California is a small fraction
of statewide water use. Even so, it can contribute to local constraints on water availability,
especially during extreme droughts, such as the drought California is currently experiencing.
Most of the chemicals reported for hydraulic fracturing treatments in California are not
considered to be acutely toxic, but a few reported chemicals do present concerns for acute
toxicity. Groundwater contamination from hydraulic fracturing has not been observed
in this state, but a lack of data about the location and quality of groundwater resources,
lack of knowledge about existing wells which might provide leakage paths, and inconsistent
monitoring of potential groundwater impacts, limit our ability to assess whether and where
water contamination from hydraulic fracturing activities have been or will be a problem.
In some cases, hydraulic fracturing is taking place in shallow wells, in regions where the
quality and location of the groundwater is not specified. These situations lack the inherent
safety provided by conducting hydraulic fracturing thousands of feet below potable
groundwater resources, and thus deserve closer scrutiny.
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Hydraulic fracturing as currently practiced in California does not present a risk for induced
seismic events of significance. The duration and extent of pressure increases due to hydraulic
fracturing is relatively small compared to what is normally required to produce a felt,
let alone a damaging, earthquake. In contrast, disposal of produced water from oil and gas
production in deep injection wells has caused felt seismic events across the United States.
Protocols similar to those that have been developed for other types of injection wells,
such as for geothermal injections, can be applied to limit this risk. The direct emissions
of hydraulic fracturing are a small component of total air pollution and methane,
but these emissions occur largely in the San Joaquin Valley, which is often out of compliance
for air quality. Another consideration is that all greenhouse gas (GHG) emissions are
relevant under California’s climate laws.
This review focuses on direct environmental impacts of WST, including direct impacts
to water supply, water quality, air quality, GHG emissions, seismicity, ecology, traffic
and noise, while indirect impacts of WST-enabled oil and gas production receive only
cursory treatment. Based on this limited assessment, there is evidence that if the future
brings significantly increased production enabled by WST, the primary impacts of WST
on California’s environment will be indirect impacts, i.e. those due to increases and expansion
in production, not the WST activity itself. Impacts of WST-enabled production will vary
depending on whether this production occurs in existing rural or urban environments
or in regions that have not previously been developed for oil and gas and the nature
of the ecosystems, wildlife, geology and groundwater in the vicinity.
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Appendix A
Statement of Work
Project: Independent Review of Scientific and Technical Information
on Well Completion Techniques, including Hydraulic Fracturing, in California.
Bureau of Land Management, California State Office

1. Scope of Work
The Bureau of Land Management (BLM) is seeking to obtain up-to-date scientific and
independent technical assessment of well completion techniques associated with and primarily
focused on hydraulic fracturing (HF), employed in California. This information will be
used in future planning, leasing, and development decisions regarding oil and gas issues
on the Federal mineral estate in California.
The purpose of the work is to produce a report that will synthesize and assess the available
scientific and engineering information associated with HF in California. The report should
include 1) a description of the process of well completion techniques, including HF,
in California; (2) based on the underlying geology of California assess changes in the oil
and gas potential that have been made possible by advanced well technology associated
with HF; (3) an assessment of the environmental hazards associated with advanced
well completion techniques, including HF, that have occurred in the past or might occur
in the future in California. The focus of the assessment is to evaluate the changes in
practice and environmental impacts that have occurred or might occur due to advanced
technology rather than the process and environmental hazards of conventional oil and gas
development as a whole.
Key questions for each of the report sections are identified in this Statement of Work,
which will be a living document. The steering committee, in consultation with the BLM,
will review, modify and select the key questions from the list below to be addressed
at a level of detail commensurate with the available funding for the report.
Objectives and Key Questions
Since this information will be used in BLM’s compliance with the National Environmental
Policy Act (NEPA) for future oil and gas decisions, the report should be structured in a
manner that will be easily transferable into a NEPA framework, and be written in plain
language to the extent possible.
A. Characterization of Well Completion Techniques in CA, including HF. The objective
of this part of the report is to provide a profile of advanced well completion techniques
being employed in California including HF. A typical HF well profile(s), with cross
sections, will also be included.
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The synthesis on well completion techniques, including HF, in CA should seek to address
the following key questions:
1. What are the basic elements of oil well construction using advanced techniques?
2. What are the steps in a hydraulic fracturing job?
3. What are the key differences in the process when fracturing for oil versus natural
gas?
4. What advanced well completion techniques are commonly used in California?
5. Are most wells in CA typically vertical or horizontal? Has this changed in recent
years? Are hydraulic fracturing jobs typically on vertical or horizontal wells?
6. How much water is typically used on HF projects in California, and what are the
water sources and disposal methods?
7. Is recycling of water (returned, produced) practiced in California, and to what
extent?
8. How does HF compare with other well completion techniques employed in CA?
B. Underlying Geology and Oil and Gas Potential. The objective of this part of the
report is to synthesize, assess and publish existing information on the geology and
consequent geography of oil and gas basins in California that have or might become
targets of development due to the availability of advanced well technology, including HF.
This information will help target BLM’s future oil and gas program administration to the
areas where the issues are the most geographically relevant. Maps and geographic data
and metadata should be produced to accompany the report in this section.
The synthesis on the underlying geology and oil and gas potential of California should
seek to address the following key questions:
1. What are the historic development trends in California in terms of targeted
horizons and technologies employed in oil and gas development?
2. What specific advanced technologies have been tried in California and why
and what has been the experience with them?
3. Where have these advanced technologies been used in California?
Which have been used in unconventional reservoirs? Are these technology
applications judged to have been successful?
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4. What major geologic regions of California could be produced using advanced
technology including HF? Which of these represent new targets for production
as a result of new technology?
5. How do these potential targets compare to oil and gas reservoirs in other parts of
the US that are currently being produced with advanced technology including HF?
6. What are the ranges of target depths for advanced technologies in California?
What are the target formations? What is the vertical separation between target
formations and underground useable water? How does this vary by geographic area?
7. What aspects of the Monterey formation are relevant when considering the
feasibility of HF in California (ex. age of the reservoir, depositional setting,
diagenesis, structural setting/trap, source rocks, other factors)?
8. Based on the above, where can we expect future oil and gas development
in California?
C. Environmental Hazards of Well Completion Techniques in CA, including HF.
The objective of this part of the report is to compile, synthesize and assess available
scientific and engineering information on the environmental hazards of advanced
well completion techniques in California, including HF.
The synthesis on the environmental hazards of well completion techniques, including HF,
in CA should seek to address the following key questions:
1. What are the potential hazards to groundwater quality and supply in CA
specific to HF?
2. What are the potential hazards to surface water quality and supply in CA
specific to HF?
3. What are the potential releases of fugitive emissions in CA specific to HF?
4. What is the potential for induced seismicity from HF, including disposal
of flowback fracturing fluids and subsequently produced water, given CA’s
underlying geology?
5. Are there hazards to other resources (air, noise, wildlife habitat, threatened and
endangered species) that are particular to HF in CA compared to oil and gas
development generally?
6. Are there differences in environmental hazards when fracturing for oil versus
fracturing for gas?
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7. Have Best Management Practices been developed to address the environmental
impacts of hydraulic fracturing?
8. What are the environmental hazards for other well completion techniques
commonly employed in California?
2. Performance Period
Team creation, literature review, and preparation of the synthesis report will take place
over a 7-month period starting in September 2013.
3. Specific Tasks and Deliverables
Task 1: Establish Project Structure
The California Council on Science and Technology (CCST) will lead this independent
review on the scientific and technical information on well completions, including
hydraulic fracturing. As a 501(c)(3) with expertise in providing science and technology
advice to governments, CCST has extensive experience in collaboration with government
agencies and academic scientists. CCST is also an objective and unbiased external party,
with expertise and particular focus on issues of importance to California.
As described in the associated Project Charter, CCST will:
1. Serve as the team lead and project manager for the overall project which
includes a literature review, map-making, and document creation, convening and
facilitating any meetings with team members. CCST will issue the final report.
2. Oversee a rigorous peer review process of the report according to established
CCST guidelines and processes. This is necessary to ensure a high quality report
that is both actually and perceived as being independent. This process will be
similar to that used by the National Academy of Sciences and/or the Office of
Management and Budget’s Information Quality Bulletin for Peer Review.
3. Create a steering committee comprised of subject matter experts that will ensure
quality and independence of the project.
4. Establish and coordinate a working group of agencies contributing information to
the study, referred to below as “the team”.
5. Monitor all deadlines identified in the Statement of Work and verify that work is
of high quality.
6. Select additional team members, with feedback from participating organizations
in this charter.
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7. Conduct monthly briefings for the BLM to formally update project status.
8. Submit a draft report to the BLM.
9. Provide BLM with digital copies of all references, data sources, and metadata as
received from team members.
10. Publish a final CCST report (digitally) once peer review is completed.
Participating team members assembling the report (referred to as “the team”) are Lawrence
Berkeley National Laboratory (LBNL), California Division of Oil, Gas, and Geothermal
Resources (DOGGR), California Geological Survey (CGS). The US Geological Survey (USGS)
will provide peer reviewers for the draft report. Team member roles and responsibilities
are described in the associated Project Charter. Additional team members may be added
in the future by signing on to the Project Charter, as additional needs for expertise arise.
Team members have subject matter expertise in petroleum geology, petroleum engineering,
groundwater/surface water hydrology, air quality, and biology, with expertise particular
to California. Scientists from agencies with expertise and/or jurisdiction on oil and gas
issues will be requested. Scientists from academia will also be requested.
Task 2: Design the Scientific Synthesis and Literature Review
The team will develop a basic outline of the report to guide the literature review.
The report will use a format that will be easily utilized when conveying the information
into a NEPA document. Team members will conduct a literature review seeking to address
the key guiding questions for the synthesis shown in the Scope of Work. The team will
identify information missing from published literature and, under guidance from the
steering committee, decide if it is possible to obtain this information independently,
such as through interviews, under budget constraints and a priority to do so.
Task 3: Writing the Report
The team will prepare a report that characterizes the current state of science on well
completion techniques, including HF, in CA, with focus on the key questions stated above.
The report will be written using plain language, understandable to the public, to the
extent possible.
Deliverable 1: Signed Project Charter and List of Steering Committee Members
Working Group (Team members assembling the report): CCST and BLM will collaborate
with agency partners to formally initiate the start of work by signing the associated Project
Charter.
Steering Committee: CCST will keep BLM up-to-date about the composition, affiliation,
and qualifications of steering committee members.
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Deliverable 2: Project Budget
CCST and LBNL will provide project budgets to the BLM detailing personnel, report
preparation, and travel/logistical costs, at a minimum.
Deliverable 3: Initial Outline of the Report
CCST will provide a digital copy of the team’s outline to the BLM for review and comments.
CCST, the Steering Committee, and the BLM will communicate to prioritize key research
questions to make best use of available funds and address the key questions that are most
important for future BLM NEPA compliance.
Deliverable 4: Written Interim Progress Report
One written, interim progress report will be provided to the BLM when the team is 4
months in to the process. The report will discuss what the team has produced to date,
what potential barriers to completion may exist, and a strategy to address those barriers
and achieve completion of the project.
Deliverable 5: Monthly Briefings
CCST will provide formal monthly briefings to the Energy and Minerals Division of BLM
California on the status of the project (what has been accomplished, is the timeline being
met, any problems are coming up that affect the timeline, and any changes to the steering
committee) and periodic informal communication on a more frequent, as-needed basis.
Deliverable 6: Draft Report to BLM
CCST will provide a draft report to the BLM prior to its release to the public.
BLM will review the draft report, commenting on formatting, language clarity issues,
needs for additional information or missed requirements from the scope of work, but not
commenting on the scientific findings of the team
Deliverable 7: Draft Report to Peer Review
CCST will oversee a rigorous peer review process of the report according to established
guidelines and processes necessary to ensure a high quality report that is both actually and
perceived as being independent. This process will be similar to that used by the National
Academy of Sciences and/or the Office of Management and Budget’s Information Quality
Bulletin for Peer Review.
USGS will serve as a peer reviewer, providing narrative comments to CCST and providing
peer review on a pro-bono basis.
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Deliverable 8: Digital Copies of References, Data Sources, and Metadata
Digital copies of all references, data, and metadata used in writing the report will be
provided to the BLM upon completion of the project from CCST.
Team members will provide to CCST any references, data (geospatially referenced or nongeospatial) used or referenced in the report to support the science team’s synthesis. In the
case of geospatially referenced data, metadata must also be sent to CCST.
Deliverable 9: Final Report to BLM and Public
The final report will be provided to BLM and made public upon final BLM review.
Deliverable 10: Maps
Aggregation of geospatial data into maps will likely elucidate the responses to key study
questions (such as- Based on the geology of oil and gas basins in CA, where are different
well completion techniques likely to be employed?). In those cases, maps will be prepared
or referenced by the science team and included in the report. In all cases, data and metadata
accompanying the maps will be sent to the BLM for use in future analyses.
4. Schedule of Tasks and Deliverables
The draft report will be due to the BLM on February 18, 2014. The final report will be due
on March 14, 2014. (Dates are subject to change, based on date of IA execution).
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Appendix B
CCST Steering Committee Members
Jane Long, Ph.D.

Principal Associate Director at Large, Lawrence Livermore National Laboratory, Retired

Dr. Long recently retired from Lawrence Livermore National Laboratory where she was
the Principal Associate Director at Large, Fellow in the LLNL Center for Global Strategic
Research and the Associate Director for Energy and Environment. She is currently a senior
contributing scientist for the Environmental Defense Fund, Visiting Researcher at UC
Berkeley, Co-chair of the Task Force on Geoengineering for the Bipartisan Policy Center
and chairman of the California Council on Science and Technology’s California’s Energy
Future committee. Her current work involves strategies for dealing with climate change
including reinvention of the energy system, geoengineering and adaptation. Dr. Long
was the Dean of the Mackay School of Mines, University of Nevada, Reno and Department
Chair for the Energy Resources Technology and the Environmental Research Departments
at Lawrence Berkeley National Lab. She holds a bachelor’s degree in engineering
from Brown University and Masters and PhD from U. C. Berkeley. Dr. Long is a fellow
of the American Association for the Advancement of Science and was named Alum of the
Year in 2012 by the Brown University School of Engineering. Dr. Long is an Associate
of the National Academies of Science (NAS) and a Senior Fellow and council member
of the California Council on Science and Technology (CCST) and the Breakthrough Institute.
She serves on the board of directors for the Clean Air Task Force and the Center for
Sustainable Shale Development.

Jens Birkholzer, Ph.D.

Deputy Director, Earth Sciences Division, Lawrence Berkeley National Laboratory
Dr. Birkholzer joined Lawrence Berkeley National Laboratory in 1994 as a post-doctoral
fellow and has since been promoted to the second-highest scientist rank at this research
facility. He currently serves as the deputy director of the Earth Sciences Division and as
the program lead for the nuclear waste program, and also leads a research group working
on environmental impacts related to geologic carbon sequestration and other subsurface
activities. His area of expertise is subsurface hydrology with emphasis on understanding
and modeling coupled fluid, gas, solute and heat transport in complex subsurface systems,
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such as heterogeneous sediments or fractured rock. His recent research was mostly in the
context of risk/performance assessment, e.g., for geologic disposal of radioactive wastes
and for geologic CO2 storage. Dr. Birkholzer has authored about 90 peer-reviewed journal
articles and book chapters, and has over 230 conference publications and abstracts.

Adam Brandt, Ph.D.

Assistant Professor, Department of Energy Resources Engineering, Stanford University
Dr. Brandt is an Assistant Professor in the Department of Energy Resources Engineering,
Stanford University. His research focuses on reducing the greenhouse gas impacts of
energy production and consumption, with a focus on fossil energy systems. Research
interests include life cycle assessment of transportation fuels, and the energy efficiency
of energy extraction and refining systems. A particular interest is in unconventional
fossil fuel resources such as oil shale, oil sands, and tight oil. He also leads research into
computational optimization techniques as applied to the design and operation of CO2
capture and storage systems for mitigating greenhouse gas emissions from fossil energy
consumption. Dr. Brandt received his PhD and MS degrees from the Energy and Resources
Group, UC Berkeley.

Donald L. Gautier, Ph.D.

Consulting Petroleum Geologist, DonGautier L.L.C.
With a career spanning almost four decades, Dr. Donald L. Gautier is an internationally
recognized leader and author in the theory and practice of petroleum resource analysis.
As a principal architect of modern USGS assessment methodology, Gautier’s accomplishments
include leadership of the first comprehensive evaluation of undiscovered oil and gas
resources north of the Arctic Circle, the first national assessment of United States
petroleum resources to be fully documented in a digital environment, and the first
development of performance-based methodology for assessment of unconventional petroleum
resources such as shale gas or light, tight oil. He was lead scientist for the San Joaquin
Basin and Los Angeles Basin Resource Assessment projects. His recent work has focused
on the analysis of growth of reserves in existing fields and on the development of
probabilistic resource/cost functions. Gautier is the author of more than 200 technical
publications, most of which concern the evaluation of undiscovered and undeveloped
petroleum resources. He holds a Ph.D. in geology from the University of Colorado.
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Peter H. Gleick, Ph.D.

President, Pacific Institute
Dr. Peter H. Gleick is an internationally recognized environmental scientist and co-founder
of the Pacific Institute in Oakland, California. His research addresses the critical connections
between water and human health, the hydrologic impacts of climate change, sustainable
water use, privatization and globalization, and international security and conflicts over
water resources. Dr. Gleick was named a MacArthur “genius” Fellow in October 2003
for his work on water, climate, and security. In 2006 Dr. Gleick was elected to the U.S.
National Academy of Sciences, Washington, D.C. Dr. Gleick’s work has redefined water
from the realm of engineers to the world of social justice, sustainability, human rights,
and integrated thinking. His influence on the field of water has been long and deep:
he developed one of the earliest assessments of the impacts of climate change on water
resources, defined and explored the links between water and international security and
local conflict, and developed a comprehensive argument in favor of basic human needs for
water and the human right to water – work that has been used by the UN and in human
rights court cases. He pioneered the concept of the “soft path for water,” developed the
idea of “peak water,” and has written about the need for a “local water movement.” Dr.
Gleick received a B.S. in Engineering and Applied Science from Yale University and an
M.S. and Ph.D. from the Energy and Resources Group of the University of California,
Berkeley. He serves on the boards of numerous journals and organizations, and is the
author of many scientific papers and ten books, including Bottled & Sold: The Story
Behind Our Obsession with Bottled Water and the biennial water report, The World’s
Water, published by Island Press (Washington, D.C.).

Robert Harriss, Ph.D.

Senior Scientist, Lead Senior Scientist, Environmental Defense Fund
Robert Harriss is a Lead Senior Scientist at the Environmental Defense Fund, with a
primary focus on characterizing and mitigating fugitive methane leakage from the United
States natural gas system. He is also a Distinguished Fellow at the Houston Advanced
Research Center and holds adjunct professorships at Texas A&M–Galveston and the
Department of Earth & Atmospheric Sciences at the University of Houston. Other career
positions have included Senior/Project Scientist at NASA Langley Research Center,
Director of Earth Sciences at NASA Headquarters, Senior Scientist at the National Center
for Atmospheric Research (NCAR), and senior faculty positions at Florida State University,
University of New Hampshire, and Texas A&M. Dr. Harriss currently serves on a variety
of volunteer scientific activities including the current NASA Science Definition Team for
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the Arctic-Boreal Vulnerability Experiment, CCST Independent Review of Scientific and
Technical Information on Advanced Well Stimulation Technologies in California, and as
a Contributing Editor of Environment Magazine.

A. Daniel Hill, Ph.D.

Department Head, Professor and holder of the Noble Chair, Petroleum Engineering
Department at Texas A&M University
Dr. A. D. Hill is Professor, holder of the Noble Endowed Chair, and Department Head
of Petroleum Engineering at Texas A&M University. Previously, he taught for twentytwo years at The University of Texas at Austin after spending five years in industry.
He holds a B. S. degree from Texas A&M University and M. S. and Ph. D. degrees from
The University of Texas at Austin, all in chemical engineering. He is the author of the
Society of Petroleum Engineering (SPE) monograph, Production Logging: Theoretical
and Interpretive Elements, co-author of the textbook, Petroleum Production Systems (1st
and 2nd editions), co-author of an SPE book, Multilateral Wells, and author of over 170
technical papers and five patents. He has been a Society of Petroleum Engineers (SPE)
Distinguished Lecturer, has served on numerous SPE committees and was founding
chairman of the Austin SPE Section. He was named a Distinguished Member of SPE
in 1999 and received the SPE Production and Operations Award in 2008. In 2012,
he was one of the two inaugural winners of the SPE Pipeline Award, which recognizes
faculty, who have fostered petroleum engineering Ph.Ds. to enter academia. He currently
serves on the SPE Editorial Review Committee, the SPE Global Training Committee,
and the SPE Hydraulic Fracturing Technology Conference Program Committee.
Professor Hill is an expert in the areas of production engineering, well completions,
well stimulation, production logging, and complex well performance (horizontal and
multilateral wells), and has presented lectures and courses and consulted on these topics
throughout the world.

Amy Myers Jaffe

Executive Director, Energy and Sustainability, UC Davis
Amy Myers Jaffe is a leading expert on global energy policy, geopolitical risk, and energy
and sustainability. Jaffe serves as executive director for Energy and Sustainability at
University of California, Davis with a joint appointment to the Graduate School of
Management and Institute of Transportation Studies (ITS). At ITS-Davis, Jaffe heads
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the fossil fuel component of Next STEPS (Sustainable Transportation Energy Pathways).
She is associate editor (North America) for the academic journal, Energy Strategy
Reviews. Prior to joining UC Davis, Jaffe served as director of the Energy Forum and
Wallace S. Wilson Fellow in Energy Studies at Rice University’s James A. Baker III Institute
for Public Policy. Jaffe’s research focuses on oil and natural gas geopolitics, strategic
energy policy, corporate investment strategies in the energy sector, and energy economics.
She was formerly senior editor and Middle East analyst for Petroleum Intelligence Weekly.
Jaffe is widely published, including as co-author of “Oil, Dollars, Debt and Crises: The
Global Curse of Black Gold” (Cambridge University Press, January 2010 with Mahmoud
El-Gamal). She served as co-editor of “Energy in the Caspian Region: Present and Future”
(Palgrave, 2002) and “Natural Gas and Geopolitics: From 1970 to 2040” (Cambridge
University Press, 2006). Jaffe was the honoree for Esquire’s annual 100 Best and Brightest
in the contribution to society category (2005) and Elle Magazine’s Women for the
Environment (2006) and holds the excellence in writing prize from the International
Association for Energy Economics (1994).

Preston Jordan, P.G., C.E.G., C.HG. (see also Appendix C – Report Author Biosketches)

Geologist, Earth Science Division, Lawrence Berkeley National Laboratory
Preston Jordan is a Staff Research Associate in the Earth Sciences Division at Lawrence
Berkeley National Laboratory (LBNL). He received his B.A. in Geology in 1988 and M.S.
Eng.Sci. in Geotechnical Engineering in 1997, both from the University of California,
Berkeley. He is a California Professional Geologist, Certified Hydrogeologist and Certified
Engineering Geologist. Prior to joining LBNL, Jordan worked at a geotechnical engineering
consultancy. Since joining LBNL, he has performed paleoseismic research, characterized
the geology and hydrogeology of the lab for environmental remediation and conducted
contaminant remediation pilot tests. Over the last decade his research focus has been
geologic carbon storage with a particular emphasis on risk assessment. He has published
on worker safety and well blowout and fault leakage risk, and participated in risk reviews
of geologic carbon storage projects. His risk review of one of the world’s few industrialscale geologic carbon storage projects led to reduction of injection pressures. He recently
was the PI for a multi-year research project for the California Energy Commission
regarding wide-scale pressure changes in response to historic oil and gas production
in Kern County for the purpose of gaining insight into pressure changes in response
to prospective geologic carbon storage. This involved dataset assembly and database
construction using results of searches of California Department of Oil, Gas and Geothermal
Resources records.
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Larry Lake, Ph.D.

Professor, Department of Petroleum and Geosystems Engineering,
University of Texas, Austin
Larry W. Lake is a professor of the Department of Petroleum and Geosystems Engineering
at The University of Texas at Austin and director of the Center for Petroleum Asset Risk
Management. He holds B.S.E and Ph.D. degrees in Chemical Engineering from Arizona
State University and Rice University. Dr. Lake has published widely; he is the author or
co-author of more than 100 technical papers, the editor of 3 bound volumes and author
or co-author of four textbooks. He has been teaching at UT for 34 years before which he
worked for Shell Development Company in Houston, Texas.
He was chairman of the PGE department twice, from 1989 to 1997 and from 20081010. He formerly held the Shell Distinguished Chair and the W.A. (Tex) Moncrief,
Jr. Centennial Endowed Chair in Petroleum Engineering. He currently holds the W.A.
(Monty) Moncrief Centennial Chair in Petroleum Engineering. Dr. Lake has served on the
Board of Directors for the Society of Petroleum Engineers (SPE) as well as on several of
its committees; he has twice been an SPE distinguished lecturer. Dr. Lake is a member of
the US National Academy of Engineers and won the 1996 Anthony F. Lucas Gold Medal
of the SPE. He won the 1999 Dad’s Award for excellence in teaching undergraduates
at The University of Texas and the 1999 Hocott Award in the College of Engineering
for excellence in research. He also is a member of the 2001 Engineering Dream Team
awarded by the Texas Society of Professional Engineers. He is an SPE Honorary Member.

Seth B. Shonkoff, Ph.D., MPH

Executive Director, Physicians Scientists & Engineers for Healthy Energy
Dr. Shonkoff is the executive director of the energy science and policy organization,
Physicians Scientists & Engineers for Healthy Energy (PSE), and a visiting scholar in
the Department of Environmental Science, Policy and Management at UC Berkeley. An
environmental and public health scientist by training, he has many years of experience
in water, air, climate, and population health research. Dr. Shonkoff completed his PhD
in the Department of Environmental Science, Policy, and Management and his MPH in
epidemiology at the School of Public Health from the University of California, Berkeley.
He is a contributing author to Chapter 11, Human Health: Impacts, Adaptation, and CoBenefits the Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment report
(AR5). He has worked and published on topics related to air and water quality and the
environmental and public health dimensions of energy choices and climate change from
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scientific and policy perspectives. Dr. Shonkoff has also researched interaction between
the climate and human health dimensions of shorter-live climate forcing emissions (i.e.,
ozone, black carbon, sulphate particles, etc.) and on the development of more effective
anthropogenic climate change mitigation policies that generate socioeconomic and health
co-benefits. Dr. Shonkoff’s current work focuses on the human health, environmental and
climate dimensions of oil and gas development in the United States and abroad.

Sam Traina, Ph.D.

Vice Chancellor of Research, University of California, Merced
Dr. Traina is the Vice Chancellor for Research and Economic Development at the
University of California, Merced where he holds the Falasco Chair in Earth Sciences
and Geology. He serves as a Board Member of the California Council of Science and
Technology. Prior to joining UC Merced in 2002 as a Founding Faculty member and
the Founding Director of the Sierra Nevada Research Institute, Dr. Traina was a faculty
member for 17 years at the Ohio State University, with concomitant appointments in
the School of Natural Resources and the Environment, the department of Earth Science
and Geology, Civil and Environmental Engineering, Microbiology and Chemistry. He
has served on the National Research Council’s Standing Committee on Earth Resources.
In 1997-1998 he held the Cox Visiting Professorship in the School of Earth Sciences
at Stanford University. Dr. Traina’s past and current research has dealt with the fate,
transformation and transport of contaminants in the soils and natural waters with an
emphasis on radionuclides, heavy metals, and mining wastes. Dr. Traina holds a B.S. In
soil resource management and Ph.D. in soil chemistry. He is a fellow of the Soil Science
Society of American and of the American Association for the Advancement of Science as
well as a recipient of the Clay Scientist Award of the Clay Minerals Society.
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Appendix C
Report Author Biosketches
Heather Cooley
Pacific Institute, Oakland, CA 94602
(510) 251-1600, Fax: (510) 251-2203
hcooley@pacinst.org

EDUCATION
1994-1998
		

University of California, Berkeley, CA.
B.S. in Molecular Environmental Biology.

2002-2004
		

University of California, Berkeley, CA.
M.S. in Energy and Resources.

RESEARCH AND PROFESSIONAL EXPERIENCE
Heather Cooley is Director of the Pacific Institute’s Water Program. She conducts and
oversees research on an array of water issues, such as the connections between water
and energy, sustainable water use and management, and the hydrologic impacts of
climate change. Ms. Cooley has authored numerous peer-reviewed scientific papers and
co-authored five books, including The World’s Water, A 21st Century US Water Policy,
and The Water-Energy Nexus in the American West.
Ms. Cooley has received the US Environmental Protection Agency’s Award for Outstanding
Achievement (for her work on agricultural water conservation and efficiency) and her
work was recognized when the Pacific Institute received the first US Water Prize in 2011.
She has testified before the US Congress on the impacts of climate change for agriculture
and on innovative approaches to solving water problems in the Sacramento-San
Joaquin Delta. Ms. Cooley currently serves on the Board of the California Urban Water
Conservation Council.
CURRENT AND PAST POSITIONS
Since 2004

Director, Water Program, Pacific Institute, Oakland, California

2000 – 2004
Lab Manager, Lawrence Berkeley National Laboratory,
		Berkeley, California
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1998 – 1999
		

Field and Laboratory Technician, Silver Laboratory,
UC Berkeley, Berkeley, California

1996 – 1997
		

Field and Laboratory Assistant, Weston Laboratory,
UC Berkeley, Berkeley, California

HONORS AND AWARDS
2010

Board Chair, California Urban Water Conservation Council

2009

Outstanding Achievement Award, US Environmental Protection Agency

2009

Nomination for Environmental Contribution of the Year, Global Water Intelligence

2006

Water Leader, Water Education Foundation
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Patrick F. Dobson
Earth Sciences Division, MS 74-R316C
Lawrence Berkeley National Laboratory, Berkeley, CA 94720
(510) 486-5373, Fax: (510) 486-5686
pfdobson@lbl.gov

EDUCATION
1977-1981

Williams College, Williamstown, MA, BA in Geology (magna cum laude)

1981-1984

Stanford University, Stanford, CA, M.S. in Geology

1984-1986

Stanford University, Stanford, CA, Ph.D. in Geology

RESEARCH AND PROFESSIONAL EXPERIENCE
Dr. Dobson has been a research scientist in the Earth Sciences Division of LBNL since 2000.
His expertise is in the study of water-rock interaction related to geothermal systems and
high-level radioactive waste repositories. His most recent work has focused on radioactive
waste disposal in shales, use of He isotopes in characterization of geothermal systems,
and developing methodologies for assessing geothermal resources.
CURRENT AND PAST POSITIONS
2010-present
		

Career Geological Staff Scientist, Earth Sciences Division,
Lawrence Berkeley National Laboratory, Berkeley, CA

2007-2009
		
		

Deputy Program Manager, Geosciences Program,
Office of Basic Energy Sciences, US Department of Energy,
Germantown, MD (on detail from LBNL)

2003-2010
		

Career Geological Research Scientist, Earth Sciences Division,
Lawrence Berkeley National Laboratory, Berkeley, CA

2000-2003
		

Geological Scientist, Earth Sciences Division, Lawrence Berkeley
National Laboratory, Berkeley, CA

1999-2001

Consultant, Empresa Nacional del Petroleo (ENAP), Santiago, Chile

1998-1999
		

Advising Geologist, Unocal Geothermal and Power Operations,
Unocal Corporation, Santa Rosa, CA

1994-1998
		

Senior Geologist, Unocal Geothermal and Power Operations,
Unocal Corporation, Santa Rosa, CA
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1989-1994
		

Research Geologist, Unocal Science and Technology Division,
Unocal Corporation, Brea, CA

1989 		
		

Postdoctoral Research Fellow, Department of Geological Sciences,
University of California, Santa Barbara, CA

1986-1989
Postdoctoral Research Fellow, Division of Geological
		
and Planetary Sciences, California Institute of Technology,
		Pasadena, CA
HONORS AND AWARDS
2012		

Geothermal Special Achievement Award, Geothermal Resources Council

2012		

Fulbright Specialist Grant in Environmental Science, University of Chile

2009		

Outstanding Contributions in Geosciences Research Award, DOE BES

2002, 2006

SPOT Awards (3), Lawrence Berkeley National Laboratory

1995, 1998

Special Recognition Awards (3), Unocal Corporation

1992		

Fred L. Hartley Research Center Creativity Award, Unocal Corporation
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Kristina Donnelly
654 13th St., Preservation Park
Pacific Institute, Oakland, CA 94612
(510) 251-1600, Fax: (510) 251-2203
kdonnelly@pacinst.org
http://pacinst.org/about-us/staff-and-board/kristina-donnelly/

EDUCATION
2001-2005

American University, Washington, DC. B.S. in Mathematics, 2005.

2006-2008
University of Michigan, Ann Arbor, MI. M.S. in Natural Resources
		Management, 2008.
RESEARCH AND PROFESSIONAL EXPERIENCE
Ms. Donnelly has been a Research Associate with the Pacific Institute since 2011. Her
research interests include: the social, economic, and policy aspects of water conservation
and efficiency; conflict and conflict management over transboundary water resources; and
US water policy and natural resources economics. During graduate school, Ms. Donnelly
worked on a variety of projects, including modeling hypoxia development in the Gulf of
Mexico, identifying water valuation strategies for international businesses, and analyzing
water strategies for the Kingdom of Jordan.
CURRENT AND PAST POSITIONS
Since 2011

Research Associate, Pacific Institute, Oakland, California

2010-2011
		

Researcher and Program Coordinator,
Arava Institute for Environmental Studies, Ketura, Israel

2008-2009
		

Sea Grant Fellow and Program Specialist, Great Lakes Commission,
Ann Arbor, Michigan

2005-2006

Analyst, The Cadmus Group, Inc., Arlington, Virginia

HONORS AND AWARDS
2014		

Water Education Foundation’s Water Leaders Class

2008-2009

Great Lakes Commission-Sea Grant Fellowship

2008		
		

International Economic Development Program,
Ford School of Public Policy, University of Michigan
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Laura C. Feinstein
California Council on Science and Technology
1130 K Street, Suite 280, Sacramento, CA 95814-3965
(530) 204-8325
laura.feinstein@ccst.us

EDUCATION
1994-1998
		

University of California at Berkeley, Berkeley, CA.
B.A. in Anthropology, 1998.

2006-2012
		

University of California at Davis, Davis, CA.
Ph.D. in Ecology, 2012.

RESEARCH AND PROFESSIONAL EXPERIENCE
Dr. Feinstein has worked for the California Council on Science and Technology (CCST)
since January 2014. She previously served as a CCST Science and Technology Fellow with
the California Senate Committee on Environmental Quality. Her graduate student research
focused on the ecology and genetics of an invasive plant species in the San Francisco
Bay’s tidal wetlands. She has worked on a diverse array of ecological problems, including
restoration of coastal marshes, biogeochemical cycles in redwood forests, and the genetics
of adaptation. Laura has published and presented at numerous conferences on ecological
genetics and tidal wetland plant communities.
CURRENT AND PAST POSITIONS
Since 2014
		

Project Manager, Well Stimulation Technology in California,
California Council on Science and Technology (CCST)

Since 2012
		

Postdoctoral researcher, restoration of San Francisco Bay
tidal marshes, U.C. Davis

2012-2013
		

CCST Science and Technology Policy Fellow with the California Senate
Committee on Environmental Quality

2006-2012

Ph.D. student, U.C. Davis

HONORS AND AWARDS
2007

CALFED Bay-Delta Science Fellow

2006

National Science Foundation Integrative Graduate Education and Research
Traineeship on Invasive Species Research Award

2006

California Native Plant Society Research Award
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Marc L. Fischer
Environmental Energy Technologies Division, MS90-2014
Lawrence Berkeley National Laboratory, Berkeley, CA 94720
(510) 486-5539, Fax: (510) 486-5928
mlfischer@lbl.gov
http://energy.lbl.gov/env/mlf/

EDUCATION
1978-1981

Massachusetts Institute of Technology, Pasadena, CA. B.S. Physics

1981-1982

University of Illinois, M.S., Physics

1979-1984

University of California, Berkeley, Ph.D. Physics.

RESEARCH AND PROFESSIONAL EXPERIENCE
Dr. Marc Fischer is staff scientist in the Sustainable Energy Systems Group and Environmental
Energy Technology Division at the Lawrence Berkeley National Laboratory (LBNL), and
an associate researcher at the Air Quality Research Center at the University of California,
Davis. Dr. Fischer’s work focuses on quantifying and mitigating Earth radiative forcing
due to greenhouse (GHG) gases and human habitation, and development of sustainable
solutions for energy related environmental problems. As part of ongoing work, Fischer
and colleagues are quantifying the sources of California’s GHG emissions and identifying
cost-effective options to mitigate emissions. Dr. Fischer has published more than 60 peerreviewed publications
CURRENT AND PAST POSITIONS
Since 1998
		

Staff Scientist, Environmental Energy Technology Division,
Lawrence Berkeley National Laboratory (LBNL)

1991 – 1998
		

Postdoctoral Fellow and Research Associate,
University of California, Berkeley
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Bill Foxall
Earth Sciences Division, MS 74R316C
Lawrence Berkeley National Laboratory, Berkeley, CA 94720
(510) 486-5082, Fax: (510) 486-5686
bfoxall@lbl.gov

EDUCATION
1966-1969

Queen Mary College, University of London, UK. B.Sc. in Physics, 1969.

1974-1976

University of Washington, WA. M.S. in Geophysics, 1976.

1986-1992

University of California, Berkeley, CA. Ph.D. in Geophysics, 1992.

RESEARCH AND PROFESSIONAL EXPERIENCE
Dr. Foxall has lead induced seismicity research activities in the Earth Sciences Division
Lawrence Berkeley National Laboratory since 2013. His expertise is in seismic source
physics and wave propagation, seismic hazard analysis, and measurement and inversion
of deformation in the Earth. Dr. Foxall most recent work has been on physics-based
simulation approaches to seismic hazard assessment for induced seismicity related to CO2
sequestration and analysis of induced seismicity related to enhanced geothermal systems
and unconventional oil and gas recovery. Other recent work was on inversion of ground
surface deformation for imaging fluid flow in CO2, oil and geothermal reservoirs, and
for characterization of underground facilities. He has also conducted research into joint
inversion of seismic and acoustic data for determination of explosive yield. Dr. Foxall has
authored and coauthored more than 30 peer-reviewed journal articles and conference
publications.
CURRENT AND PAST POSITIONS
Since 2013
		

Senior Geological Scientist, Earth Sciences Division,
Lawrence Berkeley National Laboratory (LBNL)

1996 – 2013

Physicist, Lawrence Livermore National Laboratory (LLNL)

1996 – 1999

Visiting Research Geophysicist, University of California, Berkeley

1995 – 1996

Staff Scientist, Lawrence Berkeley National Laboratory

1992 – 1995

Postdoctoral Fellow, Lawrence Berkeley National Laboratory

1986 – 1992
		

Graduate Student Research Assistant,
Lawrence Berkeley National Laboratory
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1983 – 1992

Seismological Consultant

1976 – 1983
		

Staff to Senior Project Seismologist, Woodward-Clyde Consultants,
San Francisco, CA

HONORS AND AWARDS
1974 		

Fulbright Scholarship
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Matthew G. Heberger
Pacific Institute
654 13th Street, Oakland, CA 94612
(510) 251-1600 x128, Fax: 510-251-2203
mheberger@pacinst.org
http://www.pacinst.org/

EDUCATION
1992–1996
		

Cornell University, Ithaca, New York. B.S. in Agricultural
and Biological Engineering, 1996.

2001–2003
Tufts University, Medford, Massachusetts. M.S. in Water Resources
		Engineering, 2003.
RESEARCH AND PROFESSIONAL EXPERIENCE
Mr. Heberger has been a research associate in the Water Program of the Pacific Institute
since 2007. He is a water resource engineer and hydrologist specializing in hydraulic,
hydrologic, and water quality analyses and modeling, the nexus between water and
energy, and impacts of climate change on water resources. Prior to joining the institute
Mr. Heberger worked as a consulting engineer at the consulting firm of Camp, Dresser,
and McKee (CDM) where he was responsible for building and calibrating rainfall-runoff,
hydraulic and water quality models for major waterways across the US.
CURRENT AND PAST POSITIONS
Since 2007

Research Associate, Pacific Institute, Oakland, California

2003 – 2007
Water Resources Engineer, Camp Dresser & McKee,
		Cambridge, Massachusetts
2001 – 2003
		

Research Assistant, Department of Civil and Environmental Engineering,
Tufts University, Medford, Massachusetts

1999 – 2001
		

Coordinator, International Network on Participatory Irrigation
Management, Washington, DC

1996 – 1998
		

Water and Sanitation Extension Agent, United States Peace Corps,
Mali, West Africa
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HONORS AND AWARDS
2007		

Registered Professional Engineer, Commonwealth of Massachusetts

2004		

Certified Floodplain Manager, Association of State Floodplain Managers
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James E. Houseworth
Earth Sciences Division, MS 74-R316C
Lawrence Berkeley National Laboratory, Berkeley, CA 94720
(510) 486-6459, Fax: (510) 486-5686
jehouseworth@lbl.gov
http://esd.lbl.gov/about/staff/jameshouseworth/

EDUCATION
1973-1977
		

California Institute of Technology, Pasadena, CA.
B.S.in Environmental Engineering, 1977.

1977-1978
		

California Institute of Technology, Pasadena, CA.
M.S. in Environmental Engineering, 1978.

1979-1984
		

California Institute of Technology, Pasadena, CA.
Ph.D. in Environmental Engineering, 1984.

RESEARCH AND PROFESSIONAL EXPERIENCE
Dr. Houseworth has been a program manager in the Earth Sciences Division of
Lawrence Berkeley National Laboratory (LBNL) since 2000. His expertise is in single and
multiphase flow and solute transport in porous and fractured geologic media and has
worked on applications to petroleum recovery, nuclear waste disposal, and geologic CO2
sequestration. His most recent work has centered on nuclear waste disposal in argillaceous
rock, CO2 /brine leakage from geologic storage reservoirs, and risk assessments of
petroleum recovery operations. Dr. Houseworth has authored over 30 peer-reviewed
journal articles and conference publications.
CURRENT AND PAST POSITIONS
Since 2000
		

Program Manager, Earth Sciences Division,
Lawrence Berkeley National Laboratory (LBNL)

1997 – 2000
		

Technical Systems Manager II, Duke Engineering and Services,
Las Vegas, Nevada

1992 – 1997

Senior Staff Consultant, INTERA Inc., Las Vegas, Nevada

1984 – 1992
		

Research Engineer, Chevron Oil Field Research Company,
La Habra, California

1979 – 1980

Engineer, Bechtel Inc., San Francisco, California
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HONORS AND AWARDS
2012		

Director’s Award for Exceptional Achievement (TOUGH codes), by LBNL

2007, 2006

Outstanding Performance Award, by LBNL

1984		

Ph.D. thesis - Richard Bruce Chapman Memorial Award
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Preston D. Jordan
Earth Sciences Division, MS 74-R316C
Lawrence Berkeley National Laboratory, Berkeley, CA 94720
(510) 486-6774, Fax: (510) 486-5686
PDJordan@lbl.gov

EDUCATION
1982-1987

University of California, Berkeley, B.A., Geology, 1988

1996-1997
University of California, Berkeley, M.S. in Eng. Sci., Geotechnical
Engineering, 1997
LICENSES
California Professional Geologist (since 1998)
California Certified Hydrogeologist (since 2007)
California Certified Engineering Geologist (since 2012)
RESEARCH AND PROFESSIONAL EXPERIENCE
Mr. Jordan has been a geologist in the Earth Sciences Division at Lawrence Berkeley
National Laboratory (LBNL) since 1990. His research over the last eight years has focused
primarily on the risk of geologic carbon storage, with a focus on assessing leakage risk.
His work on a risk assessment of one of the few industrial-scale geologic carbon storage
projects in the world led the operator to reduce the injection pressure. Mr. Jordan has
co-authored over 15 peer-reviewed journal articles and conference papers.
CURRENT AND PAST POSITIONS
Since 1990
		

Staff Research Associate currently (after five promotions), Earth Science
Division, Lawrence Berkeley National Laboratory

1988-1989

Staff Geologist, Harlan Tait Associates, San Francisco

1988		
		

Field Geologist, Department of Geology and Geophysics,
University of California, Berkeley

1987		
		

Assistant Field Geologist, Department of Geology and Geophysics,
University of California, Berkeley
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HONORS AND AWARDS
2010

Outstanding Performance Award, by LBNL

1987

USGS/NAGT program nominee, by University of California, Berkeley
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Nathaniel J. Lindsey
Earth Sciences Division, MS 74-R316C
Lawrence Berkeley National Laboratory, Berkeley, CA 94720
(510) 486-5409, Fax: (510) 486-5686
njlindsey@lbl.gov

EDUCATION
2006-2010
		

University of Rochester, Rochester, NY. B.S. in Alternative Energy
and Sustainable Engineering, 2010.

2011-2013

University of Edinburgh, Edinburgh, Scotland. M.Sc. in Geophysics, 2013

RESEARCH AND PROFESSIONAL EXPERIENCE
Mr. Lindsey has been a senior research associate in the Earth Sciences Division of
Lawrence Berkeley National Laboratory (LBNL) since 2012. His research seeks to
improve seismic methods that characterize earthquake hazard, and apply seismic
and electromagnetic geophysics to image the high-temperature hydrothermal fluid
processes within geothermal energy reservoirs. Recently, his work has centered on
induced seismicity related to enhanced geothermal systems in the western US, and 3-D
magnetotelluric (MT) numerical simulation of geothermal systems in Iceland, East Africa,
New Zealand, and the United States.
CURRENT AND PAST POSITIONS
Since 2012
		

Senior Research Associate, Earth Sciences Division,
Lawrence Berkeley National Laboratory (LBNL)

2011 – 2012
		

US-UK Postgraduate Fulbright Scholar, School of GeoSciences,
University of Edinburgh

2010 – 2011
		

Causal Employee, Dept. of Seismology, Geology, and Tectonophysics,
Lamont-Doherty Earth Observatory, Columbia University

2010		
NSF Research Experience for Undergraduates (REU) Intern, Summer of
		Applied Geophysical Experience Program, Los Alamos National Laboratory
2010		

NSF REU Intern, Department of Physics, University of Rochester

2009		

Summer Undergraduate Laboratory Intern, Earth Sciences Division, LBNL

2008		

NSF REU Intern, Department of Chemistry, University of Rochester
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HONORS AND AWARDS
2012

1st Place in International Geothermal Energy Contest, by Pacific Centre
for Geothermal Energy, University of British Columbia

2012

Best Poster Award, School of GeoSciences Graduate Conference,
University of Edinburgh

2011

US-UK Fulbright Scholarship (Edinburgh, Scotland)

2011

Honorable Mention for Best Poster at Annual Meeting,
Society for Exploration Geophysics

2010

Dean’s Prize for Undergraduate Research, University of Rochester

2009

Outstanding Commitment to Action for ‘Net Metering Solar Energy in Uganda’
(Undergraduate Thesis), by Clinton Global Initiative University
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Dev E. Millstein
Environmental Energy Technologies Division, MS 90-R2002
Lawrence Berkeley National Laboratory, Berkeley, CA 94720
(510) 486-4556, Fax: (510) 486-5928
dmillstein@lbl.gov
http://eetd.lbl.gov/staff/dev-millstein

EDUCATION
1998-2002

Vassar College, Poughkeepsie, NY. B.A. in Economics, 2002.

2004-2005
		

University of California, Berkeley, CA.
M.S. in Environmental Engineering, 2005.

2005-2009
		

University of California, Berkeley, CA.
Ph.D. in Environmental Engineering, 2009.

RESEARCH AND PROFESSIONAL EXPERIENCE
Dr. Millstein is a project scientist in the Environmental Energy Technologies Division
of Lawrence Berkeley National Laboratory (LBNL). His expertise is in air quality and
meteorological modeling as well as emissions inventory development. His most recent
work has centered on evaluating the air quality benefits of integrating renewable energy
into the US power grid. Other recent work has included co-developing a spatially explicit
methane emissions inventory for oil and gas operations in California. Dr. Millstein has
authored over 7 peer-reviewed journal articles and conference publications.
CURRENT AND PAST POSITIONS
Since 2013
		

Project Scientist, Environmental Energy Technologies Division,
Lawrence Berkeley National Laboratory (LBNL)

2010 – 2013
		

Postdoctoral Fellow, Environmental Energy Technologies Division,
Lawrence Berkeley National Laboratory (LBNL)

348

Appendices

Matthew T. Reagan
Earth Sciences Division, MS 74R316C
Lawrence Berkeley National Laboratory, Berkeley, CA 94720
(510) 486-6517, Fax: (510) 486-5686
MTReagan@lbl.gov

EDUCATION
MASSACHUSETTS INSTITUTE OF TECHNOLOGY, Cambridge, MA
PhD in Chemical Engineering, September 2000
UNIVERSITY OF PENNSYLVANIA, Philadelphia, PA
Bachelor of Science in Chemical Engineering, May 1994
RESEARCH AND PROFESSIONAL EXPERIENCE
Dr. Reagan has performed research on the thermodynamics, transport, and chemistry
of aqueous systems in the subsurface. His work has included research on the
thermodynamics of gas hydrates, gas production from methane hydrate systems, the
coupling of methane hydrates and global climate. He is a developer for the TOUGH+ and
TOUGH2 series of codes. Additional work includes simulation of subsurface CO2 injection,
data reduction and uncertainty quantification using statistical methods, development of
interactive tools for simulation pre- and post-processing, and the simulation of methane
production from shales. His most recent work involves the simulation of methane and
brine transport in fractured shale systems. Dr. Reagan has authored or co-authored over
30 peer-reviewed journal articles and over 25 conference papers and reports.
CURRENT AND PAST POSITIONS
Since 2010
		

Geological Research Scientist, Earth Science Division,
Lawrence Berkeley National Laboratory (LBNL)

2004-2010
		

Term Scientist, Earth Science Division,
Lawrence Berkeley National Laboratory (LBNL)

2001-2004
		

Technical Staff, Combustion Research Facility,
Sandia National Laboratories - California

1995-2000

Research Assistant, Massachusetts Institute of Technology
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Ruth M. Tinnacher
Earth Sciences Division, MS 74-R316C
Lawrence Berkeley National Laboratory, Berkeley, CA 94720
(510) 495 8231, Fax: (510) 486 5686
rmtinnacher@lbl.gov

EDUCATION
1993-1997
		

University of Leoben, Austria: Cand.-Ing. (Equiv. B.S.)
Industrial Environmental Protection, Waste Disposal and Recycling.

1997-2000
		
		

University of Leoben, Austria: Dipl.-Ing. (Equiv. M.E.)
Chemical Process Engineering in Industrial Environmental Protection.
Mit Auszeichnung bestanden (Passed with distinction)

1999-2001
		
		

Colorado School of Mines, Golden, CO, USA: M.S.
Environmental Science and Engineering. As part of the
Dual-Degree Program with the University of Leoben, Austria

2001-2008
		

Colorado School of Mines, Golden, CO, USA: Ph.D.
Environmental Science and Engineering.

RESEARCH AND PROFESSIONAL EXPERIENCE
Dr. Tinnacher has been a Project Scientist in the Earth Sciences Division of Lawrence
Berkeley National Laboratory (LBNL) since 2011. Her research focuses on environmental
geochemistry problems driven by energy- and climate-related questions, such as the
impacts of nuclear waste storage, geologic CO2 sequestration and hydraulic fracturing on
groundwater quality, and the effects of climate change on subsurface geochemistry. In
particular, Dr. Tinnacher investigates parameters and processes that control the sorption,
remobilization and transport behavior of metals and natural organic matter in the
environment, including the role of colloids, sorption/desorption kinetics, and the influence
of chemical solution conditions on transport rates. During past research, Dr. Tinnacher
has also evaluated the (aquatic) toxicity of compounds. Dr. Tinnacher is the author of
a number of peer-reviewed journal articles, conference proceedings and a book section,
and holds a U.S. patent on a radiolabeling method for natural organic matter.
CURRENT AND PAST POSITIONS
Since 2011
		

Project Scientist, Earth Sciences Division,
Lawrence Berkeley National Laboratory (LBNL)

Since 2011
		

Visiting Scientist, Chemical Sciences Division,
Lawrence Livermore National Laboratory (LLNL)
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2008 – 2011
		

Postdoctoral Fellow, Chemical Sciences Division,
Lawrence Livermore National Laboratory (LLNL)

HONORS AND AWARDS
2011

U.S. Patent (08039226):
R.M. Tinnacher and B.D. Honeyman: Methods to Radiolabel Natural Organic
Matter by Reduction with Hydrogen Labeled Reducing Agents

2009

LLNL Chemical Sciences Division Spot Award

2009

2008-2009 CH2MHill/ESE Outstanding Graduate Student Award (Ph.D. thesis)

2002-3 DOC Scholarship of the Austrian Academy of Sciences
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William T. Stringfellow, Ph.D.
Earth Sciences Division, MS 84-173
Lawrence Berkeley National Laboratory, Berkeley, CA 94720
(510) 486-7903, Fax: (510) 486-5686
wstringfellow@lbl.gov

EDUCATION
1990-1994
Ph. D., Environmental Sciences and Engineering (supporting program:
		
Microbial Physiology and Genetics), University of North Carolina at
		Chapel Hill.
1982-1984
		

M. S., Microbiology (minor: Aquatic Ecology), Virginia Polytechnic
Institute and State University, 1984.

1976-1980

B. S., Environmental Health, University of Georgia, 1980.

RESEARCH AND PROFESSIONAL EXPERIENCE
William T. Stringfellow is a Professor and Director of the Ecological Engineering Research
Program in the School of Engineering and Computer Science at the University of the Pacific.
He has a joint appointment as a Research Engineer at Lawrence Berkeley National
Laboratory where he is the Director of the Environmental Measurements Laboratory.
Dr. Stringfellow is an expert in water quality and industrial waste management. His recent
research includes evaluations of the sustainability of biomass energy facilities treating
agricultural wastes and investigating the water quality impacts of the Gulf of Mexico oil
spill. He is currently investigating the use of water treatment chemicals in the energy
industry, with an emphasis on understanding the environmental impacts of biocides.
Dr. Stringfellow has over 30 publications in the field of water quality and industrial waste
management.
CURRENT AND PAST POSITIONS
2004-present:
		
		

University of the Pacific, Ecological Engineering Research Program,
School of Engineering and Computer Science, Stockton, CA,
Director, EERP and Professor

2003-present:
		

Lawrence Berkeley National Laboratory, Environmental Measurements
Laboratory, Earth Sciences Division, Berkeley, CA, Director, EML

1996-present:
		

Lawrence Berkeley National Laboratory, Earth Sciences Division,
Berkeley, CA, Environmental Engineer
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1988-1989:
		

Institut Pasteur, Departement d’Ecologie, Paris, France,
Stagiaire (Visiting Researcher)

1983-1988:
		

Sybron Chemicals, Inc., Salem Research Facility, Salem, Virginia,
Senior Research Microbiologist

1980-1981:
		

Ecology and Environment, Inc., Decatur, Georgia,
Hazardous Waste Site Investigator

HONORS AND AWARDS
2001

Outstanding Mentor Award, Lawrence Berkeley National Laboratory

2002

Outstanding Mentor Award, Department of Energy
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Charuleka Varadharajan
Earth Sciences Division
Lawrence Berkeley National Lab
1 Cyclotron Road, Berkeley, CA-94720
(510) 495-8890
cvaradharajan@lbl.gov
http://esd.lbl.gov/about/staff/charulekavaradharajan/

EDUCATION
2009

Doctor of Philosophy Civil and Environmental Engineering,
Massachusetts Institute of Technology

2004

Master of Science Civil and Environmental Engineering,
Massachusetts Institute of Technology

2001

Bachelor of Technology Civil and Environmental Engineering,
Indian Institute of Technology, Chennai

RESEARCH AND PROFESSIONAL EXPERIENCE
Dr. Charuleka Vardharajan is a biogeochemist in the Earth Sciences Division at the
Lawrence Berkeley National Laboratory (LBNL). Her research interests focus on
understanding and predicting carbon fluxes in terrestrial and subsurface environments,
and development of methods to monitor and mitigate contaminants and greenhouse
gases. Recently, her postdoctoral work has involved an evaluation of trace metals that
could be released due to potential leakage of carbon dioxide from sequestration sites into
shallow overlying groundwaters, and the mechanisms for bio-remediation of chromium at
the Hanford 100H site. Her doctoral dissertation work involved the study of the methane
biogeochemical cycle in a freshwater lake. Her expertise spans across various techniques
for data collection and analysis including geochemical laboratory experiments, X-ray
synchrotron spectroscopy, sensor-based data collection, and the use of geoinformatics and
statistical data processing to manage and analyze high spatial and temporal resolution data.
CURRENT AND PAST POSITIONS
Current		
		

Project Scientist, Earth Sciences Division, Geochemistry Department,
Lawrence Berkeley National Laboratory

2010-2014
		

Postdoctoral Fellow, Earth Sciences Division, Geochemistry Department
Lawrence Berkeley National Laboratory, Berkeley, CA			

2004-2009:
		
		

Research Assistant, Parsons Laboratory, Department of Civil
and Environmental Engineering, Massachusetts Institute
of Technology, Cambridge, MA
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2005-2008:
		
		

Teaching Assistant, Department of Civil and Environmental Engineering,
Massachusetts Institute of Technology, Cambridge, MA
Course: Introduction to Computers and Engineering Problem Solving

2001-2005:
		
		

Research Assistant, Center for Educational Computing Initiatives,
Department of Civil and Environmental Engineering
Massachusetts Institute of Technology, Cambridge, MA

2000-2001:
		

Research Assistant, Department of Civil and Environmental Engineering
Indian Institute of Technology, Chennai, India

HONORS AND AWARDS
2011

Earth Sciences Division Spot Award, Lawrence Berkeley National Laboratory

2008-9 MIT Linden Earth System Fellow
2007

National Science Foundation Doctoral Dissertation Research Improvement Grant

2007

Geological Society of America Graduate Student Research Grant

2005-6 MIT Martin Family Society Fellow for Sustainability
2005

MIT Department of Civil and Environmental Engineering, Trond Kaalstad
Award for leadership, community building and academic excellence

2001

Institute Blues for exceptional extra-curricular and organizational abilities,
Indian Institute of Technology, Madras

1995

National Talent Search Award for academic excellence, National Council
of Educational Research and Training, Government of India
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Appendix D
Glossary
Acid fracturing – a form of hydraulic fracture stimulation of a formation performed by
injecting the acid over the parting pressure of the rock and using the acid to etch channels
in the fracture face.
Androgens – steroid hormones that promote the development and maintenance of male
characteristics of the body.
Anti-androgens – a substance that can prevent the full expression of androgen.
Anti-estrogens – a substance that can prevent the full expression of estrogen.
Aquifer – a zone of saturated rock or soil through which water can easily move.
Bactericide – a product that kills bacteria in the water or on the surface of the pipe.
Basement faults – faults that occur in the undifferentiated assemblage of rock underlying
the oldest stratified rocks in any region.
Basement rock – the undifferentiated assemblage of rock underlying the oldest stratified
rocks in any region.
Bedding planes – surfaces that separate sedimentary layers in a rock. The beds are
distinguished from each other by grain size and composition, such as in shale and
sandstone. Subtle changes, such as beds richer in iron-oxide, help distinguish bedding.
Most beds are deposited essentially horizontally.
Biogenic methane – methane produced as a direct consequence of bacterial activity.
Biomarkers – complex molecular fossils used to correlate crude oil and petroleum source
rocks, provide information on the type of organic matter, and characterize the thermal
maturity.
Borehole cuttings – the small chips and fines generated by drilling through a formation
with a drill bit. Most of the cuttings are removed from the drilling mud as the fluid pass
through the solids control equipment (e.g., shakers, screens, cyclones, etc.,) at the surface.
Brittle – a rock characteristic that implies mechanical failure in the form of a fracture
created with little or no plastic deformation.
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BTEX (benzene, toluene, ethylbenzene, and xylene) – volatile aromatic compounds
typically found in petroleum products such as gasoline and diesel fuel.
Buffer – a chemical used to maintain the pH of a solution within a limited range.
Cations – positively charged ions.
Chemical Abstracts Service (CAS) number – a unique numeric identifier, designates
only one substance, has no chemical significance, and is a link to a wealth of information
about a specific chemical substance within the CAS registry.
Chimneys – vertically oriented geological structures that may have circular or subcircular
in planform if associated with faults or may be more disperse laterally if not associated
with faults. Chimneys form from gas migration processes and are often found in
association with mud volcanoes.
Class II wells – used for injection/disposal of fluids associated with oil and natural gas
production. Most of the injected fluid is salt water (brine), which is brought to the surface
in the process of producing (extracting) oil and gas. In addition, brine and other fluids are
injected to enhance (improve) oil and gas production.
Clay stabilizer – a chemical additive used to prevent clay destabilization that results
in clay migration or swelling caused by a reaction to an aqueous fluid.
Conductor casing – generally, the first string of casing in a well. It may be lowered into
a hole drilled into the formations near the surface and cemented in place, or it may be
driven into the ground by a special pile driver. Its purpose is to prevent the soft formations
near the surface from caving in and to conduct drilling mud from the bottom of the hole
to the surface when drilling starts.
Conventional reservoir – reservoirs that may be produced commercially without altering
the reservoir permeability or associated hydrocarbon viscosity.
Corrosion inhibitor – a chemical or mixture of chemicals that prevents or reduces
corrosion.
Coulomb criterion – a criterion for rock failure as a function of the normal and shear
stress conditions.
Cross-link gel fracturing fluid – is generally an aqueous fluid containing a gelling agent
like guar or xanthan and a crosslinker. It has even greater viscosity than a gel fracturing
fluid.
Crosslinker – A substance that promotes or regulates intermolecular covalent bonding
between polymer chains, linking them together to create a larger structure.
358

Appendices

Diagenetic –physical and chemical changes that affect sedimentary deposits during burial
and may culminate in lithification, i.e., turning sediment into solid rock.
Diagenetic trap – a trap formed as a result of diagenetic alteration of rocks within
a sedimentary basin, resulting in decreased permeability.
Diatomite – a fine, soft, siliceous sedimentary rock composed chiefly of the silica-rich
remains of diatoms.
Dip – A measure of the angle between the flat horizon and the slope of a sedimentary
layer, fault plane, metamorphic foliation, or other geologic structure.
Directional drilling – drilling the wellbore in a planned angle of deviation or trajectory
other than vertical.
Dissolved Organic Carbon (DOC) – mass of organic carbon from a measured water
sample that is dissolved or colloidal that can pass through a filter, typically a 0.4 to 0.7
micron filter
Dolomites – carbonate rocks made up of dolomite (CaMg(CaCO3)2).
Downdip – located down the dip of a sloping planar surface.
Drilling mud – the fluid, water, oil or gas based, circulated through the wellbore during
rotary drilling and workover operations that is used to establish well control, transport
cuttings to the surface, provide fluid loss control, lubricate the string and cool the bottom
hole assembly.
Ductile – a rock characteristic that implies mechanical failure in the form of a fracture
created with a large amount of plastic deformation.
Earthquake magnitude – a measure of the amount of energy released during an earthquake,
such as the Richter scale.
Effective stress – the total stress minus the pore pressure.
Endocrine-disrupting compounds – chemicals that may interfere with the body’s
endocrine system and produce adverse developmental, reproductive, neurological,
and immune effects in both humans and wildlife.
EPA maximum contaminant level (MCL) – threshold concentration of a contaminant
above which water is not suitable for drinking.
Epicenter – a point, directly above the true center of disturbance at the earth’s surface,
from which the shock waves of an earthquake apparently radiate.
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Estrogens – steroid hormones that promote the development and maintenance of female
characteristics of the body.
Evaporative emissions – hydrocarbons released into the atmosphere through evaporation
from equipment or storage facilities.
Fault – a fracture in the Earth in which one side has moved relative to the other.
Flaring – the combustion of unwanted gases produced by an oil well.
Flowback – fracturing fluid, perhaps mixed with formation water and traces of hydrocarbon,
that flows back to the surface after the completion of hydraulic fracturing.
Foaming agent – a material that facilitates formation of foam.
Formation – a body of rock of considerable extent with distinctive characteristics
that allow geologists to map, describe, and name it.
Fracture aperture – the distance between fracture faces.
Fracture height – the vertical extent of a fracture.
Fracture length – the horizontal extent of a fracture.
Fracture propagation – enlargement or extension of a crack in a solid material.
Friction reducer – a material, usually a polymer that reduces the friction of flowing fluid
in a conduit.
Fugitive emissions – emissions of gases or vapors due to leaks and other unintended
or irregular releases.
Gel fracturing fluid – is generally an aqueous fluid containing a gelling agent like guar
or xanthan. It has an enhanced viscosity relative to slickwater fracturing fluids.
Globally Harmonized System of Classification and Labeling of Chemicals (GHS)
– a worldwide initiative to promote standard criteria for classifying chemicals according
to their health, physical and environmental hazards.
Greenhouse gas emissions (GHG) – emissions of gases such as CO2 and methane
that trap heat in the atmosphere.
Horizontal drilling – a well drilled in a manner to reach an angle of 90 degrees relative
to a level plane at its departure point at the surface. In practice, the horizontal section
of most horizontal wells varies by several degrees.
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Hybrid fracturing – hydraulic fracturing that utilizes more than one type of fracturing
fluid for a given stage.
Hydraulic diffusivity coefficient – the ratio of the hydraulic conductivity to the volume
of water that a unit volume of saturated soil or rock releases from storage per unit decline
in hydraulic head. It is a parameter that combines transmission characteristics and the
storage properties of a porous medium.
Hydraulic fracturing – an operation in which a specially blended liquid is pumped down
a well and into a formation under pressure high enough to cause the formation to crack
open, forming passages through which oil can flow into the wellbore.
Hydrostatic pressure – the pore pressure that results from the static weight of pore fluid
above the point of interest.
Induced seismicity – earthquakes caused by human activities.
Intercalated turbiditic sandstones – sandstones deposited from a turbidity current (an
underwater current flowing downslope owing to the weight of sediment it carries)
that are alternately layered between other rock types.
Intermediate casing – the casing set in a well after the surface casing but before
production casing to keep the hole from caving and to seal off formations.
Iron control agent – a chemical that controls the precipitation of iron from solution.
Kelly – the heavy square or hexagonal steel member suspended from the swivel through
the rotary table and connected to the topmost joint of drill pipe to turn the drill stem
as the rotary table turns.
Kerogen – solid, insoluble organic material in shale and other sedimentary rock
that yields oil and/or gas upon heating.
Lithology – the physical characteristics (e.g., mineral content, grain size, texture
and color) of a rock or stratigraphic unit.
Matrix acidizing – use of a mineral acid (typically hydrochloric acid (HCl) or HCl
in combination with hydrofluoric acid (HF)) or an organic acid (typically acetic or formic)
to remove damage or stimulate the permeability of a formation.
Maturation – the chemical transformation of kerogen into petroleum fluids.
Median lethal dose (LD50) – the dose required to kill half the members of a tested
population after a specified test duration.

361

Appendices

Microearthquakes – an earthquake of low intensity with a magnitude of 2 or less on the
Richter scale.
Microscanner log – a geophysical measurement record from a downhole instrument that
consists of four orthogonal imaging pads containing microelectrodes in direct contact with
the borehole wall. It is used for mapping of bedding planes, fractures, faults, foliations,
and other formation structures and dip determination.
Microseismic monitoring – a method of tracking a fracture by listening for the sounds
of shear fracturing in the formation during the hydraulic fracturing process.
Migrated oil – oil that has moved from source rock to reservoir rock.
Miocene – the geologic time ranging from about 23 to 5.3 million years ago.
MODFLOW – the USGS’s three-dimensional (3D) finite-difference groundwater model.
Multi-stage hydraulic fracturing – is where hydraulic fracturing is conducted repeatedly
in isolated segments along the length of the well’s production interval.
Nanoparticles – a microscopic particle of matter that is measured on the nanoscale,
usually less than 100 nanometers.
Normal stress – the internal forces per unit area that are exerted in a material object
and are also perpendicular to the selected area.
Oil window - the temperature and pressure ranges under which the organic matter
in organic-rich sedimentary rocks is transformed into petroleum fluids.
Opening mode fractures – a fracture that opens in response to tensile stress,
i.e., a stress that acts to pull a material object apart.
Organic shales – organic-rich shales.
Overburden – the rock layers lying above a point of interest in the subsurface.
Oxides of nitrogen (NOx) – consist of nitric oxide (NO), nitrogen dioxide (NO2)
and nitrous oxide (N2O).
Ozone precursors – chemical compounds, such as carbon monoxide, methane,
non-methane hydrocarbons, and nitrogen oxides, which in the presence of solar radiation
react with other chemical compounds to form ozone.
Particulate matter (PM) and PM2.5 – a complex mixture of extremely small particles and
liquid droplets. PM2.5 consist of particles less than 2.5 microns in diameter.
362

Appendices

Permeability – The ability of a rock or other material to allow fluid flow through
its interconnected spaces.
pH adjuster – chemical agents to reduce, or to increase, the acidity of a solution.
Phosphatic shales – phosphate-rich shales.
Pipes – vertically-oriented geologic structures commonly circular or subcircular
in planform that may have formed as a result of hydrothermal activity, overpressure,
or dissolution processes.
Play – hydrocarbon reservoirs within the same region that have common sourcing
and trapping mechanisms.
Pore pressure – the normal stress exerted by pore fluids on the porous medium.
Poromechanical effects – phenomena that occur in porous materials whose mechanical
behavior is significantly influenced by the pore fluid.
Portland cement – a general class of hydraulic cements (cements that can harden under
water) usually made by burning a mixture of limestone and clay in a kiln and pulverizing
into a powder.
Precipitate – a solid substance formed from a liquid solution during a chemical process.
Produced water – water, ranging from fresh to salty, produced with the hydrocarbons
as a result of pressure drawdown and flow through the petroleum reservoir.
Production casing – the last string of casing set in a well that straddles and isolates
the producing interval, inside of which is usually suspended a tubing string.
Production liner – similar to casing pipe but does not extend back to the ground surface.
Liners may or may not be cemented.
Propagation of water front – the movement of a constant water saturation level through
a porous medium.
Proppant – well sorted and consistently sized sand or man-made materials that are
injected with the fracturing fluid to hold the fracture faces apart after pressure is released.
Quaternary fault – a fault that formed sometime between the present and about 2.6
million years ago.
Radiogenic material – material produced by radioactive decay.
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Redox conditions – a quantitative description of the environment in question with respect
to be oxidizing or reducing.
Reservoir – a subsurface accumulation of hydrocarbon fluids that resides in rock pores
and fractures.
Scale inhibitor – a chemical that prevents scale from forming in scale mineral saturated
produced waters.
Sedimentary basin – a depression in the Earth’s surface that collects sediment.
Seismic hazard – a phenomenon such as ground shaking, fault rupture, or soil
liquefaction that is generated by an earthquake.
Seismic moment – a measure of the size of an earthquake based on the area of fault
rupture, the average amount of slip, and the force that was required to overcome
the friction sticking the rocks together that were offset by faulting.
Seismometer – an instrument for measuring the direction, intensity, and duration
of earthquakes by measuring the actual movement of the ground.
Seismometer array – numerous seismometers placed at discrete points in a well-defined
configuration.
Semi-volatile organic compounds (SVOC) – organic compound which has a boiling
point higher than water and which may vaporize when exposed to temperatures above
room temperature.
Shale – sedimentary rock derived from mud and commonly finely laminated (bedded).
Particles in shale are commonly clay minerals mixed with tiny grains of quartz eroded
from pre-existing rocks.
Shear failure – brittle or ductile damage that results from shear stress of sufficient
magnitude.
Shear stress – the internal forces per unit area that are exerted in a material object
and are also tangential to the selected area.
Siliceous – a rock rich in a silica phase, such as opal, cristobalite, or quartz.
Siliceous shales – silica-rich shales.
Slickwater fracturing fluid - a water base fracturing fluid with only a very small amount
of a polymer added to give friction reduction benefit.
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Solvent - a substance that will dissolve a solid. In the oil field, oil based solvents may
range from xylene for asphaltenes and sludges, to kerosene and diesel/xylene mixtures
for paraffins.
Source rock – a rock rich in organic matter from the original sediment deposition that can
generate petroleum fluids under certain temperature and pressure conditions.
Specific conductance - the measure of a material to conduct an electric current.
Stable isotopes – two or more forms of a chemical element having different numbers
of neutrons that do not have any measurable radioactive decay.
Static fractures – fractures that are not changing over time.
Steam cycling – a form of steam injection in which injection and production take place in
the same well, which is accomplished by alternating steam injection with oil production.
Steam injection – a thermally-enhanced oil recovery method in which steam is forced into
the reservoir by applying pressure; the thermal energy of the steam heats the reservoir
which reduces the viscosity of heavy oil that are usually the target of thermal oil recovery
methods.
Storage coefficient – the volume of water released from storage per unit surface area
of a confined aquifer per unit decline in hydraulic head.
Stratigraphic trap – a trap formed as a result of variations in porosity and permeability
of the stratigraphic sequence.
Stratigraphic zone – a body of strata that is distinguished on the basis of lithology,
fossil content, age, or other rock property.
Stress – the internal forces per unit area that are exerted in a material object.
Strike – is a geometrical characteristic of a planar geologic surface and is defined
by the line of intersection between the geologic surface and a horizontal plane.
Structural features – geologic features that result from tectonic, diapiric, gravitational
and compactional processes.
Structural trap – a trap formed as a result of faulting or folding of the rock.
Supercritical CO2 – a fluid state of carbon dioxide which displays characteristics of both
liquid and gas that occurs at conditions above its critical temperature and critical pressure.
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Surface casing – the casing following the conductor casing in a well that protects fresh
water aquifers from contact with fluids moving through the well. It is always cemented
across the water zone and the cement usually extends to the surface.
Surfactant – a chemical that is attracted to the surface of a fluid and modifies the properties
such as surface tension.
Tectonic features – features that are a result of forces or conditions within the earth
that cause movements of the crust.
Tectonic stress – stress that results from forces or conditions within the earth that cause
movements of the crust.
Televiewer log – a record of the amplitude of high-frequency acoustic pulses reflected by
the borehole wall; provides location and orientation of bedding, fractures, and cavities.
Thermogenic methane – methane created by the thermal decomposition of buried
organic material.
Tiltmeter – an instrument used to measure slight changes in the inclination of the earth’s
surface resulting from subsidence or uplift, usually in connection with volcanology
and earthquake seismology.
Total dissolved solids (TDS) – total amount of all inorganic and organic substances –
including minerals, salts, metals, cations or anions – that are dissolved within a volume
of water.
Total Organic Carbon (TOC) – total mass of organic carbon from a measured sample.
Total Suspended Solids (TSS) - total mass retained on a filter per unit volume of water,
typically a 0.4 to 0.7 micron filter.
Toxicity – the degree to which a substance can harm humans or other living organisms.
Trace metals – metals that do not affect chemical or physical properties of the system
as a whole to any significant extent, and have ideal solution behavior characteristic
of very high dilution.
Trap – a configuration of geologic layers and/or structures that has a very low permeability
and is suitable for blocking the upward movement of buoyant hydrocarbons.
Turbidity – the measure of relative clarity of a liquid. It is an optical characteristic of
water and is an expression of the amount of light that is scattered by material in the water
when a light is shined through the water sample.
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Unconventional reservoir – oil and gas resources whose porosity, permeability,
fluid trapping mechanism, or other characteristics differ from conventional sandstone
and carbonate reservoirs, such as shale gas, shale oil, heavy and viscous oil, gas hydrates,
tight gas, and coal bed methane resources.
Updip – located up the dip of a sloping planar surface.
Viscosity – a measurement of a fluid’s internal resistance to flow, expressed as the ratio
of shear stress to shear rate.
Vitrinite – a type of woody kerogen that is used to measure source rock maturity.
Vitrinite reflectance – a measure of source rock maturity based on the reflectance
of vitrinite, measured as % Ro. The onset of oil generation typically occurs at around
Ro = 0.6%, with gas formation occurring when Ro = 1.2 %.
Volatile organic compounds (VOC) –organic chemicals whose composition makes
it possible for them to evaporate under normal indoor atmospheric conditions of
temperature and pressure.
Water flooding – purposely injecting water below and/or into the reservoir to drive
the oil towards the producing wellbore.
Well completion – the activities and methods of preparing a well for the production of oil
and gas or for other purposes, such as injection; the method by which one or more flow
paths for hydrocarbons are established between the reservoir and the surface.
Well stimulation technology – refers to well stimulation methods of hydraulic fracturing,
acid fracturing, and matrix acidizing.
Zonal isolation – the exclusion of fluids such as water or gas in one zone from mixing
with fluids in another zone along pathways outside of a well casing, accomplished through
cement that seals the rock to the casing.

367

Appendices

Appendix E
Bibliography of
Submitted Literature
Input was solicited by the CCST steering committee from external groups to identify
documents that should be considered during the development of the report. 163 references
were submitted; most of the input received was from the Natural Resourced Defense
Council (NRDC) and the Center for Biological Diversity (CBD). A few additional on-line
submissions were also received.
Protocol for referencing literature in the report
This report primarily relies on literature subject to systematic peer review and government
data. However, a primary problem in conducting an assessment of well stimulation
technology (WST) in California (and elsewhere) is a lack of credible data. Consequently,
other literature - so-called “grey literature” - may be included if it meets certain criteria
(categories 2-5 below), and adds important information to the assessment. When the
report requires the use of grey literature as a primary source, the text also notes that the
reference is not peer-reviewed literature. Literature deemed to be advocacy, policy or
opinion-based material is not included in the assessment. When citing or using literature
and data, authors will note any material caveats on the quality of the information.
Categories of literature that can be used as references in the WST report:
1. Published, peer-reviewed scientific papers.
2. Government data and reports.
3. Academic studies that are reviewed through a university process, textbooks,
and papers from technical conferences.
4. Studies generated by non-government organizations that are based on data,
and draw traceable conclusions clearly supported by the data.
5. Voluntary reporting from industry. This data is cited with the caveat that,
as voluntary, there is no quality control on the accuracy or completeness
of the data.
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Submitted, admissible literature
The submitted references tabulated here were reviewed by the report team members
and were determined to fall into one of the five usable categories of literature. While the
literature below was reviewed by the authors it was not necessarily cited within the text
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list below.
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Appendix F
Water Chemistry Data Tables
Table AF-1. Typical Hydraulic Fracturing Fluid Components for Michigan (Wilson and Schwank, 2013).
Component

Concentration

Reason

Common Uses

Fresh Water

80.5%

Solvent or carrier

Drinking

Sand or ceramic

10-20%

Proppant – keeps fractures open to
permit oil/gas flow

Playground sand, drinking water
filtration

Acids (usually HCl)

0.12%

Helps dissolve minerals, initiate
fractures in rock

Swimming pool cleaner

Petroleum Distillates

0.088%

Dissolves polymers, reduces friction

Mineral Oil – laxative, makeup
remover, candy

Isopropanol

0.081%

Viscosity increaser

Antiperspirant, glass cleaner, first
aid antiseptic

Potassium chloride

0.06%

Creates brine carrier fluid

Low-sodium table salt substitute

Guar gum

0.056%

Water thickener for sand suspension

Thickener used in cosmetics, baked
goods, ice cream…

Ethylene Glycol

0.043%

Prevents scale deposits in pipe(s)

Automotive antifreeze, household
cleansers, deicer, caulk.

Sodium or Potassium
Carbonate

0.011%

Improves the effectiveness of other
components such as cross-linkers

Washing detergents, soaps, water
softeners, glass, ceramics

Sodium chloride

0.01%

Stabilizes gel polymer chains

Table salt

Polyacrylamide

0.009%

Minimizes friction between fluid
and pipe

Water treatment, soil conditioner

Ammonium bisulfite

0.008%

Oxygen remover to prevent pipe
corrosion

Cosmetics, food and beverage
processing, water treatment

Borate salts

0.007%

Maintains fluid viscosity as T
increases

Laundry detergents, hand soaps,
cosmetics

Citric acid

0.004%

Prevents precipitation of metal
oxides

Food additive, foods and beverages, lemon juice

N,N-dimethyl formamide

0.002%

Prevents pipe corrosion

Pharmaceuticals, acrylic fibers,
plastics

Glutaraldehyde

0.001%

Eliminates bacteria from produced
water

Disinfectant, sterilizer for medical
or dental equipment

NOTE: Not all components may be used in every well
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382
90
90
83
81

100-97-0
68953-58-2
64742-94-5
108-24-7

Methenamine
Quaternary ammonium compounds, bis(hydrogenated
tallow alkyl)dimethyl, salts with bentonite
S olvent naphtha, petroleum, heavy arom.
Acetic anhydride

91

364
245
223
201
197
160
157
149
148
114
114
113
109
109
105
103
99
94

368

111-30-8

1303-96-4
584-08-7
7647-14-5
1310-58-3
9003-35-4
56-81-5
64-19-7
7631-86-9
67-63-0
78330-21-9
91-20-3
7447-40-7
14807-96-6
55566-30-8
25038-72-6
78330-19-5
68951-67-7
7699-43-6

67-56-1

1147
1068
1052
1022
1015
1015
1015
1015
1014
1000
992
973
962
962
939
680
676

1182

1384
1334
1209

C ount of
occurrence in
hydra ulic
fra cturing fluid

G lutaraldehyde

B orax
Carbonic acid, dipotassium salt
S odium chloride
Potassium hydroxide
Phenol, polymer with formaldehyde
G lycerin, natural
Acetic acid
S ilica
Isopropanol
Alcohols, C11-14-iso-, C13-rich, ethoxylated
Naphthalene
Potassium chloride
Talc
Tetrakis(hydroxymethyl)phosphonium sulfate
Vinylidene chloride/methylacrylate copolymer
Alcohols, C7-9-iso-, C8-rich, ethoxylated
E thoxylated C14-15 alcohols
Zirconium oxychloride

Methanol

1310-73-2
91053-39-3
107-21-1
14464-46-1
10377-60-3
26172-55-4
2682-20-4
7786-30-3
9043-30-5
64742-47-8
9025-56-3
64742-55-8
15821-83-7
5131-66-8
138879-94-4
13598-36-2
1330-43-4

7727-54-0

Diammonium peroxodisulphate

S odium hydroxide
Diatomaceous earth, calcined
E thylene glycol
Cristobalite
Magnesium nitrate
5-Chloro-2-methyl-3(2H)-isothiazolone
2-Methyl-3(2H)-isothiazolone
Magnesium chloride
Isotridecanol, ethoxylated
Distillates, petroleum, hydrotreated light
Hemicellulase enzyme concentrate
Distillates, petroleum, hydrotreated light paraffinic
2-butoxypropan-1-ol
1-butoxypropan-2-ol
1,2-E thanediaminium
Phosphonic acid
B oron sodium oxide

14808-60-7
9000-30-0
7732-18-5

C AS
number

Quartz (S iO2)
G uar gum
Water

C hemica l / ingredient na me

6.0
5.8

6.5

6.5

6.6

26.3
17.7
16.1
14.5
14.2
11.5
11.3
10.8
10.7
8.2
8.2
8.2
7.9
7.9
7.6
7.4
7.1
6.8

26.6

82.8
77.1
75.9
73.7
73.2
73.2
73.2
73.2
73.2
72.2
71.6
70.2
69.4
69.4
67.7
49.1
48.8

85.3

99.9
96.2
87.2

86
82

4

92

80

364
252
92
179
199
108
101
139
150
109
76
111
109
109
105
103
99
94

485

966
943
680
677

1148
1702
1049
1022
1015
1015
1015
1015
959
1003
658

1205

4032
1339
2047

0.010
0.015

0.015

0.118

0.008

0.033
0.191
0.005
0.015
0.529
0.037
0.008
0.174
0.072
0.003
0.001
0.003
0.000
0.003
0.004
0.056
0.018
0.017

0.068

0.010
0.014
0.029
0.009
0.000
0.000
0.000
0.000
0.016
0.097
0.002
0.098
0.000
0.016
0.057
0.000
0.030

0.012

23.988
0.198
73.879

8.9
100.0

0.1

0.6

35.3

25.3
59.2
6.3
0.6
3.1
0.2
49.8
1.7
18.3
0.0
0.8
100.0
0.0
0.0
0.0
0.2
18.9
0.1

52.5

5.3
60.0
1.0
27.6

10.8
75.2
28.1
1.1
9.8
9.8
4.9
4.9
5.0
30.2
3.0
30.4

88.0

34.1
55.0
94.2

% Occurrence
C ount of
Avera ge conc. in
Avera ge
in fra cturing occurrence a s fra cturing fluid (% a dditive conc.
fluid
a dditive
ma s s )
(% ma s s )

CAS numbers based on data from FracFocus, part 1of 3 (see text for details).

Table AF-2. Predominant chemicals in hydraulic fracturing fluids in California (>2% occurrence) with associated

7050
1780

>8000

Not F ound

134-1470

5660
1870
3000
273 - 1230
>5000
5570-12600
3310-3530
>20000
4710-5840
Not F ound
490-2600
2600
Not F ound
248-333
Not F ound
Not F ound
Not F ound
2950-3500

5628 - 6970

140-340
Not F ound
4700
Not F ound
5440
481
Not F ound
2800
Not F ound
>15000
Not F ound
>5000
Not F ound
5.66mL/kg~4920mg/kg
Not F ound
1500-1895
2660

495-820

500
6770
>90000

Ora l toxicity (L D 5 0 ),
ra t (mg/kg)

Not F ound
Not F ound

Not F ound

569-1853

100

2000
2570
4000
Not F ound
Not F ound
4100
4960
Not F ound
3600-4475
Not F ound
350 - 710
383
Not F ound
Not F ound
Not F ound
Not F ound
Not F ound
1227

7300

Not F ound
Not F ound
7500
Not F ound
Not F ound
Not F ound
Not F ound
4700
Not F ound
Not F ound
Not F ound
Not F ound
Not F ound
Not F ound
Not F ound
1700-2172
Not F ound

Not F ound

Not F ound
8100
Not F ound

Ora l toxicity
(L D 5 0 ), mous e
(mg/kg)

Not F ound
Not F ound

Not F ound

Not F ound
Not F ound
Not F ound
Not F ound
Not F ound
27000
1200
Not F ound
5030-7990
Not F ound
Not F ound
Not F ound
Not F ound
Not F ound
Not F ound
Not F ound
Not F ound
Not F ound
1.59 ml/kg (50%
aqueous solution)
~ 843 mg/kg
Not F ound

14400

Not F ound
Not F ound
Not F ound
Not F ound
Not F ound
Not F ound
Not F ound
Not F ound
Not F ound
Not F ound
Not F ound
Not F ound
Not F ound
Not F ound
Not F ound
Not F ound
Not F ound

Not F ound

Not F ound
7000
Not F ound

Ora l toxicity
(L D 5 0 ), ra bbit
(mg/kg)
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30846-35-6

F ormaldehyde, polymer with 4-nonylphenol and oxirane
44
44
44
43
42
41
41
41
39
39
38
38
37
33
33
32
31
31

68989-00-4
78330-20-8
9012-54-8
7757-82-6
64742-48-9
37288-54-3
69-53-4
9004-34-6
64-17-5
7722-84-1
1120-24-7
2605-79-0
12125-02-9
64742-95-6
7647-01-0
144-55-8
24938-91-8
95-63-6

44

62
59
56
53
47
47
47
44

Quaternary ammonium compounds, benzyl-C1016alkyldimethyl, chlorides
Alcohols, C9-11-iso-, C10-rich, ethoxylated
Cellulase
S odium sulfate
Naphtha, petroleum, hydrotreated heavy
Mannanase, endo-1,4-betaAmpicillin
Cellulose, microcrystalline
E thanol
Hydrogen peroxide
Decyldimethylamine
N,N-Dimethyldecylamine oxide
Ammonium chloride
S olvent naphtha, petroleum, light arom.
Hydrogen chloride
S odium bicarbonate
Poly(oxy-1,2-ethanediyl), alpha-tridecyl-omega-hydroxy
1,2,4-Trimethylbenzene

66

69
68

9003-11-6
10043-52-4

111-76-2
77-89-4
77-92-9
1332-77-0
73049-73-7
08013-01-2
9002-84-0
25322-68-3

69

68123-18-2

129898-01-7

81
79
79
78
77
77
74
70
70
70
70
69
69
69
69
69
69
69
69

C ount of
occurrence in
hydra ulic
fra cturing fluid

31726-34-8
107-22-2
50-70-4
26038-87-9
10222-01-2
1113-55-9
102-71-6
10043-35-3
111-46-6
121-43-7
7775-27-1
104-76-7
112-80-1
127-08-2
143-18-0
57-55-6
577-11-7
61789-77-3
66455-15-0

C AS
number

Poly(oxy-1,2-ethanediyl), alpha-hexyl-omega-hydroxy
G lyoxal
D-G lucitol
Monoethanolamine borate (1:x)
2,2-Dibromo-3-nitrilopropionamide
2-B romo-3-nitrilopropionamide
Triethanolamine
B oric acid
Diethylene glycol
Trimethyl borate
S odium persulfate
2-ethylhexan-1-ol
Oleic acid
Potassium acetate
Potassium cis-9-octadecenoic acid
Propylene glycol
B is(2-ethylhexyl) sodium sulfosuccinate
Dicoco dimethyl ammonium chloride
Alcohols, C10-14, ethoxylated
Phenol, 4,4'-(1-methylethylidene)bis-, polymer with 2(chloromethyl)oxirane, 2-methyloxirane and oxirane
Poloxalene
Calcium chloride anhydrous
2-Propenoic acid, polymer with sodium phosphinate
(1:1), sodium salt
2-B utoxyethanol
Acetyltriethyl citrate
Citric acid
B oric acid, dipotassium salt
Tryptones
E xtract of yeast
Teflon
Polyethylene glycol

C hemica l / ingredient na me

Table AF-2. Continued, part 2 of 3.

3.2
3.2
3.1
3.0
3.0
3.0
3.0
2.8
2.8
2.7
2.7
2.7
2.4
2.4
2.3
2.2
2.2

3.2

3.2

4.5
4.3
4.0
3.8
3.4
3.4
3.4
3.2

4.8

5.0
4.9

5.0

5.8
5.7
5.7
5.6
5.6
5.6
5.3
5.1
5.1
5.1
5.1
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0

% Occurrence
in fra cturing
fluid

33

41
39
38
38
30
33
46

42

44
58

44

44

58
53
6
6
47
44

32

66

69
66

69

81
80
80
78
77
77
74
71
68
70
70
69
69
68
69
69
69
69
69

0.001

0.006
0.008
0.001
0.304
0.001
0.001
0.001
0.031
0.000
0.000
0.020
0.061
0.012
0.799
0.065

0.003

0.005

0.028
0.024
0.022
0.099
0.002
0.002
0.000
0.001

0.011

0.002
0.001

0.007

0.017
0.065
0.022
0.041
0.004
0.000
0.042
0.016
0.000
0.015
0.005
0.000
0.000
0.000
0.000
0.000
0.001
0.001
0.002

2.8

27.7
0.3
0.0
0.1
50.3
16.8
22.5

60.0

0.0
21.2

0.0

0.0

60.9
0.4
5.0
5.0
0.0
0.0

40.9

0.1

0.0
0.0

0.0

0.1
30.0
10.0
60.0
100.0
5.0
0.2
30.0
0.1
30.0
100.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

C ount of
A vera ge conc. in
A vera ge
occurrence a s fra cturing fluid (% a dditive conc.
a dditive
ma s s )
(% ma s s )

Not F ound
Not F ound
5989
>15000
Not F ound
10000
>5000
7060-10600
376-1617
Not F ound
Not F ound
1650
3500-14000
238-277
4220
Not F ound
3280-6000

400-900

Not F ound

470-3000
7000
3000- 6730
Not F ound
Not F ound
Not F ound
Not F ound
600-51310

Not F ound

5700
1000-4179

Not F ound

Not F ound
200-7070
15900
Not F ound
178-235
Not F ound
4200-11300
2660-4000
12565-16600
6140
Not F ound
2049-3730
25000-74000
3250
>5000
20000-37000
1900-4620
960
Not F ound

Ora l toxicity (L D 5 0 ),
ra t (mg/kg)

Not F ound
Not F ound
193-6346
Not F ound
Not F ound
15200
Not F ound
3450
2000
Not F ound
Not F ound
1300
Not F ound
Not F ound
3360
Not F ound
Not F ound

Not F ound

Not F ound

1200-1519
1150
5040
Not F ound
Not F ound
Not F ound
Not F ound
28915-36000

Not F ound

3000-45000
1940-2045

Not F ound

Not F ound
400-1280
17800
Not F ound
Not F ound
Not F ound
5400-7800
3450
13300-26500
1290
Not F ound
2500
28000
Not F ound
>5000
22000-31800
2640
Not F ound
Not F ound

Ora l toxicity
(L D 5 0 ), mous e
(mg/kg)

Not F ound
Not F ound
Not F ound
Not F ound
Not F ound
Not F ound
Not F ound
63000
820
Not F ound
Not F ound
Not F ound
Not F ound
900
Not F ound
Not F ound
Not F ound

Not F ound

Not F ound

320
Not F ound
7000
Not F ound
Not F ound
Not F ound
Not F ound
14000-76000

Not F ound

Not F ound
100-1000

Not F ound

Not F ound
>3175
Not F ound
Not F ound
118
Not F ound
2200
Not F ound
26900
Not F ound
Not F ound
1180-1470
Not F ound
Not F ound
Not F ound
18000-19000
Not F ound
Not F ound
Not F ound

Ora l toxicity
(L D 5 0 ), ra bbit
(mg/kg)
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Oral Toxicity: LD 50 (mgchemical/kganimal)
Category 1: x<5
Category 2: 5<x<50
Category 3: 50<x<300
Category 4: 300<x<2000
Category 5: 2000<x<5000
Category >5: x>5000

68527-49-1

107-19-7

Propargyl alcohol

Thiourea, polymer with formaldehyde and 1phenylethanone

C AS
number

C hemica l / ingredient na me

Table AF-2. Continued, part 3 of 3.

29

29
2.1

2.1

C ount of
% Occurrence
occurrence in
in fra cturing
hydra ulic
fluid
fra cturing fluid

20

31

C ount of
occurrence a s
a dditive

0.003

0.001

Avera ge conc. in
fra cturing fluid
(% ma s s )

19.5

7.7

Avera ge
a dditive conc.
(% ma s s )

Not F ound

20 -110

Ora l toxicity (L D 5 0 ),
ra t (mg/kg)

Not F ound

50

Ora l toxicity
(L D 5 0 ), mous e
(mg/kg)

Not F ound

Not F ound

Ora l toxicity
(L D 5 0 ), ra bbit
(mg/kg)
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Table AF-3. Constituents without CAS numbers reported in hydraulic fracturing fluids in California (>2% occurrence) based on data from FracFocus (see text for details).

C hemica l / ingredient na me
Amino Alkyl Phosphonic Acid
Contains non-hazardous ingredents which are
listed in in the non-MS DS section of the report
No Hazardous Ingredients
Water (Including Mix Water S upplied by Client)
Petroleum Distillate B lend
Hemicellulase E nzyme
N.A.
Mixture of S urfactants
E DTA/Copper chelate
Carbohydrates
Non-hazardous Ingredients
Cured Acrylic R esin
Alkanes / Alkenes
Proprietary
S ulfonate
E thoxylated nonylphenol
Non-Hazardous Ingredient

C ount of
occurrence in
hydra ulic
fra cturing fluid

% Occurrence
C ount of
in fra cturing occurrence
fluid
a s a dditive

Avera ge conc.
in fra cturing
fluid (% ma s s )

Avera ge a dditive
conc. (% ma s s )

679

49.0

679

0.006

30.0

253

18.3

182

0.068

100.0

135
131
127
111
89
80
62
44
41
38
33
33
29
28
28

9.7
9.5
9.2
8.0
6.4
5.8
4.5
3.2
3.0
2.7
2.4
2.4
2.1
2.0
2.0

136
n/a
127
111
89
80
62
58
41
n/a
33
33
29
38
31

0.048
74.680
0.549
0.010
0.069
0.081
0.008
0.035
0.067
0.001
0.291
0.030
0.007
0.104
0.040

100.0
n/a
70.0
100.0
100.0
60.0
30.0
97.1
100.0
n/a
45.0
61.2
9.8
35.8
100.0
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Table AF-4. Chemicals listed on matrix acidizing notices in California, part 1 of 2 (see text for details).

C hemica l / ingredient na me
2-E thyl hexanol
E thylene glycol
2-butoxyethanol
Dodecylbenzene sulfonic acid
Methanol
Isopropanol
Hydrochloric Acid
Water
Poly(oxy-1,2-ethanediyl), alpha-hexyl-omegahydroxy(C2H4O)n(C6H14O) or Polyethylene
glycol monohexyl ether
Acetic acid
B enzaldehyde
Cinnamaldehyde
Diethylene glycol
Ammonium bifluoride
Hydroxylamine hydrochloride
Amine oxides, cocoalkyldimethyl
F ormic Acid
E thoxylated hexanol
Alcohols, C12-16, ethoxylated
Copper dichloride
E thylene oxide
S ilica, amorphous - fumed
S odium iodide
Citric Acid
Poly(oxy-1,2-ethandiyl), a-(nonylphenyl)-whydroxyMagnesium nitrate
Prop-2-yn-1-ol
Oleic acid
Dodecylbenzene (impurity)
Linear/branched alcohol ethoxylate (11eo)
Acetic acid, potassium salt
S odium hydroxide
Disodium ethylene diamine tetra acetate
(impurity)
Potassium oleate
Cristobalite
Crystalline silica
Trisodium ethylenediaminetetraacetate
(impurity)
Poly(oxy-1,2-ethanediyl)
5-chloro-2-methyl-2h-isothiazolol-3-one
2-methyl-2h-isothiazol-3-one
S odium glycolate (impurity)
E thoxylated propoxylated 4-nonylphenolformaldehyde resin
Alcohol, C11 linear, ethoxylated
Trisodium nitrilotriacetate (impurity)
G lycerol
Propylene glycol
Dioctyl sulfosuccinate sodium salt

C AS
number

# of wells

% of
wells

Ora l toxicity (L D 5 0 ), ra t
(mg/kg)

Ora l toxicity (L D 5 0 ),
mous e (mg/kg)

Ora l toxicity (L D 5 0 ),
ra bbit (mg/kg)

104-76-7
107-21-1
111-76-2
27176-87-0
67-56-1
67-63-0
7647-01-0
7732-18-5

36
36
36
36
36
36
36
36

100%
100%
100%
100%
100%
100%
100%
100%

2049-3730
4700
470-3000
500-2000
5628 - 6970
4710-5840
238-277
>90000

2500
7500
1200-1519
Not F ound
7300
3600-4475
Not F ound
Not F ound

1180-1470
Not F ound
320
Not F ound
14400
5030-7990
900
Not F ound

31726-34-8

36

100%

Not F ound

Not F ound

Not F ound

64-19-7
100-52-7
104-55-2
111-46-6
1341-49-7
5470-11-1
61788-90-7
64-18-6
68439-45-2
68551-12-2
7447-39-4
75-21-8
7631-86-9
7681-82-5
77-92-9

29
19
19
19
19
19
19
19
19
19
19
19
19
19
19

81%
53%
53%
53%
53%
53%
53%
53%
53%
53%
53%
53%
53%
53%
53%

3310-3530
800-1600
2220-3400
12565-16600
130
141
Not F ound
1100
Not F ound
Not F ound
140-584
72-330
>20000
4340
3000- 6730

4960
28-1600
200-3400
13300-26500
Not F ound
408
Not F ound
700
Not F ound
Not F ound
190-233
280-365
Not F ound
1000
5040

1200
Not F ound
Not F ound
26900
Not F ound
Not F ound
Not F ound
Not F ound
Not F ound
Not F ound
Not F ound
Not F ound
Not F ound
Not F ound
7000

9016-45-9

19

53%

1310-16000

>50000

Not F ound

10377-60-3
107-19-7
112-80-1
123-01-3
127036-24-2
127-08-2
1310-73-2

17
17
17
17
17
17
17

47%
47%
47%
47%
47%
47%
47%

5440
20 -110
25000-74000
>5000
Not F ound
3250
140-340

Not F ound
50
28000
Not F ound
Not F ound
Not F ound
Not F ound

Not F ound
Not F ound
Not F ound
Not F ound
Not F ound
Not F ound
Not F ound

139-33-3

17

47%

2000-3700

400-2050

2300

143-18-0
14464-46-1
14808-60-7

17
17
17

47%
47%
47%

>5000
Not F ound
500

>5000
Not F ound
Not F ound

Not F ound
Not F ound
Not F ound

150-38-9

17

47%

2150

2150

Not F ound

25322-68-3
26172-55-4
2682-20-4
2836-32-0

17
17
17
17

47%
47%
47%
47%

600-51310
481
Not F ound
7110

28915-36000
Not F ound
Not F ound
6700

14000-76000
Not F ound
Not F ound
Not F ound

30846-35-6

17

47%

Not F ound

Not F ound

Not F ound

34398-01-1
5064-31-3
56-81-5
57-55-6
577-11-7

17
17
17
17
17

47%
47%
47%
47%
47%

Not F ound
1100-3500
5570-12600
20000-37000
1900-4620

Not F ound
681-3160
4100
22000-31800
2640

Not F ound
>3500
27000
18000-19000
Not F ound

Dicoco dimethyl quaternary ammonium chloride

61789-77-3

17

47%

960

Not F ound

Not F ound

F atty acids, tall-oil
S odium erythorbate
Tetrasodium ethylenediaminetetraacetate
Heavy aromatic naphtha
Alkenes, C>10 aAlkyl (C10-C14) alcohols, ethoxylated
Crosslinked PO/E O-block polymer
Coco-amido-propylamine oxide
Alcohol, C9-C11, E thoxylated
Thiourea, polymer with formaldehyde and 1phenylethanone
Alcohols, C14-15, ethoxylated (7E O)

61790-12-3
6381-77-7
64-02-8
64742-94-5
64743-02-8
66455-15-0
68123-18-2
68155-09-9
68439-46-3

17
17
17
17
17
17
17
17
17

47%
47%
47%
47%
47%
47%
47%
47%
47%

3200-74000
>5000
1658-4500
7050
Not F ound
Not F ound
Not F ound
Not F ound
1378

4600
Not F ound
20.5-30
Not F ound
Not F ound
Not F ound
Not F ound
Not F ound
Not F ound

Not F ound
Not F ound
Not F ound
Not F ound
Not F ound
Not F ound
Not F ound
Not F ound
Not F ound

68527-49-1

17

47%

Not F ound

Not F ound

Not F ound

68951-67-7

17

47%

Not F ound

Not F ound

Not F ound
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Table AF-4. Continued, part 2 of 2 (see text for details).

C hemica l / ingredient na me
Quaternary ammonium compounds chlorides
derivatives
Hydrofluoric acid
S ulfuric acid (impurity)
Magnesium chloride
Alcohol, C7-9-iso, C8, ethoxylated
Alcohol, C9-11-iso, C10, ethoxylated
Alcohol, C11-14, ethoxylated
Methyl oxirane polymer with oxirane
Diatomaceous earth, calcined
Naphthalene (impurity)
Ammonium chloride

C AS
number

# of wells

% of
wells

Ora l toxicity (L D 5 0 ), ra t
(mg/kg)

Ora l toxicity (L D 5 0 ),
mous e (mg/kg)

Ora l toxicity (L D 5 0 ),
ra bbit (mg/kg)

68989-00-4

17

47%

400-900

Not F ound

Not F ound

7664-39-3
7664-93-9
7786-30-3
78330-19-5
78330-20-8
78330-21-9
9003-11-6
91053-39-3
91-20-3
12125-02-9

17
17
17
17
17
17
17
17
17
1

47%
47%
47%
47%
47%
47%
47%
47%
47%
3%

Not F ound
2140
2800
Not F ound
Not F ound
Not F ound
2300-5700
Not F ound
490-2600
1650

Not F ound
Not F ound
4700
Not F ound
Not F ound
Not F ound
1830-45000
Not F ound
350 - 710
1300

Not F ound
Not F ound
Not F ound
Not F ound
Not F ound
Not F ound
35000
Not F ound
Not F ound
Not F ound

Oral Toxicity: LD 50 (mgchemical/kganimal)
Category 1: x<5
Category 2: 5<x<50
Category 3: 50<x<300
Category 4: 300<x<2000
Category 5: 2000<x<5000
Category >5: x>5000
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Appendix G
Mammalian Toxicity
Acute mammalian toxicity is a measurement commonly made for many industrial
chemicals that allows comparison of toxicity between chemicals (United Nations 2003).
In an acute oral toxicity test, characteristics of chemicals are described in terms of the
median lethal dose (LD50 value) after ingestion by mice, rats, or other animals. The
LD50 value is the amount of a chemical required to kill half of the members of a tested
population after a specified test duration. Toxicologists use the toxic effects observed
in mice and rats as a surrogate for toxicological impacts on humans. In some cases
oral toxicity in rabbits may be reported. Furthermore, rodent toxicity tests are highly
standardized, affording a comparison between chemicals.
Values for the acute oral toxicity of hydraulic fracturing compounds, with reported CAS
numbers and that occur in more than 2% of operations, are reported in Table AF-2.
Acute oral toxicity values for matrix acidizing compounds are reported in Table AF-4.
Acute oral toxicity information for rat, mouse, and rabbit was compiled from a number
of data sources (National Library of Medicine, 2013 and 2014; European Chemicals
Agency, 2000; Lewis and Sax, 1996; US EPA, 2013). In order to simplify interpretation
of the results and allow comparison between compounds, the oral toxicity data were
classified according to the Globally Harmonized System of Classification and Labeling
of Chemicals (GHS), which has five levels or categories of toxicity (United Nations, 2003).
In the GHS system, Category 1 chemicals have lowest LD50 doses and so are the most
toxic, and Category 5 compounds have the highest LD50 doses and so are the least toxic
(see footnote to Table 5-3 for toxicity ranges for GHS categories). For example (Table
5-3), 2,2-dibromo-3-nitrilopropionamide (DBNPA, CAS 10222-01-2) is a biocide with
a reported rat oral LD50 of between 178 and 235 mg/kg, which places it in GHS Category
3. In contrast, ethylene glycol (CAS 107-21-1) is a solvent, commonly used in anti-freeze,
that has a reported rat oral LD50 of 4,700 mg/kg, which places it in GHS Category 5.
By most interpretations, in relation to potential oral toxicity, DBNPA would be of greater
potential concern than ethylene glycol, however the actual hazards associated with the
various chemicals depend on many other factors as well as acute oral toxicity.
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Appendix H
California Council on Science
and Technology Study Process
The reports of the California Council on Science and Technology (CCST) are viewed
as being valuable and credible because of the institution’s reputation for providing
independent, objective, and nonpartisan advice with high standards of scientiﬁc and
technical quality. Checks and balances are applied at every step in the study process to
protect the integrity of the reports and to maintain public conﬁdence in them.
Study Process Overview—Ensuring Independent, Objective Advice
For over 25 years, CCST has been advising California on issues of science and technology
by leveraging exceptional talent and expertise.
CCST can enlist the state’s foremost scientists, engineers, health professionals, and other
experts to address the scientiﬁc and technical aspects of society’s most pressing problems.
All serve without pay.
CCST studies are funded by state agencies, foundations and other private sponsors.
CCST provides independent advice; external sponsors have no control over the conduct
of a study once the statement of task and budget are ﬁnalized. Study committees gather
information from many sources in public and private meetings but they carry out their
deliberations in private in order to avoid political, special interest, and sponsor inﬂuence.
Stage 1: Deﬁning the Study
Before the committee selection process begins, CCST staff and members work with
sponsors to determine the speciﬁc set of questions to be addressed by the study in a formal
“statement of task,” as well as the duration and cost of the study. The statement of task
deﬁnes and bounds the scope of the study, and it serves as the basis for determining the
expertise and the balance of perspectives needed on the committee.
The statement of task, work plan, and budget must be approved by CCST’s Board chair.
This review often results in changes to the proposed task and work plan. On occasion,
it results in turning down studies that CCST believes are inappropriately framed or not
within its purview.
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Stage 2: Committee Selection and Approval
Selection of appropriate committee members, individually and collectively, is essential
for the success of a study. All committee members serve as individual experts, not as
representatives of organizations or interest groups. Each member is expected to contribute
to the project on the basis of his or her own expertise and good judgment. A committee is
not ﬁnally approved until a thorough balance and conﬂict-of-interest discussion is held,
and any issues raised in that discussion are investigated and addressed. Members of a
committee are anonymous until this process is completed.
Careful steps are taken to convene committees that meet the following criteria:
An appropriate range of expertise for the task. The committee must include experts with
the speciﬁc expertise and experience needed to address the study’s statement of task. A
major strength of CCST is the ability to bring together recognized experts from diverse
disciplines and backgrounds who might not otherwise collaborate. These diverse groups
are encouraged to conceive new ways of thinking about a problem.
A balance of perspectives. Having the right expertise is not sufﬁcient for success. It is
also essential to evaluate the overall composition of the committee in terms of different
experiences and perspectives. The goal is to ensure that the relevant points of view are,
in CCST’s judgment, reasonably balanced so that the committee can carry out its charge
objectively and credibly.
Screened for conﬂicts of interest. All provisional committee members are screened in
writing and in a conﬁdential group discussion about possible conﬂicts of interest. For
this purpose, a “conﬂict of interest” means any ﬁnancial or other interest which conﬂicts
with the service of the individual because it could signiﬁcantly impair the individual’s
objectivity or could create an unfair competitive advantage for any person or organization.
The term “conﬂict of interest” means something more than individual bias. There must
be an interest, ordinarily ﬁnancial, which could be directly affected by the work of the
committee. Except for those rare situations in which CCST determines that a conﬂict
of interest is unavoidable and promptly and publicly disclose the conﬂict of interest,
no individual can be appointed to serve (or continue to serve) on a committee of the
institution used in the development of reports if the individual has a conﬂict of interest
that is relevant to the functions to be performed.
Point of View is different from Conﬂict of Interest. A point of view or bias is not
necessarily a conﬂict of interest. Committee members are expected to have points of view,
and CCST attempts to balance these points of view in a way deemed appropriate for
the task. Committee members are asked to consider respectfully the viewpoints of other
members, to reﬂect their own views rather than be a representative of any organization,
and to base their scientiﬁc ﬁndings and conclusions on the evidence. Each committee
member has the right to issue a dissenting opinion to the report if he or she disagrees with
the consensus of the other members.
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Other considerations. Membership in CCST and previous involvement in CCST studies are
taken into account in committee selection. The inclusion of women, minorities, and young
professionals are additional considerations.
Speciﬁc steps in the committee selection and approval process are as follows:
Staff solicit an extensive number of suggestions for potential committee members from
a wide range of sources, then recommend a slate of nominees. Nominees are reviewed
and approved at several levels within CCST. A provisional slate is then approved by
CCST’s Board. The provisional committee members complete background information
and conﬂict-of-interest disclosure forms. The committee balance and conﬂict-of-interest
discussion is held at the ﬁrst committee meeting. Any conﬂicts of interest or issues of
committee balance and expertise are investigated; changes to the committee are proposed
and ﬁnalized. Committee is formally approved. Committee members continue to be
screened for conﬂict of interest throughout the life of the committee.
Stage 3: Committee Meetings, Information Gathering, Deliberations,
and Drafting the Report
Study committees typically gather information through:
1) meetings;
2) submission of information by outside parties;
3) reviews of the scientiﬁc literature; and
4) investigations by the committee members and staff.
In all cases, efforts are made to solicit input from individuals who have been directly
involved in, or who have special knowledge of, the problem under consideration.
The committee deliberates in meetings closed to the public in order to develop draft
ﬁndings and recommendations free from outside inﬂuences. The public is provided with
brief summaries of these meetings that include the list of committee members present. All
analyses and drafts of the report remain conﬁdential.
Stage 4: Report Review
As a ﬁnal check on the quality and objectivity of the study, all CCST reports whether
products of studies, summaries of workshop proceedings, or other documents must
undergo a rigorous, independent external review by experts whose comments are
provided anonymously to the committee members. CCST recruits independent experts
with a range of views and perspectives to review and comment on the draft report
prepared by the committee.
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The review process is structured to ensure that each report addresses its approved
study charge and does not go beyond it, that the ﬁndings are supported by the scientiﬁc
evidence and arguments presented, that the exposition and organization are effective, and
that the report is impartial and objective.
Each committee must respond to, but need not agree with, reviewer comments in a
detailed “response to review” that is examined by one or two independent report review
“monitors” responsible for ensuring that the report review criteria have been satisﬁed.
While feedback from the peer reviewers and report monitors is reflected in the report,
neither group approved the final report before publication. The steering committee and
CCST take sole responsibility for the content of the report. After all committee members
and appropriate CCST ofﬁcials have signed off on the ﬁnal report, it is transmitted to the
sponsor of the study and is released to the public. Sponsors are not given an opportunity
to suggest changes in reports. All reviewer comments remain confidential. The names and
afﬁliations of the report reviewers are made public when the report is released.
The report steering committee wishes to thank the oversight committee and the peer
reviewers for many thoughtful comments that improved this manuscript.
Oversight committee co-chairs:
Robert F. Sawyer, Professor of Energy Emeritus, at the University of California at Berkeley
Mechanical Engineering Department
Yannis C. Yortsos, Dean, University of Southern California Viterbi School of Engineering
Peer reviewers:
David Allen, Gertz Regents Professor in Chemical Engineering, and Director, Center for
Energy and Environmental Resources, University of Texas at Austin
James Boyd, Senior Advisor, Clean Tech Advocates
Brian Clark, PhD, Schlumberger Fellow, Schlumberger Technology Corporation
Dr. Ziyad Duron, Jude and Eileen Laspa Professor of Engineering, Department of
Engineering, Harvey Mudd College
Iraj Ershaghi, University of Southern California, Director of the Petroleum Engineering
Program, USC Executive Director of the Center for Smart Oilfield Technologies
Donald L Paul, PhD, University of Southern California, Executive Director of the USC
Energy Institute, Professor of Engineering, and William M. Keck Chair of Energy Resources
Four anonymous reviewers at the United States Geological Survey
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Abstract
The California State Water Resources Control Board is collaborating with the U.S. Geological Survey (USGS) to determine the
hydrogeologic relationships between oil and gas activities and protected groundwaters, and to determine whether there is evidence of
uid migration and water quality changes. This work is part of the Regional Monitoring Program (RMP) authorized by California Senate
Bill 4 of 2013. The Orcutt oil eld, one of several large oil elds in Santa Barbara County, was identi ed as a high priority study area for
initial sampling because relatively large volumes of uid have been injected into the ground for enhanced oil recovery or water disposal.
From 2017 to 2019, the USGS compiled information in the study area, including available groundwater and produced water quality data,
water and oil well construction and geophysical records, oil eld development history and injection data, and hydrogeologic features
including formation geometry, groundwater ow directions, and faults. This information and new data from sampling sites adjacent to
and overlying the Orcutt oil eld were used to characterize the different physical and chemical properties in the Paso Robles and Careaga
Formations that make up the primary groundwater aquifers in the area and the shallower uncon ned to semi-con ned alluvial aquifers.
A total of 16 groundwater samples were collected from seven domestic, six irrigation, and three monitoring wells which covered a broad
range of depths (total well depths 185-980 feet) between September 2017 and July 2018. The 16 groundwater samples, along with
produced-water samples collected from ve oil wells and one injection site, were analyzed for the full suite of RMP constituents
including organic and inorganic chemicals associated with oil and gas production activities and isotopic tracers that are used for
determining the origin of dissolved organic chemicals, salts, and gases detected in protected groundwater. Results of the sampling were
compared with produced-water chemistry to investigate multiple lines of geochemical evidence for the potential migration of oil- eld
uids to groundwater aquifers.
Mixing between oil- eld uids and groundwater was evident in four of 16 wells sampled by the RMP. One well adjacent to the Orcutt oil
eld appeared to contain groundwater mixed with produced water based on concentrations of total dissolved solids (TDS), chloride, and
dissolved organic carbon, minor-ion ratios, and the detection of 5 dissolved petroleum hydrocarbons.The same site, however, also
appears to be affected by an industrial source of chemicals based on detection of 28 manufactured volatile organic compounds (VOCs)
not associated with oil eld sources.More conclusive interpretations of sources and pathways at this well cannot be performed at this
time because not all laboratory analytical data for this sample have been received.A second well adjacent to the oil eld appeared to
contain groundwater mixed with produced water from historically documented surface disposal ponds based on concentrations of TDS,
chloride, ammonia, and dissolved organic carbon, minor-ion ratios, and enriched carbon isotopic values of dissolved inorganic carbon. At
two wells overlying the Orcutt oil eld, methane concentrations and isotopic values in combination with trace amounts of light
hydrocarbon gases (ethane, propane, and isobutane) indicate the presence of thermogenic or mixed microbial/ thermogenic methane gas
and elevated concentrations of TDS and chloride, and minor- ion ratios indicate the presence of produced water. Potential pathways
explaining the detections at these two wells could include upward movement of oil- eld uids and gas through formations, along leaky
wells/wellbores, or faults.
Other sites and historic data showed no evidence of oil- eld uids present in groundwater but do exhibit patterns consistent with
recharge from widespread irrigated agricultural land and/ or natural rock/ water interactions. One factor limiting this study was the lack
of wells available for sampling groundwater overlying, and in some areas adjacent to, the Orcutt oil eld; new wells and additional
monitoring of these areas in the future may yield additional insight.
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Groundwater salinity and the
effects of produced water disposal
in the Lost Hills–Belridge oil
ﬁelds, Kern County, California
Janice M. Gillespie, Tracy A. Davis, Michael J. Stephens,
Lyndsay B. Ball, and Matthew K. Landon
ABSTRACT
Increased oil and gas production in many areas has led to concerns over
the effects these activities may be having on nearby groundwater
quality. In this study, we determine the lateral and vertical extent
of groundwater with less than 10,000 mg/L total dissolved solids
near the Lost Hills–Belridge oil ﬁelds in northwestern Kern County,
California, and document evidence of impacts by produced water
disposal within the Tulare aquifer and overlying alluvium, the primary
protected aquifers in the area.
The depth at which groundwater salinity surpasses 10,000 mg/L
ranges from 150 m (500 ft) in the northwestern part of the study area to
490–550 m (1600–1800 ft) in the south and east, respectively, as
determined by geophysical log analysis and lab analysis of produced
water samples. Comparison of logs from replacement wells with logs
from their older counterparts shows relatively higher-resistivity intervals
representing the vadose zone or fresher groundwater being replaced by
intervals with much lower resistivity because of inﬁltration of brines
from surface disposal ponds and injection of brines into disposal wells.
The effect of the surface ponds is conﬁned to the alluvial aquifer—the
underlying Tulare aquifer is largely protected by a regional clay layer at
the base of the alluvium. Sand layers affected by injection of produced
waters in nearby disposal wells commonly exhibit log resistivity proﬁles
that change from high resistivity in their upper parts to low resistivity
near the base because of stratiﬁcation by gravity segregation of the
denser brines within each affected sand. The effects of produced water
injection are mainly evident within the Tulare Formation and can be
noted as far as 550 m (1800 ft) from the main group of disposal
wells located along the east ﬂank of South Belridge.
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INTRODUCTION
Increased oil and gas production in many areas has led to concerns
over the effects these activities may be having on groundwater
quality. Historically, both the California State Water Resources
Control Board (State Water Board) and the California Department
of Conservation, Division of Oil, Gas, and Geothermal Resources
(DOGGR) have deﬁned groundwater resources needing speciﬁc
protection from oil and gas activities as those containing less than 3000
mg/L total dissolved solids (TDS). Several recent developments have
led the state to reconsider the 3000 mg/L TDS target. First, there has
been an increased use of brackish groundwater resources having TDS
of 1000 to 10,000 mg/L because these resources can be treated for
domestic and industrial use for a lower cost than desalination of
seawater (Leitz and Boegli, 2011; Mickley, 2012; Eastern Municipal
Water District, 2019; McCann et al., 2018). Second, an audit by the
US Environmental Protection Agency (EPA) of California oil and gas
underground injection practices noted that the state has not consistently used federal standards to delineate protected groundwater
resources (US Environmental Protection Agency, 2012). Third,
public concerns about hydraulic fracturing and waste disposal practices of the oil and gas industry in general led to new legislation.
California Senate Bill 4 (SB 4 statutes of 2013) authorized the
State Water Board to implement a program to monitor water quality
in areas of oil and gas production beginning in 2015. The new
program, the regional monitoring program of groundwater quality
in areas of oil and gas development conducted in cooperation with
the US Geological Survey, includes assessing potential impacts to
groundwater associated with well stimulation (hydraulic fracturing),
enhanced oil recovery (EOR) (water and steam ﬂooding), and disposal of
produced water by underground injection or surface sumps (California
State Water Resources Control Board, 2018b).
The Lost Hills–Belridge study area lies in northwestern Kern
County, California (Figure 1) and contains three large oil ﬁelds:
North Belridge, South Belridge (collectively termed the Belridge oil ﬁelds) and Lost Hills. These oil ﬁelds are among the
largest in California; South Belridge and Lost Hills were the third
(22.6 million bbl/yr) and sixth (10.3 million bbl/yr) largest oil-producing
ﬁelds, respectively, in 2016 (California Division of Oil Gas and
Geothermal Resources, 2017). The area adjacent to the oil ﬁelds is also
extensively farmed. Water quality in the aquifers is generally too poor
to support large-scale farming without being blended with water from
surface sources such as the California Aqueduct. However, some of
the aquifers contain water with less than 10,000 mg/L TDS and are
classiﬁed as underground sources of drinking water (USDW) under
the Safe Drinking Water Act (1974). These aquifers must be protected from contamination when not exempted. Underground
Injection Control regulations allow the EPA to exempt aquifers
that do not currently or are not expected to serve as a source
of drinking water, allowing these underground waters to be used
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Figure 1. Location of the study area. Lost Hills and North and South Belridge oil ﬁelds shown in red. Study area outlined in black.

for oil or mineral extraction or disposal purposes (US
Environmental Protection Agency, 2018).
A primary goal of this study is to determine the
depth to the base of protected groundwater USDW,
typically deﬁned as waters containing less than 10,000
mg/L TDS that are not mineral, hydrocarbon, or geothermal energy producing (US Environmental Protection Agency, 2018). Because water analyses in deeper,
brackish aquifers are sparse, this study also uses borehole geophysical log analysis to delineate protected
aquifers in the area. Borehole geophysical logs from
different time periods are used to map changes in
subsurface salinity over time caused by produced water
disposal in ponds and injection wells. These approaches
can be used to improve the understanding of the occurrence of high salinity produced waters in proximity
to oil ﬁelds at site-speciﬁc scales, movement of those
ﬂuids over time and to supplement more areally extensive, but commonly shallower and less spatially dense,
monitoring well networks used to monitor shallow
groundwater plumes from sites such as sump ponds.

Over time, the rate of sedimentation in the southern
San Joaquin basin outpaced the rate of subsidence and
shallow marine deposits of the Etchegoin and San
Joaquin Formations were deposited above the deeper
water deposits of the Monterey and Reef Ridge Formations (Lettis, 1982). Eventually, nonmarine conditions
prevailed, resulting in deposition of the Pleistocene- age
Tulare Formation and overlying alluvium across the
area (Figure 2).
The southern part of the SJV is the most tectonically
active area of the Central Valley. Transpressional forces
along the San Andreas fault created an east-northeast
vergent fold and thrust belt subparallel to the fault
(Bartow, 1991) along the west side of the southern SJV.
These folds and faults created numerous opportunities
for the entrapment of vast pools of oil. The North and
South Belridge oil ﬁelds and the Lost Hills oil ﬁeld are
located on south-plunging anticlines within the west
side fold–thrust belt.
Hydrogeology and Aquifer Stratigraphy

GEOLOGIC SETTING
The Belridge and Lost Hills ﬁelds are located in the
southwestern part of the San Joaquin Valley (SJV)
which forms the southern part of the larger Central
Valley of California (Figure 1). The SJV is bounded to
the east and south by intrusive igneous and metamorphic
rocks of the Sierra Nevada and to the south and west
by igneous, metamorphic, and marine sedimentary rocks
of the Coast Ranges. The northern geologic boundary
is placed at the Stockton Arch, a broad low amplitude
uplift which lies east of San Francisco.
The Central Valley initially formed as a forearc
basin landward of a subduction zone in which the
eastern Paciﬁc plate was subducted beneath the North
American continent. Circa 25 m.y.a, the East Paciﬁc Rise
encountered the trench offshore present-day southern
California and the plate margin changed from convergent
to transform, creating the San Andreas fault (Atwater,
1970). Movement along the San Andreas fault during
the Miocene commonly cut off the southernmost SJV
from open ocean circulation, forming a bottom layer
of anoxic seawater in which organic-rich shales of the
Monterey Formation (Figure 2) formed in a deep ocean
setting (Graham, 1987). These shales ultimately became
the source of much of the oil in the associated turbidite
sands and overlying formations (Magoon et al., 2007).
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The west side of the southern SJV lies in the rain shadow
of the Coast Ranges to the west. The average rainfall is
only 12–23 cm (5–9 in.) in the study area (Wood and
Davis, 1959). What rain occurs falls mainly in winter.
Temperatures commonly exceed 100°F during the
summer resulting in high rates of evaporation. Consequently, streams draining the east side of the Coast
Ranges are generally ephemeral and ﬂow mainly in
winter and spring. The water quality of these streams
near the Belridge oil ﬁelds ranges from 1900 to 3200 mg/
L TDS (Wood and Davis, 1959). This is partially the
result of high evaporation rates but may also be attributed
to the relatively soluble rock types found in the metamorphic and marine sedimentary rocks in the Coast
Ranges (Laudon and Belitz, 1991). These streams are the
main source of natural recharge to the groundwater system in the study area. In the last century, recharge from
anthropogenic land use includes return ﬂow from agricultural activity and leakage from unlined canals (Wood
and Davis, 1959).
The Pleistocene Tulare Formation and overlying
alluvium form the main aquifer in this area (Figure 2).
Maps of the surface geology show that the Tulare Formation crops out in the northern Lost Hills and North
Belridge ﬁelds, where most of the formation has been
removed by uplift and erosion along the anticlines
(Wood and Davis, 1959). The maximum thickness of
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Figure 2. Type log (API 0402974434 shown by red star on inset map) of the alluvium and Tulare Formation in the study area. Yellow shading on spontaneous potential (SP) curve
indicates sand bodies in the aquifer. Yellow shading on resistivity curve indicates resistivity greater than 3 ohm m. Major conﬁning clays are shown in gray. Depth values in feet.
Stratigraphic column of the southern San Joaquin Valley is shown on the right, with formations addressed in this study highlighted in red. Modiﬁed from Scheirer and Magoon (2007).
Fm. = Formation; Mtn. = Mountain; No. = North; Sh. = Shale; So. = South.

the Tulare Formation on the western basin margin is
1147 m (3500 ft) (Woodring et al., 1940; Loomis,
1990).
Where it does not crop out, the Tulare Formation is
overlain by alluvial deposits. Both the Tulare Formation
and the overlying alluvium are derived primarily from
the Coast Ranges and interﬁnger with Sierran-derived
sediments from the east (Laudon and Belitz, 1991). The
Tulare Formation and overlying alluvium have similar
lithologic compositions and were deposited in ﬂuvial and
lacustrine environments; therefore, they are not readily
distinguishable, especially in the subsurface. Maps of
the water-level contours in the Tulare and alluvial aquifer
by Wood and Davis (1959) indicate eastward gradients
in the aquifer.
At Belridge and Lost Hills, the basal Tulare Formation contact is an angular unconformity, below which
the San Joaquin Formation has been removed over most
of the area. As a result, the Tulare Formation commonly
lies directly upon marine deposits of the late Miocene
to Pliocene Etchegoin Formation along the crests of
the anticlines.
In the study area, the lower Tulare Formation
consists of lacustrine and deltaic sands and the upper
Tulare contains alluvial fan, meandering channels, and
ﬂoodplain facies (Kiser et al., 1988; Miller et al., 1990).
The Tulare Formation and overlying alluvium also include lacustrine clays, which form conﬁning beds.
Several distinct regional clay units within the Tulare
Formation are present in the study area. Some of these
clays are not present throughout the study area but,
when present, act as local conﬁning layers. The three
main clays mapped using borehole geophysical logs
in this study are the Amnicola, the Middle Tulare, and
the Corcoran Clay Equivalent (CCE) (Figure 2). The D-E
Clay is only present in the southeastern part of the area
and was not mapped in this study.
The Amnicola is the oldest of the three mapped clay
layers. It is described as an olive gray, partly calcareous/
dolomitic, claystone that contains the gastropod Amnicola
(Woodring et al., 1932; Berryman, 1973; Maher et al.,
1975). In the southeast part of the study area where it
is best developed, the Amnicola Clay lies atop a large
coarsening upward sand. The Amnicola Clay is absent
across the anticlinal crests and in the northern part of
the syncline between Lost Hills and North Belridge.
Fossil evidence from recent drilling in the area indicates that the Amnicola Clay is likely present along
the east ﬂank of northern Lost Hills.
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Overlying the Amnicola Clay is a coarsening upward zone of sands, silts and clay that ranges from approximately 120–200 m (~400–700 ft) thick. The zone
thickens to the south and thins to the north and along the
crest of the anticlines. A clay layer with a pronounced
high gamma-ray signature on geophysical logs lies
above this zone and is termed the Middle Tulare Clay
in this report. The Middle Tulare Clay marks a change
in log character from vertically stacked, funnel shaped
spontaneous potential (SP) and resistivity patterns with
relatively high gamma-ray response (80–100 API in the
lower Tulare Formation to a blocky SP and resistivity log
pattern with lower gamma-ray response (40–80 API) in
the upper Tulare Formation. This change in log pattern
may represent a change from a series of prograding lacustrine delta environments in the lower Tulare Formation to a ﬂuvial meander belt setting in the upper
Tulare Formation as noted by Miller et al. (1990).
The Corcoran Clay described by Frink and Kues
(1954), also known as the E clay (Croft, 1972) or blue
clay by water well drillers, is the youngest of the three
mapped clay layers and is an important marker bed
within the SJV aquifer system. It divides the groundwater system of the western SJV into an upper semiconﬁned zone and a lower conﬁned zone (Williamson
et al., 1989; Belitz and Heimes, 1990). Several studies
have mapped the upper clays of the Tulare Formation,
beginning with Croft (1972), who mapped numerous
clay layers in the southern SJV, including the study area.
More recent studies have focused speciﬁcally on the
Corcoran Clay and have used both surface and subsurface data to map the extent and thickness of the clay
(Page, 1986; Burow et al., 2004; Faunt, 2009).
Petroleum companies operating in the area refer to
a basal alluvial clay at the contact between the Tulare
Formation and overlying alluvium as the CCE, although
its relationship to the Corcoran Clay as deﬁned by Frink
and Kues (1954) is not clear because Frink and Kues
(1954) place the Corcoran Clay within the Tulare
Formation and Kiser et al. (1988) place it within the
alluvium. In the northeastern part of the study area, the
CCE correlates to the E clay of Croft (1972). South of
the study area in the SJV, the identiﬁcation of the
Corcoran Clay becomes more problematic, and Page
(1986) refers to the Corcoran Clay in this area as the
modiﬁed E clay. Because the exact relationship between
the CCE and the Corcoran Clay is not known, the clay
will be termed the CCE in this paper.
The CCE is up to 60 m (200 ft) thick within the
study area. It is absent in the northwestern part of the
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study area and above the Lost Hills and Belridge anticlines. Drillers in the area observe a color change in cuttings from orange-brown above the CCE to gray
below it. A thick (18–21 m [60–70 ft]) sand, the 22K
sand, lies above the CCE near South Belridge (Figure
2). Where the 22K sand is present above the CCE, it
forms a separate aquifer from the underlying Tulare
Formation.

OIL FIELD ACTIVITY
The Lost Hills and Belridge ﬁelds were discovered
during 1910–1912. Initial production was from heavy
oil sands in the Tulare and Etchegoin Formations and
from fractured shales of the Monterey Formation. In
1930, light oil was discovered in the deeper Temblor
Formation at North Belridge, but it is the shallower
heavy oil, along with fractured diatomaceous deposits
and shales in the Etchegoin, Reef Ridge, and Monterey
Formations, that have been the mainstay of the ﬁelds
to the present day because of the development of EOR
techniques such as steamﬂooding, waterﬂooding, and
hydraulic fracturing (Bailey, 1939; Ritzius, 1950; Land,
1984; California Division of Oil Gas and Geothermal
Resources, 1998).
The waterﬂood technique was ﬁrst initiated in the
late 1940s in the Monterey shales in Lost Hills and the
mid-1950s in the Temblor Formation sandstones in
North Belridge (Figure 3). In the 1980s, waterﬂoods
commenced in the Tulare Formation and the diatomite
zones of the Monterey, Reef Ridge, and Etchegoin Formations. In the 1950s and 1960s, thermal EOR techniques (mainly steam cycling and ﬂooding and, to a lesser
extent, ﬁreﬂoods) were initiated to maximize production of heavy oil in the Tulare and Etchegoin Formations
and Monterey diatomite.
In the diatomite zones, large-scale waterﬂooding,
primarily to enhance oil recovery after hydraulic fracturing, began in the late 1960s and 1970s but became
increasingly common after 1980. Although the waterﬂoods increased production, they also served to mitigate
land subsidence and wellbore casing collapse caused by
ﬂuid removal from the high-porosity diatomite zones
(Dale et al., 1996).
As oil is removed, water commonly comes in to ﬁll
the void, and it is common for water–oil ratios (WORs)
to increase over the life of an oil ﬁeld. In the Belridge oil
ﬁelds, the WOR increased from 0.09 in 1931 to approximately 14 in 2016, and in Lost Hills, the WOR

increased from 1.5 in 1931 to approximately 12 in 2016.
Some of the produced water is reused for EOR practices such as waterﬂooding, but the remainder is disposed of by a variety of means. Initially, water disposal
was accomplished by spreading the produced water
on the ground, commonly in surface ponds or dry
stream beds, and the water was allowed to evaporate
or percolate into the underlying alluvium (Mitchell,
1989).
A series of legislative bills passed at both the state
and federal level starting in 1969 with the Porter Cologne Water Quality Act, the 1972 Clean Water Act,
and the Safe Drinking Water Act (1974) provided authority to establish regulations regarding surface water
and groundwater degradation. As a result of these
regulations, produced water disposal began to move
from surface ponds to injection into nonoil-producing
zones via water disposal wells. The federal Underground Injection Control program established nationwide requirements for the protection of all aquifers
containing water with less than 10,000 mg/L TDS.
At Lost Hills oil ﬁeld, water disposal by injection
has increased from approximately 160,000 m3/yr
(~1 million bbl/yr) in 1973 to 4.8 million m3/yr
(30 million bbl/yr) in 2009. Disposal initially occurred
into both the Tulare and Etchegoin Formations, but,
by 1990, disposal was almost exclusively into the
Etchegoin Formation. At North and South Belridge
ﬁelds, disposal began at 636,000 m3/yr (4 million
bbls/yr) in 1970 and increased to more than 12
million m3/yr (>78 million bbl/yr) in 2009 (Figure 3).
Belridge disposal is almost entirely into the Tulare
Formation.

METHODS
The main data used in this study are borehole geophysical logs and water quality laboratory analyses.
These data were used to pick marker horizons for
geologic mapping and to determine water salinity
and aquifer pressures. Data compiled and analyzed
for this study are available from Gillespie et al.
(2019).
Mapping
Approximately 900 borehole geophysical logs from
wells within the study area were used to determine
the lateral continuity and stratigraphic relationships
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Figure 3. Production (prod.) and injection (inj.) curves for the Lost Hills and North and South Belridge ﬁelds (combined). EOR = enhanced
oil recovery; HF = initiation of hydrofracking; Inj = initiation of water injection for enhanced oil recovery; WD = initiation of disposal of
produced water in injection wells. Data prior to 1973 are from California Division of Oil Gas and Geothermal Resources (2015); post-1973
data are from California Division of Oil Gas and Geothermal Resources (2019).
between the late Miocene to Holocene formations.
Electric logs (resistivity, SP) and gamma-ray logs were
used to identify correlatable layers (Figure 2). Well data
(geophysical logs, mud logs, core data, and well histories) were obtained primarily from oil and gas well
records available from the DOGGR (California Division
of Oil Gas and Geothermal Resources, 2018) and from
water well records obtained from well owners and the
California Department of Water Resources.
Because the Tulare Formation and overlying alluvium form the major nonexempt aquifers in the area,
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these layers were mapped in more detail, particularly
with regard to clay layers. Many of the clay markers lose
their coherence when mapped over large distances and
between distantly spaced wells outside the oil ﬁeld
boundaries because of the rapidly changing character
of the Tulare ﬂuvial–lacustrine delta system. In many
places, it was not possible to correlate the clay layers
throughout the region. The correlations were used to
construct thickness (isochore) maps of the combined
alluvium and Tulare Formation (Figure 4) and CCE and
Amnicola clays (Figure 5). The correlated logs were

Groundwater Salinity at Lost Hills–Belridge Oil Fields, Kern County, California

Downloaded from https://pubs.geoscienceworld.org/eg/article-pdf/26/3/73/4828779/eg18009.pdf
by guest

Figure 4. Map showing depth to base of Tulare Formation. The values are equivalent to the thickness of the Tulare Formation and
overlying alluvium. Wells shown are those used to determine thickness. Black lines are oil ﬁeld administrative boundaries. Gray lines are
township boundaries. Red lines are faults (Young, 1968; California Division of Oil Gas and Geothermal Resources, 1998). Abd. = abandoned.
compared to salinity data to determine the extent to
which salinity is controlled by aquifer stratigraphy.
Wireline formation testers measure pressure build
up within a small interval of the sands (Schlumberger,
2006). Within a single homogeneous aquifer, the pressure values should increase with depth along a straight
line representing the hydrostatic gradient. Shifts from
the hydrostatic pressure gradient line indicate the presence of pressures in individual aquifer layers that imply
restricted hydraulic connections with other aquifer
layers caused by conﬁning clay layers (Coburn and
Gillespie, 2002). Wireline formation tests in the Tulare
Formation have been conducted in some test holes
drilled in the study area by oil companies prior to well
installation (Gillespie et al., 2019). These records,
compiled for 59 wells, were analyzed to help determine which clays are signiﬁcant conﬁning layers.

Salinity Determination
For this study, two different methods were used to determine water salinity within the aquifers in and around
the Belridge–Lost Hills oil ﬁelds. The ﬁrst is indirect estimation of salinity using geophysical logs collected prior
to installation of oil wells. The second is direct measurement by lab analysis of produced water samples from
oil wells in the area, which were compared to the indirect estimates.
Log Analysis
Although direct sampling and chemical analyses are
commonly considered the best method for determining
TDS in any aquifer, in many cases (particularly in deep
aquifers containing brackish water) these analyses are
uncommon. In addition, water samples provide only
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Figure 5. Isochore maps of the (A) Amnicola Clay and (B) Corcoran Clay Equivalent layers in the study area. Wells shown are those used to determine thickness. Gray lines are
township boundaries. Red lines are faults (Young, 1968; California Division of Oil Gas and Geothermal Resources, 1998). Abd. = abandoned; Approx. = Approximate.

point-source data from a single depth interval and do not
tell us at what depth the salinity changes. However, in
active petroleum-producing basins such as the SJV, openhole geophysical logs are abundant. Geophysical logs
provide continuous vertical records of the properties of
the formation matrix, ﬂuids adjacent to the borehole,
and ﬂuids within the borehole. Using log analysis, it is
possible to calculate the depths at which salinity changes
occur. These depths may be veriﬁed by chemical analyses
where available. Of particular interest for determining
salinity are the electrical logs (SP and resistivity) because
the ability of water to conduct an electrical current is
strongly inﬂuenced by both the temperature and salinity of
the formation water.
Use of electrical logs to determine water salinity is
most common in the petroleum literature. In oil-bearing
reservoirs, it is important to know the resistivity of the
water which occurs with the oil to determine the oil
saturation using the Archie (1942) equation or one of
its many variants.
Fewer studies have evaluated the use of electrical
logs to determine salinity in fresh to brackish aquifers.
Howells (1990) and Howells et al. (1987) used well-log
interpretation to determine the location of the base of
moderately saline (<10,000 mg/L TDS) water in Utah.
Lindner-Lunsford and Bruce (1995) used the Archie
Equation to determine salinity in aquifers with TDS less
than 1000 mg/L in southwest Wyoming. Schnoebelen
et al. (1995) used geophysical logs to map the depth to
10,000 mg/L TDS water in carbonate aquifers in Indiana
using the SP log, mud ﬁltrate resistivity, and the resistivity porosity method of Archie. They compared the
results to sampled water analyses and found the resistivity porosity method to be most accurate. More recently, Hamlin and de la Rocha (2015) used the Archie
Equation to map fresh (<1000 mg/L TDS), slightly
saline (1000–3000 mg/L TDS), moderately saline (3000–
10,000 mg/L TDS), and very saline (>10,000 mg/L TDS)
water in the Carrizo–Wilcox aquifer of south Texas.
Gillespie et al. (2017) used log analysis to determine
depth to 10,000 mg/L TDS on a regional basis throughout much of the southern San Joaquin Basin, but the
western margin ﬁelds were not considered in their
study because the presence of shallow oil reservoirs require
more extensive mapping to locate wet sands for log
analysis.
In this study, a variation of the Archie Equation
was used to estimate salinity (as NaCl equivalent)
from the geophysical logs. Archie (1942) related the
in situ electrical resistivity of a fully water saturated

sedimentary rock (Ro) to its porosity (f), nondimensional factors related to matrix properties (the cementation factor [m],and the tortuosity factor [a]), and the
resistivity of the formation water (Rw) as shown in
equation 1.
Rw = Rop ðfm =aÞ

Ro is the resistivity of a clean (minimal clay content), oilfree, wet sand and can be obtained from the deep
resistivity curve. Sands were chosen based on an evaluation of nearby core, mud log, and drillers log data indicating that the sands analyzed did not contain oil or
gas. The porosity value is obtained from porosity logs,
such as density, neutron, sonic, or nuclear magnetic
resonance logs, and core analysis. For this study, sonic
porosities were not used; the poorly consolidated nature
of the aquifer sediments causes additional slowing of
the sonic wave from compression of the material, resulting in artiﬁcially high porosity values.
Because of the poorly sorted nature of the sediments
and the presence of large amounts of clay and silt in some
zones, the average porosity used for salinity calculations weighted density measurements twice as much as
neutron values. Neutron values for porosity are based
upon the abundance of hydrogen atoms in a formation.
Because clays contain hydroxide groups within their
crystal lattice, the neutron curve tends to overestimate
porosity when clays are present. The largest separation
between the density and neutron curves on each log was
considered to be a zone with 100% clay. The separation
of the density–neutron curves for each evaluated interval was compared to the 100% clay separation value
to estimate clay content. The Rw values were not calculated for intervals containing more than 25% clay.
The exponent m (unitless) is related to the degree of
cementation in clastic rocks. It typically ranges from 1.3
to 2.6 (Wylie and Rose, 1950). The value a (unitless) is
called the tortuosity factor and is related to the length
the current must travel through the formation. The
value for a typically ranges from 0.5 to 1.5. For this
study, special core analyses from ﬁve intervals in the
Tulare Formation were available in the California
DOGGR online ﬁles from a water disposal well south of
the Lost Hills ﬁeld (American Petroleum Institute
[API] well number [no.] 0402974433). The value for
a was kept constant at a value of 1 and m was allowed
to vary. The measured values for m ranged from 1.5 to
1.8 with a mean value of 1.7 (standard deviation of
0.15) and a median value of 1.8. For this study, salinity
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calculations used a = 1 and m = 1.7 based on the special
core analysis results.
Upon obtaining a value for Rw and calculating the
temperature of the zone of interest from a linear interpolation between bottom borehole temperature and
air temperature of 75°F, the formation water salinity can be
estimated from empirical charts such as those provided by
Schlumberger (1997) or from equations such as those
in Bateman and Konen (1977) relating ﬂuid resistivity to
NaCl equivalent TDS concentration.
Geochemical Analyses
The California Division of Oil Gas and Geothermal
Resources (2016) maintains a website containing scanned copies of chemical analyses of oil ﬁeld waters. These
data are useful in determining the salinity of the deeper
aquifers not normally used for drinking water or irrigation. Data taken from these reports included dates of
testing, source of water for test (when available), major
ion concentrations, and TDS concentrations. The compiled
data are available from Gillespie et al. (2019). Chemical
analysis of groundwater samples compiled from various
sources were also available (Metzger et al., 2018). However, these samples were generally available from relatively shallow depths and had TDS ranging from
approximately 1000 to 3000 mg/L and therefore did not
directly contribute to efforts to map the depth to USDW.
Scanned copies of well completion reports are also
available for the wells with chemical analysis from the
California Division of Oil Gas and Geothermal Resources (2018) Well Finder online search engine. The
completion reports for the wells provide information
including perforated intervals, date perforated, geological formation sampled (in some cases), scanned copies
of borehole geophysical logs, pressure tests, and bottomhole temperatures. These records were used to determine the depth interval and formation represented
by the produced water chemical analysis data (Gillespie
et al., 2019).
Produced water chemical analyses from approximately 150 oil production, injection, and observation
wells in the study area were available from DOGGR’s
online chemical analysis database (California Division
of Oil Gas and Geothermal Resources, 2016). Additionally, 12 samples from the Tulare Formation and alluvium were available from groundwater monitoring
wells in the Lost Hills oil ﬁeld on the Geotracker website
(California State Water Resources Control Board,
2018a). The vintage of samples in the database ranges
from 1932 to 2017.
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The sample analyses may not always represent
natural aquifer conditions. For example, water samples
are commonly collected when a well has production
problems or during the initial development of a well
(Blondes et al., 2016). Production problems may include holes in well casings or annular cement that may
have caused water from a different zone to enter the
perforations. In most cases, few data exist regarding the
sampling procedures and analysis techniques, particularly for the older samples. However, older samples were
considered to be important for this study because they
predate the use of many EOR techniques such as water
ﬂooding, waste disposal, and steam injection, the largescale use of which commenced in the early to mid1960s. These EOR processes may signiﬁcantly alter
the salinity of the samples and cause the more recent
samples to be an inaccurate reﬂection of the original
aquifer conditions. Samples taken at different time
intervals are helpful in determining temporal changes in
salinity that may have occurred because of oil ﬁeld
activities.
One quality control method used in this study was
to perform a charge balance on the analyses. Because
water is electrically neutral, the negative (anions) and
positive (cations) charged ions should sum to zero. The
difference between the total milliequivalents of the
cations and anions is divided by the sum to give a charge
balance error. We used a cutoff of –5% to determine
which samples to discard in this analysis.
For wells used for injection purposes, the initiation
of water injection relative to the date of sampling may
be important to consider. Samples taken after the start
of injection in the sampled well may not accurately
represent the true formation water composition. In most
cases, it was not feasible to catalog the time of initiation
of injection in nearby wells because of the large number
of injection wells that could potentially affect a sampled
well. Consequently, the effect of subsurface injection
on sample TDS data remains a source of uncertainty in
the analysis.

RESULTS
The methods and data discussed in the previous section were used to construct geologic maps showing the
thickness and continuity of aquifers and conﬁning units
as well as to determine aquifer salinity and temporal
changes in salinity. These results are discussed below.
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Figure 6. Graphs of shut-in pressure (from open-hole sequential formation testers) versus depth for three wells across the study area. Red lines are used to emphasize the pressure
gradient. Tan areas show major clay layers, the 22K sand is shown in yellow. Base of Tulare and top of the water table are also noted. Wells are identiﬁed by their API number and the year
drilled and logged at the top of each graph.

Geologic Mapping
The thickness of the Tulare Formation and overlying
alluvium in the study area (Figure 4) ranges from
1200 m (4000 ft) in the southeast part of the study area
to 75 m (~250 ft) along the anticline crests in the
northern parts of Lost Hills and North Belridge oil
ﬁelds. Because chemical analyses indicate that the
protected aquifers occur largely within the Tulare Formation and overlying alluvium throughout the study
area, the map of the depth to the base of the Tulare
Formation deﬁnes the extent of potential protected
aquifers outside the oil ﬁeld limits.
The Amnicola Clay is thickest (67 m [~220 ft])
along the northeastern and southeastern ﬂank of the
Lost Hills anticline and east of the South Belridge anticline (Figure 5A). It thins to zero in the northwest part
of the study area. The clay is replaced by sandier sediments east of the central part of the Lost Hills anticline.
The CCE thickens to 61 m (~200 ft) in the northcentral
part of the study area in the Tulare lakebed but is
commonly less than 30 m (<~100 ft) thick (Figure 5B). It
is absent over the Lost Hills anticline crest and in the
northwestern part of the study area. These clay maps
(Figure 5A, B) are used to determine the presence of
possible conﬁning beds that, in some cases, may control
the distribution of protected water resources and restrict
the migration of potential contaminants.
Graphs of pressure versus depth collected in 1985
from three wells along a northeast-trending transect
from South Belridge to south of Lost Hills are shown in
Figure 6. Marked changes in the hydrostatic pressure
gradient in well API no. 02974434 occur across the
Middle Tulare Clay and Amnicola Clay layers. An additional, deeper clay, here termed the D-E Clay, forms a
local conﬁning layer isolating a relatively low permeability section at the base of the Tulare Formation from
the rest of the aquifer. These characteristic deviations
in hydrostatic gradients indicates that the clays hydraulically separate individual aquifer layers in the area of
this well.
Farther northeast, in wells API no. 02974436 and
API no. 02974433, these deviations from hydrostatic
gradient are much less noticeable, especially across the
Amnicola Clay. This suggests that either (1) the clay
layers are less conﬁning south of Lost Hills, or (2) the
hydrologic regime near South Belridge has been altered
by production and injection into the Tulare Formation
and the pressure responses in aquifer layers near the ﬁeld
in 1985 had not had sufﬁcient time for their pressures
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to reach equilibrium. Recent drilling and multiple well
monitoring site data (April 2018) off the eastern ﬂank of
the northern Lost Hills oil ﬁeld indicates a 4.5 m (~15 ft)
head difference across the Amnicola Clay with an upward
gradient of 0.038 (measured May 31, 2018), suggesting
that it is a conﬁning layer in the northeastern part of the
study area (US Geological Survey, 2018a, b).
Salinity Analysis
Log analysis from 30 wells in areas outside the oil ﬁeld
boundaries or within the oil ﬁelds but below the oil–
water contact were used to create a map of the depth
to the base of USDW. The depth map to the base of
USDW shows two trends (Figure 7). In the area between Lost Hills and the Belridge oil ﬁelds, depth
to USDW increases toward the south from 150 m
(~500 ft) between North Belridge and Lost Hills to
490 m (~1600 ft) southeast of South Belridge. In the

Figure 7. Map showing depth to base of underground sources
of drinking water (USDW) (total dissolved solids = 10,000 mg/L)
based on log analysis. Red lines indicate faults (Young, 1968;
California Division of Oil Gas and Geothermal Resources, 1998).
Black lines are oil ﬁeld administrative boundaries. Wells shown as
blue dots are those used to determine the base of USDW. Depth
values in feet. C.I. = contour interval; No. = North; So. = South.
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eastern part of the study area, depth to base of USDW
increases sharply eastward from approximately 215 m
(~700 ft) on the west ﬂank of the Lost Hills anticline to
as great as 550 m (~1800 ft) within 3 km (~2 mi).
Salinity–depth proﬁles based on chemical analyses
of produced water samples were compared to the depth
to base USDW map estimated from borehole geophysical log analysis. However, this comparison was
limited because most of the lab analyses come from oilproducing wells within the ﬁeld boundaries rather than
in areas outside the ﬁelds. The presence of oil in the
sampled intervals within the ﬁelds precludes the use
of log analysis to calculate the salinity in these same
wells. Plots of TDS versus depth of the samples in each
ﬁeld are shown in Figures 8 and 9 along with logcalculated TDS.
Wood and Davis (1959) reported the groundwater
chemistry in this area as being an NaSO4 type; however,
only one Tulare Formation monitoring well, Mackessey
no. 1 (API no. 02987363) was an NaSO4 type; the rest
are NaCl type. Because the calculated salinity from
Archie log analysis assumes NaCl water types, the logcalculated and lab sample TDS values should be comparable. The two monitoring wells completed in the
alluvium have higher SO4 concentrations relative to
the Tulare Formation wells; however, Cl is the dominant anion.
Only four Tulare Formation lab samples (blue dots)
in Lost Hills are in the California DOGGR database.
Data from 14 monitoring wells in the central part of
the Lost Hills ﬁeld were used to enlarge the data set
(Figure 8). With the exception of one sample, TDS
concentrations in the Tulare Formation and alluvium
are less than 10,000 mg/L indicating protected (USDW)
aquifers. These wells have top perforations ranging from
40 to 290 m (133–950 ft). The well with a lab analysis
indicating a salinity of 12,295 mg/L TDS in the Tulare
Formation had a top perforation at 300 m (984 ft). This
suggests that the base of USDW lies somewhere between 290 and 300 m (950 and 985 ft) within the ﬁeld.
Log analysis suggests that the base may occur as deep
as 580 m (~1900 ft), but many of the wells used for log
analysis come from areas east of the ﬁeld boundary
where the Tulare Formation is much thicker (200 ft
within the ﬁeld vs. 2000 ft east of the ﬁeld [Figure 4]).
Within the ﬁeld, interpolated contour lines from log data
show the depth to base USDW at 213 m (~700 ft) along
the western ﬁeld boundary and 365 m (~1200 ft) along
the eastern ﬁeld boundary, a trend that is consistent
with the more limited water sample data.

Typical TDS concentrations in the underlying
Etchegoin Formation (red dots) range from 20,000 to
35,000 mg/L, probably because of the presence of
trapped connate seawater within these marine deposits.
In northern Lost Hills (Figure 8), two samples from
Etchegoin sands have TDS concentrations below 10,000
mg/L. However, in this area, an active steamﬂood is
ongoing within the Tulare and Etchegoin Formations.
Here, the Etchegoin Formation sands lie at shallow
depths (<150 m [~500 ft]) immediately below producing intervals in the Tulare Formation. The Etchegoin
Formation samples in this area are much more dilute
(5600–8,000 mg/L) than in other areas. This may be because the sands are in hydraulic communication with the
fresher water sands of the overlying Tulare Formation or
because the Etchegoin sands in this area are steamﬂooded
and the more saline formation water is diluted by the
injected steam. Since the two Etchegoin USDW samples
are post-steamﬂood initiation, the latter explanation is
likely.
Only one chemical analysis sample from the Tulare
Formation is available in the North Belridge ﬁeld (Figure 9). The TDS concentration of the sample is 6055
mg/L from a depth interval of 157–211 m (515–692
ft). It conﬁrms that waters above approximately 211 m
(~700 ft) are USDW, consistent with the log-derived
depth to USDW map, which shows depth to USDW
near the well at 275 m (900 ft).
Many lab analyses are available for the Tulare Formation at South Belridge (Figure 9), but they do not
show salinity values that are correlated with depth. The
log-generated depth to USDW map shows that salinity
trends along the northern part of the oil ﬁeld are variable but the southern part of the ﬁeld shows depth to
USDW increasing toward the southeast. Therefore,
samples from northern and southern South Belridge
were considered separately. The boundary between
the two subareas is shown by the dashed line in Figure 9.
Because of the variability in sample TDS values with
depth, comparisons of sample data to calculated salinities from well-log analyses can only be made in a general
fashion.
In the northern part of the South Belridge ﬁeld, no
samples below 365 m (1200 ft) are USDW, suggesting
that the base of USDW lies above this depth. The logderived map shows depth to base of USDW at 335 m
(1100 ft) in the north. To the south, the base of USDW
increases to 427 m (~1400 ft). Near the dividing line
between the north and south parts of the ﬁeld, the
depth to base USDW decreases to 365 m (1200 ft).
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Figure 8. Graph of total dissolved solids (TDS) versus depth of geochemical samples from the Tulare and alluvium (blue) and Etchegoin (red) formations in and near the Lost Hills oil
ﬁeld. Gray dots represent TDS calculated from geophysical logs in the ﬁeld. The horizontal red line marks 10,000 mg/L and the vertical dashed red line marks the approximate depth of the
deepest underground sources of drinking water (USDW) sample. The adjacent map shows the location of the Tulare and alluvium wells sampled as blue dots and shallow (<150 m [500
ft] deep) Etchegoin samples as red dots (deeper Etchegoin sample sites are not shown on map) and the contours to base USDW from log analysis. Lost Hills is the only area that contains
brackish water in the Etchegoin Formation. However, the brackish waters in the Etchegoin occur in an oil-producing zone that is steam ﬂooded so it is considered to be an exempt aquifer
and is not protected. C.I. = contour interval.
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Figure 9. Graph of total dissolved solids (TDS) versus depth of geochemical samples from the Tulare Formation in and near the North and South Belridge oil ﬁelds. The northern and
southern parts of the South Belridge ﬁeld (marked by the red line on the map) are shown in separate graphs. Blue dots show Tulare Formation (Fm.). Measurements of TDS from lab
analyses. Gray dots show Tulare Fm. The TDS calculated from log analysis. Horizontal red lines on the graphs mark 10,000 mg/L and the dashed vertical red lines mark the approximate
depth of USDW from lab samples. The adjacent map shows the location of the wells sampled (blue dots) and the contours to base underground sources of drinking water (USDW) (in
feet) from log analysis. Black lines are oil ﬁeld administrative boundaries, and red lines are faults. C.I. = contour interval; No. = North; So. = South.
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Figure 10. Cross section showing three wells drilled and logged in different years near a produced water disposal pond (light blue polygon on inset map). Yellow shading on
spontaneous potential (SP) curve (left track) indicate sand layers. Yellow shading on resistivity curve (right track at scale of 0–20 ohm m) indicate resistivity of more than 3 ohm m. Pink
bars indicate low resistivity sands affected by inﬁltration of saline produced water from the pond. The API numbers at the top of the logs are used for well identiﬁcation. Year drilled and
logged in parentheses. Depth scale in feet.

Figure 11. Two adjacent wells drilled and logged in different years (1990 and 2012) in an area containing numerous disposal wells on the
east ﬂank of South Belridge. Yellow shading on spontaneous potential (SP) curve (left track) indicate sand layers. Yellow shading on resistivity
curve indicates resistivity greater than 3 ohm m. Pink bars indicate low resistivity sands in the 2012 well (0403046566) affected by injected
saline produced water. The API numbers at the top of the logs are used for well identiﬁcation. Year drilled and logged in parentheses.
This may be caused by the presence of an active water
disposal ﬁeld in the Tulare Formation near this area.
Overall, the log-derived map shows base of USDW
approximately 61 m (~200 ft) deeper than lab analyses
would suggest. As at Lost Hills, this may be caused by
the geographic distribution of the two data sets: the lab
samples coming mainly from within the oil ﬁeld
boundaries, whereas the log data are conﬁned to the
area outside the oil ﬁeld.
In the southern part of South Belridge ﬁeld, a well
near the southern tip of the ﬁeld was sampled at multiple intervals. Samples as deep as 455 m (~1495 ft) are
USDW and the deepest sample, from 480 m (1575 ft),
has a TDS value of 13,074 mg/L, suggesting that the
base of USDW in the southern part of South Belridge lies
between 457 and 480 m (1495–1575 ft) (Figure 9). The
depth to USDW map from log analysis in the southern
part of South Belridge shows that the base of USDW

ranges from 365 m (1200 ft) in the north to approximately 487 m (~1600 ft) in the south.
Effects of Oil Field Activities on Water Salinity
The effects of water disposal in surface ponds on groundwater salinity is evident by comparing geophysical logs
from old wells near the pond locations to logs from
newer wells drilled nearby. Older geophysical logs (pre1970s), indicate that the upper sands in the alluvium
are desaturated (vadose zone) as indicated by areas of
crossover on density–neutron logs and have high resistivity (> 20 ohm m; Figure 10). However, geophysical
logs collected from wells drilled later in the area do
not show density–neutron crossover characteristic of a
vadose zone and have extremely low resistivity (<1 ohm m)
in the upper alluvial sands because of the presence of
high salinity produced water that has ﬁlled the vadose zone.
Invasion of low resistivity water is especially apparent
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Figure 12. Cross section showing intervals affected by disposal of saline produced water (pink boxes) at South Belridge oil ﬁeld. Wells
identiﬁed by API number at top of each well. Year drilled and logged shown at bottom of each well. Inset map shows location of cross section.
Produced water disposal wells are highlighted in pink and disposal ponds are shown in blue in the inset map.
where saline waters have inﬁltrated the 22K sand,
which lies directly above the CCE (well 03047481 in
Figure 10) in the lower part of the alluvium. The saline
water lies atop the CCE, which appears to be protecting the underlying Tulare aquifer from contamination. Log-calculated and measured TDS concentrations
can exceed 20,000 mg/L in affected parts of the alluvium.
The effects of surface disposal ponds are less evident
in Lost Hills and North Belridge compared to the area
adjacent to South Belridge. Lost Hills in particular tends to
have highly saline water in the shallow parts of the aquifer
even where disposal ponds are not present. Swain and
Duell (1989) noted TDS concentrations as high as 21,700
mg/L from very shallow wells (6 m [~20 ft]) along the east
ﬂank of Lost Hills but did not note the cause of the high
salinity in the area.
The effects of water disposal injection wells are
more subtle than that of the ponds and are especially
difﬁcult to identify in sands closer to the base of USDW
where resistivity is naturally fairly low. Geophysical
logs in sands affected by saline injection tend to have a
concave resistivity proﬁle and resistivities are as small as
half that in logs from older, unaffected wells (Figure 11).
Injected saline water tends to follow individual sand
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layers leaving some layers relatively unaffected. In some
cases, only the lower part of an individual sand contains
saline water, whereas the waters in the upper part remain brackish. This suggests that the waters are stratiﬁed
and mixing has not had time to occur. Log-calculated
TDS concentrations show a relatively smooth increase
with depth in wells logged prior to the start of large-scale
disposal activities whereas recent logs in these areas
show a much more variable TDS concentration proﬁle
with depth. Additionally, density–neutron curves in
wells affected by disposal of produced waters show thin
intervals (~1 m [~3 ft] thick) of crossover. This may be
caused by bacterial metabolism of trace amounts of
organic matter in the disposal water resulting in the
generation of small amounts of biogenic methane
(McMahon et al., 2018).
The cross section in Figure 12 shows wells affected
by saline produced water disposal by injection (below
the CCE) and percolation (above the CCE) along the
east ﬂank of the South Belridge oil ﬁeld. Wells affected
by disposal of produced waters in saline ponds (n = 139)
and by disposal in injection wells (n = 125) are also
shown in the map in Figure 13. The effects of disposal
ponds are evident from changes in borehole resistivity
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Figure 13. Wells highlighted in pink are wells affected by saline produced water from (A) disposal ponds and (B) water disposal wells in
the study area. R20–R22E = Range 20–22 East; T26–28S = Township 26–28 South.
at least 1525 m (5000 ft) in a downgradient direction
(east) from some of the ponds. These borehole geophysical log analyses help ﬁll in a more detailed understanding of the areal and vertical extent of saline
water movement near historical disposal ponds. Water
sample data from monitoring wells downgradient of
selected historical ponds support the log analysis and
indicate saline water movement above the CCE of up
to several kilometers to the east (California State Water
Resources Control Board, 2018a). The effects of injection wells can be observed in geophysical logs from
new wells (ca. 2013–2015) drilled within the oil ﬁeld
boundary at least 550 m (~1800 ft) west of the main
Tulare water disposal wellﬁeld along the central part
of the east ﬂank of South Belridge. No new wells are
available east (downgradient) of the disposal ﬁeld because that area is outside the oil ﬁeld limits and new
drilling has not occurred. Existing monitoring wells
are not deep enough to determine the effects of injection disposal east of the ﬁeld.

CONCLUSIONS
The Tulare Formation and overlying alluvium contain most of the groundwater classiﬁed as USDW in the
study area. The thickness of these formations ranges from

approximately 75 m (~250 ft) in North Belridge and
northern Lost Hills to more than 1200 m (>~4000 ft) in
the southeastern part of the study area. Log-generated
maps of groundwater salinity and geochemical analyses
indicate that depth to protected waters ranges from
150 m (~500 ft) in the northwestern part of the study
area to 490 m (1600 ft) in the southeast and 550 m
(~1800 ft) east of Lost Hills.
The Tulare Formation contains multiple clay layers,
the largest and most extensive being the CCE, Middle
Tulare, and Amnicola clays. Pressure gradients change
across the conﬁning layers, particularly near the South
Belridge ﬁeld. The larger shifts in pressure gradients
across the clay layers near South Belridge may indicate
greater conﬁning ability of the clays near the ﬁeld;
however, the shift in gradient may also indicate that
production and injection activities within the various
aquifer layers near the ﬁeld have not allowed sufﬁcient
time for the pressure to reach equilibrium throughout
the formation.
Disposal of produced waters in both surface ponds
and injection wells have affected water salinity over time
near the oil ﬁelds. Disposal in surface ponds has mainly
affected the alluvial aquifer above the Tulare Formation.
Water with high salinity has ﬁlled the vadose zone above
the water table at a distance of at least 1525 m (5000 ft)
downgradient of the disposal ponds at South Belridge. The
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CCE appears to protect the underlying Tulare Formation from the downward percolation of water from
disposal ponds within the area analyzed. The effects of
produced water injection are mainly evident within
the Tulare Formation and can be noted as far as 550 m
(1800 ft) from the main group of disposal wells located along the east ﬂank of South Belridge; no recent
geophysical logs farther downgradient were available
for analysis.
Geophysical logs from newer wells with sands affected by produced water injection have resistivities
approximately half that of geophysical logs from wells
drilled prior to or early in the course of produced water
injection. This saline water tends to occur within the
lower parts of affected sands because of gravity segregation
and is associated with thin areas of density–neutron
crossover, perhaps indicative of methane produced
in situ by microbial degradation of organic matter in
the produced water. This analysis demonstrates the
utility of borehole geophysical data in understanding
groundwater salinities at different spatial and temporal scales and an approach for constructing regional
patterns based on site-speciﬁc information.
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Prepared in cooperation with the California State Water Resources Control Board

Preliminary Results from Exploratory Sampling of Wells for
the California Oil, Gas, and Groundwater Program, 2014–15
By Peter B. McMahon, Justin T. Kulongoski, Michael T. Wright, Michael T. Land, Matthew K. Landon, Isabelle M. Cozzarelli, Avner Vengosh1,
and George R. Aiken
study was done in cooperation with the
California State Water Resources Control
Board. Results of the study are intended
to help design a regional groundwatermonitoring program to be implemented
as part of California Senate Bill 4 (SB 4
statutes of 2013). The regional monitoring program plans to assess the effects
of oil and gas production activities on
groundwater quality and to provide a
regional context for local monitoring
of the groundwater-quality effects from
well-stimulation treatments, which are
techniques used to improve oil and gas
production by increasing their rate of

Introduction
In 2014 and 2015, the U.S.
Geological Survey (USGS) sampled
water wells in the Los Angeles Basin and
southern San Joaquin Valley, California,
and oil wells in the San Joaquin Valley
for analysis of multiple chemical,
isotopic, and groundwater-age tracers
(fig. 1). The purpose of this reconnaissance sampling was to evaluate the
utility of tracers for assessing the effects
of oil and gas production activities on
groundwater quality in California. The
Duke University
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flow to the well. California SB 4 mandates that this local monitoring is to be
done by oil-well operators in accordance
with monitoring criteria established by
the State Water Board.
This report evaluates the utility
of the chemical, isotopic, and groundwater-age tracers for assessing sources
of salinity, methane, and petroleum
hydrocarbons in groundwater overlying or near several California oil fields.
Tracers of dissolved organic carbon in
oil-field-formation water are also discussed. Tracer data for samples collected
from 51 water wells and 4 oil wells are
examined.
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In the Los Angeles Basin,
groundwater samples were collected from
37 short-screened USGS monitoring
wells at 17 multi-well monitoring sites
overlying or near oil fields (fig. 1A). The
depth to the bottom of open intervals in
the monitoring wells ranged from 91 to
607 meters (m), whereas, in nearby oil
fields, the top of open intervals in active
oil and gas production wells was below
that of the deepest water well (Tracy
Davis, U.S. Geological Survey, written
commun., April 2016). In the southern
San Joaquin Valley, groundwater samples
were collected from 14 monitoring and
water-production wells overlying or near
oil fields in Kern and Kings Counties,
and samples of “produced water” (that
is, water brought to the surface by oil
and gas production wells) were collected
from four oil wells in three oil fields in
Kern County, along the west side of the
valley (fig. 1B). The depths to the bottom
of open intervals in the monitoring and
water production wells ranged from 91 to
296 m, and, in nearby oil fields, the depth
to the top of open intervals in active oil
and gas production wells was in the same
range or deeper than that of the water
wells (Tracy Davis, U.S. Geological
Survey, written commun., April 2016).
Groundwater samples were analyzed for field parameters; major, minor,
and trace elements; nutrients; volatile
and semi-volatile organic compounds;
concentrations and optical properties
of dissolved organic carbon; hydrogen
and oxygen isotopic composition of the
water; isotopic composition (hydrogen,
oxygen, carbon, strontium, boron)
of various dissolved inorganic constituents; radium-226 and radium-228;
groundwater-age tracers (tritium,
helium-3, carbon-14); noble gases;
chemical composition of hydrocarbon
gases (methane through hexane); and the
hydrogen and carbon isotopic composition of methane. Produced water samples
were analyzed for many of the same
constituents. It was important to evaluate
a suite of tracers having a broad range of
physical and chemical properties because
the types of chemicals associated with
oil and gas production activities and
their transport pathways can be complex.
Methods of sample collection and
analysis for groundwater are described
by Dillon and others (2016). Samples
of produced water were collected at the
well head of oil wells by using methods

described by Engle and others (2016).
For the produced-water data presented in
this report, methods for field processing
of samples and laboratory analyses were
similar to those used for groundwater
samples, except that major ions and trace
elements in produced water were analyzed by the USGS laboratory in Reston,
Virginia, rather than the USGS National
Water-Quality Laboratory in Lakewood,
Colorado. Groundwater data presented
in this report are tabulated in Dillon and
others (2016), and produced-water data
are tabulated in Davis and others (2016).

Tracers of Salinity in Groundwater
Hydrocarbon-bearing geologic formations (oil-field formations) commonly
contain saline water, which could degrade
the quality of fresh groundwater, if the
two water types mixed. Mixing could
result from natural hydrologic processes
(Warner and others, 2012) or from oil and
gas production activities (Thamke and
Smith, 2014). In some cases, it is necessary to distinguish water from oil-field
formations from other sources of saline
water, such as seawater or other natural
brines. Stable isotopes of water, concentrations of dissolved chloride, and other
chemical and isotopic tracers can help
identify sources of saline water that mix
with groundwater.

Concentrations of total dissolved
solids (TDS) in groundwater ranged
from 211 to 37,576 milligrams per liter
(mg/L) in the Los Angeles Basin samples
and from 151 to 11,791 mg/L in the
southern San Joaquin Valley samples.
Hydrogen and oxygen isotopic data for
groundwater from most of the water
wells in the Los Angeles Basin plotted on
the Global Meteoric Water Line (GMWL,
Rozanski and others, 1993), and data
for groundwater from most of the water
wells in the southern San Joaquin Valley
plotted on the Local Meteoric Water Line
(LMWL) for Kern County (fig. 2), indicating that groundwater in both areas was
primarily derived from precipitation. The
LMWL was derived from groundwater
isotopic data collected by the USGS
Groundwater Ambient Monitoring and
Assessment (GAMA) project in Kern
County (Shelton and others, 2008). At
37,576 mg/L, the highest TDS concentration in the Los Angeles Basin samples
was close to that of seawater (about
35,000 mg/L; Stumm and Morgan,
1981). The sample, from a well near the
coast, referred to as Long Beach 5-2 in
figures 1A and 2, plotted relatively far
from the GMWL and had an isotopic
composition close to that of seawater
(fig. 2), indicating the sample consisted
almost entirely of seawater.
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The highest TDS concentration
(11,791 mg/L) in groundwater samples
from the southern San Joaquin Valley was
from a well near the South Belridge oil
field (Legacy Mound well in figures 1B
and 2). The isotopic composition of
this groundwater sample plotted off the
LMWL and was similar to that of the
produced-water sample from the South
Belridge oil field (fig. 2), indicating the
sample contained a large fraction of oilfield-formation water. The Legacy Mound
well was in an area east of the South
Belridge oil field where produced-water
A

disposal ponds were operated. A second
groundwater sample containing a high
concentration of TDS (5,853 mg/L), from
a well in the Lost Hills oil field (Lost
Hills well in figures 1B and 2), also had
an isotopic composition that plotted off
the LMWL in the direction of some of the
produced-water samples, including the
sample from the Lost Hills oil field. The
sample from the Lost Hills well appeared
to contain less oil-field-formation water
than the Legacy Mound sample, based
on its plotted position in figure 2 relative
B 0.7095

500

EXPLANATION

0.7090

Groundwater
Produced water

400

Fruitvale well

300

Lost Hills well

0.7085

Strontium-87/strontium-86

Chloride/bromide mass ratio

to the LMWL and to the produced-water
samples.
Plots of chloride concentrations
relative to chloride/bromide mass ratios
(fig. 3A), strontium concentrations
relative to strontium-87/strontium-86
isotopic ratios (fig. 3B), and chloride
concentrations relative to boron and
sodium concentrations (figs. 4A, B)
indicate that mixing of oil-field-formation
water with groundwater contributed a
variety of salts to the Legacy Mound and
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Mound and Lost Hills samples indicated
by the chemical data in figures 3 and
4 were in general agreement with the
fractions indicated by the isotopic data
in figure 2, although inconsistencies in
figure 3 compared to figures 2 and 4 indicate it is not clear which produced-water
samples represent the end members for
oil-field-formation water involved in the
mixing process. The uncertainty in endmember compositions is probably due to
variability in the composition of oil-fieldformation water in the study area that was
not captured by the few produced-water
samples collected for this study.
Boron, chloride, and sodium concentrations in produced water collected
from the west side of the southern San
Joaquin Valley for this study compared
with historical produced-water data
from the Fruitvale oil field on the east
side of the valley showed there can be
substantial differences in the chemistry
of produced water across the valley and
in an oil field (figs. 1B and 4). The data
in figure 4 show that the four samples of
produced water collected for this study
did not capture the range in variability of

produced-water chemistry in and between
oil fields in the valley. Thorough chemical characterization of produced water
is important for understanding where
and how oil-field-formation water mixes
with groundwater; therefore, the regional
monitoring program plans to include a
more thorough characterization of the
spatial variability in the chemistry of
produced water in and among California
oil fields.

Tracers of Methane in
Groundwater
Methane in groundwater can be
produced in aquifers or can originate
from underlying oil-field formations.
Understanding the sources of methane
in groundwater can help identify connections between aquifers and oil-field
formations. Concentrations of methane in groundwater ranged from less
than 0.001 to 150 mg/L in the Los
Angeles Basin samples and from less
than 0.001 to 46 mg/L in the southern
San Joaquin Valley samples (fig. 5A).
The hydrogen and carbon isotopic
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composition of methane and chemical
composition of hydrocarbon gas
(methane through hexane) were used
to distinguish between methane from
biogenic and thermogenic origins. Biogenic methane is produced by methanogenic microorganisms at relatively low
temperatures in aquifers, and thermogenic methane is produced by abiotic
processes at relatively high temperatures
in more deeply buried geologic formations (Schoell, 1980; Whiticar, 1999).
Thermogenic methane is commonly
associated with oil and gas deposits
(fig. 5; Schoell, 1980). Methane in the
Los Angeles Basin samples was predominantly biogenic and produced through
the carbon-dioxide reduction pathway,
one of two common metabolic pathways used by methanogens to produce
methane (fig. 5B; Whiticar and others,
1986). These data, together with results
from previous studies showing that oilassociated methane in the Los Angeles
Basin is generally thermogenic in origin
(Jeffrey and others, 1991), indicate that
the methane in the Los Angeles Basin
groundwater samples was not related to
methane from deeper oil-field formations.
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Figure 5. The carbon isotopic composition of methane (δ13C-CH4) in groundwater and produced water collected for the exploratory
sampling study during 2014–15 in relation to A, methane concentration; and B, the hydrogen isotopic composition (δ2H-CH4) of methane. Zone
boundaries for biogenic and thermogenic methane are from Whiticar and others (1986), and oxidation trends in B are from Coleman and others
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In contrast to the Los Angeles Basin
samples, some groundwater samples from
the southern San Joaquin Valley appeared
to contain thermogenic methane. The
sample from the Lost Hills well had a
methane isotope value between those typical of biogenic and thermogenic methane
(fig. 5), indicating it contained methane
from both sources. This interpretation
is consistent with other chemical and
isotopic data indicating water from that
well was a mixture of groundwater and
oil-field-formation water (figs. 2–4). The
presence of propane, butane, and pentane
in the Lost Hills sample (Dillon and others, 2016) further supports the interpretation that thermogenic gas was present in
that sample (Jackson and others, 2013).
A sample from a water-production well
in the Fruitvale oil field (Fruitvale well
in figs. 1B and 5) contained 1.2 mg/L
of methane that appeared to be entirely
thermogenic in origin based on its methane isotope composition (figs. 1B and 5).
The sample also contained propane and
butane. Boron, chloride, and sodium data
from the Fruitvale well and historical
data for groundwater and produced water
in the Fruitvale oil field indicated water
from that well contained relatively little,
if any, oil-field-formation water (fig. 4),
indicating the transport of thermogenic
methane gas to that well may have been
decoupled from the movement of oilfield-formation water.
Water from the Legacy Mound well
contained less than 0.05 mg/L methane,
which was too little for isotopic analysis,
even though chemical and isotopic data
indicated the sample contained the largest
fraction of oil-field-formation water of all
the water wells sampled in the southern
San Joaquin Valley (figs. 2–4). If
groundwater reaching the Legacy Mound
well was recharged from disposal ponds
at the land surface, then the lack of methane in that sample could be a result of
methane degassing to the atmosphere or,
possibly, methane oxidation in the ponds
prior to water recharging the aquifer.
A variety of subsurface processes
can alter methane isotopes from their
initial or expected values, which can
complicate the use of isotopes to trace
methane sources. Methane oxidation, for
example, could shift the isotopic composition of biogenic methane away from
the biogenic field in figure 5B. Additional
tracers can sometimes be useful for recognizing those processes. For example,

at least one sample from the southern San
Joaquin Valley appeared to have been
affected by methane oxidation on the
basis of the relatively enriched δ2H value
of −101.2 per mil for methane (fig. 5B)
and the depleted δ13C value of −45.4 per
mil for dissolved inorganic carbon (DIC;
Dillon and others, 2016), both of which
are characteristic effects of methane oxidation (Whiticar, 1999; Avrahamov and
others, 2015). One sample from the Los
Angeles Basin had a relatively enriched
δ13C value for methane compared to most
other samples from that area, and it plots
in the thermogenic field in figure 5. The
δ13C value for DIC in the sample was
also enriched at +12.4 per mil (Dillon
and others, 2016). Enrichment of 13C
both in methane and DIC are characteristic effects of substrate depletion during
the later stages of methane production
through the carbon-dioxide reduction
pathway (Avrahamov and others, 2015),
indicating methane in the sample could
be biogenic in origin. Furthermore, unlike
the samples from the Lost Hills and Fruitvale wells that contained thermogenic
methane, that Los Angeles Basin sample
did not contain hydrocarbons, such as
propane and butane, that are common in
thermogenic gas.
Data from the Legacy Mound, Lost
Hills, and Fruitvale wells illustrated the
value of collecting multiple tracers to
understand sources, movement, and fate
of chemicals in groundwater in the vicinity of California oil fields. Tracer data
indicated that salts and gas from oil-field
formations both entered the aquifer near
the Lost Hills well. At the Legacy Mound
well, the data indicated only salts (no
gas) from oil-field formations moved into
the aquifer, consistent with a history of
the disposal of oil-field produced water
near this site. Finally, at the Fruitvale
well, the data appeared to indicate that
only gas (no salts) from oil-field formations moved into the aquifer. Understanding chemical transport pathways at each
of those locations was beyond the scope
of the exploratory study, but is important to the understanding of connections
between aquifers and oil-field formations.
Study of these transport pathways is a
component of the regional monitoring
program.

Tracers of Petroleum
Hydrocarbons in Groundwater
Petroleum hydrocarbons in
groundwater could have sources in
the subsurface and at the land surface.
Natural fluid migration from oil-field
formations and leakage of fluids through
fractured casings or cement seals in wells
for oil and gas production are examples
of hydrocarbon sources in the subsurface.
Produced-water disposal ponds and leaking storage tanks and pipelines are examples of hydrocarbon sources at the land
surface. The exploratory data provide
examples of how patterns of association
between petroleum hydrocarbons, volatile organic compounds (VOCs) manufactured for industrial and other uses, and
groundwater-age tracers can be used to
gain a better understanding of the sources
of hydrocarbons detected in groundwater.
Analysis of hydrocarbon associations
is facilitated by the low detection levels
used for VOC analyses in the exploratory
study—less than 0.1 microgram per liter
(µg/L) for most VOCs, rather than detection levels of 0.5 µg/L or greater typically
used for regulatory programs.
Tritium and carbon-14 concentrations in the groundwater samples were
used to group the samples into three
general age categories (fig. 6). In figure 6,
the area of “modern” water is defined
by tritium concentrations greater than
1 tritium unit (TU) and carbon-14 concentrations greater than 90 percent modern carbon (pmc) on the basis of work
done in the Central Valley by Jurgens
and others (2010). Samples that plot in
the modern field in figure 6 are generally
considered to represent groundwater that
recharged since the early 1950s (Jurgens
and others, 2010). The area of “pre-modern” water is defined by tritium concentrations less than 0.1 TU and carbon-14
concentrations less than 80 pmc. Groundwater that recharged aquifers in the study
areas before the early 1950s probably
contained about 3 to 4 TU of tritium at
the time of recharge (Michel, 1989), but
it would contain less than 0.1 TU of tritium at the time of sampling in 2014 and
2015 because of radioactive decay of the
tritium. The 80-pmc boundary represents
the highest carbon-14 concentration in
samples that contained less than 0.1 TU
of tritium. Samples that plot in the premodern field are generally considered
to represent groundwater that recharged
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Figure 6. Tritium concentrations in relation to carbon-14 concentrations in groundwater
collected for the exploratory sampling study during 2014–15.

before the early 1950s. Samples in the
pre-modern field that had the lowest
carbon-14 concentrations could be many
thousands of years old. Samples that plot
in the “mixed” area contain fractions of
both modern and pre-modern water.
Petroleum hydrocarbons were
detected in eight groundwater samples
from the southern San Joaquin Valley
(Dillon and others, 2016). Four of the
eight samples contained groundwater that was mostly recharged prior to
the early 1950s and no manufactured
VOCs (fig. 6). Two of these relatively
old groundwater samples, including
the sample from the Lost Hills well,
contained concentrations of benzene
greater than the California maximum
contaminant level for drinking water of
1 µg/L (California State Water Resources
Control Board, 2016) as well as seven
to ten associated hydrocarbons (including ethylbenzene, xylenes, and trimethylbenzenes; Dillon and others, 2016),
which is consistent with a subsurface
sac16-0600_fig 06
source of petroleum hydrocarbons in the

groundwater samples unrelated to sources
at the land surface (Landon and Belitz,
2012).
Manufactured VOCs and at least
some groundwater recharged after the
early 1950s were detected in the other
four samples in which hydrocarbons were
detected (fig. 6), including the samples
from the Legacy Mound and Fruitvale
wells. The Legacy Mound sample contained a suite of hydrocarbons similar to
those detected in the Lost Hills sample,
including benzene, but it also contained
dichlorobenzenes and 1,2-dichloropropane. The hydrocarbons detected in the
Legacy Mound sample were consistent
with a history of disposal of oil-field produced water near the site. It is not known
if the produced-water disposal ponds
were the primary source of the manufactured VOCs and modern water detected
in the sample, but they are evidence of a
connection between the Legacy Mound
well and human activities at the land
surface. The Fruitvale sample appeared
to contain little if any oil-field-formation
water based on the isotopic and inorganic
chemical data (figs. 2–4), and it contained

more manufactured VOCs—including
tetrachloroethene [PCE], trichloroethene [TCE], and cis-1,2-dichloroethene
[cis-DCE]—and probably a larger fraction of modern water than the Legacy
Mound sample (fig. 6). These patterns
could be consistent with hydrocarbons in
the Fruitvale well having a source at the
land surface unrelated to produced water.
Petroleum hydrocarbons were
detected in four groundwater samples from the Los Angeles Basin
(Dillon and others, 2016). All four
samples contained groundwater that
was mostly recharged prior to the early
1950s and, possibly, hundreds or thousands of years ago on the basis of tritium
and carbon-14 data (fig. 6). Two of the
samples contained benzene at low concentrations (less than 0.03 µg/L) that was
not associated with manufactured VOCs,
indicating a subsurface source of petroleum hydrocarbons unrelated to sources
at the land surface (Landon and Belitz,
2012). One sample of apparently old
groundwater contained the manufactured
VOCs 1,1-dichloroethene and cis-DCE at
concentrations less than 0.05 µg/L.
Low concentrations of manufactured VOCs, particularly chlorinated
solvents, in some samples of seemingly
old groundwater (tritium less than 0.1 TU
and carbon-14 less than 10 pmc) could
indicate mixing between old, VOC-free
groundwater and younger groundwater
containing VOCs. Many of the manufactured VOCs detected in seemingly old
groundwater were in use before the early
1950s (Zogorski and others, 2006), so the
young end member in the mixture could
have been relatively young pre-modern
groundwater or modern groundwater
(fig. 6). Either of these young end
members could mix with old groundwater
to produce a mixture containing low
concentrations of tritium, carbon-14,
and VOCs. The fraction of young water,
and its VOC concentration, required to
produce the observed mixtures would
depend on factors such as the concentrations of tritium, carbon-14, and alkalinity
in the young and old end members. The
exploratory study did not analyze produced water for VOCs, so it is not known
if produced water in California oil fields
contains chlorinated solvents, but plans
to analyze produced water for VOCs
are included in the regional monitoring
program (fig. 7).

Chemical, isotopic, and
groundwater-age tracers examined in
this study are to be incorporated into the
regional monitoring program to assess the
effects of oil and gas production activities
on groundwater resources. Understanding
the transport pathways by which chemicals from oil-field formations reached
the aquifers was beyond the scope of
the exploratory study, but it is important to the understanding of connections
between aquifers and oil-field formations.
Study of these transport pathways by
using the tracers identified in this study is
a component of the regional monitoring
program.

Acknowledgements
Figure 7. A U.S. Geological Survey hydrologist collecting samples of produced water in
Kern County, California, for the exploratory sampling study during 2014–15.

Tracers of Dissolved Organic
Carbon in Oil-Field-Formation
Water
Dissolved organic carbon (DOC) in
oil-field-formation water is likely to be at
higher concentrations and have a different chemical composition than DOC in
groundwater, given the intimate contact
between the formation water and oil
and gas. Thus, DOC concentrations and
compositions could be useful tracers for
understanding connections between aquifers and oil-field formations. The samples
of produced water from oil wells in the
southern San Joaquin Valley, for example, contained 130 to 209 mg/L of DOC,
whereas groundwater samples from the
valley only contained 0.4 to 39 mg/L
(Dillon and others, 2016). Ongoing
analysis of the composition of DOC in
the samples of groundwater and produced
water, using techniques such as 3-D
fluorescence spectroscopy (Bergamaschi
and others, 2005; Dahm and others,
2013), could reveal differences between
the composition of DOC in groundwater
and produced water that can aid in recognizing and understanding connections
between aquifers and oil-field formations.
Chemical characterization of DOC in
groundwater and in a range of producedwater samples is planned as part of the
regional monitoring program.

Conclusion
Useful tracers of the effects of
oil and gas production activities on
California groundwater were identified
from this exploratory sampling study.
Multiple tracer approaches were needed
to recognize the presence of different
chemicals from oil-field formations in
groundwater. The data indicated that
patterns of the chemicals present in
groundwater derived from oil-field formations can be complex. Salts (chloride,
boron, and other inorganic ions) and thermogenic methane from oil-field formations were present in some groundwater
samples, whereas only salts or thermogenic methane were present in others.
Hydrocarbons, such as benzene, were
detected in some samples that contained
modern groundwater and manufactured
VOCs, and were also detected in some
groundwater that appeared to be hundreds
or thousands of years old and did not
contain manufactured VOCs, indicating
the presence of hydrocarbons both from
land-surface and subsurface sources in
groundwater. The study showed that thorough characterization of the chemical and
isotopic composition of produced water
in and between oil fields is needed to
understand connections between aquifers
and oil-field formations. The characterization of produced water is a component
of the regional monitoring program.
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of samples from wells. We thank the
Water Replenishment District (WRD) of
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ABSTRACT: Geochemical data from 40 water wells were used to
examine the occurrence and sources of radium (Ra) in groundwater
associated with three oil ﬁelds in California (Fruitvale, Lost Hills, South
Belridge). 226Ra+228Ra activities (range = 0.010−0.51 Bq/L) exceeded the
0.185 Bq/L drinking-water standard in 18% of the wells (not drinkingwater wells). Radium activities were correlated with TDS concentrations
(p < 0.001, ρ = 0.90, range = 145−15,900 mg/L), Mn + Fe
concentrations (p < 0.001, ρ = 0.82, range = <0.005−18.5 mg/L), and
pH (p < 0.001, ρ = −0.67, range = 6.2−9.2), indicating Ra in groundwater
was inﬂuenced by salinity, redox, and pH. Ra-rich groundwater was mixed
with up to 45% oil-ﬁeld water at some locations, primarily inﬁltrating
through unlined disposal ponds, based on Cl, Li, noble-gas, and other
data. Yet 228Ra/226Ra ratios in pond-impacted groundwater (median = 3.1) diﬀered from those in oil-ﬁeld water (median =
0.51). PHREEQC mixing calculations and spatial geochemical variations suggest that the Ra in the oil-ﬁeld water was removed
by coprecipitation with secondary barite and adsorption on Mn−Fe precipitates in the near-pond environment. The saline,
organic-rich oil-ﬁeld water subsequently mobilized Ra from downgradient aquifer sediments via Ra-desorption and Mn/Fereduction processes. This study demonstrates that inﬁltration of oil-ﬁeld water may leach Ra into groundwater by changing
salinity and redox conditions in the subsurface rather than by mixing with a high-Ra source.

■

oil reservoirs are typically <40,000 mg/L,8 TDS in water from
the Bakken and Marcellus commonly exceed 100,000 mg/L.5,6
The focus of this study is shallow groundwater associated with
the Fruitvale (FV), Lost Hills (LH), and South Belridge (SB) oil
ﬁelds in the SJV (Figure 1),12 where oil production has occurred
for ∼100 years.8 Disposal of oil-ﬁeld water in unlined ponds has
occurred in parts of the study area since the 1950s and is a direct
pathway for oil-ﬁeld water to enter the near-surface environment.13 Several studies have reported the presence of Ra from
oil-ﬁeld water in near-surface environments, typically in aquatic
sediment or soil associated with releases of Ra-rich produced
water.6,14−16 Those studies found most of the Ra was retained
on solid phases relatively close to the release site due to Ra
immobilization by processes like coprecipitation with barite
(BaSO4) and adsorption on solid phases.6,14,15 In groundwater

INTRODUCTION
Consumption of water containing elevated radium (Ra)
activities has been associated with various adverse humanhealth eﬀects, including some forms of cancer.1−3 The U.S.
Environmental Protection Agency established a maximum
contaminant level (MCL) for 226Ra+228Ra in drinking water of
0.185 Bq/L (5 pCi/L).4 Previous studies have shown that water
in some hydrocarbon reservoirs is enriched in Ra nuclides, which
could be problematic if that water mixes with nearby
groundwater. 226Ra+228Ra activities up to 666 and 64 Bq/L
were reported in produced water from unconventional hydrocarbon reservoirs in the Marcellus Shale and Bakken Formation,
respectively.5,6 Produced water from oil reservoirs in the
southern San Joaquin Valley (SJV), California, has reported
226
Ra+228Ra activities up to ∼12 Bq/L.7,8 Diﬀerences in Ra
activities between water from the SJV and other reservoirs
reﬂect, in part, diﬀerences in salinity between the reservoirs. At
elevated salinities, exchangeable Ra on clay minerals can be
mobilized due to exchange with other dissolved ions.9−11 While
concentrations of total dissolved solids (TDS) in water from SJV
© 2019 American Chemical Society
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Figure 1. (A) Location of the study-area oil ﬁelds, and locations of sampling sites in the (B) Fruitvale, (C) Lost Hills, and (D) South Belridge oil ﬁelds.
Oil-well data from ref 12. Only selected active and decommissioned disposal ponds are shown.

systems, subsequent brine migration and mixing with fresh
groundwater could mobilize Ra associated with the aquifer
sediments, given the direct inﬂuence of salinity on Ra
sorption.9,17 Mobilization of Ra from aquifer sediments could
also occur if brine incursion into aquifers shifts pH to acidic
conditions or induces redox to more reducing conditions, which
would enhance Ra release to groundwater.11,18,19 As far as we are
aware, only one study has examined Ra in groundwater near
hydrocarbon production activities to evaluate such processes.14
This study examines the occurrence and sources of Ra in
groundwater associated with the FV, LH, and SB oil ﬁelds. In
particular, this study aims to distinguish the impact of oil-ﬁeld

water disposed of in unlined ponds relative to subsurface mixing
processes between oil-ﬁeld water and regional groundwater.

■

MATERIALS AND METHODS

The study area is in the southern SJV (Figure 1), part of the
Central Valley of California, a 700-km-long basin containing >
7500 m of Mesozoic through Cenozoic-aged sediments.20 From
2014 to 2017, water samples were collected from 40 water wells
located in, or near (within 5 km), the three oil ﬁelds (Figure 1,
Table S1). A detailed description of the study area is provided in
Section S1 and brieﬂy summarized here. In the FV oil ﬁeld,
located on the east side of the SJV, sampled wells are screened in
semiconsolidated gravel, sand, silt, and clay in late Miocene to
9399
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Figure 2. (A) 226Ra+228Ra activities, (B) 228Ra activities in relation to 226Ra activities, and (C) 224Ra activities in relation to 228Ra activities, in
groundwater and oil-ﬁeld water. Data for oil-ﬁeld water from refs 8 and 31. In (A), boxes represent 25th, 50th, and 75th percentile values, whiskers
represent 10th and 90th percentile values; oil ﬁelds with diﬀerent letters (A or B) at the top of the panel have signiﬁcantly diﬀerent activities based on
Tukey multiple-comparison tests and α = 0.05; n, number of samples. In (B), data for aquifer sediments in Table S5 and ref 37 are present. FV, Fruitvale
oil ﬁeld; LH, Lost Hills oil ﬁeld; SB, South Belridge oil ﬁeld; slp, slope.

Pleistocene ﬂuvial deposits in the Kern River Formation (Figure
S1).21 Those sediments were largely derived from granitic rocks
in the Sierra Nevada to the east.22 Groundwater ﬂow directions
are generally to the west, southwest.21 The median depth to the
bottom of perforations in the sampled water wells is 209 m,
whereas the median depth to the top of perforations in FV oil
wells is 1088 m.23 Sediments in the Kern River Formation and
marine sediments in the underlying Etchegoin Formation are
present between the deepest water wells and shallowest oil wells
(completed in basal portions of the Etchegoin Formation)
(Figure S1).24 The Macoma Claystone, within the basal portion
of the Etchegoin Formation, generally serves as a hydraulic
barrier between the oil and water-bearing zones.24
In the SB and LH oil ﬁelds, located on the west side of the SJV,
sampled wells are screened in unconsolidated to semiconsolidated sand, silt, and clay in Holocene/Pleistocene
alluvium and ﬂuvial, deltaic, to lacustrine deposits in the Tulare
Formation (Pleistocene).25 Those sediments were largely
derived from marine rocks in the Temblor Range to the
west.25 Groundwater ﬂow directions are generally to the
northeast.26 The aquifers are generally unconﬁned to semiconﬁned, except for water-bearing units in the Tulare
Formation, which are conﬁned by the Corcoran Clay.26 Median
depths to the bottom of perforations in the sampled water wells
are 199 m (LH) and 153 m (SB). Median depths to the top of
perforations in oil wells are 414 m (LH) and 326 m (SB).23
Within the LH and SB oil ﬁelds, the deepest water wells and
shallowest oil wells are both completed in the Tulare Formation
(Figure S1), although the Tulare oil wells in the vicinity of the
sampled Tulare water wells are deeper than the water wells. In
parts of LH and SB, the Amnicola, Tulare, and Corcoran Clays
(deepest to shallowest) in the Tulare Formation could serve as
conﬁning layers between the oil wells and water wells.25,26
Generally, samples were collected from the wells after three
casing-volumes of water were purged from the wells and
readings of pH, speciﬁc conductance, dissolved oxygen (O2),
and water temperature stabilized. Samples were also collected
from two oil-ﬁeld water disposal ponds (SB ﬁeld) and an oil-ﬁeld
injectate ﬂow manifold (LH ﬁeld) integrating produced waters
from many oil wells for injection for enhanced oil recovery
(EOR) (Figure 1). Previously published data for other oil-ﬁeld
water in the study areas were also used in the analysis.8 Samples
were analyzed for Ra-isotope activities (224Ra, 226Ra, 228Ra);

major ions, nutrients, and trace elements; dissolved organic
carbon (DOC) and volatile organic compounds (VOCs);
isotopic compositions of water (δ2H−H2O, δ18O−H2O),
dissolved inorganic carbon (δ13C-DIC) and CH4 (δ2H−CH4,
δ13C−CH4); noble gas abundances (4He, Ne, Ar, Kr) and
isotopes (40Ar/36Ar, 86Kr/84Kr); 3H and 14C in DIC (14C-DIC);
and concentrations of CH4 through pentane (C1−C5) (Tables
S2, S3, and S4).
Sediment cuttings collected from two boreholes drilled by the
U.S. Geological Survey near the LH and SB oil ﬁelds in 2018
were analyzed for their 226Ra and 228Ra activities using gamma
spectrometry methods described in Section S2 (Figure 1).
Mann−Whitney and Tukey multiple comparison tests, as
implemented in the software OriginPro 2018,27 were used on
ranked data to test for signiﬁcant diﬀerences in Ra
concentrations between study areas and other variables.
Spearman correlation analysis considered relations between
concentrations of Ra and other variables. For the statistical tests,
concentrations below reporting levels were set to zero. An α
value of 0.05 was used for each test.

■

RESULTS AND DISCUSSION
Radium Nuclide Occurrence in Groundwater. 226Ra
+228Ra activities in groundwater in the study areas range from
0.010 to 0.51 Bq/L, with 18% of the wells having 226Ra+228Ra
activities greater than the MCL of 0.185 Bq/L (Table S4).28−30
All the Ra MCL exceedances are from nondrinking-water wells
in LH (LG2, LG3, LG6, LG9) and SB (BG4a, BG5, BG7). 226Ra
+228Ra activities in LH and SB groundwater are signiﬁcantly
higher (p < 0.001) than the activities in FV groundwater;
however, 226Ra+228Ra activities in LH and SB groundwater are
not signiﬁcantly diﬀerent (p = 0.99) from each other [median
226
Ra+228Ra activities (Bq/L); FV = 0.020, LH = 0.11, SB =
0.073] (Figure 2A). In each oil ﬁeld, 226Ra+228Ra activities in
groundwater are signiﬁcantly lower (p < 0.001) than the
activities in the associated oil-ﬁeld water (Figure 2A).31 224Ra
composes a large fraction of the total Ra inventory (224Ra+226Ra
+228Ra) in groundwater from the LH and SB oil ﬁelds (median
224
Ra fraction; FV = 0, LH = 0.37, SB = 0.44).
Radium-isotope activity ratios can provide insight on Ra
sources and processes aﬀecting Ra in groundwater.18,32,33 226Ra
(half-life = 1600 years) is part of the 238U decay series and is the
direct product of 230Th decay.34 224Ra and 228Ra (half-lives =
9400
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Figure 3. (A) pH in relation to total dissolved solids concentrations and (B) manganese + iron concentrations in relation to dissolved oxygen
concentrations, in groundwater; and (C) δ2H−H2O in relation to δ18O−H2O in groundwater and oil-ﬁeld water. Data for oil-ﬁeld water from refs 8
and 31. In (C), GMWL, global meteoric water line;50 LMWL, local meteoric water line.51

3.63 days and 5.75 years, respectively), are part of the 232Th
decay series and are the direct products of 228Th and 232Th
decay, respectively.34 228Ra/226Ra activity ratios in groundwater
are generally considered to reﬂect the 228Ra/226Ra activity ratios
in solid phases with which the groundwater is in contact.9,18
224
Ra/228Ra ratios in groundwater could be expected to be near a
value of 1, assuming secular equilibrium between 224Ra and
228
Ra in aquifer sediments.18,33,35 Various processes could alter
these ratios in groundwater. Alpha recoil, for example, releases
224
Ra and 228Ra from sediment faster than 226Ra because of the
shorter half-lives of 224Ra and 228Ra relative to 226Ra.33,35,36 As a
result, subsurface ﬂow systems undergoing relatively recent
water-rock interactions could contain water with elevated
228
Ra/ 226 Ra (above the ratio in the host rocks) and
224
Ra/228Ra (above the ratio of 1).18,33,35 Yet, over longer
residence times, the 228Ra/226Ra of groundwater typically
mimics the 228Ra/226Ra ratio of the host aquifer rocks.
228
Ra/226Ra activity ratios in the samples span a wide range
(0.12 to 12), but most samples have ratios between about 0.5
and 3 (median 228Ra/226Ra ratios; FV = 6.0, LH = 1.3; SB = 2.4)
(Figure 2B). The 228Ra/226Ra ratios in FV samples are higher
than those in LH and SB, but the ratios in FV have relatively high
analytical uncertainty due to the low Ra activities in those
samples (Table S4). Given the low Ra activities in FV samples
relative to the MCL, the remaining discussion of activity ratios
focuses on the LH and SB samples. The median 228Ra/226Ra
ratio in LH groundwater (1.3) is close to a previously proposed
average 228Ra/226Ra ratio for sandstones of 1.618 and is within
the range of ratios measured in aquifer sediments (0.26 to 1.39, n
= 10) collected from the LH and SB boreholes (Figures 1 and
2B).37 The median 228Ra/226Ra ratio in SB groundwater (2.4) is
higher than that in LH groundwater, but the high median ratio is
largely due to four samples with conspicuously high 228Ra/226Ra
ratios (> 3). 228Ra/226Ra ratios in those samples are discussed
further in the section Discordant Radium Activity Ratios. The
median 228Ra/226Ra ratio in the seven SB samples with
228
Ra/226Ra ratios < 3 is 1.4, nearly identical to the median
ratio in LH groundwater. 228Ra/226Ra ratios in the LH and SB
samples are larger than the ratios in associated oil-ﬁeld water
samples (median 228Ra/226Ra ratio; LH = 0.46, SB = 0.51)
(Figure 2B), possibly reﬂecting diﬀerent water residence times,
Ra mobilization mechanisms, and sediment chemistry between
the oil reservoirs and aquifers. The oil-ﬁeld water samples are
mostly from organic-rich diatomite with 228Ra/226Ra ratios < 1.8

Median 224Ra/228Ra ratios in samples from LH (1.2) and SB
(1.3) are near the ratio of 1 expected in the aquifer solids,
assuming secular equilibrium between 224Ra and 228Ra (Figure
2C).18,35 224Ra/228Ra ratios in oil-ﬁeld water from LH and SB are
also mostly between 0.5 and 2 (median 224Ra/228Ra ratio; LH =
2.0, SB = 1.3). A few groundwater samples have 224Ra/228Ra
ratios > 2, suggesting they were aﬀected by relatively recent
water-rock interactions through recoil processes.18,33,35
Geochemical Controls on Radium Activities in
Groundwater. Radium activities in groundwater reﬂect the
net eﬀects of dissolution and precipitation of Ra-bearing
minerals, radioactive decay of dissolved Th, alpha-recoil release
of Ra from the decay of Th in aquifer solids, decay of Ra in
solution, and reversible Ra exchange processes with aquifer
solids.35,38,39 Some of these processes, like Ra exchange and
mineral precipitation, are aﬀected by groundwater geochemistry
(e.g., salinity, redox, pH).18,19 Thus, regional variations in
groundwater salinity, redox, and pH in the study area have
implications for Ra occurrence in groundwater. TDS concentrations in groundwater increase substantially from the FV oil
ﬁeld on the east side of the SJV to the LH and SB oil ﬁelds on the
west side of the valley [median TDS (mg/L); FV = 206, LH =
3520, SB = 4540], whereas pH values decrease (median pH; FV
= 8.1, LH = 7.4, SB = 7.2) (Figure 3A). In FV, water types range
from Ca-HCO3 to Na-SO4 (Figure S2). In LH and SB, water
types include mixed cation-SO4, mixed cation-Cl, Na-SO4, and
Na-Cl. Groundwater in the FV oil ﬁeld is more oxic, and
contains less dissolved Mn and Fe, than higher-TDS groundwater in the LH and SB oil ﬁelds [median O2 (mg/L); FV = 1.4,
LH = <0.1, SB = 0.2] [median Mn+Fe (mg/L); FV = 0.0034,
LH = 0.85, SB = 0.36] (Figure 3B, Section S1).
Previous studies have shown that elevated Ra activities in
groundwater are most commonly associated with elevated
salinity, anoxic conditions indicated by elevated Mn and Fe and
low SO4 concentrations, and/or low pH.18,19,32,39 Dissolved
cations in saline groundwater can mobilize exchangeable Ra on
clay minerals by outcompeting Ra2+ for exchange sites, with
divalent cations generally being more eﬀective than monovalent
cations in the exchange process.32,39,40 Median concentrations
(in mg/L) of Ca, Sr, and Na in LH (210, 2.5, 984) and SB (445,
9.8, 640) groundwater are much higher than in FV (30, 0.35,
37), indicating that the substantial increase in groundwater
salinity from east to west across the valley is accompanied by
large increases in concentrations of divalent and monovalent
cations. Strong positive Spearman correlations between total Ra
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Figure 4. Concentrations of (A) bromide and (B) lithium in relation to chloride, (C) 84Kr/36Ar ratios in relation to 4He/36Ar ratios, in groundwater
and oil-ﬁeld water. Data for oil-ﬁeld water from this study and refs 8, 31, and 37. In (A and B), vertical bars on the mixing lines represent mixtures
containing 10% or 50% of the saline endmember.

and TDS (p < 0.001, ρ = 0.90), Ca (p < 0.001, ρ = 0.76), Sr (p <
0.001, ρ = 0.80), and Na (p < 0.001, ρ = 0.93) suggest salinity
and water composition are important factors in mobilizing
exchangeable Ra from the aquifer sediments.
Mn- and Fe-oxyhydroxide solids can be especially important
sinks for dissolved Ra in some environments given their
generally high exchange capacity;35,40−42 therefore, reductive
dissolution of those phases under anoxic redox conditions could
reduce the availability of exchange sites for dissolved Ra and
release previously adsorbed Ra into solution. This conceptual
model is supported by the strong positive correlations between
total Ra and dissolved Mn (p < 0.001, ρ = 0.72) and Fe (P <
0.001, ρ = 0.77). The dissolved O2, Mn, and Fe data indicate that
Mn and Fe reduction processes are more prevalent in SB and LH
than FV (Figure 3B), which results in fewer Ra adsorption sites
and thus higher dissolved-Ra activities in SB and LH. Ra
adsorption on aquifer sediments is also pH dependent, with less
adsorption occurring at lower pH due to the more positive
surface charge on solid phases at lower pH.39,40 The negative
correlation between total Ra and pH (p < 0.001, ρ = −0.67) is
consistent with this model. Inverse correlations between pH and
Mn (p = 0.005, ρ = −0.44) and pH and Fe (p < 0.001, ρ =
−0.65) could reﬂect CO2 production during microbial Mn and
Fe reduction and thus decreased pH with intensiﬁcation of those
redox processes.43 Overall, the TDS, major-ion, Mn, Fe, and pH
data indicate that geochemical conditions in LH and SB
groundwater are more conducive to mobilizing exchangeable Ra
than are the geochemical conditions in FV. Secondary barite
coprecipitation, especially in the LH and SB oil ﬁelds, was
evaluated as a Ra sink but appears to be less signiﬁcant than
processes mobilizing Ra based on persistently high Ra activities
in LH and SB groundwater (Figure S3).
Gradients in salinity, redox conditions, and pH across the SJV
are due in part to variations in recharge, aquifer lithology, and
groundwater age across the valley. The presence of relatively
dilute, oxic groundwater in FV is due to the Kern River, which is
a major source of freshwater recharge to aquifers in the FV oil
ﬁeld (Figure 1).21 Aquifers on the east side of the SJV are also
mostly composed of relatively coarse-grained sediments derived
from granitic rocks in the Sierra Nevada that could enable
extensive circulation of fresh recharge through the aquifer
system.44−46 3H and 14C-DIC data indicate the aquifers in LH
and SB contain older groundwater than the aquifers in FV
[median 3H (TU); FV = 2.4; LH < 0.1, SB = 0.2] [median 14CDIC (pM); FV = 83; LH = 1.3, SB = 3.6] (Table S4), consistent

with the lack of substantial sources of natural recharge in LH and
SB and presence of the Corcoran Clay conﬁning unit that could
restrict groundwater ﬂow.25,26,45 Aquifer lithology in LH and SB
largely consist of reworked marine sediments derived from the
Temblor Range to the west that contain calcite, dolomite,
gypsum, and relatively organic-rich clay.25,44,45 Long groundwater residence times in sediments of that composition could
produce anoxic conditions with relatively high TDS concentrations.
Some of the elevated TDS and anoxia in LH and SB
groundwater could also be due to natural mixing of groundwater
and oil-ﬁeld water given the relatively small vertical separation
between aquifers and underlying hydrocarbon reservoirs in
those oil ﬁelds.23 Some of the sampled wells are also near
unlined oil-ﬁeld water disposal ponds, oil wells, and injection
wells that had substantial water injection for EOR and disposal
(Figure 1, Table S1). In those areas, oil and gas production
activities could potentially cause oil-ﬁeld water to mix with
groundwater.
Groundwater Mixing with Oil-Field Water. Chloride, Br,
Li, B, and stable water-isotope data are used in two-endmember
mixing models to estimate fractions of oil-ﬁeld water mixed with
the seven Ra-rich groundwater samples. Noble-gas, 3H, and
other data enable us to distinguish between groundwater mixed
with oil-ﬁeld water from unlined disposal ponds (anthropogenic
source of oil-ﬁeld water) and oil-ﬁeld water from subsurface
sources that could be related to natural mixing processes or oil
and gas production. On the basis of these distinctions, the highRa samples are grouped into 4 categories: (1) highly mixed,
surface sources of oil-ﬁeld water (BG4a, BG7), (2) slightly
mixed, subsurface sources of oil-ﬁeld water (LG3, LG9), (3)
highly mixed, surface and subsurface sources of oil-ﬁeld water
(BG5), and (4) little or no mixing with oil-ﬁeld water (LG2,
LG6). A secondary data set for NH4, DOC, VOCs, and δ13CDIC further supports the proposed binning of the high-Ra
groundwater (Section S3).
Group 1 contains the two samples with the highest Ra
activities in the SB area, BG4a and BG7 (Figure 1D). BG7 is
∼2.4 km downgradient from BS2, an unlined pond where oilﬁeld water has been disposed of from the 1950s to present
(2019).13 Wells BG7, BG6, and BG3 are aligned in a
northeasterly direction downgradient from BS2, with BG7
located closest to BS2 and BG3 farthest from BS2 (Figure 1D).
Chloride, Br, Li, and water-isotope data in those three wells
show consistent patterns of increasing fractions of an end9402
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end-members represented by dilute Tulare groundwater
(sample LG4) and an oil-ﬁeld water sample unaﬀected by
EOR or water disposal (LP4 in Figures 3 and 4)8 suggest that
LG3 and LG9 contain ≤ 10% oil-ﬁeld water (Figures 3C and
4A,B). Oil-ﬁeld water in these samples appears to be from
subsurface sources rather than pond inﬁltration. Neither sample
contains 3H and both samples contain high concentrations of
CH4 (33 to 79 mol %) isotopically similar to LH oil-ﬁeld gas
(Figure S6A). Methane in oil-ﬁeld water disposed of in ponds is
expected to be low due to degassing (BS2 CH4 = 1.71 mol %).
The mixing in LG3 and LG9 could be related to nearby oil and
gas production activities and/or natural processes. Both wells
have >150 oil-production and injection wells within 500 m, and
more than 9.5 million m3 of ﬂuid were injected historically for
EOR and water disposal within 500 m (Table S1). At the same
time, the median depth to the top of the oil-well perforations in
LH (414 m)23 is only ∼180 to 215 m below the bottom of the
perforations in LG3 and LG9, respectively (Table S1). Given
this vertical separation between aquifers and reservoirs, it is
conceivable that small amounts of natural mixing could occur
over geologic time scales.
Group 3 consists of one sample from SB, BG5 (screened in
the Tulare Formation), that is ∼0.5 km downgradient from an
unlined disposal pond that operated from the 1950s until 2006
(Figure 1D).48 Using the pond upgradient from BG5 and nearby
BG8 as the saline-pond and dilute-groundwater endmembers,
respectively, mixing calculations based on Cl and B data indicate
BG5 could contain roughly 40% saline water with a composition
like that in the now inactive pond (Figure S5C).48 BG5 contains
the highest 3H concentration (0.6 TU) among the LH and SB
groundwater samples, but it also contains elevated CH4 [24 mol
%; isotopically like SB oil-ﬁeld gas (Figure S6A)]. The data
indicate BG5 could contain oil-ﬁeld ﬂuids from both surface and
subsurface sources (see section S3).
Group 4 consists of two samples from LH, LG2, and LG6
(Figure 1C). Chloride, Br, Li, and water-isotope data indicate
those samples contain little or no oil-ﬁeld water (Figures 3C and
4A,B). The absence of 3H in the samples and their elevated
4
He/36Ar ratios compared to ASW indicates long groundwater
residence times without recent exposure to the atmosphere
(Figure 4C).
Discordant Radium Activity Ratios. Of the high-Ra
samples aﬀected by mixing with oil-ﬁeld water, only BG4a, BG7,
and BG5 (groups 1 and 3) are clearly aﬀected by oil and gas
production activities distinct from natural processes. Data
indicate that the groundwater represented by those samples is
aﬀected by inﬁltration from disposal ponds, yet discordance
between Ra activity ratios in those samples (228Ra/226Ra; BG4a
= 1.2, BG5 = 7.2, BG7 = 3.1) and Belridge oil-ﬁeld water samples
that include the disposal ponds (median 228Ra/226Ra = 0.51)
imply that Ra in the groundwater samples is not derived directly
from mixing with oil-ﬁeld water. This apparent inconsistency
could be resolved if Ra in oil-ﬁeld water disposed of in the ponds
is retained in the near-pond environment and subsequently
replaced by Ra mobilized from aquifer sediments aﬀected by the
saline, organic-rich pond water that inﬁltrates into the aquifers.
Previous studies showed that Ra associated with surface
releases of produced water is commonly entrained in sediments
near the release site due to coprecipitation with barite and/or
adsorption processes.6,14−16 Mixing calculations were done
using PHREEQC to examine the potential for barite
precipitation in the near-pond environment.49 Chemical data
from BS2 (ref 31) represent the saline pond endmember, and

member water source similar in composition to BS2 with
decreasing distance from BS2 (Figures 3C and 4A,B). BS2 and
BG3 are used as the saline-pond and dilute-groundwater
endmembers, respectively, in the mixing calculations. The
calculations suggest BG7 and BG6 contain roughly 45% and
10% disposal-pond water, respectively. Other potential oilﬁeldwater endmembers, such as BS3 and produced water similar in
composition to previously sampled oil wells BP2 and BP4-BP6,8
do not show the same consistent mixing patterns as BS2 when
considered in the context of all the tracers (Figures 1D, 3C, and
4A,B).
BG7 is an irrigation well in the Tulare Formation, indicating
that water from BS2 either inﬁltrates directly into the Tulare
Formation or enters by another pathway. BG7 has a long
screened interval [74.7 to 165.2 m below land surface (bls)] that
could extend a short distance above the Corcoran Clay based on
geophysical-log data from an oil well (API 02903672) 0.35 km
southeast of BG7 that identify the Corcoran Clay ∼76 to 88 m
bls.12 The gravel pack around the well screen in BG7 also
extends upward to ∼15 m bls. The well screen and gravel pack
could provide pathways for water above the Corcoran Clay to
migrate below the clay. The water level in BG7 at the time of
sampling in April 2017 (83.1 m bls) did not extend above the
Corcoran Clay.
A large amount of water injection for EOR and disposal occurs
in SB (Table S1);8 however, noble-gas data are not consistent
with injected ﬂuids as the source of high-TDS water in BG7.
84
Kr/36Ar and 4He/36Ar ratios in a sample of oil-ﬁeld injectate
(LP6) suggest that injection water is greatly enriched in air,
whereas the ratios in BG7 are like those in ASW and BS2 (Figure
4C), consistent with BG7 having been in recent equilibrium with
the atmosphere. Even though the noble-gas data indicate BG7
was recently exposed to the atmosphere, 14C-DIC in BG7 (5.1
pM) is lower than in downgradient wells BG6 (6.9 pM) and
BG3 (11.5 pM). Conceptually, this pattern is consistent with
temporary storage of old oil-ﬁeld water (lower 14C-DIC) at the
land surface, allowing noble-gas equilibration with the
atmosphere, followed by inﬁltration and mixing with younger
ambient groundwater (higher 14C-DIC) downgradient from the
pond. Isotopic exchange between atmospheric 14CO2 and pond
DIC could account for some of the 14C-DIC in BG7.
BG4a has chemical characteristics like BG7, including
elevated Cl, Br, Li, and enriched δ2H−H2O and δ18O−H2O
values (Figures 3C and 4A,B). BG4a is ∼3 km downgradient
from an unlined oil-ﬁeld water disposal pond that operated from
the 1950s to 2006 (Figure 1D).47 Chemical data suggest BG4a
was aﬀected by inﬁltration from that or another disposal pond
with similar composition. Using the pond upgradient from BG4a
and BG3 as the saline-pond and dilute-groundwater endmembers, respectively, mixing calculations based on Cl, B, and waterisotope data indicate that BG4a may contain ∼40% pond water
(Figures S5A,B).47 Other similarities between BG4a and BG7
are that both contain 3H (0.3 to 0.5 TU) (evidence of a recent
connection to land surface) and both samples have He/Ne ratios
(0.264 to 0.321) only slightly higher than ASW (0.242 at 20 °C,
120 m), indicating relatively short groundwater residence times.
Data from BG4a indicate pond seepage is present in the alluvial
sediments, but chemical data from colocated well BG4b,
screened in the Tulare Formation, indicate that pond seepage
is not present in the Tulare Formation at that location.
Group 2 contains the two samples with the highest Ra
activities in the LH area, LG3 and LG9 (Figure 2A). Mixing
calculations based on the Cl, Br, Li, and water-isotope data, and
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Figure 5. (A) Barite saturation index and cumulative barite precipitation, calculated using PHREEQC, in relation to the fraction of ambient
groundwater in the mixture, (B) manganese concentrations in relation to iron concentrations in groundwater and oil-ﬁeld water, and (C) relative
concentrations and ratios in relation to distance downgradient from oil-ﬁeld water disposal pond BS2. In (A), BG3 and BS2 represent the groundwater
and oil-ﬁeld water endmembers, respectively. In (B), iron concentrations in the pond samples plotted at one-half the reporting level of 0.02 mg/L; data
for oil-ﬁeld water from refs 8 and 31.

spike in Mn+Fe concentrations and decrease in DOC relative to
TDS in BG7 indicate that substantial Mn and Fe mobilization
occurred downgradient from BS2 (Figure 5C). The elevated Mn
+Fe concentration in BG7 (6300 μg/L) is not likely related
solely to natural processes, even though Tulare groundwater is
typically anoxic. The Mn+Fe and DOC concentrations in BG7
are ∼15-to-100 and ∼26-to-65 times higher, respectively, than
the concentrations in SB Tulare samples not aﬀected by pond
seepage. Ra desorption could also occur if groundwater pH
decreased due to CO2 production during microbial metabolism.39,43 The spike in Mn+Fe and dip in pH (to 6.4) in BG7
suggest such processes occur downgradient from BS2.
In sum, we propose that oil-ﬁeld water from BS2 did not cause
direct Ra contamination in BG7; rather, salination and
development of reducing conditions in the downgradient
groundwater by inﬁltration of oil-ﬁeld water from BS2 triggered
the mobilization of Ra from aquifer sediments with 228Ra/226Ra
ratios like those in the sediments (Figure S7).
The 228Ra/226Ra ratio in BG4a is in the range of ratios
measured in aquifer sediments collected from the boreholes,
consistent with the conceptual model of Ra mobilization from
aquifer sediments by oil-ﬁeld water leaked from the ponds
(Figure 2B). The 228Ra/226Ra ratios in BG5 and BG7 are higher
than measured ratios in the sediment. The higher ratios could
simply reﬂect variability in 228Ra/226Ra ratios in aquifer
sediments across the study area. This is supported by the
observation that some other SB samples much less aﬀected by
mixing with oil-ﬁeld water also had relatively high 228Ra/226Ra
ratios (Figure 2B). It could also be possible that Ra desorption
from sediment due to repeated intrusion of saline water and
relatively rapid alpha-recoil regeneration of 228Ra could
contribute to the higher 228Ra/226Ra ratios.33,36
Implications. Chemical and isotopic data from this study
show that saline, organic-rich oil-ﬁeld water inﬁltrated through
unlined disposal ponds into groundwater in multiple locations
on the west side of the SJV. In three locations identiﬁed in this
study, this has induced rock-water interactions that mobilize Ra
from downgradient aquifer sediments to groundwater at levels
that exceed the 226Ra+228Ra drinking-water MCL. These
processes could also control Ra distribution in other areas
with surface releases of produced water, rather than assuming
high Ra is related to Ra adsorbed to sediment near the
release site or that Ra activity in impacted groundwater depends

data from BG3 represent the ambient groundwater endmember
in the mixing calculations. For mixtures that result in barite
oversaturation, barite saturation is achieved by allowing barite to
precipitate in the model. BS2 is slightly oversaturated with
respect to barite, requiring a small amount of barite precipitation
in the pond (Figure 5A). Mixing pond water with 10%
groundwater results in substantial barite oversaturation and
precipitation because BS2 contains large concentrations of Ba
(4.8 mg/L) and BG3 contains large concentrations of SO4 (996
mg/L). Subsequent additions of groundwater cause increasingly
smaller amounts of barite precipitation as barite saturation
indexes approach equilibrium (Figure 5A). About 85% of the
barite precipitation occurs in the pond and mixture containing
10% groundwater. The mixture reaches a barite saturation level
comparable to BG7 when it contains ∼40% pond water (Figure
5A), near the mixing fraction indicated by the Cl, Br, and Li data
(Figures 4A,B). The PHREEQC results indicate there is a high
potential for Ra coprecipitation with barite in the near-pond
environment.
Radium adsorption on Mn- and Fe-oxyhydroxides is also an
important sink for Ra in water;17,19,32,39 therefore, Mn- and Feoxyhdroxide precipitates formed in the near-pond environment
could remove Ra originally present in oil-ﬁeld water disposed of
in the ponds. BS2 contains substantially less Mn and Fe than
Belridge-produced water (Figure 5B), suggesting Mn and Fe in
oil-ﬁeld water disposed of in the pond is removed from solution
in the near-pond environment, possibly by oxidation processes
when oil-ﬁeld water is exposed to the atmosphere.6
Assuming coprecipitation and adsorption processes in the
near-pond environment remove Ra in oil-ﬁeld water disposed of
in the ponds, additional processes are needed to generate the Ra
observed in BG7, BG4a, and BG5. A plot of relative 226Ra+228Ra
activities in groundwater with distance from BS2 shows that an
amount of Ra equivalent to about 25% of what is in the pond
would need to be mobilized from aquifer sediments to account
for the Ra in BG7 (Figure 5C). Inﬁltration of saline, organic-rich
pond water into the aquifer could mobilize Ra from the aquifer
sediments into salinized groundwater. Competing cations in the
saline water could cause exchangeable Ra to desorb from aquifer
solids. DOC in pond seepage could support microbial reduction
of Mn- and Fe-oxyhydroxides in aquifer sediments, thereby
reducing the ion-exchange capacity of aquifer sediments and
mobilizing Ra adsorbed to the Mn and Fe solid phases. The
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Implications for disposal of conventional oil and gas wastewater.
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(17) Landa, E. R.; Reid, D. F. Sorption of radium-226 from oilproduction brine by sediments and soils. Environ. Geol. 1983, 5 (1), 1−
8.
(18) Vengosh, A.; Hirschfeld, D.; Vinson, D.; Dwyer, G.; Raanan, H.;
Rimawi, O.; Al-Zoubi, A.; Akkawi, E.; Marie, A.; Haquin, G.; Zaarur, S.;
Ganor, J. High naturally occurring radioactivity in fossil groundwater
from the Middle East. Environ. Sci. Technol. 2009, 43 (6), 1769−1775.
(19) Vinson, D. S.; Tagma, T.; Bouchaou, L.; Dwyer, G. S.; Warner, N.
R.; Vengosh, A. Occurrence and mobilization of radium in fresh to
saline coastal groundwater inferred from geochemical and isotopic
tracers. Appl. Geochem. 2013, 38 (1), 161−175.
(20) Scheirer, A. H.; Magoon, L. B. Age, distribution, and stratigraphic
relationship of rock units in the San Joaquin Basin Province, California.
Professional Paper 1713, Ch. 5; U.S. Geological Survey:VA, 2007.
(21) Wright, M. T.; McMahon, P. B.; Landon, M. K.; Kulongoski, J. T.
Groundwater quality of a public supply aquifer in proximity to oil
development, Fruitvale oil field, Bakersfield, California. Appl. Geochem.
2019, 106 (1), 82−95.
(22) Olson, H. C.; Miller, G. E.; Bartow, J. A. Stratigraphy,
paleoenvironment and depositional setting of Tertiary sediments,
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only on conservative mixing relationships between the oil-ﬁeld
water and ambient groundwater. Induced-radium mobilization
by oil-ﬁeld and other saline water sources should be further
studied in other cases, even if the end-member saline source has
low Ra activity.
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CALIFORNIA REGIONAL WATER QUALITY CONTROL BOARD
CENTRAL VALLEY REGION
ORDER R5-2017-0036
WASTE DISCHARGE REQUIREMENTS GENERAL ORDER
FOR
OIL FIELD DISCHARGES TO LAND
GENERAL ORDER NUMBER THREE
The California Regional Water Quality Control Board, Central Valley Region (Central
Valley Water Board or Board), finds that:

SCOPE OF GENERAL ORDER COVERAGE
1.

This General Order applies to owners and/or operators (hereinafter referred to as
“Dischargers”) of oil and gas production facilities (herein after referred to as
Facilities or Facility) that:
a. primarily discharge produced wastewater from oil and gas extraction operations
to land, including but not limited to produced wastewater disposal ponds, but
that may also discharge produced wastewater to land for dust control and for
construction activities and may discharge road mix within Facility boundaries to
enhance containment berms and roads;
b. exceed the maximum oil field discharge salinity limits for electrical conductivity,
chloride, and boron contained in the Water Quality Control Plan for the Tulare
Lake Basin, Second Edition, Revised January 2015 (Basin Plan);
c. discharge where the first encountered groundwater is of poor quality or there is
no first encountered groundwater;
d. discharge where the first encountered groundwater does not support beneficial
uses as identified in the Basin Plan as Municipal and Domestic Supply (MUN),
or Agricultural Supply (AGR), or Industrial Service Supply (IND) or Industrial
Process Supply (PRO); and
e. began discharge of wastewater to pond(s) prior to 26 November 2014.
This General Order classifies such Facilities as “existing.”

2.

The Board will notify Dischargers of coverage under the terms and conditions of
this General Order by Executive Officer issuance of a Notice of Applicability as
described in the application process below.

CENTRAL VALLEY REGION
GENERAL ORDER R5-2017-0036
WASTE DISCHARGE REQUIREMENTS
GENERAL ORDER NUMBER THREE

2

3.

This General Order will provide coverage for discharge of oil field produced
wastewater to ponds and to land for dust control and construction activities. This
General Order does not provide coverage for oil field produced wastewater
discharges for crop irrigation. This General Order also does not provide coverage
for road mix and dust control applications to land where that is the only discharge to
land. These separate discharges will be addressed under separate Central Valley
Water Board order or waiver of waste discharge requirements (WDRs).

4.

It is the intent of the Central Valley Water Board that Facilities regulated by outdated
WDRs can also apply for coverage under this General Order.

5.

For the purposes of this General Order, “produced wastewater” is formation water
pumped from an oil or gas well and discharged to land. Produced wastewater may
also include water, precipitation, or rainfall runoff that contacts produced wastewater
or residual oil field wastes in the Facility. See Attachment A for specific definitions
of many of the terms used in this General Order.

6.

There are approximately 326 Facilities with about 1,100 ponds within the Central
Valley. Approximately 700 ponds are actively used. Not all of these facilities can
meet the requirements of this General Order.

APPLICATION PROCESS
7.

Dischargers seeking coverage under this General Order shall file a Notice of Intent
(NOI) with the Central Valley Water Board within 30 days of the adoption date of
this General Order. A NOI shall consist of the following:
a. A completed Form 200, which is available
at: http://www.waterboards.ca.gov/publications_forms/forms/docs/form200.pdf.
b. Dischargers that are not operating under existing WDRs shall submit an
application fee that shall also serve as the first annual fee. The fee shall be
based on a threat to water quality (TTWQ) and Complexity (CPLX) rating of 3C
and applicable surcharges as described in Title 23, California Code of
Regulations, section 2200.
c. A technical report that describes the wastewater generation, treatment, storage,
reuse and disposal activities. Submittal of the technical report containing
complete information described in the attached Information Needs Sheet
(Attachment B), which is hereby incorporated by reference as part of this
General Order, will allow for an expedited review by Central Valley Water Board
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staff. Applicants are advised to inquire with Central Valley Water Board staff
before performing investigations and/or preparing the technical report to ensure
that the report will be complete.
Upon review of the NOI, Central Valley Water Board staff will determine the
appropriate TTWQ and CPLX rating and additional fees may be required.
8.

The NOI for the Facility seeking coverage under this General Order shall document
the existing operations, which is defined as the actual maximum monthly average
produced wastewater discharge flow to ponds that occurred in the ten years
immediately prior to 26 November 2014. Any increase in flow beyond this number
constitutes an expansion requiring a CEQA evaluation. The use of the actual
maximum monthly average produced wastewater discharge flow in the last ten
years to define the existing operations accounts for fluctuations in oil and gas
production and associated wastewater flows due to changes in economic
conditions.

9.

If the information in the NOI demonstrates that coverage under this General Order
is appropriate, the Central Valley Water Board's Executive Officer (Executive
Officer) will authorize coverage by issuing a Notice of Applicability (NOA).
Coverage under this General Order will commence upon issuance of the NOA. The
NOA will describe the appropriate monitoring and reporting requirements.

10.

The Executive Officer may determine that the discharge would be better regulated
by individual WDRs, a different general order, an enforcement order, or a National
Pollutant Discharge Elimination System (NPDES) Permit in case of discharges to
waters of the United States. In these cases, the Executive Officer will notify the
Discharger in writing of such a determination.

BACKGROUND INFORMATION

11.

This General Order prescribes requirements for discharges of non-hazardous oil
field produced wastewater to ponds and other low threat discharges to land at the
existing Facilities located in the Central Valley Region.

12.

Existing Facility components can include production wells, networks of pipelines,
gas separators and dehydrators, oil and water separation units of various
configurations and types (e.g. tank batteries, WEMCOs), storage units, produced
wastewater treatment systems, and disposal systems that can include evaporation
and percolation ponds. In some operations, produced wastewater is disposed
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through underground injection wells permitted and regulated by California
Department of Conservation’s Division of Oil, Gas, and Geothermal Resources
(DOGGR). In most operations, produced wastewater is further treated and reused
in steam and power generation or injected as steam or water into the hydrocarbon
reservoir to enhance oil recovery (also regulated by DOGGR). High quality
produced wastewater may also be reused to supplement agricultural water
supplies. Other uses of produced wastewater (of appropriate quality) may include,
but are not limited to, oil field dust control and as a compaction aid for construction
activities on oil fields, and others as approved by the Executive Officer.
13.

The Central Valley Water Board in 2014 began a reevaluation of its oil field
program, particularly with respect to discharges to land. The evaluation included
research and inspection of all known discharges to ponds. In 2015, the Central
Valley Water Board issued orders under Water Code section 13267 requiring oil
field operators to submit information on their discharges to land. In 2015, the
Central Valley Water Board also issued orders under Water Code section 13304 to
those discharging to ponds without valid waste discharge requirements. The
orders required dischargers to submit information on the location, volume and
quality of the discharge and to conduct hydrogeological site characterization to
determine vertical and lateral extent of the impact of wastewater percolating to
groundwater and to ascertain whether discharges threaten groundwater quality or
threaten to cause pollution. This information was necessary to determine whether
the discharge can be permitted by the Central Valley Water Board. This
information may be suitable to support a NOI to comply with this General Order,
another general order, or to support individual waste discharge requirements.

14.

Discharges that would qualify for this General Order are those that discharge
where there is no underlying groundwater or where the poor quality of underlying
groundwater precludes beneficial use and would support removal of designated
beneficial uses through Basin Plan amendments.

BASIN PLAN AND BENEFICIAL USES
15.

The Water Quality Control Plan for the Tulare Lake Basin, Second Edition, Revised
January 2015 (Basin Plan) designates beneficial uses, establishes water quality
objectives, contains implementation plans and policies for protecting waters of the
basin, and incorporates by reference plans and policies adopted by the State
Water Resources Control Board (State Water Board).

16.

Pursuant to Chapter II of the Basin Plan, the beneficial uses of surface water may
include:
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municipal and domestic supply (MUN);
agricultural supply (AGR);
industrial process supply (PRO);
industrial service supply (IND);
hydro-power generation (POW);
water contact recreation (REC-1);
non-contact water recreation (REC-2);
warm freshwater habitat (WARM);
cold freshwater habitat (COLD);
migration of aquatic organisms (MIGR);
spawning reproduction and/or early development (SPWN);
wildlife habitat (WILD);
navigation (NAV);
rare, threatened, or endangered species (RARE);
groundwater recharge (GWR);
freshwater replenishment (FRSH);
aquaculture (AQUA); and
preservation of biological habitats of special significance (BIOL).

Where surface water bodies are not specifically listed, the Basin Plan designates
beneficial uses based on the waters to which they are tributary.
17.

The beneficial uses of groundwater described in the Basin Plan include MUN,
AGR, IND, PRO, REC-1, and WILD. Table II-2 of the Basin Plan lists the specific
designated beneficial uses of groundwater within each Detailed Analysis Unit
(DAU) of the Basin. Due to their sizes, the listed uses may not exist throughout the
DAUs. In addition, some discharges do not fall within the DAUs. Further, the Basin
Plan incorporates State Water Board Resolution No. 88-63, known as the State
“Sources of Drinking Water Policy.” Pursuant to this policy, all groundwater is
designated as MUN (the use may be existing or potential) unless specifically
exempted by the Central Valley Water Board and approved for exemption by the
State Water Board. In addition, unless otherwise designated by the Central Valley
Water Board, all groundwater in the Region is considered suitable or potentially
suitable, at a minimum, for agricultural supply (AGR), industrial supply (IND), and
industrial process supply (PRO).

18.

Pursuant to Water Code section 13263(a), this General Order must implement the
Basin Plan including consideration of the beneficial uses of water, the water quality
objectives reasonably required for protection of those beneficial uses, other waste
discharges, and the need to prevent nuisance conditions. Water quality objectives
are the limits or levels of water quality constituents or characteristics that are
established for the reasonable protection of beneficial uses of water or the
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prevention of nuisance within a specific area (Water Code, section 13050(h)).
Water quality objectives apply to all waters within a surface water or groundwater
resource for which beneficial uses have been designated.
19.

Water quality objectives are listed separately for surface water and groundwater in
Chapter III of the Basin Plan and are either numeric or narrative. The water quality
objectives are implemented in this General Order consistent with the Basin Plan’s
Policy for Application of Water Quality Objectives, which specifies that the Central
Valley Water Board “will, on a case-by-case basis, adopt numerical limitations in
orders which will implement the narrative objectives.” To derive numeric limits from
narrative water quality objectives, the Board considers relevant numerical criteria
and guidelines developed and/or published by other agencies and organizations.

20.

Water quality objectives that apply to groundwater include, but are not limited to,
(1) numeric objectives and the chemical constituents objective (includes state
drinking water primary and secondary maximum contaminant levels (MCLs)
promulgated in California Code of Regulations (CCR), title 22, sections 64431,
64444, and 64449 applicable to municipal and domestic supply), and (2) narrative
objectives including the chemical constituents, taste and odor, and toxicity
objectives.

21.

Chapter III of the Basin Plan under Water Quality Objectives for groundwater for
salinity, states:
All ground waters shall be maintained as close to natural concentrations of dissolved
matter as is reasonable considering careful use and management of water resources.
No proven means exist at present that will allow ongoing human activity in the Basin
and maintain ground water salinity at current levels throughout the Basin. Accordingly,
the water quality objectives for ground water salinity control the rate of increase.
The maximum average annual increase in salinity measured as electrical conductivity
shall not exceed the values specified in [Basin Plan] Table III-4 for each hydrographic
unit shown on [Basin Plan] Figure III-1.

22.

In considering any exceptions to the beneficial use designation of MUN in the
Basin Plan, the Central Valley Water Board must consider the criteria from
Resolution No. 88-63, the state’s Sources of Drinking Water Policy.

23.

The Sources of Drinking Water Policy states that all groundwaters of the state are
considered to be suitable, or potentially suitable, for municipal or domestic water
supply and should be so designated by the Regional Board with the exception of
where the groundwater meets one or more of the following criteria:
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a. The total dissolved solids (TDS) exceed 3,000 milligrams per liter (mg/L) (5,000
micromhos per centimeter (µmhos/cm) electrical conductivity) and it is not
reasonably be expected by the Regional Boards to supply a public water
system; or
b. There is contamination, either by natural processes or by human activity
(unrelated to a specific pollution incident), that cannot reasonably be treated for
domestic use using either Best Management Practices or best economically
achievable treatment practices; or
c. The water source does not provide sufficient water to supply a single well
capable of producing an average, sustained yield of 200 gallons per day; or
d. The aquifer is regulated as a geothermal energy producing source or has been
exempted administratively pursuant to 40 CFR, section 146.4 for the purpose of
underground injection of fluids associated with the production of hydrocarbon or
geothermal energy, provided that these fluids do not constitute a hazardous
waste under 40 CFR, section 261.3.
Exceptions to the Sources of Drinking Water Policy are not self-implementing, but
must be established in an amendment to the Basin Plan.
24.

To be consistent with the Sources of Drinking Water Policy in making exceptions to
beneficial use designations other than MUN, the Central Valley Water Board will
consider criteria for exceptions, parallel to Resolution No. 88-63 exception criteria,
which would indicate limitations on those other beneficial uses as follows:
In making any exceptions to the beneficial use designation of agricultural supply
(AGR), the Central Valley Water Board will consider the following criteria:
a. There is pollution, either by natural processes or by human activity (unrelated to
a specific pollution incident), that cannot reasonably be treated for agricultural
use using either Best Management Practices or best economically achievable
treatment practices, or
b. The water source does not provide sufficient water to supply a single well
capable of producing an average, sustained yield of 200 gallons per day, or
c. The aquifer is regulated as a geothermal energy producing source or has been
exempted administratively pursuant to 40 CFR, section 146.4 for the purpose of
underground injection of fluids associated with the production of hydrocarbon,
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or geothermal energy, provided that these fluids do not constitute a hazardous
waste under 40 CFR, section 261.3.
In making any exceptions to the beneficial use designation of industrial supply (IND
or PRO), the Central Valley Water Board will consider the following criteria:
a. There is pollution, either by natural processes or by human activity (unrelated to
a specific pollution incident), that cannot reasonably be treated for industrial
use using either Best Management Practices or best economically achievable
treatment practices, or
b. The water source does not provide sufficient water to supply a single well
capable of producing an average, sustained yield of 200 gallons per day.
25.

The Basin Plan at page i states:
Basin plans are adopted and amended by regional water boards under a structured
process involving full public participation and state environmental review. Basin plans
and amendments do not become effective until approved by the State Water Board.
Regulatory provisions must be approved by the Office of Administrative Law.

26.

The Basin Plan’s implementation policy sets forth the following maximum salinity
limits (effluent limits) for specific waste constituents for discharges of oil field
wastewater to unlined ponds overlying groundwater with existing and future
probable beneficial use:
Constituent
Electrical Conductivity (EC) (µmhos/cm)
Chloride (mg/L)
Boron (mg/L)

Limitation
1000
200
1

The Basin Plan maximum salinity limits do not apply to this General Order because
the groundwater is poor quality and exceeds the maximum salinity limits and
exceeds the Basin Plan water quality objectives.

ANTIDEGRADATION POLICY / BASIN PLAN AMENDMENTS
27.

State Water Board Resolution 68-16, the Statement of Policy with Respect to
Maintaining High Quality of Waters in California (hereafter, the State
Antidegradation Policy), requires that disposal of waste into high quality waters of
the state be regulated to achieve the highest water quality consistent with the
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maximum benefit to the people of the State. Resolution 68-16 does not apply to
waters that are not high quality.
28.

Where the water body is not high quality (i.e., “poor quality”), the “best efforts”
approach is considered. The “best efforts” approach involves implementation of
reasonable control measures to treat produced wastewater prior to discharge to
land. The factors that should be analyzed under the “best efforts” approach
include the water quality achieved by other similarly situated Dischargers, the good
faith efforts of the Discharger to limit the discharge of constituents of concern
(COCs), and the measures necessary to achieve compliance.

29.

The primaryCOCs due to discharges of waste from oil field facilities with respect to
surface waters and groundwater are elevated concentrations of general minerals
(especially total dissolved solids and chloride), metals (e.g., arsenic), trace
elements (e.g., boron, strontium, thallium, lithium, etc.), petroleum hydrocarbons,
polynuclear aromatic hydrocarbons (PAHs), volatile organic compounds (VOCs,
e.g., benzene, toluene, ethylbenzene, and xylenes [BTEX]), and radionuclides.

30.

As described in Finding 1, this General Order applies to areas where first
encountered groundwater does not exist (e.g., it is petroleum or hydrocarbon
producing only) or if it does exist, it is such poor quality that it does not, and could
not be reasonably expected to support designated beneficial uses.

31.

As described in Finding 17, the Basin Plan applies MUN to all groundwater where
it is not specifically de-designated. The Basin Plan also states that unless
otherwise designated by the Regional Water Board, all groundwaters in the Region
are considered suitable or potentially suitable for AGR, IND, and PRO.
Hydrogeological conditions, particularly in the oil fields on the west side of the
Central Valley, have resulted in areas where first encountered groundwater is
petroleum or hydrocarbon producing and/or is of such poor quality that it cannot
reasonably be expected to be used, now or in the future, for the Basin Plan
assigned beneficial uses, even with the implementation of best management
practices or best economically achievable treatment practices. Under these
circumstances, Dischargers are expected to apply “best efforts” to minimize water
quality degradation and prevent conditions of nuisance. Also, under these
circumstances, Dischargers may also be able to obtain amendments to the Basin
Plan that de-designate the beneficial uses that cannot reasonably be achieved.

32.

Where groundwater exists, but its quality does not and could not support beneficial
uses, this General Order puts the Discharger on a five year compliance schedule
(Provision E.4) to obtain an amendment or amendments to the Basin plan to de
designate the beneficial uses of MUN, AGR, IND, or PRO, as appropriate. The
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schedule requires the Discharger to demonstrate, in the case of MUN, that its
discharges will meet the Sources of Drinking Water Policy exception criteria, or in
the case of AGR, IND, and PRO, parallel criteria. The compliance schedule also
requires the Discharger to demonstrate, where it can meet the above criteria that
its discharges will not migrate from the areas where the beneficial uses will be de
designated to areas of higher quality groundwater, it must demonstrate
containment. The compliance schedule may be extended by up to two years by
the Executive Officer if, through no fault of the Discharger, the process is delayed.
33.

If the Discharger is unable to obtain the amendments to the Basin Plan necessary
to continue discharge by the end of the compliance schedule, the discharge must
cease discharge unless the Discharger can demonstrate that the groundwater
does not exist and discharges of produced wastewater to land is contained.

34.

Where Dischargers can demonstrate through an appropriate hydrogeological
investigation that groundwater does not exist and discharges of produced
wastewater and other wastes to land will not migrate into areas where groundwater
does exist, Basin Plan amendments are not required. This General Order will
regulate these discharges to confirm the results of the hydrogeological
investigation, protect surface waters and surface water drainages, and to prevent
the creation of nuisance conditions.

35.

This General Order only applies where there is no groundwater or where
groundwater is of such poor quality that it cannot support beneficial uses
designated in the Basin Plan. This General Order Provides dischargers in these
areas a schedule to pursue amendments to the Basin Plan to remove these
designated beneficial uses. Dischargers in close proximity to each other and with
similar hydrogeological conditions are encouraged to participate in a regional or
group effort to provide the technical information necessary to demonstrate that
coverage under this General Order is appropriate and to obtain the Basin Plan
amendments. Those pursuing Basin Plan amendments will be required to
participate in Central Valley Salinity Alternatives for Long-Tern Sustainability (CV
SALTS).

STATUTORY AND REGULATORY CONSIDERATIONS
36.

Water Code section 13260(a) requires that any person discharging waste, or
proposing to discharge waste, within the Central Valley Region, that could affect
the quality of the waters of the State to file a report of that discharge with the
Central Valley Water Board. An NOI meets this requirement.
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The Central Valley Water Board generally regulates waste discharges by
prescribing waste discharge requirements, which must implement the relevant
water quality control plan. The Central Valley Water Board may prescribe general
waste discharge requirements (i.e., this General Order) for a category of
discharges if all the following criteria apply:
a. The discharges are produced by the same or similar operations.
b. The discharges involve the same or similar types of waste.
c. The discharges require the same or similar treatment standards.
d. The discharges are more appropriately regulated under general requirements
than individual requirements.

38.

39.

Pursuant to Water Code sections 13241 and 13263, the Central Valley Water
Board, in establishing the requirements contained herein, considered factors
including, but not limited to, the following:
a.

Past, present, and probable future beneficial uses of water;

b.

Environmental characteristics of the hydrographic unit under consideration,
including the quality of water available thereto;

c.

Water quality conditions that could reasonably be achieved through the
coordinated control of all factors which affect water quality in the area;

d.

Economic considerations;

e.

The need for developing housing within the region(s); and

f.

The need to develop and use recycled water.

California Code of Regulations, Title 27 (hereafter Title 27) contains regulatory
requirements for the treatment, storage, processing, and disposal of solid waste,
which includes designated waste, as defined by Water Code section 13173.
However, Title 27 exempts certain activities from its provisions. Discharges
regulated by this General Order are exempt from Title 27 pursuant to provisions
that exempt wastewater under specific conditions. This exemption, found at
Title 27, section 20090 is described below:
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* * *
(b) Wastewater - Discharges of wastewater to land, including but not limited to evaporation
ponds, percolation ponds, or subsurface leachfields if the following conditions are met:
(1) the applicable RWQCB has issued WDRs, reclamation requirements, or waived
such issuance;
(2)

the discharge is in compliance with the applicable water quality control plan; and

(3)

the wastewater does not need to be managed according to Chapter 11, Division
4.5, Title 22 of this code as a hazardous waste.

* * *
40.

The discharges authorized herein are exempt from the requirements of Title 27 in
accordance with Title 27, section 20090(b) because:
a. The Central Valley Water Board is issuing general WDRs,
b. The discharge is in compliance with the Basin Plan, and
c. The treated waste discharged to the ponds does not need to be managed as
hazardous waste.

41.

New regulations in CCR, title 14, concerning well stimulation treatment went into
effect on 1 July 2015.

42.

CCR title 14, section 1761(a) defines well stimulation treatment as treatment of a
well designed to enhance oil and gas production or recovery by increasing the
permeability of the formation. Examples of well stimulation treatments include
hydraulic fracturing, acid fracturing, and acid matrix stimulation. Well stimulation
treatment does not include routine well cleanout work; routine well maintenance;
routine treatment for the purpose of removal of formation damage due to drilling;
bottom hole pressure surveys; routine activities that do not affect the integrity of
the well or the formation; the removal of scale or precipitate from the perforations,
casing, or tubing; a gravel pack treatment that does not exceed the formation
fracture gradient; or a treatment that involves emplacing acid in a well and that
uses a volume of fluid that is less than the Acid Volume Threshold for the operation
and is below the formation fracture gradient.

43.

CCR, title 14, section 1786(a) states:
Operators shall adhere to the following requirements for the storage and handling of
well stimulation treatment fluids, additives, and produced waters from a well that has
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had a well stimulation treatment: … (4) Fluids shall be stored in containers and shall
not be stored in sumps or pits.

44.

Pursuant to Senate Bill 4 (Pavley 2013), the California Natural Resources Agency
commissioned the California Council on Science and Technology (CCST) to
conduct an independent scientific assessment of well stimulation treatments,
including hydraulic fracturing, in California. CCST’s assessment concluded that
produced water from stimulated wells may contain well stimulation chemicals or
their reaction by-products and that reuse of produced water for irrigation of crops
could be a mechanism for release of well stimulation chemicals to the environment.

45.

This General Order contains a prohibition for the discharge of produced
wastewater that contains well stimulation treatment fluids. A three-year time
schedule is provided for the Discharger to either a) develop an alternate disposal
method or b) demonstrate that the produced wastewater does not contain well
stimulation treatment fluids in concentrations that could adversely affect beneficial
uses of waters. Given the large number of wells that have received a well
stimulation treatment over time and the large number of stimulated wells that
discharge produced wastewater to land, a time schedule is necessary to allow the
Discharger to fund, study, and implement appropriate compliance options.

46.

This General Order does not authorize violation of any federal, state, or local law
or regulation.

47.

As stated in Water Code section 13263(g), the discharge of waste into waters of
the state is a privilege, not a right, and this General Order does not create a vested
right to continue the discharge of waste. Failure to prevent conditions that create
or threaten to create pollution or nuisance or cause degradation will be sufficient
reason to modify, revoke, or enforce this General Order, as well as prohibit further
discharge.

48.

In compliance with Water Code section 106.3, it is the policy of the State of
California that every human being has the right to safe, clean, affordable, and
accessible water adequate for human consumption, cooking, and sanitary
purposes. Consistent with this policy, this General Order has requirements that
prohibit discharges from causing a condition of pollution in waters that are suitable
for the beneficial uses of municipal and domestic water supply.

49.

This General Order is not a National Pollutant Discharge Elimination System
Permit issued pursuant to the Federal Clean Water Act. Coverage under this
General Order does not exempt a facility from the Clean Water Act. Any facility
required to obtain such a permit must notify the Central Valley Water Board.
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50.

On 1 April 2014, the State Water Board adopted Order 2014-0057-DWQ (NPDES
General Permit CAS000001) specifying waste discharge requirements for
discharges of storm water associated with industrial activities. Order 2014-0057
DWQ became effective 1 July 2015 and requires all applicable industrial
dischargers, including oil and gas Facilities, to apply for coverage by the effective
date. However, storm water at Facilities may be captured and contained on-site or
comingled with produced wastewater before being discharged to ponds or
production containment areas (i.e., secondary containment) in accordance with this
General Order. This General Order prohibits the discharge of wastes from leaving
the pond area, secondary containment area, or entering waters of the United
States.

51.

This General Order clarifies that discharges of wastewater to secondary
containment units are to be due to emergency events that are beyond the control
of the Facility operator and that the discharges to the secondary containment are
short term, limited duration, and cleaned up. Intermittent discharges that are of
longer duration or more frequent would allow wastes to percolate and migrate
below the bottoms of the containment units and threaten groundwater. Secondary
containment structures used in this fashion would require regulation by the Board.
Discharges of storm water containing pollutants to waters of state and waters of
the United States would require regulation under waste discharge requirements or
a National Pollutant Discharge Elimination Permit.

52.

Water Code section 13267(b) states:
In conducting an investigation specified in subdivision (a), the regional board may
require that any person who has discharged, discharges, or is suspected of having
discharged or discharging, or who proposes to discharge waste within its region or any
citizen or domiciliary, or political agency or entity of this state who has discharged,
discharges or is suspected of having discharged or discharging, or proposes to
discharge waste outside of its region that could affect the quality of water within its
region shall furnish, under penalty of perjury, technical or monitoring program reports
which the regional board requires. The burden, including costs of these reports, shall
bear a reasonable relationship to the need for the report and the benefits to be
obtained from the reports. In requiring those reports, the regional board shall provide
the person with a written explanation with regard to the need for the reports, and shall
identify the evidence that supports requiring that person to provide the reports.

The technical reports required by this General Order and the attached MRP are
necessary to ensure compliance with these waste discharge requirements. The
Discharger owns and/or operates the Facility that discharges the waste subject to
this General Order.
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53.

The MRP requires extensive monitoring of the Facility and the wastewater. The
MRP can be modified if the Discharger provides sufficient data to support the
proposed changes. Any modification of the MRP must be reviewed and approved
by the Executive Officer.

54.

The California Department of Water Resources sets standards for the construction
and destruction of groundwater wells (hereafter DWR Well Standards), as
described in California Well Standards Bulletin 74-90 (June 1991) and Water Well
Standards: State of California Bulletin 74-81 (December 1981). These standards,
and any more stringent standards adopted by the State or county pursuant to
Water Code section 13801, apply to all monitoring wells used to monitor the
impacts of wastewater storage or disposal governed by this General Order.

55.

The Findings of this General Order, attachments and details in the Information
Sheet, and the administrative record of the Central Valley Water Board relevant to
oil field facilities were considered in establishing the conditions of discharge.

56.

In 2006, the Central Valley Water Board, the State Water Board, and regional
stakeholders began a joint effort to address salinity and nitrate problems in the
region and adopt long-term solutions that will lead to enhanced water quality and
economic sustainability. Central Valley Salinity Alternatives for Long-Term
Sustainability (CV-SALTS) is a collaborative basin planning effort aimed at
developing and implementing a comprehensive salinity and nitrate management
program. The CV-SALTS effort might effect changes to the Basin Plan that would
necessitate the re-opening of this General Order.

57.

Where the Discharger’s efforts to improve the quality of the land discharge cannot
meet Basin Plan maximum salinity limits, the Discharger may submit an application
for an exception from water quality objectives related to salinity pursuant to
Chapter IV, Exception to Discharge Requirements Related to the Implementation
of Water Quality Objectives for Salinity, paragraph 8 of the Basin Plan. The
application must provide justification as to why the exception would be necessary,
a description of salinity reduction measures that the Discharger has undertaken or
is proposing, and an evaluation of whether water conservation has had an impact
on the salinity of the discharge. The Discharger must participate in the CV-SALTS
Program to qualify for an exception.
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CALIFORNIA ENVIRONMENTAL QUALITY ACT AND PUBLIC NOTICE
58.

The Central Valley Water Board is the lead agency with respect to the issuance of
this General Order under applicable provisions of the California Environmental
Quality Act (CEQA) (Pub. Resources Code, § 21000 et seq.).

59.

The benchmark for evaluating whether this General Order will have impacts on the
environment is the “environmental baseline.” The environmental baseline normally
consists of “a description of the physical environmental conditions in the vicinity of
the project at the time…environmental analysis is commenced.” The CEQA
Guidelines also contemplate that physical conditions at other points in time may
constitute the appropriate baseline. (CCR, title 14, section 15125(a), Cherry Valley
Pass Acres and Neighbors v. City of Beaumont (2010) 190 Cal. App. 4th 316,
336.)

60.

The receipt of a permit application (report of waste discharge) is one event that can
be used to mark the beginning of the environmental review process because it
commences the development of an individual permit. Therefore, the date an
application is received is appropriate for the environmental baseline. (Fat v.
County of Sacramento (2002) 97 Cal.App.4th 1270, 1278.) In the case of general
permits, the permit development process begins when a permitting authority
identifies the need for a general permit and collects data that demonstrate that a
group or category of facilities has similarities that warrant a general permit.

61.

In November 2014, the Board recognized the need to develop a general order to
regulate produced wastewater discharges to ponds. Beginning in January 2015,
the Board issued Notices of Violation (NOVs) to operators discharging to ponds
without WDRs.

62.

A rigid date for establishing the environmental baseline is not suitable for this
General Order because oil and gas production and associated wastewater
discharge flows have fluctuated over the last decade due to varying economic
conditions. Accordingly, the environmental baseline shall be based on the existing
operations, which is the actual maximum monthly average produced wastewater
discharge flow to ponds during the 10 years prior to 26 November 2014.

63.

This General Order is designed to enhance the protection of surface and
groundwater resources, and its application to existing Facilities is exempt from the
provisions of CEQA in accordance with the following categorical exemptions:
a. California Code of Regulations, title 14, section 15301, which exempts the
“operation, repair, maintenance, [and] permitting … of existing public or private
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structures, facilities, mechanical equipment, or topographical features” from
environmental review. Eligibility under the General Order is limited, to existing
Facilities and their existing operations as described in their NOIs. Any increase
in flow beyond the existing operations constitutes an expansion requiring a
CEQA evaluation.
b. California Code of Regulations, title 14, section 15302, exempts the
“replacement or reconstruction of existing structures and facilities where the
new structure will be located on the same site as the structure replaced and will
have substantially the same purpose and capacity as the structure replaced.”
c. California Code of Regulations, title 14, section 15304 exempts “… minor public
or private alterations in the condition of land, water, and/or vegetation which do
not involve removal of healthy, mature, scenic trees except for forestry and
agricultural purposes.”
64.

The Central Valley Water Board has notified interested agencies and persons of its
intent to issue this General Order for discharges of wastes from existing Facilities,
and has provided them with an opportunity for a public hearing and an opportunity
to submit comments.

65.

The Central Valley Water Board, in a public meeting, heard and considered all
comments pertaining to the proposal to regulate discharges of wastes from existing
oil field facilities under this General Order.

IT IS HEREBY ORDERED that, pursuant to Water Code sections 13263 and 13267 and
in order to meet the provisions contained in Division 7 of the California Water Code and
regulations and policies adopted thereunder; all Dischargers specified by the Central
Valley Water Board, their agents, successors, and assigns shall comply with the
following:

A.

PROHIBITIONS
1.

Discharge of wastes to surface waters or surface water drainage courses is
prohibited.

2.

Discharge of wastes other than those described in the NOI submitted for
coverage under this General Order and as described in the resulting NOA
issued by the Executive Officer is prohibited.
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3.

Discharge of waste to land, other than produced wastewater from production
wells to ponds, is prohibited unless authorized by the Executive Officer in
accordance with the requirements of Provisions E. 5, 6, and 7.

4.

The discharge of fluids used in “well stimulation treatment,” as defined by
CCR, title 14, section 1761 (including hydraulic fracturing, acid fracturing, and
acid matrix stimulation), to land is prohibited.

5.

The discharge of produced wastewater from wells containing well stimulation
treatment fluids is prohibited except as provided by Provision E.8.

6.

Acceptance, treatment, or discharge of “hazardous waste,” as defined in the
CCR, title 22, section 66261.1 et seq., is prohibited.

7.

Treatment system bypass of untreated or partially treated waste is prohibited,
except as allowed by section E.2 of Standard Provisions and Reporting
Requirements for Waste Discharge Requirements, dated 1 March 1991 and
part of this General Order.

8.

Produced wastewater overflow from ponds is prohibited.

9.

Discharges of produced wastewater to ponds that could adversely impact any
municipal or domestic supply well are prohibited.

10.

The collection, treatment, storage, discharge or disposal of wastes at the
Facility that results in the creation of a condition of pollution or nuisance is
prohibited.

DISCHARGE SPECIFICATIONS
1.

The Discharger shall achieve compliance with this General Order in
accordance with the time schedule in Provision E.4.

2.

The discharge flow shall not exceed actual maximum monthly average
produced wastewater flow to pond between 26 November 2004 and
26 November 2014. The discharge flow also shall not exceed the maximum
design flow of the Facility’s limiting unit as described by the technical data in
the NOI.
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3.

The discharge shall remain within the permitted waste
treatment/containment/disposal structures at all times, or in case of
emergency, within secondary containment structures.

4.

All ponds shall be operated and maintained to prevent wastes from
concentrating to hazardous levels.

5.

Public contact with wastes shall be precluded through such means as fences
or other acceptable alternatives in accordance with CCR, title 14, section
1770 (b)(1) through (b)(4).

6.

Ponds shall be free of oil or effectively netted to preclude the entry of wildlife
in accordance with CCR, title 14, section 1778 (d).

7.

The Discharger shall operate all systems and equipment to optimize the water
quality of the discharge to ponds.

8.

All conveyance, treatment, storage, and disposal systems including ponds,
tank batteries, and other components of Facilities shall be designed,
constructed, operated, and maintained to prevent inundation or washout due
to floods with a 100-year return frequency.

9.

Objectionable odors shall not be perceivable beyond the limits of the property
where the waste is generated, treated, and/or discharged at an intensity that
creates or threatens to create nuisance conditions.

10.

Pond berms shall be designed and maintained to prevent leakage caused by
erosion, slope failure, or animal burrowing.

11.

The Discharger shall operate and maintain all ponds sufficiently to protect the
integrity of containment and berms and prevent overtopping and/or structural
failure. Unless a California-registered civil engineer certifies (based on
design, construction, and conditions of operation and maintenance) that less
freeboard is adequate, the operating freeboard in any pond shall never be
less than two feet (measured vertically from the lowest possible point of
overflow). As a means of management and to discern compliance with this
requirement, the Discharger shall install and maintain in each pond a
permanent staff gauge or equivalent with calibration marks that clearly show
the water level at design capacity and enable determination of available
operational freeboard.

12. Produced wastewater treatment, storage, and disposal units shall have
sufficient capacity to accommodate allowable wastewater flow, design
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seasonal precipitation, and ancillary inflow and infiltration during the winter
while ensuring continuous compliance with all requirements of this General
Order. Design seasonal precipitation shall be based on total annual
precipitation using a return period of 100 years, distributed monthly in
accordance with historical rainfall patterns.
13.

On or about 1 October of each year, available capacity shall at least equal the
volume necessary to comply with Discharge Specifications B.8 and B.12.

14.

All ponds and containment structures shall be managed to prevent breeding
of mosquitoes or other vectors. Specifically:
a. An erosion control program shall be implemented to ensure that small
coves and irregularities are not created around the perimeter of the water
surface;
b. Weeds shall be minimized through control of water depth, harvesting, or
herbicides. All pesticide application are to be done in compliance with
labeling instructions and all applicable laws and regulations;
c. Dead algae, vegetation, and debris shall not accumulate on the water
surface; and
d. The Discharger shall consult and coordinate with the local Mosquito
Abatement District to minimize the potential for mosquito breeding as
needed to supplement the above measures.

15.

Newly reconstructed or rehabilitated berms or levees (excluding internal
berms that separate ponds or control the flow of water within a pond) shall be
designed and constructed under the supervision of a California registered civil
engineer. A post-construction report by the California registered civil
engineer that oversaw construction shall be submitted within 60 days of
completion of construction and shall certify that the berms and/or levees were
constructed in accordance with design specifications and are suitable for the
retention of wastewater.

16.

The Discharger shall monitor solids accumulation in the wastewater treatment
units and ponds at least every five years beginning in the year the NOA is
issued, and shall periodically remove solids as necessary to maintain
adequate treatment storage and capacity. Specifically, if the estimated
volume of solids in any units exceeds five percent of the permitted capacity,
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the Discharger shall complete solids cleanout within 12 months after the date
of the estimate or demonstrate that a lesser pond capacity is adequate.

C.

17.

Dischargers who are subject to this General Order shall implement water
quality management practices based on “best efforts,” as necessary, to
protect water quality and to maintain compliance with applicable water quality
objectives.

18.

All precipitation and surface drainage (i.e., “run on”) from outside the Facility
where it could come into contact with waste shall be diverted away from the
Facility or pond unless such drainage is fully contained.

19.

Produced wastewater application rates, on the Facility property where the
produced wastewater is generated for dust control or construction activities,
shall be applied at the minimum hydraulic loading rates necessary to perform
the intended purpose and shall be consistent with an approved management
plan in accordance with Provision E.6.

20.

Application of produced wastewater at the Facility property for dust control or
construction activities shall be at reasonable rates to preclude creation of a
nuisance and unreasonable degradation of groundwater or surface water.
Applied wastewater shall not be allowed to pool onsite or runoff from the area
intended for dust suppression.

GROUNDWATER LIMITATIONS
1.

D.

The discharge of produced wastewater shall not cause groundwater to
contain constituents in concentrations that adversely affect the beneficial
uses.

SOLIDS DISPOSAL SPECIFICATIONS
Solids as used in this document means the solid, semisolid, and liquid residues
removed during treatment processes or accumulated in tanks, ponds, or other
Facility components.
1.

Solids shall be removed from screens, tanks, ponds, and other treatment
units as needed to ensure optimal operation and adequate storage capacity.
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2.

Any handling and storage of solids shall be controlled and contained in a
manner that minimizes leachate formation and precludes infiltration of waste
constituents into soil in a mass or concentration that could violate the
groundwater limitations of this General Order.

3.

Solids from the Facility shall be managed in accordance with a solids
management plan approved by the Executive Officer in accordance with
Provision E.7. Handling and application practices shall be designed to ensure
that oil field wastes do not migrate once placed.

4.

Any proposed change in solids use, storage, or disposal practices shall be
reported in writing to the Executive Officer at least 90 days in advance of the
change and shall be pre-approved by the Executive Officer.

5.

Road mix containing tank bottoms and oily materials (also referred to as
solids) shall be non-hazardous (prior to mixing) and shall not be applied on
roads where seasonal storm water flows across the road and potentially
washes or erodes the road mix into any seasonal surface drainage course.

PROVISIONS
1.

The Discharger shall comply with the applicable sections of “Standard
Provisions and Reporting Requirements for Waste Discharge Requirements,”
dated 1 March 1991. This attachment and its individual paragraphs are
referred to as “Standard Provisions,” and are hereby incorporated by
reference as part of this General Order. NOAs issued will delineate
applicable sections of the Standard Provisions.

2.

The Discharger shall comply with the MRP, hereby incorporated by reference
as part of this General Order, and any revisions thereto as ordered by the
Executive Officer. The submittal dates of Discharger self-monitoring reports
shall be no later than the submittal date specified in the MRP.

3.

Within 90 days of receipt of the NOA for the Facility, the Discharger shall
submit written certification that it has installed acceptable flow metering at a
location or locations to ensure the accurate measurement of all discharge
flows. The certification shall be accompanied by: (1) a description of the flow
metering devices installed, (2) a diagram showing their locations at the
Facility, and (3) evidence demonstrating that the devices were properly
calibrated. An engineering alternative may be used if approved in writing by
the Executive Officer.
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The Discharger shall either:
a.

Provide by (60 days of issuance of the NOA), as directed in the NOA
issued for coverage under this General Order, the results of a
hydrogeological investigation demonstrating that there is no groundwater
beneath the Facility discharge areas and that produced wastewater and
constituents associated with other approved wastes discharged at the
Facility will not migrate into areas that there is groundwater with
designated beneficial uses. Upon the written concurrence of the
investigation results by the Executive Officer, this provision shall be
considered satisfied,
or

b.

Task

1.

If there is first encountered groundwater underlying the Facility or the
Executive Officer does not concur with the results of the investigation in
Provision E.4.a., above, the Discharger shall demonstrate that the
natural background groundwater quality for the Facility meets the
Sources of Drinking Water Policy exception criteria and/or parallel
exception criteria outlined in this General Order (Findings 22 through 24)
and thus the current Basin Plan groundwater beneficial uses are eligible
for de-designation in accordance with the following compliance schedule
(Tasks 1 through 10):
Task Description

Due date1

Participate in the CV-SALTS Group to facilitate the Basin Plan
Amendment (BPA) process under the Salt and Nutrient
Management Plan.

On-going

Develop an outline of a BPA Work Plan for CV-SALTS Technical
Advisory Committee review and comment prior to submittal to
the Central Valley Water Board staff for evaluation of the
de-designation of Basin Plan beneficial uses of the groundwater.
The Work Plan shall include:
2.

a. Consideration of Sources of Drinking Water Policy and
applicable exemption criteria for MUN and applicable parallel
criteria for exemption of AGR, IND, and PRO;
b. Consideration of available data or how the data will be
collected to evaluate and support the exemption criteria; and
c. An outline of a draft proposal to de-designate the Basin Plan

4 Months
from Date
of NOA
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Due date1

beneficial uses that are not applicable under the area of
consideration.

3.

Central Valley Water Board staff shall review and consider for
approval the outline of BPA Work Plan.

6 Months
from Date
of NOA

Work with Central Valley Water Board staff to develop a Work
Plan describing BPA tasks that will be completed and
deliverables that will be produced to support the de-designation
of the Basin Plan beneficial uses of the groundwater under
consideration. The BPA tasks and resulting deliverables shall
include but are not limited to:

a. Delineation of the horizontal and vertical extent of the subb.
4.

c.
d.
e.
f.

basin or subject area under consideration,
A summary of available data and analyses for each beneficial
use proposed for de-designation,
Maps, geologic cross sections, well and water quality data
and any other information that are supportive of de
designation,
A description of additional data or studies required to fill in
any data gaps and support de-designation,
A final proposed BPA Work Plan to accomplish above tasks
a-d, and
The development of a final technical report that compiles all
the information developed in tasks a-e.

10 Months
from Date
of NOA

5.

Central Valley Water Board staff shall review and consider for
approval2 the final BPA Work Plan and proposed deliverables.

12 Months
from Date
of NOA

6.

Implement final Work Plan and submit the final technical report
to the Central Valley Water Board. The Discharger shall provide
semi-annual progress reports.

36 Months
from Date
of NOA

Central Valley Water Board staff will evaluate the final technical
report and provide written directions to the Discharger for:
7.
a. Completing the CEQA scoping process for the BPA,
b. Developing a draft staff report for the Central Valley Water

45 Months
from Date
of NOA
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Due date1

Board, and
c. Preparing a final staff report for the Central Valley Water
Board.
The Central Valley Water Board and Discharger shall implement
BPA Process including:

8.

a. Stakeholder Participation-Public review of final draft of staff
report,
b. Peer Review Process-Request peer reviewers to provide
comments for final staff report,
c. Administrative Records-Preparing record keeping tasks and
staff review and comments on deliverables,
d. Progress Reports-Providing periodic presentation/reports to
the Board and the public on the progress of BPA and
deliverables.
e. Final Central Valley Water Board approval-Provide a
presentation of final report to the Board for consideration, and
f. Finalize Administrative Records and submit to State Water
Board for consideration.

9.

State Water Board to consider Central Valley Water Board
adopted Basin Plan Amendment(s).

54 Months
from Date
of NOA

57 Months
from Date
of NOA
60 Months
from Date
of NOA

10.

11.

Office of Administrative Law review and approval of adopted
Basin Plan Amendment(s).

If Basin Plan Amendments are not secured by the compliance
date in Task 10 above, the discharges at the Facility shall cease
and the Discharger shall submit a Report of Waste Discharge for
closure/post closure waste discharge requirements.

(No later than
5 years3 from
the date of
NOA
issuance4)

60 Months
from Date
of NOA
(No later than
5 years3 from
the date of
NOA
issuance4)
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All the compliance due dates are based on the issuance date of the NOA by the
Executive Officer. The Executive Officer can extend the due dates of Tasks 1
through 10 if the Discharger is making acceptable progress and misses a due date
through no fault of its own.
When proposing Basin Plan amendment, it is not a guarantee that it will be approved.
The science must support the amendment.
Central Valley Water Board in special circumstances (when significant progress has
been made) can extend the 5 year compliance period up to an additional 2 years with
the written concurrence of the Executive Officer.
For example if the NOA was issued on 1 December 2017, the final task due date is
on 1 December 2022, unless extended.

5.

Discharges of wastes from oil field activities other than produced wastewater
from production wells to pond(s) may be authorized by the Executive Officer if
the Discharger can demonstrate with appropriate data and analyses that the
discharge does not pose a threat to beneficial uses of the groundwater.

6.

Dischargers wishing to use produced wastewater at the Facility for dust
control or in construction activities shall provide a proposed management plan
for such activities. The management plan shall include:
a.
b.
c.

d.
e.

f.

Data characterizing the quality of the produced wastewater that will be
applied;
Proposed application/use methods, application rates, and proposed
frequencies of application;
Proposed application areas shown on a scaled aerial photograph within
the covered oil lease(s). The photograph shall show pertinent site
features including roads, ponds, production and treatment Facilities,
surface waters, and surface water drainages;
Proposed constituent loading rates;
A list of all management practices that will be implemented to ensure
applied produced wastewater will remain where applied and not runoff;
and
A demonstration that the discharges will be protective of water quality
and will not adversely affect the beneficial uses of surface water or
underlying groundwater.

The management plan must be submitted to the Executive Officer at least
90 days prior to the anticipated discharges. Discharges shall not occur
without Executive Officer written approval of the management plan.
7.

Dischargers reusing solids for road mix, as described in Solids Disposal
Specifications, shall submit a solids management plan for approval by the
Executive Officer within 60 days of receipt of the NOA for the Facility.
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Dischargers proposing to reuse solids for road mix shall submit a solids
management plan for approval by the Executive Officer at least 180 days
prior to any solids reuse. The solids management plan shall include:
a.
b.
c.

d.
e.

f.

A complete characterization of the quality and quantity of the solids.
A demonstration that the solids are not hazardous as defined by CCR,
title 22, section 66261.1 et seq.,
Proposed application areas shown on a scaled aerial photograph within
the covered oil lease(s). The photograph shall show pertinent site
features including roads, ponds, production and treatment facilities,
surface waters, and surface water drainages;
Proposed constituent loading rates;
A list of all management practices that will be implemented to ensure
wastes will remain where processed and applied and not migrate from
the location of application; and
A demonstration that the discharges will be protective of water quality
and will not adversely affect the beneficial uses of surface water or
underlying groundwater.

New reuse shall not commence prior to obtaining the written approval of the
solids management plan from the Executive Officer.
Solid wastes disposed off-site shall be transported to an appropriately
permitted Facility. Solid waste volumes, disposal methods, disposal facilities,
and analytical results from waste characterization shall be reported in
accordance with the MRP.
8.

If the Discharger accepts produced wastewater from wells that have been
stimulated, it shall comply with Prohibition A.5 in accordance with the
following compliance schedule:

Task1 Task Description

Due date2

a. Submit a Work Plan to conduct studies necessary to
1.

demonstrate that the discharges of produced wastewater
from wells that have been stimulated do not contain well
stimulation treatment fluids in concentrations that could
adversely affect beneficial uses of waters. The Work Plan
shall include, but is not limited to, a proposed monitoring
program for wells that have been stimulated or are planned
for stimulation, specific milestones to accomplish the

3 Months
from Date
of NOA
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Task1 Task Description

Due date2

proposed scope of work, and a schedule for compliance with
Prohibition A.5. The Work Plan shall be reviewed and
approved by the Executive Officer.
Or

b. Submit a Work Plan for an alternate disposal method for
wastewater discharges from wells with a history of, or are
planned to receive a “well stimulation treatment.” The Work
Plan shall include, but is not limited to, permitting and
construction schedules for disposal wells, specific
milestones to accomplish the proposed scope of work, and a
schedule for compliance with Prohibition A.5. The Work
Plan shall be reviewed and approved by the Executive
Officer.

The Discharger shall implement the Work Plan after the Work
Plan has been approved by the Executive Officer and shall also
provide progress reports toward compliance with this task every
six months.
By the end of the 36th month from the date the NOA is issued,
the Discharger shall submit a technical report for review and
approval by the Executive Officer. The technical report shall
demonstrate compliance with Prohibition A.5. Upon written
approval letter by the Executive Officer, this provision shall be
satisfied.

2.

36 Months
from Date
of NOA

The Executive Officer may at its discretion modify this time
schedule based on evidence that meeting the compliance date
is infeasible through no fault of the Discharger, or when
evidence shows that compliance by an earlier date is feasible.
If the Discharger does not achieve compliance with Prohibition
A.5 by the compliance date in Task 2, the Discharger must
cease discharge(s) and submit a written certification that the
discharges from the Facility have ceased.

3.
1.

2.

36 Months
from Date
of NOA

Where local geology and discharge quality is similar, Dischargers may work together as a group to submit
required work plans, technical reports, and studies. The work plans, technical reports, and studies shall
explicitly identify the areas and Dischargers covered by the group effort.
All the compliance due dates start from the issuance date of the NOA by the Executive Officer.
For example if NOA was issued on 1 July 2017, the final task (Task 2 technical report) due date is on
1 July 2020.
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9.

In accordance with California Business and Professions Code sections 6735,
7835, and 7835.1, engineering and geologic evaluations and judgments shall
be performed by or under the direction of registered professionals competent
and proficient in the fields pertinent to the required activities. All technical
reports specified herein that contain workplans for investigations and studies,
that describe the conduct of investigations and studies, or that contain
technical conclusions and recommendations concerning engineering and
geology shall be prepared by or under the direction of appropriately qualified
professional(s), even if not explicitly stated. Each technical report submitted
by the Discharger shall bear the professional’s signature and stamp.

10.

Pursuant to section 13264 of the Water Code, the Discharger shall submit a
complete revised NOI or a complete Report of Waste Discharge (RWD) for an
individual permit in accordance with the Water Code section 13260 at least
140 days prior to any material change or proposed change in the character,
location, or volume of the discharge, including any expansion of the facility or
development of any treatment technology.

11.

The Discharger shall comply with all conditions of this General Order,
including timely submittal of technical and monitoring reports. On or before
each report due date, the Discharger shall submit the specified document to
the Central Valley Water Board or, if appropriate, a written report detailing
compliance or noncompliance with the specific schedule date and task. If
noncompliance is being reported, then the Discharger shall state the reasons
for such noncompliance and provide an estimate of the date when the
Discharger will be in compliance. The Discharger shall notify the Central
Valley Water Board in writing when it returns to compliance with the time
schedule. Violations may result in enforcement action, including Central
Valley Water Board or court orders requiring corrective action or imposing
civil monetary liability, or in termination of coverage under this General Order.

12.

The Discharger shall at all times properly operate and maintain all facilities
and systems of treatment and control (and related appurtenances) that are
installed or used by the Discharger to achieve compliance with the conditions
of this General Order. Proper operation and maintenance also includes
adequate laboratory controls and appropriate quality assurance procedures.
This provision requires the operation of back-up or auxiliary facilities or similar
systems that are installed by the Discharger when the operation is necessary
to achieve compliance with the conditions of this General Order.

13.

The Discharger shall use the best efforts including proper operation and
maintenance, to comply with this General Order.
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14.

At least 90 days prior to termination or expiration of any lease, contract, or
agreement involving disposal or off-site use of effluent, used to justify the
capacity authorized herein and assure compliance with this General Order,
the Discharger shall notify the Central Valley Water Board in writing of the
situation and of what measures have been taken or are being taken to assure
full compliance with this General Order.

15.

In the event of any change in control or ownership of the Facility, the
Discharger must notify the succeeding owner or operator of the existence of
this General Order and the applicable NOA by letter, a copy of which shall be
immediately forwarded to the Central Valley Water Board.

16.

To assume coverage as a new Discharger under this General Order, the
succeeding owner or operator must apply in writing to the Executive Officer
requesting transfer of coverage under the General Order. The request shall
be made prior to the effective date of the new ownership or operator. The
request must contain the requesting entity's full legal name, the state of
incorporation if a corporation, and the name, address, and telephone number
of the person(s) responsible for contact with the Central Valley Water Board.
The request must also include a statement that the new owner or operator
assumes full responsibility for compliance with this General Order and comply
with the signatory paragraph of Standard Provisions section B.3. Failure to
submit a complete request shall be considered an unauthorized discharge in
violation of the Water Code. Upon approval of the transfer request, the
Executive Officer will issue an NOA authorizing coverage under this General
Order.

17.

Dischargers with NOI coverage may/shall request termination of coverage
under this General Order when either (a) operation of the Facility has been
transferred to another entity, (b) the Facility has ceased operations, or (c) the
Facility’s operations have changed and are no longer subject to the General
Order. Dischargers shall certify and submit a Notice of Termination (NOT)
Letter to the Executive Officer approval. Until a valid NOT Letter is received
and issuance of written Executive Officer approval letter, the Discharger
remains responsible for compliance with this General Order and payment of
accrued annual fees.

18.

A copy of this General Order including the MRP, Information Sheet, Standard
Provisions, and Attachments A and B shall be kept at the Facility for
reference by operating personnel. Key operating personnel shall be familiar
with its contents.
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19.

The Central Valley Water Board will review this General Order periodically
and will revise requirements when necessary.

20.

Coverage under this General Order is effective upon notification by the
Executive Officer (i.e., issuance of NOA) that this General Order applies to
the Discharger.

21.

If more stringent applicable water quality standards are adopted in the Basin
Plan, the Central Valley Water Board may revise and modify this General
Order in accordance with such standards.

22.

This General Order may be reopened to address any changes in state plans,
policies, or regulations that would affect the water quality requirements for the
discharges and as authorized by state law. This includes regulatory changes
that may be brought about by the CV-SALTS planning efforts.

23.

Dischargers may apply for an exception from water quality objectives related
to salinity pursuant to Chapter IV, Exception to Discharge Requirements
Related to the Implementation of Water Quality Objectives for Salinity,
paragraph 8 of the Basin Plan. The application must be made in accordance
with Finding 57 of this General Order and the Discharger must participate in
the CV-SALTS Program to qualify for an exception.

24.

The Central Valley Water Board or the Executive Officer may revoke
coverage under this General Order at any time and require the Discharger to
submit a RWD and obtain individual waste discharge requirements.

If, in the opinion of the Executive Officer, the Discharger fails to comply with the
provisions of this General Order, the Executive Officer may refer this matter to the
Attorney General for judicial enforcement, may issue a complaint for administrative civil
liability, or may take other enforcement actions. Failure to comply with this General
Order may result in the assessment of Administrative Civil Liability by the Central Valley
Water Board up to $10,000 per violation, per day, depending on the violation, pursuant
to the Water Code, including sections 13268, 13350 and 13385. In addition, where there
is discharge, Central Valley Water Board can assess up to an additional $10 per gallon
multiplied by the number of gallons by which the volume discharged but not cleaned up
exceeds 1,000 gallons. The Central Valley Water Board reserves its right to take any
enforcement actions authorized by law. Civil liability may be imposed by the superior
court for up to $25,000 for each day of violation and in addition where there is
discharge, up to an additional $25 per gallon multiplied by the number of gallons by
which the volume discharged but not cleaned up exceeds 1,000 gallons.
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Any person aggrieved by this action of the Central Valley Water Board may petition the
State Water Board to review the action in accordance with Water Code section 13320
and CCR, title 23, sections 2050 and following. The State Water Board must receive
the petition by 5:00 p.m., 30 days after the date of this General Order, except that if the
thirtieth day following the date of this General Order falls on a Saturday, Sunday, or
state holiday, the petition must be received by the State Water Board by 5:00 p.m. on
the next business day. Copies of the law and regulations applicable to filing petitions
may be found on the Internet at:
http://www.waterboards.ca.gov/public_notices/petitions/water_quality
or will be provided upon request.
I, PAMELA C. CREEDON, Executive Officer, do hereby certify that the foregoing is a full
true and correct copy of a General Order adopted by the California Regional Water
Quality Control Board on 6 April 2017.

Original signed by
__________________________________
PAMELA C. CREEDON, Executive Officer
Attachments:
A:
B:

Definitions
Information Needs Sheet

CALIFORNIA REGIONAL WATER QUALITY CONTROL BOARD
CENTRAL VALLEY REGION
MONITORING AND REPORTING PROGRAM R5-2017-0036
FOR
WASTE DISCHARGE REQUIREMENTS GENERAL ORDER
OIL FIELD DISCHARGES TO LAND
GENERAL ORDER NUMBER THREE
This Monitoring and Reporting Program (MRP) is required pursuant to Water Code section 13267.
The Discharger shall not implement any changes to this MRP unless and until the Central Valley Water
Board adopts, or the Executive Officer issues, a revised MRP. Changes to sample location(s) shall be
established with concurrence of Central Valley Water Board staff, and a description of the revised
stations shall be submitted for approval by the Executive Officer.
This MRP includes Monitoring, Record-Keeping, and Reporting requirements. Monitoring
requirements include monitoring of discharges, of produced wastewater, solid waste, application of
recycled materials (wastewater and solids), and groundwater to in order to determine if the Discharger
is complying with the requirements of Waste Discharge Requirements General Order No. R5-2017
0036 (Order). All samples shall be representative of the volume and nature of the discharge or matrix
of material sampled. All analyses shall be performed in accordance with Standard Provisions and
Reporting Requirements for Waste Discharge Requirements, dated 1 March 1991 (Standard
Provisions).
Field test instruments (such as a pH meter) may be used provided that the operator is trained in the
proper use of the instrument and each instrument is serviced and/or calibrated at the recommended
frequency by the manufacturer or in accordance with manufacturer instructions.
Analytical procedures shall comply with the methods and holding times specified in the following:
Methods for Organic Chemical Analysis of Municipal and Industrial Wastewater (EPA); Test Methods
for Evaluating Solid Waste (EPA); Methods for Chemical Analysis of Water and Wastes (EPA);
Methods for Determination of Inorganic Substances in Environmental Samples (EPA); Standard
Methods for the Examination of Water and Wastewater (APHA/AWWA/WEF); and Soil, Plant and
Water Reference Methods for the Western Region (WREP 125). Approved editions shall be those that
are approved for use by the United States Environmental Protection Agency or the State Water
Board’s Environmental Laboratory Accreditation Program. The Discharger may propose alternative
methods for approval by the Executive Officer.
The MRP can be modified if the Discharger provides sufficient data to support the proposed changes.
If monitoring consistently shows no significant variation in magnitude of a constituent concentration or
parameter after a statistically significant number of sampling events, the Discharger may request this
MRP be revised by the Executive Officer to reduce monitoring frequency or minimize the list of
constituents. The proposal must include adequate technical justification for reduction in monitoring
frequency.
Monitoring requirements include the periodic visual inspection of the facility to ensure continued
compliance with the Order. The MRP also requires submittal of information regarding the use of all
chemicals used during well drilling, installation, operation, and maintenance activities associated with
each well generating waste materials (liquids and solids) that are discharged to land and regulated
under this Order.
This MRP requires the Discharger to keep and maintain records for five years from the date the
monitoring activities occurred and to prepare and submit reports containing the results of monitoring
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specified below. This period of retention shall be extended during the course of any unresolved
litigation regarding this discharge, or when requested by the Central Valley Water Board.
FACILITY MONITORING
Permanent markers in ponds shall be in place with calibrations indicating the water level at design
capacity and available operational freeboard (two feet minimum required). The freeboard shall be
monitored monthly on all ponds to the nearest tenth of a foot.
Annually, prior to the anticipated rainy season, but no later than 30 September, the Discharger shall
conduct an inspection of the facility. The inspection shall assess repair and maintenance needed for:
drainage control systems; slope failure; groundwater monitoring wells, or any change in site conditions
that could impair the integrity of the waste management unit or precipitation and drainage control
structures; and shall assess preparedness for winter conditions including, but not limited to, erosion
and sedimentation control. The Discharger shall take photos of any problems areas before and after
repairs. Any necessary construction, maintenance, or repairs shall be completed by 31 October.
Annual facility inspection reporting shall be submitted by 30 November.
The Discharger shall inspect all precipitation diversion and drainage facilities for damage
within 7 days following major storm events (e.g., a storm that causes continual runoff for at least
one hour) capable of causing flooding, damage, or significant erosion. The Discharger shall take
photos of any problem areas before and after repairs. Necessary repairs shall be commenced
within 30 days of the inspection. Notification and reporting requirements for major storm events shall
be conducted as required in Reporting Requirements of this MRP.
The Discharger shall monitor and record on-site rainfall data using an automated rainfall gauge, or
subject to Executive Officer approval other acceptable gauge/monitoring arrangement, or a weather
monitoring station within three miles of the facility. Data shall be used in establishing the severity of
storm events and wet seasons for comparison with design parameters used for waste management
unit design and conveyance and drainage design. Daily data and on-site observation shall be used for
establishing the need for inspection and repairs after major storm events. Rainfall data shall be
reported in the quarterly monitoring reports, as required by this MRP.
CHEMICAL AND ADDITIVE MONITORING
The Discharger shall provide the following for all chemicals and additives1 used at all leases and
facilities that discharge produced wastewater to land:
Requirement
A list of all chemicals and additives used including chemical
formulas and specific chemical names.
The volume of each chemical and additive used in gallons.
A list of the leases and facilities where the chemicals and
additives are being used.
Material safety data sheets for each chemical
and/or additive.

Frequency
Quarterly
Quarterly
Quarterly
Annually
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Chemicals that are a part of trade secrets shall be kept confidential at the Central Valley Water Board.
Documents containing trade secrets shall be properly marked on the cover, by the Discharger, prior to submitting
the document to the Central Valley Water Board. Individuals that have received permission by the Discharger
shall be granted access to view the files at the office.

PRODUCED WASTEWATER MONITORING
Produced wastewater (also referred to as effluent) samples shall be representative of the volume and
nature of the discharges. The Discharger shall maintain all sampling and analytical results: date, exact
place, and time of sampling; dates analyses were performed; analyst's name; analytical techniques
used; and results of all analyses. Such records shall be retained for a minimum of five years.
A complete list of substances that are tested for and reported on by the testing laboratory shall be
provided to the Central Valley Water Board. All peaks must be reported. In addition, both the method
detection limit (MDL) and the practical quantification limit (PQL) shall be reported. Detection limits
shall be equal to or more precise than USEPA methodologies. Analysis with an MDL greater than the
most stringent drinking water standard that results in non-detection needs to be reanalyzed with the
MDL set lower than the drinking water standard or at the lowest level achievable by the laboratory. All
quality assurance/quality control (QA/QC) samples must be run on the same dates when samples
were actually analyzed. Proper chain of custody procedures must be followed, and a copy of the
completed chain of custody form shall be submitted with the report. All analyses must be performed
by an Environmental Laboratory Accreditation Program (ELAP) certified laboratory.
If the discharge is intermittent rather than continuous, then on the first day of each such intermittent
discharge, the Discharger shall monitor and record data for all of the constituents listed below, after
which the frequencies of analysis given in the schedule shall apply for the duration of each such
intermittent discharge.
DISCHARGE 001
Produced wastewater samples shall be collected downstream from the treatment system and prior to
discharge to land (roads, ponds, etc.) (Discharge 001). Produced wastewater monitoring for
Discharge 001 shall include at least the following:
Constituent/Parameter
Flow
Table I – Effluent Monitoring
1

Units
mgd
Varies

Sample Type
Metered1
Grab

Frequency
Continuous
Varies

In accordance to Order Provision E.3, instead of metering an engineered alternative may be used if approved in writing by
the Executive Officer.

DISCHARGE 002
If ponds are used, produced wastewater samples shall be collected in the pond at the distal end of the
system (Discharge 002), or if ponds are operated in parallel, in the pond that has contained produced
wastewater for the longest period of time (i.e., longest retention time)(Discharge 002). Produced
wastewater monitoring for Discharge 002 shall include at least the following:

CENTRAL VALLEY REGION
MONITORING AND REPORTING PROGRAM R5-2017-0036
WASTE DISCHARGE REQUIREMENTS GENERAL ORDER
OIL FIELD DISCHARGES TO LAND
GENERAL ORDER NUMBER THREE

Constituent/Parameter
Table I – Effluent Monitoring

Units
Varies

Sample Type
Grab
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Frequency
Varies

SOLID WASTE MONITORING
Solid waste generated at the Facility from production related activities, such as tank or pond
maintenance, shall be characterized for disposal. Non-hazardous solid wastes may be disposed
on-site, as road or berm construction material, for instance, if such disposal does not pose a threat to
water quality.
Hazardous waste (as defined in California Code of Regulations (CCR), title 22, section 66261.1) and
designated wastes (as defined in California Water Code (CWC) section 13173) shall be properly
disposed at a Facility permitted to accept the waste.
Solid wastes disposed off-site shall be transported to an appropriately permitted facility.
Solid waste volumes, disposal methods, disposal facilities, and analytical results from waste
characterization shall be reported in the subsequent quarterly and annual monitoring reports.

GROUNDWATER WELL SURVEY
The Discharger shall conduct a well survey to identify all water supply wells within one-mile of the
ponds that receive produced wastewater or other authorized discharges. The Discharger shall sample
the identified domestic water supply wells and analyze the samples for the waste constituents listed in
Table II of this MRP. If access to private property is requested and denied, a demonstration of that
denial is required.
REPORTING REQUIREMENTS
All monitoring results shall be reported in Quarterly Monitoring Reports which are due by the first day
of the second month after the calendar quarter as follows:
First Quarter Monitoring Report (January – March):
Second Quarter Monitoring Report (April – June):
Third Quarter Monitoring Report (July – September):
Fourth Quarter Monitoring Report (October – December):
Facility Inspection Report (Completed by 30 October):

1 May
1 August
1 November
1 February
30 November

A transmittal letter shall accompany each monitoring report. The transmittal letter shall discuss
any violations that occurred during the reporting period and all actions taken or planned for correcting
violations, such as operation or facility modifications. If the Discharger has previously submitted a
report describing corrective actions or a time schedule for implementing the corrective actions,
reference to the previous correspondence is satisfactory. Reports shall be submitted whether or not
there is a discharge.
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The following information is to be included on all monitoring reports, as well as report transmittal
letters:
Discharger’s name
Facility/Lease Name
Waste Discharge Requirements R5-2017-0036
Monitoring and Reporting Program R5-2017-0036
GeoTracker Site Global ID: XXXXXXXXXXXX
In reporting monitoring data, the Discharger shall arrange the data in tabular form so that the date, the
constituents, and the concentrations are readily discernible for all historical and current data. The data
shall be summarized in such a manner that illustrates clearly, whether the Discharger complies with
waste discharge requirements.
In addition to the details specified in Standard Provision C.3, monitoring information shall include the
MDL and the Reporting limit (RL) or PQL. If the regulatory limit for a given constituent is less than the
RL (or PQL), then any analytical results for that constituent that are below the RL (or PQL), but above
the MDL, shall be reported and flagged as estimated.
If the Discharger monitors any constituent at the locations designated herein more frequently than is
required by this Order, the results of such monitoring shall be included in the calculation and reporting
of the values required in the quarterly monitoring reports. Such increased frequency shall be indicated
on the quarterly monitoring reports.
All monitoring reports shall comply with the signatory requirements in Standard Provision B.3. All
monitoring reports that involve planning, investigation, evaluation, or design, or other work requiring
interpretation and proper application of engineering or geologic sciences, shall be prepared by or
under the direction of persons registered to practice in California pursuant to California Business and
Professions Code sections 6735, 7835, and 7835.1.
The Discharger shall submit electronic copies of all work plans, reports, analytical results, and
groundwater elevation data over the Internet to the State Water Board Geographic Environmental
Information Management System database (GeoTracker)
at http://www.waterboards.ca.gov/ust/electronic_submittal/index.shtml
A frequently asked question document for GeoTracker can be found
at http://www.waterboards.ca.gov/ust/electronic_submittal/docs/faq.pdf
Electronic submittals shall comply with GeoTracker standards and procedures, as specified on the
State Water Board’s web site. Uploads to GeoTracker shall be completed on or prior to the due date.
In addition, a copy of each document shall be sent via electronic mail to
CentralValleyFresno@waterboards.ca.gov. Include a copy of the transmittal letter. Laboratory reports
submitted in compliance with this MRP shall be accompanied by an Excel file that includes the
analytical data found in the laboratory report. Excel files shall be either generated by the laboratory or
compiled by the Discharger. At a minimum, the Excel file shall include the constituent name, sample
location, sample name, sample date, analysis date, analytical method, result, unit, MDL, RL, and
dilution factor.
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All Quarterly Monitoring Reports shall include the following:
Facility reporting:
1. Monthly freeboard results as specified on MRP page 2.
2. The results of Facility inspections conducted during the quarter as specified on MRP
page 2.
3. Rainfall data as specified on MRP page 2.
Chemical and Additive reporting:
1. The data required as specified on MRP page 2 and 3.
Produced Wastewater reporting:
1. Tabular summary of current and historical results of effluent discharges as specified on
page 3 and 4.
2. For each month of the quarter, calculation monthly effluent flow and the historical monthly
effluent flow for the last 12-months.
3. For each quarter, include a current and historical table for each effluent sample point for
EC, boron, chloride, and sodium.
Solid Waste reporting:
1. The results of solid Waste monitoring specified on MRP page 4, including the nature,
volume, and weight in dry tons of solid waste produced during the quarter.
2. Analytical results characterizing the solid waste, and particularly, whether the waste is
hazardous as defined in CCR, title 22, section 66261.1).
3. The method of disposal and disposal locations of the solid wastes.
4. If wastes are hauled to a disposal facility, evidence that the disposal facility is properly
permitted.

B.

Fourth Quarter Monitoring Reports, in addition to the above, by 1 February of each year, the
Discharger shall submit a written report to the Executive Officer containing the following:

Production Facility information:
1. The names and general responsibilities of all persons employed to operate the produced
wastewater treatment systems.
2. The names and telephone numbers of persons to contact regarding the Facility for
emergency and routine situations.
3. If field meters are used, then a statement certifying when the flow meters and other
monitoring instruments and devices were last calibrated, including identification of who
performed the calibration (Standard Provision C.4).
4. A summary of all spills/releases, if any, that occurred during the year at the facility, tasks
undertaken in response to the spills, and the results of the tasks undertaken.
5. A summary of the chemical and additive data collected under the Chemical and Additive
Monitoring section, the required MSDS sheets, chemical formulas and specific chemical
names, and a discussion of whether any of the chemicals or additives were found in effluent
discharges.
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6. A flow chart (i.e. diagram that clearly illustrates all processes that produced wastewater
undergoes from well extraction to discharge to land) and map of the following:
• Facility within the oil field,
• Facility/Lease boundaries
• Production and wastewater distribution network with all stock tanks, and transfer
pipes, and discharge points to the ponds or land.
7. Annual report in tabular form for all the effluent and domestic water supply well data, if
applicable.
Requesting Administrative Review by the State Water Board. Any person aggrieved by an action
of the Central Valley Water Board that is subject to review as set forth in Water Code section 13320(a),
may petition the State Water Board to review the action. Any petition must be made in accordance
with Water Code section 13320 and California Code of Regulations, title 23, section 2050 and
following. The State Water Board must receive the petition within thirty (30) days of the date the action
was taken, except that if the thirtieth day following the date the action was taken falls on a Saturday,
Sunday, or state holiday, then the State Water Board must receive the petition by 5:00 p.m. on the
next business day. Copies of the laws and regulations applicable to filing petitions may be found on
the internet at http://www.waterboards.ca.gov/public_notices/petitions/water_quality/index.shtml
or will be provided upon request.
Modifications. Any modification to this Monitoring and Reporting Program shall be in writing and
approved by the Assistant Executive Officer, including any extensions. Any written extension request
by the Discharger shall include justification for the delay.
The Discharger shall implement the above monitoring program on the first day of the Executive Officer
issuance of the NOA for coverage under the Order.

Ordered by:
PAMELA C. CREEDON, Executive Officer
(Date)

CENTRAL VALLEY REGION
MONITORING AND REPORTING PROGRAM R5-2017-0036
WASTE DISCHARGE REQUIREMENTS GENERAL ORDER
OIL FIELD DISCHARGES TO LAND
GENERAL ORDER NUMBER THREE

-8

Table I-Effluent Monitoring

Parameters

Units

US EPA or
other Method9

Reporting
Frequency

Field Parameters
Temperature
Electrical Conductivity
pH

o 1

F
µmhos/cm2
pH units

Meter
Meter
Meter

Quarterly
Quarterly
Quarterly

Monitoring Parameters
Total Dissolved Solids (TDS)
Total Suspended Solids (TSS)
Electrical Conductivity
Total Organic Carbon (TOC)
Boron, dissolved

mg/L3
mg/L
µmhos/cm
mg/L
mg/L

160.1
160.2
2510B
415.3
6010B

Quarterly
Quarterly
Quarterly
Quarterly
Quarterly

Standard Minerals
Alkalinity as CaCO3
Bicarbonate Alkalinity as CaCO3
Carbonate Alkalinity as CaCO3
Hydroxide Alkalinity as CaCO3
Sulfate, dissolved
Nitrate-N, dissolved
Calcium, dissolved
Magnesium, dissolved
Sodium, dissolved
Potassium
Chloride

mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L

310.1
310.1
310.1
310.1
300.0
300.0
6010B
6010B
6010B
6010B
300.0

Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly

PAHs4

µg/L5

8270

Quarterly

Total Petroleum Hydrocarbons
(TPH)

µg/L

418.1

Quarterly

Volatile Organic Compounds
Full Scan

µg/L

8260B

Quarterly

Oil and Grease

mg/L

1664A

Quarterly

Stable Isotopes
Oxygen (18O)
Deuterium (Hydrogen 2, 2H, or D)

pCi/L6
pCi/L

900.0
900.0

Quarterly
Quarterly

Radionuclides
Radium-226

pCi/L

SM7 7500-Ra

Quarterly
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Table I-Effluent Monitoring

Parameters
Radium-228
Gross Alpha particle (excluding
radon and uranium)
Uranium
Constituents of Concern
Lithium
Strontium
Iron
Manganese
Antimony
Arsenic
Barium
Beryllium
Cadmium
Chromium (total)
Chromium (hexavalent)
Cobalt
Copper
Lead
Mercury
Molybdenum
Nickel
Selenium
Silver
Thallium
Vanadium
Zinc
Oil Production and Process
Chemicals and Additives8
1

Units

US EPA or
other Method9

Reporting
Frequency

pCi/L

SM 7500-Ra

Quarterly

pCi/L

SM 7110

Quarterly

pCi/L

200.8

Quarterly

mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L

200.7
200.7
200.8
200.8
200.8
200.8
200.8
200.8
200.8
200.8
7196A
200.8
200.8
200.8
7470A
200.8
200.8
200.8
200.8
200.8
200.8
200.8

Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly

µg/L

As Appropriate9

Quarterly

Degrees Fahrenheit
Micromhos per centimeter
3
Milligrams per liter
4
Polycyclic aromatic hydrocarbons
5
Micrograms per liter
6
Picocuries per liter
7
Standard Methods
8
The Discharger shall provide analytical results for all chemicals and additives used in the exploration, production, and/or processing of
all oil and the treatment of produced wastewater discharged to land (e.g., ponds, roads, etc.) as described under the Chemical and
Additive Monitoring section of the MRP for which there are ELAP approved analyses. For those constituents for which there are
not ELAP approved analytical methods, the Discharger shall submit a technical report describing how it intends to address this
issue.
9
Appropriate analytical methods may be proposed by the Discharger but are subject to the approval of the Assistant Executive Officer
2
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Table II-Water Supply Well Monitoring

Parameters

Groundwater Elevation
Field Parameters

Units

US EPA or
other Method

feet &
hundredth
s, MSL1

Reporting
Frequency

Quarterly

o 2

F
µmhos/cm3
pH units

Meter
Meter
Meter

Quarterly
Quarterly
Quarterly

mg/L4
mg/L
µmhos/cm
mg/L

160.1
415.3
2510B
6010B

Quarterly
Quarterly
Quarterly
Quarterly

Standard Minerals
Alkalinity as CaCO3
Bicarbonate Alkalinity as CaCO3
Carbonate Alkalinity as CaCO3
Hydroxide Alkalinity as CaCO3
Sulfate, dissolved
Nitrate-N, dissolved
Calcium, dissolved
Magnesium, dissolved
Sodium, dissolved
Potassium
Chloride

mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L

310.1
310.1
310.1
310.1
300.0
300.0
6010B
6010B
6010B
6010B
300.0

Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly

PAHs5

µg/L6

8270

Quarterly

Total Petroleum Hydrocarbons
(TPH)

µg/L

418.1

Quarterly

Volatile Organic Compounds
Full Scan

µg/L

8260B

Quarterly

Oil and Grease

mg/L

1664A

Quarterly

Stable Isotopes
Oxygen (18O)
Deuterium (Hydrogen 2, 2H, or D)

pCi/L7
pCi/L

900.0
900.0

Quarterly
Quarterly

Radionuclides
Radium-226

pCi/L

SM8 7500-Ra

Quarterly

Temperature
Electrical Conductivity
pH
Monitoring Parameters
Total Dissolved Solids (TDS)
Total Organic Carbon (TOC)
Electrical Conductivity
Boron, dissolved
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Table II-Water Supply Well Monitoring

Parameters
Radium-228
Gross Alpha particle (excluding
radon and uranium)
Constituents of Concern
Lithium
Strontium
Iron
Manganese
Antimony
Arsenic
Barium
Beryllium
Cadmium
Chromium (total)
Chromium (hexavalent)
Cobalt
Copper
Lead
Mercury
Molybdenum
Nickel
Selenium
Silver
Thallium
Vanadium
Zinc
Oil Production and Process
Chemicals and Additives9
1

Units

US EPA or
other Method

Reporting
Frequency

pCi/L

SM 7500-Ra

Quarterly

pCi/L

SM 7110

Quarterly

mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L

200.7
200.7
200.8
200.8
200.8
200.8
200.8
200.8
200.8
200.8
7196A
200.8
200.8
200.8
7470A
200.8
200.8
200.8
200.8
200.8
200.8
200.8

Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly
Quarterly

µg/L

As Appropriate10

Quarterly

Mean Sea Level
Degrees Fahrenheit
3
Micromhos per centimeter
4
Milligrams per liter
5
Polycyclic aromatic hydrocarbons
6
Micrograms per liter
7
Picocuries per liter
8
Standard Methods
9
The Discharger shall provide analytical results for all chemicals and additives used in the exploration, production, and/or processing of
all oil and the treatment of produced wastewater discharged to land (e.g., ponds, roads, etc.) as described under the Chemical and
Additive Monitoring section of the MRP for which there are ELAP approved analyses. For those constituents for which there are
not ELAP approved analytical methods, the Discharger shall submit a technical report describing how it intends to address this
issue.
10
Appropriate analytical methods may be proposed by the Discharger but are subject to the approval of the Executive Officer
2

CALIFORNIA REGIONAL WATER QUALITY CONTROL BOARD
CENTRAL VALLEY REGION
ORDER R5-2017-0036
INFORMATION SHEET
WASTE DISCHARGE REQUIREMENTS GENERAL ORDER
FOR
OIL FIELD DISCHARGES TO LAND
GENERAL ORDER NUMBER THREE
ELIGIBILITY
This Information Sheet provides information to support the findings and requirements contained
in Waste Discharge Requirements General Order No. R5-2017-0036, General Order No. 3
(hereafter, General Order). This General Order regulates discharges of produced wastewater
and other discharges from oil production facilities to land within the Tulare Lake Basin of the
Central Valley Region where:
1.

Discharges exceed the maximum salinity limits of the Water Quality Control Plan for the
Tulare Lake Basin, Second Edition, Revised January 2015 (with Approved Amendments)
(Basin Plan). These salinity limits are discussed in more detail below.

2.

The first encountered groundwater is of poor quality or there is no first encountered
groundwater.

3.

The first encountered groundwater does not support beneficial uses as identified in Basin
Plan as Municipal and Domestic Supply (MUN), or Agricultural Supply (AGR), Industrial
Service Supply (IND), or Industrial Process Supply (PRO).

4.

Discharge of wastewater to land began prior to 26 November 2014.

BACKGROUND
California ranks third in the U.S. in oil production. Based on 2014 data, approximately 74
percent of California’s production occurs within the Central Valley. In most oil fields in
California, the oil is comingled with formation water. This means that large quantities of water
are extracted with the oil. Within the Central Valley, approximately 16 barrels of water are
produced with each barrel of oil. Oil and gas production facilities separate the water from the
oil. This separated water is called produced wastewater.
Many oil and gas production facilities within the Central Valley share many similarities. Facility
components can include production wells, enhanced oil recovery wells, networks of pipelines,
gas separators and dehydrators, oil and water separation units of various configurations and
types (e.g. tank batteries, induced gas or air flotation tanks commonly referred to as WEMCOs),
storage units, produced wastewater treatment systems, and disposal systems that can include
evaporation and percolation ponds or “ponds.” In some operations, produced wastewater is
disposed of through Class II underground injection wells permitted and regulated by California
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Department of Conservation’s Division of Oil, Gas, and Geothermal Resources (DOGGR). In
some operations produced wastewater is further treated and reused in steam and power
generation or injected as steam or water into the hydrocarbon reservoir to enhance oil recovery.
This type of reuse is also regulated by DOGGR. High quality produced wastewater may also be
reused to supplement agricultural water supplies. Other uses of produced wastewater of
appropriate quality include oil field dust control and to aid in compaction on oil field construction
projects. Sludge and solids removed from tanks are commonly mixed with soil and used to
asphalt roads within the oil fields. This General Order includes specific requirements to regulate
these discharges, with the exception of reuse for agricultural supplies, and ensure they do not
cause pollution or nuisance conditions.
Beginning in May 2014, the Central Valley Water Board began an effort to re-evaluate its Oil
Field Program with respect to discharges to ponds. Central Valley Water Board staff identified
and inspected oil field production facilities with ponds. Staff found that there are approximately
326 facilities with 1100 ponds that receive produced wastewater. Approximately 241 facilities
are discharging to ponds without waste discharge requirements. Approximately 85 facilities are
discharging to ponds under WDRs that are twenty years old or older.
In response to the re-evaluation, Central Valley Water Board staff has issued various
information and enforcement orders requiring those discharging without WDRs and those
discharging under old WDRs to characterize their discharge practices and to provide information
to support ongoing discharges, if feasible.
RATIONALE FOR ISSUING A GENERAL ORDER AND OTHER CONSIDERATIONS
Water Code section 13263(i) describes the criteria that the Central Valley Water Board must
use to determine whether a group of facilities should be regulated under a general order (as
opposed to individual orders). These criteria include:
1.
2.
3.
4.

The discharges are produced by the same or similar types of operations,
The discharges involve the same or similar types of wastes,
The discharges require the same or similar treatment standards, and
The discharges are more appropriately regulated under general WDRs rather than
individual WDRs.

The discharges that can be covered under this General Order meet the above listed
requirements of 13263(i).
Pursuant to Water Code section 13263(a), this General Order must implement the Basin Plan
including consideration of the beneficial uses of water, the water quality objectives reasonably
required for protection of those beneficial uses, other waste discharges, and the need to prevent
nuisance conditions. Water quality objectives are the limits or levels of water quality
constituents or characteristics that are established for the reasonable protection of beneficial
uses of water or the prevention of nuisance within a specific area (Water Code, section
13050(h)). Water quality objectives apply to all waters within a surface water or groundwater
resource for which beneficial uses have been designated.
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Pursuant to Water Code sections 13241 and 13263, the Central Valley Water Board, in
establishing the requirements contained in this General Order, considered factors including, but
not limited to, the following:

a.
b.
c.
d.
e.
f.

Past, present, and probable future beneficial uses of water;
Environmental characteristics of the hydrographic unit under consideration, including the
quality of water available thereto;
Water quality conditions that could reasonably be achieved through the coordinated
control of all factors which affect water quality in the area;
Economic considerations;
The need for developing housing within the region(s); and
The need to develop and use recycled water.

This General Order applies to discharges where the first encountered groundwater is of such
poor quality that it cannot support beneficial uses or there is no encountered groundwater.
Therefore, this General Order does not require groundwater monitoring. The General Order
does include a time schedule for Dischargers to demonstrate there is no groundwater in the
area of their facilities or the groundwater that is present does not support beneficial uses, and to
obtain appropriate Basin Plan amendments removing any designated beneficial uses. During
the NOI process, Dischargers must demonstrate with appropriate technical information that
coverage under this General Order is appropriate and that they can be successful in obtaining
the required Basin Plan amendments. The Basin Plan amendment process requires the
compilation and presentation of detailed technical information supporting the de-designation of
beneficial uses and requires Discharger participation in CV-SALTS. Dischargers in close
proximity to each other and with similar hydrogeological conditions are encouraged to
participate in regional or group efforts to collect the necessary information.
APPLICATION PROCESS
Dischargers seeking coverage under the General Order are required to file a Notice of Intent
(NOI) within 30 days of the adoption of the General Order. This process is different from
application process for an individual permit where the Report of Waste Discharge is filed
(RWD).
A NOI includes the following:
1. A completed State Form 200, which is available
at: http://www.waterboards.ca.gov/publications_forms/forms/docs/form200.pdf.
2. An application fee. Discharger’s not operating under waste discharge requirements (WDRs)
must submit an application fee that serves as the first annual fee. The fee is based on a
threat to water quality (TTWQ) and Complexity (CPLX) rating of 3C and applicable
surcharges as described in Title 23, California Code of Regulations (CCR), section 2200.
The Dischargers with existing WDRs do not need to submit an application fee unless annual
fees are due during the application process.
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3. A technical report. The technical report must describe the wastewater generation,
treatment, storage, reuse and disposal activities. The technical report must be prepared by a
California registered civil engineer or engineering geologist. Attachment B to the General
Order, Information Needs Sheet describes the information to be included in the technical
report. Applicants are advised to inquire with the Central Valley Water Board staff before
performing investigations and/or preparing the technical report to ensure that the report will
be complete.
The NOI for an oil and gas production facility seeking coverage under this General Order shall
document the existing operations, which is defined as the actual maximum monthly average
produced wastewater discharge flow to ponds that occurred in the ten years immediately to 26
November 2014.
After Central Valley Water Board staff review the NOI, they will determine the appropriate
TTWQ and CPLX rating of the discharge, and additional fees may be required. If the
information in the NOI demonstrates that the coverage under the General Order is appropriate,
the Central Valley Water Board's Executive Officer (Executive Officer) will authorize coverage
under the General Order by issuing Notice of Applicability (NOA). Coverage under the General
Order will commence upon issuance of the NOA. The NOA will describe appropriate monitoring
and reporting requirements.
APPLICABLE REGULATIONS, PLANS, AND POLICIES
Water Quality Control Plans
The Basin Plan designates the beneficial uses of groundwater and surface waters within the
Basin and specifies water quality objectives to protect those uses, and includes implementation
plans for achieving water quality objectives. The Basin Plan also incorporates, by reference,
plans and policies of the State Water Board. The requirements of the General Order are
designed to ensure that discharges authorized therein comply with the Basin Plan.
Beneficial Uses of Surface Water and Groundwater
The beneficial uses of surface water, as identified in the Basin Plan, may include: municipal and
domestic supply (MUN); agricultural supply (AGR); industrial process supply (IND); industrial
service supply (PRO); hydro-power generation (POW); water contact recreation (REC-1); noncontact water recreation (REC-2); warm freshwater habitat (WARM); cold freshwater habitat
(COLD); migration of aquatic organisms (MIGR); spawning reproduction and/or early
development (SPWN); wildlife habitat (WILD); navigation (NAV); rare, threatened, or
endangered species (RARE); groundwater recharge (GRW); freshwater replenishment (FRSH);
aquaculture (AQUA); and preservation of biological habitats of special significance (BIOL).
Basin Plan Table II-1 (Page II-4) lists the surface water bodies of the Tulare Lake Basin and the
designated beneficial uses of those specific surface water bodies. Where surface water bodies
are not listed, the Basin Plan designates beneficial uses based on the waters to which they are
tributary.
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The Basin Plan identifies the beneficial uses of groundwater as MUN, AGR, IND, PRO, REC-1,
and WILD. Basin Plan Table II-2 lists specific designated beneficial uses of groundwater within
each Detailed Analysis Unit of the Basin. Chapter II of the Basin Plan in Existing and Potential
Beneficial Uses states:
Due to the "Sources of Drinking Water Policy," all ground waters are designated
MUN (the use may be existing or potential) unless specifically exempted by the Regional
Water Board and approved for exemption by the State Water Board. Ground water areas
exempted from MUN are footnoted in Table II-2. In addition, unless otherwise designated
by the Regional Water Board, all ground waters in the Region are considered suitable or
potentially suitable, at a minimum, for agricultural supply (AGR), industrial supply (IND),
and industrial process supply (PRO).
Therefore, in accordance to the Basin Plan Sources of Drinking Water Policy (which is
described in detail below), unless beneficial uses are de-designated by the Central Valley Water
Board, all groundwaters of the Basin have the designated beneficial use of MUN. All
groundwaters are also designated as suitable or potentially suitable for AGR, IND, and PRO
use. The current Basin Plan exempts a few limited areas from MUN as described in the Basin
Plan Table II-2 footnote.

Consideration of Sources of Drinking Water Policy
The Basin Plan states that pursuant to Sources of Drinking Water Policy (Resolution No. 88-63),
all groundwaters of the State are considered to be suitable, or potentially suitable, for municipal
or domestic water supply and are so designated by the Central Valley Water Board. When
considering exceptions to the MUN beneficial use designation; the Central Valley Water Board
will employ the following criteria:
a. The total dissolved solids (TDS) exceeds 3,000 milligrams per liter (mg/L)
(5,000 micromhos per centimeter (µmhos/cm) electrical conductivity) and it is not
reasonably expected by the Central Valley Water Board to supply a public water
system; or
b. There is contamination, either by natural processes or by human activity (unrelated to
a specific pollution incident), that cannot reasonably be treated for domestic use using
either Best Management Practices or best economically achievable treatment
practices; or
c. The aquifer does not provide sufficient water to supply a single well capable of
producing an average, sustained yield of 200 gallons per day; or
d. The aquifer is regulated as a geothermal energy producing source or has been
exempted administratively pursuant to 40 CFR, section 146.4 for the purpose of
underground injection of fluids associated with the production of hydrocarbon or
geothermal energy, provided that these fluids do not constitute a hazardous waste
under 40 CFR, section 261.3.
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Exceptions to the Sources of Drinking Water Policy are not self-implementing, but must be
established in an amendment to the Basin Plan.
The Basin Plan provides for consistency with the Sources of Drinking Water Policy in making
exceptions to beneficial use designations other than MUN, parallel to Resolution No. 88-63
exception criteria, as follows:
In making any exceptions to the beneficial use designation of agricultural supply (AGR), the
Central Valley Water Board will consider the following criteria:
a. There is pollution, either by natural processes or by human activity (unrelated to a
specific pollution incident), that cannot reasonably be treated for agricultural use using
either Best Management Practices or best economically achievable treatment
practices, or
b. The aquifer does not provide sufficient water to supply a single well capable of
producing an average, sustained yield of 200 gallons per day, or
c. The aquifer is regulated as a geothermal energy producing source or has been
exempted administratively pursuant to 40 CFR, section 146.4 for the purpose of
underground injection of fluids associated with the production of hydrocarbon, or
geothermal energy, provided that these fluids do not constitute a hazardous waste
under 40 CFR, section 261.3.
In making any exceptions to the beneficial use designation of industrial supply (IND or PRO),
the Central Valley Water Board will consider the following criteria:
a. There is pollution, either by natural processes or by human activity (unrelated to a
specific pollution incident), that cannot reasonably be treated for industrial use using
either Best Management Practices or best economically achievable treatment
practices, or
b. The aquifer does not provide sufficient water to supply a single well capable of
producing an average, sustained yield of 200 gallons per day.
Dischargers authorized under this General Order are those where the natural background
groundwater quality meets the Sources of Drinking Water Policy exception criteria and/or
parallel to exception criteria outlined above.
The Basin Plan at page i states:
Basin plans are adopted and amended by regional water boards under a structured
process involving full public participation and state environmental review. Basin plans and
amendments do not become effective until approved by the State Water Board.
Regulatory provisions must be approved by the Office of Administrative Law.
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The General Order includes a five year compliance time schedule to de-designate beneficial
uses through a structured process, which is further described in this Information Sheet
Provisions section.
Water Quality Objectives
Pursuant to Water Code section 13263(a), the General Order must implement the Basin Plan
including consideration of the beneficial uses of water, the water quality objectives for protection
of those beneficial uses, other waste discharges, and the need to prevent nuisance conditions.
Water quality objectives are the limits or levels of water quality constituents or characteristics
that are established for the reasonable protection of beneficial uses of water or the prevention of
nuisance within a specific area (Water Code, section 13050(h)). Water quality objectives apply
to all waters within a surface water or groundwater resource for which beneficial uses have
been designated. Water quality objectives are listed separately for surface water and
groundwater in Chapter III of the Basin Plan and are either numeric or narrative. The water
quality objectives are implemented in the General Order consistent with the Basin Plan’s Policy
for Application of Water Quality Objectives, which specifies that the Central Valley Water Board
“will, on a case-by-case basis, adopt numerical limitations in orders which will implement the
narrative objectives.” To derive numeric limits from narrative water quality objectives, the
Central Valley Water Board considers relevant numerical criteria and guidelines developed
and/or published by other agencies and organizations.
Chapter III of the Basin Plan under Water Quality Objectives for groundwater for salinity, states:
All groundwaters shall be maintained as close to natural concentrations of dissolved
matter as is reasonable considering careful use and management of water resources.
No proven means exist at present that will allow ongoing human activity in the Basin and
maintain ground water salinity at current levels throughout the Basin. Accordingly, the
water quality objectives for groundwater salinity control the rate of increase.
The maximum average annual increase in salinity measured as electrical conductivity shall
not exceed the values specified in Table III-4 for each hydrographic unit shown on [Basin
Plan] Figure III-1.
The Basin Plan requires waters designated as MUN to meet the State drinking water maximum
contaminant levels (MCLs) specified in Title 22 for primary and secondary standards.
The Basin Plan establishes narrative water quality objectives for Chemical Constituents, Taste
and Odors, and Toxicity. The Basin Plan states that when compliance with a narrative objective
is required to protect specific beneficial uses, the Central Valley Water Board will, on a case-by
case basis, adopt numerical limitations in order to implement the narrative objective. In the
absence of specific numerical water quality limits, the Basin Plan methodology is to consider
any relevant published criteria.
Under this General Order, the background groundwater quality is poor and constituents of
concern exceed the Basin Plan water quality objectives.
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Basin Plan Effluent Limits
The Basin Plan is unique in that it sets specific effluent limits for oil field discharges to land for
EC, chloride and boron and even more specific effluent limits for discharges associated with oil
field activities. On page IV-15, the Basin Plan specifically states that the maximum salinity limits
for wastewaters in unlined sumps overlying groundwater with existing and future probable
beneficial uses are as follows:
Constituent
EC (µmhos/cm)
Chloride (mg/L)
Boron (mg/L)

Maximum Limit
1000
200
1

The Basin Plan also includes separate salinity limits for the White Wolf Subarea based on the
class of irrigation water underlying the discharge.
The Basin Plan specifically states that discharges of oil field wastewater that exceed the above
maximum salinity limits may be permitted to unlined sumps, stream channels, or surface waters
if the Discharger successfully demonstrates to the Central Valley Water Board in a public
hearing that the proposed discharge will not substantially affect water quality nor cause a
violation of water quality objectives.
The Basin Plan maximum salinity limits do not apply to the discharge of the wastewater to land
under this General Order because the groundwater is poor quality, the groundwater exceeds the
Basin Plan water quality objectives, and the groundwater does not support existing and future
probable beneficial uses.
Oil Field Discharges and Proposed Discharge Limits
The primary waste constituent of concerns (COCs) associated with discharges of waste from oil
field facilities include, but are not limited to, electrical conductivity (EC), total dissolved solids,
chloride, and boron, some metals (i.e., arsenic), some trace elements (i.e., strontium, thallium,
lithium, etc.), petroleum hydrocarbons, PAHs, VOCs, and radionuclides.
With respect to EC, total dissolved solids, chloride, and boron, this General Order authorizes
discharges to land that exceed the Basin Plan salinity limits described above since the General
Order applies to areas where first encountered groundwater does not exist or if it does exist, it is
such poor quality that it does not, and could not be reasonably expected to support designated
beneficial uses. In this General Order the discharge of produced wastewater is not allowed to
cause groundwater to contain COCs in concentrations that adversely affect the beneficial uses.
Therefore, this General Order require “best efforts” approach in implementing reasonable
control measures to treat produced wastewater prior to discharge to land. As result, this
General Order does not have discharge or effluent limits.
Oil field produced wastewater can also contain metals exceeding MCLs, and particularly arsenic
at levels exceeding the MCL of 10 µg/L. Whether those metals pose a threat to groundwater
quality and designated beneficial uses depends on many factors including, but not limited to,
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discharge concentrations, discharge volumes, depth to groundwater, soil types and
hydrogeology underlying the discharge location, and natural groundwater quality. Generally,
most metals associated with oil field produced water discharges are relatively immobile in the
alkaline soils associated with most areas of the Central Valley and are expected to attenuate as
they percolate with produced water through the soil profile.
Specifically with respect to arsenic, studies conducted within the Central Valley indicate that
arsenic migration to groundwater that would cause exceedances of water quality objectives is
unlikely. Kennedy Jenks Consultants completed an arsenic soil-adsorption removal study using
soil samples collected from the Famoso Basins in Famoso area in 2011. The results were
included in a technical report titled, Cawelo Water District Famoso Basins Antidegradation
Analysis. The results indicate that the arsenic associated with the discharges up to 120 µg/L
will attenuate in the underlying soils and not adversely impact underlying groundwater.
Similarly, other studies show that soil can remove significant amounts of arsenic.
Given the above information, this General Order does not include effluent limits for metals
associated with discharges to land at this time.
Oil naturally contains numerous organic compounds including BTEX and PAHs. It is the goal of
the industry to separate these compounds from the produced wastewater in which they are
entrained. Some organic chemicals may be added to oil wells, to separation processes, or to
treatment systems to enhance recovery efficiencies and final produced wastewater quality.
Generally, heavier organic compounds associated with oil production do not move readily
through the soil and do not pose a significant threat to groundwater. It has also been welldocumented in the literature, including a study published by the Lawrence Livermore National
Laboratory in 1995 and several reports generated by the State Water Resources Control Board,
that petroleum fuels naturally attenuate in the environment through adsorption, dispersion,
dilution, volatilization, and biological degradation. This natural attenuation slows and limits the
migration of dissolved petroleum plumes in groundwater. The biodegradation of petroleum, in
particular, distinguishes petroleum products from other hazardous substances commonly found
at commercial and industrial sites.
The limited existing data for produced wastewater discharges that can be directly compared
with groundwater monitoring results support the notion that organics associated with petroleum
production will not migrate to underlying groundwater in concentrations that exceed water
quality objectives.
For these reasons, Central Valley Water Board staff does not recommend specific produced
wastewater discharge limits to ponds for organic chemicals at this time.
Some geologic formations contain naturally occurring radionuclides. Radium-226 and radium
228, gross alpha- particle activity, uranium have been detected in produced water in
concentrations exceeding the primary MCLs. These detections have been limited to specific oil
fields. Much like metals discussed above, these constituents don’t generally move readily
through soils and their threat to groundwater quality will vary based on site specific
hydrogeology. For these reasons, Central Valley Water Board staff does not recommend
specific produced wastewater discharge limits to ponds for radionuclides at this time.
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As water quality data for produced wastewater and groundwater become available, the Central
Valley Water Board staff will be evaluating the data for COCs and will update this General Order
to include additional discharge limits if necessary to be protective of the future beneficial uses of
the groundwater.
Title 27 of the California Code of Regulations
California Code of Regulations, Title 27 (hereafter Title 27) contains regulatory requirements for
the treatment, storage, processing, and disposal of solid waste, which includes designated
waste, as defined by Water Code section 13173. Title 27 exempts certain activities from its
provisions. Discharges regulated by this General Order are exempt from Title 27 pursuant to
provisions that exempt wastewater under specific conditions. This exemption, found at Title 27,
section 20090 is described below:
* * *
(b) Wastewater - Discharges of wastewater to land, including but not limited to evaporation
ponds, percolation ponds, or subsurface leachfields if the following conditions are met:
(1) the applicable RWQCB has issued WDRs, reclamation requirements, or waived
such issuance;
(2) the discharge is in compliance with the applicable water quality control plan; and
(3) the wastewater does not need to be managed according to Chapter 11, Division
4.5, Title 22 of this code as a hazardous waste.
* *

*

Therefore, the discharge authorized in this General Order is exempt from the requirements of
Title 27 in accordance with Title 27, sections 20090(b) because: 1) The Central Valley Water
Board is issuing general WDRs; 2) The discharge is in compliance with the Basin Plan, and; 3)
The treated waste discharged to the pond(s) does not need to be managed as hazardous
waste.
Resolution 68-16 (State Antidegradation Policy) and Basin Plan Amendments
State Water Board Resolution 68-16, the Statement of Policy with Respect to Maintaining High
Quality of Waters in California (hereafter, the State Antidegradation Policy), requires that
disposal of waste into high quality waters of the State be regulated to achieve the highest water
quality consistent with the maximum benefit to the people of the State. Resolution 68-16 does
not apply to waters that are not high quality. The “best efforts” approach is considered where a
water body is “poor quality.”
This General Order applies to areas where first encountered groundwater does not exist (e.g., it
is petroleum or hydrocarbon producing only) or, if it does exist, it is such poor quality that it does
not, and could not, be reasonably expected to support beneficial uses. Accordingly, the State
Antidegradation Policy does not apply to this General Order, and the “best efforts” approach is
considered to minimize the natural background groundwater quality degradation and to
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implement reasonable waste discharge treatments to land. (E.g., State Water Board Order WQ
86-5, at p. 7 (City of Corona); State Water Board Order No. WQ 81-5, at pp. 6-7 (City of
Lompoc)). The “best efforts” approach involves implementation of reasonable control measures
to treat produced wastewater prior to discharge to land. The factors analyzed under the “best
efforts” approach include the water quality achieved by other similarly-situated Dischargers, the
good faith efforts of the Discharger to limit the discharge of COCs, and the measures necessary
to achieve compliance.
The primary waste constituents of concerns due to discharges of waste from oil field facilities
with respect to surface waters and groundwater are in general elevated concentrations of
general minerals (especially total dissolved solids and chloride), metals (e.g., arsenic), trace
elements (e.g., boron, strontium, thallium, lithium, etc.), petroleum hydrocarbons, polynuclear
aromatic hydrocarbons (PAHs), volatile organic compounds (VOCs, e.g., benzene, toluene,
ethylbenzene, and xylenes [BTEX]), and radionuclides.
As described in the Beneficial Uses of Surface Water and Groundwater section above, the
Basin Plan applies MUN to all groundwater where it is not specifically de-designated. The Basin
Plan also states that unless otherwise designated by the Regional Water Board, all
groundwaters in the Region are considered suitable or potentially suitable for AGR, IND, and
PRO. Hydrogeological conditions, particularly in the oil fields on the west side of the Central
Valley, have resulted in areas where first encountered groundwater is petroleum or hydrocarbon
producing and/or is of such poor quality that it cannot reasonably be expected to be used, now
or in the future, for the Basin Plan assigned beneficial uses, even with the implementation of
best management practices or best economically achievable treatment practices. Under these
circumstances, Dischargers are expected to apply “best efforts” to minimize water quality
degradation and prevent conditions of nuisance. Also, under these circumstances, Dischargers
may be able to obtain amendments to the Basin Plan that de-designate the beneficial uses that
cannot reasonably be achieved.
This General Order puts the Discharger on a five year compliance schedule (Provision E.4.b of
the General Order) to obtain an amendment or amendments to the Basin plan to de-designate
the beneficial uses of MUN, AGR, IND, or PRO as appropriate. The compliance time schedule
requires the Discharger to demonstrate, in the case of MUN, that its discharges will meet the
Sources of Drinking Water Policy exception criteria, or in the case of AGR, IND, and PRO,
parallel criteria. The compliance schedule also requires the Discharger to demonstrate, where it
can meet the above criteria that its discharges will not migrate from the areas where the
beneficial uses will be de-designated to areas of higher quality groundwater; it must
demonstrate containment. The compliance schedule may be extended by up to two years by
the Executive Officer if, through no fault of the Discharger, the process is delayed.
The General Order compliance time schedule requires the Discharger to cease discharge if it is
unable to obtain the amendments to the Basin Plan by the end of the compliance schedule.
The General Order has another option (Provision E. 4.a) for Dischargers where their production
facility discharges to land have no underlying first encountered groundwater. Where
Dischargers can demonstrate through an appropriate hydrogeological investigation that
groundwater does not exist and discharges of produced wastewater and other wastes to land
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will not migrate into areas where groundwater does exist, Basin Plan amendments are not
required. The General Order will regulate these discharges to confirm the results of the
hydrogeological investigation, protect surface waters and surface water drainages, and to
prevent the creation of nuisance conditions. The details of this provision are described below in
Provisions section of this Information Sheet.
Verifying that the “best efforts” is implemented
The primary method used to determine the appropriateness of this General Order and whether
Dischargers are implementing best efforts are the requirements to submit technical information
through the NOI process and the Basin Plan amendment process and the monitoring required
by Monitoring and Reporting Program No. R5-2017-0036 (MRP).
The MRP requires oil field operators to sample municipal or domestic water supply wells within
one-mile radius of ponds that receive produced wastewater or other authorized discharges. The
purpose of requiring monitoring of water supply wells includes identifying the quality and trends
of water being used near or within the oil field.
This General Order requires the Discharger to report any noncompliance with the Prohibitions of
the General Order as soon as becoming aware of its occurrence and to confirm in writing within
two weeks of when it became aware of the noncompliance. This General Order and its
application process requires the Discharger to submit annual monitoring reports in a tabular
form for all the effluent and domestic water supply well data, if applicable.
California Environmental Quality Act
The benchmark for evaluating whether this General Order will have impacts on the environment
is the “environmental baseline.” The environmental baseline normally consists of “a description
of the physical environmental conditions in the vicinity of the project at the time…environmental
analysis is commenced.” (CCR, title 14, section 15125(a).) The CEQA Guidelines also
contemplate that physical conditions at other points in time may also constitute the appropriate
baseline. (Cherry Valley Pass Acres and Neighbors v. City of Beaumont (2010) 190 Cal. App.
4th 316, 336.)
The receipt of a permit application (report of waste discharge) is an event that can be used to
mark the beginning of the environmental review process because it commences the
development of an individual permit. Therefore, the date a permit application is received is
appropriate for the environmental baseline. (Fat v. County of Sacramento (2002) 97 Cal.App.4th
1270, 1278.) In the case of general permits, the permit development process begins when a
permitting authority identifies the need for a general permit and collects data that demonstrate
that a group or category of facilities has similarities that warrant a general permit.
The Central Valley Water Board began developing this General Order in 2015 with the issuance
of Notices of Violation and other orders requiring owners/operators without WDRs to submit
RWDs. However, a rigid date for establishing the environmental baseline is not suitable for this
General Order because oil and gas production has fluctuated over the last decade due to
varying economic conditions. Accordingly, the environmental baseline is based on the actual
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maximum monthly average produced wastewater discharge flow to ponds during the 10 years
prior to 26 November 2014.
The adoption of this General Order, which prescribes regulatory requirements for existing
facilities in order to ensure the protection of groundwater resources, is exempt from the
requirements of the California Environmental Quality Act (CEQA)(Pub. Resources Code, §
21000 et seq.) based on the following three categorical exemptions:
1. California Code of Regulations, title 14, section 15301 exempts the “operation, repair,
maintenance, [and] permitting … of existing public or private structures, facilities,
mechanical equipment, or topographical features” from environmental review. The General
Order is exempt from environmental review because it is permitting existing facilities. Only
oil field facilities that were discharging produced wastewater prior to 26 November 2014 and
their existing operations as described in the NOI are eligible to enroll in the General Order.
The General Order does not authorize any increase in flow beyond the existing operations,
which is considered the actual maximum monthly average produced wastewater discharge
flow to ponds during the 10 years immediately prior to 26 November 2014.
2. California Code of Regulations, title 14, section 15302 exempts the “replacement or
reconstruction of existing structures and facilities where the new structure will be located on
the same site as the structure replaced and will have substantially the same purpose and
capacity as the structure replaced.”
3. California Code of Regulations, title 14, section 15304 exempts “minor public or private
alterations in the condition of land, water, and/or vegetation which do not involve removal of
healthy, mature, scenic trees except for forestry and agricultural purposes.”
The General Order and its NOI application process impose requirements for facilities with poor
wastewater effluent quality overlying first encountered groundwater with poor qualities with no
current and future beneficial uses or there is no first encountered groundwater. The Central
Valley Water Board staff also is drafting additional general orders to cover area where
groundwater quality conditions support current and future beneficial uses.
Central Valley Salinity Alternatives for Long-Term Sustainability
The Central Valley Salinity Alternatives for Long-Term Sustainability (CV-SALTS) initiative has
the goal of developing sustainable solutions to the increasing salt and nitrate concentrations that
threaten achievement of water quality objectives in Central Valley surface waters and
groundwaters. The General Order requires actions that will implement “best efforts” and improve
management practices to minimize degradation of groundwater for COCs. The General Order
requires Basin Plan amendment through a compliance schedule to de-designate beneficial uses
of groundwater for MUN, AGR, IND, or PRO where there is no existing or future beneficial use.
The Central Valley Water Board intends to coordinate all such actions through the CV-SALTS
initiative and will require Dischargers participation. CV-SALTS may identify additional actions
that need to be taken by existing wastewater production facility and others to address Basin
Plan amendment. The General Order may also be amended in the future to implement any
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policies or requirements established by the Central Valley Water Board as a result of the
CV-SALTS process.
REQUIREMENTS OF THE GENERAL ORDER
The following describes Prohibitions, Discharge Specifications, Groundwater Limitations, Solids
Disposal Specifications, and Provisions are intended to protect the quality of surface water and
groundwater.
Prohibitions
Dischargers wishing to obtain coverage under this General Order must submit NOI to comply
with the requirements of the General Order. The NOI must contain a detailed description of all
discharges that will be regulated under the General Order. The General Order prohibits
discharges, other than those described in the NOI and approved in a NOA.
The discharge of waste other than produced wastewater from production wells to pond(s) is
prohibited unless the Executive Officer approves the discharge in accordance with an
appropriate management plan outlined in the Provisions section of the General Order and this
Information Sheet.
Storm water that comes into contact with residual oil, produced wastewater, or oil field wastes
may contain pollutants. This General Order prohibits the discharge of any wastes to surface
waters or surface water drainages.
The discharge of fluids used in “well stimulation treatment”, as defined by CCR, title 14, section
1761 (including hydraulic fracturing, acid fracturing, and acid matrix stimulation), to land is
prohibited. The General Order also contains a prohibition for the discharge of produced
wastewater that contains well stimulation treatment fluids. A three-year time schedule is
provided for the Discharger to either a) develop an alternate disposal method or b) demonstrate
that the produced wastewater does not contain well stimulation treatment fluids in
concentrations that could adversely affect beneficial uses of waters. Given the large number of
wells that have received a well stimulation treatment over time and the large number of
stimulated wells that discharge produced wastewater to land, a time schedule is necessary to
allow the Discharger time to marshal funding, develop and complete appropriate studies, and to
implement appropriate compliance options.
The General Order strictly prohibits the discharge of hazardous wastes.
To ensure that all wastes are properly treated and contained, the General Order prohibits the
bypass of treatment and the discharges related to overflow of ponds.
Operation or discharge of produced wastewater to ponds that could impact nearby water supply
wells is prohibited in the General Order unless the Discharger can demonstrate that there will be
no impact to the municipal or domestic water supply well.
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The General Order prohibits the collection, treatment, discharge or disposal of wastes that could
result in the creation of nuisance or pollution conditions.
Discharge Specifications
The General Order requires the Discharger to achieve compliance in accordance with the time
schedules in Provision E.4 of the General Order for Basin Plan amendment. The compliance
time schedule requirements are described in Provisions section of this Information Sheet as
Tasks one through eleven.
The discharge flow for coverage under the General Order must not exceed actual maximum
monthly average produced wastewater flow to pond between 26 November 2004 and
26 November 2014. The discharge flow also must not exceed the maximum design flow of the
Facility’s limiting unit as described by the technical data in the NOI.
The General Order requires the discharge remain within the permitted waste
treatment/containment/disposal structures at all times, or in case of emergency within
secondary containment structures.
Ponds are required to operate and to maintain in a manner that will prevent wastes from
concentrating to hazardous levels.
Ponds are required to be free of oil or be netted to preclude the entry of wildlife (CCR, title 14,
section 1778 (d)).
The General Order restricts the public contact with wastes to such means as fences or other
acceptable alternatives (CCR, title 14, section 1770 (b) through (b)(4)).
The General Order requires all the conveyance, treatment, storage, and disposal systems
including ponds, tank batteries, and other components of oil and gas production wastewater
discharge facility, to be designed, constructed, operated, and maintained to prevent inundation
or washout due to floods with a 100-year return frequency. By 1 October of each year the
available capacity in ponds is required to be sufficient to capture seasonal precipitation and
production facility wastewater design flows.
The General Order clarifies that discharges to secondary containment units are to be due to
emergency events that are beyond the control of facility operators and that the discharges to the
secondary containment are short term, of limited duration, and cleaned up. Intermittent
discharges that are of longer duration or more frequent would allow wastes to percolate and
migrate below the bottoms of the containment unit ponds and threaten groundwater. Secondary
containment structures used in this fashion would require regulation by the Central Valley Water
Board. The General Order also proscribes discharges of storm water containing pollutants from
secondary containment to waters of the state (both surface and groundwaters) and waters of
the United States. Discharges of storm water containing pollutants to such waters would require
regulation under waste discharge requirements or a National Pollutant Discharge Elimination
Permit.
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The Discharger is required to operate and maintain all ponds with two feet of freeboard using a
staff gauge unless a California registered civil engineer certifies that the operation of ponds less
than two feet is adequate and will not impact the integrity of the ponds.
The General Order requires the ponds and containment structures be managed and operated to
prevent breeding of vectors. Specifically ponds must be managed to minimize the accumulation
of dead algae, vegetation, and debris on the pond surface; minimize growth of weeds and
vegetation; and control pond erosion to limit vector breeding sites.
The General Order requires newly reconstructed or rehabilitated berms or levees (excluding
internal berms that separate ponds or control the flow of water within a pond) be designed and
constructed under the supervision of a California registered civil engineer. A post construction
report by the registered civil engineer that oversaw construction is required to be submitted
within 60 days of completion of construction and certification that the berms and/or levees were
constructed in accordance with design specifications and are suitable for the retention of
wastewater.
The General Order also allows the Discharger to use the produced wastewater generated from
the production facility wells for dust control and construction activities as long as it is consistent
with an approved management plan. The application rates are limited to those that are
reasonable rates to preclude creation of a nuisance conditions and unreasonable degradation of
groundwater. Applied wastewater shall not be allowed to pond onsite or runoff from the site.
The General Order requires the Dischargers to implement water quality management practices
based on “best efforts,” as necessary, to protect water quality and to minimize groundwater
degradation.
Groundwater Water Limitations
The General Order proscribes the discharges of produced wastewater from causing the
underlying groundwater to contain any constituents in concentrations that adversely affect
beneficial uses of the groundwater.
Solids Disposal Specifications
The General Order defines oil field solids as the solid, semisolid, and liquid residues removed
from treatment processes or accumulated in tanks, ponds, or other facility components. The
General Order requires any handling and storage of solids to be controlled in a manner that
minimizes leachate formation and precludes infiltration of waste constituents into soil in a mass
or concentration that will violate the groundwater limitations of the General Order.
The General Order requires solids removed from the facility to be managed and disposed of in a
manner consistent with solids management plan approved by the Executive Officer. The
removal of solids for reuse plans as road mix is restricted to within the lease area.
The General Order also requires for solids to be tested prior to use as a road mix and show to
be non-hazardous. Any proposed changes in solids use or disposal practices are required to
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be reported in writing to the Executive Officer at least 90 days in advance of the change and be
pre-approved by the Executive Officer.
Provisions
The General Order requires compliance with the applicable sections of “Standard Provisions
and Reporting Requirements for Waste Discharge Requirements,” dated 1 March 1991
(Standard Provisions) and compliance with MRP. During application process, the NOAs issued
will delineate the Standard Provisions that are applicable.
The General Order also requires the Discharger to certify that it has installed an acceptable flow
meter. An engineered alternative to a flow meter may be used if approved in writing by the
Executive Officer.
Once the NOA is issued, the General Order, in Provision E.4, provides two options for the
Discharger. The first option, (Provision E.4.a.) would be exercised when there is no
groundwater beneath the Facility. The Discharger would provide the results of a hydrogeological
investigation demonstrating that there is no groundwater beneath facility discharge areas and
that produced wastewater and constituents associated with other approved wastes discharged
at the Facility would not migrate into groundwater with designated beneficial uses. Upon the
written concurrence of the investigation results by the Executive Officer, this provision would be
considered satisfied.
The second option (Provision E.4.b.) would be exercised when there is underlying groundwater
beneath the Facility. The Discharger would demonstrate that the natural background
groundwater quality would meet the Sources of Drinking Water Policy exception criteria and
would obtain an appropriate Basin Plan amendment to de-designate the beneficial uses of
groundwater. The Discharger would be required to complete a Basin Plan amendment by
completing the following tasks in a five-year compliance schedule:
1. Participate in the CV-SALTS Group to facilitate the Basin Plan Amendment (BPA) process
under the Salt and Nutrient Management Plan.
2. Develop an outline of a BPA Work Plan for CV-SALTS Technical Advisory Committee
review and comment prior to submittal to the Central Valley Water Board staff for evaluation
of the de-designation of Basin Plan beneficial uses of the groundwater. The Work Plan shall
include:
a. Consideration of Sources of Drinking Water Policy and applicable exemption criteria for
MUN and applicable parallel criteria for exemption of AGR, IND, and PRO;
b. Consideration of available data or how the data will be collected to evaluate and support
the exemption criteria; and
c. An outline of a draft proposal to de-designate the Basin Plan beneficial uses that are not
applicable under the area of consideration.
3. Central Valley Water Board staff shall review and consider for approval the outline of BPA
Work Plan.
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4. Work with Central Valley Water Board staff to develop a Work Plan describing BPA tasks
that will be completed and deliverables that will be produced to support the de-designation
of the Basin Plan beneficial uses of the groundwater under consideration. The BPA tasks
and resulting deliverables shall include but are not limited to:

a. Delineation of the horizontal and vertical extent of the sub-basin or subject area under
consideration,

b. A summary of available data and analyses for each beneficial use proposed for
de-designation,

c. Maps, geologic cross sections, well and water quality data and any other information that
are supportive of de-designation,
d. A description of additional data or studies required to fill in any data gaps and support
de-designation,
e. A final proposed BPA Work Plan to accomplish above tasks a-d, and
f. The development of a final technical report that compiles all the information developed in
tasks a-e.
5. Central Valley Water Board staff shall review and consider for approval the final BPA Work
Plan and proposed deliverables.
6. Implement final Work Plan and submit the final technical report to the Central Valley Water
Board. The Discharger shall provide quarterly progress reports.
7. Central Valley Water Board staff will evaluate the final technical report and provide written
directions to the Discharger for completing the:
a. CEQA scoping process for the BPA,
b. Developing a draft staff report for the Central Valley Water Board, and
c. Preparing a final staff report for the Central Valley Water Board.
8. The Central Water Board and Discharger shall implement BPA Process including:
a. Stakeholder Participation-Public review of final draft of staff report,
b. Peer Review Process-Request peer reviewers to provide comments for final staff report,
c. Administrative Records-Preparing record keeping tasks and staff review and comments
on deliverables,
d. Progress Reports-Providing periodic presentation/reports to the Board and the public on
the progress of BPA and deliverables.
e. Final Central Valley Water Board approval-Provide a presentation of final report to the
Board for consideration, and
f. Finalize Administrative Records and submit to State Water Board for consideration.

CENTRAL VALLEY REGION
INFORMATION SHEET
WASTE DISCHARGE REQUIRMENTS
GENERAL ORDER R5-2017-0036
GENERAL ORDER NUMBER THREE

-19

9. State Water Board to consider Central Valley Water Board adopted Basin Plan
Amendment(s).
10. Office of Administrative Law review and approval of adopted Basin Plan Amendment(s).
11. If Basin Plan Amendments are not secured by the compliance date in Task 10 above, the
discharges at the Facility shall cease and the Discharger shall submit a Report of Waste
Discharge for closure/post closure waste discharge requirements.
The Executive Officer would be able to extend the due dates of Tasks 1 through 10 if the
Discharger is making acceptable progress and misses a due date through no fault of its own.
When proposing Basin Plan amendment, there is no guarantee that it would be approved. The
science would have to support the amendment.
The General Order authorizes discharge of waste from oil field activities other than produced
wastewater from production wells if the Discharger can demonstrate through appropriate water
quality data and analysis that the discharge does not pose a threat to beneficial uses of the
groundwater. The General Order also requires prior approval of these oil field related
discharges to ponds by the Executive Officer.
The General Order allows the application of produced wastewater for dust control or
construction activities at the production facility if it is consistent with a management plan
approved by the Executive Officer. The management plan would need to contain: a) data
characterizing the quality of the produced wastewater that would be applied; b) proposed
application/use methods, application rates, and proposed frequencies of application; c) a scaled
aerial photograph showing the leases proposed application areas with identified roads, ponds,
production treatment facility, surface waters, and surface water drainages; d) proposed
constituent loading rates; e) a list of all management practices to be implemented to ensure
produced wastewater does not migrate from proposed application areas; and f) a demonstration
that the discharges will be protective of water quality and will not adversely affect the beneficial
uses of surface water or underlying groundwater.
The General Order requires Dischargers to submit a solids management plan for approval of the
Executive Officer at least 180 days prior to any solids reuse. For Dischargers already reusing
solids for road mix the General Order requires submittal of a solids management plan for
approval by the Executive Officer within 60 days of receipt of the NOA for the Facility. The
solids management plan shall include a complete characterization of the quality and quantity of
the solids. For reuse of solids as road mix within the lease area, the solids management plan
must contain: 1) a demonstration that the solids are not hazardous as defined by CCR, title 22,
section 66261.1 et seq.; 2) a scaled aerial photograph showing the leases proposed application
areas with identified roads, ponds, production treatment facility, surface waters, and surface
water drainages; 3) proposed constituent loading rates; 4) a list of all management practices
that will be implemented to ensure wastes will remain where processed and applied and will not
migrate from the site; and 5) a demonstration that the discharges will be protective of water
quality and will not adversely affect the beneficial uses of surface water or underlying
groundwater. Reuse of solids must not commence prior to obtaining the written approval of the
solids management plan from the Executive Officer.
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Solid wastes disposed off-site must be transported to an appropriately permitted Facility. Solid
waste volumes, disposal methods, disposal facilities, and analytical results from waste
characterization must be reported in accordance with the MRP.
How Will the Board Evaluate the Effectiveness of Discharge Practices?
The General Order requires monitoring of all activities that result in discharges to land.
Specifically, the MRP requires:
•
•
•
•
•
•
•

Extensive produced wastewater discharge monitoring
Pond and facility monitoring
Solids monitoring
Hydrogeological evaluation of the discharge facility, if applicable
Annual reporting
Noncompliance reporting
Spill and release reporting

The monitoring will be reviewed and evaluated to determine compliance with the General Order.
Discharges that do not comply with the requirements of the General Order would be subject to
enforcement under the provisions of the California Water Code. The MRP can be modified if
the Discharger provides sufficient data to support the proposed changes. Any modification of
the MRP must be reviewed and approved by the Executive Officer.
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1.

Degradation - Any measurable adverse change in water quality.

2.

Existing Operations - The actual maximum monthly average produced
wastewater discharged to land (e.g., pond) that occurred between 26 November
2004 to 26 November 2014 and does not exceed maximum design flow of the
Facility approved during NOI process.

3.

Expansion - Any activity that results in an increase in the volume of wastes or
mass of wastes discharged to land (Also, see Standard Provisions sections A.3
and A.4).
“Expansion” does not include installation or modification of the Facility or
equipment to achieve compliance with the requirements of this General Order so
long as the modification or installation is sized to accommodate only the existing
Facility flows.

4.

Field or Oil Field - CCR title 14, section 1741(d) defines Field as “the same
general surface area which is underlaid or reasonably appears to be underlaid by
one or more pools.”
Also, CCR title 14, section 1760(f) defines Field as “the general surface area that is
underlain or reasonably appears to be underlain by an underground accumulation
of crude oil or natural gas, or both. The surface area is delineated by the
administrative boundaries shown on maps maintained by the [State Oil and Gas]
Supervisor.”

5.

Flowline - CCR title 14, section 1760(g) defines Flowline as “any pipeline that
connects a well with a gathering line or header.”
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6.

Freeboard - Elevation difference between the produced wastewater (liquid) level in
a pond and the lowest point of the pond embankment before wastewater can
overflow.

7.

Hazardous Waste - See definition in CCR, title 22, section 66261.3.

8.

High Quality Water - Waters where a constituent is found at concentrations lower
than the applicable water quality objective, are considered “high quality waters”
under the antidegradation policy. It is important to note that water can still be
considered a high quality water even when other constituents are found at
concentrations higher (of worse quality) than the applicable water quality
objectives.

9.

Operator - CCR title 14, section 1741(j) defines as “any person drilling,
maintaining, operating, pumping, or in control of any well.”

10. Overflow - The intentional or unintentional discharge from the Production Facility
that is not authorized by this General Order.
11. Pond - Also referred to as “Surface Impoundment,” is any earthen structure, which
may be lined/or unlined, used for the separation, treatment, storage, and/or
disposal of produced wastewater. Oil and Gas Production Facility components
that are not required to obtain coverage under the General Order are those that
meet all of the following requirements:
a. small in size or volumes of produced wastewater received,
b. properly engineered and constructed to eliminate percolation (e.g., re-enforced
concrete or other appropriately engineered liner),
c. operated to contain liquid for short periods of time, and
d. subject to proper ongoing operation and maintenance.
12. Produced Wastewater or Wastewater - The General Order refers to the water
that is produced with production fluid from a production well as “wastewater,” which
is commonly referred to as “produced water” in the oil industry. The General Order
also uses the term “effluent” (after treatment).
CCR title 14, section 1760(r) defines “waste water,” as “produced water that after
being separated from the produced oil may be of such quality that discharge
requirements need to be set by a California Regional Water Quality Control Board.”
13. Production Facility - Also referred to as Facility. CCR title 14, section 1760(k)
defines Production Facility as “any equipment attendant to oil and gas production
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or injection operations including, but not limited to, tanks, flowlines, headers,
gathering lines, wellheads, heater treaters, pumps, valves, compressors, injection
equipment, production safety systems, separators, manifolds, and pipelines that
are not under the jurisdiction of the State Fire Marshal pursuant to section 51010 of
the Government Code, excluding fire suppressant equipment.” See above for
definition of “flowline.”
In general, includes all the surface equipment used to transfer, process or treat, or
store oil and dispose of produced wastewater originating from production wells.
The term “Facility” includes those operations that collect and dispose of oil field
produced wastewater from one or more operators.
14. Secondary Containment - An engineered containment used only during
operational upsets or failures that are beyond the control of the Facility operator.
CCR title 14, section 1760(n) defines Secondary Containment as “an engineered
impoundment, such as a catch basin, which can include natural topographic
features, that is designed to capture fluid released from a production facility.” CCR
title 14, section 1773.1 requires the following conditions:
(a) All production facilities storing and/or processing fluids, except valves, headers,
manifolds, pumps, compressors, wellheads, pipelines, flowlines and gathering
lines shall have secondary containment.
(b) Secondary containment shall be capable of containing the equivalent volume of
liquids from the single piece of equipment with the largest gross capacity within
the secondary containment.
(c) Secondary containment shall be capable of confining liquid for a minimum of 72
hours.
(d) When not in use for rain water management, rain water valves on a secondary
containment shall be closed and secured to prevent unauthorized use.
(e) All damage to secondary containment shall be repaired immediately.
(f) The requirements of this section are not applicable until six months after the
effective date of this regulation.
For the purposes of this General Order, secondary containment does not include
structures used to manage produced wastewater or other wastes during periods of
routine maintenance or used to address a lack of adequate facility maintenance or
treatment capacity or storage.
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15. Solid Wastes – Viscous liquids, sludges, and solids collected from tank bottoms
as oily sand and/or organic sludge waste collected from the surface of ponds are
collectively referred to as “solid waste.”
16. Storm Water - Storm water runoff, snowmelt runoff, and surface runoff resulting
from a storm or precipitation event.
17. Waste - Defined in Water Code section 13050(d) where it, “includes sewage and
any and all other waste substances, liquid, solid, gaseous, or radioactive,
associated with human habitation, or of human or animal origin, or from any
producing, manufacturing, or processing operation, including waste placed within
containers of whatever nature prior to, and for purposes of, disposal.”
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This Information Needs Sheet describes information needed to prepare a Notice of Intent
(NOI) to obtain coverage under the General Order. A NOI shall consist of:
1.

State Form 200. A completed State Form 200, which is available at:
http://www.waterboards.ca.gov/publications_forms/forms/docs/form200.pdf.

2.

An application fee. Discharger’s not operating under waste discharge requirements
(WDRs) need to submit an application fee that serves as the first annual fee. The initial
fee shall be based on a threat to water quality (TTWQ) and Complexity (CPLX) rating of
3C and applicable surcharges as described in Title 23, California Code of Regulations
(CCR), section 2200. The Dischargers with existing WDRs do not need to submit an
application fee unless annual fees are due during the application process.

3.

A technical report. The technical report shall characterize all waste generation,
treatment, storage, reuse and disposal activities applicable to the specific Facility that will
be covered under the General Order. The technical report shall be prepared by a
California registered civil engineer or engineering geologist. Applicants are advised to
inquire with the Central Valley Water Board staff before performing investigations and/or
preparing the technical report to ensure that the report will be complete.

After Central Valley Water Board staff review of the NOI, the staff will determine the
appropriate TTWQ and CPLX rating and additional fees may be required. If the information in
the NOI demonstrates that the coverage under the General Order is appropriate, the Central
Valley Water Board's Executive Officer (Executive Officer) will authorize coverage under the
General Order by issuing Notice of Applicability (NOA). The NOA will describe appropriate
monitoring and reporting requirements and site specific information.
TECHNICAL REPORT PREPARATION
Please note the following tips to expedite the NOI preparation and facilitate Central Valley
Water Board staff review process:
1.

Providing the information in the same order as the listed below for technical report will
help to expedite the NOI review process. Staff will use this as a checklist.
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2.

If any of the information is missing or incomplete, the NOI will be deemed incomplete and
the process (and your project) will be delayed until all of the required information is
submitted. You will be notified in writing of the NOI status within 30 days of the NOI
submittal. If the NOI is incomplete, the additional information that is required to complete
the NOI will be specified in the notification.

3.

All numerical data presented in tables and calculations performed using spreadsheets
should be provided in digital form (MS Excel compatible spreadsheet) as well as hard
copy.

4.

If some of the information listed below can be found in a previous technical report
prepared by a California registered professional, the NOI can incorporate the report as an
appendix, but the NOI text must specify where in the report the required information can
be found. However, if appended reports contain information that conflicts with the body of
the NOI, it may cause further delays.
 A. Facility Information:
1. Is this an existing or new oil and gas production facility or expansion or startup of
existing facility with discharges of produced wastewater (effluent) to pond(s)?
a.

If this is an existing facility (began discharge to land prior to 26 November
2014), the Discharger can apply for coverage under the general orders and
the facility is exempt from requirements of the California Environmental
Quality Act (CEQA)(Pub. Resources Code, § 21000 et seq.). Therefore, the
Discharger does not need to produce evidence of compliance with CEQA.

b.

If this is a new facility (did not begin discharge to land prior to 26 November
2014) or expansion or startup of an existing facility, the Discharger can apply
for individual WDRs instead of coverage under the general orders.

c.

If the Discharger has questions about a. or b. or permitting in general contact
Central Valley Water Board staff at (559) 445-5116 for guidance.

2. Is this facility currently regulated under individual or general WDRs issued by the
Central Valley Water Board?
a.

If so, provide the WDRs order number and a copy of the WDRs.

b.

If not, provide the name of the local agency that issued the current operating
permit and the number of years ponds have been in use as a method of
disposal.
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3. Provide a copy of any other permits that reference or relate to the discharge of oil
field produced wastewater treatment, storage, disposal, and containment systems.
This includes Use Permits and any other relevant permits (e.g., Division of Oil,
Gas, and Geothermal Resources (DOGGR) disposal well permits, facility permits,
etc.).
4. Provide the following information for the oil and gas production facility and related
treatment, storage, and/or disposal units:
a.

Section, Township, and Range.

b.

Street address of the facility (provide street name and distance from nearest
cross street if there is no street number), if applicable.

c.

The approximate latitude and longitude of the facility and its components
(treatment, storage tanks or tank battery, ponds, disposal wells, etc.).

d.

County and Assessor’s Parcel Numbers, if applicable.

5. Provide a detailed description of the facilities that generate wastewater, and all
wastewater conveyance, treatment, and disposal systems. Use site plans and
conceptual drawings as appropriate to illustrate locations and typical construction.
Include all treatment processes. Provide the following maps, plans, and
illustrations:
a.

A facility location map showing local topography; all wells (including
producing, injectors, disposal, monitoring, and domestic/agricultural supply
wells, etc.); the production, treatment, and disposal facility locations; and
boundaries, streets, and surface water features (including natural drainages,
seasonal streams, storm water drainage ditches, irrigation canals, and
irrigation/tailwater ditches, etc.).

b.

A process flow schematic for the entire treatment, storage, and disposal
system. Include existing and proposed flow monitoring devices and sampling
locations proposed to determine compliance with the General Order.

c.

A scaled map for production, treatment, storage, disposal facility site plan and
acreage. Identify the locations of all the containment structures.

d.

A scaled map showing the limits of all the production wastewater treatment,
storage and disposal areas. If disposal methods include combination use of
ponds or disposal wells or other methods, identify all the locations on the
scaled map.
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6. For each wastewater treatment, storage, disposal pond, and containment structure,
provide the following information:
a.

Identification (name) and function of the structures.

b.

Surface area, depth, and volumetric capacity at two feet of freeboard for the
ponds.

c.

Height (relative to surrounding grade), crest width, interior slope, and exterior
slope of each berm or levee.

d.

Materials used to construct each berm or levee (e.g., containment structures
and ponds).

e.

Description of the engineered liner, if any. Include a copy of the Construction
Quality Assurance (CQA) Report if one was prepared.

f.

Overflow prevention features for each structure.

g.

Operation and maintenance procedures for each structure.

h.

Storm water runoff management methods, applicable for each structure.

7. Projected monthly water balances demonstrating adequate containment capacity in
storage structures (e.g., ponds and secondary containments) for both the average
rainfall year and the 100-year return period total annual precipitation, including
consideration of at least the following:
a.

Base line wastewater production to the pond and any inflow sources, if
applicable.

b.

A minimum of two feet of freeboard in each pond at all times (unless a
registered civil engineer determines that a lower freeboard level will not cause
overtopping or berm failure).

c.

Historical local pan evaporation (monthly average values).

d.

Local precipitation data with the 100-year return period annual total distributed
monthly in accordance with mean monthly precipitation patterns.

e.

Disposal system hydraulic loading rates distributed monthly in accordance
with expected seasonal variations based on evaporation rates.

f.

Projected long-term percolation rates (including consideration of percolation
and the effects of solids buildup in unlined ponds or containment structures).
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Submittal of a water balance capacity analysis demonstrating that the as-built
hydraulic capacity of the facility (i.e., tank battery and pond storage capacity)
is consistent with the flow limits based on total annual precipitation using a
return period of 100 years, distributed monthly in accordance with historical
rainfall patterns.

B. Wastewater Treatment, Storage, and Disposal Systems For The Facility:
1. A description of all the sources and types of wastewater flowing into the treatment,
storage, and disposal facility, including:
a.

A list of oil leases or individuals or entities that use the wastewater treatment,
storage, and disposal system.

b.

The number of permitted active and idle production wells (which produce oil,
water, or gas) for each oil lease or individual or entity and the associated total
monthly fluid production for each type of fluid (oil, gas, and produced
wastewater) for each lease since 2013, broken out into monthly flows.

c.

The method(s) of oil field reservoir drives (e.g., primary or enhanced oil
recovery (EOR) drive such as steam flood, water flood, etc.).

d.

A list of wastewater treatment units that treat the produced wastewater that is
discharged to ponds or to land.

2. For any chemicals or additives used in the exploration and production of oil, and the
treatment of produced wastewater, provide the following:
a. A detailed accounting of all the chemicals and additives used that could enter
the wastewater, the reservoir, and/or produced wastewater stream (e.g.,
acids, bases, salts, surfactants, emulsion breakers, etc.), and a description of
how and where in the production or wastewater stream they are deployed.
Calculate the volumes of each individual chemical and additive used on a
quarterly basis and describe any seasonal variability in chemical usage.
b. Report any hazardous wastes that may be generated at the facility and certify
that all hazardous wastes will be disposed of in accordance with State and
federal laws and will not be commingled with wastewater.
3. Characterize each wastewater stream type that discharges to the oil and gas
production facility using the constituent list provided in Table I of Monitoring and
Reporting Program R5-2017-0036 including (but not limited to) the following:
a.

Produced wastewater after production facility treatment, but prior to discharge
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to the pond (effluent), and within pond.
b.

If the facility receives produced wastewater from other leases, or individuals,
or entities, or properties or from different reservoirs, characterize each
produced wastewater stream prior to mixing with other produced wastewaters
and prior to treatment.

c.

Identify all other sources of wastes prior to mixing with produced wastewater
and characterize each waste stream independently (e.g., reverse osmosis
brine streams, steam generator blow down, etc.).

4. Demonstrate maximum monthly average effluent flow to each pond that occurred
between 26 November 2004 and 26 November 2014 and the basis for the effluent
flow limits. Consider dry weather flows vs. peak flows and seasonal variations, if
applicable. Include the technical basis for the flow limit (e.g., design treatment
capacity; hydraulic capacity of system components; and demonstrated (historical)
effluent storage/disposal capacity).
5. A narrative description of treatment and storage system operation and
maintenance procedures to be employed, including those associated with effluent
storage and disposal.
6. The names and contact numbers for production treatment facility operators and
facility supervisors and the hours that the facility is staffed.
7. Provide preventive and contingency measures for controlling spills and accidental
discharges in production facility:
a.

Provide any spill prevention plans. The spill prevention plan should provide
specific measures to effectively control any spills or failures in the production
facility with supporting documents, a facility schematic, and flow diagrams that
show that a spill to the secondary containment areas could only occur during
emergency or catastrophic conditions.

b.

A description of proposed alarm notification systems, emergency wastewater
storage facilities, secondary containment system, and other means of
preventing treatment system bypass or failure during reasonably foreseeable
overload conditions (e.g., peak flows, power failure, pipeline blockage, etc.).
Consider both potential problems at the treatment, storage and disposal
systems and within the conveyance systems (e.g., flow lines).
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Provide description of flood and frost protection measures (structural and
operational) employed at the facility.

8. Describe all solid wastes generated at the facility and discuss how they are handled
and disposed of. Volumes, chemical and physical characteristics, and final
disposition of each waste stream (e.g., land application, compost, landfill) must be
described. If solid wastes are treated or disposed of on-site, a waste management
plan for those wastes must be included. The waste management plan shall include
the following:
a.

A description of solids generation rates, on-site treatment and handling
systems, and short-term storage procedures.

b.

A description of measures to be used to control runoff or percolation from the
solids as they are transferred, stored, and/or mixed, and a schedule that
shows how and where all the solids will be land applied or removed from the
site prior to the onset of the rainy season (1 October).

c.

Confirmation that solids removed for reuse within the lease area would be
analyzed to indicate that they are non-hazardous. Handling and application
practices that would ensure that solid wastes do not migrate once placed.
Note: At least 180 days prior to any solid waste removal and disposal, the Discharger must
submit a solids management plan for the Executive Officer’s approval.

d.

See Provision E.7 of the General Order for additional information.

9. If the Discharger plans to apply produced wastewater for dust control or
construction activities at the facility, the Discharger shall submit a management
plan that includes:
a. Technical justification that the dust control or construction activities are best
practicable treatment or control and protective of surface waters and
groundwater, and a demonstration that discharges will not create nuisance or
pollution conditions.
b.

Provide constituent of concern concentrations and loading rates, frequency of
wastewater applications, wastewater runoff control measures in-place, and a
detailed aerial map of the field and facility clearly identifying areas of
wastewater applications including acreage, nearest water ways, and seasonal
drainage courses.
Note: The Discharger shall submit the management plan 90 days prior to the anticipated
discharges and the Executive Officer approval of the plan should be prior to commencement
of the wastewater application.
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See Provision E.6 of the General Order for additional information.

10. If the Discharge Prohibition A.5 of the General Order applies to the Discharger for
discharge of produced wastewater from wells that have been stimulated as defined
by CCR title 14, section 1761; then the Discharger must satisfy the requirements of
the General Order Provision E.8 by submitting a draft Work Plan to come into
compliance with this prohibition. See Provision E.8 of the General Order for
additional information.
C. Planned Changes in the Existing Facility or Discharge:
1. Describe in detail any and all planned changes in the facility or discharge,
addressing each of items listed in Section B above.
D. Local and Site-Specific Conditions for Surface, Soil, and Groundwater:
(Illustrate with maps as appropriate)
1. Neighboring land uses.
2. Typical crops grown (if agricultural area).
3. Water supply sources, including agricultural, municipal, and domestic well(s) within
one mile radius of where the ponds are located.
4. Terrain and site drainage features.
5. Nearest surface water drainage course.
6. FEMA floodplain designation(s).
7. Average Annual precipitation (inches).
8. 100-year 365-day precipitation (inches).
9. Reference evaporation (monthly and annual total).
10. Pan evaporation (monthly and annual total).
11. A description of the types and depths of soil underlying ponds, containment
structures, and/or other effluent disposal areas. Include a copy of the geotechnical
report and/or Natural Resources Conservation Service (NRCS) soil report. Include
at least the following information:
a.
b.

Depth of unsaturated soil when groundwater is closest to the surface.
Soil types based on site-specific information, sampling locations (accurately
measured and recorded), description and results of percolation tests or other
tests used to estimate soil long-term infiltration and percolation rates. Include
depth, thickness, and soil horizons. Soils must be described at a minimum of
five feet below the bottom of any disposal unit. Provide information on soil
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types underlying ponds and/or wastewater application areas from the ground
surface to the saturated zone. Soils information should include data from onsite borings, logged by a California registered geologist or civil engineer, and
may include referenced data from published sources.
c. Bedrock type and condition encountered in disposal area, if any.
d. A scaled map depicting soil/rock types and test locations.
12. Provide the following information about hydrogeology and groundwater:
a.
b.

Stratigraphy, groundwater elevation and gradient, transmissivity, and
influence of all recharge and pumping sources (site conceptual model).
Elevation and gradient of first encountered groundwater at the facility.

c.

Depth to highest anticipated groundwater.

d.

Shallow groundwater quality or first encountered groundwater for typical
waste constituents.
e. Information on monitoring well locations, construction details, and locations of
any geological features (e.g. aquitards, subterranean channels, faults) and
aquifer characteristics.
f.
Summary of historical groundwater monitoring results (last 5 years for existing
facilities).
13. Demonstrate with appropriate technical information that the coverage under this
General Order is appropriate and that the Discharger can be successful in obtaining
the Basin Plan amendment.
E. Industrial Storm Water General Permit:
On 1 April 2014, the State Water Resources Control Board adopted Order 2014-0057
DWQ (NPDES General Permit CAS000001) (Industrial Storm Water General Permit)
specifying waste discharge requirements for discharges of storm water associated with
industrial activities. Order 2014-0057-DWQ became effective 1 July 2015 and
required all applicable industrial dischargers to apply for coverage prior to the effective
date. Because storm water at oil and gas production wastewater discharge facilities is
captured and contained on-site or comingled with produced wastewater before being
discharged to ponds or production containment areas (i.e., secondary containment),
storm water will generally contain residual oil or produced wastewater. This General
Order prohibits discharge from leaving pond areas or secondary containment areas
and entering waters of the United States. See the following link for more information:
http://www.waterboards.ca.gov/centralvalley/water_issues/storm_water/industrial_general_
permits/
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1. Many industrial facilities are required to obtain coverage under the Industrial Storm
Water General Permit. Provide evidence that the facility is exempt from or has
applied for coverage under the Industrial Storm Water General Permit.
F. Department of Water Resources Well Standards:
The California Department of Water Resources sets standards for the construction and
destruction of groundwater wells (hereafter DWR Well Standards), as described in
California Well Standards Bulletin 74-90 (June 1991) and Water Well Standards:
State of California Bulletin 94-81 (December 1981). These standards, and any more
stringent standards adopted by the State or county pursuant to Water Code section
13801, apply to all monitoring wells.
1. Provide information as to whether existing monitoring wells at the facility were
constructed in accordance with the Department of Water Resources Well
Standards.
See the following link for more information:
http://wwwdpla.water.ca.gov/sd/groundwater/california_well_standards/well_standar
ds_content.html
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a b s t r a c t
U.S. production of unconventional natural gas has increased rapidly over the last decade, and triggered
public concerns about a variety of related risks. State policymakers vary in how they design regulatory
policies to balance the anticipated risks and beneﬁts, few attempts have been made, however, to evaluate
the heterogeneity in state unconventional gas regulations. In this analysis, we develop a framework for
comparing states based on how intensely they regulate unconventional gas development. We utilize two
separate but complementary methodological approaches to investigate regulatory heterogeneity: an
expert elicitation survey and principal components analysis. Our results indicate that, even though there
is signiﬁcant heterogeneity in state regulatory systems, there exist clusters of states that are consistently
ranked at the top or the bottom along a continuum of regulatory stringency. States such as West Virginia,
Colorado, Louisiana, New Mexico and Pennsylvania are found at the top of this scale, while at the lower
end we ﬁnd California, Tennessee, Mississippi and Montana. As states reﬁne their regulatory systems,
these rankings can be updated to reﬂect new policy and regulatory priorities.
© 2015 Elsevier Ltd. All rights reserved.

1. Introduction
Production of natural gas from unconventional reservoirs
employs advanced technologies such as horizontal drilling and
hydraulic fracturing. The use of these technologies has encouraged
a rapid increase in U.S. gas production over the last decade [92].
The boom in U.S. unconventional gas development (UGD) is also
partly attributable to government policies that have helped promote technological innovations in the industry, the private nature
of royalty-based property rights framework surrounding mineral
and land ownership (private vs. publically held), the extensive
availability of gas reserves on private land, and the high natural
gas prices in the 2000s [96]. UGD potentially provides signiﬁcant
opportunities for economic development in the localities in which
it is extracted. The scientiﬁc community, however, has yet to arrive
at a consensus regarding the nature and magnitude of the risks
associated with of UGD.
Development of oil and gas resources is regulated on three
levels of government; federal, state and local. Because of the variety in operating conditions and circumstances, state regulations
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have evolved historically to become the most prominent component in the UGD regulatory framework. State regulators aim
to balance the competing considerations arising from the risks
and beneﬁts of UGD. Documentation of state regulatory efforts
is challenging, however, because each state has its own statutory
mandates, administrative rules and regulations, as well as caselaw
rulings handed down by the courts. The regulatory systems also
vary in their transparency, extent of documentation, and accessibility. Information on the structure and stringency of these policies
and regulations, however, can inform our understanding of UGD
developments and the manner in which different jurisdictions may
weigh the various beneﬁts and risks associated with UGD developments.
Policy scientists have documented a degree of regulatory heterogeneity between states. Several studies have compared UGD
regulations in small groups of states. Few studies, however, have
analyzed this heterogeneity across all states with UGD so as to provide a complete picture of the regulatory landscape. The objective
of this paper is thus to provide an empirical evaluation of the regulatory environment of UGD across all applicable states, and develop
regulatory rankings that can inform both our collective understanding of the UGD policy environment as well as policymakers that
operate within this domain seeking to compare their regulatory
approach to that of other states. It is important to note that our
evaluation of the regulatory environment does not consider regula-
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tory enforcement. While incorporating enforcement would provide
a more complete picture of regulatory heterogeneity, data availability would make such an effort rather challenging. Furthermore,
an additional constraint in our study is that we do not distinguish
between de jure and facto regulation, that is, the difference between
the way the regulations are explicitly worded and the way they are
applied by government ofﬁcials in practice. It could be the case
that while de jure regulations appear less stringent (i.e. UGD process regulated on a case by case basis) government ofﬁcials have
the expertise and authority to ensure sufﬁcient safety standards
for public health and the environment. Additionally, there is significant uncertainty regarding the most effective regulatory regime
for governing UGD; that is, whether it should consist of adaptation
of existing conventional oil and gas rules or development of new
regulations speciﬁcally tailored to UGD. To date, no empirical evaluation of which of those two regimes would be preferable has been
conducted and published.
This study employs a two-part analysis. First, we conduct an
expert solicitation to rank UGD regulatory elements in their importance to public health, safety, and the environment, as well as
the level of difﬁculty developers may face in complying with regulatory programs. We use the input from a group of experts to
develop indices that capture the degree of stringency in state
regulations. Second, we estimate regulatory indices using the
statistical methodology of principal component analysis (PCA).
This technique uses data-driven weights to rank regulatory elements, and therefore provides an alternative to the weights based
from the expert elicitation. The combination of these two efforts
allows us to evaluate and rank states’ regulatory approaches to
UGD through different but complementary techniques, and draw
insights regarding individual state’s regulatory stringency and the
broader regulatory environment across all applicable states.
This analysis is a single-country study, focused speciﬁcally on
the U.S. regulatory landscape. While a country-level comparative
analysis would potentially provide more generalizable insights, we
limit our analysis to the U.S. context for the following reasons. First,
there is enough variability in UGD regulations at the state-level that
comparison of these differences is meaningful, and the number of
states with oil and gas statutes provides a big enough sample to
make a U.S. comparative study feasible. This is in contrast with all
other locations around the world that would not lend themselves
as neatly to such a comparative approach. Second, the regulatory
context and design features of other countries’ policies are meaningfully different and therefore render it difﬁcult to compare in a
single cross-national analysis.
Our analysis begins with a discussion of the beneﬁts and risks
of UGD that are most frequently discussed in the literature, so as
to set the context for regulatory developments. The second section summarizes the extant UGD literature within the energy and
environmental policy realms. Next, we present the results of both
methodological approaches. The paper concludes with a discussion
of the results, policy implications, and future research needs.
1.1. UGD beneﬁts
Economic beneﬁts from UGD accrue to a series of stakeholders
beyond simply the developer. One of the direct beneﬁts of UGD is a
revenue stream that mineral estate owners receive when they convey these rights to developers [20,39,51]. Within the United States,
the fact that mineral rights are designated as private property that
can be used for the ﬁnancial beneﬁt of the individual, has been
attributed as one of the main drivers of the exponential growth of
UGD [96]. Typically the transaction entails the leasing of mineral
rights, which includes both a one time “bonus” payment—dollars
per acre for the parcel—and a royalty payment, as a percentage of
the value of the oil and gas produced from the land if drilling is
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found to be productive. Bonus payments to mineral owners vary
but average $2,700–6,000 per acre in the mid-Atlantic Marcellus
region [9,31]. Depending on the value of the potential production,
developers offer a wide range of bonus payments and royalty percentages. While the standard percentage of a royalty interest is
12.5%, percentages can be negotiated to higher levels. The federal
government, being the largest land and mineral estate owner in
the nation, collects signiﬁcant revenue through this means [100].
States as well as local governments also collect royalty payments
in a similar manner through leasing of state and municipal lands.
Furthermore, ﬁnancial beneﬁts can accrue to local governments as
well. As an example, the state of Pennsylvania has an “impact fee”
which channels revenue on production to the state and then a portion back to the local communities in which development is taking
place.
Severance taxes offer another form of economic beneﬁt, as
accrued by local and state governments. Severance taxes are “gross
royalties or taxes based on the gross volume or value of output” [38].
In some cases the tax is based on the value of the resource that is
extracted, depending on market prices, while in others it is determined as a ﬁxed amount of the quantity of gas produced [71].
Severance taxes on UGD are viewed favorably by many states as
a way to improve state ﬁscal health. Even states that traditionally
favor low tax rates, such as Texas, Wyoming, Montana or Alaska,
have adopted severance taxes for UGD [69].
UGD has the ability to stimulate the local labor market and
provide other positive beneﬁts. Studies have estimated a varying
amount of labor gains attributed to UGD [17,50,99]. Considine et al.
[17] estimate that in Pennsylvania investments of $4.5 billion by
shale gas developers generated more than 44,000 jobs. [99], on the
other hand, estimates that UGD jobs created in Pennsylvania will
be just over 2100. Part of the divergence in these results is due to
the differences in assumptions, such as whether the labor market
gains generated in a county are directed towards non-county residents, the magnitude of economic multipliers, and the extent to
which the industry reinvests the proﬁts to expand development
in a given county. Recent data from the Bureau of Labor statistics
indicate that within the 2007–2012 period the oil and gas sector
in Pennsylvania experienced an increase in employment of 15,114
Cruz et al. [104]. The authors attribute this increase to UGD.
There are also indirect beneﬁts of UGD in those portions of
the manufacturing sector that use natural gas as a feedstock. The
supplies of natural gas have become so plentiful in the U.S., thus
increasing domestic energy security, that some companies are
beginning to redirect capital investments from abroad to the US.
Such corporate behavior is particularly apparent in the chemical
industry [35,41,77,87].
1.2. UGD risks
The potential risks of UGD for public health, safety, environmental quality, and economic development are the subject of a
growing body of scientiﬁc evidence. Risks featured most prominently in the literature and media relate to seismic activity, air
quality degradation due to local pollutants, surface and groundwater contamination, fugitive methane as a greenhouse gas, threats to
biodiversity due to forest and habitat fragmentation, the potential
for increased trafﬁc accidents in localities with UGD, as well as the
threat of the boom and bust cycle of resource extraction.
The possibility of triggering seismicity in association with UGD
has been recognized as a possible safety risk of the practice
[30,33,37,48,49,73]. While small levels of seismic activity have been
correlated with the process of stimulating and ﬂowing back gas
wells, the primary concern is associated with the disposal of high
volumes of produced waters into the deep subsurface via injection
wells [63]. The risk associated with induced seismicity is consid-
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ered relatively low in both probability and severity of damages, and
thus to date has not been a major concern among developers and
regulators. However, the recent upturn in the frequency of earthquakes and their location near UGD sites is causing more concern
and regulatory consideration [25].
Potential risks to public health and the environment are also
a concern raised extensively within the scientiﬁc literature. Contaminants can include constituents from the hydraulic stimulation
operation, either released on the surface or migration of products
from the ﬂowback and production into aquifers in the subsurface [33,65]. Vengoshet al. [95] provide a comprehensive review
of the literature with regards to ground and surface water contamination risks due to UGD. They identify three avenues through
which such contamination can occur: (1) contamination of shallow
aquifers through poorly cemented gas wells or accidental leaks;
(2) water contamination due to poorly stored wastewater from
fracking operations; and (3) long term accumulation of radioactive
elements in rivers, streams or lakes due to residuals from wastewater treatment or accidental spills. In addition, the authors highlight
local scarcity concerns due to excessive extraction of water in areas
affected by droughts.
The most widely reported drinking water concern is methane
pollution. Several cases of methane contamination have been investigated by the Environmental Protection Agency (EPA). To examine
the possibility of methane in groundwater sourced from gas production, Osborn et al. [66] collected drinking water samples from
68 wells in New York and Pennsylvania. Their ﬁndings, which
attracted much attention including signiﬁcant criticism [74,76],
include increased concentrations of methane in wells that were
closer to active points of UGD, but no evidence of deep saline brines
or fracturing ﬂuids in their samples.
One of the principal means by which methane or other constituents can migrate into underground sources of drinking water
is through loss in the integrity of the well system [1,15,33,57,98].
Wells can leak if the casing and associated cement sheath are
compromised or incomplete. Older wells that have been either
improperly abandoned or have not been effectively plugged can
also serve as pathways for hydrocarbons or formation ﬂuids to enter
the groundwater system. A recent study by the EPA concluded that
UGD does not pose systemic risk to drinking water resources in the
US [93].
The potential climate change impacts of UGD are receiving
increasing attention. Natural gas, when combusted, has about half
the CO2 emissions of coal. Newell and Raimi [64] argue that natural gas can have a net beneﬁt for climate change if it acts as a
substitute for oil and coal rather than for nuclear and renewable
energy. These authors also ﬁnd that, although an increase in shale
gas output has resulted in slight GHG emissions reductions, sub-

stantial further reductions can only be accomplished with policies
that provide incentives to use natural gas. In contrast, McJeon et al.
[53] ﬁnd that, in a future scenario in which natural gas generation is abundant, GHG emissions may not actually decrease at all
and may actually lead to an increase. The authors attribute these
results to a combination of a substitution effect and a scale effect,
where natural gas substitutes for both coal and low-carbon energy
resources and the increase in natural gas leads to an increase in
total generation.
Furthermore, the climate change mitigation beneﬁts of UGD
could be nulliﬁed or partially offset depending on the amount of
fugitive methane that is released. Fugitive methane may escape
into the atmosphere during the development, drilling and production process. Several studies attempting to calculate the percentage
of fugitive methane that leaks into the atmosphere have arrived
at different results [3,42,56]. Most recently Brandt et al. [11] conducted a review of existing studies on methane leakage from UGD.
They ﬁnd that inventory systems underestimate methane emissions from the oil and gas industry. In addition, they argue that a
small number of large operators are responsible for a signiﬁcant
percentage of methane leakages.
UGD can also create localized occupational safety risks.
Muehlenbachs and Krupnick [62] examine the effects of increased
UGD activity in Pennsylvania and ﬁnd a considerable jump in trafﬁc accidents involving heavy-duty trucks in counties with high
UGD. Retzer et al. [70] conduct a comprehensive overview of motor
vehicle fatalities in the oil and gas industry between 2003 and
2009, and ﬁnd that deaths from motor vehicle accidents were six
times more prevalent in the oil and gas industry compared to all
other industries. Their analysis suggests that 51.5% of accidents
involved pickup trucks, followed by 26.7% involving semi-trucks.
The authors attribute this increase in fatalities to the non-use of
safety belts by vehicle operators, frequent trips on rural roads that
are less safe than highways, and long work shifts.
Recent studies have examined the impacts of UGD on public
health. McKenzie et al. [54] ﬁnd an association between proximity
to shale gas wells and birth defects for newborns in rural Colorado
between 1996 and 2009. The mechanism for the alleged effects is
not clear but could involve toxic air emissions near UGD operations.
Hill [40] ﬁnds evidence of low birth weight and reduced values of
the APGAR index in babies whose mothers live within close proximity to shale gas wells in Pennsylvania. A recent court decision in
Texas, where a judge upheld a jury verdict that awarded $3 million
to a family claiming to have sustained adverse health impacts due
to shale gas drilling within close proximity to their property, is the
ﬁrst of its kind [72].
UGD could also threaten the economic development of local
communities through the boom and bust pattern associated with
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Ranking and weights of regulatory elements (Public health, safety and
environment)
(1) casing and cemenng depth
(2) surface cemenng
(3) accident reporng
(4) underground injecon requirements
(5) cement type regulaons
(6) ﬂuid storage regulaons
(7) water setback requirements
(8) water withdrawal requirements
(8) intermediate casing
(9) pit liner thickness
(9) producon casing cement
(10) bonding
(10) building setback requirements
(10) water transportaon tracking requirements
(11) ﬂaring regulaons
(12) venng regulaons
(13) pre drilling water tesng
(14) freeboard
(15) fracking ﬂuid disclosure
(16) temporary abandonement
(17) well idling me
(17) severance tax
(18) permit applicaon cost
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0.043
0.043
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Fig. 2. Ranking and weights of regulatory elements based on importance with regards to public health safety and the environment. The number in parenthesis next to each
regulatory element represents the ordinal ranking. The number next to each horizontal bar represents the numeric value of the weight. All weights are calculated such that
they add up to one.

rapid resource extraction. Traditionally, the negative and positive
implications of conventional drilling were explored in Western
cities. While some debate still exists Wilkinson et al., 2008, most of
the research has reached the consensus that the negative impacts,
usually related to social and psychological disruption, community planning problems, adverse environmental impacts, housing
and infrastructure shortages, and population and economic ﬂuctuations, generally outweigh the positive impacts [2,14,34,67].

However, some research also emphasizes that the time horizon and
type of resident are key determinants in the success of social and
economic adaptation throughout the entire cycle of boom and bust
[2,78,14]. The recent decrease in oil prices at the end of 2014 and
the subsequent surge in layoffs from the oil and gas sector provide evidence of how volatility in energy markets can impact labor
outcomes [59]. The impacts of energy development are also not
uniform across localities or residents within localities (e.g., income,

Ranking and weights of regulatory elements (Compliance diﬃculty)
(1) water transportaon tracking requirements
(2) venng regulaons
(3) ﬂaring regulaons
(3) water withdrawal requirements
(4) pre drilling water tesng
(5) producon casing cement
(6) water setback requirements
(6) intermediate casing
(7) temporary abandonement
(8) surface cemenng
(9) ﬂuid storage regulaons
(9) well idling me
(10) fracking ﬂuid disclosure
(10) cement type regulaons
(11) underground injecon requirements
(12) freeboard
(13) accident reporng
(14) building setback requirements
(14) pit liner thickness
(15) casing and cemenng depth
(16) bonding
(17) severance tax
(18) permit applicaon cost
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Fig. 3. Ranking and weights of regulatory elements based on compliance difﬁculty. The number in parenthesis next to each regulatory element represents the ordinal ranking.
The number next to each horizontal bar represents the numeric value of the weight. All weights are calculated such that they add up to one.
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education, and race) [83,58]. It is also possible that the rapid expansion of natural gas in the U.S. will eventually lead to stranded
investments in natural gas generation facilities, in the event that
gas prices eventually rise fairly substantially.
Anderson and Theodori [5] note that while the nature of the
“boom” associated with UGD might share some characteristics
discussed in research related to energy development from several decades ago, the impacts of this kind of energy development
could be fundamentally different due to the decreased surface footprint enabled by technological developments and lesser population
inﬂux into localities. Thomas and Smith [91] even contend that this
kind of development could be beneﬁcial for Appalachian communities that have historically suffered from low wages, economic
stagnation, and brain drain.
In this paper, we focus in analyzing regulatory stringency at the
state-level. However, the boomtown research highlights that statelevel regulatory efforts may not be congruent with local concerns
or views towards fracking [79,82]. This ﬁnding is supported by the
diverse views expressed in the interviews and survey data collected
in several counties within the Barnett Shale [5,88,89] and the Marcellus Shale [13,90]. Nonetheless, states arguably take into account
local perceptions towards fracking in crafting state-level regulations, and therefore might be representative of average regulatory
views across the state. On the other hand, given desires for more
stringent regulatory regimes, many states have witnessed movements at the local level to implement regulations that are more
stringent that the current state efforts. While a large number of
factors and stakeholders are inherently involved in the policymaking process, public opinion and the socio-demographic, political,
and community-level characteristics that are determinants of public opinion can play a signiﬁcant role in civic action and the nature
of regulations [10,22,43,83,84,89].
Other local collective action efforts have built coalitions of
landowners, particularly in rural areas, with the primary objective
of negotiating with natural gas companies to maximize ﬁnancial
beneﬁts. Although these organizations are largely external to the
policymaking process, they are also sometimes able to negotiate
economic, social, and ecological concessions from energy ﬁrms [47]
or play a role in lobbying or advocacy at the state or local level [44].
Whether the lobbying efforts of landowner coalitions are congruent
with existing state and federal regulations remains an unexplored
topic.

2. Regulatory environment
The beneﬁts and risks discussed in the previous section set the
stage for a challenging regulatory environment. While several federal environmental statutes are relevant to regulating the UGD
industry (including sections of the Clean Water Act, Safe Drinking
Water Act and Clean Air Act), the federal government has chosen to
regulate most of the potential risks of UGD in a manner that is comprehensive in scope, yet complementary to existing state statutes.
A recent set of proposed rules by the Bureau of Land Management
regarding UGD on public lands is one of the ﬁrst federal efforts to
regulate the practice [28,94]. As previously mentioned, because oil
and gas activities have evolved in different regions and have different operating conditions and constraints, the majority of UGD
regulatory oversight has been historically administered at the state
level. States have adopted a range of regulatory approaches based
on regional geological and geographical constraints, existing conventional oil and gas development in the state, importance of other
energy developments, sensibilities of the residents, and political
afﬁliation of policy makers. Few attempts have been made in the
literature to examine the factors that drive the variation of shale gas
production in the US [75] or the variation in regulatory heterogene-

ity [71,29]. Our goal in this paper is not to examine the inﬂuence of
such factors but rather to take a positive approach to the regulatory
environment and attempt to compare the regulatory status quo
across states. In addition, as mentioned in the introductory section,
our analysis does not incorporate the extent to which regulations
are enforced. Future research could use our results to examine the
drivers of regulatory heterogeneity, or how this heterogeneity is
related to UGD outcomes.
In this section, we present an overview of the existing studies in the energy and environmental policy literatures that have
investigated regulatory heterogeneity amongst states.
Several scholars have examined the role of local government
in shaping the UGD regulatory framework. Davis [21] argues that
urban areas in Texas are more likely to be granted home rule status,
compared to smaller municipalities, a fact that gives local ofﬁcials
the authority to inﬂuence UGD regulations. Zirogiannis et al. [103]
and Bird et al. [7] examine the socio-economic factors that contribute to the adoption of municipal bans and moratoria on UGD
by towns in New York. Both studies ﬁnd that those local policy
decisions are more prevalent in communities with higher rates of
Democratic leaning residents and higher levels of education. Arnold
and Holahan [6] examine the UGD regulatory environment in New
York and Pennsylvania. In New York, municipalities are granted
home rule by the state constitution, which stimulates civic engagement in the policy making process. In Pennsylvania, municipalities
have to seek home rule charter from the state assembly. Due to this
requirement, citizens in Pennsylvania are not as active in trying
to inﬂuence UGD regulations, since they view those decisions as
almost exclusively taken at the state level [6]. In fact Pennsylvania
has, in the recent past, tried to pre-empt local zoning regulations
through Act 13. The relevant portions of the law were subsequently
struck down by the Pennsylvania Supreme Court [19]. On the other
hand, Ohio’s Supreme Court recently voted in favor of pre-empting
local governments from using zoning to regulate the location of
UGD wells [80]. New York recently imposed a ban on high volume
hydraulic fracturing [45] prompting some towns in the southern
tier of the state (close to the border with Pennsylvania) to consider secession [86]. While the latter seems unlikely, it nevertheless
speaks to the importance that state regulatory decisions have and
the conﬂicts they can create at the local level.
Brannon et al. [12] provide a comprehensive overview of
existing regulations in Ohio, Pennsylvania, and West Virginia,
and proposed regulations in New York related to drilling permit
requirements, pooling, well spacing, setbacks, insurance and bonds,
well casing and cementing, hydraulic fracturing operation standards, water management, waste disposal, and air quality. This
survey highlights that states are responding to hydraulic fracturing in different ways, where some rely on preexisting statutes and
regulations for conventional drilling and others design entirely new
statutes or regulations. As Brannon et al. [12] note, states have been
tasked with the primary responsibility for regulating hydraulic
fracturing and the efforts thus far are still “catching” up with the
changing state of technology.
Studies have also examined the regulatory status in a multitude
of states. A 2012 report by the Natural Resources Defense Council
discusses the existing state of hydraulic fracturing disclosure rules
and enforcement across all U.S. states [52]. The report categorizes
states based on requirements for pre-fracking disclosure of information to owners and nearby users of water sources, disclosure
of chemicals in the hydraulic fracturing treatment itself and any
additives, the right for medical professionals to access information
on the chemicals their patients have been exposed to, disclosure
of information related to water use and waste disposal, and trade
secret exemptions. The report focuses on the 14 states that currently have some form of disclosure requirement in place. The
major conclusions underscore that there is variation across states,
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uneven enforcement efforts, and only limited emphasis, on average,
on chemical identiﬁcation.
A similar comparative analysis among 34 states with regards
to the stringency level of fracking disclosure laws is conducted
by [29]. He classiﬁes each state as having weak or strong disclosure laws and then undertakes exploratory statistical analysis to
identify factors that explain differences among states. His results
suggest that per capita income and environmental awareness—as
measured by the League of Conservation Voters scores—are positively related to strong disclosure laws. On the other hand, states
with greater dependence on groundwater and a higher number of
water pollution violations are more likely to have weak disclosure
laws. The results with regards to dependence on groundwater are
counter intuitive and [29] explains them as indicative of the distinction between objective and subjective risk, the latter being the
type of risk perceived by the public.
Wiseman [102] argues that the shale gas industry is operating
under a regime of cooperative federalism, whereby states assume
the implementation and enforcement role of federal standards.
There are other instances of cooperation among states to manage common resources like river basins (e.g. the Susquehanna and
Delaware River Basin Compacts between Maryland, New Jersey,
New York and Pennsylvania). This type of interstate cooperation
is not always present as in the cases of Arkansas, Louisiana and
Texas. The author believes that regulations should be communicated more effectively to the industry, arguing that when operators
move from one state to another the transaction costs of familiarizing oneself with new regulations can be substantial. Finally, she
acknowledges the lack of research surrounding regulatory heterogeneity and argues in favor of efforts that will create datasets that
holistically capture the various regulations of different states.
Warner and Shapiro [97] provide an overview of the regulatory
environment in UGD. They note that the approach of state governments to regulation of UGD is unique in the realm of environmental
issues because each state regulates oil and gas development in the
absence of speciﬁc federal regulation. Relative to several federal
environmental laws, some of the wastes generated by the oil and
gas industry’s activities have been determined to be non-hazardous
and therefore exempt under federal laws (e.g. the Clean Water Act).
Additionally, the practice of injecting non-hazardous ﬂuids into the
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subsurface as part of a hydraulic fracturing operation is exempt
from the Underground Injection Control (UIC) Program of the Safe
Drinking Water Act (SDWA). However, some activities associated
with UGD are still regulated at the federal level, namely the disposal
of ﬂuids produced from oil and gas wells under the Class II portion of
the UIC program. The authors argue that, while federalism possibly
provides the opportunity for states to craft policies more attuned
to the interests of their citizens, the regulatory process is vulnerable to capture by interest groups. Furthermore, the authors suggest
that states are often not attuned to citizen’s concerns regarding
the ability of companies to drill under the property of well owners
without their consent, the potential for earthquakes, the unwillingness of companies to disclose information about fracturing ﬂuids,
and threats to water quality.
Schenk et al. [75] conduct a comparison of eight states with the
geological potential to produce shale gas (TX, PA, OH, CO, MI, CA, IL,
and NY). They examine the factors that drive UGD production and
test several hypotheses. Their ﬁndings suggest that states exhibit
higher levels of UGD if: (1) they have large amounts of proven
unconventional reserves; (2) they have a recent history of conventional gas development; (3) the Governor’s ofﬁce and the state
legislatures are controlled by the Republican party; and (4) UGD
regulation is framed as an extension of conventional oil and gas
regulations.
The most comprehensive effort to evaluate regulatory heterogeneity between states has been that by Richardson et al. [71].
The authors consider UGD regulations in 31 states that either have
existing natural gas production or the potential for such production.
They conduct a thorough examination of 25 regulatory elements in
all 31 states. A complete list of all 25 regulatory elements surveyed
by Richardson et al. [71] is provided in Table A.1 of Supplementary
information. Based on the information they gather, they estimate
a regulatory index focusing on the elements that can be measured on a quantitative basis. Their index captures how stringently
states regulate the UGD industry and is presented in Fig. 1. One
caveat in the analysis by Richardson et al. [71] is that their index
includes different numbers of regulatory elements for different
states. For example, Montana regulates only ﬁve elements quantitatively, while the majority of the remaining elements are regulated
on a case by case basis. Other states, likely Colorado, regulate as

Table 1
Weights of regulatory elements based on importance with regards to public health, safety and the environment. High values indicate greater importance of the regulatory
elements. Within each column weights marked with an asterisk (*) indicate the four most important regulatory elements. Weights marked with a double asterisk (**) indicate
the four least important regulatory elements.
Regulatory elements

Government

Industry

Academia

All experts

Casing and cementing depth
Surface cementing
Accident reporting
Underground injection requirements
Cement type regulations
Fluid storage regulations
Water setback requirements
Water withdrawal requirements
Intermediate casing
Pit liner thickness
Production casing cement
Bonding
Building setback requirements
Water transportation tracking requirements
Flaring regulations
Venting regulations
Pre drilling water testing
Freeboard
Fracking ﬂuid disclosure
Temporary abandonment
Well idling time
Severance tax
Permit application cost

0.073*
0.072*
0.060*
0.060*
0.050
0.047
0.045
0.045
0.049
0.039
0.048
0.035
0.048
0.045
0.044
0.040
0.043
0.027**
0.040
0.029**
0.019**
0.035
0.006**

0.066*
0.061*
0.056
0.055
0.064*
0.053
0.048
0.059*
0.048
0.046
0.049
0.043
0.040
0.040
0.045
0.042
0.032
0.037
0.029**
0.032
0.022**
0.016**
0.018**

0.078*
0.075*
0.065*
0.054
0.047
0.056*
0.049
0.036
0.043
0.048
0.034
0.051
0.042
0.043
0.037
0.042
0.044
0.040
0.025**
0.018**
0.034
0.025**
0.016**

0.072*
0.069*
0.060*
0.056*
0.054
0.052
0.048
0.047
0.047
0.044
0.044
0.043
0.043
0.043
0.042
0.041
0.039
0.035
0.031
0.027**
0.025**
0.025**
0.014**

148

N. Zirogiannis et al. / Energy Research & Social Science 11 (2016) 142–154

many as twelve elements quantitatively. Differences in how different states approach regulation of various aspects or elements
associated with gas well development is based on several factors,
principal among them being the geology (e.g. character of surface
and groundwater systems), aspects of cultural and physical geography (e.g., presence and density of population centers and corridors)
and magnitude of the oil and gas industry. An example of unique
circumstances that can inﬂuence the regulatory environment is
the relationship between regulators and the industry. A report by
the Public Accountability Initiative [68] suggests that there exists
a revolving door between ofﬁcials in the Pennsylvania Department
of Environmental Protection and the oil and gas industry, which
has inﬂuenced the state’s UGD regulatory framework.
The work by Richardson et al. [71] was a challenging undertaking since the regulatory requirements that are documented in their
report: (1) are scattered between state administrative codes, state
oil and gas commission regulations, and state departments of natural resources, to name only a few; (2) cannot always be captured
in a quantitative manner. For example, North Dakota requires that
gas wells are not drilled “hazardously near” bodies of water [71];
and (3) are often imposed in a case-by-case framework.
This overview of the scholarship on UGD regulatory environment reveals several key insights. First and foremost, it identiﬁes
the multi-level setting of UGD regulation. While the recent rules
released by the Bureau of Land Management illustrate the intent
of the federal government to become more actively involved in
the regulatory environment on federal lands, most scholars agree
that the states are at the forefront of regulating and monitoring
UGD. One recent concern has been the relationship between state
and local governments with regards to regulatory authority. As
we observed early on in this section, state courts have considered
whether to allow or revoke the use of zoning by local governments.
Finally, while scholars have attempted to compare UGD regulations
between states, the only study that has approached this comparison
in a systematic way is that of Richardson et al. [71].

3. Research design and data
We adopt a two-part approach in order to investigate regulatory heterogeneity. First, we conduct an expert elicitation survey.
Our objective with this technique is to estimate weights that reveal
the perceived importance among experts of the different regulatory elements included in our study. These weights are then used
to calculate two different regulatory indices that we use to rank
states. Our second approach uses principal components to analyze
regulatory heterogeneity and rank states based on how stringently
they regulate the UGD industry. This section describes how the data
were gathered and validated, and is followed by a section that provides greater detail on the methodological approach of each of the
two methods along with the results.
Elicitation of expert judgment is a viable research strategy when
hard data are unavailable through a low-cost collection method or
do not exist [61,18] and has been applied in a variety of energy
problems (e.g., see Refs. [16,4]). Key questions in expert elicitation
are how to select experts, how many experts to select, whether
to elicit information from experts individually and/or as a group,
whether to conduct elicitations in person, on-line, or through a
structured questionnaire or instrument, and how to handle differences in perspective among experts. Following previous experience
and guidance on expert elicitation, we selected experts to ensure
diversity in institutional afﬁliation and perspective [60] but recognized that there are rapidly diminishing returns in the number of
experts consulted [46]. We chose individual elicitations since they
are favored on detailed, technically intensive tasks [55]. We used
a structured questionnaire to ensure that each expert responded

to the same questions and, while there is some disagreement on
this point, we followed the defensible approach of weighting each
expert’s opinion equally in the presentation of results [101].
Our goal in conducting the expert elicitation was to explore
whether there is a general consensus among experts with regards to
the importance of the various regulatory elements. In this respect,
our expert elicitation is exploratory rather than deﬁnitive. We identiﬁed a sample of ﬁfteen experts involved in UGD across the US.
We selected ﬁve experts from the natural gas industry, ﬁve who
are working in state regulatory positions, and ﬁve from academia.
All of the experts we selected have some level of understanding
of UGD technical processes and constraints, derived from technical
or experiential training. We e-mailed our survey instrument to the
group, in which we provided them with a list of 24 regulatory elements, as reﬂected in Table A.2 of Supplementary information. We
asked the respondents to rank the 24 elements based on: (1) the
importance for the protection of public health, safety, and the environment; and (2) the compliance difﬁculty for developers. We gave
respondents the opportunity to rank more than one element using
the same number if they believed that some elements were of equal
importance. The list of elements was presented to respondents in a
randomized order to mitigate potential order effects. Respondents
were provided with a conﬁdentiality assurance including, a statement that the data would be submitted to a research assistant to
remove any identifying information prior to analysis. Data collection took place from June to August 2014. We received responses
from 13 of the 15 experts. Our ﬁnal group of respondents is comprised of four experts from academia, four from state governments,
and ﬁve from the industry.
The list of regulatory elements that we presented to the respondents is non-exhaustive. One could think of several additional
elements (for example, well spacing and property owner notiﬁcation requirements) that are as important, but were not included.
We decided to limit the options presented to the respondents to
24 regulatory elements, many of which overlap with those studied
in Ref. [71], but also including some new elements, as described
below, so as not to overburden them with having to make too many
ranking choices.
We also collected information on the speciﬁcs of how those 24
elements were regulated in 30 states.1 These data are extracted
from Ref. [71], and are subsequently updated and modiﬁed. Table
A.3 in Supplementary information illustrates our complete dataset
that includes 24 regulatory elements for a total of 30 states (720
observations overall). Among those 30 states, 22 have at least some
level of shale gas production, while the remaining eight have the
potential for UGD but up to this day have had either none or insignificant levels of extraction. Recognizing that the design of the shale
gas regulatory environment is inﬂuenced in part by the level of
extracting activity in a state we chose to limit our analysis to 22
shale gas producing states. Those are presented in Table A.4 of Supplementary information along with the respective amounts of shale
gas produced over the period from 2007 to 2013. Information on the
amount of UGD extraction was obtained from the Energy Information Administration [26,27]. It could be argued that in the 8 states
we chose to exclude,2 the absence of shale gas production has rendered the UGD regulatory environment not important in the eyes
of the regulators. In addition, the regulatory environment is so variable that regulators reserve the right to use their discretion based
on the circumstances rather than codifying it. Therefore, we are less

1
The state of Vermont was excluded from our analysis even though it was
included in the Richardson et al. [71] study. The fact that VT has a ban on UGD
as well as a very limited potential for shale gas extraction implies an extremely high
level of stringency that would not allow for comparisons with other states.
2
Those eight states are: GA, MD, NE, NJ, AL, IL, NC, SD.
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Table 2
Weights of regulatory elements based on compliance difﬁculty. High weights indicate higher compliance difﬁculty. Within each column weights marked with an asterisk
(*) indicate the four regulatory elements with the highest compliance difﬁculty. Weights marked with a double asterisk (**) indicate the four regulatory elements with the
lowest compliance difﬁculty.
Regulatory elements

Regulators

Industry

Academia

All experts

Water transportation tracking requirements
Venting regulations
Flaring regulations
Water withdrawal requirements
Pre drilling water testing
Production casing cement
Water setback requirements
Intermediate casing
Temporary abandonement
Surface cementing
Fluid storage regulations
Well idling time
Fracking ﬂuid disclosure
Cement type regulations
Underground injection requirements
Freeboard
Accident reporting
Building setback requirements
Pit liner thickness
Casing and cementing depth
Bonding
Severance tax
Permit application cost

0.089*
0.059*
0.053*
0.0526
0.0500
0.0435
0.0504
0.0438
0.0490
0.0404
0.0348
0.065*
0.0392
0.0507
0.019**
0.0338
0.012**
0.014**
0.0358
0.029**
0.0464
0.0429
0.0465

0.0505
0.062*
0.0612
0.070*
0.069*
0.069*
0.0524
0.0563
0.0373
0.0575
0.0565
0.0269
0.0329
0.0371
0.0426
0.0291
0.0449
0.0352
0.0240**
0.0369
0.0206**
0.0238**
0.0035**

0.069*
0.076*
0.072*
0.063*
0.0549
0.0457
0.0474
0.0493
0.0581
0.0433
0.0442
0.0425
0.0487
0.0324
0.0423
0.0402
0.0431
0.0401
0.0293
0.0215**
0.0123**
0.0075**
0.0172**

0.069*
0.066*
0.062*
0.062*
0.0581
0.0528
0.0501
0.0498
0.0481
0.0471
0.0452
0.0447
0.0403
0.0401
0.0347
0.0344
0.0333
0.0297
0.0297
0.0293**
0.0264**
0.0247**
0.0224**

conﬁdent in the analytical results we would obtain from including
those 8 states in our analysis.
We updated the information on the regulatory elements that
Richardson et al. [71], collected using new statutes and regulations that were issued after their report was published. In cases
of regulatory elements that Richardson et al. [71] identify as been
implemented using discretionary standards, or on a case by case
basis, we chose a speciﬁc numeric value based on what would
be commonly accepted by the regulatory authorities of that state.
Updating these values is required for the purposes of our analysis,
in order to estimate regulatory indices that use the same number
of elements for every state, and to ensure that as many elements as
possible are measured on a continuous scale.
Pursuant to this goal we assigned numeric values to 80 observations of regulatory elements across the 22 shale gas producing
states. In an effort to validate our assumptions we contacted state
oil and gas (O&G) agencies and requested their feedback. In our correspondence we included an explanation of the reasoning behind
our assumptions and asked O&G ofﬁcials to verify the numeric values we had chosen or provide us with an alternate value. We sent
follow up e-mails and called state O&G agencies to ensure that we
would gather responses from as many agencies as possible. In cases
where O&G agencies did not respond to our request, we gathered
information from completed well permit requests submitted by
developers. Overall 23 (29%) of our assumptions were conﬁrmed
and 22 (27%) were revised based on the responses of the O&G agencies or the information contained in completed well permits. For
the remaining 35 (44%) assumptions, we either did not receive any
feedback from O&G agencies, or the feedback that we received was
not helpful in revising our assumptions. In addition, efforts to obtain
information from completed well permit for those 35 assumptions
were unsuccessful. Therefore, we chose to maintain our original
assumptions for those 35 cases. The 35 observations of regulatory
elements that we were not able to validate are highlighted in grey
color in Table A.3 of Supplementary information.3

3
The percentages discussed in this paragraph pertain to the 22 shale gas producing states. When considering all 30 states (i.e. both producing and non-producing)
then the number of assumptions is raised to 106 with the following breakdown: 24

In addition, we collected information on bonding requirements
as well as information on the permit application fee. We faced
several challenges in trying to quantify the bonding requirements
using a single numeric value. Most states have different categories
of bond values per well, depending on the depth of the well. There
were also different categories for blanket bonds depending on the
total number of wells drilled. To maintain consistency in the way
bonding requirements are documented, we assumed, based on
activities in the major ongoing gas plays in the U.S., that a typical
UGD consisted of 100 wells with a mean depth of 10,000 feet and
that bond prices were assessed on wells of that depth (for per well
bond prices) and that the development does not exceed a total of
100 wells (for blanket bond prices). In addition, we supplemented
our analysis with data on bond prices from Davis [23].
4. Methodological approach and results
4.1. Elicitation of expert judgment
Figs. 2 and 3 summarize the responses of the experts and the
subsequent weights that were calculated for each regulatory element. Each respondent was presented with a list of 24 regulatory
elements and was asked to rank them. Thus, each element received
a number between 1 and 24, with 1 being the most important element. In some cases, respondents used the same number to rank
elements of equal importance. We used the following formula to
transform the responses so that the weights of each respondent add
up to one:
xik =

Max (xi ) − xik + 1
24
x
i=1 ij

,

(1.1)

where xik represents the ranking of the ith regulatory element
(where the rank ranges from 1 to 24) given by the kth respondent. Subsequently, the weights of all respondents were averaged
in order to arrive at the ﬁnal weights for each regulatory element
presented in Figs. 2 and 3. Note that the numerator of Eq. (1.1)

(23%) assumptions were conﬁrmed, 30 (28%) were revised and 52 (49%) assumptions
could not be revised or conﬁrmed.
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includes an additive constant to avoid weighting the least important element in the ranking of each expert with a weight of zero.
Fig. 2 illustrates that the most highly rated elements with
regards to the protection of public health, safety, and environmental quality (henceforth referred to as “protection”) are those that
relate to technical aspects of well integrity (#1 casing and cementing depth, #2 surface cementing, #5 cement type) and wastewater
management (#4 underground injection requirements, #6 ﬂuid
storage regulations). Interestingly, compliance with those regulations does not appear to be a challenge. As evident from Fig. 3,
the regulatory elements with the highest compliance difﬁculty
are those related to water use (#1 water transportation tracking
requirements, #3 water withdrawal requirements), water quality
(#4 pre-drilling water testing) and methane emissions (#2 venting
regulations, #3 ﬂaring regulations).
There is consistency in the low priority regulatory elements,
both with regards to compliance and protection. The cost of the
permit application and the level of the severance tax do not play an
important role for compliance difﬁculty or protection. In addition,
well idling time, temporary abandonment, and fracking ﬂuid disclosure are not central to protection, while bonding requirements,
regulations on casing and cementing, as well as pit liner thickness
are viewed as having low compliance difﬁculty.
In order to examine the covariance between the rankings of the
regulatory elements provided by the experts, we calculated the
intraclass correlation coefﬁcient (ICC) for the two questions in our
expert elicitation (i.e. ranking with regards to protection and compliance difﬁculty). The ICC is a statistic that is often used to assess
the level of agreement among ratings from different evaluators [8].
The ICC for the rankings of question #1 (protection) is equal to
0.235, and for the rankings of question #2 (compliance difﬁculty)
0.187, with both ICCs signiﬁcant at the 5% signiﬁcance threshold.
These statistics demonstrate a greater level of agreement among
the protection elements over the compliance difﬁculty rankings.
However, in both cases, the relatively low value of the ICCs indicates
the challenge of establishing commonly accepted weights among
experts. While there is no threshold in the literature as to what
constitutes a low value for an ICC coefﬁcient, several studies report
ICCs that are similar or lower than ours [81,24].
Tables 1 and 2 compare the responses of the experts based
on the group in which they belong to (i.e. industry, government,
or academia). Table 1 illustrates weights based on the answer to
question #1 (“Which regulatory elements are most important for
the protection of public health, safety and the environment?”)
and Table 2 presents weights based on question #2 of the survey
(“Which regulatory elements have the highest compliance difﬁculty?”).
For Tables 1 and 2, weights for each respondent were calculated
after their answers were transformed using Eq. (1.1). Subsequently,
the weights of respondents in the same group were averaged. The
averaged responses reveal a certain amount of homogeneity in the
ranking of regulatory elements.
Table 1 presents the weights of each regulatory element based
on their importance for the protection of public health, safety, and
the environment. Casing and cementing depth as well as surface
cementing requirements are ranked as the three most important
elements by all three groups of experts. In addition, regulators and
academics view accident reporting as a high priority. Although not
consistently ranked by all groups at the top, underground injection
requirements, cement type, ﬂuid storage, and water withdrawal
requirements are also viewed as important for protection. Greater
consensus is achieved with regards to the least important elements.
Industry and academics agree that fracking ﬂuid disclosure, severance taxes, and permit application cost rank as the least important
regulatory elements. Temporary abandonment is given a low ranking by regulators and academics alike. Regulators rank freeboard

requirements not as important for protection and join industry
ofﬁcials in assigning low priority to well idling time.
Table 2 presents the weights of each regulatory element based
on compliance difﬁculty. Venting regulations are seen as one of
the top four with regards to compliance difﬁculty by all groups.
Both academics and regulators rank ﬂaring and water transportation tracking requirements among the top four, while academics
and industry view water withdrawal requirements as highly challenging. There are some elements that are uniquely viewed as
difﬁcult to comply with by some groups, namely well idling time
(government), pre-drilling water testing and production casing and
cementing (both by industry ofﬁcials).
Homogeneity in the ordering of regulatory elements is also
recorded on the lower end of the scale. Academics and industry
ofﬁcials rank bonding requirements, severance taxes, and permit
application costs as elements with low compliance difﬁculty. None
of these elements are ranked at the bottom of the ordering scale
of government ofﬁcials. For their part, government ofﬁcials view
underground injection requirements, accident reporting, building
setbacks, and casing and cementing depth requirements as elements with low compliance difﬁculty. The ordering of the latter
element is also shared by academics and industry experts.
4.1.1. Indices based on expert elicitation
The rankings of the regulatory elements provided by the expert
elicitation, discussed in the previous section, were used to calculate two indices; one that ranks states based on the importance
they place on the protection of public health, safety, and the environment (based on the weights recorded from question #1 of the
expert elicitation), and one that ranks states based on how difﬁcult
it is for developers to comply with the regulations in place (based
on the weights recorded from question #2 of the expert elicitation).
Fig. 4illustrates the ordinal rankings for the two indices. All regulatory elements were standardized with a mean of zero and standard
deviation of one before they were used to calculate the index.
The ordinal rankings illustrated in Fig. 4 place the 22 shale gas
producing states along a continuum with regards to the protection of public health, safety and the environment as well as with
how difﬁcult it is to comply with their UGD regulations. The black
bars capture the ordinal rankings based on the compliance index,
while the white bars present the rankings based on the protection index. States with higher bars have more stringent regulations
compared to states with lower bars. For example, the two bars for
West Virginia indicate that the state is ranked at the top in both
indices. New Mexico is ranked second with respect to both indices
as well. For most states the difference in their ranking between the
two indices does not exceed one or two positions along the ordinal scale (1–22). Some states appear to be exceptions. Texas, for
example, is ranked forth with regards to protection but eight with
regards to compliance. Kansas represents the opposite example. It
is regulations illustrate higher compliance difﬁculty (ninth in the
ranking of the compliance index) but ranks thirteenth with respect
to the protection index. North Dakota, Oklahoma, and Ohio all have
regulations with higher compliance difﬁculty but are ranked lower
with regards to protection.
4.2. Estimation of index using principal components analysis
The beneﬁt of the analysis conducted in the previous section is
that it weights regulatory elements based on their perceived importance by the group of experts, and calculates indices that reﬂect
that importance. However, one can criticize this approach due to
the subjectivity in the way the weights of the various regulatory
elements were calculated. It could also be argued that the sector in which the experts work might inﬂuence their responses. To
address this limitation, we calculate another regulatory index based
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Fig. 4. Ordinal rankings based on weights calculated from the expert elicitation. Rankings range from 1 to 22, with 22 denoting the state with the most stringent regulations
in terms of protection or the state with the highest compliance difﬁculty.

on principal components analysis (PCA), which is a dimensionality
reduction technique that aims to reduce a set of collinear variables
into a few uncorrelated components that are linearly related to each
other.
In the context of our example, this methodology is appealing
because our goal is to estimate a regulatory index based on a series
of regulatory elements. Our analysis follows that of Gupta [36], who
estimates an oil vulnerability index for net oil importing countries.
We assume that the regulatory index we estimate is an unobserved
quantity that summarizes information from a series of observable
indicators. The Regulatory Index (RI) is linearly related to the regulatory elements as follows:
RIs = ˇ1 X1s + . . .ˇk Xks + 
where RIs is the value of the regulatory index for state s, X1s ,. . ., Xks
is the set of observable regulatory indicators, and ˇk the coefﬁcient
of observable indicator k. We standardize the regulatory indicators
so that they are centered around zero and have a variance of one.
We then calculate a Pearson correlation matrix of all the continuous regulatory indicators.4 We proceed by means of an eigenvalue
decomposition which requires solving the following equation for
:
Pc = c,
where  is the eigenvalue corresponding to eigenvector c and P the
correlation matrix of the observable indicators. For each value of 
we need to solve the equation:
[P − i I]ci = 0,
where ci is the eigenvector corresponding to i .
Tables A.5 and A.6 in Supplementary information illustrate the
eigenvalues and eigenvectors of the PCA. The estimated RIs for
each state are presented in Fig. A.1 of Supplementary information.
Higher values of the index indicate that the state has regulations
that are more stringent. For example, a requirement to immediately report an accident is considered more stringent compared to
a requirement that allows accidents to be reported up to two hours
after they occur. Similarly, a severance tax rate of 1.22% is viewed
as less stringent compared to a rate of 3%. Fig. 5 includes the ordinal rankings of the states based on the PCA analysis. The indices
from the expert elicitation (presented in the previous section) are

4
We attempted to include additional discrete regulatory indicators (such as ﬂuid
storage options or surface casing and cementing) and estimate a polychoric correlation matrix. However, the resulting correlation matrix was not positive deﬁnite
and thus could not be inverted.

also included in Fig. 5 to facilitate the comparison between the two
methodologies.
The shaded bars in Fig. 5 present the ranking of the states based
on the Regulatory Index calculated via PCA. The main caveat in this
comparison is that, in the PCA, we are only considering continuous
regulatory elements. Taking this difference into consideration, we
can observe that the PCA index ﬁts relatively well to the results
of the other two regulatory indices (examples include AR, CA, CO,
LA, MI, MS, MT, NM, NY, PA, TN, WV, WY). There are some notable
exceptions where the value of the stringency index estimated via
PCA diverges from the other two indices (examples include IN, KS,
KY, ND, OH, TX, UT, VA).5
We do not have any a priori assumptions regarding the expected
relationship between the two indices (calculated using the expert
survey and that calculated using PCA). The purpose of using both
approaches is to explore whether the indices would yield similar
results. Each methodology has its own strengths and weaknesses.
The beneﬁt of PCA is that it can succinctly summarize information
from a series of correlated variables (i.e., the regulatory elements
analyzed above) into a single index that captures regulatory stringency without relying on weights that are subjectively determined.
On the other hand, the expert survey can provide a useful insight
into the relative importance of the various regulatory elements and
capture the difference in opinions between industry, regulators and
academia.
The goal of estimating each index is to rank states based on a
different set of weights. These indices should not be perceived,
however, as an assessment of the efﬁciency of regulatory design.
In fact, one could argue that a very strict regulation – for example, pre-drilling water testing within a one mile radius – might be
poorly enforced or drive UGD and all its economic beneﬁts away
from a state. In fact, the possible divergence between de jure and
de facto regulations, that is, the way regulations are worded and
the way they are enforced in practice, is what makes the task of
estimating regulatory stringency so challenging. What the indices
accomplish is to rank states based how they regulate a suite of elements and summarize that information into a single number. That
can be very useful metric for policy analysts, government ofﬁcials
and ﬁrms in the industry, as it conveys succinctly information that is
contained within several different regulations. For some states, the
ordinal rankings are consistent among the two methodologies we

5
We also run both our analysis (i.e. indices based on expert elicitation and PCA) on
all 30 states (both producing and non-producing states) without identifying significant changes. Fig. A.2 in Supplementary information illustrates the ordinal ranking
of each of the 30 states.
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Fig. 5. Rankings of states based on all 3 regulatory indices i.e. protection and compliance indices calculated using the weights from the expert elicitation and index estimated
via principal components analysis.

used in this paper. For others, results change signiﬁcantly depending on the importance that is assigned to the various regulatory
elements. Such variation demonstrates the challenge in the attempt
to establish robust rankings.
The weakness of PCA or the weighted index calculated based
on the weights of the expert elicitation is the assumption that all
regulatory elements load on a single index. It could be the case that
clusters of elements should be considered in isolation. For example, one could envision that requirements related to well integrity
would constitute a unique index, whereas regulations that affect
wastewater storage and treatment might be combined into a separate index.
We explored the possibilities of such clustering, using the
methodology of multidimensional scaling (MDS). This analysis provides a graphical depiction of the similarities (or dissimilarities)
between pairs of objects in a distance matrix. Whereas PCA collapses all regulatory elements into a single index, MDS offers a
visual representation that can provide more nuanced inference into
the interactions of the multiple dimensions of regulatory stringency. However, the results of this analysis were complex and
inconclusive with regards to establishing concrete dimensions of
stringency (as evident from Fig. A.3 in Supplementary information).
Overall, MDS indicates that the relationships between regulatory
elements are likely quite complex and as the regulatory approaches
of states evolve, it may not be sufﬁcient to portray and analyze
regulatory stringency on a single dimensional scale. The complex
relationships of various regulatory elements could potentially be
elicited with additional research using such analysis.
5. Discussion and conclusions
State regulation of UGD is diverse. To assess regulatory heterogeneity we used two analytical methods: a survey of UGD experts,
and an analysis based on PCA. Both approaches utilized data from
a compilation of regulatory elements for 22 oil and gas producing
states. Our survey of experts allowed us to calculate two regulatory indices that capture two different aspects of UGD policy: (1)
the importance that states place on the protection of public health,
safety and the environment; and (2) how difﬁcult it is for developers to comply with the regulations. To avoid the subjectivity in
the choice of weights that are used in the calculation of these two
indices, we estimated a third aggregate regulatory measure using
PCA. The results revealed a clustering of states at the two ends of
the regulatory stringency continuum.

On the top we see states like West Virginia, Colorado, Louisiana,
New Mexico and Pennsylvania, all of which have regulations that
receive high values in the areas of stringency and protection as
well as the PCA index. It is worth noting that our notion of stringency is deﬁned as de jure as opposed to de facto. That is, we
estimate our index based on the precise wording of the regulation
(de jure) not the way the regulations are applied in practice (de
facto). At the lower end we ﬁnd California, Tennessee, Mississippi
and Montana. A possible interpretation for this ostensible variation
in regulatory stringency could be that states exhibiting low levels
of stringency have very little UGD and/or they have not crafted
speciﬁc regulations for UGD but instead are only applying their
existing requirements for conventional gas production. While several scholars have argued that using existing conventional oil and
gas regulations to govern the UGD industry is an ineffectual regulatory approach, no empirical assessments of this position have
been presented in the literature. To validate such a claim of ineffectual governance, the analysis would need to also incorporate an
evaluation of important additional parameters including, impacts
to environmental health and human services, interface with existing regulatory regimes as well as the overall economic impacts of
establishing new regulations.
Comparisons between the indices reveal how challenging this
effort is, since we observe states with remarkable ordinal differences in the rankings. Examples include Utah, Kentucky, Kansas
and Texas. This is indicative of the fact that regulatory heterogeneity is a multifaceted issue. The simplifying assumption that is made
when a large number of regulatory elements are compressed into
a single metric might fail to capture that variability. An additional
limitation of our work is that we do not incorporate a measure of
enforcement in our estimated indices. While this is an important
component of the regulatory environment, very few data sources
could be used to incorporate this element in our analysis.
The work presented here is an exploratory effort to better understand aspects and priorities of the state regulatory process that is
governing oil and gas development. UGD regulations are changing and will keep evolving as the technologies and practices used
continue to develop. The indices presented in this paper are a ﬁrst
effort to provide a benchmark for state regulators in order to holistically assess the regulatory responses of their own state as well as
those of neighboring states in a speciﬁc domain. Rules and regulations change with a very rapid pace and in fact the information
in our database will need to be continuously updated to reﬂect
the most accurate status quo. We anticipate that future work will
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create a more complete picture of the responses to changes in
UGD as reﬂected by changes in regulatory policies. Furthermore,
future efforts to assess the importance of regulatory elements could
include the opinions from representatives of civil organizations,
which we did not consider in our paper. Finally, the information
presented here can be used to test a series of hypotheses regarding the factors that drive UGD regulation as well as the effects that
the regulatory framework has on the production of unconventional
natural gas in each state.
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STAFF REPORT
PROPOSED MONITORING AND REPORTING PROGRAM
AND
PROPOSED RESOLUTION PROVIDING DIRECTION TO STAFF
FOR
VALLEY WATER MANAGEMENT COMPANY
MCKITTRICK 1 & 1-3 FACILITY
KERN COUNTY
INTRODUCTION
Valley Water Management Company (Valley Water) owns and operates oil field produced
wastewater disposal pond systems named the McKittrick 1 ponds and McKittrick 1-3 ponds.
The systems are interconnected, regulated as one facility, and collectively referred to ast the
McKittrick 1 & 1-3 Facility or Facility. The Facility is approximately 8.7 miles west of the
community of Buttonwillow, as shown on Attachment A (Attachments are compiled in a
separate document).
Oil field produced wastewater from various operators has been discharged to the Facility’s
approximately 149 acres of ponds for disposal by percolation and evaporation since the late
1950s. Produced wastewater comes from the South Belridge, Cymric, and McKittrick oil fields
and is high in salinity and boron. The Facility is not located within an established oil field
(Attachment B).
Discharges to the ponds are regulated under Resolution No. 69-199 (Resolution), adopted by
the Central Valley Water Board (Board) on 14 February 1969. The Resolution covers Valley
Water Management discharges in the Belgian Anticline, Cymric, and McKittrick Oil Fields. The
Resolution prohibits the discharges from creating pollution and/or nuisance, but does not
require monitoring of the discharges to the ponds or to groundwater.
In June 2010, at the request of Board staff, Valley Water began voluntarily monitoring its
discharge and groundwater down-structure of the Facility. As discussed in detail below, the
groundwater monitoring preformed to date indicates that saline produced wastewater has
migrated to the east beyond the Valley Water groundwater monitoring well network and has
polluted or threatens to pollute groundwater that is being used or could potentially be used for
beneficial uses. Therefore, additional characterization of discharges to the ponds and
expansion of the existing groundwater monitoring network is necessary.
On 26 June 2017, the Assistant Executive Officer signed, on behalf of the Executive Officer, a
Monitoring and Reporting Program (MRP) for the Facility after considering Valley Water’s
comments on a previously circulated administrative draft MRP. The issued MRP was designed
to require the complete characterization of the discharges to the ponds and expansion of Valley
Water’s groundwater monitoring network to delineate the plume of produced wastewater
emanating from beneath the ponds. The MRP was very similar to the MRPs associated with
Waste Discharge Requirements General Order for Oil Field Discharges to Land (General
Order), General Order Number One and General Order Number Two adopted by the Board at
its 6 April 2017 meeting. Valley Water subsequently requested rescission of the MRP,
submitted a petition to State Board that asserted the Executive Officer did not have the authority
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to issue the MRP, and expressed a desire to obtain coverage for the subject discharges under
General Order Number Three, which does not require groundwater monitoring.
This Staff Report describes why a Board-adopted MRP is necessary and why coverage under
General Order Three is not appropriate. Specifically, the Staff Report describes the Facility, the
discharges to the Facility, the local geology, the results of groundwater monitoring conducted to
date, and why additional monitoring is necessary and appropriate. The Staff Report also
provides the basis for a Board Resolution to give staff guidance on how to regulate this specific
site going forward. In preparing this Staff Report, Board staff reviewed the Board files for the
Facility, including, but not limited to, those documents listed in Attachment C
FACILITY
The Facility is constructed on alluvial fan deposits just east of the Cymric and Monument
Junction oil fields as shown on Attachment D. These fan deposits are discussed in more detail
below, but are generally considered to be coarse grained and highly permeable. Structurally,
the fans dip from the southwest to the northeast. Similarly, topography in the area slopes at
about 30-feet-per-mile from the west-southwest to the east-northeast, as shown by the surface
water channels depicted on Attachment D. The Clean Harbors Buttonwillow, LLC, Class I waste
facility (Clean Harbors) is about 1.5 miles to the east-northeast, as shown on Attachment D.
Table 1 below presents the range of analytical results for various constituents associated with
samples of produced wastewater discharged to the ponds from 10 February 1988 through
28 June 2017. These analytical results are from samples collected by Board staff during field
inspections or submitted by, or on behalf of, Valley Water. The State Drinking Water Maximum
Contaminant Levels (MCLs) are presented for comparison purposes.
Table 1. Range of Select Constituents Discharged to or in McKittrick 1 & 1-3 Ponds
Parameter (units)
Electrical Conductivity (EC) @ 25oC1 (µS/cm2)
Total Dissolved Solids (TDS) (mg/L)
Chloride (mg/L)
Boron (mg/L)
Benzene (µg/L3)
Toluene (µg/L)
Ethylbenzene (µg/L)
Xylenes (µg/L)

Concentration range

State MCL4

15,000 - 42,000
7,772 - 26,000
4,100 - 16,000
42.5 - 130
4.9 - 400
7.2 - 1000
0.93 - 120
4.7 - 550

1,600/2,2005
1,000/1,5005
500/6005
1.06
1006
3006
17506

°C = Centigrade.
µS/cm = microsiemens per centimeter which is equivalent to micromhos per
centimeter.
3.
µg/L = micrograms per liter.
4.
State of California drinking water Maximum Contaminant Level (MCL)
5.
Secondary MCL, upper limit/short term limit.
1.
2.
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Primary MCL.

Oil field produced wastewater discharged to the Facility is from the more saline marine
Diatomite Formation and the relatively less saline Tulare Formation. The range in
concentrations above depends on the number of wells producing and the corresponding zone of
production discharging to the ponds. The electrical conductivity (EC), chloride, and boron
concentrations in the produced wastewater greatly exceed the numerical limits set for oil field
discharges to land in the Water Quality Control Plan for the Tulare Lake Basin (Revised 2016)
(Basin Plan) of 1,000 umhos/cm, 175 mg/L, and 1.0 mg/L respectively. The discharges to the
ponds also greatly exceed Maximum Contaminant Levels (MCLs) limits for EC, total dissolved
solids (TDS), chloride, benzene, and toluene, and greatly exceed EC, TDS, chloride, and boron
objectives for agriculture.
The discharge flows to the McKittrick 1 & 1-3 ponds were not metered until recently. Reported
flows and their sources are shown in Attachment E and have ranged from 5000 barrels (bbls)
per day (approximately 210,000 gallons per day ‘gpd’) to 115,000 bbls per day (4.83 million
gpd). The average of the reported flows is approximately 67,000 bbls per day or 2.8 million gpd.
Based on the average flows, the estimated total volume of produced water discharged to the
ponds from 1960 to 2018 is about 1.4 billion barrels (60 billion gallons).

GENERAL HYDROGEOLOGY AND GROUNDWATER MONITORING RESULTS
Several general studies of the hydrogeology in the area that encompasses the Valley Water
facilities that serve the Cymric and Monument Junction Oil Fields have been conducted. At
Board staff’s request, Valley Water has also conducted hydrogeology studies in the area of the
McKittrick 1 & 1-3 ponds and installed a groundwater monitoring network. Similarly, Clean
Harbors, has conducted local hydrogeology studies and installed a groundwater monitoring
network for its facility. The following describes salient information in those reports and studies.
As previously mentioned, the reports and studies consulted are listed in Attachment C.
Stratigraphy
The following describes the general stratigraphy underlying the McKittrick 1 & 1-3 Facility and
the Clean Harbors facility. The nomenclature is generally consistent with that provided in Valley
Water technical reports and self-monitoring reports. Attachments F.1 and F.2 provide general
cross sections.
Alluvium
The first layer underlying the McKittrick 1 & 1-3 Facility is comprised of Holocene age alluvial
fans consisting of sediments transported eastward from the Coast Ranges. These sediments
are in interbedded layers of poorly sorted relatively coarse-grained, subangular to angular sands
with silts and clays. Angular to subangular gravelly sands occasionally occur in the interbedded
sequence.
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Valley Water’s consultants, Geomega, Inc. prepared a report on the initial hydrogeologic
investigation, dated 17 October 2003. The report states, “Silty clay layers within the shallower
alluvial fan sequence act to perch groundwater in the Cymric area. Multi-perched water zones
in the alluvial fan sequence encountered in borehole/monitoring wells CYM-17N1 and CYM19H1 are apparent from air rotary drilling and geophysical log interpretation.” The alluvium is
saturated to the east and serves as an aquifer for water supply wells.
Regional bed referred to as the “Corcoran Clay Equivalent”, or CCE, or basal alluvial clay
Under the alluvium is a silty-clay to clay bed probably deposited in an alluvial plain to lacustrine
(lake deposits) environment transition. This bed separates the alluvium from the Tulare
Formation. As described in the studies and reports provided by Valley Water, this bed does not
act as a significant aquitard; i.e., it does not act as a significant barrier to the downward
migration of produced wastewater discharged from the McKittrick 1 & 1-3 Facility ponds.
Upper Tulare
Below the CCE is what is called the upper Tulare or upper Tulare sand. It consists of
Pleistocene age deposits that vary greatly from lacustrine delta deposits to braided stream, and
point bar deposits, probably as a result of a Tulare Lake regressional sequence. The deposits
are comprised of fine-grained sands with interbedded silt and clay layers and gravel lenses.
The upper Tulare sand serves as an aquifer to the east that supplies water supply wells.
Regionally extensive clay layer
The upper Tulare sand is separated from what is called the deeper Tulare or deeper Tulare
sand by a dense, stiff clay bed approximately 70 feet thick. This is sometimes called the upper
Tulare clay.
Deeper Tulare
The deeper Tulare or deeper Tulare sand is composed primarily of fine-grained to mediumgrained well-sorted sands. Valley Water documents indicate the deeper Tulare contains the
“regional aquifer.” The deeper Tulare serves as an aquifer for water supply wells to the east.
Depositional Environment
Within the Cymric area, the Quaternary stratigraphic depositional environment generally
consists of uplifted arid alluvial fan systems underlain by lacustrine silts, sands, and clays.
Alluvial fan systems are formed from the release of water-borne sediments from mountainous
catchments into an adjacent valley or basin. Sediments are deposited to the fan by sheet flow
and an incised channel that is an extension of the catchment feeder channel. The incised
channel will usually end short of the distal portion of the fan. At the end of the channel, flows
expand laterally onto the fan surface. Headward-eroding gullies are common on the distal fan
either as single channels or as a downward-converging network. These gullies may eventually
intersect the incised channel which could result in changing the active portion of the fan to
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another direction. Alluvial fan systems can transition to an alluvial plain and then on to a
lacustrine environment. Alluvial plain deposits are typically well sorted, fine to medium-grained
sands. Lacustrine deposits are formed by sedimentation in a lake. These deposits are
characterized by well-sorted, fine-grained sediments, such as clays and silts, which formed in a
low-energy environment. The edges of lacustrine deposits may have alluvial delta or fluvial
deposits.
Potentially significant consequences of the above described depositional environment include:
1. What appear to be homogenous (uniform) and isotropic (similar in all directions) deposits
in cross-section may actually be heterogeneous (varied) in nature due to the channel
cutting and deposition of higher energy (larger) sediments laid down during higher
energy storm events.
2. What appear to be continuous confining layers in cross section such as the CCE and the
clay layer that separates the upper Tulare from the deeper Tulare may be riddled with
more permeable channel deposits that compromise the layers’ integrity, preventing them
from serving as effective aquitard.
3. Intersecting the more permeable channel deposits with monitoring wells is difficult
without detailed subsurface information. Groundwater typically flows preferentially much
faster through channel deposits.

Groundwater Monitoring Networks and Results
The locations of the Valley Water McKittrick 1 & 1-3 Facility groundwater monitoring wells and
select Clean Harbors facility groundwater monitoring wells are shown in Attachment G. The
monitoring well network does not have any upgradient or up-structure wells
As part of the initial hydrogeologic investigation in 2002, Valley Water installed monitoring wells
CYM-19H1 and CYM-17N1 in the upper Tulare and monitoring well CYM-21D1 in the deeper
Tulare. The borings for the monitoring wells were drilled using air rotary drilling until
groundwater was encountered. At that point, the drilling method was switched to mud rotary.
Analysis of groundwater samples obtained in 2002 contained elevated concentrations of EC,
TDS, chloride, and boron. Valley Water’s consultant Geomega, Inc., concluded in its
September 2003 report titled Hydrogeologic Characterization Report Valley Waste Disposal
Company, Cymric Field Study (Phase I Study) that produced wastewater from the ponds had
infiltrated the upper Tulare at least as far as 0.75 miles from the Facility. The Phase I Study
also concluded that groundwater samples from well CYM-21D1 indicated that produced
wastewater had not reached groundwater in the deeper Tulare at that point at that time.
In 2006, Valley Water completed monitoring wells CYM-17K1, CYM-17M1, CYM-17Q1, and
CYM-19H1 in an unsaturated portion of the upper Tulare down-structure from the wells installed
in 2002. The well locations are also shown in Attachment G. These wells were positioned as
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“sentinel wells” that would indicate whether and when the plume of produced water reached
those points in the upper Tulare downgradient from the ponds. Geomega, Inc., submitted an
April 2007 report titled Phase II Hydrogeologic Characterization Report Valley Waste Disposal
Company, Cymric Field Study (Phase II Report) including results from samples obtained in
2006. The Phase II report concluded that produced wastewater was present in the upper
Tulare, but the sentinel wells were dry. Well CYM-21D1, in the deeper Tulare, did not show any
indication of a produced wastewater impact at the time of sampling.
Borehole/Monitoring well details are presented in Table 2.
Table 2. Valley Water McKittrick 1 & 1-3 Groundwater Monitoring Well Information.
Distance to Well total
Surface
1
VWMC
depth
Elevation
Well
ponds
(ft bgs2)
(ft AMSL3)
CYM-19H1
1,500 feet
245
469.2
(0.28 miles)
CYM-17N1
3,300 feet
240
451.5
(0.62 miles)
CYM-17M1
4,300 feet
197
446.5
(0.81 miles)
CYM-17Q1
5,438 feet
208
437.6
(1.03 miles)
CYM-17K1
5,861 feet
210
427.9
(1.11 miles)
CYM-21D1
6,700 feet
300
427.1
(1.27 miles)
1 VWMC = Valley Water Management Company
2 ft bgs = feet below ground surface
3 AMSL = feet above mean sea level

Screen
interval
(ft AMSL3)
354-314

Screen interval
(ft bgs)
115-155

6/27/2017
Water elevation
(ft AMSL3)
349.5

347-287

105-165

326.1

292-262

155-185

279.0

278-238

160-200

240.8

278-228

150-200

273.2

274-294

274-294

149.1

In September 2010, Valley Water submitted a self-monitoring report titled Valley Water Waste
Disposal Company, 2010 Semi-Annual Sampling and Analysis Report, McKittrick 1 and 1-3
Ponds Cymric Area prepared on its behalf by Schlumberger Water Services. The report
indicates that sentinel wells CYM-17K1, CYM-17M1, CYM-17Q1 contained a significant amount
of water, but Valley Water did not sample the wells. Subsequent reports state that sentinel well
soundings are provided in field notes, but the reports do not contain field notes.
In February 2015, Valley Water submitted a self-monitoring report titled Valley Water
Management Company, 2014 Second Semi-Annual Sampling and Analysis Report, McKittrick 1
and 1-3 Ponds Cymric Area prepared by Schlumberger and summarizing data collected in
November 2014. The report indicates that CYM-17M1 had 26.56 feet of water, CYM-17K1 had
48.99 feet of water, CYM-17Q1 had 6.93 feet of water at the time of sampling demonstrating
that produced wastewater was present in the sentinel wells (CYM-17K1, CYM-17M1, CYM17Q1), and that these wells were hydraulically downgradient from the wells installed in 2002.
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The report also concluded that there were no indications of a produced water impact on the
groundwater monitored by well CYM-21D1 in the deeper Tulare, even though chemical
constituent concentrations associated with produced wastewater (e.g., EC, TDS, and chloride)
had been increasing in well CYM-21D1 since about 2002, and more significantly since 2010, as
shown in Attachment H.
In October 2017, Valley Water submitted a technical report entitled Valley Water Management
Company, Cymric Area Sampling and Analysis Report, First Semi-Annual 2017 (October 2017
Report). The report was prepared by WSP USA on behalf of Valley Water and includes data
from Valley Water’s June 2017 monitoring event including sampling results from the Facility
ponds and groundwater monitoring wells. Samples from each of the Valley Water wells in the
upper Tulare were chemically similar to the produced wastewater in the ponds. Monitoring well
CYM-21D1 in the deeper Tulare showed indications of produced water impacts. The report
states, “The overall trend of increasing concentrations of chloride, magnesium, sodium, and
boron at VWMC Deeper Tulare Sand well CYM-21D1 continued with the June 2017 sampling
event with concentrations of chloride of 2,400 mg/L and TDS of 8,500 mg/L. The boron
concentration in June 2017 was 22 mg/L. These concentrations are the highest recorded and
indicate influence from produced water mixing with native groundwater.” The data submitted in
self-monitoring reports by Valley Water also indicate that from 2002 to 2017 the TDS
concentrations in CYM-21D1 have increased from about 1,200 mg/L to 8,500 mg/L, and the
chloride concentrations have increased from 334 mg/L to 2,400 mg/L. Table 3 summarizes the
Valley Water data. As previously mentioned, the TDS and chloride trends are presented in
Attachment H. This information along with the increasing water levels in the Valley Water
Facility groundwater monitoring wells indicates the mound of produced water emanating from
the Facility ponds is continuing to expand. Attachments I.1 and I.2 present the water level
trends. The direction of groundwater flow is predominantly to the northeast.
Table 3. Valley Water McKittrick 1 & 1-3 Facility Groundwater Monitoring Well Water Quality.
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Well ID

Distance
from
ponds
(ft1)

No. of results
&
(date range)

EC
(umhos/cm2)

TDS
(mg/L3)

Boron
(mg/L3)

Chloride
(mg/L3)

CYM-19H1

1,500

15
(2002 – 2017)

15,600 – 19,060

10,500 – 14,000

30 – 41

4,120 – 5,400

CYM-17N1

3,500

15
(2002 – 2017)

10,900 – 24,870

7,450 – 18,000

20 – 76

2,700 – 7,900

CYM-17M1

4,400

5
(2014 – 2017)

24,080 24,430

12,000 – 15,000

41 – 55

5,100 – 5,700

CYM-17Q1

5,300

5
(2014 – 2017)

24,440 – 24,900

13,000 – 16,000

45 - 60

4,900 – 5,900

CYM-17K1

5,900

5
(2014 – 2017)

24,250 – 24,390

16,000 – 18,000

55 - 68

4,200 – 7,200

CYM-21D1

6,850

1,970 – 5,430

1,200 – 8,500

2.5 - 22

334 - 2,400

1
2
3

15
(2002 – 2017)

ft = feet.
umhos/cm = micromhos per centimeter.
mg/L = milligram per liter.

Central Valley Water Board staff have reviewed the self-monitoring reports for the Clean
Harbors Class I landfill facility. As described previously, the Clean Harbors facility is about 1.5
miles to the east-northeast, as shown on Attachment B. The Clean Harbors facility is also down
structure and down gradient of the McKittrick 1 & 1-3 Facility ponds. In its hydrogeological
investigations, Clean Harbors has differentiated threes zones that contain groundwater:
1. Perched zone, 2. Intermediate zone, and 3. Lower zone. These zones generally correspond
to the Alluvium, upper Tulare, and deeper Tulare.
Valley Water obtained split samples during the June 2017 sampling of the Clean Harbors
groundwater monitoring wells. In part, the samples were analyzed for general minerals and
stable isotopes of oxygen and hydrogen. Generally, the native groundwater in the Cymric area
is enriched in sodium, calcium, and sulfate, likely due to the abundance of gypsum present
throughout the sediments of the Tulare formation. In contrast, the produced wastewater
discharged to Valley Water’s ponds are marine waters from deeper zones that occur with
petroleum and, as such, are enriched with sodium and chloride.
Clean Harbors’ groundwater monitoring wells MW-148I and MW-102RL are on the upgradient
side of the Class I facility (i.e., the side closest to the McKittrick 1 & 1-3 Facility) (Attachment G).
MW-48I is screened in the upper Tulare sand and MW-102RL is screened in the deeper Tulare.
Groundwater sample analyses from monitoring well MW-148I and MW-102RL indicate that TDS
and chloride concentrations in these wells has been increasing from as early as 2007, as shown
on Attachments J.1 and J.2. From 2011 to 2017, the TDS in MW-148I has increased from
about 2,340 mg/L to 5,400 mg/L, and from 2009 to 2017 the chloride concentration has
increased from about 246 mg/L to 1,200 mg/L. From 2013 to 2017, the TDS in MW-102RL has
increased from about 3,040 mg/L to 3,900 mg/L, and from 2007 to 2017 the chloride
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concentration has increased from about 450 mg/L to 740 mg/L. Concentrations of sulfate have
been stable. The data suggest that groundwater at the Clean Harbors location has been
adversely impacted by produced wastewater and polluted with respect to TDS and chloride.
Stable isotopes of oxygen and hydrogen can be used to differentiate between wastewaters
discharged to ponds and native groundwaters, or a combination thereof. The ratios of H2 to H1
and O18 to O16 are measured in each sample and are expressed as parts-per-thousand
differences from that of Vienna Standard Mean Ocean Water. They are then plotted with δ2H on
the y-axis and δ18O on the x-axis, as shown on Attachment K.1 and K.2. The plotted points are
compared to the Global Meteoric Water Line or a Local Meteoric Water Line. Native
groundwater that has not been significantly evaporated plots below, but near the LMWL, as
shown on Attachment K.1 and K.2. Wastewater that has been subject to significant evaporation
in ponds plots farther to the right side of the graph, and farther from the LMWL. Mixtures plot in
between the two, with those containing more pond water plotting farther to the right than those
containing less pond water.
Attachment K.1 and K.2 show results from Clean Harbors MW-170L and Kern County Water
Well 23. These wells are below and slightly to the right of the LMWL, and probably do not
represent groundwater that has been mixed with any significant volume of produced wastewater
from ponds. There are only single sample results for Clean Harbors MW-102RL and MW-149I,
but these wells plot farther from the LMWL indicating possible mixing with produced wastewater
from the McKittrick 1 & 1-3 ponds. MW-148I plots still farther to the right of the LMWL. From
2006 to 2017, data for CYM-21D1 shows consistent movement away from the LMWL and
towards the data associated with the Valley Water McKittrick 1 & 1-3 Upper Tulare Formation
wells CYM-19H1, CYM-17N1, CYM-17K1, CYM-17M1, CYM-17Q1, and CYM-19H1. The
quality of groundwater in these wells reflects primarily the quality of produced wastewater
discharged to the McKittrick 1 & 1-3 Facility ponds. Isotope data for the produced wastewater
from the McKittrick 1 & 1-3 Facility ponds is included in Attachment K.2 for reference. As
expected, it is generally farther to the right and away from the LMWL. The isotope results of the
groundwater samples CYM-21D1 and from Clean Harbors’ wells MW-102RL, MW-148I, and
MW-149RI show that produced wastewater is mixing with groundwater in the upper and deeper
Tulare sands, at least as far down gradient as Clean Harbors.
The ionic composition of the minerals dissolved in a water (wastewater, unaffected
groundwater, or a combination of both) can be used to classify the water based on the dominant
dissolved anions (negatively charged) and cations (positively charged). The ionic composition
of the water is expressed in milliequivalents per liter (meq/L). A milliequivalent is a
measurement of the molar concentration of the ion, normalized by the ionic charge of the ion.
The dominant dissolved ion must be greater than 50 percent of the total. For example, water
classified as a sodium-bicarbonate-type water contains more than 50 percent of the total cation
milliequivalents as sodium and more than 50 percent of the total anion milliequivalents as
bicarbonate. If no cation or anion is dominant (greater than 50 percent), the water is classified
as mixed and the two most common cations or anions in decreasing order of abundance are
used to describe the water type. For example, a water containing 45 percent sodium, 35
percent calcium, and 20 percent magnesium, and 55 percent bicarbonate, 30 percent sulfate,
and 15 percent chloride would be classified as a sodium-calcium-bicarbonate-type water. Stiff
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and Piper diagrams can be used to illustrate the ionic composition of water samples (e.g.,
wastewater, unaffected groundwater, or a combination of both.) and, with sufficient data, how
the composition changes over time.
Stiff diagrams provide a graphical representation of geochemical data and are often used when
qualitative comparison of many analyses is needed. A polygonal shape is created by plotting
major cation and anion concentrations in milliequivalents on parallel horizontal lines with anions
plotted to the right of a vertical zero line and cations plotted to the left.
Stiff diagrams presented on Attachments L.1 – L.4 show recent water quality of the Facility
produced wastewater, water quality of wells that appear to be unaffected by the produced
wastewater (which is date dependent), and water quality in Valley Water and Clean Harbors
groundwater monitoring wells that have been impacted by produced wastewater. The Stiff
diagrams indicate that the Valley Water monitoring wells between the Facility ponds and the
Clean Harbors groundwater monitoring wells have been affected by produced wastewater when
compared to the unaffected water quality. Well CYM-21D1 (Attachment L.4) has shown a
steady increase in some cations and anions and primarily sodium and chloride, indicative of
increasing impacts over time from produced wastewater. Significant impacts are also appearing
in some of the Clean Harbors facility monitoring wells down gradient of the Valley Water
groundwater monitoring well network. The primary source of produced wastewater is
discharges from the Facility ponds.
For the attached Piper diagrams, cation and anion concentrations for each of the produced
wastewater and groundwater samples have been converted to total meq/L and plotted as
percentages of their respective totals in two triangles (Attachments M.1-M.4). The cation and
anion relative percentages in each triangle are then projected into a quadrilateral polygon that
describes the water type. The attached Piper diagrams provide graphical representations of the
major cations and anions for Valley Water’s produced wastewater ponds, waters that appear to
be unaffected by infiltrated produced wastewater, and waters that have been impacted by
produced wastewater over time appear to show a progressive mixing over time between the two
types (CYM-21D1).
These diagrams show that the Valley Water produced wastewater is dominated by sodium and
chloride (Attachment M.1). Better quality water that appears to be largely unaffected by the
produced wastewater is more sulfate-rich, consistent with groundwater typical of the west side
of the San Joaquin Valley, and here represented by wells MW-170L, MW-149I, Belridge 16, and
CYM-21D [in 2006]) on Attachment M.2). Piper diagrams for several wells show mixing of
produced wastewater with better quality water (Attachment M.3), or in the case of well CYM21D1, increasing impacts over time from produced wastewater (Attachment M.4), which clearly
shows a shift from a sulfate type water to a chloride type water with time.
Notwithstanding the above, the October 2017 Report concludes that Valley Water’s discharges
from its McKittrick 1 & 1-3 Facility ponds have not impacted groundwater in Clean Harbors’
upgradient monitoring wells and proffers the following arguments:
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•

Groundwater levels in the Clean Harbors’ wells have been decreasing while levels in the
Valley Water wells are increasing. The report states, therefore, the wells are not
hydraulically connected.

•

Boron concentrations have been increasing in the Valley Water monitoring wells and
show no trends in Clean Harbors’ wells.

•

The calculated groundwater flow velocity shows that the produced water constituents
could not have reached the Clean Harbors’ wells at this time.

•

The pH of the water from the Valley Water monitoring well CYM-21D1 is more acidic (6.6
to 6.8) than the groundwater from the nearest Clean Harbors groundwater monitoring
wells, which are more alkaline (7.5 to 8.1). The report states, therefore, the wells are not
hydraulically connected.

The arguments posited by WSP USA on Valley Water’s behalf are not persuasive. Valley Water
has provided no evidence of a geologic structure that would impede or isolate the produced
wastewater discharged into and from the McKittrick 1 & 1-3 Facility ponds from the Clean
Harbors’ facility monitoring wells. Further, the Clean Harbors’ facility is down structure from and
much closer to large areas of irrigated agriculture than the McKittrick 1 & 1-3 Facility ponds.
The decrease in the Clean Harbors’ groundwater monitoring well water levels is likely due to
increased pumping of groundwater for irrigation during the recent current drought conditions.
The increases in the groundwater levels in the Valley Water monitoring wells are probably due
to the large volume of percolated produced wastewater that is moving through the formations
tapped by the groundwater monitoring wells.
That boron concentrations in samples from the Clean Harbors’ groundwater monitoring wells
are not increasing is not unexpected. Boron tends to be mobile in sands and gravels, but
readily adsorbs to finer grained soils such as silts and clays. Therefore, the boron front of a
plume typically moves slower through the subsurface than more conservative constituents, such
as chloride. As mentioned, chloride concentrations have been increasing in samples from
Clean Harbors’ groundwater monitoring wells.
Lastly, the groundwater flow velocity calculation presented in the October 2017 Report assumes
a consistent flow gradient, employs a hydraulic conductivity value derived from the analysis of
one soil sample, and uses an assumed effective porosity. The report gives no consideration to
the heterogeneous nature of the local hydrogeology. For example, produced wastewater that
finds its way into a subterranean channel comprised of coarse sand or gravel will travel much
faster than calculated.
The pH in CYM-21D1 has ranged from 7.73 to 10.7 pH units. The pH in the Clean Harbors
wells historically ranged from 7.5 to 8.1 pH units. The pH range for CYM-21D1 overlaps the pH
range reported for the Clean Harbors wells, which contradicts the assertion made in the October
2017 Report.
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Downgradient Groundwater Quality and Beneficial Uses
The beneficial uses of groundwater in the Cymric area designated by the Basin Plan are:
Municipal and Domestic Supply (MUN), Agricultural Supply (AGR), and Industrial Service
Supply (IND). In many instances, the quality of groundwater to the east of the McKittrick 1 & 1-3
Facility ponds is of sufficient quality to meet water quality objectives for MUN, AGR, and IND.
Attachment N shows the locations of select Clean Harbors monitoring wells and existing water
supply wells, mostly agricultural wells, downgradient of the McKittrick 1 & 1-3 ponds. As
described above, TDS and chloride concentrations in MW-148I and MW-102RL have increased
over time. The historical quality in MW-148I was suitable for MUN and AGR. It now appears to
be unsuitable for both.
Attachment N shows several agricultural wells operated primarily by Starrh Family Farms, LP
(Starrh Farms) to the north of the McKittrick 1 & 1-3 Facility and the Clean Harbors facility.
Starrh Farms well Belridge 7 had a TDS of 2,700 mg/L in 2013 when it was last sampled by
AMEC, Foster, Wheeler. The sampling notes indicate that at the time of sample collection the
well was actively pumping, and presumably irrigating crops. Other agricultural wells in the area
have TDS values ranging from 2,300 mg/L to 6,800 mg/L. The agricultural well closest to the
Valley Water Facility had a TDS of 18,000 mg/L. The better quality wells contain TDS and
chloride concentrations that do not require dilution prior to use on salt-tolerant crops. The wells
with higher TDS concentrations can be blended with higher quality surface water to irrigate a
variety of crops. On 26 January 2018, Starrh Farms communicated to Board staff that these
wells are very important to its operations when surface water allocations are short.
Attachment N also shows TDS concentrations for many agricultural wells to the east of the
McKittrick 1 & 1-3 Facility and Clean Harbors. The TDS values for these wells range from 391
mg/L to 5,952 mg/L. Data for these wells is old but do demonstrate that high quality
groundwater has existed, and presumably exists today, down gradient of the McKittrick 1 & 1-3
Facility.

Additional Groundwater Monitoring Well Installation Work Plan
On November 2014, Kennedy/Jenks Consultants and Schlumberger Water Services, on behalf
of Valley Water submitted a report titled, Monitoring Well Installation Work Plan for the
McKittrick Ponds, Cymric Oil Field, California (Work Plan). Kennedy/Jenks then met with Board
staff on 6 January 2015 to discuss the Work Plan. On January 2015, Kennedy/Jenks submitted
a proposed modification to the Work Plan. The Work Plan proposed to drill three to four borings
and install at least two, and possibly four monitoring wells to further characterize the vadose
zone and groundwater. The Work Plan proposed to drill in two phases. In the first phase, two
wells would be drilled “soon” (CYM-19H2 and CYM-21D2) and two borings (CYM-17H1 and
CYM-17H2) would be drilled later because they were proposed in a habitat area for a species
listed by the California and federal Endangered Species Acts. CYM-19H2 would be installed as
a deep groundwater monitoring well. CYM-21D2 would be installed as a shallow monitoring
well or if water was not encountered, as a sentinel well. If groundwater quality changed in the
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CYM-21D1 well (CYM-21D1 is now impacted), then CYM-17H2 would be installed as a deep
groundwater monitoring well.
On January 2015, Board staff issued a letter to Valley Water generally concurring with the Work
Plan. Staff requested a second monitoring be installed above the Upper Tulare Clay, and that
CYM-17H1 be installed.
As of January 2018, Valley Water has not implemented the proposed work plan.
On April 2016, Valley Water submitted a report prepared by South Valley Biological Consulting
LLC., dated January 2016 and titled Biological Report for the Valley Water Management Cymric
Water Monitoring Well Project (Biological Report). The Biological Report concluded that well
17H1 and well 17H2 could be installed but that the other proposed wells were in endangered
species habitat. It also stated that it there is enough room near a Clean Harbors monitoring well
location for a drilling rig. An 11 April 2016 letter from Valley Water states, “As for the other
monitoring wells that were proposed near the McKittrick pond facility, it appears that we will
have to obtain a ‘take’ permit prior to the installation of those wells. A ‘take’ permit currently
requires at least six months and more likely one year to obtain a permit”
As of January 2018, Valley Water has not provided an update on whether it sought or acquired
an “take” permit under the California and federal Endangered Species Acts (or whether one was
denied) for the installation of CYM-19H2 and CYM-21D2 monitoring wells, nor if the 17H1 and
well 17H2 wells have been installed.

Groundwater Monitoring Conclusions
Several lines of evidence, including but not limited to, increasing water levels in Valley Water’s
groundwater wells, increasing concentrations of TDS and chloride in Valley Water’s CYM-21D1
and Clean Harbors’ MW-148I and MW-102RL groundwater monitoring wells, and isotope data
support the conclusion produced wastewater from the Valley Water McKittrick 1 & 1-3 Facility
ponds has migrated and continues to migrate down-structure through the previously
unsaturated sediments of the upper Tulare and has also impacted groundwater quality in the
regional aquifer in the deeper Tulare.
Existing information indicates the waste constituents have migrated at least 2.2 miles (well MW148I) down gradient from the Facility in the upper Tulare and 1.9 miles (well MW-102RL) down
gradient in the deeper Tulare, which is generally thought to be connected to the regional aquifer.
Water Board staff believe the discharge is adversely affecting, to the point of pollution,
groundwater, that has designated beneficial uses of MUN, AGR, and IND, and existing
beneficial uses of AGR. Valley Water has only completed one monitoring well in the deeper
Tulare, making it difficult to adequately assess aquifer characteristics and the dynamics of the
wastewater plume. The information also demonstrates that the Alluvium, upper Tulare, and
deeper Tulare units are hydraulically connected. Given the nature of the local depositional
environment, the existing groundwater monitoring well network is not sufficient to characterize
the downgradient extent of the produced wastewater plume. The heterogeneity inherent in
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alluvial/fluvial systems produces preferential pathways through the sediment that are difficult to
capture with a handful of sampling points spread over four or five square miles. Staff believes
there is a good chance that produced wastewater traveling through channels of course grained
materials has migrated far beyond the Clean Harbors facility, but it has not been detected due to
limitations associated with the existing groundwater monitoring network.
Additional hydrogeologic investigation and expansion of the groundwater monitoring well
network is needed to collect more data on groundwater movement and aquifer characteristics.
Also, a regulated monitoring program is required to ensure consistency in reporting and data
quality. A thorough evaluation of the aquifer systems east of the Valley Water ponds is needed
to fully understand the extent and dynamics of the percolated wastewater plume.

MONITORING AND REPORTING PROGRAM (MRP) R5-2017-0806 AND PROPOSED MRP
Central Valley Water Board staff prepared a draft Monitoring and Reporting Program for the
Facility and made it available, as a courtesy, to Valley Water on 3 October 2016. Valley Water
submitted comments on the draft MRP on 26 October 2016, and Monitoring and Reporting
Program No. R5-2017-0806 was issued 26 June 2017 under authority delegated to the
Executive Officer by the Board.
The intent, in part, of the MRP was to compel Valley Water to fully characterize its discharge to
the McKittrick 1 & 1-3 Facility and to delineate fully the plume of wastewater migrating from
beneath itsthe ponds. Additionally, the intent was also to ensure that the Board had an
enforceable mechanism in place to ensure the timely submittal of quality self-monitoring reports.
As mentioned earlier, submitted reports sometimes were missing materials referenced therein.
On 5 July 2017, Valley Water submitted a request to rescind the MRP (Attachment O). The
rescission request made the following arguments:
1. Since MRPs are intended to be a part of WDRs, it should be subjected to public notice
and comment periods for WDRs described under Water Code section 13167.(a)(1);
2. Since the MRPs are intended to be a part of WDRs, issuance of MRPs cannot be
delegated to the Executive Officer; and
3. Staff had not an provided an explanation with respect to Water Code section 13267(b)(1)
which states, in part, that the “burden, including costs, of these reports shall bear a
reasonable relationship to the need for the report and the benefits to be obtained from
the reports.”
The recession request also included Valley Water’s interest to discuss potential regulatory
coverage for the Facility by one of the General Orders for Oil field Discharges to Land. On
1 September 2017, the Executive Officer rescinded MRP R5-2017-0806 and notified Valley
Water that a revised MRP would be prepared for Board consideration.
Water Code section 13267 authorizes the Central Valley Water Board to require monitoring and
technical reports as necessary to investigate the impact of a waste discharge on waters of the
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State. This authority is independent of Water Code section 13263, which provides the Board
the authority to issue WDRs. Water Code section 13167.5(a)(1) specifically identifies the types
of orders for which a 30-day public notice and comment period are required, and monitoring and
reporting programs issued pursuant to Water Code section 13267 is not cited.
The proposed MRP includes Facility inspections, maintenance requirements, effluent
monitoring, and groundwater monitoring. The MRP would require Valley Water to report on the
quantity and quality of produced wastewater before it is discharged to the ponds, the quality of
produced wastewater while it resides in the ponds, and the quality of monitoring well water.
The MRP would require Valley Water to install additional monitoring wells to delineate the
vertical and lateral extent of the produced wastewater plume to help to ensure the protection of
designated beneficial uses of groundwater.
The MRP requires wastes (solids, liquid, and semi-solids) and groundwater to be analyzed for a
wide range of constituents that are defined in MRP Table 1. Monitoring reports would be
required to include full laboratory reports.
Some of the more important requirements in the proposed MRP are outlined below:
•

The submittal of information regarding the use of all chemicals used during well drilling,
installation, operation, and maintenance activities associated with each well generating
waste materials (liquids and solids) that are discharged to the McKittrick 1 & 1-3 Facility
ponds.

•

The submittal of a Monitoring Well Installation and Sampling Plan (MWISP) within 60
days of MRP issuance. The MWISP would provide for the installation of an appropriate
number of upgradient/up-structure dip groundwater monitoring wells to identify
background water quality and an appropriate number of downgradient/down-structure
and cross gradient/cross-structure dip wells to delineate the plume of produced
wastewater emanating from the Facility ponds in both the shallow and deep groundwater
zones.

•

The submittal of a Monitoring Well Installation Completion Report (MWICR) within 90
days of installation of a groundwater monitoring well(s).

•

The submittal of quarterly monitoring reports whether or not there is a discharge.

The MRP issued on 26 June 2017, and the MRP now proposed, are very similar to those in
General Order Number One and General Order Number Two. With respect to Water Code
section 13267(b)(1) requirements, Valley Water owns and operates the Facility. Facility
discharges have migrated and continue to migrate to the east and are adversely affecting
groundwater in the regional aquifer, which is designated for MUN, AGR, and IND, and is used
nearby for AGR. The monitoring requirements contained in the MRP are necessary to fully
characterize the discharge and the lateral and vertical extent of the groundwater plume
emanating from the Facility and to inform an effective strategy to protect water quality. The
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related costs are similar to those carried by other dischargers under General Order Number One
and General Order Number Two and are reasonable considering the magnitude of known and
potentially ongoing impacts to water quality.

PROPOSED RESOLUTION
In addition to the proposed MRP, staff has prepared a resolution seeking guidance from the
Central Valley Water Board on how to regulate the Facility given Valley Water’s request to have
the McKittrick 1 & 1-3 Facility discharges covered under General Order Number Three. General
Order Number Three does not require groundwater monitoring, and as shown, the Facility is
responsible for an undefined plume of produced wastewater that is migrating northeast polluting
groundwater with both designated and existing beneficial uses.
The following options are apparent:
1. Enroll the Facility under one of the General Orders for oil field discharges to land,
2. Prepare an order to compel Valley Water to bring discharges from its McKittrick 1 & 1-3
Facility into compliance with Resolution No. 69-199 or to cease discharge,
3. Require Valley Water to submit a report of waste discharge to receive an updated set of
individual waste discharge requirements. This option would probably also require a
schedule to come into compliance or cease discharge.
Option 1
Valley Water has asked in meetings to have the discharges from the McKittrick 1 & 1-3 Facility
covered under General Order Three, which does not require groundwater monitoring. The
primary reason expressed is that implementing the MRP for General Order Number Three is
less expensive because it does not require groundwater monitoring.
Board staff does not believe enrollment under any of the General Orders is appropriate for the
following reasons:
1. General Order Number One requires discharges to comply with the Basin Plan effluent
limits for EC, chloride, and boron. As described earlier, Valley Water’s discharges
greatly exceed these limits and, therefore, cannot comply with them.
2. General Order Number Two requires discharges to comply with the State Antidegradation Policy. As Valley Water’s discharge comingles with better quality
groundwater down gradient, the high salinity discharge will cause degradation, and likely
pollution. Therefore, the discharge cannot comply with General Order Number Two.
3. General Order Three requires dischargers to either demonstrate that there is no
groundwater beneath the discharge areas and that produced wastewater and
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constituents associated with other approved wastes discharged will not migrate into
areas that there is groundwater with designated beneficial uses, or if there is first
encountered groundwater underlying the discharge location, demonstrate that the
current Basin Plan groundwater beneficial uses are eligible for de-designation. There is
first encountered groundwater underlying the Facility and within the influence of the
Facility discharges; however, in Board staff’s opinion, the beneficial uses likely are not
eligible for de-designation because locally the quality of this groundwater is suitable for
its designated beneficial uses and groundwater is beneficially used within a short
distance from the Facility. Valley Water’s monitoring reports indicate that its discharges
are likely polluting groundwater in the regional aquifer (CYM-21D1 and MW-148I), which
has an active beneficial use of AGR. Additionally, the produced wastewater has
migrated to the east and beyond the Facility groundwater monitoring well network. To
date, the extent of plume migration has not been fully characterized, but given the local
hydrogeology, it is expected to remain uncontained and continue to migrate eastward.
Therefore, the discharge likely cannot comply with General Order Number Three.

Option 2
Another option would be for Board staff to prepare for Board consideration an Order that
provides Valley Water a time schedule to come into compliance with Waste Discharge
Requirements Resolution No. 69-199 (Resolution). The Resolution issued to Valley Water
states:
1. The discharge shall not cause a pollution of ground or surface waters.

Under the Explanation of Requirements section of the resolution, it states:
1. The Discharge shall not cause a pollution of ground or surface waters.
Pollution means an impairment of the quality of waters of the state by sewage or
other waste to a degree which does not create an actual hazard to the public
health, but which does adversely and unreasonably affect such waters for
domestic, industrial, agricultural, navigational, recreational, or other beneficial
use.

As described above, data indicate that the produced wastewater migrating from the
McKittrick 1 & 1-3 Facility ponds is polluting or threatening to pollute downgradient groundwater.
Water Code section 13300 states:
Whenever a regional board finds that a discharge of waste is taking place or threatening to
take place that violates or will violate requirements prescribed by the regional board, or the
state board, or that the waste collection, treatment, or disposal facilities of a discharger are
approaching capacity, the board may require the discharger to submit for approval of the
board, with such modifications as it may deem necessary, a detailed time schedule of specific
actions the discharger shall take in order to correct or prevent a violation of requirements.
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Water Code section 13301 states:
When a regional board finds that a discharge of waste is taking place, or threatening to take place, in
violation of requirements or discharge prohibitions prescribed by the regional board or the state
board, the board may issue an order to cease and desist and direct that those persons not
complying with the requirements or discharge prohibitions (a) comply forthwith, (b) comply in
accordance with a time schedule set by the board, or (c) in the event of a threatened violation, take
appropriate remedial or preventive action. In the event of an existing or threatened violation of waste
discharge requirements in the operation of a community sewer system, cease and desist orders may
restrict or prohibit the volume, type, or concentration of waste that might be added to that system by
dischargers who did not discharge into the system prior to the issuance of the cease and desist
order. Cease and desist orders may be issued directly by a board, after notice and hearing.

Given the hydrogeology of the Facility site and surrounding area, the large volume of highly
saline water that has been, and continues to be, released into underlying aquifers; and the
existing beneficial uses of groundwater just to the northeast of the Facility, the preparation for
Board consideration of a compliancetime schedule under Water Code section 13300 (Time
Schedule Order) or 13301 (Cease and Desist Order) could be appropriate.

Option 3
Another option would be for Board staff to require Valley Water to submit a report of waste
discharge supporting an updated set of individual waste discharge requirements (WDRs)
pursuant to Water Code section 13263. Given the nature of the discharge and Facility, Valley
Water’s discharges at the Facility would not likely be able to comply immediately with updated
WDRs, so a time schedule similar to that discussed for Option 2 would likely be necessary.
Other Valley Water Facilities
Valley Water operates or has operated three other nearby facilities (McKittrick 1-1 facility,
McKittrick 6, 6A, & 6B facility; and the McKittrick 7 facility), as shown on Attachment P. The
McKittrick 1-1 facility is active. Central Valley Water Board records indicate a flow of about
96,000 bbls/day in 2015. The average reported flow during 1996 through 2015 is about 22,500
bbls/day. The McKittrick 6, 6A, and 6B facility and the McKittrick 7 facility have been inactive
since 2014. Prior to the cessation of discharge, average flows of 90,000 bbls/day and 29,000
bbl/day, respectively were documented for these facilities. Current and historic subsurface
discharges from these facilities could potentially be adding to the plume associated with the
McKittrick 1 and 1-3 Facility. The Central Valley Water Board’s direction regarding the proposed
MRP and the proposed Resolution will inform Board staff on how to proceed with these facilities
and others like them.
CONCLUSIONS AND RECOMMENDATIONS
Valley Water’s McKittrick 1 & 1-3 Facility ponds are the source of a plume of very saline
produced wastewater that exceeds for several constituents water quality objectives necessary
to support locally designated beneficial uses of MUN, AGR, and IND. AGR is an existing

STAFF REPORT
VALLEY WATER MANAGEMENT COMPANY
MCKITTRICK 1 & 1-3 FACILITY
KERN COUNTY

-19-

beneficial use in the area. Staff believes the plume has migrated beyond Valley Water’s
groundwater monitoring well network and downgradient and down-structure at least 2.2 miles
(well MW-148I) in the upper Tulare sand and 1.9 miles (well MW-102RL) in the deeper Tulare
sand. The plume has caused the water in MW-148I to exceed MUN and AGR water quality
objectives for TDS and chloride and water in MW-102RL to exceed MUN water quality
objectives for chloride. These wells are screened in aquifers that supply local agricultural wells
a short distance from the Facility. The plume threatens to impair the existing beneficial uses of
these local wells.
The nature of the local depositional environment indicates that it is likely that the Alluvium, the
upper Tulare sand, and the deeper Tulare sand contain stringers of coarser channel deposits
that allow the preferential migration of produced wastewater down gradient and down structure.
The heterogeneity inherent in these alluvial/fluvial systems makes it difficult to capture these
deposits with a handful of sampling points spread over four or five square miles. Staff believes
there is a good chance that produced wastewater traveling through channels of course grained
materials has migrated from the Valley Water Facility far beyond the Clean Harbors facility, but
it has not been detected due to limitations associated with the existing groundwater monitoring
network.
Board staff believe the proposed monitoring and reporting program is necessary to fully
characterize the discharge and ensure the completion of additional hydrogeologic investigation
and expansion of the groundwater monitoring well network to fully define the lateral and vertical
extent of the Facility plume and recommend adoption by the Board.
Valley Water has requested coverage under General Order Number Three. Given the Facility
location, geographically and geologically, relative to groundwater with an existing AGR
beneficial use, the nature of the depositional environment, and the unknown expanse of the
plume migrating to the northeast, Board staff do not believe the Facility discharge meets the
requirements to be regulated under the General Orders for Oil Field Discharges to Land.
Therefore, Board staff has proposed for Board consideration a Resolution soliciting Board
direction on how to best bring discharges from the Facility into compliance with existing or
updated waste discharge requirements.
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A section of the creek bed inundated by an oil spill near a Chevron well in Kern County awaits cleanup in this Aug. 21
image. (California Department of Conservation)
https://www.kqed.org/news/11769850/state-launches-probe-into-oil-field-spills-including-one-that-started-in-2003
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Updated 3:40 p.m. Monday
State oil and gas regulators say they're launching an investigation of operations
in a Kern County oil field after a series of large, uncontrolled crude petroleum
releases near Chevron wells — including one that has continued on and off for
more than 16 years and may have spewed out more than 50 million gallons of
crude oil.
The state Division of Oil, Gas and Geothermal Resources, known as DOGGR,
served Chevron with a notice of violation on Friday, ordering the company to
stop major, uncontrolled surface flows at a site called Gauge Setting 5, or GS-5,
in the Cymric oil field. Oil has been flowing from the location since March
2003.

CHEVRON'S KERN COUNTY SPILL
State Says It Has No Idea How Long It Will Take to Clean Up
Chevron's Kern County Oil Spill

Chevron Well at Center of Major Oil Spill in Kern County Oil Field

State Orders Chevron to Stop Massive Crude Oil Release From
Kern County Well

https://www.kqed.org/news/11769850/state-launches-probe-into-oil-field-spills-including-one-that-started-in-2003
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Chevron Says Attempt to Seal Off Well May Have Triggered Big
Kern County Oil Spill

The order comes as DOGGR says it's stepping up enforcement of a regulation
that took effect in April banning the uncontrolled surface flows, which the
agency and petroleum operators call "surface expressions."
One such release occurred over the last three months near a damaged and
abandoned Chevron well in an area of the Cymric oil field designated 1Y. The
flows in that incident, which began in May and stopped earlier this month,
dumped about 400,000 gallons of crude into a dry creek bed.
DOGGR has issued two notices of violation so far in connection with the 1Y
episode, the precise origin of which is still under investigation.

'Putting an End' to Surface Expressions
In an email Sunday, agency spokeswoman Theresa Schilling said that in light
of the April rules barring surface expressions, "DOGGR is looking to put an end
to their occurrence."
Schilling also acknowledged that the driving force behind the surface
expressions is an oil extraction method that Chevron and other operators in
the Cymric field rely on.
The roughly 11,000-acre Cymric field, in the Temblor Range foothills about 35
miles west of Bakersfield, is the scene of extensive steam injection operations—
a technique in which high-pressure steam is forced deep into the ground to free
oil trapped in underground formations.
Normally, that freed crude petroleum is pumped to the surface through well
bores and shipped by pipelines or tankers for processing. But that's not what's
https://www.kqed.org/news/11769850/state-launches-probe-into-oil-field-spills-including-one-that-started-in-2003
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GS-5 is the site of a flow that began in March 2003 and has recurred in a series
of surface expressions in the immediate vicinity. In response to the flows,
Chevron built a collection facility in 2012 from which oil is pumped into a
pipeline or sucked up by vacuum trucks for processing.

84 Million Gallons Released
A Chevron spokeswoman said Sunday that about 2 million barrels of oil and
water — 84 million gallons have come to the surface at GS-5 since March 2003.
The company told DOGGR last year that it estimated the liquid flowing at the
site to be 60% to 80% oil. At At the lower concentration level — 60% oil — that
would put the volume of crude that has come to the surface at about 50 million
gallons.
Chevron data provided to DOGGR shows the amount of liquid flowing at GS-5
has increased dramatically in recent years, from an average of about 250 to
1,100 barrels a day. The flow appeared to spike this summer after the May 10
appearance of the new surface expression at site 1Y, at one point hitting 3,000
barrels — 126,000 gallons — a day.

https://www.kqed.org/news/11769850/state-launches-probe-into-oil-field-spills-including-one-that-started-in-2003
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State regulators have issued notices of violation for three uncontrolled crude oil releases in Cymric oil field, west of Bakersfield.
(Carto)

"Chevron’s operational priority is the prevention of all seeps," company
spokeswoman Veronica Flores-Paniagua said in an email. "We are committed
to stop this seep and are working toward that goal. There has been no impact
to personnel, groundwater, surface water, wildlife or agriculture" from the GS5 releases.
DOGGR's notice of violation for the GS-5 surface expressions came as yet
another uncontrolled release appeared near a Chevron well in Cymric field.
The new spill, consisting of about 14,000 gallons of oil and water, appeared
late Aug. 21 about 750 feet from GS-5 and 1,800 feet from 1Y.
DOGGR issued a notice of violation against Chevron for the new spill.

https://www.kqed.org/news/11769850/state-launches-probe-into-oil-field-spills-including-one-that-started-in-2003
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seasonal creek runs through a maze of oil wells and pipes used in the steam
injection and oil recovery process.
Drone video recorded last week shows that crews using bulldozers and other
heavy equipment have removed contaminated soil from roughly 600 feet of the
creek bed.
Department of Fish and Wildlife spokesman Eric Laughlin said in emails over
the weekend that work to clean up the rest of the befouled stream bed has been
suspended for the time being.
"Cleanup operations have been on hold so that wells in the area can be
diagnosed to determine the cause of the expressions," Laughlin said.
Sponsored

That investigative work could lead to more releases, Laughlin said. Once the
work is done, the cleanup will continue, he said.
State officials have come under increased scrutiny for their oversight of oil and
gas drilling in recent months.
In mid-July Gov. Newsom fired the head of DOGGR in the wake of disclosures
the agency had dramatically increased the number of fracking permits it was
issuing and that some agency employees owned stock in the companies they
regulate.
Earlier this month California Natural Resources Secretary Wade Crowfoot said
his agency would investigate DOGGR's issuance of so called "dummy files" to
petroleum companies after the Desert Sun reported that the agency may have
https://www.kqed.org/news/11769850/state-launches-probe-into-oil-field-spills-including-one-that-started-in-2003
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granted permits for steam injection oil operations without doing the required
safety review.
Story updated at 3:40 p.m. Monday to clarify the source of Chevron's
estimate that the flow at site GS-5 is 60% to 80% oil.
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Oil Field Surface Expressions
Under strengthened regulations effective April 1, 2019, surface expressions violate
state regulations enforced by the Geologic Energy Management Division (CalGEM).
A surface expression can occur when steam injected under pressure to produce oil
breaks through natural geologic barriers and comes to the surface. The releases in
the Cymric, Midway Sunset, and McKittrick oil elds in Kern County are not near
population centers or sources of drinking water. All of the expressions are contained
and are clustered in a few areas. CalGEM is collaborating with independent experts
from the Lawrence Livermore and Sandia National Laboratories to investigate the
expressions in the Cymric eld.
Refer to the California O ce of Emergency Services (CalOES) Spill Report for
additional information on active surface expressions, including volumes of oil and
water released.
Use "Search" to enter the incident number, for example, 19-7291 (numbers available
below), for reports.

Maps of Western Kern County
StoryMap: Interactive, high-level walk through of the incident
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Web Map of Western Kern County

Text in gold indicates the most recent updates.

Chevron Cymric Gauge Setting 5 Area
CalOES Spill Report 20-1575: CalGEM is reviewing Chevron's root cause
analysis (submitted April 30, 2020) of an oil and water surface expression
(Setting #5 03/19/20) reported from a ledge above Gauge Setting 5A on
March 19, 2020. The ow ceased March 20 and reactivated March 24. It is
active intermittently active. The operator drains the ongoing ow into a
containment area protected with berms, netting, and beams.
CalGEM Response: Request for Conference Regarding Ongoing Surface
Expressions, March 27, 2020 (Letter references 20-1575 as in McPhee
lease) (PDF)
CalOES Spill Report 18-2037: Began September 13, 2019. Expression
inactive since September 15. Recovered volume: 1,290 barrels water
and oil. Hillside vent in Gauge Setting 5-D area. Area cleaned. Containment
remains in place. Seep believed to be reactivation of March 29, 2018
expression. Environmental cleanup complete and site restored.

https://www.conservation.ca.gov/calgem/Pages/Chevron-Cymric-oil-spill.aspx
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CalGEM Response: Addendum(1), September 13, 2019, to GS-5 Notice of
Violation (PDF)
CalOES Spill Report 19-5865: Began September 10, 2019. Expression
inactive since September 18. Recovered volume: 350 barrels water and oil.
Expression located in in Gauge Setting 5-C area. Expression reactivation of
January 4, 2018 seep. Environmental cleanup complete and site restored.
CalGEM Response:
3357 Letter re: Cymric Oil Field Surface Expressions Data,
September 10, 2019 (PDF)
Addendum(1), September 13, 2019, to GS-5 Notice of Violation
(PDF)
On June 20, 2019, Chevron reported uid volumes related to a series of
surface expressions from 2018 and earlier that are being directed into the GS5 separation plant. Since these expressions continue to ow after April 1,
2019, they are in violation of the new April 1, 2019 regulations. CalGEM sent
Chevron a Notice of Violation on August 23, 2019, directing the company to
stop the expressions.
CalGEM Response: GS-5 Notice of Violation, August 23, 2019 (PDF)

Chevron Cymric McPhee 36W Area
CalOES Spill Report 20-1649: On March 23, 2020, a new spill report was
created for a surface expression from a hillside vent that initially seeped uid
from November 8-30, 2019. That incident is described in CalOES Spill Report
19-7186. The seep reactivated on February 28, 2020. For three weeks, Chevron
reported 2020 uid data in CalOES Spill Report 19-7186. CalGEM required
Chevron to create a new spill report for what it considers a new event in 2020.
The operator submitted the 20-1649 report on March 23. It captures uid data
from March 21 forward. Oily and bubbling (from gas) water continues to
ow into a holding area protected by berms, nets, and beams, and recovered
https://www.conservation.ca.gov/calgem/Pages/Chevron-Cymric-oil-spill.aspx
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by vacuum truck. Chevron installed a pipeline to transfer contained uid to the
Gauge Setting 5 collection area. The operator is working on select wells in an
effort to interrupt the energy or uid ows from potential pathways that may
be feeding this surface expression and others.
CalGEM Response:
Notice of Violation, November 12, 2019 (PDF)
CalOES Spill Report 19-7291: Incident began November 13, 2019. Expression
inactive since November 14. Recovered volume: 20 barrels water and
oil. Located approximately 120 feet west of March 29, 2018 expression
in Gauge Setting 5-D area. Chevron posted danger signage and lights. External
company monitoring for any gas emissions. Chevron noti ed of two vertical
cracks on hillside and road above. Operator addressing. Environmental
cleanup complete and site restored.
CalGEM Response: Notice of Violation, November 18, 2019 (PDF)
CalOES Spill Report 19-6580: Incident began October 13, 2019. Expression
inactive since October 14. Recovered volume: 1,931 barrels water
and oil. Hillside vent at northern end of Cymric eld. Spill area cleaned; site
cleanup continues.
CalGEM Response: Addendum(3), October 14, 2019, to Notice of
Violation (PDF)
CalOES Spill Report 19-6568: Vent found inactive October 12, 2019;
reactivated with steam and uid October 15-18; reactivated October 22,
intermittently active November 1-11. Expression inactive since November 11.
Recovered volume: 13,160 barrels water and oil. Located 275 feet east of
CalOES Spill Report 19-6386 expression and 294 feet north of CalOES Spill
Report 19-6221. Chevron contained ow; lights, danger signs, and propane
cannon (to deter wildlife) installed. External company monitoring for low (thus
far) gas emissions. Environmental cleanup complete and site restored.
https://www.conservation.ca.gov/calgem/Pages/Chevron-Cymric-oil-spill.aspx
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CalGEM Response: Addendum(3), October 14, 2019, to Notice of
Violation (PDF)
CalOES Spill Report 19-6386: Vent found inactive October 3, 2019. Reactivated
October 4. Inactive since October 5. Recovered volume: 1,160 barrels water
and oil. Location is 320 feet northwest of CalOES Spill Report 19-6221
expression and CalOES Spill Report 19-5263 expression. Environmental
cleanup complete and site restored.
CalGEM Response: Addendum(2), October 3, 2019, to McPhee 36W
Notice of Violation (PDF)
CalOES Spill Report 19-6221: Expression began September 26, 2019. Dormant
September 29; reactivated twice; expression inactive since November 18.
Recovered volume: 1 barrel water and oil. Fluid contained within
berm. Located approximately 180 feet northeast of CalOES Spill Report 195263 expression.
CalGEM Response: Addendum(1), October 1, 2019, to McPhee 36W
Notice of Violation (PDF)
CalOES Splll Report 19-5407: Flow began August 21, 2019. Expression
inactive since October 15. Recovered volume: 19,925 barrels water and oil.
Underground injection testing continues on wells in the vicinity. Operator to
complete site cleanup.
CalGEM Response: McPhee 36W Notice of Violation, August 24, 2019
(PDF)
CalOES Spill Report 19-5263: Expression began June 5, 2019.
Inactive since August 30. Recovered volume: 25 barrels water and oil.
CalGEM Response: McPhee 36W Notice of Violation, June 13, 2019
(PDF)

Chevron Cymric 1Y Area
https://www.conservation.ca.gov/calgem/Pages/Chevron-Cymric-oil-spill.aspx
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CalOES Spill Report 19-3668: Expression reported June 8, 2019. Ceased June
12; reactivated June 18. Release from other vent in the vicinity reported June
23. The uid owed into a dry streambed. All vents inactive since August 1.
Recovered volume: 31,798 barrels water and oil. Per Cal Spill Watch, site
cleanup completed October 11, 2019.
CalGEM Response:
Order to Chevron to Pay Civil Penalty, October 2, 2019
(PDF)
Addendum(2), July 17, 2019, to 1Y Notice of Violation
(PDF)
Order to Perform 1Y Remedial Work, July 12, 2019
(PDF)
Addendum(1), July 1, 2019, to 1Y Notice of Violation
(PDF)
1Y Notice of Violation, June 13, 2019 (PDF)

CalOES Spill Report 19-3040: Expression reported May 10, 2019. Expression
inactive same day May 10. Recovered volume: 105 barrels water and oil. High
energy expression near Gauge Setting 5 area. Release affected dry, seasonal
streambed. Release contained and area cleaned.
CalGEM Response: 1Y Notice of Violation, May 20, 2019 (PDF)

Cymric McKittrick Front
CalOES Spill Report 20-2154: This surface expression was inactive from May
28, 2020 until becoming intermittently active again on June 21. It has been i
nactive since June 26. Cumulatively, the surface expression has produced
1,530.5 barrels of oil, 3,181 barrels of water, and 415 barrels of mud.
CalGEM Response: Cymric-McKittrick Front Notice of Violation, April 20,
2020 (PDF)

https://www.conservation.ca.gov/calgem/Pages/Chevron-Cymric-oil-spill.aspx
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Sentinel Peak Resources Cymric Star
Fee
CalOES Spill Report 19-5656 Reported September 1, 2019.
Expression stopped same day and inactive since. Recovered volume: 10
barrels water and oil.
CalGEM Response: Star Fee Notice of Violation, September 10, 2019
(PDF)
CalOES Spill Report 20-2763: This surface expression has been inactive since
May 27, 2020. Initially reported May 24, 2020. Monitoring is ongoing. Reported
volume as of June 1: 70 barrels of water, 16 barrels of oil, 1,614 barrels of mud
.
CalGEM Response: Star Fee Notice of Violation, May 29, 2020 (PDF)

Berry Petroleum Midway Sunset
Southwestern
Cal OES #20-4392: A surface expression in the Berry Petroleum-operated
Southwestern lease of the Midway Sunset oil eld in Kern County was
reported at 1 a.m. on August 15, 2020. It initially released high-energy steam.
CalGEM responded to the event in the morning of August 15. A Uni ed
Command was established on August 17, with representatives CalGEM,
Department of Fish & Wildlife's O ce of Spill Prevention and Response, Kern
County Health, and Berry Corporation virtually meeting each day. The operator
has established a perimeter safety zone around the site with restricted access,
light stands, 24-hour monitoring, and gas detection equipment. The
expression has been inactive since August 20, and the Uni ed Command
response stood down on August 21.
CalGEM Response: Berry Petroleum Notice of Violation, August 17, 2020
(PDF)

https://www.conservation.ca.gov/calgem/Pages/Chevron-Cymric-oil-spill.aspx
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Sentinel Peak Resources Midway
Sunset Keene
CalOES Spill Report 19-4957: Began August 1, 2019. Expression inactive as of
January 15, 2020. Recovered volume: 3,790 barrels water and oil. Cleanup
completed.
CalGEM Response: Addendum(1), August 6, 2019, to Keene Notice of
Violation (PDF)

Began June 5, 2019. Expression inactive since June 30. Recovered volume: 29
barrels water and oil.
CalGEM Response: Keene Notice of Violation, June 20, 2019 (PDF)

Sentinel Peak Resources Midway
Sunset Reardon
Reported May 16, 2019. Expression stopped same day. Recovered volume:
15 barrels water and oil.
CalGEM Response: Midway Sunset Reardon Notice of Violation, October
1, 2019 (PDF)

Sentinel Peak Resources McKittrick
Rich eld
Reported May 28, 2019. Expression stopped same day. Recovered volume:
1 barrel water and oil.
CalGEM Response: McKittrick Rich eld Notice of Violation, October 15,
2019 (PDF)
https://www.conservation.ca.gov/calgem/Pages/Chevron-Cymric-oil-spill.aspx
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Local News
Plains All American Pipeline Faces 46
Criminal Charges in Refugio Oil Spill
Felony and misdemeanor counts led against company, one
employee related to pipeline break last May

https://www.noozhawk.com/article/plains_faces_criminal_charges_in_santa_barbara_countys_refugio_oil_spill
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Santa Barbara County District Attorney Joyce Dudley, California Attorney General Kamala
Harris and Santa Barbara County Fire Chief Eric Peterson announce a grand jury indicted
Plains All American Pipeline of 46 felony and misdemeanor charges related to the Refugio
Oil Spill. (Tom Bolton / Noozhawk photo)

By Giana
Magnoli,
Noozhawk
Managing Editor
| @magnoli |
UPDATED 12:45
p.m.
May 17, 2016
8:38 a.m.

A Santa Barbara County grand jury indicted Plains All American Pipeline and one of
its employees on 46 total criminal charges related to the Refugio Oil Spill that
occurred a year ago this week.
Santa Barbara County District Attorney Joyce Dudley and California Attorney
General Kamala Harris’ o ce announced Monday's indictment at a press
conference Tuesday morning.
They have been investigating the incident, along with the California Department of
https://www.noozhawk.com/article/plains_faces_criminal_charges_in_santa_barbara_countys_refugio_oil_spill

2/19

9/13/2020

Plains All American Pipeline Faces 46 Criminal Charges in Refugio Oil Spill | Local News - Noozhawk.com

Fish and Wildlife, since the May 19, 2015, pipeline rupture on the Gaviota Coast,
which spilled up to 142,000 gallons of crude oil onto the shoreline and into the
ocean.
“The negative impacts of this conduct were immediate and tragic,” Harris said.
The indictment announcement shows “these matters are taken seriously and we do
pursue them, and justice is on its way,” she said.
Her o ce and the District Attorney's O ce jointly launched an investigation 72
hours after the spill and the indictment is the rst step to holding Plains
accountable, she said.
Scroll down to watch the Santa Barbara County video of the press conference
announcing the indictment.
Dudley said the indictment includes four felony charges of knowingly discharging a
pollutant into state waters, and 42 misdemeanor charges, including failure to notify
proper authorities and violations of Fish and Game Code.
One employee was also indicted, 41-year-old James Buchanan, an environmental
and regulatory compliance specialist.

https://www.noozhawk.com/article/plains_faces_criminal_charges_in_santa_barbara_countys_refugio_oil_spill
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Oil coats Refugio State Beach last May after a a spill caused by the rupture of a Plains All
American Pipeline onshore. (Lara Cooper / Noozhawk le photo)

The defendants will be arraigned in Santa Barbara Superior Court on June 2.
No indictment details will be available until the Santa Barbara County Superior
Court unseals the documents, Dudley said.
If found guilty, the Houston, Texas-based Plains faces nes up to $2.8 million,
she said.
Both Dudley and Harris characterized Plains as uncooperative during the criminal
investigation.
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The grand jury was convened 14 times and the indictments “are a response to
the evidence presented and speak to the alleged criminal culpability of both the
corporation and an individual who are alleged to have caused harm to Santa
Barbara County's magni cent natural surroundings and death to some of its
majestic wildlife,” Dudley said.
Prosecutors had a one-year deadline to le misdemeanor charges in the case.
Crude oil from the spill reached nearly nine miles out into the Paci c Ocean, coated
the county's coastline, impacted the fragile ecosystem of the Gaviota Coast
and a Native American burial site, Harris said.
https://www.noozhawk.com/article/plains_faces_criminal_charges_in_santa_barbara_countys_refugio_oil_spill
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“To get a criminal indictment is huge,” said Linda Krop of the Environmental
Defense Center after the announcement. She said there was “clearly wrongdoing
leading up to the spill” and believes the charges will warn other companies that they
could be held liable for spills.
“Plains All American’s record has nally caught up with it,” Sierra Club California
Director Kathryn Phillips said in a statement.

An oiled seabird oats in the ocean o Refugio State Beach last May following a spill caused by
the rupture of a Plains All American Pipeline onshore. The company is facing 46 criminal counts
related to the spill, many due to wildlife that died. (Lara Cooper / Noozhawk le photo)

“I’m relieved to see the company being charged for its irresponsible actions. Sadly,
no punishment can undo the harm done to wildlife, the Paci c Ocean, or our
beaches and coastal communities. The only safe and appropriate action to take is to
end our dependence on dirty, outdated fuels and transition to clean, renewable
energy.”
https://www.noozhawk.com/article/plains_faces_criminal_charges_in_santa_barbara_countys_refugio_oil_spill
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Federal regulators have not completed their investigation of the spill, but already
concluded that external corrosion caused the pipeline rupture.
According to a statement from Plains, the 46 criminal counts included in the
indictments include 10 counts related to the crude oil spill or reporting the release
and 36 related to “wildlife alleged to have been taken as a result of the accidental
release.”
Dozens of birds and marine mammals were found oiled or dead after the spill.
As the responsible party for the spill, Plains paid for the emergency response, cleanup, and claims led by people nancially impacted.
Several lawsuits have been led against Plains pursuing compensation, including
one from shermen impacted by the spill-caused local shery closure.
Santa Barbara County’s two Plains crude oil transportation pipelines were shut
down by federal regulators shortly after the spill and all South County o shore oil
platforms ceased operations.
“Plains is deeply disappointed by the decision of the California Attorney General and
Santa Barbara District Attorney to pursue criminal charges against Plains and one of
its employees in connection with the 2015 accident,” the company wrote in a
statement.
“Plains believes that neither the company nor any of its employees engaged in any
criminal behavior at any time in connection with this accident, and that criminal
charges are unwarranted. We will vigorously defend ourselves against these
charges and are con dent we will demonstrate that the charges have no merit and
represent an inappropriate attempt to criminalize an unfortunate accident.”
— Noozhawk managing editor Giana Magnoli can be reached at
gmagnoli@noozhawk.com. Follow Noozhawk on Twitter: @noozhawk, @NoozhawkNews
and @NoozhawkBiz. Connect with Noozhawk on Facebook.

Indictment of Plains All American Pipeline
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Tanker truck spills 6K gallons of oil near California dam

NewsCalifornia News • News

Overturned tanker spills 6K
gallons of oil near California dam
By ASSOCIATED PRESS |
PUBLISHED: March 21, 2020 at 3:21 p.m. | UPDATED: March 21, 2020 at 3:31 p.m.

SANTA MARIA, Calif. (AP) — A tanker truck overturned down an embankment
Saturday, spilling up to 6,000 gallons of crude oil into a river that ows into a
dam and reservoir near the city of Santa Maria, authorities said.
The driver was not injured and the cause of the single-vehicle crash on State
Route 166 was under investigation, said Santa Barbara County Fire Capt. Nikki
Stevens.
He said crews were racing to stop the oil that spilled into the Cuyama River from
reaching Twitchell Dam and reservoir, which provides ood control and water
conservation to the region on the Central Coast.
https://www.mercurynews.com/2020/03/21/overturned-tanker-spills-6k-gallons-oil-near-california-dam/

1/2

9/13/2020

Tanker truck spills 6K gallons of oil near California dam

They constructed a dirt berm and threw a boom — essentially a oating fence —
into the water to contain the oil. Additionally, Stevens said, they placed large
pipes at the bottom of the river to keep uncontaminated water owing to the
dam while they use pads to absorb the oating oil slick.
Time was of the essence because rain was in the forecast for Sunday.
“The dirt berm is not going to withstand running water,” Stevens said. “They’re
working as aggressively as they can to clean this up.”
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Adequacy of Current State Setbacks for Directional High-Volume Hydraulic
Fracturing in the Marcellus, Barnett, and Niobrara Shale Plays
Marsha Haley,1 Michael McCawley,2 Anne C. Epstein,3 Bob Arrington,4 and Elizabeth Ferrell Bjerke 5
1Department

of Radiation Oncology, University of Pittsburgh Cancer Institute, Pittsburgh, Pennsylvania, USA; 2School of Public Health,
West Virginia University, Morgantown, West Virginia, USA; 3Department of Internal Medicine, Texas Tech University Health Sciences
Center School of Medicine, Lubbock, Texas, USA; 4Parachute, Colorado, USA; 5Graduate School of Public Health, Department of Health
Policy and Management, University of Pittsburgh School of Law, Pittsburgh, Pennsylvania, USA

Background: There is an increasing awareness of the multiple potential pathways leading to
human health risks from hydraulic fracturing. Setback distances are a legislative method to mitigate
potential risks.
Objectives: We attempted to determine whether legal setback distances between well-pad sites and
the public are adequate in three shale plays.
M ethods : We reviewed geography, current statutes and regulations, evacuations, thermal
modeling, air pollution studies, and vapor cloud modeling within the Marcellus, Barnett, and
Niobrara Shale Plays.
Discussion: The evidence suggests that presently utilized setbacks may leave the public vulnerable
to explosions, radiant heat, toxic gas clouds, and air pollution from hydraulic fracturing activities.
Conclusions: Our results suggest that setbacks may not be sufficient to reduce potential threats
to human health in areas where hydraulic fracturing occurs. It is more likely that a combination
of reasonable setbacks with controls for other sources of pollution associated with the process will
be required.
Citation: Haley M, McCawley M, Epstein AC, Arrington B, Bjerke EF. 2016. Adequacy of
current state setbacks for directional high-volume hydraulic fracturing in the Marcellus,
Barnett, and Niobrara Shale Plays. Environ Health Perspect 124:1323–1333; http://dx.doi.
org/10.1289/ehp.1510547

Introduction
Hydraulic fracturing, also referred to
as “fracking,” is a relatively recent wellstimulation technique used in some forms
of oil and gas development. The method
entails injecting pressurized liquids into
rock formations of low permeability (e.g.,
shale) to mobilize oil or gas to the wellbore
(Gandossi 2013). Hydraulic fracturing is
used with other novel technologies, such
as directional drilling, to access previously
inaccessible resources such as shale gas, which
has become an increasingly large portion of
the overall energy supply in the United States
(Pless 2012). Directional drilling increased
from 6% of new hydraulically fractured wells
drilled in the United States in 2000 to 42%
of new wells drilled in 2010 (Gallegos and
Varela 2015). This number is rising and the
trajectory is expected to continue. A decade
ago, shale gas production accounted for 2%
of total U.S. output. In 2014, that figure was
37%, and an Information Handling Services
study projects that natural gas developed
through the use of hydraulic fracturing will
rise to more than 75% of the domestic supply
by 2035 (API 2014).
As a result of the proliferation of
hydraulic fracturing, there is an increasing
awareness of the multiple potential pathways
leading to human health risks from this
practice. Air pollution is a significant
pathway: From volatile organic compounds
Environmental Health Perspectives •

volume

(VOCs) found naturally in shale gas released
during the drilling process, during blowdowns and venting (Macey et al. 2014), and
through leaks at multiple connection points
(U.S. EPA 2014); heavy diesel equipment
used in the drilling process (Macey et al.
2014); chemical mixtures used to facilitate
extraction (Goldstein et al. 2014); and silica
sand as proppant (American Public Health
Association 2012). Vapor dispersion is
another health concern (Center for Chemical
Process Safety 2015); in addition, natural
gas well sites have experienced blowouts and
other types of explosions (Hoffman 2015).
What constitutes a judicious setback
distance between natural gas industrial activities and natural or anthropogenic structures is
a debatable issue in more densely populated
areas (Begos 2014). The literature is currently
lacking concerning which particular setbacks
are adequate to protect the health and safety
of the public. In this paper we examine
setback distances in three states located in
three major shale plays—the Barnett, the
Marcellus, and the Niobrara—and attempt
to determine whether these legal setbacks
are adequate.

Methods
We chose three of the largest and most
heavily drilled areas of technically recoverable
natural gas resources (natural gas plays) in the
United States: the Barnett, Marcellus, and

124 | number 9 | September 2016

Niobrara (U.S. EIA 2011a), and confined
our study to gas wells within three states in
these regions of interest. Texas, Pennsylvania,
and Colorado were selected to allow a
comparison between state setback laws. We
used the definition of “gas well” as defined by
the International Association of Oil and Gas
Producers (OGP) as one which has an estimated gas:oil ratio of > 1,000 (OGP 2010).
We first reviewed the intended purpose of
setbacks and the distances utilized. We then
conducted an analysis of federal and state
laws in Texas, Pennsylvania, and Colorado.
In addition, Texas had municipal ordinances
in place that were preempted by state law in
2015, and these were examined as well.
To determine whether current setbacks
provide adequate distance in the case of a
well blowout, we compiled historical blowout
incidents and evacuations within the Texas
Barnett Shale, the Pennsylvania Marcellus
Shale, and the Colorado Niobrara Shale.
Measurable evacuation zones in adjacent
states within the target shale plays were
included if available. We used the definition of “blowout” from the OGP as “an
incident where formation fluid flows out of
the well or between formation layers after
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all the predefined technical well barriers or
the activation of the same has failed” (OGP
2010). In our analysis, we included Level 3
blowout events, which are defined as those
that present serious and immediate risks
to personnel, equipment, and the environment, and warrant the immediate activation of an emergency response plan. Surface
blowouts and underground blowouts with
insufficient casing fall into this category
(Wild Well Control, Inc., and Travelers
Indemnity Company 2012). We compiled
the data using state agency reports, literature
sources, incident reports, and media reports
from 1997 to 2015. Wherever possible, we
reviewed multiple reports of the same event
to determine consistency and veracity. This
search revealed 16 relevant sources, which
are referenced in the Results section. We
recorded the number of homes/families
displaced, using these terms interchangeably.
Evacuation zones were reported in feet and/
or miles (Table 1). We did not use individual
evacuees or well workers in our mathematical
data, but discussed them where appropriate.
Since natural gas is composed primarily
of methane hydrocarbon, it is flammable
within a certain range in air (Cashdollar et al.
1996). An ignition source at a natural gas well
site has the potential to set off an explosion
(Nguyen 2010). Hazard assessment studies
from liquefied natural gas fires indicate the
potential for thermal injury to humans from
radiant heat (Raj 2008). At a well site, if
the combustion process occurs in the open
air, the gas will burn at a constant pressure,
allowing the gas to expand during the process
(Arrington 2014). To estimate the radiant
heat effects on humans from a natural gas well
fire, we applied thermal modeling to a typical
gas well. Allowing for a constant pressure and
changing volume, the adiabatic flame temperature of methane is 1,950°C (3,452°F).
We applied the Stefan-Boltzmann Law to a
typical gas well producing 5.8 million ft3/day
with a pipe diameter up to 6 in. An average
well is producing 549 times the fuel needed
to supply a 1 ft2 flux area. This assumes a
flame ball of 549 ft2, metric conversion of
51 m2, with reduction of 1 m2 to allow for
a standard industry claim of 98% efficiency
decline for a flare (Arrington 2014).
In addition to blowouts and radiant
heat, potential hazards from hydraulic fracturing include vapor and toxic gas clouds.
Shale gas often contains tens or hundreds of
parts per million (ppm) of hydrogen sulfide
(H2S) (Weiland and Hatcher 2012), a flammable gas with known adverse respiratory
and nervous systems effects [Agency for Toxic
Substances and Disease Registry (ATSDR)
2014]. We included one recent (2014) reference each from Texas, Pennsylvania, and
Colorado on H2S measured in proximity to
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natural gas wells. We reviewed a 2005 report
that was prepared for the U.S. Department
of Transportation (DOT), Office of Pipeline
Safety detailing the potential impact radius
(PIR), which can be obtained to determine
the possible impact on people or property in
the case of failure of natural gas infrastructure (U.S. DOT 2005). A series of best-fit
equations were used to relate release rate to
distance to toxic end points based on information presented in the U.S. Environmental
Protection Agency (EPA) Risk Management
guidance document (U.S. EPA 2015b),
assuming a 10-min peak-release period (U.S.
DOT 2005). We also reviewed a 2011 report
by the Fort Worth League of Neighborhoods.
The League convened a committee of scientific and health professionals to review air
testing data in the vicinity of gas drilling
activities in the Barnett Shale. Their report
included data from private tests by GD
Air Testing Inc., Texas Commission on
Environmental Quality (TCEQ 2010), and
the Barnett Shale Energy Education Council’s
industry-funded study conducted by Titan
Engineering (Barnett Shale Energy Education
Council 2010). Dispersion modeling was
performed to predict the way pollutants
might travel from their source (Fort Worth
League of Neighborhoods 2011). We used
the results from these two studies to determine whether current setback distances
provide adequate distance from clinically
significant sulfide exposure, based on OSHA
and NIOSH adult short-term exposure
regulatory and recommended limits (U.S.
Department of Labor 2015). Hydrogen
sulfide levels are reported in ppm and carbon
disulfide levels are reported in milligrams per
cubic meter (mg/m3) (Table 1).
Air pollution sources from shale gas
extraction and its related activities include
emissions from engines powering the drilling
and hydraulic fracturing operations, equipment used to capture and transport the gas
on site, venting, blowdowns, and flaring. Air
pollutants include particulate matter, carbon
monoxide, nitrogen dioxide, methane, and
VOCs (Lattanzio 2013). Notable among
the list of VOCs are the BTEX (Benzene,
Toluene, Ethyl benzene and isomers of
Xylene) compounds, which tend to be found
ubiquitously at drill sites (Leusch and Bartlow
2010). In an exploratory study, benzene was
the most common BTEX to exceed healthbased risk levels (Macey et al. 2014). In

addition, benzene is well-studied with regard
to deleterious effects on humans (CDC
2013). We therefore focused on benzene for
our air pollution analysis. Benzene levels are
reported in both parts per billion (ppb) and
micrograms per cubic meter (μg/m3) to allow
comparison between studies (Table 1).
We did not include data from predominantly oil sites, pipeline explosions, or
compressor stations. Although we used
Occupational Safety & Health Administration
(OSHA) and National Institute for
Occupational Safety and Health (NIOSH)
data (U.S. Department of Labor 2015), we did
not include studies of occupational safety and
exposure. We did not address drinking well,
aquifer, and natural water contamination by
formation fluids and hydraulic fracturing fluid.

Results
Geography and Production
The Barnett Shale, the largest natural gas
play in Texas (Airhart 2015), is located in
the north-central part of the state, extending
over a total area of 5,000 mi2. It lies below
the surface of 25 counties in Texas, 4 of
these being core counties with the highest
gas production (Railroad Commission of
Texas 2015a). The Barnett shale produces
primarily methane, and the producing gas-oil
ratio in the core areas of the Barnett shale
is above 100,000 standard ft 3/stock tank
barrels (Holme 2013). There are approximately 18,000 to 19,000 producing gas wells
in the Barnett Shale (Barnett Shale Energy
Education Council 2012); the majority of
these are horizontal wells that employ
hydraulic fracturing (U.S. EIA 2011b).
The Marcellus Shale covers 95,000 mi2
and stretches across eight states: New York
(which currently has a hydraulic fracturing
ban) (Klopott 2015); Pennsylvania (which
has the most drilling in the Marcellus
Shale) (Penn State Public Broadcasting
2014); West Virginia, Ohio, Maryland, and
smaller portions of Virginia, Tennessee, and
Kentucky. The shale play covers an estimated 64% of Pennsylvania (Curtis 2011),
approximately 29,500 mi2. The Marcellus is
a predominantly methane-producing shale
play (Holme 2013). By 2012, Marcellus
Shale drilling had affected 0.07% of the
total land area of the state (Penn State Public
Broadcasting 2014). In 2013, Pennsylvania
had over 57,000 producing gas wells; the

Table 1. Analysis parameters, methods, and units of measurement.
Parameter
Thermal exposure
Vapor dispersion (hydrogen sulfide)
Vapor dispersion (carbon disulfide)
Air pollution (benzene)

volume

Methods
Modeling
Measurements and modeling
(literature review)
Measurements (literature review)
Measurements (literature review)

Units
kW/m2
Concentration (ppm) and distance
Concentration (mg/m3) and distance
Concentration (μg/m3 and ppb)
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majority of new wells drilled in Pennsylvania
are directional (U.S. EIA 2015).
The Niobrara Shale is situated in
Northeastern and Northwestern Colorado and
also covers portions of adjacent Wyoming,
Nebraska, and Kansas. Natural gas is produced
primarily from the Piceance Basin and gas
and oil from the Denver-Julesburg (D-J)
Basin (Higley and Cox 2007); it is one of the
top 10 sources of natural gas in the United
States (U.S. EIA 2009). There are approximately 15,000 gas wells in the Colorado
Niobrara (Colorado Geological Survey 2011).
Over 90% of new gas wells in Colorado use
hydraulic fracturing (Weiner 2014).

Policies and Oversight
Natural gas well setbacks are determined at
the state and, in some cases, municipality
level (the exception to this is when drilling
occurs near public work projects, such as
dams and critical structures; in these cases
federal regulation applies) (Fry 2013). In
general, the source for a setback distance is
considered to be the well bore, although this
is not specifically indicated in all statutes.
As discussed below, setback distances vary
among the three states we studied (Table 2),
and all three have variances which can shorten
the distance.
Within the Barnett Shale of Texas,
setbacks are designed to protect the health,
safety, and welfare of residents; protect the
rights of property owners; safeguard environmental quality; and promote efficient
gas extraction. The Railroad Commission of
Texas (RRC) is responsible for activities associated with oil and gas, including exploration,
extraction, production, and transport (Fry
2013). The RRC does not directly determine
setback distances; per Texas State Legislature
Section 253.005c, a well “may not be drilled
in the thickly settled part of the municipality
or within 200 feet of a private residence”
(Texas State Legislature 2009). In Texas,
variances are granted “to prevent waste or to
prevent the confiscation of property” (RRC
2015c). The majority of applications for gas
drilling in the Dallas/Fort Worth Metroplex
area contain a distance setback variance
request (Welch 2015). Many municipalities
consider the minimum setback to be too close
and have established local setback distances.
For example, setback rules vary among the
26 municipalities in heavily drilled Denton
County, with a range of 300–1,500 ft, mode
of 1,000 ft. With variance, the range is
150–1,125 ft, mode of 300 ft (Fry 2013).
Recently, the state of Texas passed into law
H.B. No. 40, which preempts regulation
of oil and gas operations by municipalities
(Texas State Legislature 2015); therefore all
sites will presumably be required to conform
to state law—even those such as the city
Environmental Health Perspectives •
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of Denton, which had previously banned
hydraulic fracturing entirely.
In Pennsylvania, setback distances
are determined by the state legislature and
enforced primarily by the Pennsylvania
Department of Environmental Protection
(PA DEP 2014b). In February of 2012, the
Pennsylvania General Assembly enacted
the Omnibus Amendment to the Oil and
Gas Act (commonly known as Act 13),
intended to strengthen environmental standards for unconventional shale gas extraction (Pennsylvania General Assembly 2012).
According to Title 58, Section 3215 of the
Pennsylvania Legislature, the current setback
distance to buildings is 500 ft, unless the
owner of the structure consents to a shorter
distance (Pennsylvania General Assembly
2016). PA DEP may grant a variance
from these distance restrictions if the well
operator submits a plan identifying additional
measures. Also, existing active well sites are
“grandfathered” in and new wells can be
drilled closer than 500 ft from a dwelling at
such sites (PA DEP 2014b).
In Colorado, setbacks are determined
by the Colorado Oil and Gas Conservation
Commission (COGCC). The stated purpose
of setbacks is to “protect the safety and
welfare of the general public from environmental and nuisance impacts resulting
from oil and gas development in Colorado,
including spills, odors, noise, dust, and
lighting” (COGCC 2013). In 2013, 2 CCR
404-1 Cause No. 1R Docket No. 1211RM-04 established new rules for statewide
setbacks (COGCC 2013). The distance is
500 ft from buildings (such as homes and
commercial facilities), 1,000 ft from highoccupancy buildings (schools, day care
centers, hospitals, nursing homes, and
correctional facilities), 350 ft from outdoor
recreational areas (playgrounds and sports
fields), and 150 ft from a surface property
line. Energy companies are also expected to
employ mitigation measures to reduce the
impact of their operations upon the public.
Variances may be granted for existing wells,
if the operator employs mitigation reassures,
or if alternate locations are technically or
economically impractical (COGCC 2013).
Federal laws provide for clean air (U.S.
EPA 2015d); however, with few exceptions, natural gas extraction activities are
exempt from these laws (NRDC 2013).
Under federal law, gas well operators must
comply with Title 40 of the Code of Federal
Regulations, which outline emission standards and compliance schedules for the
control of VOCs and sulfur dioxide (SO 2)
emissions (U.S. EPA 2012b). The United
States Environmental Protection Agency
(EPA) requires gas well operators to utilize
green completions (capturing of excess gas
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instead of releasing it into the atmosphere) to
reduce air pollution from VOCs (U.S. EPA
2012a). According to Title 40 Subpart 0000
§60.5375, if state rules are more stringent
and do not otherwise conflict with federal
regulations, state law will prevail (U.S. EPA
2012b). In Texas, air quality is managed by
TCEQ (RRC 2015a). In Pennsylvania, the
PA DEP has the authority to regulate air
quality, and operators are required to utilize
detection and repair methods to control
volatile organic compounds and associated
hazardous air pollutants (PA DEP 2014a).
In Colorado, emissions are overseen by the
Colorado Department of Public Health and
Environment (2013).
Thermal exposure criteria are regulated on
a national basis. The National Fire Protection
Association (NFPA; see http://www.nfpa.
org/about-nfpa) is a global nonprofit organization which sets standards to eliminate
death, injury, property and economic loss
due to fire, electrical and related hazards.
Liquid Natural Gas (LNG) Standard, NFPA
59A, sets limits in terms of maximum heat
flux. For human outdoor exposure the
limiting heat flux is 5 kW/m2 (kilowatt per
square meter) (NFPA 2015). The thermal
radiation protection requirements in the U.S.
Department of Transportation Regulations in
49 CFR, part 193 (U.S. GPO 2015) specify
essentially the same requirements as NFPA
59A. The U.S. Department of Housing and
Urban Development (HUD) regulations,
which are applicable to HUD-assisted residential projects, have a much lower threshold
of 1.4 kW/m2 (HUD 1982).
Raw natural gas contains hydrogen
sulfide (H 2 S), which is classified by the
EPA as a hazardous air pollutant (U.S. EPA
2015d). Due to its toxicity, flammability,
and corrosive properties, H2S is an important component to control at all stages of
natural gas handling. H 2S has destructive
effects on natural gas extraction and transportation equipment; there is also a threat
to personnel working at natural gas sites
(Ratner and Tiemann 2015). The U.S.
Department of Labor recommends well-site
management based on potential exposure
to H 2 S. OSHA set a ceiling limit of 20
ppm for hydrogen sulfide in workplace air,
which is a 15-min time-weighted average
that cannot be exceeded at any time during
the working day. NIOSH recommends a
10-min ceiling level of 10 ppm for workers;
100 ppm is immediately dangerous to life
Table 2. Legal setback distances by state.
State
Texas
Pennsylvania
Colorado

Minimum setback distance from
buildings without variance
200 ft
500 ft
500 ft (1,000 ft high occupancy)
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or health of workers (U.S. Department of
Labor 2015). A Minimal Risk Level of
0.07 ppm has been recommended by
the ATSDR for acute-d uration inhalation
exposure to hydrogen sulfide, and a Minimal
Risk Level of 0.02 ppm has been derived for
intermediate-duration inhalation. Death has
occurred after acute exposure to high concentrations (≥ 500 ppm) of hydrogen sulfide gas
(ATSDR 2014). Carbon disulfide is another
sulfide compound with neurotoxicological
properties. OSHA 15-min exposure limit
is 36 mg/m3, and NIOSH 15-min limit is
30 mg/m3 (ATSDR 1996).

Blowouts and Evacuations
Within the Barnett Shale between 1997
and 2006, there were 18 well blowouts—14
blowouts in Wise County and 4 in Denton
County (Nguyen 2010). Since 2006, 16
blowouts have been reported by operators
(RRC 2015b). A blowout in 2002 forced
the evacuation of 30 homes in Haslet, TX
(Nguyen 2010). In December 2005, an
operator lost control of a Barnett Shale gas
well in Palo Pinto County. The ensuing
explosion blew a 750-ft-wide crater in the
ground, and the fire burned uncontrollably for several days (Heinkel-Wolfe 2013;
Nguyen 2010). On 22 April 2006, a blowout
in Fort Worth required evacuation of 500
homes in a ½-mi radius. One worker was
killed (Korosec 2006; Nguyen 2010). On
19 April 2013, a gas well blowout required
evacuation of four homes and diversion of
flights from the Denton Enterprise Airport
(Heinkel-Wolfe 2013). On 11 April 2015,
uncontrolled pressurized flowback required
the evacuation of 100 homes and an evacuation zone of ⅛ mi (Arlington Voice 2015).
On 7 May, lightning struck a gas well in
Denton, resulting in an explosion and fire.
No evacuation was ordered, but residents selfevacuated due to overwhelming smoke and
fumes (Sakelaris 2015).
In June of 2010, a blowout in the
Marcellus Shale of Clearfield County,
Pennsylvania, spewed gas and drilling fluid
75 ft into the air, requiring closure of roads
and a no-fly zone over the area. No evacuations were needed as there were no homes
within 1 mi (Hurdle 2010; Nguyen
2010). On 7 June 2010, an explosion at a
Moundsville, West Virginia, Marcellus
shale well required burn unit hospitalization
for seven people and closure of a highway
(Nguyen 2010; Templeton and Hopey 2010).
In April of 2011, a well blowout in Bradford
County required evacuation of seven families
(Casselman 2011). In June of 2012, a blowout
in Tioga County required a 1-mi evacuation
zone, with contingent plans for a 2-mi zone
in case the well could not be brought under
control (Detrow 2012). In March of 2013,

1326

a blowout in Wyoming County required a
1,500 ft evacuation zone and evacuation of
three families (Legere 2013). On 11 February
2014, three gas wells exploded at a gas well site
in Dunkard Township, Green County, Pa.
The fire burned for 5 days, and well control
was not regained until 2 weeks after the explosion. The accident killed one gas well worker
and injured another. A ½-mi safety perimeter
was established around the pad (RKR Hess
2014). At this rural site, no homes or businesses required evacuation (Santoni 2014). In
September 2014, a blowout in Mercer County
caused an evacuation of homes within a 1-mi
radius of the well pad (CBS Pittsburgh 2014).
In October 2014, a well rupture in adjacent
Jefferson County, Ohio, Marcellus required
evacuation of 400 families (Arenschield 2014).
In April of 2012, the operator lost
control of a gas well in the Niobrara Shale of
Wyoming, requiring evacuation of 67 residents within a 2.5 mi radius (Gebrekidan and
Schneyer 2012).

In the report by the Fort Worth League
of Neighborhoods (2011) described in the
Methods section, various sulfur compounds
were detected at extremely high levels. The
neurotoxin carbon disulfide was found at
levels 300 times the norm for ambient urban
air. Based on the testing results, dispersion
modeling was performed for a drill site near
an elementary school. The carbon disulfide
plume extended 1 mi from the source; the full
extent of plume was in excess of 2 mi. The
model predicted up to 1,000 times the short
term health benchmark for carbon disulfide,
based on OSHA and NIOSH adult shortterm exposure regulatory and recommended
limits (ATSDR 1996). A second model on
carbonyl sulfide was performed based on a
site near three elementary schools and one
high school. The plume extended in excess of
1 mi, with levels six times the health benchmark for carbonyl sulfide (Fort Worth League
of Neighborhoods 2011).

Thermal Modeling

Within the Barnett Shale, air quality
canister sampling identified 70 individual
volatile organic compounds in the vicinity
of gas wells and associated transport operation. The most abundant non-methane
VOCs, accounting for approximately 90%
of emissions, were ethane, propane, butane,
and pentanes (Kibble et al. 2013). In 2009,
TCEQ used infrared cameras to survey 94
natural gas sites in the Dallas-Fort Worth
area in order to identify potential sources of
emissions (Whiteley and Doty 2010). Air
samples were collected at 73 of the sites; at
21 of those sites, benzene levels exceeded the
U.S. EPA level for long-term health effects
(ATSDR 2007), and 2 sites required immediate action for benzene levels high enough
to pose an immediate threat to health and
safety (Ethridge 2010). In 2010, testing by
TCEQ confirmed that toluene and carbon
disulfide, in addition to other chemicals, were
being emitted by gas facilities in the Barnett
Shale. Their report concluded that “gas
production facilities can, and in some cases
do, emit contaminants in amounts that could
be deemed unsafe” and that “35 chemicals
were detected above appropriate short term
comparisons” (TCEQ 2010; Fort Worth
League of Neighborhoods 2011).
In a community-based study in
Susquehanna County, Pennsylvania, 25% of
grab samples from well pads and associated
infrastructure contained benzene levels that
exceeded the 1/100,000 U.S. EPA cancer risk
level (Macey et al. 2014; U.S. EPA 2015c).
McCawley, working for the West Virginia
Department of Environmental Protection in
May 2013, obtained air samples 625 ft from
the well pad center at seven unconventional
drilling sites in the West Virginia Marcellus,

Damage from well-pad fires is a function of
time and energy flux intensity and, in general,
damage increases the longer a fire burns. In
addition, the interval between blowout and
gas ignition can affect the size of the resulting
fireball and the extent of explosive damage. At
a well site, if the combustion process occurs
in the open air, the gas will burn at a constant
pressure, allowing the gas to expand during
the process (Arrington 2014). The risks to
people and objects outside a vapor cloud fire
arise primarily from radiant heat emitted by
the fire (Raj 2007).
Applying the Stefan-Boltzmann Law to a
typical gas well as described in the Methods
section, at 500 ft the thermal exposure would
be 2.98 kW/m2; at 350 ft the thermal exposure
would be 6 kW/m2 (Arrington 2014).

Vapor Dispersion
Measurements of H2S in four core counties in
the Barnett Shale showed that 8.0% of wells
had hydrogen sulfide concentrations > 4.7 ppb
(0.0047 ppm) beyond the fence line (Eapi
et al. 2014). PA DEP has designated 19 wells
as “Special Caution Areas” due to elevated
levels of H2S encountered during drilling,
defined as > 20 ppm (PA DEP 2014b),
which is above the 15-min OSHA ceiling
limit (U.S. Department of Labor 2015). In a
community–based grab sample study, one in
five samples in Colorado contained H2S that
exceeded ATSDR intermediate minimal risk
levels (Macey et al. 2014).
PIR calculations presented in the U.S.
DOT report resulted in a hydrogen sulfide
toxic gas cloud radius of 0.27 mi (1,426 ft)
for urban conditions and 0.37 mi (1,954 ft)
for rural conditions (U.S. DOT 2005).
volume

Air Pollution
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specifically for the purpose of determining
if the 625 ft setback established for West
Virginia was adequate to protect public health
(McCawley 2013). Five of the sites were
locations of active drilling and completion
activities, and two sites involved only site
preparation work. There were 22 data points
provided, 15 of which came from the five
active sites, and 7 of which came from the two
well-pad preparation sites, all located 625 ft
away from the well pad center. Benzene was
found at the highest concentration of any of
the VOCs, although toluene was the single
VOC found most frequently (Figure 1)
(McCawley 2015). Benzene levels exceeded
the ATSDR minimum risk level for acute
exposure-9 ppb (28.7 μg/m3) for exposure of
14 days or less—in 5 out of 15 samples, and
at 3 out of the 5 active drilling sites. The two
highest benzene values, 85 ppb (270 μg/m3)
and 49 ppb (160 μg/m3), were found at a
single site during hydraulic fracturing and
flowback activities. Well-pad preparation was
not associated with elevated benzene levels
(McCawley 2013).
In Colorado, daily air samples collected
by the National Oceanic and Atmospheric
Administration Boulder Atmospheric
Observatory revealed that oil and gas activities, including shale gas extraction, were
strongly associated with alkane and benzene
levels in the atmosphere (Pétron et al. 2012).
McKenzie et al. (2012) performed a health
risk assessment by analyzing samples collected
by the Garfield County Department of Public
Health and Antero Resources. In 2008, the
Garfield County Department of Public Health
collected ambient air well completion samples,
including emissions from both uncontrolled
flowback and supporting completion equipment such as trucks and generators. Samples
were taken 130–500 ft from the well pad.
In 2010, Antero Resources Inc. collected
ambient air samples 350 and 500 ft from the
well pad center during completion activities. No other hydrocarbon sources were in
the vicinity of the sampling locations. These
samples were compared with 163 samples
taken from a fixed monitor in a rural natural
gas development area 2,500 ft away from
the nearest well pad. The median air level of
benzene in the well completion samples was
2.6 μg/m3 (0.82 ppb), which is below level of
concern, but benzene samples were found to
be highly variable: the 95% level of benzene
was 20 μg/m3 (6.26 ppb), which is right at the
6 ppb Minimal Risk Level for intermediate
exposure (ATSDR 2007), and the maximum
benzene level was 69 μg/m3 (21.6 ppb), which
is more than twice the 9 ppb minimal risk
level for acute exposure (ATSDR 2007). The
benzene levels in the natural gas development area, by contrast, never reached levels
of concern for health impacts. Residents
Environmental Health Perspectives •
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living within ½ mi of an unconventional gas
well were found to have an increased risk of
neurological and respiratory health effects than
residents living greater than ½ mi away. The
risk of cancer was increased in these residents
as well, with benzene and ethylbenzene as the
primary hydrocarbon contributors (McKenzie
et al. 2012).

Discussion
In the 155 years since the first modern oil
well was drilled in Pennsylvania, technology has evolved from the spring pole to
modern rotary rigs that can drill miles into
the earth (American Oil & Gas Historical
Society 2015). The more recent technological
advancement of horizontal hydraulic fracturing has changed the landscape of gas and
oil production.
Natural gas has the potential for a smaller
carbon footprint than historical fossil fuel
sources; for instance, there are substantially
lower emissions of nitrous oxides and carbon
dioxide per Btu of energy produced compared
to coal (U.S. EIA 2015). As a result of the
ability to access unconventional formations, the United States is less dependent on
foreign natural gas; the United States has now
surpassed Russia as the world’s largest natural
gas producer (Ratner and Tiemann 2015).
While the influx of wells and related natural
gas infrastructure has advanced the economics
of some individuals and communities (API
2014), questions remain about public health
and safety when a heavy industrial process is
placed close to the public. The consequence
of these concerns is that public support for
hydraulic fracturing is declining, and the
industry realizes the need to minimize risks to
communities and the environment (Dittrick
2015). Setbacks are an attempt to address this
need. Our paper attempts to address whether
the current setback laws in three heavily
drilled states within the Barnett, Marcellus,
and Niobrara shale plays are sufficient to
protect public health and safety.
The majority of setback distances in
the areas we studied are not derived from
peer-reviewed data, data driven analysis,
or historical events (Fry 2013)—they are a
compromise between governments, the regulated community, environmental and citizen
interest groups, and landowners (COGCC
2013). In part to address the issue of setbacks,
the University of Maryland School of Public
Health performed an in-depth analysis of the
current data, and prepared a report for the
Maryland Department of the Environment
and the Department of Health & Mental
Hygiene. The authors recommended a
minimum setback distance of 2,000 ft from
well pads (Maryland Institute for Applied
Environmental Health 2014). Also in 2014,
the New York State Department of Health
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(NY DOH) published the results of a Public
Health Review process. In preparing the
report, the NY DOH reviewed and evaluated scientific literature, obtained input from
outside public health expert consultants,
engaged in field visits and discussions with
health and environmental authorities in
states with hydraulic fracturing activity, and
communicated with multiple local, state,
federal, international, academic, environmental, and public health stakeholders. The
DOH report concluded that hydraulic fracturing activity has resulted in environmental
impacts that are potentially adverse to public
health (NY DOH 2014). As a result of this
study, the Concerned Health Professionals of
New York recommended a moratorium on
hydraulic fracturing in New York State until
it could be determined whether the potential
risks could be managed (Concerned Health
Professionals of New York 2014); the state
subsequently banned the practice altogether
(Klopott 2015). Citing similar concerns
of environmental contamination, some
countries, including France, Bulgaria, and
Scotland have current bans and moratoria on
hydraulic fracturing (Patel 2015).
In the geographic areas we studied,
the most common setback distances from
buildings were 300 and 500 ft with a range
of 150–1,500 ft. Based on historical catastrophic events, thermal modeling, vapor
cloud modeling, and air pollution data, these
distances do not appear sufficient to protect
public health and safety. We address each of
these subsections below.

Blowouts and Evacuations/
Thermal Modeling
Blowouts can cause drill pipe, mud, cement,
fracking fluids, and produced water (water
that has been used in the hydraulic fracturing process) to be ejected from the bore
and expelled at high pressure. These drilling

Figure 1. Distribution of chemical species of VOCs
around Marcellus Shale drill sites.
Michael McCawley. Air Contaminants Associated with
Potential Respiratory Effects from Unconventional
Resource Development Activities. Seminars in Respiratory
and Critical Care Med 2015;36:379–387, Thieme Publishers,
www.thieme.com (printed by permission).
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materials can be followed by production
waters, gases and/or petroleum. Gas well
blowouts can be very dangerous since a spark
can set off an explosion (Nguyen 2010).
Fires can involve other equipment on the
well pad, releasing additional fumes, smoke,
and volatiles (Arrington 2014). If members
of the public are located in the vicinity,
evacuations may be required, with a safety
perimeter established around the well (Wild
Well Control, Inc., and Travelers Indemnity
Company 2012). Historical data indicate that
blowout frequency is approximately 1 per
10,000 wells (OGP 2010). Published data
from the Marcellus Shale indicates a blowout
risk of 0.17%, with a well barrier or integrity
failure rate of 6.3% for the years 2005–2013
(Davies et al. 2014); this is consistent with
the historical numbers. Well blowout preventers are intended to control the internal well
pressure; however, these blowout preventers
are not failsafe (Nguyen 2010).
The Federal Emergency Management
Agency (FEMA) Emergency Management
Institute provides recommendations for emergency planning and response (Appendix 1)
(FEMA 2015). During a level 3 event within
the suburban setting, special consideration
must be given to gas plume concentration/
dispersion, smoke, hydrogen sulfide gas,
explosions, heat radiation, and effects on
buildings, homes, power lines, and nearby
well and gas pipelines. Once the decision to
evacuate is made, it should be done quickly
and efficiently, with ongoing communication and assistance to evacuees (Wild Well
Control, Inc., and Travelers Indemnity
Company 2012). Based on thermal modeling,
at 500 ft, the thermal exposure to those evacuating would be below the NFPA standard
of 5 kW/m2 (NFPA 2015). 2.7 kW/m2 at
500 ft is what firefighters encounter and up to
second degree burns will occur after 30 min
or less of unprotected exposure, as indicated
by sunburn type at 1.4 kW/m 2 at 30 min
(Arrington 2014). API proposes a level of
6.3 kW/m2 for situations in which emergency
actions lasting up to 30 sec may be required
by people without shielding but wearing
clothing (API 2007). At the common Texas
setback distance of 300 ft and the Colorado
outdoor recreational distance of 350 ft, based
on the calculation of radiant heat flux, second
degree burn blisters would be expected to
form after approximately 16 sec and 22 sec,
respectively (Figure 2).
In the evacuation data we collected, the
average evacuation zone was 0.8 mi (range
of 660–13,200 ft) and the average number
of homes/families displaced was 149 (range
of 3–500 per event). Two incidents required
aircraft diversion, one in the Barnett Shale
(Heinkel-Wolfe 2013) and one in the
Marcellus Shale (Nguyen 2010). An explosion
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in the Barnett Shale produced a 750 ft
burn crater (Heinkel-Wolfe 2013; Nguyen
2010). The sizes of the evacuation zones,
the number of families displaced, and the
presence of a measurable burn crater, along
with the thermal modeling data above, raise
several questions: Does current unconventional gas well preplanning take into account
a) the number of people to be evacuated
from an area, b) the time it would take to
evacuate, and c) the route needed for evacuation? Unfortunately, this does not appear
to uniformly be the case. Wolverton (2010)
published an Applied Research Project for the
city of Shreveport, Louisiana, focusing on the
hazards, challenges, and concerns regarding
emergency response and public safety in
relation to natural gas wells. For this study, a
literature review was performed through the
National Fire Academy’s Learning Resource
Center (U.S. Fire Administration 2016),
search engines from the web, and published
articles. Wolverton concluded that there was
minimal research done on the topic of emergency response preplanning. In the Barnett
shale area, some individual municipalities and
gas companies develop and mail brochures
to residents near gas wells, but this is not a
uniform practice. Among the major challenges
to responding to gas well hazards, Wolverton
identified a lack of preplanning, inadequate
resources, proximity to high-occupancy facilities, size of fires, and lack of training and
equipment (Wolverton 2010).
During a level 3 event involving a gas well,
officials should have a clear plan of notification, transportation, and evacuation routes
for high-occupancy buildings. The COGCC
appears to be considering this concept
with the increased setback requirement for

high-occupancy buildings, including schools
(COGCC 2013). School evacuation protocols
vary among states and districts; in general,
in ideal circumstances, a fire drill evacuation is accomplished in several minutes. In
an actual emergency, however, the evacuation time may be longer. For instance, after
a school shooting in Connecticut, once the
shelter in place was lifted, it took over 30 min
to evacuate Sandy Hook Elementary School
(Connecticut State Police 2013). Historical
evacuation data, as well as the potential for
thermal injury during an evacuation, should
be taken into consideration when planning the
location of a well.

Air Pollution/Vapor Dispersion
With variable frequency, benzene levels are
elevated at multiple locations in close proximity to some gas development sites (Epstein
2016). This is not unexpected, considering
that benzene occurs naturally in crude petroleum in levels up to 4 g/L (WHO 2010). At
issue is that the frequency of elevated levels
is sufficient to present a public health risk.
Benzene is released from a number of natural
gas extraction processes, and has the potential
for adverse human health outcomes through
inhalation exposure (Finkel et al. 2013).
In 2014, Bunch et al. (2014) published
results of air monitoring from 4.6 million data
points (representing data from seven monitors
at six locations). Using a qualitative risk-based
approach, the authors concluded that shale
gas production activities have not resulted in
exposures to VOCs, including benzene, at
levels that would pose a health concern (Bunch
et al. 2014). As discussed previously in this
paper, however, other air monitoring studies
have found benzene exceeding recommended

Figure 2. Range of experimental data on skin pain and skin burns and correlations of time for injury vs.
incident radiant flux. (From Raj PK. A review of the criteria for people exposure to radiant heat flux from
fires. J Hazard Mater 2008;159:61–71, with permission from Elsevier.)
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health-based risk levels (McCawley 2013;
McKenzie et al. 2012). Also notable is that
multiple studies have found an association
between proximity to natural gas well sites and
adverse health outcomes, including congenital
defects (McKenzie et al. 2014), decreased
birth weight (Stacy et al. 2015), and increased
hospitalization rates (Jemielita et al. 2015).
These findings lend weight to the possibility
that pollution from shale gas activities could
potentially precipitate adverse health effects.
Hydrogen sulfide modeling has shown
toxic gas cloud dispersion beyond even the
most generous setback in our states of interest
(U.S. DOT 2005). Dispersion modeling has
also shown carbon dioxide and carbonyl sulfide
plumes extending in excess of 1 mi from drill
sites (Fort Worth League of Neighborhoods
2011). H 2 S has an odor threshold of
0.01–1.5 ppm, whereupon people will begin
to notice the unpleasant characteristic “rotten
egg” smell. The odor becomes offensive at
3–5 ppm (U.S. Department of Labor 2015).
Levels at which odor can be detected have been
associated with mucosal irritation, respiratory
symptoms, and need for anti-asthma drugs
(ATSDR 2014). In a controlled setting, adults
exposed to a range of H2S from 0.05 to 5 ppm
experienced anxiety and compromised verbal
learning performance (Fiedler et al. 2008).
At the basic science level, laboratory studies
have shown genotoxicity and DNA damage
from H2S. Odor exposure is also associated
with negative mood, stress, and annoyance
for those living near H2S-producing facilities
(ATSDR 2014). Combined with the VOCs,
this produces a potentially new set of exposures, possibly at distances of 2 km, which
have not yet been well characterized nor well
studied for their accompanying health effects.
For example, there are recurring reports of
nose bleeds and a metallic taste in populations living near drilling activity (McCawley
2015). A survey-based ambient health effects
study showed that prevalence of dermal and
respiratory complaints increased with proximity to drilling activities (Rabinowitz et al.
2015) (Table 3).
Air pollution from inadequate setbacks
is of particular concern for vulnerable populations. The economically disadvantaged,
people > 65 years old, and younger people
with disabilities are most likely to have
chronic health conditions which require institutional care (American Hospital Association
2011). In Pennsylvania, those living below
the poverty line are significantly more likely
to be exposed to pollution from unconventional gas wells (Ogneva-Himmelberger and
Huang 2015). Children are a group that
deserves special consideration, as physical
vulnerabilities increase children and youth’s
susceptibility to illnesses, including asthma
and other respiratory ailments (USDA 2012).
Environmental Health Perspectives •
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Children are also more vulnerable to pollutants by nature of their developmental status
(Pediatric Environmental Health Specialty
Units 2011). These facts bring into particular
question the wisdom of granting permits for
unconventional gas wells in close proximity
to schools and health care facilities, where a
significant number of vulnerable individuals
would be expected to be located.
With regard to air pollution associated
with hydraulic fracturing, current setbacks do
not appear to be fully protective. Although
appropriately set distances may provide some
measure of safety, setbacks do not necessarily reduce risk associated with potentially
hazardous air emissions. Not all emissions
emanate from the point of drilling and many
may originate from distances as far away
from the well pad as the setback distance
itself, or even beyond. For example, when
measured at the same setback distance for
all the processes in an active drilling operation in the West Virginia study, the benzene
concentration fluctuated substantially due to
the proximity of the source to the setback
distance (McCawley 2013). At the highest
concentration, the source (a flare) was immediately adjacent to the samplers, even though
the samplers were 625 ft from the center of
the well pad. In this scenario, a setback does
nothing to control the location or strength of
the multiple possible sources at a well site and
so it cannot be considered a control at all.
Given the advantages of domestic natural
gas development, the question arises as to
whether the risks of hydraulic fracturing are
acceptable, particularly in close proximity to
the public. There are many accepted definitions and permutations of acceptable risk,
depending on one’s point of view. From a
business standpoint, acceptable risk is generally considered to be injury or loss from an
industrial process that is considered tolerable
by a society in view of the political, social, and
economic cost-benefit analysis. From a scientific standpoint, the Precautionary Principle,
which is endorsed by multiple national and
international agencies, states that in cases of
serious or irreversible threats to the health
of humans or ecosystems, acknowledged
scientific uncertainty should not be used as
a reason to postpone preventive measures
(WHO 2004). The U.S. EPA calculates both
non-cancer and cancer risks from chemical
exposure. Non-cancer risk is calculated by
comparing the estimated daily intake of the
chemical over a specific time period with the
reference dose for that chemical derived for

a similar period of exposure. Cancer risk is
the probability that an exposed individual
will develop cancer due to that exposure by
age 70. For each chemical of concern, this
value is calculated from the daily intake of
the chemical from the site averaged over a
lifetime, including a slope factor. In general,
the U.S. EPA considers excess cancer risks
that are below about 1 chance in 1,000,000
to be so small as to be negligible, and risks
above 1 in 10,000 to be sufficiently large that
some sort of remediation is preferred. The
level of total cancer risk that is of concern,
however, is a matter of personal, community,
and regulatory judgment (U.S. EPA 2015c).
Our findings represent an important case
study for the science of risk assessment and
public policy decisions of risk management.
In the United States, risk management strategies for gas development vary widely by state,
including acceptance of large-scale development (Texas, Pennsylvania, Colorado); more
cautious consideration with extended controls
and protections (Maryland); and outright
bans (New York). The question remains as
to whether society will continue to accept
the level of risk associated with shale gas
development given its potential benefits.
There are at least some additional actions
to help to mitigate risk. The report by
Wolverton (2010) highlighted the need for
comprehensive planning prior to drilling. For
detection of air pollution, air monitors could
be placed at sensitive locations, and the sites
connected to a central monitoring station by
cellular phone or Wi-Fi to record air emission
levels 24 hr a day. When the desired levels are
exceeded, engineers would investigate to seek
the source and report not only the cause, but
also the steps taken to prevent a recurrence.
Monitoring of all pertinent hazards could be
considered for future regulations in conjunction with setbacks (Ziemkiewicz et al. 2014).
In addition, the standard method of measuring
air quality, using periodic 24-hr averages, does
not accurately reflect the intensity, frequency
or duration of meaningful exposure to the
pollutants associated with the hydraulic fracturing process (Brown et al. 2014). Another
factor to consider is well density. Risk calculations for environmental hazards are often
based on measurements from a single source
(U.S. EPA 2015a). In today’s hydraulic fracturing environment, however, public exposure
can come from multiple sources–either from
multiwell pads or single well pads in proximity
to one another. Simultaneous operations can
introduce multiple hazards carrying additional

Table 3. Prevalences of reported respiratory disease in areas near drill sites (Rabinowitz et al. 2015).
Respiratory symptoms
Upper respiratory [n (%)]
Lower respiratory [n (%)]
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< 1 km (N = 150)

1–2 km (N = 150)

> 2 km (N = 192)

58 (39)
29 (19)

46 (31)
29 (19)

35 (18)
27 (14)
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risks (Boquist 2014). Applying accurate and
comprehensive measurement techniques, along
with mitigation factors, could allow selection
of a setback based on the level of control exercised and maintained rather than on arbitrary
distances set by legislative compromise.

Limitations
Our present study has some limitations.
There are over 20 shale plays in the lower 48
United States (U.S. EIA 2011a); by confining
our study to 3 shale plays, the scope of data
was narrowed. We also limited our study to
well sites. Excluding pipelines limited data on
explosions and evacuations (Riordan Seville
2014), and excluding compressor stations
restricted air pollution results (Shogren
2011). An inclusive study of the outcomes
outlined in this study would include the wells
and the potential contribution from necessary
accompanying infrastructure.
Some of the evacuation data and noise
complaint cases were gathered from media
reports, which can introduce reporting errors
and/or bias. Whenever possible, we evaluated information from multiple sources to
determine consistency. Not all well blowouts
required evacuations or had evacuation data
available; for our analysis, we focused on
those blowouts for which we could report
an evacuation distance and/or number of
families displaced.
Our air pollution analysis is by no means
comprehensive. In the past several years, more
data have emerged regarding air pollution
related to hydraulic fracturing. Studies have
varied in methods of collection and analysis;
however, multiple studies show air pollutants at levels which raise health concerns
(Shonkoff et al. 2014). We focused on those
studies which raised concern regarding
benzene and H2S levels; a more thorough
air pollution analysis would include nitrogen
oxides, ozone, particulate matter, and the

spectrum of VOCs (Shonkoff et al. 2014).
In addition, benzene levels are characterized by high variability, which can result in
inconsistencies within and between studies.
Compounding the difficulty is the fact that
air pollution varies widely, and there is an
unmet need to study the episodic nature of air
pollutant emissions.
Our thermal modeling was based on an
average gas well. At each site, it is crucial
to take into account the local geography,
weather patterns, engineering specifics of each
particular well, and nearby structures, which
was not feasible for the purposes of this study.

Conclusion
Current natural gas well setbacks in the
Barnett Shale of Texas, the Marcellus Shale
of Pennsylvania, and the Niobrara Shale
of Colorado cannot be considered sufficient in all cases to protect public health
and safety. Based on historical evacuations
and thermal modeling, people within these
setback distances are potentially vulnerable
to thermal injury during a well blowout.
According to air measurements and vapor
dispersion modeling, the same populations are
susceptible to benzene and hydrogen sulfide
exposure above health-based risk levels. Texas,
Pennsylvania, and Colorado should consider
adopting more generous setback distances,
particularly in reference to vulnerable populations; however, distance is not an absolute
measure of protection. Unfortunately, there is
no defined setback distance that assures safety.
As mitigation technology advances, current
setback distances may eventually be sufficient
to protect the public. Unfortunately, current
mitigations are not fail-safe, and each has its
limitations (U.S. Forest Service 2011). The
results of our analysis based on three states
suggest that assuming the threat posed to
health originates from either the center of the
drill pad or some small distance surrounding

Appendix 1. FEMA EMI recommendations for emergency planning and response (FEMA 2015).
Emergency planners should anticipate both active and passive resistance to the planning process and develop
strategies to manage these obstacles.
Preimpact planning should address all hazards to which the community is exposed.
Preimpact planning should elicit participation, commitment, and clearly defined agreement among all response
organizations.
Preimpact planning should be based upon accurate assumptions about the threat, typical human behavior in
disasters, and likely support from external sources such as state and federal agencies.
EOPs should identify the types of emergency response actions that are most likely to be appropriate, but
encourage improvisation based on continuing emergency assessment.
Emergency planning should address the linkage of emergency response to disaster recovery and hazard
mitigation.
Preimpact planning should provide for training and evaluating the emergency response organization at all
levels—individual, team, department, and community.
Emergency planning should be recognized as a continuing process.
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it requires reevaluation. A combination
of a reasonable setback with accompanying
controls on all aspects of the process is the best
method for reducing the potential threats to
public health.
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Deadly house explosion in Colorado traced to uncapped pipe
from gas well

Heavy equipment moves debris from the site of a house explosion April 17 in Firestone, Colo., which killed two people.
(David Kelly / For The Times)
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Reporting from Frederick, Colo. — An abandoned natural gas line that had been cut but

not capped caused an explosion last month that destroyed a home, killed two people
and critically injured another in Colorado, investigators said Tuesday.
“It was an unusual and tragic set of circumstances,” said Ted Poszywak, chief of the
Frederick-Firestone Fire Protection District, which led the investigation.
The one-inch pipeline, extending from a nearby gas well owned by Anadarko Petroleum
Co., was buried 7 feet underground and 6 feet from the foundation of the house owned
by Mark and Erin Martinez in Firestone, 25 miles north of Denver.
Poszywak said he didn’t “have all the facts” about how the line was cut or even who
owned it. Though Anadarko owns the well, drilled in 1993, it is unclear whether it is also
responsible for the abandoned line.
The pipe leaked unrefined natural gas that was undetectable because odorants — often
added to gas to signal leaks — were not used. Propane and methane leached through the
soil, entering the home through a French drain and sump pump before accumulating
enough to become explosive, investigators said.
Sometime around 4:45 p.m. on April 17, Mark Martinez and his brother-in-law Joey
Irwin, both 42, were working on a water heater in the basement when a huge explosion
leveled the home, killing both men and badly burning Erin Martinez. The ignition
source is still unknown. In response, Anadarko shut down 3,000 vertical gas wells
across northern Colorado out of what the company called “an abundance of caution.”
“The origin of the explosion was non-odorized gas from a gas line,” Poszywak said. “The
fugitive gas came from a severed, uncapped line. The pipeline, not the wellhead, caused
the buildup of gas.”
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Poszywak said neither Martinez nor Irwin, both experienced handymen, were
responsible for the blast. When investigators found the leaking gas line, the valve was
switched to the “on” position, he said. A second line had been cut but properly capped.
Colorado Gov. John Hickenlooper, a Democrat, responded to the findings by ordering
oil and gas operators to inspect and pressure-test flow lines from all working and
abandoned natural gas wells within 1,000 feet of occupied buildings. He said all lines
not being used must be marked and capped. Abandoned lines were ordered to be cut
below the surface and sealed.
Poszywak said that so far tests have not shown any additional gas in Firestone’s Oak
Meadows subdivision, where the explosion occurred.
The gas well is 178 feet from the Martinez home. Anadarko left it dormant through 2016
before restarting the well Jan. 28, investigators said.
Al Walker, Anadarko chairman, president and chief executive, said in a statement that
the company would continue to cooperate in the ongoing investigation “to ensure we
fully understand the basis for the fire district’s conclusions and that no stone is left
unturned prior to any final determinations.”
Anadarko is the largest oil and gas producer in Colorado.
Mark McDonald, of Boston-based NatGas, a consultant who is an expert in natural gas
explosions, called it “reckless to abandon a line without capping it.”
“There are regulations requiring abandoned lines to be secure,” he said. “Transmission
lines are not odorized because they are not usually up against someone’s home. But
when you have gas lines within 30 or 40 feet of a home you have to odorize the gas.
That’s the only way to protect yourself.”
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Rep. Jared Polis (D-Colo.) called the accident “avoidable.”
“What occurred in Firestone, while devastating, was predictable, because Colorado
sadly does not have adequate protections against dangerous oil and gas developments in
our neighborhoods,” he said. “The days where oil and gas profits are valued more than
Coloradans’ safety, property, and quality of life needs to end.”
Heather Sawlidi, 31, treasurer of the Oak Meadows Homeowners Assn., said Anadarko
had requested a meeting with her group’s board Tuesday.
“We are looking for an open dialogue,” she said. She worried that the accident has
permanently devalued homes in the neighborhood.
Kelly is a special correspondent.
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Well near Berthoud starts
spilling drilling mud 33 years
a er it was capped
Because it’s an “orphan” well, the state must cover
cleanup costs

https://www.denverpost.com/2017/10/31/well-near-berthoud-starts-spilling-drilling-mud-33-years-after-capped/

1/8

9/13/2020

Well near Berthoud starts spilling drilling mud 33 years after it was capped – The Denver Post

Jenny Sparks / Loveland Reporter-Herald

Crews on Monday work on an old well that had begun spilling drilling
mud on Sunday in the 2500 block of East Colo. 60 between U.S. 287
and Interstate 25 southeast of Loveland. The well was capped in 1984.
By PAMELA JOHNSON | Loveland Reporter-Herald
October 31, 2017 at 12:07 p.m.

19
Crews from private oil and gas companies helped mop about 300 barrels of
drilling mud that started bubbling from a long-abandoned well on private
property northeast of Berthoud on Sunday.
A person who lives on the property in the 2500 block of East Colorado 60
called the re department to report oil leaking from the well. By Monday,
state o cials had con rmed the muck was mostly drilling mud, which is a
material used in the drilling process.
Berthoud re crews and oil drilling companies that were working nearby
stopped the spill before it could spread from the long driveway onto the
highway. Extraction Oil & Gas Inc. and SRC Energy, both oil and gas
companies out of Denver, removed the drilling mud with vacuum trucks
and remained on site to remove any additional uids that may spill.
Neither of the companies is responsible for the well.
“Weʼre glad we had some guys in the area and were able to help out,” said
Brian Cain, spokesman for Extraction, referring all inquiries on the
incident to the Colorado Oil and Gas Conservation Commission.
The well, believed to have been drilled in the 1920s or 1930s, was capped
and abandoned in 1984. Because there is no current operator for the
“orphaned” well, the state oil and gas commission will be responsible for
again plugging the well, noted Todd Hartman, spokesman for the Colorado
Department of Natural Resources.
It is one of the 16,118 plugged and abandoned wells in Colorado.
To read more of this story go to reporterherald.com
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WHEN THE WELLS RUN DRY
Published — March 5, 2020

DESERTED OIL WELLS HAUNT LOS ANGELES WITH
TOXIC FUMES AND ENORMOUS CLEANUP COSTS
Rosalinda Morales and Danny Luna, board members of the neighborhood council in Los Angeles' Echo Park,
stand by equipment being used to plug orphaned oil wells at an apartment construction site. (Allen J. Schaben
/ Los Angeles Times)

Mark Olalde

Ryan Menezes

Reporter

The Los Angeles Times

This article is a partnership between the Center for Public Integrity and the Los
Angeles Times.

The Center for Public Integrity is a nonprofit newsroom that investigates betrayals of
public trust. Sign up to receive our stories.
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Thick oil was once so abundant beneath Southern California that it bubbled to the
surface, most famously at the La Brea Tar Pits.
But after more than a century of aggressive drilling by fossil fuel companies, most of
Los Angeles’ profitable oil is gone. What remains is a costly legacy: nearly 1,000 wells
across the city, in rich and poor neighborhoods, deserted by their owners and left to
the state to clean, according to a first-of-its-kind analysis of state records by the Los
Angeles Times and the Center for Public Integrity.
Few U.S. cities are punctured with such a concentration of old drilling sites, with tens
of thousands of residents living nearby, from Ladera Heights to Echo Park. If not
plugged and cleaned up, many of these orphaned wells will continue to expose
people to toxic gases, complicate redevelopment and pose rare but serious threats of
explosions. If the state were to tackle the cleanup, it would cost tens of millions of
dollars.

Oil derricks rise above homes in this 1923 photo of the city of Signal Hill in Los Angeles County.
(Aerograph Co. via the Library of Congress)

Yet despite regulatory powers that in some ways are stronger than the state’s, Los
Angeles has been slow and inconsistent in forcing the industry to take responsibility
for its leaky legacy, according to the Times/Public Integrity investigation.
Part of the problem is staffing.
Until recently, the city Fire Department was operating with one full-time well inspector,
resulting in sporadic enforcement.
The department issued notices of violations for extended inactivity to two companies
in 2009, then three in 2016, according to the results of a public records request.
Then, in 2018, the department inspected wells all across the city, handing out notices
to more companies covering dozens of wells.
https://publicintegrity.org/environment/wells-run-dry/deserted-oil-wells-haunt-los-angeles-with-toxic-fumes-and-enormous-cleanup-costs/
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Battalion Chief James Hayden, whose responsibilities include the Los Angeles Fire
Department’s oil and gas program, acknowledged that the city hadn’t provided
adequate oversight of the industry. But with a second full-time inspector added this
year and other employees trained to conduct additional inspections, he said, the
department will work to ensure that operators “adequately manage their idle wells.”
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Source: California Geologic Energy Management Division, Times/Public Integrity analysis

Even as it adds personnel, Los Angeles has been hesitant to use its full regulatory
authority, which allows the city to mandate that an oil or gas well either be restarted or
shuttered after it sits unused for a year.
Tidelands Oil Production Co. is one firm that has skirted such cleanups.
A subsidiary of drilling company California Resources Corp., Tidelands operates wells
in Wilmington, some of which have been idle since the 1990s. Although the city issued
violation notices in 2018, Tidelands neither restarted production nor plugged and
cleaned the wells.
Asked why, a CRC spokeswoman said by email that the company provided officials
with information about the status of its wells “and we understand that the City is
evaluating that information.” Hayden said Los Angeles lacks an appeals process for
companies cited for violations and has chosen to defer to less-stringent state
regulations.
Many neighbors of the city’s old drilling sites are frustrated and angered by what they
see as official indifference toward orphaned wells.

Read the other story in this series
WHEN THE WELLS RUN DRY
California’s multibillion-dollar problem: the toxic legacy of old
oil wells

READ

“What’s going to happen to them?” asked Danny Luna, who lives in Echo Park, where
hundreds of wells sit orphaned, many for more than a century. “Nobody’s taking
responsibility for them. … Are we going to be left with leaky faucets underground?”
In addition, Los Angeles has failed to consistently employ a full-time petroleum
administrator as city code requires. For decades, the position was unoccupied or filled
by part-time employees. In 2016, Mayor Eric Garcetti appointed Uduak-Joe Ntuk, who
helped initiate the spurt of oil and gas inspections.
https://publicintegrity.org/environment/wells-run-dry/deserted-oil-wells-haunt-los-angeles-with-toxic-fumes-and-enormous-cleanup-costs/
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Ntuk departed in late 2019 to run the state agency that regulates oil production, the
California Geologic Energy Management Division, or CalGEM. The city has yet to hire a
new petroleum regulator, relying on an interim administrator.
“It’s really about incompetence, playing games with politics,” said Michael Salman, a
UCLA professor who watchdogs oil and gas issues. “It’s about shortsightedness.”

‘WHERE ARE THE LEADERS?’

Oil wells operated by AllenCo sit adjacent to a special education high school, a day-care center,
an affordable housing apartment building and a university. (Kent Nishimura / Los Angeles Times)

As community groups press the city to force closure of old wells, they often are
countered by labor groups and the industry, which repeatedly have challenged Los
Angeles’ authority to go further than CalGEM.
The city’s handling of oil wells operated by AllenCo Energy Inc., a company that
services the oil and gas industry, is one major point of contention.

https://publicintegrity.org/environment/wells-run-dry/deserted-oil-wells-haunt-los-angeles-with-toxic-fumes-and-enormous-cleanup-costs/
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For years, residents near USC complained about toxic fumes wafting from the 21 wells
the company operates on land leased from the Roman Catholic Archdiocese of Los
Angeles, abutting a special education high school, a day-care center, an affordable
housing apartment building and Mount St. Mary’s University, Los Angeles.
The wells have sat idle and unplugged since November 2013, two months before the
city filed a civil enforcement action against AllenCo for health, fire and safety
violations.

Local regulations give city officials the authority to force wells to shut down, but
they’ve yet to use that power with AllenCo. Against the wishes of some community
members, the city settled with the company in 2016, giving AllenCo a tenuous path
back to production.
In 2018, Councilman Gil Cedillo proposed using a rarely exercised part of the Municipal
Code to cancel “oil drilling districts” that are no longer active. The AllenCo site was a

https://publicintegrity.org/environment/wells-run-dry/deserted-oil-wells-haunt-los-angeles-with-toxic-fumes-and-enormous-cleanup-costs/
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potential target, but that idea was shelved amid opposition from labor and oil industry
groups.
A City Council motion to direct agencies to further investigate AllenCo died in March
2019, the same month the city partially addressed the site by letting a lease expire on
at least three of the site’s 21 wells. In September, government inspectors found the
site was once again leaking, sending hazardous emissions into the neighborhood for
two weeks.
A Times/Public Integrity analysis found that about 800 people live within 600 feet of
AllenCo’s drill site, the distance identified by the petroleum administrator in a recent
report as the minimum needed to limit significant exposure to air pollutants. About
80% of residents there are Latino. More than half the neighborhood earns an annual
household income under $30,000.

Victoria Mercel and her family live in an apartment building across the street from AllenCo’s drill
site. (Kent Nishimura / Los Angeles Times)
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Victoria Mercel is one of those who have endured the fumes. A Mexican immigrant,
she moved her family into the apartment building across the street from AllenCo’s drill
site in 2004 after sleeping on the sidewalk to get an application for affordable
housing.
Even needing to fit seven people in the apartment, Mercel was ecstatic to have her
family finally settled, “but that happiness, that security didn’t last too long,” she said in
Spanish during a September interview. Mercel said her son was stricken with
nosebleeds and her husband with headaches, while she experienced nausea
potentially caused by the leaking gas.
Community activists continue to question whether the city’s 2016 settlement with
AllenCo was really all the city could do. City Attorney Mike Feuer argues that the
conditions of the settlement, including a $1.25 million fine, represented a win for Los
Angeles because the city didn’t have the legal footing at the time to shut down the
drill site.
Feuer said that in recent years city agencies are “finally coming to grips seriously with
the incompatibility” of drill sites and an urban environment. “The city hasn’t done
nearly enough about this issue historically,” he said.
AllenCo, which did not respond to requests for comment, has not committed to a
timeline for decommissioning the site, and a Nov. 8 inspection by the Fire Department
found that violations had not been corrected. The city attorney is reviewing the
department’s referral for further legal action against AllenCo.
The impasse frustrates Mercel.
“Where are the leaders that are supposed to be advocating for a better quality of life
for all?” she said. “I would also ask myself, ‘What is a factory doing in the middle of a
neighborhood?’”

AN EXPLOSIVE, COSTLY LEGACY
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Near downtown Los Angeles, a developer is building dozens of apartments in Echo Park on
property that contains deserted oil wells. (Allen J. Schaben / Los Angeles Times)

Statewide, 2,425 oil and gas wells are deserted and unplugged, a Times/Public
Integrity analysis found. More than half of these sites sit in Los Angeles County, mostly
between Dodger Stadium and Koreatown. They haven’t produced in at least eight
years — many for more than a century.
Until wells are properly cleaned and plugged, they pose a threat to communities and
the environment. Idled and deserted wells can waft fumes into homes, emit climatewarming methane, leak salty water into aquifers and drip oil.
Many of these wells were deserted decades ago, during the early chapters of
Southern California’s oil history.
Historically, “if a well dried or it didn’t produce anything, they’d throw a few logs down
it and walk away,” said state Sen. Hannah-Beth Jackson, a Santa Barbara Democrat
who has sponsored legislation addressing oil and gas cleanup. “And to this day we’ve
been experiencing the kind of seepage that’s occurred because they haven’t been
properly capped.”
https://publicintegrity.org/environment/wells-run-dry/deserted-oil-wells-haunt-los-angeles-with-toxic-fumes-and-enormous-cleanup-costs/
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Old wells also pose a risk of blowouts — and in extreme cases, explosions.
In January 2019, a 1930s-vintage oil well erupted in Marina del Rey, where a hotel was
under construction. No one was injured, but residents and pedestrians captured video
of oil, gas, drilling mud and other debris blasted into the sky.
In 1985, something ignited methane rising from a heavily drilled area near the La Brea
Tar Pits and Museum. The explosion blew up part of a Ross Dress for Less store,
injuring 23 people. Researchers never fully settled the debate about whether the
explosion was caused by naturally migrating gas or old wells. Still, the blast reflects
the dangers of a city underlain by about 5,200 historical oil and gas wells and miles of
associated pipelines.
Los Angeles sits atop “one of the most petroleum-dense basins on the planet,” said
Seth Shonkoff, executive director of the research group PSE Healthy Energy, adding
that old wells can act as conduits for gas. “Migration of methane and other
hydrocarbons creates explosion hazards, which oftentimes need to be mitigated in the
basements of houses and buildings.”
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A methane explosion in 1985 blew up part of a Ross Dress for Less in Los Angeles. (Los Angeles
Times)

Of the 2,425 deserted wells statewide, some were left derelict before California
started regulating the industry. In other cases, companies walked away from their
obligation to pay fees or cover cleanup costs.
According to CalGEM, 800 oil companies have dissolved over the years without
scheduling wells for cleanup or paying state fees.
“The issue of operators either going defunct without informing [the state] or simply
ignoring orders is a long-standing issue,” CalGEM spokesman Don Drysdale said in an
email. The agency would like to do “a full-blown audit,” he added, but does not have
the resources.
To prevent neighbors from getting stuck with leaky wells, Los Angeles requires that
drillers post bonds, which act like a security deposit to ensure that funds are available
for future cleanups. Industry officials contend these bonds, in addition to fees paid on
production, ensure there will be funds available for future cleanups, but independent
analysts have questioned that contention.
A 2018 city controller report found that Los Angeles’ existing bond requirements hadn’t
been updated since the 1940s and “appear to be inadequate and should be revisited.”
https://publicintegrity.org/environment/wells-run-dry/deserted-oil-wells-haunt-los-angeles-with-toxic-fumes-and-enormous-cleanup-costs/
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In a January report, the California Council on Science and Technology warned that,
aside from the deserted wells statewide, an additional roughly 70,000 idle and active
wells held by financially vulnerable businesses were in danger of becoming orphaned.
Decommissioning wells can be an expensive proposition, especially in dense urban
areas where costs can easily top $100,000 apiece. Such work involves plugging and
capping the shaft to avoid future leaks and removing any surface infrastructure.
In 2016, CalGEM was forced to plug two wells on Firmin Street in Echo Park after
persistent complaints from residents of leaking gas. The pair, a legacy of the 1,100
wells once part of the Los Angeles City Oil Field, cost the state $1.2 million to seal.
Plugging work itself can cause problems, including spills.
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Such was the case recently at Echo Park’s Toluca Street, where developer Aragon
Properties Ltd. is building dozens of apartments. As part of its development
agreement with the city, Aragon took on cleanup responsibilities for several deserted
wells on its property.
On Dec. 18, an oily fluid bubbled to the surface as a contractor worked on the wells. It
seeped through the wall of a nearby apartment, flowed into storm drains and stained
parked cars. In all, about 10 barrels of fluid emerged before the spill was contained.
Area residents Rosalinda Morales and Luna contacted state officials hours after the oil
started surfacing. Aragon, which had a duty to report the incident, never did,
https://publicintegrity.org/environment/wells-run-dry/deserted-oil-wells-haunt-los-angeles-with-toxic-fumes-and-enormous-cleanup-costs/

14/17

9/13/2020

Deserted oil wells haunt Los Angeles with toxic fumes and enormous cleanup costs – Center for Public Integrity

according to a notice of violation CalGEM issued in January. Aragon did not respond to
requests for comment.
For Luna and Morales, who grew up with the smell of petroleum and sulfur in the air,
the Aragon spill was the inevitable result of what they call cavalier city approval of new
development amid deserted oil wells.
Developers can’t take a “business as usual” approach on a property full of old wells,
Morales said.
She and Luna have made presentations to city and state officials, asking them to stop
greenlighting construction projects in the area until the wells can be cleaned up.
But with Los Angeles facing a housing crisis — and the state lacking funds to quickly
clean up old wells — city officials have yet to heed their plea.
In Southern California, small drilling companies are responsible for the vast majority of
orphaned wells. Many don’t set aside adequate funds for remediation, according to
the Times/Public Integrity investigation.
An example is Ample Resources Inc., which despite its name, has effectively walked
away from three of its 14 wells scattered about 15 miles northwest of Los Angeles amid
the scenic hills just south of Lake Piru, some of them on a ranch where thoroughbred
horses graze. According to the analysis, several of the company’s wells have been
idled so long that they are now legally orphaned.
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Ample Resources’ oil and gas tanks on a ranch 15 miles northwest of Los Angeles. (Mark Olalde /
Center for Public Integrity)

According to state records, Ample Resources ignored per barrel fees assessed on its
oil and gas production and disregarded an order from the state in March 2019 to plug
some of its wells. If CalGEM needs to step in and decommission the wells itself, all it
will have from the company is $20,000 in cleanup funds, much less than state law
requires from a small owner.
Reached several times by phone, Faith Pai, Ample Resources’ chief operating officer,
said the company was meeting with CalGEM. But she didn’t answer questions about
the violations, eventually asking for questions in writing. She also didn’t answer those.
A visit to the ranch found oil and gas tanks rusting off a dirt road in the forest. Some
parts had been stripped, and there was no sign of workers. Oil sat in several
uncovered buckets, bubbling.
This story was a partnership between the Los Angeles Times and the Center for
Public Integrity. It was reported and written by Mark Olalde of Public Integrity and
Ryan Menezes of The Times.
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October 2, 2020
VIA FEDERAL EXPRESS MAIL
Kern County Planning and Natural Resources Department
Attn: Cindi Hoover, Lead Planner
2700 “M” Street, Suite 100
Bakersfield, CA 93301
Re:

Supporting Materials for Supplemental Comments on the Draft Supplemental
Recirculated Environmental Impact Report for Revisions to Title 19-Kern County
Zoning Ordinance (2020-A) Focused on Oil and Gas Local Permitting (SCH #
2013081079)

Enclosed please find a thumb drive of materials submitted on behalf of Center for Biological
Diversity, Center on Race, Poverty & the Environment, Comité Progreso de Lamont, Comité de
Lost Hills en Acción, Committee for a Better Arvin, Committee for a Better Shafter, Earthjustice,
Greenfield Walking Group, Natural Resources Defense Council, and Sierra Club.
The enclosed materials are submitted in support of the supplemental comment letter that, on behalf
of the above-listed organizations, I emailed to Cindi Hoover (hooverc@kerncounty.com) and the
County Planning and Natural Resources Department (planning@kerncounty.com) on October 2,
2020.
The enclosed thumb drive includes a list of key references cited in the supplemental comment
letter dated October 2, 2020, along with the references themselves. These documents should be
considered and included in the county’s administrative record for this matter.
Some of the documents may be subject to copyright protection; the Kern County Planning and
Natural Resources Department may use them fairly but should be judicious about public
dissemination.
Please feel free to contact me should you have any questions or concerns.
Sincerely,

Deputy Managing Attorney
Earthjustice
50 California Street, Suite 500
San Francisco, CA 94111
T: 415.217.2010
cobrien@earthjustice.org
50 CALIFORNIA STREET, SUITE 500
T: 415.217.2000

F: 415.217.2040

SAN FRANCISCO, CA 94111

INFO@EARTHJUSTICE.ORG

WWW.EARTHJUSTICE.ORG

LIST OF SUPPORTING MATERIALS SUBMITTED

The documents listed below are cited in the October 2, 2020 supplemental
comment letter regarding the Draft Supplemental Recirculated Environmental
Impact Report for Revisions to Title 19-Kern County Zoning Ordinance (2020-A)
Focused on Oil and Gas Local Permitting (SCH # 2013081079) submitted by
Center for Biological Diversity, Center on Race, Poverty & the Environment,
Comité Progreso de Lamont, Comité de Lost Hills en Acción, Committee for a
Better Arvin, Committee for a Better Shafter, Earthjustice, Greenfield Walking
Group, Natural Resources Defense Council, and Sierra Club. Those documents
previously submitted in support of the above-referenced groups’ September 16,
2020 comment letter are designated as such. The remaining documents are
submitted on the enclosed thumb drive. These materials should be considered by
the Kern County Planning and Natural Resources Department and included in the
administrative record for the project.
For ease of reference, the materials are listed under the section heading from the
comments within which they are first cited.
NOTE: Some of the documents may be subject to copyright protection;
the Kern County Planning and Natural Resources Department may use them fairly but the
Department should be judicious about public dissemination.

INTRODUCTION
N/A
I.

Drilling in the County Disproportionately Affects Low-Income, Already OverBurdened, and Linguistically Isolated Hispanic/Latinx Community Members.

Kyle Ferrar, MPH, “Systematic Racism in Kern County Oil and Gas Permitting Ordinance”
(June 8, 2020)
II.

The Draft SREIR May Not Evade Evaluation of Oil and Gas Impacts by Relying on
Ecological Harm Caused by Livestock Grazing.

N/A
III.

The Draft SREIR Fails to Consider Evidence Showing Flaws in the San Joaquin
Valley’s Emission Reduction Credit Program.

Steinzor, Nadia and Baizel, Bruce, “Undeserved Credit,” Earthworks (Nov. 2018)
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Enforcement Division, California Air Resources Board, “Review of the San Joaquin Valley Air
Pollution Control District Emission Reduction Credit System” (June 2020)
Letter from Catherine Garoupa White et al. to Mary Nichols et al., “RE: CARB Enforcement
Division’s Review of the San Joaquin Valley Air Pollution Control District’s Emission
Reduction Credit Program” (June 25, 2020)
San Joaquin Valley Air Pollution Control District, “Emission Reduction Credit Program Public
Advisory Workgroup Kick-Off Meeting” (September 18, 2020)
IV.

The County Proposed Arbitrary, Inconsistent, and Unenforceable Setback
Requirements in the Proposed Ordinance and the Draft SREIR.

State of California Department of Justice, Office of the Attorney General, “Environmental
Justice at the Local and Regional Level - Legal Background” (July 10, 2012) (previously
submitted)
McKenzie, L.M., Blair, B.D., Hughes, J., Allshouse, W.B., Blake, N., Helmig, D., Milmoe, P.,
Halliday, H., Blake, D.R., Adgate, J.L. (2018). Ambient Non-Methane Hydrocarbon Levels
Along Colorado’s Northern Front Range: Acute and Chronic Health Risks. Environmental
Science & Technology (previously submitted)
Gonzalez, D.J.X., Sherris, A.R., Yang, W., Stevenson, D.K., Padula, A.M., Baiocchi, M.,
Burkee, M., Cullen, M.R., Shaw, G.M. (2020). Oil and gas production and spontaneous preterm
birth in the San Joaquin Valley, CA. Environmental Epidemiology, 4(4) (previously submitted)
Kyle Ferrar, MPH, “Recommendations for an EIR to Prioritize Kern County Frontline
Community” (Sept. 16, 2020) (previously submitted)
V.

The Draft SREIR Fails to Implement All Feasible Measures to Mitigate Greenhouse
Gas Impacts.
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Conclusion

N/A
ADDENDUM A: SETBACKS IN OTHER JURISDICTIONS
California
Cal. Code Regs., tit. 14, §§ 1720(a)(A), 1722(c), 1724.3
City of Arvin Mun. Code, tit. 17, ch. 17.46, § 17.46.022(A)(1), (A)(2), (C)
City of Carson Mun. Code, art. IX, ch. 5, § 9521(A)(1), (C)
Huntington Beach Mun. Code, tit. 15, ch. 15.20, § 15.20.030(D)
Los Angeles County Code, tit. 22, ch. 22.140, § 22.140.400(C)(3)
Orange County Code of Ordinances, tit. 7, div. 8, art. 1, § 7-8-34(a)(3)-(4)
Signal Hill Mun. Code, tit. 16, ch. 16.16, § 16.16.030(B)(5)
Ventura County 2040 General Plan (Sept. 2020) at p. 6-12
Colorado
2 Colo. Admin. Code,§404-1:604(a)(1), (a)(3), (a)(4) [Colorado’s Oil and Gas Conservation
Commission approved a preliminary final vote establishing new 2,000-foot setback rules for
drilling and fracking operations statewide, effective January 1, 2021]
Maryland
Md. Code, Environment, tit. 14, § 14-112(a)
New Mexico
Rio Arriba County Oil & Gas Ordinance, art. 6, § 6.2(D)
San Miguel County Ordinance No. 11-12-14-O&G, art. II, § 2124.12.1
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Santa Fe County Code of Ordinances, tit. 15, ch. 150, § 11.26.1(a)-(b)
North Dakota
N.D. Stats. § 38-08-05(2)
Oklahoma
Stillwater City Code, ch. 23, art. XXI, §§ 23-410.2, 23-410.6(A)(1)
Pennsylvania
Kennedy Township Zoning Ordinance, art. XIV, § 1501.3(a)
Penn Township Zoning Ordinance No. 912-2016, art. 4, §§ 190-202, 190-407(G)(6)
Texas
City of Arlington Code of Ordinances, Gas Drilling & Production ch., art. II, § 2.01; art. VII, §
7.01(B)(1)
City of Colleyville Code of Ordinances, ch. 3.1, § 3.1-145(D)(1)
City of Coppell Code of Ordinances, ch. 9, art. 9-26, § 9-26-14(A)(40)
City of Dallas Code of Ordinances, vol. III, ch. 51A, art. IV, § 51A-4.203(b)(3.2)(F)(ii)(aa), (ee)
City of Fort Worth Code of Ordinances, pt. II, ch. 15, art. II, div. V, § 15-36(a)
City of Mansfield Zoning Ordinance, § 7960(1)-(3)
Town of Flower Mound Code of Ordinances, pt. I, subpart A, ch. 34, art. VII, § 34-422(d)(1)
Wyoming
Wyo. Oil & Gas Conservation Com. Rules, ch. 1, § 2(gg); ch. 3, § 47(a)
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Kern County, California has approved at least 18,356 illegal permits to drill new and
rework existing oil and gas wells since 2015 (data updated May 18, 2020). In a
monumental decision in February of 2020, a California court ruled that a Kern County oil
and gas ordinance paid for and drafted by the oil industry violated the state’s foundational
environmental law. Kern County has failed to consider the environmental harms resulting
from oil and gas drilling, such as water supply and air quality problems, farmland
degradation, and increased noise, and communities have had enough.
Starting in 2015, Kern County used a local ordinance to fast-track the drilling of up to
72,000 new oil and gas wells over the next 25 years. The court’s recent decision allows the
existing 18,356 permits to remain valid, but blocked the county from issuing any more
permits after the end of April, 2020. This is an important victory for Kern County
communities, but the existing permits present a public health threat that regulators have
never adequately addressed.
To better understand the impacts of these illegal permits, and identify the communities
most impacted, FracTracker Alliance has conducted an environmental justice spatial
analysis based on the location of the permits. A map of the permits is found below in
Figure 1. shows that there are 18,356 “Drilling” and “Rework” permits issued in Kern
County since 2015, as well as the 1,304 permits located within 2,500’ of a sensitive
receptor, including hospitals, schools, daycares, and homes.
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Figure 1. Map of California Geologic Energy Management Division (CalGEM), formerly
the California Division of Oil, Gas, and Geothermal Resources (DOGGR), approved drilling
and rework permits, 2015-2019.

Ordinance
The ordinance, written by oil industry consultants, sidestepped state requirements for
environmental reviews or public notices, as required by the California Environmental
Quality Act (CEQA). It was used as a blanket environmental impact report (EIR), so that
the threats of specific projects need not be considered.
To pass the ordinance, the county used a flawed study to hide the immense harm caused by
oil and gas drilling and extraction. The appellate court that ruled against the ordinance
stated it was passed “despite its significant, adverse environmental impacts.” As a result,
the county allowed wells to be constructed next to people’s homes, schools, daycares, and
healthcare facilities.

Permitting Summary
FracTracker aggregated, cleaned, and compiled California Geologic Energy Management
Division’s (CalGEM) datasets of well permits. A breakdown of the statewide counts of
permit types is shown below in Table 1. The table shows that in 2019, permits to drill new
oil and gas wells made up about 34% of total permits. Over the course of the last five years,
statewide permits have been distributed pretty equally between drilling wells, reworking
wells to increase production (including re-drilling activities like deepening and
sidetracking wells), and plugging and abandoning wells.

Table 1. Breakdown of permit types issued by California Geologic Energy Management
Division (CalGEM), formerly the California Division of Oil, Gas, and Geothermal
Resources (DOGGR), 2015-2019.

The illegal Kern County ordinance took effect in 2015. Note the permit count increase from
2014 to 2015 in the graph in Figure 2 below. The data shows that Kern County permitting
counts increased in 2015 with the passage of the illegal ordinance. In 2016, a new statewide
rule (State Bill 4) took effect regulating hydraulic fracturing. Since most oil and gas drilling
2/7

in California was using hydraulic fracturing, permit numbers statewide, including in Kern,
fell drastically. Since 2016, permitting rates have been climbing back up to pre-2016 levels.
As of May 18, 2020, Kern County has already approved 1,310 new drilling permits, putting
Kern County on track to meet or exceed 2015 permit numbers.

Figure 2. Time Series of drilling permits issued by Kern County, California, 2014 to
present.

2015
New Kern ordinance to fast-track permits. Kern permits increase disproportionately.

2016
New SB4 statewide fracking permit requirements. Kern permits decrease as a result.

2017 - 2020
Proportion of Kern permits begin to increase once again

2020
California court ruled that a Kern County oil and gas ordinance paid for and drafted
by the oil industry violated the state’s foundational environmental law. State
permitting continues under CalGEM.
Kern County is the most heavily drilled county in the United States, and from 2015 to 2019
well permits were issued in Kern at elevated numbers as compared to the rest of the state.
From the implementation of the ordinance (2014 to 2015), the proportion of drilling
permits issued by Kern County increased from 82% to 94% of the state total. In Figure 3
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below, the time series shows that Kern County makes up the majority of permits issued to
drill new wells in California, and the proportion of wells drilled in Kern County has been
higher from 2015 to 2019 than it had been prior. Not only did the ordinance allow permits
to be drilled without any consideration for the community and public health impacts of
Frontline Communities, but the actual numbers and proportions of wells drilled in Kern
County increased as well. We have mapped these permits in Figure 3 below to show exactly
where they are located.

Figure 3. Time series of permits issued to drill new wells in California from 1998 to 2019.
The contribution of individual counties is shown with different colors, the area under the
trend line representing the cumulative total.

Environmental Justice Mapping
The locations of well permits were mapped using GIS software and overlaid with indicators
of social and environmental justice. The layers of Environmental Justice (EJ) mapping
data were derived from CalEnviroScreen 3.0 census tract data, assigned to the block level,
and 2015 American Community Survey demographical data, also summarized at the census
block data.
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Demographics
One of the major failings of the Kern County ordinance was the lack of risk communication
with Frontline Communities. Not only were communities not informed of proposed drilling
projects, all communications from Kern County and CalGem have been posted solely in
English. Any attempts at communication of impacts and notices have excluded nonEnglish speakers. Providing notices and information in non-English languages, at the very
least in Spanish, needs to be a top priority for any regulatory body in California. The
current permitting policy leverages systematic racism to preclude communities from
participating in the decision-making processes that directly affect their families’ health.
As shown below in map in Figure 4, the majority of Kern County ranks high in “linguistic
isolation” according to CalEnviroScreen 3.0. Our analysis shows that 11,244 permits were
issued in block groups that CalEnviroscreen 3.0 has ranked in the top 60th percentile for
linguistic isolation. A total 16,143 permits were issued in block groups that are 40% or
more Hispanic, and that number increases to 18,000 (98.1%) permits if you include the
permits issued in the Midway-Sunset Field, located on the border of one of Kern’s largest,
and predominantly “Hispanic,” census block groups.
View map fullscreen | How FracTracker maps work
Figure 4. Map of Oil and Gas Permits with Kern County “Hispanic” Demographics and
Language Disparities. The shades of yellow to red census blocks represent the 60th
percentile and above linguistic isolation. Hatched census tracts are census blocks with
demographical profiles over 40% Hispanic.
Within Kern County, these permits were approved mostly in low income areas, and areas
with pre-existing environmental degradation. In the map in Figure 5, below, permit
locations were overlaid with CalEnviroScreen 3.0 rankings for existing environmental
degradation and median income data from the American Community Survey (2015) to
visually show the disparity.
Our analysis shows that 17,978 0f the 18,356 total drilling and reworking permits were
issued in census block groups where the median income was at least 20% lower than that
of Kern County (Kern median income = $51,579). Additionally, these areas are more
impacted by existing sources of pollution. In fact, 18,298 (99.7%) permits were issued in
census blocks designated as the above the 60th percentile of those suffering from existing
pollution burden by CalEnviroScreen 3.0.
View map fullscreen | How FracTracker maps work
Figure 5. Map of oil and gas permits with Kern County environmental justice areas.
Shown in shades of blue are the block groups with median incomes less than 80% of that of
the Kern County ($51,579). The hatched areas are above the 60th percentile for
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CalEnviroScreen pollution burden.

Conclusion
Our results find that from 2015-2019, very few well permits were issued in census blocks
that are predominantly white, with median incomes above the median, and low rankings of
linguistic isolation. The policies enacted by Kern County to fast track permits were
instituted in predominantly poor, linguistically isolated, Hispanic communities already
suffering from existing environmental degradation. Through systematic racism, these areas
have become Kern County’s “sacrifice zones.” Moving forward, we are pressuring Kern
County to adopt a permitting approach that considers the health of Frontline Communities.
Unfortunately, since the court’s decision, well permitting in Kern County has not only
continued, but actually accelerated. While the appellate court ordered permitting to stop
for one month, the gap was quickly filled. Between March 28 and May 18, 2020; CalGEM
approved 733 permits to drill new wells and rework existing wells in Kern County. In
addition, CalGEM approved 38 new fracking permits in 2020 since March 28th, all in Kern
County (regulated separately under State Bill 4), increasing the environmental burden on
Kern communities further. Like Kern County, CalGEM’s permitting process also deserves
scrutiny, as state permitting requirements are lax.
These irresponsible policies have had a direct impact on the health of Central Valley
communities. Environmental monitoring has shown time and again that emissions from
oil and gas wells include a cocktail of air toxics and carcinogens, and that living near oil
and gas activity has been shown to be associated with numerous health impacts such as
low birth weight, cancer, skin problems, asthma, and depression, The exclusion of Spanishspeaking residents from notifications and information on decisions that affect their health
is an even further condemnation of the systematic and outright racism of Kern County’s
permitting approach.
There is more work to be done, but the elimination of Kern County’s fast-tracking
ordinance is a major win for public health and democracy.
FracTracker Alliance would like to congratulate the organizations responsible for this
legislative victory and thank them for all their hard work. They include Committee for a
Better Arvin, Committee for a Better Shafter, and Greenfield Walking Group, represented
by the Center on Race, Poverty & the Environment, together with the Center for Biological
Diversity, and Sierra Club, who was represented by Earthjustice.
By Kyle Ferrar, MPH, Western Program Coordinator, FracTracker Alliance
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1. Introduction
A. Issue overview
In the late 1970s, emission reduction credit (ERC) programs emerged from federal Clean Air Act
efforts to address significant air pollution problems. The programs were based on the notion that
some form of incentive, or quasi-market based mechanism, could leverage additional emissions
reductions for less cost, beyond the reductions achieved through direct regulatory efforts.
California’s program came into being as part of this effort.
By obtaining emission reduction credits under California’s program, operators whose facilities
pollute can offset excessive emissions by trading or purchasing credits representing pollution
elsewhere. Agencies that regulate air pollution oversee ERC “banks” and determine whether
operators can “deposit” and “withdraw” credits. Credits can be transferred to other companies
wanting to pollute more.
Credits are particularly coveted where air quality is so poor that the region is classified as being out
of attainment with (i.e., doesn’t meet) federal standards, and therefore unable to absorb the
additional pollution burden posed by new industrial projects.
The banking of emission credits is a regulatory approach that seems too good to be true. A company
seeking to expand—and pollute more—is incentivized to take voluntary steps to control pollution
in some part of its operations. These voluntary reductions in emissions create an emission
reduction credit that the company can then use to offset pollution occurring somewhere else—
either in its own operations or in some other company’s operations. Over time, companies can split
out a portion of the credits to use and continue to bank the rest, sell credits to other companies, or
transfer credits to an operation’s new owners.
Companies win by getting new permits to pollute, thereby allowing additional economic activity.
Because overall air pollution supposedly is controlled, the state, and presumably the environment
and communities, also win.
At least that’s the theory. Over the course of the last 40 years since emissions banking was
established, its practice has proven far more complex and uneven. Given the increasing stakes for
air quality, health, and the climate, the outcomes of emissions banking warrants examination.
The following pages explore such questions in the context of the San Joaquin Valley Air Pollution
Control District (APCD, or “District”) in central California. The region covers eight counties,
including Fresno, a portion of Kern, Kings, Madera, Merced, San Joaquin, Stanislaus, and Tulare. A
large portion of California’s oil and gas production is located in this region.

B. Air quality challenges in the San Joaquin Valley
The San Joaquin Valley can ill afford any compromise in efforts to reduce air pollution. According to
the American Lung Association’s 2018 State of the Air report, the Most Polluted cities nationwide
included Bakersfield in Kern County, which ranked #2 for ozone, #1 for short-term particle
pollution, and #3 for year-round particle pollution. Also on the list was the Fresno-Madera
metropolitan area, which ranked #4 for ozone, #3 for short-term particle pollution, and #5 for yearround particle pollution. Both particulate matter and ozone are scientifically linked to a range of
respiratory, pulmonary, and cardiovascular conditions and an increased prevalence of illness and
premature death.1
3

The San Joaquin Valley currently does not meet federal standards for ozone and fine particulate
matter (PM 2.5), a status that has persisted for many years. In 2016, the US Environmental
Protection Agency (EPA) determined that the District had—following a lawsuit by environmental
organizations and additional pollution control efforts—reduced air pollution enough to meet the
federal standard for 1-hour ozone exposure.2 However, the District remains in “extreme nonattainment” for the far more health-protective 8-hour ozone exposure standard.
Addressing this problem poses continual challenges. The District is sandwiched among mountains
that trap pollutants and weaken the flow of air and dispersion of pollution, has a growing
population, and is crisscrossed by major transportation routes. According to the District, the
primary causes of the region’s particle and ozone pollution are motor vehicles, plant and animal
agriculture, oil production, wood burning, and fugitive dust.3 In the midst of intensive industrial
and agricultural development, socioeconomic vulnerability and health exposure hazards are
interlinked and persistent.4
While oil and gas production is on a downward trend in both California and the District, operators
continue to drill, plan for more production, and hope that shifting market forces will work in their
favor going forward. For example, the environmental analysis conducted prior to the 2015 adoption
of amendments to the Kern County zoning ordinance projects that more than 3,600 new wells could
come online annually for the next 20 years and includes a provision to fast-track permits in an
effort to expand oil and gas production.5
As persistently poor air quality and the push for more industrial development converge in the San
Joaquin Valley, the effectiveness of voluntary ERCs in actually reducing pollution is increasingly
debated. Key reasons include:
§
§
§
§
§

The primary goal is to support companies wishing to pursue industrial projects, not to
prohibit the creation of pollution.
ERCs allow operators to release pollution even in areas where air quality standards aren’t
being met (i.e., non-attainment areas).
Banking is based on a static view of air quality and its impacts, with the volume of
reduction at one point in time or in one location carried over to the future or a different
location, regardless of actual, changing conditions or localized impacts.
Despite an active ERC program, localized pollution impacts and regional pollution
problems can persist and even increase.
The volume of emissions offset is based on estimates developed for the purpose of
obtaining a permit—which may or may not represent a facility’s actual emissions.

2. The ERC system
A. Brief history
Emission Reduction Credits arose from efforts to expand the Clean Air Act in 1977, including
introduction of the concept of emission reduction trading. The EPA initiated banking of these
credits as a regulatory “reform” to encourage greater economic efficiency in meeting the
requirements of the Clean Air Act.
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A banking program establishes the administrative process by which a firm can receive credit for
reducing its emissions beyond the baseline level required in a State Implementation Plan (SIP),
which is developed to guide the attainment of legally required pollution limits. The credit or
“offset,” was termed an “Emission Reduction Credit” and formed the “currency” for a banking
program.
Such a market-based banking system was justified because it enabled private firms to receive credit
for reducing their emissions beyond those levels that they were legally required to achieve, for
example under an existing permit or SIP—therefore providing an incentive for additional
investment in pollution abatement. A second rationale was that a banking system would provide a
mechanism to encourage economic development without compromising efforts to improve air
quality.6
As a result of this regulatory push in the late 1970s, California air districts developed and
implemented New Source Review (NSR) programs, which included the concept of ERCs as pollution
offsets. Each of the 35 Air Pollution Control Districts (APCDs) in California has its own NSR program
and issues its own NSR or Prevention of Significant Deterioration (PSD) permits to site, construct,
and operate. These programs regulate new industrial sources of air pollution and the expansion of
existing industrial sources.
In general, offsetting means that companies can build or expand their emission-producing
operations only if they first secure ERCs from another pollution source (their own or that of
another company)—with the end result being no net increase in emissions. The cost of these ERCs
is set, based on market conditions, by the owner of the credits and varies depending on type of
pollutant and the air district in which they are generated.7 Pricing is in effect a classic market
question of supply, or the volume of emissions represented by available credits; and demand, or the
desire of companies to develop polluting projects.
In 1995, the California State Legislature enacted AB 1777, through which CARB was directed to
develop and adopt a methodology for use by districts to calculate the value of credits. The
methodology adopted by CARB was designed to ensure that credits were granted only for emission
reductions that were real, properly quantified, permanent, enforceable, and surplus to
applicable federal, state, and district requirements and adopted air quality plans.
AB 1777 provided districts with the flexibility to maintain distinct NSR programs to ensure the
availability of ERCs needed to accommodate industrial growth and the activities of companies.
Finally, the regulation called for annual performance audits by districts to ensure that the
implementation of credit trading programs continued to comply with applicable state and federal
requirements.
Under current California statutory language (Health and Safety Code Section 40709.5), ERC banking
is defined as "a system...by which reductions in emissions may be banked or otherwise credited to
offset future increases in the emissions of air contaminants...or which utilize a calculation method
which enables internal emission reductions to be credited against increases.”8 Once created, ERCs
may be banked with the air district for future use by the source that generated them, used
concurrently to offset new projects, or sold to other sources for use as mitigation in their own
projects.
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The essential way to create ERCs is to control or curtail the emissions from an existing stationary
source. Credits must be generated pursuant to air district rules and regulations, and must be
reviewed and certified by the air district. The legal requirements of credit-generating programs are
specified in the Health and Safety Code and further defined by rules in place in each of California’s
air districts.

B. ERCs and the San Joaquin Valley
The two primary rules governing ERCs in the San Joaquin Valley Unified APCD are Rule 2201 and
Rule 2301.9 Rule 2201 is the District’s NSR rule, last modified in 2016, which covers the review and
permitting of sources of air pollution, resulting emissions (including VOCs, federally regulated
criteria pollutants, and greenhouse gases), and the general basis for emission trade-off mechanisms,
including ERC banking. Rule 2301, last modified in 2012, is the actual banking rule, which provides
the eligibility standards and the administrative mechanisms for the storage and transfer of ERCs.
To be eligible for credit banking, an application for ERCs must be filed no later than 180 days after
the emissions reduction occurred (Rule 2301, Sec. 4.2.3). However, in 2012, the District amended
Rule 2301 (Section 5.5.2) to allow ERC applications for GHG reductions that occurred prior to
January 2012, as long as the application was submitted within six months (i.e., July 2012).
The EPA has the option to review ERC applications related to ERCs for new Major Sources, Federal
Major Modifications, and Major Modifications stemming from California’s Senate Bill 288 passed in
2003 (i.e., a modification that has no significant net emissions increase or does not exceed plantwide emissions limits). Under District Rule 2201, Sec. 7.1.5, those applications with supporting
documents, shall be transmitted to EPA and the “creditability” of a given emission reduction “may
be subject to review by the EPA.”
Under Rule 2301, Section 6.2, once the rule requirements have been satisfied and the emission
reduction has actually occurred, the District can issue an ERC Certificate.
Under District (and federal) rules, no net increase in emissions above specified thresholds from new
and modified stationary sources of all affected pollutants and their precursors is allowed.10 If a new
or modified emissions source would result in increased emissions, the rules provide that there
must be an offset, or an Actual Emissions Reduction (AER), compared to the two years of operation
prior to the ERC application. The AER, calculated on a pollutant-by-pollutant basis, shall be:
§
§
§

§
§

Real: have actually occurred as a result of actions by the applicant.
Permanent: the emissions reduction can’t be reversed or replaced elsewhere in the area.
Quantifiable: the emissions volume can be reliably measured and the measurement can be
replicated.
Surplus: in excess of any emissions reduction that is otherwise required through existing
regulations or in a SIP.
Enforceable: implementation of the emissions reduction is ensured through a permit or
other regulatory lever.

The aspect of “surplus” poses particular challenges because of a divergence between federal and
District rules.
Under EPA’s NSR Rule, credits are defined as surplus at the “time of use,” or when they are actually
brought forth to offset emissions from a current project, regardless of when the reduction on which
6

the credit is based occurred. By way of example, this means that if a company received ERCs for
voluntarily installing a pollution reduction technology in 1990, those ERCs couldn’t be used in 2000
if in the intervening decade regulations changed to require use of the same pollution reduction
technology. To be valid, these older credits would have to be “discounted” in value at the time they
were proposed for use, i.e., adjusted to reflect emissions reductions required by current
regulations.
In contrast, District Rule 2201 requires that the credits be surplus at the “time of issuance”—
allowing credits to be used regardless of whether they would offset emissions beyond what’s
already required currently. As a result, ERCs based on the adoption of a pollution control
technology in 1990 could be used in perpetuity, regardless of whether and when regulations
change to address new air quality realities and without any additional discounting to match
requirements at the time the credit is proposed for use.
Following lengthy discussions and negotiations, CARB, EPA, and the District reached agreement
that the District must ensure “equivalency” in emissions reductions stemming from differences
between how District and federal rules define the criterion of surplus.
Since adding Section 7 to District Rule 2201 in 2002, the District has been required to demonstrate
that its “time of issuance” approach results in equally or more stringent emissions reductions. This
is done by annual tracking and reporting (to CARB and EPA) of the quantity of credits that would
have been required under the federal NSR rule compared to under District Rule 2201.11 As long as
equivalency demonstrations are successful, the District can continue to administer ERCs according
to its own rules.
The District’s long-held view has been that its approach to ERC banking is more than equivalent, in
particular because the District has always discounted credits upon issuance and required smaller
sources of pollution to seek emission offsets.
However, in 2010 the EPA also began to require even smaller sources of pollution to seek offsets—
thereby closing the gap with District rules and effectively increasing the volume of emissions that
must be offset. In addition, since adopting additional ERC rules and being classified as in “extreme
non-attainment” for ozone, the District has by its own admission had a more difficult time achieving
equivalency demonstrations for both VOCs and nitrogen oxide (NOx) and is examining new
pollution offset strategies to avoid equivalency failure.12

3. The Investigation
The current paper was triggered by a 2017 Earthworks report titled Permitted to Pollute: How oil
and gas operators exploit clean air protections and put the public at risk,13 which examined how
natural gas operators in Pennsylvania appear to be deliberately underestimating their air emissions
in order to avoid the more stringent pollution control and project review requirements of federal
Clean Air Act Title V permits for Major emission sources.
Following the publication of Permitted to Pollute, we had discussions with California partner
organizations concerned about ways in which the oil industry in that state may be avoiding
required reductions in air pollution. This possibility seemed particularly relevant in light of
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California’s initiative to drastically reduce greenhouse gas emissions, and particularly concerning
given the San Joaquin Valley’s powerful oil industry and persistent air quality challenges.
During these discussions, one of the emissions reduction avoidance mechanisms that came to light
was the ERC system. In 2015, Earthjustice and the Central Valley Air Quality Coalition had begun
investigating how the District’s ERC system was administered. The preliminary conclusion of this
work was that the majority of VOC-related credits in the District’s ERC bank were potentially
invalid.
In early 2018, Earthworks began to dig deeper into what Earthjustice and the Central Valley Air
Quality Coalition had uncovered. Based on the list of ERCs in the District’s bank in February 2018
(when our research began), we submitted public records requests for District records, applications,
assessments, public notices, correspondence, and any other documentation related to selected
certificates.
Given our specific focus on oil and gas issues, we limited our inquiry to ERCs that we could identify
as being held by energy companies and requested only those certificates representing at least 10
metric tons per year of credits. This covered nearly 65 percent of the credits for VOCs and nearly 60
percent of the credits for carbon dioxide equivalent (CO2e) in the District’s ERC bank as of February
2018.
The result of our public records request included hundreds of pages of documents related to more
than 50 specific ERC certificates. Following an initial review of the issuance dates and claimed
reductions, we then selected a group of certificates to analyze regarding the core reasons they were
issued. Finally, we selected groups of certificates on which to base in-depth case studies.
Earthjustice and the Central Valley Air Quality Coalition provided Earthworks with documents
related to specific ERC certificates that they had previously obtained through public records
requests. These partners also shared their initial analysis and conclusions and oriented us to the
issues related to ERCs and the District’s banking system.
The District’s public records request office was responsive and informative, processed our requests
in a timely and thorough manner, and provided all documents electronically. During the course of
our research, we faced information gaps related to the specific ERC documents provided or, in some
instances, simply missing from the files. These are detailed in the relevant case studies.
Overall, such information gaps reflect the difficulty of piecing together the history of credits that
have been split, reduced, and reissued multiple times. In addition, every time this happens, a new
ERC number is issued. This research was therefore akin to “peeling an onion”—with each layer
potentially requiring a new public records request.
As a result, it proved virtually impossible to develop a complete picture of the origin, trajectory, and
use of ERCs in the District’s bank. It was also difficult to fully understand the connections among
even those banked credits for which we had documents. To use another metaphor, as with
genealogy research, some family members clearly share ancestors—but it can be difficult to say
with certainty where others come from.
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4. Case Studies
A. Credits held by Alon Bakersfield Refining; Bakersfield Crude Terminal LLC; Flying J
Management; and Vintage Production California LLC (VOC)
A. Background
This case comprises a group of eight ERC certificates based on emission reductions that initially
occurred in 1977 at the Bakersfield refinery on Rosedale Avenue. All of these certificates are
derived from claimed emission reductions from the “incineration of fluid coker exhaust in the CO
boiler.”
The Bakersfield refinery has changed hands several times in the ensuing decades, passing from
Mohawk Petroleum Corporation to Tosco Corporation to Texaco Refining and Marketing Inc. to
Shell Oil to Flying J Management. The current owner, Alon USA, purchased the refinery in 2010.
The claimed reductions represented 12,067 pounds per day of non-methane hydrocarbons;
extrapolated out, this equates to about 2,000 metric tons of potential claimed VOC reduction per
year. Documents show that the APCD issued subsequent renewals in at least 1989 and 1991, and
the originating certificate was split into many new certificates over the ensuing decades.
As of February 2018, the certificates in the ERC bank derived from the 1977 reduction represented
nearly 925 metric tons of annual VOC emissions—or nearly 20% of the volume of all VOC credits
and almost 30% of the volume of VOC credits held by energy companies.
As shown in the table below, both Earthworks and Earthjustice submitted Public Records Requests
to the Air District for documents related to the eight ERC certificates. Many of the documents we
received were duplicated in several files, while others appeared only in a few. Some of the ERCs
were issued in the last few years, even though they are based on reductions from decades earlier.
It is possible that even more credits in the VOC bank are derived from the same 1977 reduction at
the Bakersfield Refinery. However, determining that is not possible given the incomplete
documentary record provided in response to our records requests, and the complexity of the
intertwined non-energy related ERCs and the multiple connected energy credits that were split
over time.
Notably, in response to Earthworks’ public records request for information on two of the ERCs in
this group (S-4191 and S-4939), the Air District provided scans of the final certificate, but no
documents on the background of the credits. As a result, it is impossible to know with certainty that
the originating reduction behind this ERC was actually the same 1977 reduction; however given
that the ERCs are for the Alon Bakersfield Refinery and the language in the certificates are identical
to that for the other ERCs, we are relatively confident that S-4191 and S-4939 are derived from the
same activities and application process detailed here.
Certificates related to 1977 emission reductions at the Bakersfield
Refinery, identified through public record requests
ERC certificate
number

Latest issue date
in files provided

File requested by
Earthworks (2018)
9

Files requested by
Earthjustice (2015)

S-3663
S-4472
S-4727
S-4189
S-4191
S-4487
S-4745
S-4939

2011
1991
1991
2014
2014
2015
1991
2017

X
X
X
X
X
X
X
X

B. Timeline
Timeline of the ERCs resulting from Tosco/Texaco’s claimed 1977 reductions
April 24, 1984

June 14, 1985
October 11, 1985
October 28, 1985
February 12, 1986

February 27, 1986

May 9, 1986

July 10, 1986
August 5, 1986

March 4, 1987

March 19, 1987

Tosco submits a modified County Health Department Form to APCD requesting to
bank all its previous emission reductions. Because Tosco didn’t provide actual
documentation of the reductions or how they were calculated, APCD returns the
submission.
Tosco writes to APCD stating that the year-long delay in providing documentation was
the result of “a prolonged series of very difficult corporate financial problems” and the
suspension of operations at the refinery in late 1983.
Tosco writes to APCD regarding the 90-day deadline for applying for ERCs following
emission reductions, arguing it doesn’t apply because the refinery was only
temporarily “shutdown” and Tosco had maintained all operating permits.
Tosco sends APCD an application to bank credits that included documentation on the
1977 reductions.
The Air District sends a letter to the Tosco Environmental Affairs Manager stating that
the emissions calculations in the new ERC application were “made in a manner not in
accordance with Rule 210.3.C.3 and lacked documentation of emission reductions
which may have occurred…your application for banking certificate is hereby denied.”
Following a meeting with Tosco officials, APCD sends a letter to the refinery manager
detailing deficiencies in its banking application. These include contradictory
information on emissions from the boilers and the fluid coker, which “therefore
cannot be used to validate the proposed ERC.” APCD also emphasizes that the
District’s oxidant non-attainment plan included installation of Tosco’s CO boiler as a
major reduction and that, “Considering this plan, Tosco must explain how these
reductions can be found to be surplus.”
APCD writes to Tosco stating that the information submitted in the company’s
application, “is not actual emission data and actual process data. It is contradictory
and inconsistent…Accordingly, we are hereby denying your October 28, 1985 request
for a banking certificate.”
Following Texaco’s purchase of the refinery, the company submits a new application
to bank credits from the 1977 reductions.
An analysis by an APCD engineer determines that permit conditions didn't require
incineration of fluid coker exhaust and Tosco could operate the coker without the CO
boiler. He concludes that the “ERCs claimed cannot be validated as they are not
permanent and enforceable” and Texaco’s application should be denied.
In a new analysis, the APCD engineer notes that Texaco plans to apply to the APCD for
a variance on claimed reductions, which would allow the fluid coker to exhaust
directly to the atmosphere during maintenance. He also now states that the ERCs meet
the criteria of being permanent and surplus.
The APCD engineer speaks with a USEPA staff member, who says, “That is not in
accordance with the principles of banking and emissions trading. They cannot get a
variance and cannot operate the source when they aren’t providing the emissions
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June 9, 1987
June 16, 1987
July 11, 1987

July 17, 1987

July 17, 1987

July 23, 1987
August 7, 1987

reductions.”
According to a comment letter from USEPA, Texaco submitted a new or amended
application to bank the 1977 emission reductions. Note: this application was not in
files provided by the Air District.
APCD issues a request for public comment on Texaco’s emissions credit banking
proposal.
The APCD engineer speaks with a CARB representative, who states that Texaco’s
“Initial submittal did not constitute an application in form prescribed by APCO [Air
Pollution Control Officer]. Submittal which was evaluated was submitted after
expiration of statutory time period.”
The Air Management Division at USEPA responds to APCD’s request for public
comment on Texaco’s application, advising the District not to issue the banking
certificate. A comment letter summarizes the reasons: “In all likelihood, these
reductions are not surplus since they occurred so long ago;” “EPA has previously
advised the District that banking credit may not be awarded for any reductions which
occurred prior to the Clean Air Act Amendments of August 7, 1977…EPA will not
recognize these reductions as valid offsets;” the application was submitted “well
beyond the required time limits. It is not reasonable to accept the company’s rationale
for the delay;” and “If the District issues the banking certificate to Texaco, any source
which attempts to use these emission reductions as an offset may be subject to federal
enforcement action.”
The Chief of the Project Review Branch at CARB responds to APCD’s request for public
comment on Texaco’s application, telling the District that the 1984 application was
incomplete and the 1985 banking application “was not submitted within the allowable
time limits” of APCD Rule 210.3 and “should be considered invalid.”
APCD issues ERC number 2007148/501 to Texaco for the banking of 12,067 pounds
per day of non-methane hydrocarbons.
An engineer with APCD responds to CARB’s comments, stating that the ERC certificate
application “complies with the filing requirements of Rule 210.3. The application,
although returned, was not rejected,” and because the APCD added source testing to
the boiler permit, Texaco could now meet the ERC requirements for permanence and
enforceability.

C. Why the credits are invalid
To summarize what is in the record for this ERC, the applications underpinning these credits were
not timely and appear not to have met the required criteria of being surplus, permanent, and
enforceable. Despite denying the banking application twice and strongly worded recommendations
from both CARB and USEPA to deny the credit, the District went ahead and issued an ERC certificate
in 1987. Following careful review of dozens of records related to these credits, we could not
identify any underlying justification for the Air District’s reversal of its own position nor its
subsequent decision to ignore the advice of its own engineers and state and federal agencies.
The credits don’t meet Clean Air Act requirements
The Air District issued the Authority to Construct for the CO boiler in January 1976, and operations
began in May 1977. The Clean Air Act (Section 51.165(a)(2)(ii)(C)(1)(ii)) states that, “in no event
may credit be given for shutdowns that occurred before August 7, 1977.” Because the emission
reductions claimed by Tosco/Texaco occurred prior to this date, the related ERCs are invalid and
couldn’t have been used to offset project emissions.
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Issuance of the credits violated the Air District’s Emission Reduction Banking rule
The Kern County Air Pollution District (the precursor to the San Joaquin Valley Air Pollution
Control District) adopted Rule 210.3 on April 25, 1983 (with amendments made in 1987 and 1996).
Section III (D)(2) states that, “Application for qualifying emissions reductions occurring before the
date of adoption of this rule shall be filed within one year of adoption.”
Tosco’s submitted an incomplete ERC application—which among other things lacked any reduction
data—one year to the day in order to meet the Rule 210.3 deadline. Although the District rejected it,
the District appears to have allowed the initial submission date to control subsequent decisions.
Texaco’s subsequent application, on which the issued ERCs were based, was submitted more than
two years after the application deadline, and nearly a decade after the reductions actually occurred.
In addition, according to Section (III)(A) of the rule, “Banking Certificates cannot be issued for
emission reductions represented by Authorities to Construct (ATC) or Permits to Operate originally
issued before December 28, 1976.” According to a “Chronology of events for the Coker CO Boiler”
provided by Texaco to the Air District, the District’s issued an ATC for the boiler—the primary
equipment on which the claimed reductions were based—on January 13, 1976; the EPA followed
with an Approval to Construct on November 4, 1976. For either date, the ATC was not issued in
accordance with the rule’s requirements.
The credits may already have been accounted for
As indicated in the timeline above, an application deficiencies letter sent by APCD to Texaco in
February 1986 raises the possibility that the claimed reduction didn’t qualify as “surplus” because
the primary source of the reduction—Tosco/Texaco’s CO boiler installed a decade earlier—was
already considered in the District’s air quality planning, specifically the District’s “oxidant nonattainment plan.” (We presume this referred to the plan addressing ozone non-attainment status.)

B. Credits held by Alon Bakersfield Refining LLC (VOC)
A. Background
This case comprises a group of three ERC certificates based on emission reductions that initially
occurred in 1983 at the Bakersfield refinery on Rosedale Avenue. All of these certificates are
derived from claimed emission reductions from the “Shutdown of Themofor catalytic cracking unit,
fluid coker unit, and CO boiler serving fluid coker.”
The Bakersfield refinery has changed hands several times in the ensuing decades, passing from
Mohawk Petroleum Corporation to Tosco Corporation to Texaco Refining and Marketing Inc. to
Shell Oil to Flying J Management. The current owner, Alon USA, purchased the refinery in 2010.
The claimed reductions represented 1,432 pounds per day of non-methane hydrocarbons;
extrapolated out, this equates to almost 240 metric tons of potential claimed VOC reduction per
year. Documents show that APCD issued a subsequent renewal of the original ERC in 1990, and that
the originating certificate was split into other new certificates over the ensuing decades.
As of February 2018, the certificates in the ERC bank derived from the 1983 reduction represented
more than 63 metric tons of annual VOC emissions—or about 1% of the volume of all VOC credits
and 2% of VOC credits held by energy companies.
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As shown in the table below, both Earthworks and Earthjustice submitted Public Records Requests
to the Air District for documents related to three ERC certificates based on the 1983 emission
reductions. Most of the documents we received were duplicated in two of the files.14
Of the three ERCs in this group, only S-4678 was in the air district’s VOC bank as of February 2018.
The other two ERCs were not listed in the bank at that time but may have been split into certificates
with new numbers, which we were unable to identify through the documents provided to us by the
District.
Certificates related to 1983 emission reductions at the Bakersfield Refinery,
identified through public record requests
ERC certificate
number
S-3465
S-3467
S-4678

Latest issue date in
files provided
1990
1990
2016

Files requested by
Earthworks (2018)

Files requested by
Earthjustice (2015)
X

X
X

B. Timeline
Timeline of the ERCs resulting from Texaco’s claimed 1983 reductions
July 31, 1987

August 27, 1987

September 10, 1987

October 19, 1987

January 14, 1988

Texaco submits an application to the Kern County Air Pollution District for five
separate ERCs, including one for non-methane hydrocarbons. A letter accompanying
the application states that the equipment on which emissions reductions are based
“was operated through November 1983.”
An APCD engineer evaluates Texaco’s application with regard to eligibility for ERCs.
He concludes that the “requested ERCs must be denied” because Rule 210.3
requires banking certificate applications to be submitted no more than 90 days after
the reduction occurred—and Texaco’s application was submitted three years and
five months after the deadline. In a letter dated the same day, APCD informs Texaco
of the decision to deny the ERC application because “this request is not timely.”
In a letter to APCD, Texaco contests the decision to deny the ERC because of the
wording of Rule 210.3, Section C.4.b on the 90-day application restriction. (This is
Section III (D)(2) in the current rule.) Texaco states that, “We do not believe that the
interpretation of that section was intended to apply to the actual operation of the
equipment. We interpret the words ‘date the reduction occurs’ to mean the effective
date that the equipment is physically unable to be used again or the date that the
permit is surrendered.” Texaco asserts that since the company still has a permit to
operate the equipment and it could be brought back on line at some point, the
application timing restriction shouldn’t apply. Texaco indicates its intention to file a
petition for review of APCD’s ERC denial.
In a letter to APCD, Texaco states that on the basis of an October 1, 1987 memo by
APCD and “various discussions with you,” Texaco now understands that “the
District finds our application [for ERC certificates] was filed timely.” The referenced
APCD memo was not included in the files provided by APCD in response to our records
request.
An APCD engineer re-evaluates Texaco’s application with regard to eligibility for
ERCs. His memo states that, “The equipment shut down includes all process
equipment associated with the Area 2 TCC Unit…this equipment was last operated
by Tosco Corp. in Nov. 1983, however, Permits to Operate for this equipment have
been maintained…and the equipment is reported to be in operable condition.” He
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February 22, 1988

April 14, 1988

concludes that since the equipment meets the definition of “operating source,” the
application is “considered as timely under Rule 210.3 Section C.4.b.”
In letters to CARB (Project Review Branch) and the USEPA (New Source Section),
APCD informs the agencies that Texaco’s banking project will be released for public
comment and indicates that the air District is providing drafted certificate
documents and the District’s analysis. In response to our records request, APCD did
not provide this documentation nor any correspondence or information indicating
whether CARB and USEPA commented on the project.
APCD issues ERC number 2007130/501 to Texaco for the banking of 1,431.69
pounds per day of non-methane hydrocarbons.

C. Why the credits are invalid
The application was submitted after the regulatory deadline
In August 1987, the District correctly interpreted its own rules when it denied Texaco’s application
on the basis of not being timely—having been submitted more than three years after the regulatory
deadline and nearly four years after the emissions reduction occurred. The language of Rule 210.3,
Section C.4.b (the current Section III (D)(2)) is very clear: “To obtain an ERC, a stationary source
owner/operator shall file an application as prescribed by the Control Officer no more than ninety
(90) days after date such reduction occurs...”
Texaco’s ERC application (and presumably the accompanying emissions calculations) was based on
the shutdown of three pieces of equipment at the Bakersfield refinery—and not for the shutdown of
the entire facility. In claiming that only the surrender of permits of a stationary source constitutes
an emissions reduction, Texaco incorrectly conflated the definition of “shutdown” in Rule 210.3 and
the definition of an “operating source” according to District policy. Unfortunately, the District
acquiesced with this flawed argument, favoring Texaco’s pressure over its initial interpretation of
its own ERC Rule.
The decision to approve the ERC is inconsistent with credit banking rules
Texaco’s argument that only permit surrender constitutes a “shutdown” contradicts a core purpose
of emissions reduction credit banking: to encourage less polluting operations. It implies that credits
can’t be based on the modification of specific equipment or curtailment of a portion of operations
within facilities. Yet this is something that the industry does on a regular basis.
In fact, the District’ Rule 2301 on Emission Reduction Credit Banking, Section 3.14 defines
shutdown for the purposes of offsets as “…either the earlier of the permanent cessation of
emissions from an emitting unit or the surrender of that unit's operating permit” (emphasis added).
Further, Rule 2301 Section 6.1 mentions various circumstances under which reductions can be
created even while a source remains in operation, including greater operating efficiencies, more
efficient control technology, and reduced production or production rates.
Granted, the District adopted Rule 2301 in 1991, after Texaco’s ERC application. However, an
October 1985 memo by the District’s air pollution control officer (Leon Herbertson) on the topic of
Shutdown Emissions clarifies the difference between claiming a reduction and a permit being
surrendered in the context of offsets.
Included in the District files for S-3465 and S-3467, the memo states, “A source may modify its
operation, shutdown, or curtail production or operating hours, or make other changes within the
limits of permit conditions without affecting these permits. Source shutdown, shutting down,
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curtailments and permanently curtailing are terms found in Appendix S-Emission Offset
Interpretive Ruling, Title 40 CFR. These terms are therefore only applicable to ‘offsets’ and do not
affect a source experiencing temporary shutdown or curtailments and then wishing to restart
provided permits are kept current.”
Texaco wanted to “have its cake and eat it too”
Texaco appears to have wanted to claim the shutdown of equipment in a specific area of the
Bakersfield Refinery as an emissions reduction. To qualify as a reduction, this equipment shutdown
would have to meet the prerequisite of being permanent—meaning that the equipment couldn’t be
operated again.
At the same time, Texaco wanted to reserve the right to bring the equipment back into operation at
some point, arguing that the timing of the reduction (November 1983) shouldn’t be the basis for
determining whether the application was timely or not because the equipment still had the
potential of being operated.
However, if the equipment could still be operated then the reduction achieved through a shutdown
(versus e.g., an equipment modification) couldn’t be defined as permanent. Rule 2301, Section 6.1.2
is clear on this point: “If the emission reductions were created as a result of the shutdown of a
permitted emissions unit, the relevant Permit(s) to Operate has been surrendered and voided.”
In sum, either Texaco’s application wasn’t timely because the application was submitted years after
the deadline; or the reduction wasn’t permanent because the equipment could be operated again at
some future date. To be consistent with District Rules, both conditions had to be met.

C. Credits held by Chevron (VOC)
A. Background
This case comprises two ERC certificates for reductions that occurred in 1980. The reductions
originated with equipment modifications to control gases from steam drive well casings at a series
of Chevron heavy oil production wells.
The claimed reductions represented 7,963 pounds per day of VOCs; extrapolated out, this equates
to almost 1,320 metric tons of potential claimed VOC reduction per year. Documents indicate that
the District issued permit renewals for the original project throughout the 1980s and that
subsequent ERC certificates based on the original offsets have been split and used in recent
decades.
As shown in the table below, both Earthworks and Earthjustice submitted Public Records Requests
to the Air District for documents related to two of the ERC certificates based on the 1980 emission
reductions.
Only S-4859 was in the District’s VOC bank as of February 2018, equaling about 52 metric tons per
year—or 1% of the volume of all VOC credits and about 2% of the volume of VOC credits in the bank
held by energy companies.15 Chevron used the credits as recently as 2015 for a project to construct
eight new natural gas fired steam generators and in 2017 for three new storage tanks.
Notably, we received files that indicate an additional five ERC certificates in the District’s VOC bank
(as of February 2018) are related to the addition of casing collection systems "pre 4/25/83" to
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TEOR [Thermally Enhanced Oil Recovery] wells in Central Heavy Oil Stationary Source.” These
certificates (S-4670, S-4355, S-4576, S-4198, and S-3701) were issued in 2011-2016; taken
together, they represent almost 530 metric tons per year of VOC credits—or over 11% percent of
the volume of all VOC credits in the bank and over 15% of the volume of VOC credits held by energy
companies as of February 2018.
Given that the language in these certificates is the same as language in the two that we investigated,
we are relatively confident that they also originated with the 1980 reductions. However, we could
not definitively confirm this connection based on the documents provided by the District.
Certificates related to 1980 reductions at Chevron production wells, identified
through public record requests
ERC certificate
number
S-3869
S-3869
S-4859

Latest issue date in files
provided
1997
2016
2017

Files requested by
Earthworks (2018)

Files requested by
Earthjustice (2015)

X
X
X

B. Timeline
Timeline of the ERCs resulting from Chevron’s claimed 1980 reductions
December 17, 1979
May 20, 1980

June 1987

October 1990

March 16, 1992

March 23, 1992

November 13, 1992

Chevron submits an application to the Kern County Air Pollution District to modify
existing wellhead casing vent vapor recovery systems on 45 wells having a 99%
“non-methane hydrocarbon collection efficiency.”
APCD issues an Authority to Construct for the equipment modification project.
Because District Rule 411.1 (on Steam-enhanced Crude Oil Production Well Vents)
required 93 percent operating efficiency to control emissions at the time, APCD
credited Chevron with offsets amounting to the difference (6% of emissions by
weight).
APCD adopts revisions to Rule 210.1 (on New and Modified Stationary Source
Review), resulting in facilities having their emission credits set to zero. (This may
have been because the Rule 210.1 revisions required Best Available Control
Technology with 99.9% operating efficiency.) Operators are given the option of
reestablishing reductions provided they pass the test of being “real, quantifiable,
permanent, and enforceable” and hadn’t yet been used to offset other projects.
Chevron submits a report to the APCD to support the reestablishment of VOC offsets
for the 1980 reductions, including data on reduction volume, sources, and weighted
emission factors. Titled “Reestablish VOC Offsets for Central and Western Sources,”
the report argues that the offsets meet all legal requirements for reestablishment
and sets out the requested emissions volume.
Chevron files a formal application to convert the company’s “internal profile” for
hydrocarbons to a new San Joaquin Valley Unified APCD ERC certificate. This is the
last day of APCD’s deadline for reestablishing emission reductions occurring prior
to January 1, 1988, as specified in District Rule 230.1 (adopted in September 1991).
APCD returns the application to Chevron, explaining in a letter that it is denied
because District Rule 230.1 restricts the issuance of the new ERC certificates for
pre-1988 emissions reductions to those that had been “previously recognized by a
banking certificate.”
Chevron submits a new application for an ERC certificate representing offsets “that
occurred prior to adoption of KCAPCD [Kern County APCD] Banking Rule 210.3.”
Chevron asserts that because the reductions occurred prior to the adoption of the
Rule (in April 1983) and Kern County APCD recognized the reductions in Chevron’s
16

February-May 1993

July 30, 1993
August 11, 1993

August 18, 1993

December 21, 1993

December 21, 1993

July 1994

August 1994

September 6-12, 1994

internal profiles, the reductions are eligible for a new ERC certificate.
APCD apparently changes its mind about the validity of Chevron’s application and
reviews Chevron’s ERC application for Project #920255, which appears to comprise
15 ERC applications. In the resulting project review memo, APCD indicates that the
application is based on data in Chevron’s 1990 report on reestablishing VOC offsets,
but “Due to the large volume of data in this report only random reductions were
verified, the rest were assumed to be correct.”
APCD writes a memo to EPA Region IX about the ERC application in response to
questions previously posed by EPA, including how Chevron was able to
demonstrate a 99% VOC control efficiency and that the reductions are enforceable.
The Chief of the Stationary Source Branch at EPA Region IX submits comments to
APCD about Chevron’s application. EPA determines that the credits don’t meet the
definition of being surplus because the controls that generated them are now a
Reasonably Available Control Technology (RACT) required by other regulations.
EPA emphasizes that according to the US Clean Air Act Section 173 (C)(2), “the
retained reduction credits must be used in accordance with the current
requirements in the area, not the requirements in effect at the time the credits were
established.” EPA also comments that the credits aren’t surplus because APCD Rule
4401.53 already requires a 99% control efficiency.
The Chief of the Stationary Source Branch at EPA Region IX writes to APCD about six
public notices of ERC applications, including Chevron’s for the 1980 reductions. The
primary comment is that according to the US Clean Air Act, credits for pre-1990
emission reductions may be used only if they’re included in the emissions
inventory—but that phone calls with APCD made it clear that, “planners do not have
the ability to add the emissions to the 1987 inventory.”
APCD writes to Chevron informing the company that it has decided to approve
Project #920255 and is enclosing associated ERC certificates. The approval letter
states that Chevron should “be aware that EPA has commented that these credits
are not surplus of federal RACT requirements and, therefore, cannot be used as
offsets until they are RACT adjusted…The District does not concur with EPA on this
matter at this time. EPA may challenge any project which uses these credits to gain
approval.”
On the same day that APCD approves Chevron’s ERC application, APCD writes to the
Project Review Branch at CARB informing the agency of its decision to approve
Project #920255. APCD also writes to EPA in response to its August 11 comments,
stating that the credits are surplus according to District Rule 2301 and that
reductions should be adjusted based on rules and plans “in effect at the time the
Authority to Construct was deemed complete.” APCD indicates it intends to revise
its emissions inventory to reflect pre-1988 reductions approved for banking.
Under a cooperative agreement, CARB, EPA, and APCD conduct a review of 110
district ERC banking actions, including Chevron’s Project #920255. A draft report
concludes that Chevron’s application was filed after the deadline in District rules
and that the San Joaquin APCD was allowing pre-1983 emission reductions in Kern
County to be banked as ERCs, which contradicted District Rule 230.1.
CARB reviews over 20 ERC projects in the San Joaquin APCD. A draft project
summary concludes that the emission reductions in Chevron’s Project #920255
aren’t enforceable by conditions in the Permit to Operate (PTO) or Authority to
Construct (ATC).
APCD responds to CARB’s conclusions in the draft audit report about the Chevron
ERC project, stating that because Chevron filed an original application on March 16,
1992, it was timely. APCD acknowledges that nine years passed from the time of
reduction to the time the application was filed. APCD also states that the reductions
are enforceable because a 99% efficiency rate was included in PTOs and ATCs
issued in the 1980s for Chevron’s modification of vapor recovery systems.
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C. Why the credits are invalid
The application was submitted after the regulatory deadline
In July 1994, EPA concluded that Chevron’s application was filed after the deadline in Rule 230.1,
which specified (in Section IV.A.2 at the time) that ERCs for emission reductions occurring prior to
January 1, 1988 must be submitted within 180 days of the adoption of the rule, i.e., by March 16,
1992.
This was the date of Chevron’s first ERC application—an application that the District denied and
returned without conducting any review. Yet in reviewing Chevron’s second ERC application, the
district asserted that the application was timely because it was submitted on March 16—when in
fact, it was submitted in November 1992 (i.e., eight months after the submission deadline).
In addition, the Kern County Air Pollution Control District (KCAPCD, the precursor to the San
Joaquin Valley Air Pollution Control District) adopted Rule 210.3 on April 25, 1983. Section C.4.b (or
Section III (D)(2) in the current rules) states that the, “Application for qualifying emissions
reductions occurring before the date of adoption of this rule shall be filed within one year of
adoption.”
Since the District had credited Chevron’s reductions (i.e., the 6% above the 93% control efficiency
required at the time) in January 1980, it appears that Chevron could have formally applied to have
those credits banked under Rule 210.3, but didn't. The 1994 joint audit (by CARB, EPA, and the
District) on the District’s banking actions noted this one-year grace period, emphasizing that, “After
this period, pre-1983 reductions could be carried on a stationary source’s net emissions increase,
but could not be recognized as ERCs.”
The credits weren’t surplus
These Chevron ERCs reflect the divergence between the EPA’s and the District’s definition of
“surplus” when it comes to evaluating ERCs. In short, the District allows for credits that are “surplus
at the time of issuance,” while EPA mandates that they be “surplus at the time of use.” As discussed
in the introduction to this paper, the District and EPA argued over this difference for a long time
and ultimately reached an agreement on how to address it.
With regard to Chevron’s emission reduction credit claim for the 1980 shutdown, by the time the
company submitted the application that the District formally reviewed (November 1992), the basis
for the reductions was already covered by existing regulations. This means they couldn't be
classified as surplus.
EPA’s August 1993 comments to the District stated that, on the basis of Sections 172 and 173 of the
US Clean Air Act, “retained reduction credits must be used in accordance with the current
requirements in the area, not the requirements in effect at the time the credits were established.”
In addition, the Kern County Air District revised Rule 210.1 requiring Best Available Control
Technology (the current SJVUAPCD Rule 2201) in June 1987, about five years before Chevron’s ERC
application. District Rule 4401 on Steam-Enhanced Crude Oil Production Wells, adopted in April
1991 (i.e., more than 18 months prior to Chevron's ERC application), required 99% control
efficiency for VOCs.
In order to be surplus, the original date of equipment modification and emissions reductions (May
1980) would have to be considered as the “date of issuance.” However, in 1980, the District simply
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allowed Chevron to include the 6% of reductions above regulatory requirements in the company’s
internal profiles for hydrocarbons. This action does not seem to have constituted an “issuance” of
credits because at the time, the District didn’t have a rule on banking emissions reductions until
1983.
This was the same conclusion reached by the District when it denied Chevron’s first ERC certificate
application in March 1992. The denial letter emphasizes that only pre-1983 reductions represented
by banking certificates could be banked—meaning that the 6% of reductions credited to Chevron’s
internal profiles didn’t qualify. Yet when the District responded to EPA’s ERC Audit, which included
the Chevron project, it asserted that the reductions were valid because they had been “formally
recognized” in a 1980 Authority to Construct for the equipment modification.
The files provided in response to our records request did not explain why the District changed its
mind and instead agreed with Chevron’s assessment that inclusion of the reductions in the
company’s internal profile for hydrocarbons made them eligible for a banking certificate.
Chevron wanted to “have its cake and eat it too”
In its response to CARB and EPA’s comments during the 1994 audit, the District stated that the
“emission reduction is surplus provided that it was proposed before any rule would have required
the reduction.” This statement reflects the fact that Chevron, with the District’s support, was trying
to have it both ways.
If 1980 was the date the reductions were proposed, then the credits in the November 1992
application may have potentially met the definition of surplus but the application itself wasn’t
timely. If a 1992 application and reduction “proposed” date was used in order to make the
application timely, then the reductions couldn’t be considered surplus because of regulatory
requirements in place at the time.

D. Chevron “permanence” group credits (CO2e)
Chevron applied for and received ERC certificates for a series of reductions from equipment used in
oil fields over the course of several years. These credits share the characteristic of asserting the
requirement of the “permanence” of the emissions reductions on the basis of a statewide
geographic boundary and the overall downward trend in oil and gas production in California. Below
we discuss reasons why these broad claims call the validity of the credits into question, followed by
an overview of additional concerns regarding three of the certificates in this group.
As the table below shows, the volume of credits ranges considerably among the five individual
certificates in this group. Taken together, however, they represent 56% of the total volume of ERCs
and 96% of the total volume of ERCs held by energy companies in the CO2e bank as of February
2018. Some of the ERCs were issued in recent years, even though they are based on reductions from
decades earlier.
These credits were claimed for the shutdown of two engines in the Coalinga oil field (S-1372);
removal of four gas turbines in the Kern River oil field (S-4113 and S-4114, initially applied for
together); shutdown of three gas turbine engines at the North Midway cogeneration facility in the
Kern River oil field (S-4304); and reduced operation of four gas turbine engines at the Sycamore
cogeneration facility in the Kern River Oil Field (S-4808).16
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Certificates related to Chevron’s claim of a statewide geographic
boundary for reductions, identified through public record requests
ERC certificate
number
S-1372-24
S-4113-24
S-4114-24
S-4304-24
S-4808-24

Latest issue date
in files provided
2015
2014
2014
2014
2017

File requested by
Earthworks (2018)
X
X
X
X
X
Total

Claimed reduction
in MT/Year
161
36,937
33,851
30,279
257,426
358,654

A statewide boundary is too broad
In all these cases, the District’s initial evaluation of ERC applications questioned Chevron’s claim of
permanence and whether the equipment (and resulting emissions) wouldn't just be replaced
elsewhere by other operations. The District also requested documentation specific to the types of
engines and processes for which the reductions were being claimed.
For example, in April 2012, the District sent a letter to Chevron about its application for ERC
certificates S-4113 and S-4114 (both related to the same project), stating that the application was
incomplete and asking Chevron to “provide documentation that the emissions from the electrical
and thermal energy produced by the turbines are permanent, i.e., electrical and thermal energy is
not being replaced by any new or existing equipment.”
In May 2013, the District sent a letter to Chevron about its application for ERC certificate S-1372,
stating that additional information was needed and Chevron needed to provide “an
explanation/justification of how the GHG emission reduction is permanent (i.e., not shifted to other
equipment or processes) within the boundary of the emission reduction project.” (Emphasis added.)
The District used this same language in a December 2013 letter to Chevron informing the operator
of its intent to deny the application for ERC certificate S-4304.
In response to these challenges, Chevron asserted that the entire state of California was the
boundary for claiming permanence. Chevron’s primary rationale for this position was California’s
cap-and-trade program, which is based on the presumption of a significant reduction in GHG
emissions statewide. Chevron argued that because the company participates in the program, it
would not be allowed to increase its emissions anywhere in California going forward—including in
the areas where the specific reductions from shutting down some engines occurred.
In all of the cases reviewed here, the District accepted Chevron’s argument and general statements
about its participation in the cap-and-trade program. Shortly after receiving letters from Chevron
contesting the District’s request for documentation on the permanence of the reductions, the
District deemed the applications complete and subsequently issued ERC certificates.
We recognize that the cap-and-trade system is based on measuring reductions in terms of the
“boundary” of a company’s operations across a broad geographic area. However, even in that
context, Chevron did not provide any information to the District to substantiate the claim that the
company would not at the time, or ever, increase its allowed emissions in the oil production regions
where the reductions were initially claimed. As a result, the District had no basis to presume that a
statewide boundary in fact results in permanent reductions in those areas.
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In June 2016, the Center for Biological Diversity (CBD) expressed this concern to the District in a
comprehensive comment letter on ERC certificate application S-4320-24, which (as explained
above) also applies to S-4808-24. The CBD comment letter emphasized that while the cap-andtrade program’s goal is a reduction in statewide emissions, operators have numerous options in
which to achieve this that may have nothing to do with the reductions claimed for ERCs; in addition,
the “prolific use of offsets and the ‘pay to pollute’ approach intrinsic to cap-and-trade systems
erodes the certainty of reduced energy demand.”
According to CARB’s Mandatory Greenhouse Gas Reporting Database, Chevron’s emissions appear
to have increased in the years since the company applied for these ERC certificates on the basis of
statewide permanence and the promise of statewide emission reductions. Entries in the database
indicate that from 2012-2016, metric tons of total CO2e reported by Chevron increased nearly 3
percent for all operations statewide and nearly 30 percent for operations in the San Joaquin Valley
air basin.
Declining oil and gas production isn’t the same as emission reductions
Chevron gave another reason for its position that all of California should serve as the boundary for
determining the permanence of emission reductions: declining oil and gas production in the state.
In both a September 2013 letter in the files for S-1372, S-4113, and S-4114 and a December 2013
letter in the files for S-4304, Chevron stated that oil field production, “has declined in the past thirty
years…There have been no significant new oil discoveries in California during that time and the
decline is expected to continue.”
To support this aspect of its statewide “boundary” claim, Chevron provided a single plot graph on
California’s gas production during 2009-2012 from the California Natural Gas Producers
Association (in the files for S-1372) and a single plot graph on California field production of crude
oil during 1985-2010 from the US Energy Information Administration (in the files for S-4113-, S4114, S-4304, and S-4808).
These graphs are insufficient to substantiate the claim that such trends are permanent. In its
comment letter on ERC certificate application S-4320, CBD correctly stated that the “oil market is
highly volatile, making historic trends questionable predictors.” Price volatility, new production
technologies and field discoveries, and shifts in demand make markets hard to predict with
certainty.
Yet even if California’s overall oil production continues to decline, oil and gas companies are
seeking to expand their operations. For example (as noted above), the environmental analysis
conducted prior to the 2015 adoption of amendments to the Kern County zoning ordinance projects
that more than 3,600 new wells could come online annually for the next 20 years, and includes a
provision to fast-track permits in an effort to expand oil and gas production.17 (This policy change
led several organizations to sue over the lack of environmental review and public participation.)
For Chevron’s part, the company is investing heavily in enhanced oil recovery (EOR) technologies to
extend the life of its oil wells. According to the company’s website on EOR, these efforts “have
flattened Chevron’s natural decline curve for existing assets from 14 percent to less than 2 percent
over the last several years,” and will help achieve Chevron’s stated “goal of growing production.”
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At the very least, in the ERC applications Chevron should have demonstrated that the company’s
own production declines would be permanent—rather than relying on trends for all operators
across the entire state.
Nor did Chevron’s ERC applications provide any information substantiating the claim that lower
production volumes among operators statewide means permanent emissions reductions in an area
where engines have been shut down at some of the company’s wells. Emissions from different parts
of the production process are highly variable depending on equipment and activities. The
substances in and levels of emissions vary among processes, making it specious to equate, for
example, the emissions associated with drilling or flowback with emissions from compressor
engines.
Unfortunately, it appears that despite initial questions, the District encouraged Chevron’s
unsupported substitution of emissions reductions from specific equipment in a limited geography
with statewide production declines for the purposes of claiming permanence. In November 2013,
an air district engineer with the permits services division emailed a Chevron employee regarding
the application for ERC S-1372, stating:
I don’t see how we made the leap between the Nose Unit [in the Coalinga oil field] and the State of
California as boundaries for permanence.
I realize that the Nose Unit is dried up (and to me personally - that gas can never be compressed
again - anywhere in the world because it’s ALL GONE –and that’s as permanent as you can get)…
but the District is asking: Can’t someone else in California compress gas to make up the production
that’s lost in the Nose Unit?
Do you have a graph of natural gas decline in CA similar to the graph of oil production decline that
Steve Davidson used in his project? We’re ready to roll and I want to get these projects done for you.
According to California’s Division of Oil, Gas, and Geothermal resources active well database, in
September 2018 Chevron owned 40 producing oil and gas wells in exactly the same
Section/Township/Range for which the ERC engine reductions were claimed. This appears to
counter the District engineer’s assertion five years prior that the Coalinga Nose Unit was already
“dried up” and “all gone.”

Additional questions based on ERC criteria
Our review of files for this group of Chevron certificates raised additional questions regarding the
validity of three of them based on statutory requirements for ERC banking.
Certificate S-1372-24. Chevron submitted an application on February 15, 2013 for credits based
on reductions from the shutdown of an engine on August 5, 2011 and another engine on April 11,
2012. In its review, the District determined that the latter shutdown wasn’t eligible because it
occurred after the deadline for being considered surplus. According to District Rule 2301 Section
4.5.3.1, “Greenhouse gas emission reductions that occurred at a facility subject to the CARB
greenhouse gas cap and trade regulation on or after January 1, 2012 are not surplus.”
In determining whether Chevron’s application was timely, the District cited District Rule 2301,
Section 5.5: “ERC Certificate applications for reductions shall be submitted within 180 days after
the emission reduction occurs.” The District stated that because Chevron had surrendered the
permits for the two engines on August 27, 2012, the application was timely. However, the language

22

in Section 5.5 refers to 180 days after the emissions reduction, which in this case was the shutdown
of engines.
In addition, the District had already eliminated the April 2012 reduction from the application
because it didn't meet the requirement of being surplus. At this point, only the August 2011
reduction was in play—meaning that the application being analyzed was submitted nearly 18
months (in February 2013) after the reduction occurred.
Interestingly, in the ERC application analysis, the District also cites District Rule 2301 Section 5.5.2:
“For reductions covered under Section 4.5.1 [related to GHG reductions] that occurred prior to
January 19, 2012 ERC Certificate applications shall be filed with the District by July 19, 2012.” This
date was not met by the application for Certificate S-1372-24 either, which Chevron filed in
February 2013, seven months after the deadline stipulated in Section 5.5.2.
The District also referred to an application submitted on May 27, 2011 to assert timeliness. It is not
clear from the files what this earlier application was for. However, this earlier application was not
the one being analyzed by the district, and its date would have been more than two months before
the reduction occurred in August 2011.
Certificate S-4304-24. Chevron submitted an application on July 19, 2012 for emission reductions
from three gas turbine engines (GTEs). According to the District’s application analysis, the last day
of operation of the three GTEs was December 28, 2011.
These dates fulfilled requirements in District Rule 2301: first, the application was submitted in time
for applications based on reductions prior to January 19, 2012 to be considered surplus according
to Section 5.5.2; and the reduction occurred a few days before the cutoff (January 1, 2012) for
greenhouse gas reductions to be considered surplus according to District Section 4.5.3.1.
However, the District’s analysis states that the “GTEs were in a dormant state;” were permitted as
“dormant non-compliant;” and were therefore “capable of resuming operation” even after Chevron
stopped using them in December 2011. This means that the reductions were the result of a permit
and/or operating condition that could be reversed—and any reductions that occurred in December
2011 weren’t permanent.
In its application analysis, the District indicated that the “Permit to Operate for each turbine was
surrendered when the ERC application was received on July 19, 2012. Therefore the application
was submitted in a timely fashion.”
This statement indicates that Chevron and the District used the date of the permit surrender as a
proxy for the date of emission reductions, which was necessary to establish the reductions as
permanent. The application analysis confirms this approach, stating that the criterion of permanent
has been met because “The gas turbines have been shut down and the RTOs have been
surrendered."
However, if July 19, 2012 was the “reduction” date (rather than December 28, 2011), then Chevron
missed the January 1, 2012 cutoff for greenhouse gas reductions to be considered surplus according
to District Rule 2301 Section 4.5.3.1.
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In other words, either the credits were surplus because the reduction occurred in December 2011
or they became permanent in July 2012 when the permits were surrendered. To be compliant with
District Rules, they had to be both—and yet they were not.
Certificate S-4808-24. CBD’s comment letter on S-4320-24, which applies to the derived certificate
S-4808-24, emphasizes that the proposed credits were not surplus because according to District
Rule 2301 Section 4.5.3.1, “Greenhouse gas emission reductions that occurred at a facility subject to
the CARB greenhouse gas cap and trade regulation on or after January 1, 2012 are not surplus.”
Chevron applied for the ERC application on December 27, 2011, just a few days before this deadline.
However, it isn’t clear from the ERC files when the reductions actually occurred. It therefore is
possible that Chevron and the District used the date of ERC application as a proxy for the date of
emission reductions for the purposes of claiming they were surplus. District and state rules clearly
state that credits are determined to be surplus based on the date of reduction (i.e., not the date of
application).
In its application, Chevron asserted that the reductions were the result of curtailed use of four gas
turbine engines following a decline in production. However, as CBD pointed out, the claimed
reductions didn't become part of Chevron’s permits until June 2012, so weren’t enforceable until
after the deadline for being surplus had passed. In other words, the reductions were either surplus
or enforceable at the time of application. To be compliant with District Rules, they had to be both—
and yet they were not.

E. Aera Energy (CO2e)
In March 2015, the District issued ERC certificate S-4212-24 to Aera Energy for 12,003 metric tons
per year of CO2e. This represents about 2% of the total volume of all CO2e credits and 3% of the
volume of credits held by energy companies in the bank as of February 2018.
The files we received for this certificate were identical to those received for S-2988-1, which was in
the bank as of February 2018 for a small volume of VOCs held by Federal Power Avenal; the
connection between these two ERC certificates isn’t clear based on the documents sent to us by the
District.
Aera Energy submitted an application on July 16, 2012 for emissions reductions from the shutdown
of six compressor engines and an oil heater at the company’s Lost Hills Gas Plant. Aera sought the
certificate under District Rule 2301 Section 5.5.2, which states that, “For reductions covered under
Section 4.5.1 that occurred prior to January 19, 2012 ERC Certificate applications shall be filed with
the District by July 19, 2012.”
In its application, Aera stated that use of the equipment had been significantly curtailed starting in
2004 because operators had cut back their use of the plant for processing and the equipment
permits had been surrendered in August 2007. Aera stated that the equipment had been sold
around that time to Crimson Resources and removed from the site, and that Crimson would need to
seek a permit to put it back into use in the future.
A statewide boundary is too broad
On August 21, 2012, a District permit services manager wrote to an Aera employee asking for more
information “to demonstrate that the GHG emission reductions are permanent, and not replaced by
emissions elsewhere.”
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This question apparently arose because Aera had selected the entire state of California as the
geographical boundary to determine the reduction’s permanence. This was the same approach
taken by Chevron for the group of ERC certificates detailed above; for the same reasons, we believe
this calls the validity of ERC certificate S-4212-24 into question.
Aera’s rationale for such a broad and general boundary was the decline of natural gas production
statewide. As in the Chevron cases, the only documentation that Aera provided to substantiate this
was a single plot graph showing a general downward trend in California’s gas production from
2009-2012.
In its application analysis, the District appeared to accept the statewide boundary, stating that the
credits could be issued “with none of the load being shifted to any other compressor engines or
electric motors in California,” in part because the engines were in a “depleted gas field.”
However, according to California’s Division of Oil, Gas, and Geothermal resources active well
database, in September 2018 Aera still operated more than 50 active oil and gas wells in exactly the
same Section/Township/Range in which the Lost Hills gas plant was located and for which the
engine reductions were claimed.
This counters the District’s rationale that the reductions couldn't be shifted because the engines
occurred in a “depleted gas field.” In addition, if the District viewed the condition of a specific gas
field as the basis for the permanence for the claimed reductions, it is unclear why Aera had to also
claim a statewide boundary.
Economic factors are not a basis to claim GHG credits
On April 17, 2014, CBD submitted a comment letter to the District regarding the proposed issuance
of ERCs for Aera’s engines and heater shutdown at the Lost Hills gas plant. CBD’s primary comment
was that issuance of the credits was not allowed under the California Environmental Quality Act
(CEQA) because Aera conducted the shutdowns in 2007 for economic reasons—not for the purpose
of GHG mitigation.
Aera made its reason for the equipment shutdown very clear. On January 16, 2014, a district
engineer emailed an Aera employee asking why the Lost Hills gas plant was shut down; Aera
responded that, “The Section 15 Gas Plant was shut down due to declining gas production in the
fields surrounding the plant.” Aera had also stated in its ERC application that the subsequent sale of
all equipment at the plant to another company was a reason the shutdown met the ERC criterion of
being permanent. In addition, Aera used 2002-2004 as the baseline for calculating emissions to
obtain ERC credits because operations at the plant had already been “severely curtailed” in the two
years prior to the final equipment shutdown.
Given this, the sought credits didn't meet the ERC criteria of being surplus in the sense that Aera
would have removed the equipment from operation for reasons that had nothing to do with the
pursuit of GHG reductions. According to the CBD letter, “CEQA lead agencies must identify
additional feasible emissions reductions that would not already have occurred in the absence of the
mitigation requirement."
In February 2014, CBD had also sent a letter to the California Air Pollution Control Officers
Association (CAPCOA) explaining concerns with the District’s credits listed on CAPCOA’s GHG
exchange. CBD’s letter emphasized that a large number of credits on the exchange were based on
claimed reductions that occurred because of the cessation of operations at sugar and beet
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processing facilities. However, in these cases—as with Aera’s application for equipment at the Lost
Hills Gas Plant—economic considerations (i.e., declining production and prices and increasing
operational costs) did not comport with CAPCOA’s requirement that credits be “high quality” and
“created when projects or practices are implemented specifically to reduce GHG emissions.”
In May 2013, CARB issued “Process for the Review and Approval of Compliance Offset Protocols in
Support of the Cap-and–Trade Regulation.” This paper stated that, “The GHG emissions reduction
must be additional, or beyond any reduction required through regulation or action that would have
otherwise occurred in a conservative business-as-usual scenario." This indicates that because
Aera’s choice in 2007 to shutdown the gas plant was financial in nature, the subsequent reductions
couldn’t be used to claim ERCs.
In response to CBD’s comments, the District apparently decided not to list the credits in ERC
Certificate S-4212-24 on the CAPCOA exchange. However, the District ignored the question of
Aera’s equipment shutdown being a financial decision, emphasizing only that CEQA allows “off-site
measures, including offsets that are not otherwise required” to be used for GHG mitigation.
There are no documents in the files provided for Certificate S-4212-24 to indicate whether or not
CARB or EPA commented on Aera’s application before the credits were issued.

5. Conclusions & Recommendations
As the case studies in this report demonstrate, a significant proportion of ERCs in the San Joaquin
Valley Air Pollution Control District’s bank appear to be invalid.
The certificates reviewed for these case studies represent about 22% of the volume of credits in the
VOC bank (as of February 2018); this may be as high as 33% if the additional certificates identified
in the research for case C (Chevron VOC) are also related to the originating 1980 reduction. In
addition, the certificates reviewed for the two CO2e cases represent 58% of the volume of those
credits in the bank for that pollutant (as of February 2018). The review of even more certificates
and their relationships would likely raise validity questions for an even larger proportion of credits
in the District’s banks.
While the details of each case and certificate vary, some clear trends emerged from our research:
§

The District accepted ERC applications years after reductions actually occurred and allowed
various dates to be “mixed and matched” to justify the timeliness of the applications.

§

During ERC application review, the District’s interpretation of ERC rules was often loose
and variable (e.g., with regard to credits having to be surplus and permanent).

§

When applicants objected to the District’s conclusions regarding problems with
applications (e.g., missed deadlines or inadequate emissions data), the District changed its
mind and accepted the operator’s arguments.

§

Despite objections from EPA and CARB about the basis for claimed reductions and the
validity of the associated credits, the District issued them anyway.

In sum, there are three underlying problems with regard to the District’s ERC banks. First, despite
extensive research, it proved virtually impossible to develop a complete picture of the origin,
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trajectory, and use of ERCs. It was difficult to fully understand the connections among even the
banked credits for which we had documents. The resulting opaque nature of the credits makes it
very difficult to sort out whether there are many other credits that should never have been issued
and therefore should now be retired, or should be further discounted before being applied to
current projects.
Second, for a period of time, the District amended its banking rules in order to allow operators
to claim credits for emission reductions that happened years earlier. This means operators
were able to identify aspects of past activities in order to claim reductions for years going forward.
Such a retrospective approach to emission credit banking has made it far more difficult to ensure
the validity of credits currently in the bank that stem from decades-old reductions.
Importantly, this could mean that the District’s ERC system has long appeared to be having a more
meaningful impact on reducing air pollution than it actually has. The District may no longer be
allowing very old reductions to be included in applications, but a significant proportion of credits in
the current bank—which continue to be withdrawn and used for new projects—reflect such past
practices.
Third, credits in the District’s bank never expire and are considered valid at time of issuance,
so they can be split and change hands endlessly. This is problematic because over time, the ERCs
may be considered valid even if they no longer meet the legally required criteria of being real,
permanent, quantifiable, surplus, and enforceable. Even credits that would never be issued today
remain in emission credit banks and can be used for new projects.
As a result of these findings, we strongly recommend the following two actions.

1. CARB should audit the San Joaquin Valley Air District ERC system
There is precedent for an audit
In light of the documentation presented in this report—and in the context of severe and persistent
air quality problems across the San Joaquin Valley region—CARB should conduct an audit of
whether the ERCs in the bank are valid, or are instead facilitating the permitting and expansion of
operations that would otherwise not be allowed. Our research has paved the way, but more
resources and emissions-related expertise are necessary for a full audit.
An audit is necessary in light of the possibility that pollution from projects that relied on invalid
credits for approval hasn’t in actuality been offset—or that older credits in the bank are insufficient
to counter the additive effects of new pollution.
In July 1994, under a cooperative agreement, CARB, EPA, and the District conducted a review of 110
District ERC banking actions. The preliminary draft of this review indicated that significant
concerns with the District’s banking transactions existed over 20 years ago. These concerns
included a faster rate of banking than in other California air districts; a large percentage of credits
based on pre-1988 reductions; and the District changing its rules to allow for the banking of pre1983 credits.
Unfortunately, it wasn’t possible to glean additional information from this joint review, nor to fully
understand EPA and CARB’s position on questions related to older credits, filing periods, and other
concerns. The files provided in response to our records request (related to Case C on the VOC
credits held by Chevron) included only five non-consecutive pages of a draft report; the page
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numbers indicated there were many more pages that were not provided.
We subsequently submitted a public records request specifically for the final report on the joint
review. In response, the District Public Records Request Coordinator stated that, “A search of the
District's databases has returned no records on file. It is suggested to contact CA Air Resources
Board via CARB's public records request.” A records request for the 1994 joint audit filed with
CARB had the same result; the agency’s Public Records Act Coordinator stated that, “The search for
responsive records is complete and no responsive documents were located by CARB staff.”
In 2005, CARB issued the “San Joaquin Valley Air Pollution Control District Program Review.” This
report examined several critical issues, such as permitting, air monitoring, and compliance, but did
not delve into the ERC banking program. However, CARB did cite an instance in which the District
retroactively changed a permit requirement for an air monitoring system—even though that
system was one of the reasons the company had received an ERC certificate—and concluded that
the District needed to ensure that initial permit requirements are not weakened at later dates.
Equivalency should be questioned
CARB should include equivalency determinations in an audit given that many of the credits in the
District’s ERC bank are potentially invalid. To date, the District appears to have demonstrated
“equivalency” of its required offsets—issued under a “time of issuance” premise—to CARB’s
satisfaction.
However, the only way to ensure that this is indeed the case is to audit the District’s equivalency
reports, in particular with regard to the adequacy of discounting for invalid credits. Since a large
proportion of the credits in the District’s ERC banks are likely invalid, the validity of the equivalency
determinations that are based on those credits should also be examined.
In recent years, legal teams at Earthjustice and the Center for Biological Diversity have submitted
detailed comments on several ERC permit applications. Unfortunately, the District responded to
these comments merely by reiterating that all credits in the District’s ERC bank are valid and that
the “equivalency” reporting to CARB (discussed above) ensures that the actual offsets meet what
would have been required under the “time of use” premise in federal law.
Unfortunately, the equivalency reports that the District makes available to the public show only
total numbers for federal New Source Review and District credits, with no indication of how those
results were calculated. In addition, analyzing the underlying data would require considerable
technical expertise.
If CARB were to determine that some of the credits in the District’s ERC bank are indeed invalid, or
finds that the credits on which the equivalency reports are based are invalid, the District would
have to reduce the volume of credits available to operators. Section 7.4.1.1 of District Rule 2201
requires that if the District fails to show equivalency with pollution offsets required by federal law,
“the District shall retire additional creditable emission reductions that have not been used as offsets
and have been banked or have been generated as a result of permitting actions…”
In turn, the District may have to deny some projects due to a lack of valid credits to support them. It
is also possible that fewer ERCs would be available in the future, and existing valid credits would
become more valuable.
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At the same time, such shifts could encourage additional voluntary pollution reductions. Fewer
available credits would give companies an even greater incentive to install and maintain the most
effective emissions control technologies possible. Most significantly, ERC applicants would be
forced to tailor projects—and the District to determine their approval—based on the limitations of
operating in a region with severely compromised air quality and a persistent “extreme nonattainment” status for pollutants known to harm health.
More stringent air pollution controls and limits would also be consistent with California’s ambitious
goals to improve air quality and combat climate change. Recently, the District assumed
responsibility for the regional implementation of the state’s 2017 Greenhouse Gas Emission
Standard for Crude Oil and Natural Gas Facilities, adopted by CARB to regulate and reduce methane
from the industry.18 This commitment will require even greater oversight of these pollution
sources, and should include review of the validity of the credits in the District’s CO2e bank held by
energy companies.

2. CARB should not allow ERCs to last forever
As detailed in the case studies for this report, many of the potentially invalid credits are decades
old. This is an outcome of several factors, not least of which is the fact that the District’s ERC system
does not include expiration dates in issued certificates. In addition, the impact of older credits on
actual air quality conditions is severely limited because the District doesn’t discount the volume of
emissions represented by older ERCs at the time they are used.
CARB should require the San Joaquin Valley Air District to discount older credits at the time of use,
not just the time of issuance. In addition all ERCs issued across California should include expiration
dates.
Other states have done so for their ERC programs, setting limits on how much time can pass
between the reduction and when an operator claims it, and effectively limiting the period during
which credits can be transferred among different parties.
These examples include major oil and gas states, such as:
§

Texas, which limits credits to 60 months (five years) after the time of reductions that
occurred after January 2001.19

§

Pennsylvania, which limits credits to ten years from the time of reduction.20

§

Louisiana limits the use of credits to ten years from the date of emission reduction.21

§

Colorado’s ERC program, which requires that credits expire after seven years from the date
of certification.22
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Review of the San Joaquin Valley Air Pollution Control District
Emission Reduction Credit System

June 2020

Enforcement Division
California Air Resources Board

Executive Summary
On January 24th, 2019, the California Air Resources Board (CARB) directed staff to
conduct a review of the San Joaquin Valley Air Pollution Control District (SJVAPCD or
District) Emission Reduction Credit (ERC) program. This report provides our analysis,
results, findings, and recommendations. The goal of this project was to review the
SJVAPCD ERC system, including the equivalency determination, and explain it in the
context of the broader District program for reducing emissions from stationary sources
including New Source Review (NSR), permitting, and regulatory requirements.
CARB staff has shared the findings of its review with the District management and
discussed with the District leadership the need to update the Districts ERC program
and processes to address the following overarching findings.
•

The program needs to be more transparent to the public and industry and more
rigorous.

•

Implementation procedures and policies need to be upgraded.

•

Assumptions in the equivalency demonstration need to be reviewed and
revised as needed.

In response to these overarching findings, the District has committed to take the
following specific steps.
•

Develop a new equivalency tracking database, including associated
documentation.

•

Conduct a public workshop each year, beginning with the 2020 equivalency
demonstration, to present the results of the annual equivalency demonstration
prior to taking the report to the District’s Governing Board.

•

Enhance the annual demonstration report to make the report more
understandable beginning with the 2020 equivalency demonstration, including
more fully characterizing adjustments made to year-to-year carry-overs to
ensure the public can better understand all adjustments effective in a tracking
year.

•

Convene a public advisory working group consisting of affected stakeholders,
including regulated Valley businesses, Valley residents, and federal, state, and
local public agencies, to assist in developing solutions related to the District’s
offset equivalency system, as needed to maintain an effective permitting system
that allows for strong economic growth and protection of public health.

•

Adjust calculated emission reductions from all affected AG-ICE projects to
reflect the appropriate load-factor, and incorporate these adjustments into the
2020 equivalency demonstration. The District will include a discussion of the
analysis and adjustments in the 2020 report.
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•

Analyze the orphan shutdowns projects identified by CARB, and make
adjustments, as appropriate, for inclusion in the 2020 equivalency
demonstration. The District will include a discussion of the analysis and
adjustments in the 2020 report.

•

Update the District’s policies that pertain to the quantification of emissions
reductions from orphan shutdowns, and ensure procedures and associated staff
training maintain consistency with District NSR criteria for creditability of
emissions reductions.

CARB staff plans to work with the district as it implements the above commitments as
well as periodically update its Board on progress.
The SJVAPCD was formed in 1992 by the unification of eight individual county
districts. Prior to unification, each county had independent rules and requirements,
and made their own permitting decisions. With unification, the District developed a
single set of rules and regulations, including those governing its NSR and ERC
programs. While new ERCs issued after unification were developed in a consistent
manner, older ERCs generated prior to unification needed to be carried over. These
ERCs exist today and may be available to offset new emissions. About half of all NOx
and VOC ERCs were generated prior to unification.
The District adopted its NSR rule in 1991. The rule established BACT requirements,
offset thresholds, and offset requirements that when originally put in place applied to
more sources, and applied a much greater level of stringency to those sources than
required under federal and state law. The rule also diverged from federal
requirements in one important respect: under the District rules, the value of an ERC is
calculated when the ERC is issued and retains this value over the life of the ERC. This
is referred to as “time of issuance” value, and was supported by CARB at the time.
Federal law requires an ERC to be valued at time-of-use, meaning that if a regulation
would have reduced emissions from a source granted an ERC, that ERC must be
discounted when used as an offset to reflect emissions after required controls from the
regulation. The value of an ERC will always be the same or lower at time-of-use than
time of issuance. The federal Clean Air Act allows local NSR programs to differ from
federal NSR so long as the local program is at least as stringent as federal NSR. In
order to demonstrate that the District’s NSR program is at least as stringent as federal
NSR, in 1999 U.S. EPA and SJVAPCD entered into an agreement requiring the District
to implement an annual federal offset equivalency tracking system. U.S. EPA required
this agreement as a condition of approving the District’s amended NSR rule for
incorporation into the State Implementation Plan.
From the time the tracking system was adopted in August 2001 until present,
SJVAPCD has never failed to show equivalency based on its annual demonstration to
U.S. EPA. However, in 2010, the San Joaquin Valley’s federal non-attainment ozone
ii

classification was bumped up from severe to extreme. As a result, the federal major
source and major modification thresholds for ozone precursors dropped to levels that
were equivalent to emissions thresholds established in the District’s NSR rule. This
effectively eliminated the primary advantage SJVAPCD’s NSR program had in offset
stringency over the federal NSR program for NOx, VOC, and CO. Once the District’s
offset threshold was no longer lower than the federally required threshold, in most
cases more offsets are required for major sources under federal requirements than
under District rules.
The current SJVAPCD ERC bank contains nearly 11 million pounds per year of NOx
ERCs when valued at time of issuance, more than 80% of which were generated more
than 20 years ago. However, over the years, the District’s regulatory program has
become more stringent, and the District estimated in 2016 that these NOx ERCs,
when valued at time-of-use, were worth about 18% of the time of issuance value. This
reduction in time of issuance value is directly related to the stringency of the District’s
regulatory program. In effect, as the District increases the stringency in its regulatory
program, it also reduces the time-of-use value in its ERC bank, which makes achieving
equivalency more difficult.
To demonstrate equivalency, the District has been increasingly relying on the carryover of past mitigations and reductions, including past unbanked reductions from
orphan shutdowns and electrification projects. These emission reductions are not
generated as part of the ERC system, but are used to demonstrate offset equivalency
between the District program and federal requirements. Between 2010 and 2018, half
of all VOC reductions, and 75% of all NOx reductions included in the District’s
equivalency demonstrations were provided by orphan shutdowns and electrification
projects, with the remaining value provided by ERCs.
CARB’s review identifies three areas of findings. First, many of the District’s
engineering evaluations of ERC and permit applications, and the District’s equivalency
database system, can both be more transparent, and rigorous. These documents
could be improved by including supporting explanation or documentation. Without
this information, the public and industry cannot verify or fully review the District’s
actions. Staff also identified calculation discrepancies in electrification projects and
orphan 1 shutdowns used for offset equivalency. These issues could be avoided
through stronger review procedures.
Second, the District should make adjustments to how it implements its rule for the
timeliness of ERC application submittals, and could be more rigorous in its
determination of surplus reductions in individual ERCs. For example, in 15 of the 52
ERC projects reviewed, the District granted ERCs, generated by facility shutdowns, in
1

Orphan shutdowns are unclaimed emission reductions from a facility surrendering all their operating
permits.
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which emissions ceased more than 180 days before submission of the ERC application.
This is consistent with the District’s long-standing policy, CARB staff interpret the
District’s rule as requiring an ERC application to be submitted within 180 days of the
shutdown, and that it defines shutdown as the earlier of the permanent cessation of
emissions, or the surrender of the operating permit. In addition, in four of the 52 ERC
projects reviewed, CARB determined that it is unclear whether the emission reductions
were surplus of every federal, State, or district law, rule, order, permit, or regulation.
This benefitted the applicant by providing a greater face value to the ERC. But, as a
result, the District had to find additional reductions to cover the non-surplus ERCs.
In the third set of findings, staff identified issues in the District’s equivalency
demonstration. The District relies on electrification projects, generated through the
Agricultural Internal Combustion Engine (AG-ICE) incentive program, to demonstrate
NOx equivalency with federal requirements. In calculating and claiming credit for
these projects, the District used an incorrect load factor, resulting in an overvaluing of
reductions in the equivalency demonstration. While the reductions are real, they were
not sufficiently documented to have resulted from a permitting action nor could CARB
staff identify documentation showing that they were permanent and enforceable.
CARB staff also concluded that potentially half of the credited projects appeared to
be funded in part through the Carl Moyer program.
The issues identified in this report are substantial and complex, potentially impacting a
wide array of stakeholders in the San Joaquin Valley including residents of the Valley,
industries that rely on offsets and ERCs in order to expand or build new business,
environmental organizations who advocate for cleaner air, and community groups
representing those living near stationary and mobile sources who are impacted the
most by emissions at the local level.
The Valley has always faced substantial air quality challenges due to its geography,
meteorology, and climate. The SJVAPCD has over 150 rules applicable to specific
types of equipment (e.g., turbines, internal combustion engines, boilers), to specific
industries (e.g., confined animal facilities, oil production, composting), and to all
sources (e.g., nuisance, visible emissions). As technologies have improved, the District
has continued to improve the stringency of its regulations. The Valley’s stationary
source emissions have been reduced because of source-specific regulations and now
represent 15% of total NOx emissions in the Valley. Despite these successes, the San
Joaquin Valley continues to face major air quality challenges. Air pollution
concentrations of ozone and particulate are often above standards, and the District
continues to experience some of the worst air quality in the United States. Further
improvements in air quality will require both stationary and mobile source emissions to
be minimized.
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Many of the findings in this report - regarding the issuance of individual ERCs, the time
of issuance valuation of ERCs, the use of electrification projects from the AG-ICE
program, and others - relate to decisions made decades ago. Since these decisions
were made, conditions have changed. Air quality has improved substantially, but
ambient air quality standards have increased in stringency. Even though these
decisions were made decades ago, they generate implications for air quality today.
Consistent with the staff recommendations as well as the District commitments the
primary focus of this report is on improvements to the district’s ERC program moving
forward. This report identifies potential improvements in the District’s ERC program,
which will help in ensuring an effective permitting program that protects public health
and supports economic growth and development, which in turn strengthens the
District’s overall regulatory program.
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HEALTHY AIR LIVING™

AIR POLLUTION CONTROL DISTRICT
June 4, 2020
Richard Corey, Executive Officer
California Air Resources Board
P.O. Box 2815
Sacramento, California 95812
Re:

California Air Resource Board’s Review of San Joaquin Valley Air Pollution
Control District Emission Reduction Credit System

Dear Mr. Corey,
The San Joaquin Valley Air Pollution Control District (District) has received the
California Air Resources Board’s (CARB) report titled Review of San Joaquin Valley Air
Pollution Control District Emission Reduction Credit System. The District staff would like
to thank CARB for the opportunity to review and comment on the recommendations of
this review. District staff and CARB have worked cooperatively over the past year-anda-half during this review to evaluate the District’s Emission Reduction Credit (ERC)
program and identify opportunities to enhance the District’s ERC program moving
forward in a manner that will help to ensure an effective permitting program that protects
public health and supports economic growth and development in the Valley.
Furthermore, the District is committed to working closely and collaboratively with CARB
and Valley stakeholders to address the recommendations in the report and implement
the District’s commitments contained in this letter. Additionally, the District is
appreciative of CARB’s general recognition of the stringency of the District’s air quality
control program and of the success in reducing stationary source emissions in the
Valley.
Both federal and state law mandate New and Modified Stationary Source Review (NSR)
permitting programs that contain offsetting and ERC banking provisions. ERCs are
intended by both federal and state law to be only one part of a comprehensive NSR
permitting program that has been specifically designed by Congress and the state
legislature to allow for industrial growth while tightly regulating any emissions increases.
Additionally, any emission increases due to growth are accounted for in State
Implementation Plans that demonstrate how the District’s overall air quality control
program will require sufficient emissions reductions to attain national ambient air quality
standards, despite that growth.
While it is mentioned in the report, the District feels that it is important to reiterate that,
despite a seemingly common misconception, ERCs cannot be used in lieu of meeting
Samir Sheikh
Executive Director/Air Pollution Control Officer
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other air pollution control requirements, such as through market-based systems that
other agencies may have in place. Instead, ERCs are required in addition to, and only
after, establishing that the new emissions are controlled with the best available control
technology (BACT) and will not cause a health risk to surrounding communities. The
San Joaquin Valley’s NSR permitting program, including the accompanying ERC
program, ensures that new emissions are controlled with the best technologies,
prevents the permitting of any operation that will cause a significant health impact,
demonstrates on a project-by-project basis and in each attainment plan that attainment
is not endangered, and has historically been found by the state and federal
governments to comply with state and federal laws governing NSR/ERC programs.
Businesses can only generate ERCs by voluntarily reducing emissions to levels below
those required by any rule or regulation, and then applying to the District to have those
reductions recognized in the form of an ERC banking certificate. Because the District’s
air quality regulations are among the most stringent requirements in the nation, it is
exceedingly difficult and expensive for businesses to reduce emissions beyond rule
requirements to generate ERCs. In fact, as more effective controls are developed, they
are generally required through regulatory action by the District, limiting the time that new
and innovative techniques can be used to generate ERCs. Reductions beyond the level
required by those regulations generally involve innovative or untested control
techniques, which entail considerable financial risk to develop and implement. The
opportunity to bank ERCs for reductions that result from these types of extraordinary
and voluntary efforts, and then to be able to sell them on the open market, encourages
innovation in emissions control technologies.
The difficulty in the ability to generate and rely on new ERCs for future permitting
projects underscores the challenges faced by businesses, especially in extreme ozone
non-attainment areas, which even after installing the best available control technology
must still provide ERCs to offset emission increases. Without sufficient ERCs, new and
modifying businesses and essential public services including, but not limited to,
hospitals, waste-water treatment facilities, and composting facilities may not be able to
obtain necessary operating permits to serve Valley communities.
While the District and CARB agree on many of the areas identified in the report and on
a general path moving forward, there are areas where the District and CARB have
differing opinions, especially as it relates to the interpretation and application of certain
provisions of District rules and regulations as they pertain to the ERC program. This is
not uncommon in a review of this complexity and scale, and the District does not believe
that these points of contention undermine the overall cooperative process and ultimate
agreement by CARB and the District on a path to move forward relying on the
recommendations of CARB and commitments by the District.
In completing this comprehensive review, CARB reached three overarching findings to
which the District will respond in turn. The findings as detailed in the report are as
follows:
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The [ERC] program needs to be more transparent to the public and industry and
more rigorous.
Implementation procedures and policies need to be upgraded.
Assumptions in the equivalency demonstration need to be reviewed and revised
as needed.

The program needs to be more transparent to the public and industry and more
rigorous
Consistent with the District’s core values of continuous improvement and open
and transparent public processes, the District respects CARB’s
recommendations which identify opportunities to enhance transparency as it
relates to the District’s equivalency database system and specific engineering
evaluations of ERC and permit applications. It is important, however, to consider
these opportunities in the larger context of the existing transparency measures
that the District employs in its permitting program.
For years, the District has provided bilingual notice of all significant proposed
permitting projects and ERC transactions on our public website. The complete
engineering and compliance evaluations are posted with the associated public
notice documentation. Furthermore, any interested parties are provided the
opportunity to receive, by email, this same set of documents. They can sign up to
receive notices for all projects issued by the District, they can sign up to receive
notices for all projects in a specific region of the Valley, or they can sign up to
receive all notices associated with an individual facility. Through this process, the
public receives direct access to the same exact documents that we send to
CARB and EPA for their review. All comments received on the District’s
preliminary analyses are addressed and responded to in writing before finalizing
any ERC issuance or permitting project, and all associated documents, including
the District’s final analysis and final public notice, are also posted to the District
website. Similarly, the District’s written analyses and preliminary and final public
notices of permitting projects that are required to surrender ERCs to obtain a
permit are posted to the District’s public website for the same review and
comment process.
Specific permitting and ERC projects that have been reviewed
contemporaneously by CARB, EPA, and the public without comment on the lack
of transparency, are now being highlighted when reviewed under this review.
While the District believes that CARB’s recommendations highlight opportunities
to further enhance transparency, we believe it is important to view the
recommendations in a larger context so it is clear they should be interpreted
through the lens of continuous improvement.
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Regarding the District’s equivalency database system and annual offset
equivalency report, each year the District makes publicly available the
equivalency report and accepts comments on the report and its findings up
through the public hearing by the District’s Governing Board. Additionally, this
report is also sent to U.S. EPA and CARB every year. While we believe that the
database and report contain the information necessary to demonstrate that the
District’s ERC system is equivalent to the federal system, we agree that the
database system could benefit from modernization and the annual report could
be made more consumable to a reviewer that may not possess a comprehensive
understanding of complex NSR and offset equivalency concepts.
Implementation procedures and policies need to be upgraded
As recognized in the report, the rules and regulations that implement NSR and
ERC banking programs are very complex and require a deep understanding of
policy, regulations, and decisions that have been made at the federal, state, and
local level over the past 40 years. As a best practice, the District believes that it
is prudent to revisit and update, as necessary, policies and procedures that
implement District rules and regulations. In the review, CARB questions the
District’s interpretation of rule provisions relating to the timeliness of ERC
applications and the determination of what are considered surplus emission
reductions at the time of ERC banking. While the District recognizes the
complexity associated with these issues identified in the review, it is important to
note that the District has adopted and follows policies and procedures to ensure
consistent, fair, and reasonable application of its rules. Furthermore, the areas in
question are local requirements of the District’s NSR and ERC banking
programs, and are beyond any requirements in state or federal law relating to
ERCs.
Assumptions in the equivalency demonstration need to be reviewed and revised
as needed
Consistent with the District’s offset equivalency agreement with the federal EPA
and with the provisions of the District’s NSR rule, the District utilizes the surplus
value of emission reductions across various categories to demonstrate
equivalency with federal offsetting requirements on an annual basis. As detailed
in the report, there was an inconsistency in the District’s methodology for
calculating emission reductions from agricultural engine electrification projects
associated with the AG-ICE program relative to the Moyer methodology. The
District is committed to adjusting the calculated emission reductions from all
affected AG-ICE projects to reflect the appropriate emission reductions, and
incorporate these adjustments into the 2020 equivalency demonstration.
Another category of emission reductions used in equivalency are those from
unbanked facility shutdowns (“orphan shutdowns”). Each orphan shutdown
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presents a unique set of circumstances that determines the amount of credit that
can be claimed. CARB’s review identified some inconsistency in the crediting of
emission reductions from certain orphan shutdown projects. The District is
committed to analyzing the orphan shutdowns projects identified by CARB, and
making adjustments, as appropriate, for inclusion in the 2020 equivalency
demonstration. Furthermore, District staff intends to review and update as
necessary the policies that pertain to the quantification of emissions reductions
from orphan shutdowns.
In response to CARB’s overarching findings, the District is committed to taking the
following specific steps to enhance the ERC program as needed to maintain an effective
permitting system that allows for strong economic growth and protection of public
health:


Develop a new equivalency tracking database, including associated
documentation.



Conduct a public workshop each year, beginning with the 2020 equivalency
demonstration, to present the results of the annual equivalency demonstration
prior to taking the report to the District’s Governing Board.



Enhance the annual demonstration report to make the report more
understandable beginning with the 2020 equivalency demonstration, including
more fully characterizing adjustments made to year-to-year carry-overs to ensure
the public can better understand all adjustments effective in a tracking year.



Convene a public advisory working group consisting of affected stakeholders,
including regulated Valley businesses, Valley residents, and federal, state, and
local public agencies, to assist in developing solutions related to the District’s
offset equivalency system, as needed to maintain an effective permitting system
that allows for strong economic growth and protection of public health.



Adjust calculated emission reductions from all affected AG-ICE projects to reflect
the appropriate load-factor, and incorporate these adjustments into the 2020
equivalency demonstration. The District will include a discussion of the analysis
and adjustments in the 2020 report.



Analyze the orphan shutdowns projects identified by CARB, and make
adjustments, as appropriate, for inclusion in the 2020 equivalency
demonstration. The District will include a discussion of the analysis and
adjustments in the 2020 report.



Update the District’s policies that pertain to the quantification of emissions
reductions from orphan shutdowns, and ensure procedures and associated staff
training maintain consistency with District NSR criteria for creditability of
emissions reductions.
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As I stated earlier, the District staff is committed to working closely with CARB and
Valley stakeholders to address the recommendations collaboratively to ensure an ERC
program that serves our shared goals of public health protection and economic viability
in the Valley. Please contact me if you have any questions or wish to discuss any of our
comments. I can be reached at 559-230-6036 or via email at
samir.sheikh@valleyair.org.
Sincerely,

Samir Sheikh
Executive Director/APCO

List of Acronyms
AG-ICE – Agricultural Internal Combustion Engine incentive program
AIPE – Adjusted Increase in Permitted Emissions
APCO – Air Pollution Control Officer at an Air District
AQMD – Air Quality Management District
ATC – Authority to Construct
BACT – Best Available Control Technology
CAAQS – California Ambient Air Quality Standards
CARB – California Air Resources Board
CARL – Carl Moyer emissions database
CEMS – Continuous Emissions Monitoring System
CNG – Compressed Natural Gas
CO – Carbon Monoxide
DCF – Discounted Cash Flow
DOQ – District Offset Quantity
EACM – Equivalent Annual Cost Method
ERC – Emission Reduction Credit
FCAA – Federal Clean Air Act
FMM – Federal Major Modification
FOQ – Federal Offset Quantity
GHG – Greenhouse Gas
HAP – Hazardous Air Pollutant
HC – Hydrocarbon
hr – Hour
HSC – California Health and Safety Code
lb – Pounds
MMBTU – Million Metric British Thermal Units
MST – Major Source Threshold
NAAQS – National Ambient Air Quality Standard
NMS – New Major Source
NOx – Nitrogen Oxides
NSR – New Source Review
PAS – San Joaquin Valley’s Permit Administration System
PG&E – Pacific Gas and Electric Company
xii

PM10 – Particulate Matter 10 microns in size or smaller
PM2.5 – Particulate Matter 2.5 microns in size or smaller
ppm – Parts per Million
ppmv – Parts per Million by Volume
PTE – Potential to Emit
RACT – Reasonably Available Control Technology
SB 288 – Protect California Air Act of 2003, “NSR anti-backsliding”
SCE – Southern California Edison
SIP – State Implementation Plan
SJVAPCD – San Joaquin Valley Air Pollution Control District
SOx – Sulfur Oxides
t/y – tons per year
U.S. EPA – United States Environmental Protection Agency
VOC – Volatile Organic Compound
yr – Year
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I.

Review Process

CARB conducted this review consistent with State law, including as defined in sections
41500 et seq. of the California Health and Safety Code (HSC). State law defines
CARB’s important role in reviewing district attainment plans, rules, regulations, and
enforcement practices. CARB’s role includes programmatic reviews, such as this one,
and day-to-day review of individual district actions, such as permits for major sources
and major modifications, issuance of ERCs, adoption of rules, and granting of
variances.
For the past decade, CARB has reduced its focus on air district stationary source
permitting programs due to demands associated with developing, implementing, and
enforcing an unprecedented number of mobile source related regulations, many of
which focus on reducing emission of diesel particulate matter. As we have
implemented these regulations we have also sought to analyze and improve them,
including programmatic improvements, regulatory updates, and in some cases new
laws to support implementation and enforcement. This iterative approach has
generated improvements in both the regulations and implementation. CARB staff is
taking a similar approach with stationary sources, re-engaging in district permitting
programs and working as a constructive partner with the districts and federal
government to ensure existing programs are as successful as possible. In doing so, as
evidenced in this review, CARB hopes to provide answers to questions posed by
stakeholders and provide assurance that District programs are effective and consistent
with underlying regulations.
CARB staff has worked extensively with SJVAPCD staff and executive management to
conduct this review. Through data and information requests from CARB, the District
provided electronic copies of hundreds of documents related to over 50 ERC projects,
30 Authority to Construct permits, and the federal offset equivalency tracking system.
The documents include SJVAPCD and Kern County Air Pollution Control District NSR
and banking rules, SJVAPCD policies and guidance documents related to ERC
banking, ERC applications and supporting documents related to CARB-selected ERC
projects, SJVAPCD engineering evaluations supporting the decision to issue the ERC
certificates, and SJVAPCD engineering evaluations and supporting documents related
to CARB-selected NSR actions. Information related to Kern County APCD was needed
because prior to unification of the San Joaquin Valley Air District in 1991, Kern County
had an independent permitting program, which banked a large number of ERCs that
were moved over to the unified air district upon unification.
In addition, SJVAPCD provided CARB staff with electronic access to the SJVAPCD
Permits Administration System (PAS). PAS is a comprehensive database where all
permitting and ERC related actions are recorded and related documents are stored.
From PAS, CARB staff retrieved hundreds of documents including permit applications,
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engineering evaluations, ERC transaction histories, emission inventories, source test
records, and inspection reports related to the original ERC projects under review.
SJVAPCD also provided CARB staff with access to the federal offset equivalency
tracking system at District offices. SJVAPCD shared information about the tracking
system, access to database files, and tracking system output.
1. Public Participation
In November 2018, Earthworks released the report that helped initiate this review -Undeserved Credit: Why emissions banking in California’s San Joaquin Valley puts air
quality at risk. The Earthworks report made the following findings and conclusions,
among others: “a significant proportion of ERCs in the San Joaquin Valley Air
Pollution Control District’s bank appear to be invalid”; “CARB should audit the San
Joaquin Valley Air District ERC system”; “equivalency should be questioned”; and
“CARB should not allow ERCs to last forever.”
Further, in a January 9, 2019 letter to Mary Nichols, Chairman of the Board, and in
testimony at the January 24, 2019 Board Meeting, a coalition of environmental and
health advocacy groups representing the Southern San Joaquin Valley requested that
CARB “…conduct a thorough review of the Emission Reduction Credit (ERC) banks
administered by the San Joaquin Valley Air Pollution Control District….”
CARB staff has considered input from these and other stakeholders in planning and
executing this review. CARB staff has also taken steps to ensure this review is an
open, public process. Staff held three workshops: in April and September 2019, and
in June 2020. During these workshops, staff presented material and solicited
comments. These workshops were hosted at the Bakersfield District office, which was
linked to the Fresno and Modesto offices by the District’s video teleconference
system. The workshops were also webcast through CARB’s web site, and translation
services were made available at all three District office locations.
CARB staff has also had numerous in person meetings and conference calls with
stakeholders regarding this project. Staff maintains a website 2 specifically for this
project and an email address (valleyERCs@arb.ca.gov) for project questions. The
website includes posting of documents related to the current ERC review, past CARB
reviews of the District ERC banking program, and ERC banking in general.
2. Public Stakeholder Concerns
Stakeholders have identified a number of issues of potential relevance to CARB’s
review, including the following concerns:
San Joaquin Valley Emission Reduction Credit Program Review, https://ww2.arb.ca.gov/our-work/programs/sanjoaquin-valley-emission-reduction-credit-program-review.
2
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•

Validity of Older ERCs

Stakeholders have questioned whether certain ERCs were banked in conformance with
legal requirements. Some stakeholders believe that the use of older, improperly
issued ERCs could result in a large amount of new emissions in the Valley, which could
impact local air quality and regional attainment demonstrations. Other stakeholders
are concerned the ERCs they hold may be devalued.
•

Impacts on Equivalency

Stakeholders have expressed concerns regarding the District’s ability to continually
identify additional offsets beyond ERCs to account for the difference between time of
issuance valuation (as under the District’s NSR program) and time-of-use valuation (as
under federal NSR) in order to demonstrate equivalency with the federal program.
Additional offsets are needed to demonstrate equivalency because the vast majority
of ERCs currently in the bank in the San Joaquin Valley appear to have relatively little
value at time-of-use. Many times, the value of an ERC has degraded by the time it is
used due to more stringent regulations that are adopted or proposed between the
time of issuance and time-of-use.
Stakeholders have expressed concern that the use of a large number of older ERCs
could result in a failure to demonstrate federal equivalency. At the same time, some
stakeholders believe that the use of a large number of older ERCs could result in a
large amount of new emissions in the Valley, which could impact local air quality and
regional attainment demonstrations.
•

No Net-Increase

Under the District program, offsets are required above certain thresholds, but not
below those thresholds. Stakeholders have asked whether this maintains the general
goal of no-net-increase in emissions from stationary sources.
•

Local Air Quality

Under State and federal law, ERCs are a tradeable commodity, and as such allow
emissions to increase at one location while decreasing at another location. Some
stakeholders have questioned whether emissions trading is appropriate. Further,
while districts have rule provisions intended to protect the public from local increases
of criteria pollutant and toxics emissions; such as emissions modeling, health risk
assessments, and application of BACT; some stakeholders have questioned the
effectiveness of these approaches.
•

Transparency

NSR programs are quite complicated. While public documents regarding the
SJVAPCD NSR program are available upon request, stakeholders have expressed
difficulty in accessing relevant information necessary to understand the program.
Stakeholders have expressed difficulty in understanding how to formulate and submit
3

requests for information to meet the District’s requirements. This difficulty may be a
result of stakeholders not knowing exactly how to specifically identify or describe the
information they need to understand the program, or not being able to ascertain the
connections and relevance of the provided information in the larger context of the
District’s NSR program. There appears to be a desire for stakeholders to understand
how permitting and NSR works, and the District has indicated it is willing to offer
training to stakeholders upon request.
3. Industry Stakeholder Concerns
•

Availability of ERCs and Economic Growth

Some stakeholders expressed concern over possible “invalidation” of some ERCs,
which could have an effect on ERC availability and pricing. Because ERCs are the
currency of offsets, and offsets are often needed in order to modify or build a new
emissions source, ERCs are critical to on-going economic development in the San
Joaquin Valley.
Additionally, stakeholders have expressed concern with the permitting impacts
associated with a failure to demonstrate equivalency. More specifically, concerns have
been expressed regarding the unavailability of surplus at time-of-use ERCs required
under permitting actions for federal new major sources and major modifications,
particularly given the low major source thresholds in the San Joaquin Valley and large
number of major sources across all sectors.

4

II.

Part 1: Explaining the Emission Reduction Credit System

A. Overview of Emission Reduction Credits
The federal Clean Air Act establishes requirements for the permitting of stationary
sources. Generally, states have the direct responsibility to meet requirements of the
federal Clean Air Act and corresponding federal regulations with respect to
permitting. California law, however, allows for delegation of permitting activities to
the local and regional air districts. All thirty-five California air districts have taken
advantage of the opportunity to implement their own permitting program for
stationary sources. In California, maintaining a structure of air districts performing
permitting with CARB review has been largely successful. Individual air districts are
generally well suited to maintain localized regulations, which has led to improved air
quality across the State. CARB has central oversight authority to monitor the
performance of district programs and to conduct district functions if the district fails to
meet certain responsibilities.
In accordance with the federal Clean Air Act, U.S. EPA sets ambient air quality
standards for criteria pollutants. A geographic area that does not meet these
standards is called a non-attainment area. The San Joaquin Valley is classified as
extreme non-attainment for 8-hour ozone and serious non-attainment for PM2.5.
Non-attainment areas must develop State Implementation Plans (SIPs) that either
include, or commit to adopt, emission control measures to attain and maintain
ambient air quality standards. The local air districts develop and implement portions
of the SIP that cover stationary sources through rulemaking, permitting, and
enforcement.
Generally, any stationary source that emits or has the potential to emit air pollution is
subject to local air district permitting requirements. New or modified sources of air
pollution must obtain approval from the local air district in the form of an Authority-toConstruct (ATC) permit. Most ATC permit applications are subject to NSR, and in
California NSR is implemented at the district level. The federal Clean Air Act,
implementing regulations, and State law establish the minimum requirements for nonattainment NSR permitting programs. U.S. EPA allows implementing authorities to
tailor their NSR requirements to address local air quality conditions, provided the local
NSR program is at least as stringent as federal standards. Generally speaking, NSR
programs require sources exceeding a defined emissions threshold to install best
available control technology (BACT) and to offset emission increases which occur after
the installation of BACT with emissions reductions. These requirements for mitigating
emissions reductions are generally referred to as offsets. NSR programs generally
require offsets so that there is no net increase in emissions, on a regional basis, of
nonattainment pollutants and their precursors.
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NSR rules require either past or contemporaneous emission reductions to be used to
counter-balance newly permitted emission increases. Emission reductions above and
beyond what is required by rules and regulations, and not immediately used to
counter balance new emission increases, can be stored in the form of ERCs. ERCs are
the currency of offsets, and are a way of “banking” emission reductions for future use,
either at the site they were generated or elsewhere within the air basin (or, in limited
circumstances, in a downwind air basin).
Due to the emission-offsetting requirement of NSR, both the federal Clean Air Act and
State law require non-attainment areas to have an ERC banking system. To qualify for
banking as an ERC, an emission reduction must meet the following criteria:
•

Real – the reduction must be in actual emissions not potential, allowed or
permitted emissions.

•

Quantifiable – the reduction must be calculable based on actual verifiable
operational data and the best available emission factors and source test data.

•

Surplus – the reduction must go beyond what is required by law, regulation, or
SIP commitment at the time the ERC was originally banked.

•

Permanent and Enforceable – the reduction must be legally and practically
enforceable and permanent through permit conditions and limits, or surrender
of the operating permit.

These ERC criteria help ensure the integrity of an ERC program. These criteria are
also universal to programs across the United States, and provide the framework CARB
staff used in the review of SJVAPCD ERC projects and the equivalency demonstration.
B. Demonstrating Equivalency
The offsetting requirements of the District’s NSR rule are different from the offsetting
requirements under federal NSR. For example, federal NSR requires offsets from major
sources but not from minor sources, whereas the District’s NSR rule requires offsets
from both major and minor sources if the emissions are calculated to exceed specified
offset thresholds. The federal Clean Air Act allows local NSR programs to differ from
federal NSR so long as the local program is at least as stringent as federal NSR.
An important caveat to bear in mind when interpreting District and federal offset
thresholds is that the District and federal calculation methods that determine “when”
offsets are required and “how much” offsets are required are different, especially for
modified sources. Thus, even where the pollutant thresholds are the same, the same
project will produce different offset quantities for the same pollutant when evaluated
under District versus federal NSR.
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Other differences exist, which, depending on the facts of a given ATC project, may
make either federal NSR or SJVAPCD NSR more stringent regarding offset
requirements for a particular project (though the local NSR program must remain more
stringent overall). Among the most significant difference in offsetting requirements is
when the “surplus” value of an ERC is determined. SJVACPD values ERCs at the
“time of issuance” whereas federal NSR values ERCs at the “time-of-use.”
Specifically, under the SJVAPCD NSR rule, the value of an ERC is calculated when the
ERC is issued, and the ERC retains that value throughout its life until it is used. In
contrast, under the federal NSR rules, the value of an ERC is calculated first when it is
created, and again when it is used. In a 1993 memorandum, entitled “Use of
Shutdown Credits for Offsets,” U.S. EPA stated that this approach is designed to
avoid double counting emission reductions in a SIP. Under the federal approach, each
ERC must be re-evaluated based on the rules, regulations, and SIP commitments that
apply at the time-of-use. Because many years often elapse between when an ERC is
created and when it is used, the adoption of progressively stricter emissions standards
can cause the surplus value of an ERC to drop significantly.
For example, if a boiler in compliance with all applicable requirements has actual NOx
emissions of 30 ppmv and 1.0 ton per year and ceases operation permanently, the
operator could apply to bank the resulting NOx emission reductions as an ERC.
Following receipt of an application, the air district verifies the reductions are timely,
real, surplus, enforceable, permanent, and quantifiable and issues the operator an ERC
with a time of issuance or face value of 1.0 tons per year NOx. 3 Suppose 10 years
later the owner of this ERC wishes to use it to offset a new permitted emission
increase of NOx, and, in the intervening 10 years, the air district has amended its
boiler rule to require a NOx standard of 15 ppmv. Under a surplus-at-time-of-use
offset system, the portion of the ERC representing a reduction in NOx from 30 to 15
ppmv is no longer surplus, which leaves the portion from 15 to 0 ppmv as the surplusat-time-of-use value. Thus, the offset value of the ERC is reduced to 0.5 tons per year
NOx 4 because half of the NOx emission reductions represented by the ERC are
required by the amended boiler rule. However, under a surplus-at-time-of-issuance
offset system, the ERC holds it value of 1.0 tons per year in perpetuity even if new
rules are subsequently adopted that require stricter emission standards.

3

SJVAPCD would deduct 10% for an air quality improvement deduction (AQID); however, the AQID is
omitted in this example for demonstration purposes.
4
Discount Percentage = [(EF1 – Rule EF) ÷ (EF1 – EF2)] = [(30 – 15) ÷ (15 – 0)] = 0.50
ERC Surplus Value = (Current ERC Value) x (1 – Discount Percentage) = 1 tons per year x (1.0 – 0.50) =
0.5 tons per year
Where:
EF1 = Pre-project emission factor used to calculate AER from the original banking action
EF2 = Post project emission factor used to calculate AER from the original banking action
EF Rule = Current emission factor required by a rule or regulation
Source: SJVAPCD Draft Staff Report Annual Offset Equivalency Demonstration (April 19, 2016).
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Due to the differences between the federal and District NSR programs, in 1999 U.S.
EPA and SJVAPCD entered into an agreement requiring SJVAPCD to implement an
annual federal offset equivalency tracking system. U.S. EPA required this agreement
as a condition of approving SJVAPCD’s amended NSR rule for incorporation into the
SIP. The purpose of the equivalency tracking system is to show, on a program-wide
basis, that SJVAPCD’s NSR rule requires an equal or greater amount of offsets than
would be required under the terms of federal NSR. Equivalency is tracked on a
pollutant-by-pollutant basis for each of the District’s non-attainment pollutants. The
District issues an annual offset equivalency report to U.S. EPA. The report is based on
the outputs from the District’s internal equivalency system.
From the time the tracking system was adopted in August 2001 until present,
SJVAPCD has never failed to show equivalency in its annual demonstration report
submitted to U.S. EPA. As a result, SJVAPCD has been able to maintain its offsetting
system instead of adopting federal offset requirements for new major sources (NMS)
and federal major modifications (FMM) to existing major sources. If SJVAPCD were to
fail to show equivalency, they would be required, by their existing NSR rule and the
agreement with U.S. EPA, to follow federal offsetting standards, including valuing
ERCs at time-of-use rather than at time-of-issuance.
C. Role of ERCs under the Federal Clean Air Act
The federal Clean Air Act (FCAA) forms the basis for the national air pollution control
effort, including among other elements, national ambient air quality standards for
major air pollutants, hazardous air pollutants standards, state attainment plans,
stationary source emissions standards and permits, and enforcement provisions. Both
the federal government (under the FCAA) and California (under the California Clean
Air Act) set air quality standards for clean air. An air quality standard defines the
maximum amount of a pollutant averaged over a specified period of time that can be
present in outdoor air without harming public health.
The FCAA requires U.S. EPA to set primary National Ambient Air Quality Standards
(NAAQS) to protect public health, and secondary NAAQS to protect plants, forests,
crops, and materials from damage due to exposure to six air pollutants that are
harmful to public health and to the environment. These pollutants include particulate
matter (PM 10 and PM 2.5), ozone (O3), nitrogen oxides (NOx), sulfur oxides (SOx),
carbon monoxide (CO), and lead (Pb).
Federal law requires that all states attain the NAAQS. Geographic areas within each
state that do not meet a standard are called non-attainment for that air pollutant. The
designation of an area as non-attainment is also important because it triggers the
regulatory requirements for banking and use of emission reductions credits. The San
Joaquin Valley is one of the non-attainment areas in the State. U.S. EPA classified the
San Joaquin Valley as extreme non-attainment for ozone and serious non-attainment
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for PM2.5. Non-attainment areas must develop plans, called State Implementation
Plans (SIPs), to attain the NAAQS. SIPs are comprehensive plans that describe how an
area will attain, or maintain, NAAQS.
The SIPs’ main purposes are to demonstrate that the State has the basic air quality
management program components in place to implement a new or revised NAAQS,
to identify the emissions control requirements the State will rely upon to attain and/or
maintain the primary and secondary NAAQS, to prevent air quality deterioration for
areas that are in attainment with the NAAQS, and to reduce criteria pollutants emitted
in nonattainment areas.
The FCAA Amendments of 1970 also authorize California to set its own separate and
stricter-than-federal emissions standards to address California’s extraordinary
circumstances of population, climate, and topography that pose serious air quality
challenges. CARB focuses on California’s unique air quality challenges by setting the
State’s own stricter emissions standards for a range of statewide pollution sources
including vehicles, fuels, and consumer products.
The FCAA sets deadlines for attainment based on the severity of an area's air pollution
problem. Failure of a state to reach attainment of the NAAQS by the target date can
trigger a change in attainment status, new planning, and possibly penalties, including
withholding of federal highway funds.
State law makes CARB the lead agency for all purposes related to the California SIP.
CARB and local air pollution control districts work together in developing clean air
plans to demonstrate how and when California will attain, or maintain, air quality
standards established under both the FCAA and the California Clean Air Act. Local air
pollution control districts, such as the SJVAPCD, develop plans that describe how the
districts will reduce emissions to meet air quality standards by the deadlines, and
implement control measures in their areas. These controls primarily affect stationary
sources, such as manufacturing and goods processing facilities.
As part of the control strategy at the local level, districts regulate stationary emission
sources by adopting control strategies such as district permitting rules and prohibitory
rules (prohibitory rules are rules that apply to specific types of equipment or
industries). The rules achieve emissions reductions by setting limits and by requiring
controls, certifications, or work practices that minimize emissions. Many of these rules
have been made stricter over time. The permitting process is the vehicle by which the
District implements and enforces rule requirements. An operating permit contains
clear, enforceable conditions that spell out each of the rule requirements, and includes
associated recordkeeping, monitoring, or testing requirements to ensure that it can be
demonstrated that the conditions are being adhered to.
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D. Permitting – Federal Requirements
There are two layers of permitting for major sources: 1) federal process and
standards; and 2) district process and standards. In many cases, the district will
perform both reviews if the district has a SIP-approved program or is delegated
authority to implement the federal permitting program. If a district is not delegated
such authority, then U.S. EPA will perform the federal permitting and the district will
perform its own permitting. Many of the terms used in both federal and local
permitting are the same or similar, however some are different, so it is important to
distinguish between them.
Major sources of emissions are subject to Title V (of the FCAA), which establishes a
federal operating permit program designed to standardize air quality permits and the
permitting process for major sources of emissions across the country. Title V only
applies to "major sources." U.S. EPA defines a major source as a facility that emits, or
has the potential to emit (PTE) any criteria pollutant or hazardous air pollutant (HAP) at
levels equal to or greater than federal Major Source Thresholds (MST). The MST for
criteria pollutants varies depending on the pollutant and attainment status (e.g.,
marginal or moderate, serious, severe, and extreme) of the geographic area in which
the facility is located.
The FCAA 5 requires NMSs and FMMs to existing major sources of criteria pollutants to
undergo a preconstruction review and permitting process conforming to federal law
and regulations. In nonattainment areas, the process is called federal "non-attainment
new source review" (“NNSR” or simply "NSR"). Existing "major sources" must comply
with certain minimum emission reduction requirements and obtain a Title V operating
permit. Federal new source review and District new source review differ in several
ways, as discussed further below.
E. Permitting – Local Requirements
Air districts issue permits and monitor new and modified sources of air pollutants in
accordance with national, State, and local emission standards. A primary purpose of
permitting is to ensure that emissions from such sources will not interfere with the
attainment and maintenance of ambient air quality standards adopted by CARB and
U.S. EPA. Permit requirements apply to individual processes and devices at major
sources and to individual processes and devices at facilities that fall below major
source thresholds. Local air district permitting activity falls into two broad categories.
The districts must approve any new or modified source that has the potential to emit
air pollution before it is constructed. This is called an ATC permit for the source.
Most ATC permit approvals are subject to NSR. Once a district inspects a source and
5

CAA 172(c)(5).
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finds that the source complies with its ATC permit, the district will issue a permit to
operate (PTO). The operating permits of major facilities must include federal Title V
requirements in addition to local district requirements.
F. New Source Review
New Source Review (NSR) is the title applied to programs regulating the new
construction of, and/or modifications to, industrial sources, that have the potential to
emit, or will emit, air pollutants. NSR programs establish standards for the
construction of new stationary sources and the modification of existing stationary
sources such as power plants, refineries, and incinerators. State and federal law
mandate requirements for NSR, including offset requirements for new and expanding
stationary sources. There are two types of NSR in California: federal and local.
The requirements of NSR must be met before a district will issue an ATC. The
minimum requirements of NSR are specified in federal and State laws, but in California
NSR is implemented at the local level. The local air districts incorporate the applicable
state and federal requirements in their own local NSR rule(s). In addition, the districts
may include more stringent requirements in their NSR rule(s). Emissions offsetting and
ERCs are required components of NSR in non-attainment areas, such as the San
Joaquin Valley.
The California Clean Air Act sets basic requirements for NSR programs in the State.
Specific to NSR, each district is to include in its attainment plan, a stationary source
control program designed to achieve no net increase in emissions of nonattainment
pollutants or their precursors for all new or modified sources that exceed particular
emission thresholds. 6
Each of the 35 districts in California has its own NSR program and issues its own ATCs
and PTOs. Each district has adopted its own NSR rules and regulations to comply with
state and federal laws. These regulations usually incorporate both the California and
federal regulations into one or more rules. Two of the key components of NSR in each
of the districts are Best Available Control Technology (BACT) and offsets.
1. Best Available Control Technology
Depending on the type and quantity of emissions of air pollutants that will be emitted
from the source and the area designation for that pollutant, the new or modified
source may be required to install BACT. In general terms, BACT means an emission
limitation based on the maximum degree of reduction of each pollutant subject to
regulation, emitted from, or which results from any major emitting facility. The
SJVAPCD defines BACT as follows:
6

HSC 40918 – 40920.5.
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[T]he most stringent emission limitation or control technique of the
following:
Achieved in practice for such category and class of source;
Contained in any State Implementation Plan approved by the
Environmental Protection Agency for such category and class of source. A
specific limitation or control technique shall not apply if the owner of the
proposed emissions unit demonstrates to the satisfaction of the APCO
that such a limitation or control technique is not presently achievable; or
Contained in an applicable federal New Source Performance Standard; or
Any other emission limitation or control technique, including process and
equipment changes of basic or control equipment, found by the APCO to
be cost effective and technologically feasible for such class or category of
sources or for a specific source.
At a minimum, a specific limitation or control technique must be proposed as BACT if
it has been achieved in practice on the same type of equipment, anywhere. Even
more stringent emission limitation or control techniques are required, including
alternative basic equipment or process or changes of control equipment, if found by
the APCO to be technologically feasible for such class or category of sources or for a
specific source, and cost effective, even if such a control has never been achieved
before.
2. Offsets
The California and federal Clean Air Acts each require offsets as an element of air
quality attainment plans. State law specifies that each non-attainment area’s
attainment plan contain a stationary source control program designed to achieve no
net increase in emissions of non-attainment pollutants from all new or modified
stationary sources. Under California law, a new or modified facility at, or above, a
certain threshold must mitigate all emission increases so that the result is no net
increase in emissions.
Therefore, new and/or modified sources in California may be required, depending on
the type and quantity of pollutants emitted, to mitigate or "offset" the increases in
emissions that result from the project, even after installation of BACT. The concept
behind offsets is that new and expanding stationary sources of air pollution mitigate,
or “offset,” new emissions with reductions in air pollution at existing sources. The
system is designed to accommodate new emissions so that industrial growth can
continue in areas not meeting NAAQS (or CAAQS) while not undermining progress
toward achieving clean air mandates.
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An offset threshold refers to the level of emissions from a new or modified stationary
source above which the source is required to provide offsets to mitigate a new
emissions increase. Offset requirements are triggered on a pollutant-by-pollutant
basis. For example if the offset threshold for VOC in a given district is 10 tons per
year, and a new or modified source is projected to emit 8 tons per year, then the
source would not be required to provide offsets to mitigate the 8 ton emission
increase. However, if the source is projected to emit 12 tons of VOC, then the source
would be required to provide offsets.
Once offsets are triggered, a source must provide ERCs to offset either all or a portion
of the permitted emissions. Each district’s NSR program differs in whether a source
must offset the entire permitted amount of emissions, or only down to the offset
threshold. Meaning, in the case described above, where the source is permitted to
emit 12 tons of VOC, some districts require the source to offset 12 tons of VOC,
where others only require the source to offset 2 tons of VOC down to the 10 ton offset
threshold. SJVAPCD requires offsetting down to the offset threshold.
G. The San Joaquin Valley Air Pollution Control District ERC System
This section provides an overview of how the SJVAPCD implements the ERC element
of its NSR program.
The history of the SJVAPCD is important for understanding the current ERC program.
The SJVAPCD was formed in 1992 by the unification of eight individual county
districts. Prior to unification of the District, the eight counties each had independent
air quality management programs. Each county had its own set of rules and
requirements and thus each county made its own permitting decisions. While each
county was subject to essentially the same State and federal requirements pertaining
to air quality, there were differences in the way counties made permitting and ERC
approval decisions.
The unification of these county programs through the formation of the SJVAPCD
created a consistent air quality program Valley-wide. Prior to unification, some
counties, such as Kern, had fully developed rules for granting ERCs while other
counties had more informal procedures for recognizing ERCs. While permits issued
under the new unified District were consistent, it was recognized that the ERCs
generated by the individual counties before unification needed to be carried over to
the unified District. The SJVAPCD NSR and ERC rules facilitated this by creating
procedures and timelines for recognizing and carrying over ERCs created in the
individual counties. Thus old ERCs generated by county air districts prior to unification
became unified District recognized ERCs. These ERCs still exist today, comprise
roughly half of available NOx and VOC ERCs, and may be available to offset new
emissions.
13

Following unification, the District established its own requirements for ERC banking, as
further detailed below.
1. The SJVAPCD New Source Review Program
The SJVAPCD operates its NSR program to meet federal and State legal
requirements. Elements of the program have been approved by CARB and U.S. EPA
through the SIP approval process.
Rule 2201 is the District’s NSR rule. First adopted in 1991, the District has updated
and amended the rule sixteen times, most recently in August 2019. The rule
establishes BACT requirements, offset thresholds, and offset requirements. Key
elements of the rule include:
•

BACT Requirements

BACT requirements are triggered on a pollutant-by-pollutant basis and on an
emissions unit-by-emissions unit basis. Under Rule 2201, a BACT analysis is required
(unless exempted) on (a) any new emissions unit or relocation from one Stationary
Source to another of an existing emissions unit with a Potential to Emit exceeding 2.0
pounds in any one day; (b) modifications to an existing emissions unit with a valid
Permit to Operate resulting in an Adjusted Increase in Permitted Emissions (AIPE)
exceeding 2.0 pounds in any one day; and (c) any new or modified emissions unit, in a
stationary source project, which results in an SB 288 Major Modification 7 or a FMM.
•

Emissions Offset Threshold

Offset requirements are triggered on a pollutant-by-pollutant basis. Unless
exempted, offsets are required if the post-project Stationary Source Potential to Emit
(SSPE2) equals or exceeds the following offset threshold levels: VOC and NOx –
20,000 pounds per year; CO – 200,000 pounds per year; SOx – 54,750 pounds per
year; PM10 – 29,200 pounds per year. SJVAPCD requires offsets down to the offset
threshold.
•

Offset Ratios

Rule 2201 establishes distance offsets designed to require additional offsets where the
original location of emissions offsets is 15 miles or more away from the source under
review. For NMSs and FMMs involving VOC or NOx, and for sources more than 15
miles away from the offset source, the ratio is 1.5. This means that every 1 pound of
emissions increase must be offset by 1.5 pounds of emission decrease.

The SB 288 Major Modification calculation procedure is included in Rule 2201 to comply with the requirements of
California SB288 which prohibited air district’s from relaxing requirements for Federal new source review (as they
existed on 12/19/02) as a result of Federal NSR reform.

7
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•

Air Quality Improvement Deduction Requirements

New ERCs are discounted by 10% prior to banking, which is called an air quality
improvement deduction. For example, if an emission reduction of 10 TPY qualifies for
ERCs, then a certificate would be issued to the applicant for 9 TPY, and 1 TPY would
be permanently retired by the District. This requirement is designed to help ensure
that the implementation of the ERC program results in an overall air quality benefit
within the boundaries of the air district.
•

Calculation Requirements

Rule 2201 defines calculation methods for applying the NSR rule, including for
baseline periods, daily emissions limits, historical actual emissions, and potential to
emit. These definitions and requirements apply to both permit engineering review
calculations, and to the equivalency demonstration. There are several important
calculation differences between the SJVAPCD’s rule and the federal program.
The most important distinction for purposes of this review concerns whether ERCs are
discounted when they are used. Under federal NSR rules, the value of an ERC is
discounted at the time-of-use. Under this approach, each ERC must be re-evaluated
based on the rules, regulations, and SIP commitments that apply at the time-of-use.
Because many years often elapse between when an ERC is created and when it is
used, the adoption of progressively stricter emissions standards can cause the surplus
value of an ERC to drop significantly.
Under the SJVAPCD rules, the value of an ERC is calculated when the ERC is issued,
and the ERC retains this value for the life of the ERC. This is referred to as “time-ofissuance” value. This means the District grants ERCs based on the “surplus” (in excess
of any rules, requirements or plans on the books) value at the time of banking. If at
some point in the future a rule is adopted that would have reduced emissions from the
banked source, the rule has no effect on the ERC. CARB supported this approach at
the time it was originally adopted. In a 1993 letter to U.S. EPA, CARB expressed its
view that this approach created incentives for companies to produce and use ERCs,
“no company exercising good business judgment would ever purchase ERCs which
could become worthless within an unforeseeable future time. This would also tend to
discourage modernization, since a valuable ERC would be rendered useless on the
open market.”
A second calculation difference between SJVAPCD NSR and federal NSR is how an
emissions increase is calculated to determine the offset quantity for FMMs. For
modified sources that qualify as “clean emissions units,” 8 the emissions increase under
SJVAPCD NSR is calculated as the difference between the pre-project PTE and the
post-project PTE, i.e. a potential-to-potential basis (for all sources). In contrast, under
Clean emissions units are emissions units equipped with emissions controls 95% efficient or meeting
achieved-in-practice Best Available Control Technology requirements in the previous 5 years.
8
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federal NSR (for new major sources and federal major modifications), the emission
increase is calculated as the difference between the pre-project actual emissions and
the post-project PTE, i.e. an actual-to-potential basis. An actual-to-potential basis (as
under federal NSR) will always produce an emissions increase that is equal to or
greater than an emission increase determined on a potential-to-potential basis (as
under SJVAPCD NSR). Thus, the actual-to-potential calculation is more stringent.
Districts differ in terms of the emissions increase calculation for their particular NSR
rule. Some, including SJVAPCD, use a potential to potential calculation, while others
use an actual to potential calculation, which results in a larger number of offsets
required.
Due to the differences between the federal and District NSR programs, in 1999 U.S.
EPA and SJVAPCD entered into an agreement requiring SJVAPCD to implement an
annual federal offset equivalency tracking system. U.S. EPA required this agreement
as a condition of approving SJVAPCD’s amended NSR rule for incorporation into the
SIP. The purpose of the tracking system is to show, on a program-wide basis, that
SJVAPCD’s NSR rule requires an equal or greater amount of offsets than would be
required under the terms of federal NSR. This is the “equivalency determination” that
a major section of this review discusses below.
The District’s NSR Rule contains language that describes how the district would modify
its program if it were to fail to show equivalency. From the time the tracking system
was adopted in August 2001 until present, SJVAPCD has never failed to show
equivalency based on its annual demonstration to U.S. EPA. As a result, SJVAPCD has
been able to maintain its offsetting system instead of adopting federal offset
requirements for NMSs and FMMs to existing major sources. If SJVAPCD were to fail
to show equivalency, they would be required, by their existing NSR rule and the
agreement with U.S. EPA, to follow federal offsetting standards.
2. The SJVAPCD ERC Bank
The District publishes on its website 9 a daily summary of the available (or currently
valid) ERCs. Table 1 provides an example of the daily summary from August 1, 2019.
The summary reports the ERCs by the region in which the ERCs were banked, however
an ERC from one region may be used (retired) to mitigate emission increases in any
other region. In 2016, the District estimated10 that approximately 18% of its NOx
ERCs were surplus as of that the time, if evaluated and discounted under a “surplus-attime-of use” assumption.

9

http://www.valleyair.org/busind/pto/erc.htm
http://www.valleyair.org/Workshops/postings/2016/05-11-16_OEI/DRAFT-Staff-Report.pdf

10
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Table 1. Available Annual ERCs in the San Joaquin Valley by Region (August 2019)
Pollutant
Northern
Central
Southern
Total District
(lbs/yr)
Region
Region
Region
VOC
748,373
589,690
8,847,980
10,186,043
NOx
2,005,863
740,185
8,242,410
10,988,458
CO
1,691,911
1,011,453
51,328,838
54,032,202
PM10
739,839
980,277
962,531
2,681,897
SOx
1,654,602
664,580
3,914,109
6,233,291
Acetone
71,826
2,695
None
74,521
Ethane
None
14,134
1,879,617
1,893,751
Hydrogen
None
107
45,005
45,112
Sulfide
PM2.5
None
None
3,218
3,218
Sulfate
None
None
191,193
191,193
Particulate
CO2E (MMT/yr)
2,444
259,575
636,315
636,315
Figures 1 and 2 below show the percentage of available VOC and NOx ERCs in the
bank according to the age (grouped by decade) of the emission reductions that
created them. The charts show that the majority of VOC (89%) and NOx (85%) ERCs
remaining in the bank unused are based on emission reductions that occurred more
than 20 years ago. 11

Note that the ERC totals (lb/yr) for VOC and NOx in the charts below will not equal the VOC and NOx totals in
Table 1 above because the charts only represent banking actions through 2018, whereas Table 1 is current as of
August 1, 2019.
11
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Figure 1. Age of VOC ERCs Available in the SJVAPCD Bank

1998 - 2007,
719,174 lb/yr
7%

2008 - 2017,
423,827 lb/yr
4%

1977 -1987,
5,688,473 lb/yr
55%

1988 - 1997,
3,525,147 lb/yr
34%

Data from SJVAPCD for ERCs
Issued Through 2018

Figure 2. Age of NOx ERCs Available in the SJVAPCD Bank
2008 - 2017,
1,377,958 lb/yr
12%

1998 - 2007,
291,789 lb/yr,
3%

1988 - 1997,
5,904,227 lb/yr
53%

1979 - 1987,
3,483,504 lb/yr
32%

Data from SJVAPCD for ERCs
Issued Through 2018
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3. Demonstrating Equivalency
When originally established, the District’s NSR program required more offsets than the
federal NSR program, primarily because District emissions offset thresholds and offset
ratios were more stringent compared to federal NSR. However, in 2010, the San
Joaquin Valley’s federal non-attainment ozone classification was bumped up from
severe to extreme. As a result, the federal major source and major modification
thresholds for ozone precursors dropped to levels that eliminated the primary
advantage SJVAPCD’s NSR program had in offset stringency over the federal NSR
program for NOx, VOC, and CO.
Since the reclassification to extreme non-attainment for ozone in 2010, SJVAPCD’s
tracking system frequently relies on the carry-over of past mitigations and reductions.
To demonstrate equivalency for NOx and VOC the District has relied heavily on past,
unbanked reductions from orphan shutdowns and electrification projects (i.e.,
reductions not used for ATC projects). For example, between 2010 and 2018, half of
all VOC reductions, and 75% of all NOx reductions included in the District’s
equivalency demonstrations were provided by orphan shutdowns and electrification
projects, with the remaining value provided by ERCs.
Figures 3 and 4 below display the emissions reductions claimed by source type by the
District to demonstrate federal offset equivalency between 2010 and 2018. For NOx,
electrification projects comprised the majority of offsets used to demonstrate
equivalency, and for VOC both ERCs and orphan shutdowns were used to
demonstrate equivalency.
Part 3 of this report provides further discussion and analysis of the District’s
equivalency program.
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Figure 3. Surplus at Time-of-use Equivalency: NOx Mitigation by Source
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Figure 4. Surplus at Time-of-use Equivalency: VOC Mitigation by Source
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H. Summary of Findings for Part 1
The current SJVAPCD ERC bank contains nearly 11 million pounds per year of NOx
ERCs when valued at time-of-issuance, more than 80% of which were generated more
than 20 years ago. However, over the years, the District’s regulatory program has
become more stringent, and the District estimated in 2016 that these NOx ERCs,
when valued at time-of-use, were worth about 18% of the time-of-issuance value. 12
This reduction in time-of-issuance value is directly related to the stringency of the
District’s regulatory program. In effect, as the District increases the stringency in its
regulatory program, it also reduces the time-of-use value in its ERC bank, which makes
achieving equivalency more difficult. By way of example, when a business uses a 100
TPY ERC to offset a 100 TPY emissions increase, the business gets full use of the 100
TYP face value of the ERC. However, when the District accounts for the use of the
same 100 TPY ERC in the context of the equivalency determination, its surplus-at-timeof-use value may be much less. In the case of NOx, on average, the 100 TPY NOx
ERC would only be able to “offset” 18 TPY in the equivalency determination
calculation.
At the same time, the District’s NSR program, once significantly more stringent than
federal requirements no longer is for NOx and VOC because of the District’s
reclassification to extreme non-attainment status for ozone in 2010. Prior to
reclassification, the District’s offsets thresholds for major sources were below the
federal offset threshold and therefore the District required a greater use of offsets to
mitigate emissions increases than what was federally required. However, upon
reclassification, the District’s offset threshold was no longer lower than the federally
required threshold, which created a situation in which more offsets are generally
required for major sources under federal requirements than under district rules. This
change has been exacerbated by the fact that there generally are not sufficient
reductions from the application of the NSR ERC program to offset the difference
between time-of-issuance and time-of-use value of ERCs. The District uses orphan
shutdowns and electrification projects to provide additional emissions reductions that
are needed to demonstrate equivalency because the remaining portions of the
program do not appear to provide sufficient additional offsets. These emission
reductions are not generated as part of the ERC system, but are used to demonstrate
offset equivalency between the District program and federal requirements. On the
other hand, the District has not to date incorporated other eligible and more stringent
requirements of their NSR rule into the offset equivalency demonstration, such as the
application of BACT requirements to minor sources which is beyond federal
requirements.

12

SJVAPCD Draft Staff Report for Annual Offset Equivalency Determination, April 19, 2016, page 6
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III.

Part 2: Evaluating ERC Projects

This section discusses Part 2 of the review, in which staff evaluated 52 individual ERC
projects, which represents 201 individual ERC banking certificates. 13 Staff’s evaluation
focused on whether the projects conformed to District rules, as well as federal and
State requirements. Staff focused particularly on timeliness of applications; baseline
determinations and calculations; and the evaluation criteria (real, quantifiable, surplus,
permanent, and enforceable). In addition, staff reviewed emission calculations and
engineering evaluations for accuracy and completeness of information. Because the
Earthworks Report identified potential issues with specific ERCs, CARB staff included
in this review all of the ERCs discussed in the Earthworks Report. To ensure the
sample of ERCs in this review provides an adequate representation of the entire ERC
program, CARB selected additional ERCs for evaluation using a random selection and
representing the following criteria:
•

A variety of locations, including varied regions of SJVAPCD;

•

A variety of industries;

•

A range of magnitude of emissions banked; and

•

A range of dates in which the project took place.

To select ERCs for review, staff first identified the full population of projects and ERCs.
Staff identified 1,358 projects and 2,101 ERC certificates listed in the District’s ERC
bank. From this population, staff selected 52 ERC projects representing 201 individual
single pollutant ERC certificates, including those addressed in the Earthworks Report
and additional projects chosen by CARB staff to provide a representative overview of
the program.
Table 2 below lists the ERC project codes associated with the 52 ERC projects
selected for review. District staff assign ERC project codes when an ERC application is
submitted. The first letter of the project code indicates which region the reduction
originated in (N for northern, C for central, and S for southern). The remaining
numbers uniquely identify each project. Each ERC project code represents between
one and five actual ERC certificates because a unique ERC certificate is issued for each
pollutant banked, even if they result from the same project. For each of these
projects, staff requested the contents of the project file from the District, and
reviewed information available in the District’s permitting database, PAS. Key publicly
available information which staff used to review these projects can be found on
CARB’s website at the following address: https://ww2.arb.ca.gov/ourwork/programs/san-joaquin-valley-emission-reduction-credit-program-review

An ERC banking action, or “project”, can involve a banking of multiple pollutants, and an individual ERC
certificate is issued for each pollutant banked in an action or project.
13
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Table 2. List of ERC Projects that CARB Reviewed
ERC
Project
Number

Date of
Issuance

Number
Certificates
Issued

VOC

NOx

CO

PM10

SOx

CO2e

(tpy)

(tpy)

(tpy)

(tpy)

(tpy)

(tpy)
(metric)

S-851028

7/23/1987

2

2,202.3

-

11,459.8

-

-

-

S-870731

4/14/1988

5

261.3

509.4

4730.2

6.6

295.8

-

S-920255

9/27/1994

23

1,168.0 14

-

-

-

-

-

S-910706

3/30/1992

5

-

58.7

8.1

20.8 15

386.4

-

S-920024

12/17/1992

5

3.3

10.4

3.6 16

126.5

-

S-930509

7/14/1994

4

-

110.9 17

-

-

-

-

S-950784

12/6/1996

1

103.6

-

-

-

-

-

S-981134

4/12/1999

1

-

9.9

-

-

-

-

S-1010702

12/17/2001

1

-

13.1

-

-

-

-

S-1020219

4/28/2003

1

-

-

-

8.74

-

-

S-1052797

12/6/2006

4

38.2

7.1

20.2

2.6

-

-

S-1075362

5/15/2008

4

11.5

11.8

52.7

0.8

-

-

S-1080067

5/14/2008

4

0.1

0.7

1.3

0.1

-

-

S-1113860

1/19/2012

1

4.5

-

-

-

-

-

S-1120775

2/13/2014

2

-

-

-

-

-

70,788 18

S-1122749

3/24/2015

1

-

-

-

-

-

12,003

S-1122845

7/14/2014

6

0.5

4.7

3.2

1.7

0.03

30,279

S-1123816

4/19/2017

1

-

-

-

-

-

257,426

C-1130364

10/7/2015

6

0.04

0.1

3.5

0.1

0.002

161

S-1141060

8/26/2015

4

-

42.0

99.6

13.9

9.2

-

S-1144501

7/12/2017

1

1.5

-

-

-

-

-

S-1154368

4/3/2017

3

-

0.1

1.9

0.6

-

-

1,168.0 tpy is the total of twelve separate VOC ERC certificates issued for this project. In addition, eleven ethane
ERC certificates were issued.
15
A separate ERC for 8.4 tpy sulfates was also issued.
16
A separate ERC for 1.8 tpy sulfates was also issued.
17
110.9 tpy is the total of four separate NOx ERC certificates issued for this project.
18
70,788 is the total for two separate CO2e ERC certificates issued for this project.
14
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ERC
Project
Number

Date of
Issuance

Number
Certificates
Issued

VOC

NOx

CO

PM10

SOx

CO2e

(tpy)

(tpy)

(tpy)

(tpy)

(tpy)

(tpy)
(metric)

S-1171326

3/12/2018

4

-

19.8

6.1

7.8

0.2

-

S-1180895

8/21/2018

5

0.3

0.4

11.1

0.3

0.8

-

C-920318

9/13/1993

5

61.0

11.0

2.7

112.7

0.05

-

C-950579

6/12/1996

3

3.5

22.6

18.2

-

-

-

C-970158

1/7/1999

5

20.7

6.0

31.4

0.7

0.04

-

C-980294

8/18/2003

5

0.7

5.5

74.2

1.1

4.4

-

C-1010009

3/15/2001

5

163.9

1.5

1.4

39.5

0.02

-

C-1011235

7/16/2002

5

1.5

14.6

2.2

0.7

0.2

-

C-1032163

3/29/2004

5

0.01

0.2

0.2

9.9

0.006

-

C-1040561

10/6/2004

5

0.03

0.7

0.1

7.5

0.04

-

C-1063777

4/30/2007

5

0.02

0.4

0.1

9.5

0.003

-

C-1120248

7/9/2012

5

0.4

32.9

32.7

6.8

22.8

-

C-1162473

7/12/2017

5

0.009

0.2

0.03

8.0

0.03

-

C-1162737

1/30/2018

1

5.3

-

-

-

-

-

C-1171943

7/26/2018

6

0.003

0.1

0.01

3.9

0.01

79

C-1172943

7/8/2019

5

0.1

0.9

0.7

2.1

0.01

-

C-1173456

10/11/2018

5

0.003

0.05

0.01

5.5

-

56

N-930450

5/19/1995

4

0.1

45.5

-

1.6

17.5

-

N-950107

5/21/1996

1

-

-

37.9

-

-

-

N-950151

3/4/1996

1

-

163.5

-

-

-

-

N-950288

12/8/1998

5

68.3

79.0

69.3

12.7

6.4

-

N-960487

6/3/1997

5

1.0

36.0

10.8

8.1

0.7

-

N-970384

11/5/1998

5

1.7

243.6

42.1

49.8

341.3

-

N-980337

5/25/2000

5

107.5

14.1

9.4

3.0

0.2

-

N-1000509

10/29/2008

1

-

-

-

6.4

-

-

N-1001257

8/14/2002

5

0.5

55.9

40.7

9.5

28.1

-

N-1061341

2/20/2008

5

2.7

20.8

54.3

0.03

4.3

-
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ERC
Project
Number

Date of
Issuance

Number
Certificates
Issued

VOC

NOx

CO

PM10

SOx

CO2e

(tpy)

(tpy)

(tpy)

(tpy)

(tpy)

(tpy)
(metric)

N-1062909

5/26/2011

2

14.7

-

-

0.6

-

-

N-1101305

12/19/2012

1

32.8

-

-

-

-

-

N-1131840

2/21/2017

1

-

-

-

-

28.3

-

A. Findings
In reviewing the 52 ERC projects, staff identified four areas in which the District’s
program requires improvement:
1. Transparency
2. Timeliness of Application and Selection of Baseline Periods
3. Real and Permanent Reductions
4. Surplus Reductions
This section provides an overview of each of these areas of concern, with reference to
the affected ERC projects.
1. Transparency
In about half of (27 of 52) ERC projects reviewed, the District’s project files lacked
sufficient supporting documentation that would be necessary to replicate or verify the
information used in the District evaluation or provided in the facility application. The
ERC projects were missing information such as emissions inventory submittals, choice
of baseline period, Continuous Emission Monitoring (CEMS) data, source test data,
and other information. The following ERCs lacked sufficient documentation: C920318, C-920255, C-1010009, C-1032163, C-1130364, C-1162737, C-1172943, C1173456, N-930450, N-950107, N-950288, N-960487, N-980337, N-1062909, N1131840, S-851028, S-870731, S-910276, S-920024, S-1020209, S-1075362, S1113860, S-1122749, S-1122845, S-1123816, S-1141060, and S-1144501.
The ERC process should ensure that the ERC file is complete and transparent, such
that a reviewer, or member of the public, can readily replicate the decision made.
Three examples of transparency issues found during the review are illustrative of ERCs
with similar issues.
•

S-1144501: The proposed reduction resulted from shutdown of two floating roof
crude oil production tanks. The referenced ERC was issued in 2017. The District’s
files provide no discussion of the reason the District chose an alternative baseline
period for the facility, rather than the two years immediately preceding the date of
25

application. There is no detail of the quarterly average production data
calculations, and using the raw data, the District values cannot be duplicated. In
addition, the District relied on the permit surrender date for justification of
application timeliness, yet the letter from the applicant surrendering permits is not
included in the District’s files.
•

N-960487: The proposed reduction resulted from the shutdown of a sugar
manufacturing facility. The throughput and fuel usage were supplied by a
consultant on behalf of the applicant, without any supporting documentation or
records. The file did not include any emission inventory submittals, nor any
evidence that the District verified the information in the application.

•

N-1062909: The proposed reduction resulted from the shutdown of a steel
storage system manufacturing facility. The District sent several letters requesting
more information from the applicant regarding amount of paint used and VOC
contents of paints, but the file contains no resolution of the requests. The project
files do not contain final issuance letters. The District took over four years to
determine the application was complete, but the file contains no explanation for
this delay.
2. Timeliness of Application and Selection of Baseline Period

District’s banking rule (Rule 2301) governs the timeline for applications for ERC
banking. CARB staff interprets the rule as being clear that the application must be
submitted within 180 days of when emission reductions occurred. To interpret Rule
2301, District follows Policy APR 1805 (4/9/1992) 19. CARB staff believes that Rule
2301 and APR 1805 are inconsistent. The District maintains that the rule and policy
are consistent but has committed to making adjustments to reduce the likelihood of
future actual or perceived inconsistencies.
In the San Joaquin Valley, most ERCs are generated from the shutdown of a facility or
process. In 15 of the 52 projects reviewed, the District granted ERCs for reductions
generated by a facility shutdown that occurred more than 180 days before submission
of the ERC application following Policy APR 1805. The 15 affected ERC projects are:
S-1075362, C1010009, C-950579, C-970158, C-1032163, C-1063777, C-1130364, C1162473, C-1172943, C-1173456, S-430424, N-1001257, S-870731, S-1080067, S1122845. For many of these ERCs, the District also selected baseline periods
reflecting operation of the facility even though the facility had not operated within 180
days of, and sometimes in years prior to, the ERC application.
District Rule 2301, Sections 4.2 and 4.2.3 states:

19

https://www.valleyair.org/policies_per/Policies/APR%201805.pdf
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4.2

Affected Pollutant Emissions Reductions Occurring After
September 19, 1991
For emission reductions occurring after September 19, 1991, the
following criteria must be met in order to deem such reductions
eligible for banking: …

4.2.3 An application for ERC has been filed no later than 180 days after
the emission reductions occurred.
The District does not define the date “emission reductions occurred,” however, it is
the District’s position that the date the “emission reductions occurred” for facilities
which are shutting down and applying for ERCs is the date of the “shutdown.” The
District defines “shutdown” in their regulations, although the term is not used in the
timeliness language. Specifically, District regulations define shutdown as the earlier of
the permanent cessation of emissions from an emitting unit or the surrender of that
unit's operating permit. Rule 2301, Section 3.14, defines “shutdown” as:
Shutdown: shall mean either the earlier of the permanent cessation of
emissions from an emitting unit or the surrender of that unit's operating
permit. If, prior to the surrender of the operating permit, the APCO
determines that:
the unit has been removed or fallen into inoperable and
unmaintained condition such that startup would require an
investment exceeding 50% of the current replacement cost; and
the owner cannot demonstrate to the satisfaction of the APCO
that the owner intended to operate again, then the APCO may
cancel the permit and deem the source shutdown as of the date of
last emissions. Evidence of an intent to operate again may include
valid production contracts, orders, other agreements, or any
economically based reasons which would require the operation of
the emitting unit after initial cessation of emissions.
District Policy APR 1805, Definition of a Shutdown defines shutdown as follows:
For permitted sources, the date of the shutdown shall be the date of the
surrender of the operating permit, unless the Control Officer determines
that: a) the unit has been removed or has fallen into an inoperable and
unmaintained condition such that start-up would require an investment
exceeding 50% of the current replacement cost; and, b) the owner
cannot demonstrate to the satisfaction of the Control Officer that the
owner intended to operate again. Evidence of "intent to operate again"
may include valid production contracts, orders, other agreements, or any
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economically based reasons which would require the operation of the
emissions unit.
Should the Control Officer make determinations a) and b), the date of
the shutdown shall be the date of the last emissions from the emissions
unit.
District Policy APR 1805 further states “We further recommend that the definition be
changed, by rule amendment, at the first opportunity. The wording of the attached
interpretation may be appropriate for such an amendment.”
By following Policy APR 1805 in reviewing the timeliness of ERC projects, the District is
accepting ERC applications submitted more than 180 days after the date emission
reductions occurred, which CARB staff interprets as in conflict with the District’s Rule.
The acceptance of applications more than 180 days after cessation of emissions
impacts the selection of the baseline period. District Rule 2201, Section 3.9, defines
the baseline period as: “the two consecutive years of operation immediately prior to
the submission date of the Complete Application” or “[a]t least two consecutive years
within the five years immediately prior to the submission of the complete application if
it is determined by the APCO as more representative of normal source operation.” 20
In 14 of the 15 ERCs identified as being issued more than 180 days since cessation of
emissions, the District defined a baseline period consisting of two years that were not
immediately prior to the submission of the application.
While the District’s reliance on District Policy APR 1805 with respect to application
timeliness appears to have been consistent since 1992, CARB staff concludes that the
policy and the rule are not aligned and should be modified accordingly. When
coupled with the District’s selection of baseline periods, the application of the policy
has led to the issuance of ERCs for facility shutdowns that occurred more than 180
days prior to application, with credit for normal levels of activity prior to shutdown.
The district has committed to a process to align the policy and the rule.
3. Source Shifting Considerations
In 10 projects (6 criteria pollutant and 4 GHG ) of 52 ERC projects reviewed the
reductions may not have been real and permanent as the pollution activity and
emissions may have shifted to a different facility. 21
In ERC projects for criteria pollutants, the District may consider the potential for the
emissions reductions proposed for banking being shifted to another nearby source or
Different baseline periods apply to sources that have been in operation for less than two years in total. These
periods do not apply to the projects staff reviewed.
21
CARB includes this review of GHG issues in part because non-profit groups raised concerns on this program as
well. CARB recognizes that the GHG program is not directly linked to NOx offsets for ozone attainment, but GHG
reductions, too, should be properly handled, given the significant public health implications of GHG emissions.
20
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source within the air basin. This “source shifting” consideration is expressed implicitly
in Rule 2301, Section 4.4.1 which bans certain source categories such as gasoline
stations from banking emission reductions. The rationale for this exclusion is that the
shutdown of a gasoline station will not result in any permanent or real emission
reductions because the demand for gasoline will remain the same and the activity of
refueling will be shifted to another nearby gasoline station. Thus, the air basin will see
the same emissions as before the shutdown.
Where an emissions reduction creates a potential for source shifting, it is best practice
for the ERC application to address this issue specifically by conducting an analysis to
demonstrate source shifting is not occurring or that it is being compensated for in the
amount of ERC being issued.
Staff observed that the issue of source-shifting was not explained adequately in some
criteria pollutant banking actions where it could be an issue, in particular, in the
banking of emissions from cotton gins in projects C-1032163, C-1040561, C-1063777,
C-1162473, C-1171943, and C-1173456. While the District explained that cotton
production was declining as an industry within the San Joaquin Valley, which CARB
staff concurs, the District did not explain how this ensured that the production from
one cotton gin shutting down was not being shifted to another nearby gin. In some
cases, there was another nearby gin within a few miles. The District could improve its
assessments by addressing source shifting more explicitly and comprehensively in its
review of ERC applications.
The District considered the issue of source shifting when amending Rule 2301 to allow
banking of GHG reductions. In presenting the Rule change, District staff noted certain
reductions would be ineligible for banking –including shutdowns where “global
demand for product/service does not decrease, product/service will be produced
elsewhere (and result in GHG emissions).” 22 While this language was not directly
incorporated into the Rule, the stated interpretation is consistent with the requirement
that reductions be real and permanent.
Because the effects of GHGs are global, some account of global demand and
therefore source shifting, on a global basis, is appropriate to ensure reductions are
real and permanent. However, in the analysis of GHG banking projects (S-1122749, S1123816, S-1122845, and C-1130364) for the shutdown of oil and gas production
equipment (pre-Cap and Trade), the District did not apply this global level of scrutiny.
The District assumed the GHG reductions would be real and permanent based on
documentation of declining oil and gas production in California. However, a global
boundary and demonstration of source shifting would have been more appropriate to
http://www.valleyair.org/Board_meetings/GB/agenda_minutes/Agenda/2012/January/Item11Rule2301011912presentation.pdf
22
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show the reductions are real and permanent given that oil and gas are global
commodities not on a downward trend, many producers are global, and the effects of
GHGs are global.
Ultimately, the impact of these GHG ERCs is not clear, as there is no currently
authorized use in an NSR context consistent with District rules or in the context of
GHG Cap and Trade programs. To CARB’s knowledge, none of these GHG ERCs
have been used.
4. Surplus Reductions
In four of the 52 ERC applications reviewed (S-1075362; S-981134; S-851028; and C1010009), it is unclear whether a portion of the reductions issued an ERC were not
surplus. These issues are particularly complicated – influenced by federal, state, and
local requirements.
For purposes of ERC banking, State law requires: 23
(a) Every district board shall establish by regulation a system by which all
reductions in the emission of air contaminants that are to be used to
offset certain future increases in the emission of air contaminants shall be
banked prior to use to offset future increases in emissions. The system
shall provide that only those reductions in the emission of air
contaminants that are not otherwise required by any federal, state, or
district law, rule, order, permit, or regulation shall be registered,
certified, or otherwise approved by the district air pollution control
officer before they may be banked and used to offset future increases in
the emission of air contaminants.
Federal law requires: 24
(c) Offsets (2) Emission reductions otherwise required by this chapter
shall not be creditable as emissions reductions for purposes of any such
offset requirement
District rules require: 25
3.2.2 To be considered surplus, [actual emissions reductions] shall be in
excess, at the time the application for an Emission Reduction Credit or an
Authority to Construct authorizing such reductions is deemed complete,
of any emissions reduction which:

California Health and Safety Code 40709.
Clean Air Act Section 173(c)(2).
25
SJVAPCD Rule 2201, 3.2.2.
23
24
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3.2.2.1 Is required or encumbered by any laws, rules, regulations,
agreements, orders, or
3.2.2.2 Is attributed to a control measure noticed for workshop, or
proposed or contained in a State Implementation Plan, or
3.2.2.3 Is proposed in the APCO’s adopted air quality plan
pursuant to the California Clean Air Act.
CARB recognizes that these rules and requirements are complex. However, all these
requirements focus on a careful evaluation of whether an ERC is truly surplus relative
to controlling law. This issue is particularly important to reevaluate, as a policy matter,
because the time-of-issuance program in San Joaquin can mean ERCs issued under
one legal regime are no longer truly surplus at use in light of changes in law since
issuance. This becomes more important because the District, not the applicant, must
identify sufficient time-of-use reductions in the context of the Equivalency
Demonstration.
The four applications where it is unclear as to whether the full value of the ERCs were
in fact surplus in light of changes in law.
•

ERC S-981134 involved a refinery applying for ERCs for emissions reductions
achieved from the required installation of BACT in 1998. The facility received an
Authority to Construct (ATC) Permit # S-33-56-11 to increase the firing rate
capacities of two heaters on a hydrocracking unit. This modification triggered
BACT for NOx, and the District determined BACT for NOx to be a technology
capable of meeting a NOx emission rate of 0.036 lb/MMBtu. The District granted
an ERC for reductions achieved between the rule requirement and BACT.
This approach was consistent with District Rule 2201 as adopted in 1995, which
required emissions reductions selected for banking to be in excess of any emissions
reduction required by any law, rules, regulations, agreements, or orders – except
controls required by the District’s NSR Rule. However, District Rule 2201 as
adopted in 1995 was inconsistent with California Health and Safety Code section
40709 and federal Clean Air Act section 173(c)(2), discussed above, which require
banked reductions to be surplus of all requirements including NSR requirements
for BACT. The District subsequently amended Rule 2201 in 1998 to remove the
language allowing banking of emissions reductions required by installation of
BACT in NSR.

•

ERC S-851028 involved benzene emissions reductions from the installation of a
boiler on a fluid coker at a refinery in 1987. CARB and USEPA appeared to differ
with the Kern County Air Pollution Control District on whether or not the
reductions were surplus and therefore eligible for banking. EPA and CARB both
commented that the reductions had occurred 10 years earlier and were already
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accounted for in the non-attainment plan, and RACT at the time of banking was
incineration. This ERC was discussed extensively in the Earthworks evaluation, and
the record regarding this ERC is not clear. Ultimately, the Kern County Air
Pollution Control District issued the ERCs, despite comments from CARB and U.S.
EPA at the time which raised issues about the eligibility of the emissions reductions
that the Kern County Air Pollution Control District did not fully address.
•

ERC C-1010009 involved an ERC application in July 2000 for the shutdown of
equipment at an oil mill used for seed processing. The facility continued to
operate exclusively as a cottonseed receiving and storage facility. Prior to the ERC
application, in May of 2000, the US EPA had published a notice to update a
NESHAP (40 CFR Part 63 Subpart GGGG) applicable to the source. The District
did not discount the ERC for the proposed NESHAP because it believed its rules
did not require it to do so, and finalized the ERC in March 2001. However, US EPA
finalized the NESHAP in April 2001, which reduced the time-of-use value of the
ERC by 280,000 pounds of VOC per year, a reduction of roughly 80%, just weeks
after the ERC was issued. This example highlights why time-of-issuance ERCs can
be problematic as a policy matter, given this notable difference in reduction value.

•

ERC S-1075362 involved the shutdown of six CNG engines. In this application, the
applicant requested ERCs for reductions above the most stringent regulatory
internal combustion emissions limit incorporated into a SIP in California – the 36
ppm NOx limit set forth in South Coast AQMD Rule 1110.2 (revised on June 3,
2005). The applicant used South Coast AQMD Rule 1110.2 for the Reasonably
Available Control Technology (RACT) adjustment because the 36 ppm NOx limit
was more stringent than the emissions limit under SJVAPCD Rule 4702. The
application noted that SJVAPCD Rule 4702 had been identified as a further study
measure, but no new draft potential emission limits had been published. As a
result, the applicant calculated reductions using the 36 ppm NOx emissions limit.
The District granted the ERC assuming an emissions limit of 65 ppm NOx, rather
than the 36 ppm NOx emissions limit proposed by the applicant. This increased
the value of the ERC. The District’s evaluation did not include an explanation for
the decision to use the 65 ppm limit. During this review process, however, the
District explained that prior to the issuance of the ERC, the District had consulted
with U.S. EPA in relation to a different banking action, and U.S. EPA had advised
the District by letter “actual emission reductions are required to be surplus of any
other SIP requirement the source is subject to, not the requirement of other
agencies SIPs which do not apply to the source.”
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IV.

Part 3: Examining the District’s Federal Offset Equivalency Demonstration

This section describes the District’s federal offset equivalency demonstration and
presents the analysis and findings of staff’s review.
Summary of findings:
•

The District’s equivalency database is not a self-contained, relational database
and lacks a complete data dictionary and technical documentation. CARB staff
noted a number of stranded records, data-handling discrepancies, and
transparency concerns related to these issues.

•

The District over-credited the amount of emission reductions claimed for
equivalency from PG&E’s AG-ICE diesel-to-electric incentive program for
agricultural irrigation pumps (Table 13). The over-credit is due to the use of a
load factor of 1.0 instead of the Carl Moyer Guidelines’ recommended load
factor of 0.65 in the calculation of the amount of actual emission reductions
creditable from these projects. (Table 11).

•

Six of the ten AG-ICE projects reviewed received Carl Moyer co-funding, which,
according to California Health and Safety Code section 44281(b) and Carl
Moyer Guidelines, call into question their appropriateness for use in the
equivalency demonstration. However, CARB staff found no evidence that the
emission reductions from the AG-ICE projects were relied on in the California
State Implementation Plan (SIP), which indicates the District’s use of these
reductions likely did not result in double-counting in both the SIP and
equivalency demonstration, and found evidence that only a portion of the
reductions, and not all of the reductions, were claimed for offset equivalency.

•

AG-ICE projects were emission reductions from agricultural sources and not all
agricultural sources were/are subject to permitting and NSR. Pursuant to SB
700 (2003, Florez), the District requires permits for agricultural sources
(including spark- and compression-ignited irrigation pumps) if their emissions
are greater than one-half of the major source emissions threshold. For
agricultural sources with emissions less than one-half of the major source
emissions threshold, the District issues registrations for spark- and compressionignited irrigation pumps. It is unclear whether the emission reductions
associated with the AG-ICE projects met the enforceability and permanence
criteria under Rule 2201 Sections 7.2.2.2 and 7.1.5 in all cases.

•

The District over-credited the amount of NOx and VOC emission reductions
from some orphan shutdowns claimed for surplus-at-time-of-use equivalency for
ten of the eleven projects reviewed (Table 14). Collectively, orphan shutdowns
account for nearly 50 percent of the emission reductions the District used to
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show surplus-at-time-of-use equivalency for VOC from 2001 – 2018 and over 60
percent of the excess VOC and NOx emission reductions available for use in
future equivalency demonstrations at the end of the 2018 reporting period
(Table 12).
A. Equivalency Overview
Since 2001, U.S. EPA has required the District to demonstrate program equivalency
with federal NSR offset requirements by showing that the emissions reductions
generated by SJVAPCD’s NSR requirements as a whole are equal to or greater than
the reductions that would have been required by federal NSR. 26 U.S. EPA and the
District entered into an agreement on August 30, 1999 establishing the requirements
for the equivalency demonstration. The District subsequently amended its NSR rule
(District Rule 2201), to reflect the requirements of the agreement. The equivalency
provisions in Rule 2201 have been incorporated into the SIP, and through that process
were subject to CARB review and U.S. EPA approval. The District submits its federal
offset equivalency report each November to U.S. EPA and CARB. The reports are
available on the District’s web site. The reports provide a summary of the reductions
the District relies on to demonstrate equivalency, but the full data set underlying the
equivalency demonstration is within the District’s internal equivalency tracking system,
which is not subject to regular review by U.S. EPA or CARB.
The federal offset equivalency demonstration consists of two distinct tests: Test 1
(offset requirement equivalency) and Test 2 (surplus-at-time-of-use equivalency).
Test 1 – offset requirement equivalency – compares the annual quantity of offsets that
would have been required under the federal program (i.e., the “Federal offset
quantity” or FOQ) to the annual quantity of offsets actually required by the District’s
program (i.e., the “District offset quantity” or DOQ). 27 This test requires the District to
calculate and track the total FOQ and DOQ from all ATC projects it issues each
period. To demonstrate equivalency under this test, the total DOQ must be equal to
or greater than the total FOQ.
Although the District is required to report this demonstration annually, the report is
best understood as an update because the District must demonstrate equivalency
since August 20, 2001. In other words, when the District makes an equivalency
26

Technical Support Document for EPA's Notice of Proposed Rulemaking for the California State
Implementation Plan, San Joaquin Valley Unified Air Pollution Control District: Rule 2020, Exemptions
Rule 2201, New And Modified Stationary Source Review Rule, p. 15 - 17 (8/30/1999); see also August
26, 1999 Letter from David Howekamp, U.S. EPA Region IX Director Air Division to Mark Boese, Deputy
APCO, SJVAPCD, enclosing EPA-District NSR Offset Tracking Agreement.
27
The abbreviations FOQ and DOQ will be used to represent the federal and district offset quantities
both for individual ATC projects and the total for all ATC projects during a tracking period. The context
will make clear which meaning is intended.
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demonstration, it represents federal offset equivalency over the life of the NSR
program since 2001. Thus, in Test 1 (the offset requirement equivalency test), any
extra DOQ beyond what is needed to show equivalency with the FOQ in the current
year’s equivalency demonstration may be carried forward and used to show
equivalency in future years if the ATC projects issued in that year show a shortfall in
DOQ relative to the FOQ.
While Test 1 is focused on the amount of offsets required, Test 2 is focused on the
emission reductions used to satisfy the offset requirements.
Test 2 – surplus-at-time-of-use equivalency – requires the District to reserve or retire
sufficient surplus-at-time-of-use creditable emission reductions 28 to mitigate the
current years’ FOQ plus any unmitigated FOQ from prior years. 29 The creditable
emission reductions the District uses to mitigate the FOQ can be drawn from any time
from August 20, 2001, the start of the tracking system, to the end of the current
tracking period. The creditable emission reductions used to satisfy the FOQ have
come from three principle sources: (1) ERCs reserved or withdrawn for ATC projects,
(2) orphan shutdowns, and (3) electrification of agricultural irrigation pump engines
from 2005 – 2008. 30
Each test has its own accounting rules and different remedies for a failure to
demonstrate equivalency. The failure of one test would not necessarily entail failure of
the other. Both tests are pollutant specific, meaning equivalency must demonstrated
for every pollutant (i.e. NOx, VOC, PM10, PM2.5, CO, and SOx). Because the
demonstration represents federal offset equivalency over the life of the program since
2001, both tests permit the District to carry forward any excess or shortfall in credit for
use in a future year’s equivalency demonstration. The District has an excess margin of
credits to draw on to remedy future potential shortfalls for both tests. That substantial
margin of excess credits, however, rests on the integrity of the prior credits used for
equivalency.
Because almost all NMSs and FMMs in SJVAPCD involve NOx and VOC offsets,
CARB’s review of SJVAPCD’s federal offset equivalency demonstration focused on
NOx and VOC.

A creditable emission reduction meets the same integrity criteria as ERCs, i.e. the emission reductions
must be real, quantifiable, permanent, enforceable, and surplus.
29
The District has never had a year where it did not fully mitigate the current tracking year’s FOQ based
on the data provided in the District’s equivalency demonstration reports.
30
PG&E’s Ag-ICE program will be discussed in detail in Part III. C. 3. a. See Tables 13 and 14 for the
total amount of reductions claimed for NOx and VOC equivalency by type.
28
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B. Interpreting the District’s Federal Offset Equivalency Report
The District must submit to U.S. EPA and CARB its annual federal offset equivalency
report by November 20 every year. 31 The District publishes the equivalency reports on
its web site. 32 Each report summarizes the offsetting and emissions reduction (i.e.
mitigation) activity during the tracking period August 20 of the previous year to
August 19 of the current year. The dates coincide with the effective date of the
equivalency demonstration requirements in SJVAPCD’s NSR Rule 2201 on August 20,
2001. The report summarizes the activity during the tracking period. The
determination of equivalency in the report reflects not only that current year’s activity,
but also the entire history since the beginning of the tracking system in 2001. Table 3
is reproduced from SJVAPCD’s 2019 Annual Offset Equivalency Report for the
tracking period 8/20/2018 to 8/19/2019 and summarizes the demonstration of
equivalency made for Test 1.
Table 3 : Test 1 – Offset Requirement Equivalency (from SJVAPCD 2019 Annual
Offset Equivalency Report)
Pollutant Number
Number of
Offsets
Offsets
Excess
Excess
of New
Federal Required Required
or
or
Federal
Major
under
under Shortfall Shortfall
Major Modifications
Federal
District
This Previous
(FMM)
Sources
NSR
NSR
Year
Year
(NMS)
(DOQ) (tons per
(FOQ)
(tons
(tons per (tons per
year)
per
year)
year)
year)
NOx
0
16
83.4
84.4
1.0
4,312.9
VOC
0
19
69.5
43.3
-26.2
733.4
PM10
0
0
0.0
3.2
3.2
837.5
PM2.5
0
0
0.0
0.0
0.0
377.7
CO
0
0
0.0
0.0
0.0
198.1
SOx
0
0
0.0
47.5
47.5
2,863.6

Total
Excess
or
Shortfall
(tons per
year)
4,313.9
707.2
840.7
377.7
198.1
2,911.1

The equivalency test is performed pollutant-by-pollutant. In 2019, for NOx, there
were 16 FMM, which required 83.4 tons per year of NOx reductions under federal
requirements. Thus, 83.4 tons per year is the FOQ. The actual quantity of offsets or
DOQ required by SJVAPCD for all ATC projects issued during the tracking period was
84.4 tons per year NOx. Therefore, SJVAPCD required 1.0 tons per year more NOx
offsets under their NSR rule than they would have required if they were following
federal NSR to determine the offset quantity. The extra 1.0 tons per year is added to
the accumulated 4,312.9 tons per year of excess NOx accumulated from prior years,
and is carried forward for use in future years. As long as the Total Excess (last column
of Table 4) is equal to or greater than 0.0 tons per year, SJVAPCD has shown it meets
31
32

Rule 2201, 7.3.2 (amended 8/15/19)
http://www.valleyair.org/busind/pto/annual_offset_report/annual_offset_report.htm
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Test 1 “offset requirement equivalency” for NOx as of the end of the tracking period.
Moreover, the Total Excess NOx (4 313.9 tons per year) is available to use for future
Test 1 equivalency demonstrations when the FOQ is larger than the DOQ in a future
year.
Table 4 is reproduced from SJVAPCD’s 2019 Annual Offset Equivalency Report for the
tracking period 8/20/2018 to 8/19/2019 and summarizes the demonstration of
equivalency made for Test 2.
Table 4: Test 2 – Surplus at the Time-of-Use Equivalency (from SJVAPCD 2019
Annual Offset Equivalency Report)
Pollutant Number Number
Offsets Shortfall
Reduction Shortfall Reductions
Unused
of New
of Required
from
(surplus at
this eliminated Carry-over
Federal Federal
under previous the time of
year
by Creditable
Major
Major
Federal
year
use) used
(tons discounting Reductions
Sources
Mods
NSR
(tons
for
per at the time
(tons per
(FOQ)
per equivalency
year)
of use
year)
(tons per
year)
this year
(tons per
year)
(tons per
year)
year)
NOx
0
16
83.4
0.0
83.4
0.0
5,559.8
408.0
VOC
0
19
69.5
0.0
69.5
0.0
2,300.3
1,428.0
PM10
0
0
0.0
0.0
0.0
0.0
135.0
1,898.0
PM2.5
0
0
0.0
0.0
0.0
0.0
8.4
1,020.0
CO
0
0
0.0
0.0
0.0
0.0
110.7
763.0
SOx
0
0
0.0
0.0
0.0
0.0
786.6
2,038.0

Similar to Test 1, Test 2 is performed on a pollutant-by-pollutant basis. The first three
columns for Test 2 are the same as for Test 1. During the 2019 tracking period, the
FOQ was 83.4 tons per year of NOx. The current years’ FOQ is added to the shortfall
from the previous year (in this case zero) to get the total amount of surplus-at-time-ofuse emission reductions the District must reserve, withdraw, or retire to show
equivalency. The District mitigated or matched the 83.4 tons per year NOx FOQ with
83.4 tons per year NOx worth of surplus-at-time-of-use reductions as indicated in the
column “Reduction (surplus at the time-of-use) used for equivalency this year.” The
District identifies the amount and source of those reductions in an attachment to the
report. The sources of the NOx reductions for 2019 are from ERCs and orphan
shutdowns. Since the District was able to match the FOQ with enough surplus-attime-of-use reductions based on its calculations, the District does not have any
shortfall in 2019, which means it has passed Test 2. In the column “Reductions
eliminated by discounting at time-of-use,” the District presents the sum total since
2001 of reductions required by its NSR program that were not surplus and so were not
counted as mitigation in Test 2. Finally, the last column, “Unused carry-over creditable
reductions” are the excess reductions still available for use in next year’s surplus-attime-of-use demonstration.
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C. Equivalency Review Approach
The District’s offset equivalency demonstration is complex and involves large and
diverse data sets, covering a nearly 20-year period. CARB staff evaluated the data
system functionality, approaches, and calculations in order to evaluate the equivalency
determination. Staff reviewed both the data system as a whole and individual
projects, selected at random, which were part of the equivalency demonstration. To
conduct the evaluation, staff reviewed the District’s equivalency database and
associated documentation including individual tables, inputs to the database, and
outputs from the database. Staff reviewed select reduction types and the underlying
source data to determine whether it was correct and accurately input to the database
system. The purpose of the evaluation was to determine whether the equivalency
database is accurately reporting information and calculating equivalency.
1. Findings Regarding the Equivalency Database
The equivalency database is a system written in Microsoft Access, and originally
developed in the mid-2000s. Overall, the database’s lack of documentation limits the
ability to determine if the system is functioning properly. In addition, the database is
not self-contained, meaning that many calculations are conducted external to the
database system (e.g., input from spreadsheet files), and not adequately documented
in the database. This impedes the ability to assure the quality of the calculations in the
demonstration.
To facilitate the review, District staff provided CARB staff with access to the database
in the District’s Fresno office, along with a manual describing how to operate the
system, including copying and clearing data tables, renaming the tables, performing
analyses in Microsoft Excel, and inputting data from Excel to Microsoft Access.
District staff also provided a partial data dictionary based on specific CARB requests.
CARB staff created copies of two summary tables in the database (Track_Master and
Track_Allocate). These tables represent the results of core calculations and
information tracked and used in the database system. District staff could not provide
a complete data dictionary or technical documentation describing the calculations
within the system.
The Track_Master table is the parent table for the Track_Allocate table. They are
connected through the TrackNum field in each table. Each time a portion of an ERC is
allocated (used), a record is put in the Track_Allocate table and the quantity of the
ERC used is in the quantity column of the Track_Allocate table. Based on this
understanding, there should never be a record in the Track_Allocate table that does
not have a parent record in the Track_Master table. Otherwise, referential integrity is
not enforced in the database. CARB staff’s analysis identified what appear to be
orphan records, including 194 NOx and 98 VOC records in Track_Allocate that did not
have a record in Track_Master.
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The used_NOx and used_VOC fields in Track_Master represent the amount of NOx
and VOC used from an ERC (or other creditable reduction) in the surplus-at-time-ofuse equivalency demonstration. This amount should always be less than or equal to
the total value of the Actual Emission Reductions (AER), which is shown in the
aer_NOx and aer_VOC fields. As a result, the used_NOx and used_VOC fields should
always be less than or equal to the aer_NOx and aer_VOC fields. CARB’s analysis
identified 6 records where the used_VOC exceeded the aer_VOC, although the
difference was negligible (0.122 t/y VOC).
District staff has investigated and identified the source of most of the discrepancies
identified by CARB staff and have committed to making the appropriate corrections
immediately. District staff has also conveyed their assurance that none of the orphan
records identified above had any effect on the equivalency demonstration. Finally,
District staff has indicated a willingness to explore the development of a new database
with documentation to reduce the types of issues noted above and improve
transparency.
2. Findings Regarding Test 1 – Offset Requirement Equivalency
Figures 5 and 6 compare the DOQ to the FOQ for all ATCs issued by tracking year. 33
Between 2001 and 2010, the District’s NSR program required more offsets for NOx
and VOC than what would have been required by the federal NSR program, primarily
because the District required offsets at a lower emissions threshold than federal NSR
during that time. However, after the bump-up to extreme non-attainment for ozone in
2010, the FOQ usually tends to be greater than the DOQ for NOx and VOC for the
ATCs issued in a given year.
Overall, the database indicates the District has accumulated a significant excess DOQ
for every pollutant from previous years’ equivalency demonstrations. The most current
statement of the amount of excess credits the District has for Test 1 is from the
District’s 2019 equivalency report, presented in Table 3 in the last column labeled
“Total Excess or Shortfall”. A positive number indicates an excess, a negative number,
a shortfall. The Total Excess DOQ for NOx is 4,313.9 tons per year, for VOC 707.2
tons per year. This will be the starting point for the District’s equivalency
demonstration in 2020.
CARB identified a transparency issue associated with the equivalency demonstrations
each year. In essence, the carryover from year-to-year relies on adjustment terms that
are not clearly provided in the tables, and which are difficult to check.

A given tracking period runs from August 20 of one year to August 19 of the following year. The
tracking year is the later year in this period. For example, for the tracking period running from August
20, 2015 to August 19, 2016, the tracking year is 2016.
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NOx Offset Quantity (tons per year)

Figure 5. NOx District Offset Quantity and Federal Offset Quantity by Tracking
Year
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Source: SJVAPCD Equivalency Reports Published on
http://www.valleyair.org/busind/pto/annual_offset_report/annual_offset_report.htm

VOC Offset Quantity (tons per year)

Figure 6. VOC District Offset Quantity and Federal Offset Quantity by Tracking
Year
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Source: SJVAPCD Equivalency Reports Published on
http://www.valleyair.org/busind/pto/annual_offset_report/annual_offset_report.htm
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The quantities displayed in Figures 5 and 6 are taken from each individual annual
equivalency demonstration. The Total Excess or Shortfall values in the 2019 Report
(Table 3) consists of the sum of the DOQs and FOQs from all previous equivalency
reports plus adjustments for any projects removed (or sometimes added to) the
tracking system each year. Simply adding quantities displayed in Figures 5 and 6 will
not equal the Total Excess DOQ, which takes into consideration the annual
adjustments related to projects being removed or added to the tracking system. The
necessary adjustment is not explicitly stated in the tables but its cumulative effect over
all the years is significant.
These adjustments come from ATC projects that previously were included in the
tracking system in one year, but for various reasons (usually the ATCs have been
cancelled or expired unimplemented), it becomes necessary to remove them. In the
annual equivalency reports published by the District since 2011, the District lists the
ATC projects that are being removed from the current year’s demonstration and
provides a reason for the removal. For example, the adjustment taken in the 2019
Equivalency Report is summarized in Table 5.
CARB staff attempted to verify the net adjustment in Table 4 above by summing the
net effect from the three ATC projects removed from the 2019 Equivalency
Demonstration (Table 5). In Table 5, removal of a project from the tracking system is
accompanied by a negative sign in the corresponding DOQ and/or FOQ value. CARB
staff found the DOQ and the FOQ from the ATC application reviews of the three
projects on the District’s public notification web site. The ATC application reviews are
the source documents for the DOQ and FOQ that are used for the equivalency
demonstration. CARB staff calculated a net adjustment of +0.5 tons per year for NOx
and +22.3 tons per year for VOC, compared to the District’s adjustment of +35.4 tons
per year for NOx and +77.3 tons per year for VOC.

Table 5. Adjustment to Excess DOQ Credit Implied in SJVAPCD 2019 Equivalency
Report
NOx DOQ
VOC DOQ
(tons per
(tons per
year)
year)
Total Excess from 2018
4,277.5
656.1
Report (ending)
Total Excess from 2019
4,312.9
733.4
Report (beginning)
Net Adjustment
+35.4
+77.3
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Table 6. CARB Calculated Adjustment to Excess DOQ Credit from 2019 Project
Removed List
Project Number NOx DOQ NOx FOQ VOC DOQ
VOC FOQ
removed
(tons per
(tons per
(tons per
(tons per
year)
year)
year)
year)
C-1133313
0
0
-13.7
-13.7
C-1161110
0
-0.5
0
0
N-1133659
0
0
-41.5
-63.8
Total
0
-0.5
-55.2
-77.5
Adjustments
CARB Net
+0.5
+22.3
Adjustment
District Net
+35.4
+77.3
Adjustment
Discrepancy
+34.9
+55.0
District staff has explained that the source of the NOx difference was related to ATC
project N-1161175 from the 2017 – 2018 tracking period, which had a DOQ of 35.0
tons per year NOx. According to District staff, the District included the FOQ for this
project during the 2017 – 2018 tracking period, but not the DOQ because the facility
had not specifically identified which ERC certificates it was going to use to satisfy the
DOQ. The facility did identify which specific NOx ERCs it would use as offsets during
the 2018 – 2019 tracking period, at which point the District added the DOQ amount
as a 35.0 tons per year NOx adjustment. District staff has indicated verbally a similar
explanation for the VOC difference noted in Table 6 above.
In effect, the District delayed counting the DOQ, is conservative and understandable
under the circumstances, and had no impact to the outcome of equivalency
demonstration. However, this explanation should have been included in the list of
projects accounting for the adjustment in the 2018 – 2019 report – so that the report
and calculations are more clear to the interested public, CARB, and U.S. EPA.
CARB staff also checked the District’s calculations of the DOQ and FOQ by examining
the ATC application reviews for the 2016 - 2017 tracking period. The ATC application
reviews are the building blocks for the equivalency demonstration. The FOQ and
DOQ values provided in the equivalency reports -- on which the determination of
equivalency rests -- should be traceable back to the ATC application reviews. CARB
staff obtained from the District and the District’s web site the application reviews for
the ATC projects from the 2017 tracking year (8/20/2016 – 8/19/2017) that were
identified as NMS (1 ATC project) or FMM (32 ATC projects). Most ATC projects that
had a FOQ also had a DOQ. For example, of the 14 ATC projects that were FMM for
NOx, 11 also had a DOQ associated with the project.
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Staff spot-checked the emissions increase calculations used to determine the FOQ and
the DOQ in the ATC application reviews for all the NMS (1) and FMM (32) projects
identified by the District for the 2017 tracking year. All reviewed calculations
appeared to have been completed correctly. Staff then summed the FOQ and DOQ
from all the ATC application reviews in order to compare to values reported by the
District in the 2017 report. These results are summarized in Tables 9 and 10 below.
Table 7 shows a minor discrepancy discovered between the calculated and reported
FOQ for VOC. The source of this discrepancy is ATC projects S-1151973 and S1152366, which were associated with a FOQ of 7.9 tons per year VOC. However, the
District entered the FOQ as 5.3 tons per year VOC for these projects (in the ini_i_VOC
field of the Track_Master table). This results in a difference in the FOQ of 2.6 tons per
year VOC. Thus, CARB staff calculated a FOQ of 187.6 tons per year VOC, while the
district reported a FOQ of 185.0 tons per year VOC.
Table 7. Comparison Between CARB Calculated and SJVAPCD Reported Federal
Offset Quantities for One New Major Source and 32 FMMs Reported in the 2017
Equivalency Demonstration.
FOQ Calculation Method
NOx (tons VOC (tons
per year)
per year)
FOQ calculated using CARB reviews
80.5
187.6
of each NMS and FMM
FOQ reported in the 2017
80.5
185.0
Equivalency Report
FOQ calculated in the Equivalency
80.5
185.0
Database Track_Master table.
Verification of the DOQ for Test 1 must take account of a different subset of ATC
projects because the District can require offsets (DOQ) both from projects that are
NMS or FMM and from new minor sources or minor modifications. CARB staff
reviewed ATC application reviews for all the NMS (1) and FMM (32) identified by the
District for the 2017 tracking year to identify the DOQ. However, staff did not request
the ATC application reviews for those projects that had a DOQ but were not NMS or
FMM. The DOQ from those projects was taken at face value from Track_Master.
Staff added up the DOQ from FMM, NMS, and minor projects. Table 8 shows the
results of this analysis, by comparing differences between the CARB calculated DOQ
and District reported DOQ for NOx and VOC from the 2017 Report. CARB staff
identified 75.9 tons per year NOx DOQ from FMM and NMS, and 0.8 tons per year
from minor projects, for a total of 76.7 tons per year NOx DOQ. However, the District
in its 2017 Equivalency Demonstration, presented a DOQ of 45.6 tons per year NOx –
a difference of 31.1 tons per year NOx from the CARB value.
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CARB staff identified 100.2 tons per year VOC DOQ from FMM and NMS, and 119.2
tons per year VOC DOQ from minor projects for a total of 219.4 tons per year VOC
DOQ. However, the District in its 2017 Equivalency Demonstration, presented a DOQ
of 166.8 tons per year VOC DOQ – a difference of 52.6 tons per year VOC from the
CARB value.
Table 8. Comparison between CARB Calculated and SJVAPCD Reported District
Offset Quantities in the 2017 Equivalency Demonstration
DOQ Calculation Method
NOx (tons VOC
per year)
(tons per
year)
DOQ calculated using CARB reviews
75.9
100.2
of each NMS and FMM
DOQ from minor projects in
0.8
119.2
Track_Master
Total DOQ
76.7
219.4
DOQ reported in the 2017
45.6
166.8
Equivalency Report*
Possible under-credit of DOQ
31.1
52.6
*The source of the DOQ in the equivalency report is sum of erc_pollutant fields in Track_Master.

CARB staff identified ATC projects whose application reviews identified a DOQ, but
had a different value noted in the erc_NOx field in Track_Master (Table 9). The
erc_NOx field in Track_Master is the source for the DOQ in the equivalency reports.
Table 9. List of ATC Projects from 2017 Report with a District Offset Quantity for
NOx in the Authority to Construct Application Review Different from what is
Recorded in the Equivalency Database (as erc_nox)
ATC Project
DOQ for NOx erc_NOx
Number
(tons per year) (tons per
in ATC
year) from
Application
Track_Master*
Review
S-1143503
1.1
0
S-1144548
32.6
33.2**
S-1151973
18.4
0.0000001
(and S-1152366)
S-1162420
8.5
0.0000001
S-1162746
0.3
0.2
S-1170679
0.3
0.2
S-1171052
0.9
0.1
S-1171635
6.9
4.1
Net Difference
+31.2
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* Each ERC certificate reserved or withdrawn for a given ATC project will have its own separate entry
(erc_NOx) in the District’s Track_Master equivalency database under erc_NOx (or erc_pollutant more
generally). The DOQ for each ATC project in Table 9 could represent more than one ERC certificate.
** Both District and CARB staff agree that the erc_nox value for project S-1144548 should be 32.6 tons
per year. 33.2 tons per year is the total face value of the NOx ERCs proposed for use as offsets in
project S-1144548, not the DOQ.

Finally, CARB staff noted three examples where the DOQ for individual ATC projects
appeared to be over-credited because the face value of the ERCs reserved for an ATC
project were counted (in erc_nox field of Track_Master) instead of the actual DOQ
calculated in the application review. This is shown in Table 10. District staff has
acknowledged these issues and assured CARB staff that they would be corrected.
Table 10: ATC projects where the DOQ was Over-credited in the Report Because
the Face Value of the ERCs Instead of the DOQ from the ATC Application review
was Transferred to erc_nox in Track_Master*
Report
year

ATC erc_nox from
project Track_Master
(tons per
year)

2017
2016
2016
2016
2016
2016
2016
2016
2016
2016

S-1144548
S-1151996
S-1151996
S-1151996
S-1151996
S-1151996
S-1151996
S-1153671
S-1153671
S-1153671

2016

S-1153671

2016

S-1153671

33.2
5.7
1.4
0.5
3.7
1.5
2.2
0.4
1.2
0.7
0.4
10.7

ERC # from
ATC
application
review

Face
value
of ERC
(tons
per
year)

S-3208-2
S-4515-2
S-4514-2
S-4516-2
S-4530-2
N-1302-2
N-1332-2
S-3326-2 (?)
S-3625-2
N-1327-2
N-1329-2
(?)
C-1059-2

33.2
5.7
5.8
0.5
3.7
1.5
2.2
0.4
1.2
0.7
0.4

Amount
of NOx
offset
required
in ATC
project
(tons per
year)
32.6
7.4

Over-credit to
DOQ in Test 1
Demonstration
[sum of erc_nox
– amount of
offset required
in ATC project]

6.8

6.6

0.6
7.6

4.1 (?)

Overall, CARB staffs’ review of federal offset equivalency identifies issues with the
accuracy and transparency of the equivalency demonstration because of the data
handling system, which, for reasons noted in the findings on the equivalency database,
makes it difficult to ensure the accuracy of the demonstration. The current data
handling system may have been adequate when the District began the tracking system
in 2001 until 2010 -- when the number of NMS and FMM projects in a tracking period
45

was between zero to four for every pollutant. However, after the bump-up to extreme
non-attainment for ozone in 2010, the number NMS and FMM projects for NOx and
VOC together has ranged from 35 to 90 every tracking period, creating a quality
assurance challenge in an already complex system. The data handling issues point to a
clear need for better quality control and transparency.
3. Findings Regarding Test 2 – Surplus at Time-of-Use Equivalency
The second federal offset equivalency test requires the District to reserve or retire
sufficient surplus-at-time-of-use creditable emission reductions to mitigate the current
years’ FOQ. In other words, the District must demonstrate that it has retired sufficient
reductions valued as surplus-at-time-of-use to match the number of reductions that
would have been required under federal NSR. The emission reductions used as
mitigation may come from any year since the start of the equivalency tracking system
in 2001, and, as such, each annual report represents a running-total demonstration of
equivalency.
The “surplus-at-time-of-use” federal requirement is based in the Clean Air Act
requirements that all creditable emission reductions be surplus to all requirements
under the Act. Further, this valuation is necessary to avoid double counting of
reductions claimed in the SIP. 34 As U.S. EPA has explained “. . . the State cannot rely
on emission reduction credits in its overall attainment plan and rely on the same
credits in the issuance of an NSR permit (i.e., no ‘double counting’).” 35 U.S. EPA
requires Test 2 as part of the equivalency demonstration because SJVAPCD relies on
surplus-at-time-of-issuance valuation and does not discount the value of ERCs at timeof-use based on additional requirements that have been imposed between issuance
and use. 36
Performing a surplus-at-time-of-use determination for an ERC requires looking back at
the original emission reduction, but applying the strictest applicable law or emission
standard in effect at the time the ERC is used as an offset for NSR (i.e., at time of ATC
issuance). As the emission standards become more stringent, the amount of the
See footnotes 9 and 10.
July 21, 1993 U.S. EPA Memorandum from John Seitz, Director, Office of Air Quality Planning and
Standards to Air Branch Chiefs, Regions I-X, et al., “Use of Shutdown Credits for Offsets.”; see also
August 26, 1994 U.S. EPA Memorandum from John Seitz, Director, Office of Air Quality Planning and
Standards, to David Howekamp, Director Region IX, Air and Toxics Division: “Response to Request for
Guidance on Use of Pre-1990 ERC’s and Adjusting for RACT at Time-of-use.”
36
Bay Area AQMD and Ventura County APCD are required to perform similar surplus-at-time-of-use
equivalency demonstrations by U.S. EPA because they likewise only require emission reductions banked
as ERCs to be surplus-at time-of-issuance. South Coast AQMD also does not discount ERCs for their
time-of-use; however, South AQMD discounts emission reductions banked as ERCs to applicable Best
Available Control Technology (BACT) levels at time-of-issuance. South Coast AQMD is required by U.S.
EPA to make an annual demonstration of federal offset equivalency for emission reductions held in its
internal bank per Rule 1315, Federal New Source Review Tracking System.
34
35
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original emission reduction that is still surplus will be reduced. In aggregate, the
requirement that ERC value be determined at time-of-use has a deflationary effect on
the offset value of an ERC bank. 37 This is discussed in Part 1, which illustrates that the
District’s estimate that its NOx ERC bank’s time-of-use value (as of 2016) is on average
about 18 percent of its time-of-issuance value.
Test 2 requires the District to match or mitigate the federal offset quantity (FOQ) from
the current tracking period with an equal amount of surplus-at-time-of-use emission
reductions drawn from an “equivalency bank” of creditable emission reductions.
These reductions are not formally banked, but rather tracked by the District internally
through its equivalency-tracking database. To be “creditable” means an emission
reduction is real, surplus, 38 quantifiable, enforceable, and permanent. 39 Rule 2201
further defines the eligibility criteria for use of such reductions in the equivalency
demonstration. 40
In practice, the District has used the following types of creditable emission reductions
in its “equivalency bank” for use in the surplus-at-time-of-use equivalency
demonstration:
•

ERCs reserved or withdrawn for ATC projects,

•

Unclaimed reductions from orphan shutdowns (i.e. closed facilities), 41

•

Electrification projects from PG&E’s AG-ICE program,

•

10 percent air quality improvement deduction (AQID) from newly banked ERCs,
returned credits from unimplemented NMS and FMS,

•

ERCs surrendered for non-NSR actions (e.g. CEQA, variance, consent decree),

As with Test 1, Test 2 allows any excess in the amount of surplus-at-time-of-use
creditable emission reductions to remain in the equivalency bank and be carried
forward to future years for equivalency purposes.
To evaluate Test 2, CARB staff began by spot-checking the emission reduction
calculations for the types of reductions that have been the most significant for the
surplus-at-time-of-use equivalency demonstration. Table 11 compares the amount of
NOx reductions used, and the amount remaining for future use in equivalency
demonstrations, over the period 2001-2018. Table 11 shows that electrification
The surplus value of the ERC at time-of-use could vary from 0 to 100 percent of its face value. In a
April 19, 2016 draft staff report on its equivalency system, SJVAPCD estimated that approximately 18
percent of its banked NOx ERCs were currently surplus (ref.
http://www.valleyair.org/Workshops/postings/2016/05-11-16_OEI/DRAFT-Staff-Report.pdf)
38
For purposes of Test 2, surplus is understood to mean “at time-of-use,” i.e. when the creditable
reduction is used for a mitigation.
39
Rule 2201, section 7.1.5.
40
Rule 2201, section 7.2.2.2.
41
The electrification projects discussed later in this review could be classified as a type of orphan
reduction that the generator of the reduction did not claim or ceded to the District.
37
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projects have accounted for more than 50 percent of the mitigations used to show
surplus-at-time-of-use equivalency for NOx from 2001 to 2018, and were completely
used by the end of the 2017 to 2018 tracking period. Table 12 shows orphan
shutdowns have accounted for nearly 50 percent of the mitigations used to show
surplus-at-time-of-use equivalency for VOC from 2001 to 2018 and comprise over 60
percent of the excess VOC and NOx mitigations available for use at the end of the
2018 reporting period.
Table 11: NOx Reductions Used and Remaining by Type for Surplus-at-Time-of-Use
Equivalency 2001 – 2018. (All values are tons per year from Track_Master Table.)
Remaining
Reductions Available
Amount Used
for Future
Type of Reduction
as Mitigation
Equivalency
(used_nox)
Demonstrations
(r_nox)
Emission Reduction Credits
720.7
160.6
Electrification Projects
1,210.7
0
Orphan Shutdowns
122.5
273.8
Totals
2,053.9
*434.4
*Unused Carry-Over Reductions in 2018 Report = 434.0 tons per year NOx

Table 12: VOC Reductions Used and Remaining by Type for Surplus-at-Time-of-Use
Equivalency 2001 – 2018. (All values are tons per year from Track_Master Table.)
Remaining
Reductions Available
Amount Used
for Future
Type of Reduction
as Mitigation
Equivalency
(used_voc)
Demonstrations
(r_voc)
Emission Reduction Credits
1,752.4
466.2
Electrification Projects
61.2
0
Orphan Shutdowns
1,720.4
819.2
Totals
3,534.0
*1,285.4
*Unused Carry-Over Reductions in 2018 Report = 1,286.0 tons per year VOC

The source of the creditable reductions from electrification projects is the Agricultural
Internal Combustion Engine or AG-ICE program, which funded replacements of diesel
internal combustion engines with utility electricity to power agricultural irrigation
pumps from approximately 2005 - 2008. The District’s equivalency database shows
that 1,210.7 tons per year of surplus NOx reductions from 919 engines were claimed
from AG-ICE. The electrification projects comprise 77 percent of the mitigations used
to show surplus-at-time-of-use equivalency for NOx from 2008 to 2018.
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CARB reviewed data and other background information to determine the amount of
creditable emission reductions from a randomly selected sample of 10 electrification
projects that were listed in the 2017 Equivalency Report. The diesel internal
combustion engines replaced were all Tier 0, Tier 1, or Tier 2.
Because the District claimed the reductions from all 919 diesel-to-electric projects at
the same time for use in the equivalency demonstration in 2008, and all the reductions
were generated by replacing diesel internal combustion engines with electric motors,
the sample of 10 projects appears representative of the emission reduction
calculations from all 919 projects.
a. Electrification Projects
There are multiple issues with the use of the electrification projects for equivalency.
•

Issues Regarding Whether Reductions Were Real, Due to Load-Factor
Discrepancies

Emission reductions from the AG-ICE electrification projects involved the replacement
of Tier 0, 1, or 2 diesel IC engines with electric motor power. The reductions from AGICE were divided into two parts: (a) the replacement of Tier 0, 1, 2 diesel emissions to
the equivalent activity with Tier 3 levels of emissions, and (b) the replacement of Tier 3
level of emissions to zero (i.e. the electric motor emissions being counted as zero).
The District used the reductions from Tier 3 emissions to zero for the equivalency
demonstration. The District did not use the emissions reduction benefit from the
replacement of Tier 0, 1, 2 diesel emissions to the equivalent activity with Tier 3 levels
of emissions. That reduction benefit was not utilized for equivalency. To be eligible
for the equivalency demonstration, an emission reduction must be creditable meaning,
among other criteria, that it must be based on real or actual emissions. 42 A portion of
the reductions claimed by the District from AG-ICE do not qualify as real because the
calculation methodology used by the District assumed the replaced engines’ operated
with a load factor of 1.0 rather than the actual load or the default load factor provided
by the Carl Moyer Program Guidelines.
The Carl Moyer Program ensures reductions it funds are real (and thus SIP creditable)
by using calculation methods that represent real emissions. For emission reductions
based on the AG-ICE program, the Carl Moyer Program Guidelines in Appendix C
prescribe the following method when the engine activity level is based on annual
hours of operation: 43

District Rule 2201, Section 7.1.5 (amended 8/15/19)
The Carl Moyer Program Guidelines Part IV, Appendix C, 1. Calculating Annual Emissions Based on
Hours of Operation, C-3 (November 17, 2005)
42
43
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Formula C-4: Estimated Annual Emissions based on hours of Operation
(tons/yr):
Emission Factor or Converted Emission Standard (g/bhp-hr) * Horsepower *
Load Factor * Activity (hr/yr) * Percent Operation in CA * ton/907,200g
The engine load factor is an indicator of the nominal amount of work done
by the engine for a particular application. It is given as a fraction of the
rated horsepower of the engine and varies with engine application. For
projects in which the horsepower of the baseline technology and reduced
technology are different by more than 25 percent, the load factor must be
adjusted following formula C-5 below. It is important to understand the
replacement load factor must never exceed 100 percent in cases where the
reduced technology engine is significantly smaller than the baseline
technology engine.
Formula C-5:
Replacement Load Factor = Default Load Factor baseline * hp baseline/hp reduced
Moyer uses a default load factor for agricultural irrigation pumps of 0.65 as
determined from historical emissions inventory. 44 The default load factors for dozens
of types of off-road heavy-duty diesel engines are given in Table B-13 of the
Guidelines, and those range from 0.30 to 0.78.
Following the above Appendix C method, the CARL database uses the horsepower of
the electric motor in the formula C-4 above and bases the Tier 3 emission factor on
the horsepower rating of the electric motor. The CARL database uses the electric
motor horsepower only in conjunction with the replacement load factor in the
calculation of emissions. This ensures the activity used to calculate the reduction,
measured as horsepower-hours, does not increase beyond the baseline of the
replaced diesel IC engine.
However, in Appendix D of the same Carl Moyer Program Guidelines, an example
calculation for an AG-ICE project is given where no adjustment to the default load
factor (0.65) is made although the electric motor that replaced the diesel IC engine
has a horsepower that is more than 25 percent different. 45 The example calculation
uses the horsepower rating of the replaced diesel IC engine in the formula C-4 above
and bases the Tier 3 emission factor on the rated horsepower of the IC engine. This
method likewise ensures that the activity used to calculate the reduction equals the
baseline of the replaced diesel IC engine.

Carl Moyer Program Guidelines, Part IV, Appendix B, Table B-13 (November 17, 2005)
The Carl Moyer Program Guidelines Part IV, Appendix D, XII. Zero-Emission Technologies, Example 2,
D-64 (November 17, 2005)
44

45

50

CARB staff believe that either of the two methods (Appendix C or Appendix D of the
Carl Moyer Guidelines Part IV) is an acceptable calculation for determining the amount
of actual emission reductions from an AG-ICE project. The District used the Appendix
D method with one significant deviation -- the District used a load factor of 1.0 rather
than the default load factor of 0.65.
Staff reviewed District calculations from the 10 sample electrification projects. Table
13 lists the variables used and the results of the calculated amount of creditable
emission reductions by the District compared to the Carl Moyer Program Guidelines
Appendix D and CARL (Appendix C) described above. The District calculation for the
amount of creditable NOx reductions that can be claimed for these projects is higher
for all 10 projects compared to either Carl Moyer method. CARB staff believes the
District over-credited these 10 electrification projects by 35 percent or more because
of the use of a load factor of 1.0 tied to the horsepower of the diesel engine being
replaced.
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Table 13: Creditable Emission Reduction Calculations from 10 Electrification Projects 46
Tracking ID

Model
Year

Tier

IC Engine
Horsepower

Operating
Hours
(hr/year)

Carl Moyer
Tier 3
NOx EF
(g/bhp-hr) 47

District
Calculated
Reduction
NOx (t/yr) 48

Moyer Appendix
D Calculated
Reduction NOx
(t/yr) 49

CARL
Calculated
Reduction
NOx (t/yr) 50

2008-S-8881142-3089-1

1979

0

125

6,800

2.32

2.2

1.4

0.8

2008-S-8881145-3090-1

1996

0

150

6,739

2.32

2.6

1.7

Not in CARL

2008-S-8881262-3137-1

2003

2

152

4,000

2.32

1.6

1.0

0.9

2008-C-8881814-3634-1

2003

2

125

3,000

2.32

1.0

0.6

0.5

2008-C-8881829-3637-1

2004

2

113

2,500

2.74

0.9

0.6

0.6

2008-C-8881878-3659-1

2004

2

139

4,000

2.32

1.4

0.9

0.9

2008-C-8881896-2980-1

2001

1

105

2,500

2.74

0.8

0.5

Not in CARL

2008-C-8881901-2908-1

1992

0

76

1,600

2.74

0.4

0.2

Not in CARL

2008-C-8881971-2996-1

2001

1

230

2,200

2.32

1.3

0.8

0.9

2008-C-8881972-3000-1

2002

1

230

2,200

2.32

1.3

0.8

Not in CARL

13.5

8.5

N/A

Sum

46
Supplemental calculations and tables related to the electrification projects will be included in a document on the San Joaquin Valley ERC
Program Review Public Documents web page.
47
Tier 3 Emission Factors from 2008 Carl Moyer Program Guidelines Part IV, Appendix B, Tables for Emission Reduction and Cost Effectiveness
Calculations, Table B-13. The emissions factor from the 2005 and 2008 guidelines differ for some horsepower ranges. CARB staff used the
guideline the District proposed.
48
District calculation: NOx (t/yr) = BHP × Load Factor (1.0) × Operating Hours (hr/yr) × EF (g-NOx/bhp-hr) × 1 lb/453.6 g × 1 ton/2,000 lb
49
CARB staff calculation following Carl Moyer Guidelines Appendix D:
NOx (tons per year) = BHP × Load Factor (0.65) × Operating Hours (hr/yr) × EF (g-NOx/bhp-hr) × 1 lb/ 453.6 g × 1 ton/ 2,000 lb [equation
from 2005 Carl Moyer Program Guidelines Part IV, Appendix D, Examples Calculations, XII. Zero Emission Technologies. Also 2008 Carl Moyer
Program Guidelines Part IV, Appendix E, Examples Calculations, VII. Agricultural Sources]
50
CARL calculation following Carl Moyer Guidelines Appendix C:
NOx (tons per year) = BHP (ICE) × Default Load Factor (0.65) × (BHP (ICE)/HP electric motor) × Operating Hours (hr/yr) × EF (g-NOx/bhp-hr) ×
1 lb/ 453.6 g × 1 ton/ 2,000 lb [modified load factor equation from 2005 Carl Moyer Program Guidelines Part IV, Appendix C.
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•

Issues Regarding Permitted Sources

To be eligible for use in the surplus-at-time-of-use demonstration an unbanked
reduction must have been generated as a result of a permitting action:
For purposes of the demonstration described in Section 7.2.2, the
comparison may also include the surplus value of additional creditable
emission reductions that have not been used as offsets and have been
banked or have been generated as a result of permitting actions. [Rule
2201, section 7.2.2.2]
According to the District, none of the replaced engines from the sample of 10 projects
had a permit prior to removal, nor was a permit issued for the electrified pump that
replaced it. Thus, the reductions associated with the replacement engines were not
generated as a result of a permitting action.
•

Issues Regarding Crediting of State-Funded Projects

Some of the AG-ICE projects received co-funding from the Carl Moyer Program.
California law prohibits the use of any project funded by Carl Moyer from being used
as an emissions offset. While the District recognizes that some of the projects were
co-funded by Moyer and the utilities, the District believes that because they are using
only the portion of the total emission reductions generated equal to the replacement
of a Tier 3 engine with an electric motor the requirements of State law are met. Aside
from the funding issue, it is important to note that there does not appear to have been
any double counting of emissions reductions, meaning the emissions the District
claimed for use in equivalency were not counted in any other way for SIP purposes.
California Health and Safety Code, section 44281 (b) states:
No project funded by the [Carl Moyer] program shall be used for credit
under any state or federal emissions averaging, banking, or trading
program. No covered emission reduction generated by the program
shall be used as marketable emission reduction credits or to offset any
emission reduction obligation of any person or entity.
The 2005 Moyer Guidelines, which are incorporated by reference under the Health &
Safety code and implemented the Moyer statute at the time when the AG-ICE
program was implemented, also specifically provided that the reductions from AG-ICE
funded project belonged to the Carl Moyer Program if the project also received
Moyer funds:
Carl Moyer Program applicants using the PG&E and SCE incentive
programs will also have to make adjustments to the emission reduction
calculations. Because to date virtually no electric agricultural pump
projects have been funded through Carl Moyer Program grants, the
PG&E and SCE incentive programs take credit for the emission reduction
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between a Tier 3 engine and an electric motor. As a condition of the
PG&E and SCE incentive programs, these emission reductions must be
donated to the Carl Moyer Program for clean air. The emission
reduction benefit between the replaced engine and a Tier 3 engine, may
be included in the cost-effectiveness calculation to determine the grant
amount. An example of this calculation is provided in Appendix D. (ref.
2005 Carl Moyer Program Guidelines, Part II, Project Criteria, Chapter XII,
Zero Emission Technologies, XII-p. 5)
The AG-ICE program operated with both funding between public utilities, and the
State of California in part through the Carl Moyer program. Specifically, the Carl
Moyer program funded conversion to electric pumps, and the public utilities provided
line extensions and rate incentives. Joint funding was necessary because funding
levels from the Carl Moyer program alone were not sufficient to entice a transition
from diesel to electric agricultural pumps.
A joint settlement between the California Public Utilities Commission, Pacific Gas and
Electric Company (PG&E), Southern California Edison Company (SCE), the Office of
Ratepayer Advocates, the Utility Reform Network, Agricultural Energy Consumers
Association, the California Farm Bureau Federation, and the California Air Resources
Board 51 in March 2005 established favorable electric rates which helped encourage the
transition from diesel to electric pumps.
The District believes the record of the CPUC proceedings show that the agreement
apportioned emission reductions between the utilities, the State, and the District. The
District believes that under the agreement the State would retain criteria pollutant
emission reductions generated by the transition between the engine being replaced
and a Tier 3 engine, and the District (through the utilities) would retain criteria
pollutant emission reductions from a Tier 3 engine to zero emissions. The District
relied on their understanding of this agreement when deciding to use the AG-ICE
emission reductions from Tier 3 to zero emissions for demonstrating offset
equivalency. CARB staff does not concur with this assessment.
CARB staff has not determined the exact number of electrification projects that
received Carl Moyer funding. In the sample of ten AG-ICE electrification projects
using serial numbers for the replaced diesel engines along with other project specific
information 52 CARB staff noted that six of the ten engines matched engine records in
CARB’s Clean Air Reporting Log (CARL) database strongly indicating these six projects
received Moyer funding or co-funding.

http://docs.cpuc.ca.gov/publishedDocs/published/Graphics/47069.PDF
CARB staff does not have the serial number for all 919 diesel engines replaced as this information is
not part of the District’s equivalency tracking database that CARB staff has access to.
51
52

54

A preliminary review of the 919 electrification projects suggests that a large number of
those could have also received Carol Moyer funding.
Issues Regarding Permanency of Reductions
Another of the criteria for claiming a reduction in the surplus-at-time-of-use
demonstration is that the reductions be permanent.
The AG-ICE Program had a limited life, as explained in a July 27, 2005 document titled
Agricultural Internal Combustion (IC) Engine Conversion Incentive Program Questions
and Answers, published by PG&E, California Farm Bureau Federation, and Agricultural
Energy Users Association 53
Q7. Do I have to stay on the AG-ICE rate for the whole 10 years?
A. No. You will only be required to stay on the AG-ICE rate for 12 months under
Electric Rule 12. However, if you elect to leave the AG-ICE rate for a different
PG&E electric tariff, you may not return to the AG-ICE rate.
After the program expires on December 31, 2015, nothing in the AG-ICE
program precludes a grower from leaving PG&E to disconnect or choose an
alternative power source such as an IC engine, although there is no certainty as
to the air quality regulations that will be in place at that time. The customer
would still be responsible for non-passable charges if going to an alternate
electrical source provided those charges are in existence at the time of
departure.
With the Carl Moyer Program, to ensure satisfaction of the permanence requirement,
SIP creditability of reductions ends with the contract expiration. Similarly, with the
AG-ICE program, reductions from the electrification projects may not be enforceable
after the expiration of the contract, meaning, after the contract expires, they may not
meet the criterion for permanence under Rule 2201, section 7.1.5 to be used in the
equivalency demonstration.
b. Orphan Shutdowns
Orphan shutdowns are unclaimed emission reductions from facilities that have shut
down and surrendered their air permits, but did not claim the actual emission
reductions, if any, from the cessation of emissions. The District collects the actual
emission reductions from orphan shutdowns and retires them for use in the
equivalency demonstration. The District never uses emission reductions from orphan
shut downs to directly offset emission increases from ATC projects.
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Ref. Agricultural Internal Combustion (IC) Engine Conversion Incentive Program
Questions and Answers from July 27, 2005, Published by PG&E, California Farm Bureau Federation, and
Agricultural Energy Users Association.
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Although orphan emission reductions are not formally banked as ERCs, Rule 2201
does require them to meet the same evaluation criteria as ERCs. 54 The reductions
must be real, surplus, permanent, quantifiable, and enforceable.
According to the District’s internal guideline document “Offset Equivalency Step-byStep Instructions,” actual emissions reductions from orphan shutdowns are calculated
using the following method: 55
The database will calculate the emissions for units at the deleted facilities
using the following protocol:
-

use the two most recent [Emissions Inventory] years from the past
5 years.

-

if both years are available, average the two

-

if only one year is available, use that year (no average)

-

if both years are blank 56, use 1/2 of the PE [potential to emit]

The District’s method for crediting emission reductions from orphan shutdowns is an
attempt to treat orphan shutdowns in a manner similar to ERC banking applications by
applying the concepts “baseline period” and “actual emission reductions” from Rule
2201. 57 That is, the District bases the amount of creditable emissions reductions on
actual operating data from the most recent two-year period from the past five years
preceding shutdown. The period immediately preceding shutdown is usually the
lowest emitting period in the life of a facility. Rule 2201 and federal NSR allow a
different 24-month period from the past five years if the permitting authority
determines that a different 24-month period is more representative of normal
operation. Therefore, in this respect, by using the most recent time period instead of
the most representative operating period, the District’s method for crediting orphan
shutdowns is more conservative than Rule 2201 or federal NSR for crediting emission
reductions.
However, the District’s orphan credit procedure is less stringent than its normal ERC
banking procedure or federal NSR for establishing real emissions in that it allows for
use of one years’ worth of data, or the use of half of the potential to emit, if no
emissions inventory record is available from the previous five years. For facilities
where the record on actual emissions is absent or missing, relying on some fraction of
the permitted or potential to emit of a source as a way of representing actual
emissions may be a reasonable practical accommodation. Unlike with ERC
applications, where the applicant has an active interest in providing operating data,
District Rule 2201, section 7.1.5 (8/15/19)
SJVAPCD Offset Equivalency Step-by-Step Instructions, III.C. Entering Deleted Facilities (C.III.6)
56
The word “blank” implies missing or absent data. However, CARB staff would note that in practice
“blank” appears to include instances of zero emissions, i.e. zero actual emissions is taken to be the
same as missing data, justifying the use of ½ of the potential to emit.
57
District Rule 2201, sections 3.2 and 3.9 (8/15/19)
54
55

56

the District is forced to rely on its own records of operating history to discern the
actual emissions from the operation, which may be incomplete for older shutdowns.
The question of whether the multiplier of half of the permitted emissions is
appropriate here would require further research beyond the scope of this review. For
purposes of this review, CARB staff assumed, consistent with District practice, half of
the potential or permitted emissions where no emissions inventory or operating record
was available.
The District does not discount or surplus the orphan shutdowns when they are added
to the federal offset equivalency tracking system. This practice is indicated in their
internal guidance document Offset Equivalency Step-by-Step Instructions: 58
For deleted facilities, the District does not discount the emissions
reductions. Therefore, enter “0” for:
• “Permitted Potential to Emit after the initial action (t/y)”,
• “Discount quantity for federal rules in place at the time of initial
action (t/y)”
• “Discount quantity for federal rules SINCE the time of initial action
(t/y)”.
CARB staff would agree that for most orphan shutdowns, the permit at the time of
surrender should reflect all the applicable emission standards. Therefore, any actual
emission reductions generated in conformity with the permit should be surplus at the
time of permit surrender. However, CARB staff would note several examples
discovered in this review where this assumption turned out to be unwarranted, e.g.
permits representing “non-compliant dormant emissions units” or “fee-paying units,”
which contain emission limits that are not reflective of the applicable rule standards.
Nevertheless, this by itself should not cause any inaccuracies in the equivalency
demonstration provided the surplus value of the reductions is determined at the time
the reductions are used as mitigation.
CARB staff has determined that the District’s procedure above for assessing actual
emissions reductions from orphan shutdown is reasonable and appropriate, with four
clarifications. First, in step 4 of the procedure for determining the amount of emission
reduction, the word “blanks” should be understood to refer to an absence of data, not
actual zeros, i.e., where the record clearly indicates zero emissions or non-operation.
Second, orphan reductions should be subject to the surplus-at-time-of-use
requirement as required by Rule 2201. Third, when a shutdown involves multiple
emissions units, only one consecutive 24-month period (or 12-month period per the
District’s procedure referenced above) should be used to determine the actual
emissions. This stipulation should be observed for determining the amount of
creditable reductions from orphan shutdowns because it prevents double counting of
emissions that are merely shifting from unit to unit over time (i.e., shifting to a similar
58

SJVAPCD Offset Equivalency Step-by-Step Instructions, III.C. Bullet point i (C.III.24).
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source within a facility or counting emissions that were relied on in an internal offset or
netting action). Thus, to use a specific period of emissions inventory for one unit, but
not for other units, (and instead using, for example, ½ PE) is inconsistent with this
stipulation and inconsistent with how the District would normally bank these
reductions were they to go through a formal banking process. Fourth, related to the
previous point, the District should not credit emission reductions related to older
cancelled permits that could not legally operate or emit at the claimed levels within
the five-year look-back period to determine the actual emissions.
CARB staff reviewed a random sample of 11 orphan shutdowns used as mitigation in
the 2018 tracking period (Table 14). 59 CARB staff determined a lower value for the
reductions than the District had for most of the orphan shutdowns. The differences
between CARB’s determination and the District’s determination appear to result
mainly from (1) the District not following the procedure in Steps 1 – 4 noted above, or
(2) the District not appropriately discounting the emission reductions to reflect their
surplus value.
In orphan reduction 2011-S-9990046-4884, the District did not use the available
emission inventory record, the compliance record, correspondence from the operator,
or the PE value as indicated on the permit to determine the amount of creditable
emission reductions. This shutdown consisted of six petroleum storage tanks and one
wastewater storage tank. The District received a letter from the operator requesting
cancellation of the permits on November 29, 2010. In the letter, the operator noted
the tanks had not operated since summer of 2001. The District’s June 29, 2010
inspection report also stated the facility had been out of service since 2001. In June of
2011, the facility submitted a 2010 emission inventory report indicating no throughput
for any of the equipment in 2010.
The District claimed 525.8 tons per year of VOC creditable reductions for the surplusat-time-of-use equivalency in 2011 as indicated by the equivalency database entries
showing ini_r_voc and aer_voc = 528.8 tons per year. As of the 2018 equivalency
report, 320.1 tons per year VOC had been used in the equivalency demonstrations
since 2011 (used_voc) with 205.7 tons per year remaining (r_voc).
CARB staff found that the record demonstrated that actual emissions were zero for this
facility since summer of 2001. Following the District’s rules for crediting reductions
from deleted facilities, the amount of creditable VOC reductions available from the
shutdown should have been 0 tons per year. If one allows that the District system
tracked these zeros as “blanks” or missing data, then ½ PE would be used. The facilitywide Title V permit S-46-0-2 renewed for this facility in 2009 had a facility-wide cap on
All orphan reductions can be identified in the tracking system and annual reports by the “999----“ in
their tracking number. The tracking number also reveals the facility identification number associated
with the permits and when the District claimed the emission reductions for the tracking system. For
example, orphan reduction 2011-S-9990046-4884-1 was from the shutdown of facility S-46, and the
District claimed those reductions for the equivalency demonstration in 2011.
59
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VOC emissions of 50 tons per year. Using the District rule that would credit ½ PE for a
shutdown facility in the absence of any emission inventory data from the previous five
years. At most, the District could claim 25 tons per year of VOC for use in the
equivalency demonstration. CARB staff believes the permissible creditable reductions
for the shutdown of this facility in 2011 should be 0 tons per year VOC; however, in no
case should the amount of creditable reductions be greater than 25 tons per year VOC.
The District acknowledged and indicated they would address this issue.
The results from CARB staff’s review of the sample of 11 emission reductions from
orphan shutdowns used in whole or in part in the 2018 Equivalency Report is
presented in Table 14. For each of these shutdowns, CARB staff calculated the
amount of orphan actual emission reductions (AER) that could be claimed or used and
compared to the amount of credit taken in the District Track_Master and
Track_Allocate databases. CARB’s results were consistently lower than District’s
recorded values. These results may or may not be representative of other orphan
shutdowns, because each orphan shutdown presents a unique set of circumstances
that determines the amount of credit that can be claimed. Detailed explanations and
reference documents for all the orphan shutdowns indicated in Table 14 will be
included on the San Joaquin Valley ERC Program Review Public Documents web page.
Table 14. Orphan Credit Comparison between CARB and District
Mitigations Used in the 2018 Report 60
Track Number
NOx (tons NOx (tons
VOC (tons
per year)
per year)
per year)
District
CARB
District
Database
Calculated
Database
2011-S-9990046-4884
525.8
2013-C-9990512-5391
0.59
0.28
7.14
2013-S-9990204-5386
2.63
0.83
0.17
2010-C-9990263-4278
1.0
0.3
0
2010-C-9990583-4282
1.2 0.04 or 0.09
1.3
2004-S-9990252-1439
0.6 0.07 or 0.21
0.11
2015-N-9990290-6076
2015-S-9990494-6077
2017-C-9990646-6593
2018-C-9990445-6878
2018-C-9990547-6880

0.75
0.63
9.74
1.93
4.03

0.70
*
1.36
0
0

0.15
0.14
2.29
0.41
0.37

Staff for
VOC (tons
per year)
CARB
Calculated
0
3.14
0.05
0
0.08
0.003 or
0.11
0.15
*
1.28
0
0

*CARB staff did not have the information to verify the District‘s value.

The District values in the table below are found in Track_Master under one or more fields
aer_pollutant ini-r_pollutant, and used_pollutant.
60
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V.

Part 4: Application of Offset Requirements to Permitting

The District’s ERC system works as part of a larger NSR program to accomplish the air
quality goals in the San Joaquin Valley. ERCs are the currency of offsets, and offsets
are a NSR requirement. In most cases, BACT is triggered and evaluated prior to
offsets being required. As a result, BACT has a direct relation to whether offsets are
triggered and how many are required as part of NSR. Therefore, the final portion of
the review focused on how the District calculated and used offsets in the permitting
process.
Based on the limited analysis we have conducted, we found the District generally
appears to apply its NSR program consistent with its rules and policies. In addition,
we found no difference in the application of the District’s NSR program between ATCs
selected from the community list, and those selected at random.
CARB staff selected 30 ATC projects for this portion of the review. Most of the
projects were drawn from a list generated by District staff of approximately 7,200 ATC
projects issued by the District from 2016 to 2018. A few projects outside this window
were chosen when staff could not locate a project within the 2016 - 2018 window that
met the other selection criteria. Half (15 of the ATCs) were selected from random
facilities, and the other half (15 of the ATCs) were selected from a list of facilities
raised by community groups: Rio Bravo Fresno, Vitro, San Fe Petroleum Terminal, MB
Technology, Chevron USA Inc, Aera Energy LLC, Kern Oil and Refining, Alon
Bakersfield Refining, and Gallo Glass Company. It should be noted that for the 15
facilities from the list, there were hundreds of individual ATCs from which one was
selected at random, from each facility.
CARB selected projects based on several criteria. The main criterion was that the
projects had to illustrate some facet of the offsetting requirements, offset exemptions,
or calculation methods that feed offset determinations in District Rule 2201. Other
aspects of the projects, e.g., BACT, risk assessments, application of prohibitory rules,
were also reviewed, however, as they were integral to the ATC project
approval. Table 15 lists the projects selected for analysis:
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Table 15. Authority-to-Construct Applications Selected for Review
Project ID

Project ID

Project ID

Project ID

S-1171639^

S-1182997^

S-1182363

N-1153167

S-1170151^

S-1173785^

S-1150871

N-1172193

S-1160023^

C-1172937^

S-1153552

N-1162806

S-1173694^

N-1182628^

S-1153263

C-1141302

S-1153809^

C-1182872^

N-1162235

C-1181525

S-1183520^

C-1051325^

N-1152244

N-115001

S-1182998^

C-1181006^

N-1153643

S-1163220^

S-1183515

N-1183369

^ Project selected at random from one of 9 facilities requested by community stakeholders.

Consistent with CARB staff’s evaluation of ERCs in Part 2 of this report, CARB staff’s
analysis identified transparency and record gaps as an issue. In a majority (21 of 30) of
projects reviewed, the evaluation did not provide enough information to replicate or
verify the information used in the District evaluation or provided in the facility
application, or did not clearly document calculations. In some cases, citations were
not provided for assumptions or the evaluation lacked explanation for
determinations. The following ATCs were impacted by lack of information: S1150871, S-1153263, S-1153552, S-1153809, S-1160023, S-1163220, S-1170151, S1171639, S-1173694, S-1173785, S-1182363, S-1182997, S-1182998, S-1183515, S1183520, N-1152244, N-1183369, C-1172937, C-1181006, C-1181525, and C1182872.
Examples of transparency issues found include:
•

S-1183520: The engineering evaluation did not include emission factors or emission
calculations used to determine the potential to emit. There was no explanation for
the ranking of control technologies in the BACT analysis. The PE and BE
calculations were not clear, which affects the quantity of offsets required.

•

S-1173694: There were no emission calculations provided, so it was not possible to
verify if the District’s conclusion that there would be no change in emissions. This
affects applicability of BACT, Offsets, and public notice.

•

S-1153552: The project was for a relaxation in monitoring requirements, but was
classified as a Title V minor modification without a justification in the
evaluation. Calculation issues in the PE1 and PE2 tables make the values difficult
to follow.
61

Finally, CARB staff conducted a cursory review of the SJVAPCD and other district’s
offset thresholds, BACT trigger levels, BACT cost-effectiveness thresholds, and BACT
cost-effectiveness assumptions. There are clear differences between the District’s
BACT trigger and threshold levels compared to other districts. There are also clear
differences in these factors among all the districts. While all air district NSR programs
have the same basic structure, they vary in their detail. As a result, staff’s review of
offset thresholds, BACT trigger levels, BACT cost-effectiveness thresholds, and BACT
cost-effectiveness assumptions was not sufficient to make specific conclusions about
the overall stringency of the District’s NSR program. Such an assessment of the
district’s NSR program is beyond the scope this report.
California air quality policy and management is increasingly focused on addressing
community scale impacts along with the long-standing focus on regional attainment of
air quality standards governed by both the Clean Air Act and State law. As a result,
there is a growing need to understand how existing NSR programs address both
regional and community scale needs. The review necessary to develop a sufficient
understanding of NSR programs and how they are applied must be broader than an
evaluation of a single district’s program. As noted NSR programs can vary in complex
and nuanced ways. Understanding how they work and what the opportunities are to
optimize the systems to ensure they meet current and future needs will require the
focused efforts of staff from multiple air districts as well as CARB staff. CARB staff
proposes to begin a discussion with the air districts as well as stakeholders concerning
the approach for conducting such a review.
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VI.

Summary and Recommendations for Future Action

The current SJVAPCD ERC bank contains nearly 11 million pounds of NOx ERCs when
valued at time-of-issuance. While the bank is large, 80% of the ERCs it contains were
issued more than 20 years ago. As the District’s programs have become more
stringent, the time-of-use value of these ERCs has declined. The District estimated in
2016 that these ERCs, when valued using time-of-use assumptions, are worth about
18% of the time-of-issuance value. This decline has no immediate impact on the
holders of the ERCs, because the value of these ERCs under the District’s NSR
program is based on time-of-issuance. However, this decline is the reason why EPA
requires the equivalency determination – to ensure that the difference between timeof-issuance and time-of-use ERC value is accounted for through sufficient offsets
generated by the overall increased stringency of the District’s program relative to
federal requirements.
The equivalency demonstration was designed to allow the District to take credit for
other reductions that are generated through their NSR program, such as the
application of NSR to non-major sources, and other areas where the District’s program
is more stringent than federal requirements. However, when the District was
reclassified to extreme non-attainment, the major source emission thresholds were
reduced, which substantially reduced the advantage between the District’s and federal
NSR requirements. For the past decade, the District has heavily relied on orphan
shutdowns and electrification projects to demonstrate equivalency. It should be noted
that these projects are not related to the stringency of the District’s NSR rules.
This review identified three groups of findings which, when viewed together, indicate
that the District should strengthen its ERC system, to ensure the program will result in
no net increase emissions across the basin, while also providing the ERCs industry
needs in the San Joaquin Valley. In reviewing ERC banking actions, ATC evaluations,
and the District’s equivalency database, staff identified general findings in three areas:
A. Transparency and Rigor of Analysis
•

In many of the ERC and ATC projects reviewed, the evaluations lacked supporting
documentation that is necessary to replicate, verify or fully review the District’s
actions. ERC banking actions were missing information such as emissions inventory
submittals, choice of baseline period, Continuous Emissions Monitoring data,
source test data, and other information. ATCs in some cases were missing citations
for assumptions, and some evaluations lacked explanation for determinations.

•

The District’s equivalency system database is lacking technical documentation, and
is not self-contained, meaning that many calculations are conducted external to the
database system, performed by input from or output to spreadsheet files for
additional analysis. As a result, the calculations are not fully trackable within the
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database system. Staff’s analysis identified orphan records in the system and
calculation discrepancies in the District’s offset requirement equivalency
demonstration (i.e., Test 1), caused in part by issues in data entry and data
processing procedures before data is entered into the database. Overall, these
issues highlight areas for improvement, both in District’s staff’s analysis, and in the
database environment where staff perform calculations and engineering analyses.
After the bump-up to extreme non-attainment in 2010, the number of projects has
increased, creating a quality assurance challenge in an already complex system.
•

Staff’s analysis identified several calculation issues relating to orphan shutdowns
and electrification projects affecting the surplus-at-time-of-use equivalency
demonstration (i.e., Test 2). Electrification projects and orphan shutdowns both
appear to be overestimated. In particular, the emission reductions from
electrification projects appear overestimated by at least 35 percent. These issues
need to be addressed going forward to provide confidence in the surplus-at-timeof-use equivalency demonstration to be submitted in 2020.
B. Rule Implementation

In the second set of findings, staff identified rule implementation issues:
•

ERC Timeliness

In 15 of the 52 ERC projects reviewed, the District granted ERCs, generated by facility
shutdowns, in which emissions ceased more than 180 days before submission of the
ERC application. The District followed its long-standing policy defining shutdown as
the surrender of the operating permit, when deciding to grant these ERCs. However,
the District’s policy conflicts with its Rule, which requires the application to be
submitted no later than 180 days after the emission reductions occurred. The District
should follow its Rule as written and make adjustments so that both the policy and rule
are consistent.
•

ERC Surplus Reductions

In four of the 52 ERC projects reviewed, the District granted ERCs even though they
appeared to not be surplus of every federal, State, or district law, rule, order, permit,
or regulation. This increased the value of the ERC to the applicant, and decreased the
value of the ERC in the equivalency demonstration when the ERCs are used. Over
time these types of decisions may put the District’s offset equivalency demonstration
at risk.
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C. Offset Equivalency
In the third set of findings, staff identified several issues in the District’s equivalency
demonstration.
•

ERC Electrification Project Eligibility and Calculations

The District relies on electrification projects, generated through the Agricultural
Internal Combustion Engine (AG-ICE) incentive program, to demonstrate NOx
equivalency with federal requirements. In calculating and claiming credit for these
projects, the District used an incorrect load factor, resulting in a significant overvaluing
of reductions in the equivalency demonstration. In addition, these reductions were
not documented to have resulted from a permitting action, were not documented to
be permanently enforceable, and potentially half of the credited projects appeared to
be funded in part through the Carl Moyer program. These issues affect the magnitude
and eligibility of electrification projects that are the primary basis for NOx equivalency
over the past ten years. The District should address these issues in its 2020
Equivalency Demonstration.
Recommendations for Future Action
The issues identified in this report are complex, and impact a wide array of
stakeholders in the San Joaquin Valley including residents of the Valley, industries that
rely on offsets and ERCs in order to expand or build new business, environmental
organizations who advocate for cleaner air, and community groups representing those
living near stationary and mobile sources who are impacted the most by emissions at
the local level.
As a result of the findings highlighted in this report, CARB staff recommends that the
District take specific action to address the following overarching findings as detailed in
this evaluation.
•

Revise the program to make it more transparent to the public and industry and
more rigorous.

•

Upgrade the District’s Implementation procedures and policies.

•

Review and revise assumptions in the equivalency demonstration as identified.
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Ms. Mary Nichols
Chair, California Air Resources Board
1001 I Street #2828
Sacramento, CA 95814
Submitted electronically
Thursday, June 25, 2020
RE: CARB Enforcement Division’s Review of the San Joaquin Valley Air Pollution
Control District’s Emission Reduction Credit Program
Chair Nichols and members of the California Air Resources Board,
On behalf of the Central Valley Air Quality Coalition (CVAQ) and undersigned member
organizations, please accept these comments on the findings from the enforcement division’s
program review of the San Joaquin Valley Air Pollution Control District’s (Valley Air District)
Emission Reduction Credit (ERC) program. The CARB enforcement division’s findings reveal a
pattern and practice of the Valley Air District over-crediting themselves and polluting industries
with reductions, equating to higher levels of pollution in the San Joaquin Valley and with a
disproportionate impact on communities of color and low income communities that are in close
proximity to major pollution sources. We strongly believe that these findings are sufficient to
warrant a complete overhaul of the entire ERC system and elimination of the special agreement
with the United States Protection Agency (USEPA) regarding the equivalency demonstration.
These issues and requests are discussed in further detail below.
Background
The San Joaquin Valley is classified as extreme nonattainment of the National Ambient Air
Quality Standards (NAAQS) for 8-hour ozone and nonattainment for the annual and 24-hour PM
2.5 standards. According to a 2008 CSU Fullerton study, the health-related impacts of air
pollution in the San Joaquin Valley drains the region’s economy of approximately $6 billion
every year, or an average of $1,600 per person annually. These costs are tied to adverse health
outcomes and represent hundreds of premature deaths, tens of thousands of asthma attacks,
thousands of cases of bronchitis, and thousands of lost work and school days. Despite these dire
circumstances, the Valley Air District has continued to issue permits for new or expanded
operations of polluting facilities utilizing Emission Reduction Credits (ERCs) the United States
Environmental Protection Agency (EPA) and the California Air Resources Board (CARB) have

previously determined to either be invalid, or grossly overestimated. These outdated ERCs have
been raised as a problem by clean air advocates for decades.
Concerns about the use of ERCs arose again in 2016, when Valley Air District staff indicated
that the nitrogen oxides (NOx) bank was in serious danger of failing the equivalency
demonstration. Around the same time, Earthjustice was reviewing permit applications from
major sources and found some that included old and questionably sourced credits. After
conversations with CARB staff, advocates were asked to provide additional evidence of
problems with ERCs. Subsequently, Earthworks conducted an initial assessment of select ERC
certificates, resulting in the November 2018 report “Undeserved Credit: Why emissions banking
in the San Joaquin Valley puts air quality at risk.” This report highlighted the difficulty of tracing
emission reduction credit certificates over time, since the majority are decades old and ERCs can
be split or sold. More importantly, the “Undeserved Credit” report raised serious concerns about
the value and validity of the credits examined, particularly in light of the fact that they do not
lose value over time even when their origins and values cannot be verified. Additionally, the
report pointed to concerns about the lack of transparency in how the equivalency demonstration
is determined. As a result of this report and clean air advocates’ multi-year efforts to shed light
on these issues, in January 2019 CARB directed staff to conduct a thorough review of the ERC
program managed by the Valley Air District.
Inaccuracies and loopholes in the ERC program have serious implications for the San Joaquin
Valley air basin’s ability to attain the health-protective standards for major pollutants like
particulate matter and ozone. Furthermore, these findings have important implications for similar
banking style systems used around the world in exposing the potential for corruption in the
system to the benefit of polluting industries and at the expense of people’s health.
Findings from CARB program review
CARB enforcement division’s review of the Valley Air District’s Emission Reduction Credit
program validated the original findings of the “Undeserved Credit” report and further uncovered
egregious errors within the equivalency demonstration that were not previously known because
the database used to calculate the demonstration is not publicly accessible.
Emission Reduction Credits (ERCs)
The findings in the CARB staff report validate what was documented in “Undeserved Credit”
regarding overvalued credits and credits issued under circumstances that do not pass the 5
criteria of real, quantifiable, enforceable, surplus, and permanent. The CARB staff report
additionally exposes previously unknown problems with ERCs, as well as serious issues with the
associated equivalency demonstration, which is discussed further in the next subsection.
The two main issues related to ERCs documented in the staff report are related to the application
of rules regarding “timeliness” and “surplus” designation. Multiple cases were found in the
review where ERCs were issued more than 180 days after shutdown of the facility. Ultimately,
inconsistent interpretation of “timeliness” allowed industry to select a baseline period with
higher emissions, resulting in credits with higher values than if the rules were properly applied.
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Whether an application is timely also relates to whether the reduction qualifies as surplus. Rules
dictating what qualifies as a “surplus” reduction were not followed in regard to federal, state, and
Valley Air District regulations for several of the Emission Reduction Credits reviewed.
Many of the credits in the Valley Air District’s ERC banks are old, and given rule and regulatory
updates in the interim, would have much lower to no value today. More than half of NOx and
VOC ERC’s are pre-1992 and lack documentation. As per CARB staff’s review update issued on
September 5, 2019, “the majority of VOC (89%) and NOx (85%) ERCs remaining in the bank
unused today are based on emission reductions that occurred more than 20 years ago” (page 6).
In 2016, a Valley Air District staff report estimated that NOx ERCs, when valued at time of use,
were worth about 18% of the time of issuance value, meaning that going to time of use valuation
would take away around 80% of their value.
Recommendations: ERCs that were not issued according to “timeliness” and “surplus”
designations in the Clean Air Act must be eliminated or adjusted to their true value. For
certificates that pre-date the establishment of the Valley Air District, their age alone makes their
value and permanence questionable for offsetting emissions today. Credits within the system
may need to be zeroed out, or at a minimum must be significantly discounted, in order to make
up for shortfalls from invalid or overvalued credits as well as from overvalued reductions
included in the equivalency demonstration.
The equivalency demonstration is a critical piece of the puzzle in discerning how much of a gap
there is between needed reductions and the values currently within the Valley Air District’s ERC
program.
Equivalency Demonstration
The Valley Air District and CARB’s special agreement with the United States Environmental
Protection Agency (USEPA) regarding the New Source Review (NSR) rule is key to
understanding the overall Emission Reduction Credit program and the significance of the
systemic problems uncovered. Federal NSR requires “time of use” valuation of ERCs, meaning
that the value of a credit is “discounted” if an intervening rule or law between when the credit is
issued and when it is used makes the emission reduction required instead of “surplus.” The
Valley Air District and CARB entered into a special agreement with USEPA allowing the Valley
Air District to value credits at “time of issuance,” meaning the credits never lose value over time.
The Valley Air District is required to demonstrate that its “time of issuance” approach results in
equally or more stringent emissions reductions. This demonstration is done by annual tracking
and reporting, to CARB and USEPA, of the quantity of credits that would have been required
under the federal NSR rule compared to under District Rule 2201. By making up the shortfall for
these old credits through the equivalency demonstration, the Valley Air District is accepting
liability for the assumed reductions. To make up the shortfall between required reductions and
banked credits, the Valley Air District has come to rely heavily on claiming reductions from
electrification projects and orphan shutdowns (operations that cease and no entity applied for
credits).
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Specific to the equivalency demonstration, CARB staff’s review revealed the same pattern of
overvaluing emission reductions and lack of documentation inhibiting the ability to replicate the
calculations contained in the database used to demonstrate equivalency.
Regarding the value of emission reductions used to demonstrate equivalency:
As with the review of ERCs, the review of projects used in the equivalency demonstration was a
subset of orphan shutdowns and electrification projects, so the results are only an indication of
the deep-rooted problems in the overall system.
Just one egregious example of questionable crediting and miscalculation, that in this case was
admitted to by the Valley Air District, relates to reductions claimed from conversion of
agricultural internal combustion engines (AG-ICE) to electric. Emission reductions from the
conversion of agricultural internal combustion engines (AG-ICE) to electric were overvalued by
35% due to the use of an incorrect “load factor.” In 2001, the Valley Air District claimed or
booked reductions from 919 of these diesel to electric projects and used these reductions to
demonstrate 77% of equivalency offsets during the years 2001 to 2018 (predominate use was
during the years 2008-2018). Since credited reductions were overvalued by at least 35%, that
means around 27% of reductions claimed in the NOx equivalency demonstration during those
years is nonexistent.
In addition to the incorrect load factor used to calculate total emission reductions resulting from
the AG-ICE replacements, there are three significant issues that suggest they should have never
been used in the first place for equivalency demonstrations:
1. AG-ICE replacements are not connected to a permit; rules say only permitted actions
can be used to generate credits.
2. The use of Carl Moyer funding for some of these replacements means that those
emission reductions belong to the Carl Moyer program.
3. The reductions have to be permanent; Carl Moyer rules do not require permanence.
For these reasons, it is likely that none of the NOx credits from this incentive program should
have been used in the equivalency demonstration.
CARB staff’s review also shows that reductions from orphan shutdowns were routinely
overvalued (ten out of eleven projects reviewed). One randomly selected project in the report
was given 528.8 tons of VOC credit, but CARB calculations show it should have been 0 tons, or
at most 25 tons. Nine randomly selected orphan shutdowns providing NOx credits show the
district calculated 22.47 tons of reductions but CARB calculated only 3.77 valid tons. If these
findings are generally true of all orphan shutdown credits, the Valley Air District may have
overestimated the associated credits by as much as six times their actual value.
From the above examples, it is clear that the Valley Air District falsely claimed NOx and VOC
credits in equivalency demonstrations during at least during the past ten years. Correcting the
mistakes detailed in CARB staff’s report would leave a deficit on remaining credits for future
demonstrations after 2018. The tables from the staff report most relevant to these comments are
below.
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Regarding the database and documentation used to demonstrate equivalency:
The Valley Air District has known since at least 2016 that their NOx bank was at risk of failing
the equivalency demonstration. Looking only at the numbers from the CARB staff report, which
is a review of 10% of existing ERC certificates and a subset of orphan shutdown and
electrification projects, it is likely the equivalency demonstration would have failed many years
ago. CARB staff noted in several places that they were unable to replicate the Valley Air
District’s calculations, even with access to available documentation and with support from
District staff. The Valley Air District’s next annual equivalency demonstration is due in
November 2020. We are gravely concerned that the necessary corrections and enhancements to
the database and associated documentation used to calculate the equivalency demonstration will
not be addressed in time to ensure the integrity of the results.
Communities across the San Joaquin Valley deserve answers as to the implications of these
findings for existing permits and clean-up plans that rely on incorrect information. While we
recognize the complexity of these issues and the many stakeholders that need to be involved in
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deciding and implementing appropriate remedies, these issues have lingered for far too long and
immediate actions must also be taken where feasible.
Recommendations: The equivalency demonstrations for NOx and VOCs have, for at least the
past ten years, used incorrect numbers that, if corrected, will not meet the requirements of the
Clean Air Act. Given the consistent, well documented pattern of errors and irregularities in the
records that do exist for ERCs and the associated equivalency demonstrations, the Valley Air
District should no longer utilize an equivalency demonstration that allows for valuation at “time
of issuance.” Failure to pass the equivalency demonstration invalidates the special agreement
with USEPA, meaning that all ERCs are converted to “time of use” valuation. Credits valued at
“time of use” make the polluter accountable for the cost of increased emissions, requiring that
they take on the risk of failing to meet required emissions levels rather than the Valley Air
District. Shifting the burden from taxpayers to polluters would represent justice for impacted
communities.
The ERC program is nested within the New Source Review (NSR) rule. Calculations from the
ERC program are therefore part of the commitments that go into State Implementation Plans
(SIPs). These plans must also be reviewed in light of this new information and any shortfalls
compensated for.
The Greenhouse Gas bank
More recently, in addition to the ERC banks for criteria air pollutants, the Valley Air District
created a bank for greenhouse gases (GHGs). Though created more recently than the ERC banks
for criteria pollutants, the GHG bank consistently shows the same issues found in the other banks
regarding lack of documentation and integrity, making them invalid. Though as far as we know
these credits have not been used, we do not agree with a “no harm, no foul” approach.
Recommendation: This banking of GHG emission reductions must be eliminated. No other air
district has a similar program. California Environmental Quality Act (CEQA) issues around
increases of GHG emissions from local projects must not be compromised, for example, by a
project paying off an oil company for their pre-2007 project shutdowns for GHG emissions
generated more than a decade later. Instead, local residents have the right under CEQA to ask
developers to offset new sources of GHG emissions with local mitigations such as charging
stations for electric vehicles and solar panels on parking lots. These banked GHG emission
credits could take away that right. For these reasons, the bank for greenhouse gasses should be
eliminated.
Requests and Benchmarks
While fully understanding and addressing the full breadth and depth of these problems will take
time, transparency, and rebuilding the trust necessary to support a collaborative approach to
solving the immense problems the San Joaquin Valley faces in cleaning the air, immediate
actions must also be taken to fix long standing problems that the CARB staff report provides
further evidence of. Participation in a public working group cannot be a catch-all solution, and
numerous other conversations and commitments are necessary.

6

To that end, CVAQ suggests the following immediate actions and longer time solutions:
● Invalid credits should be eliminated. Several credits documented in the “Undeserved
Credit” report have a long paper trail, including documents from CARB and USEPA
disputing the validity of those credits, a debate that must finally be put to rest by retiring
them.
● Old credits whose authenticity is in dispute should be heavily discounted. Many credits
lack adequate documentation, so it should not be assumed that reported values are
correct.
● The GHG bank should be eliminated. This bank shows the same problems the other
banks are riddled with. Furthermore, GHGs are regulated by the state.
● If previous equivalency demonstrations for NOx and VOCs were adjusted using just the
information detailed in the CARB staff report, those banks have likely failed to pass the
equivalency demonstration. The Valley Air District must return to the federal New
Source Review rule, meaning all credits are valued at “time of use” rather than “time of
issuance.”
● The CARB staff report is “statistically significant” and while it provides enough
information to conclusively show systematic problems, it is not a comprehensive review,
leaving many ERC certificates, other criteria air pollutant banks, as well as assumptions
in equivalency demonstrations unreviewed or otherwise unverified.
● While determinations are being made about how best to address the shortfalls in
reductions discovered thus far, the Valley Air District should suspend review of
any permits that use Emission Reduction Credits rather than direct mitigation.
● Unreviewed credits and projects as well as the remaining criteria pollutant banks
not reviewed as part of this report must be reviewed and corrected, or through
extrapolation of CARB staff’s findings, credits discounted proportionally using a
mutually agreed upon percent. Existing operations reliant on these credits should
be responsible for finding additional mitigations. The specific details of how to
address unreviewed credits, projects, and banks could be discussed and vetted by
the public working group. Actions must be overseen by CARB and USEPA.
● Implications for State Implementation Plans and attainment of the NAAQS must be fully
assessed and addressed. This work should be undertaken collaboratively by USEPA,
CARB, and the Valley Air District and reported to the public.
To ensure these efforts result in expeditious action, CARB should receive periodic progress
reports and work with the Valley Air District to establish metrics for satisfactory progress on all
of the above. The Valley Air District should provide specific details on the public working
group, such as how frequently it will meet, its proposed composition, and a timeline with
benchmarks detailing what the group is expected to achieve. The enhancements and upgrades to
the equivalency demonstration database and supporting documentation should be made to align
with the federal NSR rule. A timeline with benchmarks for these upgrades and enhancements
should be provided in writing. Alternative remedies or other consequences should be established
if these metrics are not met.
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Conclusion
Our primary, immediate, and urgent concern is reducing air pollution and environmental
injustices in the San Joaquin Valley. More broadly, the issues with the Valley’s Emission
Reduction Credit program are relevant to similar types of systems such as California’s cap and
trade program and other systems across the globe touted as mechanisms for raising funds while
promoting innovation and reducing emissions. In reality, credit based systems are rife with
potential for human error, inaccuracies, and, as in this case, bending or breaking the rules to
favor polluters.
With the Valley Air District’s special agreement allowing credits to retain their original value
indefinitely, the taxpayer is on the hook for making up the gap in emissions caused by the
devaluation of credits over time. Taxpayer dollars are used to fund the Valley Air District, and
the agency in turn has made itself responsible for reductions that polluting industries should be
achieving. The Valley Air District is allowing some of the region’s largest sources of pollution to
“cash in” old credits that never lose value, many of unverifiable origin or value, while the Valley
Air District makes up the difference. In making up this difference, CARB staff’s review indicates
that the Valley Air District has subsequently heavily relied on using credits within the
equivalency demonstration that are also invalid or overvalued--the same problems evident with
the credits themselves.
The Emission Reduction Credit program has clearly failed to expedite cleaning the air in the San
Joaquin Valley. Given the severity of air pollution problems and environmental injustices in the
Valley, these types of glaring errors and loopholes must be closed immediately. To achieve clean
air and allow kids to safely play outside every day, the San Joaquin Valley air basin does not
have room for dubiously derived, decades-old “credits” in its air pollution reduction budget. The
current ERC program has proven to be highly subject to corruption and manipulation. Overall,
the ERC program in the San Joaquin Valley is not functional, especially without vigilant
oversight continually ensuring that rules are followed and verifying that assumptions about
reductions are true. Public health has been harmed.
Systems that perpetuate injustice must be dismantled and replaced with life affirming systems
that protect people and the planet while providing safe jobs with a living wage, with priority for
clean-up and “green,” sustainable and equitable investment focused on disproportionately
impacted Black and Indigenous people, people of color, and low income communities.
We sincerely thank CARB staff, particularly in the enforcement division, for the thorough
review of the Valley Air District’s ERC program. While the review was not comprehensive, it
provided ample evidence of how broken the Valley Air District’s ERC program is. We must now
act in proportion to the weight of evidence that there are fundamental, systemic problems with
the Valley Air District’s current program.
CVAQ and partners will continue our active engagement in conversations about how to rectify
these problems, including through the public working group the Valley Air District has
committed to convening. CVAQ remains steadfast in our mission to protect public health and
achieve clean air for the San Joaquin Valley, with special attention to disproportionately
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impacted environmental justice communities, and to ensuring that the public can meaningfully
engage in decision making processes related to creating clean air.
Sincerely,
Catherine Garoupa White
Central Valley Air Quality Coalition
Tom Frantz
Association of Irritated Residents
Nayamin Martinez
Central California Environmental Justice Network
Caroline Farrell
Center on Race, Poverty, and the Environment
Kevin Hamilton
Central California Asthma Collaborative
Phoebe Seaton
Leadership Counsel for Justice and Accountability
Jesus Alonso
Clean Water Action
Kathryn Phillips
Sierra Club California
Bill Magavern
Coalition for Clean Air
John Shears
Center for Energy Efficiency and Renewable Technologies
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September 18, 2020

Kick-off Meeting

Public Advisory Workgroup

Emission Reduction Credit Program

2

• Provide a forum for discussion/suggestions to assist the
District is developing solutions/enhancements related to the
District’s ERC and offset equivalency system, as needed to
maintain an effective permitting system that allows for the
protection of public health and strong economic growth in the
Valley
• Hear perspectives and receive input on the District’s ERC and
offset equivalency system from stakeholders
• Provide workgroup members and interested members of the
public the knowledge and tools necessary to meaningfully
participate

Purpose of the Public Advisory Workgroup

3

1. Work collaboratively to assist the District in developing
enhancements related to the District’s offset equivalency
system moving forward in a manner that ensures an
effective permitting program that protects public health and
supports economic growth and development in the Valley
2. Provide for meaningful public engagement in support of
enhancements to the District’s offset equivalency system
3. Ensure process does not impede the District’s ability to
meet legally mandated deadlines and timeliness

Guiding Principles

2020 Annual Offset Equivalency
Demonstration

4

• Should the system fail to demonstrate equivalency, Rule 2201
contains remedies that are required to be enacted immediately
5

– The quantity of offsets required by Rule 2201 equals or exceeds the quantity of
federal offsets that would have been required
– The surplus value of offsets required by Rule 2201, plus the surplus value of
additional creditable emission reductions, equals or exceeds the quantity of
federal offsets that would have been required

• Annual report must demonstrate both of the following:

– Submitted to EPA, CARB, and presented to Governing Board at public hearing

• District performs an annual demonstration that the District’s ERC
program is at least as stringent as federal offsetting requirements

– EPA and ARB initially approved the District’s approach in 2001

• As allowed by the federal Clean Air Act, District’s ERC program differs
from a direct implementation of the federal offsetting requirements

District Offset Equivalency Program
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– Rule 2201 remedy enacted
– Any new major source or federal major modification triggering NOx or VOC
offsets under the District NSR rule would require “surplus at time of use” ERCs

• Action allows the public process to inform the development of
mechanisms and methodologies for the use of these and other types
of creditable emission reductions in demonstrating equivalency
• With removal, system cannot demonstrate equivalency with the
surplus value test for NOx and VOC

– Provisionally remove all emission reductions from Ag-ICE and orphan shutdown
projects from the equivalency system effective September 17, 2020
– Reintroduce the appropriate portion of the emission reductions from the
provisionally withdrawn projects once EPA and ARB accepted mechanisms and
methodologies are developed

• On September 17, 2020, District Governing Board took action to:

Current Status of Equivalency
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• Enhance the annual demonstration report to make the report
more understandable, including more fully characterizing
adjustments made to year-to-year carry-overs to ensure the
public can better understand all adjustments effective in a
tracking year
• Incorporate Board’s action regarding removal of AG-ICE and
orphan shutdown credits
• Finalize the equivalency demonstrations for the surplus value
test for PM10, PM2.5, and SOx
• Finalize the offset quantity test for all pollutants

2020 Offset Equivalency Demonstration

tbd

ERC Public
Advisory
Workgroup
October 27th

November 20th

Final
Public Workshop
on Draft
Equivalency
Equivalency
Report to
2020
Offset Equivalency Demonstration
Report
EPA/ARB

December 17th

Governing
Board Meeting

2020 Offset Equivalency Report Timeline
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Future Public Advisory Workgroup
Meetings
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Short-term Credits

Others?

Incentive Projects

Equivalency

ERC Application
Timeliness

Orphan Shutdowns

Opportunities &
Challenges to
Generate New
ERCs

GHG ERCs

Other Creditable
Reductions
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Potential Public Advisory Workgroup Topics

LOW CARBON FUEL STANDARD
Crude Oil Life Cycle Assessment
Calculation of 2019 Crude Average Carbon Intensity Value
Posting: Each year, pursuant to section 95489(b)(3) of the Low Carbon Fuel Standard
(LCFS) Regulation, 1 CARB posts the Annual Crude Average carbon intensity
calculation at the CARB-LCFS website for public comment. Written comments shall be
accepted for 15 calendar days following the date on which the analysis was posted.
Only comments related to potential factual or methodological errors in the posted
Annual Crude Average carbon intensity value may be considered. CARB will evaluate
the comments received, and may request in writing additional information or clarification
from the commenters. Commenters shall have 10 days to respond to these requests.
No comments were submitted during the public comment period, and CARB is posting
the final Annual Crude Average carbon intensity value.
Calculation of 2017, 2018 and 2019 Annual Crude Average Carbon Intensity Values:
Table 1 below shows California crude volumes and Annual Crude Average carbon
intensity values for 2017, 2018 and 2019. 2 Table 2 shows the breakdown of the
sources of crude oil supplied to California refineries during 2019 as well as the carbon
intensity values assigned to these crude sources. 3 All crude oil produced in and
offshore of California during 2019 was assumed to be refined in California. The volume
contributions for California produced crudes are based on oil production data obtained
from the California Department of Conservation. 4 The volume contributions for
California federal offshore crudes are based on oil production data obtained from the
Bureau of Safety and Environmental Enforcement. 5 The volume contributions of
imported crudes are based on oil supply data submitted by refineries as part of annual
LCFS reporting. The annual crude average carbon intensity values are a volumeweighted average of the carbon intensities for the crudes supplied in a given year.
Table 1: Crude Volumes and Annual Crude Average Carbon Intensity Values
Year
2017
2018
2019
CI (gCO2e/MJ)
11.93
12.35
12.52
Volume (bbl)
621,246,732
624,127,435
584,313,143

The LCFS regulation is published at California Code of Regulations (CCR), title 17, sections 9548095503. Subsequent section references are to CCR title 17.
2 Carbon intensity values and volumes for 2017 and 2018 are from Calculation of 2017 Crude Average
Carbon Intensity Value and Calculation of 2018 Crude Average Carbon Intensity Value
3 Crude carbon intensity values are from Table 9 of the LCFS regulation Low Carbon Fuels Standard.
These carbon intensity values are based on oil field data from the year 2015.
4 California Department of Conservation, 2019 California Oil and Gas Well Monthly Production (accessed
May 11, 2020).
5 Bureau of Safety and Environmental Enforcement website BSEE Pacific Production (accessed May 11,
2020).
1
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Calculation of California Baseline Crude Average Carbon Intensity:
𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 is the California Baseline Crude Average carbon intensity value, in
gCO2e/MJ, attributed to the production and transport of the crude oil supplied as
petroleum feedstock to California refineries during the baseline calendar year, 2010,
and is calculated by the following formula for the 2019 compliance period:
𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 =

[11.98 × 621,246,732 + 11.78 × 624,127,435 + 11.78 × 584,313,143]
[621,246,732 + 624,127,435 + 584,313,143]
𝐶𝐶𝐶𝐶𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 = 11.85

Calculation of Three-Year California Crude Average Carbon Intensity:
𝐶𝐶𝐶𝐶2019𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 is the Three-year California Crude Average carbon intensity value, in
gCO2e/MJ, attributed to the production and transport of the crude oil supplied as
petroleum feedstock to California refineries during the most recent three calendar years
(2017, 2018 and 2019), and is calculated by the following formula:
𝐶𝐶𝐶𝐶2019𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =

[11.93 × 621,246,732 + 12.35 × 624,127,435 + 12.52 × 584,313,143 ]
[621,246,732 + 624,127,435 + 584,313,143]
𝐶𝐶𝐶𝐶2019𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 12.26

Summary: The Three-year California Crude Average carbon intensity of
12.26 gCO2e/MJ is greater than the California Baseline Crude Average carbon intensity
of 11.85 gCO2e/MJ plus 0.10 gCO2e/MJ. Therefore, pursuant to sections 95489(a) and
(b) of the LCFS regulation, incremental deficits of 0.41 × 𝐸𝐸 𝑋𝑋𝑋𝑋 × 𝐶𝐶 for CARBOB or diesel
will be added to each affected regulated party’s compliance obligation for the annual
compliance period of 2021, where 𝐸𝐸 𝑋𝑋𝑋𝑋 is the amount of fuel energy, in MJ, from
𝑀𝑀𝑀𝑀
CARBOB or diesel, as defined in section 95489(a), and 𝐶𝐶 = 1.0 × 10−6 𝑔𝑔 𝐶𝐶𝐶𝐶2 𝑒𝑒.
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Table 2: 2019 Refinery Crude Supply
Country/State
Angola

Argentina
Brazil

Canada

Colombia

Ecuador
Equatorial
Guinea
Ghana
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Crude Name

CI (g/MJ)

2019 Volume (bbl)

Annual Crude Average CI
Clov
Dalia
Gimboa
Greater Plutonio
Nemba
Pazflor
Escalante
Atlanta
Bijupira Salema
Iracema (Cernambi)
Lula
Peregrino
Sapinhoa
Access Western Blend
Burnaby Blend
Christina Dilbit Blend
Cold Lake
Fort Hills
Kearl Lake
Mixed Sweet
Peace River Sour
Premium Albian Synthetic
Surmont Heavy Blend
Syncrude Synthetic
Synthetic Sweet Blend
Western Canadian Select
Castilla
Chaza
Mares Blend
South Blend
Vasconia
Napo
Oriente

12.52
7.31
8.90
8.86
8.72
9.08
8.02
10.15
11.78
7.18
5.54
6.24
4.16
6.00
15.15
11.78
12.71
17.87
11.78
12.89
8.11
8.11
29.49
22.48
31.62
29.36
19.04
10.55
11.78
11.78
9.25
9.62
8.31
10.07

584,313,143
3,918
904,908
6,974
681
945,960
4,822,092
3,669,247
547,445
271,972
8,180,807
6,193,072
616,364
12,240,467
3,518,916
159,680
636,375
197,964
2,218,325
1,937,724
149,184
102,242
164,165
374,449
165,594
670,978
56,885
3,007,404
1,070,021
607,005
750,952
26,464,151
19,911,014
43,548,568

Zafiro
Jubiliee
Sankofa
Ten Blend

20.56
11.78
11.78
8.08

2,074,687
902,458
199,492
3,421,587
June 15, 2020

Country/State
Iraq
Kuwait
Mexico
Nigeria

Oman
Peru
Russia
Saudi Arabia
Trinidad
UAE
Venezuela
US Alaska
US New Mexico
US North Dakota
US Texas
US Utah
US California*
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Crude Name
Basra Light
Basra Heavy
Kuwait
Maya
Agbami
Antan
Amenam
Bonga
Erha
Forcados
Qua Iboe
Oman
Pirana
RPS (Residual Peruano
de la Selva)
ESPO
Sokol
Arab Extra Light
Arab Light
Arab Medium
Molo
Murban
Hamaca DCO
Alaska North Slope
Four Corners
North Dakota Sweet
West Texas Intermediate
Covenant
Utah Sweet
Aliso Canyon
Ant Hill
Antelope Hills
Antelope Hills, North
Arroyo Grande
Asphalto
Bandini
Bardsdale
Barham Ranch
Beer Nose
Belgian Anticline

CI (g/MJ)

2019 Volume (bbl)

13.45
10.69
10.56
7.85
12.04
21.98
10.65
5.06
10.91
8.97
11.45
13.32
8.43

54,931,811
1,832,776
8,507,713
12,256,766
2,568,360
979,892
1,687,404
7,602,026
2,424,978
3,050,214
907,356
7,275
175,780

11.78
11.55
6.94
9.41
9.23
8.72
11.78
10.01
10.02
15.91
11.11
9.73
11.93
4.43
6.92
4.94
20.81
2.84
24.75
31.11
8.01
3.09
3.47
4.15
3.98
5.01

90,635
727,720
5,224,223
20,729,323
58,226,178
9,228,711
2,082,311
1,025,936
772,920
75,345,560
1,146,069
328,964
1,420,258
82,426
1,770
55,635
17,715
88,313
232,862
457,737
162,643
9,406
140,884
74,657
9,790
39,256
June 15, 2020

Country/State

Crude Name
Bellevue
Bellevue, West
Belmont, Offshore
Belridge, North
Belridge, South
Beverly Hills
Big Mountain
Blackwells Corner
Brea-Olinda
Brentwood
Buena Vista
Burrel
Cabrillo
Cal Canal Gas
Canal
Canfield Ranch
Carneros Creek
Cascade
Casmalia
Castaic Hills
Cat Canyon
Cheviot Hills
Chico-Martinez
Cienaga Canyon
Coalinga
Coles Levee, N
Coles Levee, S
Comanche
Coyote, East
Cuyama, South
Cymric
Deer Creek
Del Valle
Devils Den
Dominguez
Edison
El Segundo
Elk Hills
Fruitvale
Greeley
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CI (g/MJ)
5.95
6.60
5.12
4.11
17.09
5.41
4.65
3.07
3.59
11.78
7.44
29.43
4.14
11.78
4.40
4.53
4.06
3.00
10.26
2.68
7.83
3.49
48.13
5.78
25.81
4.09
5.87
5.03
5.96
14.70
15.69
11.51
5.78
7.51
3.57
14.53
4.38
8.02
3.75
7.91

2019 Volume (bbl)
29,764
49,495
425,950
1,677,608
19,696,894
386,445
13,588
14,921
1,019,426
127,191
969,666
14,068
14,643
19,084
9,645
90,992
12,203
92,064
90,160
6,435
1,165,356
43,890
85,356
12,103
5,837,627
60,738
25,916
11,490
176,091
174,690
12,904,635
34,710
24,258
8,511
5,818
670,084
20,532
7,802,455
422,068
132,616
June 15, 2020

Country/State

Crude Name
Hasley Canyon
Helm
Holser
Honor Rancho
Huntington Beach
Hyperion
Inglewood
Jacalitos
Jasmin
Kern Bluff
Kern Front
Kern River
Kettleman Middle Dome
Kettleman North Dome
Landslide
Las Cienegas
Livermore
Lompoc
Long Beach
Long Beach Airport
Los Angeles Downtown
Lost Hills
Lost Hills, Northwest
Lynch Canyon
Mahala
McCool Ranch
McDonald Anticline
McKittrick
Midway-Sunset
Montalvo, West
Montebello
Monument Junction
Mount Poso
Mountain View
Newhall-Potrero
Newport, West
Oak Canyon
Oak Park
Oakridge
Oat Mountain
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CI (g/MJ)
2.25
3.99
3.80
3.43
6.62
1.90
10.06
2.72
16.59
12.54
35.68
15.09
3.93
3.42
12.53
4.96
2.66
28.45
5.48
4.92
5.89
12.99
5.36
23.10
4.99
9.59
4.33
25.31
29.33
2.65
17.03
4.95
3.71
3.97
3.66
5.21
4.04
3.01
3.46
3.17

2019 Volume (bbl)
24,339
44,991
12,762
15,599
1,813,141
11,163
1,875,880
85,790
130,462
32,808
3,282,953
17,748,828
10,731
114,355
36,536
137,015
7,266
235,540
1,224,456
7,222
34,434
9,057,838
14,284
194,088
8,181
876
41,908
3,309,294
19,644,832
152,989
331,036
73,570
1,219,613
63,595
36,885
69,391
8,841
8,164
84,428
46,649
June 15, 2020

Country/State

Crude Name
Ojai
Olive
Orcutt
Oxnard
Paloma
Placerita
Playa Del Rey
Pleito
Poso Creek
Pyramid Hills
Railroad Gap
Raisin City
Ramona
Richfield
Rincon
Rio Bravo
Rio Viejo
Riverdale
Rose
Rosecrans
Rosecrans, South
Rosedale
Rosedale Ranch
Round Mountain
Russell Ranch
Salt Lake
Salt Lake, South
San Ardo
San Emidio Nose
San Miguelito
San Vicente
Sansinena
Santa Clara Avenue
Santa Fe Springs
Santa Maria Valley
Santa Susana
Sargent
Saticoy
Sawtelle
Seal Beach
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CI (g/MJ)
4.94
1.82
11.76
5.39
4.88
32.78
6.87
2.09
21.96
3.36
7.08
9.13
4.47
4.75
4.88
6.98
2.74
3.80
2.91
5.76
3.54
2.35
8.32
24.04
8.58
3.18
6.34
26.42
11.78
5.25
3.22
3.21
3.53
12.53
4.80
5.29
4.00
3.68
2.56
5.19

2019 Volume (bbl)
234,153
45,991
869,960
195,707
12,772
508,182
50,623
465,048
5,301,097
44,298
98,224
4,131
27,363
165,826
246,691
202,083
133,522
21,697
192,140
217,318
6,195
11,857
98,191
2,583,449
44,581
35,709
4,011
8,120,413
56,922
351,770
162,940
224,686
29,551
586,534
86,525
3,729
19,040
33,297
38,354
381,607
June 15, 2020

Country/State

Crude Name

CI (g/MJ)

2019 Volume (bbl)

Semitropic
4.30
21,924
Sespe
3.98
336,170
Shafter, North
3.32
407,252
Shiells Canyon
5.07
45,213
South Mountain
3.58
383,014
Stockdale
2.18
91,673
Tapia
6.92
12,098
Tapo Canyon, South
3.08
5,192
Tejon
13.77
208,145
Tejon Hills
9.39
7,281
Tejon, North
5.63
26,599
Temescal
3.40
41,011
Ten Section
7.50
63,082
Timber Canyon
4.74
32,557
Torrance
3.99
344,414
Torrey Canyon
3.52
61,225
Union Avenue
5.58
8,203
Vallecitos
4.53
12,410
Ventura
4.54
3,860,285
Wayside Canyon
2.36
2,301
West Mountain
3.53
7,926
Wheeler Ridge
2.80
57,135
White Wolf
1.92
10,065
Whittier
3.71
99,993
Wilmington
8.31
10,326,945
Yowlumne
13.90
324,343
Zaca
9.53
151,598
US Federal OCS Beta
1.59
1,655,673
Carpinteria
3.28
264,883
Dos Cuadras
4.57
976,747
Hueneme
4.67
62,327
Point Pedernales
8.26
1,024,156
Santa Clara
2.46
465,220
*CI values from Table 9 of the LCFS regulation are based on oil field operational data
from the year 2015
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Executive Summary

C

alifornia has positioned itself as a global leader on climate change and is pushing its approach as a model for
the rest of the world to follow. Yet few people realize that California is the nation’s third-largest oil-producing state and extracts vast quantities of some of the planet’s heaviest and most climate-polluting oil.
For this analysis, we used lifecycle emissions estimates for California crude oils and state oilfield data to answer
two key questions:
• How dirty is California’s current crude oil production?
• How dirty are California’s remaining crude oil reserves?
We found that three-quarters of the state’s current oil production is composed of very dirty crude that rivals Canada’s tar sands crude and diluted bitumen in terms of its lifecycle greenhouse gas emissions and climate impacts.
Nearly two-thirds of remaining oil reserves in 18 of the largest oil fields in the San Joaquin and Los Angeles Basins are also very dirty, totaling 6.1 billion barrels of particularly climate-damaging crude.
A major reason why California’s heavy oil is so climate-damaging is that pumping it from the ground requires
energy-intensive extreme-extraction techniques such as cyclic steaming, steam flooding, waterflooding, and
fracking. Refining California’s heavy oils also produces large amounts of petcoke, a toxic byproduct that is worse
for the climate than coal when burned.

California’s dirty oil production releases pollutants to the air, water, and soil that threaten the health of surrounding communities. Many of the state’s oil fields operate in densely populated areas, meaning that oil drilling occurs dangerously close to millions of Californians. Of particular concern, oil drilling in California occurs
disproportionally in communities of color already suffering from severe environmental pollution.
To date, Governor Brown and California’s climate policies have not only failed to reduce dirty crude production
but have actually incentivized oil production overall. From subsidizing oil and gas development to weak regulation, California has rolled out the red carpet for oil companies.
This report demonstrates how the Golden State’s laissez-faire approach to oil drilling stifles real climate progress.
We lay out urgently needed steps to ramp down California’s dirty oil production.
California must develop a plan for a just transition to 100 percent clean energy that truly protects the climate and
our vulnerable communities. Necessary changes include a halt to new drilling and oil field expansion, a ban on
fracking and related extreme extraction techniques, establishing buffer zones that prohibit neighborhood drilling, and ending state subsidies to the oil industry.
These actions should be taken immediately, while working to phase out all oil and gas production within the next
several decades. If implemented, these steps would provide a true model for climate leadership that could be
adopted by other governments.

San Ardo Oil Field by Drew Bird Photography
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California’s Dirty Oil Problem

C

alifornia is the nation’s third-largest oil-producing
state.1 It produces about 200 million barrels of oil
per year.2 Despite the state’s climate policies, California oil development is not slowing down. California
oil regulators issued 3,303 drilling permits for oil and
gas wells in 2015 alone.3 In 2015, Kern County — the
state’s largest oil-producing county — projected the development of approximately 2,697 new wells per year
for the next 20 years and beyond.4

Much of the remaining oil in California’s largest oil
fields is extremely heavy and waterlogged, making
it very energy-intensive to pump out of the ground,
make flow, and refine. In fact, California is estimated
to contain nearly one-half of the country’s heavy oil.5
Some California crudes are, barrel for barrel, as
damaging for the climate as Canadian tar sands
crude, according to estimates by experts at the
Carnegie Endowment for International Peace.6 The
Carnegie team estimated the lifecycle greenhouse
gas emissions for 154 California crude oils including
emissions produced during upstream production,
midstream refining, and downstream end use of
refined products.7 In a ranking of lifecycle emissions of 75 crudes from around the globe, crude
from three of California’s largest oil fields — Midway-Sunset, South Belridge, and Wilmington —

made the top 10.8 California oils were the only U.S.
oils in the top 10.
Using Carnegie’s lifecycle emissions estimates and
state oilfield data, we evaluated the carbon intensity
of California’s current crude oil production and remaining crude oil reserves. We ranked crude oils with
lifecycle greenhouse gas emissions of 600 kg CO2 eq
per barrel or more as “very dirty,” following Carnegie’s ranking of these oils as “critical climate oils” and
“high GHG oils.”9
We found that eight of California’s 10 largest producing oil fields10 — accounting for nearly twothirds of the state’s total oil production11 — produce
very dirty crude with greenhouse gas emissions
comparable to Canada’s tar sands crude and diluted
bitumen.12 As illustrated in Table 1, of these large
oil fields, the giant Midway-Sunset oil field in Kern
County and the San Ardo oil field in Monterey
County extract the state’s most climate-damaging
crude oil, followed by the Kern Front field in Kern
County, the Coalinga field in Fresno County, and
the South Belridge field in Kern County.
When oil production from all the state’s oil fields is
analyzed, three-quarters of California’s current crude oil
production is very dirty, with greenhouse gas emissions
comparable to Canada’s tar sands crude and diluted
bitumen. This very dirty crude oil from 35 oil fields

Table 1. How California’s Dirty Crude Compares to Tar Sands Oil: Lifecycle greenhouse gas emissions (kg CO2 eq per barrel)
and current production of crude oil from 8 of California’s 10 largest oil fields, compared to lifecycle emissions of Canadian
tar sands synthetic crude (i.e., Canada Athabasca SCO) and diluted bitumen (i.e., Canada Cold Lake and Athabasca Dilbit).
Crude origin

Crude type

2016 Oil Production
(millions of barrels)

Lifecycle GHG Emissions
(kg CO2 eq per barrel)

California
California
Alberta, Canada

Midway-Sunset
San Ardo
Canada Athabasca DC SCO

24.69
7.93

725-800
760
736

Alberta, Canada
California
California
California

Canada Athabasca FC-HC SCO
Kern Front
Coalinga
South Belridge

Alberta, Canada
California
California
Alberta, Canada
California

Canada Cold Lake CSS Dilbit
Kern River
Wilmington
Canada Athabasca SAGD Dilbit
Cymric
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4.57
6.40
22.55
24.28
12.57
16.92

729
710
700
690
667
650
625
601
600

2

Large California Oil Fields Producing the Dirtiest Crude
These 15 California oil fields extract 1 million barrels or more of dirty crude each year that is as climate-damaging as Canadian tar sands crude and release pollutants that are dangerous to the health of surrounding
communities. In 2016, these 15 fields extracted 136 million barrels of highly dirty crude.

3

comprised 72 percent of California’s total oil production
in 2014, 73 percent in 2015, and 75 percent in 2016.13
Comprehensive estimates of recoverable oil reserves in
California are not publicly available. However, recent
estimates of the remaining recoverable oil reserves in
nine of the largest oil fields in the San Joaquin Basin
and nine of the largest oil fields in the Los Angeles
Basin average 9.5 billion barrels.14 Of the remaining
reserves in these 18 fields, nearly two-thirds — totaling
6.1 billion barrels — are very dirty, with greenhouse
gas emissions, barrel for barrel, comparable to Canada’s tar sands crude and diluted bitumen.15
As illustrated in Table 2, the massive Midway-Sunset
oil field in Kern County has the largest remaining
volume of very dirty crude, estimated at 1.7 billion
barrels, followed by 1.5 billion barrels of very dirty
crude in South Belridge, 973 million barrels in Wilmington located in Los Angeles, and 705 million barrels
in Coalinga in Fresno County.

Extreme Extraction and Dirty Byproducts

M

any of California’s oils have such a high climate
impact because it takes a lot of energy to extract
heavy crude oil from underground geologic formations. As California’s oil fields have become more
depleted and waterlogged over time, oil companies

San Ardo Oil Field by Drew Bird Photography

Table 2. California’s Huge Reserves of Dirty Oil: Lifecycle greenhouse gas emissions (kg CO2 eq per barrel) and
average remaining reserves in the 10 oil fields in the San Joaquin and Los Angeles Basins with the largest estimated
remaining reserves. Crude oils that are particularly dirty (lifecycle emissions of 600 kg CO2 eq per barrel or more)
are highlighted in bold.
California Oilfield

County

Remaining Reserves
(millions of barrels)

Lifecycle GHG Emissions
(kg CO2 eq per barrel)

Midway-Sunset
South Belridge
Lost Hills
Wilmington-Belmont
Coalinga
Elk Hills
Huntington Beach
Long Beach
Kern River
Cymric-Welport

Kern
Kern
Kern
Los Angeles
Fresno
Kern
Orange
Los Angeles
Kern
Kern

1,655
1,504
986
973
705
548
416
410
332
269

725-800
690
540
625
700
510
610
510
650
600
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have increasingly used extreme extraction techniques
— involving high energy inputs and large volumes of
water — to loosen this viscous, heavy crude and push
it toward production wells.

Extreme Extraction Techniques
Common in California
Cyclic steam injection: Steam is repeatedly injected into the oil well to heat the
crude within the underground formation, allowing it to flow more easily up
the well. Cyclic steam injection requires
steam generators — essentially huge
boilers burning natural gas or other fossil fuels — and transportation of massive
quantities of water.

Common extraction techniques — including cyclic
steam injection, steam flooding, waterflooding, and
fracking — are energy and water intensive. They’re also
dangerous: an oil field worker was killed in the Midway-Sunset field in 2011 when he fell into a sinkhole
created by cyclic steam injection.
The Midway-Sunset field — the state’s largest producer
of dirty crude with the largest remaining reserves of
dirty oil — illustrates the growth of extreme extraction
in California. This field has been in production since
1894 and has required increasingly large volumes of
steam to pump its heavy oil out of the ground. In 2017,
more than three quarters of the field’s 20,081 active
wells used cyclic steam injection (67 percent) or steam
flooding (10 percent) for extraction.16
In the South Belridge field in Kern County, also a
major source of dirty crude, 41 percent of active
wells used cyclic steam injection, steam flooding or
waterflooding in 2017.17 Not only does this field rely
on large volumes of steam and water for oil recovery,
but it also uses the most fracking of any oil field in
California. In 2015 alone, 652 fracking events were
reported in this field, representing 88 percent of total
fracks in the state that year.18
As the use of extreme extraction techniques has grown,
the energy intensity of oil production in California has
risen significantly.19 Recent analyses found that greenhouse gas emissions (per megajoule of crude) from oil
production have increased in the six major California
oil fields analyzed: Coalinga, Huntington Beach, Kern
River, Midway-Sunset, South Belridge, and Wilmington.20 In Midway-Sunset, the use of extreme extraction
techniques has led to a four-fold increase in production emissions over the past fifty years.21 As California’s oil fields age, the carbon intensity of the state’s oil
production will continue to grow.22
Refining California’s heavy oil also produces large
amounts of a dirty byproduct called petroleum coke, or
petcoke.23 Petcoke is extremely toxic and climate damaging, emitting more carbon dioxide than coal when
burned.24 Because air quality regulations effectively
prohibit the burning of petcoke within the state, Calwww.biologicaldiversity.org

Steam flooding and waterflooding: Large
volumes of steam or water, respectively, are
pumped into injection wells to loosen the
oil and push it towards production wells.
Fracking: Large volumes of water, sand,
and chemicals are pumped at high pressures into the rock formation, causing it to
crack and release oil and gas.
ifornia’s oil industry exports petcoke abroad25 where
it is burned, harming the climate and public health.26
Emissions from burning petcoke contribute to the high
greenhouse gas footprint of California’s heavy oil.

Health Dangers to Vulnerable
Communities

C

alifornia’s dirty oil production not only fuels
climate change but also releases pollutants to the
air, water, and soil that endanger surrounding communities. Harmful pollutants emitted by oil production include known cancer-causing chemicals like
benzene, formaldehyde, and cadmium; smog-forming
chemicals like nitrogen oxides, volatile organic compounds, and methane; and particulate matter including diesel exhaust and silica dust that cause lung and
heart problems.27
Research has found that people living near drilling
sites have a higher risk for developing cancer,28 increased asthma attacks,29 higher hospitalization rates,30
and more upper respiratory problems and rashes.31
Among pregnant women, living closer to drilling sites
is associated with a higher risk of having babies with
5
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birth defects,32 premature births and high-risk pregnancies,33 and low-birthweight babies.34
The health threats from oil production are particularly alarming because many of California’s oil fields
operate in densely populated areas, meaning that
drilling occurs dangerously close to millions of Californians.35 Furthermore, drilling in California occurs
disproportionally in low-income communities and
communities of color already suffering from severe
environmental pollution.36
A recent analysis found that 5.4 million Californians
— 14 percent of the state’s population — live within a
mile of at least one oil and gas well. 1.8 million people
live in areas already heavily burdened by environmental pollution, and nearly 92 percent of these residents
are people of color.37 The two largest oil-producing
regions in California — the San Joaquin and South
Coast air basins — are notorious for having some of
the worst ozone and particulate pollution in the nation
that threatens the health of local residents.38

Inadequate Climate Policies

A

s the nation’s third-largest oil-producing state —
extracting some of the most climate-polluting oil
on the planet — California cannot be a true climate
change leader without addressing the dirty oil production within its borders. To date, however, Governor
Brown and California policies have not only failed to
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tackle our state’s oil drilling head on, but have actually
encouraged production. These policies undermine our
existing greenhouse gas reduction efforts, while hurting our health and environment.
Because climate change is driven primarily by fossil
fuel production and combustion, most of the world’s
fossil fuels must stay in the ground to avoid the worst
dangers of climate change.39 There are more than
enough fossil fuels in already developed production
fields globally to far exceed targets to limit warming to
1.5°C or even 2°C.40 Thus, new fossil fuel development
and infrastructure is unsafe and unjustified, and fossil
fuel production must be phased out globally within the
next several decades.41 The world’s wealthiest economies, like California, need to lead the way in ending
fossil fuel production.
The production and consumption of fossil fuels are
interdependent, as explained by economic principles
of supply and demand. When oil production rises,
prices tend to fall, demand for and consumption of
oil tends to rise, and renewable energy is placed at a
disadvantage. Global oil market economic analyses
show that increasing oil production increases consumption, while leaving oil in the ground decreases
global oil consumption.42
Unfortunately, both U.S. and California policies aggressively promote ever greater crude oil production.
In 2005, Congress exempted fracking from the Safe
6
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Drinking Water Act in legislation known as the “Halliburton Loophole.” Thereafter, fracking spread rapidly
and facilitated a dramatic increase in U.S. natural gas43
and crude oil production.44
Under intense pressure from the oil industry looking
to offload the oil glut, Congress lifted the 40-year old
crude oil export ban in December 2015. U.S. crude oil
shipments have increased to one million barrels per
day.45 U.S. exports of petcoke, one of the world’s dirtiest
fuel sources, have also increased dramatically.46 Today
the Energy Information Administration estimates that
U.S. crude oil production will hit a record high 9.9
million barrels a day in 2018.47
U.S. subsidies are also spurring oil production. A
recent study assessing the impact of major federal
and state subsidies on oil production found that
these subsidies push nearly half of new oil investments into profitability, potentially increasing U.S.
oil production by 17 billion barrels over the next few
decades.48 This subsidy-dependent oil could make
up as much as 20 percent of U.S. oil production
through 2050 under a carbon budget consistent with
limiting warming to 2°C.49
California policies are also extraordinarily favorable
to the oil industry. California subsidizes oil and gas
development in several ways, including most notably
through the lack of an extraction (or “severance”)
tax.50 California and Pennsylvania are the only two
fossil-fuel producing states in the country that do not
impose a severance tax.51 This both deprives the state
www.biologicaldiversity.org

of funds needed to speed a just transition to clean
energy, and makes it cheaper for oil companies to
produce oil in California.52
In addition, California’s regulation of oil and gas extraction is in many ways the weakest in the nation.53
For example, California is one of only a handful of
states that allow oil operators to dump wastewater
from oil and gas production into dangerous, open,
unlined pits.54
California regulators also fail to enforce the rules that
are on the books. The state has violated the Safe Drinking Water Act for many years, including by allowing
thousands of illegal and unsafe waste disposal wells
to dump toxic oil waste directly into protected underground drinking water supplies.55 Currently, hundreds
of illegal waste disposal wells continue to operate
throughout the state.56
California’s inadequate oversight of oil and gas
extraction encourages further production and
benefits the oil industry at the expense of our air,
water, and health. While California has fought
climate change with one hand, with the other it has
propped up the very same oil companies that use
their vast profits to fight the state’s climate policies
and fund climate denial.57
In short, phasing out the state’s dirty oil production
will decrease oil consumption and associated greenhouse gas emissions, resulting in critical climate and
health protections in California and beyond.
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At the same time, California must also greatly accelerate measures to reduce its oil consumption. California’s
transportation sector accounts for most of its oil use
and nearly 40 percent of the state’s greenhouse gas
emissions.58 Currently adopted policies fall far short
of meeting the state’s goal of cutting petroleum use 50
percent by 2030.59 Most notably, California has no plan
to ban the sale of fossil fuel vehicles or phase out their
use. The Golden State lags far behind other countries
that have done so. Norway has banned the sale of
petroleum vehicles starting in 2025,60 the Netherlands
in 2030,61 and at least five other countries are in the
process of doing so.62 Paris has announced that petroleum vehicles will no longer be allowed to operate on
city center streets in 2030.63
California should follow the lead of other countries
by banning the sale of fossil fuel vehicles by 2025 and
implementing a plan to rapidly phase out fossil fuel
vehicle use thereafter.64 California must also greatly increase investment in public transportation that serves
the people who need it most, reducing vehicle miles
traveled and improving quality of life for its residents.

Phasing Out California’s Dirty Oil
Production

D

espite the state’s glaring dirty oil
problem, California has no plan to
ramp down its oil production. This
must change.

protect its people without phasing out oil production.
California needs to develop a concrete and enforceable
plan to end the state’s oil production within the next
several decades.
Key steps to phase out the state’s dirty oil production
include:
•

An end to new oil development in the state
through a halt to permits for new drilling, new
fossil fuel infrastructure, and oil field expansion.

•

A ban on fracking and related extreme techniques used to extract the state’s most climate-polluting oil and other reserves that must
stay in the ground.

•

The creation of a health and safety buffer prohibiting oil and gas drilling in communities.

•

An inventory and elimination of subsidies for
oil companies which incentivize the production
of oil that would otherwise stay in the ground.
Because the money raised through the elimination of these subsidies will decline along with
fossil fuel production, these funds should be
used for the just transition to clean energy.

These key steps are essential components of the just
transition to 100 percent clean energy we urgently
need. Without taking these steps, California cannot
truly protect the climate or the state’s most vulnerable communities.

California cannot be a true climate
leader, meet its climate goals, or

Lost Hills Oil Field by Jean Su
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Supplemental Information
Table 1: Oil Production from California's 35 Dirtiest Oil Fields.
Table 2: Remaining Oil Reserves in 18 Large Oil Fields in the San Joaquin and Los Angeles Basins.
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Resources Board suggested that California could be selling only electric vehicles as soon as 2030. Source: Beene, Ryan &
John Lippert, California Considers Following China With Combustion-Engine Car Ban, Bloomberg, September 26, 2017,
available at https://www.bloomberg.com/news/articles/2017-09-26/california-mulls-following-china-with-combustion-engine-car-ban.
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Overview
California today stands at two ends of a spectrum: the nation’s climate policy leader is also the country’s third
largest oil-producing state and the state with the third largest oil-refining capacity in the nation. Despite
ambitious goals to reduce carbon emissions, some California oils are as high-emitting as Canadian oil sands
and other difficult-to-extract heavy oils. This poses critical global climate risks and calls for immediate policy
attention. However, California cannot manage what it does not measure, and policy solutions are hindered by
a lack of information about the oil and resulting petroleum products that emerge from—and pass through—
the state.
Oil resources are far more heterogeneous than is publicly acknowledged. They are as different from each
other in composition as paint thinner is from peanut butter. The differing nature of oils is apparent in California
where a multitude of diverse resources make their way through the state’s oil supply chain, from state oil
fields that have been producing for over a century, to imported sources from Saudi Arabia, Ecuador, and
Canada, which also vary significantly in composition.
Measurable differences and variations in extraction methods, processing requirements, refining techniques,
and the slate of end products results in wildly varying emissions of greenhouse gases (GHGs) between these
oils.
Despite these differences, California policies do not fully take into account this high variance in emissions that
are propagated through the lifecycles of California’s oils, and therefore these differences are not well
understood. While California policymakers have developed carbon intensity values for crude production, no
data is collected on the oil’s chemical composition which is required to accurately assess the impacts of
refining and the products made for end use. Such basic oil information is needed so that businesses,
investors, policymakers, and citizens can responsibly manage the lifecycle emissions from the entire oil
barrel.
The wide-ranging GHG emissions throughout the oil supply chain—from production, transport, refining, and
end use of the entire yield of petroleum products—highlight the opportunity for oil data transparency to inform
action. They also demonstrate the prospects for innovation in the oil sector.
General Finding: Greater transparency, even if limited to these most critical fields, would help
pinpoint challenges to and opportunities for GHG and air quality emissions reductions.

Opportunities at the state and local levels
While federal climate policy goes through a period of transition and uncertainty, state, regional, and local
policymakers remain committed to significant reductions in greenhouse gas (GHG) emissions. This is vital
https://carnegieendowment.org/2017/03/15/need-to-know-case-for-oil-transparency-in-california-pub-68166
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because the bulk of the climate impacts—and burden of adaptation costs—will be borne by citizens at the
state, regional, and local levels.
The opportunity for continued emissions reduction is especially evident in California where the public realizes
the risks of inaction and politicians recognize the rewards—from climate mitigation to securing a competitive
global advantage. Other states and nations watch California intently to see what future emissions policy will
look like. The state has significant impact—with a GDP comprising nearly one in seven dollars of total U.S.
GDP, the world’s sixth largest economy, and decades of experience implementing targeted GHG emission
reduction policies.
California faces critical questions about oil’s lifecycle emissions, as the state debates the recently proposed
strategy to meet its 2030 climate targets. Can California better manage production of its most difficult oil
resources? How can refining operations innovate to cut emissions? And what is the full extent of the climate
liability that results from residual petroleum products—both at home and beyond California’s borders?

Changing Emissions Supply Curve
To begin to answer these questions, Carnegie analyzed California’s crude oils using the Oil-Climate Index
(OCI), an open-source web tool that estimates GHGs through the oil supply chain. Upstream GHGs are
modeled using Stanford University’s Oil Production Greenhouse Gas Emissions Estimator (OPGEE) with oil
field production data obtained from the California Air Resources Board (CARB) and the state’s Division of Oil,
Gas, and Geothermal Resources (DOGGR).
California regulators do not currently collect nor can the public access a catalogue of state oil assays—a
chemical analysis that details an oil’s composition that is performed by oil companies for non-proprietary
marketing purposes. Proxy assays were used to estimate midstream and downstream emissions using OCI
smart defaults from the University of Calgary’s Petroleum Refinery Life Cycle Inventory Model (PRELIM) and
Carnegie‘s Oil Product Emissions Module (OPEM). The use of proxy assays provides an approximation in the
absence of actual assays. But this likely introduces error to estimated refining emissions on the order of plus
or minus 50 percent. This highlights why transparent assay data is needed. Together, these estimates show
wide-ranging climate impacts from 154 California oil fields (Figure 1).

As illustrated, there is no standard, average oil in California. The OCI reveals at least a 60 percent gap
between the least emissions-intense and most emissions-intense oils in the state, with some producing closer
to 450 kilograms of carbon dioxide equivalent emissions per barrel and others producing more than 750
kilograms per barrel. California’s oil ranks among some of the highest- and lowest-emitting worldwide. Some
California oils are as high-emitting as Canadian oil sands and other difficult-to-extract heavy oils, for example,
in Indonesia. Other California oils are relatively low emitting compared to other global crudes in Norway and
Kazakhstan.
General Finding: California is well positioned to gather this information that can guide policymaking
and spur innovation.

Targets of Climate Mitigation and Possible Air Quality Improvement
Where should California begin this quest? There are many opportunities for action across the state as shown
in Figures 2-4. High-GHG oils with the largest production volumes—Midway Sunset, South Belridge, and
Kern River, all of which are in the San Joaquin Valley—pose critical climate risks and call for immediate policy
attention.
A significant slate of other oils spanning the California landscape pose moderate climate risks, from the
Central Valley out to the Central Coast and down to the South Coast. Climate risks can be driven by high
production levels or high per-barrel emissions. Many California oil fields, like Midway Sunset and Wilmington,
which have been in production for a century or longer, are depleted. These depleted resources require
enhanced oil recovery (EOR) techniques that simultaneously raise production levels and per-barrel
emissions, elevating climate risks. Future EOR breakthroughs must work to reduce per-barrel oil emissions
intensity in order to protect the climate while still increasing production levels. Select California fields now
produce crudes that rival Canadian oils sands in their GHG emissions. To prevent emissions from rising, they
will require ongoing monitoring, data reporting, and verification using tools like the OCI.
https://carnegieendowment.org/2017/03/15/need-to-know-case-for-oil-transparency-in-california-pub-68166
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* To compare lower and higher emitting oils by DOGGR districts throughout California click here.
** For an alphabetical listing of California oil fields’ provisional GHG emissions modeled through the
OCI click here.
***The 15 California refineries shown here have the highest daily crude throughputs, as reported by
the California Energy Commission here.
****Configurations for individual refineries were selected based on data provided by the 2016 World
Refining Survey published by Oil & Gas Journal here.

In addition to climate change, air quality risks can arise depending on an oil’s characteristics and the
specifications of its supply chain. Heavier oils, like Midway Sunset and others near Bakersfield—one of the
most polluted cities in the nation—are thought to produce higher particulate emissions in their production,
refining, and end use. On the other hand, lighter oils pose a higher risk for emissions of methane and volatile
organic compounds that cause smog. And the higher an oil’s sulfur content—another oil characteristic that
California does not appear to closely track—the greater its risk of sulfur oxide emissions. CARB has a long
track record of overseeing air pollution permitting. Oil assays would facilitate tracking risk profiles that change
over time as oil conditions change.

California Must Know Its Oil
The risks facing California are clear and present in a state that has a history of rising to meet its climate
challenges. California’s policy leaders in the Administration and Legislature have a plan of action to defend
California’s cutting-edge climate and energy policies. But there are important decisions yet to be made
regarding oil. The rapidly changing world of oil requires more informed, responsive climate policymaking.
There is much more to oil than the petroleum products that fuel cars and trucks. Plastic bottles, jet fuel,
roofing materials, and residuals like petroleum coke used to generate power are also made from oil. And, just
as the role of oil in our lives is pervasive, so are the potential benefits from greater oil data transparency.
California cannot manage what it does not measure. State policymakers should enhance oil data
transparency throughout the oil supply chain. A federal prototype exists. In 2016, Representative Jared
Huffman (D-CA) introduced the Know Your Oil Act in Congress (HR 6082), requiring companies to “disclose
field-level oil data.” As for identifying responsible parties, a list of all California state oil field operators was
compiled here by the Authors on February 1st, 2017 from the DOGGR Well-Finder Database.
Routine reporting of oil assays to state agencies in an open-source standardized format would apprise CARB
on the dynamics of different California crudes to better safeguard public health and guide sound infrastructure
permitting. It would help DOGGR and the California Environmental Protection Agency ensure that challenging
resources are handled safely. It would also facilitate a more accurate benefits assessment for replacing oil
with low-carbon alternative fuels. With representative oil assays, all California oils could be compared using
the OCI. And the OCI models could be expanded to include criteria air pollutants, identifying potential cobenefits. The state already collects lifecycle emissions data on biofuels, why not also do so for oil?
Investors, policymakers, regulators, and consumers need to know about California’s oils and their widespread
GHG emissions. Such transparency would spur innovation, target policymaking, tighten oversight, and raise
consumer awareness. By simply knowing more about its oil, California has an opportunity to further transform
a critical sector that must rapidly respond to the realities of a warming world. Other states and nations would
again be poised to follow California’s lead—if policymakers rise to meet this challenge.

https://carnegieendowment.org/2017/03/15/need-to-know-case-for-oil-transparency-in-california-pub-68166
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THE RISK OF
UNPLUGGED WELLS
FOR CALIFORNIA’S
TAXPAYERS
California Resources Corporation—A Case Study

Summary
California Resources Corporation (or CRC) is California’s largest oil and gas
producer, and on July 22, 2020, the company filed for bankruptcy in federal court.1
Among the company’s outstanding liabilities are $5.2 billion in unpaid loans,2 nearly
a billion dollars in well-closure costs and obligations, and pension and health care
obligations to its workforce.
Beyond being California’s largest oil producer, CRC is
one of the largest holders of oil and gas wells throughout the state, with 18,000 wells,3 more than half of
which are either idle (have not produced petroleum in
two years) or failed to produce in 2020. As the owner
of those wells, CRC has a legal obligation to the State
of California to “plug and abandon” those wells after
they cease production,4 a costly process estimated
at around $50,000 per well,5 or a total of over $900
million.

enormous line of credit to CRC. In fact, the monetary
value of CRC’s obligation to California is the company’s
second-largest single-party liability. Today, CRC has
proposed a bankruptcy reorganization plan that would
allow the company to shed some of its debts, eliminate
its equity (i.e., shareholders), and continue operating.
And while it has not sought to discharge its obligations
to the state, neither has it—or the state—proposed any
form of guarantee to ensure CRC’s wells actually get
closed or its workforce is properly compensated.

If CRC fails to close its wells, by becoming terminally
insolvent, for example, the obligation and ultimate cost
of closure will fall to the state of California. By allowing
CRC to sit on idle wells with only a pledge to fund its
own cleanup, California has, in effect, extended an

CRC was formed in 2014 as a spinoff from Occidental
Petroleum, a process that left CRC with a substantial
debt load. Analysts have largely blamed the company’s
bankruptcy on that debt and today’s low prices, but
here we address the company’s position going forward.

The Risk of Unplugged Wells for California’s Taxpayers
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Even if the company is allowed to reduce its debt and
wipe out its equity shareholders, will CRC be able to
pay back its creditors, meet its pension and health care
obligations to its workforce, and still fully fund its costly
cleanup obligations to California?
The answer to this question is critical to California
taxpayers and the bankruptcy process. If the answer
is no, then Californians will ultimately be left with the
cost of cleaning up CRC’s wells. CRC has not provided
bonding sufficient to cover the cost of cleaning up its
wells, and CRC’s bankruptcy plan does not include
financing a separate fund earmarked for cleaning up its
wells. Therefore, to have enough cash-in-hand to close
its wells and meet its legal obligations, CRC needs to
generate sufficient cash flow to actually close those
wells—or be able to convince creditors to provide yet
another loan to close its wells on the promise that
future oil prices will generate positive cash flow.
We find that, based on current trading forwards for oil
and gas prices to 2025, and long-term forecasts from
the Energy Information Administration thereafter, CRC
is unlikely to generate sufficient cash flow to meet its
closure obligations in 2025, when the company has
indicated that its first well-closure obligations come
due, and any positive cash flow thereafter is based on
unrealistically optimistic assumptions for an oil price
rebound. Specifically, we find that CRC will have little
or no positive cash flow (results of operations) from
2021 to at least 2025. When the company’s closure
obligations come due, CRC will have no free cash to
close its long-idle wells. In fact, taking into account its
annual closure obligation costs, CRC will have negative
valuation unless the levelized cost of oil rises above
$75/barrel (bbl).6 In other words, based on current
market conditions, it is unlikely that CRC will be able to
both pay off its restructured debt obligations and close
its currently idle wells by 2025. It is speculative that
CRC will generate any positive cash flow thereafter,
even outside of its closure obligations.
Today, there are 545 claimants for money owed by
CRC, but California has not elected to participate in
the bankruptcy.7 The bankruptcy proceeding makes no
mention of the vast scope of CRC’s closure obligations
to the state, and the proposed restructuring plan makes
The Risk of Unplugged Wells for California’s Taxpayers

no mention of or allowance for those closure costs.
California regulators should do the following to protect
the public’s interests:

• Actively participate in CRC’s bankruptcy to ensure

the reorganization plan expressly provides for the
cost of well closures, such that the cost does not fall
to California’s taxpayers;

• Demand that CRC create a surety or trust fund,

protected from bankruptcy, to ensure that appropriate funds are available for closure;

• Pursue remuneration from Occidental if CRC is
financially unable to close its own wells;

• Accelerate well-plugging and abandonment requirements to preserve jobs, reduce environmental harm,
improve communities, and protect California’s
taxpayers;

• Increase bonding requirements on oil and gas operators to insure the state against operator failure;

• Increase fees on the oil and gas industry to fund the
closure of orphaned wells; and

• Require operators to demonstrate that long-term

idle wells have been fully remediated prior to issuing
new permits.
2

The state’s window of opportunity is narrowing. The
bankruptcy proceeding of CRC may be one of the few
moments when California can assert its position and
secure an assurance that CRC will meet obligations.

We assess that CRC’s books will deteriorate even after
its restructuring, leading to yet a more dire insolvency
within just a few years.

California Resources Corporation: Short Life, Long List of Failures
In November 2014, oil giant Occidental Petroleum spun off its “underperforming”8
wells in California into a separate organization, the California Resources Corporation
(CRC). The new company inherited ownership interest in nearly 15,300 wells9 and
$4.95 billion in new debt from a cash payout to Occidental.10
CRC is a class of company known as a “stripper,” a
petroleum company that specializes in pulling the last
drops of oil and gas from older wells. But that model
failed to provide much value in the wake of the fracking
boom, and in the intervening years analysts and creditrating agencies expressed a growing concern about

the ability of the company to meet its debt obligations,
much less its investors’ expectations. In 2015 and
2016, credit-rating agencies downgraded the company
to an increasingly speculative rating,11 citing its high
cost of production, thin margins, and inability to replace
its production and pay back debt. Within a year of the
company’s creation, its stock price had crashed to less
than 10 percent of its initial value. Investors were under
no illusion that CRC could stage a comeback.
Just six years after its formation, in May 2020, under
the cloud of extended low oil prices, rising debt, and no
clear prospect for price recovery, CRC skipped interest
payments on its debt. Shortly thereafter, CRC entered
into a forbearance agreement with its creditors,
signaling imminent bankruptcy.12 On July 15, 2020,
the company filed for bankruptcy, with an estimated
outstanding $6.3 billion in secured and unsecured13
debt.14
At the time of bankruptcy, CRC had 1,224 employees,
of whom nearly three quarters were employed in field
operations—but only 70 of whom were represented by
labor unions.15 On August 21, 2020, CRC announced
that it was permanently laying off 55 nonunion employees in Kern County.16 On September 16, 2020, CRC
announced its intent to lay off 15 percent of the union
workforce at its subsidiary Tidelands Oil Production
Company in Los Angeles County.
Today, CRC has an ownership interest in 17,971 wells
in California, the vast majority of which are low or
no producers, and it’s facing an increasingly urgent
question: How is it going to have enough capital to close
those wells and meet its worker obligations?
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The Environmental and Economic Harm of Unplugged Wells
Unplugged idle wells can cause enormous environmental and economic harm.
Operators tend to neglect idle wells; as the wells break down, they can start
leaking—into the air, soil, and groundwater.
These leaks can lead to toxic contamination of soils
and groundwater, and the release of methane, a potent
greenhouse gas, into the atmosphere. In addition to
large-scale climate impacts, leaking methane poses
a direct hazard to nearby infrastructure and housing
due to the risk of contamination and explosions. The
hazards of living near unplugged wells can have deep
negative repercussions on local communities.
Unplugged wells contribute meaningfully to climate
change. Leaking wells emit methane, a greenhouse gas
with 86 times the global warming potential of carbon
dioxide over a 20-year period.17 A study in Pennsylvania
estimated that leakage from an estimated half million
abandoned oil and gas wells amounted to between 5
and 8 percent of that state’s annual human-caused
methane emissions.18 In 2018, EPA estimated that 3.1
million abandoned oil and gas wells in the United States
emitted the equivalent of nearly 24 million metric tons
of carbon dioxide each year,19 about the same as six
large (500 MW) coal plants running around the clock,
or 5 million cars. As a rough conversion, California’s
nearly 75,000 likely orphan wells, idle wells, and
marginal wells20 would emit over 560,000 metric tons
of CO2e per year, about the same as 120,000 cars.

The state—and its taxpayers—are
the backstop to ensure that wells get
closed when oil companies fail.
Unplugged wells contaminate soil and water. If not
properly plugged and sealed, oil wells can leak a number
of pollutants, most commonly brine, as well as heavy
metals and radioactive substances.21 A growing body of
public health research has documented the correlation
between exposure to toxic pollution from oil wells and a
range of health impacts, including respiratory diseases,
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reproductive impacts,22 cancers, and premature
death.23 Several studies have documented broad-scale
groundwater contamination from leaking wells and
radioactive sites near drilling operations.24 The US EPA
actively warns that because of radioactive contamination and toxic materials the public should “never
handle, dispose of or reuse abandoned equipment at
[abandoned oil and gas wells,” and warns the public
“not [to] go near” these sites.25
Unplugged wells are a hazard to nearby infrastructure. In recent years, there have been a number of
documented events in which abandoned or orphaned
wells have leaked near houses, causing fatal explosions
and surface contamination.26,27 Pennsylvania, laden
with 8,600 known orphan wells (and likely hundreds
of thousands of unknown wells, according to the state)
creates a hazard priority for plugging abandoned wells
with no known operator, simply trying to stem the tide
of known contamination.28
Unplugged wells impact local communities and
impair development. Researchers have found that
unplugged wells deteriorate the value of land and infrastructure. In a recent study of Pennsylvania abandoned
wells, researchers concluded that “over the period
1970 to 2017, the two acres surrounding the typical
unplugged well received roughly half as much building
as the same area surrounding plugged wells,” and that
“the typical unplugged well leads nearby properties to
have a market value 12 percent less than properties
near plugged wells.”29 In California, wells coincide
with highly impacted communities; approximately 56
percent of idle wells in the state are in environmental
justice communities.30

4

California’s $6.3-Billion Unplugged Wells Crisis
Wells that have not been plugged and abandoned properly (or at all) represent a
liability—a cost and a risk to which both petroleum companies and states have
historically given little attention, and which they are loath to have fall into their laps.
Once a well is opened, the obligation to close the well
falls to the current operator of that well. But what
happens when that operator goes out of business or
simply ceases to exist as a corporate entity? Wells that
have no responsible owner or operator are referred to
as “orphaned” wells, and the obligation to close those
wells falls to the state, or federal government on federal
lands. In other words, the state—and its taxpayers—are
the backstop to ensure that wells get closed when oil
companies fail.

lives, and states will be left holding the cost of closure
and remediation.

For years, the oil companies assured states that the
companies would be able to clean up their wells. But
even in times of high oil prices and enormous profits, oil
companies let less-productive wells sit idle and pushed
back on regulations requiring the closure of nonproductive wells and requirements to post closure bonds.31
With lower oil prices, the risk has become much more
evident: In many cases, it is likely that producers won’t
be able to cover their costs at the end of those wells’

In 2020, the California Council on Science and
Technology (CCST), a state-chartered, nonprofit
research organization, issued a report estimating that
California likely had 5,500 orphaned wells on its hands
already, which would require more than $500 million
in net costs to the state to close.32 The report further
estimated another 69,400 “economically marginal and
idle” wells33 that were at future risk of being orphaned,
and a closure liability of over $5.2 billion associated
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California holds only $107 million
in available bonds for what amounts
to more than $9.1 billion in looming
closure costs for all of California’s
unplugged wells.
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with those wells. Those failing wells represent twothirds of all of the open wells in California. In total,
according to the CCST report, California could already
be carrying $5.8 billion in well-closure obligations from
operators that have already, or will shortly, cease to
exist.
California’s well crisis might be worse—and nearer—
than assessed by CCST. Although not released until
January 2020, the report was published internally in
2018, when recent oil price forwards hovered between
$50-$60/bbl.34 In early 2020, international oil markets collapsed, with no firm prospect for recovery in
sight.35 As a result, firms quickly started idling marginal
wells, many of which will never resume production.
As of January 2020, California reported 39,000 idle,
unplugged wells36 and another 53,400 “economically
marginal” wells37—raising the at-risk well count to
92,400 of the state’s reported 114,500 total oil and gas
wells, and the liability to the State of California to $6.3
billion. Today, less than 20 percent of California’s wells
produce more than 5 barrels of oil equivalent per day.

Some states attempt to insulate themselves from
the risk that well operators will become insolvent by
requiring well operators to post bonds for the eventual
closure of the wells. The bonds are meant to provide
a backstop source of funds to the state if a well is
orphaned. But in the vast majority of cases, bonding
is insufficient to cover the actual costs of closure, and
this is very much the case in California. In fact, CCST
estimates that California holds only $107 million in
available bonds for what amounts to more than $9.1
billion in looming closure costs for all of California’s
unplugged wells.38 This includes only $79 million in
available bonds for the $5.8 billion in expected costs
to close California’s 75,000 orphan, high risk, idle, and
marginal wells.39
California is clearly inadequately protected against the
impending costs of closure for idle wells. But can we
determine if the companies running these oil wells will
be able to cover their own closure costs and remain
solvent? In the next section, we examine the closure
obligations facing California Resources Corporation,
and that company’s ability—or inability—to pay those
obligations.

CRC’s Massive $900-Million Closure Liability
CRC lists ownership of 17,971 unplugged wells in California.40 We estimate that
closing the entirety of CRC’s wells will cost more than $900 million (2019$).41
That cost, derived from the company’s obligation under
state law to close its wells, is effectively a debt owed to
the state, because the state is ultimately responsible
for ensuring the wells are closed. As a regulator that
has issued permits that impose ongoing obligations on
CRC, California has standing to participate in CRC’s
bankruptcy, including to ensure that the reorganized
CRC will be able to meet its future obligations. But the
state has made no effort to require CRC to account for
its closure obligations, and CRC’s proposal to resolve
the bankruptcy proceeding makes no explicit mention
of how it will satisfy its obligation to close its wells.
Even though CRC has made no plans to set aside
funds to cover its well-closure obligations, the costs
of closure do show up in CRC’s books. CRC and other
oil and gas companies refer to their closure costs as
asset retirement obligations (ARO), and only report
The Risk of Unplugged Wells for California’s Taxpayers

those obligations under disclosure requirements from
the Securities and Exchange Commission. Under their
reporting guidelines, AROs, or the costs of well closure,
are allowed to be discounted to the expected end of the
wells’ lives. The practice of discounting allows costs (or
benefits) that will be incurred in the future to be recognized at the value that they have to a company today.
For closure costs, which oil production companies
hope will not be incurred for years, or even decades,
a company can use discounting to argue that it need
only put away a little money today to ensure that it has
saved enough to cover its far-flung closure costs. In
CRC’s case, it reports an asset retirement obligation of
just $517 million,42 or about half of its overall expected
cost to close.
CRC states that the vast majority of its closure liability is out “more than five years,”43 and that “these
6

costs typically extend many years into the future.”
So are these costs far out in the future, as cast by
CRC, or are they more likely to hit CRC’s books soon?
Unfortunately, CRC’s accounting is opaque, but we can
reverse engineer some of the company’s accounting,
and in doing so, we come to one of two conclusions:
(a) the company faces a much higher aggregate
closure cost than $900 million, or (b) the company
has mischaracterized just how quickly its obligations
will become actual expenses. Either option is a poor
outcome for CRC, and for the communities who live
near its wells.
The vast majority of CRC’s fleet of 18,000 wells are
unproductive or idle. In the first half of 2020, only
one-third of CRC’s wells produced any oil or gas at
all, and less than one-quarter produced more than
five barrels of oil equivalent per day. In other words,
more than three-quarters of CRC’s oil and gas wells
have reached the end of their economically productive
lives—or are well past their productive life, in some
cases by decades.
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CRC’s wells are mostly unproductive. More
than half of the company’s wells are formally
“idle,”44 while another quarter either
produced nothing in the first six months of
2020 or produced less than five barrels of oil
equivalent per day.45
In 2019, California strengthened its idle-well regulations by requiring more stringent testing for idle wells
and the submission of management plans to eliminate
long-term idle wells (wells idle more than eight years).46
If an idle well fails to pass certain testing, the operator may be required to plug and abandon the well or
schedule the well to be plugged and abandoned under
an approved idle-well management plan. The idle-well
regulations were meant to incentivize operators to
close idle wells quickly.
Under California’s revised regulations, CRC should
have an obligation to start closing many of its idle wells
now. However, the company states that it has no asset
retirement obligations in the next five years, implying
that the first closure obligation (possibly as negotiated
with the state) is not until 2025. To reach the company’s stated asset retirement obligation, we assess
that the company may have a large-scale closure
obligation of nearly $400 million as soon as 2025.47
Tracking the company’s most conservative decline
rate48 and anticipated rate of idling,49 we estimate that
in 2025 CRC will need to close more than 5,000 wells,
and an average of 620 wells every year thereafter
until 2045. We are left with the question of whether
CRC will have sufficient liquidity (i.e., cash) to fund its
closure obligations in the mid 2020s. To answer that
question, we have to project the company’s bottom line:
Will CRC be able to generate sufficient cash flow—or
even the promise of sufficient cash flow—to pay for its
own closure costs?
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CRC Future Cash Flow Is Unlikely to Cover Its Well-Closure Costs
By 2025, CRC will have a legal obligation to close a substantial number of wells,
incurring significant—and ongoing—plugging and abandonment costs.
We assess that it is very likely that CRC will not be able
to generate sufficient revenue between now and 2025
to fund its impending closure obligations. Instead, CRC
will be compelled to seek another series of loans to
fund its closures, at which point lenders will be faced
with the question of whether the company is likely
to be able to satisfy those loans. We assess that it is
speculative that CRC will have any positive cash flow
after 2025 to satisfy lenders. In other words, taken
with CRC’s closure obligations, we believe that CRC’s
core business has a severely negative valuation.
While one might be tempted to leave that question to
future lenders, the State of California—and today’s
lenders—need to be satisfied today that CRC will be
able to remain solvent long enough to complete its
current obligations. Looking forward, the facts are not
in CRC’s favor.
Leaving aside CRC’s asset retirement obligations and
worker obligations for the moment, from 2020 to 2025
CRC’s expected cost of production, its overhead50 are
almost exactly the same as its expected annual revenues from its existing fleet of wells.51 In other words,
we expect CRC to make no net revenue as a result of
its operations. That means that CRC will only be able to
pay the interest on its loans; it will not collect sufficient
revenue to pay the principal on its debt,52 pay for its
asset retirement obligations, or meet its obligations to
its workers.
In 2025 or shortly thereafter, CRC has anywhere from
$300 to $400 million in well-closure obligations due in
California—and obligations that will eventually exceed
$900 million. Whether CRC is able to find a new lender
to provide a new line of credit at that point will depend
on four conditions:
1. Oil prices will need to bounce back to historic highs
rather than continuing at today’s lower projected
prices;
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2. CRC’s baseline decline rates (i.e., the rate at which
oil in a reservoir diminishes) will have to be much
slower than reported;
3. The costs of well closure will have to stay at today’s
observed averages and not climb substantially;
4. California and the United States will have to ignore
the cost of carbon emitted from burning petroleum
for the next two decades.
It is speculative that all four of these conditions will
continue to be true. The violation of any one of these
conditions would result in no long-term value for CRC.
SLOW RECOVERY FOR OIL PRICES
In 2020, oil prices plummeted under the duel shocks
of low pandemic-induced demand and the collapse of
international oil cartels. But while prices only dipped
into the negative for a short period, analysts are deeply
split on the long-term trajectory for oil prices. Longterm forecasts vary widely based on projections of
demand, the availability of low-cost supply, the clout of
oil-producing countries, and carbon prices. Today, the
NYMEX futures market has stabilized in the mid $40/
bbl range, well below the ~$60/bbl of 2018/2019, and
less than half the price level seen before the last crash
in 2014.
We estimate that prices for oil would have to rise to
above $75/bbl53 for CRC to both make interest payments on its debt and pay for its well-closure obligations. For our “slow recovery” scenario, we used the
trajectory of NYMEX market forwards through 2025,54
and simply held that trajectory through 2040.55 At
these lower prices, CRC makes only the thinnest of
margins—before accounting for its well-closure obligations and payments of debt principal.
If we price out the cost of CRC’s closure obligations
year-by-year after 2025 and add the cost of those
obligations into the company’s cash flow, we see that
the value of the company would fail to make positive
margins and likely then fail both to make interest
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payments on its debt and to pay off its principal
obligations. The graphic below shows the cumulative
present value of CRC (not including principal repayment) without and with payments for its well-closure
costs.56 The graph indicates that if oil prices stay at
their current projected trajectory, the company would
make very little net positive margin (black line). The
company’s asset retirement obligations result in the
company losing value year-by-year, even if it defaults
on its current loans (red line). Notably, these trajectories do not even consider the final repayment of the
company’s loans and lines of credit. In other words, we
find no mechanism by which CRC returns to solvency.

S T E E P E R D E C L I N E R AT E S
One of the critical uncertainties in assessing the prospects of a petroleum producer is an assessment of its
underlying decline rates. Our initial analysis assumes
a modest 3.5 percent decline rate for most of CRC’s
oil wells, derived from its reported annual production,
adjusted by acquisitions. However, in numerous

other presentations and investor materials, CRC
discusses baseline decline rates exceeding 9 percent
and reveals that in recent years it has used enhanced
recovery methods, such as steamflooding, to bolster
production. Such enhanced recovery methods provide
faster access to petroleum, but at the cost of a far
steeper decline later. If CRC has been using substantial
enhanced recoveries, it is likely that the base decline
rate is substantially steeper than portrayed by annual
production.

At $900 million, CRC’s obligation to
California is one of its largest liabilities, and yet California has chosen
not to participate in the bankruptcy
to ensure that these obligations are
honored.
At 8 percent base decline rates,57 the company never
realizes a positive aggregate value, even before its asset
retirement obligations are paid for. Stacking in the
company’s closure obligations to California results in
substantial negative long-term valuation, even at the
optimistic long-term oil prices of EIA’s 2020 Annual
Energy Outlook.58
HIGHER CLOSURE COST OR CARBON
PRICE IMPOSITION
Under a higher closure cost and nearer term
obligation,59 CRC fails to realize positive value until
nearly 2030, and only does so if oil prices rise substantially and decline rates remain persistently low. By
2026, the company has realized an extra $300 million
in debt.
The imposition of carbon prices—whether on upstream
producers or downstream consumers—would serve to
raise the cost of production or reduce prices paid and
cut deeply into CRCs thin forward margins.
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CRC’s Obligations to California Are Not Secure
We can draw a number of conclusions from our assessment of CRC’s future closure
obligations and finances:
CRC’s asset retirement obligations are legally
required obligations. In acquiring Occidental’s oil and
gas assets, California Resources Corporation took on
both the rights and responsibilities of operating those
wells. Key among those responsibilities is the obligation
to timely close wells at the end of their operating life.
Today, CRC has sought to cast the end of those wells
operating lives as a far-in-the-future proposition. It is
anything but. More than three-quarters of CRC’s wells
are past the end of their productive lives. Nearly 2,200
of the company’s wells have already sat idle for 15 or
more years. CRC has a legal—and ethical—responsibility to allocate the appropriate resources to the closure
of those wells.
CRC’s asset retirement obligations to California
total almost $1 billion. We estimate that, in aggregate,
CRC’s wells would cost in excess of $900 million to
close today; a cost that will only rise going forward. The
obligation to close those wells is an administrative obligation, placing it above CRC’s unsecured creditors in
priority. At $900 million, CRC’s obligation to California
is one of its largest liabilities, and yet California has
chosen not to participate in the bankruptcy to ensure
that these obligations are honored. Although CRC has
not sought to discharge its well-cleanup obligations in
the bankruptcy, it also has not set aside any funds to
ensure that it will be able to satisfy these obligations
when they come due.
In allowing deferred closures, California has extended
a very low-cost line of credit to CRC. Typically,
creditors who are unsure whether debtors will remain
solvent demand greater certainty and greater risk
premiums on their credit. California’s relatively lax
closure obligations—allowing for an extended idle
well-management plan and allowing CRC to maintain
over 2,000 idle wells more than 15 years old—have
effectively extended a line of credit to CRC. The state
has deferred CRC’s obligations, resting on the unsubstantiated assurance that CRC will have sufficient
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revenues to actually close its wells. Instead, California
has allowed CRC to make revenues and push back
its obligations to a future date—if ever. In doing so,
the state dramatically has dramatically increased the
possibility that taxpayers will end up paying for the
closure of orphaned wells, rather than the corporations
that reaped profit from the extraction of fossil fuels.
CRC is unlikely to generate sufficient funds to fund
its closure obligations by 2025. We assess that, under
current price trajectories, CRC is unlikely to generate
positive cash flow between now and 2025. Given that
the company has no free cash today under bankruptcy,
and that creditors are keen to protect their own
interests, it is unlikely that CRC will have any revenues
set aside for closure obligations by 2025. CRC will
therefore seek to incur additional debt to fund closure
activities, yet it is unclear whether lenders will assess
a positive value for CRC at that time. There is a high
risk that CRC could forgo closure activities or find itself
insolvent again when those obligations come due.
CRC’s ability to generate positive cash flow after
2025 is speculative, at best. CRC’s ability to generate positive cash flows after 2025 will depend on an
unlikely confluence of rapidly increasing oil prices, very
low decline rates for its existing wells, low realized
closure costs, and the absence of any form of carbon
regulation applied to the oil and gas sector in the US
or California. The company is unlikely to be able to pay
the interest on its debt, much less pay down its debt
principal and meet its obligations to California. Not a
great bet—either for investors or for California.

California may be looking at yet
another set of orphaned wells passed
to state taxpayers instead of to the
producers who profited from the
extraction of fuels for decades.
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California will likely face orphan-well costs from
CRC if it fails to secure its obligations. According
to research sponsored by California, the state likely
has more than 5,500 wells that are already or nearly
orphaned, which will cost the state around $500
million to close.60 CRC alone poses a risk of more than
$900 million to the state. Given CRC’s current financial
state, likely lack of near-term net revenue, and very low
probability of a longer-term recovery, California may
be looking at yet another set of orphaned wells passed
to state taxpayers instead of to the producers who
profited from the extraction of fuels for decades.

CRC will leave its workers behind. CRC should be
employing people today to take care of its asset retirement obligations and to meet its closure requirements.
Under the bankruptcy, the company’s executives will
prosper, but the people who work in the fields will be
laid off and denied their pensions, health care, and
retirement benefits.
California has the opportunity to secure its obligations.
It needs to take action quickly, however, to ensure that
it is not the last entity locked out as other creditors
claim CRC’s meager assets.

Action Items for California
While the future for California Resources Corporation does not look promising,
the State of California can still protect the interests of its taxpayers, its impacted
communities, its workers, and its climate. California has a narrow window of
opportunity to exercise its interests both here in CRC’s bankruptcy, and going
forward.
California should participate in CRC’s bankruptcy to
ensure the reorganization plan expressly provides
for the cost of well closures. The state, specifically
the California Geologic Energy Management (CalGEM)
Division of the California Department of Conservation,
The Risk of Unplugged Wells for California’s Taxpayers

is entitled to participate in CRC’s bankruptcy as a party
to whom CRC owes an obligation. CalGEM should
actively participate in the proceedings as a strong and
vocal advocate on behalf of Californians. It must ensure
that cleanup costs remain the responsibility of the
11

operator—not the public. CRC’s bankruptcy reorganization plan must specifically identify steps, both financial
and operational, that will be taken by CRC to ensure
that CRC’s obligation to the state is fully funded. Our
assessment finds that CRC is likely to enter bankruptcy
again in a few short years, at which point it would
almost certainly seek to discharge its responsibilities.
California must secure its interests today.
California should demand a bankruptcy-remote
vehicle to reserve appropriate funds for well closure.
While CRC will retain the responsibility to close its
wells, regardless of its financial condition, closure has
a very real cost, and should CRC dissolve as part of a
future subsequent bankruptcy, it would leave California
holding nearly a billion dollars in closure costs. To
prevent such an outcome, California should take action
today to secure a bankruptcy-remote vehicle, such as
a surety or a trust, to ensure that appropriate funds
are available for closure, regardless of future oil prices,
decline rates, or other uncertainties faced by CRC.
California should pursue remuneration from prior
well operators if the current operator fails. When
Occidental spun off CRC, it created a company
with $4.95 billion in debt and already holding the
well-closure liability for more than 4,800 idle wells.61
Industry observers casually noted that Occidental was
off loading its less productive wells in California—a
boon to Occidental and a pathway to disaster for CRC.
CRC’s debt-laden spinoff, and the transfer of well
permits from Occidental to CRC, was clearly to result
in the inevitable bankruptcy of CRC.62 California should
not stop at CRC, but actively pursue remuneration from
Occidental if (and when) CRC is no longer able to cover
the costs of remediation.
California should sharply accelerate well plugging and abandonment requirements to preserve
jobs, reduce environmental harm from unplugged
wells, improve communities, and protect taxpayers. California has a highly experienced oil and gas
workforce, and immense job opportunity—if it can
be paid for. Rather than waiting until decades after
oil wells have ceased being economically productive,
California should implement a stringent and sharply
accelerated well-closure requirement. Such a process
will keep the experienced community employed, more
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rapidly reduce methane emissions, reduce the negative
impacts of having degrading and unused infrastructure
in communities, and protect California’s taxpayers from
companies that seek myopic profits and then become
insolvent. California has identified nearly 75,000
likely orphan wells, idle wells, and marginal wells that
it estimates would cost $5.8 billion to safely plug and
abandon.63 If this were spent over 10 years, it would
create an estimated over 9,000 jobs.64
California must increase bond requirements on
oil and gas operators to ensure a sound backstop.
Bonding allows the state to ensure that it has access to
bankruptcy remote funds to close wells if a company
goes out of business. With sufficient bonding in place,
the state can be assured that either the company will
complete well closure or the state can use the funds
from the bond to pay for the work. However, to be
an effective backstop, bonding must be set at a level
sufficient to fully cover the costs of closure if a large
company, like CRC, leaves a large swath of wells behind.
Bonding requirements in California are remarkably
insufficient to cover the costs of closure65 and must be
increased by more than 85 times (on average) to cover
California’s expected costs of closure.
California should increase fees for the industry as
a whole to fund the closure of orphaned wells. In
the absence of robust bonds, state taxpayers may be
left paying for the closure of oil and gas wells with no
financially viable operator. In addition, the state today
has over 5,500 likely orphaned or near-orphaned wells,
with an estimated closure cost of nearly $530 million.66 The industry that has profited so much from the
exploitation of fossil fuels in California should bear the
cost of closing those idle wells, rather than the state’s
taxpayers.
California should tie requirements for new permitting
to a demonstration that no idle wells remain in a
company’s portfolio. California should insulate itself
from future closure costs by strongly curtailing any new
permitting. Any new permits that are granted should
be conditioned on sufficient bonding, sufficient fees
to recoup the closure costs for orphaned wells, and an
affirmative demonstration that the operator has no idle
wells in its portfolio. In no case should new permits be
issued to companies sitting on any long-term idle wells.
12

Endnotes
1 Bankruptcy proceeding of California Resources Corporation, in Texas Southern District Federal Court. Case 20-33568, filed July 15, 2020. Available online at
https://dm.epiq11.com/case/cfo/info
2 Bankruptcy proceeding of California Resources Corporation, in Texas Southern District Federal Court. Case 20-33568. Notice of Revised Disclosure Statement [Docket No.
283], filed August 10, 2020. https://document.epiq11.com/document/getdocumentbycode/?docId=3724233&projectCode=CFO&source=dm
3 California Department of Conservation. Well Production and Injection Report by Month, 2020. (“CalDC Production Report 2020”) Accessed September 1, 2020.
4 California Code of Regulations, Title 14, Div. 2, Chp 4.
5 CCST, November 2018 (Released January 2020). Orphan Wells in California: An Initial Assessment of the State’s Potential Liabilities to Plug and Decommission Orphan Oil
and Gas Wells. (“CCST 2020”) Table 8. https://ccst.us/wp-content/uploads/CCST-Orphan-Wells-in-California-An-Initial-Assessment.pdf
6 Nominal levelized price of oil, 2027-2040, using 10 percent discount rate. Valuation is cumulative present value to 2030.
7 As of September 25, 2020. In addition to the 545 monetary claimants, there are another 7,080 non-monetary claims, including contracts and purchase agreements. California
Department of Conservation is listed, but with no stated claim. An attorney for the Department of Conservation entered a motion to be admitted to the case on August 3, 2020.
8 Steelguru. Occidental Petroleum to spin off assets from California. February 17, 2014.
https://steelguru.com/gas-oil/occidental-petroleum-to-spin-off-assets-from-california/416630
9 California Resources Corporation, SEC Form 10-K, Fiscal year 2014. Filed February 27, 2015 (“CRC 2015 10-K”). Page 40. Sum of gross wells, oil and gas. Available online at
https://www.sec.gov/Archives/edgar/data/1609253/000162828015001108/a10kworddocument.htm
10 Separation and Distribution Agreement by and between Occidental Petroleum Corporation and California Resources Corporation. November 25, 2014. Filled at US SEC as
EX-2.1 2 a14-25233_1ex2d1.htm EX-2.1. Available online at https://www.sec.gov/Archives/edgar/data/1609253/000110465914084170/a14-25233_1ex2d1.htm
11 Moody’s Investor Services. Moody’s downgrades California Resources’ CFR to Caa2, rates new Term Loan Caa1. August 2, 2016. Available online at
https://www.moodys.com/research/Moodys-downgrades-California-Resources-CFR-to-Caa2-rates-new-Term--PR_353032
12 California Resources Corporation, SEC Form 8-K, Fiscal year 2019. Filed June 2, 2020. Available online at
https://www.sec.gov/ix?doc=/Archives/edgar/data/1609253/000160925320000100/a20200602form8k.htm
13 Corporate debts are characterized by their priority in case of bankruptcy. “Secured” creditors have the first priority at being paid if their debtor becomes insolvent. Unsecured
creditors have sequentially lower priorities and may receive little or nothing in the case of a bankruptcy. A secured creditor may demand that a company post collateral—i.e.,
in the case of a well operator, its actual equipment, wells, and leases—to secure the loan. Because secured creditors are lower risk (i.e., they’ll receive payment in the case of
bankruptcy), they may offer lower-cost loans.
14 Haynes and Boone, LLP. Oil Patch Bankruptcy Monitor. August 31, 2020. Available online at
https://www.haynesboone.com/-/media/Files/Energy_Bankruptcy_Reports/Oil_Patch_Bankruptcy_Monitor. Accessed September 20, 2020.
15 California Resources Corporation, SEC Form 10-K, Fiscal year 2019. Filed February 12, 2020 (“CRC 2020 10-K”). Page 25. Available online at
https://www.sec.gov/ix?doc=/Archives/edgar/data/1609253/000160925320000066/a2019ye10-kdocument.htm
16 Ashley Valenzuela. Layoffs announced by California Resources Corporation. August 24, 2020.
https://www.turnto23.com/news/local-news/layoffs-announced-by-california-resources-corporation
17 Methane (CH4) has a global warming potential 86 times that of carbon dioxide (CO2) over a twenty year period, and 28 times greater over 100 years; IPCC 5AR WG,
sec.8.7.1.2, pp.714 http://www.ipcc.ch/pdf/assessment-report/ar5/wg1/WG1AR5_Chapter08_FINAL.pdf.
18 Kang, et al, Identification and Characterization of High Methane-Emitting Abandoned Oil and Gas Wells (Princeton University) (Nov. 29, 2016), available at
https://www.pnas.org/content/113/48/13636.
19 Inventory of US Greenhouse Gas Emissions and Sinks 1990-2018, Table 3-80, converting their finding of 7.0 MMT CO2e using a GWP of methane of 86 rather than 25,
Available online at https://www.epa.gov/sites/production/files/2020-04/documents/us-ghg-inventory-2020-main-text.pdf.
20 CCST, 2020.
21 Ho, et al, Plugging the Gaps in Inactive Well Policy (Resources for the Future) (May 2016), available at https://media.rff.org/documents/RFF-Rpt-PluggingInactiveWells.pdf.
22 Tran, K.V, J.A. Casey, L.J. Cushing, and R. Morello-Rosch. June 2020. Residential Proximity to Oil and Gas Development and Birth Outcomes in California: A Retrospective
Cohort Study of 2006–2015 Births. Environmental Health Perspectives. 128:6. https://ehp.niehs.nih.gov/doi/full/10.1289/EHP5842
23 Los Angeles County Department of Public Health. February 2018. Public Health and Safety Risks of Oil and Gas Facilities in Los Angeles County. http://publichealth.lacounty.
gov/eh/docs/PH_OilGasFacilitiesPHSafetyRisks.pdf .
24 Justin Nobel. 2019. America’s Radioactive Secret. Rolling Stone. https://www.rollingstone.com/politics/politics-features/oil-gas-fracking-radioactive-investigation-937389/
25 EPA, 2020. Radioactive Waste Material From Oil and Gas Drilling. https://www.epa.gov/radtown/radioactive-waste-material-oil-and-gas-drilling
26 Finley, Bruce, Severed gas line is blamed for fatal explosion; Colorado orders thousands of wells, miles of pipelines inspected, The Denver Post, 2017.
https://www.denverpost.com/2017/05/02/firestone-explosion-oil-wells-pipelines-inspected/
27 Abandoned oil wells hidden under thousands of local properties. WPXI, 2018. https://www.wpxi.com/news/top-stories/
abandoned-oil-wells-hidden-under-thousands-of-local-properties/875732284/
28 Degrow, Scott. October 2012. Perilous Pathways: Behind the Staggering Number of Abandoned Wells in Pennsylvania.
https://stateimpact.npr.org/pennsylvania/2012/10/10/perilous-pathways-behind-the-staggering-number-of-abandoned-wells-in-pennsylvania/
29 Harleman, M., J. Weber, and D. Berkowitz. 2020. Environmental Hazards and Local Investment: A Half-Century of Evidence from Abandoned Oil and Gas Wells. USAEE
Working Paper No. 20-470. https://papers.ssrn.com/sol3/papers.cfm?abstract_id=3692098
30 Source: Center for Biological Diversity Analysis, 2020. Environmental justice community: communities that bear a disproportionate burden of toxic wastes and emissions and
are composed of underrepresented demographics. Communities designated by CalEPA for the purpose of SB 535. These areas represent the 25 percent highest scoring
census tracts in CalEnviroScreen 3.0, along with other areas with high amounts of pollution and low populations. Data from CalEnviroScreen 3.0. https://oehha.ca.gov/
calenviroscreen/report/calenviroscreen-30
31 A closure bond ensures that the state has access to funds to close the wells if the owner becomes insolvent. There is a wealth of research showing that most states, and the
federal government, have required massively inadequate bonds. The California Council on Science and Technology (CCST) estimates that the state has access to less than
$110 million in bonds for a closure obligation exceeding $9.1 billion. Source: CCST, 2020.
32 CCST 2020, Table 8.
33 Defined as producing less than 5 barrels of oil (equivalent) per day.
34 NYMEX forwards for Brent Crude.
35 Forwards for Brent Crude do not reach $50/bbl again until late in the decade, at which point volumes are too thin for firm projections.

36 Idle wells are those that have not produced in two years. This number does not include marginal wells as counted by CCST. Source: California Department of Conservation.
2020 Idle Well Management Plan inventory of Idle Wells. (“CalDC, 2020 IWMP Inventory”) Updated July 3, 2020. Accessed September 20, 2020. Available online at
https://www.conservation.ca.gov/calgem/idle_well/Documents/2020-IWMP-Inventory.xlsx
37 “Economically marginal” wells defined by CCST as wells that produce less than 5 barrels of oil equivalent (BOE) per day. Data from CalDC Production Report 2020.
38 CCST, 2020
39 CCST, 2020 (vintage 2018 data)
40 California Department of Conservation. 2019 California Oil and Gas Well identifying information (“CalDC 2019 Well ID”). Accessed September 1, 2020.
41 Average closure costs by district from CCST 2020. Average closure cost per well is $50,200. Total estimated closure cost is $903 million.
42 CRC 2020 10-k, page 65. CRC portrays that $489 million of $517 million asset retirement obligations will not be incurred within the next five years.
43 CRC 2020 10-k, page 65
44 CalDC, 2020 IWMP Inventory
45 CalDC Production Report 2020
46 CA PRC §3008 (e)
47 Scenario assumes that California allows CRC to defer the closure of currently long-idled wells to 2025, and then does not require CRC to close idle wells until eight years after
they’ve become idled, and 10 years after they’ve ceased production.
48 Decline rate: the rate at which oil and gas wells reduce production every year, derived from CRC presentations and 10-K filings. We estimate a base decline rate of 3.5 percent
(estimated from form 10-K filings, total production less adjustments), although other presentations show base declines of 9-12 percent
49 Wells are assumed to be idled on a pro-rata basis as a function of overall decline rate. In reality, some wells will become economically nonviable far faster, and a few others
may have a long tail of production.
50 Interest and debt after terms of proposed bankruptcy. Total cost of production plus debt includes production costs, general and administrative expenses, non-income taxes,
and interest and debt expenses. Production costs derived from average per-barrel production costs 2017-2019, inflated at 2 percent. General and admin expenses inflated
from average 2017-2019. Non-income taxes derived as a fraction of petroleum sales revenues, using 2017-2019 average fraction of revenues. Interest and debt expenses
estimated from bankruptcy disclosure revised loan terms, filed July 31, 2020, inflated.
51 Revenues from sales of oil, NGLs, and gas derived from total annual production, depleted at CRC decline rates (as derived from total production by product, less adjustments
for acquisitions). Futures prices for oil indexed to NYMEX Brent Crude from 2020-2025. Futures prices for gas indexed to NYMEX Henry Hub from 2020-2025. Futures prices
for NGLs inflated from 2019 received prices. Note that gas and NGLs comprise less than 20 percent of CRC sales revenue.
52 Our calculations do not take into account depreciation expense—i.e., CRC’s payment of loan principal. In order for CRC to be a going concern, it would need to account for
both the interest payments of its loans and the expected payment of its principal.
53 Prices would have to rise above $75/bbl on a nominal levelized basis from 2026-2040 for CRC to successfully meet its interest payments and close its oil wells.
54 Commodity futures, such as the NYMEX market, are considered reasonably accurate for a relatively short period of time. As long as there is sufficient trading volume, the
market forwards tend to reflect the market’s expectations of price formation, absent major catastrophic events (such as pandemics and battling oil-producing countries).
55 NXMEX Brent futures from 2020-2024 rise at about 4.7 percent cumulative annual growth rate (CAGR). Applying this rate forward, prices rise above $70/bbl by 2032, and top
$100/bbl by 2040.
56 Using an assumed 10 percent discount rate
57 An 8 percent decline rate may still represent a conservative base decline rate. In a March 2016 presentation at the Scotia Howard Weil 2016 Energy Conference, CRC
discussed base production declines in its Elk Hills property of 15 percent, and 9 percent in its Kern Front properties. In its 2017 Form 10-K filing, CRC discussed “year-overyear production decline” of 12 percent-13 percent, stating that “the overall production decline continued to reflect our decision to withhold development capital and selectively
defer workover and downhole maintenance activity in the early part of the year.”
58 Oil prices from 2029-2040 from Energy Information Administration (EIA) Annual Energy Outlook 2020 Brent forecast in nominal terms. The forecast projects a CAGR of 4.6
percent from 2020-2040, well over double EIA’s inflation assumption.
59 Scenario assumes that average CRC closure cost is closer to $55,000 per well and increases at 1 percent point higher than inflation. Scenario also assumes that obligations
begin in 2022 and that CRC must close wells within five years of becoming idle.
60 CCST, 2020
61 CalDC, 2020 IWMP Inventory. All idle wells with “idle start dates” of December 2014 or prior.
62 In fact, CRC recognizes that its creation was unlikely to succeed from the start. CRC’s bankruptcy disclosure states that “The spin-off coincided with a severe dislocation in
commodity markets in late-2014 and a sharp decline in Brent crude oil prices, resulting in a diminished asset base compared to CRC’s initial debt burden.” CRC was created in
April 2014 as a wholly owned subsidiary of Occidental. From July to December 2014, oil prices plunged by $60/bbl, and yet in December 2014, Occidental still elected to spin
off CRC, recognizing that the company was unlikely to have value. In the first year alone, CRC recognized an impairment of $4.85 billion. Occidental clearly recognized that
CRC was an opportunity to release bad assets.
63 CCST, 2020.
64 These 9,000 jobs would last the entire 10-year period. Based on findings from “Job Creation Estimates Through Proposed Economic Stimulus Measures,” by the Political
Economy Research Institute (PERI, 2020), showing that 15.9 jobs are created for every $1 million spent. Available online at
https://www.sierraclub.org/sites/www.sierraclub.org/files/PERI-stimulus-jobs.pdf.
65 CCST, 2020 finds that California has only $107 million in secured bonding to cover the closure costs of more than 106,000 wells, or a little over $1,000 per well on average.
The same report estimates that the average onshore well in California costs $68,000 to close.
66 CCST, 2020.

Photo Credits: Peter Bennet

Sierra Club National
2101 Webster Street, Suite 1300
Oakland, CA 94612
(415) 977-5500

Sierra Club Legislative
50 F Street, NW, Eighth Floor
Washington, DC 20001
(202) 547-1141

sierraclub.org
facebook.com/SierraClub
twitter.com/SierraClub

Oil Companies Are Profiting From Illegal Spills. And
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In May 2019, workers in California’s Central Valley struggled to seal a broken oil well. It
was one of thousands of aging wells that crowd the dusty foothills three hours from the
coast, where Chevron and other companies inject steam at high pressure to loosen up
heavy crude. Suddenly, oil shot out of the bare ground nearby.
Chevron corralled the oil in a dry streambed, and within days the flow petered out. But it
resumed with a vengeance a month later. By July, a sticky, shimmering stream of crude
and brine oozed through the steep ravine.
Workers and wildlife rescuers couldn’t immediately approach the site — it was 400 degrees
underground, and if the earth exploded or gave way, they might be scalded or drown in
boiling fluids. Dizzying, potentially toxic fumes filled the scorching summer air. Lights
strobed through the night and propane cannons fired to ward off rare burrowing owls, tiny
San Joaquin kit foxes, antelope squirrels and other wildlife.
Over four months, more than 1.2 million gallons of oil and wastewater ran down the gully.
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California had declared these dangerous inland spills illegal that spring. They are known as
“surface expressions,” and the Cymric field was a hot spot. Half a dozen spills and a
massive well blowout had
occurred there since 1999. This
time, faced with news
headlines and a visit by Gov.
Gavin Newsom to the site,
officials with the California
Geologic Energy Management
Division, or CalGEM — the
main state agency overseeing
the petroleum industry —
ordered Chevron to stop the
flow. Regulators later levied a
$2.7 million fine on the
company.
Instead, Chevron profited.
Amid the noise and heat,
trucks arrived daily to vacuum
out the oil from a safe distance.
It was refined, sold and
shipped to corner gas stations,
bringing the company
$399,000, according to state
records. Chevron appealed the
fine, saying while “we fully
accept — and take
responsibility for — our
actions,” it does not believe the
An aerial view of the Chevron spill in the Cymric field on July 13,
spill, known as Cymric 1Y,
2019. (Obtained by ProPublica and The Desert Sun via a Public
posed a threat to human
Records Act request)
health. The company has yet to
pay, and CalGEM has not moved forward with an appeal hearing.
Along with being a global leader on addressing climate change, California is the seventhlargest producer of oil in the nation. And across some of its largest oil fields, companies
have for decades turned spills into profits, garnering millions of dollars from surface
expressions that can foul sensitive habitats and endanger workers, an investigation by The
Desert Sun and ProPublica has found.
Since the new regulations outlawed surface expressions last year, more than two dozen
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have occurred in Kern County,
the heart of the state’s oil
industry. In the Cymric field,
three spills are still running,
state officials say, including
one that’s spilled nearly twice
as much as the one for which
Chevron was fined.

California Oil Spills Earn Companies Millions
For years, companies have corralled spilling oil in four large
fields and sold it.

Dozens of older spills have also
flowed for years, the
investigation found. The
largest, just around the bend
from Cymric 1Y, started in
2003. The site, also operated
by Chevron and dubbed GS-5,
has since produced more than
16.8 million gallons of oil and
about 70 million gallons of
wastewater, a company
spokeswoman said. That tops
the amount of oil spilled by the
Shoshana Gordon/ProPublica. Source: California Department of
Exxon Valdez, the infamous
Conservation
tanker that ran aground in
Alaska in 1989. In the last
three years alone, the crude collected from GS-5 has generated an estimated $11.6 million,
according to an analysis of production data provided by the state.
Chevron and state regulators say they’re trying to shut down GS-5 and they have reduced
the flow by 90%. It was spilling approximately 15,000 to 23,000 gallons of fluid a day in
early February, the latest date for which the state provided detailed data. Ten to 15% of that
was oil, officials said.
“We take our responsibility to operate safely and in a manner that protects public health,
the communities where we operate and the environment very seriously,” company
spokeswoman Veronica Flores-Paniagua said. “We remain committed to stopping and
preventing seeps consistent with the updated state regulations.”
But a close review of the state’s new rules shows they contain several large loopholes that
keep oil from surface expressions flowing — the result of years of lobbying and pushback
by the energy industry.
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Vacuum trucks suck thousands of gallons of oil and wastewater a
day out of the GS-5 spill, near McKittrick. GS-5 is one of the
largest and longest-running surface expressions. (Jay
Calderon/The Desert Sun)

For example, over stiff opposition from environmentalists, state officials explicitly allowed
high-pressure “steam fracking,” a controversial extraction technique that has been linked
to surface expressions. And when spills break out, there is nothing stopping producers
from turning them into moneymakers. In a practice known as “containment,” companies
can corral the spills with dirt berms, netting, pipes or drains; vacuum out the crude; refine
it and sell it. The 2019 regulations spell out steps companies must take to try to halt the
spills — mainly temporarily ceasing steam injection — but there are no deadlines for
stopping them and restoring the sites.
The new rules also largely exempt “low energy” surface expressions related to oil
production. According to a review of state and local records, the exemption appears to
cover more than 70 older spills that are still revenue generators.
A cache of internal documents, photos and video obtained by The Desert Sun and
ProPublica shows that over the past quarter century, CalGEM has routinely allowed oil
companies to contain and commercialize surface expressions, despite warnings by staffers
about environmental and human harm. The agency acknowledges that more than 160
containment structures have been built to corral spills since the late 1990s.
The inland spills typically draw little attention, unlike major marine events that garner
national headlines.
But hundreds of them have occurred, records show. Geysers of oil, rock and mud have shot
skyward 100 feet, and slopes have collapsed under smoking waterfalls of crude and
wastewater. In one case, a worker died; in another, an employee had to wrench his ankle
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away from a sudden sinkhole; and a third had to abandon his truck as a dark stain of oil
mushroomed beneath it.

A Berry Petroleum Co. surface expression in the Midway-Sunset
Oil Field in August 2011. (Obtained by ProPublica and The
Desert Sun via a Public Records Act request)

“Keep in mind that these eruptions are not at well sites,” wrote then-Oil and Gas Supervisor
Elena Miller in a 2011 email to her boss. “These are locations where the earth opens up and
spews fluids, solids and gases.”
Oil company representatives defend their practices, saying surface expressions mirror
natural seeps of crude and come with harvesting a product that provides thousands of wellpaying jobs and fuels car-centric California. Containing the spills, they added, also costs
money. Chevron, for instance, told lawmakers this year that it had spent $9 million to try
to halt spills in the Cymric field.
Environmentalists who fought for the regulations are furious about the loopholes and the
continued spills.
“It’s completely obscene that oil companies can cause an oil spill and then profit off it,”
said Hollin Kretzmann, an attorney with the Center for Biological Diversity, an
environmental nonprofit organization.
CalGEM could not provide a full accounting of how much oil has spilled from surface
expressions, even though the 2019 regulations explicitly require that oil companies report
production numbers. The agency also declined to provide spill maps and plans mandated
by the new rules, citing, in part, “multiple ongoing legal investigations,” including a
departmental probe of the Cymric spills and ongoing litigation between Chevron and
another company involving the field where the worker died.
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“We are greatly reducing the problem. We continue to make progress, but more work is
needed,” state Oil and Gas Supervisor Uduak-Joe Ntuk said in a statement. He noted that
the practices had developed over decades, and that the new regulations were crafted under
his predecessor and then-Gov. Jerry Brown.
“This Administration has made it clear that surface expressions are unacceptable and will
not be tolerated as the cost of doing business,” he said.
After visiting Chevron’s Cymric 1Y spill site last year, Newsom pledged to “tighten things
up.” In November, his administration placed a statewide moratorium on new permits for
steam fracking, a suspected root cause of many surface expressions, and hired scientists
with the Lawrence Livermore National Laboratory to study whether the method can be
used safely.
Ntuk said that while that review is in progress, the agency is cracking down. He has the
power to fine companies $25,000 a day for ongoing spills. But other than the one, unpaid
fine against Chevron, he has not imposed any financial penalties for surface expressions,
instead issuing “notices of violation” — citations that Ntuk has compared to “parking
tickets.” He said that approach is working; many spills have stopped and some companies
are working proactively to seal abandoned, often damaged wells to prevent future spills.
Companies with existing permits, however, are free to keep steam fracking — and to scoop
up any oil that cracks the surface.
Some experts say the current reality is reminiscent of the 19th-century oil rush.
“It reminds me of the industry back when you’re watching ‘ There Will Be Blood’ and they
used to let this stuff explode out of the ground and collect it,” said Deborah Gordon, a
Brown University senior fellow, who researched California’s Midway-Sunset field, where
many surface spills occur. Her group concluded it emitted more greenhouse gases than any
oil field in the nation. “This is not where this industry needs to be.”

After 150 Years, California’s Oil Gets Harder to Extract
Oil production in California began in the 1850s, just as its famous gold rush was petering
out. Tantalized by visible natural “seeps,” companies large and small drilled wells across
the state, hoping to hit paydirt. While profits could be big, so could the spills.
In 1910, a Kern County wellhead blew out. Oil skyrocketed from the ground. Over 18
months, the Lakeview Gusher spilled 395 million gallons, creating a pool so deep and wide
that men rowed boats across it. It still holds the record for the largest oil spill in U.S.
history, dwarfing BP’s Deepwater Horizon disaster, which leaked 210 million gallons into
the Gulf of Mexico.
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Top, the Lakeview Gusher in 1910. Above, men row on the lake
of oil created by the spill. (San Joaquin Geological Society)

The California Division of Oil and Gas — the precursor to today’s CalGEM — was formed in
1915. Until this year, the agency’s primary mission was clear: Maximize the production of
petroleum and other energy resources. That included helping companies relocate water
that interfered with oil, both freshwater supplies and the briny waste that gushes from wells
along with crude.
After decades of extraction, pumping California’s increasingly tarry reserves became
tougher. Much of it was locked underground in diatomites — tightly packed layers of
ancient, tiny sea skeletons whose algal innards compressed over milleniums into gooey
crude. (Cat litter is made of diatomaceous earth scraped off Kern County hillsides.) By the
1960s, researchers discovered that flooding the subterranean reservoirs with steam or
injecting it in cycles, through a process known as “huff and puff,” worked well.
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The huff phase involves injecting scalding steam down wellbores, then letting the heat melt
the tar. The puff portion refers to softened crude, thin as heated maple syrup, rising up
through production wells. When the flow slows, another steam cycle begins. The technique
is called “cyclic steaming.”
By the late 1990s, companies were using a supercharged version of it: steam fracking.
Producers injected steam down well bores at pressures high enough to crack brittle
underground formations so oil could ooze upward. Nearly half of the oil in the state is
produced from cyclic steaming, according to a University of California, Berkeley, report
issued in April.

How Cyclic Steaming Can Create Pools of Boiling Oil

Watch Video At: https://youtu.be/bKK3kAjz3ws
This example is modified from a model of a geographical cross section of the
Midway-Sunset Oil Field by Ahinoam Pollack, Stanford University, published
in a March 2020 study. (Lucas Waldron/ProPublica)

But blasting old, often damaged wells with steam had an unintended side effect: surface
expressions. Like underground tea kettles blowing their tops, seeps of gas, mud, oil and
rock erupted in a dozen oil fields. Five companies reported scores of spills over more than
20 years. Chevron alone logged 64 surface expressions between 1997 and 2010, according
to a report it sent to CalGEM.
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Typically, CalGEM has told oil field operators to “shut in” wells near a surface expression,
meaning temporarily cease nearby steam injection or drilling. Usually, the spill would stop
or slow within days. If it didn’t, the agency has ordered them to stop steaming in an everlarger radius. But some spots sprang leaks again and again or spilled large amounts for
years. With CalGEM’s approval, companies turned these into de facto — but permanent —
production sites, even in creeks and ravines supposedly protected by environmental laws.
CalGEM got revenue too — the agency is completely funded by the industry it regulates,
and this year will receive 67 cents for every barrel of oil produced.

“The Earth Had Literally Cracked Open”
U.S. House Minority Leader Kevin McCarthy, a Republican whose district includes Kern
County oil fields, once called Sandy Creek a “ditch” and claimed it hadn’t rained there in 30
years. The creek, which in the 1800s ran miles from the Temblor Mountains to the thenvast Buena Vista Lake, is now dry most of the year.
But when winter rains fall, the creek flows. State biologists documented sections that are
home to breeding western toads, cliff swallows, California quail, kildeer and other birds
passing through on long migrations.
In 1998, near Sandy Creek’s headwaters, Aera Energy and two other companies began
injecting steam into wells in the soft dirt. A web of surface expressions quickly developed,
with continuous oil pools forming in the streambed. They’re still flowing 22 years later.
Rather than shutting down production, Aera reshaped the landscape. It installed a 400foot-long metal pipe, diverting rainwater from its natural path so the crude could continue
to flow into the creekbed. Although the spills were still running, they were considered
contained; the oil was confined to open-air pools. Nets were slung over them to prevent
birds from flying in.
Aera and TRC, another oil company that leased adjoining property, periodically pumped
out the oil and sold it. State oil regulators later said in an internal report that Aera was
producing about 3,000 gallons of crude and waste a day from Sandy Creek.
Under state laws, it’s illegal to discharge any hazardous substance into a creek or
streambed, dry or not. The California Department of Fish and Wildlife, which enforces
those laws, said it can issue temporary permits for cleanup activities, but not for
permanent alterations of a streambed. “The Department sees oil spills as emergencies, and
its role is to respond to minimize harm to wildlife and clean up ASAP,” a spokesman told
The Desert Sun and ProPublica. The department did not respond to questions about
whether it has ever cited or fined companies that have spilled oil and altered the streambed
in Sandy Creek.
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TRC did not respond to requests for comment. Aera, which has since sold its Sandy Creek
leases, declined to comment on past surface expressions there, but it said in a statement
that the company “uses a combination of innovation, engineering, and technology to
ensure that we are producing California’s energy under the most environmentally
responsible and safe conditions in the world.”
The containment approach wasn’t foolproof.
In fall 2010, heavy rains sparked flash floods, dismembering the metal culvert. Days before
Christmas, rains fell again. The creek reclaimed its natural channel, shoving crude and
wastewater 10 miles downstream, through the town of Taft and out the other end.

The aftermath of flash floods in Sandy Creek, where Aera had
installed a metal culvert to divert rainwater from its natural
path. (Obtained by ProPublica and The Desert Sun via a Public
Records Act request)

Bruce Joab, a California Fish and Wildlife senior scientist who assesses the environmental
damage wreaked by oil spills, still recalls Sandy Creek after the storms.
“I was actually shocked at how torn up that upper end of the watershed was,” Joab said.
Rusted pipes, steam manifolds and other heavy debris littered the bed. “It was hard to
distinguish where the creek began and the oil operation began.”
Field warden colleagues who’d seen many surface expressions warned him to watch his
step.
“There were places where the earth had literally cracked open and oil was spilling out,” he
recalled.
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When spills occur, CalGEM employees work side by side with oil companies to investigate
the causes. Chevron officials, for instance, were part of the team that responded to and
probed the causes of last summer’s Cymric 1Y spill. Ntuk said that approach is required by
state law.
In Sandy Creek, a CalGEM staffer documented the flood damage and spills with dozens of
photographs and said in a lengthy report to supervisors that the surface expressions there
were caused by steam operations. CalGEM, however, did not include Sandy Creek in a tally
of surface expressions it provided to The Desert Sun and ProPublica, saying the situation is
“still under evaluation and has not yet been categorized.” CalGEM provided no evidence it
has ever cited or fined companies for damage after the 2010 floods or after more oily floods
in 2016.
Sandy Creek is just one place where companies have constructed elaborate containment
structures.
They can carry a heavy cost.

A Tragedy at Well 20
Well 20 in the Midway-Sunset field was drilled in 1927 and abandoned by Chevron in the
1980s. The company tried and failed to plug it three times. By 2011, surface expressions
had broken out there regularly, and CalGEM had cited the company twice for oil field
waste, though it wasn’t fined.
Chevron installed a large, underground containment system — a channel with perforated
drains at either end — and added devices called tilt meters to record any sudden shifts in
formations beneath the surface to give warning above. The tools typically monitor
volcanoes and dams for seismic activity.
On the morning of June 21, 2011, Robert “Dave” Taylor and two Chevron colleagues went
to the freshly graded site in response to a report of steam coming from the ground.
Taylor had worked in the Kern County oil fields for 33 years, starting as a low-paid
“roustabout” and working his way up to construction representative. In Taft, where he
grew up and raised his family, he was a soft-spoken but beloved coach of high school and
community sports teams. Years later, people in town still called him “Coach.”
That June morning, the field at Well 20 looked smooth, per oil and gas agency rules. But
underneath, pressure was building. Tilt meters had shown sharp shifts in ground
movement, though no one seemed to notice.
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As the three men walked across the site, a sinkhole of hot oil and hydrogen sulfide opened
beneath Taylor’s feet and swallowed him. One of the other men reached into the hole and
tried to grab his arm, with no luck. He then tried to use a pipe, but Taylor was gone.
Taylor’s family drove north from their home in Taft, thinking there might be a chance he’d
survived. They were greeted by a geyser of steam as tall as a telephone pole shooting out of
the hole. It took workers until
shortly before dawn the next
day to retrieve Taylor’s body.
He was 54.
Chevron spokeswoman FloresPaniagua called Taylor’s death
“a tragic and isolated incident.”
The oil and gas agency ordered
Chevron and TRC to stop
nearby steam injection in an
ever-widening radius. It did
little good. The spill swelled.
Top officials began probing
more deeply and told staffers
to compile a “spill binder” of
fields around Bakersfield, the
seat of Kern County. According
to the binder, which was
obtained by The Desert Sun
and ProPublica, they logged 19
more surface expressions in
five months.

Robert “Dave” Taylor. (Bakersfield Californian)

Shortly after Taylor’s death, the ground shook a few miles north and a 60-foot geyser blew
skyward. A Berry Petroleum Co. worker fled as a fast-moving surface expression
mushroomed under his truck, internal CalGEM documents show.
”In this week’s event, a field worker narrowly escaped injury or death by running away
from the site on foot,” wrote Miller, then the oil and gas supervisor, in an email to her boss,
obtained through a public records request. “He abandoned his truck which was still parked
at the site two days later as it was too dangerous to re-enter.”
By autumn, a slope above the site where Taylor died had collapsed into a bubbling
cauldron of oil and toxic gases.
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A surface expression just above the site where Taylor died in a sinkhole, filmed six months after his
death. (Obtained by ProPublica and The Desert Sun via a Public Records Act request)

Inside Chevron, Taylor’s death was taken seriously, said Lucinda Jackson, who headed the
company’s global safety, health and environment division until she retired in 2016.
She said company geologists had told her as long as they steamed in diatomite in
California, Indonesia and elsewhere, surface expressions would occur. Several studies
support this conclusion, which is an active area of research.
Taylor’s death was “horrible,” she said. Her division doubled down on monitoring and
detection efforts. Daily small plane flights using remote sensors were instituted. When she
retired, there was a continuous, remote monitoring station in Bakersfield, 40 minutes
away, tracking the company’s Kern County fields. Dozens of screens recorded underground
formations for any sudden shifts.
“Nobody likes these surface expressions,” she added. “They disrupt production and they’re
bad for human health and the environment. But it’s just going to be an issue as long as
we’re going to keep producing, if the world is still thirsty for oil.”
Taylor’s family was barred from suing Chevron because of his employment contract but
reached a settlement with the company that had done the grading work over the spill
containment site. California’s workplace safety agency, Cal-OSHA, cleared Chevron in its
investigation of Taylor’s death, but it later fined the company $350, the maximum allowed
by law, for not informing workers in writing of the “necessary safeguards” for working near
Well 20.
Although CalGEM says Chevron has now successfully plugged and abandoned Well 20, the
company told the agency it was still producing oil from a nearby surface expression. In the
past month, it has pumped an average of nearly 1,400 gallons of oil and brine a day out of a
cistern it installed there.

The Fight for Regulation
In Sacramento, Elena Miller, the oil and gas supervisor, and her deputies had started
drafting surface expression regulations along with other reforms. But oil companies
pushed back, complaining that she was causing unnecessary permitting delays. Then-Gov.
Jerry Brown fired Miller in the fall of 2011 as he sought to revive California’s sluggish
economy. New permits were quickly approved.
Meanwhile, the U.S. Environmental Protection Agency, worried about enforcement of
groundwater laws in California oil fields, had been conducting a probe of how CalGEM
regulated underground injection. Among its top concerns: oil producers and the agency
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were not properly testing or tracking injection pressures, which if too high could fracture
underground formations. A top EPA official told CalGEM that federal and state laws
barred pressure that could crack formations.

Oil and steam pipelines crisscross the oil fields in Kern County,
California. (Jay Calderon/The Desert Sun)

CalGEM officials said they’d revamp their regulations, but the effort took years.
Ntuk, the current oil and gas supervisor, said that prior to 2019, state regulations did not
explicitly limit steam injection. Kretzmann, an environmental attorney who’s tracked the
agency and injection laws for years, said Ntuk’s position was “absurd.”
As the spills continued, agency leaders in 2015 realized there was another long-standing
issue: no formal training for the geologists, engineers and supervisors involved in
permitting and oversight.
“The training that is provided is informal and ‘passed down’ from other regulatory staff,
sometimes even new staff train newer staff, and provide ‘best practice’ training,” officials
wrote in a request to lawmakers, asking for funding to implement a comprehensive training
program. “This method of training is not standardized, it is not measurable, and it is
extremely challenging to establish accountability for errors in the field.”
Since then, CalGEM has received funding for additional engineers and geologists and
instituted a training program, although turnover at the agency is high.

Risky Business
As Taylor’s death showed, surface expressions can be dangerous. Experts say oil constantly
spilling to the surface also releases fresh volatile organic compounds that are building
blocks for smog and other dangerous pollution linked to heart disease, asthma and other
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health problems. Two new studies of pregnant women living close to California oil fields
show far higher rates of premature births and low-birth-weight babies.
“Every time you push oil through an open pathway to the surface, it’s like opening a bottle
of soda,” said Donald Blake, a University of California, Irvine, atmospheric chemist who
has tracked air pollutants around the world, including in Kern County.
Studies of oil spill cleanup workers and nearby residents in six countries all showed they
experienced higher rates of illness, ranging from sore throats to respiratory disease and
cancer.
There are more immediate risks for workers too.

Workers clean up a surface expression in October 2011 in a Kern
County oil field, where Berry Petroleum operated. Oil spills can
pose long- and short-term health risks for workers. (Obtained by
ProPublica and The Desert Sun via a Public Records Act request)

According to internal documents, CalGEM inspectors in 2014 mapped a 1¼-mile-long
zone in the Midway-Sunset field, then co-owned by Chevron and Aera Energy. Vents in the
rocks and ground were releasing more than 500 parts per million of hydrogen sulfide —
levels that could cause humans to stagger and collapse within five minutes. Failed
wellbores there were emitting up to 7,000 parts per million, more than three times the
threshold for immediate death, according to guidelines of the federal Occupational Safety
and Health Administration. An internal CalGEM memo stated the area was “permanently
secured.” Neither the agency nor Aera responded to requests for comment about the zone’s
current status.
Chevron’s spokeswoman said in an email that the company “took several steps to secure the
property” and mitigate the risk of hydrogen sulfide. Chevron sold the property in March,
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she said.
CalGEM staff in the Bakersfield office conducted many in-depth inspections of spill sites
and wrote reports documenting them for superiors. A 2015 PowerPoint presentation they
prepared, obtained by The Desert Sun and ProPublica, stated that some of the diatomite
formations might have been permanently altered by steam fracking, meaning spills there
might never stop. But, the presentation concluded, there was little impetus for oil
companies to change their ways: “The economic benefit of increased oil … production from
steam injection into shallow diatomite … has been, and will continue to be motivation for
operators.”
Employees familiar with the spills pushed for stricter regulation. Without it, they said,
“surface expressions will remain a potential threat.”

“We Didn’t Know What to Do”
To the west, Santa Barbara County officials had already grappled with the consequences of
surface expressions. Known for its scenic beaches, the area is also home to nearly a dozen
oil fields.
In 2007, Breitburn Energy began injecting steam into the diatomite-rich Orcutt field, half
an hour inland from Pismo Beach. Oil cracked the surface and the company contained it
and harvested more than 4.8 million gallons of oil from “cyclic steam energized seeps,”
according to CalGEM’s 2008 and 2009 annual reports. Using federal prices for California
oil for those years, that would mean they earned an estimated $7.3 million. Breitburn later
went bankrupt.
Pacific Coast Energy Corp. took over the Orcutt field in 2009 and sharply increased cyclic
steaming. The number of new spills spiked.
“We had spill after spill after spill after spill,” said Errin Briggs, of the Planning and
Development Department in Santa Barbara County, which, like Long Beach, Los Angeles
and Kern County, works with the state to oversee oil operators. County officials were
stumped, and they reached out to CalGEM. According to Briggs, engineers at the oil agency
said that the steam being injected into the diatomite was causing it to swell like a balloon,
placing pressure on the formation above, which sprang myriad leaks.
In 2011, CalGEM ordered Pacific Coast Energy to lower the amount of steam it was
injecting, Briggs said. The number of new spills was halved over the next few years, he
said. Neither a company executive nor CalGEM responded to requests for comment on
those measures.
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To contain the spills, Pacific Coast Energy installed wide, short cisterns, or “cans,” stuck
into the earth like straws, from which frothy water and oil can be vacuumed. Unlike many
Kern County containment devices, these are sealed with large, garbage can-style tops with
handles that can be hoisted open by pump trucks.
County officials signed off on the construction after the fact. “Nobody in Santa Barbara had
ever seen anything like this before,” Briggs said. “We didn’t know what to do.”
There are currently 58 ongoing
contained spills in the Orcutt
field, Briggs said. CalGEM did
not respond to requests for
information on the Orcutt
spills for months, then said
there are even more — 65 “low
energy surface expressions.”
Environmentalists were
stunned that companies were
allowed to profit off the
contained spills.
“Wow. Wow! Wow! And we
didn’t even know it. That’s just
crazy,” said Katie Davis, chair
of the Sierra Club Los Padres
Chapter covering Santa
Barbara and Ventura counties.
“If they’re tapping them for oil,
and they’re not even legitimate
wells, it’s really going around
the law.”
A CalGEM spokesman said in
an email that under the new
regulations, “for low-energy
expressions, containment … is
permissible.”

Short cisterns, like this one pictured on a Berry Petroleum lease
in the Midway-Sunset field, are used to contain oil spills.
(Obtained by ProPublica and The Desert Sun via a Public
Records Act request)

Because the spills were
considered emergencies, there
was no requirement to do environmental reviews before installing the cisterns, Briggs said.
That means large coast live oak, rare flowering bushes and other plants could be ripped out
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when necessary. Remains of Chumash tribal life could also be moved. The company did

A dead Western harvest mouse found by the GS-5 surface
expression near McKittrick. (Pacific Wildlife Center staff.
Obtained by ProPublica and The Desert Sun via a Public Records
Act request)

18/24

have to pay to plant restoration trees and vegetation elsewhere on the oil field.
State wildlife officials have long been concerned about the impact of surface expressions on
an array of endangered animals and plants. California Fish and Wildlife records obtained
through a public records request show dozens of dead and decaying birds and small
mammals around spill sites.
In places like Sandy Creek, the nets oil companies place over spills to protect wildlife often
get tangled or torn, said Julie Vance, Fish and Wildlife’s District 4 director in Fresno, who
oversaw response to inland spills for years. Many burrow-dwelling creatures are
“entombed” by fast-rising crude from underground, making it impossible to ever document
their loss, she said.

Netting covers a surface expression near Sandy Creek to protect
wildlife. (Obtained by ProPublica and The Desert Sun via a
Public Records Act request)

For years, Fish and Wildlife deferred to CalGEM, but the wildlife agency has increasingly
played a role in spill response since 2014, after policymakers expanded its mandate to
include inland as well as marine spills, and as the oil agency came under growing scrutiny.

Loopholes: “Low Energy” Spills Permitted, Containment Allowed
In the fall of 2015, the California Department of Conservation announced a “renewal” plan
to overhaul the state’s oil agency.
Among its priorities: writing new rules for cyclic steaming. In the four years since Taylor’s
death, 63 surface expressions had broken out in the Kern County oil fields, according to
state records. The department pledged to finalize the regulations in a little more than a
year.
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But the deadline came and went as special interests on various sides lobbied to influence
the regulations. Environmentalists won language banning surface expressions. Several oil
companies and trade groups pushed back, asking for a narrow definition of what
constituted a spill.
In response, CalGEM exempted from the ban what it called “low energy seeps,” defined, in
part, as slower spills that are not hot and are permanently contained. What qualifies as
such a seep is left up to the oil and gas supervisor. The carveout appears to preserve a
lucrative form of spill.
A recent thesis by a Stanford University master’s student identified 19 such “low energy”
sites in the Midway-Sunset field, where spills were contained with cisterns. An analysis of
production records by The Desert Sun and ProPublica found that over the past 20 years, 14
of those sites have spilled a combined 20 million gallons of oil, worth more than $19
million.
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“I sure would call that a loophole in the law,” said Rosanna Esparza, a retired gerontologist
who did health assessments of residents near Kern County oil operations and who is
fighting to cease oil production statewide.
The Western States Petroleum Association, the industry trade group representing major
companies like Chevron, pressed to nix the spill prohibition altogether and just preserve
the longtime practice of containment.
“There is an inherent conflict created by prohibiting surface expressions yet allowing for
management methods,” WSPA wrote in a letter to CalGEM. “The strict prohibition should
be dropped in favor of language that provides for prudent management when events
occur.”
In response, CalGEM staff defended the proposed ban on surface expressions “because
they are inherently unsafe.” But they also provided an opening for containment. “Even
when a violation has been committed,” the agency replied, “there are still protocols to
safely handle that violation.”
The regulations took effect in April 2019.
Within months, more than a dozen surface expressions occurred, including Chevron’s
latest Cymric spills. In short order, the Newsom administration announced the
moratorium on new steam fracking permits and moved to bolster CalGEM. The governor’s
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January budget proposed 128 new positions for the agency, in part to better oversee
surface expressions. Under state law, which requires potential polluters to fund oversight,
the oil industry would have to pay $24 million over three years for the positions.

The Tug of War Continues

Oil infrastructure in the Kern River oil field near Bakersfield,
California. (Jay Calderon/The Desert Sun)

The permitting pause sent shocks through the oil industry, and Kern County responded
with a full-throated roar.
Hundreds packed the county supervisors’ chambers in Bakersfield in January for a meeting
that lasted nearly seven hours. Oil workers and executives testified about the jobs that
supported their families, and they lambasted “environmental extremists” and state
officials.
Union officials, real estate agents, Chamber of Commerce members, the county sheriff, the
district attorney and even the county school superintendent spoke about how vital oil
revenues are to the area.
County supervisors led the charge.
“Rather than the governor giving us credit for our monumental achievements … he insists
on punishing us by attempting to deny our right to use the God-given natural resources in
our county to support our families,” said Supervisor Zack Scrivner, whose sprawling
district includes Taft and several oil fields.
Scrivner showed photos of oil spills in Brazilian rainforests and a river in Colombia. This is
a river full of oil, and I would offer that this is worse than a surface expression that the
governor came down here to visit recently,” he said. “Why would this administration …
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send our jobs and our treasure to these countries with terrible human rights records, and
with little to no environmental controls?”
No photos of the Sandy Creek spills or the Cymric ravine flooded with oil were shown.
Anthony Williams, Newsom’s legislative affairs secretary at the time, sought to reassure the
crowd, saying he had grown up in Bakersfield. “I talk to the governor every single day,” he
said, “and so when my voice rings in his ear, your voice rings in his ear.”
Elsewhere, in the agricultural communities around Bakersfield, farmers and
environmental justice groups worried.
Some, who have long lived near oil operations in the Central Valley, disagreed with the
industry and its supporters. The spills not only threatened the surface, they argued, but the
water table — and the people and crops that rely on it.
Tom Frantz, a fourth-generation farmer and activist from Shafter, began monitoring the
Cymric surface expressions himself a year ago, sending a drone into the air for timely
updates. He watched oil spill into the ravine there, month after month, before CalGEM
issued the fine against Chevron. Since that one was stopped, he’s been tracking the
company’s even bigger spills that are still running.
Last November, after Chevron mopped up the Cymric 1Y flow, another cluster of surface
expressions sprouted nearby. Dubbed 36W, it has since gushed more than 2.1 million
gallons of oil and wastewater, according to Chevron reports filed to the state, and is being
piped into large concrete culverts.
Chevron’s spokeswoman said in an email that it’s part of an older spill, even though state
photos and reports show them as separate events. Since late March, an analysis by The
Desert Sun and ProPublica found, the 36W cluster has garnered the company an estimated
$245,000.
“They’re a huge source of air pollution, a huge potential source of water pollution,” Frantz
said of the spills. “When I see Chevron directly violating the law for months on end, it
bothers me greatly that the state is unable to effectively regulate this industry.”
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Fourth-generation farmer Tom Frantz says oil waste has stunted
a neighbor’s almond trees. (Jay Calderon/The Desert Sun)

Chevron denies its surface expressions have had any effect on groundwater.
By March, the coronavirus pandemic hit. The global oil market collapsed and California
producers idled rigs, costing thousands of oil workers their livelihoods. Citing economic
hardship, the industry asked the Newsom administration to scale back CalGEM’s
expansion.
In the end, Newsom and lawmakers approved 25 new positions, a fifth of the agency’s
original request. “Rest assured that CalGEM continues to ensure full regulatory oversight,”
Natural Resources Agency Secretary Wade Crowfoot told reporters this year.
State and regional water officials are also stepping in, increasingly trying to stanch surface
expressions. Clayton Rodgers, assistant executive officer for Central California’s water
board, said his agency had for years let CalGEM take the lead. “Based on the resources we
had and the belief that (CalGEM) was doing the work to address the concerns, we did not
get involved,” he said.
Last year, he and his deputy toured Chevron’s spill in the Cymric field. But he said he was
unaware of the massive GS-5 spill located 1,000 feet away until a Desert Sun reporter asked
him about it. One of his inspectors visited the site the next day and opened an investigation
into potential violations of water laws.
The regional water board is also monitoring Sandy Creek, the site of the streambed
disaster. Berry Petroleum gained ownership of Aera’s stretch in 2017, and water board
inspectors have cited the company for violating water contamination laws. Berry first told
the inspectors the spills were natural seeps, but it has since voluntarily removed major
rusted pipes and other debris, and has plugged and abandoned 10 nearby wells.
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Berry injects no steam there, but two companies nearby still do, and the spills continue to
flow. Berry has a proposal: It wants to build a channel to carry seasonal rains over the oil
pools — just like Aera did 20 years ago. The efforts “are driven by our commitment to
operate responsibly and protect our natural resources,” said Todd Crabtree, Berry’s
manager of investor relations and administration. “Berry strives to abide by all existing
California regulations regarding oil and gas production,” including the new regulations.
Overall, the rate of new inland
spills has slowed, possibly due
to lower production, said
Gordon, the Brown University
expert. But if steam fracking
picks up, so could the surface
expressions, she said.
Cathy Reheis-Boyd, president
of WSPA, said she and other
oil executives speak regularly
with Newsom and CalGEM.
She said the industry supports
Newsom’s “pragmatic”
approach to surface
expressions, which includes the
ongoing study of steam
fracking.

A truck vacuums up oil from a surface expression in the Cymric
field. (Obtained by ProPublica and The Desert Sun)

“Let’s be clear,” she said. “The best way to get oil to market is not through surface
expressions.”
The governor’s office declined to comment. Asked if it was considering changes to the
regulations, CalGEM said “it is premature to say what new rules, if any, will result from
current surface expressions or the scientific review.”
The spills have been completely halted elsewhere. After reports about “flow to surface”
spills from heavy tar sands in Alberta, Canada, regulators there determined that excessive
steaming volumes in the Primrose field — combined with open conduits from below
ground, such as wellbores, natural faults and induced fractures — were to blame.
In 2016, the Canadian officials banned steam fracking within 1,000 meters —- or about
3,300 feet — of where the spills had occurred. That’s five times the maximum radius
California spells out in its regulations, though CalGEM can impose larger ones if a surface
expression continues.
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Alberta also instituted strict protocols for nearby steaming.
There hasn’t been a surface expression there since.

About the Data
Data for surface expression oil volume estimates was provided by Chevron, the 
California Geologic Energy Management Division, or CalGEM, and the California
Governor’s Office of Emergency Services. Revenue calculations used monthly California oil
barrel price averages from the U.S. Energy Information Administration. Since those
averages are currently only recorded through June 2020, revenue calculations for 2020
averaged oil barrel prices for the first six months of the year. Given that oil prices steeply
declined for a period in March and then slowly increased in the following months, the
resulting revenue estimates are likely undercounts. Low-energy seep revenue estimates
used monthly well production data from CalGEM’s Well Search database, weekly summary
files and CalGEM annual reports.
Janet Wilson is the senior environment reporter at The Desert Sun. Previously, she was a
staff writer at the Los Angeles Times, where she wrote about everything from desert wind
power battles to the sale of national forest lands and poor neighborhoods grappling with
deadly soot. Email Wilson at janet.wilson@desertsun.com and follow her on Twitter at
@janetwilson66.
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XAVIER BECERRA
Attorney General

State of California
DEPARTMENT OF JUSTICE
1300 I STREET, SUITE 125
P.O. BOX 944255
SACRAMENTO, CA 94244-2550

Public: (916) 445-9555
Telephone: (916) 210-6461
E-Mail: Rica.Garcia@doj.ca.gov

August 7, 2020
Via E-mail
Russell Brady
Riverside County Planning Department
4080 Lemon Street, 12th Floor
Riverside, CA 92502
rbrady@rivco.org
RE:

Draft Environmental Impact Report for Barker Logistics, LLC Project (SCH
#2019090706)

Dear Mr. Russell Brady:
Thank you for the opportunity to provide comments on the Draft Environmental Impact
Report (“DEIR”) for the Barker Logistics, LLC Project (“the Project”). The Project proposes to
develop a nearly 700,000 square foot warehouse in a residential area that is home to some of the
most disadvantaged communities in the State. The DEIR concludes that the Project would have
significant and unavoidable air quality impacts. Yet, at the same time, the DEIR concludes that
the potential for the Project to expose the nearby sensitive receptors to substantial pollutant
concentrations is less than significant. The DEIR also concludes that the Project will result in
less-than-significant impacts from greenhouse gas emissions after mitigation. However, the
DEIR relies on deferred and unenforceable mitigation and fails to adopt all feasible
mitigation. Additionally, the DEIR fails to analyze the Project’s consistency with Riverside
County’s “Good Neighbor” Policy for Logistics and Warehouse/Distribution Uses (“Good
Neighbor Policy”) before concluding that there will be no land use impacts. Thus, we
respectfully submit these comments urging Riverside County to conduct further environmental
analysis pursuant to the California Environmental Quality Act (“CEQA”) to ensure the Project’s
environmental impacts are understood, disclosed, and mitigated to the maximum feasible extent.1

1

The Attorney General submits these comments pursuant to his independent power and
duty to protect the environment and natural resources of the State. (See Cal. Const., art. V, § 13;
Gov. Code, §§ 12511, 12600-12; D’Amico v. Bd. Of Medical Examiners (1974) 11 Cal.3d 1, 1415.)
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I.

THE PROJECT SEEKS TO DEVELOP A WAREHOUSE IN A HIGHLY-POLLUTED
RESIDENTIAL AREA

The Project proposes to develop a 699,630 square foot warehouse on a 31.55-acre property
within the Mead Valley Area Plan area, west of the City of Perris in unincorporated western
Riverside County. The Project site is currently vacant and is designated as “Business Park” (BP)
under the General Plan. The Project is expected to generate a total of about 1,548 total trips per
day, including 276 truck trips per day. (DEIR at 4.3-22.) The Project will have 109 dock doors
and 380 standard parking spaces.
The Project is located next to a host of sensitive receptors. Immediately north, west, and
south of the Project site are residential areas. As recognized by the DEIR, the closest residence
is about 10 feet away from the Project site. (DEIR at 4.3-19). Further north of the Project site is
U-Turn for Christ (~600 feet), Small Wonder Family Child Care (~0.5 mile), Huong Sen
Buddhist Temple (~0.8 mile),Val Verde Elementary School (~0.85 mile), and Val Verde High
School (~1 mile). Val Verde Elementary School and Val Verde High serve predominantly
Black, Indigenous, and people of color (“BIPOC”), a majority of whom are living in poverty.2
Furthermore, the communities surrounding the Project site contain some of the most
pollution-burdened census tracts in the State. According to CalEnviroScreen 3.0, the California
Environmental Protection Agency’s tool that scores every census tract in the state based on
indicators of exposure to pollution and vulnerability to pollution, the Project’s census tract ranks
worse than 82 percent of the state for pollution burden and worse than 95 percent of the state for
population vulnerability. This census tract is in the 93rd percentile for PM2.5 pollution, 98th
percentile for ozone pollution, and 77th percentile for hazardous waste. Moreover, the South
Coast Air Basin in which the Project is located exceeds federal public health standards for ozone,
ozone precursors, and PM.3 Exposure to these noxious air contaminants contributes to area-wide
increase in asthma, lung cancer, and cardiovascular disease.4 Indeed, residents of these
communities already experience significant health risks associated with pollution. Residents in
the Project’s census tract are in the 94th percentile for cardiovascular rates and 71th percentile
for the rate of babies born with low birth weight.
2

According to data from the U.S. Department of Education, about 86.3 percent of students
enrolled at Val Verde Elementary School are eligible to participate in the Free Lunch and
Reduced-Price Lunch Programs, indicating that about 86.3 percent of the population is living in
poverty. Further 96.8 percent of the population identify as BIPOC. Similarly, 81.1 percent of
students enrolled at Val Verde High are eligible to participate in the Free Lunch and ReducedPrice Lunch Programs, indicating that about 81.1 percent of the population is living in
poverty. Further, 96 percent of the population identify as BIPOC.
3
“2016 Air Quality Management Plan,” South Coast Air Quality Management District (2016) at
II-S-1, II-2-1, II-2-2, available at http://www.aqmd.gov/docs/default-source/clean-air-plans/airquality-management-plans/2016-air-quality-management-plan/final-2016-aqmp/appendixii.pdf?sfvrsn=4.
4
Id. at II-1-9.
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The surrounding communities are populated by historically burdened groups. In the
Project’s census tract, 76 percent of the community identifies as Latinx and 8 percent as African
American. The surrounding communities are also relatively low-income with approximately 91
percent of the population with incomes less than two times the poverty level. These
communities are undeniably disadvantaged and continue to suffer from environmental racism.
The Project is part of a wave of warehouse development occurring in Riverside
County. Immediately north and east of the Project site, in the cities of Perris and Moreno Valley,
there is a cluster of about 20 warehouse distribution centers, based on satellite imagery. Notably,
the Project is located in a district where the County’s recently adopted Good Neighbor Policy
applies. The County adopted the Good Neighbor Policy in 2019 in response to the on-going
growth of the logistics industry within the County, recognizing that warehouse projects
negatively affect the quality of life for surrounding communities. The stated purpose of the
policy is to “apply Best Management Practices to help minimize potential impacts to sensitive
receptors and is intended to be used in conjunction with the County’s Land Use Ordinance,
which provides development requirements for said projects, and the California Environmental
Quality Act (CEQA).”5
II.

THE DEIR FAILS TO ADEQUATELY INFORM DECISION MAKERS AND THE PUBLIC
OF THE PROJECT’S HEALTH IMPACTS ON HISTORICALLY BURDENED
COMMUNITIES
A.

Inadequate “Environmental Setting” Description

For purposes of analyzing a project’s adverse environmental impacts under CEQA, “[t]he
significance of an activity depends upon the setting.” (Kings County Farm Bureau v. City of
Hanford (1990) 221 Cal.App.3d 692, 718.) Thus, “a project that is ordinarily insignificant in its
impact on the environment may in a particularly sensitive environment be significant.” (CEQA
Guidelines § 15300.2, subd. (a).) A project’s environmental setting should therefore describe
both the background environmental burdens faced by impacted communities and any unique
sensitivities of those communities to pollution.
Here, the DEIR’s “Environmental Setting” describing the regional and project setting
focuses on the geographical setting and zoning designations of surrounding uses and ignores the
fact that the Project is located within close proximity to several residential communities in
addition to two places of worship, two schools, and a daycare center. (DEIR at 3-1). The
“Environmental Setting” section also fails to acknowledge that many of those communities are
already disproportionately affected by the environmental pollution and experience elevated
levels of negative health effects. Because the DEIR’s “Environmental Setting” section does not
include relevant information pertaining to the environmental, health, and safety conditions facing
5

“‘Good Neighbor’ Policy for Logistics and Warehouse/ Distribution Uses,” County of
Riverside (Nov. 19, 2019), available at https://www.rivcocob.org/wpcontent/uploads/2020/01/Good-Neighbor-Policy-F-3-Final-Adopted.pdf.
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the communities near the Project, it fails to provide decision makers and the public with an
accurate characterization of the Project’s environmental setting.
B.

Inadequate Analysis of Health Impacts

The DEIR also fails to sufficiently explain the nature and magnitude of the Project’s
health impacts on nearby disadvantaged communities before concluding that the impacts would
be less than significant. (Sierra Club v. County of Fresno (2018) 6 Cal.5th 502, 523 (hereafter
Friant Ranch) [emphasizing that “a sufficient discussion of significant impacts requires not
merely a determination of whether an impact is significant, but some effort to explain the nature
and magnitude of the impact”].) An EIR must discuss the health and safety problems that the
proposed project may induce. (CEQA Guidelines, § 15126.2, subd. (a).)
Here, the DEIR concludes that the Project would have significant air quality impacts
because it would result in operational NOx emissions that would exceed the applicable
SCAQMD threshold.6 In particular, the DEIR concludes that the total daily maximum emissions
would be between approximately 76 and 79 lbs./day, compared to the 55 lbs./day threshold.
(DEIR at 4.3-16.) The DEIR also concludes that Project operational NOx emissions exceedances
would result in a cumulatively considerable net increase in criteria pollutants (ozone and
PM10/PM2.5) for which the Project region is in non-attainment.
Despite these significant air quality impacts, the DEIR concludes that the potential for the
Project to expose sensitive receptors to substantial pollutant concentrations is less-thansignificant. (DEIR at 4.3-33.) The DEIR acknowledges the existence of residential areas
surrounding the Project but does not identify all sensitive receptors before concluding that
impacts will be less-than-significant. (DEIR at 4.3-33.) The DEIR relies on a Health Risk
Assessment (“HRA”) that fails to include a full analysis as recommended by the California Air
Resources Board (CARB). In their scoping comment letter, CARB recommended that the HRA
“evaluate and present the existing baseline (current conditions), future baseline (full build-out
year, without the Project), and future year with the Project” to allow the public to fully
understand the health impacts of the project. However, the HRA in the DEIR only evaluates the
future year impacts of the Project, precluding the public from fully understanding the impacts of
the Project.
Further, the DEIR’s analysis does not meet the requirements as set forth in Friant Ranch.
The DEIR attempts to analyze the health impacts of the Project by comparing the Project’s onsite
emissions of CO2, NOx, PM10, and PM2.5 to the SCAQMD’s applicable Localized Significance
Thresholds (LST). The DEIR concludes that the Project would not result in emissions that
6

NOx is an air pollutant that mainly impacts respiratory conditions causing inflammation
of the airways at high levels. Long-term exposure can decrease lung function, increase the risk
of respiratory conditions and increase the response to allergens. NOx also contributes to the
formation of fine particles (PM) and ground level ozone, both of which are associated with
adverse health effects.
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exceeded the SCAQMD’s LST, implying that health impacts to nearby sensitive receptors will
therefore be insignificant. (DEIR at 4.3-17.) However, the DEIR does not indicate the
concentrations at which the pollutants trigger the identified health symptoms, acknowledge the
rates at which nearby communities are already experiencing the identified health symptoms, or
analyze the specific health impacts that may result from emissions associated with the
Project. As such, the DEIR is inadequate under CEQA. (See Friant Ranch, supra, 6 Cal.5th 502,
523 [holding that an EIR’s discussion of air quality impacts was inadequate where it failed to
indicate the concentrations at which pollutants emitted by the proposed project would trigger
identified health effects, or to explain why such analysis was not possible.].)
III.

THE DEIR AIR QUALITY IMPACT ANALYSIS IS FLAWED

To comply with CEQA, the lead agency must make “a reasoned and good faith effort to
inform decision makers and the public” about a project’s potential impacts. (Berkeley Keep Jets
Over the Bay Comm. V. Bd. Of Port comm’rs (2001) 91 Cal.App.4th 1344, 1367, as modified on
denial of reh’g.) Using incorrect data or models runs counter to CEQA’s requirement that
agencies make “a good faith effort at full disclosure.” (CEQA Guidelines § 15151, see also
Berkeley Keep, 91 Cal.App.4th at 1367.)
The DEIR’s Air Quality analysis fails to account for the warehouses’ potential cold storage
uses. The operation of refrigerated warehouses requires use of trucks with transport refrigeration
units (TRUs), which emit significantly higher levels of toxic diesel particulate matter (PM), NOx,
and greenhouse gas emissions than trucks without TRUs. The DEIR fails to inform the public
whether or not the Project will include cold storage uses, and it fails to disclose whether the air
quality modeling takes cold storage uses into account. The DEIR only states that the Project will
be a high-cube warehouse. The increased air pollutant emissions from cold storage should be
factored into the analysis, unless the County includes enforceable measures to prohibit cold
storage at the Project.
IV.

THE COUNTY FAILS TO ADEQUATELY ANALYZE THE PROJECT’S LAND USE
IMPACTS

An EIR must clearly set forth all significant effects of the Project on the environment,
including impacts on land use. (Pub. Resources Code, § 21100, subd. (b)(1); CEQA Guidelines,
§ 15126.2, subd. (a).) The DEIR must identify and discuss any inconsistencies between the
Project and applicable general, specific, and regional plans, including plans for the reduction of
greenhouse gas emissions. (CEQA Guidelines, § 15125, subd. (d).)
A.

The DEIR Fails to Analyze the Project’s Consistency with the Good
Neighbor Policy

The DEIR concludes that “the Project would not result in any adverse environmental
impacts due to an inconsistency with any applicable land use plans, policies or regulations” and
thus “there is no potential for the Project to contribute to a considerable environmental effect
related to this issue.” (DEIR at 4.11-2.) The Land Use and Planning section examines whether
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the Project would “[c]ause a significant environmental impact due to a conflict with any land use
plan, policy, or regulation adopted for the purpose of avoiding or mitigating an environmental
effect.” (DEIR at 4.11-1). Under this inquiry, the DEIR reviews several policies, including the
County of Riverside General Plan, Land Use Ordinance, Mead Valley Area Plan, and Western
Riverside County Multiple Species Habitat Conservation Plan.
However, the DEIR does not analyze the Project’s consistency with the Good Neighbor
Policy. The DEIR recognizes that the Good Neighbor Policy is applicable to the Project and
states that the Project will implement applicable provisions of the Policy as part of the Project
Conditions of Approval as MM-AQ-5 and MM-GHG-3. Yet, the Project already violates the
Good Neighbor Policy. In order to lessen the impact on surrounding communities, the Good
Neighbor Policy requires that warehouses greater than 250,000 square feet should be at a
minimum 300 feet from the property line of sensitive receptors.7 However, here, the closest
residence to the Project is located within about 10 feet. (DEIR at 4.3-19.) The DEIR fails to
analyze and disclose this inconsistency before concluding that there will be no land use impacts.
Additionally, as discussed below, the Project fails to adequately address the Good
Neighbor Policy’s required mitigation for warehouse project impacts. The County should
analyze the Project’s consistency with the Good Neighbor Policy and explain why the Project
does not have a significant land use impact given its inconsistency with the Policy.
B.

The DEIR Fails to Adequately Analyze the Project’s Consistency with the
General Plan

The DEIR concludes that the Project will be consistent with the County’s General Plan and
therefore will not result in any land use impacts. However, in the air quality analysis, the DEIR
concludes that the Project would have a significant air quality impact because it would conflict
with the applicable Air Quality Management Plan (“AQMP”). (DEIR at 4.3-33.) Consistency
with the AQMP is based on whether or not the Project will be consistent with the County
General Plan land use designation as a Business Park Land Use. The DEIR’s air quality analysis
concludes that the uses of the proposed Project “are not specifically envisioned under the
County’s land use designation” and thus the Project “is determined to be inconsistent with the
[AQMP].” (DEIR at 4.3-10.) The DEIR concludes that inconsistencies with the AQMP cannot
be resolved and the air quality impacts would be significant and unavoidable. (DEIR at 4.3-10.)
Yet, the analysis of land use impacts ignores the Project’s inconsistency with the General Plan.
The County should analyze the Project’s consistency with the General Plan and explain why the
Project does not have a significant land use impact given its inconsistency with the land use
designation.
7

Regardless of the Good Neighbor Policy, we recommend that sensitive land uses be
separated from warehouses by at least 1,000 feet to adequately protect communities. (“Air
Quality and Land Use Handbook: A Community Health Perspective,” California Air Resources
Board (April 2005).) Accordingly, data from CARB demonstrates that localized air pollution
drops off by 80 percent about 1,000 feet away. (Id. at 4-5.)
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By failing to adequately identify and address inconsistencies with applicable local land use
plans and policies, the DEIR fails to inform the public of the potentially significant land use
impacts. An EIR that fails to disclose a significant environmental impact, “preclude[ing]
informed decisionmaking and informed public participation,” is invalid. (Banning Ranch
Conservancy v. City of Newport Beach (2017) 2 Cal.5th 918, 942.) We urge the County to
correct its land use impact analysis to disclose the Project’s significant land use impacts and
adopt all feasible mitigation measures.
V.

THE DEIR’S MITIGATION MEASURES ARE INADEQUATE, UNLAWFULLY
DEFERRED, AND UNENFORCEABLE

CEQA requires a lead agency to adopt all feasible mitigation measures that minimize the
significant environmental impacts of a project. (Pub. Resources Code, § 21002; CEQA
Guidelines § 15126.4, subd. (a)(1).) The lead agency is expected to develop mitigation in an
open and public process. (Communities for a Better Environment v. City of Richmond (2010)
184 Cal.App.4th 70, 93.) It is generally inappropriate to defer formulation of mitigation
measures to the future. (CEQA Guidelines, § 15126.4, subd. (a)(1)(B).) A lead agency can defer
mitigation only where, among other things, the EIR sets forth criteria governing future actions to
implement mitigation, and the agency has assurances that future mitigation will be both “feasible
and efficacious.” (Californians for Alternatives to Toxics v. Dept. of Food & Agric. (2005) 136
Cal.App.4th 1, 17.) Impermissible deferral occurs when an EIR calls for mitigation measures to
be created based on future studies but the agency fails to commit itself to specific performance
standards. (Cal. Clean Energy Comm. v. City of Woodland (2014) 225 Cal.4th 173, 195.)
As previously discussed, the DEIR concludes that air quality impacts will be significant
and unavoidable. However, the DEIR relies on deferred and unenforceable mitigation. For
example, the DEIR relies on MM-AQ-4, which states that the Project “shall be designed to
incorporate electric vehicle charging stations and carpool parking spaces for employees.” Yet,
the DEIR does not provide any information on the number of vehicle charging stations or
carpool parking spaces that are required, when these spaces will be implemented, or provide any
measurable criteria for quantifying how much air emissions it will mitigate.
Similarly, the DEIR relies on the adoption of MM-GHG-3 to mitigate the Project’s
greenhouse gas emissions, concluding that with this mitigation the Project’s greenhouse gas
emissions will be less than significant. This measure states that the Project will comply with
applicable provisions of the County’s Good Neighbor Policy. However, the mitigation measure
fails to provide any specifics about which provisions are applicable or how those measures will
mitigate the Project’s emissions. For example, Good Neighbor Policy sections 2.2, 3.11, and 4.5
each require warehouse-related engine emissions to be mitigated in different ways. Yet it’s
unclear which of these measures are “applicable” to the Project, how they will be enforced, and
how much greenhouse gas emissions are mitigated by each measure. The DEIR must articulate
enforceable measures to mitigate the Project’s air quality and greenhouse gas impacts.
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Further, the DEIR fails to implement all feasible mitigation for air quality impacts and
fails to explain why additional mitigation is infeasible. In their scoping comment letter, CARB
recommended measures to reduce construction and operation emissions, such as “eliminating the
idling of diesel-powered equipment and providing the necessary infrastructure (e.g., electrical
hookups) to support zero and near-zero equipment and tools.” However, the DEIR did not adopt
any of those measures. Possible air quality mitigation measures the County should consider
include:
Measures to reduce construction impacts:
• Prohibiting off-road diesel-powered equipment from being in the “on” position
for more than 10 hours per day.
• Providing electrical hook ups to the power grid for electric construction tools,
such as saws, drills and compressors, and using electric tools whenever feasible.
• Limiting the amount of daily grading disturbance area.
• Prohibiting grading on days with an Air Quality Index forecast of greater than 100
for particulates or ozone for the project area.
• Keeping onsite and furnishing to the lead agency or other regulators upon request,
all equipment maintenance records and data sheets, including design
specifications and emission control tier classifications.
• Conducting an on-site inspection to verify compliance with construction
mitigation and to identify other opportunities to further reduce construction
impacts.
• Using paints, architectural coatings, and industrial maintenance coatings that have
volatile organic compound levels of less than 10 g/L.
• Providing information on transit and ridesharing programs and services to
construction employees.
• Providing meal options onsite or shuttles between the facility and nearby meal
destinations.
Measures to reduce operational impacts:
• Requiring on-site equipment, such as forklifts and yard trucks, to be electric with
the necessary electrical charging stations provided.
• Installing and maintaining air filtration systems at sensitive receptors within a
certain radius of facility.
• Installing and maintaining an air monitoring station proximate to sensitive
receptors and the facility. While air monitoring does not mitigate the air quality
or greenhouse gas impacts of a facility, it nonetheless benefits the affected
community by providing information that can be used to improve air quality.
• Constructing plugs for transport refrigeration units at every dock door, if the
warehouse use could include refrigeration.
• Installing solar photovoltaic systems on the project site of a specified electrical
generation capacity.
• Requiring all stand-by emergency generators to be powered by a non-diesel fuel.
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•

•

•
•
•

Requiring facility operators to train managers and employees on efficient
scheduling and load management to eliminate unnecessary queuing and idling of
trucks.
Meeting CalGreen Tier 2 green building standards, including all provisions
related to designated parking for clean air vehicles, electric vehicle charging, and
bicycle parking.
Achieving certification of compliance with LEED green building standards.
Posting signs at every truck exit driveway providing directional information to the
truck route.
Improving and maintaining vegetation and tree canopy for residents in and around
the project area.

As previously stated, under CEQA, a lead agency cannot approve projects as proposed if
there are feasible mitigation measures available which would substantially lessen the significant
environmental impacts of the project. (Pub. Resources Code, § 21001.) Thus, the DEIR should
adopt the recommended measures by CARB and those recommended above in order to lessen the
air quality impacts of the Project or explain why they are infeasible.
VI.

CONCLUSION

CEQA provides the opportunity for transparent, thoughtful governance by requiring
evaluation, public disclosure, and mitigation of a project’s significant environmental impacts
prior to project approval. While the DEIR provided some information about the Project’s
significant environmental impacts, the analysis is deficient in several respects. In evaluating the
Project’s impacts, the County should consider the surrounding the community’s already high
pollution burden and the cumulative impact of developing a warehouse so close to residences,
schools, and places of worship. The County should analyze the consistency with the County’s
Good Neighbor Policy and General Plan and explain why the Project does not have a significant
land use impact given its inconsistency with these policies. Finally, additional mitigation is
necessary and can feasibly be added to address the Project’s significant impacts.
The Attorney General’s Office is available to provide assistance to the County as it works
on CEQA compliance. Please do not hesitate to contact me if you have any questions or would
like to discuss these issues further.
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Sincerely,

RICA V. GARCIA
Deputy Attorney General
For

XAVIER BECERRA
Attorney General
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Oil and gas production and spontaneous preterm
birth in the San Joaquin Valley, CA
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Background: Recent studies report an association between preterm birth and exposure to unconventional oil and gas wells.
There has been limited previous study on exposure to conventional wells, which are common in California. Our objective was to
determine whether exposure to well sites was associated with increased odds of spontaneous preterm birth (delivery at <37 weeks).
Methods: We conducted a case–control study using data on 27,913 preterm birth cases and 197,461 term birth controls. All births
were without maternal comorbidities and were located in the San Joaquin Valley, CA, between 1998 and 2011. We obtained data
for 83,559 wells in preproduction or production during the study period. We assessed exposure using inverse distance-squared
weighting and, for each birth and trimester, we assigned an exposure tertile. Using logistic regression, we estimated adjusted odds
ratios (ORs) for the association between exposure to well sites and preterm birth at 20–27, 28–31, and 32–36 weeks.
Results: We observed increased ORs for preterm birth with high exposure to wells in the first and second trimesters for births
delivered at ≤31 weeks (adjusted ORs, 1.08–1.14). In stratified analyses, the associations were confined to births to Hispanic and
non-Hispanic Black women and to women with ≤12 years of educational attainment. In a secondary analysis, we found evidence
that exposure to wells in preproduction is associated with higher concentrations of particulate matter.
Conclusions: We found evidence that exposure to oil and gas well sites is associated with increased risk of spontaneous preterm birth.
Keywords: Preterm birth; Birth outcomes; Oil and gas; Ambient air pollution

A

n estimated 17.6 million people in the United States live
within 1.6 km (1 mile) of an active oil or gas well, including 2.1 million California residents.1 The United States

recently became the leading global producer of petroleum and
natural gas and drilling activity has correspondingly increased,
including in California, which is among the most productive
states for crude oil.2,3 Previous studies have found associations
between spontaneous preterm birth and exposure to environmental contaminants, as well as other factors, including stress
psychosocial stress, genetics, infection, and race.4,5 However, the
relative contribution of each of these factors has not been well
characterized. Preterm birth, defined as delivery before 37 weeks
of gestation, increases risk of infant morbidity and mortality.6,7
Preterm births are described as spontaneous for women who
present with premature labor with cervical dilation or rupture
of membranes, and as medically indicated when induced by a
care provider due to health complications.6
Several recent studies report that women exposed to unconventional hydraulically fractured wells have increased risk of adverse
birth outcomes, including preterm birth.8–10 There is limited evidence of associations between adverse birth outcomes and conventional oil and gas extraction operations, which comprise the
majority of wells in California.11 Preproduction and production
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WHAT THIS STUDY ADDS
An estimated 17.6 million US residents live in close proximity to
oil and gas wells, including 2.1 million Californians. However,
the health effects of living in proximity to new and active well
sites are not well characterized. We examined whether exposure to well sites was associated with preterm birth risk. We
conducted a case–control study in the San Joaquin Valley, CA,
an area with the most intensive oil and gas production activity
in California, predominantly with conventional methods. We
observed an association between preterm birth and exposure
to oil and gas well sites. In a secondary analysis, we found evidence of higher concentrations of ambient air pollutants at air
monitoring sites in proximity to drilling sites compared with
unexposed monitors.
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Exposure assessment

activities in both conventional and unconventional wells emit contaminants that may impact perinatal health.1,12–14 The preproduction stage, which typically is completed in several weeks, includes
preparation of the well pad, road construction, drilling, and well
completion.1,12–14 The production stage may last as long as several
decades, though the intensity of production, as well as emissions
of ambient air pollutants, may vary throughout the life of an active
well.1 Recent studies have found that wells in preproduction emit
higher concentrations of air pollutants than wells in the production stage per unit time.15,16 In addition to air pollutants, residents
near well sites may also be exposed to contaminated water, as well
as higher noise pollution and community disruption, which have
been associated with increased psychosocial stress.13,17–20
This study investigated the potential association between
spontaneous preterm birth and exposure to oil and gas wells
in preproduction or production the San Joaquin Valley, CA. We
used a case–control design to assess the association between
exposure to well sites and odds of preterm birth.

We obtained data on oil and gas wells from the California
Geologic Energy Management Division (CalGEM), formerly the
Division of Oil, Gas, and Geothermal Resources (DOGGR), as
well as Enverus, a private data aggregation service. Data used in
this study were obtained in April 2018 and comprised records
for 160,256 wells in the San Joaquin Valley, including observations of well type, status, location (latitude and longitude),
date of spudding (initial drilling), date of completion (end of
preproduction), and the dates production started and ended.
We restricted the dataset to wells in the study region that were
spudded, completed, or in production between 1 January 1997,
and 31 December 2011, to allow for exposures to births in early
1998. We also included wells within 15 km of the boundary
of the study region, to allow for exposures to residents living
along county borders. A total of 83,559 wells were included in
the analytic dataset, including 12,369 wells in preproduction
and 71,190 wells in production. Some 3,760 wells were only in
the preproduction stage during the study period, 71,190 were
only in the production stage, and 8,609 were in both stages.
An additional 76,697 wells were neither in preproduction or
production during the study period, most of which (77.4%)
were plugged and abandoned. We included all wells for which
preproduction or production dates were available, due to lack
of prior knowledge on the relative hazards associated with different well types. The majority of new and active wells in the
analytic dataset were oil and gas wells, including those that use
conventional enhanced recovery methods such as steam flooding, cyclic steam injection, and water flooding. For the 12,369
new wells assessed in the current study, the median duration of
preproduction (spudding to completion) was 19 days, and 9.3%
had long gaps (>100 days) between spudding and completion
(eFigure 2; http://links.lww.com/EE/A91). On average, 81.3 ±
75.7 wells were spudded each month, with a range from 6 to
307. The active wells were production for an average of 6,678
days (18.3) years, with a range from 28 to 15,309 days.
Exposure was assessed for each trimester for each birth. The
first trimester was defined as gestational weeks 1–13, second trimester as weeks 14–26, and third trimester as week 27 to birth.
For wells in preproduction (new wells), we defined an exposure
period for each well starting 1 week before spudding and ending 1 week after completion, which allows for oil pad activities
around the spud and completion dates. For wells in production
(active wells), we defined the exposure period as the interval
between production start and end dates provided in the Enverus
dataset. We estimated exposure to well sites using an inverse
distance-squared weighted index:

Methods
Study population
We obtained data on live births from eight counties in the San
Joaquin Valley, CA: Fresno, Kern, Kings, Madera, Merced, San
Joaquin, Stanislaus, and Tulare (Figure). We chose to focus on
the San Joaquin valley region because it accounts for the majority of oil and gas production in California. During the study
period, oil and gas operations in the San Joaquin Valley comprised 82.7% of wells in preproduction (new wells) and 74.2%
of wells in production (active wells), as well as the majority of oil
production by volume in the state. The region had a population
of approximately 4 million in the 2010 decennial US Census. We
obtained data on 892,088 births between 1998 and 2011, comprising all births in nonmilitary hospitals in the study region.
From this population, we compiled a dataset that included
preterm cases, defined as delivery at fewer than 37 gestational
weeks, and term birth controls. Inclusion criteria were singleton
births delivered at 20–41 weeks and with a birthweight between
500 and 5,000 g. Of the 771,416 births that fit these criteria,
78,421 were preterm birth cases. We randomly selected 235,263
term birth controls in a 3:1 ratio of controls to cases.
For all controls and cases, we extracted the residential
address at time of birth from the birth certificate. The California
Environmental Health Tracking Program Geocoding Service
geocoded each address, after standardizing, verifying, and
correcting addresses. Geocoding was successful for 221,651
(94.2%) of controls and 73,736 (94.0%) of cases. We linked
the cases and controls with discharge data from the Office of
Statewide Health and Planning (OSHPD), with successful linkage for 220,137 (99%) controls and 72,907 (99%) cases. We
removed cases where preterm birth may have been medically
indicated and excluded births with the following maternal
comorbidities, owing to the assumption of different underlying etiologies: pregestational diabetes, gestational diabetes,
gestational hypertension, preeclampsia/eclampsia, and chronic
hypertension (except for births at 20–23 weeks, with delivery
before gestational diabetes is typically diagnosed). This resulted
in a final dataset comprising 225,374 births, including 27,913
spontaneous preterm cases and 197,461 term controls (eFigure
1; http://links.lww.com/EE/A91). We further divided preterm
birth into three categories based on gestational age: 20–27
weeks (n = 2,307), 28–31 weeks (n = 3,098), and 32–36 weeks
(n = 22,508). We considered three categories of preterm births
as the etiologic pathway may be different for births delivered at
different gestational ages.21 Maternal covariates were obtained
for each birth, including age (years), race/ethnicity (Hispanic,
non-Hispanic Asian, non-Hispanic Black, non-Hispanic White,
and other), educational attainment (less than high school, high
school, more than high school), and parity (1 or ≥2).

n

1
,
2
i =1 d i

exposurebt = ∑

where exposure for birth b at trimester t is the sum of the inversesquared Euclidean distance, d, to each well, i. The exposure
assessment was done for all wells, n, that were in preproduction
or production during trimester t within a 10-km radius of the
maternal residence. We divided exposed births into exposure
tertiles for each trimester of exposure, with group 1 comprising
the lowest tertile exposure and group 3 comprising births in the
highest exposure tertile. Births without exposure in each trimester comprised a separate unexposed category (tertile “0”). We
repeated this procedure to also assess an exposure index only
for new wells and only for active wells.
Preterm births delivered during the third trimester have a
shorter opportunity for exposure than term births. To account
for this potential opportunity bias, we assessed third trimester
exposure for only the last 30 days before delivery. We included
only births at 32–36 weeks of gestation for this assessment. The
majority of births at 20–27 weeks do not have the opportunity
to be exposed in the third trimester. Similarly, for the majority
2
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Figure. Map of the study region showing 10 km buffers around new wells in preproduction during the study period (orange) and active wells in production
during the study period (purple) in California, as well as the overlap between the two (red). The study counties are (1) San Joaquin, (2) Stanislaus, (3) Merced,
(4) Madera, (5) Fresno, (6), Kings, (7) Tulare, and (8) Kern.

of births at 28–31 weeks, the last 30 days of gestation cross the
second and third trimesters.

as well as birth year. We also fit models without the adjustment
for birth year.
To test the robustness of findings, we conducted a set of sensitivity analyses. We modified assumptions in the exposure assessment,
using radii of (1) 3 km, (2) 5 km, and (3) 15 km of the maternal
residence (instead of 10 km); we also used a 10-km radius with
(4) inverse distance weighting and (5) inverse distance-square root
weighting (instead of inverse distance-squared weighting). For
each of these sets of alternative exposure parameters (1–5), we fit
crude and adjusted logistic regression models as described above.
In a second set of sensitivity analyses, we conducted analyses stratified on maternal race/ethnicity, educational attainment, and birth

Statistical analysis
We used logistic regression to estimate the association between
exposure to wells and odds of spontaneous preterm birth. We
fit models for each gestational age category (20–27, 28–31,
and 32–36 weeks) compared with term birth controls (37–41
weeks), with a separate model for each trimester. The analysis
included unadjusted models as well as models adjusted for the
mother’s age, race/ethnicity, educational attainment, and parity,
3
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Results

year. For the birth year stratification, we stratified the analysis into
two groups: births from 1998 to 2006 and births from 2007 to
2011. We chose to stratify this way due to a change in the method
of estimating gestational age starting in 2007, from last menstrual
period to obstetric estimate. For each stratum, we again fit crude
and adjusted logistic regression models as described above. We
were not able to assess exposure to smoking during pregnancy
because we did not have a reliable measure for smoking status. To
account for this limitation, we fit adjusted models for the subset
of births to Hispanic mothers, a population with low prevalence
of smoking.22 The prevalence of smoking among Hispanic women
during pregnancy was 1.8% in 2016, less than the 7.2% smoking
prevalence among all US women.23
To examine whether the stage of well development conferred
different risks, we conducted a sensitivity analysis confined to
the subset of births exposed only to active wells. There were
insufficient births to do a similar analysis for births exposed
only to new wells. We accounted for potential spatial autocorrelation by fitting mixed-effects models with a random intercept
for census tract. To account for potential residual confounding
from socioeconomic factors, we fit models adjusted for three
additional variables: a categorical variable for mother insurance
payer (Medi-Cal, private, uninsured, or other), an indicator
for whether prenatal care was initiated before 5 months, and
an indicator for whether >20% of families in the census block
group were below the poverty level in the 2000 census.
We also conducted a sensitivity analysis that stratified by
exposure to traffic-related copollutants: carbon monoxide
(CO), nitrogen dioxide (NO2), particulate matter with an aerodynamic diameter ≤2.5 µm (PM2.5), and particulate matter with
an aerodynamic diameter ≤10 µm (PM10). For this analysis,
we assessed exposure to traffic-related pollutants as described
previously by Padula et al.24 We obtained traffic exposure data
for 85,290 births in the four most populated counties (Fresno,
Kern, Stanislaus, and San Joaquin) from 2000 to 2006, which
were similar to the whole study population on observed covariates. For this analysis, we assigned each birth an exposure quartile for each of the four traffic-related copollutants. We assigned
each birth to either a “low traffic” group if, for all four pollutants and traffic density, the birth was below the highest exposure quartile, or to a “high traffic” group if the birth was in the
highest quartile for all five measures.24 Among the 85,290 births
with traffic data, 32,016 matched either of these criteria, with
29,679 births in the “low traffic” group and 2,337 in the “high
traffic” group. These subsets were also similar to the whole
sample on observed characteristics. We then fit unadjusted and
adjusted logistic regression models as described above, stratified
on traffic exposure.
Finally, we conducted a secondary analysis to examine the
association between air quality and exposure to drilling sites.
For this analysis, we obtained data from the US Environmental
Protection Agency (EPA) Air Quality System, which included
daily observations of NO2, O3, PM10, and PM2.5 from 1998 to
2018 at 290 stations throughout California (eFigure 3; http://
links.lww.com/EE/A91). Using statewide data on oil and gas
drilling activity, we assessed exposure to drilling sites for each air
monitor and for each month from 1998 to 2018, using the same
method as described above for maternal residences. For each pollutant, we fit linear models with mean monthly concentration
as the dependent variable and exposure tertile as the independent variable. We also fit a model with fixed effects for air basinmonth and air basin-year. Air basins are defined by the California
Air Resources Board (CARB) with boundaries determined based
on similarity of geographic and meteorological features.

The analytic study base included 197,461 term birth controls
and 27,913 spontaneous preterm birth cases delivered from
1998 to 2011. Among all births in the analytic dataset, 1.0%
(2,307) were delivered at 20–27 weeks of gestational age, 1.4%
(3,098) at 28–31 weeks, and the remaining 10.0% (22,508)
at 32–36 weeks. The majority of the study population was
Hispanic and multiparous, with relatively even distributions of
educational attainment (Table 1). Women with preterm deliveries were disproportionately non-Hispanic Black and had disproportionately low educational attainment, compared with
women with term births (Table 1). Among all births in the sample, 78,153 were exposed to new or active wells at some point
during gestation. The subset with high wells exposure (quantile
3) were comparable to the unexposed births on observe covariates (eTable 1; http://links.lww.com/EE/A91). This observation
held when considering exposure separately to new and active
wells (eTable 2; http://links.lww.com/EE/A91, eTable 3; http://
links.lww.com/EE/A91). Summary statistics for the inverse distance-squared weighted index, organized by tertile for each trimester, are presented in eTable 4; http://links.lww.com/EE/A91,
and separately for new wells (eTable 5; http://links.lww.com/EE/
A91) and active wells (eTable 6; http://links.lww.com/EE/A91).
Higher odds of preterm birth were associated with exposure
to wells in the highest tertile in the first and second trimesters
for births at 20–27 and 28–31 weeks of gestation, with adjusted
ORs ranging from 1.08 to 1.14 (Table 2). In unadjusted models, the association between exposure to wells and preterm
birth was similar to that observed in adjusted models (eTable 7;
http://links.lww.com/EE/A91). The results were consistent in an
analysis where we assessed exposure cumulatively throughout
gestation (eTable 8; http://links.lww.com/EE/A91). In models
adjusted for maternal covariates but not birth year, ORs ranged
from 1.10 to 1.35 for exposure in all trimesters and births in
all gestational age categories, including births at 32–36 weeks
(eTable 9; http://links.lww.com/EE/A91).
When we considered exposure separately for new wells
(eTable 10; http://links.lww.com/EE/A91) and active wells
(eTable 11; http://links.lww.com/EE/A91), the results were consistent with the primary result of an association for exposure
in the first and second trimesters confined to births at 20–27
and 28–31 weeks. The majority of exposed births had exposure to both new and active wells. In an analysis confined to
the subset of births exposed only to active wells, the association
between exposure and preterm birth was confined to births at
20–27 weeks (eTable 12; http://links.lww.com/EE/A91). We also
observed an association for the second tertile of exposure for
births at 28–31 weeks, but not the highest tertile of exposure.
Using different parameters to assess exposure did not substantially change the observed ORs (eTable 13; http://links.lww.
com/EE/A91). In stratified analyses, the observed associations
were confined to births to Hispanic and non-Hispanic Black
women, and to women with 12 or fewer years of educational
attainment (eTable 14; http://links.lww.com/EE/A91). In an
analysis stratified by birth year (<2007, ≥2007), we observed
ORs from 1.08 to 1.17 for pre-2007, including births at 32–36
weeks. The ORs were attenuated for births from 2007 to 2011,
and there was no association for the 32- to 36-week group. In
adjusted models for births to Hispanic mothers, a population
with low prevalence of smoking, we observed stronger associations than in the entire study population (eTable 15; http://links.
lww.com/EE/A91).
Including a random effect for census tract did not substantially change the ORs or 95% confidence intervals (eTable 16;
http://links.lww.com/EE/A91). In models that adjusted for additional socioeconomic variables, we similarly did not observe
substantial changes in the ORs (eTable 17; http://links.lww.
com/EE/A91). When we stratified on traffic-related air pollutant coexposures, the association between exposure to wells and

Ethical considerations
The study was approved by the Stanford University Institutional
Review Board and the California State Committee for the
Protection of Human Subjects.
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Table 1.
Characteristics of the study population stratified by gestational age category, San Joaquin Valley, CA, 1998–2011
Gestational age category
Characteristic
n
Age, years (mean ± SD)
Race/ethnicity (%)
Hispanic
Non-Hispanic Asian
Non-Hispanic Black
Non-Hispanic White
Other
Missing
Education (%)
<12 years
12 years
>12 years
Missing
Parity (%)
1
2 or more
Missing
Infant sex (% female)

20–27 weeks
2,307
26.0 ± 6.7

28–31 weeks
3,098
25.7 ± 6.6

32–36 weeks
22,508
26.1 ± 6.3

37–41 weeks
197,461
26.0 ± 5.9

57.9
8.3
9.5
22.1
1.7
0.8

54.9
8.8
9.6
24.1
1.9
0.6

54.8
8.3
6.3
28.4
1.8
0.6

57.0
7.1
4.5
29.4
1.5
0.6

34.6
33.9
29.0
3.1

37.1
33.8
26.8
2.3

33.7
31.0
33.6
1.8

32.6
31.8
34.0
1.6

44.3
55.5
0.1
43.0

38.1
61.8
0.2
41.5

35.8
64.1
0.1
44.9

34.8
65.2
0.1
49.4

Table 2.
Results for all quantiles of exposure to both new and active wells, compared with unexposed term births, stratified by gestational
age category and adjusted for maternal age, race, race/ethnicity, education, and birth year
aORa (95% CI)
Trimester
1

2

3

Exposure quantile
0 (unexposed)
1
2
3
0
1
2
3
0
1
2
3

20–27 weeks

28–31 weeks

32–36 weeks

1.0 [1,491]
1.01 (0.88, 1.15) [265]
1.00 (0.88, 1.13) [271]
1.09 (0.95, 1.24) [280]
1.0 [1,499]
0.98 (0.85, 1.12) [258]
0.99 (0.87, 1.13) [270]
1.08 (0.95, 1.23) [280]
–
–
–
–

1.0 [2,022]
0.93 (0.83, 1.05) [334]
0.95 (0.84, 1.07) [345]
1.14 (1.01, 1.27) [397]
1.0 [2,018]
0.94 (0.83, 0.96) [336]
0.96 (0.85, 1.07) [347]
1.14 (1.01, 1.27) [397]
–
–
–
–

1.0 [15,021]
0.93 (0.89, 0.97) [2,396]
0.96 (0.92, 1.01) [2,551]
0.99 (0.95, 1.04) [2,540]
1.0 [15,025]
0.93 (0.88, 0.97) [2,385]
0.96 (0.92, 1.01) [2,554]
0.99 (0.95, 1.04) [2,554]
1.0 [15,051]
0.93 (0.89, 0.97) [2,374]
0.96 (0.92, 1.01) [2,540]
1.00 (0.95, 1.04) [2,543]

The results are presented as odds ratio (95% CI) [n births in the respective quantile]. Exposure in the third trimester was assessed for the last 30 days before for delivery.
a
Odds ratios adjusted for maternal age, race/ethnicity, educational attainment, parity, and birth year.
aOR indicates adjusted odds ratio; CI, confidence interval.

environmental contaminants and stressors, and we were not
able to evaluate which factors confer risk. Previous study has
found that oil and gas preproduction produces ambient air pollutants, including fine particulate matter, nitrous oxides, volatile
organic compounds, ozone, carbon monoxide, and hydrogen
sulfide.1,12–14 The environmental risks from oil and gas extraction
may differ by the stage of preproduction (well pad preparation,
road construction, drilling, and completion) or production
(different steps in, e.g., cyclic steam injection). We observed an
association between preterm birth and exposure to both new
and active wells, though due to the correlation in exposure
to both new and active wells, we were not able to determine
whether exposure to wells in either stage confers more risk.
Other potential risk factors include exposure to toxic chemicals
used in extraction, but data on the types and toxicity of chemicals used is limited. In oil fields in the South Coast Air Quality
Management District, located in Southern California, operators
are required to report on-site chemical use.25 In oil fields in this
area, operators applied 548 chemical additives over a 2-year
span, most with unknown toxicity.25 In addition, the extent to
which human populations have been exposed to oil and gas
extraction–related pollutants remains poorly characterized.

preterm birth (defined in this case as a binary outcome for births
at 20–36 weeks) appeared to be persistent for births with low
traffic coexposures in the second trimester and for births with
high traffic-related coexposures, though these associations were
not statistically significant (eTable 18; http://links.lww.com/EE/
A91).
In a secondary analysis, ambient air quality monitor-months
with high exposure to drilling sites had higher concentrations
of PM10 and PM2.5, compared with unexposed monitor-months
(eTable 19; http://links.lww.com/EE/A91). These results were
consistent when we added a fixed effects for air basin-month
and air-basin year but were attenuated with an additional fixed
effect for monitoring station.

Discussion
We found evidence that exposure to oil and gas well sites in
the first and second trimesters is associated with increased odds
of spontaneous preterm birth at 20–31 weeks. The association
was confined to women who were Hispanic and non-Hispanic
Black, and those with 12 or fewer years of educational attainment. Residents near well sites may be exposed to a range of
5
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In the current study, we found evidence that proximity to
wells in preproduction is associated with higher exposure to
PM10 and PM2.5, which supports our hypothesis that proximity to wells in preproduction confers risk. In this analysis, we
compared concentrations of ambient air pollutants between
exposed and unexposed monitor-months and controlled for seasonal and temporal trends at the air basin level. The results were
attenuated, however, when we included a fixed effect for the
air monitoring station, though it is unclear which is the correct
specification. Further assessments of the air quality impacts of
oil and gas operations should consider differences in the fate
and transport of ambient air pollutants, account for meteorological factors, consider how the timing of production activities
and active wells may affect emissions, and carefully select and
specify appropriate statistical models.26
There are several possible biological mechanisms for the
effect of oil and gas extraction-related environmental exposures
on preterm birth. The etiology of preterm birth is suspected to
include dysregulated inflammation, which may be a response
to infection or oxidative stress associated with air pollution,
including particulates and nitrous oxides.27,28 The release of
proinflammatory mediators, such as cytokines, is associated
with exposure to particulates.4,27 Psychosocial stress from activities associated with oil and gas preproduction, such as increased
noise and traffic, could be an additional contributing factor to
preterm birth.12,29,30 Recent study has found that exposure to
drilling sites in the Marcellus Shale region of central and northwestern Pennsylvania adversely affected mental health, but that
increased anxiety and depression did not mediate adverse birth
outcomes.17,31 There may be additional, unexamined pathways
associated with exposure to the chemical additives of unknown
toxicity applied in oil and gas extraction.25
The current study considers exposure to oil and gas operations in California, where the majority of wells are drilled
using conventional methods.32 Previous studies of the association between oil and gas development and spontaneous preterm
birth have focused on unconventional natural gas extraction in
Pennsylvania, Texas, and Colorado. Casey et al.8 found an association between preterm birth and exposure to unconventional
natural gas wells in the Marcellus Shale of Pennsylvania, with
elevated odds ratios for the most exposed tertile of births compared with unexposed. In a quasiexperimental study, Currie et
al.9 found lower birthweight and poorer overall infant health
outcomes for births in areas where unconventional wells were
drilled. Whitworth et al.10 examined exposure to unconventional natural gas wells in Texas, assessing exposure to wells
in the preproduction and production stages. These investigators
also found higher odds of preterm birth with exposure to both
preproduction and production stages. Null and protective associations between exposure to wells and adverse birth outcomes
have been reported by other investigators.11,33
This study had several limitations. Exposure was estimated
based on proximity and not directly measured. We were not
able to account for women who moved between conception and
delivery or for exposure at sites other than the residence, which
could result in exposure misclassification. This misclassification
could bias the results toward the null if moving was not related
to preterm birth status, or, conversely, bias in an unpredictable
direction if movement was related to preterm birth status. We
were not able to account for births to the same mother, which
may lead to misestimation of standard errors. The sensitivity
analysis for that considered traffic-related coexposures was
confined to four counties for which exposure was previously
assessed by Padula et al.24 We were not able to account other
sources of ambient air pollution in the study region. There may
be missing observations of well preproduction and production
in the data, which could also lead to exposure misclassification.
We expect this would produce a bias toward the null. Wells
classified as active were assumed to have constant production

throughout the study period. If possible, future studies should
more carefully consider temporal variations in ambient air pollutant emissions from active wells. In the birth cohort data we
used, the method of assessing gestational age shifted in 2007
from last menstrual period to obstetric estimate, which incorporates data from multiple sources and is considered more accurate.34,35 With the shift to best obstetric estimate, the defined
occurrence of preterm birth is expected to decrease, as the births
that may have been misclassified as preterm based on last menstrual period would be more accurately classified as term.6 We
do not expect misclassification for births at fewer than 31 weeks.
Births delivered at 32-36 weeks prior, however, may have been
misclassified as preterm if using last menstrual period to assess
gestational age. This may explain the result from the analysis
stratified on birth year, where the association between exposure
and preterm birth was attenuated for late preterm births (32–36
weeks) after 2007. Notably, we still observed an association
between exposure to wells and preterm births delivered at fewer
than 31 weeks before and after 2007. The current study considers exposure to oil and gas operations in California, where most
wells are drilled using conventional methods.
In the future, researchers should consider investigating
whether exposure to oil and gas wells may also be associated
with medically indicated preterm births, possibly through
maternal comorbidities. The findings suggest that future
research should consider the reproductive health impacts of
both conventional and unconventional drilling. Additional perinatal health outcomes previously associated with exposure to
unconventional drilling sites should also be considered, as well
as exposure to wells at other stages of development (idle wells
and wells in postproduction).
We found an association between exposure to oil and gas well
sites and odds of spontaneous preterm birth at 20–31 weeks in
the San Joaquin Valley, CA. This study adds to limited evidence
that oil and gas extraction activities have adverse impacts on
reproductive health.
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ABSTRACT: Oil and gas (O&G) facilities emit air pollutants
that are potentially a major health risk for nearby populations.
We characterized prenatal through adult health risks for acute
(1 h) and chronic (30 year) residential inhalation exposure
scenarios to nonmethane hydrocarbons (NMHCs) for these
populations. We used ambient air sample results to estimate
and compare risks for four residential scenarios. We found that
air pollutant concentrations increased with proximity to an
O&G facility, as did health risks. Acute hazard indices for
neurological (18), hematological (15), and developmental (15)
health eﬀects indicate that populations living within 152 m of
an O&G facility could experience these health eﬀects from
inhalation exposures to benzene and alkanes. Lifetime excess
cancer risks exceeded 1 in a million for all scenarios. The cancer risk estimate of 8.3 per 10 000 for populations living within 152
m of an O&G facility exceeded the United States Environmental Protection Agency’s 1 in 10 000 upper threshold. These ﬁndings
indicate that state and federal regulatory policies may not be protective of health for populations residing near O&G facilities.
Health risk assessment results can be used for informing policies and studies aimed at reducing and understanding health eﬀects
associated with air pollutants emitted from O&G facilities.

■

INTRODUCTION

O&G well site grew almost 3 times faster than the population
living further away.5
Colorado mandated regulatory exclusion zones around
residential structures in which the drilling of O&G wells is
discouraged are referred to as setback distances. Colorado
setback distances were historically as short as 150 feet (46 m)
and are currently at 500 feet (152 m).6 Additionally, setback
distances of 1000 feet (305 m) apply to high occupancy
buildings serving 50 or more people (e.g., schools and
hospitals) as well as operating child care centers for 5 or
more children.6 While the setback distances are intended to
protect the general public’s safety and welfare from environmental and nuisance impacts resulting from O&G develop-

Horizontal drilling and high-volume hydraulic fracturing have
resulted in a dramatic increase in the number of oil and gas
(O&G) wells located on a single pad.1,2 It is now common for
O&G well sites to contain 20 to 40 wells, related infrastructure,
and tank batteries to store and/or pipelines to transport
petroleum products and exploration and production (E&P)
waste.3 Additional equipment and facilities, such as gathering
lines, compressor stations, and E&P waste disposal sites may
also be located in areas of intensive O&G development.4
In the Denver Julesberg Basin (DJB) on the Colorado
Northern Front Range (CNFR), the O&G industry is rapidly
expanding at the same time that housing construction is
increasing to accommodate a rapidly growing population.5 As a
result, 19% of the population (∼356 000 people) in the DJB
live within 1600 m of an active O&G well site.5 Between 2000
and 2012, the number of people living within 1600 m of an
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Figure 1. Colorado Northern Front Range: sample locations37−39 and oil and gas well density.36

quantitative hazard indices (HI), and cancer risks have
expressed as risk in excess of the baseline lifetime cancer risk
for Americans of 44 per 100 (lifetime excess cancer risk).28 The
previous assessments indicate the potential for short-term
respiratory, neurological, hematological, and developmental
eﬀects and elevated estimated lifetime excess cancer risk for
populations living within approximately 800 m of O&G well
pads,8 while the potential for chronic noncancer health eﬀects
and lifetime excess cancer risk are lower for populations living
further from O&G sites.8,26,29,30 One important shortcoming of
previous risk assessments is that they did not consider shortterm and repeated nighttime peak exposures. They did not
explicitly address childhood exposures or incorporate ﬁndings
from the most recent studies on health eﬀects associated with
ambient benzene exposure. Additionally, data sets supporting
most of the previous risk assessments were not suﬃcient for
assessment of short-term exposures to air pollution O&G
facilities or the variance in health risks with diﬀering setback
distances from O&G facilities.
The goal of this analysis is to characterize prenatal through
adult noncancer and cancer health risks from both short-term
(acute) and long-term (chronic) residential exposures to
NMHCs measured in CNFR O&G development areas and
how health risks vary with proximity to O&G facilities.

ment, they are not intended to address potential human health
impacts associated with O&G development air emissions.7
Air pollution is one of the major potential health risks for
populations living near O&G sites.4,8 O&G sites directly emit
nonmethane hydrocarbons (NMHCs) into the air,9−11 and
several studies have identiﬁed O&G facilities as major
contributors to ambient NMHC levels along the CNFR.12−17
Some of these NMHCs such as benzene, toluene, ethylbenzene,
and xylenes (BTEX) are deﬁned as hazardous air pollutants.18
Because of higher atmospheric stability at night, nighttime
emissions do not disperse as much as during the daytime, and
average nighttime benzene levels are approximately twice
daytime levels.15
Recent Colorado studies observed that infants with
congenital heart defects and children diagnosed with leukemia
are more likely to live in the densest areas of O&G wells.19,20
Studies in Pennsylvania and Texas have observed associations
between proximity to O&G wells and fetal death, low
birthweight, preterm birth, asthma, fatigue, migraines, and
chronic rhinosinusitis.21−25
The few previous human health risk assessments conducted
in areas with O&G development have used results from
ambient air samples to predict the risk for both noncancer and
cancer health eﬀects in the surrounding population.8,26,27 Risks
for noncancer health eﬀects have been expressed as semiB
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Figure 2. Samples collected along Colorado’s Northern Front Range in summer 2014 used to develop exposure and risk estimates.

■

METHODS
We used California’s Oﬃce of Environmental Health Hazard
Assessment (OEHHA) Risk Assessment Guidelines to estimate
acute and chronic noncancer hazards and cancer risks for
exposures to NMHCs, including BTEX, in residential exposure
scenarios.31 California’s OEHHA guidance addresses developmental outcomes not fully covered in standard United States
Environmental Protection Agency’s (USEPA) risk guidance.32,33 Speciﬁcally, OEHHA guidance has incorporated
recent research ﬁndings on the developmental toxicity of
ambient level benzene into their toxicity factors as well as a
lifespan beginning in the third trimester of pregnancy into their
cancer risk assessment.31,34,35
Data Sources. We characterized risks for residential
populations based on proximity to the nearest O&G facility,
as recorded in the Colorado Oil and Gas Information System.36
All samples included in this risk assessment were collected at

plausible residential locations (i.e., at a distance greater that
Colorado’s historic 150 foot (46 m) setback distance from the
nearest O&G facility) using NMHC measurement results from
one of three CNFR studies conducted in the summer of 2014
(Figure 1, Figure 2, Supporting Information):
Study 1: 1-min canister samples (hereafter 1-min samples)
and continuous air monitoring (1-s time resolution readings
every minute: 60 consecutive minutes averaged to represent 1 h
of exposure, hereafter 1-h samples) from the 2014 DISCOVERAQ (Deriving Information on Surface conditions from Column
and VERtically resolved observations relevant to Air Quality)
ﬁeld campaign.37 The 1-min samples collected during the
DISCOVER-AQ study targeted O&G, power generation,
agricultural facilities, and high vehicle traﬃc areas. In situ
methane, carbon dioxide, and carbon monoxide measurements
were used to identify plume and background locations. In
addition to residential plausibility-based setback distances, we
C
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The nearest O&G facility from each sample location included
well pads, tank batteries, E&P waste disposal sites, gathering
lines, and processing facilities.
To estimate acute and chronic noncancer health hazards and
cancer risks, we considered short and long-term exposures to
NMHCs. For acute exposure, we used the maximum measured
concentration of each NMHC from the 1-min samples to
estimate the maximum 1-h ambient air concentration for all
scenarios and compounds, except for benzene, toluene, and C9
aromatics in the 152−610 m scenario. For the 152−610 m
acute scenario, we used maximum 1-h sample results for
benzene, toluene, and C9 aromatics that were available only for
this scenario. For chronic hazards and cancer risks, timeweighted average (TWA) mean (1-min and 3-h samples) over
24 h and mean (72−96-h samples) ambient NMHC
concentrations were used to represent the average concentration and calculate a daily intake dose for each NMHC
according to OEHHA Guidance (Supporting Information).31
We calculated a TWA mean for the 1-min and 3-h samples
because these samples were mostly collected in the daytime and
do not represent nighttime concentrations. Continuous
sampling results at the Platteville location indicate that the
average mean benzene concentration from 19:00 in the evening
to 7:00 the following morning is 2.34 times higher than
between 7:00 and 19:00 h.15 On the basis of these observations,
eq 1 was used to calculate the TWA mean:

reviewed Google Earth satellite images dated between June 2
and October 6, 2014 to determine if the sample location was
appropriate for evaluating residential exposures. On the basis of
these reviews, we excluded results from seven 1-min samples
that had been collected at locations adjacent to large O&G
processing plants or propane tank facilities because these
locations were not plausible residential locations (Supporting
Information Table S1). The 1-h samples were collected at a
ﬁxed site located in a rural area at 229 m from the nearest O&G
facility.
Study 2: 72−96-h integrated canister samples (hereafter 72−
96-h samples) collected for the 2014 Boulder County air
quality monitoring study.38 All sites were located in residential
areas. The site in western Boulder was selected as a reference
site (i.e., with minimal O&G development inﬂuence) and was
located on the grounds of the Boulder County Public Health
oﬃces near a busy intersection. Results from this location are
subjected to urban and traﬃc inﬂuences and thus provide a
representative urban signature. Twelve summa canister samples
were collected at the Boulder site. The sites in Eastern Boulder
County, along the border between Boulder and Weld County,
were selected to assess the geographical gradients of NMHCs
resulting from dense O&G development. The Eastern Boulder
County sites were public facilities (a school, park, church, and
ﬁre station) located in residential areas, and other obvious
sources of NMHCs were avoided. A total of 47 summa canister
samples were collected from 4 sites in Eastern Boulder County
(11−12 samples at each site).
Study 3: 41 3-h integrated canister samples (hereafter 3-h
samples) collected by the Colorado Department of Public
Health and Environment (CDPHE) at a single site in a
residential area of Platteville, CO located 247 m from the
nearest O&G facility.39
Data Assessment. Field measurement results were
grouped by exposure scenario and sample type, as indicated
in Figure 2. Because the underlying measurements were not
normally distributed, all data were log transformed prior to
statistical analysis. We evaluated the remaining measurements
from the 1-min samples as well as the 1-h, 3-h, and 72−96-h
samples for outliers using Q-Q plots.39 No results were
removed based on the outlier analysis. For results below the
limit of detection, we substituted the limit of detection for
statistical evaluations and calculations of mean concentrations.40 Supporting Information Tables S2−S4 contain
summary statistics and limits of detection for NMHCs included
in the risk assessment.
We used analysis of variance (ANOVA) to compare means of
speciﬁc NMHC concentrations between the four scenarios
described below. We evaluated diﬀerences between mean
NMHC concentrations with post hoc Tukey’s studentized
range (HSD) tests. Results were considered statistically
diﬀerent at an α of 0.05. All statistical analyses were conducted
using SAS software version 9.3 (Cary, NC).40
Exposure Assessment. Acute and chronic exposure
estimates were developed for four scenarios based on Colorado
regulatory setback distances between O&G wells and
residential facilities of 152 m6 and literature reference points
of 1600 m:5,41
(1)
(2)
(3)
(4)

TWA mean =
(mean concentration × 12 h × 2.34) + (mean concentration × 12 h)
24 h

(1)

Toxicity Assessment and Risk Characterization. For
noncarcinogens, we expressed inhalation toxicity health-based
factors as a reference concentration (RfC) in units of μg/m3
(Supporting Information Table S5). We used OEHHA chronic
reference exposure levels (REL) to evaluate long-term
exposures of 8 or more years (OEHHA 2015).31 If an
OEHHA chronic REL was not available, we used the USEPA’s
risk screening level (RSL) for ambient air.42 The OEHHA
chronic RELs and EPA chronic RSLs are applicable to 24-h per
day exposures over 10 to ≥12% of a 70-year lifespan (i.e., 7 to 8
years of exposure).31,34,42 We used OEHHA acute RELs to
evaluate acute 1-h exposures.31 If an acute OEHHA REL was
not available, we used the ATSDR’s acute MRLs.43 If RELs,
RSL, or MRL were not available, RfCs were obtained from (in
order of preference) EPA’s Integrated Risk Information System
(IRIS) subchronic RfCs,44 EPA’s subchronic Provisional PeerReviewed Toxicity Values (PPRTV),45 or Health Eﬀects
Assessment Summary Tables.46 We used surrogate RfCs
according to EPA guidance for C5 to C8 alkanes and C9
aromatic hydrocarbons, which do not have a chemical-speciﬁc
toxicity value.45 We derived semiquantitative noncancer hazard
quotients (HQs), deﬁned as the ratio between the estimated
exposure concentration and RfC.31,32 We summed HQs for
speciﬁc NMHCs to calculate the HI. We also separated the
HQs speciﬁc to neurological, respiratory, hematological, and
developmental eﬀects and calculated a separate end pointspeciﬁc HI for each of health eﬀect. HQ’s and HI’s > 1 indicate
that the estimated exposure exceeds the threshold exposure and
the possibility of adverse health eﬀects.32 Because the HI is
semiquantitative metric, it does not imply a multiplier. For
example, an HI of 4 is not twice the risk of an HI of 2.

No O&G facilities within 1600 m.
Nearest O&G facility within 610−1600 m.
Nearest O&G facility within 152 to 610 m.
Nearest O&G facility within 152 m.
D
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Figure 3. (A) Distributions and means of selected hydrocarbon concentrations from 1-min samples by distance from the nearest oil and gas facility.
(B) Distributions and means of selected hydrocarbon concentrations from 3 to 96 h samples by distance from the nearest oil and gas facility.

Figure 4. (A) Chronic and acute hazard quotients and hazard indices for residents living >1600, 610−1600, 152−610, and within 152 m from an oil
and gas facility based on 1-min and 1-h sample results. (B) Chronic hazard quotients and hazard indices for residents living in Boulder, Eastern
Boulder County, and Platteville based on 3-, 72-, and 96-h sample results.

exposure over 30 years, per OEHHA guidance,34 which is
consistent with the USEPA reasonable maximum exposure.32
To estimate the population cancer risk for residential
scenarios of less than 1600 m, we adjusted the cumulative
lifetime excess cancer risk by subtracting the risk for
populations with no O&G facilities within 1600 m of their
home from the risk for populations living in closer proximity to
facilities. We derived 2014 population estimates by adjusting
the DJB 2012 population estimates at speciﬁc distances from

For carcinogens, we expressed inhalation toxicity measurements as OEHHA inhalation cancer potency factors (CPFs)
summarized in units of (mg/kg-day)−1.31 The lifetime excess
cancer risk for each carcinogenic NMHC was derived per
OEHHA guidance (Supporting Information).31 We summed
individual lifetime excess cancer risks for each NMHC to
estimate cumulative lifetime excess risk. Risks are expressed as
excess cancers over a lifetime per 1 million population based on
E
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Figure 5. Lifetime excess cancer risks (30 year exposure duration) for residents >1600, 610−1600, 152−610, and within 152 m from an oil and gas
facility based on 1-min sample results.

nearest O&G facility. Acute HIs for nervous system (18), blood
system (15), and developmental eﬀects (15) were >1 for
residents living within 152 m of an O&G facility, and benzene
and alkanes contributed more than 80 and 13%, respectively, to
these end point speciﬁc HIs. Acute respiratory HIs were <1 for
all scenarios. Chronic HIs for blood system (4) and
developmental eﬀects (4) were >1 for residents living within
152 m of an O&G facility, and benzene contributed to 84% of
the HI (Supporting Information Tables S7). Acute and chronic
HIs for all eﬀects were <1 at distances greater than 152 m from
O&G facilities.
Figure 4 b presents chronic HQ and HI estimates based on
TWA mean 3-h (Platteville) and mean 72−96 h (Boulder and
Erie) sample results (Supporting Information Table S8). Total
chronic HIs were highest in Eastern Boulder County, where the
total HI was 1.1, followed by Boulder, and then Platteville.
Nervous system, respiratory system, blood system, and
developmental HIs were <1 for all locations.
The chronic HIs based on 72−96-h samples are 2−10 times
greater than those reported for residential exposures to NMHC
in O&G areas in previous risk assessments8,26,27 primarily
because the OEHHA chronic REL for benzene (3 μg/m3) is 10
times less than the USEPA’s chronic RfC (30 μg/m3). The
OEHHA chronic benzene REL34 considers several studies
published after USEPA’s 2002 benzene assessment,47 which
found increased eﬃciency of benzene metabolism at low
doses,48−51 decreased peripheral blood cell counts at low doses
(800−1860 μg/m3) with no apparent threshold,52−54 and large
population variation in the response of metabolic enzymes
involved in benzene activation and detoxiﬁcation.55
Lifetime Excess Cancer Risk Estimates. Figure 5 presents
lifetime excess cancer risks based on daily inhalation intake
dose estimates calculated from 1-min, 3-h, and 72−96-h sample
results (Supporting Information Tables S9 and S10). All
cumulative lifetime excess cancer risks exceeded USEPA’s de
minimus benchmark of 1 in a million58 with benzene
representing more than 95% of the total risk estimate for all
scenarios. The cumulative lifetime excess cancer risk increased
with decreasing distance to the nearest O&G facility. For

O&G wells for 2 years of population growth based on the
average annual rate of growth between 2000 and 2012.5 We
then estimated the population risk for each scenario by
multiplying the adjusted cumulative lifetime excess cancer risk
by the estimated 2014 population estimate.31

■

RESULTS AND DISCUSSION

For the 1-min samples (Figure 3), mean ambient BTEX and
total alkane concentrations increased as the distance of the
sample collection from the nearest O&G facility decreased (p <
0.001). The mean ambient benzene, toluene, ethylbenzene,
total xylene and total alkane concentrations from the 1-min
samples collected within 152 m of the nearest O&G facility
were 41, 34, 35, 32, and 86 times higher, respectively, than the
mean from 1-min samples collected further than 1600 m from
the nearest O&G facility (p < 0.05, Figure 3). Supporting
Information Table S6 presents the ANOVA results comparing
selected NMHC mean concentrations as a function of distance
to O&G facility.
For the 3-, 72-, and 96-h samples (Figure 3b and Table S6b),
the TWA mean concentration from the 3-h samples collected
in Platteville (247 m from nearest O&G facility) was compared
to the mean concentration from the 72- and 96-h samples
collected in Boulder (>1600 m from nearest O&G facility) and
Eastern Boulder County (448−625 m from nearest O&G
facility). Mean ambient benzene, ethylbenzene, and total xylene
concentrations did not vary signiﬁcantly between locations,
although the lowest mean concentrations occurred in samples
collected in Boulder. Mean ambient toluene concentrations in
Platteville and Eastern Boulder County were twice the mean
concentration in Boulder (p < 0.05). Mean ambient total alkane
concentrations in Platteville were 1.3 and 1.8 times greater than
those in Eastern Boulder County and Boulder (p < 0.05)
(Figure 3b).
Noncancer Hazards. Figure 4a presents acute and chronic
noncancer HQ and HI estimates based on maximum 1-min and
1-h sample results, and TWA mean 1-min sample results,
respectively (Supporting Information Tables S7). Acute and
chronic HQs and HIs increased with decreasing distance to the
F
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residents living within 152 m of an O&G facility, the risk
exceeded the USEPA upper bound risk level of 1 in 10 00056
with an overall risk of 8.3 per 10 000 (Supporting Information
Table S9). The cumulative lifetime excess cancer risk was
higher in Eastern Boulder County and Platteville than in
Boulder and reached the USEPA’s upper bound risk level of 1
in 10 000 in Platteville (nearest O&G facility 247 m) based on
the 3-, 72-, and 96-h sample results (Supporting Information
Table S10). For similar scenarios, the cumulative lifetime excess
cancer risks based on mean 72−96-h sample results are greater
than risks based on TWA mean 1-min and 3-h sample results.
These lifetime excess cancer risk estimates are 10−100 times
greater than those reported in previous risk assessments in
O&G development areas that used USEPA guidance.8,26,27 This
is partly because the OEHHA inhalation benzene CPF (0.1
(mg/kg-day)−1 is 4 times higher than USEPA’s benzene slope
factor (0.027 (mg/kg-day)−1.31,44 The OEHHA approach
addresses methodological shortcomings in the derivation of
USEPA’s current slope factor, which was calculated with a
linear extrapolation model that assumes excess risk is
proportional to the lifetime average exposure, is the same for
all ages, and does not explicitly address the impact of episodic
exposure peaks.57 OEHHA’s inhalation CPF was calculated
using a weighted cumulative exposure/relative risk procedure
that assumes with continuous exposure, age-speciﬁc cancer
incidence continues to increase as a power function of the
elapsed time since the initial exposure.35 Additionally, OEHHA
includes prenatal exposures in the calculation of lifetime excess
cancer risk based on recent studies indicating increased
susceptibility to benzene in early life.35 Even using USEPA’s
current slope factor, which would reduce the lifetime excess
cancer risk from benzene for residents living within 152 m of an
O&G facility to 2.2 in 10 000, our results remain above
USEPA’s 1 in 10 000 upper bound for remedial action.
Overall Strengths and Limitations. We assessed acute
and chronic health risks from air pollution associated with
O&G operations using data collected in close proximity to
O&G facilities and realistic residential scenarios tied to
regulatory setback distances and literature reference points.
This approach allowed us to incorporate proximity, spatial
variability, and temporally relevant sampling durations into our
exposure scenarios. The consistent application of exposure and
toxicity parameters for all four scenarios allows for the
comparison of hazards and risks between the scenarios. We
found increasing (1) hematological and developmental HIs and
(2) cumulative lifetime excess cancer risks with decreasing
distance to the nearest O&G facility. These results are
consistent with ﬁndings from observational epidemiological
studies that indicate an increased likelihood of adverse birth
outcomes and childhood acute lymphocytic leukemia with
increasing proximity to O&G wells.19−21,23,24 The weight of
evidence increasingly suggests that plausible outcomes to
explore in future epidemiological studies of exposure to
O&G-related pollutants include: neural tube defects,58 changes
in blood cell and platelet counts and aberrant nucleic acid
methylation patterns,59−61 and increased levels of 8-hydroxydeoxygunaosine, a biomarker of short-term nucleic acid
damage.62−64
However, the uncertainties in our risk assessment are
substantial, and the results are best suited for scoping policy
and future studies. Some of our assumptions are inherent in the
risk assessment process (Table 1), while others are more
speciﬁc to this study. Exposure to benzene had the largest

Table 1. Assumptions Adherent in Risk Assessment Process
That Lead to Uncertainty
assumption

description

1

Maximum concentrations from 1-min samples to estimate acute
exposure levels.
Chronic reference exposure levels and risk screening levels
assume 24 h per day exposures, 365 and 350 days per year,
respectively, for more than 7 years.
Multiple uncertainty factors applied in derivation of the
reference concentrations.
The lifetime excess cancer risk assumed that residents spend
72−85% of their time at home over a 30 year period.
Reference concentrations that were mostly derived from
occupational studies on adults or animal toxicity studies may
not adequately represent the current understanding of
developmental and reproductive eﬀects.

2
3
4
5

contribution our predicted health risks. While there is extensive
evidence that occupational benzene exposure is linked to
leukemia, the evidence in nonoccupational populations is less
robust. Nonetheless, the body of literature suggesting that
exposures to ambient levels of benzene are associated with
incidence of childhood leukemia is increasing. Additionally,
recent studies that were included in the derivation of the RELs
for toluene in this risk assessment suggest that low dose toluene
exposure can alter fetal and adult testosterone levels.65−67
Reductions in testosterone and mRNA 3B-hydroxysteroid
dehydrogenase levels were observed in male fetal rats at low
toluene exposures.65 Using the lowest observed adverse eﬀect
level of 3400 μg/m3 from that study results in chronic and
acute toxicity values of approximately 300 and 30 000 times
lower, respectively, than current toxicity values, resulting in a
corresponding increase of acute and chronic toluene HQs > 1
for the <610 m exposure scenarios.
Ideally, chronic HIs and cancer risk are estimated from a
large number of air samples that represent 24-h exposure. In
the summer of 2014, only the 72- to 96-h samples collected in
Boulder and Eastern Boulder County captured full 24-h
exposure periods. Because 24-h data was not available to
estimate chronic HIs and cancer risks for populations living in
close proximity to O&G facilities (i.e., 305 m),5 we used 3-h
and 1-min measurements as they were the best available to
estimate 24-h exposures for this scenario. However, the 1-min
and 3-h samples were collected mostly during the daytime and
do not represent the contribution of what are likely higher
nighttime ambient NMHC concentrations,15 even after the
TWA adjustment. This is likely the reason our chronic
cumulative HIs and cancer risks based on mean 72−96-h
sample results are greater than those based on TWA mean 1min and 3-h sample results for similar scenarios. This also
indicates that the HIs and cancer risks calculated from the 3-h
and 1-min samples are likely not overestimated because they
are an empirical estimate of local short-term concentrations of
these compounds.
Our ﬁndings are based on ambient air samples collected in
the summer of 2014 that may not capture temporal variations
in NMHC concentrations associated with O&G activities. For
example, NMHC concentrations likely diﬀer by season and will
vary in the future as O&G emission control technology evolves.
Existing studies suggest that winter levels of these pollutants are
higher because longer nights and cold daytime temperatures
keep the atmospheric boundary layer lower than that in
summer and thus increase NMHC concentrations near the
surface.12,68
G
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of VOC emissions from new and existing wells, storage tanks,
compressor stations, and glycol dehydrators.78 Colorado’s
revised Regulations 6 and 7 aim to reduce ozone precursor
and methane emissions from larger and newer O&G facilities
and could eliminate 93 500 tons of VOCs per year.78 Our
results provide further justiﬁcation for implementation of these
regulations because such regulations could also reduce
emissions of hazardous air pollutants such as benzene that
drive our risk estimates.
However, our risk results include both older and smaller
O&G facilities, and other studies indicate that older and smaller
O&G facilities could emit signiﬁcant levels of air pollutants that
are important contributors to health risk. Because Colorado
Regulations 6 and 7 are less stringent for older wells, controls
on small emitters (<6 tons VOCs per year), and temporary frac
tanks,78 they may not be suﬃciently protective for residents
living near these facilities. The NSPS OOOO is applicable only
to wells built or modiﬁed starting in 2015; the current United
States administration is seeking delay of implementation, and
the O&G industry is challenging the federal regulation in
court.77,79 A study in the Marcellus shale found that older well
sites generally had much high production normalized methane
emission rates than newer multiwell sites because of a range of
issues, including a lack of maintenance.80 Small emitters outside
the nonattainment area for zone are required under Regulation
7 to conduct monthly audio, visual, and olfactory (AVO)
inspections, and they are currently required to conduct only
one inspection with an approved instrument monitoring
method (e.g., an infrared [IR]camera capable of detecting
hydrocarbon and VOC emissions) over the lifetime of the
facility.81 Additionally, the regulations exempt storage tanks
from emission inspections and small emitters from emission’s
management plans.81 A recent analysis conducted with an
infrared camera in Boulder County, CO detected gas leaks at
65% of 145 inspected O&G sites, most of which were small
emitters developed prior to 2011. Ninety-two percent of the
detected gas leaks were at storage tanks, separators, or
wellheads, and at least 31% involved pneumatic devices or
equipment associated with them.82 Several studies have
implicated storage tanks, thief hatches, and pneumatic devices
as major sources of VOC emissions from O&G facilities.12,15,83−85 The Boulder County analysis found that only
2.5% of AVO inspections identiﬁed a gas leak, compared to
66% of inspections using an IR camera, indicating that in this
program monthly AVO inspections are not eﬀective in
detecting VOC emissions from leaking equipment.82 Intermittent and continuous bleed pneumatic devices may be a
signiﬁcant source of emissions even when operating properly.86
Zero-bleed pneumatic devices could also signiﬁcantly reduce
emissions.86 Ultimately, this means that the large number of
old, low producing, and insuﬃciently inspected O&G
operations could be a signiﬁcant source of air pollutant
emissions and related health risks.
While the magnitude of air pollutant emissions may vary by
region, these results also have implications for policies in other
O&G regions where homes are located near O&G facilities75,76
and NMHCs have been measured. Studies in regions of dense
O&G development in the Uintah basin, Marcellus Shale,
Barnett Shale, and Eagle Ford Shale have documented elevated
levels of NMHCs11,27,87,88 as well as increased risks for several
adverse health eﬀects.21−25 Risk assessments using air sampling
results speciﬁc to these regions could be useful for informing

Finally, exposure to other air pollutants, drinking water
contaminants, and nonchemical stressors (e.g., noise) associated with upstream O&G operations could further contribute
to the health risks estimated in this study. For example, alkanes
emitted from O&G operations contribute to approximately
20% of summertime photochemical ozone production along
the CNFR,69 and each 10 ppb increase in ozone may result in
an 2% increase in mortality.70 Ozone levels in several CNFR
cities exceed National Ambient Air Quality standards.71
To better understand health risks from air pollution
originating from O&G operations, systematic ongoing sampling
of NMHCs (especially BTEX), source tracers, and other air
pollutants such as formaldehyde, acetaldehyde, and polycyclic
aromatic hydrocarbons72,73 associated with O&G activities is
needed. Future research should focus on providing measured
and modeled exposure estimates of key risk drivers (e.g.,
BTEX) for populations living near O&G operations.74

■

POLICY IMPLICATIONS
Our results indicate that State regulatory setback distances (the
minimum distance an O&G wellhead may be located from a
home) and reverse setback distances (the minimum distance a
home may be located from an O&G wellhead) and related
municipal codes may not protect nearby residents from health
eﬀects resulting from air pollutants emitted from these facilities.
Setback distances between homes and other types of O&G
facilities (e.g., tank batteries, waste disposal sites, gathering
lines, compressor stations, etc.) have not been speciﬁed,6 and
very few municipal codes regulate the siting of homes near
existing O&G well sites.5,75,76 We found that Colorado
populations within 152 m of an O&G facility are more likely
to experience neurological, hematological, and developmental
health eﬀects from acute inhalation exposures to benzene and
alkanes. We also estimated cumulative lifetime excess cancer
risks for populations living within 610 m of an O&G facility
exceed USEPA’s upper threshold of 1 in 10 000.
Sources of air pollutants other than O&G facilities (e.g., non
O&G related traﬃc) likely partially contributed to the health
risks for all exposure scenarios. Nonetheless, our results
indicate that air pollutants from O&G facilities increasingly
contribute to the health risks as the distance from the nearest
O&G facility decreases. For the more than 380 000 people
along the CNFR estimated to be living within 1600 m of an
O&G well in 2014, we estimate an additional 17 to 27 cases of
cancer over a lifetime (70 years). We estimate that more than
50% of these additional cancers may occur in the population
living within 152 m of an O&G facility (Supporting
Information Table S11).
Our results could be useful in justifying and further scoping
of Colorado regulations on air emissions from O&G facilities.
In 2014, the Colorado Air Quality Control Commission fully
adopted EPA’s Standards of Performance for Crude Oil and
Natural Gas Production, Transmission, and Distribution (NSPS
OOOO) (40 C.F.R. Part 60, Subpart OOOO) into Colorado
Regulation Number 6 and adopted complementary O&G
emission control measures in Colorado Regulation Number
7.77,78 EPA’s NSPS OOOO stipulates that hydraulic fracturing
and well completion operations begun on or after January 1,
2015 and storage tanks must use control measures to reduce
VOC emissions.77 In 2016, the Colorado Department of Public
Health and Environment’s Air Pollution Control Division
implemented Regulation 7, which requires O&G operators to
ﬁnd and repair leaks and install devices to capture at least 95%
H

DOI: 10.1021/acs.est.7b05983
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

Policy Analysis

Environmental Science & Technology

(5) McKenzie, L. M.; Allshouse, W. B.; Burke, T.; Blair, B. D.;
Adgate, J. L. Population Size, Growth, and Environmental Justice Near
Oil and Gas Wells in Colorado. Environ. Sci. Technol. 2016, 50 (21),
11471−11480.
(6) Colorado Oil and Gas Conservation Commission. Rules and
Regulations. Denver, CO, 2015; http://cogcc.state.co.us/reg.html#/
rules.
(7) Colorado Oil and Gas Conservation Commission, Statement of
Basis, Speciﬁc Statutory Authority, and Purpose, New Rules and
Amendments to Current Rules of the Colorado Oil and Gas
Conservation Commission, 2 CCR 404−1. In 2 CCR Commission;
COGCC: 2013; http://cogcc.state.co.us/reg.html#/rules.
(8) McKenzie, L. M.; Witter, R. Z.; Newman, L. S.; Adgate, J. L.
Human Health Risk Assessment of Air Emissions from Development
of Unconventional Natural Gas Resources. Sci. Total Environ. 2012,
424, 79−87.
(9) Collett, J. L.; Arsineh, H. North Front Range Oil and Gas Air
Pollutant Emission and Dispersion Study; Colorado State University:
Fort Collins, CO, 2016.
(10) Collett, J. L.; Pierce, J.; Arsineh, H.; Clements, A.; Shonkwiler,
K.; Yong, Z.; Desyaterik, Y.; MacDonald, L.; Wells, B., Hilliard, N.;
Tigges, M.; Bibeau, B.; Kirk, C. Characterizing Emissions from Natural
Gas Drilling and Well Completion Operations in Garﬁeld County, CO;
Colorado State University: Fort Collins, CO, 2016.
(11) Helmig, D.; Thompson, C.; Evans, J.; Park, J.-H. Highly
Elevated Atmospheric Levels of Volatile Organic Compounds in the
Uintah Basin, Utah. Environ. Sci. Technol. 2014, 48, 4707−4715.
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policies aimed at reducing health risks associated with O&G
facilities for nearby populations.
This study provides further evidence that populations living
nearest to O&G facilities bear the greatest risk of acute and
chronic health risk from exposures to NMHC air pollutants
emitted from upstream O&G facilities. Therefore, this analysis
supports and highlights the importance of policies aimed at
reducing or eliminating air emissions from O&G equipment
and facilities, particularly those near homes, and eﬀective
monitoring of emissions from these facilities.
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ARTICLE I
GENERAL PROVISIONS

Section 1.01 Short Title
This Chapter shall be known and cited as the Gas Drilling and Production
Chapter.
Section 1.02 Purpose
The exploration, development, and production of gas in the City is an activity that
necessitates reasonable regulation to ensure that all property owners, mineral and
otherwise, have the right to peaceably enjoy their property and its benefits and revenues.
It is hereby declared that the purpose of this Ordinance is to establish reasonable and
uniform limitations, safeguards, and regulations for present and future operations on
private and public property that will serve as minimum standards for the exploring,
drilling, developing, producing, transporting, and storing of gas and other substances
produced in association with gas within the City to protect the health, safety, and general
welfare of the public; minimize the potential impact to private and public property and
mineral rights owners; protect the quality of the environment; and encourage the orderly
production of available mineral resources.
This Chapter will be considered minimum standards for private and public
property. The City Council may approve permits, leases, and other documents pertaining
to private and public property that contain provisions that modify the minimum standards
in this Chapter to further protect the public health, safety, and general welfare of the
public.
To the extent that any provision of this Ordinance might be inconsistent or in
conflict with the specific provisions of any other Ordinance of the City of Arlington, this
Ordinance shall control with regard to the conflict.
(Amend Ord 11-068, 12/6/11)

ARTICLE I - 1
(Amend Ord 11-068, 12/6/11)
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ARTICLE II
DEFINITIONS

Section 2.01 Definitions
All technical industry words or phrases related to the drilling and production of
gas wells not specifically defined in this Ordinance shall have the meanings customarily
attributable thereto by prudent and reasonable gas industry Operators. The following
words, terms, and phrases, when used in this Ordinance, shall have the meanings ascribed
to them in this section, except where the context clearly indicates a different meaning:
Abandonment. “Plugging” as defined by the RRC and includes the plugging of the well,
abandoned or otherwise, and the restoration of any drill site(s) as required by this
Ordinance.
Ambient noise level. The all encompassing noise level associated with a given
environment, being a composite of sounds from all sources at the location, constituting
the normal or existing level of environmental noise at a given location.
API. American Petroleum Institute.
Building. Any structure. The structure may serve for the support, shelter, or enclosure
or partial enclosure of persons, animals, chattels, or movable property of any kind
including pools.
Building Official. The officer or other designated authority charged with administration
and enforcement of this Chapter, or the Building Official’s duly authorized
representative.
Church. A facility or area for people to gather together for public worship, religious
training, or other religious activities including a temple, mosque, synagogue, convent,
monastery, or other structure, together with its accessory structures, including a
parsonage or rectory. This use does not include home meetings or other religious
activities conducted in a privately occupied residence.
City. The City of Arlington.
City Code. The Code of the City.

ARTICLE II - 1
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City Attorney. The City Attorney of the City.
City Manager. The City Manager of the City or his/her designee.
Closed Loop Mud System. A series of above-ground tanks used to store, process, and
recycle drilling mud, cuttings, and other fluids. This system is used in place of the
traditional earthen pits at a drilling operation.
Completion. The process or stage of finishing a well so that it is ready to produce natural
gas.
Daytime. The period from 7:00 a.m. to 6:00 p.m. Central Standard Time and 7 a.m. to 8
p.m. Central Daylight Saving Time.
Decibel (dB). A unit of measurement of noise intensity. The measurements are based on
the energy of the sound waves, and the units are logarithmic.
Drilling. Digging or boring a new well for the purpose of exploring for, developing or
producing gas or other hydrocarbons, or for the purpose of injecting gas, water, or any
other fluid or substance into the earth.
Drilling Equipment. The derrick, together with all parts of and appurtenances to such
structure, every piece of apparatus, machinery or equipment used or erected or
maintained for use in connection with drilling.
Drill site. The premises used during the drilling, completion, or re-working of a well or
wells located there or any associated operation.
Drilling Zone. The area contained within the smallest single circle or polygon that
encloses the outside dimensions of all the wells on the drill site.
Exploration. Geologic or geophysical activities, including seismic surveys, related to the
search for gas or other subsurface hydrocarbons.
EPA. Environmental Protection Agency.
FEMA. Federal Emergency Management Agency.
Fire Chief. The Chief of the Fire Department of the City.
Fire Department. The Fire Department of the City.

ARTICLE II - 2
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Fire Code. The International Fire Code as amended by the City of Arlington Fire
Chapter to the extent not in direct conflict with current or future federal and state law or
regulations including the Texas Railroad Commission, Texas Commission on
Environmental Quality or successor entities.
Fire Inspector. A Fire Prevention and Life Safety Inspector of the Fire Department, or
other designee of the Fire Chief that enforces this Chapter or the Fire Code.
FIRM. Flood Insurance Rate Map.
Flowback. The process of allowing fluids to flow from the well following a treatment,
either in preparation for a subsequent phase of treatment or in preparation for cleanup and
returning the well to production.
Fracture Stimulate (Frac). To inject water, steam, gas, or other substances into a well to
improve hydrocarbon recovery.
Gas. Any fluid, either combustible or noncombustible, which is produced in a natural
state from the earth and which maintains a gaseous or rarefied state at standard
temperature and pressure conditions and/or the gaseous components or vapors occurring
in or derived from petroleum or natural gas.
Gas well or well. Any well drilled, to be drilled, or used for the intended or actual
production of natural gas or other hydrocarbons.
Hospital. A facility or area for providing health services primarily for human in-patient
medical or surgical care for the sick or injured and including related facilities such as
laboratories, out-patient departments, training facilities, central services facilities, and
staff offices that are an integral part of the facilities.
Inspector. The Gas Well Inspector, Building Official designee, Gas Well Coordinator,
Fire Chief designee, or other designee of the City Manager of the City that enforces this
Chapter.
NFPA. National Fire Protection Association.
Nighttime. The period between 6:00 p.m. and 7:00 a.m. Central Standard Time and 8
p.m. to 7 a.m. Central Daylight Saving Time.
Operator. For each well, the person listed on the appropriate City application forms for a
gas well that is, or will be, actually in charge and in control of drilling, maintaining,
completing, operating, pumping or controlling any well, including, without limitation, a
unit Operator. If the Operator, as herein defined, is not the lessee under a gas lease of

ARTICLE II - 3
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any premises affected by the provisions of this Ordinance, then such lessee shall also be
deemed to be an Operator. In the event that there is no gas lease relating to any premises
affected by this Ordinance, the owner of the fee mineral estate in the premises shall be
deemed an Operator.
P&DS. Planning and Development Services Department. (Amend Ord 19-008, 3/19/19)
Person. An individual, firm, partnership, corporation, company, association, joint stock
association, or body politic; and includes a trustee, receiver, assignee, administrator,
executor, guardian, or other representative.
Persons. Every person, firm, co-partnership, association, partnership, corporation or
society; and includes both singular and plural and the masculine shall include the
feminine gender.
Protected Use. A residence, religious institution, hospital building, medical and dental
office, nursing home, personal care facility, supervised living facility, public or private
school, day care, or public park.
Public Parks, Playground, or Golf Course. A facility or area for recreational, cultural or
aesthetic use owned or operated by a public agency and available to the general public.
This definition may include, but is not limited to, lawns, decorative planting, walkways,
active and passive recreation areas, playgrounds, fountains, swimming pools, wooded
areas, and water courses.
Public or Private School. An educational institution, attendance at which satisfies the
compulsory education laws of the State or a facility or area for pre-kindergartens,
kindergartens, elementary, or secondary education supported by a public, church, or
private organization. This definition may include after public or private school and
summer programs that coincide with the age brackets for public or private schools.
RRC. The Railroad Commission of Texas or successor entity.
Re-drill. Re-completion of an existing well by deepening or sidetrack operations
extending more than one hundred fifty (150) feet from the existing well bore.
Residence. A house, duplex, apartment, townhouse, condominium, mobile home, or
other building intended for dwelling purposes, whether occupied or not, including those
for which a building permit has been issued prior to the date an application for a Gas
Well Permit is filed with the Inspector.
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Re-work. To restore production when it has fallen off substantially or ceased altogether
through clean out, re-completion, or re-entry of an existing well, or the replacement of
well liners, tubing, or casing.
Right-of-way (ROW). Any area of land within the City that is acquired by, dedicated to,
or claimed by the City in fee simple, by easement, by prescriptive right, or other interest
and that is expressly or impliedly accepted or used in fact or by operation of law as a
public roadway, sidewalk, alley, utility, drainage, or public access easement or used for
the provision of governmental services or functions. The term includes the area on,
below, and above the surface of the public ROW. The term applies regardless of whether
the public ROW is paved or unpaved.
Salt Water Disposal Well. A well used for the purpose of injecting produced or flowback
water back into the ground.
Seismic Survey. An exploration method in which low frequency sound waves are
generated on the surface to find subsurface rock structures that may contain
hydrocarbons. Interpretation of the survey record can reveal possible hydrocarbonbearing formations.
State. The State of Texas.
Street. Any public thoroughfare dedicated to the public use and not designated as an
alley or private access easement.
Tank. A container, covered or uncovered, used in conjunction with the drilling or
production of gas or other hydrocarbons for holding or storing fluids.
TCEQ. Texas Commission on Environmental Quality.
Technical advisor. Such person(s) familiar with and educated in the gas industry or the
law as it relates to gas matters that may be retained from time to time by the City.
Well servicing rig. Equipment and machinery assembled primarily for the purpose of
any well work involving pulling or running tubulars or sucker rods, to include but not be
limited to redrilling, completing, recompleting, workover, and abandoning operations.
(Amend Ord 19-008, 3/19/19)
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ARTICLE III
INSPECTOR/COORDINATOR

Section 3.01 Inspector/Coordinator
A.

The City Manager shall designate officials who shall enforce the provisions of
this Chapter. The City Manager may retain Gas Inspector(s) and hereby
designates the Building Official, Fire Chief and other City Inspectors as needed to
enforce this Chapter. Any independent contractor Inspector shall have a degree in
petroleum engineering with experience in drilling and production of natural gas or
demonstrate a proven background in the drilling, production, and operation of
natural gas development, drilling, and production. The Inspector shall have the
authority to issue any orders or directives required to carry out the intent and
purpose of this Chapter and its particular provisions. Failure of any person to
comply with any such order or directive shall constitute a violation of this
Ordinance.

B.

The Inspector shall have the authority to enter and inspect any premises covered
by the provisions of this Ordinance to determine compliance with the provisions
of this Chapter and all applicable laws, rules, regulations, standards, or directives
of the State. Failure of any person to permit access to the Inspector shall
constitute a violation of this Chapter. The Inspector may conduct periodic
inspections of all permitted wells in the City to determine that the wells are
operating in accordance within proper safety parameters as set out in this Chapter
and all regulations of the RRC.

C.

The Inspector shall have the authority to request and receive any records,
including any records sent to the RRC, reports and the like, relating to the status
or condition of any permitted gas well necessary to establish and determine
compliance with the applicable Gas Well Permit. Failure of any person to provide
any such requested material shall be deemed a violation of this Ordinance.

D.

The Inspector shall have the authority to allow equivalent alternatives to the
technical standards of this Ordinance if the Operator has demonstrated to the
Inspector’s satisfaction that the alternatives provide equal or greater protection of
the environment and the public.
To determine the acceptability of as equivalent technologies, processes, products,
facilities, materials and uses as they pertain to gas matters, the Inspector is
authorized to require the Operator to provide, without charge to the City, a
technical opinion and report. The opinion and report shall be prepared by a
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qualified engineer, specialist, laboratory or specialty organization acceptable to
the Inspector. The opinion and report shall analyze the properties of the
technology, process, product, facility, material, or use and provide a
recommendation as to its applicability in the Operator’s particular set of
circumstances. The Inspector is authorized to require design submittals to be
prepared by, and bear the stamp of, a registered design professional.
E.

The Inspector shall have the authority to require the use of soundproofing
methods to ensure compliance with the noise restrictions required by this
Ordinance.

(Amend Ord 11-068, 12/6/11)
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ARTICLE IV
AGENT

Section 4.01 Operator's Agent
Every Operator of any gas well shall designate an agent upon whom all orders and
notices provided in this Ordinance may be served in person or by registered or certified
mail. Every Operator so designating such agent shall, within ten (10) days, notify the
Inspector in writing of any change in such agent or such mailing address unless
operations within the City are discontinued.
(Amend Ord 11-068, 12/6/11)
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ARTICLE V
GAS WELL PERMITS

Section 5.01 Gas Well Permit Required
A.

Approval of a specific use permit is required before a Gas Well Permit can be
obtained from the City. The specific use permit shall establish the location of the
drilling zone, and plans for fencing and landscaping. The specific use permit may
address reductions in setbacks in accordance with Section 7.01.B.

B.

It shall be an offense for any person acting either for himself or acting as agent,
employee, independent contractor, or servant for any person to drill any well,
assist in any way in the site preparation, re-working, completion, or operation of
any such well or to conduct any activity related to the production of gas without
first obtaining a Gas Well Permit, or other appropriate permit in addition to a Gas
Well Permit, issued by the City in accordance with this Ordinance. Activities
include, but are not limited to re-working, initial site preparation, drilling,
operation, construction of rigs or tank batteries, and fracturing. A permit shall be
required for seismic surveys on public property. Written notice must be given to
the Inspector no less than five business (5) days before the activities begin.

C.

A Gas Well Permit shall not constitute authority for the re-entering of an
abandoned well. An Operator must obtain a new Gas Well Permit in accordance
with the provisions of this Ordinance prior to drilling, re-working, or re-entering
an abandoned well.

D.

When a Gas Well Permit has been issued to the Operator for the drilling, redrilling, deepening, re-entering, activating, or converting of a well, such Gas Well
Permit shall constitute sufficient authority for drilling, completion, operation,
production gathering, or production maintenance, repair, re-working, testing,
plugging, and abandonment of the well and/or any other activity associated with
mineral exploration at the site of such well, provided, however, that a new or
supplemental permit shall be obtained before such well may be reworked for
purposes of re-drilling, deepening, or converting such well to a depth or use other
than that set forth in the then current permit for such well.

E.

Any person who intends to re-work a permitted well using a drilling rig, or to
recomplete or frac a permitted well after initial completion or to conduct seismic
surveys or other exploration activities, shall give written notice to the Inspector
no less than five business (5) days before the activities begin. The notice must
identify where the activities will be conducted and must describe the activities in
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detail, including whether explosive charges will be used, the duration of the
activities and the time the activities will be conducted. The notice must also
provide the address and 24-hour phone number of the person conducting the
activities. The person conducting the activities will post a sign on the property
giving the public notice of the activities, including the name, address and 24-hour
phone number of the person conducting the activities. If the Inspector determines
that an inspection is necessary, the Operator will pay the City for the inspection.
The following requirements shall apply to all fracing operations performed on a
well: 1) at least five (5) business days before operations commence, the Operator
shall post a sign at the entrance of the drill site advising the public of the date the
operations will commence; and 2) at no time shall the well be allowed to flow or
vent directly to the atmosphere without first directing the flow through separation
equipment or into a portable tank.
The following requirements shall apply to all flowback operations performed on a
well: 1) the Operator shall give written notice to the Inspector no less than five (5)
business days before flowback operations will be conducted; 2) flowback
operations to recover fluids used during fracing may be performed 24 hours per
day and seven days per week; 3) truck traffic shall be permitted only during
daytime, non-restricted hours; and 4) all other requirements must be followed.
In addition to the notices required above, for all gas well drilling zones within six
hundred (600) feet of a protected use, after April 1, 2019, the Operator shall give
written notice to all residents living within one thousand, three hundred twenty
(1,320) feet of a drilling zone no less than five (5) business days before
conducting the following operations at a gas well on site: drilling, fracing,
flowback, or re-working operations that require the use of a well servicing rig.
(Amend Ord 19-008, 3/19/19)
F.

A Gas Well Permit shall automatically terminate, unless extended, if drilling is
not commenced within one hundred eighty (180) days from the date of the
issuance of the Gas Well Permit; provided, however, that said Gas Well Permit is
administratively approved. An initial Gas Well Permit approved concurrently
with a new Specific Use Permit or an amended Specific Use Permit establishing a
drilling zone shall automatically terminate, unless extended, if drilling is not
commenced within two (2) years from the date of the issuance of the initial Gas
Well Permit(s). If that gas well has not been drilled within the first year of the
term, the Operator shall hold a public meeting with all residents within one
thousand, three hundred twenty (1,320) feet of the established drilling zone for the
purpose of informing the public of its drilling schedule prior to commencement of
drilling. (Amend Ord 19-008, 3/19/19)
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A Gas Well Permit may be extended by the Inspector for an additional one
hundred eighty (180) days upon request by the Operator, proof that the specifics
of the issued Gas Well Permit have not changed, and payment of an extended
permit fee.
G.

The Gas Well Permits required by this Ordinance are in addition to and are not in
lieu of any permit that may be required by the Unified Development Code, the
Fire Code or any other provision of this Code, or by any other governmental
agency. (Amend Ord 19-008, 3/19/19)

H.

No Gas Well Permit shall be issued for any well to be drilled within any
floodway, as defined in the Flood Damage Prevention chapter of the City’s Code
of Ordinances, and as identified by FEMA on the most current FIRM. Tanks and
equipment located in any floodplain must also meet the minimum requirements of
the Flood Damage Prevention chapter.

I.

A Gas Well Permit shall not be issued for any well to be drilled until the Operator
has paid a road damage fee, as established by resolution from time to time by the
City Council and the most current resolution is incorporated herein for all
purposes. The road damage fee shall be paid by the Operator to the City prior to
the commencement of any activity under the Gas Well Permit. The road damage
fee is based on the Road Damage Assessment Study prepared for the City, as
amended, and available with P&DS. The road damage fee shall be calculated
based on the access lane miles for the appropriate road type, the assessment per
lane mile, and the number of lane miles included in each gas well permit
application. Replacement costs for asphalt and/or concrete road segments shall be
determined from current cost per square yard of road surface material, including
installation and labor. (Amend Ord 19-008, 3/19/19)

J.

By acceptance of any Gas Well Permit issued pursuant to this Ordinance, the
Operator expressly stipulates and agrees to be bound by and comply with the
provisions of this Ordinance. The terms of this Ordinance shall be deemed to be
incorporated in any Gas Well Permit issued pursuant to this Chapter with the
same force and effect as if this Ordinance was set forth verbatim in such Gas Well
Permit. The Gas Well Permit shall also include any stipulations or conditions
added as part of the approved zoning for the site.

K.

All requirements for permit approval shall comply with applicable state or federal
laws, rules or regulations. The requirements of this Article shall be interpreted
and applied in accordance with all applicable state or federal laws, rules and
regulations.
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Section 5.02 Gas Well Permit Application and Filing Fees
A.

Every application for a Gas Well Permit issued pursuant to this Ordinance shall
be in writing signed by the Operator, or some person duly authorized to sign on
his behalf, and filed with the Inspector.

B.

Every application shall be accompanied by a non-refundable permit fee. The
permit fee shall be set by resolution of the Arlington City Council and amended
from time to time and the most current resolution is incorporated herein for all
purposes. The Operator, in addition to the usual application fee, shall pay the
City an inspector fee in an amount set by resolution of the Arlington City Council
for the services of an inspector and/or technical expert to review the application
and/or information supplement, and for the services of staff personnel to perform
ongoing inspection and ensure the Operator’s compliance with this Chapter.
Additional services the City incurs for services of an inspector and/or technical
expert shall be paid by the Operator at the standard hourly rate plus expenses.

C.

The application shall include the following information:
1.

All application fees and other fees required by this Chapter

2.

Completed and signed application form containing at least the following
information:
a.

Date of the application

b.

Proposed well name

c.

Surface owner names(s) and address(es) of the drill site

d.

Mineral Lessee name and address

e.

Applicant/Operator name and address and if the Operator is a
corporation, the state of incorporation, address, officer’s names
and addresses, registered agent and address and Articles of
Incorporation; and if the Operator is a partnership, the names and
addresses of the general and limited partners. Copies of any
“Doing Business As” filings.

f.

Name and address of individual designated to receive notice

g.

Name of Operator representative with supervisory authority over
all gas drill site activities and a 24-hour phone number
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3.

h.

The name, address and 24-hour phone number of the person to be
notified in case of an emergency

i.

The exact acreage of the drill site and number of wells included in
the Gas Well Permit application.

j.

A legal description of the surface property with lot/block
information or abstract and survey.

k.

A notarized statement signed by the Operator, or designated
representative, that the information submitted with the application
is, to the best knowledge and belief of the Operator or designated
representative, true and correct.

The site plan shall include the following information:
a.

Map showing proposed transportation routes and roads for
equipment, supplies, chemicals or waste products used or produced
by the gas operation. The map shall include a list of the length of
all public roads that will be used for site ingress and egress. The
map shall also show the location of any areas to be used for truck
staging or storage related to the drill site.

b.

Aerial exhibit showing the location and description of all buildings
within 600 feet of the drilling zone. Include setback reduction
support letters if a protected use is within 600 feet of the drilling
zone.

c.

A site plan of the proposed drill site showing the location of all
improvements and equipment, including the location of the drilling
zone and the proposed well(s) and other facilities, including, but
not limited to, fire hydrants proposed to supply water to the site,
tanks, storage tanks, pipelines, fencing, lights, floodways,
compressors, separators and storage sheds. Indicate proposed
pipeline routes on the plan and the water storage proposal for
facing.

d.

A detailed site plan that includes specific details to the projected
location of the major components of the drilling site, impacted
vegetation, creeks and other topographic features, adjacent
buildings and other structures and the measured distance from the
drill site to these buildings and structures, temporary and
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permanent fencing and landscaping.
Provide distance
measurements and general ordinal direction, from drilling zone to
the nearest residence, school and park.
4.

A description of public utilities required during drilling and operation.

5.

A site plan showing fire protection for the site, which shall include public
or private hydrants, or indicate an alternate means of fire protection.

6.

A detailed site plan of the proposed drill site to include the location of the
fire hydrant(s) or reclaimed water connections proposed to supply water to
the site; an estimate of the total volume of water desired; and the
approximate dates the water supply will be needed on site. Indicate on the
plan the water source proposed for both the drilling and fracing stages. A
copy of the approved water site plan shall accompany any request for a
temporary construction meter. Drilling within 2,000 feet of a reclaimed
water line requires connection to reclaimed water line for fracing purposes
unless Operator demonstrates that use of reclaimed water is not
economically feasible.

7.

A copy of any Stormwater Pollution Prevention Plan required by the EPA
or City. A copy of the notice of intent shall be submitted to P&DS five (5)
days prior to the commencement of any onsite activity. (Amend Ord 19008, 3/19/19)

8.

An accurate legal description of the lease property to be used for the gas
operation, the parcel and the production unit and name of the geologic
formation as used by the RRC. Property recorded by plat should reference
subdivision, block and lot numbers.

9.

A copy of the determination by the TCEQ of the depth of useable quality
ground water.

10.

The insurance and security requirement documents required under this
Chapter. An original of the bond or letter of credit shall be submitted.

11.

An Emergency Action Response Plan establishing written procedures to
minimize any hazard resulting from drilling, completion, or production of
gas wells. Said plan shall use existing best practices regarding protection
of the public and be consistent with laws and regulations of the Fire Code,
NFPA, RRC, TCEQ, API, Department of Transportation, and/or the
Environmental Protection Agency. The Emergency Action Response Plan
shall be kept current with any additions, modifications, and/or
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amendments concerning all construction related activities, natural gas
operations and natural gas production. Updated plans shall be submitted
to the Inspector within five (5) business days after any additions,
modifications, and/or amendments to said plan(s). A copy of the
emergency response plan shall be kept on site. At a minimum, the
emergency response plan shall provide for:
a.

Prompt and effective response by the Operator to emergencies
regarding leaks or releases that can affect public health, safety and
welfare; fire or explosions at or near a gas well; and natural
disasters and severe weather.

b.

Effective means to notify and communicate required and pertinent
information to local fire, police and public officials during an
emergency.

c.

The availability of personnel, equipment, tools and materials as
necessary at the scene of an emergency.

d.

Measures to be taken to reduce public exposure to injury and the
probability of accidental death or dismemberment.

e.

Emergency shutdown of a gas well and related site.

f.

The safe restoration of service and operations following an
emergency or incident.

g.

A follow-up incident investigation to determine the cause of the
incident and require the implementation of corrective measures.

h.

An emergency notifications page that indicates all emergencies
must be reported to the Fire Department at 911 and to P&DS.
(Amend Ord 19-008, 3/19/19)

i.

Drive-to-maps from public rights-of-way to the drill site.

12.

A Hazardous Materials Management Plan, prepared in accordance with
the Fire Code, shall be submitted and be on file with the Fire Department
and the Inspector.

13.

A copy of the pre-drilling ambient noise level report. The report shall
reference the site, include dates the test was performed, identify the testing
equipment used and where it was placed for testing, and include results.
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14.

D.

A Site Restoration Plan shall be submitted with the initial gas well permit
on an approved site. At a minimum, this plan shall document the
following:
a.

The existing conditions of the property prior to drilling activity,
including site photographs.

b.

A detailed description of site restoration methods that will ensure
the site is restored to pre-development conditions, including site
grading, vegetative restoration, and abandonment of any
equipment or facilities.

Any final plans or other documents required by this Chapter that will be archived
must be submitted in an electronic format specified by the P&DS Director as a
condition to issuance of any type of permit, approval, or other action related to the
final plans or documents. The City may provide an electronic conversion service
for a fee in the amount set forth by City Council resolution. The P&DS Director
shall provide a schedule indicating which documents must be provided
electronically, at which point during the approval process, and other information
as necessary to implement an electronic archiving program. (Amend Ord 19-008,
3/19/19)

Section 5.03 Gas Well Permit Review Procedure
A.

Gas Well Permit shall be required if proposed well is to be located within the City
limits or extraterritorial jurisdiction on private or public property.

B.

It is the responsibility of the Inspector to review and approve or disapprove all
applications for gas well drilling permits based on the criteria established by this
Ordinance. The Inspector, within 30 days after the filing of a completed
application for the first well on a site and remittance of all fees, insurance and
security per the requirements of this Ordinance for a Gas Well Permit, shall
determine whether or not the application complies in all respects with the
provisions of this Ordinance and shall determine if the proposed well to be drilled
or the facility to be installed is in compliance with the distance requirements for
the requested Gas Well Permit.

C.

The provisions of this Ordinance shall apply to any dwellings or buildings for
which an application for a building permit has been submitted on the date the
application for a Gas Well Permit is filed with the Inspector.
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D.

The Gas Well Permit for the initial well(s) for a drill site must be approved by the
City Council. After April 1, 2019, all initial Gas Well Permits shall be applied for
concurrently with an application for a new Specific Use Permit or an amended
Specific Use Permit establishing a drilling zone. After the initial well(s) are
permitted, any future wells proposed for the same site may be approved by the
P&DS Director, provided such future wells are to be drilled on and within the
approved drilling zone and no deviations from any standards are requested by the
Operator. Any wells proposed to be drilled outside the drilling zone will require
an amendment to the approved zoning. In addition, the permits may not amend
any site conditions established in the approving SUP.
The P&DS Director may, at their discretion, submit a Gas Well Permit at any
stage to the City Council for approval or review if the Operator for the specific
site has been convicted of a total of two (2) or more violations of this Chapter or
any combination of this chapter, the Unified Development Code or the Fire Code
within a twelve- (12) month period. (Amend Ord 19-008, 3/19/19)

E.

Within forty-five (45) days of the Inspector’s determination that the initial well
application complies with all requirements, the Inspector shall schedule the matter
for a public hearing and give notice by mail of the time, place and purpose thereof
to the applicant and any other party who has requested in writing to be so notified.
The forty-five (45) day period shall not begin to run until the Inspector has made
a determination that the application complies with all requirements.

F.

No more than thirty (30) days prior to the date of the public hearing before City
Council for a Gas Well Permit under this Ordinance, Operator shall publish a
copy of the notice as outlined below, at Operator’s expense, in one issue of a daily
newspaper of the City for ten (10) consecutive days. The notice shall read as
follows:
Notice is hereby given that, acting under and pursuant to the Ordinances
of the City of Arlington, Texas, on the _____ day of _____ 20___,
___________________ filed with the Inspector of the City of Arlington,
an application for a Gas Well Permit to drill, complete and operate a well
for gas upon property located at ________________________,
___________________ County, Arlington, Texas, more particularly
shown on the map of record in Volume ____, Page __, Plat records of
_____County, Texas or per Tax Tract Number ____, _____County, Texas.
The City Council will conduct a public hearing on the request for said
permit on the _____ day of ___________, 20___ at _____o’clock __.m. in
the City Council Chambers located at 101 West Abram Street, Arlington,
Texas.
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G.

No more than thirty (30) days prior to the date of the public hearing before the
City Council for a Gas Well Permit under this Ordinance, the City shall notify
each surface owner of property, as shown by the current tax roll, within one
thousand, three hundred twenty (1,320) feet of the approved SUP boundary. The
notice shall specify the time, date and location of the public hearing. Such notice,
as outlined below, shall be by depositing the same, properly addressed and
postage paid, in the United States mail. Notice shall be sent to all registered
neighborhood associations within one mile of the proposed drill site. (Amend
Ord 19-008, 3/19/19)

H.

No more than thirty (30) days prior to the date of the public hearing before the
City Council, the Operator shall hold a public meeting with property owners,
residents and neighborhood associations. The purpose of the meeting is to give
residents an opportunity to review information related to the gas drilling permit
request and to ask questions about the project. The Operator shall be responsible
for notice of the public meeting, arranging for a meeting place and conducting the
meeting. Notice shall be made by depositing the same, property addressed and
postage paid, in the United States mail. Each notice shall include the date, time
and place of the meeting, and must be mailed at least ten (10) days prior to the
meeting to all surface owners within six hundred (600) feet of the approved SUP
boundary and to all registered neighborhood associations within one (1) mile of
the SUP boundary. The Operator shall provide the Inspector a copy of the notice
at least five (5) business days prior to the meeting date. A summary of the
meeting and a copy of the sign-in sheets for the meeting must be submitted to the
Inspector within five (5) business days after the meeting.

I.

At least twenty (20) days prior to the date of the public hearing before City
Council for a Gas Well Permit the Operator shall, at Operator's expense, erect at
least one sign, no less than two (2) feet by three (3) feet, upon the premises upon
which a Gas Well Permit has been requested. Where possible, the sign or signs
shall be located in a conspicuous place or places upon the property at a point or
points nearest any ROW, street, roadway or public thoroughfare adjacent to such
property.
1.

The sign(s) shall indicate that a Gas Well Permit(s) has been requested,
and indicate that additional information can be acquired by calling the
phone number listed on the sign.

2.

The continued maintenance of any such sign(s) shall not be deemed a
condition precedent to the holding of any public hearing or to any other
official action concerning this Ordinance.
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3.

Any sign(s) shall be removed by the Operator or applicant within five (5)
days of final action by the City Council.

4.

City personnel will install the required sign upon request of the Operator
and after Operator’s payment of a sign installation fee in an amount set by
resolution of the Arlington City Council

J.

All notice provisions contained herein shall be deemed sufficient upon substantial
compliance with this section.

K.

After a Gas Well Permit application is submitted, the Inspector shall evaluate the
public impact of the proposed activity. The Inspector shall consider the proposed
site and the proposed operations or drilling program and shall draft recommended
restrictions or conditions, including minimum separation distance for drilling or
other operations, special safety equipment and procedures, recommended noise
reduction levels, screening, and any other requirements the Inspector deems
appropriate. The recommendation shall be submitted to the City Council for
consideration prior to the public hearing.

L.

At the public hearing and before the City Council considers the merits of the
application and the recommendations of the Inspector, the applicant/Operator
shall provide evidence of a certificate of publication establishing timely
publication of the notice of the hearing, that timely actual notice of the hearing
was given to all persons as required by this Ordinance and that the
applicant/Operator has otherwise complied with or satisfied all other requirements
of this Ordinance, including full and complete compliance with the insurance and
security requirements.

M.

The burden of proof on all matters considered in the hearing shall be upon the
applicant/Operator.

N.

The City Council shall review the application and any other related information.
The City Council shall consider the following in deciding whether to grant an
initial Gas Well Permit at a new drilling location:
1.

Whether the operations proposed are reasonable under the circumstances
and conditions prevailing in the area considering the particular location
and the character of the improvements located there;

2.

Whether the drilling of such wells would conflict with the orderly growth
and development of the City;

3.

Whether there are other alternative drill site locations;
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4.

Whether the operations proposed are consistent with the health, safety and
welfare of the public when and if conducted in accordance with conditions
imposed by the Gas Well Permit;

5.

Whether the impact upon the adjacent property and the public by
operations conducted in compliance with the Gas Well Permit conditions
are reasonable and justified, balancing the following factors:
a.

The right of the owners(s) of the mineral estate to explore,
develop, and produce the minerals; and

b.

The availability of alternative drill sites.

O.

The City Council may require an increase in the distance the well is set back from
any protected use or require any change in operation, plan, design, layout, or any
change in the on-site and technical regulations in Section 7.01 of this Ordinance,
including fencing, screening, lighting, delivery times, noise levels, tank height, or
any other matters reasonably required by public interest.

P.

In making its decision, the City Council shall have the power and authority to
refuse any Gas Well Permit to drill any well at any particular location within the
City, when by reason of such particular location and other characteristics, the
drilling of such wells at such particular location would be injurious to the health,
safety or welfare of the inhabitants in the immediate area of the City.

Q.

The City Council may accept, reject or modify the application in the interest of
securing compliance with this Ordinance, the City Code and/or to protect the
health, safety and welfare of the community.

R.

If the Operator elects not to accept the Gas Well Permit under the terms and
conditions imposed by the City Council and wishes to withdraw his application,
the Operator must notify the Inspector in writing of his decision.

S.

A copy of the approved RRC permit to drill and the corresponding Form W-1, P12, and survey plat for each well must be submitted prior to the issuance of the
gas well permit.

Section 5.04 Denial of Gas Well Permit Application
A.

If the P&DS Director or designee denies a Gas Well Permit application for
reasons other than lack of required distance as set out in this Ordinance for the
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requested Gas Well Permit, he shall notify the Operator in writing of such denial
stating the reasons for the denial. Within thirty (30) days of the date of the
written decision of the Inspector to deny the Gas Well Permit, the Operator may:
1) cure those conditions that caused the denial and resubmit the application to the
Inspector for approval; or 2) file an appeal to the City Council under the
provisions outlined in this Ordinance pursuant to Section 9.01, Appeals of this
Ordinance. (Amend Ord 19-008, 3/19/19)
B.

If the P&DS Director or designee determines that all of the provisions of this
Ordinance have been complied with by the Operator but that the proposed drill
site does not comply with the distance requirements of this Ordinance under the
requested Gas Well Permit, the Inspector shall notify the Operator. The Operator
may revise the permit to comply or the Inspector shall notify the official
designated by the City Manager and the official shall place the request for a Gas
Well Permit under this Ordinance on the City Council agenda for public hearing
within the next forty-five (45) days. (Amend Ord 19-008, 3/19/19)

Section 5.05 Amended Gas Well Permits
A.

An Operator may submit an application to the Inspector to amend an existing Gas
Well Permit to relocate a drill site that is shown on (or incorporated by reference
as part of) the existing Gas Well Permit, or to otherwise amend the existing Gas
Well Permit. Any change to a permit, which includes all provisions in the entire
application packet of documents, must also go through the amended well permit
process, e.g., change in Operator, transfer of lease, amended RRC permit, or
pipeline routing. An Operator must submit an application to commence drilling
from a new drill site that is not shown on (or incorporated by reference as part of)
an existing Gas Well Permit.

B.

Applications for amended Gas Well Permits shall be in writing, shall be signed by
the Operator, and shall include the following:
1.

A non-refundable permit fee as approved by resolution of the Arlington
City Council. The Applicant/Operator, in addition to the usual application
fee, shall pay the City for the actual cost to the City for the services of an
inspector and/or technical expert to review the application and/or
information supplement;
Additional services the City incurs for services of an inspector and/or
technical expert shall be paid by the Operator.

2.

A description of the proposed amendments;
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3.

Any changes to the information submitted with the application for the
existing Gas Well Permit (if such information has not previously been
provided to the City);

4.

Such additional information as is reasonably required by the Inspector to
demonstrate compliance with the applicable Gas Well Permit; and

5.

Such additional information as is reasonably required by the Inspector to
prevent imminent destruction of property or injury to persons.

C.

All applications for amended Gas Well Permits shall be filed with the Inspector
for review. Incomplete applications may be returned to the applicant, in which
case the City shall provide a written explanation of the deficiencies; however, the
City shall retain the application fee. The City may return any application as
incomplete if there is a dispute pending before the RRC regarding the
determination of the Operator.

D.

If the activities proposed by the amendment are not materially different from the
activities covered by the existing Gas Well Permit, and if the proposed activities
are in conformance with the applicable Gas Well Permit, then the P&DS Director
or designee shall approve the amendment within ten (10) business days after the
application is filed. (Amend Ord 19-008, 3/19/19)

E.

If the activities proposed by the amendment are materially different from the
activities covered by the existing Gas Well Permit, and if the proposed activities
are in conformance with the applicable Gas Well Permit, then the P&DS Director
or designee shall approve the amendment within thirty (30) days after the
application is filed. If, however, the activities proposed by the amendment are
materially different and, in the judgment of the Inspector, might create a risk of
imminent destruction of property or injury to persons that was not associated with
the activities covered by the existing Gas Well Permit or that was not otherwise
taken into consideration by the existing Gas Well Permit, the Inspector may
require the amendment to be processed as a new Gas Well Permit application.
(Amend Ord 19-008, 3/19/19)

F.

An amended permit shall not be approved if the activities proposed by the
amendment seek to modify or change a condition of the approved zoning for the
site.

G.

The failure of the P&DS Director or designee to review and issue an amended
Gas Well Permit within the time limits specified above shall not cause the
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application for the amended Gas Well Permit to be deemed approved. (Amend
Ord 19-008, 3/19/19)
H.

The decision of the P&DS Director or designee to deny an amendment to a Gas
Well Permit shall be provided to the Operator in writing within ten (10) business
days after the decision, including an explanation of the basis for the decision. The
Operator may appeal any such denial to the City Council. (Amend Ord 19-008,
3/19/19)

Section 5.06 Suspension or Revocation of Gas Well Permit; Effect
A.

Operator shall comply at all times with all applicable federal, state and City laws,
regulations and rules. If an Operator (or its officers, employees, agents,
contractors, or representatives) fails to comply with any requirement of a Gas
Well Permit, the Operator is subject to immediate citation, injunction, abatement
or any other remedy permitted by law. When possible under the circumstance,
the Inspector or other designated City employee or representative shall give
written notice to the Operator specifying the nature of the failure and giving the
Operator a reasonable time to cure, taking into consideration the nature and extent
of the failure, the extent of the efforts required to cure, and the potential impact on
the health, safety, and welfare of the community.

B.

If the Operator fails to comply within ten days after notice, or fails to comply
immediately if there is an imminent health and safety issue as determined by the
sole discretion of the P&DS Director or designees, the Inspector may suspend or
revoke the Gas Well Permit pursuant to the provisions of this Ordinance. (Amend
Ord 19-008, 3/19/19)

C.

No person shall carry on any operations performed under the terms of the Gas
Well Permit issued under this Ordinance during any period of any Gas Well
Permit suspension or revocation or pending a review of the decision or order of
the City in suspending or revoking the Gas Well Permit. Nothing contained
herein shall be construed to prevent the necessary, diligent and bona fide efforts to
cure and remedy the default or violation for which the suspension or revocation of
the Gas Well Permit was ordered for the safety of persons or as required by the
RRC.

D.

If the Operator does not cure the noncompliance within the time specified in this
Ordinance or immediately if there is an imminent health or safety condition, the
Inspector may notify the RRC and request that the RRC take any appropriate
action.
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E.

Operator may file an appeal in writing directed to the City Council within thirty
(30) days of the date of the decision of the Inspector in writing to suspend or
revoke a Gas Well Permit.

F.

If an application for a Gas Well Permit is denied by the Inspector, nothing herein
contained shall prevent a new permit application from being submitted to the
Inspector for the same well.

Section 5.07 Annual Inspection and Reporting Requirements
A.

The Operator shall be required to pay an annual administrative fee for each gas
well permit for City costs for the review and inspection of each well’s site and
permit conditions, insurance documents, emergency response plans and other
related items. The annual administrative fee shall be set by resolution of the City
Council. The fee shall cover a calendar year period and will be assessed on the
anniversary date of the issuance of the permit.

B.

The Operator shall notify the Inspector of any changes to the following
information within one business week after the change occurs:
1.

The name, address, and phone number of the Operator;

2.

The name, address, and phone number of the person designated to receive
notices from the City; and

3.

The Operator’s Emergency Action Response Plan (including drive-tomaps from public rights-of-way to each drill site).

C.

The Operator shall notify the Inspector of any change to the name, address, and
24-hour phone number of the person(s) with supervisory authority over drilling or
operations activities within one business day.

D.

The Operator shall provide a copy of any incident reports or written complaints
submitted to the RRC within thirty (30) days after the Operator has notice of the
existence of such reports or complaints.

E.

The Operator shall provide an operational status report for every well permitted to
the Operator within the City. The report shall include the Well Name, API
Number, Lease Name, City Case Number, Commission Permit Number,
Commission Lease ID Number and Current Status whether pending, drilling,
completing, producing, plugged or abandoned. (Amend Ord 11-068, 12/6/11)
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ARTICLE VI
INSURANCE, BOND AND INDEMNITY

Section 6.01 Bond, Letters of Credit, Indemnity, Insurance
A.

General Requirements
The Operator shall be required to:

B.

1.

Comply with the terms and conditions of this Chapter and the Gas Well
Permit issued hereunder.

2.

Promptly clear drill sites of all litter, trash, waste and other substances
used, allowed, or occurring in the operations, and after abandonment or
completion grade, level and restore such property to the same surface
conditions as nearly as possible as existed before operations.

3.

Promptly pay all fines, penalties and other assessments imposed due to
breach of any terms of the Gas Well Permit.

4.

Promptly restore to its former condition any roadway, ROW, or other
public property damaged by the gas operation.

Security Instrument: Cash, Bond, Irrevocable Letter of Credit
1.

Prior to the issuance of a Gas Well Permit the Operator shall provide the
Inspector with a security instrument in the form of cash, a bond or an
irrevocable letter of credit as follows:
a.

Bond. A bond shall be executed by a reliable bonding or insurance
institution authorized to do business in Texas and acceptable to the
City. The bond shall become effective on or before the date the
Gas Well Permit is issued and shall remain in force and effect for
at least a period of six (6) months after the expiration of the Gas
Well Permit term or until the well is plugged and abandoned and
the site is restored, whichever occurs last. The Operator shall be
listed as principal and the instrument shall run to the City, as
obligee, and shall be conditioned that the Operator will comply and
perform in accordance with the terms and regulations of this
Ordinance and other applicable City ordinances. The original bond
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shall be submitted to the Inspector with a copy of the same
provided to the City Secretary and the Risk Manager.
b.

Letter of Credit. A Letter of Credit shall be issued by a reliable
bank authorized to do business in Texas and shall become effective
on or before the date the Gas Well Permit is issued. The Letter of
Credit shall remain in force and effect for at least a period of six
(6) months after the expiration of the Gas Well Permit term. If the
Letter of Credit is for a time period less than the life of the well as
required by this Ordinance, the Operator must agree to either
renew the Letter of Credit or replace the Letter of Credit with a
bond in the amount required by this Ordinance, on or before fortyfive (45) days prior to the expiration date of the Letter of Credit. If
the Operator fails to deliver to the City either the renewal Letter of
Credit or replacement bond in the appropriate amount on or before
forty-five (45) days prior to the expiration date of the Letter of
Credit, the City may draw the entire face amount of the Letter of
Credit to be held by the City as security for Operator's performance
of its obligations under this Ordinance.
The City shall be authorized to draw upon such cash, Letter of
Credit or bond to recover any fines, penalties, defaults or violations
assessed under this Chapter. No interest will be paid on any cash
deposited with the City. In addition, the Letter of Credit may be
used to draw down City road damage expense to the extent road
damage cost exceeds the road damage fee paid with the permit
application. Evidence of the execution of a Letter of Credit shall
be submitted to the Inspector by submitting an original signed
letter of credit from the banking institution, with a copy of the
same provided to the City Secretary and the Risk Manager.

c.

The principal amount of the cash, bond or letter of credit shall be
as follows:
Number of Wells Per Site Amount of Security Per Site
1 well
$100,000
2 – 5 wells
$150,000
6 or more wells
$250,000
A cap of $1,000,000 per site shall apply.

d.

Whenever the Inspector finds that a default has occurred in the
performance of any requirement or condition imposed by this
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Chapter, a written notice shall be given to the Operator unless
immediate compliance is needed due to a serious health or safety
condition. Such notice shall specify the work to be done, the
estimated cost and the period of time deemed by the Inspector to
be reasonably necessary for the completion of any work. After
receipt of such notice, the Operator shall, within the time therein
specified, either cause or require the work to be performed, or
failing to do so, shall pay over to the City one hundred twenty-five
(125) percent of the estimated cost of doing the work as set forth in
the notice. In no event, however, shall the cure period be less than
thirty (30) days unless the failure presents a risk of imminent
destruction of property or injury to persons or unless the failure
involves the Operator’s failure to provide periodic reports as
required by this Ordinance.
The City shall be authorized to draw against any cash, irrevocable
letter of credit or bond to recover such amount due from the
Operator. Upon receipt of such monies, the City shall proceed by
such mode as deemed convenient to cause the required work to be
performed and completed, but no liability shall be incurred other
than for the expenditure of said sum in hand. In the event that the
well has not been properly abandoned under the regulations of the
RRC, such additional money may be demanded from the Operator
as is necessary to properly plug and abandon the well and restore
the drill site in conformity with the regulations of this Ordinance.
e.

In the event the Operator does not cause the work to be performed
and fails or refuses to pay over to the City the estimated cost of the
work to be done as set forth in the notice, or the issuer of the
security instrument refuses to honor any draft by the City against
the applicable irrevocable letter of credit or bond the City may
proceed to obtain compliance and abate the default by way of civil
action against the Operator, or by criminal action against the
Operator, or by both such methods or any other remedy available
by law.

f.

When the well or wells covered by said irrevocable letters of credit
or bond have been properly abandoned in conformity with all
regulations of this Ordinance, and in conformity with all
regulations of the RRC and notice to that effect has been received
by the City, or upon receipt of a satisfactory substitute, the
irrevocable letter of credit or bond issued in compliance with these
regulations shall be terminated and cancelled.
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C.

Insurance
In addition to the cash, bond or letter of credit required pursuant to this
Ordinance, the Operator shall carry a policy or policies of insurance issued by an
insurance company or companies authorized to do business in Texas. In the event
such insurance policy or policies are cancelled, the Gas Well Permit shall be
suspended on such date of cancellation and the Operator’s right to operate under
such Gas Well Permit shall immediately cease until the Operator files additional
insurance as provided herein.
1.

General Requirements applicable to all policies:
a.

The City, its officials, employees, agents and officers shall be
endorsed as an Additional Insured on all applicable policies. A
copy of the endorsement is required for evidence of coverage.

b.

All policies shall be endorsed with a waiver of subrogation in favor
of the City. A copy of the endorsement is required for evidence of
coverage.

c.

All policies shall be written on an occurrence basis where
commercially available.

d.

If coverage is written on a claims made basis, the Operator must
maintain continuous coverage or purchase Extended Period
Coverage Insurance for four years following expiration or
suspension of the Gas Well Permit. The Extended Coverage
Period insurance must provide that any retroactive date applicable
to coverage under the policy precedes the effective date of the
issuance of the permit by the City.

e.

All policies shall be written by an insurer with an A-: VII or better
rating by the most current version of the A. M. Best Key Rating
Guide or with such other financially sound insurance carriers
acceptable to the City.

f.

Deductibles shall be listed on the Certificate of Insurance and shall
be on a per occurrence basis unless otherwise stipulated herein.

g.

Certificates of Insurance shall be delivered to the City of
Arlington, Department of Planning and Development Services, 101
West Abram Street, Arlington, Texas 76010, and to Risk
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Management, 101 West Abram Street, Arlington, Texas 76010
evidencing all the required coverages, including endorsements,
prior to the issuance of a Gas Well Permit. (Amend Ord 19-008,
3/19/19)

2.

h.

Any failure on part of the City to request required insurance
documentation shall not constitute a waiver of the insurance
requirement specified herein.

i.

Each policy shall be endorsed to provide the City a minimum thirty
(30) day notice of cancellation, non-renewal, and/or material
change in policy terms or coverage. A ten (10) day notice shall be
acceptable in the event of non-payment of premium.

j.

During the term of the Gas Well Permit, the Operator shall report,
in a timely manner, to the Inspector any known loss occurrence
which could give rise to a liability claim or lawsuit or which could
result in a property loss.

k.

Upon request, certified copies of all insurance policies shall be
furnished to the City.

l.

Irrespective of the requirements as to insurance to be carried, the
insolvency, bankruptcy or failure of any insurance company to pay
claims accruing shall not be held to waive any of the provisions of
this Article.

m.

Operator shall pay promptly all premiums for such insurance in
strict accordance with its obligations to its carrier and maintain the
required coverage in full effect so long as the permit is valid.

n.

Failure to keep such policies in full force and effect, in accordance
with the terms hereof, shall be unlawful.

Commercial General Liability Policy
This coverage must include premises, operations, blowout or explosion,
products, completed operations, sudden and accidental pollution (with
discovery and reporting periods of not less than fifteen (15) days and thirty
(30) days respectively), blanket contractual liability, underground
resources damage, broad form property damage, independent contractors
protective liability and personal injury. This coverage shall be a minimum
of One Million ($1,000,000) dollars per occurrence.
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3.

Excess or Umbrella Liability
Insurance limits in a minimum of Ten Million Dollars ($10,000,000).
Coverage is to be at least as broad as, applies of and follows form of the
primary liability coverage required for commercial general liability, auto
liability and employer’s liability. Coverage must include an endorsement
for sudden or accidental pollution.

4.

Environmental Pollution Liability Coverage
a.

Operator shall purchase and maintain in force for the duration of
the Gas Well Permit, insurance for environmental pollution
liability applicable to bodily injury, property damage, including
loss of use of damaged property or of property that has not been
physically injured or destroyed; cleanup costs; and defense,
including costs and expenses incurred in the investigation, defense
or settlement of claims; all in connection with any loss arising
from the insured site. Coverage shall be maintained in an amount
of at least Five Million ($5,000,000) dollars per loss.

b.

Coverage shall apply to sudden and accidental pollution conditions
resulting from the escape or release of smoke, vapors, fumes,
acids, alkalis, toxic chemicals, liquids or gases, waste material or
other irritants, contaminants or pollutants.

c.

The Operator shall maintain continuous coverage or purchase
Extended Period Coverage Insurance for four years following
expiration or suspension of the Gas Well Permit.
The Extended Coverage Period insurance must provide that any
retroactive date applicable to coverage under the policy precedes
the effective date of the issuance of the permit by the City.

5.

Control of Well Coverage
The policy should cover the cost of controlling a well that is out of
control, re-drilling or restoration expenses, seepage and pollution damage
as first party recovery for the Operator and related expenses, including,
but not limited to, loss of equipment, experts and evacuation of residents.
Five Million Dollars ($5,000,000) per occurrence. A Five Hundred
Thousand Dollar ($500,000) sub-limit endorsement may be added for
damage to property for which the Operator has care, custody, and control.
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6.

7.

8.

Workers Compensation and Employers Liability Insurance
a.

Workers Compensation benefits shall be Texas Statutory Limits.

b.

Employers Liability shall be a minimum of Five Hundred
Thousand ($500,000) dollars per accident.

c.

Such coverage shall include a waiver of subrogation in favor of the
City and provide coverage in accordance with applicable State and
Federal laws.

Automobile Liability Insurance
a.

Combined Single Limit of One Million ($1,000,000) dollars
combined single limit per occurrence.

b.

Coverage must include all owned, hired and not-owned
automobiles.

c.

The City shall be named as an additional insured on the policy and
provided with a waiver of subrogation.

Certificates of Insurance
a.

The company must be admitted or approved to do business in the
State of Texas, unless the coverage is written by a Surplus Lines
insurer.

b.

The insurance set forth by the insurance company must be
underwritten on forms that have been approved by the Texas State
Board of Insurance or ISO, or an equivalent policy form acceptable
to the City, with the exception of Environmental Pollution Liability
and Control of Well coverage.

c.

Sets forth all endorsements and insurance coverage according to
requirements and instructions contained herein.

d.

Shall specifically set forth the notice of cancellation, termination,
or change in coverage provisions to the City. All policies shall be
endorsed to read THIS POLICY WILL NOT BE CANCELLED
OR NON-RENEWED WITHOUT THIRTY (30) DAYS
ADVANCED WRITTEN NOTICE TO THE OWNER AND THE
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CITY EXCEPT WHEN THIS POLICY IS BEING CANCELLED
FOR NONPAYMENT OF PREMIUM, IN WHICH CASE TEN
(10) DAYS ADVANCE WRITTEN NOTICE IS REQUIRED.
e.

D.

Original endorsements affecting coverage required by this section
shall be furnished with the certificates of insurance.

Indemnification and Express Negligence Provisions
EACH GAS WELL PERMIT ISSUED BY THE INSPECTOR SHALL
INCLUDE THE FOLLOWING LANGUAGE:
OPERATOR DOES
HEREBY EXPRESSLY RELEASE AND DISCHARGE, ALL CLAIMS,
DEMANDS, ACTIONS, JUDGMENTS, AND EXECUTIONS WHICH IT
EVER HAD, OR NOW HAS OR MAY HAVE, OR ASSIGNS MAY HAVE,
OR CLAIM TO HAVE, AGAINST THE CITY OF ARLINGTON, AND/OR
ITS DEPARTMENTS, AGENTS, OFFICERS, SERVANTS, SUCCESSORS,
ASSIGNS, SPONSORS, VOLUNTEERS, OR EMPLOYEES, CREATED
BY, OR ARISING OUT OF PERSONAL INJURIES, KNOWN OR
UNKNOWN, AND INJURIES TO PROPERTY, REAL OR PERSONAL,
OR IN ANY WAY INCIDENTAL TO OR IN CONNECTION WITH THE
PERFORMANCE OF THE WORK PERFORMED BY THE OPERATOR
UNDER A GAS WELL PERMIT. THE OPERATOR SHALL FULLY
DEFEND, PROTECT, INDEMNIFY, AND HOLD HARMLESS THE CITY
OF ARLINGTON, TEXAS, ITS DEPARTMENTS, AGENTS, OFFICERS,
SERVANTS, EMPLOYEES, SUCCESSORS, ASSIGNS, SPONSORS, OR
VOLUNTEERS FROM AND AGAINST EACH AND EVERY CLAIM,
DEMAND, OR CAUSE OF ACTION AND ANY AND ALL LIABILITY,
DAMAGES,
OBLIGATIONS,
JUDGMENTS,
LOSSES,
FINES,
PENALTIES, COSTS, FEES, AND EXPENSES INCURRED IN DEFENSE
OF THE CITY OF ARLINGTON, TEXAS, ITS DEPARTMENTS,
AGENTS, OFFICERS, SERVANTS, OR EMPLOYEES, INCLUDING,
WITHOUT LIMITATION, PERSONAL INJURIES AND DEATH IN
CONNECTION THEREWITH WHICH MAY BE MADE OR ASSERTED
BY OPERATOR, ITS AGENTS, ASSIGNS, OR ANY THIRD PARTIES ON
ACCOUNT OF, ARISING OUT OF, OR IN ANY WAY INCIDENTAL TO
OR IN CONNECTION WITH THE PERFORMANCE OF THE WORK
PERFORMED BY THE OPERATOR UNDER A GAS WELL PERMIT.
THE OPERATOR AGREES TO INDEMNIFY AND HOLD HARMLESS
THE CITY OF ARLINGTON, TEXAS, ITS DEPARTMENTS, ITS
OFFICERS, AGENTS, SERVANTS, EMPLOYEES, SUCCESSORS,
ASSIGNS, SPONSORS, OR VOLUNTEERS FROM ANY LIABILITIES
OR DAMAGES SUFFERED AS A RESULT OF CLAIMS, DEMANDS,
COSTS, OR JUDGMENTS AGAINST THE CITY, ITS DEPARTMENTS,
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ITS OFFICERS, AGENTS, SERVANTS, OR EMPLOYEES, CREATED
BY, OR ARISING OUT OF THE ACTS OR OMISSIONS OF THE CITY
OF ARLINGTON OCCURRING ON THE DRILL SITE IN THE COURSE
AND SCOPE OF INSPECTING AND PERMITTING THE GAS WELLS
INCLUDING, BUT NOT LIMITED TO, CLAIMS AND DAMAGES
ARISING IN WHOLE OR IN PART FROM THE NEGLIGENCE OF THE
CITY OF ARLINGTON OCCURRING ON THE DRILL SITE IN THE
COURSE AND SCOPE OF INSPECTING AND PERMITTING THE GAS
WELLS. IT IS UNDERSTOOD AND AGREED THAT THE INDEMNITY
PROVIDED FOR IN THIS SECTION IS AN INDEMNITY EXTENDED BY
THE OPERATOR TO INDEMNIFY AND PROTECT THE CITY OF
ARLINGTON, TEXAS AND/OR ITS DEPARTMENTS, AGENTS,
OFFICERS,
SERVANTS,
OR
EMPLOYEES
FROM
THE
CONSEQUENCES OF THE NEGLIGENCE OF THE CITY OF
ARLINGTON, TEXAS AND/OR ITS DEPARTMENTS, AGENTS,
OFFICERS, SERVANTS, OR EMPLOYEES, WHETHER THAT
NEGLIGENCE IS THE SOLE OR CONTRIBUTING CAUSE OF THE
RESULTANT INJURY, DEATH, AND/OR DAMAGE.
E.

Notice
The individual designated to receive notice may be served in person or by
registered or certified mail. Every Operator shall, within five business (5) days,
notify the Inspector in writing of any change in such agent or mailing address
unless operations in the City are discontinued and abandonment is complete.

F.

Electronic Submittal of Final Plans and Other Documents
Final plans or other documents required to be submitted under this Chapter and
that will be archived must be submitted in an electronic format specified by the
P&DS Director as a condition to issuance of any type of permit, approval, or other
action related to the final plans or documents. The City may provide an electronic
conversion service for a fee in the amount set forth by City Council resolution.
The P&DS Director shall provide a schedule indicating which documents must be
provided electronically, at which point during the approval process, and other
information as necessary to implement an electronic archiving program. (Amend
Ord 19-008, 3/19/19)
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ARTICLE VII
ON SITE AND TECHNICAL REGULATIONS

Section 7.01 Technical Regulations
A.

On Site Requirements
1.

Abandoned Wells. All wells shall be plugged and abandoned in
accordance with the rules of the RRC and Section 7.03.

2.

Blowout prevention. In all cases, blowout prevention equipment shall be
used on all wells being drilled, worked-over, or in which tubing is being
changed. Protection shall be provided to prevent blowout during
operations as required by and in conformance with the requirements of the
RRC and the recommendations of the API.

3.

Compliance with Fire Code. All operations, well facilities and
equipment used at or located on the site shall comply with the provisions
of the Fire Code and NFPA standards where applicable.

4.

Discharge. No person shall place, deposit, discharge, or cause or permit
to be placed, deposited or discharged, any oil, naphtha, petroleum, asphalt,
tar, hydrocarbon substances or any refuse including wastewater or brine
from any gas operation or the contents of any container used in connection
with any gas operation in, into, or upon any public rights-of-way, alleys,
streets, lots, storm drain, ditch or sewer, sanitary drain or any body of
water or any private or public property in the City.

5.

Drill Stem testing. All open hole formation or drill stem testing shall be
done during daylight hours. Drill stem tests may be conducted only if the
well effluent during the test is produced through an adequate gas separator
to storage tanks and the effluent remaining in the drill pipe at the time the
tool is closed is flushed to the surface by circulating drilling fluid down
the annulus and up the drill pipe.

6.

Dust, Vibration, Odors. All drilling and production operations shall be
conducted in such a manner as to minimize, so far as practicable, dust,
vibration, or noxious odors, and shall be in accordance with the best
accepted practices incident to drilling for the production of gas and other
hydrocarbon substances in urban areas. All equipment used shall be so
constructed and operated so that vibrations, dust, odor or other harmful or
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annoying substances or effect will be minimized by the operations carried
on at any drilling or production site or from anything incident thereto, to
the injury or annoyance of persons living in the vicinity; nor shall the site
or structures thereon be permitted to become dilapidated, unsightly or
unsafe. Proven technological improvements in industry standards of
drilling and production in this area shall be adopted as they become
available if capable of reducing factors of dust, vibration and odor.
Watering, wetting or other methods or materials must be used to control
dust adjacent to residential property.
After April 1, 2019, all Operators of pad sites located within six hundred
(600) feet of a protected use must submit a dust mitigation plan to the
City, at the time of SUP application or gas well permit application,
whichever comes first. The dust mitigation plan shall include a private
road and pad site watering schedule as well as alternatives, such as, but
not limited to, the application of calcium chloride or asphalt. Failure of
the Operator or its agents to comply with the approved schedule may
result in a violation of this Chapter and the subsequent requirement and
implementation of more permanent solutions, such as chip sealing and the
complete replacement of worn caliche. (Amend Ord 19-008, 3/19/19)
7.

Electric lines. All electric lines to production facilities shall be located in
a manner compatible to those already installed in the surrounding area or
subdivision.

8.

Electric motors. Only electric prime movers or motors shall be permitted
for the purpose of pumping wells. All electrical installations and
equipment shall conform to the City ordinances and the appropriate
electrical codes.

9.

Emergency Response Plan. Prior to the commencement of any gas or
other hydrocarbons production activities, Operator shall submit to the Fire
Chief and Inspector an Emergency Response Plan establishing written
procedures to minimize any hazard resulting from drilling, completion or
producing of gas wells. Said plan shall use existing guidelines established
by the RRC, TCEQ, Department of Transportation, and/or the EPA and
City Fire Code. A copy of the Emergency Response Plan shall be kept on
site.

10.

Equipment painted. All production equipment shall be painted and
maintained at all times, including wellheads, pumping units, tanks, and
buildings or structures. When requiring painting of such facilities, the
Inspector shall consider the deterioration of the quality of the material of
which such facility or structure is constructed, the degree of rust, and its
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appearance. Paint color shall comply with any State requirements, be of a
neutral color, and be compatible with surrounding uses.
11.

Explosives. The use of explosive charges on any drill site shall require an
explosives permit from the Fire Marshal, as required by the Fire Code of
the City. Use of explosive charges within the City limits shall require
approval by the Fire Marshal.

12.

Fire notice. In the event of a fire or discovery of a fire, smoke, or
unauthorized release of flammable or hazardous materials on any property,
the Operator shall immediately report such condition to the Fire
Department.

13.

Fire prevention. Firefighting apparatus, suppression equipment and
supplies as approved by the Fire Department and required by any
applicable federal, state, or local law shall be provided by the Operator, at
the Operator’s cost, and shall be maintained on the drill site at all times
during drilling and production operations. Fire extinguishers must be
located on the site at all times when personnel are present. The Operator
shall be responsible for the maintenance and upkeep of such equipment.
Each well shall be equipped with an automated valve that closes the well
in the event of an abnormal change in operating pressure. All well heads
shall contain an emergency shut off valve to the well production sale line.

14.

Fracture Stimulation Earthen Pit. Frac ponds shall be designed in
accordance with the following table:
Tier
1

Pond Design
Water feature on
the site

•
•
•

2

Water feature on
the site

•
•

Fencing/Landscaping
6-foot tall black vinyl-coated chain link
fence around pond
Informal planting of shrubs around the
pond
One street tree for every 30 feet of
frontage along ROW
6-foot tall black vinyl-coated chain link
fence around pond
One street tree for every 30 feet of
frontage along ROW

Tier 1 requirements apply when frac ponds are located within 600 feet of a
protected use, adjacent to ROW, or visible from a public street.
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Tier 2 requirements apply when frac ponds are not adjacent to ROW and
not within 600 feet of a protected use.
Street trees shall be planted and selected in accordance with the parkway
planting standards contained in the Unified Development Code. (Amend
Ord 19-008, 3/19/19)
Frac ponds must have a lining with a permeability of no more than 1 x 104 cm/sc. Soils used for pond lining must be free from foreign material
such as paper, brush, trees and large rocks.
If an Operator who maintains a tank or pit does not take protective
measures necessary to prevent harm to birds, the operator may incur
liability under federal and state wildlife protection laws. Federal statutes,
such as the Migratory Bird Treaty Act, provide substantial penalties for
the death of certain species of birds due to contact with oil in a tank or pit.
These penalties may include imprisonment. State statutes also protect
certain species of birds. An Operator must screen, net, cover, or otherwise
render harmless to birds all open-top storage tanks that are eight feet or
greater in diameter and contain a continuous or frequent surface film or
accumulation of oil. However, temporary, portable storage tanks that are
used to hold fluids during drilling operations, workovers, or well tests are
exempt.
15.

Gas emission or burning restricted. No person shall allow, cause or
permit gases to be vented into the atmosphere or to be burned by open
flame except as provided by law or as permitted by the Fire Code. If the
venting of gases into the atmosphere or the burning of gases by open
flame is authorized as provided by law or as permitted by law, then such
vent or open flame shall not be located closer than three hundred (300)
feet from any building not used in operations on the drill site and such
vent or open flame shall be screened in such a way as to minimize
detrimental effects to adjacent property owners. Written notification must
be provided to the Inspector at least 72 hours before any flaring activity is
to begin.
In the event of the loss of gas or other hazardous material from the well
site, Operator shall immediately take all reasonable steps to regain control
regardless of any other provision of this Ordinance and shall notify the
Fire Department and P&DS Director as soon as practicable. If the Fire
Inspector believes that it is necessary to take emergency action due to a
potential or actual situation that danger to persons and property exists or
will exist because of such loss or potential loss of well control and that the
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Operator is not taking or is unable to take all reasonable and necessary
steps to regain control of such well, the Inspector may then employ any
well control expert or experts or other contractors or suppliers of special
services, or may incur any other expenses for labor and material which the
Inspector deems necessary to regain control of such well. Operator shall
reimburse the City for any expenses incurred and the City may pursue all
available recourses to collect its expenses from Operator including use of
security and insurance provided by Operator under this chapter. The
standard of care applicable to the Fire Inspector for emergency action is
set out in the Emergency Chapter of the City Code. (Amend Ord 19-008,
3/19/19)
16.

Gas lift compressor. Any onsite compressor used to ‘lift gas’ shall be
designed to comply with the noise requirements of this Ordinance.
Electric gas lift compressors are preferred. However, if other gas lift
compressors are utilized and located in drilling zones located within six
hundred (600) feet of a protected use, they must be buffered from
residential protected uses by an acoustical structure of metal, masonry or
other approved material. A four-wall encasement is preferred. Other
sound buffering methods may be approved by the Director of Planning
and Development Services, if the buffering is oriented in a way that
redirects sound from the surrounding residential protected uses. (Amend
Ord 19-008, 3/19/19)

17.

Gas processing onsite. Except for a conventional gas separator or line
heater, no refinery, processing, treating, dehydrating or absorption plant of
any kind shall be constructed, established or maintained on the premises
unless approved as part of the Gas Well Permit.

18.

Grass, weeds, trash. The property on which a drill site is located shall at
all times be kept free of debris, pools of water or other liquids,
contaminated soil, weeds, brush, trash or other waste material within a
radius of one hundred (100) feet around any separators, tanks and
producing wells.

19.

Hazardous Plan. A Hazardous Materials Management Plan shall be on
file with the Fire Department and the Inspector.

20.

Lights. No person shall permit any lights located on any drill site to be
directed in such a manner so that the lights shine directly on public roads,
adjacent property or property in the general vicinity of the drill site. To
the extent practicable, and taking into account safety considerations, site
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lighting shall be directed downward and internally to avoid glare on public
roads and adjacent dwellings and buildings within three hundred (300)
feet.
The location of existing and proposed lights should be shown on the gas
well permit site plan.
21.

Muffling exhaust. Exhaust from any internal combustion engine,
stationary or mounted on wheels, used in connection with the drilling of
any well or for use on any production equipment shall not be discharged
into the open air unless it is equipped with an exhaust muffler, or mufflers
or an exhaust muffler box constructed of noncombustible materials
sufficient to suppress noise and prevent the escape of obnoxious gases,
fumes or ignited carbon or soot.

22.

Private roads and drill sites. Prior to the commencement of any drilling
operations, all private roads used for access to the drill site itself shall be
at least twenty-four (24) feet wide and have an overhead clearance of
fourteen (14) feet. At a minimum, the road shall be surfaced with
bituminous surface treatment (e.g., chip seal), but asphalt and concrete
paving are acceptable. Roads shall not be surfaced with gravel or caliche.
All private roads shall have a concrete drive approach constructed in
accordance with City design standards. In particular cases these
requirements governing surfacing of private roads may be altered at the
discretion of the Inspector after consideration of all circumstances
including, but not limited to, the following: distances from public streets
and highways; distances from adjoining and nearby property owners
whose surface rights are not leased by the operation; the purpose for which
the property of such owners is or may be used; topographical features;
nature of the soil; and exposure to wind. Watering, wetting, or other
methods or materials must be used to control dust adjacent to residential
property.

23.

Rigs. Electric rigs must be utilized for drilling a well located within six
hundred (600) feet of a protected use, unless approved in advance by the
Director of Planning and Development Services after submission in
writing of a compelling reason to use an alternative rig. (Amend Ord 19008, 3/19/19)

24.

Salt Water Wells. No salt water disposal wells shall be located within the
City of Arlington.
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25.

Security. At all times, the operation site or compressor station shall have
a minimum of one security camera mounted inside the enclosure.
Signs shall be posted on the fence or wall of the site to indicate that
activity on the site may be recorded by video surveillance. Camera
systems shall be maintained in proper operating condition and shall be
designed and located to meet the following requirements:
a.

capture clear video images (day and night) of all traffic entering
and exiting the gate(s);

b.

capture clear video images (day and night) of all production
equipment located on the site; and

c.

show the date and time of all activity on the footage.

Operator shall maintain video data for a period of five (5) business days.
At the request of City law enforcement officials, the operator shall make
available any recorded views of the enclosed area.
26.

Signs.
a.

A sign shall be displayed immediately and prominently at the gate
on the fencing erected pursuant to Section 7.01.C.2 of this
Ordinance. Such sign shall be durable material, maintained in
good condition and, unless otherwise required by the RRC, shall
have a surface area of not less than two (2) square feet or more
than four (4) square feet and shall be lettered with the following:
(1)

Well name and number;

(2)

Name of Operator;

(3)

The emergency 911 number; and

(4)

Telephone numbers of two (2) persons responsible for the
well who may be contacted in case of emergency.
Well Name/Number
Name of Operator
Operator 24-hour emergency
number
EMERGENCY - DIAL 911
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27.

b.

Permanent weatherproof signs reading DANGER NO SMOKING
OR OPEN FLAME ALLOWED, PELIGRO NO FUMAR O
INICIAR LLAMA EN ESTA AREA shall be posted immediately
upon completion of the drill site fencing at the entrance of each
drill site and tank battery or in any other location approved or
designated by the Fire Chief of the City. Sign lettering shall be
four (4) inches in height and shall be red on a white background or
white on a red background. A label must be located on each tank
indicating exact chemicals that may be contained in the tank. Text
shall be minimum six (6) inches in height, contrasting with the
background color. Each sign shall include the emergency
notification numbers of the Fire Department and the Operator, well
and lease designations required by the RRC.

c.

No other signs shall be permitted on the site except as required by
the RRC.
DANGER!
NO SMOKING OR OPEN
FLAME ALLOWED

DANGER!
NO SMOKING OR OPEN
FLAME ALLOWED

¡PELIGRO!
NO FUMAR O INICIAR
LLAMA EN ESTA AREA

¡PELIGRO!
NO FUMAR O INICIAR
LLAMA EN ESTA AREA

Storage of equipment. On-site storage of equipment is prohibited on the
drill site. Lumber, pipes, tubing and casing shall not be left on the
operation site except when drilling or well servicing operations are being
conducted on the site.
No vehicle or item of machinery shall be parked or stored on any street,
ROW or in any driveway, alley or upon any drill site which constitutes a
fire hazard or an obstruction to or interference with fighting or controlling
fires except that equipment which is necessary for drilling or production
operations on the site. The Fire Department shall be the entity that
determines whether equipment on the site shall constitute a fire hazard.

28.

Storage Tanks, Well Facilities and Equipment.
a.

All tanks, temporary or permanent, shall conform to API
specifications unless other specifications are approved by the Fire
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Chief. All storage tanks shall be equipped with a secondary
containment system including lining with an impervious material.
The secondary containment system shall be a minimum of three (3)
feet in height and one and one-half (1½) times the contents of the
largest tank in accordance with the Fire Code, and buried at least
one (1) foot below the surface. Drip pots shall be provided at the
pump out connection to contain the liquids from the storage tank.
b.

Secondary containment shall be required for all equipment.
Secondary containment shall be capable of containing a release of
one hundred fifty (150) percent of the largest storage container
within the containment and have adequate freeboard to contain an
average annual rain event.

c.

All tanks, well facilities and equipment shall be set back pursuant
to the standards of the RRC and the NFPA, and in all cases shall be
at least twenty-five (25) feet from any public ROW or property
line and at least two hundred (200) feet from a protected use.

d.

The sidewalk height of all tanks shall be no higher than eight (8)
feet above the terrain surrounding the tanks.

e.

Each storage tank shall be equipped with a level control device that
will automatically activate a valve to close the well in the event of
excess liquid accumulation in the tank.

f.

The appropriate NFPA diamond hazard placard shall be placed on
each tank and piece of equipment, as applicable.

g.

All storage tanks, well facilities and equipment shall be equipped
with a lightning arrestor system in accordance with the Fire Code
and NFPA standards.

h.

No meters, storage tanks, separation facilities, or other
aboveground facilities, other than the well head and flow lines,
shall be placed in a floodway or the 100-year floodplain.

29.

Valves. Each well must have a shutoff valve to terminate the well’s
production.

30.

Vapor Recovery Units. Any drill site that produces more than one (1)
barrel of condensate per day shall install a vapor recovery unit on the site.
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Operator shall provide monthly reports to the Inspector documenting any
found condensate.
31.

Waste Disposal. Unless otherwise directed by the RRC, all tanks used for
storage shall conform to the following:
a.

Operator must use portable closed steel storage tanks for storing
liquid hydrocarbons. Tanks must meet API standards. All tanks
must have a vent line, flame arrester and pressure relief valve. No
tank battery shall be within one hundred (100) feet of any dwelling
or other combustible structure.

b.

Drilling mud, cuttings, liquid hydrocarbons and all other field
waste derived or resulting from or connected with the drilling, reworking or deepening of any well shall be discharged into aboveground tanks (closed loop mud system). All disposals must be in
accordance with the rules of the RRC and any other appropriate
local, state or federal agency.

c.

Unless otherwise directed by the RRC, waste materials shall be
removed from the site and transported to an off-site disposal
facility not less often than every thirty (30) days. Water stored in
on-site tanks shall be removed as necessary.

All waste shall be disposed of in such a manner as to comply with the air
and water pollution control regulations of the State, this Ordinance and
any other applicable ordinance of the City.
32.

Wellhead Status after Fracing.
a.

All wellbores, mouse holes, rat holes, cellars, and conduit casings
shall be:
(1)

covered at all times when not in use by appropriate means
that adequately covers the entire bore hole;

(2)

completed through the production casing flange with a
metal plate or blind flange bolted across the head; and

(3)

protected from vandalism, wind driven debris, vehicle
damage or other threat that would have the potential to
disrupt operations or release any amount of natural gas.
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B.

b.

The cellar shall be filled or closed.

c.

The Bradenhead shall be piped to the surface and have an
observable and adequate pressure gauge with operable test valve.

Well setbacks.
1.

External Setbacks.
a.

b.

It shall be unlawful to drill any well that, at the surface of the
ground, is located within six hundred (600) feet from a park or
within six hundred (600) feet from a protected use for which a
building permit has been issued on or before the date of the
application for a drilling permit. The distance shall be calculated
from the boundary of the drilling zone, in a straight line, without
regard to intervening structures or objects, to the primary structure
of the protected use or public park boundary.
(1)

This setback distance may be reduced by the City Council
to not less than three hundred (300) feet upon the
affirmative vote of not less than a super-majority of seven
(7) members of the City Council. Petitions in support or
opposition to the setback distance reduction must be
submitted to the City at least one (1) business day prior to
the date of the City Council public hearing. In the event
the public hearing is continued, additional petitions may be
submitted until one (1) business day prior to the date at
which the hearing is continued.

(2)

For protection of the public health, safety and welfare, the
City Council may impose additional requirements for a
reduction of such distance, and take into account the
presence of natural or man-made barriers. (Amend Ord 19031, 5/21/19)

It shall be unlawful to drill any well that, at the surface of the
ground, is located within six hundred (600) feet from Lake
Arlington reservoir area, as defined by the Lake Arlington chapter
of the City Code. The distance shall be calculated from the
boundary of the drilling zone, in a straight line, without regard to
intervening structures or objects to the boundary of the reservoir
area.
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2.

C.

Internal Setbacks.
a.

Within twenty-five (25) feet from any outer boundary line of the
drill site; or

b.

Within twenty-five (25) feet from any storage tank, or source of
ignition; or

c.

Within seventy-five (75) feet of any public street, road, highway or
future street, right-of-way or property line; or

d.

Within one hundred (100) feet of any building accessory to, but not
necessary to the operation of the well; or

e.

Within two hundred (200) feet to any fresh water well.

Landscaping and Fencing
1.

Landscaping and Perimeter Fencing. Within thirty (30) days after
spudding the first well on the site, the following landscaping and perimeter
fencing improvements shall be installed:
Tier
1

•
•

2

•
•

Landscaping
40-foot transitional buffer •
around drill site
10-foot wide streetscape
setback with street trees
•

Perimeter Fencing
8-foot tall masonry wall with
75% opacity around the
perimeter of the drill site
Installation of gate

20-foot transitional buffer •
around drill site
10-foot wide streetscape
setback with street trees
•

8-foot tall ornamental iron
fence with masonry columns
around the perimeter of the
drill site
Installation of gate
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Tier 1 requirements apply in all locations except for industrial zoning
districts.
Tier 2 requirements apply in industrial zoning districts.
All landscaping and fencing must be maintained in accordance to the
requirements contained in the Unified Development Code. (Amend Ord
19-008, 3/19/19)
2.

Administrative Adjustment. The P&DS Director or designee may
approve administrative adjustments to the landscaping and perimeter
fencing design if it is found that the adjustments: (Amend Ord 19-008,
3/19/19)
a.

are consistent with the state purpose of this Chapter; and

b.

meet all other applicable building and safety codes; and

c.

will not adversely affect the proposed development of use of
adjacent property or neighborhoods; and

d.

are necessary to accommodate an alternative or innovative design
that achieves to the same or better degree the objective of the
landscaping and perimeter fencing standard to be modified.

3.

Street Trees. Street trees are required to be planted along the ROW for
all Tier 1 and Tier 2 drill sites in accordance with the parkway planting
requirements contained in the Unified Development Code. The street
trees should be planted in the area the same width of the drill site along the
nearest ROW. (Amend Ord 19-008, 3/19/19)

4.

Masonry wall specifications shall be as follows:

5.

a.

The wall shall be of a design compatible with the facilities,
buildings and structures on and adjacent to the site;

b.

No trespassing signs are required on the fence on all four sides of
the drill site.

Gate specifications. All perimeter fences shall be equipped with at least
one (1) gate. The gate shall meet the following specifications:
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D.

E.

a.

Each gate shall be not less than twelve (12) feet wide and be
composed of two (2) gates, each of which is not less than six (6)
feet wide, or one (1) sliding gate not less than twelve (12) feet
wide. If two (2) gates are used, gates shall latch and lock in the
center of the span.

b.

The gates shall be provided with a combination catch and locking
attachment device for a padlock, and shall be kept locked except
when being used for access to the site; and

c.

Operator must provide the Inspector and Fire Department with a
Knox Padlock or Knox Box entry system or equivalent on the gate
to access the drill site in case of an emergency.

Vehicle Routes for Gas Well Permit
1.

Vehicles in excess of three (3) tons associated with drilling and/or
production shall comply with the City Council approved transportation
route.

2.

The City Council may restrict the hours of operation of vehicles associated
with drilling and/or production when the proposed vehicle route passes
through a designated school zone, heavily used roadway or intersection,
near protected uses, or along local residential streets. The P&DS
Department shall review the vehicle routes to determine if a proposed
route includes a designated school zone. (Amend Ord 19-008, 3/19/19)

3.

In the event of construction detours or roadway deterioration on an
approved transportation route or TXDOT permitting, the Inspector may
amend the approved route.

4.

After April 1, 2019, all operators shall submit an off-site truck staging
plan, along with their gas well permit application, to coordinate the order
of vehicles and machinery arriving and remaining at the well site. The use
of residential streets for off-site truck staging is prohibited. (Amend Ord
19-008, 3/19/19)

Work Hours for Gas Well Permit
Drilling and flowback operations may take place on a 24-hour basis any day of
the year except Thanksgiving or Christmas Day, which requires approval by the
P&DS Director. Site preparation, well servicing, truck deliveries of equipment
and materials, fracing, and other related work conducted on the drill site shall be
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limited to between the hours of 7 a.m. to 6 p.m., Central Standard Time and 7
a.m. to 8 p.m. Central Daylight Saving Time, Monday through Saturday. Other
than mobilization, demobilization, and advancing the bore hole, no other activities
shall be allowed on the drill site on Thanksgiving or Christmas Day. The
restriction on work hours shall not apply in cases of fires, blowouts, explosions,
and any other emergencies or where the delivery of equipment is necessary to
prevent the cessation of drilling or production. (Amend Ord 19-008, 3/19/19)
F.

Noise Restrictions for Gas Well Permit
1.

Prior to the issuance of a gas well permit, the Operator shall report to the
Inspector ambient noise readings taken over a 72-hour period, including at
least one 24-hour reading during a Saturday or Sunday. During the 72hour period, readings shall be taken from the hours of 7:00 a.m. to 7:00
p.m. to establish the pre-drilling ambient noise level for daytime
operations, and readings shall be taken from 7:00 p.m. to 7:00 a.m. to
establish the pre-drilling ambient noise level for any nighttime operations.

2.

The ambient reading shall be taken 100 feet from the nearest protected use
or 600 feet from the proposed drilling zone in the direction towards the
nearest protected use, whichever distance is shorter.

3.

The operator must provide the Inspector a noise mitigation plan. The plan
should detail the ambient noise level and anticipated mitigation
techniques.

4.

The sound level meter used in conducting noise evaluations shall meet the
American National Standards Institute’s standard for sound meters.

5.

The exterior noise level generated by operations shall not exceed the predrilling ambient noise level by more than the levels shown in the
following table:
Operation
Drilling or redrilling
Fracing
Flowback
Production

Daytime Hours
Four (4) decibels
Seven (7) decibels
Five (5) decibels
Zero (0) decibels

Nighttime Hours
Two (2) decibels
N/A
Three (3) decibels
Zero (0) decibels

(Amend Ord 19-008, 3/19/19)

ARTICLE VII - 15
(Amend Ord 19-008, 3/19/19)

GAS DRILLING AND PRODUCTION
7.01

6.

An Operator shall not drill or re-drill a well or operate any equipment in
such a manner so as to create pure tones where one-third octave band
sound pressure level in the band with the tone exceeds the arithmetic
average of the sound pressure levels of two contiguous one-third octave
bands by five dB for center frequencies of 500 Hertz and above, and by
eight dB for center frequencies between 160 and 400 Hertz, and by 15 dB
for center frequencies less than or equal to 125 Hertz.

7.

An Operator shall not drill or re-drill a well or operate any equipment in
such a manner to create low-frequency outdoor noise levels that exceed
the following decibel levels:
16 Hertz octave band:
32 Hertz octave band:
64 Hertz octave band:

65 dB
65 dB
65 dB

8.

The exterior noise level generated by the drilling, re-drilling, fracing, reworking, or other operations of all gas wells located within six hundred
(600) feet of a protected use shall be continuously monitored to ensure
compliance. The monitoring shall be real time and continually accessible
to the Inspector via a streaming medium, e.g., internet, web based data,
Bluetooth sharing. The cost of such monitoring shall be borne by the
Operator. Every 24-hour period should be summarized in a report and
provided to the Inspector in a format that is acceptable to the Inspector.
Failure to provide this information within two business days is considered
a violation of this subsection.

9.

Acoustical blankets, sound walls, mufflers, or other alternative methods
may be used to ensure compliance. All soundproofing shall comply with
accepted industry standards and is subject to approval by the Inspector.
All soundproofing measures must be removed from the site no later than
sixty (60) days after drilling operations have ceased. The Inspector may
grant an extension of time if additional drilling activities will commence
within a reasonable time period.

10.

If a complaint is received after gas well drilling operations begin by either
the Operator or the City, the Operator shall immediately upon receipt of
the complaint, notify the Inspector and continuously monitor the exterior
noise level generated by the gas well drilling or production for a twentyfour (24) hour period and take the action necessary to abate the violation,
if a violation exists.
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11.

G.

After April 1, 2019, on all gas well sites located within six hundred (600)
feet of a protected use, in the event the gas well site has two or more
confirmed noise violations of this Chapter, the Operator of said gas well
site shall thereafter be required to install sound walls prior to conducting
any re-working operations that require the use of a well-servicing rig on
site. This additional noise mitigation requirement shall continue for the
operational life of the gas well drill site. (Amend Ord 19-008, 3/19/19)

Closed Loop Mud Systems
A Closed Loop Mud System shall be used in conjunction with all drilling and
reworking operations for all Gas Well Permits, unless specifically waived by the
City Council.

H.

Natural Gas Compressor Stations
1.

Approved zoning is required before a permit for a natural gas compressor
station can be obtained from the City.

2.

All natural gas compressor stations shall be constructed, operated and
maintained in accordance with the Fire Code, NFPA standards, and all
other building and development ordinances of the City.

3.

All compressor station equipment, at the issuance of the initial certificate
of occupancy, shall be set back a minimum of six hundred (600) feet from
a park or from a protected use, or a minimum of three hundred (300) feet
from all other uses, for which a building permit has been issued on or
before the date of the application for a drilling permit. The distance shall
be calculated from the primary structure of the compressor station
equipment to the primary structure of the protected use or other use or
park boundary. This setback may be reduced by the City Council if
written consent of seventy (70) percent of the surface property owners is
obtained. In the event such approval or consent is not obtained, and upon
providing evidence of an attempt to obtain consent of seventy (70) percent
of the surface property owners, then the distance may be reduced upon an
affirmative vote of a super-majority of seven (7) members of the City
Council.

4.

The boundary of the compressor station site shall be enclosed by an eight
(8) foot tall masonry screening wall on all sides.

5.

All compressor station equipment at the proposed site exceeding 10 feet in
height shall be enclosed within a building. All buildings shall have
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exterior walls constructed of masonry, as defined in Article II of the
Unified Development Code. (Amend Ord 19-008, 3/19/19)
6.

The operation of the equipment shall not create any noise that causes the
exterior noise level to exceed the pre-development ambient noise levels, as
measured at the six hundred (600) foot setback. The Operator shall be
responsible for establishing and reporting to the City the pre-development
ambient noise level prior to the issuance of the compressor station permit.
The ambient noise level shall be established in accordance with the
guidelines defined in Section 7.01.F.

7.

The compressor station site shall be landscaped as follows:

8.

I.

a.

Landscaping and irrigation shall be provided as identified in the
approved zoning and/or specific use permit.

b.

It shall be the responsibility of the Operator to comply with the
City’s
landscaping
ordinance
including
tree
preservation/mitigation and maintenance.

c.

Landscaping must blend with the environment and existing
surrounding area.

d.

Landscaping must be installed within thirty (30) days from the
completion of the permitted compressor station.

The Inspector shall inspect the compressor station site on an annual basis
to determine compliance with the provisions of this Ordinance.

Saltwater Disposal Lines
1.

Engineered construction drawings for all saltwater disposal lines,
including but not limited to gas drilling flowback water, shall be submitted
to the City of Arlington Water Utilities department for review. The
drawings shall be sealed by a professional engineer licensed to practice in
the State. The drawings shall include the surveyed alignment for the
saltwater disposal lines and the limits of any easements. A maintenance
plan and inspection schedule will be provided to the City.

2.

Salt water disposal lines shall be prohibited within one hundred (100) feet
of the flowage easement lands around Lake Arlington. Flowage easement
lands are defined as those lands below the elevation contour of 560.0 feet

ARTICLE VII - 18
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above mean sea level. Salt water disposal lines shall also be prohibited
under Lake Arlington.
3.

J.

City water utility standards must be used in the design. The plans must be
approved by the City prior to construction and will be subject to inspection
by the City. All applicable plan review and inspection fees shall be paid
to the City.

Installation of pipelines on, under or across public property
1.

2.

The Operator shall apply to the City for a franchise, Pipeline License
Agreement, or other Arlington City Council approved agreement on, over,
under, along or across the City streets, sidewalks, alley, rights-of-way and
other City property for the purpose of constructing, laying, maintaining,
operating, repairing, replacing and removing pipelines so long as
production or operations may be continued under any Gas Well Permit
issued pursuant to this Ordinance. Operator shall:
a.

Not interfere with or damage existing water, sewer or gas lines or
the facilities of public utilities located on, under or across the
course of such rights-of way.

b.

Furnish to the P&DS Director a plat showing the location of such
pipelines. (Amend Ord 19-008, 3/19/19)

c.

Construct such lines out of pipe in accordance with relevant
federal, state and local regulations and laws including venting if
under a street;

d.

Grade, level and restore such property to the same surface
condition, as nearly as practicable, as existed before pipeline
construction.

e.

Comply with all City ordinances.

No Gas Well Permit shall be issued for any well to be drilled within any of
the streets or alleys of the City and/or projected streets or alleys shown by
the current comprehensive plan of the City, and no street or alley shall be
blocked or encumbered or closed due to any exploration, drilling or
production operations unless prior consent is obtained from the Inspector.
Any consent from the Inspector shall be temporary in nature and state the
number of hours and/or days that any street or alley may be blocked,
encumbered or closed.

ARTICLE VII - 19
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3.

K.

L.

All sites with aboveground equipment such as pipeline facilities, valve
stations or pig launchers shall be landscaped and screened in accordance
with the requirements of this Chapter.

Required Notifications
1.

Surface Casing. The Operator’s agent shall notify the Inspector in
writing at least seventy-two hours prior to running and cementing surface
casing. The procedures to be followed in this operation shall be as
provided in Cementing, Rule No. 13 of the RRC.

2.

Completion. The Operator’s agent shall notify Inspector in writing at
least seventy-two hours prior to starting completion procedures such as
perforating and fracing. The well must be equipped with a Blowout
Preventer before this operation is commenced. In addition, if a bridge
plug is set over a producing formation prior to additional completion, it
must be pressure tested to a sufficient pressure to ensure that it is not
leaking.

3.

Pipeline Connections. The Operator’s agent shall notify the Inspector in
writing at least seventy-two hours after the first sale. The tank battery
shall be equipped with a lightning arrestor.

4.

Final Acceptance. Within thirty (30) days of the start of production of a
well, or of the operation of a pipeline, the Inspector will inspect and accept
or reject the drill site or pipeline installation site clean-up and permanent
provisions for security and screening of the drill site. The Inspector will
provide the Operator written notification of acceptance within ten (10)
working days. If the clean-up or proposed provisions for security and
screening are rejected by the City, the Operator will be notified of the
rejection and the reasons for the refection in writing within ten (10)
working days. The Operator must take action to nullify and correct the
reasons for rejection within thirty (30) calendar days from the notification.

Operations and Equipment; Practices, Standards, and Appearance
1.

All drilling and pipeline operations shall be conducted in accordance with
the practices of a reasonable and prudent operation in the State. All
material, equipment, and testing used shall be of a quality and type
consistent with such practice.

ARTICLE VII - 20
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2.

Each Operator shall not contaminate the ground water by the drilling,
pipeline installation or production activities. All rules of the Federal
Government, the State, and the City regarding protecting natural resources
must be strictly followed.

3.

Drilling and pipeline production operations shall be conducted in such a
manner as to minimize noise, vibration, dust, odors, or other nuisances.
Internal combustion engines used on the well or pipeline site must be
fitted with exhaust mufflers. For production purposes, only electrically or
natural gas powered compressors or motors may be used.

4.

No refining of any kind, except for gas dehydrating and physical phase
separation, shall take place at the drill site.

5.

The drill site shall not be allowed to become dilapidated, unsightly, or
unsafe.

6.

The well or pipeline site shall not be used to store pipe, drilling
equipment, or materials after the drilling or pipeline installation operation
has ceased.

7.

No refining plant or cooling plant shall be allowed in the City at any time.

8.

Flaring or burning of gas or petroleum of any kind after the well is in
production is prohibited. Temporary flaring or burning to accommodate
public safety may be performed but only when approved by the Fire
Inspector.

Section 7.02 Cleanup and Maintenance
A.

Cleanup after well servicing. After the well has been completed or plugged and
abandoned, the Operator shall clean the drill site, complete restoration activities
and repair all property damage caused by such operations to be completed within
thirty (30) days, in accordance with the Site Remediation Plan.

B.

Clean-up after spills, leaks and malfunctions. After any spill, leak or
malfunction, the Operator shall remove or cause to be removed to the satisfaction
of the City Fire Chief and the Inspector all waste materials from any public or
private property affected by such spill, leak or malfunction. Clean-up operations
must begin immediately. If the Operator fails to begin site clean-up within
twenty-four (24) hours, the Inspector and/or Fire Inspector may contract for or
otherwise employ any clean-up experts by contract or otherwise at the sole

ARTICLE VII - 21
(Amend Ord 11-068, 12/6/11)
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§ 1722. General.

(a) All operations shall be conducted in accordance with good oilfield practice.
(b) The operator for a facility or group of related facilities shall develop a spill contingency plan. Spill contingency plans shall
also be developed by the operator for those facilities within gas fields that produce condensate at an average rate of at least
one barrel per day or where condensate storage volume exceeds 50 barrels. The plan(s) shall be filed with the appropriate
Division district office within six months of the effective date of Section 1722.9 or within three months after initial production
or acquisition of a facility. Plans prepared pursuant to Federal Environmental Protection Agency regulations (SPCC Plans) may
fulfill the provisions of this subsection if such plans are determined to be adequate by the appropriate Division district deputy.
If, in the judgment of the Supervisor, a plan becomes outdated, the Supervisor may require that the plan be updated to ensure
that it addresses and applies to current conditions and technology.
(c) For certain critical or high-pressure wells designated by the Supervisor, a blowout prevention and control plan, including
provisions for the duties, training, supervision, and schedules for testing equipment and performing personnel drills, shall be
submitted by the operator to the appropriate Division district deputy for approval.
(d) Notices of intention to drill, deepen, redrill, rework, or plug and abandon wells shall be completed on current Division forms
and submitted, in duplicate, to the appropriate Division district office for approval. Such notices shall include all information
required on the forms, and such other pertinent data as the Supervisor may require. Notices of intention and approvals will be
cancelled if the proposed operations have not commenced within one year of receipt of the notice. However, an approval for
proposed operations may be extended for one year if the operator submits a supplementary notice prior to the expiration of the
one-year period and can show good cause for such an extension. For the purpose of interpretation and enforcement of provisions
of this section, operations, when commenced, must be completed in a timely and orderly manner.
(e) A copy of the operator's notice of intention and any subsequent written approval of proposed operations by the Division
shall be posted at the well site throughout the operations.
(f) Operators shall give the appropriate Division district office sufficient advance notice of the time for inspections and tests
requiring the presence of Division personnel.
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(g) Operations approved by the Division shall not deviate from the approved program without prior Division approval, except
in an emergency.
(h) Oil spills shall be promptly reported to the California Emergency Management Agency by calling the toll-free telephone
number (800) 852-7550 and by contacting the agencies specified in the operator's spill contingency plan.
(i) Blowouts, fires, serious accidents, and significant gas or water leaks resulting from or associated with an oil or gas drilling
or producing operation, or related facility, shall be promptly reported to the appropriate Division district office.
(j) The use of radioactive materials in wells shall comply with the California Department of Health Services regulations in Title
17, Division 1, Chapter 5, Subchapter 4 of the California Code of Regulations. With the exception of radioactive tracers used
in injection surveys, the loss of radioactive materials in a well shall be promptly reported to the Department of Health Services
pursuant to Section 30350.3 of the above-referenced regulations and to the appropriate Division district office.
(k) When sufficient geologic and engineering information is available from previous drilling or producing operations, operators
may make application to the Supervisor for the establishment of field rules, or the Supervisor may establish field rules or change
established field rules for any oil or gas field. Before establishing or changing a field rule, the Supervisor shall distribute the
proposed rule or change to affected persons and allow at least thirty (30) days for comments from the affected persons. The
Supervisor shall notify affected persons in writing of the establishment or change of field rules.
Note: Authority cited: Sections 3013 and 3270, Public Resources Code. Reference: Sections 3106, 3203, 3208, 3219, 3222,
3223, 3224, 3226, 3229, 3230, 3270 and 3270.1, Public Resources Code.
HISTORY
1. New section filed 2-17-78; effective thirtieth day thereafter (Register 78, No. 7).
2. Amendment filed 12-28-84; effective thirtieth day thereafter (Register 84, No. 52).
3. Amendment of subsection (b) and Note filed 8-4-95; operative 9-3-95 (Register 95, No. 31).
4. Change without regulatory effect amending subsections (d) and (j) filed 9-3-96 pursuant to section 100, title 1, California
Code of Regulations (Register 96, No. 36).
5. Change without regulatory effect amending subsections (b) and (j) filed 2-16-2000 pursuant to section 100, title 1, California
Code of Regulations (Register 2000, No. 7).
6. Amendment of subsection (j) filed 7-11-2006; operative 8-10-2006 (Register 2006, No. 28).
7. Change without regulatory effect amending section filed 12-26-2006 pursuant to section 100, title 1, California Code of
Regulations (Register 2006, No. 52).
8. Amendment of subsections (b), (h) and (k) and amendment of Note filed 12-30-2010; operative 1-29-2011 (Register 2010,
No. 53).
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§ 1724.3. Well Safety Devices for Critical Wells.

Certain wells designated by the Supervisor, that meet the definition of “critical” pursuant to Section 1720(a) and have sufficient
pressure to allow fluid-flow to the surface, shall have safety devices as specified by the Supervisor, installed and maintained
in operating condition. A description of such safety devices follows:
(a) Surface safety devices.
(1) Fail-close, well shut-in or shut-down devices. Wellhead assemblies shall be equipped with an automatic fail-close valve.
(2) High-low pressure sensors in all flowlines, set to actuate shut in or shut down of the well(s) in the event of abnormal
pressures in the flowlines.
(3) Check valves in all headers, except for gas storage wells, to prevent backflow in the event of flowline failure. All
flowlines and valves shall be capable of withstanding shut-in wellhead pressure, unless protected by a relief valve with
connections to bypass the header.
(4) Fire detection devices, such as fusible plugs, at strategic points in pneumatic, hydraulic, and other shut-in control lines
in fire hazard areas.
(5) Remote, manually operated, quick operating shut-in controls at strategic points.
(b) Subsurface safety devices.
(1) A surface-controlled, subsurface tubing safety valve installed at a depth of 50 feet or more below the ground level. For
shut-in wells capable of flowing, a tubing plug may be installed in lieu of a subsurface tubing safety valve. Subsurface
safety devices shall be installed, adjusted, and maintained to ensure reliable operation. If for any reason a subsurface safety
device is removed from a well, a replacement subsurface safety device or tubing plug shall be promptly installed. Any
well in which a subsurface safety device or tubing plug is installed shall have the tubing-casing annulus sealed at or below
the valve- or plug-setting depth. A bypass-type packer that will seal the annulus on manual or automatic operation of the
tubing subsurface safety device will meet this requirement.
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Note: Authority cited: Sections 3013 and 3106, Public Resources Code. Reference: Sections 3106 and 3219, Public Resources
Code.
HISTORY
1. New section filed 2-17-78; effective thirtieth day thereafter (Register 78, No. 7).
2. Amendment filed 12-28-84; effective thirtieth day thereafter (Register 84, No. 52).
3. Change without regulatory effect amending first paragraph filed 12-26-2006 pursuant to section 100, title 1, California Code
of Regulations (Register 2006, No. 52).
This database is current through 9/11/20 Register 2020, No. 37
14 CCR § 1724.3, 14 CA ADC § 1724.3
End of Document
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§ 1720. Definitions.

(a) “Critical well” means a well within:
(1) 300 feet of the following:
(A) Any building intended for human occupancy that is not necessary to the operation of the well; or
(B) Any airport runway.
(2) 100 feet of the following:
(A) Any dedicated public street, highway, or nearest rail of an operating railway that is in general use;
(B) Any navigable body of water or watercourse perennially covered by water;
(C) Any public recreational facility such as a golf course, amusement park, picnic ground, campground, or any other area
of periodic high-density population; or
(D) Any officially recognized wildlife preserve.
Exceptions or additions to this definition may be established by the Supervisor upon his or her own judgment or upon written
request of an operator. This written request shall contain justification for such an exception.
(b) “Rework” means any operation subsequent to drilling that involves deepening, redrilling, plugging, or permanently altering
in any manner the casing of a well or its function.
(c) “New pool” means, for the purpose of this subchapter, a pool discovered on or after January 1, 1974.
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(d) “Directional survey” means a well survey that determines the deviation of the hole in degrees from the vertical and the
direction (azimuth) and amount of horizontal deviation of the hole from the surface location.
(e) “Drift-only survey” means a well survey that determines the deviation of the hole in degrees from the vertical.
(f) “Operations” means any one or all of the activities of an operator covered by Division 3 of the Public Resources Code.
(g) “Onshore well” means a well located on lands that are not submerged under ocean waters or inland bays during mean high
tide. Note:Wells directionally drilled offshore from onshore locations shall fall within the scope of the Onshore Regulations and
wells directionally drilled onshore from offshore locations shall fall within the scope of the Offshore Regulations (Subchapter
1.1).
(h) “Ultimate economic recovery” means the maximum physical amount of a substance, such as oil or gas, that can be recovered
without economic loss.
(i) “Economic loss” means the loss that occurs when the lifetime discounted revenue after current dollar operating costs,
including royalties and ad valorem, severance, and excise taxes, becomes less than the initial drilling and completion costs. The
discount rate shall be equal to current prime lending rates plus two percent.
Note: Authority cited: Sections 3013 and 3609, Public Resources Code. Reference: Sections 3000, 3013, 3106 and 3609, Public
Resources Code.
HISTORY
1. Amendment filed 2-21-75; effective thirtieth day thereafter (Register 75, No. 8).
2. Repealer of subsections (1)-(q), renumbering of subsections (r)-(t) to (l)-(n), and new subsection (o) filed 9-19-75 as an
emergency; effective upon filing (Register 75, No. 38).
3. Certificate of Compliance filed 1-9-76 (Register 76, No. 2).
4. Amendment of subsection (a) and new subsections (p), (q), (r) and (s) filed 2-17-78; effective thirtieth day thereafter (Register
78, No. 7).
5. New subsections (t) and (u) filed 2-28-80; effective thirtieth day thereafter (Register 80, No. 9).
6. Amendment filed 12-28-84; effective thirtieth day thereafter (Register 84, No. 52).
7. Amendment of subsections (d), (f), (g) and Note filed 8-4-95; operative 9-3-95 (Register 95, No. 31).
8. Change without regulatory effect amending subsection (a)(2)(D) filed 9-3-96 pursuant to section 100, title 1, California Code
of Regulations (Register 96, No. 36).
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9. Change without regulatory effect amending subsection (a)(2)(D) filed 12-26-2006 pursuant to section 100, title 1, California
Code of Regulations (Register 2006, No. 52).
This database is current through 9/11/20 Register 2020, No. 37
14 CCR § 1720, 14 CA ADC § 1720
End of Document
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C.

B.

A.
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or nearest rail of a railway being used as such.

3600, but in no event less than fifty (50) feet of any dedicated public street, highway, public walkway,

railway being used as such, unless otherwise specifically allowed per Public Resources Code section

One hundred (100) feet of any dedicated public street, highway, public walkway, or nearest rail of a

C-1, C-2, MUO, PUD (see Table 1-1), as established by this Code and as may be amended.

Three hundred (300) feet of the property boundaries of the commercially designated zone C-O, N-C,

under lease to the person drilling the well.

be located and except a residence located on the land which, at the time of the drilling of the well, is

established in this Code, except the residence of the owner of the surface land on which a well might

Three hundred (300) feet of the property boundaries of any residence or residential zone, as

long-term health care facility.

Three hundred (300) feet of the property boundaries of any public school, public park, clinic, hospital,

existence of an installed conductor in a cellar for that well or any other method established by law. The

those demonstrated vested rights. Vested rights for a particular well may be demonstrated by the

vested rights as of the effective date of this chapter, but are prohibited for expanding operations beyond

operations may continue to lawfully operate to the extent the operations can demonstrate to the city

made subject to Chapter 17.52 (Nonconforming Buildings and Uses) of this Code by this chapter. Such

immediately before the effective date of this chapter are not considered non-conforming uses and are not

Legally existing oil and gas operations that do not met the setback requirements and were conforming

the requirements of Title 14 California Code of Regulations Section 1724.7, as per DOGGR.

For all injection wells, the applicant shall provide a copy of the area of review (AOR) study, consistent with

4.

3.

2.

1.

The surface locations of wells and tanks within an oil and gas site shall not be located within:

17.46.022 - Setback requirements.

9/25/2020

1/3

9/25/2020

D.

2.

1.

The contributing site must be completely abandoned before wells can be constructed at any receiving

prohibited in Table 1-1 and must comply with all setbacks and other requirements of this chapter.

development" that would require a CUP or DA. The receiving site must be within a zone that is not

or hypothetical wells) at a 1:1 ratio to another existing receiving site(s) without counting toward "new

zones, an operator can exchange only wells actually existing at the time of the ordinance (not vested

Existing uses outside setback: For existing wells legally operating outside the prohibited setback and

receiving site.

compliance with all state abandonment requirements, before wells can be constructed at any

chapter. The contributing well(s) must be completely abandoned, including confirmation of

that is not prohibited in Table 1-1 and must comply with all setbacks and other requirements of this

toward new development that would require a CUP or DA. The receiving site must be within a zone

wells, either existing or vested, at a 1:2 ratio to another (existing) receiving site(s) without counting

Section 17.46.022.A or within the prohibited zones included in Table 1-1, an operator can exchange

Existing uses in setback: For existing wells legally operating within the prohibited setback identified in

Consolidation and relocation incentives.

operator can demonstrate vested rights for each new well.

setback requirements as of the effective date of this chapter, drilling of new wells is prohibited unless the

intensification of capacity for the site. For existing oil and gas facilities and operations that do not meet the

findings the proposed changes are minor and do not constitute or tend to produce an expansion or

operational practices, the city manager may approve minor expansion of equipment or structure upon

can demonstrate that such structure or equipment is not reasonably available or appropriate for current

like-kind structures and equipment that does not expand capacity or structural footprint. If the operator

have failed, are at risk of failure, or are at the end of their useful life. Said replacements shall be made with

operator can replace structures and equipment required for oil and gas operations that are damaged,

Arvin, CA Code of Ordinances
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3.
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with Section 17.46.02.B for sites not required to obtain a new CUP.

those existing or vested, without being considered new development. All receiving sites must comply

receiving site cannot expand by more than ten (10) wells from any source or exchange, in addition to

17.46.022.A.1-3, and comply with Section 17.46.022.A.4 outside of the prohibited setback. The

time. The receiving well location or site must be located outside the boundaries identified in Section

assigned to another operator upon notice to the city. No well can be transferred more than one (1)

Transfers may occur at any time after abandonment is complete and the rights may be "banked" and

prior to abandonment of any well(s) or contributing site intended to be consolidated or relocated.

For all consolidation or relocation: The operator must provide the city with notice of intent to transfer

sites must exist and have active operations as of the date of approval of this chapter.

operations to occur at the site) and provide acceptable proof to the city of the same. All receiving

must completely abandon all surface rights to the contributing site (i.e., no future oil and gas

site, including confirmation of compliance with all state abandonment requirements. The operator

(Ord. No. 451, § 3(Exh. B, § 2), 7-17-2018)
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Walls.

Sanitation.

Architecture.

§ 9524.2

§ 9524.3

§ 9524.4
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Roads.

Landscaping/Visual Resources.

§ 9524.1

Aesthetics.

§ 9524

Oil and Gas Site Parking.

§ 9522.3

Lighting.

Construction Time Limits.

§ 9522.2

§ 9523

Deliveries.

Site Access and Operation.

§ 9522

§ 9522.1

Setback Requirements.

§ 9525

Chapter 2

PART 2. DEVELOPMENT STANDARDS FOR PETROLEUM OPERATIONS

§ 9521

Sections:

9/25/2020
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Transportation Risk Management and Prevention Program (TRMPP).

Transportation of Chemicals and Waste On and Off Site.

§ 9530.6

§ 9530.6.2

Safety Measures and Emergency Response Plan.

§ 9530.5

Natural Gas Liquids (NGLs).

Storage Tank Monitoring.

§ 9530.4

§ 9530.6.1

Earthquake Shutdown.

§ 9530.3

Safety Assurances and Emergency/Hazard Management.

§ 9530

Blowout Standards and Testing.

On-Site Storage and Placement of Equipment.

§ 9529

§ 9530.2

Utilities.

§ 9528

Fire Prevention Safeguards.

Steaming.

§ 9527

§ 9530.1

Signage.

Construction of Site Access Roads.

Chapter 2

§ 9526

§ 9525.1

9/25/2020
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Standards for Pipelines.

§ 9533
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Pipeline Installations and Use.

Standards for Wells.

§ 9532

§ 9533.1

Noise Impacts.

§ 9531.6

Groundwater Quality.

§ 9531.5.3

Water Quality.

§ 9531.5

Storm Water Runoff.

Air Quality Monitoring and Testing Plan.

§ 9531.4

§ 9531.5.2

Greenhouse Gas Emissions and Energy Efficiency Measures.

§ 9531.3

Water Management Plan.

Air Quality.

§ 9531.2

§ 9531.5.1

General Environmental Program.

Environmental Resource Management.

Pipeline Leak Detection.

Chapter 2

§ 9531.1

§ 9531

§ 9530.6.3

9/25/2020

3/34

Chapter 2

Reserved.

Reserved.

§ 9535

§ 9536
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MU-CS or MU-SB (see Table 1-1), as established by this Code.

3. Seven hundred fifty (750) feet of the property boundaries of the commercially designated zone CN, CA,

to the person drilling the well.

located and except a residence located on the land which, at the time of the drilling of the well, is under lease

established in this Code, except the residence of the owner of the surface land on which a well might be

2. Seven hundred fifty (750) feet of the property boundaries of any residence or residential zone, as

long-term health care facility.

1. Seven hundred fifty (750) feet of the property boundaries of any public school, public park, clinic, hospital,

A. The surface locations of wells and tanks within an oil and gas site shall not be located within:

9521 Setback Requirements.

as noted in CMC 9501(B).

The following Sections of Part 2 apply only to those operations subject to a CUP or DA, except for those existing operations

Temporary Buildings.

Pipeline Inspection, Monitoring, Testing and Maintenance.

§ 9534

§ 9533.2

9/25/2020
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used as such.

4. Fifty (50) feet of any dedicated public street, highway, public walkway, or nearest rail of a railway being

Chapter 2
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D. Consolidation and Relocation Incentives.

each new well.

codified in this Chapter, drilling of new wells is prohibited unless the operator can demonstrate vested rights for

facilities and operations that do not meet the setback requirements as of the effective date of the ordinance

constitute or tend to produce an expansion or intensification of capacity for the site. For existing oil and gas

may approve minor expansion of equipment or structure upon finding the proposed changes are minor and do not

5/34

equipment is not reasonably available or appropriate for current operational practices, the Petroleum Administrator

equipment that do not expand capacity or structural footprint. If the operator can demonstrate that such structure or

of failure, or are at the end of their useful life. Said replacements shall be made with like-kind structures and

can replace structures and equipment required for oil and gas operations that are damaged, have failed, are at risk

the existence of an installed conductor in a cellar for that well or any other method established by law. The operator

operations beyond those demonstrated vested rights. Vested rights for a particular well may be demonstrated by

rights as of the effective date of the ordinance codified in this Chapter, but are prohibited from expanding

Such operations may continue to lawfully operate to the extent the operations can demonstrate to the City vested

uses and are not made subject to Division 2 of Part 8 of Chapter 1 of Article IX, Nonconformities, by this Chapter.

immediately before the effective date of the ordinance codified in this Chapter are not considered nonconforming

C. Legally existing oil and gas operations that do not meet the setback requirements and were conforming

requirements of California Code of Regulations, Title 14, Section 1724.7, as per DOGGR.

B. For all injection wells, the applicant shall provide a copy of the area of review (AOR) study, consistent with the

9/25/2020

Chapter 2

consolidation or relocation between fields is prohibited for incentive purposes. (Ord. 16-1590, Exh. B (§ 1))

required to obtain a new CUP. The receiving site must also extract petroleum from the same oil or gas field;

without being considered new development. All receiving sites must comply with CMC 9501(B) for sites not

expand by more than ten (10) wells from any source or exchange, in addition to those existing or vested,

comply with subsection (A)(4) of this Section outside of the prohibited setback. The receiving site cannot

6/34

site must be located outside the boundaries identified in subsections (A)(1) through (A)(3) of this Section, and

operator upon notice to the City. No well can be transferred more than one time. The receiving well location or

occur at any time after abandonment is complete and the rights may be “banked” and assigned to another

to abandonment of any well(s) or contributing site intended to be consolidated or relocated. Transfers may

3. For All Consolidation or Relocation. The operator must provide the City with notice of intent to transfer prior

date of approval of the ordinance codified in this Chapter.

acceptable proof to the City of the same. All receiving sites must exist and have active operations as of the

surface rights to the contributing site (i.e., no future oil and gas operations to occur at the site) and provide

abandoned before wells can be constructed at any receiving site. The operator must completely abandon all

toward “new development” that would require a CUP or DA. The contributing site must be completely

vested or hypothetical wells) at a one-to-one (1:1) ratio to another existing receiving site(s) without counting

operator can exchange only wells actually existing at the time of the ordinance codified in this Chapter (not

2. Existing Uses Outside Setback. For existing wells legally operating outside the prohibited setback, an

CUP or DA.

ratio to another (existing) receiving site(s) without counting toward new development that would require a

subsection (A) of this Section, an operator can exchange wells, either existing or vested, at a one-to-two (1:2)

1. Existing Uses in Setback. For existing wells legally operating within the prohibited setback identified in
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Print

The Dallas City Code
SEC. 51A-4.203. INDUSTRIAL USES.
(a) Potentially incompatible industrial uses.
(1) A “potentially incompatible industrial use” listed in this subsection is permitted by SUP only in
the IM district.
(2) The following main uses, activities, operations, and processes are hereby declared to be
potentially incompatible industrial uses:
- Bulk processing, washing, curing, or dyeing of hair, felt, or feathers
- Concrete crushing
- Fat rendering
- Foundries, ferrous or non-ferrous
- Grain milling or processing
- Leather or fur tanning, curing, finishing, or dyeing
- Metal or metal ore reduction, refining, smelting, or alloying
- Metal or metal product treatment or processing, including enameling, japanning, lacquering,
galvanizing, or similar processes
- Petroleum or petroleum product refining
- Radioactive waste disposal services involving the handling or storage of radioactive waste,
excluding hazardous waste management facilities as defined in this chapter
- Solvent extracting
- Slaughtering of animals, fish, or poultry
- Sugar refining
- Textile bleaching
- Wood or bone distillation
- Wood or lumber processing, including sawmills or planing mills, wood-preserving treatment,
and similar processes
- Wood pulp or fiber reduction or processing, including paper mill operations
- Wool scouring or pulling
(3) Main uses that manufacture the following products are hereby declared to be potentially
incompatible industrial uses:
- Asphalt or asphalt products
- Brick, tile, or clay
library.amlegal.com/alpscripts/get-content.aspx
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- Cement
- Charcoal, lampblack, or fuel briquettes
- Chemicals, including acetylene, aniline dyes, ammonia, carbide, caustic soda, cellulose,
chlorine, carbon black or bone black, cleaning or polishing preparations, creosote, exterminating agents,
hydrogen or oxygen, industrial alcohol, potash, plastic materials or synthetic resins, rayon yarns, or
hydrochloric, picric, or sulphuric acids or derivatives
- Coal, coke, or tar products
- Excelsior or packing materials
- Fertilizers
- Gelatin, glue, or size
- Glass or glass products, including structural or plate glass or similar products
- Graphite or graphite products
- Gypsum
- Heavy metal casting or foundry products, including ornamental iron work or similar products
- Insecticides, fungicides, disinfectants, or related industrial or household chemical compounds
- Linoleum or oil cloth
- Lumber, plywood, veneer, or similar wood products
- Matches
- Miscellaneous metal alloys or foil, including solder, pewter, brass, bronze, or tin, lead, or gold
foil, or similar products
- Paint, varnishes, or turpentine
- Paper
- Porcelain products, including bathroom or kitchen equipment, or similar products
- Raw plastic
- Rubber, natural or synthetic, including tires, tubes, or similar products
- Soaps or detergents
- Stone products, including abrasives, asbestos, stone screenings, and sand or lime products
(b) Specific uses.
(0) Alcoholic beverage manufacturing.
(A) Definition: An establishment for the manufacture, blending, fermentation, processing, and
packaging of alcoholic beverages with a floor area exceeding 10,000 square feet that takes place wholly
inside a building. A facility that only provides tasting or retail sale of alcoholic beverages is not an
alcoholic beverage manufacturing use.
(B) Districts permitted: By right in industrial districts with RAR required. By SUP only in central
area districts.
library.amlegal.com/alpscripts/get-content.aspx
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(C) Required off-street parking:
(i) Except as otherwise provided, one space per 600 square feet of floor area.
(ii) One space per 1,000 square feet of floor area used for storage.
(iii) One space per 100 square feet of floor area used for retail sales and seating.
(D) Required off-street loading:
SQUARE FEET OF MANUFACTURING OR
STORAGE FLOOR AREA

TOTAL REQUIRED SPACES OR BERTHS

10,000 to 50,000
50,000 to 100,000
Each additional 100,000 or fraction thereof

1
2
1 additional

(E) Additional provisions:
(i) Retail sales of alcoholic beverages and related items and tastings or sampling are allowed in
accordance with Texas Alcoholic Beverage Commission regulations.
(ii) Except for loading, all activities must occur within a building.
(iii) Silos and containers of spent grain are allowed as outdoor storage. Containers of spent
grain must be screened. All other outdoor storage or repair is prohibited.
(iv) If an SUP is required, silos and outdoor storage areas for spent grain must be shown on the
site plan.
(v) Drive-through facilities are prohibited.
(1) Industrial (inside).
(A) Definition: An industrial facility where all processing, fabricating, assembly, or disassembly
takes place wholly within an enclosed building.
(B) Districts permitted: If this use is "potentially incompatible" [See Subsection (a)], it is
permitted by SUP only in the IM district; otherwise, it is permitted by right in industrial districts with
RAR required.
(C) Required off-street parking: One space per 600 square feet of floor area.
(D) Required off-street loading:
SQUARE FEET OF FLOOR AREA IN
STRUCTURE

TOTAL REQUIRED SPACES OR BERTHS

0 to 50,000
50,000 to 100,000
Each additional 100,000 or fraction thereof

1
2
1 additional

(E) Additional provisions:
library.amlegal.com/alpscripts/get-content.aspx
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(i) Accessory outside storage is limited to five percent of the lot. Outside storage that occupies
more than five percent of the lot is only allowed in a district where outside storage is permitted as a main
use. For more information regarding accessory outside storage, see Section 51A-4.217. For more
information regarding outside storage as a main use, see Section 51A-4.213.
(ii) Accessory inside retail sales may occupy up to 10 percent of the total floor area of the main
use.
(1.1) Industrial (inside) for light manufacturing.
(A) Definition: A light industrial use where all processing, fabricating, assembly, or disassembly
of items takes places wholly within an enclosed building. Typical items for processing, fabricating,
assembly, or disassembly under this use include but are not limited to apparel, food, drapes, clothing
accessories, bedspreads, decorations, artificial plants, jewelry, instruments, computers, and electronic
devices.
(B) Districts permitted: By right in CS and industrial districts.
(C) Required off-street parking: One space per 600 square feet of floor area.
(D) Required off-street loading:
SQUARE FEET OF FLOOR AREA IN
STRUCTURE

TOTAL REQUIRED SPACES OR BERTHS

0 to 50,000
50,000 to 100,000
Each additional 100,000 or fraction thereof

1
2
1 additional

(E) Additional provisions:
(i) Potentially incompatible industrial uses, as defined in this section, are prohibited as part of
any activity, operation, or processing conducted under this use.
(ii) This use may not exceed 10,000 square feet of floor area.
(2) Industrial (outside).
(A) Definition: An industrial facility where any portion of the processing, fabricating, assembly,
or disassembly takes place outside or in an open structure.
(B) Districts permitted: If this use is "potentially incompatible" [See Subsection (a)], it is
permitted by SUP only in the IM district; otherwise it is permitted:
(i) by right in the IM district with RAR required; and
(ii) by SUP only in the IR district.
(C) Required off-street parking: One space per 600 square feet of floor area, plus one space per
600 square feet of outside manufacturing area.
(D) Required off-street loading:
SQUARE FEET OF FLOOR AREA IN
library.amlegal.com/alpscripts/get-content.aspx
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STRUCTURE
0 to 50,000
50,000 to 100,000
Each additional 100,000 or fraction thereof

1
2
1 additional

(E) Additional provisions:
(i) Accessory outside storage may occupy to 50 percent of the lot. Outside storage that occupies
more than 50 percent of the lot is only allowed in a district where outside storage is permitted as a main
use. For more information regarding accessory outside storage, see Section 51A-4.217. For more
information regarding outside storage as a main use, see Section 51A-4.213.
(ii) Any portion of the building site containing this use that is adjacent to or directly across a
street or alley from a district other than an IR or IM district must be screened from that district.
(iii) Accessory inside retail sales may occupy up to 10 percent of the total floor area of the main
use.
(2.1) Medical/infectious waste incinerator.
(A) Definition: A facility used to incinerate plastics, special waste, and waste containing
pathogens or biologically active material, which because of its type, concentration, and quantity, is
capable of transmitting disease to persons exposed to the waste.
(B) Districts permitted: By SUP only in IR and IM districts.
(C) Required off-street parking: One space per 1,000 square feet of floor area.
(D) Required off-street loading:
SQUARE FEET OF FLOOR AREA IN
STRUCTURE

TOTAL REQUIRED SPACES OR BERTHS

0 to 50,000
50,000 to 100,000
Each additional 100,000 or fraction thereof

1
2
1 additional

(E) Additional provisions:
(i) All medical/infectious waste incinerators must be located at least:
(aa) 1,000 feet from all lots containing residential; public or private school; church; and public
park, playground, or golf course uses; and
(bb) one mile from all lots containing municipal and hazardous waste incinerators.
(ii) A medical/infectious waste incinerator used to incinerate up to 225 pounds of waste per hour
must be located:
(aa) on a lot that is no smaller than one acre in size;
(bb) at least 100 feet from the lot line; and
library.amlegal.com/alpscripts/get-content.aspx
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(cc) at least one-fourth mile from all lots containing main use medical/infectious and
pathological waste incinerators.
(iii) A medical/infectious waste incinerator used to incinerate more than 225 pounds of waste
per hour must be located:
(aa) on a lot that is no smaller than five acres in size;
(bb) at least 200 feet from the lot line; and
(cc) at least one mile from all lots containing main use medical/infectious and pathological
waste incinerators.
(iv) No outside storage is permitted in conjunction with this use.
(v) The area of notification for a public hearing to consider an SUP application for this use is
500 feet.
(3) Metal salvage facility.
(A) Definition: A facility that collects, separates, and processes scrap metal in bulk form for reuse
and manufacturing.
(B) Districts permitted: By SUP only in the IM district.
(C) Required off-street parking: The off-street parking requirement may be established in the
ordinance granting the SUP, otherwise a minimum of five spaces required.
(D) Required off-street loading:
SQUARE FEET OF FLOOR AREA IN
STRUCTURE

TOTAL REQUIRED SPACES OR BERTHS

0 to 50,000
50,000 to 100,000
Each additional 100,000 or fraction thereof

1
2
1 additional

(E) Additional provisions:
(i) This use must have a visual screen of at least nine feet in height which consists of a solid
masonry, concrete, or corrugated sheet metal wall, or a chain link fence with metal strips through all
links.
(ii) The owner of a metal salvage facility shall not stack objects higher than eight feet within 40
feet of the visual screen. The owner of a metal salvage facility may stack objects one foot higher than
eight feet for each five feet of setback from the 40 foot point.
(iii) If an inoperable or wrecked motor vehicle remains outside on the premises for more than 24
hours, the premises is an outside salvage or reclamation use. However, a premise is not an outside
salvage or reclamation use if the premise stores not more than four inoperable or wrecked motor vehicles
each of which having a valid state registration, current safety inspection certificate, and documentary
record of pending repairs or other disposition, and if the premise has a current certificate of occupancy
for a motor vehicle related use.
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(iv) A minimum distance of 500 feet is required between a metal salvage facility and an R,
R(A), D, D(A), TH, TH(A), CH, MF, MF(A), MH, or MH(A) district.
(3.1) Mining.
(A) Definition: The extraction, removal, or stockpiling of earth materials, including soil, sand,
gravel, oil, or other materials found in the earth. The excavation of earth materials for ponds or lakes,
including excavations for fish farming ponds and recreational lakes, are considered mining unless
otherwise expressly authorized by another provision of this code. The following are not considered
mining:
(i) The extraction, removal, or stockpiling of earth materials incidental to an approved plat or
excavation permit, incidental to construction with a building permit, or for governmental or utility
construction projects such as streets, alleys, drainage, gas, electrical, water, and telephone facilities and
similar projects.
(ii) The extraction, removal, or stockpiling of earth materials incidental to construction of
landscaping, retaining walls, fences, and similar activities consistent with the land use allowed at the site
of removal.
(iii) Gas drilling and production. See Section 51A-4.203(b)(3.2).
(B) Districts permitted: By SUP only in A(A) and IM districts.
(C) Required off-street parking: None.
(D) Required off-street loading:
SQUARE FEET OF FLOOR AREA IN
STRUCTURE

TOTAL REQUIRED SPACES OR BERTHS

0 to 50,000
50,000 to 100,000
Each additional 100,000 or fraction thereof

1
2
1 additional

(E) Additional provisions:
(i) The applicant shall submit a site plan of existing conditions, operations plan, reclamation
plan, and the proposed bond to the director for review and recommendation.
(ii) If a specific use permit is granted, the city shall inspect and monitor the mining and
reclamation operation at least once annually.
(iii) A specific use permit may not be issued for mining on city park land.
(F) Site plan of existing conditions: The applicant shall submit a site plan of existing conditions
that includes:
(i) a site location map on a small scale showing major circulation routes and other landmarks
which would aid in the location of the site;
(ii) contours shown at no greater than five-foot intervals;
(iii) connections to roads outside the site;
(iv) location, identification, and dimensions of all public and private easements;
library.amlegal.com/alpscripts/get-content.aspx

7/18

9/28/2020

ARTICLE IV. ZONING REGULATIONS.

(v) location of flood plain, water bodies, natural and man-made channels (wet and dry), and
subsurface channels;
(vi) tree and other vegetation groupings, rock outcroppings, and any other significant natural
features;
(vii) location and depth of any known former or current mines or landfills in or within 500 feet of
the boundaries of the excavation and an indication of the type of fill used;
(viii) analyzed core samples if the city determines that contaminants may be present; and
(ix) any other information the director determines is reasonably necessary for a complete review
of the proposed operations.
(G) Operations plan: The applicant shall submit an operations plan that includes:
(i) storage of reclamation topsoil and methods of disposing of all material not to be sold or
reclaimed;
(ii) hours of operation;
(iii) location and depth of excavation;
(iv) drainage and erosion control measures;
(v) method for the disposal of contaminants, if present;
(vi) roads to be used for transportation of stone, sand, or gravel;
(vii) fences or any other barriers necessary for safety;
(viii) noise and dust control measures;
(ix) the length of time necessary to complete the mining and reclamation of the site; and
(x) any other information the director determines is reasonably necessary for a complete review
of the proposed operations.
(H) Reclamation plan: The applicant shall submit a reclamation plan that is verified by a
registered surveyor. The reclamation plan must show the reclamation of the entire site upon completion
of operation and the phases of reclamation to be completed at no greater than five-year intervals. The
reclamation plan must include the following information:
(i) contours shown at no greater than five-foot intervals with slopes not steeper than a three-toone (horizontal to vertical) ratio;
(ii) circulation routes, including roadways, any internal circulation, rights-of-way, and
connections to roads outside the site;
(iii) location, identification, and dimensions of all public and private easements;
(iv) location of flood plain, water bodies, natural and man-made channels (wet and dry),
subsurface dams, dikes, or channels;
(v) location of any areas to be filled with water including a description of the source of the
water, the means of water retention, and the prevention of stagnation and pollution;
(vi) location and type of vegetation;
(vii) structures (including height), utilities, and proposed land uses, if any;
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(viii) the amount of the performance bond that will be posted in accordance with Subparagraph
(I) below; and
(ix) any other information the director determines is reasonably necessary for a complete review
of the proposed operation.
(I) Performance bond:
(i) The applicant shall post a performance bond with the city controller before passage of the
ordinance granting the specific use permit. The performance bond must be approved as to form by the
city attorney.
(ii) The bond must be twice the estimated cost to the city of restoring the premises in a manner
shown on the reclamation plan. The amount of the bond shall be determined by the director on the basis
of relevant factors including expected changes in the price index, topography of the site, project methods
being employed, depth and composition of overburden, and data provided in the reclamation plan.
(iii) The bond must be issued by a surety company licensed to do business in Texas. The
applicant may deposit cash, certificates of deposit, or government securities in lieu of a bond. Interest
received on deposits and securities must be returned to the applicant upon the approval of reclamation of
the site.
(iv) The director shall conduct a final inspection to determine whether the site has been
reclaimed in accordance with the specific use permit. Final inspection must be made not more than two
years after the expiration of the specific use permit. A registered surveyor provided by the applicant shall
verify the final topography of the site.
(v) The director shall report to the city council on the completion of the project. The city council
shall determine by resolution whether the reclamation has been completed in accordance with the
specific use permit and whether the performance bond should be released.
(vi) The city controller shall release the bond or deposit if the city council finds that the
applicant has completed reclamation of the site in accordance with the specific use permit. If the site is
not restored in accordance with the reclamation plan, the director shall use the bond or deposit to restore
the site in accordance with the plan.
(3.2) Gas drilling and production.
(A) Definitions:
(i) BOUNDARY means the perimeter of the operation site. OPERATION SITE means the area
identified in the SUP to be used for drilling, production, and all associated operational activities after gas
drilling is complete.
(ii)

ENVIRONMENTALLY SIG- NIFICANT AREA means an area:

(aa) with slopes greater than three to one;
(bb) containing endangered species of either flora or fauna;
(cc) that is geologically similar to the Escarpment Zone, as defined in Division 51A-5.200,
“Escarpment Regulations,” of Article V, “Flood Plain and Escarpment Zone Regulations;”
(dd) identified as wetlands or wildlife habitat;
(ee) determined to be an archeological or historical site; or
(ff) containing more than 1,000 inches of trunk diameter of protected trees, in the aggregate,
within a 10,000 square foot area. Trunk diameter is measured at a point 12 inches above grade. To be
library.amlegal.com/alpscripts/get-content.aspx
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included in the aggregate calculations of trunk diameter, a protected tree must have a trunk diameter of
six inches or more. For purposes of this provision, a protected tree is defined in Section 5A-10.101.
(iii) GAS DRILLING AND PRODUCTION means the activities related to the extraction of any
fluid, either combustible or noncombustible, that is produced in a natural state from the earth and that
maintains a gaseous or rarefied state at standard temperature and pressure conditions, or the extraction of
any gaseous vapors derived from petroleum or natural gas.
(iv) HABITABLE STRUCTURE means any use or structure that is not a protected use but has a
means of ingress or egress, light, and ventilation. Habitable structure does not include an accessory
structure, such as a garage or shed.
(v) PROTECTED USE means institutional and community service uses (except cemetery or
mausoleum); lodging uses; office uses; recreation uses (except when the operation site is on a public
park, playground, or golf course); residential uses; and retail and personal service uses (except
commercial motor vehicle parking or commercial parking lot or garage). Parking areas and areas used
exclusively for drainage detention are not part of a protected use.
(vi) See Article XII for additional definitions that apply to gas drilling and production.
(B) Districts permitted: By SUP only in all districts.
(C) Required off-street parking: None.
(D) Required off-street loading:
SQUARE FEET OF FLOOR AREA IN
STRUCTURE

TOTAL REQUIRED SPACES OR BERTHS

0 to 50,000
50,000 to 100,000
Each additional 100,000 or fraction thereof

1
2
1 additional

(E) Additional provisions:
(i) See Article XII for additional regulations relating to gas drilling and production. No
provision found in Articles IV or XII may be waived through the adoption of or amendment to a planned
development district.
(ii) Before an SUP for a gas drilling and production use within a public park, playground, or golf
course may be processed, city council must hold a public hearing and make a determination in
accordance with Texas Parks and Wildlife Code Chapter 26, “Protection of Public Parks and Recreational
Lands.”
(iii) A favorable vote of three-fourths of all members of the city council is required to approve a
gas drilling and production use on a public park, playground, or golf course if city council finds that the
approval will not harm the public health, safety, or welfare.
(iv) In addition to the findings required in Section 51A-4.219 for the granting of an SUP, city
plan commission and city council must consider the:
(aa) proximity of a proposed gas drilling and production use to an environmentally significant
area; and
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(bb) potential impact the proposed gas drilling and production use may have on the
environmentally significant area.
(v) Compliance with federal and state laws and regulations and with city ordinances, rules, and
regulations is required, and may include platting, a flood plain fill or alteration permit, building permits,
and gas well permits. Compliance with these additional regulations may be required before, concurrently
with, after, or independently of the SUP process.
(vi) Trailers or mobile homes that are temporarily placed on the operation site and used by gas
drilling workers as a residence are a permitted accessory use.
(vii) Once any gas drilling related activity begins on the operation site, the applicant shall limit
access to the operation site by erecting an eight-foot-tall temporary chain-link fence. Within 30 days after
any well completion activity ceases, an eight-foot-tall permanent fence must be erected and maintained
around the perimeter of the operation site. This provision controls over the fence height regulations of the
zoning district. City council, by SUP, may require a different form of screening, but may not reduce the
fence height requirements of this provision.
(viii) Access to the operation site must comply with the Dallas Fire Code. The operation site
plan must be reviewed and approved by the fire marshal before an SUP can be granted.
(ix) The operation site may not have a slope greater than 10 degrees unless the director
determines that all equipment is located and activities occur on a portion of the operation site that does
not have a slope greater than 10 degrees, there is adequate erosion control, and the slope of the operation
site will not be a threat to the public safety or welfare.
(x) The operator shall provide the director with a statement of intent to enter into a road repair
agreement before an SUP may be scheduled for a public hearing.
(xi) The director shall revise the zoning district maps upon the granting of an SUP for a gas
drilling and production use, to provide a 1,000 foot gas drilling and production use notice overlay around
the boundary of the operation site.
(F) Spacing:
(i) Habitable structure.
(aa) Except as otherwise provided in this provision, a gas drilling and production use must be
spaced at least 300 feet from a habitable structure.
(bb) If a gas drilling and production use is located on the same property as a habitable
structure, the spacing requirements in this provision may be waived for that habitable structure with a
favorable vote of two-thirds of all members of the city council if city council finds that the reduction will
not harm the public health, safety, or welfare.
(cc) Spacing is measured from the boundary of the operation site in a straight line, without
regard for intervening structures or objects, to the closest point of the habitable structure.
(ii) Protected use.
(aa) Except as otherwise provided in this provision, a gas drilling and production use must be
spaced at least 1,500 feet from a protected use (except trailers or mobile homes placed on the operation
site as temporary residences for workers).
(bb) City council may reduce the minimum 1,500 foot spacing requirement from a protected
use by not more than 500 feet with a favorable vote of two-thirds of all members of the city council if
city council finds that the reduction will not harm the public health, safety, or welfare.
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(cc) If a gas drilling and production use is located on the same property as a protected use, the
spacing requirements in this provision may be waived for that protected use with a favorable vote of twothirds of all members of the city council if city council finds that the reduction will not harm the public
health, safety, or welfare.
(dd) If a gas drilling and production use is located on a public park, playground, or golf
course, the spacing requirements in this subparagraph do not apply to protected uses or habitable
structures located on the public park, playground, or golf course. The spacing requirements in this
provision for protected uses and habitable structures off the public park, playground, or golf course use
still apply.
(ee) Spacing is measured as follows:
(11) For institutional and community service uses (except cemetery or mausoleum), and
residential uses, from the boundary of the operation site in a straight line, without regard to intervening
structures or objects, to the property line of the institutional and community service use (except cemetery
or mausoleum) or the residential use.
(22) For recreation uses (except when the operation site is on a public park, playground, or
golf course), lodging uses, office uses, and retail and personal service uses (except commercial motor
vehicle parking or commercial parking lot or garage) from the boundary of the operation site in a straight
line, without regard to intervening structures or objects, to the closest point of a physical barrier or
demarcation that establishes a boundary of the protected use. Examples of physical barriers or
demarcations include fencing around activity areas, such as play fields, courts, or pools; or edges,
borders, or boundaries of maintained areas adjacent to trails, golf courses, or active recreation areas. If
the protected use is conducted exclusively inside, from the boundary of the operation site in a straight
line, without regard to intervening structures of objects, to the closest point of the structure housing the
protected use.
(G) Neighborhood meeting:
(i) Within 60 days after filing an SUP application, the applicant or operator shall, at the
applicant or operator’s expense, provide notice of a neighborhood meeting regarding the pending SUP
application.
(ii) The applicant or operator shall mail notice of the neighborhood meeting by depositing the
notice properly addressed and postage paid in the United States mail. The notice must be written in
English and Spanish. The applicant or operator shall mail notice of the neighborhood meeting to all real
property owners as indicated by the most recent appraisal district records and all mailing addresses
within 2,000 feet of the boundary of the proposed gas drilling and production use operation site.
(iii) The notice of the neighborhood meeting must include:
(aa) the date, time, and location of the neighborhood meeting;
(bb) the identity of the applicant and the operator;
(cc) the location of the pending SUP application;
(dd) information about the proposed gas drilling and production use;
(ee) the purpose of the neighborhood meeting; and
(ff) information about subscribing to the operator’s electronic notification list to receive
updates about when specific operations will occur, including site preparation, drilling, casing, fracturing,
pipeline construction, production, transportation, and maintenance of the operation site.
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(iv) Within five days after mailing the notice of the neighborhood meeting, the applicant shall
file an affidavit with the director swearing and affirming that all real property owners and mailing
addresses within 2,000 feet of the boundary of the proposed gas drilling and production use operation site
were mailed notice of the neighborhood meeting in accordance with this subparagraph. The affidavit
must include a list of the real property owners and mailing addresses to which notice was sent.
(v) The applicant and operator shall attend and conduct the neighborhood meeting not less than
seven or more than 21 days after providing notice of the neighborhood meeting. The neighborhood
meeting must be held at a facility open to the public near the proposed gas drilling and production use.
(vi) The purpose of the neighborhood meeting is for the applicant or operator to:
(aa) inform the community about the proposed gas drilling and production use;
(bb) explain the operations associated with gas drilling and production, including site
preparation, site development and construction, drilling, casing, fracturing, pipeline construction,
production, transportation, and maintenance of the operation site; and
(cc) explain and provide information about subscribing to the operator’s electronic notification
list to receive updates about when specific operations will occur, including site preparation, drilling,
casing, fracturing, pipeline construction, production, transportation, and maintenance of the operation
site.
(3.3) Gas pipeline compressor station.
(A) Definition:
(i) BOUNDARY means the perimeter of the compressor station site. GAS PIPELINE
COMPRESSOR STATION SITE means the area identified in the SUP to be used for the gas pipeline
compressor station.
(ii) GAS PIPELINE COMPRESSOR STATION means a facility for devices that raise the
pressure of a compressible fluid (gas) in order for the gas to be transported through a transmission
pipeline. This use does not include compressors that are part of a gas drilling and production use that
only provide compression for gas to circulate into a gathering system.
(iii) PROTECTED USE means institutional and community service uses (except cemetery or
mausoleum); lodging uses; office uses; recreation uses (except when the operation site is on a public
park, playground, or golf course); residential uses; and retail and personal service uses (except
commercial motor vehicle parking or commercial parking lot or garage). Parking areas and areas used
exclusively for drainage detention are not part of a protected use.
(B) Districts permitted: By SUP only in IM district.
(C) Required off-street parking: Five spaces.
(D) Required off-street loading: None.
(E) Additional provisions:
(i) A gas pipeline compressor station must be spaced at least 1,500 feet from a protected use,
measured from the boundary of the gas pipeline compressor station site in a straight line, without regard
to intervening structures or objects, to the closest point of the protected use or areas of the protected use
activity.
(ii) To reduce noise, all compressors must be fully enclosed in a building.
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(iii) Except as otherwise provided in this subparagraph, the perimeter of the gas pipeline
compressor station site must be screened from public view. City council may, by SUP, require a different
form of screening but may not reduce the height requirements in this subparagraph. Screening must be at
least six feet in height and must be constructed of:
(aa) earthen berm planted with turf grass or ground cover that does not have a slope that
exceeds one foot of height for each two feet of width;
(bb) brick, stone, metal, or masonry wall that significantly screens equipment and structures
from view;
(cc) landscaping materials recommended for local area use by the chief arborist. The
landscaping must be located in a bed that is at least three feet wide with a minimum soil depth of 24
inches. The initial plantings must be capable of obtaining a solid appearance within 18 months; or
(dd) any combination of the above.
(iv) Unless a specific color is required by federal or state law, all equipment and structures must
be painted with a neutral color to match the nearby surroundings as nearly as possible.
(v) To reduce noise and emissions, electric motors must be used on the gas pipeline compressor
station unless the operator submits a report to the gas inspector and the gas inspector finds that electric
motors cannot be used.
(vi) Internal combustion engines and compressors, whether stationary or mounted on wheels,
must be equipped with an exhaust muffler or a comparable device that suppresses noise and disruptive
vibrations and prevents the escape of gases, fumes, ignited carbon, or soot.
(vii) Exhaust from any internal combustion engine or compressor may not be discharged into the
open air unless it is equipped with an exhaust muffler or mufflers or an exhaust muffler box constructed
of non-combustible materials sufficient to suppress noise and disruptive vibrations and prevent the
escape of noxious gases, fumes, ignited carbon, or soot.
(viii) Compressors must comply with the low and high frequency noise requirements in Section
51A-12.204(1), “Noise.”
(4) Municipal waste incinerator.
(A) Definition: A facility used to
incinerate solid waste, other than industrial or hazardous waste, resulting from or incidental to municipal,
community, institutional, and recreational activities, including, but not limited to, garbage, rubbish,
ashes, street cleanings, dead animals, and abandoned automobiles.
(B) Districts permitted: By SUP only in IR and IM districts.
(C) Required off-street parking: One space per 1,000 square feet of floor area.
(D) Required off-street loading:
SQUARE FEET OF FLOOR AREA IN
STRUCTURE

TOTAL REQUIRED SPACES OR BERTHS

0 to 50,000
50,000 to 100,000
Each additional 100,000 or fraction thereof

1
2
1 additional
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(E) Additional provisions:
(i) A municipal waste incinerator must front on a principal arterial.
(ii) The incinerator must be located on a lot that is no smaller than five acres in size, and be
located at least 200 feet from the lot line.
(iii) The incinerator must be located at least:
(aa) 1,500 feet from all lots containing residential; public or private school; church; public
park, playground, or golf course; convalescent or nursing home; medical clinic or ambulatory surgical
center; and hospital uses;
(bb) two miles from all lots containing municipal and hazardous waste incinerators; and
(cc) one mile from all lots containing medical/infectious and pathological waste incinerators.
(iv) No outside storage is permitted in conjunction with this use.
(v) The area of notification for a public hearing to consider an SUP application for this use is
750 feet.
(4.1) Organic compost recycling facility.
(A) Definition: A commercial facility where the production of compost from organic materials
takes place outside or in an open structure. For purposes of this definition, organic materials mean
leaves, grass clippings, yard and garden debris, and brush, including clean woody vegetative material not
greater than six inches in diameter that results from landscape maintenance and land-clearing operations.
Tree stumps, roots, and shrubs with intact root balls are not organic materials.
(B) Districts permitted: By right in the IM district with RAR required. By SUP only in A(A) and
IR districts.
(C) Required off-street parking: One space per 500 square feet of floor area.
(D) Required off-street loading: None.
(E) Additional provisions:
(i) In an IM district, an organic compost recycling facility must be visually screened on any side
that is within 200 feet of and visible from a thoroughfare or an adjacent property that is not zoned an IM
district. For purposes of this paragraph, adjacent means across the street or sharing a common lot line.
(5) Outside salvage or reclamation.
(A) Definition: A facility which stores, keeps, dismantles, or salvages scrap or discarded material
or equipment outside. Scrap or discarded material includes but is not limited to metal, paper, rags, tires,
bottles, or inoperable or wrecked motor vehicles, motor vehicle parts, machinery, and appliances.
(B) Districts permitted: By SUP only in the IM district.
(C) Required off-street parking: The off-street parking requirement may be established in the
ordinance granting the SUP, otherwise a minimum of five spaces required.
(D) Required off-street loading:
SQUARE FEET OF FLOOR AREA IN
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STRUCTURE
0 to 50,000
50,000 to 100,000
Each additional 100,000 or fraction thereof

1
2
1 additional

(E) Additional provisions:
(i) This use must have a visual screen of at least nine feet in height which consists of a solid
masonry, concrete, or corrugated sheet metal wall, or a chain link fence with metal strips through all
links.
(ii) The owner of an outside salvage or reclamation use shall not stack objects higher than eight
feet within 40 feet of the visual screen. The owner of an outside salvage or reclamation use may stack
objects one foot higher than eight feet for each five feet of setback from the 40 foot point.
(iii) If an inoperable or wrecked motor vehicle remains outside on the premises for more than 24
hours, the premises is an outside salvage or reclamation use. However, a premise is not an outside
salvage or reclamation use if the premise stores not more than four inoperable or wrecked motor vehicles
each of which having a valid state registration, current safety inspection certificate, and documentary
record of pending repairs or other disposition, and if the premise has a current certificate of occupancy
for a motor vehicle related use.
(iv) A minimum distance of 500 feet is required between an outside salvage or reclamation use
and an R, R(A), D, D(A), TH, TH(A), CH, MF, MF(A), MH, or MH(A) district.
(5.1) Pathological waste incinerator.
(A) Definition: A facility used to incinerate organic human or animal waste, including, but not
limited to:
(i) Human materials removed during surgery, labor and delivery, autopsy, or biopsy, including
body parts, tissues or fetuses, organs, and bulk blood and body fluids.
(ii) Products of spontaneous human abortions, regardless of the period of gestation, including
body parts, tissue, fetuses, organs, and bulk blood and body fluids.
(iii) Anatomical remains.
(iv) Bodies for cremation.
(B) Districts permitted: By SUP only in IR and IM districts.
(C) Required off-street parking: One space per 1,000 square feet of floor area.
(D) Required off-street loading:
SQUARE FEET OF FLOOR AREA IN
STRUCTURE

TOTAL REQUIRED SPACES OR BERTHS

0 to 50,000
50,000 to 100,000
Each additional 100,000 or fraction thereof

1
2
1 additional
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(E) Additional provisions:
(i) A pathological waste incinerator must be located on a lot that is no smaller than one acre in
size, and be at least 100 feet from the lot line.
(ii) The incinerator must be located at least:
(aa) 1,000 feet from all lots containing residential; public or private school; church; and public
park, playground, or golf course uses;
(bb) one mile from all lots containing municipal and hazardous waste incinerators; and
(cc) one-fourth mile from all lots containing medical/infectious and pathological waste
incinerators.
(iii) Reserved.
(iv) All waste must be disposed of within a 24 hour period.
(v) No outside storage is permitted in conjunction with this use.
(6) Temporary concrete or asphalt batching plant.
(A) Definition: A temporary facility for mixing cement or asphalt.
(B) Districts permitted: Special authorization by the building official is required in accordance
with the additional provisions for this use.
(C) Off-street parking:
Required off-street parking: Two spaces. Off-street parking requirements for this use may be
satisfied by providing temporary parking spaces that do not strictly comply with the construction and
maintenance provisions for off-street parking in this chapter. The operator of this use has the burden of
demonstrating to the satisfaction of the building official that the temporary parking spaces:
(i) are adequately designed to accommodate the parking needs of the use; and
(ii) will not adversely affect surrounding uses.
(D) Required off-street loading: None.
(E) Additional provisions:
(i) A temporary certificate of occupancy is required for this use. The building official may issue
a temporary certificate of occupancy in any zoning district for a temporary batching plant to mix,
compound, and batch concrete, asphalt, or both, for a public or private project. The certificate is valid for
six months. The building official shall deny the certificate if he determines that on-site fencing,
screening, or buffering elements do not provide adequate protection for adjacent property. If the project
is not completed within six months, the building official may extend the certificate to complete the
project.
(ii) A person to whom a temporary certificate of occupancy is issued shall:
(aa) comply with city, state and federal laws at the batching plant site;
(bb) clear the site of equipment, material and debris upon completion of the project;
(cc) repair or replace any public improvement that is damaged during the operation of the
temporary batching plant; and
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(dd) locate and operate the temporary plant in a manner which eliminates unnecessary dust,
noise, and odor (as illustrated by, but not limited to covering trucks, hoppers, chutes, loading and
unloading devices and mixing operations, and maintaining driveways and parking areas free of dust).
(iii) A person shall only furnish concrete, asphalt, or both, to the specific project for which the
temporary certificate of occupancy is issued.
(iv) The placement of a temporary batching plant for a private project is restricted to the site of
the project. The board may grant a special exception to this requirement when, in the opinion of the
board, the special exception will not adversely affect neighboring properties. (Ord. Nos. 19455; 19786;
20411; 20478; 20493; 21002; 21456; 22026; 22255; 22388; 22392; 24792; 25047; 26920; 28553; 28700;
28803; 29228; 29557; 29917 ; 30890 )
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Amending Subsection 2 of Subsection C of Section 7100 Sign Standards to
revise the definition of window signs
Amending Subsection C of Section 7100 to create a definition for electronic
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message center, amending Table 7100D and inserting a new Subsection I
Amending Section 4400B, Permitted Use Table to require a Specific Use
Permit for certain uses, delete and add certain uses and amending Section
2200, Definitions, Section 5300, Manufactured Home District Regulations,
Section 7200B, Parking Group Table, Section 7301, Supplemental
Requirements for Screening of Mechanical Equipment and Service Areas, and
Section 7800, Special Conditions to coincide with the changes in Section
4400B
Amending Section 4400B “Permitted Use Table” of the Zoning Ordinance to
relabel “Hospital/Home/Center for Alcoholic or Psychiatric Patients” and to
allow “Amusement, Commercial (Indoor)” in I-2 Heavy Industrial zoning
upon approval of an Industrial Use Permit and amending Section 6.2
“Permitted Use Table” of The Reserve Planned Development District
Standards to relabel the same aforementioned land use, require Specific Use
Permit for certain land uses, delete certain land uses and add special
conditions to certain land uses
Amending Section 7100, “Sign Standards” of the Zoning Ordinance to
establish new regulations for temporary realtor open house directional signs
and human signs
Amending Section 7200.B of the Zoning Ordinance related to the parking of
vehicles such as boats, motor homes, recreational vehicles, campers, trailers,
and other vehicles on properties with a single-family dwelling, two-family
dwelling or townhouse; providing an exemption to such parking restrictions
applicable to certain vehicles in existence before March 2006
Amending Sections 7100, 7100.C.2, 7100.D.2 “Temporary Signs Table” and
7100.K.2 of said ordinance revising certain sign definitions; revising the
regulations for promotional signage displays as to quantity and placement of
such signs; revising the regulations for real estate signs
Amending Section 4500.B of the Zoning Ordinance to increase the minimum
floor area for houses in the SF-12/22, PR, SF-9.6/20 and SF-8.4/18 zoning
districts

Amending Section 4600.D.15 of the Zoning Ordinance to revise the
regulations on reduced size lots
Amending Section 6300.E.6 of the Zoning Ordinance to revise the
criteria for a Special Exception to allow an increase in the maximum
allowable area or height, or a reduction of the minimum setback
requirements for accessory buildings or structures on lots of 12,000
square feet or larger
Amending Section 8600.A of said Ordinance to revise the regulations
for issuing or revoking Specific Use Permits
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ORDINANCE NO. 671
AN ORDINANCE AMENDING APPENDIX A OF THE CODE OF
ORDINANCES OF THE CITY OF MANSFIELD (1978) BY REPEALING
ORDINANCE NO. 293 AND ORDINANCE NO. 416 OF THE CODE OF
ORDINANCES OF THE CITY OF MANSFIELD, AS AMENDED, INCLUDING
THE OFFICIAL ZONING MAP WHICH SAID ORDINANCES INCORPORATE
AND TO WHICH THEY REFER, SAVE AND EXCEPT PLANNED
DEVELOPMENT DISTRICTS AND SPECIFIC USE PERMITS, ENACTING A
NEW ZONING ORDINANCE TO THE CODE OF ORDINANCES, TO BE
NUMBERED AS HEREINAFTER PROVIDED, STATING A PURPOSE;
DEFINING TERMS, ESTABLISHING ZONING DISTRICTS; ADOPTING AN
OFFICIAL ZONING MAP OF THE CITY OF MANSFIELD; PROVIDING
ZONING DISTRICT REGULATIONS; PROVIDING FOR SPECIAL
EXCEPTIONS AND OTHER PERMITS UNDER CERTAIN CONDITIONS;
PROVIDING OFF-STREET PARKING AND LOADING REGULATIONS;
PROVIDING SIGN REGULATIONS; PROVIDING FOR SPECIAL PURPOSE
DISTRICTS AND STANDARDS AND REGULATIONS RELATING THERETO;
PROVIDING FOR NON-CONFORMING BUILDINGS, STRUCTURES, AND
USES OF LAND AND REGULATIONS RELATING THERETO; PROVIDING
CERTAIN LANDSCAPING AND SCREENING REQUIREMENTS; PROVIDING
CERTAIN OPEN STORAGE AND OPEN AIR VENDING REGULATIONS;
ESTABLISHING FLOOD HAZARD STANDARDS; ESTABLISHING CERTAIN
SPECIAL CONDITIONS; PROVIDING FOR ENFORCEMENT; CREATING A
BOARD OF ADJUSTMENT AND REGULATIONS AND PROCEDURES
RELATING THERETO; CREATING A PLANNING AND ZONING
COMMISSION AND REGULATIONS AND PROCEDURES RELATING
THERETO;
ESTABLISHING
A
PROCEDURE
FOR
CHANGES,
AMENDMENTS AND SPECIAL EXCEPTIONS; PROVIDING FOR
SEVERABILITY, PROVIDING FOR A PENALTY, PROVIDING FOR REPEAL.
WHEREAS, the City Council of the City of Mansfield requested the Planning and
Zoning Commission to study and evaluate the zoning ordinances of the City of Mansfield; and,
WHEREAS, said Commission was additionally charged with the responsibility of
recommending to the City Council a comprehensive revision of said ordinances; and,
WHEREAS, said Commission thoroughly studied and evaluated planning and zoning
recommendations submitted by City Staff, members of the development community, real estate
community, and other interested segments of the private sector; and,
WHEREAS, a public hearing before said Commission was held on December 2, 3, 4
and 5, 1985, pursuant to Article 1011f of the Texas Civil Statutes, at which hearing the views of the
public were heard; and,
WHEREAS, changes and amendments to the originally proposed Ordinance have been
made by the Planning and Zoning Commission as a result of recommendations, suggestions, and
criticisms of the aforementioned segments of the community and integrated into the final proposal
prepared by said Commission; and,

WHEREAS, the City Council after receipt of said Ordinance from said Commission,
considered and evaluated the recommended Ordinance; and,
WHEREAS, a public hearing before the City Council was held on March 31, 1986,
pursuant to Article 1011d of the Texas Civil Statutes, at which hearing the views of the public were
heard; and,
WHEREAS, further changes and amendments to the Ordinance as recommended by the
Planning and Zoning Commission were made as a result of collective recommendations, suggestions
and criticisms voiced during the aforementioned process; and,
WHEREAS, the City Council believes that the following ordinance will serve to protect
the health, safety, welfare and morals of the community as well as promote orderly development and
growth of the City of Mansfield; and,
WHEREAS, the City Council supports regular review of the Ordinance herein in order
to insure that it will continue to accomplish the desired objectives and still remain a viable planning
document in future years;
NOW THEREFORE, BE IT ORDAINED BY THE CITY OF MANSFIELD, TEXAS,
Section 1
THAT Ordinance No. 293 and Ordinance No. 416 of the City of Mansfield including
the zoning map which said ordinances incorporate and to which they refer, are hereby repealed, save
and except Planned Development Districts and Specific Use Permits, and a new Ordinance No. 671
is hereby enacted to read as follows:

§1000
ARTICLE 1. TITLE AND GENERAL INFORMATION.
Section 1000. Title.
This ordinance shall be known as and may be referred to as the "Mansfield Zoning Ordinance".
Section 1100. Purpose of Ordinance.
The purpose of this ordinance is to guide and accomplish a coordinated, adjusted and harmonious
development of the municipality and its environs which will, in accordance with present and future
needs best promote the public health, safety and welfare.
The zoning regulations and districts as herein established have been designed to:
1. Promote health, safety, morals, order, convenience, property and general welfare.
2. Promote efficiency and economy in the process of development.
3. Promote the healthful and convenient distribution of population.
4. Preserve adequate air and light.
5. Promote good civil design and arrangement.
6. Promote wise and efficient expenditure of public funds.
7. Provide for adequate public utilities and other public requirements.
Section 1200. Relationship to Other Laws.
It is not intended by this ordinance to repeal, abrogate, annul or in any way impair or interfere with
existing provisions of other laws or ordinances except for the previously mentioned Ordinance No.
293 and Ordinance No. 416, or with private restrictions placed upon property by covenant, deed,
easement, or other private agreement. Where this ordinance imposes a greater restriction upon land,
buildings or structures than is imposed or required by other ordinances, covenants or agreements the
provisions of this Ordinance shall govern, provided nothing stated herein shall state or imply any
liability of the City to enforce private deed restrictions or agreements.
Section 1300. Application of This Ordinance.
No structure shall be constructed, erected, placed or maintained and no land use commenced or
continued within the City except as specifically, or by necessary implication, authorized by this
Ordinance. Specific Use Permits, Industrial Use Permits and/or variances are allowed only as
granted by the City Council, the Planning and Zoning Commission or the Board of Adjustments
upon finding that the specified conditions exist.
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Section 1400. Interpretation of Ordinance
This ordinance shall be interpreted, whenever an administrator or the judiciary is called upon to do
so, in conformance with the purposes intended, by the City Council to be served by its enactment.
The intent of the standards and supporting definitions is to protect both individual property owners
and the general public from adverse impacts which might otherwise be the result of a proposed use.
To this end, those called upon to interpret this ordinance shall proceed as follows:
A. Determine the public purpose(s) of the standard(s) with respect to which an interpretation is
required. Before any zoning interpretation is made, there must be an explicit identification of
the purpose(s) for which the regulation was initially imposed. Each zoning regulation is
intended to protect the interests of both present and future neighbors and the general public.
Each standard is developed as a regulatory response to an identifiable negative impact or
potential impact. A sound interpretation of any such standard cannot be insured without a
careful analysis of the end to which the regulation is directed.
B.

Determine the actual impact of a proposed interpretation. There is a critical distinction between
an interpretation which provides a greater degree of design freedom to achieve a permitted land
use and an interpretation which permits a new or not previously permitted use or which allows a
use to be enlarged or have its intensity increased beyond the degree specified in the ordinance.

C.

Determine that the proposed interpretation will insure a just balance between the rights of the
landowner and all others who will be affected by that person's land use proposal. If an
interpretation merely would allow a design solution which is more flexible, albeit slightly
different from the one expressly stated and if it results in no less a degree of protection to any
affected party, such an interpretation may be appropriately made. Any interpretation which
would result in any identifiable loss of protection or which would increase the nuisance
potential of any use should not be made by an administrator. Any interpretation which will
result in any loss of protection or increase in intensity beyond that already permitted should
only be made when the party interpreting the ordinance has the power to impose additional
restrictions or conditions to protect the public and exercises this power.

All interpretation should be recorded in writing at the City Secretary's Office. Such records shall be
used for future review as related issues arise so that consistency between actions over time can be
assured. All records of ordinance interpretations shall include both consenting and/or dissenting
opinions from all parties.
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§2100
ARTICLE 2. DEFINITIONS
Section 2000. Purpose.
It is the purpose of this article to define words, terms, and phrases contained within this ordinance.
Section 2100. Word Usage.
In the interpretation of this ordinance, the provisions and rules of this section shall be observed and
applied, except when the context clearly requires otherwise:
A. Words used or defined in one tense or form shall include other tenses and derivative forms.
B.

Words in the singular number shall include the plural number, and words in the plural number
shall include the singular number.

C.

The masculine gender shall include the feminine, and the feminine gender shall include the
masculine.

D. The word "shall" is mandatory.
E.

The word "may" is permissive.

F.

The word "person" includes individuals, firms, corporations, associations, trusts, and any other
similar entities.

G. The word "City" means the City of Mansfield, Texas.
H. The words "City Council" means the City Council of the City of Mansfield.
I.

The words "Planning and Zoning Commission" shall mean the Mansfield Planning and Zoning
Commission.

J.

The word "Board" shall mean the Mansfield Board of Adjustments.

K. In case of any difference of meaning or implication between the text of this Ordinance and any
caption, illustration, or table, the text shall control.
L.

The word "Building" includes the word "Structure".

M. The word "Lot" includes the words "Parcel", "Plot", or "Tract".
N. The words “residential zoning” mean the following zoning district classifications: A, SF5AC/24, SF-12/22, SF-9.6/20, SF-8.4/18, SF-8.4/16, SF-7.5/18, SF-7.5/16, SF-7.5/12, SF-6/12,
2F, MF-1, MF-2, MH, as well as Planned Development that consists of residential uses.
O. Fire Code: The Fire Code adopted by the City of Mansfield and any amendment thereof.
(Ordinance No. 1480, Adopted 4/26/04)
P.

Person: Includes both the singular and plural and means an individual person, corporation,
association, partnership, limited partnership, limited liability company, and any other type of
legal entity and any receiver, trustee, guardian, executor, administrator, and fiduciary or
representative of any kind. (Ordinance No. 1480, Adopted 4/26/04)
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Section 2200. Definitions
When used in this ordinance, the following terms shall have the meanings herein ascribed to them:
Section 2200. A
1.

Abutting - Having a common border with, or being separated from such common border by an
alley or easement.

2.

Adult Entertainment Establishment - Shall be as defined in the Mansfield Code of Ordinances
as now existing or as hereafter amended.

3.

Alley - A public way which affords a secondary means of access to property abutting thereon,
and not intended for general traffic circulation.

4.

Apartment House - Any building or portion thereof used as a multiple dwelling for the purpose
of providing three (3) or more separate dwelling units which may share means of egress and
other essential facilities.

5.

Amusement, Commercial (outdoors) - Any amusement enterprise offering entertainment or
games of skill to the general public for a fee or charge wherein any portion of the activity takes
place in the open including, but not limited to, a golf driving range, archery range and miniature
golf course.

6.

Amusement, Commercial (indoors) - An amusement enterprise wholly enclosed in a building
which is treated acoustically so that noise generated by the enterprise is not perceptible at the
bounding property line and including, but not limited to, a bowling alley or billiard parlor.

7.

Art Gallery or Museum - An institution for the collection, display and sales of arts and with
facilities open to the general public.

Section 2200 B.
1.

Bar - An establishment licensed by the State of Texas for the sale of alcoholic beverages that
derives more than 75% of the establishment’s gross revenue from the on-premise sale of
alcoholic beverages for on-premise consumption. For the purposes of this definition, gross
revenue shall be calculated using the total amount of gross revenue received from the sale of
alcoholic beverages and from the sale of food by the establishment for the preceding 12-month
period. Such establishment shall make available to the city or its agents, during reasonable
hours, its books and records for inspection if required by the city.

2.

Basement - That portion of a building which is partly or wholly below grade but so located that
the vertical distance from grade to the floor below is greater than the vertical distance from
grade to ceiling. A basement shall not be counted in computing the number of stories.

3.

Bedroom - A room marketed, designed, or otherwise likely to function primarily for sleeping.

4.

Bed and Breakfast Inn – An accessory use to a single-family dwelling unit in which no more
than seven (7) rooms in the principal residential structure or in an accessory building(s) on the
property are set aside for guest clients, and breakfast is available onsite to only such guest
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clients; length of stay of guest clients ranges from one (1) to thirty (30) days; and the
owner/operator resides on-site.
5.

Building - Any structure either temporary or permanent, having a roof or other covering, and
designed, built or intended for the shelter or enclosure or partial enclosure of persons, animals,
chattels or movable property of any kind or for an accessory use. Where independent units with
separate entrances are divided by absolute fire separations, each unit so separated shall be
deemed a building. This definition shall include structures wholly or partly enclosed with an
exterior wall.

6.

Building, accessory - A building which (1) is subordinate to and serves a principal structure or a
principal use, (2) is subordinate in area, extent, and purpose to the principal structure or use
served, (3) is located on the same lot as the principal structure or use served except as otherwise
expressly authorized by provisions of this ordinance, and (4) is customarily incidental to the
principle structure or use. Any portion of a principal structure devoted or intended to be
devoted to an accessory use is not an accessory structure.

7.

Building Line - A line on a lot, generally parallel to a lot line or street right-of-way line, located
at a sufficient distance therefrom to provide the minimum yards required by this Ordinance.
The building line delimits the area in which buildings are permitted subject to all applicable
provisions of this Ordinance.

8.

Building, Main/Principle - The building or buildings on a lot which are occupied by the primary
use.

9.

Building, Mixed Use - Any building used partly for residential use and partly for community
facility and/or commercial use.

Section 2200 C.
1.

Campground or Recreational Vehicle Park - Any plot or tract of land used for the temporary
placement of camping trailers, travel trailers, motor homes, recreational vehicles and designed
for overnight camping. Said property shall provide utilities and sanitary facilities as deemed
necessary by the City for the patrons.

2.

Camping or Travel Trailer - vehicles that are currently registered as recreational vehicles with
the Vehicle Title and Registration Division of the Texas Department of Transportation, having
no foundation other than wheels, jacks, blocks or skirting and is designed to be towed from
place to place and which by design is to be occupied as a dwelling on a temporary basis. This
definition shall include “trailer coach, motor home, recreational vehicle” which by definition are
similar to “camping or travel trailer” but are designed to be driven and contain their own power
plant, drive train and steering device.

3.

Church or Rectory - A place of worship and religious training of recognized religions including
the on-site housing of minister, rabbis, priests, nuns and similar staff personnel.

4.

Clinic, Medical or Dental - Facilities for examining, consulting with and treating patients
including offices, laboratories and out-patient facilities but not including hospital beds and
rooms for acute or chronic care. This term applies only to facilities used by more than two (2)
health care practitioners or establishments.
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5.

Clothing Manufacturing and Light Fabrication and Assembly - Operations involving cutting,
sewing, forming and packing of garments and similar items and including, but not limited to,
the making of millinery and clothing accessories, jewelry, trimming decorations, signs,
electronic controls, and any similar item not involving the generation of noise, odor, vibration,
dust or obnoxious or hazardous materials or machinery.

6.

Club, Private - Quarters for a private organization, the principle purpose of which is the
preparation and service of food and drink for members and their guests only.

7.

College or University - An academic institution of higher learning, accredited or recognized by
the State and offering programs of academic study.

8.

Community Center, Private - A building or group of rooms designed and used as an integral
part of a residential project by the tenants of such a project for a place of meeting, recreation or
social activity and under the management and unified control of the operators of the project. A
private Community Center shall not be operated as a place of public meetings, or as a business,
nor shall the operation of such facility create noise, odor, or similar conditions perceptible
beyond the bounding property line of the project site.

9.

Community Center, Public - A building and grounds owned and operated by a governmental
body for the social, recreational, health or welfare of the community served.

10. Court - An open space bounded on more than two sides by the walls of a building.
11. Coverage, Lot - The percent of lot area which is covered by a roof, floor, or other structure and
is not open to the sky. Roof eaves to the extent of two (2) feet and ordinary projections from
the building not exceeding twelve (12) inches shall not be counted in computing coverage.
Section 2200 D.
1.

Dance Hall or Night Club - An establishment offering to the general public facilities for
dancing, dining and entertainment for a fee and subject to regulations by the City of Mansfield.

2.

Day Care Center or Nursery - Any place, home or institution which cares for five (5) or more
children under the age of sixteen years old apart from their parents, guardians, or custodians for
regular periods of time for compensation; provided, however, that the term "child care center"
shall not apply to bonafide schools, custody fixed by a court, children related by blood or
marriage within the third degree of the custodial person.

3.

Density or Gross Density - A measure of residential land use intensity which is expressed as the
number of dwelling units per acre (du/ac) of gross site area.

4.

Development Schedule - A chronological estimate of the rate and order of development.

5.

Doctor's or Physician's Office - A small office for examining and consulting with patients
including necessary accessory facilities and occupied by not more than two (2) doctors.

6.

Dwelling, Accessory - A dwelling unit accessory to and located on the same lot with the main
residential building and used as living quarters by domestic servants or caretakers employed on
the premises, temporary guests, or family members of the owner of the premises.
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7.

Dwelling, Single-family - A detached dwelling designed for and occupied by not more than one
(1) family and having no roof, wall, or floor in common with any other dwelling unit.

8.

Dwelling, Two Families - A detached building having accommodation for and occupied by not
more than two (2) families, each of which is attached side to side each one (1) sharing only one
(1) common wall with the other. In calculating minimum lot area, a two-family dwelling shall
be considered to be two dwelling units.

9.

Dwelling or Dwelling Unit - A room or group of rooms which is arranged, occupied, or
intended to be occupied as living quarters and includes facilities for food preparation and
sleeping.

10. Dwelling, Zero Lot Line - A single-family, fully detached dwelling located on an individual lot
which is set on one of the interior side lot lines. This makes the side yard usable and requires
less land than a house centered on its lot.
Section 2200 E.
1.

Eating Places with Drive-In Services - An establishment whose principle business is the sale of
food and/or beverages in a ready-to-consume state: (1) for consumption within the
establishment, (2) for consumption within a motor vehicle parked on the premises where the
customer does not exit the vehicle or (3) through direct window service allowing customers in
motor vehicles to purchase food and/or beverages for off-premise consumption.

2.

Eating Places without Drive-In Services - An establishment whose principle business is the sale
of food and/or beverages to customers in a ready-to-consume state, and whose principle method
of operation includes one or both of the following characteristics: (1) customers, normally
provided with an individual menu, are served their foods and beverages by a restaurant
employee at the same table or counter at which food and beverages are consumed; (2) a service
line operation where food and beverages are consumed within the establishment.

Section 2200 F.
1.

Family - Any number of individuals living together as a single housekeeping unit, in which not
more than four individuals are unrelated by blood, marriage or adoption.

2.

Feed Store/Mixing Plant - An establishment for the sale of grain, prepared feed and forage for
pets, livestock and fowl, part of other activities may involve the grinding, mixing or commercial
compounding of such items.

3.

Field or Construction Office - A structure or shelter, subject to removal by owner or Building
Official, used in connection with a development or building project for housing on-site
administrative and supervisory functions and for sheltering employees and equipment.

4.

Fix-It Shop and Appliance Repair - A shop for the repair of household and home equipment,
such as electrical appliances, bicycles, lawn mowers, tools and similar items.

5.

Floor Area - The sum of the gross floor area for each of a building's stories measured from the
interior limits of the walls of the structure. The floor area of a building includes basement floor
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area and includes attic floor area only if the attic area meets the Mansfield Building Code
standards for habitable floor area. It does not include cellars and unenclosed porches or any
floor space in an accessory building or in the principle building which is designed for the
parking of motor vehicles in order to meet the parking requirements of this ordinance.
6.

Floor Area Ration (FAR) - An intensity measure expressed as the ratio between the number of
square feet of total floor area in the main building(s) on a lot and the total square footage of land
in the lot; it is the number resulting from dividing the main building floor area by the lot area.

Section 2200 G.
1.

Garage Apartment - A dwelling unit designed or constructed as part of a private garage.

2.

Garment Pressing and Agents for Laundries and Dry Cleaning - An establishment for custom
cleaning and/or pressing of individual garments only and not a bulk or commercial type
cleaning plant.

3.

Gas Service Station - An establishment providing sales of vehicle fuel and/or such services as
lubrication, oil and tire changes, and minor repairs. This use does not include paint spraying or
auto body repair or major engine or motor repairs.

4.

Grade - The average elevation of the highest and lowest elevation measured at the finished
surface of the ground at any of the exterior corners of the building or structure.

5.

Gross Site Area – The total square footage or acreage of land in a lot or tract excluding the area
within a floodway and area dedicated as public street right-of-way.

6.

Group Foster Home - A facility licensed by the State as a foster home that provides room,
board, ordinary care and supervision to no more than twelve (12) individuals under eighteen
(18) years of age who are related or not related to the owner. This term shall include "registered
family home" as defined in Ordinance No. 595.

Section 2200 H.
1.

Height - The vertical distance of a building or structure measured from the average established
grade at the street line or from the average natural front yard ground level, whichever is higher,
to (1) the highest point of the roof's surface if a flat surface, (2) the top deck line of a mansard
roof, (3) the mean height level between eaves and ridge of a hip and gable roof, (4) the top of a
parapet wall. If the street grade has not been officially established, the average front yard grade
shall be used for a base level.

2.

Home Occupation - A business, profession, occupation, or trade conducted for gain or support
and located entirely within a residential building, or a structural accessory thereto, which use is
accessory, incidental, and secondary to the use of the building for dwelling purposes and does
not change the essential residential character or appearance of such building or neighborhood in
which the building is located.

3.

Hospital - A facility in which there are complete facilities for diagnosis, treatment, surgery,
laboratory, X-ray, nursing, and the prolonged care of bed patients.
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4.

Hotel or Motel - A building or group of buildings designed to be temporarily occupied by
individuals.

Section 2200 I.
1.

Industrialized Housing - A residential structure that is designed for the use and occupancy of
one or more families that is constructed in one or more modules or constructed using one or
more modular components built at a location other than the permanent residential site, and that
is designed to be used as a permanent residential structure when the modules or modular
components are transported to the permanent residential site and are erected or installed on a
permanent foundation system. The term includes the plumbing, heating, air-conditioning, and
electrical systems. The term does not include any residential structure that is in excess of three
stories or forty-nine (49) feet in height as measured from the finished grade elevation at the
building entrance to the peak of the roof. The term shall not mean nor apply to (1) housing
constructed of sectional or panelized systems not utilizing modular components; or (2) any
ready-built home which is constructed so that the entire living area is contained in a single unit
or section at a temporary location for the purpose of selling it and moving it to another location.

2.

Industrialized Building -A commercial structure that is constructed in one or more modules or
constructed using one or more modular components built at a location other than the permanent
commercial site, and that is designed to be used as a commercial building when the modules or
modular components are transported to the permanent commercial site and are erected or
installed on a permanent foundation system. The term includes the plumbing, heating, airconditioning, and electrical systems. The term does not include any commercial structure that is
in excess of three stories or forty-nine (49) feet in height as measured from the finished grade
elevation at the building entrance to the peak of the roof.

Section 2200. J. Reserved for Future Use.
Section 2200. K.
1.

Kennel - Any place in or at which three (3) or more dogs more than eight (8) weeks old are
kept, or any place in or at which one or more dogs are housed or boarded for pay.

2.

Kindergarten - A school for children of preschool age, the teaching of which is purely
preliminary to the teaching of the public school, and which implements a planned curriculum of
constructive endeavors, helpful games, object lessons, songs and social exercises.

Section 2200 L.
1.

Laboratory, Scientific or Research - Operations involving the compounding of products such as
perfumes, pharmaceutical and the experiment, testing, development and assembly of
instruments, construction materials and similar items.

2.

Loading Space - An off-street space or berth on the same lot with a building, or contiguous to a
group of buildings, for the temporary parking of a commercial vehicle while loading or
unloading merchandise or materials.

3.

Local Utility Service Line - The facilities provided by a municipality or a franchised utility
company for the distribution of gas, water, drainage, sewage, electric power, telephone or
telecommunication.
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4.

Lot - Land occupied or to be occupied by a building and its accessory buildings and including
such open spaces as are required under this ordinance and having its principle frontage upon a
public street or officially approved place.

5.

Lot Area - That area of a horizontal plane bounded by the front, side and rear lot lines of a
building lot, including any portion of an easement which may exist within such property lines,
exclusive of rights-of-way for street or alley purposes.

6.

Lot, Corner - A lot situated at the intersection of two or more streets, the interior angle of such
intersection not exceeding one hundred thirty-five (135) degrees. A corner lot shall be deemed
to front on the street on which it has its smallest dimensions, or as otherwise designated by the
Planning and Zoning Commission.

7.

Lot Depth - The length of a line connecting the mid-point of the front and rear lot lines.

8.

Lot, Double Frontage - A building lot, not a corner lot, which adjoins two streets which are
opposite each other and which are parallel or within forty-five (45) degrees of being parallel to
each other. On a double frontage lot, both street lines shall be deemed front lot lines, except as
otherwise provided herein.

9.

Lot, Interior - A lot other than a corner lot.

10. Lot Lines - The lines bounding a lot.
11. Lot Line, Front - In the case of an interior lot, a line separating the lot from the street or place;
and in the case of a corner lot, a line separating the narrowest street frontage of the lot from the
street, except in those cases where the latest tract deed restrictions specifies another line as the
front lot line.
12. Lot Line, Rear - That lot line which is opposite to and most distant from the front lot line of the
lot; in the case of a triangular, pentagon or polygon shaped lot, a line twenty (20) feet in length,
entirely within the lot, most parallel to and at the maximum possible distance from the front lot
line shall be considered to be the rear lot line.
13. Lot Line, Side - Any lot line not a front lot line or rear lot line. Where a lot has only three (3)
lot lines, those lot lines which do not front upon a street shall be deemed side lot lines.
14. Lot of Record - A lot which is part of a subdivision plat which has been recorded in the office
of the County Clerk of Tarrant County or Johnson County or Ellis County.
15. Lot Width - The length of a line, drawn perpendicular to the lot depth line at its point of
intersection with the front setback line, connecting the side lot lines; however, in zoning
districts requiring less than a twenty-five (25) foot front setback, lot width shall be measured as
if said front setback were twenty-five feet (25').
Section 2200 M
1.

Maintenance and Repair Services for Buildings - An establishment and related open storage
yard for supplies and operational equipment for building maintenance, but not constituting a
junk, wrecking or salvage yard.
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2.

Manufactured Home, HUD-Code - A structure, constructed on or after June 15, 1976, according
to the rules of the United States Department of Housing and Urban Development, transportable
in one or more sections, which, in the traveling mode, is eight (8) body feet or more in width or
forty (40) body feet or more in length, or, when erected on site, is three hundred twenty (320) or
more square feet, and which is built on a permanent chassis and designed to be used as a
dwelling with or without a permanent foundation when connected to the required utilities, and
includes the plumbing, heating, air-conditioning, and electrical systems.

3.

Manufactured Home Rental Communities - A plot or tract of land which is separated into two or
more spaces or lots which are rented or leased or offered for rent or lease to persons for the
installation of manufactured homes for use and occupancy as residences; provided that the lease
or rental agreement is for a term of less than 60 months and contains no purchase option.

4.

Manufactured Home Subdivision - A unified development of mobile home sites on lots platted
for such purposes, which lots may be sold to the owners of a mobile home situated thereon,
meeting all of requirements of applicable zoning and subdivision ordinances and designed to
accommodate mobile homes on a permanent basis.

5.

Masonry Construction Materials – Masonry construction materials include brick; natural or
manufactured stone; structural clay tile; indented, hammered or split-face concrete masonry unit
or combination of these materials that are laid up unit by unit and set in mortar and that are at
least two (2) inches thick. (Ord. No. 1484, 5/10/04)

6.

Masonry-Like Construction Materials – Masonry-like construction materials include fiber
reinforced cement exterior siding, stucco, Exterior Insulated Finish Systems (E.I.F.S.), or
similar exterior cladding; and concrete tilt wall, pour-in-place concrete wall and pre-cast wall
that are at least two (2) inches thick and that are profiled, sculptured, fluted, exposed-aggregated
or have other non-smooth architectural concrete finish. Ord. No. 1484, 5/10/04)

7.

Medical Waste Product Facility – An establishment that receives, processes, treats, transfers,
collects or stores medical waste products.

8.

Membership Sport or Recreational Club - A private recreational club with restricted
membership, usually of less area than a Country Club, which may include a club house, a
swimming pool, tennis courts, or similar recreational facilities none of which are available to
the general public.

9.

Mini-Warehouse - A building or group of buildings in a controlled-access and fenced
compound that contains varying sizes of individual, compartmentalized, and controlled-access
stalls or lockers for the dead storage of a customer's goods or wares. No outside storage, sales,
service, or repair activities other than the rental of dead storage units are permitted on the
premises.

10. Mobile Home - A structure that was constructed before June 15, 1976, transportable in one or
more sections, which, in the traveling mode, is eight (8) body feet or more in width or forty (40)
body feet or more in length, or, when erected on-site, is three hundred twenty (320) or more
square feet, and which is built on a permanent chassis and designed to be used as a dwelling
with or without permanent foundation when connected to the required utilities, and includes the
plumbing, heating, air-conditioning, and electrical systems.
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11. Manufactured Home Lot or Pad - A plot of ground within a manufactured home rental
community or subdivision designed for the accommodation of one manufactured home, with an
area of not less than 4500 square feet and meeting all setbacks contained herein.
12. Model Home - A single-family dwelling in a developing subdivision located on a legal lot of
record that is limited to temporary use as a sales office for the subdivision and to provide an
example of the dwellings which have been built or which are proposed to be built in the same
subdivision.
13. Motor/Railroad Freight Terminal - A building or area in which freight brought by motor truck
or railroad car is assembled and is stored for interstate and/or intrastate shipment by motor truck
or railroad car. A motor freight terminal is a truck terminal.
14. Multi-Tenant Office Or Retail Strip Building – A building with two (2) or more office or retail
tenants in a single structure on the same lot with each tenant having its own separate entrance
on the building’s exterior.
Section 2200 N.
1.

Nursery - An enterprise which conducts the retail sale of plants grown on or off the site, as well
as accessory items directly related to their care and maintenance but not power equipment such
as gas or electric lawnmowers and farm implements. The accessory items normally sold are
clay pots, potting soil, fertilizers, insecticides, baskets, rake and shovels.

2.

Nursing or Assisted Living Facility - A private home for the care of children or the aged or
infirm, or a place of rest for those suffering bodily disorders, not containing equipment for
surgical care or the medical treatment of disease or injury.

3.

Nonconforming Building, Lawful – A building, structure, or portion thereof which does not
conform to the regulations of this ordinance and which lawfully existed at the time the
regulations with which it does not conform became effective.

4.

Nonconforming Use, Lawful - A use of a building or land which does not conform to the use
district regulations of this Ordinance and which lawfully existed at the time the regulations with
which it does not conform became effective. A lawful conforming use existing at the time of
the adoption of this ordinance shall not become nonconforming as a result of a Specific Use
Permit requirement.

5.

Non-Traditional Smoking Related Business – A retail establishment or other business whose
principal business is the offering of a service related to, or the selling of, renting or exhibiting of
products or devices known as water pipes, hookahs, electronic cigarettes or electronic vaping
devices, steam stones, hookah pens or any comparable devices. For the purpose of this
definition, the term “principal” shall mean over 25% of the volume of sales or rentals, stock in
trade or display areas generated from or devoted to the products or devices described herein.

Section 2200 O.
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1.

Occupancy - Occupancy as used herein pertains to and is the purpose for which a building is
used or intended to be used. A change of occupancy is not intended to include a change of
tenants or proprietors.

2.

Openings for Light and Air - Any windows, window walls or glass panels located in the
building, but not including doors which are used only for ingress or egress.

3.

Open Space - An area included in any side, rear or front yard or any unoccupied space on a lot
that is open and unobstructed to the sky except for the ordinary projections of cornices, eaves
and plant material.

4.

Open Space, Common - Parks, playgrounds, community centers, golf courses, parkways, water
areas or similar areas which are created as private open space under a permanent agreement for
maintenance and responsibility and is accepted by the City Council and approved by the City
Attorney.

Section 2200 P.
1.

Parkway - That public property situated between the curb or edge of a street and the property
line of the land adjacent.

2.

Philanthropic Institution - Any organization operating under a non-profit charter, the activities
of which are devoted exclusively to benevolent purposes.

3.

Porch – An exterior structure that extends along the outside of a building, usually roofed and
generally open-sided but may also be partially enclosed, screened, or glass-enclosed; it is often
an addition to the main structure.

4.

Public Building, Utility Shop or Storage Yard of Local, State or Federal Government - Facilities
such as office buildings, maintenance yards or shops required by branches of Local, State or
Federal Government for service to an area, such as Highway Department Yard or City Service
Center.

5.

Publically Owned Non-School Facility – A structure, facility or land area owned by a
governmental entity including a public school district that is not used for classroom instruction
purposes but for administration, maintenance, vehicle storage, entertainment or athletic
competition not focused on continuing instruction. Facilities of this type will be treated as
public uses of structures or land for zoning, alcoholic beverage regulation and other regulatory
purposes.

Section 2200 Q. (Reserved for Future Use)
Section 2200 R.
1.

Radio, Television or Micro-Wave Tower - Structure supporting an antenna for transmitting or
receiving any portion of the radio spectrum, but excluding non-commercial antenna installations
for home use of radio or television.

2.

Railroad Track and Right-of-Way - not including railroad stations, sidings, team tracks, loading
facilities, docks, yards or maintenance areas.
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3.

Recreational Area - An area devoted to facilities and equipment for recreational purposes,
swimming pools, tennis courts, playgrounds, community clubhouses, and other similar uses.

4.

Recycling Collection Center - An open yard for the receiving, sorting, storage or packing of
paper, rags, glass, boxes, aluminum and similar commodities.

5.

Repair Garage - A shop for the disassembly, rebuilding and repair of motor vehicle engines,
electric motors, vehicle transmissions or other major components. Minor vehicle maintenance
shall be classified as a service station.

6.

Retail Stores and Shops Other than Listed - Any establishment not listed in the permitted use
listing, offering consumer goods for sale except those uses specifically excluded and listed in
other districts.

7.

Rooming/Boarding House - A building other than a hotel or multi-family dwelling where
lodging is provided for compensation for three (3) but not more than twelve (12) persons, where
meals may or may not be served, and where facilities for food preparation are not provided in
the individual rooms. Where meals are served, they shall be served only to the residents of the
boarding house.

Section 2200 S.
1.

School, Business or Professional - A business operating for profit and offering instruction and
training in a service or art, such as a secretarial school, barber college, beauty school,
commercial art school, but not including a manual trade school.

2.

School, Public or Private – For purposes of zoning, alcoholic beverage regulation and other
regulatory ordinances, a structure intended, designed and constructed for the use of providing
classroom instruction to students. It is intended to include actual classroom facilities and
attached administrative, cafeteria and auditorium facilities. Gymnasiums are included within
this definition if they are attached to a facility designed and used for classroom instruction of
students.

3.

School, Vocational or Trade - A business operating for profit and offering instruction and
training in a trade such as welding, brick laying, machinery operation or other similar manual
trades.

4.

Shopping Center - A group of commercial establishments which is planned, developed, and
managed as a unit related in its location, size and type of shops to the trade area that the unit
serves.

5.

Solar Panel Systems – A combination of equipment and/or controls, accessories,
interconnecting means and terminal elements for the collection, storage and distribution of solar
energy. Solar panel systems do not include individually powered outdoor solar lights, such as
garden lights, accent lights, security lights or flood lights.

6.

Stable, Commercial - A building or land where horses are kept for breeding, remuneration, hire,
sale, boarding, riding or show.

7.

Stable, Private - Any building, incidental to an existing residential, principle use, that shelters
horses for the exclusive use of the occupants of the premises.
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8.

Stable, Riding Club -A paddock, stable and related riding and quartering facilities for horses
owned by a specific number of recorded members and maintained for the exclusive use of such
members and guest.

9.

Storage, Outside - The storage of any equipment, machinery, building materials or
commodities, including raw, semi-finished and finished materials, the storage of which is not
accessory to a residential use, and which is visible from ground level; provided, however, that
vehicular parking except junked or damaged vehicles shall not be deemed to be outside storage.

10. Street Frontage - The length of all property on one side of a street measured along the line of the
street, or in the case of a dead-end street, then the length of all property abutting on one side
between an intersecting street and the end of the dead-end street.
11. Structure - Anything constructed or erected, the use of which requires permanent location on the
ground or attached to something having permanent location on the ground. This term shall
include any man made screening structure, sign or device.
12. Stucco - Exterior plaster as defined in the Uniform Building Code currently adopted by the City
and amendment thereof.
Section 2200 T.
1.

Telephone Exchange, Switching Relay & Transmitting Station - Not including public business
facilities, storage or repair facilities.

2.

Townhouse - A single-family dwelling, on a separate lot which fronts on a street, a place, a
court or a private access easement, which is attached to two (2) or more similar dwellings by a
vertical lot line, or party walls, which has its own private entrance, and which in combination
with said attached dwellings constitutes an architectural whole.

Section 2200 U.
1.

Use - The purpose or activity for which land or any building thereon is designed, arranged, or
intended, or for which it is occupied or maintained.

2.

Use, Accessory - An accessory use is one which (1) is subordinate to and serves a principle
structure or a principle use, (2) is subordinate in area, extent, and purpose to the principle
structure or use served, (3) is located on the same lot as the principle structure or use served
except as otherwise expressly authorized by provisions of this ordinance, and (4) is customarily
incidental to the principle structure or use.

3.

Use, Main/Principle - The specific primary purpose for which land is used.

4.

Use, Temporary - A temporary use is one established for a fixed period of time with the intent
to discontinue such use upon the expiration of such time. Such uses do not involve the
construction or alteration of any permanent structure.

5.

Used Merchandise Store - A retail store for used materials, goods, and merchandise of less than
twenty (20) years of age, and those over twenty (20) year of age which do not derive a value
from their age.
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Section 2200 V.
1.

Variance - Permission to depart from the literal requirement of this ordinance granted pursuant
to Section 8400.

2.

Vehicle – Any passenger vehicle or other vehicle.

3.

Vehicle, Other – Any bus, all-terrain vehicle, motor home, recreational vehicle, camper, trailer,
boat, or any vehicle of any kind that is not a passenger vehicle.

4.

Vehicle, Passenger – Any automobile, truck or motorcycle intended primarily for transportation
to and from work, school, shopping or similar domestic uses.

5.

Veterinary Clinic - An establishment for the care and medical veterinary practice on or for
domestic household animals, conducted completely within an enclosed, soundproofed structure
and not using any setback or open space for the activities defined.

6.

Veterinary Hospital - An establishment for the care and medical treatment of large animals and
domestic household pets having treatment and boarding facilities both in an enclosed building
and outside pens or runs enclosed by a permanent type of fencing.

Section 2200 W.
1.

Wrecking or Salvage Yard - Premises upon which waste or scrap materials are bought, sold,
exchanged, stored, packed, disassembled or handled, including but not limited to scrap iron and
other metals, paper, rags, rubber tires, bottles and used building materials. This term shall also
include an automobile wrecking and salvage yard.

Section 2200 X. (Reserved for Future Use)
Section 2200 Y.
1.

Yard - An open space, other than a court, between a building and the adjoining lot lines,
unoccupied and unobstructed from the ground upward except as otherwise provided herein.

2.

Yard, Front - A yard extending across the front of the lot between side lot lines and having a
minimum horizontal depth measured from the front lot line as specified for the district in which
the lot is located.

3.

Yard, Rear - A yard, except for accessory buildings as herein permitted, extending across the
rear of the lot between side lot lines and having a minimum horizontal depth measured from the
rear lot line as specified for the district in which the lot is located. On corner lots, the rear yard
shall be considered as parallel to the street upon which the lot has its least dimensions. On both
corner and interior lots, the rear yard shall in all cases be at the opposite end of the lot from the
front yard.

4.

Yard, Side - A yard between a building and side lot line, extending from the front yard or front
lot line where no front yard is required to the rear yard and having a minimum horizontal
distance measured from the side lot lines as specified for the district in which the lot is located.

Section 2200 Z. (Reserved for Future Use)
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ARTICLE 3. ESTABLISHMENT OF ZONING DISTRICTS.
Section 3000. Establishment of Zoning Districts.
Mansfield, Texas is hereby divided into zoning districts of such number and character as are
necessary to achieve compatibility of uses within each district, to implement the official Mansfield
Land Use Plan and related official plans and the Official Zoning Map of Mansfield, and to serve the
other purposes of this ordinance which are detailed in Article 1.
Section 3100. Zoning Districts Enumeration.
For the purpose of this ordinance, all land and water areas in Mansfield are hereby divided into
zoning districts which shall be designated as follows:
PR
A
SF-5AC/24
SF-12/22
SF-9.6/20
SF-8.4/18
SF-8.4/16
SF-7.5/18
SF-7.5/16
SF-7.5/12
SF-6/12
2F
MF-1
MF-2
OP
C-l
C-2
C-3
C-4
I-l
I-2
FR
MH
PD

Pre-Development District
Agricultural District
Single-Family Residential District – 5 acre lots minimum
Single-Family Residential District – 12,000 sq. ft. lots minimum
Single-Family Residential District – 9,600 sq. ft. lots minimum
Single-Family Residential District – 8,400 sq. ft. lots minimum
Single-Family Residential District – 8,400 sq. ft. lots minimum
Single-Family Residential District – 7,500 sq. ft. lots minimum
Single-Family Residential District – 7,500 sq. ft. lots minimum
Single-Family Residential District – 7,500 sq. ft. lots minimum
Garden Home District – 6,000 sq. ft. lots minimum
Two Family Residential District – 3,750 sq. ft. per unit minimum
Multi-family Residential District – 12 units per acre maximum
Multi-family Residential District – 18 units per acre maximum
Office Park District
Neighborhood Business District
Community Business District
Commercial-Manufacturing District
Downtown Business District
Light Industrial District
Heavy Industrial District
Freeway Overlay District
Manufactured Home District
Planned Development District

Section 3200. Zoning Map Adopted.
The official Zoning Map of the City of Mansfield attached hereto and made a part hereof for all
purposes, is hereby adopted and shall be filed with the City Secretary of the City of Mansfield. The
boundaries of the various districts as enumerated in Section 3100 are hereby established as identified
on said map. All notations, references, legends, scales, and every detail shown on said map are
incorporated into and made a part of this ordinance.
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Section 3201. Interpretation of District Boundaries.
The following rules shall be used to determine the precise location of any zoning district boundary
shown on the Official Zoning Map of Mansfield.
A. Boundaries shown as following or approximately following the limits of any municipal
corporation shall be construed as following such limits.
B.

Boundaries shown as following or approximately following streets shall be construed to follow
the center lines of such streets.

C.

Boundary lines which follow or approximately follow platted lot lines or other property lines as
shown on the Mansfield Tax Maps shall be construed as following such lines.

D. In unsubdivided property, the district boundary lines on the Zoning Map shall be determined by
use of the scale appearing on the map.
E.

Any property on the Zoning Map which does not have a zoning district designation shall be
classified as a PR, Pre-Development District.

F.

Boundaries shown as following or approximately following survey lines, or county lines shall
be construed as following such lines.

G. Boundaries shown as following or approximately following railroad lines shall be construed to
lie midway between the main tracks of such railroad lines.
H. Boundaries shown as following or approximately following shorelines of any lakes shall be
construed to follow the mean high waterline of such lakes, and in the event of change in the
mean high waterline shall be construed as moving with the actual mean high waterline.
I.

Boundaries shown as following or approximately following the center lines of streams, rivers,
or other continuously flowing water courses shall be construed as following the channel center
line of such water courses taken at mean low water, and in the event of a natural change in the
location of such streams, river, or other water courses, the zone boundary shall be construed as
moving with the channel center line.

J.

Boundaries shown as separated from, and parallel or approximately parallel to, any of the
features listed in paragraphs A through G above shall be construed to be parallel to such
features and at such distances therefrom as are shown on the map.

Section 3202. District Boundary Uncertainty.
If after the application of the aforementioned rules, uncertainty still exists with respect to the
boundaries of the various districts, as shown on the Zoning Map, the conflict shall be resolved by
utilizing the appeal power of the Board of Adjustments as set forth in Article 8.
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ARTICLE 4 ZONING DISTRICT REGULATIONS
Section 4000. General Restrictions.
Except as hereinafter otherwise provided, no land or building shall be used, and no building,
structure or improvement shall be made, erected, constructed, moved, altered, enlarged or repaired,
for any purpose or in any manner except in accordance with the requirement established in the
district in which such land, building, structure, or improvement is located, and in accordance with the
provisions of this ordinance.
Section 4001. Residential Use Restrictions.
Whenever the specific district regulations pertaining to one district permit residential uses of a more
restrictive district, such residential uses shall be subject to the conditions as set forth in the
regulations of the more restrictive district unless otherwise specifically stated. For the purpose of
this Ordinance, the level of restrictions shall be in the order of districts listed in Section 3100, with
the "A", Agricultural District as the most restrictive to the "I-2", Heavy Industrial District as the least
restrictive.
Section 4002. General Purpose and Description Provisions.
Paragraphs included within the district regulations in Article 4 hereof entitled "General Purpose and
Description" contain general descriptive information to provide the reader with a conceptual
understanding of the general legislative intent of the district indicated. The provisions of such
paragraphs are directory and not mandatory.
Section 4101. PR, Pre-Development District Regulations.
A. General Purpose and Description: To identify areas that will ultimately be developed for
residential, commercial or industrial purposes. This zoning classification does not infer any
specific indication of future land uses other than its projection for some form of residential,
commercial or industrial development. The actual zoning classification for properties in these
areas will be converted to a residential, commercial or industrial zoning district classification at
the initiation of the development process by a properly filed zoning change request to be
evaluated in conformance with the City’s Zoning Ordinance. The zoning classification selected
will be determined based upon normal zoning change review criteria to include the City’s then
current Land Use Plan, Thoroughfare Plan, and the developer’s projected uses.
B. Permitted Uses: Uses permitted in the PR District shall be the same as those permitted in the
SF-12/22 District.
C. Area and Height Regulations: Area and height regulations in the PR District shall be the same
as those provided for the SF-12/22 District.
Section 4102. A, Agricultural District Regulations.
D. General Purpose and Description: To establish and preserve agricultural areas for those
agricultural uses which are compatible with nearby urban development.
E. Permitted Uses: Uses permitted in an A, Agricultural District are set forth in Section 4400.
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F. Area and Height Regulations: Area and height regulations in an A, Agricultural District, are
set forth in Section 4500.
Section 4103. SF-5AC/24, Single-Family Residential District Regulations.
A. General Purpose and Description: To provide for the development of single-family detached
dwelling units on lots of not less than five (5) acres.
B. Permitted Uses: Uses permitted in the SF-5AC/24 District are set forth in Section 4400.
C. Area and Height Regulations: Area and height regulations in the SF-5AC/24 District are set
forth in Section 4500.
Section 4104. SF-12/22, Single-Family Residential District Regulations.
A. General Purpose and Description: To provide for the development of single-family detached
dwelling units on lots of not less than twelve thousand (12,000) square feet.
B. Permitted Uses: Uses permitted in the SF-12/22 District are set forth in Section 4400.
C. Area and Height Regulations: Area and height regulations in the SF-12/22 District are set
forth in Section 4500.
Section 4105. SF-9.6/20, Single-Family Residential District Regulations.
A. General Purpose and Description: To provide for the development of single-family detached
dwelling units on lots of not less than nine thousand six hundred (9,600) square feet.
B. Permitted Uses: Uses permitted in the SF-9.6/20 District are set forth in Section 4400.
C. Area and Height Regulations: Area and height regulations in the SF-9.6/20 District are set
forth in Section 4500.
Section 4106. SF-8.4/18, Single-Family Residential District Regulations.
A. General Purpose and Description: To provide for the development of single-family detached
dwelling units on lots of not less than eight thousand four hundred (8,400) square feet.
B. Permitted Uses: Uses permitted in the SF-8.4/18 District are set forth in Section 4400.
C. Area and Height Regulations: Area and height regulations in the SF-8.4/18 District are set
forth in Section 4500.
Section 4107. SF-8.4/16, Single-Family Residential District Regulations.
A. General Purpose and Description: To provide for the development of single-family detached
dwelling units with a minimum floor area of 1,600 square feet per unit on lots of not less than
eight thousand four hundred (8,400) square feet.
B. Permitted Uses: Uses permitted in the SF-8.4/16 District are set forth in Section 4400.
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C. Area and Height Regulations: Area and height regulations in the SF-8.4/16 District are set
forth in Section 4500.
Section 4108. SF-7.5/18, Single-Family Residential District Regulations.
A. General Purpose and Description: To provide for the development of single-family detached
dwelling units with a minimum floor area of 1,800 square feet per unit on lots of not less than
seven thousand five hundred (7,500) square feet.
B. Permitted Uses: Uses permitted in the SF-7.5/18 District are set forth in Section 4400.
C. Area and Height Regulations: Area and height regulations in the SF-7.5/18 District are set
forth in Section 4500.
Section 4109. SF-7.5/16, Single-Family Residential District Regulations.
A. General Purpose and Description: To provide for the development of single-family detached
dwelling units with a minimum floor area of 1,600 square feet per unit on lots of not less than
seven thousand five hundred (7,500) square feet.
B. Permitted Uses: Uses permitted in the SF-7.5/16 District are set forth in Section 4400.
C. Area and Height Regulations: Area and height regulations in the SF-7.5/16 District are set
forth in Section 4500.
Section 4110. SF-7.5/12, Single-Family Residential District Regulations.
A. General Purpose and Description: To provide for the development of single-family detached
dwelling units with a minimum floor area of 1,200 square feet per unit on lots of not less than
seven thousand five hundred (7,500) square feet.
B. Permitted Uses: Uses permitted in the SF-7.5/12 District are set forth in Section 4400.
C. Area and Height Regulations: Area and height regulations in the SF-7.5/12 District are set
forth in Section 4500.
Section 4111. SF-6/12, Garden Home District Regulations.
A. General Purpose and Description: To provide for the development of single-family detached
and zero-lot-line dwelling units on lots of not less than six thousand (6,000) square feet.
B. Permitted Uses: Uses permitted in the SF-6/12 District are set forth in Section 4400.
C. Area and Height Regulations: Area and height regulations in the SF-6/12 District are set forth
in Section 4500.
Section 4112. 2F, Two Family Residential District Regulations.
A. General Purpose and Description: To provide for the development of two family dwelling
units with each unit occupying its own lot of not less than three thousand seven hundred and
fifty (3,750) square feet.
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B. Permitted Uses: Uses permitted in the 2F District are set forth in Section 4400.
C. Area and Height Regulations: Area and height regulations in the 2F District are set forth in
Section 4500.
Section 4113. MF-1, Multi-family Residential District Regulations.
A. General Purpose and Description: To provide for the development of multi-family dwelling
units at a density of not more than twelve (12) units per acre.
B. Permitted Uses: Uses permitted in the MF-1 District are set forth in Section 4400.
C. Area and Height Regulations: Area and height regulations in the MF-1 District, are set forth in
Section 4500.
Section 4114. MF-2, Multi-family Residential District Regulations.
A. General Purpose and Description: To provide for the development of multi-family dwelling
units at a density of not more than eighteen (18) units per acre.
B. Permitted Uses: Uses permitted in the MF-2 District are set forth in Section 4400.
C. Area and Height Regulations: Area and height regulations in the MF-2 District, are set forth in
Section 4500.
Section 4201. OP, Office Park District Regulations.
A. General Purpose and Description: To establish and preserve a district for limited kinds of
business and other uses which are compatible with nearby residential uses.
B. Permitted Uses: Uses permitted in an OP, Office Park District are set forth in Section 4400.
The office, retail and service uses permitted in this district shall be subject to the provisions of
Section 7800, Special Conditions, in addition to conforming with regulations of the OP District.
C. Area and Height Regulations: Area and height regulations in an OP, Office Park District, are
set forth in Section 4500.
Section 4202. C-l, Neighborhood Business District Regulations.
A. General Purpose and Description: To establish and preserve a business district serving
patrons who arrive on foot or arrive by car and park once to carry out several errands, including
travelers, tourists and vacationers as well as residents of the city and surrounding area.
B. Permitted Uses: Uses permitted in a C-l, Neighborhood Business District are set forth in
Section 4400.
C. Area and Height Regulations: Area and height regulations in a C-l, Neighborhood Business
District are set forth in Section 4500 except that all commercial, retail and service uses permitted
in this district shall not exceed four thousand (4,000) square feet in gross floor area for any lot or
premise.
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Section 4203. C-2, Community Business District Regulations.
A. General Purpose and Description: To establish and preserve general commercial areas
consisting of shopping facilities where customers reach individual business establishments
primarily by automobile, and to provide for other kinds of uses in compatible circumstances.
B. Permitted Uses: Uses permitted in a C-2, Community Business District are set forth in Section
4400.
C. Area and Height Regulations: Area and height regulations in a C-2, Community Business
District are set forth in Section 4500.
Section 4204. C-3, Commercial-Manufacturing District Regulations.
A. General Purpose and Description: To establish and preserve commercial -manufacturing area
consisting of sales and display operations which by their nature are not compatible with many
other general commercial uses, as well as selected manufacturing uses which are either free of
objectionable influences in their operations and appearance or can eliminate or control
objectionable characteristics by landscaping, screening and other abatement devices.
B. Permitted Uses: Uses permitted in a C-3, Commercial-Manufacturing District -are set forth in
Section 4400.
C. Area and Height Regulations: Area and height regulations in a C-3, CommercialManufacturing District are set forth in Section 4500.
Section 4205. C-4, Downtown Business District Regulations.
A. General Purpose and Description: To establish and preserve the downtown business area of
Mansfield which is and will be substantially developed in a dense pattern with high building
coverage and vehicle parking provided on the street, and which requires a different approach
than is appropriate in newer retail and commercial areas.
B. Permitted Uses: Any uses permitted in the foregoing OP, C-l and C-2 Districts, excluding
churches, private schools and hospitals, but including a bed and breakfast inn, single-family
dwellings and multiple family dwellings provided that such dwellings are not located on the
ground floor and provided that off-street parking is available for such dwellings.
C. Area and Height Regulations: Area and height regulations in the C-4, Downtown Business
District are set forth in Section 4500.
Section 4301. I-l, Light Industrial District.
A. General Purpose and Description: To establish and preserve industrial areas consisting of
manufacturing, assembling and fabrication activities that are predominantly light and non
offensive in character, as well as commercial uses which are most appropriately located as
neighbors of industrial uses or which are necessary to service the immediate needs of people in
these areas.
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B. Permitted Uses: Uses permitted in an I-l, Light Industrial District are set forth in Section 4400.
The permitted uses in this district shall be subject to special conditions as set forth in Section
7800.B.26, in addition to conforming with regulations of the I-l District.
C. Area and Height Regulations: Area and height regulations in a I-1 Light Industrial District, are
set forth in Section 4500.
Section 4302. I-2, Heavy Industrial District Regulations.
A. General Purpose and Description: To establish and preserve industrial areas for heavy
manufacturing uses which by their nature may not be compatible with commercial or other
manufacturing uses. Provision is also made for the location in this district of uses which may
have characteristics of a noxious nature, along with the imposition of reasonable standards for
the protection of adjacent uses.
B. Permitted Uses: Uses permitted in an I-2, Heavy Industrial District, are set forth in Section
4400.
C. Area and Height Regulations: Area and height regulations in an I-2, Heavy Industrial District,
are set forth in Section 4500.

4000-6

§4400
Section 4400. Permitted Uses.
A. Use of Land and Buildings: Buildings, structures, land or premises shall be used only in
accordance with the uses specifically permitted in the zoning district classification for the site
subject to compliance with parking regulations, height and area requirements, "Special
Conditions" and all other requirements of the Zoning Ordinance.
B. Permitted Use Table: The permitted uses in each specific zoning district are shown by means
of symbols in the permitted use tables on the following pages. The letter “P” in the zoning
district column opposite the listed permitted use means the use is permitted as a use of right in
that district subject to:
1. Providing off-street parking in the amounts required by reference to the “Parking Group
Table” column, and
2. Subject to compliance with all of the requirements specified in the section or sections whose
number appears in the “Special Conditions” column.
The letter “S” in the zoning district column opposite the permitted use means the use is permitted
in that zoning district only after:
1. Providing off-street parking in the amounts required by reference to the “Parking Group
Table” column,
2. Subject to compliance with all of the requirements specified in the section or sections whose
number appears in the “Special Conditions” column, and
3. Obtaining a Specific Use Permit as set forth in Article 6, Section 6100.
The letter “I” in the zoning district column opposite the permitted use means the use is not
permitted as a use of right in that district and is permitted only after:
1. Providing off-street parking in the amounts required by reference to the “Parking Group
Table” column.
2. Subject to compliance with all of the requirements specified in the section or sections whose
number appears in the “Special Conditions” column, and
3. Obtaining an Industrial Use Permit as set forth in Article 6, Section 6400.
The referenced requirements of “"Parking Group Table”" and “"Special Conditions”" listed in
the above mentioned columns are provided in Section 7200 and Section 7800, respectively.
No primary use shall be permitted in any district other than a use shown in the following tables
and no primary use shall be permitted in any district unless the letter “P” or the letter “S” appears
opposite the listed permitted use.
C. Uses not Listed: Primary uses not listed in the Permitted Use Table may be permitted in any
district where similar uses are permitted subject to the determination of the Director of Planning.
The function and location requirements of the unlisted use must be consistent with the purpose
and description of the zoning district, compatible with the permitted uses in the district, and be
similar in traffic-generating capacity, noise, vibration, dust, odor, glare and heat producing
characteristics.
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D. Accessory Use: A use which is customarily incidental to that of the primary existing use, which
is located on the same lot or premise as the primary existing use, and which has the same zoning
district classification, shall be permitted as an accessory use without being separately listed as a
permitted use subject to the determination of the Director of Planning.
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SECTION 4400B PERMITTED USE TABLE

4400-3

P
P
P
P
P
P

P
P
P
P
P
P

P
P
P
P
P
P

P
P
P
P
P
P

P
P
P
P
P
P

P
P
P
P
P
P

P
P
P
P
P
P

4400-4

P P P P 1. Accessory Building, Structure or Use
P
2. Accessory Dwelling
P P P P 3. Home Occupation
P P P P 4. Private Recreation Facility
5. Private Stable
P P P P 6. Private Utility Shop or Storage
7. Quarters for On-Site Manager or Caretaker of Mini-Warehouses
P P P P P P P P P P P P P 8. Solar Panel System
P P P P P P P P P P P P P 9. Swimming Pool
P P P P P P P P P P P P P 10. TV Dish Antenna

P
P
P
P
P
P

A. Accessory Residential Uses

A
SF-5AC/24
SF-12/22
SF-9.6/20
SF-8.4/18
SF-8.4/16
SF-7.5/18
SF-7.5/16
SF-7.5/12
SF-6/12
2F
MF-1
MF-2

P
P
P
P
P
P

Permitted Primary Uses

Residential Districts

P
P
P
P
P
P
S S S P
P P P P P P P
P
P P P P P P P

OP
C-1
C-2
C-3
I-1
I-2
PD

Nonresidential
Districts

5
35
6
7
12
10
32
38
9
11

Special Conditions, Sec. 7800

Parking Group
Table, Sec. 7200

B. Agricultural Uses
1. Animal Pound (Public or Private)
2. Farm, Ranch or Orchard
3. Kennel
4. Livestock Auction
5. Livestock Feed Lot
6. Poultry Raising or Hatchery

A
SF-5AC/24
SF-12/22
SF-9.6/20
SF-8.4/18
SF-8.4/16
SF-7.5/18
SF-7.5/16
SF-7.5/12
SF-6/12
2F
MF-1
MF-2

S
P S S S S S S S S
S
S
S
S
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Permitted Primary Uses

Residential Districts

S S S
S S S
S S
S S

S S S

OP
C-1
C-2
C-3
I-1
I-2
PD

Nonresidential
Districts

20

Special Conditions, Sec. 7800

Parking Group
Table, Sec. 7200

C. Automobile/Vehicle Service Uses

A
SF-5AC/24
SF-12/22
SF-9.6/20
SF-8.4/18
SF-8.4/16
SF-7.5/18
SF-7.5/16
SF-7.5/12
SF-6/12
2F
MF-1
MF-2
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1. Auto Auction
2. Auto Glass, Upholstery or Muffler Shop
3. Car Wash, Including Self-Service
4. Auto Painting or Body Repair
5. Auto Parts or Accessory Sales (Indoor)
6. Auto Parts or Accessory Sales (Outdoor)
7. Auto Rental
8. Recreational Vehicle Sales, Including RV Trailers
9. Auto Sales, In Building
10. Gasoline Service Station
11. New Truck Sales Lot
12. New and Used Car Sales Lot
13. Truck or Heavy Vehicle Repair
14. Auto Repair Garage
15. Temporary Storage of Impounded Vehicle
16. Tire Retreading or Capping
17. Used Truck Only Sales Lot
18. Used Car Only Sales Lot
19. New Agricultural or Utility Trailer Sales
20. Trailer, Truck or Recreational Vehicle Rental

Permitted Primary Uses

Residential Districts

P
P
P
P
P
P
P

P
P
P
P
P
P
P

P P

P P
P P

P P

P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
S
P
S S P P P
S P P P

S

S
S
S
S

S

S S

S
S

S
S
S
S
S
S
S
S
S
S
S
S
S
S

OP
C-1
C-2
C-3
I-1
I-2
PD

Nonresidential
Districts
Parking Group
Table, Sec. 7200

7f

7b

7f
7b
7b

7e
7a

7f
7b
7g
7b
7c
7d

29

26
18
18

18
17
18

Special Conditions, Sec. 7800

D. Commercial and Warehouse Uses

A
SF-5AC/24
SF-12/22
SF-9.6/20
SF-8.4/18
SF-8.4/16
SF-7.5/18
SF-7.5/16
SF-7.5/12
SF-6/12
2F
MF-1
MF-2

4400-7

1. Adult Entertainment Establishment
2. Bakery or Confectionery Wholesale
3. Bottle Works Wholesale
4. Building Material or Lumber Yard
5. Cabinet Making
6. Woodworking Shop
7. Chemical Products, Bulk Storage
8. Upholstery
9. Cleaning, Laundry Plant
10. Dyeing Plant
11. Cleaning Plant, Other Than Clothing and Linen
12. Clothing Mfg. or Light Fabrication and Assembly
13. Contractor Shop and Storage Yard (Outside)
14. Feed Store
15. Heavy Machinery Sales, Service or Storage
16. Job Printing
17. Newspaper Printing
18. Maintenance or Repair Services For Buildings
19. Mini-Warehouses
20. Nursery-Wholesale
21. Open Storage or Sale of Commodities Not Elsewhere Listed
22. Paint Shop or Paint Mixing, Wholesale or Warehouse

Permitted Primary Uses

Residential Districts

P
P
P
P
S
S
S
P

P
P
P
P
S
S
S S
S P

S
S
S
S
S
S
S
S

S
S
S S
S
S
S
S
S
S

P
P
P
P
P
P
P
P
P
P
P
P
P

P
P
P
P
P
P
S
P
P
P
P
P
P

P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P

OP
C-1
C-2
C-3
I-1
I-2
PD

Nonresidential
Districts
Parking Group
Table, Sec. 7200

5b 21, 30
8e
8e
8a, 8d 28
8e
8e
8c
8e
8e
8e
8e
8e
8d, 8e
8e
8d, 8e
8e
8e
8e
27
8e
8d
8e

Special Conditions, Sec. 7800

D. Commercial and Warehouse Uses (continued)

A
SF-5AC/24
SF-12/22
SF-9.6/20
SF-8.4/18
SF-8.4/16
SF-7.5/18
SF-7.5/16
SF-7.5/12
SF-6/12
2F
MF-1
MF-2
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23. Plumbing, Electrical or Air Conditioning Sales and Service
24. Recycling Collection Center or Freestanding Donation Box
25. Scientific or Research Laboratories
26. Storage or Sales Warehouse
27. Trailer or Manufatured Housing Sales or Rental
28. Wholesale Office or Sample Room Only

Permitted Primary Uses

Residential Districts

P
S
P
P
P
S S P

S S
S
S
S S

P
S
P
P
P
P

P
P
P
P
P
P

OP
C-1
C-2
C-3
I-1
I-2
PD

Nonresidential
Districts
Parking Group
Table, Sec. 7200

8e
8e
8e
8c
8d
8c

27

Special Conditions, Sec. 7800

P P P P P P P P P P P
S S S S S S S S S S S
S S
S S S S S S S S S S S
P P P P P P P P P P P

P
S
S
S
P

12. Hospital/ Home/Center for Substance Abuse or Psychiatric Patients

S
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13. Hospital/Home/Center for General, Acute or Chronic Care
S S S 14. Kindergarten, Private
15. Labor Union or Similar Union Organization
P P P P P P P P P P P P P 16. Library, Public
17. Mortuary or Funeral Chapel
18. Nursing or Assisted Living Facility
19. Jail or Prison, Privately Owned or Operated
P P P P P P P P P P P P P 20. Public Park, Playground
21. Vocational or Trade School

P
S
S
S
P

S S S S S S S S S S S S S
P P P P P P P P P P P P P

E. Educational, Institutional and Special Uses

A
SF-5AC/24
SF-12/22
SF-9.6/20
SF-8.4/18
SF-8.4/16
SF-7.5/18
SF-7.5/16
SF-7.5/12
SF-6/12
2F
MF-1
MF-2
1. Art Gallery or Museum
2. Cemetery, Mausoleum or Crematorium
3. Church or Rectory
4. College, University, Business or Professional School
5. Community Center, Public
6. Convent or Monastery
7. Day Nursery of Child Care Center
8. Elementary or Secondary School, Private
9. Elementary or Secondary School, Public
10. Fairground or Exhibition Area
11. Fraternal Organization, Lodge or Civic Club

Permitted Primary Uses

Residential Districts

P
S
P
P
P
P
P
P
P

P
S
P
P
P
P
P
P
P
P
P
S
P
P
P
P
P
P

P
S
P
P
P
P
P
P
P
P
P
S
P
P
P
P
P
P

P P
P P
P

P P
P P

P P

P
S
P

Parking Group
Table, Sec. 7200

2b

P 2k
P
P 2f
P 2c
P 2a
P
P 2g
P 2b
P 2b
P 2d, 2e
P
2l
P
2i
P 2h
P 2g
P 2p
P 2k
P 2o
P 2n
S S
P P P P P P P
P P P P P P

P P
S P
P P

S P

P
S
P
P
P
P
P
P
P

OP
C-1
C-2
C-3
I-1
I-2
PD

Nonresidential
Districts
Special Conditions, Sec. 7800

F. General Retail Uses

A
SF-5AC/24
SF-12/22
SF-9.6/20
SF-8.4/18
SF-8.4/16
SF-7.5/18
SF-7.5/16
SF-7.5/12
SF-6/12
2F
MF-1
MF-2
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1. Bakery or Confectionery Store, Retail
2. Book Store, Retail
3. Camera and Photography Supply
4. Cleaning and Laundry, Retail
5. New Clothing or Department Store
6. Discount Store
7. Drug Store or Pharmacy
8. Florist, Retail
9. Food or Beverage Sales Store
10. Furniture, Home Furnishings or Appliance Store
11. Upholstery, Retail
12. Gift Store
13. Handicraft or Art Object Sales Store
14. Hobby, Toy or Game Store
15. Jewelry Store
16. Luggage or Leather Goods Store
17. Non-Traditional Smoking Related Business
18. Nursery or Garden Store, Retail
19. Pawn Shop
20. Pet Shop
21. Retail and Service Establishments Not Elsewhere Listed
22. Sewing, Needlework and Goods Store
23. Stationery or Office Supply Store
24. Sporting Goods or Bicycle Store
25. Used Merchandise Store

Permitted Primary Uses

Residential Districts

P
S S S
P P
P P P
P
S

P
S
P
P
P
S

P P P P
P P P P
P P P P
S S
P P
S S
P P P P
P P P P
P P P P
P P
S P P
P P P P
P P P
P P P
P P P
P P
S
P P

Parking Group
Table, Sec. 7200

P 4b
24
P 4b
24
P 4b
24
P P P 4b
P
P 4b
P
P 4b
P 4b
24
P 4b
24
P
P 4b
24
P
P 4c
P 4c
P 4b
24
P
P 4b
P
P 4b
P 4b
P 4b
S S
4b
P
P 4b
28
P P
4b
P
P 4b
S S P 4a, 4b 22, 24
P
P 4b
P 4b
24
P
P 4b
P 4b

OP
C-1
C-2
C-3
I-1
I-2
PD

Nonresidential
Districts
Special Conditions, Sec. 7800
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P

P

P
P

P

6d
6d
6a
6a
4a

4a
4a
6d
6d
6c
6d
6d
4a
5b
4a
4a
4a

1. Advertising Agencies
2. Advertising Service with Outdoor Storage Facilities
3. Drive-In Banking Facilities
4. Banking Offices or Facilities Excluding Drive-In Services
5. Beauty Shop or Barber Shop
6. Catering Service
7. Coin-Operated Laundries and/or Dry Cleaning, Self-Service
8. Computer and/or Data Processing Services
9. Eating Places with Drive-Through Service
10. Eating Places without Drive-Through Services
11. Fix-It Shop or Household Appliance Service and Repair
12. Food Carts
13. Agents for Garment Pressing, Laundries or Dry Cleaning
14. Key Shop
15. Mailing, Reproduction, Commercial Art, Photo or Steno Service
16. Medical or Dental Laboratories
17. Office, Physician, Dentist or Other Health Practitioners
18. Office, Professional or Administration
19. Personnel Supply Services
20. Pet Grooming
21. Private Club or Lodge
22. Shoe Repair Shop or Shoe Shine Parlor
23. Studio for Photographer, Musician or Artist
24. Tailor or Dressmaking Shop

P
P
P
P
P
P
P
P
P
P
P
P

G. General Service and Office Type Uses

A
SF-5AC/24
SF-12/22
SF-9.6/20
SF-8.4/18
SF-8.4/16
SF-7.5/18
SF-7.5/16
SF-7.5/12
SF-6/12
2F
MF-1
MF-2

4e
6d
5b
5a
4c

P P P P
P P
P P P
P P P P
S P P P
P P P
P
P P P P P
S S S
P P P P
S S S P
P P
S P P P P
S P P P
P P P P P
P P P P P
P P P P P
P P P P P
P P P P P
P P P P
P P P
P P P P
P P P P P
P P P P

Permitted Primary Uses
Parking Group
Table, Sec. 7200

P
P
P
P
P
P
P P
P
S P
P
P P

OP
C-1
C-2
C-3
I-1
I-2
PD

Residential Districts

Nonresidential
Districts

21

33

21, 36
21

Special Conditions, Sec. 7800

G. General Service and Office Type Uses (cont'd)

A
SF-5AC/24
SF-12/22
SF-9.6/20
SF-8.4/18
SF-8.4/16
SF-7.5/18
SF-7.5/16
SF-7.5/12
SF-6/12
2F
MF-1
MF-2
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25. Veterinarian Hospital with Outside Animal Run or Pens
26. Veterinarian Office Only

Permitted Primary Uses

Residential Districts

S S S P
P P P
P

OP
C-1
C-2
C-3
I-1
I-2
PD

Nonresidential
Districts
Parking Group
Table, Sec. 7200

6d
6d

Special Conditions, Sec. 7800

H. Government Uses

A
SF-5AC/24
SF-12/22
SF-9.6/20
SF-8.4/18
SF-8.4/16
SF-7.5/18
SF-7.5/16
SF-7.5/12
SF-6/12
2F
MF-1
MF-2

4400-13

1. Federal, State or Municipal Building
P P P P P P P P P P P P P 2. Fire Station or Similar Public Safety Building
3. Public Utility Shop or Storage

Permitted Primary Uses

Residential Districts

P P P P P P P
P P P P P P P
P P P P

OP
C-1
C-2
C-3
I-1
I-2
PD

Nonresidential
Districts
Special Conditions, Sec. 7800

Parking Group
Table, Sec. 7200

S S S S S S S S S S S S S
S S
S
P P
P P
P P

4400-14

Bed and Breakfast Inn
Group Foster Homes
Age Restricted Senior Living Facility
Hotel or Motel
Houses on a Membership Basis
Private Dormitory
Rooming and Boarding House, Organization Hotel or Lodging
Vacation Rental

I. Hotels, Group Quarters and Other Lodging Places

A
SF-5AC/24
SF-12/22
SF-9.6/20
SF-8.4/18
SF-8.4/16
SF-7.5/18
SF-7.5/16
SF-7.5/12
SF-6/12
2F
MF-1
MF-2
1.
2.
3.
4.
5.
6.
7.
8.

Permitted Primary Uses

Residential Districts

S S S
S S P P P

P
P
P
P
P
P
P
P

OP
C-1
C-2
C-3
I-1
I-2
PD

Nonresidential
Districts
Parking Group
Table, Sec. 7200

1a
2j
1g
1g
1i
1f

4, 21

Special Conditions, Sec. 7800

J. Manufacturing and Industrial Uses

A
SF-5AC/24
SF-12/22
SF-9.6/20
SF-8.4/18
SF-8.4/16
SF-7.5/18
SF-7.5/16
SF-7.5/12
SF-6/12
2F
MF-1
MF-2

4400-15

1. Aircraft Hardware or Parts Manufacturing
2. Aircraft Manufacturing
3. Appliance (Small) Manufacturing
4. Automobile Manufacturing
5. Boiler Works
6. Chemical Processing
7. Clay Products Manufacturing
8. Container Manufacturing (Wood, Paper or Plastic)
9. Cotton or Cottonseed Processing or Storage
10. Creamery/Dairy Products Mfg. or Wholesale Distribution
11. Electrical Component Manufacturing
12. Electrical Equipment or Appliance Manufacturing (Large)
13. Electroplating
14. Flour Mill
15. Food Processing
16. Foundry, Forge Plant or Rolling Mill
17. Furniture, Cabinet Manufacturing
18. Kitchen Equipment
19. Heavy Equipment Manufacturing
20. Ice Cream Manufacturing
21. Ice Manufacturing or Storage
22. Machine Shop or Welding
23. Metal Fabrication Plant

Permitted Primary Uses

Residential Districts

S
S
S
S

S
S

P P
I
P P
I
I
S I
S I
P P
I
P P
P P
I
P P
I
P P
I
P P
P P
I
P P
P P
P P
P P

P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P
P

OP
C-1
C-2
C-3
I-1
I-2
PD

Nonresidential
Districts
Parking Group
Table, Sec. 7200

8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f
8f

Special Conditions, Sec. 7800

J. Manufacturing and Industrial Uses (continued)
24. Manufactured Home, Industrialized Housing, Building Mfg.
25. Oil Well Tools or Equipment Manufacturing
26. Paper Manufacturing
27. Paper Products Manufacturing
28. Petroleum or Chemical Manufacturing
29. Planing Mill
30. Rope Manufacturing
31. Salvage or Reclamation of Products (Inside Only)
32. Stone Monument Works
33. Temporary Batch Plant
34. Textile or Garment Manufacturing
35. Travel Trailer, Camper or Camper Top Manufacturing
36. Industries Not Elsewhere Listed
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P P P
S I P
S
P P P
I P
P P P
P P P
P P P
I P
P P
P P P
P P P
S S P

Permitted Primary Uses

A
SF-5AC/24
SF-12/22
SF-9.6/20
SF-8.4/18
SF-8.4/16
SF-7.5/18
SF-7.5/16
SF-7.5/12
SF-6/12
2F
MF-1
MF-2

P P P P
S

S
S

S

OP
C-1
C-2
C-3
I-1
I-2
PD

Residential Districts

Nonresidential
Districts
Parking Group
Table, Sec. 7200

8f
8f
8f

8f
8f
8f
8f
8f
8f
8f
8f
8f

25

23

Special Conditions, Sec. 7800
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Mining Extraction
Oil or Gas Well Drilling or Production
Line Compressor
Petroleum Products Collection or Storage (Wholesale)
Sand, Gravel or Earth Sales or Storage

K. Natural Resource and Extractions

A
SF-5AC/24
SF-12/22
SF-9.6/20
SF-8.4/18
SF-8.4/16
SF-7.5/18
SF-7.5/16
SF-7.5/12
SF-6/12
2F
MF-1
MF-2

1.
S S S S S S S S S S S S S 2.
S S S S S S S S S S S S S 3.
4.
5.

Permitted Primary Uses

Residential Districts

S
S S S S S
S S S S S
S
S

S
S
S
S
S

P
P
P
P
P

OP
C-1
C-2
C-3
I-1
I-2
PD

Nonresidential
Districts
Parking Group
Table, Sec. 7200

8b
8b

34
34

Special Conditions, Sec. 7800

L. Public Utilities

A
SF-5AC/24
SF-12/22
SF-9.6/20
SF-8.4/18
SF-8.4/16
SF-7.5/18
SF-7.5/16
SF-7.5/12
SF-6/12
2F
MF-1
MF-2
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P P P P P P P P P P P P P 1. Cable TV Transmission Line
P P P P P P P P P P P P P 2. Electric Transmission Line
3. Electrical Generating Plant
S S S S S S S S S S S S S 4. Electrical Substation
P P P P P P P P P P P P P 5. Gas Transmission Line or Metering Station
P P P P P P P P P P P P P 6. Local Utility Service Line
P P P P P P P P P P P P P 7. Pumping Station
S S S S S S S S S S S S S 8. Radio, TV or Microwave Tower
S S S S S S S S S S S S S 9. Railroad Switching Yards
P P P P P P P P P P P P P 10. Sewage Pumping Station
11. Sewage Treatment Facility
S S S S S S S S S S S S S 12. Telephone Exchange, Switching Relay or Transmission Station
13. Utility Business Office
14. Utility Service or Storage yard or Buildings
P P P P P P P P P P P P P 15. Water Standpipe or Elevated Water Supply, Reservoir or Well
P P P P P P P P P P P P P 16. Water Treatment Plant

Permitted Primary Uses

Residential Districts

P
P
S
P
P
P
P
S
P
P
P
P
P
P
P

P P P
P P P
S
P P P
P P P
P P P
P P P
S S S
S S S
P P P
P P P
P P P
S
P P P
P P P

P
P
P
P
P
P
P
S
P
P
S
P
P
P
P
P

P
P
P
P
P
P
P
S
P
P
P
P
P
P
P
P

P
P
P
P
S
P
P
P
P
P
P
P
P

P
P

OP
C-1
C-2
C-3
I-1
I-2
PD

Nonresidential
Districts
Parking Group
Table, Sec. 7200

6d

Special Conditions, Sec. 7800

M. Recreation and Entertainment Uses

A
SF-5AC/24
SF-12/22
SF-9.6/20
SF-8.4/18
SF-8.4/16
SF-7.5/18
SF-7.5/16
SF-7.5/12
SF-6/12
2F
MF-1
MF-2
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1. Amusement, Commercial (Indoor)
2. Amusement, Commercial (Outdoor)
3. Bar, Dance Hall or Night Club
4. Bowling Alley
5. Campground or Recreational Vehicle Park
6. Coin-Operated Amusement Devices
7. Commercial Sport, Ballpark, Stadium or Athletic Field
S S S S S S S S S S S S S 8. Country Club
9. Driving Range or Miniature Golf Course
10. Go-Cart Track
P P P P P P P P P P P P P 11. Golf Course
12. Gun Club, Skeet or Target Range
13. Membership Sport or Recreation Club
P P P P P P P P P P P P P 14. Parks
15. Pool or Billiard Hall
16. Rodeo Ground
17. Roller or Ice Skating Rink
18. Stable, Commercial, Rental or Boarding
19. Stable, Riding Club
20. Swimming Pool, Commercial
21. Theatre, Drive-In
22. Theatre, Other Than Drive-In

Permitted Primary Uses

Residential Districts

P
P P
P
P
P
S
P
P

P
S
P P P
P
P P P
S
P
P P P

P P P

P P

P P P

P
S
P
P

P P
S
S
P P

P
S
S
P

I P
P
P
P
P
P
P
P
P
P
P P
S P
P
P P
P
P
P
P
P
P
P
P

OP
C-1
C-2
C-3
I-1
I-2
PD

Nonresidential
Districts
Parking Group
Table, Sec. 7200

3a

3c
3d
3d

3c
3e
3g
3h
3d
3g

3c
3d
5b
3b

14
13
9

21
21

21
21
21
21

Special Conditions, Sec. 7800

As specified in Section 5300 of this Ordinance

As specified in Section 5300 of this Ordinance

P
P
P
P

1. Single Family Dwelling
2. Zero-lot-line Dwelling
3. Two Family Dwelling
3. Townhouse
4. Multi-family Dwelling
5. Apartments
6. Manufactured Housing
7. Camping Trailer
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N. Residential Uses

A
SF-5AC/24
SF-12/22
SF-9.6/20
SF-8.4/18
SF-8.4/16
SF-7.5/18
SF-7.5/16
SF-7.5/12
SF-6/12
2F
MF-1
MF-2

P P P P P P P P P P P P
P P P
P P
P
P
P

Permitted Primary Uses

Residential Districts

P
P
P
P
P
P
P
P

OP
C-1
C-2
C-3
I-1
I-2
PD

Nonresidential
Districts
Parking Group
Table, Sec. 7200

1a
1j
1b
1c
1e
1e
1h

31
1, 31
31
2
2
2
3
3

Special Conditions, Sec. 7800B

O. Transportation Uses

A
SF-5AC/24
SF-12/22
SF-9.6/20
SF-8.4/18
SF-8.4/16
SF-7.5/18
SF-7.5/16
SF-7.5/12
SF-6/12
2F
MF-1
MF-2

4400-21

1. Airport Landing Field
2. Bus Station or Terminal
3. Heliport
4. Hauling or Storage Company
5. Motor Freight Terminal
6. Parking Lot or Structure, Commercial
7. Parking Lot, Truck
8. Railroad Freight Terminal
9. Railroad Passenger Station
P P P P P P P P P P P P P 10. Railroad Track or Right-Of-Way

Permitted Primary Uses

Residential Districts

S S
S S S
S
S
S S S S
S
S
S S
P P P P

S
P
S
P
P
P
P
P
P
P

P
P
P
P
P
P
P
P
P P
P P

S
P
S
P
P

OP
C-1
C-2
C-3
I-1
I-2
PD

Nonresidential
Districts
Parking Group
Table, Sec. 7200

8c

8c
8c
16

15

15

Special Conditions, Sec. 7800
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Section 4500. Area, Setback and Height Regulations.
A. No lot, parcel, premises or tract of land shall be created and no building permit shall be issued
for any request that does not meet the appropriate minimum lot area, width, depth, yard and
height regulations as set forth in the tables labeled “Section 4500 B. Area and Height
Regulations”.
B. (See Area and Height Regulations Tables.)
C. Exceptions to Area and Height Regulations:
1. In an industrial district, no structural setback shall be required from a railroad right-of-way
not less than fifty (50) feet in width.
2. A non-residential building or structure owned and/or operated by a government entity shall
be exempt from the district maximum height regulations.
3. A building or structure may exceed the district maximum height regulations with a Specific
Use Permit provided that the following minimum setback requirements are met:
a. Single-family or two family dwellings may be increased in height not more than ten (10)
feet when two side yards of not less than twenty (20) feet each are provided.
b. In zoning classifications other than the C-2 and C-3 Districts, hospitals may be erected
to a height not exceeding forty-five (45) feet when the front, side and rear yards are each
increased an additional foot for each foot such buildings exceed thirty-five (35) feet.
c. In C-2 and C-3 Districts, hospitals may be erected to a height that is deemed appropriate
by the City Council provided that the front, side and rear yards are each increased an
additional foot for each foot such buildings exceed fifty (50) feet in height, unless the
additional setback requirement is modified or waived by the City Council during the
approval of the Specific Use Permit. (Ordinance No. 1494, Approved 8/11/04—
Ordinance No. 1503, Approved 10/25/04)
4. Interior side yards shall not be required for abutting commercial and industrial properties in
the same zoning district if both properties are developed as a unit under a common
development plan provided that the construction meets the requirements of the Mansfield
Building Code and Fire Code.
5. Nonconforming lots of record existing at the time of the adoption of this Ordinance and lots
or parcels created as a result of condemnation or involuntary sale by owner to a government
entity with power of eminent domain, shall be exempt, unless indicated, from the minimum
lot area, depth and width requirements provided they are developed in accordance with all
minimum yard requirements. Multi-family uses shall not be exempt from the minimum lot
area requirements.
6. When individual attached townhouses or condominiums are to be sold separately, there shall
be no minimum lot area, lot width and lot depth requirements; provided that the total land
area of the project, including the land on which the units are located and the land held in
common ownership by the unit owners, is equal to the total minimum land area required per
dwelling unit in the district in which the project is located.
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7. The height regulations of this Ordinance shall not apply to belfries, chimneys, church spires,
conveyors, cooling towers, elevator bulkheads, fire towers, storage towers, monuments,
ornamental towers or spires, cranes, construction equipment, smoke stacks, stage towers and
scenery lofts, tanks, ham radio and television antennas, and microwave relay, radio and
television transmission towers provided that in a PR, residential or commercial district
restricted to thirty-five (35) feet in height, one (1) addition foot shall be added to the width
and depth of the front, side and rear yards for each foot that such structures exceeds thirtyfive (35) feet in height. (Ordinance No. 1448, Adopted 10/13/03---Ordinance No. 1503,
Adopted 10/25/04)
8. Buildings or structures for existing developments in industrial districts shall be exempt from
the minimum yard requirements where the expansion, enlargement or separate addition
thereof is limited to land already owned by those businesses or committed to them under
long term leases (or extensions thereof) at the time of the enactment of this Ordinance unless
it abuts a residential zoning district.
9. Permitted residential use in the C-4 Downtown Business District, shall not be subject to the
area and setback restrictions of a more restrictive residential district.
10. The zero-lot line concept which involves locating a residential dwelling with a doorless and
windowless wall actually on one interior side lot line and with one side yard at a minimum
width of ten (10) feet shall be permitted in the SF-6/12 District when the appropriate
building lines and necessary structural restrictions for the zero-lot-line concept, as set forth
in Section 7800, are shown on a recorded plat which has been approved by the Planning and
Zoning Commission.
11. Where a building line has been established by a recorded plat or a City Ordinance and such
line requires a greater or lesser front, side or rear yard setback than is prescribed by this
Ordinance for the district in which the building line is located, the required front, side or rear
yard shall comply with the building line so established by such plat or ordinance.
12. Where lots have double frontage, running through from one street to another, a required
front yard shall be provided on both streets unless a building line for accessory buildings has
been established along one frontage on the plat or by City ordinance, in which event only
one required front yard need be observed.
13. Every part of a required yard shall be open and unobstructed except for accessory buildings
or use as permitted herein, and the ordinary projection of window sills, belt courses, fences,
cornices, and roof eaves not exceeding twenty-four (24) inches into the required yard. No
accessory building or use shall be allowed in the required front or side yard except as
provided in Section 7800.B.5.
D. Minimum Setback for Trash Containers and Refuse or Recycling Storage Areas: Trash
containers and storage areas for refuse or materials awaiting disposal or recycling shall setback a
minimum of fifty (50) feet from any public street.
E. Minimum Floor Area and Building Separation in MF-1 & MF-2 Districts:
1. In any district in which apartments and multi-family dwellings are permitted, the following
standards shall be followed in establishing the minimum floor area, minimum width of a
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place or court and minimum separation between buildings, to be measured between building
walls:

Dwelling Type
a. Townhouse

Minimum Floor Area
1,200 sq. ft. per unit

b. Apartment and other multi-family
dwelling

600 sq. ft. per efficiency
750 sq. ft. per 1 bedroom unit
900 sq. ft. per 2 bedroom unit
1,000 sq. ft. per 3 bedroom unit

The minimum average floor area per apartment or multi-family residential project shall be
eight hundred (800) square feet; said minimum average floor area shall apply to the total
number of units to be constructed under the same building permit.
When Buildings are Facing
a. Front to front
b. Front to rear
c. Rear to rear
d. Side to side
e. Side to front
f. Side to rear

Minimum Separation
40 feet
40 feet
20 feet
10 feet
20 feet
10 feet

2. In applying the above described standards, the front of a building shall be deemed to be any
building face, whether in one or more planes, having doors, entrances or openings for
primary access to the building or any unit therein. The rear of the building shall be the face
of the building that is most nearly parallel and opposite to the building front and has no
doors, entrances or openings for any access to the building or units therein. A building is
considered to have a double frontage if both frontage has doors, entrances or openings for
access to the building or units therein. The sides of a building shall be building faces that
are not considered as the front or rear of the building.
F. Area, Setback and Height Regulations for Accessory Buildings – Refer to Section 7800.B.5.
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6,000

SF-6/12

40%

See Sec. 4500F

1,200

1,200

1,600

1,600

45%

45%

45%

45%

15%

40%

2,400

45%

1,000

45%

45%

45%

45%

15%

Maximum
Lot
Coverage

See Sec. 4500F

1,800

2,2008

2,400

8

2,200
2,6008

Minimum
Floor Area
Per Unit
(Sq. Ft.)

60

65

65

70

200

100

100

65

65

70

80

90

150

Minimum
Lot Width
(Feet)

100

110

110

110

200

120

120

110

110

110

110

120

200

Minimum
Lot Depth
(Feet)

25

25

25

25

45

25

25

25

25

25

25

25

40

Minimum
Front Yard
(Feet)

3

15

15

15

15

35

25

25

3

15

15

15

15

25

15

Minimum
Rear Yard
(Feet) 1

3

3

2

5

0/10

5/7.5

5

5 & 102,7

5/7.5

5

20

20

20

5 & 10

5 & 10

2,7

10

10

10

25

Minimum
Interior
Side Yard
(Feet) 1

20

20

20

20

45

25

25

20

20

20

25

25

25

15

15

15

15

20

25

25

15

15

15

15

15

25

Minimum Exterior
Side Yard (Feet)
backing
backing
up to an
up to an
abutting
abutting
side yard
rear yard

4

4

35

35

35

35

35

35

35

35

35

35

35

35

35

Maximum
Height
(Feet)

See
Section
4600

See
Section
4600

Minimum
Masonry
Construction 6

4500-5

Footnotes:
1
Refer to Section 7400C for minimum rear or side yard requirement on residential lots abutting property in an OP, C-1, C-2, C-3, I-1 or I-2 zoning classification.
2
Requires two side yards to have a combined total of not less than 15’ with a 5’ minimum on one side and a 10’ minimum on the other side.
3
Notwithstanding the above, townhomes, apartments and multi-family dwellings in MF-1 and MF-2 Districts, when located adjacent to other residential districts that do not permit
multi-family dwellings, shall setback from the property line along such other residential districts four (4) feet for every one (1) foot of building height. See additional
landscaping requirements in Section 7300 that may affect the building setback.
4
Multi-family dwelling units in MF-1 and MF-2 Districts shall not be higher than 35’ or two stories, whichever is less.
5
For single-family detached dwellings located in SF-8.4/16, SF-7.5/12 and SF-6/12 Districts, the minimum interior side yard shall be five (5) feet for one-story units and seven
and a-half (7.5) feet for units with more than one-story. Zero-lot-line dwellings in SF-6/12 District shall comply with the provisions in Section 4500C.10.
6
The area and height regulations for the PR District shall be the same as those provided for the SF-12/22 District.
7
Developments in the SF-7.5/18 District approved prior to September 14, 2015, and developments in the SF-7.5/16 District approved prior to November 13, 2000, may continue
to use a minimum interior side yard of five (5) feet for one-story dwelling units and seven and a-half (7.5) feet for dwelling units with more than one-story.
8
Developments approved prior to January 14, 2019, may continue to use a minimum floor area as follows: SF-12/22 or PR may be 2,200 square feet; SF-9.6/20 may be 2,000
square feet, and SF-8.4/18 may be 1,800 square feet.

`

7,500

2,420

MF-2

SF-7.5/12

3,630

MF-1

7,500

3,750

2F

SF-7.5/16

7,500

SF-7.5/18

8,400

8,400

SF-8.4/18

SF-8.4/16

9,600

SF-9.6/20

5 acres

12,000

SF-12/22

SF-5AC/24

2 acres

A

Zoning
District6

Minimum
Lot Area
per Dwelling Unit
(Sq. Ft.)

SECTION 4500B. AREA AND HEIGHT REGULATIONS. 1.) RESIDENTIAL DISTRICTS:

§4500

None

None

None
None
None
None
None

C-1

C-2

C-3

C-4

I-1

I-2

Width, Depth)

(i.e. Area,

Lot
Dimension

OP

(Numbers in
brackets refer
to exceptions in
Section 4500C)

Zoning
Districts

1.0

2.0

2.0

2.0

2.0

0.6

0.6

Maximum
Floor Area
Ratio

30

30

NONE

25

25

25

25
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None

None

None

None

None

None

residential
district
None

40

40

Refer to
Section 7400C
Refer to
Section 7400C
10

Refer to
Section 7400C

Refer to
Section 7400C

district

Minimum Building Setback (feet) (7) (10) (12)
When abutting
When abutting other property lines
(1) (3)
street right-ofway
in a nonin a residential

Refer to
Section 4600
Refer to
Section 4600
Refer to
Section 4600
Refer to
Section 4600
Refer to
Section 4600

Refer to
Section 4600

Refer to
Section 4600

Masonry
Construction
Requirement

SECTION 4500 B. AREA AND HEIGHT REGULATIONS 2) NON-RESIDENTIAL DISTRICTS

None

None

40

50

50

35

35

(2) (6)

Maximum
Height
(Feet)
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Section 4600. Community Design Standards.
A. Exterior Construction Materials for development in the OP, C-1 through C-4 zoning districts and
the I-1 and I-2 Freeway Overlay Zoning Districts
1. In the OP, C-1 through C-3 Zoning Districts and the I-1 and I-2 Freeway Overlay zoning
districts, the exterior surfaces of all structures, including screening walls, wing walls,
columns and supports, shall consist of at least seventy (70) percent masonry construction
materials. This requirement shall apply to new structures, expansion of existing structures,
and any repair or alteration that involves more than fifty (50) percent of the exterior surfaces
of an existing structure. This requirement shall not apply to roofs, awnings, canopies, doors,
windows, glass walls and frame assemblies thereof. The remaining thirty (30) percent of the
exterior surfaces may be constructed of masonry-like construction materials or any
construction materials not expressly prohibited by this section. (Ordinance No. 1493,
Adopted 8/9/04)
2. Development in the C-4 zoning district shall comply with the masonry construction
requirements in paragraph 1 above if a new structure is constructed on a vacant lot or on a
lot where all pre-existing structures have been or will be demolished. In addition, a walk-in
cooler or freezer and smoker or cooker that is attached to a new or existing building may be
exempt from the requirements provided that the cooler, freezer, smoker or cooker is
separated from the street by a building or screening that is compatible with the primary
building and taller than the cooler, freezer, smoker or cooker.
3. Masonry construction materials and masonry-like construction materials are as defined in
Section 2200M.
4. The exterior wall surfaces of all new structures shall be constructed of at least two materials
that compliment each other and are consistent in style.
5. The following construction materials shall be prohibited on the exterior wall surfaces of all
structures:
a. Vinyl or aluminum siding;
b. Plastic or fiberglass panels;
c. Unfired or underfired clay, brick or other masonry product;
d. Corrugated, ribbed or standing-seamed metal panels;
e. Galvanized or aluminum coated metal cladding;
f.

Smooth, unfinished or untextured concrete masonry units or concrete walls; or

g. Reflective glass.
6. Any damage to the exterior surfaces of a structure shall be repaired within 120 days from the
date the damage occurs.
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7. Existing structures that were lawful before the effective date of this ordinance but which do
not conform to the regulations of this ordinance after its passage, shall be lawful nonconforming buildings or structures. Ordinance No. 1493, Adopted 8/9/04)
8. Deviation from the above requirement may be accomplished only through Planned
Development zoning.
9. Facilities or development on property owned and used by the City of Mansfield and the
Mansfield Independent School District are exempt from the masonry materials requirements
of this section.
10. When all other conditions are met, industrialized buildings for private schools and churches
are permitted without masonry construction materials as long as the total floor are of the
industrialized buildings does not exceed 35% of the total floor area of the primary structure.
(Ordinance No. 1449, Adopted 10/13/03)
B. Exterior construction materials for development in the MF-1 and MF-2 Zoning Districts
1. In the MF-1 and MF-2 Zoning Districts, the exterior surface of all structures, including
screening walls, wing walls, gables, and columns and supports, shall be constructed of at
least eighty (80) percent masonry construction materials. This requirement shall not apply to
roofs, awnings, canopies, doors, windows, glass walls and frame assemblies thereof. The
remaining twenty (20) percent of the exterior surfaces may be constructed of masonry-like
construction materials or any construction material not expressly prohibited by this section.
2. Notwithstanding the above, chimneys and fireplaces on external wall surfaces shall be
constructed of a minimum of one hundred (100) percent masonry construction. This
requirement shall not apply to chimneys for fireplaces that are not on or part of the external
wall.
3. The following construction materials shall be prohibited:
a. Plastic or fiberglass panels;
b. Unfired or underfired clay, brick or other masonry product;
c. Corrugated, ribbed or standing-seamed metal panels;
d. Galvanized or aluminum coated metal cladding;
e. Smooth, unfinished or untextured concrete masonry units or concrete walls; or
f.

Reflective glass.

4. Existing structures that were lawful before May 10, 2004, but which do not conform to the
regulations of this ordinance after its passage, shall be lawful non-conforming buildings or
structures.
5. Deviation from the above requirement may be accomplished only through Planned
Development zoning.

4600-2

§4600
6. Facilities or development on property owned and used by the City of Mansfield and the
Mansfield Independent School District are exempt from the masonry materials requirement
of this section.
7. When all other conditions are met, industrialized buildings for private schools and churches
are permitted without masonry construction materials as long as the total floor area of the
industrialized buildings does not exceed 35% of the total floor area of the primary structure.
C. Exterior construction materials for development in the SF, PR, or 2F Zoning Districts
1. In the SF, PR or 2F Zoning Districts, the exterior wall surfaces of all dwelling units and all
non-residential development such as churches, schools or public facilities shall be
constructed of at least eighty (80) percent masonry construction materials, including gables.
This requirement shall not apply to roofs, awnings, canopies, doors, windows, glass walls
and frame assemblies thereof. The remaining twenty (20) percent of the exterior surfaces
may be constructed of masonry-like construction materials or any construction materials not
expressly prohibited by this section.
2. Notwithstanding the above, chimneys and fireplaces on external wall surfaces shall be
constructed of a minimum of one hundred (100) percent masonry construction materials.
This requirement shall not apply to chimneys for fireplaces that are not on or part of the
external wall.
3. The following construction materials shall be prohibited:
a. Plastic or fiberglass panels;
b. Unfired or underfired clay, brick or other masonry product;
c. Corrugated, ribbed or standing-seamed metal panels;
d. Galvanized or aluminum coated metal cladding;
e. Smooth, unfinished or untextured concrete masonry units or concrete walls; or
f.

Reflective glass.

4. Deviation from the above requirement may be accomplished through Planned Development
zoning or through an appeal to the Board of Adjustment for a special exception as set forth
in Section 6300 of this ordinance.
5. Notwithstanding the above, facilities or development on property owned and used by the
City of Mansfield and the Mansfield Independent School District are exempt from the
masonry materials requirements of this section.
6. When all other conditions are met, industrialized buildings for private schools and churches
are permitted without masonry construction materials as long as the total floor area of the
industrialized buildings does not exceed 35% of the total floor area of the primary structure.
7. The following properties in SF, PR or 2F zoning are automatically exempted from said
masonry construction requirement:
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a. Properties that are part of a preliminary or final plat approved before February 12, 2001;
and
b. Existing dwelling units that are in legal conformance before the adoption date of the
requirement described above; such dwelling units shall not be considered nonconforming uses due to non-compliance with the masonry construction requirement.
(Ordinance No. 1484, Adopted 5/10/04)
D. Architectural attributes for residential development in the PR, SF and 2F Districts.
1. Developments in a valid preliminary plat submitted for approval on or before November 12,
2012 shall be exempt from the requirements in this Subsection D.
2. The front entry to a house shall be well-defined and kept proportional to the house. The
front entry must be designed so as not to distract from the rest of the house.

Front entry not proportional. Distracts from
the rest of the house. Not Acceptable.

Front entry is well defined and proportional to the
house. Acceptable.

3. Only specialty windows such as box windows or circular windows may be flush mounted to
the exterior face of the building, all other windows are to be inset to create relief on the
elevations.
4. Facades shall avoid large expanses of uninterrupted, single exterior materials and must be
broken up by changes in plane, window placement, window trim, or color changes.

Large expanse with only one window and no material
changes, projections or articulation. Not Acceptable.
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5. Shutters, if provided, shall be sized and shaped to match the associated openings.

Shutters are not proportionally sized to windows.
Not Acceptable.

Shutters are sized proportionally to windows. Acceptable.

6. Gutters, if provided, shall be copper, galvanized steel, aluminum or painted if exposed to the
street.
7. All asphalt roof shingles shall be laminated architectural shingles with a three dimensional
appearance and warranted for at least thirty (30) years.
8. A minimum roof pitch of 8:12 (inches of rise per inches of run) from side to side shall apply
to the predominant roof, except a tile or slate roof may have a minimum roof pitch of 5:12
(inches of rise per inches of run) from side to side. A variety of roof pitches may be
incorporated into the roof design provided that the predominant roof meets the minimum
roof pitch requirement.
9. In order to encourage variety, the exterior facades of houses on a continuous block shall vary
within every 10 houses. When a house is constructed, the same combination of brick, stone,
masonry-like materials and paint shall not be used on other houses within five (5) lots on
either side of that house. The rear façade of a house on a lot that backs up to a street with
four or more lanes as shown in the Thoroughfare Plan shall vary in design and construction
materials from the rear façade of other houses within three (3) lots on either side of that
house that also back up to the same street.
10. Design between garage and house shall use same or complementary colors and materials.
11. Other quality products are encouraged, including but not limited to: tile, slate or metal roofs
suited to the architecture of the house; decorative columns and railings; wood garage doors;
insulated garage doors varied patterns, style and type of materials; and architectural details
such as tile work, wood trim, and moldings; or accent materials integrated into the façade.
12. All exposed wood accents or wooden garage doors shall be stained, sealed or painted for
protection and regularly maintained.
13. In order to encourage variety, for developments with 100 lots or more, there shall be at least
six (6) housing products provided for every 100 houses in a development. To be classified
as a housing product, a housing product shall have at least three (3) of the following
characteristics which clearly and obviously distinguish it from other housing products:
a. Different room layout and size of house;
4600-5

§4600
b. Exterior materials;
c. Roof lines;
d. Garage placement; and
e. Placement of the foot print on the lot and/or building face.
In order to expedite individual permit approval, a builder is required to submit plans or
drawings showing floor plans, elevations or other design elements of each housing product
and have them pre-approved for compliance with the above requirement.
14. In order to encourage variety, for developments with 30 lots or more, driveway orientations
shall vary throughout the development. A minimum of 20% of all lots shall contain a JSwing or side entry orientation. Additional lot widths shall be provided to accommodate
this configuration.
15. For developments with one hundred (100) lots or more, a maximum of ten (10) percent of
the residential lots may be reduced to the size allowed in the next lower zoning district from
the current zoning of the development as shown in the table below:
Base zoning
district:
SF-12/22 or PR
SF-9.6/20
SF-8.4/18

10% of the lots
may be:
SF-9.6/20
SF-8.4/18
SF-7.5/18

The reduced size lots must comply with the minimum lot area, minimum lot depth,
minimum lot width, and minimum setbacks of the lower zoning district that they are
designated. The minimum floor area of houses on reduced sized lots shall be the same as the
minimum floor area required for the base zoning district.
The location of the reduced size lots must be shown on the preliminary plat of a qualified
development to be dispersed throughout the development such that they are not concentrated
in any particular phase, block or area of the development. In a development with three or
more blocks, there shall be no more than one-third (1/3) of the total allowable reduced size
lots within each block. To ensure that the reduced size lots are dispersed according to the
provisions of this paragraph, the Director of Planning must approve the design and location
of the lots before the preliminary plat of the development is presented to the Planning and
Zoning Commission for approval.
16. Front porches that are fully covered and have a minimum depth of seven (7) feet may
encroach a maximum distance of ten (10) feet into the minimum front yard setback in any SF
or 2F district.
17. The minimum front yard setback for twenty-five (25) percent of the lots in a development
may be decreased to twenty (20) feet provided that no front entry garage shall be located
within twenty-five (25) feet of the front property line.
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18. To enhance the quality of life of residents and aesthetics, all developments with interior
streets shall have an enhanced entryway. At the time of preliminary plat, a developer shall
submit an enhanced entryway plan that will include at least five (5) of the following features:
a. Boulevard section with median;
b. Enhanced pavers or stained concrete;
c. Decorative street lighting at the enhanced entryway which conforms to the City’s
standards with Oncor Electric Services or other utility providers;
d. Enhanced architectural features;
e. Enhanced fencing and landscaping features; and
f.

Use slip roads adjacent to arterials to front some homes on open space, where applicable.

To ensure that the entryway meets the intent of this paragraph, the Director of Planning must
approve the design of the proposed enhanced entryway before the preliminary plat of the
development is presented to the Planning and Zoning Commission for approval.
19. Every development is encouraged to incorporate designs with the following concepts:
a. Single loaded streets adjacent to public parks and/or open space;
b. Curvilinear streets in developments over 50 acres;
c. Lots fronting on block ends in gridded rectangular layouts;
d. Shorten block lengths to approximately nine-hundred (900) feet to distribute traffic and
shorten pedestrian trips;
e. Allow connectivity to adjacent neighborhoods and open space;
f.

Allow pedestrian proximity to neighborhood services/commercial development;

g. Incorporate drainage features into open space; and
h. Limit lot frontage on higher volume collectors.
20. To enhance the quality of life of residents, for developments with 250 lots or more, one
recreation facility shall be provided for every 250 lots. To be classified as a recreation
facility, a recreation facility shall have at least one (1) of the following amenities:
a. Swimming pool;
b. Pond equipped with an aerator;
c. Walking or bike trails;
d. Playground;
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e. Open game fields;
f.

Common green areas or open space;

g. Lighted courts for activities such as volleyball, basketball, tennis, shuffleboard, racquet
ball, croquet; or
h. Other amenities approved by the Director of Planning that meet the intent of this
paragraph.
To ensure that the recreation facility meets the intent of this paragraph, the Director of
Planning must approve the design and location of the proposed recreation facility before the
preliminary plat of the development is presented to the Planning and Zoning Commission for
approval.
21. Every neighborhood with common open space, private park land, landscaping, common
walls and fencing shall have a mandatory Home Owners Association (HOA) to maintain
those improvements.
22. Connections to the Master Trail System shall be provided in accordance with the Parks and
Recreation Master Plan, where possible.
23. All lawns and landscaping shall be irrigated in accordance with Section 7300 of this
Ordinance.
24. The Director of Planning is authorized to interpret and apply the forgoing provisions to
ensure conformance with the purposes intended by the City Council. The decision of the
Director of Planning shall be final unless an appeal of the decision is made to the City
Council. Such appeal shall be submitted within ten (10) days after the decision has been
rendered by the Director of Planning by filing a Notice of Appeal in the office of the
Director of Planning, setting forth in clear and concise fashion the basis for the appeal. The
City Council shall consider the appeal at a regular meeting and may affirm, modify, or
reverse the decision of the Director of Planning.
25. Deviation from the above requirements may be accomplished only through Planned
Development zoning.
E. Architectural attributes for non-residential development in the OP, C-1 through C-3 Districts and
all non-residential districts within the Freeway Overlay District.
1. Architectural attributes are intended to address the visual impact of long uninterrupted walls
or rooflines by providing a minimum amount of variations according to the size of the
structure.
2. Where terms are not defined, they shall have their ordinary accepted meanings within the
context with which they are used.
3. All non-residential buildings shall be architecturally finished on all four (4) sides with the
same materials, detailing (e.g. tiles, awnings, moldings, cornices, etc.) and features (e.g.
windows, openings, columns, towers, arches, etc.).
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4. All non-residential buildings with facades greater than one hundred (100’) feet in length
shall incorporate wall plane projections or recesses that are at least four (4’) feet deep.
Projections/recesses must be at least four (4’) feet in length. No uninterrupted length of
façade may exceed fifty (50’) feet in length.
5. All non-residential buildings with flat roof planes greater than one hundred (100’) feet in
length shall incorporate variations in the height of the roof plane that differ by at least two
(2’) feet in height. Variations to flat roof planes may include pilasters and projected or
raised entry features. No uninterrupted length of any flat roof plane may exceed fifty (50’)
feet in length.
6. All non-residential building facades shall include a repeating pattern of elements such as
material module change, colors or textures. At least one of these elements shall repeat
horizontally.
7. All non-residential buildings shall be designed to include no less than four (4) of the
architectural elements from the list below. Buildings over 20,000 square feet must include a
minimum of six (6) of the architectural elements listed below.
a. Canopies, awnings, arcades, covered walkways or porticoes;
b. Recesses/projections, columns, pilasters projecting from the plane;
c. Varied roof heights for pitched, peaked, sloped or flat roof styles;
d. Articulated cornice line;
e. Arches;
f.

Display windows, faux windows or decorative windows;

g. Architectural details (such as tile work and molding) or accent materials integrated into
the building façade;
h. Integrated planters or wing walls that incorporate landscaping and sitting areas or
outdoor patios;
i.

Offsets, reveals or projecting ribs used to express architectural or structural bays; or

j.

Other architectural features approved by the Director of Planning

8. Existing structures that were lawful before September 14, 2004, but which do not conform to
the regulations of this ordinance after its passage, shall be lawful non-conforming buildings
or structures.
9. All new structures or expansion of existing structures shall comply with the requirements in
this section. Any repair or alteration that involves more than fifty (50) percent of the
exterior surfaces of an existing structure shall comply with the requirements in this section.
10. Deviation from the above requirements may be accomplished only through Planned
Development zoning.
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Ordinance No. 1498, Adopted 9/14/04
F. Underground Utilities
1. Definitions:
a. Transmission Line - Electrical lines operated at voltages of sixty thousand volts or
higher that bring power from a generating plant to an electrical sub-station.
b. Feeder Line - An electrical line that emanates from an electrical sub-station or hub to
distribute power throughout an area.
c. Lateral Line - An electrical line that emanates from a feeder line, typically through a
sectionalizing device like a fuse or a disconnect, to distribute power to smaller areas of
electric consumers; such line can be either single or three phase.
d. Secondary Service Line - An electrical line which, through a transformer, connects a
lateral line to a customer’s electrical service entrance.
2. After November 24, 2003, for all developments in the OP, C-1, C-2 and C-3 zoning districts,
for developments on property within the Freeway Overlay District, and for churches, schools
and public facilities in PR or residential zoning districts, all utility lines shall be placed
underground except for transmission lines and feeder lines. All electrical, gas, cable
television and telephone support equipment shall be installed on the ground or placed
underground. This requirement shall not apply to the following:
a. Utility lines or support equipment installed before November 25, 2003; or
b. Any support equipment belonging to the City, the Mansfield Independent School
District or any state agency for the regulation of traffic, street lighting, or any other
public safety purpose.
3. The cost of installing these utilities underground shall be the responsibility of the property
owner or developer who is seeking utility service for their property. The utility company
providing the utility service shall advise the customer of the nearest connection point and the
perspective customer shall be responsible for the cost of bringing the utility service to the
point of connection on the utility system designated by the utility company. A property
owner or developer requesting utility service shall not be entitled to pro rata reimbursement
from subsequent customers who might tie on to a lateral line or secondary service line.
4. The provisions of this section shall not be construed to require the City of Mansfield or the
utility company to bear the additional cost of placing utilities underground.
5. The provisions of this section are not intended to alter the intent of the electrical franchise
agreement.
6. Nothing contained within this subsection shall be construed to require that any existing
overhead facility be placed underground or to prohibit the upgrading, reconstruction or
reconductoring of any existing overhead facilities with overhead facilities.
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7. Any property owner, developer or utility company who believes that the imposition of this
underground utility construction requirement causes a unique and unreasonable hardship
shall have the right to apply for a waiver to the requirement on a case by case basis. The
applicant shall submit a written request to the City Council via the City Secretary’s office.
The request must provide the following information:
a. A description of the property, land use and/or utility improvements for which a
waiver to the requirement is sought.
b. An explanation as to why the application of the underground utility regulation is
unreasonable as applied to the applicant’s property or situation.
c. A description of any negative impacts created by the requirement to place the
utilities underground.
d. The City Secretary’s office shall place the request for a waiver on the agenda of the
City Council for consideration at a public meeting. The applicant shall receive
written notice of the date of the proposed hearing on the waiver request. The City
staff shall not be required to provide written notice of the waiver request to any
other individual or entity. On the date that the item is set for hearing, the City
Council shall conduct a public hearing on the waiver request giving any individual
who desires to prevent information or evidence to the City Council on the
appropriateness or inappropriateness of the wavier, the opportunity to appear before
the City Council and present such information. At the conclusion of the hearing, the
City Council by majority vote, may approve a waiver of the underground utility
construction requirement on all or part of the proposed utility improvements or may
deny the request for a waiver.
(Ordinance No. 1461. Adopted 11/24/03)
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ARTICLE 5. SPECIAL PURPOSE DISTRICT REGULATIONS.
Section 5000. General Provisions.
The special Purpose Article is designed as an inclusive Article that establishes sets of standards for
uses or areas that deserve specific, independent considerations. None of the districts contained in
this Article are cumulative.
Section 5100. PD, Planned Development District Regulations.
A. Purpose: This district is intended to accommodate unified design of residential, commercial,
office, professional services, retail and institutional uses and facilities or combinations thereof in
accordance with an approved comprehensive development plan. This district is designed to
permit flexibility and encourage a more creative, efficient and aesthetically desirable design and
placement of buildings, open spaces, circulation patterns and parking facilities in order to best
utilize special site features of topography, size or shape.
B. Permitted Uses: Uses permitted in a PD, Planned Development District, are set forth in Section
4400.
C. Development Standards and Regulations:
1. Height Regulations: The maximum height requirement for permissible uses in this district
shall be established on the approved development plan with due regard to site and general
area characteristics including land use, zoning, topography and setbacks, etc.
2. Density Regulations: The density requirement for development shall be established on the
approved development plan taking into account the goals and objectives, planning
principles, and guidelines in the adopted Master Land Use Plan.
3. Open Space Regulations: Provisions for public, private and common open space shall be
evaluated with due regard to density, site coverage, and physical characteristics of the site.
Common open space must be usable for recreational activities including but not limited to
playgrounds, trails, or other passive or active play areas. No open space shall be proposed
that is less than twenty (20’) feet in width to accommodate a minimum section of trail
surface, landscape buffer area and space for maintenance. Ownership and maintenance of
these areas must be addressed with the plan proposal.
4. Off-Street Parking Regulations: The off-street parking requirements shall be established on
the approved development plan and generally in accordance with Section 7200, hereof. The
location, number of spaces and size of parking areas shall be evaluated with due regard to
vegetation, topography, and other physical characteristics of the site.
5. Setback Regulations:
development plan.

The setback requirements shall be established on the approved

6. Masonry Construction Standards: The masonry construction standards shall be established
on the approved development plan.
7. Landscaping and Screening Regulations: The landscaping and screening requirements shall
be established on the approved development plan but shall not be less than the minimum
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requirements for development prescribed in Section 7300 of this Ordinance unless a
reduction, change or modification of the landscaping and screening requirements is approved
by the City Council as part of the development plan.
8. Tree Preservation and Mitigation: Preservation of trees shall be evaluated with due regard to
aesthetics and other physical characteristics (e.g. topography, view corridors, utilities,
access) of the site. This evaluation should be made prior to the design and layout of
proposed improvements such that the environment suggests design. The requirements for
tree preservation and mitigation shall be established through the policies and procedures
prescribed in the Natural Resources Management Ordinance in cooperation with the
Landscape Administrator. The City deems it necessary that a developer consult with the
Landscape Administrator as early in the site search, acquisition and planning process as
possible so as to minimize negative impacts on the development.
D. Approval Procedures:
1. A concept plan shall be required as a pre-requisite to any application for PD, Planned
Development zoning.
2. The Planning & Zoning Commission and City Council will each hold a public hearing to
review the proposed concept plan. The review of the concept plan does not grant any
change in zoning. It merely allows the applicant to seek a conceptual review before
spending the necessary resources to prepare a development plan.
3. After the concept plan review and a favorable indication from Planning & Zoning and
Council, the applicant may submit a formal application for zoning change to a Planned
Development District and for approval of a development plan. Such application shall be
submitted in accordance with the provisions of Section 8600. The procedures for hearing
said zoning change application and for approval of the development plan shall be the same
as for an application for any other zoning change.
4. The applicant has the option to by-pass the concept plan review process if prepared to submit
a development plan without any prior indication from the Planning & Zoning Commission
and City Council regarding the development concept.
5. Prior to considering an application for a zoning change to a Planned Development District
and development plan, the City Council shall request a recommendation from the Planning
& Zoning Commission.
6. After receiving the Planning & Zoning Commission’s recommendation, the City Council
shall hold a public hearing to consider the application.
7. After the public hearing, City Council may approve the original application and
development plan or modify the development plan as deemed appropriate by the City
Council.
8. The approved development plan and the associated development standards and regulations to
be observed on the Planned Development District shall be specified and incorporated as part
of the ordinance establishing the district. Every Planned Development District approved
under the provisions of this Ordinance shall be considered an amendment to the Zoning
Ordinance and Zoning Map.
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E. Concept Plan Application: An application for review and consideration of a Concept Plan
shall consist of the following:
1. A complete signed application as provided by the Planning Department or on the City’s
website at www.mansfield-tx.gov
2. The appropriate fee in accordance with the current fee schedule adopted by City Council.
3. On a separate 8 ½” X 11” exhibit, provide a metes and bounds description of the property
included in the concept plan boundaries, including the total acreage, signed and sealed by a
registered surveyor.
4. On a separate 8 ½” X 11” exhibit, list the proposed specific land uses in detail and the
approximate acreage data for each use. If land uses are general, refer to the nearest, least
intensive zoning district that would accommodate the proposed use and any excluded uses.
Example: All uses permitted in the “C-3, Commercial District, excluding outside storage or
sales”.
5. An electronic copy of the plan in accordance with current established policy.
6. All large format drawings shall be folded to an approximate size of 8 ½” X 11” with the title
block showing.
7. Fifteen (15) copies of the plan in 24” X 36” or 22” X 34” format, drawn at an acceptable
scale indicating all significant features of the proposed development to include:
a. A vicinity map locating the property in relationship to existing major thoroughfares.
b. Title block, preferably in lower right-hand corner, including the following: “Concept
Plan, name of development, survey and abstract number or recorded plat information,
city, county, state, date of preparation, acreage and number of lots”.
c. Acceptable scale: 1” = 20’, 1” = 40’, 1” = 100’ or as approved.
d. Type size is legible at full scale and when reduced.
e. North arrow, graphic and written scale in close proximity.
f.

Name, address, phone and fax of owner/developer and the firm preparing the plan.

g. A map showing the boundaries of the different land uses and the boundary dimensions.
h. Adjacent or surrounding land uses, zoning, streets and other pertinent existing or
proposed off-site improvements, sufficient to demonstrate the relationship and
compatibility of the site to the surrounding properties, uses and facilities.
i.

The location, height, setbacks and minimum floor areas for all buildings and if nonresidential, the floor area ratio.

j.

The number, location, and typical dimensions of the lots, the setbacks, the number of
dwelling units, and number of units per acre (density).
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k. The location, type, and size of all fences, berms, or screening features.
l.

When deemed necessary, the Planning and Zoning Commission or City Council may ask
for more information during the review of a Concept Plan.

F. Development Plan Application: An application for zoning change to PD, Planned
Development shall consist of the following:
1. A complete signed application as provided by the Planning Department or on the City’s
website at www.mansfield-tx.gov The appropriate fee in accordance with the current fee
schedule adopted by City Council.
2. On a separate 8 ½” X 11” exhibit, provide a metes and bounds description of the property
included in the zoning change request, including the total acreage, signed and sealed by a
registered surveyor.
3. On a separate 24” X 26” or 22” X 34” sheet, drawn at the same scale as the plan, show the
approximate topography of the plan area, all water courses that will remain in a natural state,
100-year floodway and a 100-year floodplain per FEMA and other hydraulic and hydrologic
studies as necessary. Provide two (2) copies.
4. On a separate 24” X 36” or 22” X 34” sheet, drawn at the same scale as the plan, show
proposed and existing water and sanitary sewer locations. Also include the locations and
sizes of private water and sanitary sewer lines. Provide two (2) copies.
5. On a separate 8 ½” X 11” exhibit, list the specific land uses in detail and the acreage data for
each use. If land uses are general, refer to the nearest, least intensive zoning district that
would accommodate the proposed use and excluded uses. Example: All uses permitted in
the “C-3, Commercial District, excluding outside storage or sales”.
6. A separate exhibit and documents indicating the traffic volumes, turning movements,
evaluation of ingress and egress existing and proposed, when required by the City Engineer.
7. An electronic copy of the plan in accordance with current established policy.
8. All large format drawings shall be folded to an approximate size of 8 ½” X 11” with the title
block showing.
9. Fifteen (15) copies of the plan at 24” X 36” drawn at an acceptable scale indicating all
significant features of the proposed development to include:
a. A vicinity map locating the property in relationship to existing major thoroughfares.
b. Title block, preferably in lower right-hand corner, including the following:
“Development Plan, name of development, survey and abstract number or recorded plat
information, city, county, state, date of preparation, acreage and number of lots”.
c. Acceptable scale: 1” = 20’, 1” = 40’, 1” = 100’ or as approved.
d. Type size is legible at full scale and when reduced.
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e. North arrow, graphic and written scale in close proximity.
f.

Name, address, phone and fax of owner/developer and the firm preparing the plan.

g. A map showing the boundaries of the different land uses and the boundary dimensions.
h. Adjacent or surrounding land uses, zoning, streets, drainage facilities and other existing
or proposed off-site improvements, sufficient to demonstrate the relationship and
compatibility of the site to the surrounding properties, uses and facilities.
i.

The location and size of all streets, alleys, parking lots and parking spaces, loading areas
or other areas to be used for vehicular traffic and the proposed access and connection to
existing or proposed streets adjacent to the plan area. Include a chart indicating the
number of required parking spaces by use, the method of calculation and the number of
proposed parking spaces.

j.

The types of surfacing, such as paving (e.g. concrete, brick, turf, etc.) to be used at the
various locations.

k. The location and size of all fire lanes with all curb radii adjacent to the fire lane labeled.
The nearest fire hydrant dimensioned to the property corner and all proposed fire
hydrants.
l.

The location, height, setbacks and minimum floor areas for all buildings, and if nonresidential, the floor area ratio. Include the following building details for non singlefamily developments:
(1)

Entrance and exits to the building.

(2)

Architectural renderings or elevations of proposed structures with all exterior
materials for roofs, awnings, walls etc. labeled.

(3)

Calculations of the masonry content on each façade and in total for each
building. (Example: Area of front facade = h x 1, percent masonry = 80%)

(4)

Distance between buildings and distance from building to property lines.

m. The number, location, and dimensions of the lots; and the setbacks, number of dwelling
units, and number of units per acre (density). A graphic showing a typical lot layout,
with size and setbacks.
n. The location of all on-site facilities for liquid waste or method of temporary storage
pending disposal, including existing or proposed septic fields.
o. The location, size and type of each outside facility for waste or trash disposal. If no
facility is shown, provide a note indicating method of disposal and removal.
p. A tree survey locating all protected trees by type, size and species in a printed and
electronic format, as required by the Landscape Administrator, and mitigation plan, if
required by the city’s Natural Resources Management Ordinance. (Refer to the Tree
Preservation Application as found on the city’s website.)
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q. A landscape plan showing all landscape setbacks and buffers; parking lot landscaping;
and any additional landscaping proposed. A chart indicating the size, length and width
of the landscape areas, with the required number of plants and the proposed number of
plants should be included on the plan. The landscape plan may be presented on a
separate exhibit on the same sheet size and at the same scale as the site plan.
r.

The approximate location and size of greenbelt, open, common, or recreation areas, the
proposed use of such areas, and whether they are to be used for public or private use. If
private, indicate the proposed ownership.

s.

The approximate location and size of required Parkland Dedication areas, as required by
the city’s Parkland Dedication Ordinance for residential development.

t.

The location, type, and size of all fences, berms, or screening features.

u. A plan, including elevations, showing location, size, height, orientation and design of all
signs regulated by the city’s sign ordinance.
v. The location, size and type of all pedestrian areas, bike paths and sidewalks.
w. The location, size, type and purpose of any outside storage or outside display and
method of screening. Indicate the percentage of outside storage as compared to the
building square footage.
x. Phases of development should be shown and labeled. Provide a development schedule
indicating the start and finish date of each phase, broken down by use and acreage.
y. When deemed necessary, the Planning and Zoning Commission or City Council may ask
for more information during the review of a Planned Development. Likewise, they may
waive some of the information if the application is a simple request to deviate from the
existing zoning category on the property.
z. If applicable, show the following mandatory owners association notes:
(1) A mandatory owners association will be responsible for the maintenance of the
“insert list of private amenities and common areas here”. (Example: screening
fences, common areas, parks, amenity centers, landscaping)
(2) The Owners Association and associated documents shall be filed in accordance
with the City of Mansfield policies. These documents must be reviewed by the
City Attorney prior to filing the final plat. The documents shall be filed with the
final plat at Tarrant County when deemed necessary by the attorney. The
documents shall be submitted in a timely manner to allow for a minimum of 60
days review. Failure to submit the documents or incomplete documents may result
in delay of construction, acceptance of the subdivision or delay in approval of a
building permit. The City does not accept the responsibility for any delays in
construction, approval or acceptance of the subdivision caused by the failure to
submit the association documents or the inaccuracy of the documents.
10. A statement that clearly indicates that the proposed development will be in complete
accordance with the provisions of the approved Planned Development District and that all
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Development Plans recorded hereunder shall be binding upon the applicant thereof, his
successors and assigns, and shall limit and control all building permits.
G. Amendments: The Director of Planning and Development may approve minor variations or
revisions from the original Planned Development which do not increase density, change traffic
patterns, or result in any increase in external impact on adjacent properties or neighborhoods.
The Director of Planning may refer any variation or revision that warrants special consideration
to the City Council for its review. If, in the City Council’s determination, the variation or
revision does not constitute a significant change, no public hearing shall be called and the
variation or revision shall be deemed approved. The City Council in its sole discretion may
direct any variation or revision to the Planning and Zoning Commission for its review and
recommendation and, in such event, said variation or revision shall follow the procedures set out
in Section 8600 herein regarding amendments to the Zoning Ordinance.
H. Platting Required Prior to Development:
1. Prior to issuance of any building permits, the development plan shall reflect all stipulations
as approved by the City Council and the property shall be final platted in accordance with
the subdivision ordinance and platting policies of the City.
2. When a development plan has been approved, final plats may be submitted in phases as
shown on the approved plan. In no case, however, shall the density of all approved final
plats exceed the maximum approved project density.
I.

Maintenance of Common Open Space: When common open space, common recreational
areas or private utilities and private streets are approved as a part of a development plan, the
applicant for the approval of the applicable Planned Development District shall also submit a
scheme, subject to the approval of the City Attorney and City Council, for assuring continued
retention and perpetual maintenance of said items for as long as the development exists. The
associated documents must be reviewed by the City Attorney prior to filing the final plat. The
documents shall be filed with the final plat at Tarrant County when deemed necessary by the
attorney. The documents shall be submitted in a timely manner to allow for a minimum of 60
days review. Failure to submit the documents or incomplete documents may result in delay of
construction, acceptance of the subdivision or delay in approval of a building permit. The City
does not accept the responsibility for any delays in construction, approval or acceptance of the
subdivision caused by the failure to submit the association documents or the inaccuracy of the
documents.

J.

Enforcement of Development Schedule: If the developer or property owner fails to adhere to
the development schedule shown in the approved development plan, the City has the option to
initiate an amendment of the Planned Development District or development plan as deemed
necessary by the City Council. The procedures for amending the Planned Development District
or development plan shall be the same as for a new zoning change application.
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Section 5200. FR, Freeway Overlay District Regulations.
A. General Purpose and Description: This district shall function as an overlay zoning district the
regulations of which are superimposed and shall supersede the regulations of an approved
standard zoning district; such standard zoning districts identified as the PR, A, SF-5AC/24, SF12/22, SF-9.6/20, SF-8.4/18, SF-8.4/16, SF-7.5/18, SF-7.5/16, SF-7.5/12, SF-6/12, 2F, MF-1,
MF-2, OP, C-l, C-2, C-3, C-4, I-l, I-2, MH and PD District. Where provisions of the “FR”,
Freeway Overlay Districts shall be applicable to any property which is adjacent to and within
three hundred (300) feet of the right-of-way lines of a highway abutting a FR District in the City
of Mansfield, the "FR" District is created as an overlay district whereby it is recognized that
certain specific standards relative to land use, set backs, signage, etc. are appropriate and
necessary that such standards shall be superimposed and shall supersede the regulation of an
approved standard zoning district. Where such district regulations are in conflict with the
provisions of these sections, all regulations of the approved standard zoning districts shall be in
effect except as identified in this section.
B. Use Regulations: A building or premise in this district shall be used only for the following
purposes:
1. Any use identified in the MF-1, MF-2, OP, C-l, C-2, C-3 or I-l districts subject to the
conditions identified in subsection C herein prohibiting certain land uses or requiring
restricted use approval for certain identified land uses so long as said uses are permitted
within the approved standard zoning district. No cumulative use permitted in a standard
zoning district with a "FR" prefix shall be permitted unless provided for herein.
C. Uses identified in this paragraph are expressly prohibited as the primary use of land on any lot or
tract in the FR, Overlay District. Such uses are also prohibited secondary uses except as
identified in this section as permitted secondary usage:
1. Any use identified in the MH, C-4 or I-2 district unless otherwise permitted.
2. Plant Nursery.
3. Mobile Homes, Trailers, temporary buildings, tents, except as temporary office for
construction or business relocation and only in compliance with Section 6200B of this
Ordinance.
4. Open warehousing except as specifically provided herein.
5. Any outside storage of vehicles for repair, storage, sale or use except as a secondary use to a
permitted use provided herein.
6. Travel trailer park.
7. Rental stores with outside storage or display.
8. Landscape materials, sales, rental or supply with outside storage.
9. Any outside storage of materials or products for finishing fabrication or disposal.
10. Pool or billiard hall.
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11. Amusement center.
12. Amusement park except as a planned development, or specific use.
13. Outdoor amusements including but not limited to commercial swimming pool, drive-in
theater, driving range miniature golf course, riding stable or club.
14. Buildings or enclosed structures whereby vehicles may enter into and pass completely
through to the other side, except for the following purposes:
a. Mechanical service or modification;
b. Inspection; and,
c. Electronic product or component installation
15. Second hand goods.
16. Pawn shop.
17. Kennel.
18. Carwash with exception that a single bay fully automatic car wash be permitted as a
secondary use to retail gasoline sales.
19. New or used motor vehicle part sales with outside storage.
20. Use motor vehicles sales except as a secondary use to new motor vehicles sales.
21. Tire recapping or retreading.
22. Salvage or reclamation.
23. Temporary storage of impounded vehicles or vehicles awaiting dismantling or repair.
24. Trailer rental, sales or storage.
25. Truck or motorcycle rental, storage or secondary sales except as a secondary use to new
truck or motorcycle sales.
26. Heavy equipment rentals, sales or storage, new or used.
27. Any use involving nude employees.
28. Book stores, theaters, or movie houses except those within a strip commercial shopping
center, shopping mall or as part of a planned development as provided herein.
29. Petroleum products, wholesale storage.
30. Planning mill.
31. Railroad yard, shop; truck terminal, stops.
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32. Night Club, bar or private club except as a secondary use to a hotel, motel, restaurant and
provided that the sale of food constitutes a minimum of 60% of total sales.
33. Any use incorporating the housing outdoors or indoors of any livestock or animals except as
a secondary use to an amusement park or Planned Development for amusement purposes
(Specific Use Permit Required).
34. Drive-thru or to go food services except as a secondary use to a walk-in restaurant.
D. Restricted Land Uses:
Any building or premises in this overlay district may be used for the purpose identified in this
paragraph only when the use has been specifically approved by Specific Use Permit in
compliance with the provisions of Section 6100 of this Ordinance.
1. Single-family dwelling, zero-lot-line dwelling, and two-family dwelling.
2. Amusement Park (except as may be incorporated as part of a planned development)
3. Dance Hall or night club.
4. Recycling collection center.
5. Building materials and lumber sales with outside storage.
6. Any secondary use incorporating housing of animals indoors.
7. Auto repair, auto paint and body shop and auto service establishments that meet the
requirements of Section 7800, Special Conditions and the following conditions; provided
that a car wash shall continue to be prohibited as shown in Section 5200C and that an auto
service department of a new car dealership shall be exempt from the specific use permit
requirement depicted in Section 5200D above.
a. Architectural elements shall be required to enhance all building facades. Such
architectural elements may include cornices, moldings, pilasters, wall recesses or
projections, arches, special entryways, awnings, canopies, porticoes, pitched roof and/or
combinations of such elements. In addition, architectural details such as a variety of
patterns, colors and textures of building materials shall also be required. Building
elevation drawings shall be included as a part of the application for the specific use
permit. Elevation drawings shall be in color and depict the proposed architectural
elements and details.
b. No service bay shall face an abutting public street or highway if it is not completely
behind a screening enclosure.
c. No service bay shall be located less than one hundred (100) feet from the highway rightof-way if it is not completely behind a screening enclosure.
d. Service bays that are not totally screened by an existing intervening building shall be
screened from view from any highway that abuts the property where the service bays are
located. Screening shall be achieved by a solid masonry wall, earthen berm or a
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combination of screening wall and earthen berm that is ten (10) feet high minimum,
located perpendicular to the exterior facade of the first service bay nearest to the
highway to extend out a distance of twenty (20) feet beyond the service bay.
1. The screening wall shall be constructed of the same material used predominately on
the building facade that faces the highway.
2. If an earthen berm is used, it shall be designed and constructed to prevent any
drainage and erosion problems. The maximum slope for an earthen berm shall be
3:1 (i.e. three feet width for every foot in height).
e. In addition to the street landscape setback required in Section 7300 and the screening
described in this section, additional landscaping, in the amount of ten (10) percent of the
total area of the property, shall be provided to enhance the appearance from any public
street or highway that abuts the property and minimize the view of the service bays.
f.

To demonstrate the effectiveness of the proposed landscaping and screening, the
following documents shall be submitted as part of the application for the specific use
permit:
1. A landscape plan prepared by a registered landscape architect;
2. A line of sight drawing prepared by a qualified design professional; and
3. A perspective rendering or axonometric drawing prepared by a qualified design
professional.

g. Whenever service bay doors face a side property line, a twenty (20) foot wide landscape
buffer shall be provided along the entire side property line. When there are service bay
doors on more than one side of the building, this requirement shall apply to all side
property lines across from service bay doors. The twenty (20) foot landscape buffer
shall be planted at the rate of one approved screening tree for each two hundred (200)
square feet or portion thereof. At the time of planting, each screening tree shall be a
minimum of ten to eleven (10-11) feet in height, six to seven (6-7) feet spread, and a
minimum of three and one-half (3.5) inch caliper measured eighteen (18) inches above
ground. Screening trees shall be chosen from the list in paragraph (1) below. As an
alternative to screening trees, a developer may choose from the canopy trees listed in
Section 7300, as long as the minimum height and caliper requirements above are met. If
canopy trees are utilized, they shall be planted at the rate of one tree for each three
hundred (300) square feet or portion thereof, and shrubs shall be planted between trees
to provide adequate screening. The screening shrubs shall be planted no further apart
than four (4) feet on center in two continuous, alternating rows so that screening should
be effective within two growing seasons. Screening shrubs shall be a minimum of seven
(7) gallon or larger with a minimum height of three-and-a-half (3½) feet at the time of
planting and shall be chosen from the list in paragraph (2) below.
1. Screening Trees: Approved screening trees may not be limbed up and the foliage
must be full-to-the-ground. Approved screening trees include Eastern Red Cedar,
Leyland Cypress, Elderica Pine, Cherry Laurel, and Nelly R. Stevens Holly. The
Landscape Administrator may approve other screening trees.
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2. Screening Shrubs: Approved screening shrubs may not be limbed up and the foliage
must be full-to-the-ground. Approved screening shrubs include Waxmyrtle, Dwarf
Waxmyrtle, Burford Holly, Dwarf Burford Holly, Nandina, Texas Sage, Pampas
Grass, Chinese Holly, and other selections of holly which will reach at least five (5)
feet in height. The Landscape Administrator may approve other screening shrubs.
h. Service bay doors shall be painted with a neutral or earth tone color. The developer may
propose an alternate color that the Planning and Zoning Commission and City Council
may determine to be appropriate for the building design and not detract from the
aesthetic quality of the development and surrounding properties. The intent of this
provision is to avoid drawing attention to the service bay doors. Glass or transparent
overhead doors shall not be permitted.
i.

Vehicles awaiting repair or pickup may be stored overnight only in enclosed spaces.
Notwithstanding, the foregoing, an auto paint and body shop may store vehicles
awaiting repair provided the vehicles are completely behind a screening enclosure.

j.

There shall be no outside storage or display of materials, including goods or products
(i.e. tires, batteries, auto parts, etc.) awaiting sale, installation, disposal, finishing or
fabrication.

k. A screening enclosure referenced or required in this section shall be at least six (6) feet
in height and constructed of the same material used predominately on the building
facade.
l.

The screening and/or landscaping requirements described above may be modified by the
City Council if they find that the structure is architecturally designed to effectively
screen the service bay doors from view from abutting properties and abutting public
street or highway.

m. The site plan, elevations, landscape plan, line of sight drawing and perspective
rendering/axonometric drawings that are submitted to demonstrate architectural
elements, effectiveness of screening, and architectural details shall be binding on the
development and subsequent expansions.
n. Buildings constructed for any use permitted under this subsection are limited to one
story and maximum height of 35 feet.
E. Set Back Regulations.
1. On federal or state numbered highways or access roads the minimum set back adjacent to
such highways or access road shall be twenty-five (25) feet measured from the right-of-way
line.
2. On all arterial streets as designed in the Thoroughfare Plan adopted by the City Council,
minimum set back adjacent to such streets shall be the same as the approved standard zoning
district except that in no case shall such set back be less than twenty (20) feet from the
property line.
3. All other set backs including interior lot line, setbacks and set backs on minor or collector
streets, shall be in compliance with the approved standard zoning district.
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4. On any lot in this district used for non-residential purposes which adjoins any non "FR"
prefix residential district, the minimum setback adjacent to such residential district shall be
fifteen (15) feet and shall meet the screening requirements of Section 7300 of this
Ordinance.
F. Masonry Construction. All development in the Freeway Overlay district shall conform to the
regulations of Section 4600 of this Ordinance. (Ordinance No. 1493, Adopted 8/9/04)
G. Parking Regulations.
1. For each permissible use in this district, off street parking shall be provided in accordance
with all regulations governing the approved standard zoning district and the regulations of
section 7200 of this Ordinance.
H. Sign Regulations. All signs in the Freeway Overlay District shall conform to the regulations in
Section 7100 of this Ordinance and shall pertain only to the principle use or service rendered
or product sold on the premises on which the sign is located, and contain only
information pertaining to either the name of the occupant, the kind of business or the brand
name of the principle commodity being sold, but not including information on subsidiary
products or services, nor information on anything or person. (Ord. No. 1479, 4/12/04)
I.

Special Conditions of the "FR" District.
1. No fencing shall be permitted in any required set back abutting a public street except as
required herein or as part of a secondary landscaping theme. The provisions of Section 7300
of this Ordinance shall apply in this district.
2. No outside display of goods, wears or merchandise shall be permitted except where the
primary land use is the show room display and sale of new automobiles, trucks, motorcycles
or boats by an authorized dealer. Repair work, storage facilities, rentals or used merchandise
sales on the same premises shall be allowed only as incidental to an approved primary use.
3. When allowed by the standard zoning district, outside storage shall be completely enclosed
by a screening device as specified in Section 7300 of this Ordinance. No outside storage
shall be permitted in any required setback.
4. No loading dock shall be erected fronting any state or federally numbered highway. Any
loading dock fronting any public street shall be set back from such street, right-of-way line a
sufficient distance so that all loading operations, truck parking and storage, and maneuvering
of vehicles into or out of loading dock spaces shall take place outside of public right-of-way.
5. Refuse Facilities: Any refuse facility or container shall be screened from view of public
streets and highways by screening device as specified in Section 7300 of this ordinance. In
no case may refuse facilities, dumpsters, or other refuse containers be located in the front or
side yard of any business or structure.
6. Utilities: All utilities shall be placed underground except for electrical utilities under the
following conditions:
a. Any transmission line crossing a highway abutting a FR District at an angle of less than
40 degrees from perpendicular with said highway may be placed overhead. For the
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purpose of this section, a transmission line shall be that line which is responsible for
bringing electricity from a generating plant to a distribution substation.
b. Any distribution feeder lines crossing a highway abutting a FR District at an angle of
less than 40 degrees from perpendicular with said highways may be placed overhead.
For the purpose of this section, a distribution feeder line shall be that line which is
responsible for bringing electricity from a distribution substation to interconnect with a
distribution line.
c. Any distribution line not within three hundred (300) feet of the centerline of a highway
abutting a FR District may be placed above ground. For the purpose of this section, a
distribution line shall be that line responsible for bringing electricity from a distribution
feeder line to the business or structure.
d. No electrical transformer shall be installed on any pole carrying electrical lines. All
transformer equipment shall be ground-mounted.
e. Nothing herein shall be construed as requiring the City of Mansfield or the utility
company to bear the increased cost of underground utility placement required by this
ordinance (as compared to the cost of over head placement).
f.

Any electrical utility lines placed prior to the effective date of this ordinance that are
contrary to same are nonconforming.

g. Nothing contained herein is intended to alter the intent of the electrical franchise
agreement ordinance in effect on the effective date of this ordinance.
h. All lines existing at the time of adoption of this Ordinance are herein exempted from
provisions of this Ordinance.
7. Approval of a “FR” designation on any given zoning district shall be deemed approval of a
less or more intensive district whichever case applies than approval of such zoning district
without a FR designation.
8. Specific Use permits shall be permitted in this district when in compliance with Section 4400
and 7200 of this Ordinance so long as such specific use permit is provided within the suffix
district applicable to the property within the FR Overlay District, is consistent with the spirit
and intent of the FR Overlay District, and is not a prohibited use within the FR Overlay
District.
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Section 5300. MH, Manufactured Home District Regulations.
A. Purpose: To establish and preserve a special and unique form of housing for which
accommodations should be provided. To provide appropriate standards as to density, spacing
and use, a separate district is hereby created and designated for the specific purpose of providing,
at appropriate locations, area for the development of manufactured home Rental communities or
subdivisions for more or less permanent occupancy.
B. Permitted Use: No building or premises in a "MH", Manufactured home zoning district shall be
used and no buildings shall be hereafter erected, reconstructed, altered, enlarged, used, nor shall
a certificate of occupancy be issued, except for the following uses:
1. HUD - Code Manufactured homes, either
a. As a part of a manufactured home rental community as herein specified; or
b. As a part of a manufactured home subdivision which is designed in accordance with the
subdivision ordinance and is shown on a final subdivision plat approved by the City of
Mansfield and filed of record which is specifically for and restricted to manufactured
home development.
2. Accessory buildings and structures incidental to the above use and for the exclusive use of
residents including, but not limited to, community centers, swimming pools, and office.
3. Installation owned and operated by the City of Mansfield, Tarrant County, State of Texas, or
public utility companies, which installations are necessary for the public safety,
governmental services, or the furnishing of utility services to or through a "MH" district.
C. Manufactured Home Rental Community License Required: It shall be unlawful for any
person(s) to maintain or operate within the City of Mansfield any manufactured home rental
community unless such person(s) shall first comply with the following and obtain a license
therefor.
1. Pre-existing Rental Communities: Not withstanding the provisions of this ordinance, a
license shall be issued within 30 days to any manufactured home rental community which
was in operation prior to the adoption of this ordinance for operations only to the extent that
they were carried on such date of adoption. All pre-existing rental communities obtaining
licenses as set out herein shall be considered legal non-conforming uses. At any time that
the ownership of a legally non-conforming manufactured home rental community operating
under this ordinance is transferred, the manufactured home rental community shall be
required to conform with all sections except subsection J and M of this section before a
license to the new owners will be issued. Ownership transfer is defined as a majority stock
transfer or a transfer of title to the real property except for a bonafide gift, devise or descent.
Any manufactured home rental community annexed after the adoption of this ordinance shall
likewise comply as hereinabove described in this section.
2. Application: Application for a manufactured home rental community license shall be in
writing, signed by the applicant, and shall contain the following:
a. The name and address of the applicant and owner if not the same.
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b. The location survey and legal description of the manufactured home rental community
by metes and bounds.
c. A complete plan of the rental community with lot numbers.
d. Design and engineering drawings, properly sealed, plans of all buildings, lots and other
improvements constructed including water, sewer, gas, electricity and telephone. All
water and sewer installations shall be in accordance with City standards.
e. Such further information as may be requested by the City to enable the City to determine
if the manufactured home rental community will comply with the legal requirements
f.

The application and all accompanying plans shall be filed in triplicate. The City
Building Official, City Engineer, City Fire Marshal and City Planning and Zoning
Commission shall investigate the application and inspect the plans. If the manufactured
home rental community is in compliance with all provisions of this ordinance and all
other applicable ordinances or statutes, the Planning and Zoning Commission may
approve the application. The Building Official at the direction of the Planning and
Zoning Commission shall issue the license.

3. License Renewal: The license application form for a manufactured home rental community
shall be obtained from the Building Official at a fee of fifty dollars ($50.00). Such license
shall expire on December thirty-first (31st) of the year in which it is issued. The cost of any
license secured having less than a year to run before the expiration period, as herein
provided, shall be pro-rated at a rate of $2.00 per month. Such or any license shall not be
issued for less than a minimum of twenty-five dollars ($25.00). Application for renewal of
licenses shall be within thirty (30) days prior to expiration, and a renewal fee paid for a full
twelve (12) months period thereafter.
D. Office Building within a Manufactured Home Rental Community: Each manufactured home
rental community shall be provided with a structure to be known and marked as the office, in
which shall be kept copies of all records pertaining to the management and supervision of the
rental community, as well as all rules and regulations of the rental community and such records,
rules and regulations to be available for inspection.
E. Register of Occupants Within a Manufactured Home Rental Community: It shall be the
duty of the licensee to keep a register containing a record of all occupants located within the
rental community. The register shall contain the following information:
1. Name and address of each occupant and/or owner.
2. Make, model, serial number, year and size of homes.
3. The make, model and year of all recreational vehicles, camping or travel trailers, coaches,
and motor homes used as dwelling, temporary or permanent.
4. The date of arrival and of departure of each of the above.
5. The manager of the rental community shall keep the register available in the office for
inspection at all times by law enforcement officers, public health officials and other officials
whose duties necessitate acquisition of the information contained in the register. The
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register records shall be kept up-to-date and shall not be destroyed for a period of two (2)
years following the date of registration.
F. Rules and Regulations for a Manufactured Home Rental Community: It shall be the duty of
the owner of each manufactured home rental community, his agent, representative or manager to
prescribe rules and regulations for the management of the rental community, to make adequate
provision for the enforcement of such rules, and to subscribe to any and all subsequent rules and
regulations which may be adopted for the management of such rental community. Copies of
such rules and regulations shall be furnished to each occupant upon registration and a copy to the
City. In addition thereto, it shall be the duty of the owner, his agent, representative or manage to
comply.
G. It shall be the responsibility of the manufactured home rental community owner or his agent to
maintain said rental community in a safe, clean and sanitary condition and:
1. Provide that each structure be installed in accordance with State of Texas regulations and
skirted within 30 days after being placed on lot or pad.
2. Provide that the City Building Official be notified upon approval of the installations by State
Inspectors.
3. Provide for regular inspection of water and sanitary conveniences.
4. Provide for the collection and removal of garbage, other waste materials and refuge.
5. Provide for the removal of any unsightly, wrecked, abandoned or junked vehicles,
machinery or equipment.
H. License - Revocation and Reissuance:
1. The City Council may revoke any license to maintain and operate a manufactured home
rental community when the licensee has been found guilty by court of competent jurisdiction
of violating any provisions of this ordinance. After such conviction, the license may be
reissued if the circumstances leading to conviction has been remedied and the rental
community is being maintained and operated in full compliance with the law and this
Ordinance, the fee for which shall be set by the City Council.
2. The City Council may revoke any manufactured home rental community license upon
recommendation of the Planning and Zoning Commission in case any of the provisions
hereof are violated. However, before the license may be revoked, the City Council must
give ten (10) day's notice, delivered in person or by registered mail to the holder of the
license, and after ten (10) days, a hearing thereon. After the license has been revoked, the
license may be reissued if the reasons for the revocation have been duly corrected.
I.

License Posting: The license certificate issued under the provisions of this ordinance shall be
conspicuously posted in the office of the manufactured home rental community at all times.

J.

Area and Height Regulations: All new manufactured home Rental Communities or
subdivisions and all new additions to existing manufactured home rental communities or
subdivisions shall conform to the following:
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1. The maximum height of any building or structure in a MH district shall be thirty-five (35)
feet.
2. The minimum site area which may be developed or used for manufactured home purposes
shall be 40 spaces.
3. The minimum lot or site area per manufactured home unit shall be four thousand five
hundred (4500) square feet.
4. The minimum lot width per manufactured home unit shall be fifty (50) feet.
5. The minimum lot depth per manufactured home unit shall be ninety (90) feet.
K. Setback Regulations: Minimum setbacks shall be as follows:
1. The minimum setback for residential use shall be twenty-five (25) from dedicated street
right-of-way, or fifteen (15) feet from any private drive designated or used for access,
circulation, or service within the manufactured home rental community. The minimum
street setback for non-residential use shall be twenty-five (25) feet.
2. The minimum side setback shall be ten (10) feet, provided in any event, there shall be a
minimum space of twenty (20) feet between manufactured homes.
3. The minimum rear setback shall be ten (10) feet provided in any event, there shall be a
minimum space of twenty (20) feet between manufactured home.
4. No structure of any type shall be permitted within ten (10) feet of a boundary of a MH
District.
L. Accessory or Additional Building Regulations: It shall be unlawful for any person operating a
manufactured home rental community or occupying a manufactured home to construct or permit
to be constructed in such rental community or in connection with such manufactured home any
additional structure, building or shelter in connection with or attached to a manufactured home
except, however, awnings of wood or metal may be attached to such manufactured home as well
as portable, prefabricated structures for the express purposes of increasing manufactured home
storage or living area, which meet the following requirements:
1. To secure a building permit from the Building Official.
2. Strength of materials and structure to meet minimum of the City Building Code.
3. Such room shall be completely dismantled and/or removed from the site at the time the
manufactured home to which it is an accessory is moved.
4. Finished in appearance to be as near the same as possible to the manufactured home to which
it is an accessory.
5. The length must not exceed the length of the manufactured home to which it is an accessory.
6. The width shall not exceed the width of the manufactured home.

5300-4

§5300
7. Any structure building or shelter added to or placed on manufactured home site shall meet
all of the setback requirements contained in this ordinance.
8. Only one such room for dwelling purposes per manufactured home shall be permitted.
M. Any manufactured home rental community or subdivision constructed after the adoption of this
ordinance or any extension of addition to an existing manufactured home rental community or
subdivision in the City of Mansfield shall be done in compliance with the following
requirements:
1. Will have MH zoning before consideration.
2. Must comply with all applicable sections of this Ordinance.
3. If extension or expansion of existing rental community, must have a valid license.
4. A preliminary plan or plat of the rental community shall be submitted following the same
guidelines as outlined for Preliminary Plat in the Subdivision Ordinance.
5. Upon approval of said preliminary rental community plan or plat by the Planning and
Zoning Commission, a final rental community plan or plat may be submitted following the
same guidelines as outlined for final plat in the Subdivision Ordinance with following
variances.
a. The number, location and size of all manufactured home spaces.
b. City water and sewer shall have collective or master meters.
c. Centrally-located refuse containers having a capacity of three cubic yards or larger shall
be provided, one for each thirty (30) lots. Such containers shall be designed so as to
prevent spillage, container deterioration, and to facilitate cleaning around them. Refuse
and garbage shall be removed from the park at least twice each week. These containers
shall be screened and set apart by at least twenty-five (25) feet from any dedicated
right-of-way or manufactured home.
d. The topography if the entire park site and the surrounding terrain shall dictate the type of
streets and storm drainage. Recommendations will be made at preliminary rental
community planning or platting by the City Engineer and if approved by the Planning
and Zoning Commission the type of systems will be shown on the final plan or plat of
the rental community and construction plans.
e. Where curbed streets or drives are not required a minimum of thirty-six (36) feet of
driving surface for all collector streets and a minimum of twenty-six (26) feet for all
minor streets shall be constructed with all weather shoulder on each side upon
requirement of the Commission after recommendation of the City Engineer.
f.

Private streets within a manufactured home rental community shall be constructed of
concrete and comply with all applicable Fire Code and City Engineering Standards.
(Ordinance No. 1447, Adopted 10/13/03)
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g. A minimum of two (2) off-street parking spaces shall be provided for each manufactured
home. Each parking space shall be a minimum of nine (9) feet by eighteen (18) feet.
These spaces may be within the required setback. (Ordinance No. 1447, Adopted
10/13/03)
h. Parking for guests will be allowed on one side of streets or drives only. One side of the
street or drive shall be properly posted for "No Parking". The remaining 20 to 30 feet
(depending on collector or minor designation) shall be striped and marked "Fire Lane".
i.

Fire hydrants must follow both of two rules:
1. No structure shall be further away, in a direct line, than 500 feet from a fire hydrant.
2. Hydrant spacing along a water main shall not exceed 500 feet.

j.

There shall be provided within the manufactured home rental community open space at a
ratio of 500 square feet for each of the first twenty spaces, and 250 square feet per unit
for all additional manufactured home spaces provided.

k. There shall be constructed and maintain a permanent screening device, not less than six
(6) feet in height on all sides of a manufactured home rental community or subdivision
that abuts an existing zoned single-family tract that is platted for single-family or
existing single-family use and for those portions of the park which directly abut on a
dedicated public street.
l.

Each manufactured home shall have an address number permanent in nature and shall be
clearly visible from streets or drives.

m. Bottled gas for cooking and or heating purposes shall not be used at individual
manufactured home lots unless the containers are properly connected by copper or other
suitable metallic tubing. Bottled gas cylinders shall be securely fastened in place. No
cylinder containing bottled gas shall be located in a Manufactured home, under or within
ten (10) feet of any manufactured home and twenty-five (25) feet of any street or drive.
State and local regulations applicable to the handling of bottled gas and fuel oil must be
followed.
n. All manufactured homes shall be connected to sewer, water and electrical systems by
persons licensed in the performance of each job. The connections shall be inspected and
approved by the City Building Official.
o. All structures erected in or placed on a manufactured home rental community or
subdivision shall meet all of the applicable building codes.
p. A minimum of six (6) inch water and sewer lines shall be installed within a
manufactured home rental community or subdivision. The City engineer can require
larger water and sewer lines if the rental community area and density computations
indicate that oversizing is necessary. Manholes shall be spaced every 500 feet along
sewer lines.
q. All utility installations shall be in accordance with current City of Mansfield standards.
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r.

Street lights within the manufactured home rental community or subdivision shall be
provided along all internal streets at 300 feet intervals. Each fixture shall have a
minimum 200 watt lamp of high pressure sodium.

N. Parking or placing manufactured homes, camping, travel trailer, trailer coach or recreational
vehicle shall be allowed only as follows:
1. Camping or travel trailers will be allowed for temporary occupancy in manufactured home
rental communities, but any lots which travel trailers are placed must conform to
manufactured home lot requirements.
2. It shall be unlawful for any person to park, place or locate any camping or travel trailer in
any place in the City except within an approved campground or recreational vehicle park as
defined in Section 2200C or in a manufactured rental community as provided in this
subsection.
3. No camping or travel trailer may be placed in a manufactured home rental community for
over seven (7) days out of any period of thirty (30) consecutive days. The owner of the
manufactured home rental community shall keep a record book showing the day and time of
arrival of each camping or travel trailer, the license number, the owner or resident of the
trailer, a description of the trailer, and upon departure, show the date and time of leaving.
Entries shall be made in this book promptly upon arrival of such trailer, and these books
shall be open to inspection by officers of the City at any time. Special camping or travel
trailer parking areas with central dumps for sewage, etc., without the necessity of
conforming with all manufactured home lot requirements for each trailer may be provided in
manufactured home rental communities but only with approval of the City Council for the
specifications of each area. Special camping or travel trailer parking areas shall be subject to
the requirements for records and length of stay.
4. A camping or travel trailer may be placed in an assigned spot or pad site in an approved
camp ground for up to 12 months. At the end of that 12 month period, the camping and
travel trailer must be relocated to another assigned spot or pad site before continuing its stay
in the same camp ground. The same relocation requirement shall apply at the end of each 12
month period during an extended stay.
5. The owner or operator of a camp ground shall not have any ownership or proprietary interest
in any of the camping and travel trailers within his camp ground.
6. It is specifically provided that camping or travel trailers may be located, for storage purposes
only, on the premises of the owner of the camping or travel trailer or City approved storage
area within a manufactured home rental community.
7. It shall be unlawful for any person to park, place or locate a HUD-Code manufactured home
in any place in the City except in a licensed manufactured home rental community or
manufactured home subdivision as provided in this Section, or in a non-residential district
for purpose of sale provided in Section 4400 of this Ordinance, or in a PR or Single-family
Residential District provided that the following conditions are met:
a. A specific use permit has first been obtained for the placement or location of the HUDCode manufactured home.
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b. The HUD-Code manufactured home is permitted only as a replacement of a pre-existing
single-family house on the same property which has been destroyed to the extent that the
cost of reconstruction or repair exceeds fifty percent (50%) of the replacement cost of
the structure.
c. The application for said specific use permit for the replacement of a destroyed singlefamily house by a HUD-Code manufactured home must be made within six (6) months
of the loss of the single-family house; documentation on the destruction date of the
single-family house shall be furnished by the applicant in order to complete the
application.
d. The applicant for said specific use permit shall be limited to only the original property
owner suffering from the destruction of a previously destroyed single-family home on
the property to which the specific use permit would apply.
e. Said Specific Use Permit shall become null and void in case the HUD-Code
manufactured home, which is used as replacement, is occupied by someone other than
the applicant within a year from the issuance of the Specific Use Permit.
8. It shall be unlawful for any person to park, place or locate a mobile home, as defined in
Section 2000M, in any place in the City.
9. It shall be unlawful for any person to place, permanently fix or use a railway coach or car,
street car, bus or other similar construction vehicle or device originally intended for use as a
conveyance, as a dwelling in the city; provided, however that nothing herein shall be
construed so as to apply to a railroad work car, caboose or converted freight car used as a
temporary house or shelter when confined to rails and located on the established
right-of-way of any such railroad doing business as a common carrier.
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Section 5400. H, Historic Landmark Overlay District Regulations
A. General Purpose and Description: The City Council hereby finds and declares as a matter of
public policy that the protection, enhancement, preservation and use of historic landmarks is a
public necessity and is required in the interest of the culture, prosperity, education, and general
welfare of the people. The purposes of this district are:
1. To protect, enhance and perpetuate historic landmarks which represent or reflect distinctive
and important elements of the City's and State's architectural, archaeological, cultural, social,
economic, ethnic and political history and to develop appropriate settings for such places.
2. To safeguard the City's historic and cultural heritage, as embodied and reflected in such
historic landmarks by appropriate regulations.
3. To stabilize and improve property values in such locations.
4. To foster civic pride in the beauty and accomplishments of the past.
5. To protect and enhance the City's attractions to tourists and visitors and provide incidental
support and stimulus to business and industry.
6. To strengthen the economy of the City.
7. To promote the use of historic landmarks for the culture, prosperity , education, and general
welfare of the people of the city and visitors to the City.
B. Historic Landmark Definitions
1. Historic Landmark Overlay District- Any area which (1) contains buildings, structures or
sites which (a) have a special character or have a special historical or cultural interest or
value, (b) represents one or more periods or styles of architecture typical of one or more eras
in the history of the City, and (c) cause such area, by reason of such factors, to constitute a
district of the City; and (2) has been designated as an historic district pursuant to the
provision of this Ordinance. The area of an Historic Landmark Overlay District may include
one or more properties.
2. Rehabilitation - Is the process of returning a property to a state of utility, through repair or
alteration, which makes possible an efficient contemporary use while preserving those
portions and features of the property which are significant to its historic, architectural, and
cultural values.
3. Restoration - Is the act or process of accurately recovering the form and details of a
property and its setting as it appeared at a particular period of time by means of the removal
of later work or by the replacement of missing earlier work.
4. Preservation - Is the act or process of applying measures to sustain the existing form,
integrity, and material of a building or structure, and the existing form and vegetative cover
of the site. It may include initial stabilization work where necessary, as well as ongoing
maintenance of the historic building materials.
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5. Reconstruction - Is the act or process of reproducing by new construction the exact form
and detail of a historic building, structure, or object, or a part thereof, as it appeared at a
specific period of time.
6. Landmark - A building or site of immeasurable value in preserving the cultural heritage, or
an outstanding example of design or a site closely related to an important personage, act or
event in history. Such designation marks the site for preservation and restoration to its
historical character and is intended to discourage modifications, which detract from its
historical significance.
7. Contributing Elements - A building or site which in its historical character contributes to
the district's purpose. Such designation is intended to encourage restoration and
preservation, but also allow and encourage adaptive reuses and encourage continued
economic and social vitality of the district. Any new construction proposed within the
district shall be considered a contributing element.
8. Non-essential Elements - A building or site which, though within the physical boundaries
of the district, does not contribute to the cultural and historic value thereof. Such
designation is meant to provide greater latitude for utilization of the site or structure, but all
modifications shall conform to the guidelines.
C. Landmark Designation Power: The City Council may designate buildings, structures, sites,
districts, areas and lands in the city as historic landmarks and define, amend and delineate the
boundaries thereof. This Ordinance is created as an overlay district to the existing zoning that
exist on the property. The suffix "H" shall indicate the zoning designation of those buildings,
structures, sites, districts, areas and land which the City Council designates as historic
landmarks. Such designation shall be in addition to any other use designation, established in the
Comprehensive Zoning Ordinance. The Official Zoning Ordinance Map shall reflect the
designation of historic landmarks by the letter "H" as a suffix to any other use designation
established in the Comprehensive Zoning Ordinance.
D. Landmark Designation Criteria: In making such designations as set forth in paragraph C
above, the City Council shall consider, but shall not be limited to, one or more of the following
criteria:
1. Character, interest or value as part of the development, heritage or cultural characteristics of
the City of Mansfield, State of Texas, or the United States.
2. Recognition as a Recorded Texas Historic Landmark, a National Historic Landmark, or
entered into the National Register of Historic Places.
3. Appear to be eligible for the National Register and also may be eligible for designation as a
Recorded Texas Historic Landmark as indicated in the 1983 Tarrant County Historic
Resource Survey; included as an authoritative reference for this purpose.
4. Embodiment of distinguishing characteristics of an architectural type or specimen.
5. Identification as the work of an architect or master builder whose individual work has
influenced the development of the City.
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6. Embodiment of elements of architectural design, detail, materials or craftsmanship, which
represent a significant architectural innovation.
7. Relationship to other distinctive buildings, sites or areas which are eligible for preservation
as described in Section 8700, Paragraph E, "Powers and Duties", based on architectural,
historic or cultural motif.
8. Portrayal of the environment of a group of people in an area of history characterized by a
distinctive architectural style.
9. Archaeological value in that it has produced or can be expected to produce data affecting
theories of historic or prehistoric interest.
10. Exemplification of the cultural, economic, social, ethnic, or historical heritage of the City,
State, or United States.
11. Location as a site of a significant historic event.
12. Identification with a person or persons who significantly contributed to the culture or
development of the City, County, State or Nation.
13. A building, structure, or place that because of its location has become of historic or cultural
value to a neighborhood or community.
E. Designation Procedure
1. Designation of any property as a Historic Landmark Overlay District may be proposed only
by the owner or the authorized agents of the individual property to be designated. Any such
proposal shall be filed with the Planning and Development Director upon prescribed forms
and shall include all data and proposed landmark guidelines required by the Historic
Landmark Commission and the Planning and Zoning Commission.
2. The Historic Landmark Commission shall recommend approval, disapproval or modification
of the proposal to the Planning and Zoning Commission.
3. Each proposal shall be considered by the Historic Landmark Commission following a public
hearing. A record of pertinent information presented at the hearing, shall be made and
maintained as a permanent public record. The Historic Landmark Commission shall reach a
decision within sixty (60) days after holding the required hearing. Notice of the time, place
and purpose of such hearing shall be given by the Director of Planning and mailed ten (10)
days prior to the hearing date to the owners of all adjoining property and property owners
included in the proposed designation, using for this purpose the names and addresses of the
last known owners as shown on the latest real property tax records received for the Tarrant
County Tax Appraisal District. Failure to send notice by mail to any such property owners
where the addresses of such owners are not so recorded shall not invalidate any proceedings
in connection with the proposed designation.
4. In making a recommendation to the Planning and Zoning Commission the Historic
Landmark Commission shall consider the conformance or lack of conformance of the
proposed designation with the Comprehensive Plan of the City of Mansfield and with the
purposes and standards of this Ordinance.
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5. The recommendation of the Historic Landmark Commission shall be considered by the
Planning and Zoning Commission in the same manner as provided for in an Application for
Rezoning: Action by the Planning Commission shall be as provided in Section 8600 with
respect to rezoning.
6. Action by the Council shall be as provided in Section 8600 with respect to rezoning.
7. Reapplication for "H" status shall be limited as outlined in Section 8600 paragraph E.
F. Procedure to Authorize Erection, Construction, Reconstruction, Alterations of Structures
In A Historic Landmark Overlay District Or Site:
1. No person shall carry out or cause to be carried out on a landmark or in a Historic Landmark
Overlay District, any alteration, demolition, construction, reconstruction, restoration, or
remodeling, nor shall any person make any material change in the appearance on any
existing landmark or in a Historic Landmark Overlay District without a permit issued by the
City Building Official. All applications to the City Building Official for a permit involving
landmarks or Historic Landmark Overlay Districts shall be forwarded immediately by the
City Building Official to the Historic Landmark Commission. Notwithstanding any other
provision, or law, the City Building Official shall not permit any alteration, demolition,
construction, reconstruction, restoration, remodeling, or any material change in appearance
to be carried out on a landmark or in a Historic Landmark Overlay District except pursuant
to a Certificate of Approval issued by the Historic Landmark Commission.
2. The Historic Landmark Commission shall hold a public hearing on all applications for
Certificate of Approval referred to it after notice given in the same manner as prescribed in
paragraph E, subsection 3. A report of the action taken or determination made shall be
forwarded to the City Building Official not later than forty five (45) days after receipt of the
application by the Historic Landmark Commission. If no action is taken by the Historic
Landmark Commission within the forty five (45) day period, the permit shall be issued and
the applicant notified by the City Building Official.
3. The Historic Landmark Commission in considering the appropriateness of any alteration,
demolition, new construction, reconstruction, restoration, remodeling or other modification
of any building shall consider, among other things, the purposes of this Ordinance; the
historical and architectural value and significance of the landmark or Historic Landmark
Overlay District; the design guidelines as approved in this Ordinance under paragraph K,
subsection 1. Landmark Guidelines; the texture, material and color of the building or
structure in question or its appurtenant fixtures, including signs; and the relationship of such
features to similar features of other buildings within a Historic Landmark Overlay District;
and the position of such building or structure in relation to the street or public way and to
other buildings and structures.
4. If after considering the foregoing, the Historic Landmark Commission determines that the
proposed changes are consistent with the criteria for historic preservation established by this
Ordinance, the Historic Landmark Commission shall issue the Certificate of Approval. In
the event of a determination to deny a Certificate of Approval, The Historic Landmark
Commission shall request consultation with the owner for a period not to exceed 90 days for
the purpose of considering means to preservation in keeping with the criteria and design
guidelines. If at the end of that time an acceptable solution has not been achieved, the
Certificate of Approval shall finally be denied and the applicant so notified by letter;
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provided the applicant may appeal to the City Council within 20 days of the date of the letter
finally denying the application, and the City Council may, after a public hearing, reverse or
modify the decision of the Historic Landmark Commission but only if it finds that:(a) every
reasonable effort has been made by the applicant to agree to the requirements of the
Commission and(b) owing to special conditions pertaining to the specific piece of property,
denial of the Certificate of Approval will cause undue and unnecessary hardship. The
Secretary of the Interior's STANDARDS FOR REHABILITATION and Guidelines for
Rehabilitating Historic Buildings are the minimum guidelines that the Historic Landmark
Commission shall use to evaluate each landmark or Historic Landmark Overlay District.
G. Approval For Demolition Or Removal: If an application is received by the Planning
Department for demolition or removal of any designated historic landmark, it shall be forwarded
to the Historic Landmark Commission upon receipt of the application.
1. Should the Historic Landmark Commission determine that the application involves
improvements to existing buildings not historically and culturally significant and not
contributing to the integrity of the district, it may approve the application for demolition or
removal provided the owner comply with the established guidelines for the landmark or
Historic Landmark Overlay District and the General Purpose of this district in Paragraph A
of this Section.
2. Should the Historic Landmark Commission determine that the demolition or removal
activity will adversely affect any historical, architectural, archaeological, or cultural feature
of the historic landmark, and whether such work is appropriate and consistent with the spirit
and intent of this Section. It shall recommend restrictions or conditions to the demolition or
removal application.
3. The Historic Landmark Commission may recommend the disapproval of the application by
determining that in the interest of preserving historical values, the structure, building or site
should not be demolished, and in that event, the application shall be suspended for a period
not exceeding ninety (90) days from the date of application. Within the suspension period,
the Historic Landmark Commission may request an extension of the suspension period by
the City Council. If the City Council, after notice to applicant and public hearing,
determines that there is reasonable ground for preservation, the Council may extend the
suspension period for an additional period not exceeding one hundred twenty (120) days, to
a total of not more than two hundred forty (240) days from the date of application for
demolition. During the period of suspension of the application, no permit shall be issued for
such demolition or removal nor shall any person demolish or remove the building, structure
or site. If no action is taken by the City Council within (240) days from the date of
application, the demolition or removal permit shall be issued and the City Building Official
shall so advise the applicant.
4. This procedure is to allow the City, the owner and the private sector to explore alternatives
to demolition or removal which may provide viable uses for the subject of the application.
In addition, alternate strategies of ownership and use may be explored with the owner,
including use of other remedies available to the City.
H. Historic Landmarks - Omission of Necessary Repairs:
1. The exterior of a designated historic landmark shall be maintained to insure the structural
soundness of such landmark.
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2. If the City Building Official and/or the Historic Landmark Commission finds that there are
reasonable grounds to believe that a designated historic landmark is structurally unsound or
in imminent danger of becoming structurally unsound, the City Building Official will notify
in writing the owner of record of the designated historic landmark of such fact.
3. Upon the giving of ten (10) days written notice to the owner of record of such designated
historic landmark, the Historic Landmark Commission shall hold a public hearing to
determine if the designated historical building is structurally unsound or in imminent danger
of becoming structurally unsound. The Historic Landmark Commission shall request a
report and consider recommendations from the City Building Official. The report may
include evidence of economic hardship or willful neglect.
4. At the conclusion of the hearing, if the Historic Landmark Commission finds that the
designated historic building is structurally unsound or in danger of becoming structurally
unsound and that not valid reason exists as to why the owner cannot or should not undertake
to safeguard the structural soundness of the building, it shall in writing notify the record
owner of the finding.
5. The owner of record of a designated historic landmark who has been notified by the Historic
Landmark Commission that such landmark is structurally unsound or in danger of so
becoming shall within Ninety (90) days of receipt of such notice satisfy the Historic
Landmark Commission that reasonably necessary repairs to safeguard the structural
soundness of the landmark have been effected
6. If the Historic Landmark Commission determines that the building is structurally unsound
but there are valid reasons why the owner cannot or should not undertake to safeguard the
structural soundness of the building, it shall forward to the City Council its recommendation,
as to what action, if any, should be taken on the structure.
7. Any applicant or interested person aggrieved by a ruling of the Historic Landmark
Commission under the provisions of this section may, within thirty (30) days after the ruling,
appeal to the City Council.
I.

Suspension Of Building And Demolition Permits Pending Landmark Application: No
building or demolition permit will be granted once the application has been received by the
Planning Department. The Historic Landmark Commission shall notify the City Building
Official within twenty four (24) hours if it deems that destruction of a possible eligible landmark
building or site is imminent. This notification shall be in writing and explain the reason for the
action of the Historic Landmark Commission. This notification authorizes the City Building
Official not to allow any building or demolition permits even though no application for Historic
Landmark Overlay District Zoning has not been applied for by the owner of the particular
landmark building or structure in question.

J.

Local Historic Preservation Officer: The Director of Planning or his designee shall serve as
the Local Historic Preservation Officer to act as Executive Secretary to the Historic Landmark
Commission, who shall be the custodian of its records, shall conduct official correspondence and
generally supervise the clerical and technical work of the Historic Landmark Commission as
required to administer this Ordinance. In addition, the Director shall:
1. Carry out, assist and collaborate in studies and programs designed to identify and evaluate
structures, sites and areas worthy of preservation;
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2. Consult with and consider the ideas and recommendations of civic groups, public agencies,
and citizens interested in historical preservation;
3. Inspect and investigate structures, sites and areas which are believed worthy of preservation;
4. Submit to the Historic Landmark Commission for public hearing and approval, and
subsequently maintain (and resubmit as required) a list of structures and other features
deemed deserving of official recognition although not designated as historic landmarks or
Historic Landmark Overlay Districts, and take appropriate measures of recognition, and
maintain a documentary inventory;
5. Disseminate information to the public concerning those structures, site and areas deemed
worthy of preservation, and encourage and advise property owners in the protection,
enhancement, perpetuation and use of landmarks and property of historical interest;
6. Consider methods other than those provided for in this Ordinance for encouraging and
achieving historical preservation, and make appropriate recommendations to approval bodies
and other public and private agencies; and
7. Establish such policies, rules and regulations as are deemed necessary to carry out the
purpose of this Ordinance.
K. Building Implementation Procedures:
1. Landmark Guidelines: The following guidelines shall be used by the Historic Landmark
Commission in considering the issuance of a Certificate of Approval for construction,
reconstruction, restoration, remodeling or alteration of landmarks:
a. The Secretary of the Interior’s “Standards for Rehabilitation and Guidelines for
Rehabilitating Historic Buildings” as adopted by Ordinance No. 919.
b. Design Guidelines for Downtown Mansfield as adopted by Ordinance No. 919; said
Design Guidelines are applicable only to historic landmarks within Blocks 1 and 2 of the
Original Town of Mansfield as shown in plat recorded in Volume 63, Page 53-54 of the
Plat Records, Tarrant County, Texas.
c. Design Guidelines for Historic Residential Properties as adopted by Resolution No.
2138. These Design Guidelines are applicable to any historic residential landmark in the
City of Mansfield, regardless of the use of the building. Ord No. 1575, 5/22/06
2. Other specific guidelines promulgated by the Historic Landmark Commission as provided
hereinafter.
3. Promulgation of Guidelines: Following the submission of a set of guidelines by the
applicant with the submittal of the designation request and upon designation by the City
Council, the Historic Landmark Commission shall within sixty (60) days review for approval
such guidelines prepared by the applicant specifically for that district for use by property
owners and the administrative staff in implementing the intent of this Ordinance. A copy of
these guidelines shall be on file in the Office of the Building Official. The guidelines will
classify all structures and sites within the district as one of the following: a) Landmark, b)
Contributing Element or c) Non Essential Element as defined in Paragraph B of this Section.
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The guidelines shall establish acceptable physical characteristics of structure, signs, sites and
modifications thereto including layout and location on site, size, shape, materials and
textures, fenestration and interiors where applicable. The Historic Landmark Commission
may suspend action on any requests affecting any Historic Landmark Site or Historic
Landmark Overlay District pending the preparation of the guidelines. Landmark Sites and
Historic Landmark Overlay District guidelines may be reviewed and modified by the
Historic Landmark Commission.
4. General Maintenance and Repair: Ordinary repair or maintenance which does not involve
changes in architectural and historical value, style or general design is exempt from the
provision of this section. It is incumbent upon the Historic Landmark Commission to make
clear to the owner of a landmark site or owners of buildings or Structures within a Historic
Landmark Overlay District to clarify what particular activities would come under the
heading of Ordinary repair or maintenance.
L. Re-designation of a Historic Landmark Overlay District: The re-designation of a Historic
Landmark Overlay District shall follow the same procedure as a request for a Historic Landmark
Overlay District.
M. Coexistence With Other Use Classification: Use Classifications as to all property which may
be included in a Historic Landmark Overlay District shall continue to be governed by the
Comprehensive Zoning Ordinance of the City and the procedures therein established.
N. Coexistence with Other Codes and Ordinance: This will not replace or supersede any Local,
State or National code or Ordinance regarding health, life, safety or the general public welfare.
O. Penalty: It shall be unlawful to construct, reconstruct, structurally alter, remodel, renovate,
restore, demolish, raze, or maintain any building, structure, or land in a Historic Landmark
Overlay District in violation of the provisions of this section, and the City in addition to other
remedies, may institute any appropriate action or proceedings to prevent such unlawful
construction, restoration, demolition, razing, or maintenance, to restrain, correct, or abate such
violation, to prevent any illegal act, business, or maintenance on such premises.
P. Liability For Adversely Affecting Historic Structure Or Property
1. In this section, "historic structure or property" means a historic structure or property that:
a. is included on the National Register of Historic Places;
b. is designated as a Recorded Texas Historic Landmark;
c. is designated as a State Archaeological Landmark;
d. is determined by the Texas Historical Commission to qualify as eligible property under
criteria for inclusion on the National Register of Historic Places or for designation as a
Recorded Texas Historic Landmark or as a State Archaeological Landmark;
e. is certified by the Texas Historical Commission to other State agencies as worthy of
preservation; or
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f.

is designated as a historic landmark or placed in a Historic Landmark Overlay District
by the City of Mansfield.

2. A person is liable to the City for damages when the person:
a. demolishes, causes to be demolished, or otherwise adversely affects the structural,
physical, or visual integrity of a historic structure or property; and
b. does not obtain a Certificate of Approval and a demolition or building permit from the
City Building Official as required in Subsection F of Section 5400 before beginning to
demolish, cause the demolition of, or otherwise adversely affect the structural, physical
or visual integrity of the historic structure or property.
3. If the structural, physical or visual integrity of the historic structure or property is adversely
affected to the extent that it is not feasible to restore the structural, physical or visual
integrity substantially to its former level, the damages are equal to the cost of constructing,
using as many of the original materials as possible, a new structure or property that is a
reasonable facsimile of the historic structure or property plus the cost of attorney's,
architect's, and appraiser's fees and other costs related to the enforcement of this Subsection.
If it is feasible to restore the structural, physical, or visual integrity of the historic structure
or property substantially to its former level, the damages are equal to the cost of the
restoration, using as many of the original materials as possible, plus the cost of attorney's,
architect's, and appraiser's fees and other costs related to the enforcement of this Subsection.
4. Instead of accepting monetary damages, the City may permit the liable person to construct,
using as many of the original materials as possible, a structure or property that is a
reasonable facsimile of the demolished historic structure or property or to restore, using as
many of the original materials as possible, the historic structure or property and to pay the
cost of attorney's, architect's, and appraiser's fees and other costs related to the enforcement
of this Subsection.
5. Damages recovered under this Subsection shall be deposited in a special fund in the City
treasury and may be used only to construct, using as many of the original materials as
possible, a structure or property that is a reasonable facsimile of the demolished historic
structure or property; to restore, using as many of the original materials as possible, the
historic structure or property; or to restore another historic structure or property, as
determined by the City.
6. The construction of a facsimile structure or property under Subsection (4) or (5) must be
undertaken at the location designated by the City, which may be the same location as that of
the demolished historic structure or property.
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Section 5500. SE, Secondary Freeway Overlay District Regulations
A. General Purpose and Description: This district shall function as an overlay zoning district the
regulations of which are superimposed and shall supersede the regulations of an approved
standard zoning district; such standard zoning districts identified as PR, A, SF-5AC/24, SF12/22, SF-9.6/20, SF-8.4/18, SF-8.4/16, SF-7.5/18, SF-7.5/16, SF-7.5/12, SF-6/12, 2F, MF-1,
MF-2, OP, C-l, C-2, C-3, C-4, I-l, I-2, MH and PD District.
Where provisions of the Secondary Freeway Overlay Districts shall be applicable to any
property which is adjacent to and within five hundred (500) feet of an existing "FR", Freeway
Overlay District in the City of Mansfield, the Secondary Freeway Overlay District is created as
an overlay district whereby it is recognized that certain specific standards are appropriate and
necessary that such standards shall be superimposed and shall supersede the regulations of an
approved standard zoning district. Where such district regulations are in conflict with the
provisions of these sections, all regulations of the approved standard zoning districts shall be in
effect except as identified in this section.
B. Specific Standards of the Secondary Freeway Overlay District
1. No single-family homes shall be permitted unless a specific use permit is granted by the City
Council under the provisions of Section 6100 of this Ordinance.
2. Outside storage shall be screened with an eight (8) foot opaque fence and shall not be
stacked or raised above the height of the screening fence. The open display of outside
storage without a screening fence is prohibited unless a specific use permit is granted by the
City Council under the provisions of Section 6100 of this Ordinance.
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ARTICLE 6. SPECIFIC USE PERMIT, SPECIAL EXCEPTION AND OTHER PERMITS.
Section 6100. SP, Specific Use Permit.
A. Purpose: To provide for uses that require special consideration in certain settings or are of a
public or semi-public character often essential or desirable for the general convenience and
welfare of the community, which without specific consideration may have possible adverse
impact on neighboring properties.
B. Permit Required: A building permit or certificate of occupancy shall not be issued for any use
to be located in a zoning district which permits that use only as a specific use permit unless the
specific use permit has first been approved in accordance with the provisions of this Ordinance.
C. Application Procedure: An application for a Specific use permit shall be filed with the
Planning Department in accordance with procedures as set forth in Section 8600 for zoning
ordinance amendment. Ordinance No. 1499, Adopted 9/14/04
D. Site Plan Requirements: The Site Plan shall provide the following information:
1. A complete signed application as provided by the Planning Department or on the City-s
website at: www.mansfield-tx.gov
2. The appropriate fee in accordance with the current fee schedule adopted by City Council.
3. On a separate 8 ½” X 11” exhibit, provide a metes and bounds description of the property
included in the zoning change request, including the total acreage, signed and sealed by a
registered surveyor.
4. On a separate 24” X 36” or 22” X 34” sheet, drawn at the same scale as the plan, show the
approximate topography of the plan area, all water courses that will remain in a natural state,
100-year floodway and 100-year floodplain per FEMA and other hydraulic and hydrologic
studies as necessary. Provide two (2) copies.
5. On a separate 24” X 36” or 22” X 34” sheet, drawn at the same scale as the plan, show
proposed and existing water and sanitary sewer locations. Also include the locations and
sizes of private water and sanitary sewer lines. Provide two (2) copies.
6. A separate exhibit and documents indicating the traffic volumes, turning movements,
evaluation of ingress and egress existing and proposed, when required by the City Engineer.
7. An electronic copy of the plan in accordance with current established policy.
8. Fifteen (15) copies of the plan at 24” X 36” or 22” X 34” drawn at an acceptable scale
indicating all significant features of the proposed development to include:
a. A vicinity map locating the property in relationship to existing major thoroughfares.
b. Title block, preferably in the lower right-hand corner, including the following: “Site
Plan for SUP, name of development, survey and abstract number or recorded plat
information, city, county, state, date of preparation, acreage and number of lots”.
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c. Acceptable scale: 1” = 20’, 1” = 40’, 1” = 100’ or as approved.
d. Type size is legible at full scale and when reduced.
e. North arrow, graphic and written scale in close proximity.
f.

Name, address, phone and fax of owner/developer and the firm preparing the plan.

g. A map showing the boundary dimensions.
h. Adjacent or surrounding land uses, zoning, streets, drainage facilities and other existing
or proposed off-site improvements, sufficient to demonstrate the relationship and
compatibility of the site to the surrounding properties, uses and facilities.
i.

The location and size of all streets, alleys, parking lots and parking spaces, loading areas
or other areas to be used for vehicular traffic and the proposed access and connection to
existing or proposed streets adjacent to the plan area. Include a chart indicating the
number of required parking spaces by use, the method of calculation and the number of
proposed parking spaces.

j.

The types of surfacing, such as paving (e.g. concrete, brick, turf, etc.) to be used at the
various locations.

k. The location and size of all fire lanes with all curb radii adjacent to the fire lane labeled.
The nearest fire hydrant dimensioned to the property corner and all proposed fire
hydrants.
l.

The location, height, setbacks and minimum floor areas for all buildings, and if nonresidential, the floor ratio. Include the following building details for non single-family
developments:
(1)

Entrance and exits to the building

(2)

Architectural renderings or elevations of proposed structures with all exterior
materials for roofs, awnings, walls etc. labeled.

(3)

Calculations of the masonry content on each façade and in total for each
building. (Example: Area of front façade = h x 1, percent masonry = 80%)

(4)

Distance between buildings and distance from building to property lines.

m. The number, location, and dimensions of the lots; and the setbacks, number of dwelling
units, and number of units per acre (density). A graphic showing a typical lot layout
with size and setbacks.
n. The location of all on-site facilities for liquid waste or method of temporary storage
pending disposal, including existing or proposed septic fields.
o. The location, size and type of each outside facility for waste or trash disposal. If no
facility is shown, provide a note indicating method of disposal and removal.
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p. A tree survey locating all protected trees by type, size and species and mitigation plan, if
required by the city’s Natural Resources Management Ordinance. (Refer to the Tree
Preservation Application as found on the city’s website.)
q. A landscape plan showing all landscape setbacks and buffers; parking lot landscaping;
and any additional landscaping proposed. A chart indicating the size, length and width
of the landscape areas, with the required number of plants and the proposed number of
plants should be included on the plan. The landscape plan may be presented on a
separate exhibit on the same sheet size and at the same scale as the site plan.
r.

The approximate location and size of greenbelt, open, common, or recreation areas, the
proposed use of such areas, and whether they are to be used for public or private use. If
private, indicate the proposed ownership.

s.

The approximate location and size of required Parkland Dedication areas, as required by
the city’s Parkland Dedication Ordinance for residential development.

t.

The location, type, and size of all fences, berms, or screening features.

u. A plan, including elevations, showing location, size, height, orientation and design of all
signs regulated by the city’s sign ordinance.
v. The location, size and type of all pedestrian areas, bike paths and sidewalks.
w. The location, size, type and purpose of any outside storage or outside display and
method of screening. Indicate the percentage of outside storage as compared to the
building square footage.
x. Phases of development should be shown and labeled. Provide a development schedule
indicating the start and finish date of each phase and improvements, broken down by use
and acreage.
y. When deemed necessary, the Planning and Zoning Commission or City Council may ask
for more information during the review of a Specific Use Permit. Likewise, they may
waive some of the information if the application is a simple request to deviate from the
existing zoning category on the property.
z.

If applicable, show the following mandatory owner’s association notes:

(1) A mandatory owners association will be responsible for the maintenance of the
“insert list of private amenities and common areas here”. (Example: screening
fences, common areas, parks, amenity centers, landscaping, etc.)
(2) The Owners Association and associated documents shall be filed in accordance
with the City of Mansfield policies. These documents must be reviewed by the
City Attorney prior to filing the final plat. The documents shall be filed with the
final plat at Tarrant County when deemed necessary by the attorney. The
documents shall be submitted in a timely manner to allow for a minimum of 60
days review. Failure to submit the documents or incomplete documents may result
in delay of construction, acceptance of the subdivision or delay in approval of a
building permit. The City does not accept the responsibility for any delays in
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construction, approval or acceptance of the subdivision caused by the failure to
submit the association documents or the inaccuracy of the documents.
Ordinance No. 1499, Adopted 9/14/04
E. Public Hearings: The notification and public hearing process for a Specific use permit is set
forth in Section 8600 of this Ordinance.
F. Conditions for Approval: A Specific use permit shall be issued only if all of the following
conditions have been found:
1. That the specific use permit will be compatible with and not injurious to the use and
enjoyment of other property, nor significantly diminish or impair property values within the
immediate vicinity;
2. That the establishment of the specific use permit will not impede the normal and orderly
development and improvement of surrounding vacant property;
3. That adequate utilities, access roads, drainage and other necessary supporting facilities have
been or will be provided;
4. The design, location and arrangement of all driveways and parking spaces provides for the
safe and convenient movement of vehicular and pedestrian traffic without adversely
affecting the general public or adjacent developments;
5. That adequate nuisance prevention measures have been or will be taken to prevent or control
offensive odor, fumes, dust, noise and vibration;
6. That directional lighting will be provided so as not to disturb or adversely affect neighboring
properties; and
7. That there are sufficient landscaping and screening to insure harmony and compatibility with
adjacent property.
G. Additional Conditions:
1. The City Planning and Zoning Commission may recommend to the City Council that certain
safeguards and conditions concerning the operation, setbacks, ingress and egress, off-street
parking and loading arrangements, landscaping and screening location, construction of
buildings and uses, term limits, etc. be required.
2. The City Council may, in the interest of the public welfare and to assure compliance with the
intent of this Ordinance, require such development standards and operational conditions and
safeguards as are indicated to be important to the welfare and protection of adjacent property
and the community as a whole.
H. Time Limit: A Specific use permit issued under this section shall be valid for a period of two (2)
years from the date of issuance and shall become null and void unless construction or use is
substantially underway during said two-year period, or unless an extension of time is approved
by the City Council.
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I.

Revocation: A Specific Use Permit may be revoked or modified, after notice and hearing, for
either of the following reasons:
1. The Specific Use Permit was obtained or extended by fraud or deception; or
2. That one or more of the conditions imposed by the City Council has not been met or has
been violated.

J.

Amendments: The Director of Planning and Development may approve minor variations or
revisions from the original Specific Use Permit which do not increase density, change traffic
patterns, or result in any increase in external impact on adjacent properties or neighborhoods.
The Director of Planning may refer any variation or revision that warrants special consideration
to the City council for its review. If, in the City Council’s determination, the variation or
revision does not constitute a significant change to a Specific Use Permit, no public hearing will
be called and the revision will be deemed approved. The City Council in its sole discretion may
direct any revision to a Specific Use Permit to the Planning and Zoning Commission for its
review and recommendation and, in such event, said revision shall follow the procedures set out
in Section 8600 herein regarding amendments to the Zoning Ordinance. (Ordinance No 176610, 4/27/10)

K. Processing Fee: A processing fee shall be required for the processing of each Specific use
permit request in accordance to the Fee Schedule Ordinance of the City.
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Section 6200. Temporary Uses.
A. Purpose: Certain temporary uses of land are essential to the full development and utilization of
the land for its lawful purpose. The temporary uses hereinafter enumerated shall not be deemed
violations of this ordinance when made under the conditions herein provided.
B. Permitted Uses: The permissible temporary uses, the conditions of use and the zoning districts
wherein the same shall be permitted are as follows:
1. Uses allowed in all Districts.
a. Construction Office: Temporary field or construction offices and temporary building
material storage areas to be used solely for on premise construction purposes in
connection with the property on which they are erected or within the same platted
subdivision may be permitted for specific periods of time, not to exceed twelve (12)
months at a time, in accordance with a permit issued by the Building Official for cause
shown. Such temporary uses shall be discontinued by the order of the Building Official
and in no event shall such temporary uses continue to exist on the premises after the
construction for which they were erected is completed.
b. Special Events: Special Events such as shows, exhibitions, contests, parades, or any
outdoor fund raising events or promotions shall only be permitted when a temporary use
permit has been granted by the City Council; however, in no case shall such events be
allowed in excess of seven (7) consecutive days. Such uses shall be subject to any
special conditions imposed by the City Council for the protection of public interest and
welfare of the community.
2. Uses allowed in all Residential Districts.
a. Real Estate Sales Office: Temporary field real estate sales offices may be permitted in
residential subdivisions for specific periods of time when approved by the Building
Official. Such temporary uses may be located in a "Model Home" or a portable building
within the subdivision, but shall be discontinued by the order of the Building Official,
and in no event shall such temporary use continue to exist after the subdivision or the
increment of same in which the use is located shall have been occupied or sold in excess
of 90%.
3. Uses Allowed in C-2, C-3, I-l and I-2 Districts.
a. Carnival or Amusement Rides: The City Council upon receipt of an application, may
issue a permit for temporary carnival or amusement rides. In authorizing such permit,
the City Council may impose certain reasonable conditions to protect the public interest
and welfare of the community and may stipulate that such permit shall be effective for
an indefinite term. Thereafter, the holder of such permit may periodically engage in
such use with the approval of the Building Official without further City Council action
provided:
1. The Building Official shall be given not less than ten (10) days notice of any
proposed operations under the permit.
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2. Such operations shall not be conducted for more than eight (8) consecutive days at a
time.
3. Such use shall not be engaged more than twice in a twelve (12) month period.
4. Such use shall conform to all City Council imposed conditions of the permit,
including location, hours of operation, and the number and type of rides and
concessions.
5. The City Council may terminate the permit at any time.
b. Temporary Tent Sales or Assembly: Temporary tent sales by retail establishments or
tent assemblies by City recognized public or semi-public organizations may be permitted
by the Building Official for a period not to exceed thirty (30) days. Such temporary uses
shall be discontinued by the order of the Building Official and in no event shall such
temporary uses be allowed in excess of thirty (30) days or more than once a year. All
tent sales or assemblies shall meet the special conditions, if any, imposed by the
Building Official and Fire Marshal for the protection of public interest and welfare of the
community. No tent or similar structure shall be erected in any required yard setbacks or
designated easements.
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Section 6300. Special Exception.
A. Purpose: Certain uses are classified as special exceptions and may be permitted in designated
districts when specifically authorized by this section after approval by the Board of Adjustment.
Such special exceptions may be granted in order that the City may develop, in accordance with
the intent and purpose of this Ordinance, that land may be fully utilized for a lawful purpose, and
that substantial justice may be done.
B. Application Required: An application for a special exception shall be filed with the Planning
Department. A building permit or certificate of occupancy shall not be issued for any use
designated herein unless an application for special exception has first been approved in
accordance with the provisions of this Ordinance. The application shall be accompanied by a
site plan, which, along with the application, will become a part of the special exception, if
approved. The accompanying site plan shall be drawn to scale and provide the following
information:
1. A description of the proposed land use, building or structure;
2. The lot configuration with dimensions, indicating property lines, setbacks, easements,
drainage ways, and boundary street(s);
3. The dimension and location of the proposed building or structure, and any other existing
buildings or structures on the property;
4. The square footage of the proposed building or structure, and
5. If the proposed building is intended to be a replacement of a previous building or structure,
the dimension, location and square footage of the previous building or structure.
C. Processing Fee: A fee shall be required for application for special exception in accordance with
the Fee Schedule Ordinance of the City, except for uses listed in Section 6300E.1, for which no
fee shall be required.
D. Public Hearings: The notification and public hearing process to consider the application for a
special exception shall be as set forth in Section 8400 of this Ordinance.
E. Authorized Special Exceptions: The following uses may be allowed as special exceptions
subject to full and complete compliance with all conditions herein provided, together with such
other conditions as the Board of Adjustment may impose.
1. The replacement or reconstruction of a dwelling unit that has a lawful nonconforming use
status due to non-compliance with the minimum floor area requirement of the PR or
residential district where it is located that was damaged by fire, explosion, act of God or
other calamity to the extent that the cost of the reconstruction or repair exceeds fifty percent
(50%) of the replacement cost of the structure.
a. Conditions of Approval:
1. The dwelling unit being replaced or reconstructed must have been built before
October 5, 1995;
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2. The dwelling unit being replaced or reconstructed conforms with Section 4400, the
Permitted Use provisions of this Ordinance;
3. The floor area in the replacement or reconstructed dwelling unit shall not be less
than the floor area in the dwelling unit immediately before the structural damage or
destruction;
4. The replacement or reconstructed dwelling unit shall not cause a greater
nonconformity to the setback regulations of the zoning district where it is located
than the previous dwelling unit immediately before the structural damage or
destruction; and
5. The granting of the special exception does not change the essential character or
appearance of the neighborhood, or diminish or impair property values within the
neighborhood.
2. The placement of heating, ventilation, and air-conditioning (HVAC) equipment on the
ground or on the roof in such a way that the equipment is visible from the street abutting the
property where the equipment is located or from the boundary of the abutting property.
a. Conditions of Approval:
1. The Board of Adjustment may grant a special exception if it finds that there is no
negative impact to the abutting property or traveling public and that the cost to
visually screen the equipment from the abutting property or street on higher
elevation is unreasonable or unfeasible.
3. The placement of trash container or storage area for refuse or material awaiting disposal or
recycling in such a way that the container or storage area is visible from the street abutting
the property where the trash container or storage area is located or from the boundary of the
abutting property.
a. Conditions of Approval:
1. The Board of Adjustment may grant a special exception if it finds that there is no
negative impact to the abutting property or traveling public and that the cost to
visually screen the equipment from the abutting property or street on higher
elevation is unreasonable or unfeasible.
4. The reduction or waiver of the required screening for a non-residential use that abuts
property in a residential zoning classification.
a. Conditions of Approval:
1. The non-residential use must be located on properties owned and used by the City,
Mansfield Independent School District or any church.
2. The Board of Adjustment may grant a special exception if it finds that there is no
negative impact to the abutting property.

6300-2

§6300
5. A reduction of the 80% minimum masonry construction requirement or deviation from the
masonry material construction requirement imposed on all dwelling units within any SF,
Single-Family Residential or 2F, Two-Family Residential Districts.
a. Conditions of Approval:
1. The proposed construction must accommodate architectural features which are
integral to the building design;
2. All alternate construction materials must have the same durability as masonry; and
3. The granting of the special exception must not diminish or impair property values
within the neighborhood.
6. An increase in the maximum allowable area or height, or a reduction of the minimum
setback requirements for accessory buildings or structures.
a. Conditions of Approval:
1. No special exception may be granted by the Board of Adjustment unless the building
or structure is to be located on a lot of twelve thousand (12,000) square feet in size
or larger.
2. The Board may grant an increase in building area provided that the total building
area resulting from the approval of the special exception shall not exceed four (4)
percent of the square footage of the lot.
3. The Board may grant an increase in height not to exceed twenty-four (24) feet for
buildings or structures located on lots of one-half (0.5) acre to two (2) acres in size,
and not to exceed thirty-five (35) feet for buildings or structures located on lots of
two (2) acres in size or larger.
4. The Board may grant a reduction in the minimum required setbacks to allow an
accessory building to be located no closer than five (5) feet from the side property
line and seven and one-half (7.5) feet from the rear property line, unless the
accessory building or structure is intended to house or contain livestock, in which
case the setbacks established in Section 7800.B.13 shall apply.
5. To grant a special exception, the Board must find that there will be no negative
impact to the abutting properties.
7. The construction of an accessory dwelling in any A, PR or SF zoning district that does not
comply with Section 7800.B.35.
a. Conditions of Approval:
1. Occupancy of the accessory dwelling shall be limited to domestic servants or
caretakers employed on the premises, temporary guests, or family members of the
owner of the premises. Guests may occupy such dwelling no more than 90
consecutive days in any twelve-month period.
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2. An accessory dwelling shall not be rented as an apartment or used as a separate
domicile.
3. No more than one accessory dwelling shall be allowed on any lot or tract.
4. The minimum area of the lot on which a detached accessory dwelling is located shall
be 20,000 square feet. There shall be no minimum lot size for accessory dwellings
attached to the main residential building.
5. The habitable floor area of an accessory dwelling shall not exceed fifty (50) percent
of the habitable floor area of the main residential building, provided that the
combined square footage of the accessory dwelling and the main residential building
shall not exceed the maximum lot coverage allowed by the regulations of the zoning
district in which the property is located.
6. The maximum height of an accessory dwelling shall be thirty-five (35) feet. A
detached accessory dwelling shall be limited to one story; however, it may have a
loft or attic.
7. An accessory dwelling must comply with the same minimum side and rear setback
requirements as the main residential building and must be at least seventy-five (75)
feet from the front property line or behind the rear façade of the main residential
building that is furthest from the street. In no case shall an accessory dwelling be
located forward of the main residential building.
8. No separate driveway approach shall be permitted for an accessory dwelling.
(Ordinance No. 1487, Adopted 7/12/04)
9. An accessory dwelling shall be constructed of the predominant building and roofing
materials used on the main residential building.
10. All utilities must be on the same meter as the main residential building (Ordinance
No. 1487, Adopted 7/12/04)
11. The granting of the special exception does not change the essential character or
appearance of the neighborhood, or diminish or impair property values within the
neighborhood.
8. Temporary Batch Plants:
1. The Board of Adjustment may grant a reduction in the minimum 300-foot setback
from any park, school, child care center, or residential structure.
2. The Board may allow a temporary batch plant to be located on the property more
than 120 days until a single project is completed.
3. To grant a special exception, the Board must find that there will be no permanent
negative impact to the surrounding properties.
(Ordinance No. 1415, Adopted 2/10/03)
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9. The Construction of an accessory building attached to a main residential building by means
other than a continuous assembly and common attic on single-family residential property.
a. Conditions of Approval:
1. The proposed construction must accommodate architectural features which are
integral to the main residential building design;
2. The attached accessory building and main residential building together shall not
exceed the maximum lot coverage allowed by the regulations of the zoning district
in which the property is located;
3. The attached accessory building shall be constructed of the predominant building
materials used on the main residential building;
4. To grant a special exception, the Board must find that there will be no negative
impact to the abutting properties.

Examples of semi-attached accessory buildings

Semi-attached building without architectural features
integral to the main residential building design—
attachment to house is by a simple breezeway.

Ordinance No. 1488, Adopted 7/12/04
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Section 6400. Industrial Use Permit.
A. Purpose: To provide for industrial uses that require special consideration in certain
settings, which without specific consideration may have possible adverse impact on
neighboring properties.
B. Permit Required: A building permit or certificate of occupancy shall not be issued for any
use which is permitted only by an Industrial Use Permit unless the Industrial Use Permit
has first been approved in accordance with the provisions of this Ordinance and the use has
met all the conditions of approval.
C. Application Procedure: An application for an Industrial Use Permit shall be filed with
the Planning Department. Upon receiving a complete application, the Director of
Planning will submit it to the City Council for public hearing and consideration.
D. Site Plan Requirements: The Site Plan shall provide the following information:
1. A complete signed application as provided by the Planning Department or on the
City’s website at: www.mansfieldtexas.gov
2. The appropriate fee in accordance with the current fee schedule adopted by City Council.
3. On a separate 8 ½” X 11” exhibit, provide a metes and bounds description of the
property included in the zoning change request, including the total acreage, signed and
sealed by a registered surveyor.
4. On a separate 24” X 36” or 22” X 34” sheet, drawn at the same scale as the plan, show
the approximate topography of the plan area, all water courses that will remain in a natural
state, 100-year floodway and 100-year floodplain per FEMA and other hydraulic and
hydrologic studies as necessary. Provide two (2) copies.
5. On a separate 24” X 36” or 22” X 34” sheet, drawn at the same scale as the plan,
show proposed and existing water and sanitary sewer locations. Also include the
locations and sizes of private water and sanitary sewer lines. Provide two (2) copies.
6. A separate exhibit and documents indicating the traffic volumes, turning movements,
evaluation of ingress and egress existing and proposed, when required by the City
Engineer.
7. An electronic copy of the plan in accordance with current established policy.
8. Fifteen (15) copies of the plan at 24” X 36” or 22” X 34” drawn at an acceptable
scale indicating all significant features of the proposed development to include:
a. A vicinity map locating the property in relationship to existing major thoroughfares.
b. Title block, preferably in the lower right-hand corner, including the following: “Site
Plan for SUP, name of development, survey and abstract number or recorded
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plat information, city, county, state, date of preparation, acreage and number of lots”.
c. Acceptable scale: 1” = 20’, 1” = 40’, 1” = 100’ or as approved.
d. Type size is legible at full scale and when reduced.
e. North arrow, graphic and written scale in close proximity.
f.

Name, address, phone and fax of owner/developer and the firm preparing the plan.

g. A map showing the boundary dimensions.
h. Adjacent or surrounding land uses, zoning, streets, drainage facilities and other
existing or proposed off-site improvements, sufficient to demonstrate the
relationship and compatibility of the site to the surrounding properties, uses and
facilities.
i.

The location and size of all streets, alleys, parking lots and parking spaces, loading
areas or other areas to be used for vehicular traffic and the proposed access and
connection to existing or proposed streets adjacent to the plan area. Include a
chart indicating the number of required parking spaces by use, the method of
calculation and the number of proposed parking spaces.

j.

The types of surfacing, such as paving (e.g. concrete, brick, turf, etc.) to be used at
the various locations.

k. The location and size of all fire lanes with all curb radii adjacent to the fire lane
labeled. The nearest fire hydrant dimensioned to the property corner and all
proposed fire hydrants.
l.

The location, height, setbacks and floor areas for all buildings, the floor area ratio
and the following building details:
(1)

Entrance and exits to the building

(2)

Architectural renderings or elevations of proposed structures with all
exterior materials for roofs, awnings, walls etc. labeled.

(3)

Calculations of the masonry content on each façade and in total for
each building. (Example: Area of front façade = h x 1, percent masonry =
80%)

(4)

Distance between buildings and distance from building to property lines.

m. The number, location, and dimensions of the lots.
n. The location of all on-site facilities for liquid waste or method of temporary
storage pending disposal, including existing or proposed septic fields.
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o. The location, size and type of each outside facility for waste or trash disposal. If
no facility is shown, provide a note indicating method of disposal and removal.
p. A tree survey locating all protected trees by type, size and species and mitigation plan,
if required by the city’s Natural Resources Management Ordinance. (Refer to the
Tree Preservation Application as found on the city’s website.)
q. A landscape plan showing all landscape setbacks and buffers; parking lot
landscaping; and any additional landscaping proposed. A chart indicating the size,
length and width of the landscape areas, with the required number of plants and the
proposed number of plants should be included on the plan. The landscape plan
may be presented on a separate exhibit on the same sheet size and at the same scale
as the site plan.
r.

The location, type, and size of all fences, berms, or screening features.

s.

A plan, including elevations, showing location, size, height, orientation and design of
all signs regulated by the city’s sign ordinance.

t.

The location, size and type of all pedestrian areas and sidewalks.

u. The location, size, type and purpose of any outside storage or outside display
and method of screening. Indicate the percentage of outside storage as compared
to the building square footage.
v. Phases of development should be shown and labeled. Provide a development
schedule indicating the start and finish date of each phase and improvements, broken
down by use and acreage.
w. When deemed necessary, the City Council may ask for more information during
the review of an Industrial Use Permit. Likewise, they may waive some of the
information if the application is a simple request to deviate from the existing zoning
category on the property.
E. Public Hearings: The notification and public hearing process for an Industrial Use Permit
shall follow those for a Specific Use Permit as set forth in Section 8600.C of this Ordinance.
F. Conditions for Approval: An Industrial Use Permit shall be issued only if all of the
following conditions have been found:
1. That the Industrial Use Permit will be compatible with and not injurious to the use
and enjoyment of other property, nor significantly diminish or impair property values
within the immediate vicinity;
2. That the establishment of the Industrial Use Permit will not impede the normal and
orderly development and improvement of surrounding vacant property;
3. That adequate utilities, access roads, drainage and other necessary supporting facilities
have been or will be provided;
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4. The design, location and arrangement of all driveways and parking spaces provides for
the safe and convenient movement of vehicular and pedestrian traffic without adversely
affecting the general public or adjacent developments;
5. That adequate nuisance or hazard prevention measures have been or will be taken to
prevent or control offensive odor, fumes, dust, noise and vibration;
6. That directional lighting will be provided so as not to disturb or adversely affect
neighboring properties; and
7. That there are sufficient landscaping and screening to insure harmony and compatibility
with adjacent property.
G. Additional Conditions:
1. The City Council may, in the interest of the public welfare and to assure compliance with
the intent of this Ordinance, require additional development standards, operational
conditions and safeguards concerning items such as setbacks, ingress and egress, offstreet parking and loading arrangements, landscaping and screening, construction of
buildings and uses, term limits, air-quality and sewer pretreatment, security measures,
and federal and state permits that may be important to the welfare and protection of
adjacent property and the community as a whole.
H. Time Limit: An Industrial Use Permit issued under this section shall be valid for a period of
two (2) years from the date of issuance and shall become null and void unless construction
or use is substantially underway during said two-year period, or unless an extension of time
is approved by the City Council.
I.

Revocation: An Industrial Use Permit may be revoked or modified, after notice and hearing,
for either of the following reasons:
1. The Industrial Use Permit was obtained or extended by fraud or deception; or
2. That one or more of the conditions imposed by the City Council has not been met or
has been violated.

J.

Amendments: The Director of Planning may approve minor variations or revisions from
the original Industrial Use Permit which do not increase density, change traffic patterns, or
result in any increase in external impact on adjacent properties or neighborhoods. The
Director of Planning may refer any request for variation or revision that warrants special
consideration to the City council for its review. If, in the City Council’s determination, the
variation or revision does not constitute a significant change to the original Industrial Use
Permit, no public hearing will be called and the revision will be deemed approved. The City
Council in its sole discretion may deny any request for revision to an Industrial Use Permit.

K. Processing Fee: A processing fee shall be required for the processing of each Industrial
Use Permit request in accordance to the Fee Schedule Ordinance of the City.
L. Limitation of Re-applications. No new application for an Industrial Use Permit shall be
heard for a particular parcel of property if within twelve (12) months prior to the date of said
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application either an application was denied by the City Council or an application was
withdrawn after the giving of public notice, and such new application currently under
consideration includes property which was all or a part of the previously denied or
withdrawn case, and the application currently under consideration is for the same or a more
intense use as determined by the City; however, on receipt of written request by the original
applicant stating how conditions have changed substantially in the community since prior
consideration of his proposal so as to justify an earlier review of this matter, the City
Council may waive the mandatory delay period and authorize the acceptance of a new
application.
M. Postponement of Public Hearings at Applicant's Request: A request for postponement
of a scheduled public hearing on an application for Industrial Use Permit shall follow
those for a Specific Use Permit as set forth in Section 8600.F of this Ordinance.
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ARTICLE 7. SUPPLEMENTAL PROVISIONS.
Section 7100. Sign Standards.
A. Purpose: To establish regulations and minimum standards which directly relate to the function
of the signs and to the intensity of development of each particular zoning district.
B. Permit Requirements: No sign, unless herein excepted, shall be located, constructed, attached,
or painted until a building permit application has been approved by the Planning Department and
issued by the Development Services Department in accordance with the requirements of this
section.
C. Sign Classifications and Definitions: As used in the Schedule of Sign Standards contained in
Table 7100 D, the following sign construction types and definitions shall apply:
1. Classifications:
a. Wall Sign: A sign which is attached or affixed to the wall of a building or is an integral
part of the wall of a building with the exposed face of the sign in a plane parallel to and
not more than twelve inches (12") from said wall; providing, however, that electric wall
signs may project not more than eighteen inches (18") from said wall. A wall sign shall
not extend above or beyond the parallel face to which the sign is attached.
b. Projection Sign: A sign which is attached or affixed to a building wall or structure other
than a pole and extends or projects there from a maximum of four (4) feet.
c. Pole Sign: A sign supported by and placed upon not more than two (2) poles or
standards. Extra poles or standards in excess of two (2) may be added with the approval
of the Building Inspector.
d. Directional Sign: A temporary pole or ground sign that directs vehicular traffic. The
sign may display arrows, words, or other symbols to indicate direction to the location of
developments, subdivisions, model homes, garage sales, neighborhood information or
businesses. (Ordinance No. 1586, Adopted 8/28/06)
e. Reader Board Sign: A changeable copy sign with stripes or devices attached to the face
of the sign to hold readily movable letters and numerals. The sign may be internally or
externally illuminated.
f.

Ground Sign: A sign which is supported by more than two (2) columns, poles, uprights
or braces in or upon the ground and is not a part of a building.

g. Monument Sign: A freestanding, low profile sign with a solid base; any poles or
supports must be concealed.
h. Unified Development Sign: A freestanding sign that is supported from the grade to the
bottom of the sign with a solid base and is used to identify multiple tenants within a
unified development. (Ordinance No. 1479, Adopted 4/12/04)
2. Definitions:
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a. Sign: Any object, device, structure, or part thereof, visible from outdoors, which is used
to advertise, identify, display, direct or attract attention to an object, person, institution,
organization, business, product, service, event, or location by any means, including
words, letters, figures, designs, symbols, banners, flags, fixtures, colors, illumination, or
projected images. Definitions of particular functional and locational types of signs are
listed in this subsection.
b. Advertising Sign: A sign which is a primary use of land (not accessory use) and which
directs attention to a business, product, activity or service which is not conducted, sold,
offered or located on the premises where the sign is located.
c. Agricultural Sign: An accessory sign identifying the farm or ranch on which it is placed
and advertising the produce, crops, animals or poultry raised or quartered thereon.
d. Apartment Name Sign: An accessory sign for the identification of an apartment
building or complex of apartment buildings and located on the premises.
e. Construction Sign: A temporary sign identifying the development on the premises
and/or the property owner, architect, contractor, engineer, landscape architect, decorator
or mortgagee engaged in the design, construction or improvement of the premises on
which the sign is located. A real estate sign shall not be construed as a construction
sign. (Ordinance No. 1570, Adopted April 24, 2006)
f.

Development Sign: A temporary sign related to the promotion of new development and
located only on the premises involved in the development. Builder or contractor names
may be displayed on the sign provided that at least 50% of the sign area is devoted
towards displaying the name or promotional information of the development being
advertised.

g. Directory Sign: An accessory sign consisting of building identification and business
names of the individual tenants. Ordinance No. 1479, Adopted 4/12/04)
h. General Business Sign: An accessory sign or graphic device which advertises only
commodities or services offered on the premises where such sign is located and where
such sign is not of the billboard, poster panel or painted bulletin type but is a sign
designed specifically for the location.
i.

Institutional Sign: An accessory sign, which provides public interest information and/or
advertisement related to a school, church or similar public or quasi-public institution
located on the same premise where the sign is located.

j.

Electronic Message Center (EMC): A sign that utilizes computer generated messages
or some other electronic means of changing copy.

k. Name Plate: An accessory sign showing only the name and/or address of the owner or
occupant of the premises on which it is erected or placed.
l.

Real Estate Sign: A temporary accessory sign pertaining to the sale or rental of property
and advertising property only for use for which it is legally zoned.
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m. Political Sign: The term "political sign" shall be deemed to mean any sign erected for
the purpose of advertising a political candidate or ballot measure; espousing a political
cause; or expressing a person’s or group’s viewpoint or opinion on a political issue.
n. Temporary Sign: A non-permanent sign which is intended to be displayed for a short
period of time only. The term temporary sign shall include but not be limited to search
lights, banners, bullhorns, pendants, spinners, balloons, streamers or other kinds of wind
signs. Specific permitting and display standards for temporary signs are listed in Section
7100.J.2, Promotional Signage (Ordinance No. 1453, Adopted 10/13/03)
o. Wind Sign: A temporary accessory sign, which achieves movement and thus attracts
attention by action of wind currents.
p. Sign Area: The entire area within a circle, triangle or parallelogram enclosing the
extreme limits of writing, representation, emblem or any figure of similar character,
together with any frame or other material or color forming an integral part of the display
or used to differentiate the sign from the background against which it is placed;
excluding the necessary supports or uprights on which such sign is placed. Where a sign
has two or more faces, the area of all faces shall be included in determining the area of
the sign, except that where two faces are placed back to back and are at no point more
than two (2) feet from one another, the area of the sign shall be taken as the area of one
face if the two faces are of equal area, or as the area of the larger face if the two faces are
of unequal area.
q. Flashing Sign: A sign or part thereof, operated so as to create flashing, change in light
intensity, color or copy or intermittent light impulses more frequent than one every ten
(10) seconds and further provided that Electronic Message Centers as herein above
defined shall not constitute flashing signs. It is further provided that a sign which
creates intermittent light impulses which convey time of day and/or temperature only
shall not constitute a flashing sign.
r.

Sign Height: The measurement from the ground level to the highest point of the sign.
Ordinance No. 1479, Adopted 4/12/04)

s.

Lighting: As the term is used in Table 7100 D hereof, the illumination of a sign face by
the light source exterior to and not a part of such face or a source of light not exposed to
the eye.

t.

Motion: As the term is used in Table 7100 D hereof, the moving or rotating of a sign or
portion thereof, or the giving of the perception of motion, other than a electronic
message center as herein above defined.

u. Required Setback: The distance from the property line, right-of-way line or street curb
of all streets adjacent to the premises on which a sign is located.
v. Sign Structure: Any part of a sign, including the base, supporting columns or braces,
display surface, or any other appendage thereto.
w. Portable Sign: A sign whose principal supporting structure is intended, by design, use
or construction, to be used by resting upon the ground for support and which may be
easily moved or relocated for reuse. Portable signs shall include but not be limited to
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signs mounted upon or designed to be mounted upon a trailer, bench, wheeled carrier or
other non-motorized mobile structure, with or without wheels, and A-frame and other
similar signs, resting or leaning on the ground or other structures, but not permanently
attached thereto. (Ordinance No. 1453, Adopted 10/13/03)
x.

Kiosk Sign: A free-standing structure located in public rights-of-way that features the
City of Mansfield Identification Panel at the top of each structure and displays
directional information to new homes, Mansfield Independent School District facilities,
and municipal or community events or facilities. (Ordinance No. 1454, Adopted
10/13/03)

y. Sign Panel: An individual sign placard displaying directional information on a kiosk
sign. (Ordinance No. 1454, Adopted 10/13/03)
z. Subdivision Sign: A sign located at the entrance of a subdivision that displays the name
of the subdivision. (Ordinance No. 1479, Adopted 4/12/04)
aa. Neighborhood Information Sign: A temporary sign erected within the boundaries of a
platted residential subdivision at the subdivision entrance or on homeowner’s association
lots for the sole purpose of providing information to property owners concerning events
within the subdivision.
bb. Window Sign: Any sign that is plainly visible from the outside of the building and
located on either the external surface of the window or on or within twenty-five (25)
inches of the internal surface of the window. This definition does not apply to the
display of building addresses, business hours of operation, the logos of accepted credit
cards, “closed” and “open” signs, “for sale”, “for lease”, and similar real estate signs,
and “now hiring” signs.
cc. Human Sign: A sign held by or attached to a human being who stands or walks on the
ground at a business or other location. A human sign includes a person dressed in a
costume for the purpose of advertising or otherwise drawing attention to an individual,
business, commodity, service, activity or product.
dd. Temporary Realtor Open House Directional Sign: A temporary sign used for
directing realtors and potential homebuyers to homes for sale within the City which are
open for public viewing.
ee. Inflatable Sign: A sign made from a non-porous bag or tube of tough, light material,
including fan-blown and lighter-than-air or gas filled inflatable objects that may be
connected with a tether, displaying graphics, symbols or written copy, or a combination
of graphics, symbols and written copy.
ff. Blade Banner Sign: A sign made of non-rigid material such as canvas or vinyl
supported by a single vertical pole or frame mounted on the ground, and shall include a
feather, teardrop, wave or flag sign, or any sign of similar construction and use.
D. Schedules of Sign Standards:
No sign shall be erected, placed, displayed or located except in accordance with the Schedules of
Sign Standards contained in Table 7100D and the provisions of Sections 7100E through 7100K.
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TABLE 7100D SCHEDULE OF SIGN STANDARDS

MAXIMUM AREA IN
SQUARE FEET

MAXIMUM HEIGHT IN
FEET

MAXIMUM WIDTH IN
FEET

MINIMUM SETBACK
FROM STREET RIGHTOF-WAY LINE IN FEET**

MINIMUM SETBACK
FROM SIDE OR REAR
PROPERTY LINE IN
FEET**

MAXIMUM QUANTITY/
MINIMUM
SPACING

LIGHTING

FLASHING

MOTION

M, W

50

10

10

10

15

ONE PER STREET FRONTAGE
PLUS ONE WALL SIGN ON THE
PRINCIPAL BUILDING

YES

NO

NO

SEE NOTES (2) (6) (7)
(10) & (11)

APARTMENT
NAME

MF-1, MF-2

M, W

50

10

10

10

15

ONE PER STREET ENTRANCE

YES

NO

NO

SEE NOTES
(2) (3) (4) (7) (10) & (11)

NAME PLATE

ALL DISTRICTS

P, W

2

N/A

NONE

N/A

N/A

NONE

NO

NO

NO

SEE NOTE (6)

W

NONE

N/A

SEE NOTE (1)

N/A

N/A

YES

NO

YES

SEE SECTION 7100E

M, PR

50

10

10

10

15

ONE PER STREET FRONTAGE
PER INDIVIDUALLY OWNED
LOT OR TRACT PLUS ONE
WALL SIGN PER TENANT WHO
OCCUPIES SUCH LOT OR
TRACT

YES

NO

YES

SEE NOTES (7) (10) &
(11)

C-3, I-1, I-2

P, G

600

40

NONE

10

15

SEE SECTION 7100F

YES

NO

YES

SEE NOTE (5)

A

M, W

32

10

10

10

15

ONE PER STREET FRONTAGE

NO

NO

NO

SEE NOTE (10)

M, W

32

6

10

N/A

N/A

ONE SIGN PER STREET
ENTRANCE TO THE
SUBDIVISION

NO

NO

NO

SEE NOTES (6) & (10)

NO

NO

SEE NOTES (10) & (11)

NO

TEMPORARY

INSTITUTIONAL

GENERAL
BUSINESS

ADVERTISING
AGRICULTURAL

C-1, C-2,
C-3, C-4,
I-1, I-2

ALL DISTRICTS
SUBDIVISION
DIRECTORY
WINDOW
ELECTRONIC
MESSAGE
CENTER/READER
BOARD SIGN

M, W

32

6

10

10

15

ONE PER STREET FRONTAGE

YES

ALL NONRESIDENTIAL
DISTRICTS

OP

N/A

SEE
NOTE
(12)

N/A

N/A

N/A

N/A

N/A

YES

C-2, C-3,
I-1, I-2

M

NO

LIMITED TO 50% OF THE SIGN AREA

NOTES:
(1) Width not to exceed 75% of building or store front.
(2) Permitted on face of fence or wall in required front setback.
(3) For building identification only.
(4) Not applicable to rental single-family or two-family dwellings.
(5) Specific use permit required.
(6) Signs permitted in residential districts are also permitted in the PR district.
(7) On lots with direct frontage along U.S. 287 and S.H. 360 monument signs may have a maximum height of 15 feet and a maximum sign area of 75 square feet. The sign must be located along
the highway frontage of the lot.
(8) Electronic Message Centers/Reader Boards may be used by institutional uses in any zoning district.
(9) Signs for theaters advertising current and coming attractions shall be exempt from the percentage restriction on Electronic Message Center and Reader Board signs.
(10) See section 7100.K.13 for further regulations on monument signs.
(11) No freestanding sign may be located within 400 feet of another freestanding sign on the same lot or tract, measured along the street right-of-way lines.
*Signs in any Historic Landmark District must comply with the provisions and approval procedures shown in Section 5400 of this ordinance.
(12) The total sign area of window sign(s) shall not obscure more than twenty-five (25) percent of the total window area on each façade. Doors shall not contain signage for any message other than
business name, hours of operation and payment method, and such signage shall not exceed four (4) square feet in total area.
**Where the width of an easement is greater than the required setback, the sign must be located outside of the easement.
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ADDITIONAL
REGULATIONS

SIGN CLASSIFICATION
PERMITTED

ALL DISTRICTS

TYPE OF SIGN

ZONING DISTRICT
WHERE PERMITTED *

1) PERMANENT SIGNS

SEE NOTES (8) (9) (10)
& (11)
LEGEND:
M–
P–
W–
G–
PR–

MONUMENT SIGN
POLE SIGN
WALL SIGN
GROUND SIGN
PROJECTION
SIGN
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TABLE 7100D SCHEDULE OF SIGN STANDARDS

REAL ESTATE

ALL
RESIDENTIAL
DISTRICTS
CONSTRUCTION

DEVELOPMENT
WINDOW

NEIGHBORHOOD
INFORMATION

15

P, W, G

32

12

NONE

10

15

P, W, G

32

12

NONE

10

15

ONE PER 60’ OF STREET
FRONTAGE;
MAXIMUM TWO PER
STREET FRONTAGE

NO

NO

NO

YES

NO

NO

TEMPORARY-UNTIL
CONSTRUCTION IS
COMPLETED
ONE PER SITE OR STREET
FRONTAGE

YES

NO

NO

ALL NONRESIDENTIAL
DISTRICTS

P, W, G

32

12

NONE

10

15

ALL DISTRICTS

P, G

100

20

NONE

10

15

MAXIMUM TWO PER
DEVELOPMENT

YES

NO

NO

ALL NONRESIDENTIAL
DISTRICTS

N/A

SEE
NOTE (9)

N/A

N/A

N/A

N/A

N/A

YES

NO

NO

NONE

TWO SIGNS PER STREET
ENTRANCE TO A
RESIDENTIAL
SUBDIVISION; MAXIMUM
OF THREE SIGNS ON ANY
HOMEOWNER’S
ASSOCIATION LOT WITH
A MNIMUM 50’ DISTANCE
BETWEEN SIGNS

NO

NO

NO

ALL
RESIDENTIAL
DISTRICTS
P, G

ALL DISTRICTS

ALL

4

36

3

8

NONE

NONE

NONE

NONE

NONE

POLITICAL

N/A

NO

NO

NO

SEE NOTES
(1) (4)&(11)

SEE NOTE (4)
& (5)

TEMPORARY-UNTIL
CERTIFICATE OF
OCCUPANCY IS
SEE NOTE (5)
ISSUED, OR UNTIL
& (6)
MULTI-TENANT
DEVELOPMENTS ARE
75% COMPLETE
SEE NOTES
TEMPORARY FOR
DURATION OF PERMIT (2) (3) & (4)
TEMPORARY

TEMPORARY

NOTES:
(1) Size limited to 4 square feet on occupied residential property.
(2) For new residential subdivisions only.
(3) Must setback at least 50 feet from the nearest single family home.
(4) Signs permitted in residential districts are also permitted in the PR district.
(5) For developments larger than 25 acres, one additional sign may be added for each 25 acres
(6) See Section 7100J.14 for further regulations on non-residential construction signs
(7) See Section 7100.H for further regulations on neighborhood information signs
(8) Properties in a PR district that are occupied by a residential use or subdivision shall be treated the same as it is in a residential district
(9) The total sign area of window sign(s) shall not obscure more than twenty-five (25) percent of the total window area on each façade
(10) These regulations only pertain to political signs on private property; see Section 7100J.7 for regulations pertaining to political signs on public property, easement or right-of-way
(11) See Section 7100.K.16 for further regulations on real estate signs
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TEMPORARY-UNTIL
SALE OR RENTAL
OF PROPERTY

ADDITIONAL
REGULATIONS

10

MAXIMUM DURATION

MINIMUM SIDE
SETBACK IN FEET

NONE

MOTION

MINIMUM FRONT
SETBACK IN FEET

6

FLASHING

MAXIMUM WIDTH IN
FEET

16

LIGHTING

MAXIMUM HEIGHT IN
FEET

P, W, G

MAXIMUM QUANTITY/
MINIMUM
SPACING

MAXIMUM AREA IN
SQUARE FEET

ALL
RESIDENTIAL
DISTRICTS
ALL NONRESIDENTIAL
DISTRICTS

SIGN CLASSIFICATION
PERMITTED

ZONING DISTRICT
WHERE PERMITTED

TYPE OF SIGN

2) TEMPORARY SIGNS

SEE NOTE (9)

SEE NOTES
(4), (7) & (8)

TEMPORARY

LEGEND:
M – MONUMENT SIGN
P – POLE SIGN
W – WALL SIGN
G – GROUND SIGN
PR – PROJECTION SIGN

SEE NOTE
(10)
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E. Special Sign Standards for Multi-Tenant Office or Retail Strip Buildings
One (1) additional wall sign may be permitted for a business at the corner or end of a multitenant office or retail strip building subject to the following regulations:
1. The additional wall sign shall be located on the side façade of the multi-tenant office or retail
strip building. The side façade shall be defined as any façade that is at an angle of more than
45 degrees to the front façade. The front façade shall be defined as the façade on which
most of the tenant spaces have their main entrances.
2. The additional wall sign shall not be allowed on the following:
a. on the rear façade of a multi-tenant office or retail strip building;
b. on any facade that is parallel or nearly parallel to the front façade of the multi-tenant
office or retail strip building; or
c. on any façade that faces an abutting residential zoning district or an abutting PR zoning
district occupied by single-family homes.
3. The location of an additional wall sign on an irregular or non-traditional shape building shall
require the approval of the Zoning Administrator for compliance with the intent of this
section of the Zoning Ordinance.
4. The size of the additional wall sign shall not exceed the size of the primary sign on the front
façade of the tenant space; and in no case shall the additional wall sign exceed 75% of the
width of the wall or store front on which the additional wall sign is placed.
5. The additional wall sign shall be located on the tenant space served by the sign.
6. The additional wall sign shall only advertise a single tenant.
7. The additional wall sign shall not co-exist with any other signs on the same building façade
that advertise other tenants or the multi-tenant office or retail strip building.
F. Special Standards for Advertising Signs:
1. Advertising sign structures erected in the C-3, I-l and I-2 Districts shall be placed a
minimum of four hundred feet (400') apart when erected so as to face the same direction. No
such structure shall be located within four hundred (400) feet of a residential zoning district
boundary line if the face of the sign is placed at an angle of less than ninety (90) degrees to
the district boundary line, nor shall such structure be located within two hundred (200) feet
of a general business sign. (i.e. pole sign or ground sign).
2. Advertising sign structures erected in the C-3, I-1 and I-2 Districts placed within six hundred
(600) feet of the right-of-way of a state or federally controlled highway or freeway shall be
permitted when in compliance with the following:
a. Placed a minimum of five hundred (500) feet from any interchange of intersection.
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b. Placed a minimum of five hundred (500) feet from any other advertising sign on the
same side of the highway or freeway and two hundred (200) feet from any general
business sign, pole sign or wall sign (on premise).
c. Placed no closer than five hundred (500) feet to any park, forest, playground or scenic
area as designated by a governmental agency having and exercising such authority,
which is adjacent to any highway.
3. Review of Advertising Signs: Prior to the issuance of a sign permit by the Development
Services Department, a sign permit application for an advertising sign shall be submitted,
reviewed and approved for a Specific Use Permit by both the Planning and Zoning
Commission and the City Council. Additionally, applicants proposing advertising signs
shall obtain an Outdoor Advertising License from the Texas Department of Transportation,
prior to the issuance of any sign permits for advertising signs in compliance with the Federal
Highway Beautification Act of 1965.
4. Before the issuance of a sign permit, an Outdoor Advertising License shall be obtained for
an off-site development sign from the Texas Department of Transportation by the sign owner
in compliance with the Federal Highway Beautification Act of 1965.
G. Special Sign Standards for Unified Development Signs:
1. Eligible Properties: A unified development sign may be erected in the C-2, C-3, I-1, or I-2
District for a unified development consisting of two (2) or more abutting platted lots that are
used for a retail center or a combination of retail/commercial establishments.
2. Criteria for Approval: In determining whether to approve multiple lots as a unified
development, the Director of Planning must find that the following criteria have been met:
a. All areas to be included in a unified development must be part of a clearly defined,
comprehensively planned retail/commercial development. Attributes of a unified
development include:
i.

Common name identification to the public;

ii. Shared driveway access and parking; and
iii. Physical layout of the development results in a cohesive development
b. A unified development shall consist of at least ten (10) acres.
c. At least one of the lots being included in a unified development must have frontage on
U.S. 287 or State Highway 360.
d. The area shall not be the combination of disparate premises joined solely for the purpose
of erecting a unified development sign.
e. Developments that are comprised of a single retail/commercial establishment shall not
be considered as a unified development.
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f.

Developments that are comprised of predominantly office or industrial uses shall not be
considered as a unified development.

g. There shall be no existing or future pole signs or ground signs within the unified
development.
3. Maximum Sign Area: The maximum area of a unified development sign shall be based on
the size of the unified development as depicted in the table below:

Minimum Size of
Unified Development
10 to 19.99 acres
20 to 29.99 acres
30 acres or more

Maximum Area of Unified
Development Sign
100 sq. ft.
200 sq. ft.
300 sq. ft.

In addition to the maximum sign area listed above, an additional sign area of fifty (50)
square feet shall be allowed on a unified development sign to display the name of the unified
development.
4. Maximum Height: The maximum height of a unified development sign shall be thirty-five
(35) feet.
5. Minimum Setback: The minimum setback for a unified development sign shall be as
follows:
a. Ten (10) feet from the street right-of-way line.
b. Fifteen (15) feet from the side or rear lot line.
c. Where the width of an easement is greater than the required setback, the sign must be
located outside of the easement.
6. Maximum Quantity: Only one unified development sign shall be permitted per unified
development. Deviation from this requirement shall be accomplished only through an
approved Planned Development.
7. Co-existence with Other Signs:
a. A unified development sign may be permitted on the same lot as a monument sign and
may co-exist with other monument signs in the unified development provided that it
shall not be closer than thirty (30) feet to any monument signs in the unified
development.
b. There must be no pole or ground signs within the unified development. After the
approval of a master sign plan and before the construction of a unified development
sign, all existing pole or ground signs within a unified development must be removed.
8. Master Sign Plan: Before obtaining a permit and erecting a unified development sign, the
applicant shall submit a master sign plan to the Planning Department for review. A non-
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refundable administration fee of $250.00 shall accompany the plan submittal. The master
sign plan shall contain the following information:
a. Name of the unified development;
b. Site plan showing lots, street rights-of-way, driveway access, parking, and physical
layout of the development;
c. Description of the unified development demonstrating compliance with the criteria of
approval shown in Section 7100.G.2;
d. The location, size, height and type of all proposed and existing signs in the unified
development;
e. Any existing pole or ground signs that must be removed and the consent of the sign
owner for the removal; and
f.

Any other information required by the Director of Planning to ensure compliance with
the provisions of this section.

9. Approval and Appeal Process:
a. The Director of Planning shall be responsible for the approval of a proposed master sign
plan and unified development sign.
b. Any decision made by the Director may be appealed to the Planning and Zoning
Commission.
c. The Director may defer the approval of a unified development, a master sign plan or a
unified development sign to the Planning and Zoning Commission for any reason.
d. Any decision made by the Planning and Zoning Commission may be appealed to the
City Council.
10. Sign Permit Issuance: A permit for a unified development sign shall not be issued until
construction starts on the first building within the unified development.
11. Miscellaneous Provisions:
a. The unified development sign shall be located outside of any visibility sight triangle and
access drives.
b. The support base and structure for a unified development sign shall be constructed of
masonry material.
c. Electrical equipment, irrigation equipment, controller, writing or conduit on a unified
development sign shall be concealed within the unified development sign base or sign
structure, except that emergency power disconnects may be located on the exterior of the
sign provided that they are located on the part of the sign opposite and furthest from the
street.
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d. The bottom of the unified development sign shall rest directly on the support base with
no space in between.
e. The base of the unified development sign shall have the same or greater width as the
sign.
f.

Only those properties and businesses within the boundaries of the unified development
shall be included on the unified development sign.

g. A unified development sign shall not be considered as an off-site sign even if some of
the properties and businesses included on the sign are not located on the lot where the
sign is erected.
Ordinance No. 1479, Adopted 4/12/04
H. Special Sign Standards for Neighborhood Information Signs: Neighborhood Information
Signs may be erected within the boundaries of a platted residential subdivision without a permit
provided the following regulations are met:
1. No neighborhood information signs shall be erected for a period of time exceeding fourteen
(14) days.
2. All neighborhood information signs must be removed within twenty-four (24) hours after the
event displayed on the sign.
3. No signs advertising the private sale of goods, services or real estate shall be allowed.
Without limiting the foregoing, signs for garage sale events are not neighborhood
information signs and must be permitted under Section 7100.J.3.
4. No neighborhood information signs shall be located:
a. in City right-of-way or in the public median of any City right-of-way;
b. within a visibility triangle or in such a way as to block or obscure from vision any traffic
or safety sign or signal;
c. within fifty (50) feet from another neighborhood information sign when located on the
same lot; or
d. on private property without the permission of the property owner.
5. No more than two neighborhood information signs are permitted at each subdivision
entrance.
6. No more than three neighborhood information signs are permitted on each homeowner’s
association lot.
7. No neighborhood information sign shall exceed the following dimensions:
a. Height – thirty-six (36) inches, as measured from the ground level.
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b. Size of sign – four (4 square feet.
8. Neighborhood information signs shall be made of durable, weatherproof material. Dirty,
torn, faded, dented or otherwise poorly maintained signs shall be removed.
9. Neighborhood information signs may display the neighborhood event name, date, time and
contact information plus directional arrows, words or other symbols to indicate directions.
10. No lighting shall be allowed.
11. This section does not grant any right of access to or use of subdivision entries. Property
owner permission is required before erecting any neighborhood information signs. If the
property owner objects to the existence of the sign, the sign shall not be allowed on the lot of
the property owner objecting to the sign. Also, the City may, notwithstanding the foregoing
provisions, designate certain area as no sign zones for the purpose of protecting the public’s
health, safety and welfare.
12. Neighborhood information signs found in violation of any of the above requirements may be
impounded by the City and, at its option, disposed of.
(Ordinance No. 1586, Adopted 8/28/06)
I.

Special Sign Standards for Electronic Message Center:
1. Electronic Message Centers (EMC) shall be equipped with a sensor or other device that
automatically determines the ambient illumination and shall be programmed to automatically
dim to within 0.3 footcandles over ambient illumination at night as measured per the EMC
Illumination Measurement Criteria of the International Sign Association.
2. The applicant receiving a sign permit for an EMC shall provide a report demonstrating
compliance with the requirements in Paragraph 1 above from a third party consultant prior to
final inspection approval of the EMC.
3. When a complaint is received, the owner or operator of an EMC shall, if required by the
City, provide an updated report to verify compliance with the requirements in Paragraph 1
above within five (5) business days.

J.

General Provisions:
1. No sign other than kiosk signs, political signs, traffic and safety signs or signals, street name
signs, and other signs erected by a public officer shall be erected in the right-of-way of any
public or private street or alley. (Ordinance No. 1479, Adopted 4/12/04)
2. The provisions herein contained are applicable to location, size, use and placement of signs
and shall otherwise be considered supplementary to other City of Mansfield codes and
Ordinance pertaining to the erection, maintenance and operation of signs in the City, except
where the provisions contained herein are in direct conflict with the provisions of such codes
and such ordinances, in which event, conflicting provisions of such codes and ordinances are
hereby repealed.
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3. Signs shall be permitted for all Nonconforming uses in accordance with the regulations and
standards specified in this Ordinance. Any sign used in conjunction with a Nonconforming
use of land or buildings, if such sign is not in accordance with the provisions of this section,
shall be deemed a separate Nonconforming use of land, and shall be subject to the provisions
of Sections 7100.L and 7700 of this ordinance. Ordinance No. 1479, Adopted 4/12/04)
4. No revolving beam or beacon of light resembling any emergency vehicle light shall be
permitted to be erected as part of any sign display in any zoning district.
5. Obstruction to View: No sign shall be erected, constructed, or maintained so as to constitute
an obstruction of the vision or sight of motor vehicle drivers or pedestrians at any street
intersection, street crossing or point of traffic concentration. A sign in the direct line of
vision or sight of any motor vehicle driver or pedestrian from any point in a traffic lane
within fifty (50) feet of any traffic control sign shall not be permitted.
6. All signs of any nature whatsoever, whether temporary or permanent, when situated within
fifteen feet (15') of the curb or edge of any street shall either:
a. Have a clear height of eight and one-half feet (8-1/2') from the ground to the bottom of
the sign; or
b. Have a height of not more than two and one-half feet (2-1/2') measured from the top of
curb to the top of the sign; provided, that wall signs may be permitted on a wall which
complies with setback and height requirements of the Zoning Ordinance.
7. No high intensity light shall be permitted as part of a sign display visible from an adjacent
street in any zoning district; except signs giving public service information such as but not
limited to date or temperature may be permitted. Lighting shall be shielded to prevent beams
or rays from being directed at any portion of a traveled roadway or an occupied residential
area and shall not be of such intensity or brilliance as to cause glare or impair vision.
8. Sign regulations for any development placed in a Planned Development District shall be
established by the Planned Development ordinance and shall specify the maximum height,
setback, general types and area of such signs permitted.
9. All signs must be constructed from substantial materials, free from defects, using accepted
practices of good workmanship. All parts of a painted sign shall be painted with two (2)
coats of good quality water-resistant paint. All signs are subject to all requirements
contained in the City of Mansfield's Code of Ordinances and are subject to inspections
during and after construction.
10. All signs shall be maintained in good appearance and safe structural condition. The general
area in the vicinity of any sign shall be kept free and clear of sign materials, weeds, debris,
trash and litter. Maintenance or replacement of sign copy or structural repairs shall be
conducted in a manner to protect adjacent properties from debris and litter. Torn or ragged
signs shall be repaired, covered or removed.
11. All signs with the exception of permitted off-premise signs shall pertain only to the principle
use, service rendered, or product sold on the premises on which the sign is located and
contain only information pertaining to either the name of the occupant, or the kind of
business, or the brand name of the principle commodity being sold, but not including
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information on subsidiary products or services, nor information on anything or persons not
located on the premises.
12. Notwithstanding any provision in this ordinance to the contrary, any sign authorized in this
ordinance is allowed to contain a political or noncommercial message in lieu of any other
message.
13. A permanent sign on an awning shall be permitted in place of a wall sign, provided that the
sign is affixed flat to the surface of the awning. No awning sign shall be allowed in addition
to a wall sign and an awning sign and wall sign shall not be allowed on the same facade.
(Ordinance No. 1479, Adopted 4/12/04)
14. No sign other than kiosk signs and signs erected by a City of Mansfield official shall display
the registered logo of the City of Mansfield.
K. Sign Permitted in all Zoning Districts: The following regulations shall apply in addition to the
requirements of Sections 7100.D and 7100.I. Signs listed in this section are permitted in all
zoning districts and shall not require permits unless required herein and shall not be counted
when calculating the quantity of signs and the total allowable sign area, provided, that such sign
shall conform with all other applicable regulations:
1. Subdivision Signs: Reserved for future use (Ordinance No. 1479, Adopted 4/12/04)
2. Promotional Signage: Promotional signage may be displayed for grand openings, special
events, sales and promotions, provided that the following regulations are met:
a. Before erecting or placing a promotional signage display, a permit must be obtained as
required in Section 7100.M. Application for permit must be made on a form provided
by the Building Inspection Department. The application must be accompanied by a
sketch or diagram showing the exact location of the display, any message being
displayed, plus the configuration and boundary of the premises where the display will be
erected or placed. The sketch or diagram need not be professionally prepared but must
be drawn to a designated scale or drawn with marked dimensions.
b. Each business, institution or occupied tenant space shall be allowed one (1) promotional
signage display three (3) times per calendar year, for a maximum period of fourteen (14)
days per display. A minimum of ninety (90) days shall be required between each
promotional signage permit. The fourteen (14) day display period will commence on
the first day promotional signage is displayed. In the case of a special promotion for a
grand opening event, a display period may be extended to twenty-one (21) days
provided that the promotion begins within the first three (3) months of the date of
issuance of a certificate of occupancy or business license and the grand opening is
limited to the address noted on the certificate or license.
c. All signage used for a promotional signage display must be removed at the end of the
display period.
d. Promotional signage may include any temporary sign allowed by this Ordinance
e. Promotional signage shall be contained on the property of the applicant and shall not
extend into the City right-of-way. In the case of a multi-tenant building, promotional
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signage must be placed directly in front of the lease or tenant space being advertised,
and shall not be placed in front of any other lease or tenant space. Signage shall not be
located in any sight visibility triangle or visibility easement, nor shall any combustible
materials be placed in contact with lighted signs or any electrical fixtures.
f.

Promotional signage shall not display information on any activity, event or person not
located on the premises where the signage is permitted.

g. Torn or severely weathered promotional signage shall not be permitted.
h. Inflatable signs may be used in a promotional signage display subject to the following
regulations:
1. Inflatable signs shall be ground-mounted.
2. Inflatable signs shall not be placed in a slight visibility triangle or in a manner that
obstructs visibility necessary for safe traffic maneuvering.
3. Inflatable signs must be set back from any property line, parking lot, sidewalk, or
fire lane by a minimum distance equal to five (5) feet plus the height of the
inflatable sign.
4. Inflatable signs shall not be placed under any overhead utility lines.
5. Inflatable signs shall be kept in good repair and remain securely attached in such a
manner to withstand wind loads.
i.

The quantity of signs in a promotional signage display shall be limited to a maximum of
one (1) inflatable sign or three (3) of any other type of temporary sign per display.

j.

A separate permit is required for each fourteen (14) day period that promotional signage
will be used.

3. Garage Sale Signs: Signs pertaining to garage sales shall comply with the

regulations in the Code of Ordinances.
4. Public Information Signs: Signs of a public or non-commercial nature, which shall include
but not be limited to community service information signs, help wanted signs, public transit
service signs, public utility information signs, safety signs, danger signs, trespassing signs,
signs indicating scenic or historical points of interests, and all signs erected by a public
officer in the performance of a public duty may be erected in all zoning districts without a
permit. All public information signs except signs erected by a public officer shall not exceed
an area of thirty two (32) square feet.
5. Flags:
a. Official flags of government jurisdiction, flags indicating weather conditions and flags
which are emblems of on-premise business firms and enterprises, religious, charitable,
public and nonprofit organizations may be erected in all zoning districts without a
permit. No more than one (1) United States flag, one (1) State of Texas flag, and one (1)
emblematic flag shall be permitted on a single property at the same time.
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b. No single flag shall exceed fifty (50) square feet in area.
c. Flagpoles are accessory structures that are incidental to a principal use or building and
shall not be permitted on vacant property without a principal use or building.
d. The maximum height of a flagpole in any zoning district shall be thirty-five (35) feet.
e. A flagpole may be located anywhere on a premise provided that the flagpole shall not be
located closer than ten (10) feet to any property line or within any easement.
6. Plaques: Commemorative plaques by historical agencies recognized by the City, County or
the State of Texas may be erected in all zoning districts without a permit.
7. Political Signs: Political signs may be erected on private property with the consent of the
property owner, subject to the provisions in Table 7100D, Schedule of Sign Standards.
Political signs may also be erected on any public property, easement or right-of-way subject
to the following conditions:
a. Political signs shall be made of durable, weatherproof material. Dirty, torn, faded,
dented or otherwise poorly maintained political signs shall be removed.
b. Political signs shall not be illuminated or have any moving elements.
c. Political signs shall not be located:
1. in any city park or city facility;
2. in any easement or right-of-way where the adjacent to any city park or city facility;
3. in any easement or right-of-way where the adjacent property owner objects to the
presence of the political sign;
4. in any drainage easement or right-of-way;
5. in any street median;
6. in any state or federal right-of-way;
d. A political sign for any candidate, political, action or issue shall be located at least one
hundred (100) feet from another political sign for the same candidate, political action or
issue except when such signs are located at opposite corners of a street intersection.
e. Political signs for a candidate, political action or issue for which a resident of Mansfield
is not entitled to vote are prohibited.
f.

The restrictions in subsection d. and e. do not apply to political signs at a designated
voting location and in the public easement or right-of-way immediately adjacent to the
designated voting location.

g. Political signs for an official election shall be removed within fourteen (14) days after
the election or election runoff.

7100-16

§7100
8. Sign on Vehicles: Signs on trucks, buses or passenger vehicles which are used in the normal
conduct of business which are bearing current license plates, which are traveling or lawfully
parked upon public right-of-ways, or any other premises for a period not exceeding four
hours or for a longer period where the primary purpose of such parking is not the display of
any sign.
9. Kiosk Signs:
a. The City Council may, by duly executed license agreement, grant the exclusive right to
design, erect and maintain kiosk signs within Mansfield.
b. Kiosk signs must be designed and constructed according to the specifications contained
in the aforementioned license agreement.
c. Prior to erecting any kiosk sign, the licensee shall submit a sign location map to the
Director of Planning and Director of Public Works for approval.
d. Kiosk sign installations shall include breakaway design features as required for traffic
signs in the street right-of-way.
e. Advertisement or price information is prohibited on kiosk signs.
f.

No signs, pennants, flags or other devices for visual attention or other appurtenances
shall be attached to kiosk signs.

g. Kiosk signs shall not be illuminated.
h. Individual sign panels on kiosk signs shall have a uniform design and color.
i.

Kiosk signs shall not interfere with the use of sidewalks, walkways, bike and hiking
trails; shall not obstruct the visibility of motorists, pedestrians or traffic control signs;
shall not be installed in the immediate vicinity of street intersections; and shall comply
with the requirements of the twenty-five (25) foot visibility triangle or other visibility
easements.

10. Holiday or Festive Decorations: String lights or strip lighting and banner for recognized
holiday or festive decorations may be erected in all zoning districts without a permit for a
period not to exceed 60 days.
11. Signs not visible: All signs not visible from off the property may be erected in all zoning
districts without a permit.
12. On-premise Informational Signs: Non-commercial signage, such as “Enter,” “Exit,” “OneWay,” or “Drive-Thru,” signs, that are used to direct vehicular or pedestrian traffic may be
placed on the premises served by the signs provided that the following regulations are met:
a. On-premise informational signs shall not exceed four (4) square feet in area and three (3)
feet in height.
b. On-premise informational signs shall not display any commercial message, including
business name, graphic or logo.
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c. On-premise informational signage may be located anywhere on the premises, except in
city right-of-way, easements or visibility triangles or visibility easements.
13. Monument Signs
a. Before erecting or placing a monument sign, a permit must be obtained as required in
Section 7100.M. Application for permit must be made on a form provided by the
Development Services Department. The application must be accompanied by a sketch
or diagram showing the exact location of the monument sign, any message being
displayed, plus the configuration and boundary of the premises where the sign will be
erected or placed. The sketch or diagram need not be professionally prepared but must
be drawn to a designated scale or drawn with marked dimensions.
b. A monument sign shall have a solid base at least two (2) feet tall and the base shall have
the same or greater width as the sign. The height of the sign base shall be included when
measuring the sign height.
c. Electrical equipment, irrigation equipment, controller, wiring or conduit on a monument
sign shall be concealed within the monument sign base or sign structure, except that
emergency power disconnects may be located on the exterior of the sign provided that
they are located on the part of the sign opposite and furthest from the street.
d. Except for the sign area, monument signs shall be constructed of masonry material to
match the primary building material. If the primary building is not masonry, the sign
shall be constructed of brick, stone or split-face cement masonry units.
e. The street address number of the building being served by a monument sign shall be
displayed on the sign where it is legible from the street. The street address number shall
not be included in the calculation of the signage area.
14. Non-residential Construction Signs
a. The provisions of this section shall apply to development on any property owned and
used by the City or the Mansfield Independent School District, regardless of zoning.
b. For developments larger than ten (10) acres with frontage along U.S. 287, S.H. 360 or a
4-lane thoroughfare or larger, as shown on the City’s Master Thoroughfare Plan,
construction signs may have a maximum height of fifteen (15) feet and a maximum sign
area of sixty-four (64) square feet.
c. When multiple signs are permitted, the allowable sign area for each sign may be
aggregated into one (1) or more larger signs. No single sign shall have a sign area
greater than one hundred thirty-two (132) feet.
d. Permits shall be valid for a period not longer than thirty-six (36) months. If display
exceeds this time period, the applicant must re-apply for a new permit and pay all
applicable fees.
15. Temporary Realtor Open House Directional Signs
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a. Temporary realtor open house directional signs must be no larger than twenty-four
(24) inches by eighteen (18) inches in size (three square feet) and cannot be higher than
three (3) feet above grade. Sign must no be placed closer than thirty (30) feet
from an intersection, measured from the edge of the right-of-way line along any street,
and must not be placed in the median. Signs must not be placed any closer than
three (3) feet from the back of the curb or from the edge of the pavement.
b. These signs must not obstruct the vision of traffic on the roadway. Any signs
determined to be in a location that causes an immediate hazard to public safety must be
immediately removed by the city.
c. Signs must only direct traffic to properties located within the city limits.
d. The sign must contain the words “open” or “open house”, as well as a directional arrow.
The signs must contain the name of the realty company, the name of the listing agent
and a current phone number (cell phone) in a font size and manner that is smaller and
less prominent than the “open”, “open house” and directional information.
e. No more than four (4) of these signs shall be posted for each address, including a sign on
the property at which the open house is being held.
f.

These signs must be kept in good repair. These signs must be made of metal and/or
plastic. These signs must not be made of wood or paper. The signs must be selfsupporting and placed into the ground. The signs must not be placed on a utility pole,
streetlight pole, sign pole, fence, tree, or any other manmade or natural feature. The
signs must not be illuminated.

g. Placement of these signs shall only be allowed on Fridays, Saturdays, Sundays and City
holidays, and shall be removed no later than two (2) hours after the open house event.
For the purpose of the subsection, a city holiday is any day recognized as an official
holiday by the City of Mansfield. The list of official holidays observed by the City of
Mansfield shall be maintained for public viewing on the City’s official website.
16. Real estate signs shall comply with the following regulations:
a. Real estate signs shall be removed within fourteen (14) days following the close of a sale
of the property.
b. Real estate signs shall be maintained in good condition. Dull or peeling paint or damage
to the material used for such signs shall be sufficient cause for the City to require repair
or replacement or impoundment.
L. Prohibited Signs: It shall be unlawful to erect, place, attach, paint, write stamp, paste or
maintain:
1. Any sign, including a human sign, which is not included under the types of signs permitted
in Section 7100.D or in Section 7100.J.
2. Any sign, with the exception of approved advertising signs, political signs and kiosk signs,
which advertises or publicizes goods, services, establishments, persons and activities not
located on the premises upon which the sign is maintained.
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3. Any search lights, bullhorns, pendants, spinners, balloons, banners, streamers, flags or other
wind signs, any string lights or strip lighting except as permitted uses under the provisions of
Section 7100.
4. Any portable sign, or directional sign which is not included under the types of signs
permitted in Section 7100.D through Section 7100.J.
5. Any signs, advertisement, poster, placard or handbill upon any lamp post, electric light,
railway, telephone or telegraph pole, fire hydrant, shade tree, stone cliff or other natural
object, or boxing covering public utilities, or on any bridge, pavement, sidewalk or
crosswalk.
6. Any sign, advertisement, poster or other matter on privately or publicly owned property
without having obtained the written permission of the owner, agents, or occupants of the
premises, and without having complied with other provisions of this Ordinance pertaining
thereto.
7. Any sign or sign structure which constitutes a hazard to public safety or health.
8. Any sign which obstructs free ingress or egress from a fire escape, door window or other
required exit way.
9. Any sign which interferes with any opening required for ventilation.
10. Any sign which makes use of words such as stop, look, one way, danger, yield or any other
similar words, phrases, symbols, lights or characters in such a manner as to interfere with,
mislead or confuse the vehicular traffic.
11. Any structure or part thereof, or any device or representation attached to, painted on, or
represented on a building, fence, pole or other structure, which is used as or in the nature of
an announcement, direction, advertisement, or other attention getting purposes, and which is
not originally designed or intended to be a sign.
12. Any wall sign except a name plate sign, on the rear façade of a building or on any façade
that is parallel or nearly parallel to the front façade of a building. For the purpose of this
provision, a front façade shall be defined as the face on which a business, tenant or occupant
has the main entrance.
M. Continuation and Discontinuation of Nonconforming Signs: All non-conforming permanent
signs, legally existing on the effective date of this Ordinance, may continue to exist, provided
that no non-conforming sign:
1. shall be changed to another Nonconforming sign.
2. shall be structurally altered so as to prolong the life of the sign or so as to significantly and
materially change the shape, size, type or design of the sign.
3. shall be re-established after damage or destruction if the estimated expense of reconstruction
exceeds 50% of the reproduction cost.
And further, provided that signs which are Nonconforming because they have flashing lights
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or intermittent illumination shall be given ninety 90 days from the date of the adoption of
this Ordinance to be brought into compliance with this Ordinance.
And further, provided that signs which are specifically prohibited in Section 7100.K shall be
discontinued or removed by the owners of said signs within one hundred eighty (180) days
from the date of the adoption of this Ordinance.
N. Application for Permit: The application for a sign permit shall be made by the owner or tenant
of the property on which the sign is to be located, or his authorized agent, or a sign contractor
licensed by the City. Such applications shall be made in writing on forms furnished by the
Development Services Department and shall be signed by the applicant. Every application for
approval shall be accompanied by a plan or plans drawn to scale and including:
1. The dimensions of the sign and, where applicable, the dimensions of the wall surface of the
building to which it is to be attached.
2. The dimensions of the sign's supporting members.
3. The proposed height of the sign.
4. The proposed location of the sign in relation to the face of the building, in front of which or
on which it is to be erected.
5. The proposed location of the sign in relation to the boundaries of the lot upon which it is to
be situated. This requirement shall not apply to wall signs.
6. Any other electrical, structural and architectural data as applicable. Upon obtaining a
building permit, the owner or his authorized agent shall sign a statement indemnifying and
holding the City harmless for any damages which may result from the placement of said sign
including attorney fees and all costs of litigation.
O. Permit Required, Exceptions: No permit shall be required for the erection or alteration of the
following:
1. Signs not exceeding two (2) square feet of display surface on a building, stating merely the
name and occupation of an occupant, or other community service information.
2. Non-illuminated and non-electrical signs not exceeding 32 square feet used solely to
advertise the sale or rental of the premises on which such signs are located.
3. Signs or markers used by a public utility holding a franchise from the City for community
service information.
4. Temporary non-commercial signs or banners authorized by the Director of Planning for a
period not to exceed 30 days.
5. The changing of the advertising copy or message of a reader board sign or a painted or
printed sign. Electric signs shall not be included in this exception.
6. The repainting, non-electrical repair or cleaning maintenance of a sign.
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P. Approval of a Certificate of Occupancy for each new business, facility or office desiring to
continue using an existing sign shall be contingent upon approval of a sign permit.
Q. Permit Fees: A permit fee shall be paid to the Development Services Department for each sign
permit issued as set forth in the Mansfield Fee Schedule Ordinance.
R. Removal of Signs:
1. Signs found in violation of any of the requirements of this section shall be impounded and
disposed of.
2.

The Inspector shall cause to be removed any sign that endangers the public safety, such as
an abandoned, dangerous, or materially, electrically, or structurally defective sign, or a
sign requiring a permit for which no permit has been issued. The Inspector shall provide
notice which shall describe the sign and specify the violation involved and which shall
state that, if the sign is not removed or the violation is not corrected within ten 10 days, the
sign shall be removed in accordance with the provisions in this section.

3.

Any time periods provided in this section shall be deemed to commence on the date of the
notice.

4.

Notwithstanding the above, in situations when the Inspector determines that a dangerous
or defective sign may cause imminent peril to life or property, he may order the immediate
removal of such sign without notice.

5.

Any person who relocates, removes or defaces any lawfully erected sign shall be subject
to the penalties as prescribed by this ordinance.

6.

Notwithstanding the above, illegal banners or temporary signs may be impounded by the
City after notice is attempted to the owner or party responsible for the sign.

7.

In addition to fines and charges of removal and storage of violating signs, the City may
cause the removal or disposal of same found on any public property, easement or right-ofway without notice to the owner of the sign.
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Section 7200. Off-Street Parking and Loading Standards.
A. Purpose: To assure that adequate off-street parking and loading areas are provided with the
construction, alteration, remodeling or change of use of any building or change in the use of
land.
B. General Provisions:
1. Any person establishing an off-street parking facility or applying for a building permit for
construction, reconstruction, or alteration of the use of any building, other than a single or
two family residence, shall submit to the building inspector three copies of a plot plan
designating the number, dimensions, and location of off-street parking spaces and curb cuts
to be provided.
2. The plot plan shall be submitted to the Planning Department by the Building Inspector, and
the Director of Planning and Development shall approve or disapprove the off-street parking
facilities and curb cuts.
3. Required off-street parking for residential uses in any PR, Single-Family Residential, 2F,
MF-1 and MF-2 Districts shall be provided on the lot or tract occupied by the use being
served. For non-residential uses in the aforementioned districts and for permitted uses in all
other zoning districts, except the C-4, Downtown Business District, off-street parking shall
be provided on the lot or tract occupied by the use being served or upon a tract dedicated to
parking use by an instrument filed for record and consolidated under a single certificate of
occupancy with the main use. Such off-premise parking facility shall be located in the same
or less restrictive zoning district as the use being served, and all or part of such facility shall
be located within a distance not to exceed three hundred (300) feet to an entrance to the
building or use being served, measured along the shortest available pedestrian route with
public access.
4. Any existing building or use that is enlarged, structurally altered, or remodeled to the extent
of increasing or changing the use by more than fifty (50) percent as it existed at the effective
date of this Ordinance shall be accompanied by off-street parking for the entire building or
use in accordance with the off-street parking regulations set forth in this section. When the
enlargement, structural alteration, or remodeling is to the extent that the use is not increased
or changed by more than fifty (50) percent, additional off-street parking shall only be
required for the increased or changed floor area or use.
5. Existing parking spaces may not be used to satisfy additional off-street parking requirements
of this chapter unless the existing spaces proposed for use in meeting the requirements of
this Ordinance exceed the number required for the building or use for which the existing
spaces are associated. All parking associated with a building or use from which the spaces
are drawn must meet all requirements of this ordinance.
6. Head-in Parking: The following provisions shall apply to all head-in parking adjacent to a
public thoroughfare:
a. Head-in parking spaces so situated that the maneuverings of a vehicle in entering or
leaving such spaces is done on a public street or within public right-of-way shall not be
classified as off-street parking in computing any parking requirements herein.
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b. Except in the C-4, Downtown Business District, the construction of head-in parking as
described in subparagraph (a) hereof shall be prohibited hereafter. All such head-in
parking facilities in existence at the time of the enactment of this section are hereby
declared to be a Nonconforming use of land subject to the provisions of Article VIII of
this ordinance.
c. Off-Street parking facility related to single or two family dwellings and zero lot line
dwellings shall be exempted from this section.
7. No off-street parking facility shall be located, either in whole or in part, in a public street or
sidewalk, parkway, alley or other public right-of-way.
8. No off-street parking or loading space shall be located, either in whole or in part, within any
fire lane required by ordinance of the City. Tandem parking is prohibited unless specifically
authorized by this ordinance.
9. No required off-street parking facility or loading space shall be used for sales, non-vehicular
storage, repair or service activities.
10. Lighting facilities, if provided, shall be so arranged as to be reflected away from motorists
traveling in an adjacent street and from property zoned or used for residential purposes.
11. No pavement shall be permitted in the City rights-of-way or in any required setback where
parking facilities are prohibited unless such pavement is intended for use as a drive approach
approved for access to property or such pavement is required to meet minimum City
sidewalk standards. (Ordinance No. 1447, Adopted 10/13/03)
12. For all multi-family and non-residential uses, parking spaces shall be striped or otherwise
clearly designated on the parking facility surface, and shall not include any fire lane or other
area necessary for aisles or maneuvering of vehicles.
13. All facilities used for parking, loading, unloading, driveways and all other vehicular access
shall have a pavement constructed of concrete and comply with all applicable Fire Code and
City Engineering Standards; except those for; a) a single-family residential property that is
required to provide a fire apparatus access driveway, and b) uses in the C-4 Downtown
Business District may be constructed of alternative equivalent strength material approved by
the Director of Planning, provided that the drive approach from the street be constructed of
concrete. The pavement shall always be maintained in good condition and repair.
(Ordinance No. 1447, Adopted 10/13/03)
14. All dumpster pads and loading area in front of dumpsters shall be constructed with at least
six (6) inches of concrete pavement on a scarified and compacted sub grade. The concrete
pavement shall be reinforced with three-eighth (3/8) inch steel bars spaced eighteen (18)
inches on center each way or six by six (6 x 6), #6 gauge welded wire fabric. An approved
paving fiber may be substituted for the reinforcing steel. Chairs shall be used to support
reinforcement. (Ordinance No. 1447, Adopted 10/13/03)
15. In determining the required number of parking spaces, fractional spaces shall be counted to
the nearest whole space. Parking spaces located in buildings need for repair garages or auto
laundry stalls shall not be counted as meeting the required minimum parking.
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16. Where several different property uses will share a joint parking area, the off-street parking
requirements shall be the composite or sum of the requirements for each type of use and no
off-street parking space provided for one type of use or building shall be included in
calculation of off-street parking requirements for any other uses of buildings.
17. Floor-Area of structure devoted to off-street parking of vehicles shall be excluded in
computing the floor area for off-street parking requirements.
18. In all districts, the required off-street parking for all permitted uses, except institutional uses
and uses permitted in the C-4, Downtown Business District, shall be available to customers,
employees, tenants, clients and occupants of a use on a prearranged basis, other than an
hourly or fee basis, as free or contract parking.
19. No vehicle shall be parked on a lot or tract occupied by a single-family dwelling, two-family
dwelling or townhouse, unless the area upon which such vehicle is parked is paved with a
concrete surface. Except for the expansion joints, the paved concrete surface must be
constructed as a solid, continuous span of concrete from edge to edge of the paved parking
area.. However, a paved parking area shall not be required for a vehicle parked in a side or
rear yard enclosed by an opaque screening fence at least six (6) feet in height or complies
with Section 7200.B.21 below.
20. Additional Residential Driveway Standards:
a. The maximum width of a paved driveway devoted to off-street parking in the front yard
or side yard with street frontage of a lot occupied by a single-family dwelling shall not
exceed twenty (20) feet plus a paved extension into the yard between the driveway and
the nearest property line, not to exceed twelve (12) feet in width. Except for expansion
joints, the paved extension must be constructed as a solid, continuous span of concrete
from the edge of the driveway to the furthest edge of the paved extension.
b. An existing lawful nonconforming driveway that does not conform with the
requirements in Paragraph 19 above may be extended into the yard between the
driveway and the nearest property line, not to exceed twelve (12) feet in width, using the
same materials as the existing driveway (e.g. gravel, paver, etc.). However, an existing
parking area of entirely grass cannot be extended unless the extension conforms with the
pavement requirements in Sub-paragraph (A) above.
c. Circular driveways shall not exceed sixteen (16) feet in width.
d. All residential drive approaches shall be constructed to the width and construction
standards established by the City Engineering Department.
21. No vehicle shall be parked on a lot or tract occupied by a single-family dwelling, two-family
dwelling or townhouse when such vehicle is greater than 25 feet in overall length (including
tongue), unless one of the following conditions are met:
a. The vehicle is parked in a building, either attached to the main residential building or
detached, completely enclosed by three walls and a roof, and the open side of the
building shall have an opaque gate at least six feet in height. A building used to meet
the foregoing requirement shall comply with all applicable area, height and setback
requirements for attached or detached accessory buildings; or
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b. The vehicle is parked behind the rearmost façade of the residence and is more than fifty
(50) feet away from any property line. The pavement and screening requirements of this
section shall not apply to a vehicle parked in accordance with this provision; or
c. The vehicle is parked at least seventy-five (75) feet from the front property line and at
least ten (10) feet from side and rear property lines. No setback will be required from a
side or rear property line where the abutting property is zoned for non-residential uses.
The pavement and screening requirements of this section shall not apply to a vehicle
parked in accordance with this provision.
22. No vehicle rated to have a carrying capacity exceeding one ton shall be parked on a lot or
tract occupied by a single-family dwelling, two-family dwelling or townhouse, unless such
vehicle is being actively loaded or unloaded.
23. Vehicles parked between a dwelling and the street shall comply with the following:
a. No Other Vehicle shall be parked between the front property line of a lot or tract
occupied by a single-family dwelling, two-family dwelling or townhouse and the portion
of the front façade of the residence, including features such as entryway, front porch,
side-entry or J-swing garage, or any structure protruding from the residence that is
furthest from the street.
b. No Other Vehicle shall be parked on a driveway between the side property line of a
corner lot or tract occupied by a single-family dwelling, two-family dwelling or
townhouse and the façade of the residence closest to the street, unless the vehicle is
parked behind an opaque fence and gate at least six (6) feet in height.
24. No vehicle shall be parked on a lot or tract occupied by a single-family dwelling, two-family
dwelling or townhouse when such vehicle is situated on blocks, jacks or anything other than
the wheels or mechanism that are originally designed to equip such vehicles for traveling
purposes.
25. Non-Conforming Status and Exemptions:
a. Any lawful unpaved driveway that was in existence prior to November 10, 1997, shall
be exempted from the paving requirements of this section.
b. Any Other Vehicle greater than twenty-five (25) feet in length that was lawfully parked
on a lot or tract occupied by a single-family dwelling, two-family dwelling or townhouse
prior to November 10, 1997, shall be exempted from the provisions of Section
7200.B.21 above provided that such vehicles are not located over a public side walk, or
within a public right-of-way or visibility triangle as defined in Section 7300.I.36.
c. Any Other Vehicle that was lawfully parked between the front property line of a lot or
tract occupied by a single-family dwelling, two-family dwelling or townhouse and the
façade of the residence that is closest to the street prior to March 28, 2006, shall be
exempted from the provisions of Section 7200.B.23 above, provided that such vehicles
are not located over a public side walk, or within a public right-of-way or visibility
triangle as defined in Section 7300.I.36.
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d. A vehicle lawfully parked under the provisions of Paragraph (b) or (c) above may be
replaced by another vehicle of the same type and same dimensions by the same owner or
occupant of the property; provided, however, that the exemptions permitted under
Paragraphs (b) and (c) above shall automatically terminate upon a change in ownership
or occupancy of a property occupied by a single-family dwelling, two-family dwelling
or townhouse upon which the vehicle is parked.
e. Any Other Vehicle parked on a lot or tract, occupied by a single-family dwelling, twofamily dwelling or townhouse, that is at least one-half (1/2) acre in size and fronts on an
asphalt roadway with bar ditches shall be exempt from Section 7200.B.21, regarding
maximum vehicle length and from the provisions of Section 7200.B.21, Sub-Paragraphs
b and c regarding the minimum setbacks for vehicles from the side and rear property
lines, provided that such vehicles are parked behind the portion of the front façade of the
residence that is furthest from the street and are parked on pavement or are screened
from view of the street or adjacent residential properties by an opaque screening fence at
least six (6) feet in height.
26. The parking of any vehicles that are prohibited by the aforementioned regulations and not
exempted by the above provisions shall be discontinued or removed by the owners of the
property upon which the vehicles are parked. No non-conforming use status shall be
acquired by such vehicles.
27. It is not a violation of the aforementioned regulations if 1) a recreational vehicle is parked on
a driveway or other lawful parking area for up to seventy-two (72) hours before or after a
trip for loading, unloading or maintenance so long as such vehicle is parked in compliance
with all relevant parking regulations; or 2) a recreational vehicle of a visiting out-of-town
guest is parked at a residence for up to seventy-two (72) hours. Upon the application of the
resident, the City Manager or his designee may approve a reasonable extension of time for
the parking of a visiting guest’s recreational vehicle based on special circumstances or undue
hardship.
28. The minimum off-street parking requirement for a single-family dwelling located in the PR
District shall be the same as that imposed on a similar structure in any Single-Family
Residential District.

(See Section 7200B, Parking Group Table)
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SECTION 7200B PARKING GROUP TABLE
Number
of Parking
Spaces

Use
1.

2.

Required
For each

RESIDENTIAL
a. Single-Family Dwelling

2

Dwelling unit

b. Two-Family Dwelling

2

Dwelling unit

c. Townhouse

2

Dwelling unit

d. Garage Apartment

1

Dwelling unit

e. Apartment or Multi-family
Dwelling

2

Dwelling unit for first 50
units; thereafter 1.75 parking
spaces for each unit

f.

Boarding or Rooming House

1

Rooming unit

g. Hotel, Motel or Tourist Court

1

Guest room or residential unit
up to 100 units then 0.75 per
unit over 100; 50% of these
spaces may be counted to
satisfy the parking
requirements of accessory
uses

h. Manufactured Home or
Mobile Home

2

Lot, plot, tract or stand

i.

Private Dormitory

1

Two occupants for designed
occupants

j.

Zero-lot-line Dwelling

2

Dwelling unit

1

200 sq. ft. of floor area

b. School
i) Elementary
ii) Junior High
iii) Senior High
iv) Trade/Vocational

1
1
1
1

20 students
18 students
1.75 students
Student

c. College or University

1

4 day students

INSTITUTIONAL
a. Community or Welfare
Center
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SECTION 7200B PARKING GROUP TABLE
Number
of Parking
Spaces

Use

Required
For each

d. Public Assembly Hall with
fixed seating

1

4 seats

e. Public Assembly Hall without
fixed seating

1

100 sq. ft. of floor area

f.

1

4 seats in sanctuary or
auditorium

g. Kindergarten, Day Nursery or
Child Care Center

1

8 pupils

h. Hospital–acute or chronic
care

1

1½ beds

i.

1

2 employees or attendant,
plus

Church

Hospital–alcoholic, narcotic,
psychiatric patients

1
10 residents
j.

3.

Age Restricted Senior Living
Facility

1½

Dwelling unit

k. Library or Museum

1

300 sq. ft. of public area

l.

Fraternity or Sorority

1

200 sq. ft. of floor area

m. Student Religious Center

1

250 sq. ft. of floor area

n. Nursing or Assisted Living
Facility

1

6 beds

o. Mortuary or Funeral Chapel

1

4 seats in chapel

p. Labor Union

1

300 sq. ft. of floor area

RECREATIONAL, SPECIAL ENTERTAINMENT
a. Theater

1

b. Bowling Alley

4

c. Pool halls, Coin-machine
Arcades, Other Commercial
Amusements (indoor)

1
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SECTION 7200B PARKING GROUP TABLE
Number
of Parking
Spaces

Use
d. Commercial Amusements
(outdoors)

1

e. Ballpark, Stadium

1

f.

1

Lodge, Fraternal
Organization

g. Golf Course
h. Driving Range or Miniature
Golf

4.

5.

Required
For each

Additional
Requirements

600 sq. ft. of site area
exclusive of building
8 seats
200 sq. ft. of floor area
Minimum of 30 spaces

1

Space for each driving tee

PERSONAL SERVICE AND RETAIL
a. Personal Service Shop

1

b. Retail Store or Shops (Inside)

1

c. Furniture Sales, Appliance
Sales and Repair

1

d. Open Retail Sales

1

e. Coin-operated or
Self-service Laundry or Dry
Cleaning

1

200 sq. ft. of floor area
250 sq. ft. of floor area for the
first 3,000 sq. ft.; thereafter
one (1) space for each
additional 300 sq. ft.
400 sq. ft. of floor area
600 sq. ft. of site area
exclusive of buildings
3 washing machines

FOODS AND BEVERAGE SERVICES
a. Eating Place (inside), eating
only; no drive-through
service
b. Eating Place with drivethrough service, Bar, Night
Club, and Private Club

1

100 sq. ft. of floor area

Minimum of 12
spaces

1

75 sq. ft. of floor area

Minimum of 4
spaces; for drivethrough window,
see Section
7800.B.36 for
stacking
requirements
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SECTION 7200B PARKING GROUP TABLE
6.

7.

BUSINESS SERVICES
a. Bank

1

300 sq. ft. of floor area

b. Savings & Loan or Similar
Institution

1

400 sq. ft. of floor area

c. Medical, Dental Clinic
or Office

1

150 sq. ft. of floor area

Minimum of 5
spaces

d. Other Office,
Business or Professional

1

300 sq. ft. of floor area

Minimum of 5
spaces

a. Service Station, including
incidental car wash

1

200 sq. ft. of floor area

Minimum of 4
spaces

b. Motor Vehicle Repair,
Garage or Shop (indoors)

1

500 sq. ft. of floor area

Minimum of 5
spaces

c. Motor Vehicle Parts &
Accessory Sales (indoors)

1

200 sq. ft. of floor area

d. Motor Vehicle Parts &
Accessory Sales (outdoors)

1

1,000 sq. ft. of floor area

e. Vehicle or Machinery Sales
(indoor)

1

500 sq. ft. of floor area

f.

1

5000 sq. ft. of floor area

AUTOMOTIVE AND EQUIPMENT

Vehicle or Machinery Sales
(outdoors)

g. Self Service Car Wash

2 tandem
spaces

Machine Car Wash

1

Wash Bay

150 sq. ft. of floor area
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SECTION 7200B PARKING GROUP TABLE
8.

STORAGE, WHOLESALE AND MANUFACTURING
a. Brick or Lumber Yard or
Similar Area

1

1,000 sq. ft. of site area

b. Open Storage of Sand,
Gravel, or Petroleum

1

2,000 sq. ft. of site area

c. Warehouse & Enclosed
Storage

1
1

3,000 sq. ft. of floor area plus
300 sq. ft. of office area, if
any

d. Outside Storage

1

5,000 sq. ft. of site area used
for outside storage

e. Commercial or Wholesale
Operations

1
4

1,000 sq. ft. of floor area or
for each 5 employees on
largest shift, whichever is
greater

f.

1
4

1,000 sq. ft. of floor area or
for each 5 employees on
largest shift, whichever is
greater

1

300 sq. ft. for manager’s
office or quarters

Manufacturing Operations

g. Mini-Warehouse
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29. Minimum Off-Street Parking Standards: The number of off-street parking spaces required
for each building or use shall be determined by reference to the following table of parking
groups. Parking groups are identified for each building or use in Section 4400 B. For any
use not listed, or where the listed regulations are not applicable in the judgment of the
Director of Planning and Development, the parking requirements shall be determined by the
Director of Planning and Development. Computations of required parking spaces by the
Director of Planning and Development shall be final.

30. The design and dimensions of off-street parking areas shall be in accordance with the
following table of minimum dimensions. Minimum stall widths shall be nine (9) feet, except
for residential and all day office parking which may utilize stalls eight and one-half (8-1/2)
feet in width, provided that minimum aisle widths are increased by one (1) foot. In addition,
the dimensions of up to twenty (20) percent of the total number of off-street parking spaces
may be reduced to eight (8) feet in width and sixteen (16) feet in depth to accommodate
compact automobiles. All dimensions below are in feet.
Angles (Degrees)
Stall, Parallel to Aisle
Stall, Perpendicular to Aisle
Aisle Width, One-Way
Aisle Width, Two Way
Cross Aisle, One-Way
Cross Aisle, Two-Way

0
23.0
9.0
12.0
22.0
11.0
22.0

30
18.0
16.5
12.0
22.0
11.0
22.0

45
12.7
19.0
12.0
22.0
11.0
22.0

60
10.4
20.0
16.0
24.0
11.0
22.0

90
9.0
18.0
24.0
24.0
11.0
22.0

31. Off-street parking spaces shall be clearly marked according to the stall layout on file in the
Development Services Department.
32. Parking spaces abutting on adjoining property line or street right-of-way shall be provided
with wheel guards or bumper guards so located that no part of a normally parked vehicle will
extend beyond the property line. When wheel guards are used, they shall be centered 2.5
feet from the property line for 90 degree parking, 2.3 feet for 60 degree parking, and 2.0 feet
for 45 degree and 30 degree parking.
33. Approval of the parking area layout and design of all off-street parking areas shall be by the
Director of Planning and Development. The Director of Planning and Development shall
determine that spaces provided are usable, and that the circulation pattern of the area is
adequate.
34. Buildings and land uses within the C-4, Downtown Business District shall be exempt from
requirements to provide off-street parking; provided that existing parking spaces shall be
preserved and; provided that when off-street parking is furnished, it shall be approved by the
Director of Planning and Development
35. Pedestrian access to buildings shall be provided from rights-of-way and parking areas by
means of a pathway leading to at least one public entrance. Such pathway shall be cleared of
all obstructions related to construction activity prior to the opening of the building to the
general public.
C. Special Off-Street Parking Provisions
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1. Required off-street parking space may be located behind the minimum required front yard in
any 2F, MF-1 or MF-2 District.
2. Required off-street parking space may be located in the minimum required front yard in any
PR, A or Single-Family Residential District.
3. A11 required off-street parking spaces shall be located completely behind the property line
of any district classification provided in this Ordinance.
4. In all non-residential district, surface parking may extend to the front property line except as
prohibited by other sections of this Ordinance.
D. Handicapped Parking Regulations
1. Where curbs exist along pedestrian pathway, as between a parking lot surface and sidewalk
surface, inclined curb approaches or curb cuts having a gradient of not more than one (1)
foot in twelve (12) feet and width of not less than four (4) feet shall be provided for access
by wheelchairs. The maximum allowable slope of an accessible pathway for disabled
individuals shall not exceed 1:20 or 5% gradient.
2. A parking lot servicing each entrance pathway shall have a number of level parking spaces,
as set forth in the following table:
Parking Spaces For The Disabled

Total Space in Lot

Required Number of
Reserved Spaces

Up to 50
51 to 100
over 100

1
2
3% of total

3. Location: Parking spaces for disabled individuals, both employee and visitor, should be the
spaces within the lot, closest to an accessible building entrance, and be connected to this
entrance by an accessible path. Such parking spaces shall not include any fire lane aisles or
other maneuvering areas for vehicles.
4. Parking spaces for individuals with physical disabilities shall be 96" wide with a 60" wide
access aisle. Access aisles may be shared by two accessible parking spaces.
5. Access aisles shall be marked to prevent vehicle parking within their limits.
6. The maximum allowable slope of an access aisle shall be 1:50.
7. Access aisles shall have a smooth transitions with adjoining walkways, either by joining at a
common level or by use of curb ramps at maximum allowable slope of 1:12.
8. The minimum clear width of pathways adjacent to parking spaces shall not be reduced by
vehicle overhang. Wheelstops, railings, billiards, or other devices, shall be provided, to
insure clear width.
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9. Identification: Accessible parking spaces shall be designed as reserved for the handicapped
through display of identification signs. Each such sign must display a profile of a
wheelchair with occupant and at least the words "Handicapped Parking" and be placed so
that it will not be obscured by parked vehicles. The signs shall conform to the standard size,
weight, and length as set forth in the Texas Manual on Uniform Traffic Control Devices.
10. Care in planning should be exercised so that individuals in wheelchairs and individuals using
braces and crutches are not compelled to wheel or walk behind parked cars.
E. Bonus for Landscaping of Off-Street Parking Facilities. The minimum off-street parking
requirements shall be reduced up to a maximum of ten (10) percent of the requirement for those
parking facilities designed to accommodate twenty (20) or more vehicles where a percent of the
total parking area has been retained and developed as landscaped open space area. The percent of
the landscaped open space area shall determine the maximum percent reduction, which will be
permitted in the total number of off-street parking spaces.
F. Off-Street Loading Regulations.
1. The owner and the occupier of any property upon which a business is located shall provide
loading and unloading areas of sufficient number and facility to accommodate on such
business premises all vehicles that will be reasonably expected to simultaneously deliver or
receive materials or merchandise, and of sufficient size to accommodate all types of vehicles
that will be reasonable expected to engage in such loading or unloading activities.
2. Any person desiring a building permit for the construction, alteration, or change of use of the
land or any business building or structure shall submit a plot plan to the Building Official
designating the number, dimensions and locations of all loading areas and all proposed
avenues of ingress and egress to the property from adjacent public thoroughfares. The
Building Official shall not issue such permit if it is determined that the proposed loading and
unloading facilities will present a direct or indirect hazard to vehicular or pedestrian traffic.
3. Required off-street loading facilities may be adjacent to a public alley or private service
drive, or may consist of a berth within a structure.
4. No portion of a loading facility may extend into a public right-of-way or into an off-street
parking facility elsewhere herein required.
5. The off-street loading spaces or truck berths shall provide maneuvering areas on site to
prevent any blockage of public right-of-way.
6. Buildings and land uses within the C-4, Downtown Business District shall be exempt from
the off-street loading requirements of this Ordinance, unless an owner or occupier of
business property elects to provide off-street loading facilities, in which event, such facilities
shall be approved as provided in these regulations.
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Section 7300. Landscaping and Screening Requirements
A. Purpose: To promote safety, to protect the character and stability of residential, commercial,
institutional and industrial areas, to conserve the value of land and buildings of surrounding
properties and neighborhoods, to foster a pedestrian environment, and to enhance the aesthetic
and visual image of the community.
B. Non-conformity: Existing landscaping and screening that was lawful on or before May 12,
2005, but which does not conform to the regulations of this ordinance after its passage, shall be
lawful non-conforming in regards to landscaping and screening.
C. Exemptions: Except as stated elsewhere, all residentially zoned properties in a preliminary or
final plat approved before May 12, 2005, shall be exempt from the requirements of Section
7300. This exemption does not apply to schools, churches or government facilities on
residentially zoned properties.
D. Scope: The standards and criteria contained in Section 7300 are the minimum standards for all
new development. Any area within a Planned Development District or Overlay District
containing landscaping standards shall be regulated by the standards of the Planned
Development District or Overlay District. The provisions of this section shall be administered
and enforced by the Landscape Administrator of the City of Mansfield. All construction
proposals, landscaping, screening and fencing shall be shown on a Landscape Plan as required
by this section and in compliance with the Natural Resources Management Ordinance.
E. New Development: For the purpose of this ordinance, new development shall include any new
construction on a vacant lot; or any new construction that expands or enlarges an existing lawful
nonconforming use. Any expansion or enlargement of a lawful nonconforming use shall
upgrade landscaping and screening on the site to meet all applicable regulations of Section 7300,
to the extent practical. However, it is not the intent of this Section to require the removal of
existing permanent improvements such as buildings, screening walls, retaining walls, parking
lots or other pavement in order to meet the requirements of this Section. Additionally, where
open space exists and plantings are required, plantings shall be provided unless in the opinion of
the Landscape Administrator, the plantings are deemed impractical.
The Landscape
Administrator may waive the landscape requirements on a case-by-case basis if unique
circumstances exist on the property that make application of these regulations unduly
burdensome on the applicant. These regulations may be waived only if there will be no adverse
impact on current or future development and will have no adverse impact on the public health,
safety, and general welfare.
F. Permits: Prior to the issuance of a building, paving or construction permit for any development
other than those in the PR, SF, 2F or MH Zoning Districts, a landscape plan prepared by a
Registered Landscape Architect shall be submitted along with the applicable permit to the
approving department for review. The Landscape Administrator may waive the requirement for
the Registered Landscape Architect for projects involving enlarging or altering an existing
development or sites under one (1) acre. Until the Landscape Administrator approves a
landscape plan, no permits shall be issued for building, paving, or construction. Prior to the
issuance of a Certificate of Occupancy for any building or structure, all screening and
landscaping shall be in place in accordance with the landscape plan.
G. Enforcement: If at any time after the issuance of a Certificate of Occupancy or a business
license, the installed landscaping or irrigation does not conform to the landscape requirements at
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the time of building permit issuance, the City will issue notice to the property owner, tenant or
agent, stating the violation and describing the action required to comply with this section. If the
landscaping is not installed or replaced as directed, the property owner, tenant, or agent shall be
in violation of this Section.
H. Security: Landscaping should not impede natural surveillance of property or create blind spots
or hiding spots. The basic concepts of Crime Prevention Through Environmental Design
(CPTED) should be used when laying out a site or planning for trees, shrubs, lighting, and
fencing. The Landscape Administrator may consider alternatives to landscape plantings and
plant locations when security issues are presented.
I.

General Standards: The following criteria and standards shall apply to all landscaping,
landscape materials, and installation, whether intended for residential or non-residential
development:
1. Development should be sensitive to its natural surroundings. The natural contours should be
followed to the greatest extent possible to minimize grading. Graded slopes should be
rounded and contoured to blend with the terrain.
2. Develop attractive landscaping by incorporating the following criteria:
a. Reduce clutter of little plants and disorganized planting.
b. Establish patterns/spacing of trees to provide a visual rhythm, linear edge, and
organization.
c. Use a limited range of tree species to provide a unified image and cohesive character for
comprehensive developments.
d. Use specialty-landscaping themes to help distinguish special areas/developments.
e. Use landscaping selectively to soften harsh appearance of some buildings and parking
lots at sidewalks edge.
3. No parking or equipment is permitted in any buffer yard, street landscape setback or any
landscaped medians, islands or areas. Decorative fences and walls may be considered as part
of the landscaping if coordinated as part of the overall landscape plan as long as they do not
overtake the plantings.
4. Signs and sidewalks are permitted in buffer yards, street landscape setback and landscape
medians, islands or areas in compliance with all other aspects of the Zoning Ordinance.
Landscaping shall be situated to prevent interference with signage; likewise ground or
monument signage shall be incorporated into the landscape design to ensure compatibility.
5. No portion of the required landscape setback shall be located within the street right-of-way.
6. Non-living landscaping materials such as wood chips and mulch should be used in, around,
and under trees, shrubs, and other plants. Rock, crushed granite and gravel may be
considered landscape materials if approved by the Landscape Administrator as part of a
comprehensive design theme, meeting aesthetics and functional criteria.
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7. Curbing or other protective devices or barriers shall be installed to protect landscape buffer
strips and street landscape setbacks from vehicular encroachment. In order to accommodate
drainage, curbing does not have to be continuous. No automobile or other type of vehicle
shall be driven on any landscape buffer strip or street landscape setback
8. Landscaped medians or islands with raised curbs shall be used to define parking lot
entrances; the ends of all parking aisles; the location and pattern of primary internal access
driveways; and to provide pedestrian refuge areas and walkways.
9. Plant materials shall conform to the standards of the Recommended Plant List in Sub-section
7300.BB.
10. During the months of June through August, only containerized trees may be planted, unless
the Landscape Administrator authorizes an alternative.
11. Required trees are encouraged to be placed along the south and west sides of any residential
property to increase energy efficiency.
12. Grass seed, sod and other materials shall be clean and reasonably free of weeds and noxious
pests and insects.
13. Ground shall be prepared in a manner consistent with accepted planting procedures prior to
the installation of sod, grass seed or other materials.
14. In all zoning districts except the PR, SF, 2F and MH Zoning Districts, plastic, rubber or nondurable edging shall be prohibited. Concrete, metal and other durable edging shall be
provided between planting beds and other landscaped areas.
15. Ornamental trees shall have three trunks or canes with a minimum caliper of one (1) inch as
measured six (6) inches above grade at time of planting.
16. Ornamental trees shall have a minimum crown spread of fifteen (15) feet at maturity.
Ornamental trees having a mature crown spread of less than fifteen (15) feet may be
substituted by grouping the trees to create the equivalent crown spread of fifteen (15) feet.
17. Canopy trees shall be a minimum caliper of three and one half (3.5) inches as measured six
(6) inches above grade and seven (7) feet in height at time of planting.
18. Canopy trees shall have a minimum crown spread of twenty-five (25) feet at maturity.
19. Non-dwarf variety shrubs shall be a minimum of three (3) feet in height measured above
grade at time of planting. Dwarf variety shrubs shall be a minimum of two (2) feet in height
measured above grade at time of planting.
20. Hedges required by this section shall be planted and maintained to form a continuous,
unbroken, solid visual screen of three (3) feet in height measured above grade within
eighteen (18) months of planting. The design of the plantings may meander or curve within
the required landscape setback or buffer yard.
21. Landscaping, except required grass and low ground cover, shall not be located closer than
two (2) feet from the edge of any parking space.
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22. Evergreen vines not intended as ground cover shall be a minimum of two (2) feet in height
measured above grade at time of planting.
23. Grass areas shall be sodded, plugged, sprigged, hydro-mulched, or seeded, except that solid
sod shall be used on slopes and in swales or when necessary to prevent erosion. Grass areas
shall be established with complete coverage within a six-month (6) period from planting, and
shall be re-established, if necessary, to ensure grass coverage of all areas.
24. Grass or ground cover planted in the street landscape setback shall extend to the street
pavement or curb.
25. Ground cover used in-lieu-of grass shall be planted in such a manner as to present a finished
appearance and reasonable completed coverage within one (1) year of planting.
26. All landscaped areas shall be irrigated in accordance with the requirements of this section.
Natural areas or areas identified as “no disturbance zones” need not be irrigated.
27. Earthen berms with small vertical differentials may have side slopes not to exceed three-toone (3 feet of horizontal distance for each 1 foot of height). Earthen berms with larger
vertical differentials shall be coordinated with the City Engineer for appropriate slope
criteria. All berms shall contain necessary drainage provisions and be approved by the City
Engineer.
28. The City has final approval for the placement of all trees. With the exception of street trees,
trees shall be planted as far away from public utility lines as possible while still within the
required landscape area, unless approved by the Landscape Administrator and City Engineer.
If approved, alternative-planting methods, such as the use of root barriers, may be required.
29. Where overhead utilities exist or are planned, ornamental trees may be required instead of
large canopy trees, at a replacement density of three ornamental trees for each canopy tree.
No tree which has a mature height of twenty-five (25) feet or greater shall be planted
beneath an existing or proposed overhead utility line.
30. Landscaping may be situated on or within a public utility or drainage easement provided that
the plantings or improvements shall first be approved by city staff before installation, and
that any public utility, including the city, shall have the right to remove and keep removed
all or part of any plantings or improvements which may endanger or interfere with its
respective systems within said easement and shall not be liable for damages or replacement
of such growths or improvements.
31. For mature trees overhanging or adjacent to streets, fire lanes or other access ways, a
minimum fourteen (14) foot vertical clearance shall be maintained.
32. For mature trees overhanging or adjacent to walkways and paths, a minimum nine (9) foot
vertical clearance shall be maintained.
33. The property owner shall be responsible for mowing and maintenance of berms.
34. All landscaping shall be maintained in a healthy and live-growing condition at all times.
The following Landscaping Maintenance Note shall be placed on each landscape plan:
“Landscaping Maintenance: The property owner, tenant or agent, shall be responsible for
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the maintenance of all required landscaping in a healthy, neat, orderly and live-growing
condition at all times. This shall include mowing, edging, pruning, fertilizing, irrigation,
weeding, and other such activities common to the maintenance of landscaping. Landscaped
areas shall be kept free of trash, litter, weeds and other such materials not a part of the
landscaping. Plant materials that die shall be replaced with plant materials of similar
variety and size.”
35. Obstruction Prohibited: No fence, screen, free standing wall or other visual barrier shall be
so located or placed that it obstructs the vision of a motor vehicle driver approaching any
street, alley or drive intersection. A visual barrier shall be deemed as any fence, wall hedge,
shrubbery, etc., higher than thirty-six inches (36") above ground level at the property line,
except single trees having single trunks, which are pruned to a height of seven feet (7') above
ground level.
36. Visibility Triangle Required: No fence, screen wall or visual barrier shall be located or
placed where it obstructs the vision of motor vehicle drivers approaching any street or
driveway intersection. At all street or driveway intersections clear visibility shall be
maintained across the lot for a proper distance along both streets or driveways as required by
the Mansfield Roadway and Access Management Design Criteria.
J.

Xeriscaping: The use of xeriscaping is intended to promote prudent use of the City’s water
resources and reduce the need for additional water system infrastructure and to help ensure
viability of required plantings during periods of drought. All landscaping shall comply, where
feasible, with the following requirements designed to reduce water usage.
1. Required plant materials shall be selected from those identified as native plants, and those
that have been adapted to the local climate and conditions.
Native plants and planting
practices are identified through the “Texas SmartScape” program (a program developed
through the North Central Texas Council of Governments {NCTCOG} Regional Storm
Water Management Program). Texas SmartScape is an interactive multimedia tool on
compact disk that can be used to select native and adapted plants for North Texas. The CD
is available from the NCTCOG or the information may be downloaded from the NCTCOG
Storm Water web site at www.dfwstormwater.com.
2. Where specific conditions reduce the likelihood that these plant materials will survive, other
plants may be substituted with approval of the Landscape Administrator.
3. Plants not recommended in the “Texas SmartScape” program may be substituted with the
approval of the Landscape Administrator. The applicant may be required to provide
substantiation as to the hardiness, adaptability and water demands of the plant when used.
4. For maximum reduction in water usage, xeriscape plants should not be interspersed in plant
massings with plants requiring higher water usage. Applicants should design irrigation
systems and watering schedules that supply the appropriate amount of water, without overwatering.
5. Permeable pavement in low-traffic areas or overflow parking may be approved by the
Landscape Administrator and by the City Engineer where conditions are favorable to
filter storm water and reduce run-off. Adequate strength of the permeable pavement
must be proven by the applicant to ensure pavement life.
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K. Irrigation:
1. All development shall be irrigated by an underground automatic system that may include
a drip irrigation system. This system shall adhere to the manufacturers’ specifications
and the rules and regulations established by the City of Mansfield’s Landscape Irrigation
Ordinance and by Texas Commission on Environmental Quality (TCEQ) or successor
agency.
2. An irrigation system must be designed by an irrigator licensed by the State of Texas.
3. All irrigation systems shall be designed, installed, maintained, altered, repaired,
serviced, and operated in a manner that will promote water conservation as defined by
the Landscape Irrigation Ordinance.
4. Development in the PR, SF, 2F and MH zoning districts in which the first plat was
approved on or before November 12, 2012, shall be exempt from the requirements of
this Subsection K.
L. Pedestrian Mobility: Walkways and paths shall be incorporated into site and landscape
designs to provide for pedestrian mobility.
1. In the OP, C-1, C-2 and C-3 zoning districts and the I-1 and I-2 zoning districts within
the Freeway Overlay District, internal pedestrian walkways shall be provided where
multiple buildings are developed in a comprehensive development..
2. At a minimum, walkways shall connect to focal points of pedestrian activity including,
but not limited to, street crossings, buildings and store entry points, and shall feature
adjoining landscaped areas that include trees, shrubs, benches, flower beds, ground
covers or other such materials. The walkways may be intersected by vehicular drives.
3. Additionally, internal pedestrian walkways, not less than six (6) feet in width, shall be
provided along the full length of the building, along any façade featuring a customer
entrance. Other walkways to bring customers from parking areas to the customer
entrance should be provided.
4. Internal pedestrian walkways shall maintain a minimum unobstructed width of three (3)
feet, unless specified otherwise.
5. The portion of an internal pedestrian walkway immediately adjacent to the customer
entrance of a building, individual suite or tenant space shall be protected from weather
by architectural features such as awnings or arcades.
6. Some internal pedestrian walkways shall be distinguished from driving surfaces using
durable, low maintenance materials such as pavers, bricks, colored or scored concrete to
enhance pedestrian safety and comfort, as well as the attractiveness of the walkways.
Pavement strength must be at least equal to the adjacent pavement.
7. Pathways intended for joint pedestrian and bicycle use should have a minimum pathway
width of ten (10) feet.
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8. Not withstanding the above, churches, schools and government facilities shall provide
internal pedestrian walkways appropriate to their traffic circulation patterns (i.e. pick up and
drop off areas); where they connect to neighborhoods and as needed for multiple ingress and
egress points to their type of land use.
9. In the design and construction of all walkways and paths, the Americans with Disabilities
Act (ADA) Guidelines shall be followed.
M. Central features and community spaces: Each retail, service, office and industrial
establishment in the OP, C-1, C-2, and C-3 zoning districts and the I-1 and I-2 zoning districts
within the Freeway Overlay District shall contribute to the establishment or enhancement of
community and public spaces.
1. Retail or service developments with less than ten thousand (10,000) square feet of building
area and office or industrial developments shall provide at least one of the following central
features and community spaces: patio/seating area, xeriscaping, pedestrian plaza with
benches, window shopping walkway (covered or partially covered), outdoor playground
area, water feature, clock or bell tower, or other such deliberately shaped area, a focal feature
or amenity that, in the judgment of the Director of Planning, adequately establishes or
enhances a community and public space.
2. Retail or service developments of ten thousand (10,000) square feet or greater building
area shall provide at least two of the central features and community spaces mentioned
above.
3. Each area, focal feature, or amenity shall be sized appropriately to fit the design,
activity, occupants and population of the development.
4. These areas, focal features, or amenities shall have direct access to the internal
pedestrian walkways and shall not be constructed of materials that are inferior to the
principal materials of the building and landscape.
5. When approving central features and community spaces, the Director of Planning, may
allow sharing of features or spaces based on a comprehensively planned retail or service
development when the size and location of the features and spaces are deemed
appropriate in his judgment.
N. Application Procedure: A landscape plan shall accompany an application for a building,
paving, or construction permit and shall be submitted to the appropriate department for
review in accordance with the specified submittal requirements. The landscape plan shall
provide the following information:
1. Appropriate title and page numbers;
2. Title block to include the street address, lot and block numbers, subdivision name, city,
state and date of preparation;
3. Name and address of property owner;
4. Name and address of person preparing plan with proof of qualifications;
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5. Written and graphic scale at a minimum of 1” = 40’ or greater;
6. North arrow;
7. Boundaries of the area covered by the landscape plan with dimensions;
8. Location and size of existing or proposed public or private streets or alleys;
9. Location of existing or proposed structures, pavement, walkways, and driveways;
10. Location of existing or proposed easements;
11. Location of existing or proposed drainage ways, and significant natural features;
12. The width of all required or proposed landscape buffer yards shown and labeled;
13. The width of all required or proposed landscape setbacks shown and labeled;
14. The size and type of all screening, included construction details, shown and labeled;
15. Location, size and species of all trees to be preserved with protection measures identified
on plans;
16. Location, quantity, size and name of all proposed landscape features, including plants,
paving, benches, screens, fountains, statues, earthen berms, ponds (to include depth of
water), topography of the site and any other proposed feature;
17. Maintenance note, see Sub-Section 7300.F.34.
18. Enhanced pavement proposed labeled;
19. Berms delineated with one (1) foot contour intervals.
20. Irrigation sleeves on the landscape, irrigation, paving and site plans.
21. Parking calculations to determine the number of trees required in the parking areas.
22. Landscape calculations to explain how the numbers and types of plants were determined.
23. Any other pertinent information deemed necessary by the Landscape Administrator or
City Engineer.
24. Plant list shown in a similar format as shown in “Section 7300-DD: Typical Plant
Material List”.
O. Buffer Yard and Screening: All developments, except those in the C-4, Downtown
Business District, are required to provide buffer yards and screening in accordance with the
provisions of this subsection.
1. Buffer Yard: A buffer yard is a strip of land, together with a specified amount of
planting and any structures that may be required between land uses to eliminate or
minimize conflict between the uses.
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2. Buffer yards shall be located within and along the outer perimeter of a lot or boundary
line and entirely on private property. No part of any screening device shall be located in
public right-of-way.
3. Only those structures used for buffering and /or screening purposes shall be located
within a buffer yard. The buffer yard shall not include any paved area, except for
pedestrian sidewalks or paths or vehicular drives that may intersect the buffer yard and
which shall be the minimum width necessary to provide pedestrian or vehicular access.
4. The Landscape Administrator in cooperation with the City Engineer may allow an
alternative type, location or configuration of buffer yard or screening wall or device to
avoid potential interference with public utilities or flood water conveyance. The
alternative recommendation shall meet the intent of this section to screen or buffer uses.
Wood fencing or chain link fencing are not permitted alternatives. Preservation of
existing natural areas and vegetation may be considered as alternatives to separate
incompatible land uses.
5. Trees, shrubs, and ground cover shall be planted in the buffer yard by the developer or
owner of the developing property according to the type of buffer yard required.
6. In order to determine the type of buffer yard and screening required, the developer must
know the zoning and proposed use of his property and the zoning and existing use of any
adjacent properties. The developer must first find either the zoning or proposed use of
the property being developed in the first column of the table below, then look for the
zoning or existing use of any adjacent property in the top row of the table. The types of
required buffer yards and required screening are listed horizontally across from the
proposed use or zoning of the property being developed and under the corresponding
column heading depicting the zoning or existing use of the adjacent properties.
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NA
NA
BY10
NA
BY10
SW6
BY10
SW6
BY10
SD6
BY10
SD6

NA
NA
BY50
SW6
BY20
SW8
BY30
SW8
BY10
SD6
BY20
SD6

SW6**

BY10

NA

BY10

NA

BY10*

NA

BY10*

SW6**

BY10

SW8**

NA

OP, C-1,
C-2

SW6**

BY10

NA

BY10

NA

BY10*

NA

BY10*

SW6**

BY10

SW8**

NA

C-3, I-1,
I-2

SD6

BY10

NA

BY10

SW6

BY10

SW6

BY10

SW6

BY10

WF6

NA

Existing
Church,
School, or
City Use

SD6

BY20

NA

BY10

NA

BY30

NA

BY20

NA

BY50

NA

NA

Vacant PR
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PR w/Res means a lot or tract that is zoned PR and occupied by a residential use.

** Not applicable if adjacent property is vacant.

* Tree plantings are reduced by 50%. When plantings are reduced, trees must be staggered between properties.

MH

Church, School, or
City Use

C-3, I-1, I-2

OP, C-1, C-2

MF, Townhouse

SF, 2F, PR w/Res

MF,
Townhouse

SF, 2F,
PR w/Res

7. Types of Required Buffer Yards and Screening:

SD6

BY10

NA

BY10

SW6

BY10

SW6

BY10

SD6

BY10

NA

NA

MH
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8. BY10: Minimum 10 (10) foot wide buffer yard with one tree planted for every twentyfive (25) linear feet or portion of said landscape buffer strip.
9. BY20: Minimum twenty (20) foot wide buffer yard with one tree planted for every
twenty-five (25) linear feet or portion of said landscape buffer strip.
10. BY30: Minimum thirty (30) foot wide buffer yard with one tree planted for every
twenty-five (25) linear feet or portion of said landscape buffer strip
11. BY50: Minimum fifty (50) foot wide buffer yard with a double row of plantings. One
row shall contain deciduous canopy trees placed at one (1) tee per fifty (50) linear feet.
A second row shall contain evergreen canopy trees placed at one (1) tree per fifty (50)
linear feet..
12. Buffer yards are not required within the same multi-family residential, town home or
manufactured home subdivision on separately platted lots.
13. Where the adjacent property is in a Planned Development District, the required buffer
yard and screening shall be determined by the uses permitted in the Planned
Development District that abut the property being developed.
14. When a lot line is adjacent to two zoning districts, the required buffer yard shall comply
with the more restrictive requirement.
15. Existing manufactured home rental communities or subdivisions are exempt from the
buffer yard requirements.
16. For developments in the I-1 and I-2 zoning districts, which are not abutting any
properties in a residential zoning classification or a PR zoning classification that is
occupied by a residential use, the required buffer yard may be waived in lieu of a
designated landscaped area of at least ten (10) percent of the total lot area. This
landscaped area shall contain additional plant materials to enhance customer walkways,
building fronts, outdoor seating areas or other similar areas preferably in front of or to
the side of buildings or in parking areas.
17. When a shared drive or building is situated along or over a common property line, the
Landscape Administrator may allow a substitute of either
a. a drive aisle median strip adjacent to the shared drive as described later in this
section; or
b. require a landscape area with the equivalent square footage and trees as in the
required buffer yard to be placed anywhere else on the site in addition to all the
other required landscaping.
18. A seven and one-half (7-1/2) foot screening wall construction and maintenance easement
shall be provided by the developer of any residential development submitted after the
approval date of this ordinance that abuts non-residential zoning in order to facilitate the
construction and perpetual maintenance of the masonry screening wall that is required
on the non-residential property under the provisions of this Ordinance.
19. SW6: Minimum six (6) and maximum eight (8) foot tall screening wall.
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20. SW8: Eight (8) foot tall screening wall.
21. The SW6 and SW8 screening walls required in this section shall be constructed of the
following materials:
a. Brick, stone or split-face concrete masonry unit;
b. Pre-cast concrete wall or pour in place concrete wall with a similar appearance as
brick, stone or split-face concrete masonry unit;
22. SD6: Minimum six (6) foot and maximum of eight (8) foot screening device.
23. The SD6 screening devise required in this section shall be constructed of the following
materials.
a. Wood – Cedar or redwood only;
b. Masonry – Brick, stone, decorative or split-face block only;
c. Pre-cast concrete wall or pour-in-place concrete walls with a similar appearance as
wood or masonry;
d. Wrought iron or tubular steel provided that screening shrubs (able to screen up to six
(6) feet in height within eighteen (18) months of planting) are placed adjacent to the
fence on private property;
e. Combination of two or more of the above construction materials; or
f.

Other alternate construction materials provided that the Planning and Zoning
Commission explicitly authorize them.

24. Notwithstanding the above, the school district may use chain link fencing with slats that
provide ninety (90%) percent opaqueness.
25. Construction Design of the screening wall and device shall be in accordance with the
following:
a. Screening device shall be constructed with cedar or redwood panels and supported
by horizontal rails of the same materials. Galvanized steel posts with concrete
footings shall be placed at intervals of no longer than eight (8) feet on center. The
galvanized steel posts shall be a minimum15 to 18 gage and minimum 2-3/8” in
diameter. There shall be at least three (3) horizontal rails for a six (6) foot high
fence and four (4) horizontal rails for an eight (8) foot high fence. A hole with a
minimum diameter of ten (10) inches and a minimum depth of twenty-four (24)
inches shall be required for the concrete footings.
b. The side of a screening device with horizontal rails and posts shall not face the
adjacent property or street along the perimeter of the development.
c. When a screening wall is built in phases for a development, the color, height, style
and exterior finish for all phases shall be as closely similar as possible, and shall, in
no case, be incompatible. The screening wall shall be equally finished on both sides.
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d. All screening walls required by this section shall be constructed of materials with
earth tone colors or traditional masonry colors. Screening walls with nontraditional
masonry colors shall be prohibited.
e. Smooth-face concrete masonry units (i.e. haydite blocks) shall not be permitted as
construction material for screening.
f.

The screening wall or device shall be designed and constructed to prevent any
drainage or erosion problems.

g. A metal “L” or similar support bracket shall be situated under the bottom row of
brick or stone of the screening wall.
h. The height of a screening wall or device shall be measured from the ground level at
the bottom of the wall or device. However, a screening wall or device erected on
top of a retaining wall or structure shall not exceed six feet (6) in height as measured
from the bottom of the screening wall or device to the top thereof.
i.

Designs for the SW6 and SW8 shall be prepared and sealed by a professional
architect or engineer and designed in accordance with the City of Mansfield
Building Code.

26. The owner of the property with the required screening shall be responsible for the
maintenance of the screening in a structurally sound condition. This provision does not
relieve abutting property owner of liability for damage caused by such owner or his
employees, agents, or contractors.
P. Street Landscape Setback:
1. When any townhouse is constructed on a lot in a MF-1 or MF-2 District, a twenty-five
(25) foot wide landscape setback shall be provided along the entire boundary of the lot
that abuts a public street. The setback shall not include any paved area, except for
pedestrian walkways or paths or vehicular drives that may intersect the setback and
which shall be the minimum width necessary to provide pedestrian or vehicular access.
2. When any apartment or multiple family dwelling other than townhouse is constructed on
a lot in a MF-1 or MF-2 District, a fifty (50) foot wide landscape setback shall be
provided along the entire boundary of the lot that abuts a public street. The setback shall
not include any paved area, except for pedestrian walkways or paths or vehicular drives
that may intersect the landscape setback and which shall be the minimum width
necessary to provide pedestrian or vehicular access. Other building setbacks may also
apply; refer to Table 4500B.
3. When any land use is established on a lot in the OP, C-1, C-2, C-3, I-1 and I-2 Zoning
Districts, a twenty (20) foot wide landscape setback shall be provided along the entire
boundary of the lot that abuts a public street, exclusive of driveways and access ways at
points of ingress and egress to and from the lot.
4. When a church, school or other facility owned or operated by a government entity is
established on a lot in a PR or residential zoning district, a twenty (20) foot wide
landscape setback shall be provided along the entire boundary of the lot that abuts a
public street, exclusive of driveways and access ways at points of ingress and egress to
and from the lot.
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5. Within the required landscape setback, one (1) canopy tree shall be provided for each
forty (40) feet or portion thereof, except that for any apartment or multiple family
dwelling other than townhouse, one (1) canopy tree and one (1) ornamental tree shall be
provided for each forty (40) feet or portion thereof.
6. Trees within the landscape setback may be clustered, however no spacing shall be
greater than fifty (50) feet.
Q. Parking Lot Perimeter Landscaping:
1. In the MF-1, MF-2, OP, C-1, C-2, C-3, I-1 and I-2 Zoning Districts and all nonresidential development such as churches, schools and public facilities in any zoning
district, all parking lot, vehicular use and maneuvering areas that are not screened by onsite buildings shall be screened from view of public streets in accordance with the
following requirements:
a. The screening shall be a minimum height of three (3) feet, at maturity, (in case of
plants) above the grade of the parking lot, vehicle use and/or maneuvering areas.
b. The screening shall consist of one or a combination of the following:
1.
Screening shrubs, and/or
2.
Sodded berms
c. The screening may occur within the street landscape setback.
d. Wheel stops shall be provided for parking spaces adjacent to the screening to
prohibit any vehicle from overhanging the planting area.
R. Parking Lot Internal Landscaping: Any parking lot that contains ten (10) or more parking
spaces shall provide internal landscaping except as prescribed hereinbelow.
1. A ratio of one canopy tree for every ten (10) parking spaces shall be provided
throughout any surface parking lot.
2. Planting areas for trees within the parking rows of a surface parking lot shall be achieved
by one or both of the following:
a. A continuous landscaped median strip, at least six (6) feet wide (back-of-curb to
back-of-curb) between rows of parking spaces. Trees shall be placed at intervals no
greater than forty (40) feet apart or fraction thereof.
b. Landscape islands, at least the minimum size of a regular parking space of nine by
eighteen feet (9’ X 18’) or one hundred sixty-two (162) square feet. No more than
fifteen (15) contiguous spaces shall be located together without a tree-island.
3. Parking lots that are designed with planted or raised landscape islands shall design the
islands so as not to interfere with the opening of car doors in adjacent spaces.
4. Every required landscape island must include one (1) canopy tree.
5. Notwithstanding the above, parking lots for a church, school, government facility and
uses in the C-4, Downtown Business District shall provide internal landscaping only
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when such parking lots contain twenty (20) or more parking spaces and only at a ratio of
one canopy tree for every twenty (20) parking spaces.
S. Parking End Caps: One (1) landscape island shall be located at the terminus of each row of
parking and shall contain one (1) tree. Rows with head-to-head parking arrangements shall
have two (2) islands and two (2) trees. Refer to the graphic below.
T. Drive Aisles into Non-residential Developments: A landscape median strip with a
minimum width of six (6) feet (back-of-curb to back-of-curb) shall be incorporated in the
parking lot design to separate the parking area and the drive aisle with direct connection to
the street. One (1) tree shall be planted for every forty (40) linear feet or fraction thereof.

U. Foundation Area and Ground Equipment Landscaping:
1. In the OP, C-1, C-2, and C-3 Zoning Districts; and the I-1 and I-2 Zoning Districts
within the Freeway Overlay District; and all non-residential development such as
churches, schools and public facilities in any zoning district, a minimum four (4) foot
wide landscape area is required adjacent to or within ten (10) feet of all building facades
with customer entrances and building facades facing a public street, (exclusive of
driveways, access walks, and service and delivery areas).
2. Planting should emphasize softening large expanses of building walls, accenting
building entrances and architectural features, and screening mechanical equipment and
shall include a variety of grass, ground cover, plants, flower beds, shrubs, and trees.
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3. Where extended roofs or canopies are used to provide a covered walkway adjacent to a
building, foundation plantings are not required under the extended roofs or canopies.
However, landscaping is recommended to separate vehicular areas from building.
4. Plantings shall be situated around, along or adjacent to the low wing walls or screening
walls required in Sections 7301.A.2 and 7301.B.
V. Drive-through windows: Where drive-through lanes are situated parallel to a public street,
a landscape median with a minimum width of three (3) feet (from back of curb to back of
curb) shall be situated adjacent to and parallel with the drive-through stacking lanes that are
visible from the adjacent public streets. Each median shall be planted with a minimum of
five (5) gallon shrubs placed at three (3) feet on center to create a minimum three (3) foot
high screening hedge. The screening is intended to visually screen cars stacked in drivethrough stacking lanes waiting for service as well as menu boards and reduce noise from
outdoor speakers associated with drive-through windows. Where multiple drive-through
stacking lanes are provided, the screening shall be placed adjacent to the outer most lane.
W. Detention/Retention Ponds:
1. Detention and retention ponds, or other holding areas that are part of a storm/surface
water system, shall be enhanced as an amenity of the development.
2. When not designed as an integral part of a landscape plan or featured as an amenity (i.e.,
water features in a wet bottom basin or recreation/open space in a dry bottom basin) all
detention ponds, retention ponds, or other similar holding areas shall be screened from
view from any existing or future public street and from adjoining property. Screening
may be accomplished using landscape materials that compliment the overall design of
the site or screening walls or devices that match the predominant building materials used
on the adjacent buildings or landscaping. When screening walls or devices are used,
provisions should be made for safety, access and maintenance of any pond areas
3. The development of any storm/surface water system shall be in accordance with all
applicable design criteria established by the Public Works Department.
X. Street Intersection landscape areas: For all development in the OP, C-1, C-2, and C-3
Zoning Districts; and the I-1 and I-2 Zoning Districts in the Freeway Overlay District; and
all MF zoning Districts, where parcels are located at the intersection of two (2) streets where
at least one street has a right-of-way width of sixty (60) feet or larger as shown on the City’s
most recent Thoroughfare Plan, a thirty (30) foot landscape setback shall be provided
parallel to the minimum visibility triangle required by the Mansfield Roadway and Access
Management Criteria. No landscaping shall interfere with any visibility triangles.
Y. Other landscape areas: For all development in the OP, C-1, C-2, and C-3 Zoning Districts
and the I-1 and I-2 Zoning Districts in the Freeway Overlay District, a minimum of ten
(10%) percent of each lot shall be devoted to living landscaping which shall include grass,
ground cover, plants, flower beds, shrubs and trees. Required street landscape setbacks,
intersection landscaping, foundation landscaping and landscape buffer yards may be
included in this calculation. Parking lot internal and perimeter landscaping shall not be
included in the calculations unless an area exceeds the minimum requirement of this Section,
then the additional area may be included.
Z. Residential Tree Requirements:
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1. Every lot in a PR and SF Zoning District shall provide a minimum number of canopy
trees per lot as follows:
a. For lots containing 9,600 square feet or less, provide three (3) canopy trees.
least two (2) trees shall be placed in the front yard.
b. For lots containing 9,601 square feet or greater, provide four (4) canopy trees.
least two (2) trees shall be placed in the front yard.

At

At

2. Every dwelling unit in the 2F District shall provide a minimum of two (2) canopy trees
per unit. At least one (1) tree shall be placed in the front yard of each dwelling unit.
3. All required trees shall be planted prior to approval of final inspection or occupancy of
the applicable dwelling unit.
AA.

Residential Foundation Plantings:

1. In the PR, SF and 2F Zoning Districts and any town house development, shrubs shall be
planted along a minimum of fifty (50) percent of the length of the foundation of a
dwelling unit for any part of the foundation that faces a street. This does not include any
part of a foundation that is not visible from the street after fencing.
2. In the MF-1 and MF-2 Zoning Districts, a single row of shrubs is required along the
entire façade of each multi-family residential or accessory building, excluding access
driveways or pedestrian ways.
3. In MF-1 and MF-2 Zoning Districts, evergreen shrubs shall be planted around HVAC
units, meters, transformers, and other utility units; trash containers, refuse or recycling
storage facilities; pool equipment, or service areas, as well as around and adjacent to the
screening walls required by Section 7301. Openings or access to the equipment shall not
be obstructed. The height of the shrubs required herein shall not be less than the height
of the meters being screened.
4. Unless specified otherwise, the above screening shrubs shall be a minimum of two (2)
feet in height at the time of planting and not of a dwarf variety.
BB.

Residential lawn requirements:
1. In the PR, SF and 2F Zoning Districts the front, side and rear yards adjacent to the
house, that is outside of any rear yard fencing shall be planted with grass or ground
cover, exclusive of driveways, sidewalks, flower beds, gardens, etc. prior to final
inspection. Regardless of the zoning district, for lots over twenty thousand (20,000)
square feet, the area around the house extending twenty-five (25) feet from the pad, shall
be planted with grass or ground cover, exclusive of driveways, sidewalks, flower beds,
gardens, etc. prior to final inspection.
2. In the MF District, all lawns shall be sodded or planted in ground cover, exclusive of
driveways, sidewalks, flowerbeds, gardens, etc. prior to final inspection.
3. All residential lawns and landscaping shall be irrigated with an underground irrigation
system as specified in Section 7300.K. of this Ordinance. On large area lots, the area of
irrigation may be limited to 12,000 square feet.
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CC.

Preservation Credits:

1. The following preservation credits shall be considered when developing around existing
quality trees.
2. Quality trees preserved on a site meeting the herein specifications may be credited
toward meeting the tree requirement of any landscaping provision of this section for that
area within which they are located, according to the following table:
Diameter (DBH) of Existing Tree

Credit against Tree Requirement

6" to 8"
9" to 15"
16” to 30”
31" to 46"
47" or more

2 trees
3 trees
4 trees
5 trees
8 trees

3. For purposes of this section, the Diameter at Breast Height (DBH) dimension shall be
measured at four and one-half (4-1/2) feet above the ground, and shall be rounded to the
nearest whole number.
4. Existing trees, not on the approved tree list, may receive credit if authorized by the
Landscape Administrator.
5. Credit will be revoked where trees intended for preservation credits are damaged due to,
among other things, construction, broken branches, and soil compaction or soil cut/fill.
6. In order to receive credit for existing trees in a parking area, the island or area around the
trunk of the tree must be enlarged and sized properly to ensure the best scenario for
survival.
7. Prior to any construction or land development, the developer shall clearly mark all trees
to be preserved. Protective barriers shall be installed and maintained throughout the
development process. The developer shall not allow the movement of heavy equipment
or the storage of equipment, materials, debris, or fill to be placed within the drip line of
any trees. This is not intended to prohibit the normal construction required within
parking lots.
8. During construction, the developer shall not allow cleaning of equipment or material
under the canopy of any existing tree or group of trees. There shall be no disposal of
any waste material such as, but not limited to, paint, oil, solvents, asphalt, concrete,
mortar, etc., under the canopy of any existing tree or group of trees.
9. No attachment or wires of any kind, other than those of a protective nature, shall be
attached to any tree.
10. If any tree that was preserved and used as a credit toward landscaping requirements is
later removed for any reason, it shall be replaced by the number of trees for which it was
originally credited. Replacement trees shall have a minimum trunk caliper of three (3)
inches.
DD.

Prohibited Plant List: The Plants listed below shall not be used to fulfill the planting
requirements of this Ordinance.
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Trees
Arizona Ash
Bois D’arc
Cottonwood
Siberian Elm
Silver Maple
Mimosa
Mulberry
Lombardy Poplar
Chinese Tallow
Arborvitae
Willow

Fraxinus velutina “Arizonia”
Maclura pomifera
Populus deltoides
Ulmus pumila
Acer saccharinum
Albizzia julibrissen
Morus alba
Populus nigra italica
Sapium sebiferum
Thuja accidentalis
all species

Shrubs
Euonymus
Ligustrum
Pittosporum
Loquat
Oleander

Euonymus japonicus
Ligustrum japonicum
Pittosporum tobbira
Eriobotrya japonica
Nerium oleander

EE. Recommended Plant List: All plants used to satisfy this ordinance shall be of a species
common or adaptable to this area of Texas. The following is a list of recommended
plants. Plant material not on this list must be approved by the Landscape Administrator
before installation.
Canopy-type Trees
American Elm
Bald Cypress
Black Hickory
Black Oak
Black Walnut
Blackjack Oak
Bur Oak
Cedar Elm
Chinese Pistache
Chinquapin Oak
Dawn Redwood
Durand Oak
Eastern Red Cedar
Big Tooth Maple
Gingko
Green Ash
Gum Bumelia
Lacebark Elm
Lacey Oak
Live Oak
Pecan
Post Oak
River Birch

Ulmus americana
Taxodium distichum*
Carya texana
Quercus velutina
Juglans nigra
Quercus marilandica
Quercus macrocarpa
Ulmus crassifolia*
Pistacia chinensis
Quercus muehlenbergi*
Metasequoia glyptostroboides
Quercus sinuata var. sinuata*
Juniperus virginiana
Acer grandidentatum*
Ginko biloba*
Fraxinus pennsylvanica
Bumelia lanuginosa
Ulmus parvifolia*
Quercus glaucoides
Quercus fusiformis*
Carya Illinoensis
Quercus stellata*
Betula nigra
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Rusty Blackhaw
Sawtooth Oak
Shumard Red Oak
Southern Magnolia
Sweet Gum
Green Ash
Texas Ash
Texas Oak
Texas Walnut

Viburnum rufidulum
Quercus accutisima*
Quercus shumardi*
Magnolia grandiflora
Liquidambar styraciflua*
Fraxinus pennsylvanica
Fraxinus texensi
Quercus texana
Juglans microcarpa
*Recommended for Street Tree plantings.

Medium/Ornamental Trees
Afghan Pine
Austrian Pine
Bigelow Oak
Black Cherry
Carolina Buckthorn
Cherry Laurel
Crape Myrtle
Deciduous Holly
Desert Willow
Eve’s Necklace
Flowering Crabapple
Goldenrain Tree
Hercules Club
Japanese Black Pine
Japanese Maple
Mexican Buckeye
Mexican Plum
Native Hawthorns
Reverchon and Littlehip)
Persimmon
Ponderosa Pine
Possumhaw Holly
Prairie Flame-leaf Sumac
Redbuds
Rusty Blackhaw Viburnum
Savannah Holly
Shantung Maple
Slash Pine
Southern Wax Myrtle
Texas Buckeye
Vitex
Yaupon Holly

Pinus eldarica
Pinus nigra
Quercus sinuata
Prunus serotina
Rhamnus caroliniana
Prunus caroliniana
Lagerstroemia indica
Ilex decidua
Chilopsis linearis
Sophora affinis
Malus hybrida
Koelreuteria paniculata
Zanthoxylum dava-herculis
Pinus thunbergii
Acer palmatum
Ungnadia speciosa
Prunus mexicana
Crataegus spp. (Green, Cockspur, Downy,
Diospyros virginiana
Pinus ponderosa
Ilex decidua
Rhus lanceobta
Cercis Spp.
Viburnum rufidulum
Ilex opaca ‘Savannah’
Acer truncatum
Pinus elliottii
Myrica cerifera
Aesculus arguta
Vitex agnus-castus
Ilex vomitoria

Shrubs
Dwarf Burford Holly
Dwarf Chinese Holly
Dwarf Chinese Holly

Ilex burfordii ‘nana’
Ilex cornuta ‘Rotunda’
Ilex cornuta ‘Rotunda’
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Dwarf Crape Myrtle
Dwarf Wax Myrtle
Dwarf Yaupon
Dwarf Yaupon
Eleagnus
Flowering Quince
Forsythia
Foster Holly
Glossy Abelia
Japanese Barberry
Nandina
Nellie R. Stevens Holly
Pampas Grass
Photinia
Red Barberry
Red Yucca
Sea Green Juniper
Sea Green Juniper
Spiraea
Spiraea
Tam Juniper
Tam Juniper
Texas Sage
Texas Sage
Variegated Chinese Privet

Lagerstroemia indica
Myrica pusilla
Ilex vomitoria ‘Nana’
Ilex vomitoria ‘nana’
Eleagnus ebbengii
Chanomeles ‘Texas Scarlet’
Forsythia intermedia
Ilex x attenuata ‘Foster’
Abelia grandiflora
Berberis thunbergi
Nandina Domestica
Ilex x ‘Nellie R. Stevens’
Cordateria Selloana
Photinia Fraseri
Berberis thunbergii
Hesperaloe parvifolia
Juniperus chinensis ‘Sea Green’
Juniperus Chinensis ‘Sea Green’
Spiraea spp.
Spiraea prunifolia
Juniperus sabina ‘Tamariscifolia’
Juniperus sabina ‘Tam’
Leucophyllum frutescens
Leucophyllum frutescens ‘nana’
Ligustrum sinense ‘Variegata’
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Required/
Provided
Length
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Bufferyard
or Setback
Width/Type
Canopy
Trees

Ornamental
Trees

SUMMARY CHART - BUFFERYARDS/SETBACKS

Required
Provided
East
Required
Provided
South
Required
Provided
West
Required
Provided
*Note any credits used in calculations:
a.
Other comments:
1.
2.
3.

Location
Of
Buffer
Yard or
Setback
North
Shrubs

Screening
Wall/Device
Height &
Material

FF. Landscape Plan Summary Charts: These charts shall be completed with information and provided on every landscape plan submittal.
They represent the minimum amount of information required. The charts may be amended from time to time, as needed, without
revising the ordinance.
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SUMMARY CHART – INTERIOR LANDSCAPE
% of Landscape Canopy Trees
Ornamental
Shrubs
Area
Trees

# Of Provided Parking Spaces
# of Tree Islands Provided
*Note any credits used in calculations:
a.
Other Comments:
1.
2.

# Of Required Parking Spaces
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SUMMARY CHART – INTERIOR PARKING LOT
LANDSCAPING

*Note any credits used in calculations:
a.
Other Comments:
1.
2.
3.

Required
Provided

Landscape
Area
(in Sq Ft)

2005 Draft Landscape Ordinance Revisions

Ground Cover
(in Sq Ft)

§7300

Trees @ 6" - 12" DBH
Trees @ Greater than 12" DBH
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Canopy Trees

Applied to
Understory
Trees

*EXISTING TREE CREDIT SUMMARY
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CANOPY TREES
??
CE
Cedar Elm
??
BO
Bur Oak
??
LB
Lace Bark Elm
??
ST
Sawtooth Oak
??
BC
Bald Cypress
ORNAMENTAL TREES
??
AP
Austrian Pine
??
ST
Shantung Maple
??
VT
Vitex
??
SH
Savannah Holly
??
DH
Possumhaw Holly
SHRUBS
??
EL
Eleagnus
??
NH
Nellie R. Stevens Holly
??
TS
Texas Sage
??
RY
Red Yucca
??
TJ
Tam Juniper
GROUNDCOVERS
??
CJ
Creeping Juniper
??
MH
Maidenhair Grass
??
WC
Winter Creeper
??
VC
Virginia Creeper

COMMON NAME

3 gal.
5 gal.
5 gal.
5 gal.
3 gal.

Eleagnus ebbengii
Ilex x ‘Nellie R. Stevens’
Leucophyllum frutescens
Hesperaloe parvifolia
Juniperus Sabina
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Juniperus horizontalis
3 gal.
Miscanthus spp.
3 gal.
Euonymus fortunei
4” pot
Parthenocissus quinquefolia 1 gal.

30 gal.
30 gal.
B&B
15 gal.
B&B

4” cal.
4” cal.
4” cal.
4” cal.
4” cal.

SIZE

Pinus nigra
Acer truncatum
Vitex agnus-castus
Ilex opeca
Ilex decidua

Ulmus crassifolia
Quercus macrocarpa
Ulmus parvifolia
Quercus accutisima
Taxodium distichum

BOTANICAL NAME

Typical Plant Material List Summary Charts:

QNTY SYM

GG.

2005 Draft Landscape Ordinance Revisions

6’–8’
8’-10’
6’-8’
8’-10’
6’-8’

Plant 24” on center
Plant 3’ on center
Plant 12” on center
3’ O.C. under existing Post Oak

Plant 30” on center
Plant 5’ on center
Plant 3’ on center
As shown
Plant 3’ on center

Full branch pattern

Single trunk
Single trunk
Single trunk
Single trunk
Single trunk

HT NOTES

§7300

§7300
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Section 7301. Supplemental Requirements for Screening of Mechanical Equipment and
Service Areas.
A. Equipment Screening:
1. Multi-family Residential Development:
a. Exposed conduit, ladders, utility boxes, stack pipes and drain spouts shall be painted to
match the primary color or color sequence to aid in blending with the color of the
building.
b. All buildings designed with parapet walls or other similar architectural elements shall be
constructed to a height of not less than one (1’) foot above the horizontal plane of the
highest (after-installation height) roof-mounted mechanical unit, HVAC and/or other
equipment (e.g. satellite dishes, solar panels, etc.). If free clearance or otherwise
unobstructed flow or space is required by the Fire or Building Code, equipment should
be positioned beyond the parapet wall so as not to be visible.
c. Electrical transformers, gas meters and other service areas shall be screened from view
of a public street or adjacent property.
d. In all multi-family developments, heating, ventilation, and air-conditioning (HVAC)
equipment on the roof shall be screened so that they are not visible from the street or the
boundary of the abutting property.
e. The screening of HVAC equipment on the ground shall utilize construction materials
that match the predominant material used on the building; no wood or chain-link fences
shall be allowed.
2. Non-residential development: The provisions in this subsection shall apply to new buildings
or new developments in the OP, C-1 through C-4 Zoning Districts, Planned Developments
and in the I-1 or I-2 Zoning Districts that are within the Freeway Overlay District or within
three hundred (300) feet from the boundary of any property in a residential zoning
classification or a PR zoning classification.
a. Exposed conduit, ladders, utility boxes, stack pipes, drain spouts and gas meters shall be
painted to match the primary color or color sequence to aid in blending with the color of
the building.
b. For new buildings and developments with building permit applications submitted on or
after September 14, 2004, parapet walls or other similar architectural elements shall be
constructed to a height of not less than one (1’) foot above the horizontal plane of the
highest (after-installation height) roof-mounted mechanical unit, HVAC and/or other
equipment (e.g. satellite dishes, solar panels, etc.). If free clearance or otherwise
unobstructed flow of space is required by the Fire or Building Code, equipment should
be positioned within the parapet wall so as not to be visible from the street or abutting
properties. For new buildings and developments in the C-4 Zoning District, this
requirement will not apply to the sides of the building that are not facing a street.
c. For new buildings and developments with building permit applications submitted on or
after September 14, 2004, all ground-mounted service equipment such as air
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conditioners; electrical transformers, telephone line pedestals and gas meters; trash
compactors; satellite dishes and other service areas (e.g. grease collection areas/facilities,
box storage, plastic container storage, storage racks, etc.) shall be located behind the
building, or if located on the side of the building shall not be forward of the midpoint of
the side building elevation, except that switch gear devices may be located at any place
on a property.
d. All ground-mounted service equipment and service areas shall be screened from view of
public rights-of-way and abutting properties as follows:
1. When any portion of an electrical transformer or telephone line pedestal is located
within five (5) feet of a building, the transformer or pedestal shall be screened by a
screening wall.
2. Electrical transformers and telephone line pedestals located more than five (5) feet
from a building, gas meters, and satellite dishes shall be screened by a screening
wall or by a hedgerow of dense evergreen shrubbery or plant materials to form a
visual screen using plant materials approved by the Landscape Administrator.
3. Switch gear devices shall be screened by a hedgerow of dense evergreen shrubbery
or plant materials to form a visual screen using plant materials approved by the
Landscape Administrator.
4. All other types of service equipment and service areas shall be screened by a
screening wall.
e. Developments for which building permit applications were submitted prior to September
14, 2004, shall be exempt from the provisions of this subsection, provided that all
heating, ventilation, and air-conditioning (HVAC) equipment on the ground or on the
roof shall be screened so that they are not visible from the street abutting the property or
the boundary of the abutting properties.
f.

Where ground-mounted service equipment and service areas are screened by a screening
wall, the wall shall be constructed of materials that match the predominant material used
on the building; no wood or chain-link fences shall be allowed. The wall shall be
landscaped in compliance with Section 7300 of this ordinance. The base of the wall
shall be elevated four (4) inches from grade, excluding columns, to accommodate
ventilation and drainage.

g. Screening of ground-mounted service equipment and service area, whether by a wall or
landscaping, shall be of a height not less than the height of the equipment being
screened.
h. Screening walls and landscape screening shall adhere to policies and standards for
access, operational clearances, safety and ventilation of the utility company and/or
equipment owner.
i.

The cost of installing, maintaining, and replacing screening walls and/or landscaping
required by this subsection shall be the responsibility of the property owner or
developer, and not the responsibility of the utility company providing service to the
property. A utility company shall not be responsible for the replacement of any required
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screening wall or landscaping removed by the utility company to permit reasonable
access to the service equipment.
Ordinance No. 1585, Adopted 8/28/06
3. All development:
a. The fencing, screening or enclosure of individual rooftop equipment shall not be
permitted.
b. The developer shall provide a line-of-sight drawing with building permit application
upon request by city staff to ensure compliance with the provisions in this subsection.
c. In case that visual screening of HVAC equipment cannot be achieved due to topographic
differences between abutting properties, or between the property and the abutting street,
the developer or owner may appeal to the Board of Adjustment for a special exception as
set forth in Section 6300 of this ordinance.
B. Trash containers, Refuse or Recycling Storage Screening:
1. Trash container and storage area for refuse or material awaiting disposal or recycling shall be
visually screened on three sides with a fence or wall not less than the height of the trash
container or the refuse or materials being stored. The remaining side shall be equipped with
an opaque gate.
2. The screening shall utilize construction materials that match the predominant material used
on the building; no wood or chain-link fence materials shall be allowed except for the
opaque gate. (Ordinance No. 1484, Adopted 5/10/04)
3. In case the visual screening required above cannot be achieved due to topographic
differences between abutting properties, or between the property and the abutting street, the
developer or owner may appeal to the Board of Adjustment for a special exception as set
forth in Section 6300 of this ordinance.
C. Loading Dock and Truck Berth Screening
1. In C-1, C-2 or C-3 zoning, all loading docks and truck berths not totally screened by an
intervening building shall be screened from view from the public streets that abut the
property where the loading docks and truck berths are located.
2. The developer shall provide a line-of-sight drawing with building permit application upon
request by city staff to ensure compliance with the provisions in this subsection.
3. Screening shall be accomplished by an opaque screening wall, earthen berm or a
combination of screening wall and earthen berm with a minimum height of ten (10) feet,
unless the developer shall present evidence to prove that an alternate height is sufficient due
to the unique configuration of the site.

4. Screening shall be of a length to screen the maximum size truck or tractor-trailer that can be
accommodated on site.
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5. The screening shall utilize construction materials that match the predominant material used
on the building; no wood or chain-link fences shall be allowed. (Ordinance No. 1484,
Adopted 5/10/04)
Ordinance No. 1534, Adopted April 27, 2005
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Section 7302. General Provisions for all Fences and Free Standing Walls.
A. General Provisions.
1. Property Owners' Responsibility:
a. Required screening fences and walls shall be perpetually and adequately maintained or
replaced by the owner or user of the more intensive zoned property.
b. All structurally unsound fences, when not required by this Ordinance, shall be repaired,
replaced or removed by the owner or user of the property upon which the fence is
located.
c. The construction of a fence or wall shall not preclude the property owners’ responsibility
to maintain and keep the following area free and clear of debris and high weeds:
1. The area between the fence and property line or between parallel fences; and
2. The area between the fence and the edge of the street.
2. Front Yards: No fence or free standing wall greater than thirty-six inches (36") in height
shall extend into the required front yard except for decorative fences or security fences
meeting the following requirements:
a. Fences thirty-six inches (36") or more above the finished grade of the lot shall not be
more than twenty-five percent (25%) solid.
b. The primary fencing material shall be of wrought iron, exposed aggregate tilt wall, fired
masonry, approved wood rail construction or other material approved by the City
Building Official.
3. Side Fence and Free Standing Wall Setbacks: No fence or wall greater than thirty-six inches
(36") in height shall be located less than fifteen feet (15') from any side property line that is
adjacent to a public street unless:
a. The subject lot backs up to the rear property line of another lot, in which case no side
fence setback is required.
b. The subject lot backs up to an access easement or alley right-of-way, in which case a
ten-foot (10') visibility triangle shall be required.
4. Rear Fence and Free Standing Wall Setbacks: Fences and walls meeting all of the above
requirements may be erected on the rear property line except, however, lots whose rear
property line abut a public street on which one of the immediate adjacent lots maintains its
required front yard, then no fence nor wall greater than thirty-six inches (36") in height shall
be located within fifteen feet (15') of the subject lots rear property line or closer to the street
right-of-way than the front setback line of the adjacent lot, whichever is closer.
B. General Restrictions Concerning all Fences and Free Standing Walls.
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1. No fence, screen, free standing wall or other visual barrier shall be constructed or placed in
such a manner as would endanger the health or safety of the general public.
2. Obstruction Prohibited: No fence, screen, free standing wall or other visual barrier shall be
so located or placed that it obstructs the vision of a motor vehicle driver approaching any
street, alley or drive intersection. A visual barrier shall be deemed as any fence, wall hedge,
shrubbery, etc., higher than thirty-six inches (36") above ground level at the property line,
except single trees having single trunks, which are pruned to a height of seven feet (7') above
ground level.
3. Twenty-Five Foot (25') Visibility Triangle Required: No fence, screen wall or visual barrier
shall be located or placed where it obstructs the vision of motor vehicle drivers approaching
any street intersection. At all street intersections clear vision shall be maintained across the
lot for a distance of twenty-five feet (25') back from the property corner along both streets.
4. The side of the fence with exposed posts or rails shall be oriented away from view from the
adjacent property and public streets.
5. After December 10, 2012, all new wood privacy fences and the replacement or repair of
existing wood privacy fences shall comply with the following requirements:
a. A permit must be obtained prior to the construction of a new wood privacy fence of five
(5) feet in height or greater.
b. Fence planks or panels must be at least five-eights of one inch (5/8”) in thickness.
c. Fence planks or panels must have at least one inch (1”) gap between the ground and the
wood to prevent rotting and decay.
d. All vertical posts shall be two and three-eights inch (2-3/8”) minimum outside diameter
standard pipe gage galvanized steel.
e. Vertical posts shall be spaced eight feet (8’) on center or less and set into concrete post
footings. The minimum depth of the concrete post footings shall be twenty-four (24)
inches for fences that are six feet (6’) in height and thirty-six (36) inches for fences that
are eight feet (8’) in height.
f.

Vertical slats shall be nailed or screwed to horizontal bracing stringers running from
vertical post to post. The size of the stringers shall be no less than one-and-a-half 1.5”)
by three-and-a-half inches (3.5”). One stringer will be required for every two feet (2’) in
height. Fences that are six feet (6’) in height shall have three (3) horizontal stringers.
Fences that are eight feet (8’) in height shall have four (4) horizontal stringers.

g. All materials shall be securely fastened (i.e. vertical boards to horizontal stringers,
stringers to vertical posts) and be free from rot, rust, vandalism and other sources of
decay.
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h. Fence should be designed such that it does not cause a drainage problem.
i.

A wood fence erected for the purpose of screening the perimeter of a subdivision as
required by the Subdivision Control Ordinance shall be governed by the Subdivision
Control Ordinance.

j.

The replacement or repair of an existing wood privacy fence that is less than fifty (50)
percent of the total linear footage of fencing on the property shall be exempt from the
above requirements in Section 7302B.5, except that a permit shall be required for any
fence construction greater than six (6) feet in height.

6. Barbed Wire Prohibited: Fences constructed of barbed wire and walls topped with broken
glass or similar material shall be prohibited, except that:
a. A security fence not less than six (6) feet in height may be topped with barbed wire
when located on property zoned for non-residential purposes;
b. A barbed wire fence may be erected or maintained on property that held livestock on
January 1, 2004, and will continue to hold livestock in the future. The property owner
shall have the burden of proof that livestock existed on site on January 1, 2004; and,
c. A barbed wire fence may be erected or maintained on any property in excess of 20 acres
that held livestock or was otherwise under agricultural use on January 1, 2004, and will
continue to hold livestock or otherwise continue in agricultural use in the future. The
property owner shall have the burden of proof that livestock existed on the site or that
another agricultural use was in effect on the site on January 1, 2004. For purposes of
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Subpart c, “agricultural use” shall mean that the property owner has and maintains an
agricultural exemption on the property granted by Tarrant Appraisal District”.
(Ordinance 1474 – Adopted February 23, 2004)
7. Electrical Fences Prohibited: No fence shall be electrically charged in any form or fashion.
8. Eight Foot (8') Maximum Height: No fence in a residential district shall exceed eight feet
(8') in height above ground level at the fence line. However, fences that are erected on top
of retaining walls shall not exceed six feet (6’) in height as measured from the bottom of the
fence to the top of the fence. (Ordinance No. 1468, Adopted 1/26/04)
9. Public Property: No fence, guy wire, brace or any post of such fence shall be constructed
upon or caused to protrude over property that the city or the general public has dominion and
control over, owns or has an easement over, under, around or through, except upon utility
easements which are permitted to be fenced.
10. Swimming Pools Fencing: All swimming pools shall, at all times, be completely surrounded
by a fence, wall or barrier not less than four (4) feet in height with no openings, holes or
gaps that will allow a sphere four (4) inches in diameter to pass through. Gate openings
directly into such enclosure shall be equipped with self-closing and self-latching devices
capable of keeping such gates securely closed at all times when not in use; said latching
devices to be no less than three (3) feet above grade. The door of any dwelling that is
forming part of the enclosure need not be equipped with self-closing and self-latching
devices.
Ordinance No. 1534 – Adopted April 27, 2005
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Section 7400. Residential Proximity Standards
A. Purpose: To protect the property value and lifestyle of citizens living in the proximity of nonresidential developments without placing undue hardship on developers of non-residential
developments.
B. Applicability:
1. The provisions of Sections 7400C through 7400I shall apply to any development in an OP,
C-1, C-2, C-3, I-1 or I-2 zoning classification when abutting any property in a residential
zoning classification or a PR zoning classification that is occupied by a residential use.
2. The provisions of Sections 7400G and 7400H shall apply to any development in an OP, C-1,
C-2, C-3, I-1 or I-2 zoning classification when located along a street with a fifty (50) or sixty
(60) foot right-of-way across from residential lots or tracts that front on such street. (Ord.
No. 1534, Adopted 4-27-05)
3. The provisions of Sections 7400C.2 and 7400D shall apply to any residential development in
a residential zoning classification or a PR zoning classification when abutting any property
in an OP, C-1, C-2, C-3, I-1 or I-2 zoning classification as specified hereinafter; however,
they shall not apply to residential developments that were preliminary or final platted or that
were submitted for preliminary or final plat approval before the adoption of such provisions.
4. The provisions of this section shall not apply to development on any property owned and
used by the City, the Mansfield Independent School District and any church regardless of
zoning provided that it complies with the requirements in Sections 7400E and 7400F. Ord.
No. 1534, Adopted 4-27-05).
5. Permitted uses that are in existence at the time of adoption of the provisions of this section
shall be governed by the Nonconforming Use Regulations of this ordinance. Any expansion
or addition to such existing uses shall conform to the provisions of this section.
6. The requirements in the provisions of this section shall not be administratively deferred or
waived by city staff. Any person who wishes to seek a special exception or variance may
follow the provisions in Sections 6300 and 8400.
7. It is the intent of this section to treat property in a PR zoning classification that is occupied
by a residential use the same as it is in a single-family residential zoning classification.
Therefore, all provisions of this section that apply to property or development in a singlefamily residential zoning classification shall also apply to property or development in a PR
zoning classification that is occupied by a residential use.
C. Setback and Height Regulations
1. Non-residential Use:
a. Structures in an I-1 or I-2 zoning classification shall setback a minimum of forty (40)
feet from the boundary of any abutting property in a residential zoning classification.
The same setback requirement shall apply to all outside storage, loading docks, truck
berths, and routine parking or storage of tractor-trailers, and vehicles that are rated to
have a carrying capacity over one ton.
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b. Structures in an OP, C-1, C-2 or C-3 zoning classification shall comply with the
minimum setback from the boundary of any abutting property in a residential zoning
classification as depicted in the table below in conjunction with the specifications in
BOTH the “Maximum Height” and “No. of Stories” columns.
Zoning
Min. Setback (ft.)
OP & C-1
20
OP & C-1
35
C-2 & C-3
52.5
C-2 & C-3
60
C-2 & C-3
67.5
C-2 & C-3
75

Max. Ht. (ft.)
20
35
35
40
45
50

No. of Stories
1
2 or less
1
2 or less
3 or less
1 or more

2. Residential Use:
a. Residential lots in a residential zoning classification or a PR zoning classification that
abut properties in an OP, C-1, C-2, C-3, I-1 or I-2 zoning classification shall provide a
forty (40) foot minimum setback for the principle residential building along the lot lines
that abut the boundary of such non-residentially zoned property.
b. In order to accommodate the forty (40) foot minimum building setback, the minimum
residential lot depth shall be increased by the difference between forty (40) feet and the
minimum rear setback required by the residential or PR zoning district where the lot is
located; or the minimum residential lot width shall be increased by the difference
between forty (40) feet and the minimum side setback required by the residential or PR
zoning district where the lot is located, whichever is applicable.
D. Noise
1. Non-residential uses shall not generate any loud noise of such intensity as to create a
nuisance or detract from the use or enjoyment of the abutting residential uses. The
provisions in this paragraph do not apply to properties in the I-2, Heavy Industrial zoning
classification.
2. Outdoor speakers shall be directed away from any abutting property in a residential zoning
classification.
E. Setback for Trash Containers and Refuse or Recycling Storage Areas: Trash containers and
storage areas for refuse or materials awaiting disposal or recycling shall be set back a minimum
of twenty-five (25) feet from the boundary of any abutting property in a residential zoning
classification.
F. Lighting: All lighting of a non-residential use must be shielded or pointed away from any
abutting property in a residential zoning classification so there shall be no direct illumination
across the common boundary with the property in the residential zoning classification. This
restriction shall not apply to special events not exceeding seventy-two (72) hours or the lighting
of a sports facility that belongs to the City or the Mansfield Independent School District.
G. Driveway Access: No non-residential driveway access shall be permitted onto a street with a
fifty (50) or sixty (60) foot right-of-way across from residential lots or tracts that front on that
street unless no other reasonable access is available as determined by the Planning & Zoning
Commission during a plan review at the developer’s request. This restriction shall not apply if
7400-2

§7400
the street is shown in the City's most recent Thoroughfare Plan to have a right-of-way of seventy
(70) feet or larger.
H. Signage: Wall or free-standing signs that are located along a street with a fifty (50) or sixty (60)
foot right-of-way shall not be electrically or artificially illuminated when located across from
residential lots or tracts that front that street. This restriction shall not apply if the street is
shown in the City's most recent Thoroughfare Plan to have a right-of-way of seventy (70) feet or
larger.
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Section 7500. Open Storage and Screening Regulations.
A. Purpose: To encourage the most appropriate use of the land and to conserve and protect the
value of adjacent land and buildings; regulations are prescribed for the location and screening of
open storage of materials, commodities and vehicles of all types in the various districts in
accordance with the following standards:
B. In all PR, residential and mobile home districts, no open storage or display outside a building of
materials or commodities for sale at wholesale or retail or for storage purposes shall be
permitted, nor shall any motor vehicle or machinery storage other than that which is incidental to
the use of a premises as herein provided or permitted nor shall any truck or commercial vehicle
storage be permitted, except that one (1) panel delivery or pick-up truck not exceeding one (1)
ton capacity may be stored by the owner of a premises when such vehicle storage is incidental to
the main use of such premises.
C. No open storage or display outside a building of materials and commodities or any other objects
shall be permitted in the C-1 District. In the C-2 District, the open storage or display of items
intended for direct retail sales or rental shall be permitted under the following restrictions:
1. The area used for open display shall not be greater than ten (10) percent of the gross floor
area of the establishment having such display.
2. If the open display is located in the parking lot, the number of spaces available for parking
shall not be less than that required by Section 7200 of this Ordinance.
D. No open storage or display of any object, vehicle, boat, material or equipment shall be allowed
on public right-of-ways or designated private or public recreational areas. Any aforementioned
objects, vehicle, boat, material or equipment parked or located upon any public right-of-way, or
designated private or public recreational areas for a period longer than seventy-two (72) hours
shall be classified as storage and be subject to removal by the City without prior notice at the
owner's expense.
E. Open storage or display in the C-3, I-1 and I-2 Districts shall be placed on a gravel, asphalt or
concrete surface or other surface approved by the Director of Planning and not on natural ground
unless it is located more than thirty (30) feet from any street right-of-way or screened by an eight
(8) foot opaque fence. Such surface shall be maintained in good condition and free of weeds or
debris.
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Section 7600. Open Air Vending.
Within any commercial or industrial district, open air vending, as that term is herein defined, shall be
allowed upon obtaining a Certificate of Occupancy for such vending from the Building Official.
A. The Building Official shall issue such Certificate of Occupancy only if he finds:
1. That such vending will not endanger the health, safety or general welfare of the public and
specifically in this regard, that said vending will not unreasonably increase congestion upon
the public roadways in and about said vending location so as to endanger the safety of
drivers and pedestrians; and,
2. That the vendor applicant shall be in compliance with all ordinances and laws, including
provisions within this Ordinance, applicable to retail commercial activity, and have obtained
all other necessary permits.
3. That the vendor applicant shall be in compliance with all conditions imposed by the Building
Official upon said commercial activity necessary for the health, safety or general welfare of
the public.
B. For the purpose of this ordinance, open air vending shall be defined as the sale of any
merchandise or goods from a fixed location upon privately owned property not within any
permanent building or structure designed for the sale of such goods. The term "open air
vending" shall specifically include the sale of merchandise or goods from "stands", "stalls", and
all other sales not within a permanent structure. The term "sale" is herein defined as the actual
transfer of goods or merchandise. The term open air vending, however, shall not include activity
of itinerant vendors who continuously move about from place to place, and who do not occupy
any particular parcel of private property as a permanent or stationary place for the conduct of
their business. This term does include seasonal vending operations such as "Snow Cones" and
"Ice Cream" stands, etc.
C. No open air vending shall be allowed to be located within any public right-of-way or city parks,
or connected with public utilities unless specifically approved by the City Council.
D. No open air vending shall be allowed to be located within any property zoned in a PR, A,
residential or OP District or within the required setbacks of any other zoning districts.
E. No open air vending shall be allowed in or from an unenclosed space or area.
F. Parked vehicles shall not be used as a base of operation for any open air vending.
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Section 7700. Nonconforming use regulations.
A. Intent:
1. Within the districts established by this ordinance or amendments thereto, there exists lots,
structures, uses of land and structures, and characteristics of use which were lawful before
this ordinance was enacted, amended or otherwise made applicable to such lots, structures or
uses, but which do not conform to the regulations of the district in which it is located. It is
the intent of this ordinance to permit such Nonconforming uses to continue, under
regulations herein contained, until the same are removed, but not to encourage their survival.
2. It is further the intent of this ordinance that Nonconforming uses shall not be enlarged upon,
expanded or extended, nor be used as grounds for adding other structures or use prohibited
elsewhere in the same district.
3. Nonconforming uses are hereby declared to be incompatible with the permitted uses in the
districts involved.
4. For use in this section, a building shall be interpreted the same as structure and vise versa.
B. Nonconforming Uses Regulated: Except as herein provided, no Nonconforming use of land or
buildings shall be enlarged, changed, altered or repaired except in conformity with the
regulations contained in this article.
C. Nonconforming Status: Any use or structure which does not conform with the regulations of
the zoning district in which it is located shall be deemed a lawful nonconforming use or structure
when:
1. Such use or structure was in existence and lawfully operating at the time of passage of this
ordinance and has since been in regular and continuous use; or
2. Such use or structure is a lawful use at the time of the adoption of any amendment to this
ordinance but by such amendment is placed in a district wherein such use is not otherwise
permitted; or
3. Such use or structure was in existence at the time of annexation to the City and has since
been in regular and continuous use.
D. Continuing Lawful Non-Conforming Use of Property and Existence of Structures:
1. The lawful use of land or lawful existence of buildings or structures at the time of the
passage of this ordinance, although such do not conform to the provisions hereof, may be
continued; but if said Nonconforming use or building is discontinued or abandoned, any
future use of said premises shall be in conformity with the provisions of this ordinance.
2. Discontinuance of a lawful Nonconforming use shall consist of the intent of the user or
owner to discontinue a nonconforming use and the actual act of discontinuance.
Abandonment of a lawful nonconforming building shall consist of the actual intent to
abandon by the user or owner and actual act of abandonment.
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3. A lawful Nonconforming use or building, when discontinued or abandoned, shall not be
resumed. The following shall constitute prima facie evidence of discontinuance or
abandonment.
a. Nonconforming uses: When land used for a lawful Nonconforming use shall cease to be
used in such manner for a period of six (6) month.
b. Nonconforming Buildings: When a building or other structure designed or used for a
lawful Nonconforming use shall cease to be used in such manner for a period of six (6)
months.
E. Changing Nonconforming Uses or Buildings:
1. A lawful Nonconforming use may be changed to another Nonconforming use of the same or
more restrictive zoning district classification, provided, that when a Nonconforming use is
changed to a Nonconforming use of a more restrictive classification, it shall not later be
reverted to the former less restrictive classification.
2. No lawful Nonconforming use shall be changed to another Nonconforming use which
requires more off-street parking facilities or off-street loading space than the original
Nonconforming use unless additional off-street parking facilities and loading space is
provided so as to comply with the requirements of Section 7200.
3. A conforming building shall not be changed to a use which would result in the building
becoming nonconforming.
F. Extension of Nonconforming Uses or Buildings.
1. A lawful Nonconforming building or structure may be enlarged or added to provided that the
enlargement or addition, when considered independently of the original building or
structure, complies with all applicable regulations of this ordinance.
2. Expansion, enlargement or intensification of a lawful Nonconforming use shall not be
permitted unless such expansion, enlargement or intensification, when considered
independently of the lawful Nonconforming use, complies with all applicable regulations of
this ordinance.
3. A building or structure occupied or used by a lawful Nonconforming use shall not be
enlarged, extended or structurally altered unless the use occupying or using such
enlargement, extension or alteration, when considered independently of the lawful
Nonconforming use, complies with all applicable regulations of this ordinance.
4. Repairs and maintenance work on a lawful Nonconforming building or on a conforming
building occupied by a lawful Nonconforming use may be made, provided that no structural
alterations shall be made except as required by law to preserve such building in a structural
sound condition and provided that there is no increase whatsoever in the degree or extent of
the previously existing nonconformity.
5. No lawful Nonconforming use within a building may be extended to occupy any land
outside the building.
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G. Termination of Nonconforming Uses and Buildings. The right to operate a legal
nonconforming use or building shall cease and such use shall be terminated under any of the
following circumstances:
1. When such use or building is abandoned, as hereinabove provided in Section 7700 D.
2. When any provision of this ordinance or any other ordinance, or Federal or State Statute is
violated with respect to a nonconforming use or nonconforming building.
3. When a lawful nonconforming use, building or structure is damaged by fire, explosion, act
of God or other calamity to the extent that the cost of the reconstruction or repair exceeds
fifty percent (50%) of the replacement cost of the structure; except in the following
circumstances: a) The original property owner who has been living in a lawful
nonconforming mobile home or lawful nonconforming HUD-Code manufactured home,
which has been used for residential purposes, may rebuild or re-establish such lawful
nonconforming use with a HUD-Code manufactured home within six (6) months of the
destruction of the home; and b) a lawful non-conforming dwelling unit, which does not meet
the minimum floor area requirement of the PR or residential district where it is located, may
be rebuilt or replaced by a dwelling unit of equal or larger size, provided that a special
exception is granted by the Board of Adjustment as stipulated in Section 6300 of this
Ordinance.
4. When the right to maintain or operate a lawful nonconforming use or nonconforming
structure has been terminated by the Board of Adjustments as provided in Section 8400
hereof.
5. Whenever a lawful nonconforming use or building has been changed to conforming, such
use or building shall not thereafter be changed back to nonconforming.
6. Nothing in this ordinance shall be taken to prevent the restoration of a building destroyed by
fire, explosion, act of God, a public enemy or other calamity to the extent that the cost of the
reconstruction or repair does not exceed fifty percent (50%) of the replacement cost of the
structure, nor the continued occupancy or use of such building or part thereof which existed
at the time of such partial destruction.
H. Exceptions
1. Existing land uses or structures, that do not conform with the required yard setbacks due to
land or right-of-way acquisition by a public agency with the power of eminent domain, shall
be exempted from the provisions of Subsection 7700G.3, provided that any reconstruction or
replacement does not cause a greater extent of nonconformance to the setback requirements
than the pre-existing nonconforming uses or structures and is not in conflict with the real
estate interest of any public agency. The expansion, enlargement or intensification of a preexisting nonconforming use during reconstruction or replacement shall not qualify for the
exemption and shall continue to be regulated by the provisions of Section 7700.F.
2. Any carport in existence on December 15, 1996, which is non-conforming as to front, side or
rear setback restrictions or any carport receiving a building permit between November 25,
1996, and December 15, 1996, and not located within five (5) feet of the City RIGHT-OFWAY, shall be heretofore a legal non-conforming use, subject to all provisions of this
section.

7700-3

§7800
Section 7800. Special Conditions.
A. General. The following sections describe the special conditions under which certain uses are
permitted in a zoning district when reference is made to one or more of said sections in the
Ordinance. A building permit or certificate of occupancy shall not be issued for any permitted
use with "Special Conditions" until all of the required conditions have been met.
B. Special Conditions By Use:
1. Zero Lot Line Dwellings: Zero lot line dwellings shall meet each of the following structural
restrictions:
a. No window, door or any kind of opening shall be allowed in the zero lot line wall.
b. A three (3) foot overhang easement shall be secured from owner of property adjacent to
the zero lot line wall in the event that the eave projects beyond the zero lot line into the
adjacent property.
c. A ten (10) foot maintenance easement shall be secured from owner of property adjacent
to the zero lot line wall.
d. A minimum of ten (10) foot building separation between zero lot line dwellings.
e. A minimum of ten (10) foot building separation shall be provided between any zero lot
line dwelling and abutting single, two-family, or multiple family dwellings.
f.

No zero lot line dwellings are allowed to be located on a lot line that abuts a public
right-of-way or private alley.

2. Townhome, Multi-family Dwelling or Apartment:
a. All structures shall have a minimum roof pitch of 4/12.
b. Dumpster Setback: All dumpsters shall setback at least fifty (50) feet from any abutting
Single-family Residential Districts.
c. No private recreation facilities for multi-family residential developments shall be located
within landscape buffer yards, street landscape setback or any required landscaped areas.
d. No boats, motor homes, trailers, recreational vehicles, motor homes, towed trailers or
similar vehicular equipment shall be parked or stored on the property of any multifamily residential development. In case of an apartment or other rental housing
development, this requirement shall be incorporated into the rental contract.
e. Lighting Requirements: Sufficient lighting shall be installed by the developer at all
driveway entrances from public streets, driveway intersections, parking lots and
throughout the multi-family residential development per the Illumination Engineering
Society’s standards on illuminance levels for safety.
f.

Pavement Specifications: All parking areas and driving lanes shall be constructed with
five (5) inches of concrete pavement on a scarified and compacted subgrade. All
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dumpster pads and loading area in front of dumpsters shall be constructed with six (6)
inches of concrete pavement on a scarified and compacted subgrade. The concrete
pavement shall be reinforced with three-eighth (3/8) inch steel bars spaced twenty-four
(24) inches on center each way or six by six (6 x 6), #6 gauge welded wire fabric. An
approved paving fiber may be substituted for the reinforcing steel. Chairs shall be used
to support reinforcement.
g. Access: Principal access to multi-family residential developments shall be restricted to
minor collector or larger streets. The primary connection from such access to major
collectors or larger streets shall not pass through any street that is bordered on both sides
by one of the Single-Family Residential Districts or a combination of those districts.
h. No single structure shall exceed three hundred (300) feet in length.
3. Manufacturing Housing or Camping Trailer: A manufactured home or camping trailer shall
be permitted only in a manufactured home rental community or a manufactured home
subdivision or an approved campground or recreational vehicle park.
4. Hotel and Motels:
a. To be classified as a hotel or motel, an establishment must meet each of the following
requirements:
1. The establishment shall contain a minimum of twenty (20) individual guest rooms or
units and an office.
2. The establishment shall furnish customary hotel service, including but not limited to
laundry service, linen service, telephone, maid service, use of and up-keep of
furniture.
3. The establishment shall maintain a register of guest, however, no guest shall be
registered for more than thirty (30) consecutive days.
4. Guest rooms shall not be used in any form or manner as a permanent residence.
b. Hotels or motels shall provide interior access to guestrooms. The use of exterior
corridors on hotels or motels on any exterior façade of the building shall be prohibited.
Exterior access to guestrooms shall only be permitted for rooms facing a courtyard that
is enclosed on four sides by the hotel or motel building.
c. Outdoor recreational facilities at hotels and motels such as swimming pools, sports
courts and playgrounds shall be located behind the building, or if located on the side of
the building shall not be forward of the front building elevation that is closest to the
street. The facility must be screened from view of public rights-of-way by fencing,
landscaping, or a combination of these. Wood or chain link fencing shall not be
permitted.
5. Residential Accessory Buildings:
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a. An accessory building may be attached or semi-attached to, or detached from the main
residential building. Permitted uses or buildings accessory to a single or two-family
dwelling, apartment house or farm shall include, but are not limited to the following:
1. Single or two-family dwelling: a private garage for automobile storage, tool house,
lath or greenhouse as a hobby (no business), home work shop, children's playhouse,
storage house or garden shelter, but not involving the conduct of a business.
2. Apartment: Private recreational facilities as defined and regulated under Section
7800.B.7 below, employee’s washroom, a manager's apartment and office, and
laundry. The manager's apartment may be used as an office, but such facility shall
be included in computations of lot area requirements. The laundry room may be
used for clothes washing and drying facilities for the exclusive use of the tenants and
no exterior advertising of such uses may be permitted.
3. Farm: A barn, poultry house, stable, machinery shed, granary or other buildings
used for the storage or housing of usual products and animals raised or maintained
on a farm.
b. An accessory building for the purpose of maintaining property or livestock may be
erected prior to the construction of a principle building or use in a PR or residential
district provided that it meets the requirements below. Notwithstanding any other
requirements in this Zoning Ordinance, an accessory building for the purposes stated
hereinabove may be erected prior to the property being included in an approved plat.
Further, an accessory building may be erected on property zoned for non-residential
purposes, provided that such property contains more than 50 acres. When used in the
paragraphs here-in-below, the term "property" shall mean an area or tract(s) of land
contained in one recorded deed on file in the Deed Record Office of the County in which
the property is located.
1. A minimum of three (3) acres of land shall be required.
2. The accessory building must setback a minimum of 75 feet from all property
lines and 150 feet from any adjacent residential structure. Accessory
building used for horses or other animals must conform with the
requirements set forth in Subsection 14 d, e, f, g, h and i of Section 7800B
here-in-below.
3. The size of the accessory building shall be no larger than 1,500 square feet.
4. The accessory building shall be removed from the property within 24
months from the time that fifty (50) percent or more of the property is
included in an approved final plat, unless the accessory building complies
with all applicable regulations in this Zoning Ordinance and serves a
principle building or use occupying the same lot or premises as the
accessory building.
c. An attached or semi-attached accessory building shall be made structurally a
part of and 1) have a common wall with the main residential building; or 2) have
a continuous roof assembly and common attic with the main residential building.
Attached or semi-attached accessory buildings shall comply with the setback,
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height, lot coverage, masonry construction and all other provisions of this
ordinance applicable to the main residential building. Attached or semi-attached
accessory buildings shall not be subject to paragraphs d through p below.
d. An accessory building that is not attached to the main residence by a common
wall or continuous roof assembly with a common attic shall be considered a
detached accessory building and shall comply with the regulations set forth in
the following paragraphs.
e. One (1) detached garage may be built with the main residential building as part
of the original building permit for the main residential building under the
following regulations:
1. The detached garage shall be located at least fifty (50) feet behind the front
façade of the main residential building that is closest to the street, at least
five (5) feet from the side property line, seven and one-half (7.5) feet from
the rear property line and must not encroach upon any pre-established
building lines or easements.
2. The detached garage shall not be higher than twenty (20) feet or the main
residential building, whichever is less.
3. The combined square footage of the detached garage and the main
residential building shall not exceed the maximum lot coverage for the
district in which the property is located.
4. The detached garage shall be constructed of the predominant building
material (i.e., brick, stone, siding, etc.) used on the main residential building.
5. Any additional detached garages built with the main residential building or
detached garages that are built after the issuance of the building permit for
the main residential building shall be subject to the provisions set forth
below in Paragraphs f through p.
6. On property where a detached garage was constructed at the same time as
the main residential building, other accessory buildings or structures shall be
permitted, subject to the regulations set forth below in Paragraphs f through
p.
Ordinance No. 1488, Adopted 7/12/04
f.

Accessory buildings or structures shall not exceed the maximum square footage
for each zoning district as depicted in the following table.

2F

Maximum Total Square Feet
For All Accessory Buildings or Structure*
120 sq. ft.

SF-6/12

200 sq. ft.

Zoning District
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SF-7.5/12

200 sq. ft.

SF-7.5/16

200 sq. ft.

SF-7.5/18

200 sq. ft.

SF-8.4/16

400 sq. ft.

SF-8.4/18

400 sq. ft.

SF-9.6/20

400 sq. ft.

SF-12/22
A
SF-5AC/24

400 sq. ft.
2% of the total area of the lot
2% of the total area of the lot

*Where the area of a lot in any SF district exceeds the minimum required lot area for that
district, accessory buildings or structures may conform to the maximum total square footage
limits established in Section 7800.B.5.g. below. (Ordinance No. 1481, Adopted 4/26/04)
g. Notwithstanding the above, accessory buildings or structures for single-family homes in
the PR, 2F and MF-1 Districts shall conform to the maximum square footage limit for
accessory buildings or structures shown below.

Area of the Residential Lot
Less than 8,400 sq. ft.
Between 8,400 sq. ft. and 19,999 sq. ft.
20,000 sq. ft. or greater
(Ordinance No. 1481, Adopted 4/26/04)

Max. Total Sq. Ft. for
All Accessory Buildings or Structures
200 sq. ft.
400 sq. ft.
2% of the total area of the lot

h. The maximum square footage limits shown hereinabove shall be cumulative of all
accessory buildings or structures for each lot. The square footage within a loft or attic
shall be excluded from the calculation of maximum square footage of an accessory
building or structure.

i. Accessory buildings or structures for duplexes and townhomes in the MF-1 and MF-2
districts shall conform to the standards established for accessory buildings or structures
in the 2F District.
j.

Accessory buildings or structures for multi-family apartments or dwellings in MF-1 and
MF-2 Districts shall comply with the area, height and setback standards for the principal
buildings in such districts.

k. Accessory buildings or structures shall comply with the minimum setback from the
property line as depicted in the table below in conjunction with the height of the
accessory building or structure. Accessory buildings or structures shall be limited to one
story, and may have a loft or attic, provided that such loft or attic is not used as habitable
space. The height of accessory buildings or structures shall be measured from the
ground to the highest point of the building or structure.
Max. Accessory

Minimum Setbacks
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l.

Building Height

Min. Rear Yard

Min. Side Yard

8'

7.5’

5’

10’

9.5’

7’

12’

11.5’

9'

Accessory buildings or structures may be located in the side yard provided that they
meet the minimum height/setback requirements described in subsection 7800.B.5.k and
that they are at least 75’ from the front property line or behind the rear façade of the
main residential building that is furthest from the street.

m. On double frontage lots, accessory buildings or structures may be located within the 25’
rear yard setback provided that they meet the minimum height/setback requirements
described in subsection 7800.B.5.k.
n. On corner lots that back up to the rear yard of another lot, accessory buildings or
structures may be located within the exterior side street setback provided that they meet
the minimum height/setback requirements described in subsection 7800.B.5.k. No
accessory building or structure shall be permitted within the exterior side street setback
of a lot that backs up to the side yard of another lot that faces the side street.
o. A minimum distance of 5’ from accessory buildings or structures to the house and to
other accessory buildings or structures shall be required. No minimum separation shall
be required for accessory buildings or structures with an area of 120 square feet or less.
p. The Board of Adjustment may grant a Special Exception to allow an increase in the
maximum area or height, or a reduction of the minimum setback requirements for
accessory buildings or structures, subject to the conditions established in Section
6300.E.6 of this ordinance. (Ordinance No. 1426, Adopted 5/12/03)
6. Home Occupation: A home occupation is permitted when the occupation or activity
conducted within a dwelling unit is clearly incidental and subordinate to the use of the
premises for dwelling purposes and provided that:
a. No retail business of any sort is involved.
b. No stock in trade is kept nor commodities sold except those made or used on the
premises.
c. Only members of the family residing on the premises are employed.
d. No internal or external alterations, special construction or features are involved.
e. There is no advertising of any type on premise and no other display or storage of
materials or exterior identification of the home occupation or variation from the
residential character of the main building or any accessory buildings.
f.

No equipment is used which creates offensive noises, vibrations, sound, smoke or dust,
odors, heat, glare, x-ray, or electrical disturbance to radio or television. In particular, a
home occupation includes the following and similar uses: artist's studio, dressmaking
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and millinery; limited professional practice provided no clients or customers are
permitted on the premises (such as lawyer, engineer, architect or accountant); music
teaching limited to not more than two (2) pupils at one time; the keeping of up to four
(4) children under the age of sixteen (16) years at any one time apart from their parents,
guardians or custodians for regular periods of time for compensation, provided that the
total number of children under the age of sixteen (16) years on the premises at any one
time, including those kept without compensation and those who reside on the premises,
shall not exceed eight (8).
g. Repair of automobiles for a fee shall not be permitted as a home occupation.
7. Private Recreation Facility: Private recreation facilities in residential districts shall, for
multi-family residential developments, subdivisions, or homeowners associations, be
restricted to use by the occupants of the residence and their guests, or by members of a club
or homeowner's association and their guests, and shall include but not be limited to such uses
as swimming pools, open game fields, common green areas or open space, basketball,
shuffleboard, racquet ball, croquet, and tennis courts, and meeting or locker rooms. Activity
areas shall be fenced and screened from abutting properties. Dispensing of food and
beverages shall be permitted on the premises only for the benefit of users of the recreation
facility and not for the general public. Off-street parking shall be required on the basis of
one parking space for each four thousand (4,000) square feet of area devoted to recreational
use with a minimum of four (4) spaces.
8. Reserved for future use.
9. Swimming Pool: All public, private and commercial pools including those permitted as
private recreation facilities shall conform to the following provisions:
a. If located in any residential zoning district, the pool shall be intended and used solely for
the enjoyment of the occupants of the principle use of the property on which it is located
and their guests.
b. A swimming pool may be located anywhere on a premise except in the required front
yard, provided that the water’s edge of the swimming pool shall not be located closer
than five (5) feet to any side property line or seven and a half (7-1/2) feet to any rear
property line, or within any easement. Swimming pool pump and filter installations
shall not be located within the front yard or any public easement and shall be screened
from adjacent property and public streets.
c. The swimming pool shall be enclosed by a wall or fence as set forth in Section 7300.
10. Private Utility Shop or Storage: Shall not be permitted to be used for commercial or
business purposes, whether full time or part time, and not including the storage of junk or
hazardous materials, equipment or vehicles not customarily associated with a residence.
11. TV Dish Antenna: Permitted only if located in the rear of a main building on the same lot
and only if conforming with all yard requirements as provided for accessory buildings in
Section 4500 C.
12. Private Stable: All private stables shall conform to the requirements as set forth for
commercial stable in subsection 14 c, d, e, f, g, h and i below. If the private stable is located
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on a lot or tract of land with less than three acres, a specific use permit shall be obtained by
the property owner in accordance to the provisions of Section 6100 prior to the construction
of the stable.
13. Stable, riding club: All stables owned by a riding club shall conform to requirements as set
forth for commercial stables in subsection 14 c, d, e, f, g, h and i below.
14. Commercial Stable: All commercial stables shall conform to the following requirements:
a. No commercial stable shall be permitted if its existence would be incompatible with
surrounding residential land uses and zoning.
b. The minimum lot size area shall be two hundred thousand (200,000) square feet.
c. If any horses (including horses, ponies, mules, donkeys and other animals used for
riding) are kept outside of any building, the maximum number of horses permitted shall
be in accordance with the following schedule:

Number of Horses
l
2
3
each additional horse

Minimum Area
15,000 Sq. Ft. (1/3 Acre)
21,780 Sq. Ft. (1/2 Acre)
1 acre
1/2 Acre

A minimum of eight hundred (800) square feet of space shall be provided for each horse
kept within a corral or any outside animal retainment area.
d. If all horses (and other riding animals) are kept inside a building, the maximum number
of horses permitted shall be limited to the building capacity to house, show, and ride said
horses. A minimum area of 100 square feet shall be provided for each horse kept under
roof.
e. Stables, corrals, animal enclosure and retainment structures, feed, and bedding shall be
located seventy-five (75) feet from any lot line and one hundred fifty (150) feet from any
residential structure in order to minimize odor and nuisance problems. Open pasture
may extend to the lot line.
f.

Adequate and secure fencing shall be provided around all animal retainment areas to
prevent unwanted trespassing onto adjacent properties. All fencing must be a minimum
of five (5) feet high and of sufficient strength to retain animals and maintained in good
condition. All gates must be kept closed at all times.

g. A vegetative strip at least fifty (50) feet wide shall be maintained between any corral,
animal retainment structure, and any surface water or well in order to minimize runoff,
prevent erosion, and promote quick nitrogen absorption.
h. In an area with a slope of five (5) percent or more, corrals and animal retainment
structures shall be one hundred and fifty (150) feet from a well and two hundred (200)
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feet from any natural drainage, unless the water is upgrade or there is adequate diking as
determined by the Building Inspector.
i.

Premises must be maintained in such a manner as not to create a health nuisance.
Corrals and stables shall be maintained in clean, sanitary condition at all times, and
sprayed periodically to prevent the breeding of flies and insects. Refuse and manure
must be collected daily, and placed in fly and rat proof containers and disposed of
weekly.

j.

Parking stalls required are one (1) stall per every two (2) horses (or other riding animals)
based on the number of horse stalls or maximum horses allowed on the property, plus
one (1) per every employee on the largest shift.

k. Special events such as fat stock shows, exhibitions, and contests shall only be permitted
when a Temporary Use Permit has been granted and are subject to the requirements of
Section 6200 B, Subsection lb.
15. Airport Landing Field and Heliport.
a. Any proposed airport or heliport shall comply with regulations of the Federal Aviation
Administration or other authority qualified by law to established airport or air-traffic
regulations.
b. The approach zone to the airport or heliport shall be so situated as to minimize any
interference and negative impact upon existing and future use of adjacent properties and
to insure the safety of aircraft in landing and taking off and the safety of persons
occupying or using the area within the approach zone and the security of property
thereon. An approach zone, once designated during the establishment of the airport or
heliport, shall not be changed in the future unless approved by the City Council
c. Off-street parking required: one (1) space for every plane space within the hangers plus
one (1) space for every tie-down space plus one (1) for every two (2) employees.
d. Building setbacks; any building, hanger, or other structure shall be at least one hundred
(100) feet from any street or lot line.
e. All repairs of airplanes and machinery shall be done inside hangers. No servicing or
fueling facilities shall be included as part of a heliport. A proposed airport or heliport
shall comply with any other restrictions imposed by the City Council for the safety and
welfare of the general public.
16. Commercial Parking Lot or Structure: Facilities for servicing of automobiles may be
included in commercial parking lots or structures provided that such facilities are primarily
an internal function for use only by automobiles occupying the structure and creates no
special problems of ingress and egress.
17. Car Wash: No car wash, whether full or self service shall be permitted if its existence
generates obnoxious conditions perceptible at the abutting property lines of the tract on
which the facility is located.
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18. Auto Repair Garages, Paint and Body Shops Tire Changing and Patching Shops:
Automobile repairing, painting, glass, upholstering, auto tire body and fender work shall be
performed only under the following conditions.
a. All body and fender repairing shall be done within a completely enclosed building or
room with stationary windows, doors or other openings that may be opened only at
intervals necessary for ingress and egress;
b. No spray painting may be done except in a building or room specially designed for that
purpose;
c. All other auto repairing, glass, upholstering, and tire work shall be conducted within a
building enclosed on at least three (3) sides.
d. All temporary storage of vehicles awaiting dismantling or repair and outside storage of
materials or products for finishing, fabrication, and disposal, shall be completely
screened from the public's view by a six (6) foot high opaque fence.
19. Reserved for future use.
20. Farm, Ranch or Orchard: A minimum lot area of three (3) acres or more shall be required
for farm, ranch or orchard use. Stables, corrals, pens, barns, buildings and other structures
used for the enclosure or retainment of farm animals shall conform to requirements as set
forth in subsection 14 e, f, g, h and i above.
21. Establishments that sell alcoholic beverages: All establishments that sell alcoholic
beverages shall conform to the following provisions:
a. The sale of alcoholic beverages shall be permissible only after obtaining the appropriate
licenses and/or permits in accordance with the applicable State of Texas regulations.
b. When applying for a Mixed Beverage Permit from the State of Texas, a restaurant that
holds a food and beverage certificate and private club permit from the Texas Alcoholic
Beverage Commission prior to September 10, 2005 is exempt from the requirements in
subsection c and d below provided that the restaurant has not been closed for business
for more than six months preceding the application.
c. No sale of alcoholic beverages shall be permitted by any establishment which is located
within three hundred (300) feet of a church, public or private school or public hospital.
The measurement of the distance between a place of business where alcoholic beverages
are sold and a church or public hospital shall be along the property lines of the street
fronts and from front door to front door, and in direct line across intersections. The
measurement of the distance between a place of business where alcoholic beverages are
sold and public or private schools shall be in a direct line from the property line of the
public or private school to the property line of the place of business, and in a direct line
across intersections.
d. No sale of alcoholic beverages shall be permitted by any establishment which is located
within three hundred (300) feet of a day-care center or child-care facility, as defined by
Section 42.002, Texas Human Resources Code. The measurement of the distance
between a place of business where alcoholic beverages are sold and a day-care center or
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child-care facility shall be in a direct line from the property line of the day-care center or
child-care facility to the property line of the place of business, and in a direct line across
intersections. In accordance with the Texas Alcoholic Beverage Code, the minimum
distance requirement shall not apply if:
1. The establishment holds a food and beverage certificate from the Texas Alcoholic
Beverage Commission;
2. The establishment and a day-care center or a child-care facility are located on
different stories of a multistory building;
3. The establishment and a day-care center and a child-care facility are located in
separate buildings and either the establishment or the day-care center or child-care
facility is located on the second story or higher of a multistory building;
4. The establishment is adjacent to a foster group home, foster family home, family
home, agency group home, or agency home as those terms are defined by Section
42.002 of the Texas Human Resources Code; or
5. The establishment sells alcoholic beverages for off-premise consumption in
accordance with the applicable State of Texas regulations.
e. Establishments that sell alcohol beverages under a mixed beverage late hours permit
issued by the Texas Alcoholic Beverage Commission may sell alcoholic beverages on
Sundays between the hours of 1:00 a.m. and 2:00 a.m. and on any other day between the
hours of 12:00 a.m. and 2:00 a.m. in accordance with the Texas Alcoholic Beverage
Code.
f.

In accordance with Section 2200.B.1 of the Zoning Ordinance, any establishment which
derives more than 75 percent of its gross revenues from the sale of alcoholic beverages
shall be defined as a bar.

Ordinance No. 1549, Adopted 11/14/05
22. Retail and Service Establishments Not Elsewhere Listed: Any retail sales or service
establishment which is not listed in Section 4400B may be permitted in the designated
Districts, except in the OP, C-1 and C-2 Districts, all inventory, equipment and items for sale
are displayed entirely within an enclosed building; and further provided that such use is not
noxious or offensive by reason of the emission of odor, dust, gas fumes, noise or vibration
and that no type of manufacturing or treatment shall be permitted on any premises in the OP,
C-1 and C-2 Districts other than the manufacture of products clearly incidental to the
conduct of a retail business on the premises.
23. Temporary Batch Plant: The Director of Public Works may issue a permit for a temporary
batch plant provided that the plant is located at least 300 feet away from any park, school,
child care center, or residential structure and that the plant shall not be located on the same
property more than 120 days. The operator of a temporary batch plant must apply to the
Board of Adjustment for a Special Exception under Section 6300 of the Zoning Ordinance if
the plant is to be located closer than 300 feet to any park, school, child care center or
residential structure, or if the plant will be located on the same property more than 120 days.
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All temporary batch plants, whether allowed by permit or by Special Exception, shall
conform to the following requirements:
a. The stationary equipment of a temporary batch plant shall not be located closer than 100
feet to the nearest property line.
b. The hours of operation of a temporary batch plant shall be restricted to Monday through
Friday from 7:00 am to 7:00 pm, and Saturdays, 9:00 am to 5:00 pm. Hauling aggregate
(sand and gravel) to or from the site on Saturdays shall be prohibited.
c. The site on which the temporary batch plant is located shall be returned to its original
condition within thirty (30) days following the termination of the plant operations.
d. No more than one temporary batch plant shall be permitted on the same property within
a period of eighteen (18) consecutive months.
e. A temporary batch plant shall be located on property of the construction site or abutting
the construction site or project.
f.

Concrete or asphalt from a temporary batch plant shall not be trucked over to any other
construction site other than the site of the project for which the plant was approved.

g. A temporary batch plant shall comply with all standards of and must receive a permit
from the Texas Commission on Environmental Quality. A plant shall meet all current
city ordinances pertaining to storm water, dust or other environmental standards.
(Ordinance No. 1415, Adopted 2/10/03)
24. Offices: Office development in the OP, Office Park District, shall be subject to the
following additional supplemental conditions:
a. Impervious surface coverage consisting of all buildings and structures and all paved or
impervious surfaces shall not exceed ninety (90) percent of the total lot area.
b. Store front, show window, or display window effects shall not be permitted and there
shall be no display from windows or doors and no storage of merchandise in the building
or on the premises except in quantities customarily found in professional or business
offices and the associated retail and service type business.
c. Permitted retail and service type uses in the OP district shall be conducted for the sole
convenience of the occupants of the associated office building and there shall be no
entrance to any such place of business except from the inside of the building.
25. Industries Not Elsewhere Listed: Industrial uses in the I-l, Light Industrial District shall
include only those operations which are not offensive by reason of the creation of a hazard
or emission of detectable dust, odor, glare, noise, smoke, gas, fumes or vibration beyond the
bounding property lines of the lot or tract upon which the use is located. It is the intent of
the I-l, Light Industrial District that the processing of raw material, to be used by another
industrial operation, not be permitted. Manufacturing or industrial operations not
specifically listed in the Permitted Use Table are intended to be located in the I-2, Heavy
Industrial District unless such operations meet the special conditions set forth above for the
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I-l, Light Industrial District. Said conditions shall apply to both listed and unlisted uses
permitted in the I-l District. The installation of abatement devices for control of dust, odor,
noise, etc. may be necessary in certain instances.
26. New and Used Car Sales Lot: No combined new and used car sales lot shall have more than
fifty (50) percent of the vehicle units for sale made up of used cars.
27. Warehouses: All mini-warehouses located in the C-3 District shall setback a minimum of
one hundred (100) feet from the front lot line. No outside storage or display of merchandise,
vehicles, equipment or objects are permitted in the C-2 District except as provided in Section
7500C of the Ordinance.
28. Building Material and Lumber Sales, Nursery Garden Center – Notwithstanding the
restrictions of Section 7500C, outside storage of materials, supplies, products and containers
customarily associated with building materials, lumber sales and plant nurseries are
permitted in the C-2 and C-3 Districts provided such storage area is visually screened from
the street by a six (6) foot high solid fence, and provided that all building materials and
lumber shall be placed on pallets or neatly packaged and consist of no used items; and
provided that all plant or landscaping materials be balled or burlaped or neatly contained in
pots and/or buckets.
29. In the C-3, Commercial-Manufacturing District, no trailer, truck or recreational vehicle
available for rent shall exceed the size of a single rear axle vehicle. Trailers available for
rent in said Districts shall be limited to a single wheel, dual axle, bumper pull type
maximum.
30. Adult Entertainment Establishment: Adult entertainment establishments shall conform to
with all applicable regulations in the Mansfield Code of Ordinances as now existing or as
hereafter amended.
31. Reserved for future use.
32. Quarters for an On-Site Manager or Caretaker of a Mini-warehouse Facility: Residential
quarters for mini-warehouse facilities shall conform to the following requirements:
a. One residential unit shall be permitted as an accessory use for each mini-warehouse
facility.
b. Occupancy of the residential unit shall be limited to the on-site manager or caretaker of
the mini-warehouse facility and immediate family of the occupant.
c. The residential unit shall not be leased or rented.
d. The residential unit shall be located inside the office or attached to the office by a
common wall.
e. The residential unit shall be limited to 1,000 square feet of floor area.
f.

A minimum of two (2) parking spaces, enclosed in a garage or unenclosed, shall be
provided for the residential unit, exclusive of the required parking for the miniwarehouse office.
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33. Food Carts: Food carts shall conform to the following requirements:
a. For the purposes of this section, a food cart is defined as a non self-propelled, vehicle
mounted food service establishment designed to be readily movable. A food cart may be
used only for packaged or unpackaged non-potentially hazardous food and hot dog-like
products including bratwurst. A food cart business shall not include a grill, smoker or a
cart where food is prepared over an open flame.
b. For the purposes of this section, the health authority is that authority designated in
Section 94 of the Mansfield Code of Ordinances.
c. All food cart operators are required to obtain an annual food service permit from the
health authority.
d. No food cart shall operate within the City of Mansfield unless the owner or operator of
the cart first obtains a business license from the City. An application for a business
license will not be processed unless accompanied by a copy of the food service permit
issued by the health authority and a letter from the property owner stating that the food
cart is permitted to operate on the property.
e. If any unwrapped foods are prepared, stored, displayed, or served on the food cart, a
three-compartment sink and hand sink with soap and disposable towels shall be required
on the food cart.
f.

Carts requiring sinks must be equipped with a potable water system that is under
pressure or gravity feed and be capable of providing hot and cold water at a minimum
rate of one-half (.5) gallon per minute. The system must be of an adequate capacity, as
determined by the health authority, for food preparation, utensil cleaning and hand
washing. The water inlet must be located so it will not be contaminated by waste
discharge, road dust, oil, grease and similar materials. The water outlet must be capped
at all times except during time of service. Liquid waste must be stored in a retention
tank that is at least fifteen (15) percent larger than the water supply tank. Liquid waste
may only be disposed of in an approved sanitary sewer. Discharge of wastewater on the
ground or into a storm sewer is prohibited.

g. Mechanical refrigeration and hot food storage must be provided for the maintenance of
all potentially hazardous foods. All potentially hazardous food must be kept at 41F or
below or at 140F or above. The use of ice, dry ice, and Sterno as a means of
maintaining proper food temperatures is not approved unless written permission is given
by the health authority. Coolers that are smooth, durable, and easily cleanable may be
used for the storage of soft drinks. The use of Styrofoam is prohibited.
h. All food products must come from sources approved by the health authority. All
prepackaged foods must be properly labeled. Home-prepared foods of any kind are
prohibited.
i.

All finishes on the food cart must be smooth, durable, non-absorbent, and easily
cleanable.

j.

All food and any items coming in contact with food are to be stored above the ground
and protected from contamination. The use of open condiments is prohibited.
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Condiments must be dispensed from individual packets or from a closed dispenser such
as a squeeze container.
k. Wiping cloths must be stored in an approved sanitizer at appropriate strength when not
in actual use.
l.

A covered trash receptacle must be provided for the public’s use and removed from the
premises when the food cart is not present.

m. Public restrooms must be easily accessible to employees of the food cart.
n. Every portion of a food cart must be entirely covered by a building overhang or a
canopy or umbrella that must be removed from the premises when the food cart is not
present.
o. The following items must be kept on site and used as necessary:
1. A calibrated product thermometer scale 0F to 220F;
2. Test strips for the type of sanitizer used; and
3. Food grade gloves.
p. Each employee of the food cart and the owner must obtain all appropriate cards, permits,
licenses or certificates regarding food handling from the health authority prior to the
issuance of a food service permit.
q. All food carts must operate from a commissary approved by the health authority. The
food cart operator must submit to the health authority a letter from the owner of the
commissary giving permission to use that establishment as a commissary. All food carts
must report at least once per day to the commissary for supplies, clean up of the food
cart and any other activities related to the operation of the food cart, such as the use of a
three-compartment sink for washing large items. When not in use the food cart must be
stored at the commissary in a covered area protected from the weather.
r.

The owner or operator of a food cart must submit to the health authority such plans,
drawings, specifications and other information that fully describe the food cart as the
health authority may require.

s.

Any food cart that operates with propane must be located at least ten (10) feet from the
building and at least twenty feet from any opening into the building. Additionally, a
minimum of one (1) two and one-half (2.5) pound fire extinguisher must be located
within twenty (20) feet of the food cart.

t.

Electrical cords may not extend more than six (6) feet beyond the food cart, and must be
installed and secured to prevent safety hazards.

u. A food cart shall only be permitted on property with an existing retail shopping center
that has at least one (1) anchor tenant with a minimum floor area of 50,000 square feet.
The food cart must be located on the same lot occupied by said anchor tenant.
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v. Only one (1) food cart shall be permitted per retail shopping center.
w. A food cart shall not be allowed in any required parking space of the retail shopping
center.
34. Gas well drilling and production and line compressors: Gas wells, drilling and production of
gas, and Line Compressors facilities shall conform to the regulations set forth in Section
7960 of the Zoning Ordinance. (Ordinance No. 1703-08, Adopted 8/25/08) (OR-1766-10,
Amended 4/27/10)
35. The construction of an accessory dwelling in any A, PR or SF zoning district shall be
permitted, subject to the following:
a. The accessory dwelling shall be built with the main residential building at the time of the
original building permit.
b. The accessory dwelling shall be made structurally a part of the main residential building
and:
1. Have a common wall with the main residential building, or,
2. Have a continuous roof assembly and common attic with the main residential
building.
c. The habitable floor area of an accessory dwelling shall not exceed 1,000 square feet or
fifty (50) percent of the habitable floor area of the main residential building, whichever
is less. The accessory dwelling and the main residential building together shall not
exceed the maximum lot coverage allowed by the regulations of the zoning district in
which the property is located.
d. The maximum height of an accessory dwelling shall not exceed the height of the main
residential building.
e. Occupancy of the accessory dwelling shall be limited to domestic servants or caretakers
employed on the premises, temporary guests, or family members of the owner of the
premises. Guests may occupy such dwelling no more than 90 consecutive days in any
twelve-month period.
f.

An accessory dwelling shall not be rented as an apartment or used as a separate
domicile.

g. No more than one accessory dwelling shall be allowed on any lot or tract.
h. An accessory dwelling must comply with the same minimum side and rear setback
requirements as the main residential building.
i.

No separate driveway approach shall be permitted for an accessory dwelling.

j.

An accessory dwelling shall be constructed of the predominant building and roofing
materials used on the main residential building.
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k. All utilities must be on the same meter as the main residential building.
l.

Applications may be made to the Board of Adjustment for a special exception for any
accessory dwelling which does not comply with the regulations above, subject to the
provisions of Section 6300.E.7 of this ordinance.

Ordinance No. 1487, Adopted 7/12/04
36. Eating Places with Drive-Through Service: In addition to the conditions specified in
Sections 6100.F and G of this Ordinance, Eating Places with Drive-Through Service shall be
subject to the following supplemental conditions:
a. For the purposes of this Section, the following definitions shall apply:
1. Cross access shall mean a service drive providing vehicular access between two or
more contiguous sites so that drivers need not enter the public street system.
2. Stacking lane shall mean an area of stacking spaces and driving lane provided for
vehicles waiting for drive-through service that is physically separated from other
traffic and pedestrian circulation on the site.
3. Stacking space shall mean an area within a stacking lane for vehicles waiting to
order and/or finish a drive-through transaction.
b. Two (2) points of access to the property shall be provided to aid in traffic circulation.
c. Shared access with adjacent lots should be established wherever feasible. Shared access
should be provided by a driveway connecting two or more contiguous lots to the public
street system.
d. Cross access should be provided across the width of the property to adjacent lots. An
access easement must be established wherever cross access is provided.
e. The stacking lane(s) shall not be parallel to a public street when there is not a building or
a row of parking spaces between the stacking lane(s) and the street.
f.

The stacking lane(s) should be designed to prevent circulation congestion on the
property and on adjacent public streets. The design should minimize conflicts between
pedestrian and vehicular traffic and should not impede access in or out of parking
spaces.

g. The stacking lane(s) for vehicles waiting for drive-in service shall be clearly delineated
from traffic aisles, other stacking lanes and parking areas with striping, curbing,
landscaping or alternative paving.
h. The stacking lane(s) shall be integrated with the on-site circulation pattern and shall not
enter or exit directly into a public street.
i.

For a stacking lane next to a curb, landscaping or property line, a by-pass or exit lane
shall be provided to allow vehicles to leave the stacking lane.
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j.

The stacking lane(s) should accommodate at least five (5) stacking spaces before the
order board and four (4) stacking spaces between the order board and the transaction
window.

k. The intersection of a stacking lane and walk-in customer access shall be clearly
delineated with a crosswalk with alternative paving, and/or striping.
l.

Each stacking lane shall have a minimum width of ten (10) feet along straight segments
and a minimum width of twelve (12) feet along curve segments.

m. The stacking lane, menu or order board and speaker shall be located a minimum of one
hundred (100) feet from the property line of residential zoning district.
n. When a stacking lane(s) is not screened by the restaurant building, additional screening
shall be provided by planting shrubs along the entire lot line that is parallel or close to
parallel to the stacking lane. The shrubs must be planted at three (3) feet on center and
have a minimum height of three (3) feet at the time of planting.
o. A landscape buffer with a minimum width of twenty (20) feet shall be provided along
the side lot lines of the property. The buffer must have one (1) tree planted for each
twenty-five (25) linear feet or portion thereof.
p. Exposed machinery and areas for storage, service and disposal shall be screened from
adjacent lots and public streets using the same predominant construction materials on the
building.
q. The design of proposed buildings and additions should complement, whenever feasible,
the roof line, roof pitch, arrangement of openings, color, exterior materials, proportion
and scale of existing non-residential buildings in the vicinity.
r.

An Eating Place with Drive-Through Service shall not be permitted on property within
the boundaries of Historic Mansfield TIRZ No. 2 as established in Ordinance No. OR1861-12 unless it is approved by the City Council as a Planned Development District.

s.

An Eating Place with Drive-Through Service should comply with the driveway design
and spacing requirements and other application requirements in the City of Mansfield
Roadway Design Manual.

t.

Notwithstanding the foregoing provisions, the Planning and Zoning Commission may
recommend and the City Council may approve such modifications, changes or
alternatives to the above conditions as they deem appropriate.

37. Solar panel systems shall conform to the following requirements:
a. Solar panel systems shall meet all applicable codes and ordinances and shall be installed
only after issuance of a building permit.
b. Roof-mounted solar panel systems shall comply with the following:
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1. Solar panel systems shall be permitted on the roof of a building provided that the
panels are not located on a front or side roof slope facing any public street or a rear
roof slope facing a street with four or more lanes as shown in the Thoroughfare Plan.
2. Solar panel systems shall have a top edge that is parallel to the roof ridge and shall
conform to the slope of the roof.
3. Solar panel systems may be located on any roof slope of an accessory building or
structure, such as a patio cover or detached garage, subject to the regulations in this
Sub-section b, Paragraphs 2 and 5.
4. Solar panel systems mounted on flat roofs shall not exceed the maximum height
permitted within the zoning district and shall be screened in accordance with Section
7301.A of this ordinance.
5. Solar panel systems shall be positioned on the roof so as not to extend above or
beyond the edge of any ridge, hip, valley or eave.
c. Ground-mounted solar panel systems shall comply with the following:
1. A ground-mounted solar panel system is not permitted as the primary use of a
property.
2. On residential property, ground-mounted solar panel systems shall comply with the
maximum square footage and minimum setback requirements for residential
accessory buildings and structures. On non-residential property, ground-mounted
solar panel systems shall comply with the minimum setback requirements for nonresidential buildings and structures and shall not be located within any required
bufferyard or parking space.
3. Ground-mounted solar panel systems shall not be located between a property line
abutting a street and the building.
4. Masonry and architectural requirements shall not apply to ground-mounted solar
panel systems.
5. Ground-mounted solar panel systems on residential property shall be screened from
view of the street or adjacent properties by an opaque screening fence. Except in the
I-1 and I-2 Zoning Districts, ground-mounted solar panel systems on non-residential
property shall be screened from view of the street and adjacent properties by a
screening wall constructed of materials that match the predominant material used on
the building.
6. The maximum height of ground mounted solar panel systems shall not exceed the
height of the required opaque fence and in no case shall exceed eight (8) feet.
7. Long lengths of conduit and wiring associated with the system’s connection to the
primary electrical panel shall be placed underground.
d. Supporting equipment for solar panel systems, including power conditioning equipment
such as batteries for electricity storage and stand-by gasoline electric generators shall be
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located behind the building and shall be screened by an opaque screening device, except
that wall-mounted inverters may be located next to the electric meter.
e. Solar panel systems shall be installed in conformance with all applicable City codes and
ordinances, including the 2015 International Fire Code and future amendment thereof.
f.

On residential lots or tracts of two (2) acres or larger, roof-or ground-mounted solar
panel systems may face a public street provided that the solar panel system is located at
least three hundred (300) feet from any street right-of-way line. An opaque fence shall
not be required to screen ground-mounted solar panel systems meeting this provision.

g. Solar panel systems incorporated into building materials such as roof shingles or tiles,
windows, siding, or other architectural features integral to a building’s design and are
reasonably indistinguishable from traditional building materials may be installed on any
roof or façade of the building. The eligibility of a solar panel system under this
paragraph shall be subject to the determination of the Director of Planning.
h. The City Council may approve an alternate location than specified in this Section for a
roof-mounted or ground-mounted solar panel system at one (1) meeting after holding a
public hearing. Written notice of the hearing shall be sent to owners of real property, as
they appear on the last approved tax roll, situated within two hundred (200) feet of the
exterior boundary of the property on which the solar panel system is requested at least
ten (10) days prior to the date of the hearing. Notice of the hearing shall also be
published in the official newspaper of the City of Mansfield at least ten (10) days prior
to the date of the hearing.

7800-20

§7900
Section 7900. Industrialized Housing and Building Regulations
A. General Provisions.
In compliance to Article 5221f-1, Vernon's Texas Civil Statutes, all local requirements and
regulations relating to land use, zoning, building setback, site planning and development, subdivision
control, landscaping and architectural requirements, erection and installation shall be uniformly
applied to industrialized housing and building without distinctions as to whether the housing or
buildings are manufactured or are constructed on-site.
B. Construction and Installation Requirements.
For each installation and related on-site construction of industrialized housing or building within its
corporate limits, the City of Mansfield specifically requires:
1. That a compete set of design plans and specifications bearing the stamp of the Texas
Industrialized Building Code Council be submitted to the City for review for compliance with
the mandatory state codes.
2. That all applicable local permits and licenses and fees be obtained before any construction
begins on a building site.
3. That all modules or modular components within an industrialized housing or building bear an
approved decal or insignia under rules of the Texas Department of Labor and Standards
reflecting that they have been inspected at the manufacturing plant or facility.
4. That the industrialized housing or building be placed on an approved permanent foundation.
5. That the Building Official be notified for inspection of all foundation and other on-site
construction, and installation of modules or modular components on the permanent foundation to
assure compliance with approved designs, plans and specifications.
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Section 7950. Wireless Telecommunication Facility Regulations.
A. Purpose: Wireless telecommunications facilities used in transmitting and receiving signal
energy are essential and promote the health, safety, and general welfare of the citizens of the
City. The purpose of this section is to govern the placement of these facilities to:
1. assure that their location and use do not compromise the aesthetic quality of the community;
2. encourage operators of antenna facilities and antennas to locate them in areas where the
adverse impact on the community is minimal;
3. encourage co-location on both new and existing antenna facilities;
4. encourage operators of antenna facilities and antennas to configure them in a way that
minimizes the adverse visual impact through careful design, landscape screening, and
innovative stealth techniques;
5. enhance the ability of antenna facilities and antennas to provide services to the community
effectively and efficiently; and
6. promote the aesthetic quality of the city as a significant aspect of the health, safety, and
general welfare of the community.
B. Definitions: In this section the following definitions apply:
1. Amateur Radio Antenna: A radio communication antenna used by a person holding an
amateur station license from the federal communications commission.
2. Antenna: A device used in communications, which transmits or receives radio signals.
3. Antenna, Building Attached: Antenna attached to an existing structure in two general
forms: (1) roof-mounted, in which antennas are placed on the roofs of buildings, or (2)
building-mounted, in which antennas are placed on the sides of buildings. These antennas
can also be mounted on structures such as water tanks, billboards, church steeples, electrical
transmission towers, etc.
4. Antenna Facility: Any structure, monopole, tower, or lattice tower used to support
antennas.
5. Co-location: The act of locating wireless communications equipment for more than one use
on a single antenna facility.
6. Equipment Storage Building: An unmanned, single story equipment building used to
house radio transmitters and related equipment.
7. Monopole: A self-supporting antenna facility composed of a single spire used to support
communications equipment or other visible items.
8. Satellite Receive-Only Antenna: An antenna that enables the receipt of television signals
transmitted directly from satellites to be viewed on a television monitor. Such antennas are
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commonly known as a satellite dish, television receive-only antenna, dish antenna, parabolic
antenna, or satellite earth station antenna.
9. Stealth Facility: An antenna facility that is virtually transparent or invisible to the
surrounding neighborhood. Stealth facilities may include totally enclosed antennas, wireless
facilities that replicate or duplicate the construction of common structures such as flagpoles,
and camouflaged wireless facilities that are constructed to blend into the surrounding
environment.
10. Tower, Lattice: A self-supporting tower having three or four support legs with crossbracing and the capacity to hold a number and a variety of antennas.
11. TV Antenna: An antenna that enables the receipt of television signals transmitted from
broadcast stations.
C. General Regulations: The following regulations apply to all antenna facilities and antennas
located within any district:
1. Equipment and Storage Building: An equipment storage building associated with an
antenna facility or an antenna shall be screened and landscaped as described in other sections
of this ordinance, or be incorporated into the stealth treatment so that it is consistent and
complementary with the existing structures and uses on the premises.
2. Driveway Surfaces: All driveways accessing any antenna facility site or equipment storage
site shall be constructed of concrete. (Ordinance No. 1447, Adopted 10/13/03)
3. Lights: No outdoor lighting shall be allowed on antennas located on residentially zoned
property except lights or lighting that is by required by the Federal Aviation Administration
or the Federal Communications Commission.
4. Limitations: Antenna facilities are limited to stealth facilities and monopoles except where
other facilities are allowed by this section.
5. Antenna Facility Capacity: An antenna facility shall not have more than the number and
size of antennas attached to it than are allowed by the antenna facility manufacturer's designs
and specifications for maximum wind load requirements.
6. Monopoles: No guy wires are permitted with the use of monopoles.
7. Prohibited in Easements: Antenna facilities constructed solely for the purpose of
supporting antennas shall not be placed in an easement.
8. Construction Standards: A building permit must be obtained prior to the construction or
installation of a tower, antenna, or mast. An antenna facility must be installed according to
the manufacturer’s recommendations or under the seal of a registered professional engineer
of the State of Texas.
9. Use and Repair: Antenna facilities and antennas not in use shall be removed within 30
days following notice given by the Building Official. Antenna facilities or antennas in need
of repair as determined by the Building Official, shall be removed or brought into
compliance within 30 days following notice given by the Building Official. This notice
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requirement shall not preclude immediate action by the Building Official if public safety
requires it.
10. Contained on Property: No part of an antenna facility, antennas, or other attachment may
extend beyond the property lines of the lot on which the antenna or antenna facility is
located.
11. Special Exception Requirement: A Special Exception is required from the Zoning Board
of Adjustment for an antenna or antenna facility which will not comply with any
requirement of this section. See Section J. Special Exceptions.
D. Amateur Radio and TV Antennas: Amateur radio and TV antennas are permitted as accessory
uses in the A, SF-5AC/24, SF-12/22, SF-9.6/20, SF-8.4/18, SF-8.4/16, SF-7.5/18, SF-7.5/16, SF7.5/12. SF-6/12, 2F, MF-1, MF-2 or MH or PR zoning districts. Amateur radio and TV antennas
must comply with the following regulations:
1. Antenna Facility Type: The antenna facility may be either building attached, a monopole,
tower, or a lattice tower.
2. Number of Facilities per Lot: Only one antenna facility exceeding 35 feet in height is
permitted on each lot.
3. Height Limitations: An antenna facility, exclusive of the height of any antenna or mast,
shall not exceed 35 feet in height; except, that an antenna facility shall be permitted
additional height at the ratio of one added foot in height for each additional foot of setback
beyond the minimum setback required of an accessory building in the Zoning District
Regulations to a maximum height of 65 feet in a residential district. A special exception is
required for additional height.
4. Height Limit for Building Mounted Antenna: An antenna shall not extend more than
eight-feet above a building on which it is mounted.
5. Setbacks: The following minimum setbacks apply:
1. Antennas and antenna facilities shall not be permitted in front or side yards. Guy wires
are not permitted in front yards;
2. Guy wires are permitted in required side and rear yards;
3. Setback for antenna facilities shall be the same as is required for accessory buildings in
residential districts;
6. Separation: There shall be no minimum or maximum separation requirements for antenna
facilities from other structures on the same lot of record;
7. Lights: No outdoor lighting above 20 feet shall be allowed on antenna facilities located on
residentially zoned property, and no lights so located shall be directed off one’s property,
except lights or lighting that is required by the Federal Aviation Administration or the
Federal Communications Commission;
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E. Satellite Receive-Only Antennas Generally: A satellite receive only antenna is permitted as an
accessory use under the following conditions:
1. The satellite receive-only antenna is not greater than one meter in diameter: all zoning
districts.
2. The satellite receive-only antenna is one meter or greater in diameter, but not greater than
two meters in diameter: all nonresidential zoning districts.
F. Satellite Receive-Only Antennas Greater Than One Meter in Diameter in Residential
Districts and Greater Than Two Meters in Diameter in Nonresidential Districts are
permitted as accessory uses if they comply with the following regulations:
1. Number of Antennas per Lot: Only one satellite receive-only antenna per lot of record.
2. Height: not exceeding ten feet in height.
3. Set backs:
1. Front and side yards: Not permitted.
2. Rear yard: Minimum setback as required for accessory buildings in residential districts
and as for all buildings in nonresidential districts.
4. Separation: No minimum or maximum separation requirements for satellite receive-only
antennas from other structures on the same lot of record.
5. Screening: Satellite receive-only antennas that are mounted on the ground shall be screened
from view from adjoining properties by solid fencing or evergreen plants to a height of a
least six feet. A satellite receive-only antenna located within a fence surrounding the yard in
which the satellite receive-only antenna is located shall be considered to be screened.
G. Placement of Antenna Facilities (Other Than Amateur Radio, TV, and Satellite ReceiveOnly Antennas) within Land Use Thresholds: For the purpose of determining the appropriate
locations for the placement of antenna facilities other than amateur radio, TV, and satellite
receive-only antennas, the City is divided into land use threshold areas that require different
regulations pertaining to height, location, and type of antenna facility. These land use thresholds
are defined as follows:
1. Interior Industrial "II" - Property within the I-1 and I-2 zoning districts that is located
more than 1,000 feet away from any other zoning district.
2. Exterior Industrial "EI" - Property within the I-1 and I-2 zoning districts, that is located
within 1,000 feet of any other zoning district.
3. Full Commercial "FC" - Property within the OP, C-1, C-2, C-3, or C-4 zoning districts,
which is located more than 600 feet from an A, SF-5AC/24, SF-12/22, SF-9.6/20, SF-8.4/18,
SF-8.4/16, SF-7.5/18, SF-7.5/16, SF-7.5/12. SF-6/12, 2F, MF-1, MF-2, MH or PR zoning
district.
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4. Undeveloped Residential "UR" - Property within the A, SF-5AC/24, SF-12/22, SF-9.6/20,
SF-8.4/18, SF-8.4/16, SF-7.5/18, SF-7.5/16, SF-7.5/12. SF-6/12, 2F, MF-1, MF-2, MH or
PR zoning districts, that:
1. is not a part of a recorded subdivision; or
2. is a part of a recorded subdivision but has not had a building permit issued for a
residential structure; and
3. is not located within the calculated limits of the "DR" threshold.
5. Edge Commercial “EC” –Property within the OP, C-1, C-2, C-3, or C-4 zoning districts,
which is located within 600 feet of an A, SF-5AC/24, SF-12/22, SF-9.6/20, SF-8.4/18, SF8.4/16, SF-7.5/18, SF-7.5/16, SF-7.5/12. SF-6/12, 2F, MF-1, MF-2, MH or PR zoning
district
6. Wireless Corridors “WC” - Property within, and 75 feet either side of, the right-of-way of
a freeway or a major or minor arterial roadway, as indicated on the City’s Thoroughfare
Plan.
7. Developed Residential “DR” –Property within the A, SF-5AC/24, SF-12/22, SF-9.6/20,
SF-8.4/18, SF-8.4/16, SF-7.5/18, SF-7.5/16, SF-7.5/12. SF-6/12, 2F, MF-1, MF-2, MH or
PR zoning districts, which:
1. is a recorded subdivision that has had at least one building permit for a residential
structure; or
2. is within the exterior surfaces of an existing primary residential structure; or
3. is within 600 feet of areas described by paragraphs 7.a and 7.b above.
8. Scenic / Limited “SL” - Property that has been defined as a Scenic/Limited area, the
boundary of which has been delineated on the zoning map.
H. Antenna Facility Impact Levels: For the purpose of determining appropriate locations for
antenna facilities, the city recognizes differing levels of impact for antenna facilities depending
upon physical location, aesthetics, and land uses compatibility. These antenna facility impact
levels are defined as follows:
1. 90 Foot Monopole - A monopole no greater
than 90 feet in height.
The antenna
equipment may not extend more than 5 feet
above the highest point on the monopole.
2. 60 Foot Monopole - A monopole no greater
than 60 feet in height.
The antenna
equipment may not extend more than 5 feet
above the highest point on the monopole.
3. 35 Foot Monopole - A monopole no greater
than 35 feet in height.
The antenna
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equipment may not extend more than 5 feet above the highest point on the monopole.
4. Level 4 Stealth Facility - The antenna on a Level 4 Stealth facility is located on an existing
structure (other than an antenna facility) including, but not limited to, a building, water
tower, utility tower, steeple, or light pole. The antenna is not screened nor hidden. For the
purpose of this level, a pole or tower may be reconstructed to structurally hold the antenna
but shall not be any higher than the original structure that it is replacing.
5. Level 3 Stealth Facility - The antenna on a Level 3 Stealth facility is located on an existing
structure (other than an antenna facility) including, but not limited to, a building, water
tower, utility tower, steeple, or light pole. The antenna may be aesthetically painted,
constructed, or applied with
material so that it is incorporated
into the pattern, style, and
material of the structure to
effectively render the antenna
unnoticeable. A new structure
may be constructed to hold or
house the antenna or equipment;
however, the structure must be
consistent with the overall
architectural features of the
primary buildings.
6. Level 2 Stealth Facility - The
antenna on a Level 2 stealth
facility is attached to the
structure in such a manner that if
it
is
seen
it
appears
unrecognizable as an antenna,
and the structure in which or on
which the antenna is attached is
an integral part of an overall
development.
7. Level 1 Stealth Facility - The
antenna on a Level 1 stealth
facility is attached to the
structure in such a manner that
the antenna is completely unseen
and the structure in which or on
which the antenna is attached is
an integral part of an overall
development.
I.

Antenna Facility Siting Matrix: Antenna facilities shall be located in accordance with the
following siting matrix. This matrix provides for areas where antenna facilities may be located
as permitted uses, areas where they may be located with a special exception, and areas where
they are prohibited.
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1. Additional Height - Permitted monopoles shown as 90 ft., 60 ft., and 35 ft. in the Antenna
Facility Siting Matrix may be increased in height up to 20 feet, if the antenna facility is
constructed to accommodate co-location. Co-location must include area requirements for
ground storage buildings, driveways, screening, and any other accommodation that is
required for the successful operation of a multiple-user antenna facility site. The extension
of height may only occur twice to a maximum 40 additional feet.
Antenna Facility Siting Matrix
Permitted Use

Requires a Special Exception

Prohibited

Special Exception
90 - 130 ft. Monopole
60 - 100 ft. Monopole
35 - 75 ft. Monopole
Level 4 Stealth Facility
Level 3 Stealth Facility
Level 2 Stealth Facility
Level 1 Stealth Facility
II
J.

EI

FC

UR

EC

WC

DR

SL

Special Exception: When a special exception is required by this section for the location of an
antenna facility or an antenna, the property owner must submit an application to the Zoning
Board of Adjustment.
1. Application: To properly evaluate an application to locate an antenna facility or an antenna
that requires a special exception, the following information must be provided by the
applicant:
1. Describe the nature of the antenna site. Indicate whether the proposed structure is a
monopole or mounted to a self-supporting structure. Indicate the proposed height.
2. Provide photos or drawings of all equipment, structures, and antennas.
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3. Describe why the antenna or tower is necessary at the particular location.
4. State the name(s) of the telecommunications providers or other users of the antenna or
tower and describe the use to be made by each user.
5. Indicate if this antenna or tower site is to be connected to other sites; and if so, describe
how it will be connected and who will be the back haul provider.
6. The applicant must address whether it has made an effort to co-locate the facilities
proposed for this antenna facility on existing antenna facilities in the same general area.
Identify the location of these existing sites, and describe in detail these efforts and
explain in detail why these existing sites were not feasible. Attach all studies or tests
performed which demonstrate why the existing sites will not provide sufficient signal
coverage. Provide written documentation from existing sites' owners and/or operators
which confirm the statements provided. Indicated whether the existing sites allow/
promote co-location and, if not, describe why not.
7. Indicate whether co-location will be allowed to other telecommunications providers at
the requested site. If they are not allowed, state every reason and the basis of each
reason.
8. If the requested location is in a residential district the applicant must address whether it
has made an effort to locate the facility in a nonresidential district. Identify the location
of these nonresidential district sites, describe in detail these efforts, and explain in detail
why these nonresidential sites were not feasible. Attach all studies or tests performed
which demonstrate why the nonresidential sites will not provide sufficient signal
coverage. Provide written documentation from nonresidential district sites' owners or
operators which confirm the statements provided.
9. Indicate the proposed provider's current coverage area for the City. Attach maps
showing the areas the proposed provider's existing antenna currently covers, the areas
the applicant's existing sites and the requested site would cover.
10. Describe the applicant's master antenna facilities plan for the City. Attach maps and
other related documentation. Provide information indicating each phase of the plan.
11. Describe the applicant's plan to minimize the number of antenna facilities needed to
cover the City.
2. Consideration of application. In considering whether to grant a Special Exception, the
Zoning Board of Adjustment shall consider the following:
1. The effect on the value of the surrounding property;
2. The potential for interference with the enjoyment or the use of surrounding properties;
3. Aesthetics;
4. The proposed height of the antenna facility.
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5. The zoning district and the adjoining zoning districts of the property for which the
Special Exception is sought; and
6. The unique conditions that govern reasonable reception on any given lot.
3. The Zoning Board of Adjustment will approve a requested application subject to the finding
that co-location of this facility with a nearby existing antenna facility is technically not
feasible and subject to the following conditions:
1. Applicant will permit co-location of others at the site;
2. Applicant will construct and configure its antenna facility and other equipment to
accommodate other providers;
3. Applicant will identify its backhaul provider connecting antenna sites; and
4. Applicant will give notice to the City identifying any provider who co-locates to the site
and identify its backhaul provider.
K. Written Report Upon Denial of Request: The Board of Adjustment shall document in writing
any denial of a request to place, construct, or modify an antenna facility. This documentation
shall be supported by substantial evidence within the written record.
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Section 7960. Gas Well Drilling & Production
A. Definitions: For the purposes of this Section, the definitions set forth in section 114.02 of the
Code of Mansfield, Texas, shall apply unless the context clearly indicates or requires a different
meaning. All technical industry words or phrases related to the Drilling and production of Gas
Wells not specifically defined shall have the meanings customarily attributable thereto by
prudent Operators in the Gas industry.
B. Specific Use Permit Required: The Drilling and production of Gas within the City shall only
be permitted by Specific Use Permit in accordance with Section 6100 of this Ordinance. A site
plan is required with the Specific Use Permit application and must include all
information required by Section 6100.D and the following additional information:
1. The total number of Wells to be drilled.
2. The location of the Drill Site and a layout of the site showing all related facilities,
including, but not limited to, Drilling rig, pipe rack, water and sanitary sewer facilities,
electrical supply, camper/office trailers, reserve pit, and fracturing pits.
3. The location of the Operation Site and a layout of the site showing all related facilities,
including but not limited to Wellheads, separators, dehydrators, tank batteries,
compressors, and metering stations.
4. Size, location and purpose of any shared facilities, including, but not limited to,
centralized tank batteries or fracturing pits for multiple Wells or Drill Sites.
5. The design, location, and arrangement of all access roads.
6. A map of the public streets to be used by truck traffic to the Drill Site.
7. The location of any floodplain, drainage or flowage easement.
8. A tree survey if required by the Landscape Administrator for compliance with the City’s
Natural Resources Management Ordinance.
9. A pipeline routing map indicating the location and size of all existing and planned
pipelines within both the territorial and extraterritorial limits of the City intended to
serve the well or wells identified in the above-referenced site plan. If approved by the
City Council, the submitted pipeline routing map shall be made a condition of the
Specific Use Permit. Proposed revisions or modification to an approved pipeline routing
map shall be processed in accordance with the provisions of Section 6100.J of this
Ordinance.
10. A video, provided in DVD format only, documenting existing conditions of the City
streets within one (1) mile of the Drill Site or Line Compressor facility that will be used
by truck traffic to the site, plus a DVD video or still photographs taken from the well(s)
in four directions depicting the existing conditions of the property being used for the
Drill Site or Line Compressor.
11. Time Limits:
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a. A Specific Use Permit issued under this section shall expire as to each drill site,
operation site or Line Compressor facility authorized by the Specific Use Permit,
and a new Specific Use Permit shall be required approving each unused drill site,
operation site or line compressor facility if two (2) years have elapsed since the
approval of the specific Use Permit and at the time of the proposed use an unused
drill site, operation site or line compressor facility would no longer comply with the
setback limitations set forth in Section 7960.E of this ordinance.
b. The authorization for gas well drilling and production activities under a Specific Use
Permit issued under this section shall be valid for a period of five (5) years from the
date of issuance and shall expire for any surface activity, including, but not limited
to, the drilling, fracturing and completion of wells or the installation of new
equipment, that is not completed within said five (5) year period, unless an extension
of time is approved by the City Council in accordance with the following procedure:
1. An operator of an existing Drill Site or Operation Site seeking an extension
of time shall submit an application for a new Specific Use Permit in
accordance with Section 6100 of this ordinance, including a site plan and
any other required documentation.
2. Before the City Council takes any action on the application, the Planning
and Zoning Commission must submit its recommendation and report to the
City Council, and public hearings before both the Planning and Zoning
Commission and the City Council must be held and public notice must be
given in accordance with Section 8600.C of the Zoning Ordinance.
3. Written consent for a distance setback specified in Section 7960.E of this
ordinance shall not be required for an existing Drill Site or Operation Site,
provided that there are no changes, other than the extension of time, being
proposed from the preceding Specific Use Permit. If changes are proposed,
that in the opinion of the City Manager or his or her designee, would change
the character of the site and increase its impact on surrounding properties,
the Manager or his representative shall advise the Mayor and Council that
the staff is recommending that the renewal request comply with
requirements of 7960.E of this Ordinance. An Applicant may appeal such
decision to the City Council.
4. The City Council may grant additional extensions of time, not to exceed five
years in duration per request. Additional extensions of time may be sought
subject to the limitations set forth in this Section, provided that the
application is made not sooner than the four year anniversary and prior to
the five year anniversary of the new Specific Use Permit.
5. Notwithstanding the foregoing Sub-subparagraph 4, the operator of an
existing Drill Site or Operation Site shall be entitled to make an application
for an extension of time regardless of the expiration of the preceding
Specific Use Permit, provided that the application is made prior to April 28,
2016. Any application received after April 28, 2016, shall conform to Subsubparagraph 4 above.
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6. If the application for the new Specific Use Permit is approved by the City
Council, the operator shall conduct all gas well drilling and production
activities in compliance with the regulations in Chapter 114 of the Code of
Ordinances and all other applicable City ordinances, and any amendments
thereof.
c. A Specific Use Permit issued for the activities regulated by this Section shall not be
subject to expiration pursuant to Section 6100.H.
d. An approved Specific Use Permit shall expire for each drill site operation site or line
compressor facility that is used and then abandoned. A drill site, operation site, or
line compressor facility that is used will be deemed abandoned once the use
thereafter ceases for at least twelve consecutive months. Intent to abandon shall be
irrelevant.
C. Line Compressors
1. A Specific Use Permit is required for the establishment and operation of a Line
Compressor and its related facilities and equipment whether in conjunction with a Gas
Well or as an independent operation, in accordance with Section 6100 of the Mansfield
Zoning Ordinance
2. A site plan is required with the Specific Use Permit application and must include all
applicable information required by Sections 6100.C and this Subsection. The site plan
must identify the location of the proposed Line Compressor and provide a layout of the
site showing all related facilities and equipment. If the compressor is established
separately from a Drill Site or Operation Site, a video documenting the existing
conditions where the compressor is to be located shall also be required.
D. Efficient Use of Surface: It is the intent of this Section to encourage efficient surface land use
by requiring compact and centrally located gas well development that minimizes the total
amount of surface area needed for gas well facilities and avoids the creation of unusable strips
and parcels. In order to implement this requirement, each Operator shall, to the extent permitted
by Railroad Commission spacing rules, strive to locate new Drill Sites in close proximity to preestablished Drill and/or Operation Sites, if located within six hundred (600’) feet of the proposed
new Site. This requirement shall apply regardless of whether the pre-established Drill and/or
Operation Sites are owned or managed by a different Operator.
E. Required Setback
1. No Drill Site or Line Compressor facility shall be permitted within six hundred (600’)
feet of the boundary of any preliminary or final platted residential subdivision, except
under one of the following conditions:
a. A Drill Site or Line Compressor facility shall be permitted as close as three hundred
(300’) feet to any boundary line of a platted subdivision if all affected property
owners within six hundred (600’) feet of the Drill Site or Line Compressor facility
consent in writing; or
b. Notwithstanding the foregoing, a Drill Site or Line Compressor facility may be
located on a lot within the boundaries of a preliminary or final platted residential
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subdivision with the written consent of the property owner, provided the Drill Site or
Line Compressor facility is located at least three hundred (300’) feet from the
boundary of any final platted residential lot within the subdivision and the required
distances set forth in subsections (2) and (3) are adhered to in accordance with their
terms.
c. For the purpose of Subparagraph (a) above, “affected property owner” shall mean
the owner of property that is both within six hundred (600) feet of the proposed Drill
Site or Line Compressor facility and located within the boundary of a preliminary or
final platted residential subdivision.
2. No Drill Site or Line Compressor facility shall be permitted within six hundred (600)
feet of the boundary line of a property with a residential structure (if located on an
unplatted tract), public building, institution, public or private school, day care center, or
commercial building, except under one of the following conditions:
a. A Drill Site or Line Compressor facility shall be permitted as close as three hundred
(300) feet to any boundary line of a property described in Paragraph 2 above if all
affected property owners within six hundred (600) feet of the Drill Site or Line
Compressor facility consent in writing; or
b. Notwithstanding the foregoing, a Drill Site or Line Compressor facility may be
located on a property containing a residential structure (if located on an unplatted
tract), public building, institution, public or private school, day care center, or
commercial building with the written consent of the property owner and the required
distances set forth in subsections (1) and (3) are adhered to in accordance with their
terms.
c. For the purpose of Subparagraph (a) above, “affected property owner” shall mean
the owner of property that is both within six hundred (600) feet of the proposed Drill
Site or Line Compressor facility and contains a building or structure described in
Paragraph 2 above.
3. No Drill Site or Line Compressor facility shall be permitted within one thousand (1,000)
feet from any hospital, nursing home, or the City’s Law Enforcement Center. For the
purposes of this Section, “nursing home” means a place for the care of individuals who,
because of injury, incapacity, age or infirmity are generally non-ambulatory and require
twenty-four hour supervised personal and/or medical care.
4. No Well or Line Compressor may be located within one hundred (100) feet of a railroad
right-of-way.
5. In addition to obtaining written permission from property owners in accordance with
Sections 7960.E.1.a or 7960.E.2.a above, a Gas Well Operator shall give written notice,
in a form acceptable to the city, to the tenants or lessees of any residential Protected Use
or the owner of a residential structure such as a manufactured home on a rental property
within six hundred (600) feet of the proposed Drill Site for which the operator is making
an application for a Specific Use Permit. Such notice shall be sent by certified mail,
return receipt requested, and by first class U.S. mail. The Operator shall provide copies
of the return receipts and an affidavit certifying that notice has been sent to the abovereferenced tenants or lessees.
Ordinance No. 1703-08, Adopted 8/25/08
Ordinance No. 1766-10, Amended 4/27/10
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ARTICLE 8. ADMINISTRATION, AMENDMENTS AND ENFORCEMENTS.
Section 8100. Enforcement, Violations and Penalties.
A. Enforcement. The provisions of this Ordinance shall be administered and enforced by the City.
Each application for a building permit shall be accompanied by a site plan in triplicate drawn to
scale, showing the actual dimensions of the lot to be built upon, the size, shape, and location of
the building and or structure to be erected, and such other information as may be necessary to
provide for the enforcement of this Ordinance.
B. Violations and Penalties. Any person, firm, corporation or entity that violates or assists in the
violation of any of the provisions of this Ordinance or fails to comply with any of the
requirements thereof, or who shall build or alter any building or use in violation of any plan or
permit submitted and approved hereunder, shall be guilty of a misdemeanor and upon
conviction shall be punished as provided in Section 10.99 of the Code of Ordinances of
Mansfield, Texas. Each day such violation exists shall constitute a separate offense.
C. Civil Remedies. In order to enforce the provisions of this Ordinance, the City Attorney is
authorized to institute any civil action in the appropriate court upon the prior approval of the
City Manager.
Section 8200. Issuance of Building Permits and Utility Service.
A. No building permit for the construction of a building or structure upon any tract, parcel or
premise shall be issued, and public utilities shall not be extended or connected to a building or
structure unless the lot, tract, parcel or premise is part of a plat of record properly approved by
the Planning and Zoning Commission or a lot of record. However, nothing herein shall require a
plat to be approved and filed as a prerequisite to construction where such construction occurs in
an area zoned in a PR, A or Single-family Residential District for any of the following purposes:
1. adding to an existing building or structure; or
2. altering an existing building or structure; or
3. adding an accessory building or structure; or
4. restoring any building or structure previously destroyed by fire, explosion or any other
casualty or act of God where the extent of the destruction is not more than fifty percent
(50%) of its reasonable market value.
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Section 8300. Certificate of Occupancy and Compliance.
A. No existing building or structure shall be changed in use, and no building or structure erected,
enlarged or structurally altered after the effective date of this ordinance, unless a Certificate of
Occupancy and Compliance shall first have been issued by the Building Official of the City of
Mansfield certifying that the building and the proposed use of the building and premises comply
with all building and fire codes, and any other applicable codes and ordinances.
B. A Certificate of Occupancy and Compliance shall be applied for coincident with the application
for a Building Permit and will be issued within ten (10) working days after the completion of the
erection, alteration or conversion of such building or land provided such construction or change
has been made in complete conformity to the provisions of this Ordinance. All existing or
hereafter created nonconforming uses shall obtain Certificates of Occupancy within eighteen
(18) months of the effective date of this Ordinance. A Certificate of Occupancy shall be
considered evidence of the legal existence of a lawful nonconforming use as contrasted to an
illegal use and violation of this Ordinance.
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Section 8400. Board of Adjustments.
A. Membership, Appointment and Term of Office: There shall be a Board of Adjustments
composed of five (5) regular members and up to three (3) alternate members who serve in the
absence of one or more regular members. The members of the Board shall be residents and real
property taxpayers in the City of Mansfield, appointed by the City Council for a term of two (2)
years or until their successors are appointed. Four (4) members of the Board shall be so
appointed each odd-numbered year and four (4) members shall be appointed each even–
numbered year. The City Council may remove a board member for cause, as found by the City
Council, on a written charge after a public hearing. Vacancies shall be filled for the unexpired
term of any member whose position becomes vacant for any cause in the same manner as the
original appointment was made. Members of the Board shall serve without compensation.
Ordinance No. 1517, Adopted 2/28/05
B. Proceedings. The Board of Adjustments shall adopt rules to govern its proceedings provided,
however, that such rules are not inconsistent with this Ordinance or statutes of the State of
Texas. Meetings of the Board shall be held at the call of the Chairman or at such other times as
the Board may determine. The Chairman, or in his absence, the Acting Chairman, may
administer oaths and compel the attendance of witnesses. All meetings of the Board shall be
open to the public. The Board shall keep minutes of its proceedings showing the vote of each
member upon each question, or, if absent or failing to vote, indicate such fact, and shall keep
records of its examinations and other official actions, all of which shall be immediately filed in
the office of the Board and shall be a public record.
C. Appeal Process.
1. Appeals to the Board can be taken by any person aggrieved by an officer, department, or
board or bureau of the municipality affected by any decision of the administrative officer.
Such appeal shall be taken within fifteen (15) days after the decision has been rendered by
the administrative officer, by filing with the Officer from whom the appeal is taken and with
the Board, a notice of appeal specifying the grounds thereof. The officer from whom the
appeal is taken shall forthwith transmit to the Board all the papers constituting the record
upon which the action appealed was taken.
2. At a public hearing relative to any appeal or variance, any interested party may appear in
person or by agent of attorney. The burden of proof shall be on the applicant to establish the
necessary facts to warrant favorable action of the Board of Adjustments on any appeal.
D. Stay of Proceeding. An appeal shall stay all proceedings in furtherance of the action appealed
from unless the officer from whom the appeal is taken certifies to the Board of Adjustments,
after the notice of appeal shall have been filed with him, that by reason of facts stated in the
certificate, a stay would, in his opinion, cause imminent peril to life or property. In such case,
proceedings shall not be stayed, otherwise, than by a restraining order which may be granted by
the Board or by a court of record on application or notice to the officer from whom the appeal is
taken and on due cause shown.
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E. General Powers. The Board shall have the following powers.
1. To hear and decide appeals when it is alleged there is an error in any order, requirement,
decision, or determination made by an administrative official in the enforcement of this
Ordinance. The Board must find the following in order to grant an appeal:
a. That there is a reasonable difference of interpretation as to the specific intent of the
zoning regulations or zoning map.
b. That the resulting interpretation will not grant a special privilege to one property
inconsistent with other properties or uses similarly situated.
c. The decision of the Board must be such as will be in the best interest of the community
and consistent with the spirit and interest of this Ordinance.
2. To initiate, on its motion or otherwise, action to bring about the vacation and demolition of a
nonconforming structure which is deemed to be obsolete, dilapidated or substandard or the
discontinuance of a non-conforming use under any plan whereby full value of the structure
or use can be amortized within a definite period of time, taking into consideration the
general character of the neighborhood and the necessity for all property to conform to the
regulations of this ordinance.
3. To authorize upon appeal in specific cases such variance from the terms of this Ordinance as
will not be contrary to the public interest, where, owing to special conditions, a literal
enforcement of the provisions of said law will result in unnecessary hardship, and so that the
spirit of the Ordinance shall be observed and substantial justice done. The term "variance"
shall mean a deviation from the literal provisions of the Zoning Ordinance which is granted
by the Board when strict conformity to the Zoning Ordinance would cause an unnecessary
hardship because of circumstances unique to the property on which the variance is granted.
Except as otherwise prohibited under Paragraph F hereto, the Board is empowered to
authorize a variance from a requirement of the Zoning Ordinance when the Board finds that
all of the following conditions have been met:
a. That the granting of the variance will not be contrary to the public interest; and
b. That literal enforcement of the ordinance will result in unnecessary hardship because of
exceptional narrowness, shallowness, shape, topography or other extraordinary or
exceptional physical situation or physical condition unique to the specific piece of
property in question. "Unnecessary hardship" shall mean physical hardship relating to
the property itself as distinguished from a hardship relating to convenience, financial
considerations or caprice, and the hardship must not result from the applicant or property
owner's own actions; and
c. That by granting the variance, the spirit of the Ordinance will be observed and
substantial justice will be done.
The applicant shall have the burden of proving to the Board that the foregoing
conditions have been met.
4. To authorize special exceptions as specified in Section 6300 of this Ordinance.

8400-2

§8400
F. Use Variance Prohibited. No variance shall be granted to permit a use in a zoning district in
which that use is prohibited, or a use which is explicitly prohibited by this ordinance.
G. Additional Conditions. The Board is empowered to impose upon any variance any condition
reasonably necessary to protect the public interest and community welfare.
H. Revocation or Modification. A variance or special exception may be revoked or modified for
any of the following reasons:
1. That the variance or special exception was obtained or extended by fraud or deception.
2. That one or more of the conditions imposed by the Board in granting such variance or
special exception has not been complied with or has been violated.
3. That the variance or special exception although granted in accordance with all requirements
hereof, has caused a nuisance or is otherwise detrimental to public health, safety and welfare.
An action to revoke or modify a previously granted variance or special exception may be
initiated by order of the Board, or the person who obtained the variance or special exception.
The Board of Adjustments shall hear a request for the revocation or modification of a
variance or special exception in accordance with the same notification and hearing
procedures established for the original variances or special exception.

I.

Notification and Public Hearing Process. Any request for an appeal, variance or special
exception shall require a public hearing before the Board. Notice of said public hearing shall be
published at least one time in a newspaper of the City of Mansfield, at least ten (10) days prior to
the date of the hearing. A written notice of the hearing shall be sent to owners of property
situated within two hundred (200) feet of the exterior boundary of the property with respect to
which such appeal or variance is requested at least ten (10) days prior to the date of the hearing.
It shall be sufficient that such written notice is addressed to the owner appearing on the last
approved tax roll of the City and addressed to such owner at the address stated on said roll. If no
owner is stated on the tax roll or no address appears thereon, the written notice to such property
owner shall not be required. An application fee as set forth in the Mansfield Fee Schedule
Ordinance shall be paid to the City in advance of the hearing except as indicated in Section 6300
of this Ordinance. No refund shall be made under any circumstances except in the event the
application is withdrawn prior to the mailing of the required written notification or publication in
the official newspaper, the fee shall be refunded.

J.

Action of the Board. The concurring vote of four (4) members of the Board shall be necessary
to reverse any order, requirement, decision or determination of any such administrative official,
or to decide in favor of the applicant on any matter upon which it is required to pass under any
such ordinance, or to effect any variation in such ordinance.

K. Appeal from Decision of Board. Any person aggrieved by any decision of the Board of
Adjustment, or any officer, department or other board or commission of the City of the City
Council, may appeal the decision or action of the Board of Adjustments by filing a petition for
same in a court of competent jurisdiction, setting forth that such decision is illegal in whole or in
part, and specifying the grounds for the alleged illegality. Such petition shall be filed with the
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court within ten (10) days from the day the Board renders its decisions, and not thereafter. The
time period set forth herein shall be deemed jurisdictional.
L. Reapplication. No application for a variance or appeal which has been denied shall be again
filed earlier than one (1) year from the date of original denial unless other property in the
immediate vicinity has, within the said one year period, been changed or acted on by the Board
of Adjustments or City Council as to alter the facts and conditions on which the previous Board
action was based. Such change of circumstances shall permit the rehearing of an appeal by the
Board of Adjustments prior to the expiration of the one year period, but such conditions shall in
no wise have any force in law to compel the Board of Adjustments, after a hearing, to grant a
subsequent appeal. Such subsequent appeal shall be considered entirely on its merits and the
peculiar and specific conditions related to the property on which the appeal is brought.
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Section 8500. Planning and Zoning Commission.
A. Membership, Appointment and Term of Office: There shall be a Planning and Zoning
Commission composed of seven (7) members, who shall be residents and real property taxpayers
in the City of Mansfield. The members of the Commission shall be appointed by the City
Council for two (2) year terms or until their successors are appointed. Three (3) members of the
Planning and Zoning Commission shall be so appointed each odd-numbered year and four (4)
members shall be appointed each even-numbered year. Vacancies shall be filled for the
unexpired term of any member whose position becomes vacant for any cause in the same manner
as the original appointment was made. The City Council may remove a Commissioner for cause
set forth in writing. Members of the Commission shall serve without compensation. Ordinance
No. 1517, Adopted 2/28/05
B. Proceedings. The Planning and Zoning Commission shall have the power to adopt its own rules,
regulations or bylaws to govern its proceedings; provided that such rules shall not be
inconsistent with the ordinances of the City or the laws of the State of Texas. All meetings of
the Planning and Zoning Commission shall be open to the public. A majority of the members of
the Planning and Zoning Commission entitled to vote shall constitute a quorum for the
transaction of business.
C. Powers and Duties. The Planning and Zoning Commission shall have the following powers and
duties:
1. To make studies and project plans for the improvement of the City, with a view toward its
future development and extension, and to recommend to the City Council all matters for the
development and advancement of the City's facilities, layout and appearance, and to perform
all duties imposed upon the City Planning and Zoning Commission by the Statutes of the
State.
2. To make plans and maps of the whole or any portion of the City and of land outside the City
located within one (1) mile of the City which, in the opinion of the Planning and Zoning
Commission, bears a relation to the planning of the City, and to make changes in, additions
to and extensions of such plans or maps when it deems same advisable.
3. To assist all other municipal and governmental agencies, and especially the City Council, in
formulating and executing proper plans of municipal development.
4. To plan and recommend the location, plan, and extent of City alleyways, viaducts, bridges,
subways, parkways, parks, playgrounds, airports, automobile parking places and other public
properties, and public utilities, including bus terminals, railroads, railroad depots, and
terminals, whether publicly or privately owned, for water, lights, sanitation, sewerage
disposal, drainage, flood control, communication, marketing, and shipping facilities, power
and other purposes, and for the removal, relocation, widening, extension, narrowing,
vacation, abandonment or change of use of any of the foregoing public places, works,
buildings, facilities, or utilities.
5. To select and recommend to the City Council routes of streets, avenues and boulevards, and
particularly to investigate and recommend the opening, widening, or abandonment of streets,
avenues, boulevards, and alleys or the changing thereof to conform with the City's system,
present and future, of boulevards, streets, avenues, alleyways, parks and parkways.
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6. To investigate, consider and report to the City Council upon the layout or platting of new
subdivisions of the City or of property situated within one (1) mile of the City limits, and to
approve all plans, plats, or replats of additions within the City limits, or within one (1) mile
of the City limits.
7. To recommend to the City Council for adoption and promulgation rules, regulations, terms
and conditions governing plats and subdivision of land within the corporate limits of the
City to promote the health, safety, morals and general welfare of the community, and the
safe, orderly and healthful development of such community.
8. To recommend plans to the City Council for improving, developing, expanding, bayous and
streams, river front and yacht basins in or adjoining the city, and to cooperate with the City
Council and other agencies of the City in devising, establishing, locating, improving,
selecting, expanding and maintaining the public parks, parkways, playgrounds and places for
public recreation.
9. To aid and assist the City Council by recommending plans for the development of civic
centers.
10. To recommend the boundaries of the various districts or zones, to recommend appropriate
regulations to be enforced therein, to make their preliminary report as to such zoning
districts and regulations and to hold a public hearing or public hearings on the same before
submitting a final report, and to submit a final report to the City Council and to perform all
other duties and exercise all other powers conferred upon it by the statutes of the State of
Texas.
11. To suggest plans for clearing the City of slums and blighted areas.
D. Cooperation by Other Department Heads and Officials. All department heads and officials
of the City shall be available to the Planning and Zoning Commission for advice and
consultation, and they shall cooperate with and render such services for the Department of
Planning as shall come within the scope of the duties of such department heads and officials. All
such department heads and officials shall attend meetings of the Planning and Zoning
Commission upon the request of the Planning and Zoning Commission or its duly authorized
official or officials and upon prior approval of the City Manager.
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Section 8600. Changes and Amendments.
A. Authority to Amend: The City Council may, from time to time, on its own motion, or on
petition of an interested property owner or owners:
1. Amend, supplement, or change by ordinance the zoning classification of any property or the
regulations herein established or issue or revoke Specific Use Permits; or
2. Issue or revoke Specific Use Permits, following the receipt of a report from the Planning and
Zoning Commission on any application for a Specific Use Permit, the Council may:
a. Authorize the issuance of the permit.
b. Attach conditions relating to use limits, duration of the permit, time of operation, or
other appropriate conditions to the proposed permit and then authorize its issuance.
c. If the Council approves a Specific Use Permit that authorizes specialized construction of
improvements that may only be utilized under the terms of the Specific Use Permit, the
Council will not consider revocation of the permit unless evidence is presented showing
that the property owner/operator is in direct and knowing violation of a specific
performance condition attached to the Specific Use Permit when issued.
d. The Council may consider the revocation of any Specific Use Permit if after a properly
noticed hearing in which any interested party has an opportunity to present evidence and
be heard, the Council makes a determination that a performance condition attached to
the original permit has been violated by the owner/operator of the permitted activity, or
if the original permit was issued with an expressly stated condition that the permit was
for a limited period of time and was subject to periodic review to determine impact on
adjoining properties or activities. If a permit is issued for a limited duration, the
applicant undertakes the permitted activity with the knowledge that the permit may be
revoked or not renewed by future Council action.
e. Specific Use Permits issued for a limited time duration may be extended for additional
increments of time following a properly noticed hearing.
f.

All Specific Use Permits shall be approved, conditioned, modified or revoked following
a public hearing in a single meeting action of the City Council. Specific Use Permits do
not constitute a change in zoning and, therefore, do not proceed through a three reading
ordinance amendment requirement as would be required for a change in zoning
classification.

B. Recommendation by Planning and Zoning Commission. Before taking any action on any
proposed amendment, supplements, change or a Specific Use Permit, the City Council shall
submit the same to the Planning and Zoning Commission for its recommendation and report.
The Planning and Zoning Commission shall hold a public hearing before submitting its
recommendation and report to the City Council.
C. Public Hearing and Notification Requirements. No regulation, restriction or zoning district
classification of any property shall be amended, supplemented or changed and no Specific Use
Permit approved or revoked until after public hearings in relation thereto are held by the
Planning and Zoning Commission and City Council, at which parties in interest and citizens
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shall have an opportunity to be heard. Written notice of all public hearings before the Planning
and Zoning Commission on proposed changes in zoning district classification or Specific Use
Permits shall be sent to owners of real property lying within two hundred (200) feet of the
property on which the change in classification or Specific Use Permit is proposed, such notice to
be given, not less than ten (10) days before the date set for hearing, to all such owners who have
rendered their said property for City taxes as the ownership appears on the last approved City tax
roll. Such notice may be served by depositing the same, properly addressed and postage paid,
with the United States Postal Service. At least fifteen (15) days notice shall be published in an
official paper, or a paper of general circulation in the City of Mansfield before the City Council
public hearing.
D. Application Fee. Any person, firm or corporation applying for a change in this Ordinance or
the zoning district classification of any property or a Specific Use Permit shall be required to pay
an application processing fee as set forth in the Mansfield Fee Schedule Ordinance. No part of
this fee shall be refundable unless the application is withdrawn prior to the mailing of the
required written notification or publication in a newspaper. The limitation in reference to giving
of notice is to protect owners of nearby properties against insincere applicants simply using the
City's notice procedure to test public reaction. No harm is done in terms of public image if case
is withdrawn prior to giving of public notice.
E. Limitation of Re-applications. No application for a change in zoning districts or Specific Use
Permit shall be heard for a particular parcel of property if within twelve (12) months prior to the
date of said application either a zoning case was denied by the City Council or a zoning case was
withdrawn after the giving of public notice, and such application currently under consideration
includes property which was all or a part of the previously denied or withdrawn case, and the
application currently under consideration is for the same or a more intense zoning district than
provided, however, on receipt of written request by the original applicant stating how conditions
have changed substantially in the community since prior consideration of his proposal so as to
justify an earlier review of this matter, the City Council may waive the mandatory delay period
and authorize the acceptance of a new application. The term "more intense zoning district" shall
mean one that generally permits uses of higher intensity, progressing from the first district listed
in Section 3100 as the least intense to the I-2, Heavy Industrial District as the most intense, in the
order listed in Section 3100.
F. Postponement of Public Hearings at Applicant's Request: An applicant for a zoning change
or Specific Use Permit may request a postponement of a scheduled public hearing on such
zoning request not less than ten (10) days, excluding Saturdays, Sundays, and holidays, prior to
such scheduled public hearing. In the event that any publication or notification has been made
by the City of the public hearing prior to such request for postponement, such applicant shall
include, with his request, payment to the City of Mansfield of such fee for such postponement as
may be set by the Planning and Zoning Commission or City Council.
G. Zoning Districts not Available for Application – The City will not accept any application for
zoning change to the SF-5AC/24, SF-8.4/16, SF-7.5/16, SF-7.5/12 or SF-6/12 District.
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Section 8700. Historic Landmark Commission
A. Membership, Appointment and Term of Office: There shall be a Historic Landmark
Commission composed of seven (7) regular members and one (1) alternate member who
serves in the absence of a regular member. The members of the Commission shall be
residents and real property taxpayers in the City of Mansfield, appointed by the City Council
for two (2) year terms or until their successors are appointed. Four (4) members of the
Commission shall be so appointed each odd-numbered year and four (4) members shall
be appointed each even-numbered year. Vacancies shall be filled for the unexpired term of
any member whose position becomes vacant for any cause in the same manner as the
original appointment was made. Members of the Commission shall serve without
compensation. Ordinance No. 1517, Adopted 2/28/05
B. Organization: The Historic Landmark Commission shall hold an organizational meeting within
thirty (30) days of appointment in October of each year and shall elect a chairman and
vice-chairman from among its members before proceeding to any other matters of business. The
Planning and Development Director of the City of Mansfield, or her (his) designated
representative, shall be the secretary of the Board. The Planning and Development Director shall
provide technical assistance to the Historic Landmark Commission. The Planning and
Development Director or his designee shall serve as Local Historic Preservation officer. The
Historic Landmark Commission shall meet regularly and shall designate the time and place of its
meetings. It shall adopt its own rules of procedure and keep a record of its proceedings in
accordance with the State Statutes and the Zoning Ordinance and the Charter of the City of
Mansfield. Newly appointed members shall be installed at the first regular meeting after their
appointment.
C. Meetings and Quorum: Three (3) members of the Historic Landmark Commission shall
constitute a quorum for the conduct of business; however, three (3) affirmative votes shall be
required to decide any issue before the Historic Landmark Commission. The members shall
regularly attend meetings and public hearings of the Historic Landmark Commission and shall
serve without compensation, except for reimbursement for authorized expenses attendant to the
performance of their duties.
D. Powers and Duties. The Historic Landmark Commission shall thoroughly familiarize itself
with the buildings, land, areas and districts within the city which may be eligible for designation
as historic landmarks and shall prepare an Historic Landmark Preservation Plan hereinafter
referred to as the "Preservation Plan," which shall:
1. Identify and catalog buildings, land, areas, and districts of historical, architectural,
archaeological or cultural value, along with statements of fact which verify their
significance;
2. Identify criteria to be used in determining whether to grant or deny Certificates of Approval
for proposed alterations to the exterior of a designated historic landmark;
3. Identify guidelines to be used in determination of whether to grant or deny Certificates of
Approval for proposed alterations to the exterior of a designated historic landmark;
4. Formulate a program for private and public action which will state the role of various
agencies in the City for preservation of historic landmarks;
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5. Suggest sources of funds for preservation and restoration activities and for acquisitions, to
include federal, state, municipal, private and foundation sources; and
6. Recommend incentives for preservation
The Preservation Plan shall be presented to the City Planning and Zoning Commission.
The Historic Landmark Commission shall recommend to the City Planning and Zoning Commission that
certain buildings, land areas, and districts in the City be designated as historic landmarks. Each
recommendation shall include:
1. Those premises, lots, or tracts to be designated;
2. Any additional uses to be permitted in the specific "H" Historic Landmark Overlay District;
3. Specific criteria for the required preservation of the exteriors of the premises within the
designated sub-district.
If the Historic Landmark Commission finds that certain buildings, land, areas or districts cannot be
preserved without acquisition, the Commission shall recommend to the City Planning and Zoning
Commission that the fee or a lesser interest in the property be acquired by gift, or purchase, using
funds available for preservation or restoration.
Where there are conditions under which the required preservation of an historic landmark would
cause undue hardship to the owner or owners, use changes may be recommended by the
Commission. Such changes shall be in keeping with the spirit and intent of Section 5400 of this
Ordinance.
Periodically the Commission shall review the status of designated Historic Landmark Overlay
Districts and include in the Commission's minutes a report of such review.
The designation of a Historic Landmark Overlay District may be amended or removed using the
procedure provided in Section 5400 L of this Ordinance.
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Section 8800. Miscellaneous Provisions.
A. Uses Prohibited by Other Ordinances. Nothing in this Ordinance shall be construed as
repealing any existing ordinance of the City of Mansfield regulating nuisances or permitting uses
which are not prohibited by this ordinance.
B. Deed Restriction. No provision or application of this Ordinance shall be construed as affecting
in any manner the rights of individual property owners to privately enforce deed restrictions
upon the use of any property zoned under the terms of this Ordinance if such restrictions are of
higher or more restrictive classification than the provisions contained herein.
C. Conflicting Provisions. Whenever a conflict arises among any provisions of this Ordinance, the
most restrictive requirement shall apply.
D. Completion of Building.
1. Nothing herein contained shall require any change in the plans, construction or designated
use of a building actually under construction at the time of the passage of this Ordinance and
which entire building shall be completed within one (1) year from the date of the passage of
this Ordinance.
2. In the event construction drawings have been submitted for a building permit prior to the
effective date of this ordinance showing development proposed under terms of the prior
ordinance, the Building Official may grant a permit for the development and construction
based on the requirements of the previous ordinance and set a reasonable time limit for the
completion of such development.
E. Right of Entry. Whenever necessary to make an inspection to enforce any of the provisions of
this Code, or whenever the Building Official or his authorized representative has reasonable
cause to believe there exists in any building or upon any premises a violation of this Code, the
Building Official or his authorized representative may enter such building or premises at all
reasonable times to inspect the same or to perform any duty imposed upon the Building Official
by this Code, provided that if such building or premises be occupied, he shall first present proper
credentials and request entry; and if such building or premises are unoccupied, he shall first
make a reasonable effort to locate the owner or other persons having charge or control of the
building or premises and request entry. If such entry is refused or if no owner or other person
having charge or control of the building or premises can be located, the Building Official or his
authorized representative shall have recourse to every remedy provided by law to secure entry.
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Any person violating any of the provisions of this Ordinance shall, upon conviction, be fined
as provided in Section 1-6 of the City Code of Ordinances, and each day and everyday that the
provisions of this Ordinance are violated shall constitute a separate and distinct offense. The owner
or owners of any building or premises, or part thereof, where anything in violation of this Ordinance
shall be placed or shall exist, and any architect, builder, contractor, agent, person or corporation
employed in connection therewith and who may have assisted in the commission of any such
violation shall be guilty of a separate offense and upon conviction shall be fined as herein provided.
Section 3.
By the passage of this Ordinance, no presently illegal use shall be deemed to have been
legalized unless specifically such use falls within a use district where the actual use is a conforming
use. Otherwise, such uses shall remain nonconforming uses where recognized, or an illegal use, as
the case may be. It is further the intent and declared purpose of this Ordinance that no offense
committed, and no liability, penalty or forfeiture, either civil or criminal, incurred prior to the time
the existing Zoning Ordinances were repealed and this Zoning Ordinance adopted, shall be
discharged or affected by such repeal; but prosecutions and suits for such offenses, liabilities,
penalties or forfeitures may be instituted or causes presently pending proceeded with in all respects
as if such prior ordinances had not been repealed.
Section 4.
If any section, paragraph, subsection, clause, phrase or provision of this Ordinance shall be
adjudged invalid or held unconstitutional, the same shall not affect the validity of this Ordinance as a
whole or any part or provisions thereof other than the part so decided to be invalid or
unconstitutional.
Section 5.
That all ordinances or parts of ordinances in force when the provisions of this Ordinance
becomes effective which are inconsistent or in conflict with the terms or provisions contained in this
ordinance are hereby repealed to the extent of any such conflict.

Section 6.
This Ordinance shall be effective and shall be in full force and effect on and after the 27 DAY
OF APRIL, 1986.
PASSED AND ADOPTED ON ITS FIRST READING THIS THE 31 DAY OF MARCH, 1986.
PASSED AND ADOPTED ON ITS SECOND READING THIS THE 14 DAY OF APRIL,
1986.
PASSED AND ADOPTED ON THIS THIRD AND FINAL READING THIS THE 15 DAY
OF April, 1986.

/S/___________________________
L. Wayne Wilshire, Mayor
ATTEST:

/S/___________________________
Kathryn Howard, City Secretary
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Sec. 3.1-145 - Standards for oil and gas well drilling and production.
A.

On-site Requirements.
1.

Entrance Gate: A secured entrance gate shall be required and signs identifying the entrance to the
drill site or operations site shall be reflective.

2.

Fencing: All drilling features including storage pits shall be fenced to prevent access. When not
supervised, all fences shall remain locked.

3.

Illegal Dumping: No person shall place, deposit, or discharge any oil, naphtha, petroleum, asphalt,
tar, hydrocarbon substance, or any refuse including wastewater or brine, from any oil or gas
operation or the contents of any container used in connection with any oil or gas operation in,
into, or upon any public right-of-way, storm drain, ditch or sewer, sanitary drain, any body of
water, or any private property within the corporate limits or ETJ of the City of Colleyville.

4.

Fire Suppression: All fire suppression and prevention equipment required by any applicable
federal, state, or local law shall be provided by the operator, at the operator's cost, and
maintenance and upkeep of such equipment shall be the responsibility of the operator.

5.

Screening: All well heads, storage tanks, separation facilities or other mechanical equipment shall
be screened with a minimum eight-foot high solid screen fence, good side facing from the gas or
oil well. Prior to the beginning of any gas well production, a permanent, solid masonry screening
wall built to a minimum height of eight feet shall be installed along the entire perimeter of the pad
site so as to obscure the entire view of any production equipment, including storage tanks, from
surrounding habitable buildings and public roadways. Such wall must be completed within 60 days
of completion of drilling of the first well on the site. The masonry perimeter wall shall have an
architectural metal gate meeting the requirements for gates found in Chapter 14 of the Land
Development Code that shall remain locked when the operator or operator's employees are not
within the enclosure.

6.

Closed-loop drilling fluid systems: Closed-loop drilling fluid systems shall be used instead of
reserve pits, except in the case of temporary fresh water pits. All other fluids shall be accumulated
in storage tanks and transported out of the city limits as required by state law or as required by
the administrative officer. Wells drilled for the sole purpose of injecting any fluids for underground
disposal are hereby prohibited.

7.

Discharge: No person shall place, deposit, discharge, or cause or permit to be placed, deposited or
discharged, any oil, naphtha, petroleum, asphalt, tar, hydrocarbon substance, or any refuse
including wastewater or brine from any oil and/or gas operation, or the contents of any container
used in connection with any oil and/or gas operation in, into, or upon any public right-of-way,
alleys, streets, lots, storm drain, ditch or sewer, sanitary drain, underground or any body of water
or any private property in the City of Colleyville.

8.

Drilling fluids: Low toxicity glycols, synthetic hydrocarbons, polymers, and esters shall be
substituted for conventional oil-based drilling fluids.

9.

Drilling fluid storage pits: No drilling fluid storage pits, other than open pits used to store fresh
water, shall be located within the City of Colleyville. Fresh water pits shall contain measures
designed to mitigate proliferation of mosquitos. Pits shall be located below the average grade of
surrounding properties and contain decorative aeration devices that provide a fountain effect.
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10.

Drill stem testing: All open hole formation or drill stem testing shall be done during daylight hours.
Drill stem tests may be conducted only if the well effluent during the test is produced through an
adequate oil and/or gas separator to storage tanks and the effluent remaining in the drill pipe at
the time the tool is closed is flushed to the surface by circulating drilling fluid down the annulus
and up the drill pipe.

11.

Signs:
a.

A sign shall be immediately and prominently displayed at the gate on the temporary and
permanent site fencing. Such sign shall be durable material, maintained in good condition
and, unless otherwise required by the City Council, shall have a surface area of not less than
two square feet nor more than four square feet and shall be lettered with the following:
i.

Well name and number;

ii.

Name of operator;

iii.

The emergency 911 number; and

iv.

Telephone numbers of two persons responsible for the well who may be contacted 24
hours a day incase of an emergency.

b.

Permanent weatherproof signs reading "DANGER NO SMOKING ALLOWED" shall be posted
immediately upon completion of the well site fencing at the entrance of each well site and
tank battery or in any other location approved or designated by the fire marshal of the City of
Colleyville. Sign lettering shall be four inches in height and shall be red on white background
or white on a red background. Each sign shall include the emergency notification numbers of
the fire services department and the operator, well and lease designations required by the
Commission.

12.

Security camera(s): The operator shall at all times after the permanent masonry perimeter fence is
in place, have installed a minimum of one operating security camera inside the perimeter fence
and post on the fencing of the site signs indicating that any activity on the site may be recorded by
video surveillance. Such sign shall conform to the approved sign plan. The location of the security
camera, camera type and picture resolution of the recordings shall be subject to the approval of
the Police Chief or their designee. Camera systems shall be maintained in proper operating
condition and do all of the following:
a.

Capture clear video images of all traffic entering and exiting the gate(s); and

b.

Capture clear video images of all production equipment located on the site; and

c.

Be equipped with motion detection technology; and

d.

Be equipped with panning technology to pan immediately to any motion detected on the site;
and

e.

Show the date and time of all activity on the footage; and

f.

Be capable of being viewed at the monitoring facility.

The operator shall maintain video data for a period of at least 1,000 hours. At the request of the
city, the operator shall produce to the city any recorded views of the fenced area. Data from
videos may only be requested by the administrator or law enforcement officials.
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B.

Operations and Equipment Standards.
1.

During the hydraulic fracturing process:
a.

All fracturing operations including "flowback" operations to recover fluids used during
fracture stimulation shall be performed during daytime hours only;

2.

b.

A watchperson shall be required at all times during such operations; and

c.

At no time shall the well be allowed to flow or vent directly to the atmosphere.

Nuisance prevention measures shall be implemented to prevent or control offensive odor, fumes,
dust, noise, and vibration in accordance with the conditions set forth by the approved ordinance.

3.

Directional lighting shall be provided for the safety of oil or gas well drilling and production
operations and shall be provided so as to not disturb, directly illuminate or adversely affect
adjacent developments. A site lighting plan designed to promote the safety of nighttime
operations shall be submitted prior to the issuance of the administrative permit for drilling
activities. The plan should include a photometric plan, indicating the type and color of light(s) to be
used and demonstrate compliance with all Federal Aviation Administration requirements.

4.

The operator shall, at all times, comply with the rules and regulations of the Texas Railroad
Commission including, but not limited to, all applicable Field Rules.

5.

Only electric motors will be used for the purpose of drilling and pumping oil or gas during
production. Internal combustion engines may be used for the purpose of electric generation and
only during drilling operations if they have mufflers that will reduce noise levels to the standards
described in Subsection 15 below.

6.

Venting of gas into the open air shall be prohibited.

7.

Only Light Sand Fracture Technology or technologies approved by the administrative officer in
accordance with applicable codes shall be used to fracture stimulate a well.

8.

Air, gas, and pneumatic drilling shall not be permitted.

9.

Written notices must be sent to all properties within 1,500 feet of the pad site 72 hours prior to the
commencement of fracture activities. Notices shall be mailed to the occupant of said property,
whether commercial or residential, as determined by the most recent utility billing database. All
costs incurred by the City for said notice shall be reimbursed from the escrow account described
in Section 3.1-157. The notice shall identify where the activities will be conducted and shall
describe the activities in reasonable detail, including but not limited to the duration of the
activities and the time of day they will be conducted. The notice shall also provide the address and
24-hour phone number of the person conducting the activities.

10.

The operator shall place an identifying sign at each point where the flow line or gathering line
crosses a public street or road.

11.

Structures shall not be built or placed over pipelines, flow lines or gathering lines.

12.

Landscaping: The following standards shall be considered as minimum standards: Screening
shrubs shall be installed completely around the well pad site outside of required screening fences
and be sufficient to screen from view the structures sought to be screened. Screening shrubs shall
be planted once all equipment has been set in place and the first well has been drilled and
completed. The required screening shrubs shall be planted within a minimum twenty (20) foot
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wide green belt. The screening shrubs shall be "live plant material of the evergreen variety" which
is expected to grow to six (6) feet height in two (2) years, a minimum of three (3) feet in height at
the time of installation and planted on six (6) foot centers. In addition to screening shrubs, one
tree, measuring a minimum of three (3) inches in caliper shall be planted on 20-foot centers
around the entire pad site within the greenbelt noted above. All landscaping shall meet the
requirements of Chapter 4, Landscaping and Buffering in the Land Development Code and must
have an installed irrigation system that provides total water coverage to all plant materials. The
vegetation or berms shall be kept in an attractive state and in good condition at all times by the
applicant or operator. All landscape and irrigation plans shall be submitted to the DRC for
approval.
13.

Vehicle routes for oil and gas well permits. Vehicles associated with drilling and/or production in
excess of three tons shall be restricted to such streets designated as arterials, collectors or local
commercial as delineated in the City of Colleyville's thoroughfare plan. The vehicles shall be
operated on state arterials whenever capable of being used. Such vehicles shall be operated only
on City of Colleyville arterials, collectors and local commercial access easements only when it is not
possible to use a state arterial to fulfill the purpose for which such vehicle is then being operated.
All property owners along the proposed vehicle route shall be sent a public notice of the proposed
SUP per the requirements of Chapter 1.

14.

Work hours for oil and gas well permits: Site development, other than drilling, shall be conducted
only during daytime hours. Truck deliveries of equipment and materials associated with drilling
and/or production, well servicing, site preparation and other related work conducted on the well
site shall be limited to between the above same work hour restrictions except in cases of fires,
blowouts, explosions, and any other emergencies or where the delivery of equipment is necessary
to prevent the cessation of drilling or production. The operator may request a waiver from the City
Council, pursuant to section 3.1-106 of this Chapter.

15.

Permitting and Notification Requirements for Workover Operations and Hydraulic Fracturing: The
operator shall notify the oil and gas inspector in writing no less than thirty (30) days prior to
starting completion procedures such as fracturing and/or perforating, and such work shall not
commence until the administrative officer has approved the proposed work in writing. At least
three (3) business days before operations are commenced, the operator shall post a sign at the
access road entrance of the drill site advising the public of the date the operations will commence;
the sign shall have white letters on red background.
Any person who intends either to workover or re-work a well using a drilling rig or to fracture
stimulate a well after initial completion shall give written notice to the city at least 30 days before
the activities begin. The notice shall identify where the activities will be conducted and shall
describe the activities in reasonable detail, including but not limited to the duration of the
activities and the time of day they will be conducted. The notice must also provide the address and
24-hour phone number of the person conducting the activities. The person conducting the
activities shall post a sign on the perimeter fencing at least three (3) business days prior to
conducting workover or re-working operations giving the public notice of the activities, including
the name, address, and 24-hour phone number of the person conducting the activities. No well
shall be worked over without the approval of the administrative officer. If the administrative
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officer determines that an inspection is required, the actual cost of the inspection shall be
assessed against the respective operator's application fund balance required by Section 3.1-157 of
this Chapter.
16.

Noise restrictions for oil and gas well permits:
a.

No well shall be drilled, re-drilled, fractured or any equipment operated at any location within
the city in such a manner so as to create any noise which causes the exterior noise level,
when measured at, either the property line of the tract upon which the nearest habitable
structure is located, or 100 feet from the nearest habitable structure (as measured to the
closest exterior point of the habitable structure), whichever is closer to the well, to exceed
the ambient noise level:
i.

By more than ten decibels during fracturing operations; and

ii.

By more than five decibels during nighttime hours; and

iii.

By more than five decibels during daytime hours or more than three decibels during
nighttime hours for all activities not addressed in paragraphs a. and b. above.

b.

The operator shall be responsible for establishing and reporting to the city the pre-drilling
ambient noise level prior to the issuance of a well permit. Once the drilling is complete, the
operator shall be required to establish a new ambient noise level prior to the installation of
any new noise generating equipment. In lieu of the foregoing, the city may elect to perform
the required noise testing and establish the ambient noise level.

c.

Adjustments to the noise standards as set forth above in subsection (a)(i) of this subsection
(16) may be permitted in accordance with the following:

Permitted Increase Duration of Increase
dBA

Minutes*

5

15

10

5

15

1

20

less than 1

* Cumulative minutes during any one hour period

d.

No workover or re-working operations shall be permitted during nighttime hours.

e.

The operator shall monitor exterior noise level generated by the drilling, re-drilling or other
operations of all wells located within 1,000 feet of a protected use when requested by the
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city, to ensure compliance. The cost of such monitoring shall be borne by the operator. The
monitoring data shall also include an audio recording to help identify the source of sound
level "spikes" throughout the logging period. The continuous noise monitoring equipment
shall be capable of wireless transmission of real-time noise and audio data. Access to this
real-time data as it occurs shall be made available to the administrative officer. The noise
readings shall also be submitted to the administrative officer on a weekly basis in an
electronic format or other format specified by the inspector. The weekly report shall state
whether the drill site is in compliance with the noise requirements. If the report states that
the drill site is not in compliance with the noise standards, then the report shall state the
measures that are being taken to return the drill site to compliance and the timeframes for
implementing these remedial measures.
f.

Noise reduction blankets, sound walls, mufflers and other alternative methods shall be used
to ensure compliance with this Chapter. All soundproofing shall comply with accepted
industry standards and subject to approval by the administrative officer. At a minimum, the
operator shall install noise reduction blankets on the drill site boundaries facing any
habitable structure within 1,500 feet of any well bore. The height of boundary blankets shall
be a minimum of 30 feet, or at a minimum height such that the entire rig platform minus the
derrick structure is screened from the view of any structures within 1,500 feet of the well
bores, whichever is greater. The height may be increased at the discretion of the
administrative officer in response to topographic necessity. In addition to the boundary
barriers, the operator must, at a minimum, install additional noise reduction blankets to
mitigate noise generated from the rig substructure, the rig floor area, brake drum housings,
mud pumps, diesel motors, and generators. The blankets shall be constructed of a fireretardant material approved by the fire department. The noise reduction blankets shall meet
a standard of STC 30 or greater. Noise reduction blankets shall be kept in good condition and
installed such that there are no openings, tears or visible defects at any point in the larger,
composite blanket structure. All temporary noise reduction blankets, sound walls, etc. shall
be removed within 30 days of the completion of drilling, fracturing or re-working activities
under a specific permit or allowance.

g.

The sound level meter used in conducting noise evaluations shall meet the American
National Standard Institute's standard for sound meters or an instrument and the associated
recording and analyzing equipment which will provide equivalent data.

h.

During nighttime operations the operation of vehicles with audible back-up alarms are
prohibited. If the operator uses any equipment during nighttime operations which are
required to have back-up alarms, the operator shall provide and use only approved nonauditory signaling systems, such as spotters or flagmen. Deliveries of pipe, casing and heavy
loads shall be limited to daytime hours, except for emergency situations. The derrick man
and driller shall communicate only by walkie-talkie or other nondisruptive means when the
derrick man is in the derrick. Horns may not be used to signal for connection or to summon
crew (except that a horn may be used for emergency purposes only). The operator shall
conduct on-site meetings to inform all personnel of nighttime operations noise control
requirements.
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i.

Concurrent with the Special Use Permit application, the operator shall file a noise management
how the equipment used in the drilling, completion, transportation, or production of a well com
maximum permissible ambient noise levels of this Chapter. Violation of the noise management
violation of this Chapter. The noise management plan must be approved by the administrative o
comply with the following requirements:
i.

Identify operation noise impacts; and

ii.

Provide documentation, if applicable, establishing the ambient noise level prior to and
after the installation of the noise-generation equipment verifying compliance with this
section; and

iii.

Detail how the impacts will be mitigated. In determining noise mitigation, specific site
characteristics shall be considered, including but not limited to the following:
(1)

The location, type, nature and proximity of adjacent development; and

(2)

Seasonal and prevailing weather patterns, including wind directions; and

(3)

Vegetative cover on or adjacent to the site; and

(4)

Topography; and

(5)

Operation and site noise management measures which may include, but not be
limited to use of critical grade mufflers on generators and motors; use of
structural noise curtains, walls, or enclosures; and best management practices by
limiting or eliminating noisier operations, such as tripping, deliveries of pipe,
casing and heavy loads, use of horns for communication and operation of vehicle
audible back-up alarms during nighttime hours.

C.

Environmental Safety and Protection Standards.
1.

Site Erosion Control, Run-Off and Groundwater and Soil Protection Standards.
a.

Erosion and stormwater control practices approved by the City Engineer shall be conducted
for all oil or gas wells. Compost berms that are at least 3-feet high and 4-feet wide, or
equivalent erosion devices, shall be installed so that all portions of the well pad that may
drain off-site are contained.

b.

Damage resulting from sedimentation and/or erosion shall be repaired within 48 hours.

c.

Gas or oil wells may have a target location or bottom-well hole location that is under the
floodway when the gas or oil well is drilled directionally from a location outside such areas.

d.

Outdoor storage areas shall be equipped with a secondary containment system designed to
contain a spill from the largest individual vessel. If the area is open to rainfall, secondary
containment shall be designed to include the volume of a 24-hour rainfall as determined by a
100-year storm and provisions shall be made to drain accumulations of ground water and
rainfall.

e.

For all areas within the City of Colleyville's corporate limits, in which the proposed well bore is
within 775 feet of any type of surface water conveyance, including, but not limited to, creeks,
streams, drainage ditches, or other constructed storm water conveyance systems, calculating
distance in a straight line from the conveyance centerline, a preliminary flood study shall be
prepared by the applicant and approved by the City Engineer. Upon completion of the
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preliminary flood study, if the City Engineer determines that the proposed well bore is within
100 feet of any type of surface water conveyance, or other flood hazard area, then a detailed
flood study shall be prepared by the applicant and approved by the City Engineer prior to City
Council consideration of any Special Use Permit for a well.
f.

No oil or gas well drill sites shall be allowed on slopes greater than ten (10) percent.

g.

No disposal wells of any kind, including saltwater wells, shall be located within the City of
Colleyville.

h.

Any wells drilled as part of a gas well and testing of adjacent wells shall meet the following
requirements:
i.

No oil or gas well permit will be issued for any well where the center of the well at the
surface of the ground is located within 1,000 feet of an existing fresh water well
intended for domestic use.

ii.

The operator shall, within 120 days of its completion date, equip each well with a
cathodic protection system to protect the production casing from external corrosion,
unless the inspector approves an alternative method of protecting the production
casing from external corrosion. The operator of a well shall provide the inspector with a
"pre-drilling" and "post-drilling" water analysis and flow rate from any existing fresh
water well within 2,000 feet of the well. For the purposes of this section, "post-drilling"
shall mean the period immediately after the completion of a well The analysis shall be
performed by an independent inspector approved by the City before and after each
phase of drilling and fracturing. Such water tests shall conform to the following testing
requirements:
(1)

Water samples must be collected and analyzed utilizing proper sampling and
laboratory protocol from a U.S. Environmental Protection Agency or Texas
Commission on Environmental Quality approved laboratory;

(2)

Well samples shall be analyzed prior to any drilling activity to document baseline
water quality data of the well. A post-drilling sample shall be analyzed within three
months after the drilling begins; and

(3)

Parameters to be tested for, including but not limited to methane, chloride,
sodium, barium and strontium.

If it is found that the fresh water well is no longer in use and without possibility of
future use or if the fresh water well owner objects to having the water well tested, the
owner of the fresh water well may waive the right to have the operator test the water. In
the event of evidence of fresh water well contamination of any wells within 2,000 feet of
the gas well(s), the administrative officer is authorized to retest and/or perform an
analysis of all wells in order to determine the potential cause of the contamination at
the expense of the operator.
iii.

A copy of the determination by the appropriate State agency of the depth of useable
quality ground water shall be provided to the administrative officer prior to the drilling
of any water well.
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i.

After any spill, leak or malfunction, the operator shall remove or cause to be removed all waste
public or private property affected by such spill, leak or malfunction. Cleanup operations shall b

j.

The drill site shall at all times be kept free of debris, pools of water or other liquids,
contaminated soil, weeds, brush, trash or other waste material outside the drill site.

k.

The operator shall install drip pans and other containment devices underneath all tanks,
containers, pumps, lubricating oil systems, engines, fuel and chemical storage tanks, system
valves, connections and any other areas or structures that could potentially leak, discharge or
spill hazardous liquids, semi-liquids or solid waste materials, including hazardous waste.

l.

The operator shall store all chemicals and/or hazardous materials in such a manner as to
prevent, contain and facilitate rapid remediation and clean-up of any accidental spill, leak or
discharge of a hazardous material. The operator shall maintain all material safety data sheets
(MSDSs) for all hazardous materials on site. The operator shall comply with all applicable
federal and state regulatory requirements for the proper labeling of containers. The operator
shall take all appropriate pollution prevention actions including but not limited to raising
chemical and materials and bulk storage (e.g., placing such materials on wooden pallets),
installing and maintaining secondary containment systems, and providing adequate
protection from stormwater and weather elements.

m.

An operator must set and cement sufficient surface casing to protect all usable quality water
strata, as defined by state law. The operator shall notify the inspector in writing at least 72
hours prior to the scheduled time for setting and cementing surface casing, and such work
shall not commence until the inspector has approved the proposed work in writing. In
addition, the following requirements shall apply:
i.

Centralizers must be used at an interval of one centralizer per 100 feet, or ten
centralizers per 1,000 feet; and

ii.

New surface casing is required; and

iii.

Proper floating equipment shall be used; and

iv.

Class "H" or class "C" cement with accelerators shall be used; and

v.

The operator shall circulate cement to surface; if not, the operator shall cement with
one-inch tubing and top off; and

vi.

The operator shall wait on cement a minimum of 12 hours prior to commencing further
drilling operations; and

vii.

The operator shall test the blowout preventer before drilling out of surface casing to
1,000 psi.

n.

The operator shall construct all facilities used for parking, loading, unloading, driveways, and
other vehicular access areas of concrete, unless an alternative material is approved by the
city council as a condition of a specific use permit or an approved waiver. The operator shall
maintain the surface for such facilities and drive approach in good condition and repair and
meet the minimum requirements set forth in the fire code approved by the city council, as
amended. The pad site is not required to be constructed of concrete or asphalt.

o.

A stormwater pollution prevention plan (SWPPP) complying with all federal, state, and local
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storm water quality regulations, including any notice of intent (NOI) and notice of termination
(NOT) requirements. A copy of the NOI shall be submitted to the City Engineer seven (7)
business days prior to the commencement of any new on-site drilling or hydraulic fracturing
activity.
p.

It shall be unlawful to contaminate any soil above regulatory thresholds, and fail to
expeditiously remediate such contamination, at any drill site in the city. Soil sampling shall be
subject to the following requirements:
i.

Upon application for an oil and gas well drilling permit, soil sampling shall be conducted
prior to the commencement of any drilling activities at the proposed drill site to
establish a baseline study of site conditions. A minimum of one (1) soil sample will be
taken at the location of any proposed equipment to be utilized at the site to document
existing conditions at the drill site (i.e., each well, above-ground storage tank,
separator).

ii.

A licensed third party consultant shall be utilized to collect and analyze all "pre-drilling"
and "post-drilling" soil analysis. The cost of such fees and charges assessed by the third
party contractor shall be borne by the operator.

iii.

Soil samples will be collected and analyzed utilizing proper sampling and laboratory
protocol set forth by the TCEQ and/or EPA. The results of the analyses will be addressed
to the City and a copy of the report provided to the operator. The analyses will include
the following analyses at a minimum: TPH, VOCs, SVOCs, Chloride, Barium, Chromium,
and Ethylene Glycol.

iv.

Subsequent to the drilling of each well, periodic soil samples shall be taken as
determined by the city during inspection events to document soil quality data at the
drill site.

v.

When abandonment occurs pursuant to the requirements of the Texas Railroad
Commission and as referenced in Section 3.1-185 of this Chapter, the City will collect
"post-operation" samples when equipment is removed from the drill site to document
that the final conditions are within regulatory requirements.

vi.

If it is found that the soil contains a prohibited amount (pursuant to state or federal law)
of a hazardous substance, the operator shall remediate the location within thirty (30)
days and thereafter soil sampling shall be collected and analyzed at such locations on
the drill site as are necessary to determine compliance.

2.

Air Quality Standards.
a.

The operator shall conduct all drilling and production operations in such a manner as to
minimize, so far as practicable, dust, vibration or noxious odors, and in accordance with the
best accepted practices incident to drilling for the production of oil, gas and other
hydrocarbon substances. The operator shall construct and operate all equipment so that
vibrations, dust, odor or other harmful or annoying substances or effect created by the
operations carried on at any drill site or from anything incident thereto will be minimized, to
minimize the possibility of injury or annoyance of persons living in the vicinity. The operator
shall maintain all aspects of the site and structures thereon in good operating condition and
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good appearance. Proven technological improvements in industry standards of drilling and
production in this area shall be adopted as they become available if capable of reducing
factors of dust, vibration and odor. Brine water, sulphur water, or water in mixture with any
type of hydrocarbon may not be used for dust suppression.
b.

As a condition of approval of a Special Use Permit, the City Council shall require the
utilization of an independent, third-party expert, as chosen by the city, to conduct testing of
airborne emissions resulting from any gas well drilling and production in order to ensure
compliance with state and federal regulations relating to air quality standards. The
frequency, methods, locations, reporting and specifications of said testing shall be
determined prior to the issuance of any gas well permit and may be adopted as part of the
approving Special Use Permit ordinance if required by the City Council. All reasonable and
necessary costs associated with the utilization of said expert shall be reimbursed by the gas
well operator to the city.

c.

No person shall allow, cause or permit gases to be vented into the atmosphere or to be
burned by open flame. No open flaring is permitted. Green completion methods as defined
in this chapter are recommended during the hydraulic fracturing, flowback and well
completion process. A green completion plan shall be submitted in conjunction with the
required SUP application.

d.

In order to minimize airborne emissions of volatile organic compounds (VOC), pending the
recommendations of the expert referenced in subsection "b" above and/or the City Council,
all storage tanks utilized for production may be required to be equipped with an approved
vapor recovery unit (VRU). As determined by the air testing recommendations by the expert
referenced in subsection "b" above, each approved VRU may require an air quality
monitoring device in order to accurately report VOC emissions emanating from any tanks. In
addition to a VRU, the City Council may require a permanent air quality testing protocol
including but not limited to monitoring stations and regular inspections.

e.

A Leak Detection and Compliance Plan (LDCP) shall be submitted in conjunction with the
required SUP application and, if necessary, shall be updated prior to the commencement of
any production activities and/or any pipeline connection to ensure that all site activities and
equipment are in compliance with applicable rules and regulations. The LDCP shall include
methodology to assess and evaluate the impact of drilling, fracturing, production, and other
activities at the Drill site and immediate surroundings. Specific elements shall include, but are
not limited to: a leak detection monitoring program, methods and equipment for emission
measurements, site inspection activities, continuous distance monitoring, and a response
plan to address emergency issues if they arise, and any other information required by the
Fire Marshal. Monitoring should include evaluation of potential impact to air, soil, surface
water, or groundwater. In addition to other reporting requirements established by this
Chapter, annual reporting of the monitoring results to the City is required with all laboratory
data sheets, field logs, data summary, and actions taken in the previous monitoring period.
The plan must be created in accordance with any City-mandated guidelines and address the
manner in which periodic inspections by a third party will occur to ensure compliance with
the LDCP plan goals.
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f.
3.

Unless explicitly approved by the City Council, compression facilities as defined in this Chapter a

General Safety and Environmental Standards.
a.

In all cases, the operator shall install and utilize blowout prevention equipment on all wells
being drilled, worked-over or in which tubing is being changed. Protection shall be provided
to prevent blowout during oil and/or gas operations as required by and in conformance with
the requirements of the railroad commission and the recommendations of the American
Petroleum Institute. The operator must equip all drilling wells with adequate blowout
preventers, flow lines and valves commensurate with the working pressures involved as
required by the railroad commission.

b.

Organic solvents, such as trichloroethylene and carbon tetrachloride, shall not be used for
cleaning any element, structure or component of the drilling rig, platform and/or associated
equipment, tools or pipes. Lead-free, biodegradable pipe dope shall be substituted for
American Petroleum Institute (API) specified pipe dope. Sealant shall be used around pipe
threads to ensure and maintain the integrity of the seal.

c.

Each well shall be equipped with an automated valve that closes the well in the event of an
abnormal change in operating pressure. All wellheads shall contain an emergency shut off
valve to the well distribution line.

d.

Each storage tank shall be equipped with a level control device that will automatically activate
a valve to close the well in the event of excess liquid accumulation in the tank.

e.

All storage tanks shall be anchored for stability.

f.

All storage tanks containing Class I or Class II flammable or combustible liquids shall meet
the requirements of Chapter 34 of the International Fire Code. Secondary containment
systems shall be approved by the Fire Marshal and be of a sufficient height to contain one
and one-half (1½) times the contents of the largest tank in accordance with the Fire Code.
Drip pots shall be provided at pump out connections to contain the liquids from the storage
tank.

g.

Tank battery facilities shall be equipped with a lightning arrestor system.

h.

The contents of any pit shall always be maintained at least 2 feet below the top of the pit.

i.

Fencing, a minimum of six-feet in height, shall be installed to restrict access to open water
reservoirs utilized in oil or gas well drilling operation at a drill site within the corporate limits
of the City. Upon completion of drilling activities, said fencing shall be removed.

j.

After the well has been completed, or plugged and abandoned, the operator shall clean and
repair all damage to public property caused by such operations within thirty (30) days.

k.

A copy of a hazardous materials management plan as required by the City of Colleyville's Fire
Marshal's office shall be provided. In addition to the hazardous materials management plan,
all material safety data sheets (MSDSs) for all hazardous materials, including all hydraulic
fracturing fluids, that will be located, stored, transported, and/or temporarily used on the
drilling site shall be provided to the administrative officer and Fire Marshal.

l.

A copy of the emergency response plan as required by the City of Colleyville's Fire Marshal's
office shall be provided.
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D.

Setback Distances.
1.

Wells setbacks for gas or oil well permits:
a.

It shall be unlawful to drill, redrill, deepen, re-enter, activate or convert any well, the center of
which, at the surface of the ground, is located; or

b.

Within 1,000 feet from any public park; or

c.

Within 1,000 feet from any residence, religious institution, public building, hospital building
or school for which a building permit has been issued on the date of the application for a
drilling permit is filed with the administrative officer or

d.

Within 1,000 feet from any building used, or designed and intended to be used, for human
occupancy; or

e.

Within 500 feet from any existing storage tank containing flammable liquids or gases, or
source of potential ignition; or

f.

Within 500 feet of any public street, road, highway, or right-of-way line, except in the case of
railroad right-of-way; or

g.

Within 100 feet of any building accessory to, but not necessary to the operation of the well;
or

h.
i.

Within 300 feet to any fresh water well; or
The measurement of all distances shall be calculated from the proposed well bore, in a
straight line, without regard to intervening structures or objects, to the closest exterior point
of the any object listed in a. through h. above.

j.

For purposes of this section, a "building used, or designed and intended to be used, for
human occupancy" means an enclosed space, other than a residence, in which individuals
congregate for amusement or similar purposes or in which occupants are engaged at labor,
and which is equipped with means of egress, light, and ventilation facilities."

2.

The distances set out in this may be reduced at the discretion of the City Council.

3.

At a minimum, no structure intended for human occupancy, including any residence, shall be
constructed within 300 feet of an existing gas well head, tank battery or other gas well equipment
unless approved by the City Council.

E.

Phasing of Drilling and Production and General Special Use Permit Provisions.
1.

Unless specified differently in the ordinance approving the Special Use Permit (SUP) for a gas well,
all drilling, and production activities shall conform to the following schedule:
a.

Drilling:
i.

Drilling shall commence no later than one year after the approval date of the SUP
allowing the gas well. If no drilling has occurred within one year, the SUP shall
automatically expire.

ii.

Once drilling has begun, the gas well operator shall have five (5) years from the
approval date of the SUP allowing the gas well operator to drill all wells. No additional
drilling may occur after this point without the approval of the City Council.

b.

Hydraulic Fracturing: All hydraulic fracturing shall be completed within five (5) years from the
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approval date of the SUP allowing the gas well. No additional hydraulic fracturing may occur
after this point without the approval of the City Council.
c.

Production: If the provisions of section a(i) above are met, the gas well operator shall have
five (5) years from the approval date of the SUP allowing the gas well to begin well
production. If no well production has begun within five years, the SUP shall automatically
expire and the operator shall be subject to abandonment provisions of this ordinance.

2.

Any SUP authorized under this ordinance shall only be granted to the entity named on the original
application and may not be transferred to any other entity without the approval of the City
Council. City Council approval shall be required for any change in ownership of the entity named
on the SUP application for any SUP granted under this chapter.
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KeyCite Yellow Flag - Negative Treatment
Proposed Regulation

West's Colorado Administrative Code
Title 400. Department of Natural Resources
404. Oil and Gas Conservation Commission (Refs & Annos)
2 CCR 404-1. Practice and Procedure
600. Series Safety Regulations
2 CCR 404-1:604
Alternatively cited as 2 CO ADC 404-1

404-1:604. SETBACK AND MITIGATION MEASURES FOR OIL AND
GAS FACILITIES, DRILLING, AND WELL SERVICING OPERATIONS
Currentness
a. Setbacks. Effective August 1, 2013:
(1) Exception Zone Setback. No Well or Production Facility shall be located five hundred (500) feet or less from a
Building Unit except as provided in Rules 604.a.(1) A and B, and 604.b.
A. Urban Mitigation Areas. The Director shall not approve a Form 2A or associated Form 2 proposing to locate a Well
or a Production Facility within an Exception Zone Setback in an Urban Mitigation Area unless:
i. the Operator submits a waiver from each Building Unit Owner within five hundred (500) feet of the proposed Oil
and Gas Location with the Form 2A or associated Form 2, or obtains a variance pursuant to Rule 502; and
ii. the Operator certifies it has complied with Rules 305.a, 305.c., and 306.e.; and
iii. the Form 2A or Form 2 contains conditions of approval related to site specific mitigation measures sufficient
to eliminate, minimize or mitigate potential adverse impacts to public health, safety, welfare, the environment, and
wildlife to the maximum extent technically feasible and economically practicable; or
iv. the Oil and Gas Location is approved as part of a Comprehensive Drilling Plan pursuant to Rule 216.
B. Non-Urban Mitigation Area Locations. Except as provided in subsection 604.b., below, the Director shall not approve
a Form 2 or Form 2A proposing to locate a Well or a Production Facility within an Exception Zone Setback not in
an Urban Mitigation Area unless the Operator certifies it has complied with Rules 305.a., 305.c., and 306.e., and the
Form 2A or Form 2 contains conditions of approval related to site specific mitigation measures sufficient to eliminate,
minimize or mitigate potential adverse impacts to public health, safety, welfare, the environment, and wildlife to the
maximum extent technically feasible and economically practicable.
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(2) Buffer Zone Setback. No Well or Production Facility shall be located one thousand (1,000) feet or less from a Building
Unit until the Operator certifies it has complied with Rule 305.a., 305.c., and 306.e. and the Form 2A or Form 2 contains
conditions of approval related to site specific mitigation measures as necessary to eliminate, minimize or mitigate potential
adverse impacts to public health, safety, welfare, the environment, and wildlife.
(3) High Occupancy Buildings. No Well or Production Facility shall be located one thousand (1,000) feet or less from
a High Occupancy Building Unit without Commission approval following Application and Hearing. Designated Setback
Location and Exception Zone Setback mitigation measures pursuant to Rule 604.c. shall be required for Oil and Gas
Locations within one thousand (1,000) feet of a High Occupancy Building, unless the Commission determines otherwise.
Provided that this paragraph does not apply to a school facility or child care center, because the school facility and child
care center setback is governed by Rule 604.a.(6).
(4) Designated Outside Activity Areas. No Well or Production Facility shall be located three hundred fifty (350) feet
or less from the boundary of a Designated Outside Activity Area. The Commission, in its discretion, may establish a
setback of greater than three hundred fifty (350) feet based on the totality of circumstances. Designated Setback Location
mitigation measures pursuant to Rule 604.c. shall be required for Oil and Gas Locations within one thousand (1,000) feet
of a Designated Outside Activity Area, unless the Commission determines otherwise.
(5) Maximum Achievable Setback. If the applicable setback would extend beyond the area on which the Operator has
a legal right to locate the Well or Production Facilities, the Operator may seek a variance under Rule 502.b. to reduce the
setback to the maximum achievable distance.
(6) School Facility and Child Care Center Setback.
A. No well or production facility will be located one-thousand (1,000) feet or less from a school facility or child care
center, unless:
i. The relevant school governing body agrees in writing to the location of the proposed well or production facility,
in which circumstance the Director may approve the Form 2, Application for Permit to Drill, or Form 2A, Oil and
Gas Location Assessment; or
ii. The Commission authorizes the Director to approve a Form 2, Application for Permit to Drill, or Form 2A, Oil and
Gas Location Assessment, following application and a hearing held at a location reasonably proximate to the lands
affected by the application. The Commission may allow a well or production facility within one-thousand (1,000) feet
or less from a school facility or child care center if the Commission determines that potential locations outside the
applicable setback are technically infeasible or economically impracticable and sufficient mitigation measures are in
place to protect public health, safety, and welfare. The operator will file an application with the Commission requesting
the hearing and demonstrate, to the Commission's satisfaction, that potential locations outside the applicable setback
are technically infeasible or economically impracticable.
B. Mitigation measures pursuant to Rule 604.c.(1-4) will be required for all oil and gas locations subject to the school
facility or child care center setback.
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C. If the operator and school governing body disagree as to whether a proposed well or production facility is onethousand (1,000) feet or less from a school facility or child care center, the operator or school governing body may
file an application with the Commission requesting a hearing to determine the matter. At the hearing, the operator must
demonstrate that the well or production facility is more than one-thousand (1,000) feet from any school facility or child
care center.
604.b. Exceptions.
(1) Existing Oil and Gas Locations. The Director may grant an exception to setback distance requirements set forth
in Rule 604 within a Designated Setback Location when a Well or Production Facility is proposed to be added to an
existing or approved Oil and Gas Location if the Director determines alternative locations outside the applicable setback
are technically or economically impracticable; mitigation measures imposed in the Form 2 or Form 2A will eliminate,
minimize or mitigate noise, odors, light, dust, and similar nuisance conditions to the extent reasonably achievable; the
operator has complied with the notice and consultation requirements of Rule 305A, if applicable; the proposed location
complies with all other safety requirements of these Commission Rules; and:
A. An existing or approved Oil and Gas Location is within a Designated Setback Location solely as a result of the
adoption of Rule 604.a., above, which established the Designated Setback Locations; or
B. The Oil and Gas Location is located within a Designated Setback Location solely as a result of Building Units
constructed after the Oil and Gas Location was approved by the Director.
(2) Existing Surface Use Agreement or Site Specific Development Plan. The Director shall grant an exception to setback
requirements set forth in Rule 604.a. for a Surface Use Agreement or site specific development plan (as defined in §
24-68-102(4)(a), C.R.S. that establishes vested property rights as defined in § 24-68-103, C.R.S.), that was executed on or
before August 1, 2013, and which expressly governs the location of Wells or Production Facilities on the surface estate,
provided mitigation measures imposed in the Form 2 or Form 2A will eliminate, minimize or mitigate noise, odors, light,
dust, and similar nuisance conditions to the extent reasonably achievable and the location complies with all other safety
requirements of these Commission Rules.
(3) Surface Development after August 1, 2013 Pursuant to a Surface Use Agreement or Site Specific Development
Plan. A Surface Owner or Building Unit owner and mineral owner or mineral lessee may agree to locate future Building
Units closer to existing or proposed Oil and Gas Locations than otherwise allowed under Rule 604.a. pursuant to a valid
Surface Use Agreement or site specific development plan (as defined in § 24-68-102(4)(a), C.R.S., that establishes vested
property rights as defined in § 24-68-103, C.R.S.) that expressly governs the location of Wells or Production Facilities
on the surface estate. All setback, notice, consultation and meeting requirements contained in Rules 305, 306, and 604.a
shall apply with respect to all Building Units that are not governed by the applicable SUA or site specific development
plan. Copies of any applicable SUA or site specific development plan shall be submitted by the Operator with a Form 2A
Application or associated Form 2 for a proposed Oil and Gas Location on the relevant surface estate.
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(4) In the event the Director refuses to grant an exception or variance requested pursuant to Rule 604.a.(5) or 604.b., a
hearing before the Commission shall be held at the next regularly scheduled meeting of the Commission, subject to the
notice requirements of Rule 507.
604.c. Mitigation Measures. The following requirements apply to an Oil and Gas Location within a Designated Setback
Location and such requirements shall be incorporated into the Form 2A or associated Form 2 as Conditions of Approval.
(1) Provisions for future encroaching development. If a location comes within a Designated Setback Location solely
as a result of surface development after well pad construction begins or production equipment has been placed, certain
mitigation measures may not apply as determined by the Director.
(2) Location Specific Requirements - Designated Setback Locations. Subject to Rule 502.b., the following mitigation
measures shall apply to any Well or Production Facility proposed to be located within a Designated Setback Location for
which a Form 2, Application for Permit--to-Drill or Form 2A, Oil and Gas Location Assessment, is submitted on or after
August 1, 2013:
A. Noise. Operations involving pipeline or gas facility installation or maintenance, or the use of a drilling rig, are subject
to the maximum permissible noise levels for Light Industrial Zones, as measured at the nearest Building Unit. Short-term
increases shall be allowable as described in 802.c. Stimulation or re-stimulation operations and Production Facilities
are governed by Rule 802.
B. Closed Loop Drilling Systems - Pit Restrictions.
i. Closed loop drilling systems are required within the Buffer Zone Setback.
ii. Pits are not allowed on Oil and Gas Locations within the Buffer Zone Setback, except fresh water storage pits,
reserve pits to drill surface casing, and emergency pits as defined in the 100-Series Rules.
iii. Fresh water pits within the Exception Zone shall require prior approval of a Form 15, Earthen Pit Report/Permit.
In the Buffer Zone, fresh water pits shall be reported within 30-days of pit construction.
iv. Fresh water storage pits within the Buffer Zone Setback shall be conspicuously posted with signage identifying the
pit name, the operator's name and contact information, and stating that no fluids other than fresh water are permitted
in the pit. Produced water, recycled E&P waste, or flowback fluids are not allowed in fresh water storage pits.
v. Fresh water storage pits within the Buffer Zone Setback shall include emergency escape provisions for inadvertent
human access.
C. Green Completions - Emission Control Systems.
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i. Flow lines, separators, and sand traps capable of supporting green completions as described in Rule 805 shall be
installed at any Oil and Gas Location at which commercial quantities of gas are reasonably expected to be produced
based on existing adjacent wells within 1 mile.
ii. Uncontrolled venting shall be prohibited in an Urban Mitigation Area.
iii. Temporary flowback flaring and oxidizing equipment shall include the following:
aa. Adequately sized equipment to handle 1.5 times the largest flowback volume of gas experienced in a ten (10)
mile radius;
bb. Valves and porting available to divert gas to temporary equipment or to permanent flaring and oxidizing
equipment; and
cc. Auxiliary fuel with sufficient supply and heat to sustain combustion or oxidation of the gas mixture when the
mixture includes non-combustible gases.
D. Traffic Plan. If required by the local government, a traffic plan shall be coordinated with the local jurisdiction prior
to commencement of move in and rig up. Any subsequent modification to the traffic plan must be coordinated with
the local jurisdiction.
E. Multi-well Pads.
i. Where technologically feasible and economically practicable, operators shall consolidate wells to create multiwell pads, including shared locations with other operators. Multi-well production facilities shall be located as far as
possible from Building Units.
ii. The pad shall be constructed in such a manner that noise mitigation may be installed and removed without disturbing
the site or landscaping.
iii. Pads shall have all weather access roads to allow for operator and emergency response.
F. Leak Detection Plan. The Operator shall develop a plan to monitor Production Facilities on a regular schedule to
identify fluid leaks.
G. Berm construction. Berms or other secondary containment devices in Designated Setback Locations shall be
constructed around crude oil, condensate, and produced water storage tanks and shall enclose an area sufficient to contain
and provide secondary containment for one-hundred fifty percent (150%) of the largest single tank. Berms or other
secondary containment devices shall be sufficiently impervious to contain any spilled or released material. All berms
and containment devices shall be inspected at regular intervals and maintained in good condition. No potential ignition
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sources shall be installed inside the secondary containment area unless the containment area encloses a fired vessel.
Refer to API Bulletin D16: Suggested Procedure for “Development of a Spill Prevention Control and Countermeasure
Plan,” 5th Edition (April 2011). Only the 5th Edition of the API bulletin applies to this rule; later amendments do not
apply. All material incorporated by reference in this rule is available for public inspection during normal business hours
from the Public Room Administrator at the office of the Commission, 1120 Lincoln Street, Suite 801, Denver, Colorado
80203. In addition, these materials may be examined at any state publications depository library and are available from
API at 1220 L Street, NW Washington, DC 20005-4070
H. Blowout preventer equipment (“BOPE”). Blowout prevention equipment for drilling operations in a Designated
Setback Location shall consist of (at a minimum):
i. Rig with Kelly. Double ram with blind ram and pipe ram; annular preventer or a rotating head.
ii. Rig without Kelly. Double ram with blind ram and pipe ram.
Mineral Management certification or Director approved training for blowout prevention shall be required for at least
one (1) person at the well site during drilling operations.
I. BOPE testing for drilling operations. Upon initial rig-up and at least once every thirty (30) days during drilling
operations thereafter, pressure testing of the casing string and each component of the blowout prevention equipment
including flange connections shall be performed to seventy percent (70%) of working pressure or seventy percent (70%)
of the internal yield of casing, whichever is less. Pressure testing shall be conducted and the documented results shall
be retained by the operator for inspection by the Director for a period of one (1) year. Activation of the pipe rams for
function testing shall be conducted on a daily basis when practicable.
J. BOPE for well servicing operations.
i. Adequate blowout prevention equipment shall be used on all well servicing operations.
ii. Backup stabbing valves shall be required on well servicing operations during reverse circulation. Valves shall be
pressure tested before each well servicing operation using both low-pressure air and high-pressure fluid.
K. Pit level indicators. Pit level indicators shall be used.
L. Drill stem tests. Closed chamber drill stem tests shall be allowed. All other drill stem tests shall require approval
by the Director.
M. Fencing requirements. Unless otherwise requested by the Surface Owner, well sites constructed within Designated
Setback Locations, shall be adequately fenced to restrict access by unauthorized persons.
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N. Control of fire hazards. Any material not in use that might constitute a fire hazard shall be removed a minimum of
twenty-five (25) feet from the wellhead, tanks and separator. Any electrical equipment installations inside the bermed
area shall comply with API RP 500 classifications and comply with the current national electrical code as adopted by
the State of Colorado.
O. Loadlines. All loadlines shall be bullplugged or capped.
P. Removal of surface trash. All surface trash, debris, scrap or discarded material connected with the operations of the
property shall be removed from the premises or disposed of in a legal manner.
Q. Guy line anchors. All guy line anchors left buried for future use shall be identified by a marker of bright color not
less than four (4) feet in height and not greater than one (1) foot east of the guy line anchor.
R. Tank specifications. All newly installed or replaced crude oil and condensate storage tanks shall be designed,
constructed, and maintained in accordance with National Fire Protection Association (NFPA) Code 30 (2008 version).
The operator shall maintain written records verifying proper design, construction, and maintenance, and shall make
these records available for inspection by the Director. Only the 2008 version of NFPA Code 30 applies to this rule.
This rule does not include later amendments to, or editions of, the NFPA Code 30. NFPA Code 30 may be examined at
any state publication depository library. Upon request, the Public Room Administrator at the office of the Commission,
1120 Lincoln Street, Suite 801, Denver, Colorado 80203, will provide information about the publisher and the citation
to the material.
S. Access roads. At the time of construction, all leasehold roads shall be constructed to accommodate local emergency
vehicle access requirements, and shall be maintained in a reasonable condition.
T. Well site cleared. Within ninety (90) days after a well is plugged and abandoned, the well site shall be cleared of all
non-essential equipment, trash, and debris. For good cause shown, an extension of time may be granted by the Director.
U. Identification of plugged and abandoned wells. The operator shall identify the location of the wellbore with a
permanent monument as specified in Rule 319.a.(5). The operator shall also inscribe or imbed the well number and date
of plugging upon the permanent monument.
V. Development from existing well pads. Where possible, operators shall provide for the development of multiple
reservoirs by drilling on existing pads or by multiple completions or commingling in existing wellbores (see Rule 322).
If any operator asserts it is not possible to comply with, or requests relief from, this requirement, the matter shall be set
for hearing by the Commission and relief granted as appropriate.
W. Site-specific measures. During Rule 306 consultation, the operator may develop a mitigation plan to address location
specific considerations not otherwise addressed by specific mitigation measures identified in this subsection 604.c.
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(3) Location Specific Requirements - Exception Zone Setback. Within the Exception Zone Setback, the following
mitigation measures will be mandatory:
A. All mitigation measures required pursuant to subsection 604.c.(2), above, and:
B. Berm Construction:
i. Containment berms shall be constructed of steel rings, designed and installed to prevent leakage and resist
degradation from erosion or routine operation.
ii. Secondary containment areas for tanks shall be constructed with a synthetic or engineered liner that contains all
primary containment vessels and flowlines and is mechanically connected to the steel ring to prevent leakage.
iii. For locations within five hundred (500) feet and upgradient of a surface water body, tertiary containment, such as
an earthen berm, is required around Production Facilities.
iv. In an Urban Mitigation Area Exception Zone Setback, no more than two (2) crude oil or condensate storage tanks
shall be located within a single berm.
(4) Large UMA Facilities. Large UMA Facilities should be built as far as possible from existing building units and
operated using the best available technology to avoid or minimize adverse impacts to adjoining land uses. To achieve
this objective, the Director will require a combination of best management practices and required mitigation measures,
and may also impose site-specific conditions of approval related to operational and technical aspects of a proposed Large
UMA Facility.
A. All Rule 604.c.(3) Exception Zone Setback mitigation measures are required for all Large UMA Facilities, regardless
of whether the Large UMA Facility is located in the Buffer Zone or the Exception Zone.
B. Required Best Management Practices. A Form 2A for a Large UMA Facility will not be approved until best
management practices addressing all of the following have been incorporated into the Oil and Gas Location Assessment
permit.
i. Fire, explosion, chemical, and toxic emission hazards, including lightning strike hazards.
ii. Fluid leak detection, repair, reporting, and record keeping for all above and below ground on-site fluid handling,
storage, and transportation equipment.
iii. Automated well shut-in control measures to prevent gas venting during emission control system failures or other
upset conditions.
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iv. Zero flaring or venting of gas upon completion of flowback, excepting upset or emergency conditions, or with
prior written approval from the Director for necessary maintenance operations.
v. Storage tank pressure and fluid management.
vi. Proppant dust control.
C. Site Specific Mitigation Measures. In addition to the requirements of subsections A. and B. of this Rule 604.c.(4),
the Director may impose site-specific conditions of approval to ensure that anticipated impacts are mitigated to the
maximum extent achievable. The following non-exclusive list illustrates types of potential impacts the Director may
evaluate, and for which site-specific conditions of approval may be required:
i. Noise;
ii. Ground and surface water protection;
iii. Visual impacts associated with placement of wells or production equipment; and
iv. Remote stimulation operations.
D. In considering the need for site-specific mitigation measures, the Director will consider and give substantial deference
to mitigation measures or best management practices agreed to by the operator and local government with land use
authority.
Credits
Amended Aug. 1, 2013; Sept. 30, 2014; Feb. 14, 2015; March 16, 2016; Feb. 14, 2019.
Current through CR, Vol. 43, No. 16, August 25, 2020. Some sections may be more current, see credits for details.
2 CCR 404-1:604, 2 CO ADC 404-1:604
End of Document
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604. SETBACKS and SITING REQUIREMENTS
a. Well Location Requirements.
(1) At the time the Well is drilled, a Well will be located not less than 200 feet from buildings,
public roads, above ground utility lines, or railroads.
(2) At the time a Form 2A is filed, a Well will be located not less than 150 feet from a surface
property line. The Commission may grant an exception if it is not feasible for the Operator
to meet this minimum distance requirement and a waiver is obtained from the offset
Surface Owner(s). The Operator will submit an exception location request letter stating
the reasons for the exception and a signed waiver(s) from the offset Surface Owner(s)
with the Form 2A for the proposed Oil and Gas Location where the Well will be drilled.
Such signed waiver will be filed in the office of the county clerk and recorder of the county
where the Well will be located.
(3) No Working Pad Surface will be located 2,000 feet or less from a School Facility or Child
Care Center.
A. If the Operator and School Governing Body disagree as to whether a proposed Working
Pad Surface is 2,000 feet or less from a School Facility or Child Care Center, the
Commission will hear the matter in the course of considering the proposed Oil and
Gas Development Plan. At the hearing, the Operator will demonstrate that the
Working Pad Surface is more than 2,000 feet from any School Facility or Child Care
Center.

600-9 Draft as of September 25, 2020
B. Any hearing required under Rule 604.b.(3).A will be held at a location reasonably
proximate to the lands affected by the proposed Oil and Gas Development Plan.
(4) No Working Pad Surface will be located less than 500 feet from 1 or more Residential
Building Units not subject to a Surface Use Agreement or waiver, that includes informed
consent from all Building Unit owner(s) and tenant(s) explicitly agreeing to the proposed
Oil and Gas Location siting.

b. Siting Requirements for Proposed Oil and Gas Locations Near Residential Building Units
and High Occupancy Building Units. No Working Pad Surface will be located more than
500 feet and less than 2,000 feet from 1 or more Residential Building Units or High
Occupancy Building Units unless one or more of the following conditions are satisfied:
(1) The Residential Building Unit owners and tenants and High Occupancy Building Unit
owners and tenants within 2,000 feet of the Working Pad Surface explicitly agree with
informed consent to the proposed Oil and Gas Location;
(2) The location is within an approved Comprehensive Area Plan that includes preliminary
siting approval pursuant to Rule 314.b.(5) or an approved Comprehensive Development
Plan;
(3) Any Wells, Tanks, separation equipment, or compressors proposed on the Oil and Gas
Location will be located more than 2,000 feet from all Residential Building Units or High
Occupancy Building Units; or
(4) The Commission finds, after a hearing pursuant to Rule 510, that the proposed Oil and
Gas Location and conditions of approval will provide substantially equivalent protections
for public health, safety, welfare, the environment and wildlife resources, including
Disproportionately Impacted Communities. The Commission will base its finding on
information including but not limited to:
A. The Director’s recommendation on the Oil and Gas Location pursuant to Rule 306.b;
B. The extent to which the Oil and Gas Location design and any planned Best Management
Practices, preferred control technologies, and conditions of approval avoid, minimize,
and mitigate adverse impacts, considering:
i. Geology, technology, and topography;
ii. The location of receptors and proximity to those receptors; and
iii. The anticipated size, duration, and intensity of all phases of the proposed Oil and
Gas Operations at the proposed Oil and Gas Location.

C. The Relevant Local Government’s consideration or disposition of a land use permit for
the location, including any siting decisions and conditions of approval identified as

appropriate by the Relevant Local Government;
D. The Operator’s alternative location analysis conducted pursuant to Rule 304.b.(2), or an
alternative location analysis performed for the Relevant Local Government that the
Director has accepted as substantially equivalent pursuant to Rule 304.e;
E. Related Oil and Gas Location siting and infrastructure proposed as a component of the
same Oil and Gas Development Plan as the proposed Oil and Gas Location;

600-10 Draft as of September 25, 2020
F. How Oil and Gas Facilities associated with the proposed Oil and Gas Location are
designed to avoid, minimize, and mitigate impacts on Residential Building Units and
High Occupancy Building Units; or
G. The Operator’s actual and planned engagement with nearby residents and businesses to
consult with them about the planned Oil and Gas Operations.
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Sec. 9-26-14. - Technical regulations.
A.

On-site requirements.
1.

Abandoned wells. All wells shall be abandoned in accordance with the rules of the Texas Railroad
Commission and section 9-26-16 "plugged and abandoned wells" of this article. However, all well
casings shall be cut and removed to a depth of at least ten feet below the surface unless the
surface owner submits a written agreement otherwise, then three feet shall be the minimum
depth allowed. No structures shall be built over an abandoned well.

2.

Blowout prevention. In all cases, blowout prevention equipment shall be used on all wells being
drilled, worked-over or in which tubing is being changed. Protection shall be provided to prevent
blowout during oil or gas operations as required by and in conformance with the requirements of
the RRC and the recommendations of the American Petroleum Institute. The operator must equip
all drilling wells with adequate blowout preventors, flow lines and valves commensurate with the
working pressures involved as required by the RRC.

3.

Closed loop mud systems. A closed loop mud system shall be required for all drilling and
reworking operations for all gas wells. Reserve pits are prohibited and everything shall be placed
in steel tanks surrounded by a berm. Only freshwater-based mud systems shall be permitted.
Saltwater-based mud systems and oil-based mud systems are prohibited.

4.

Compliance. Operator shall comply at all times with all applicable federal, state and city
requirements.

5.

Discharge. No person shall place, deposit, discharge, or cause or permit to be placed, deposited or
discharged, any oil, naphtha, petroleum, asphalt, tar, hydrocarbon substances or any refuse
including wastewater or brine from any oil or gas operation or the contents of any container used
in connection with any oil or gas operation in, into, or upon any public right-of-way, alleys, streets,
lots, storm drain, ditch or sewer, sanitary drain or any body of water or any private property in the
city.

6.

Drilling notice. The operator shall provide ten-day notice to the city and gas inspector prior to the
start of drilling, fracking or workover operations.

7.

Drill stem testing. All open hole formation or drill stem testing shall be done during daytime hours.
Drill stem tests may be conducted only if the well effluent during the test is produced through an
adequate gas separator to storage tanks and the effluent remaining in the drill pipe at the time the
tool is closed is flushed to the surface by circulating drilling fluid down the annulus and up the drill
pipe.

8.

Dust, vibration, odors. All drilling and production operations shall be conducted in such a manner
as to minimize, so far as practicable, dust, vibration, or noxious odors, and shall be in accordance
with the best accepted practices incident to drilling for the production of oil, gas and other
hydrocarbon substances in urban areas. All equipment used shall be so constructed and operated
so that vibrations, dust, odor or other harmful or annoying substances or effect will be minimized
by the operations carried on at any drilling or production site or from anything incident thereto, to
the injury or annoyance of persons living in the vicinity; nor shall the site or structures thereon be
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permitted to become dilapidated, unsightly or unsafe. Proven technological improvements in
industry standards of drilling and production in this area shall be adopted as they become
available if capable of reducing factors of dust, vibration and odor.
9.

Electric lines. All electric lines to production facilities shall be located in a manner compatible to
those already installed in the surrounding area; however, all lines crossing and public right-of-way
shall be placed underground.

10.

Electric motors. Only electric prime movers or motors shall be permitted for the purpose of
pumping wells. No electric power shall be generated on location except for thermal electric
generators. All electrical installations and equipment shall conform to the city ordinances and the
appropriate national codes.

11.

Emergency response plan. Prior to the commencement of any oil, gas or other hydrocarbons
production activities, operator shall submit to the city an emergency response plan establishing
written procedures to minimize any hazard resulting from drilling, completion or producing of oil
or gas wells. Said plan shall use existing guidelines established by the RRC, Texas Commission on
Environmental Quality, Department of Transportation and/or the Environmental Protection
Agency.

12.

Equipment painted. All production equipment on the site shall be painted and maintained at all
times, including pumping units, storage tanks, buildings and structures. Company logos shall be
allowed; however, no advertisement shall be allowed but nothing shall prevent branding or
identification on any service vehicles or equipment.

13.

Explosives. The use of explosive charges on a drill site shall require and explosives permit from the
fire marshal. Use or transport of explosive charges to be used on any drill site or seismic survey by
an operator within the city limits shall require approval by the fire marshal.

14.

Fire prevention; sources of ignition. Firefighting apparatus and supplies as approved by the fire
department and required by any applicable federal, state, or local law shall be provided by the
operator, at the operator's cost, and shall be maintained on the drilling site at all times during
drilling and production operations. The operator shall be responsible for the maintenance and
upkeep of such equipment. Each well shall be equipped with an automated valve that closes the
well in the event of an abnormal change in operating pressure. All well heads shall contain an
emergency shut-off valve to the well distribution line.
In the event of a fire or discovery of a fire, smoke, or unauthorized release of flammable or
hazardous material on any property, the operator shall immediately report such condition to the
city fire department.

15.

Hydraulic fracturing (frack, fracking) stimulation operations.
(a)

All formation fracturing operations shall be conducted during daylight hours unless the
operator has notified the oil and gas inspector that fracking will occur before or after daylight
hours to meet safety requirements.

(b)

Operator shall provide ten-day notice to the city and gas inspector prior to the start of
fracking operations.

(c)

A minimum of ten days prior to any fracking operations, a sign will be posted at the entrance
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of the well site advising the public of the date the operations will commence and the name,
address and 24-hour phone number to contact.
(d)

A watchman shall be required at all times during fracking operations.

(e)

At no time shall the well be allowed to flow or vent directly to the atmosphere without first
directing the flow through separation equipment or into a portable tank.

(f)

After frack operations have been completed on a wellbore(s) the wellbores, mouseholes,
ratholes, cellars and conduit casings shall be:
i.

Covered at all times when not in use by appropriate means that adequately covers the
entire bore hole;

ii.

Completed though the production flange with a metal plate or blind flange bolted
across the head; and

iii.

Protected from vandalism, wind driven debris, vehicle damage or other threat that
would have the potential to disrupt operations or release any amount of natural gas or
flowback water.

16.

Fresh water fracture pits.
(a)

The construction of fresh water frack pit shall require a permit issued by the city.

(b)

No construction of the fracture pit shall commence until review and approval from the city
and permit(s) has been issued.

(c)

No fresh water frack pit may be placed in any city recognized drainage way, FEMA floodplain
or floodway, existing city right-of-way or city easements.

(d)

Construction and maintenance of the pit must comply with all city regulations.

(e)

The permit issued by the city shall be maintained on the location at all times during
construction of the pit.

(f)

At no time shall oil and gas waste by-products, flowback water or produced water be allowed
in the pit.

(g)

The perimeter of the completed pit shall be fenced, gated and have signage identifying the
site per the city permit.

(h)

Periodic tests may be required by the city. All reasonable costs for testing shall be borne by
the operator of the permittee or the freshwater fracture pit. All samples for testing shall be
witnessed by designated city personnel.

17.

Fresh water wells. It shall be unlawful to drill any oil or gas well, the center of which, at the surface
of the ground, is located within 300 feet to any fresh water well, except for fresh water wells used
solely for operation of the oil or gas well operation. The measurement shall be in a direct line from
the closest well bore to the fresh water well bore.
The operator of an oil or gas well shall provide the oil and gas inspector with a listing of all water
wells registered with the Texas Water Development Board or TCEQ within 20 calendar days of the
permit application. A "pre-drilling" and "post-fracking" water analysis will be performed by the
inspector from any fresh water well whose owner provides access within 500 feet of the oil or gas
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well. Water tests will conform to the city requirements at the time sampling is performed using
approved EPA or TCEQ methodology. A copy of both sampling results will be provided within one
report following completion of sampling activities.
Within 180 days of its completion date, each oil or gas well shall be equipped with a cathodic
protection system to protect the production casing from external corrosion. The oil and gas
inspector may approve an alternative method of protecting the production casing from external
corrosion.
18.

Oil or gas emission or burning restricted. No person shall allow, cause or permit gases to be
vented into the atmosphere or to be burned by open flame except as provided by law or as
permitted by the RRC. If the venting of gases into the atmosphere or the burning of gases by open
flame is authorized as provided by law or as permitted by the RRC, then such vent or open flame
shall not be located closer than 1,000 from any building not used in operations on the drilling site
and such vent or open flame shall be screened in such a way as to minimize detrimental effects to
adjacent property owners. At no time shall the well be allowed to flow or vent directly to the
atmosphere without first directing the flow through separation equipment or into a portable tank.

19.

Gas lift compressor. Any onsite compressor used to "lift gas" shall be designed to comply with the
noise and screening requirements of this article.

20.

Gas processing onsite. Except for a conventional gas separator or line heater, no refinery,
processing, treating, or absorption plant of any kind shall be constructed, established or
maintained on the premises without appropriate city permits and a certificate of occupancy.

21.

Grass, weeds, trash. All drill and operation sites shall be kept clear of high grass, weeds and
combustible trash.

22.

Hazardous materials management plan. Hazardous materials management plan shall be on file
with the fire marshal and the oil and gas inspector.

23.

Lights. No person shall permit any lights located on any drill or operation site to be directed in
such a manner so that they shine directly on public roads, adjacent property or property in the
general vicinity of the operation site. To the extent practicable, and taking into account safety
considerations, site lighting shall be directed downward and internally so as to avoid glare on
public roads and adjacent dwellings and buildings within 300 feet, and shall be in compliance with
chapter 12, article 36, glare and lighting standards of the Coppell Code of Ordinances.

24.

Muffling exhaust. Exhaust from any internal combustion engine, stationary or mounted on wheels,
used in connection with the drilling of any well or for use on any production equipment shall not
be discharged into the open air unless it is equipped with an exhaust muffler, or mufflers or an
exhaust muffler box constructed of noncombustible materials sufficient to suppress noise and
prevent the escape of obnoxious gases, fumes or ignited carbon or soot

25.

Private roads and drill sites. Prior to the commencement of any drilling operations, all private
roads used for access to the drill site and the operation site itself shall be at least ten feet wide,
have an overhead clearance of 14 feet and shall be surfaced with crushed rock, gravel or ore and
maintained to prevent dust and mud. The property shall have adequate area to allow for the
maneuvering of emergency vehicles into and out of the pad site. In particular cases these
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requirements governing surfacing of private roads may be altered at the discretion of the city after
consideration of all circumstances including, but not limited to, the following: Distances from
public streets and highways; distances from adjoining and nearby property owners whose surface
rights are not leased by the operation; the purpose for which the property of such owners is or
may be used; topographical features; nature of the soil; and exposure to wind.
26.

Reduced emission completion. After fracturing or re-fracturing, operators shall employ
appropriate equipment and processes as soon as practicable to minimize natural gas and
associated vapor releases to the environment. All salable gas shall be directed to the sales line as
soon as practicable or shut in and conserved. Reduced emission completion techniques and
methods shall not be required for Barnett Shale wells permitted prior to July 1, 2009 or when the
well is first wellbore drilled on the site or wells that do not have a sales line. Operators may
request a variance from the gas inspector if they believe that reduced emission completion
techniques or methods are not feasible or would endanger the safety of personnel or the public.
Flaring may be allowed in some instances to an alternative from venting as allowed by the gas
inspector. If burning of gases by open flame is authorized by the gas inspector then such open
flame shall not be located closer than 1,0000 feet from any building not used in operations on the
drilling site and such open flame shall be screened in such a way as to minimize detrimental
effects to adjacent property owners.

27.

Salt water wells. No salt water disposal wells shall be located within the City of Coppell.

28.

Signs.
(a)

A company contact and 911 emergency numbers sign shall be immediately and prominently
displayed adjacent to the public right-of-way at the gate on the temporary and permanent
site fencing erected pursuant to this article. Such sign shall be durable material, maintained
in good condition and, unless otherwise required by the RRC, shall have a surface area of not
less than two square feet nor more than four square feet and shall be lettered with the
following:
(1)

Well name and number;

(2)

Name of operator;

(3)

The emergency 911 number; and

(4)

Telephone numbers of two persons responsible for the well who may be contacted in
case of emergency, and

(5)
(b)

The City of Coppell jurisdiction.

Permanent weatherproof signs reading "DANGER NO SMOKING OR OPEN FLAMES ALLOWED"
shall be posted immediately upon completion of the well site fencing at the entrance of each
well site and tank battery or in any other location approved or designated by the fire marshal
of the city. Sign lettering shall be four inches in height and shall be red on a white
background or white on a red background. Each sign shall include the emergency notification
numbers of the fire department and the operator, well and lease designations required by
the RRC.

(c)

Address and wellbore identification signage is to be immediately and prominently displayed
at the entrance of the access road to a gas well pad site using letters four inches in height.
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(d)

Each tank is required to have the appropriate National Fire Prevention Association fire
diamond hazard placard, produced water contents and confined space warning signage.

(e)

Each wellhead is required to have an identification sign.

(f)

Any other signage is to be posted at a location approved or designated by the fire marshal of
the city.

29.

Storage of equipment. On-site storage is prohibited on the operation site. No equipment shall be
stored on the drilling or production operation site, unless it is necessary to the everyday operation
of the well. Lumber, pipes, tubing and casing shall not be left on the operation site except when
drilling or well servicing operations are being conducted on the site.
No vehicle or item of machinery shall be parked or stored on any street, right-of-way or in any
driveway, alley or upon any operation site which constitutes a fire hazard or an obstruction to or
interference with fighting or controlling fires except that equipment which is necessary for drilling
or production operations on the site. The fire department shall be the entity that determines
whether an equipment on the site shall constitute a fire hazard. No refinery, processing, treating,
dehydrating or absorption plant of any kind shall be constructed, established or maintained on the
premises. This shall not be deemed to exclude a conventional gas separator or dehydrator.

30.

Storage tanks. All tanks and permanent structures shall conform to the American Petroleum
Institute (A.P.I.) specifications unless other specifications are approved by the city. The top of the
tanks shall be no higher than ten feet above the terrain surrounding the tanks. All storage tanks
shall be equipped with a secondary containment system including lining with an impervious
material. The secondary containment system shall be a minimum of three feet in height and one
and one-half times the contents of the largest tank in accordance with the Fire Code, and buried at
least one foot below the surface. Drip pots shall be provided at the pump out connection to
contain the liquids from the storage tank.
(a)

Secondary containment shall be capable of containing a release of 150 percent of the largest
storage container within the containment and have adequate freeboard to contain an
average annual rain event.

(b)

Temporary flowback tanks shall be removed within 90 days after completion of the gas
well(s) at the pad site unless permission is obtained from the gas inspector to extend the
time period for no more than 30 days.

(c)

All tanks shall be set back pursuant to the standards of the RRC and the National Fire
Protection Association, but in all cases, shall be at least 200 feet from any public right-of-way
or property line. Each storage tank shall be equipped with a level control device that will
automatically activate a valve to close the well in the event of excess liquid accumulation in
the tank.

(d)

No meters, storage tanks, separation facilities, or other aboveground facilities, other than the
well head and flow lines, shall be placed in a floodway. Such facilities may not be placed
within the 100-year floodplain

(e)

Tanks must be at least 500 feet from any residence, religious institution, public building,
hospital building, school, habitable structure or combustible structure.
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(f)
31.

Appropriate signage as required by this article.

Tank battery facilities. Tank battery facilities shall be equipped with a remote foam line and a
lightning arrestor system.

32.

Security. At all times, the operation site or compressor station shall have a minimum of one
security camera mounted inside the enclosure. Signs shall be posted on the fence or wall of the
site to indicate that activity on the site may be recorded by video surveillance. Camera systems
shall be maintained in proper operating condition and shall be designed and located to meet the
following requirements:
(a)

Capture clear video images (day and night) of all traffic entering and exiting the gate(s);

(b)

Capture clear video images (day and night) of all production equipment located on the site;
and

33.

(c)

Show the date and time of all activity on the footage.

(d)

Operator shall maintain video data for a period of five business days.

Surface casing.
(a)

An operator may set and cement sufficient surface casing to protect all usable-quality water
strata, as defined by state law. The operator shall notify the city in writing at least 72 hours
prior to setting and cementing surface casing. In addition, the following shall be required:
i)

Centralizers must be used at an interval of one centralizer per 100 feet, or ten
centralizers per one thousand feet.

ii)

New surface casing.

iii)

Proper floating equipment shall be used.

iv)

Class "H" or class "C" cement with accelerators shall be used.

v)

The operator shall circulate to surface; if not, the operator shall cement with one inch
tubing and top off.

vi)

The operator shall provide a copy of the W-15 "Cementing Report".

vii)

The operator shall wait on cement a minimum of eight to 12 hours prior to commencing
further drilling operations.

viii)

The operator shall test the blowout preventer before drilling out of surface casing to
4,000 psi.

34.

Valves. Each well must have a shut-off valve to terminate the well's production. The fire
department shall have access to the well site to enable it to close the shut-off valve in an
emergency. Each well shall be equipped with an automated valve that closes the well in the event
of any abnormal increase in operating pressure.

35.

Vapor recovery for storage tanks. Vapor recovery equipment shall be required for tank batteries
that have an estimated rolling annual aggregate emissions rate of 25 tons or greater of total
volatile organic hydrocarbons per year per well head. Vapor recovery equipment must be
operated and maintained in such a way to ensure a 95 percent recover efficiency between the
internal and external atmospheres of the tank(s).

36.

Waste management and disposal. Unless otherwise directed by the RRC, all tanks used for storage
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shall conform to the following:
(a)

Operator must use portable closed steel storage tanks for storing liquid hydrocarbons. Tanks
must meet the American Petroleum Institute standards. All tanks must have a vent line, flame
arrester and pressure relief valve. All tanks must be enclosed by a fence applicable to the
issued permit classification. No tank battery shall be within 500 of any habitable structure
(not used in operations on the drilling site), including, but not limited to residence, religious
institution, public building, hospital, school, public park, or any business or other combustible
structure.

(b)

Drilling mud, cuttings, liquid hydrocarbons and all other field waste derived or resulting from
or connected with the drilling, re-working or deepening of any well shall be discharged into a
lined earthen pit. All disposals must be in accordance with the rules of the RRC and any other
appropriate local, state or federal agency. Additionally, any materials meeting the RRC
requirements as NORM equipment will need to be clearly labeled and managed according to
all regulatory requirements by both the RRC and Texas State Department of Health Services,
as applicable.

(c)

Unless otherwise directed by the RRC, waste materials shall be removed from the site and
transported to an off-site disposal facility not less often than every 30 days. Water stored in
on-site tanks shall be removed as necessary.

(d)

All waste shall be disposed of in such a manner as to comply with the air and water pollution
control regulations of the state, this article and any other applicable ordinance of the city.

37.

Watchman. The operator must keep a qualified personnel on site at all times during the drilling or
re-working of a well.

38.

Completion (perforating fracking). The operator shall notify the city in writing at least 48 hours
prior to starting completion procedures such as fracturing and perforating. The well must be
equipped with a blowout preventer before this operation is commenced. If a bridge plug is set
over a producing formation prior to additional completion, it must be pressure-tested to a
sufficient pressure to ensure that it is not leaking.

39.

Final pipeline hookup. (1st sales, Bradenhead gauge, and final pad site clean-up)
(a)

The operator shall notify the city in writing at least 72 hours prior to the fist sale.

(b)

The operator shall install a bradenhead gauge.

(c)

After the site has been cleaned up and screened, the operator shall notify the gas well
inspector for a final inspection

40.

Well setbacks. Except as otherwise provided, it shall be unlawful to drill any well, which is located:
(a)

Within 100 feet from any outer boundary line of the pad site; or

(b)

Within 200 feet from any storage tank, or source of ignition; or

(c)

Within 75 feet of any public street, road, highway or future street, right-of-way or property
line; or

(d)

Within 1,000 feet from any habitable structure (not used in operations on the drilling site),
including, but not limited to residence, religious institution, public building, hospital, school,
public park, or any business The distance shall be calculated from the boundary of the pad
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site, in a straight line, without regard to intervening structures or objects, to the closest
exterior point of any object listed in section 9-26-14 A.40.(a)—(f), as amended.
(e)

Within 100 feet of any building accessory to, but not necessary to the operation of the well;
or

(f)

Within 300 feet to any fresh water well, and 500 feet from a water conveyances. The
measurement shall be in a direct line from the closest well bore to the fresh water well bore.

The distances set out in section 9-26-14.A., subsection may be reduced as provided herein at the
discretion of the city council, but in no event less than 500 feet from any dwelling or any other habitable
structure as herein defined and 300 feet from non-residential structures as herein defined without the
unanimous consent of the property owners within this radius around said well and the affirmative vote of
the city council. For protection of the public health, safety and welfare, the city council may impose
additional requirements for a reduction of such distance. The reduction of the distance requirement for
fresh water wells is subject to the RRC regulations and any other state or federal requirements.
B.

Installation of pipelines on, under or across public property. The operator shall apply to the city for a
franchise agreement on, over, under, along or across the city streets, sidewalks, alleys and other city
property for the purpose of constructing, laying, maintaining, operating, repairing, replacing and
removing pipelines so long as production or operations may be continued under any oil or gas well
permit issued pursuant to this article. Operator shall:
1.

Not interfere with or damage existing water, sewer or gas lines or the facilities of public utilities
located on, under or across the course of such rights-of way.

2.

Furnish to the city a plat showing the location of such pipelines with geographic coordinates of the
pipe bore at a point separation distance set by the city engineer, using the North American Datum
1983 (NAD 83), Texas State Plane - North Central Zone (4202), in United States feet.

3.

Construct such lines out of pipe in accordance with the City Codes and regulations properly cased
and vented if under a street, all crossings of city streets will be by "dry bore" method only;

4.

Grade, level and restore such property to the same surface condition, as nearly as practicable, as
existed when operations for the drilling of the well were first commenced.
No oil or gas well permit shall be issued for any well to be drilled within any of the streets or alleys
of the city and/or projected streets or alleys shown by the current comprehensive plan of the city,
and no street or alley shall be blocked or encumbered or closed due to any exploration, drilling or
production operations unless prior consent is obtained from the city. Any consent from the city
shall be temporary in nature and state the number of hours and/or days that any street or alley
may be blocked, encumbered or closed.

( Ord. No. 2013-1332, § 1, 2-12-13 )
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Sec. 34-422. - Oil and gas well permit.
(a)

Generally. An oil, gas, or combined well permit shall be required for all wells related to developing
or producing oil, gas, or other hydrocarbons, or for the purpose of injecting gas, water, or any
other fluid or substance into the earth.

(b)

Application requirements. An application for an oil, gas, or combined well permit shall include the
following information:
(1)

All the requirements of section 34-421 of this article;

(2)

A detailed site plan that includes all the information required in section 34-421 of this article,
but also includes specific details to the projected location of the major components of the
drilling site, impacted environmentally sensitive areas, floodplains, topographic contours,
creeks and other topographic features, adjacent buildings and other structures, and the
measured distance from the drilling site to these major components of the drilling site,
impacted environmentally sensitive areas, floodplains, topographic contours, creeks and
other topographic features, adjacent buildings and other structures.

(3)

A traffic impact analysis in accordance with sections 82-181 through 82-183 of this Code, as
amended.

(4)

All application submissions for a permit shall include at a minimum four copies of the
application and all associated documentation, including plats, maps, surveys, and supporting
materials, reports, and/or forms.

(c)

Permitting procedure.
(1)

It is the responsibility of the oil and gas inspector to review and approve or disapprove all
applications for oil, gas, or combined well drilling permits based on the criteria established by
this article.

(2)

The oil and gas inspector, within 45 days after the filing of a completed application and
remittance of all fees, insurance, and security per the requirements of this article for an oil,
gas, or combined well permit, shall determine whether the application complies in all
respects with the provisions of this article and determine if the proposed well to be drilled
and/or the drilling equipment to be installed is in compliance with the distance requirements
for the requested permit on the date the completed application is received by the oil and gas
inspector. Once the operator cures or otherwise complies with the conditions specifically
noted by the oil and gas inspector's application comments by a resubmission of the
application, such 45-day review period shall commence again.

(3)

The provisions of this article shall apply to any habitable structures or buildings for which an
application for a building permit has been submitted on the date the application for an oil,
gas, or combined well permit is filed with the oil and gas inspector.

(4)

With the exception of those pad sites permitted prior to the effective date of this article, all
new and/or proposed construction of any buildings, habitable structures, streets, roads,
and/or applicable improvements to the property upon which any oil and/or gas well is
located must be in conformance with all applicable setbacks required by this article. Prior to
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the issuance of a building permit by the town for any of said habitable structure(s) or
buildings, the owner or developer of any lot or tract for which a building permit is sought
shall have the following notation placed on any deed, plat or site plan for said lot or tract:
"This tract or lot is located less than 1,500 feet from an existing oil or gas well and is subject
to the Codes and Ordinances of the Town of Flower Mound." The new construction setback
may be reduced pursuant to section 34-432, "Appeals," of this article.
(5)

If all the requirements of this article for new oil and gas well permit applications are met, the
oil and gas inspector shall issue a permit for the drilling of the well or the installation of the
facilities for which the permit application was made. Prior to the issuance of such permit, and
within 30 days after the oil and gas inspector's determination that the application complies in
all respects with the provisions of this article, notice of the pending permit approval shall be
mailed, via hand delivery or United States mail, to all property owners, as indicated by the
most recently approved town tax roll, within 1,500 feet of such site, informing said property
owners of a meeting open to the public at which meeting said property owners may ask
questions about and discuss the pending permit application. All costs of property owner
notification shall be borne by the operator and the meeting referenced herein shall occur no
later than 21 days after the date of mailing of property owner notification letters.

(6)

If the oil and gas inspector denies a permit application for cause as set out in this article for
the requested oil, gas, or combined well permit, the oil and gas inspector shall notify the
operator in writing of such denial stating the reasons for the denial. Within 30 days of the
date of the written decision of the oil and gas inspector to deny the permit, the operator shall
cure those conditions that caused the denial and resubmit the application to the oil and gas
inspector for approval and issuance of the permit. Alternatively, the operator may file an
appeal to the oil and gas board of appeals under the provisions outlined in this article
pursuant to section 34-432.

(d)

Wells setbacks for oil and gas well permits.
(1)

It shall be unlawful to drill, re-drill, deepen, re-enter, activate or convert any oil or natural gas
well, for which the closest edge of construction or surface disturbance is located:
a.

Within 1,500 feet from any public park; or

b.

Within 1,500 feet from any residence; or

c.

Within 1,500 feet from the property line upon which any religious institution, public
building, hospital building or school is located or for which a building permit has been
issued on or before the date of the application for a drilling permit is filed with the oil
and gas inspector; or

d.

Within 1,500 feet from any habitable structure; or

e.

Within 750 feet from any recorded property, lot or tract line, except where otherwise
referenced in this section. Further, where common surface and mineral estate
ownership exists for adjacent and abutting tracts, no variance shall be required for such
property, lot or tract lines; or
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f.

Within 500 feet from any existing storage tank, or source of potential ignition;

g.

Within 750 feet of any public street, road, highway, or right-of-way line; or

h.

Within 1,500 feet from any existing fresh water well.

i.

All distances shall be measured from the closest edge of construction or surface
disturbance in a straight line, without regard to intervening structures, or objects to the
closest exterior point of any object, structure, or recorded property, lot or tract line,
listed in subparagraphs (a) through (h), above.

(2)

The distances set out in subsection (d)(1) of this section may be reduced and documented as
variances to the requested permit prior to issuance at the discretion of the oil and gas board
of appeals pursuant to section 34-432, "Appeals," of this article, but said setback distance
variances shall never exceed:
a.

Twenty-five percent of the distances set out in subsection (d)(1) of this section; or

b.

No variance shall be permitted for any existing storage tank or source of potential
ignition, pursuant to subsection (d)(1)f. of this section, or any public street, road,
highway or right-of-way line, pursuant to section 34-422(d)(1)g. of this section.

(e)

Erosion control plan. Erosion control practices shall be conducted for all gas wells.
Notwithstanding the requirements as stated in subsection 34-421(d)(23) of this article, compost
berms that are at least one foot high and two feet wide, or equivalent erosion control devices,
shall be installed near, around and about the downslope portion of the well pad so that offsite
runoff is contained. Damage resulting from sedimentation and /or erosion shall be repaired
immediately.

(f)

Vehicle routes for oil and gas well permits. Vehicles, in excess of three tons gross vehicle weight,
associated with drilling and/or production shall be restricted to such streets designated as
arterials, collectors or local commercial as delineated in the town's thoroughfare plan. The vehicles
shall be operated on state arterials whenever capable of being used. Such vehicles shall be
operated on town arterials, collectors and local commercial only when it is not possible to use a
state arterial to fulfill the purpose for which such vehicle is then being operated. The vehicle
routes to be utilized and the operation of all such vehicles upon and across said vehicle routes
shall be subject to approval by the town of a road maintenance agreement.

(g)

Work hours for oil and gas well permits. Site development, other than drilling, shall be conducted
only between 7:00 a.m. and 7:00 p.m. Monday through Friday and between 9:00 a.m. and 5:00
p.m. on Saturday. Truck deliveries of equipment and materials associated with drilling and/or
production, well servicing, site preparation and other related work conducted on the well site shall
be limited to the same work hour restrictions identified above except in cases of fires, blowouts,
explosions, and any other emergencies or where the delivery of equipment is necessary to prevent
the cessation of drilling or production. The operator may request a variance from the oil and gas
board of appeals, pursuant to section 34-432 of this article.

(h)

Emissions requirements for oil and gas well permits; emissions compliance plan. Gas well sites
and production facilities shall comply with all state and federal emissions and air quality
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regulations for exhaust emissions, fugitive emissions, greenhouse gas emissions and all other
applicable emissions control and air quality standards for natural gas drilling and production. In
the event there are two or more notices of violation during any 12-month period, as determined
by the Texas Commission on Environmental Quality or the United States Environmental Protection
Agency, within 30 days of the second notice of violation, the operator shall submit to the town an
emissions compliance plan. An emissions compliance plan shall include, but is not limited to, 24hour onsite emissions monitoring and subsequent periodic reporting to the town council for a
period of 12 months of documented compliance, and the installation of appropriate equipment to
meet the requirements of the emissions compliance plan, which may include but is not limited to
vapor recovery units or other emissions control technology, to ensure that any emissions are
within applicable state and federal regulations. Thereafter the operator shall employ best
management practices to eliminate any emissions in violation of any state and federal regulations.
(i)

Noise restrictions for oil and gas well permits.
(1)

No drilling, producing, or other operations shall produce a sound level greater than:
a.

Seventy decibels using the "A weighting filter" ("dB(a)") when measured at a distance of
300 feet from the drilling, producing, or operating equipment in question during the
daytime.

b.

Fifty-six dB(a) when measured to the nearest residence, public building, or habitable
structure from the drilling, producing, or operating equipment in question during the
nighttime.

c.

Seventy dB(a) during apply to formation fracturing when measured at a distance of 300
feet from the production equipment in question during the daytime.

(2)

No person shall operate or permit to be operated in connection with the operation of a
producing well(s) any compression facility which creates a sound level that exceeds the
ambient noise level by more than three dB(a) when measured at the nearest property line,
residence, habitable structure, or public building, whichever is closer. In addition, if a
residence, habitable structure, or public building for which an application for a building
permit has been submitted on or before the date the application for a building permit for the
compression facility is filed with building inspections is present on the property for which the
compression facility is proposed, the sound level shall not exceed the ambient noise level by
more than three dB(a) when measured at the proposed residence, habitable structure or
public building. Upon approval by the town, the compression facility shall be totally enclosed
and designed to meet architectural standards complementary of the surrounding area.

(3)

Low frequency noise standards. No drilling, production, or other operations shall produce a
low frequency sound level that exceeds the following decibel levels:
16 Hz octave band: 65 decibels
32 Hz octave band: 65 decibels
64 Hz octave band: 65 decibels
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(4)

Sound level measurements shall conform to the following guidance:
a.

Sound level meters shall conform, as a minimum, to the requirements of the American
National Standards Institute.

b.

Sound level measurements shall be taken four feet above ground level.

c.

Sound levels shall be determined by averaging minute-by-minute measurements made
over minimum 15-minute sample duration, if practicable. Sound level measurements
shall be taken under conditions that are representative of the noise experienced by the
complainant (e.g., at night, morning, evening, or during special weather conditions).

d.

In all sound level measurements, the existing ambient noise level from all other sources
in the encompassing environment at the time and place of such sound level
measurement shall be considered to determine the contribution to the sound level by
the oil and gas operation(s).

(5)

The noise management plan, as approved by the oil and gas inspector, shall detail how the
equipment used in the drilling, completion, transportation, or production of a well complies
with the maximum permissible noise levels of this article. The noise management plan must:
a.

Identify operation noise impacts;

b.

Provide documentation, if applicable, establishing the ambient noise level for both
daytime and nighttime hours prior to construction of any wellhead compressor or
compression facility and after the installation of the noise generation equipment
verifying compliance with this section. The operator shall be required to submit noise
compliance reports at least semi-annually or in response to a noise complaint; and

c.

Detail how the impacts will be mitigated. In determining noise mitigation, specific site
characteristics shall be considered, including but not limited to the following:
1.

Nature and proximity of adjacent development, location, and type;

2.

Seasonal and prevailing weather patterns, including wind directions;

3.

Vegetative cover on or adjacent to the site;

4.

Topography;

5.

Operation and site noise management measures which may include but not be
limited to: use of critical grade mufflers on generators and motors; use of
structural noise curtains, walls, or enclosures; and best management practices by
limiting or eliminating noisier operations, such as tripping, deliveries of pipe,
casing and heavy loads, use of horns for communication, and operation of vehicle
audible back-up alarms at night.

d.

Identify the location of noise blankets, sound walls or other applicable noise mitigation
effects around the pad side. Noise mitigation shall be required for all drilling, hydraulic
fracturing and production operations.

(j)

Tank specifications for oil and gas well permit. All tanks and permanent structures shall conform
to the American Petroleum Institute (A.P.I.) specifications unless other specifications are approved
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by the fire chief. The top of the tanks shall be no higher than eight feet in height.
(k)

Building permit required.
(1)

No building or structure regulated by the current code adopted by the town, shall be erected,
constructed, enlarged, altered, repaired, moved, improved, removed, converted, or
demolished unless a separate permit for each building or structure has first been obtained
from the building official. Notwithstanding the provisions of the town's building codes,
compliance with all noise requirements of this article shall be documented, signed by a noise
control engineer or other qualified person approved by the oil and gas inspector, and
submitted to the oil and gas inspector prior to the issuance of a certificate of occupancy.

(2)

It shall be the responsibility of any person, firm, or corporation, upon submittal of an
application for a building permit for work regulated by the current code adopted by the town,
to register as a general contractor with the town. Work regulated includes but is not limited
to: construction of gates, fencing, plumbing, irrigation, electricity, roadways, entrances,
compressors, flow lines, pipelines, gathering lines, tank batteries, and buildings. Such
registration shall be upon forms supplied by the building official and shall become null and
void on December 31 of each year. An appropriate fee for registration shall be assessed in
accordance with the provisions of appendix A of this Code.

(l)

All other provisions outlined in this article shall be required.

(Ord. No. 29-11, § 2, 7-18-2011; Ord. No. 36-11, § 3, 8-1-2011)
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(1) Within 45 days of receipt of a complete application, a site plan and a request for a waiver to drill a gas well within 600
feet of a protected use, the gas inspector shall schedule the matter on a city council night agenda for a public hearing and give
notice by mail of the time, place and purpose thereof to the applicant and any other party who has requested in writing to be so
notified. The 45-day period shall not begin to run until the applicant/operator has provided the gas inspector with a complete
application package.

(c) Permitting procedure for request of a waiver by the city council.

(b) Application requirements. In addition to the requirements of § 15-35, an application for a gas well permit to drill a well
within 600 feet of a protected use shall include a letter to the assistant director of planning and development - gas well division
requesting a public hearing to obtain a gas well permit from city council or a copy of the written notarized waivers from the
protected uses within 600 feet of the proposed well and evidence of filing of each waiver in the applicable county deed
records.

(4) The measurement of the 600-foot distance shall be made from the well bore, in a straight line, without regard to
intervening structures or objects, to the closest exterior point of the building or boundary line of a public park or property line
of a school.

(3) This provision applies to any existing residence, religious institution, hospital building, school or public park or where
a building permit has been issued for a protected use on the date the application for a permit is filed with the gas inspector.

(2) This setback distance may be reduced, but never less than 300 feet, from any residence, religious institution, hospital
building, school or public park.

b. Written notarized waiver granted by all the protected use property owners within a 600 foot radius around the
proposed well pursuant to this section. All waivers must identify the property address, block and lot number, subdivision name
(if applicable) and plat volume and page and be filed, at the expense of the operator, in the applicable county records prior to
the application of a gas well permit.

a. Waiver granted by the city council; or

(1) A gas well permit shall not be issued for any well to be drilled within 600 feet of a residence, religious institution,
hospital building, school or public park without:

(a) Wells located within 600 feet of a protected use.

§ 15-36 GAS WELL PERMITTING PROCEDURE.
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(5) All notice provisions contained herein shall be deemed sufficient upon substantial compliance with this section.

c. The sign shall remain posted at the pad site for the duration of the gas well permit to drill within 600 feet of a
protected use.

b. The continued maintenance of any such sign(s) shall not be deemed a condition precedent to the holding of any
public hearing or to any other official action concerning this article.

a. The sign(s) shall substantially indicate that a gas well permit to drill for gas within 600 feet of a protected use has
been requested and state the date, time and place of the public hearing, and shall further set forth that additional information
can be acquired by telephoning the operator/applicant at the number indicated on the sign.
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(4) At least 20 days prior to the date of the public hearing before city council for a gas well permit within 600 feet of a
protected use under this article the operator shall, at operator’s expense, erect at least one sign, as approved by the gas
inspector, no less than three feet by three feet, upon the premises upon which a gas well permit within 600 feet of a protected
use has been requested. Where possible, the sign or signs shall be located in a conspicuous place or places upon the property at
a point or points nearest to any right-of-way, street, roadway or public thoroughfare adjacent to such property. The gas
inspector may require additional signage if the premises fronts on more than one right-of-way, street, roadway or public
thoroughfare.

(3) At least 15 days, and no more than 20 days prior to the date of the public hearing before city council for a gas well
permit within 600 feet of a protected use under this article, operator shall publish a notice at operator’s expense, in one issue of
the local section of a newspaper of general circulation in the city, for ten consecutive days. An affidavit by the printer or
publisher of the newspaper indicating publication of the notice shall be filed with the application and will be prima facie
evidence of such publication. All notices shall follow a format required by the city.

(2) At least 20 days, and no more than 30 days prior to the date of the public hearing before the city council for a waiver
and the issuance of a gas well permit within 600 feet of a protected use, the city shall notify, at operator’s expense, each
surface owner of property, as shown by the current City of Fort Worth fire department address system and the current tax rolls
within 1,000 feet of the proposed well or boundary of a multiple well site not owned by or under lease to the operator of the
hearing date and time. The notice shall contain an internet link for information on gas drilling, the number of wells requested
by the applicant, that drilling may commence within 365 days from the date of issuance of the permit, and contact telephone
numbers for city staff and the operator/applicant. Such notice shall be deposited properly addressed and postage paid, in the
United States mail. Notice shall be sent by the city to all registered neighborhood associations within one-half mile of the
proposed drill site.
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g. Whether the impact upon the adjacent property and the general public by operations conducted in compliance with
the gas well permit conditions are reasonable and justified, balancing the following factors:

f. Whether there is reasonable access to the gas well site that minimizes the impact to residential properties if the use of
non-designated commercial or truck routes are required;

e. Whether there is approved access for the city fire personnel and firefighting equipment;

d. Whether the operations proposed are consistent with the health and welfare of the public when and if conducted in
accordance with the gas well permit conditions to be imposed;

c. Whether there are other alternative well site locations that would allow reasonable access to explore, develop and
produce the mineral estate without creating mineral waste;

b. Whether the drilling of such wells would conflict with the orderly growth and development of the city;

a. Whether the operations proposed are reasonable under the circumstances and conditions prevailing in the area
considering the particular location and the character of the improvements located thereon;

(9) The city council shall review the application and any other related information. The city council shall consider the
following in deciding whether to grant a waiver and authorize the issuance of a gas well permit to drill within 600 feet of a
protected use:

(8) The burden of proof on all matters, except notice, considered in the hearing shall be upon the applicant/operator.

(7) At the public hearing and before the city council considers the merits of the application and the recommendations of
the gas inspector, the operator/applicant shall provide evidence of a certificate of publication establishing timely publication of
the notice of the hearing, and that the operator/applicant has otherwise complied with or satisfied all other requirements of this
article, including full and complete compliance with the insurance and security requirements.

(6) After a permit application and site plan is submitted to drill within 600 feet of a protected use, the gas inspector shall
evaluate the public impact of the proposed activity. The gas inspector shall consider the proposed site and the proposed
operations or drilling program and shall draft recommended restrictions or conditions, including minimum separation distance
for drilling or other operations, special equipment and procedures, recommended noise reduction levels, screening and any
other requirements the gas inspector deems appropriate. The recommendation shall be submitted to the city council for
consideration prior to the public hearing along with evidence that timely actual notice of the hearing was given to all persons
as required by this article.
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h. The recommendations of the gas inspector.

2. The availability of alternative drill sites, both presently and at other times during the lease term.

1. The right of the owners(s) of the mineral estate to explore, develop and produce the minerals; and

https://export.amlegal.com/api/export-requests/581d99f3-8d59-40cc-8bf9-472b8f5db48a/download/
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(2) If the operator fails to obtain written waivers from all property owners within a 600-foot radius around the proposed
well, or boundary of multiple well site the operator must submit a request for a waiver to drill a gas well within 600 feet of a
protected use from city council pursuant to the requirements of subsection (e) below or modify the well location to comply
with the 600 foot setback from all protected uses. Waivers from new protected use property owners shall not be required for an
approved or existing multiple well site permit.

b. Written notarized waivers granted by all the protected use property owners within a 600-foot radius around the
proposed well or boundary of multiple well site must be filed, at the expense of the operator, in the applicable county records.
All waivers must identify the property address, block and lot number, subdivision name and plat volume and page number.
Copies of filed protected use property owner waivers must be submitted with the filing of a completed application for a gas
well permit within 600 feet of a protected use.

a. Waivers must be in a format approved by the city and shall include an aerial exhibit attached clearly depicting the
area of a proposed pad site where well development could occur and the closest dimension to the protected use for which the
waiver is being requested. Signatures are required on both the form and exhibit. The waiver form will be double sided and
printed in both Spanish and English allowing the property owner to execute the waiver in their language of choice.

(1) No application for a gas well permit within 600 feet of a protected use by waiver of protected uses shall be accepted
unless the written notarized waivers are obtained from all protected use property owners within 600 feet of the proposed well
site.

(d) Permitting procedure for a waiver from protected use property owners.

(11) The city council may accept, reject or modify the application in the interest of securing compliance with this article,
the city code and/or to protect the health and welfare of the community.

(10) The city council may require an increase in the operator/applicant’s proposed distance that the well is to be set back
from any residence, religious institution, public building, hospital building, school or public park or require any change in
operation, plan, design, layout or any change in the on-site and technical regulations in §§ 15-42 and 15-43 of this article,
including fencing, screening, lighting, delivery times, noise levels, tank height or any other matters reasonably required by
public interest.
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(e) Permitting procedure for gas wells located greater than 600 feet from a protected use; notice for gas well permit.

(6) All notice provisions contained herein shall be deemed sufficient upon substantial compliance with this section.

c. Any sign(s) shall be removed subsequent to final action by the gas inspector or the city council.

b. The continued maintenance of any such sign(s) shall not be deemed a condition precedent to the holding of any
public hearing or to any other official action concerning this article.

a. The sign(s) shall substantially indicate that a gas well permit within 600 feet of a protected use by protected use
waiver to drill for gas has been requested and shall further set forth that additional information can be acquired by telephoning
the operator at the number indicated on the sign.
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(5) At least ten days prior to, but not more than 30 days, the date of filing of an application for a gas well permit within
600 feet of a protected use under this section with the gas inspector, the operator, at operator’s expense, shall erect at least one
sign, as approved by the gas inspector, no less than three feet by three feet, upon the premises upon which a gas well permit
within 600 feet of a protected use by protected use waiver permit has been requested. Where possible, the sign or signs shall be
located in a conspicuous place or places upon the property at a point or points nearest right-of-way, street, roadway or public
thoroughfare adjacent to such property. The gas inspector may require additional signage if the premises fronts on more than
one right-of-way, street, roadway or public thoroughfare.

(4) At least ten days prior to the date of filing of an application for a gas well permit within 600 feet of a protected use by
protected use waiver under this article with the gas inspector, operator shall publish the notice at the expense of the operator, in
one issue of the local section of a newspaper of general circulation in the city for ten consecutive days. An affidavit by the
printer or publisher of the newspaper indicating publication of the notice shall be filed with the application and will be prima
facie evidence of such publication. All notices shall follow a format required by the city.

b. The notice shall contain the information as outlined below, an internet link for information on gas drilling, the
number of wells requested by the applicant and contact telephone numbers for the city staff and operator/applicant. Notice
shall be sent by the city to all registered neighborhood associations within one-half mile of the proposed drill site.

(3) a. Upon receipt of copies of all protected use waivers filed in the applicable county deed records and a completed
application by the operator, the city shall notify, at operator’s expense, each surface owner of property as shown by the current
City of Fort Worth fire department addresses within 1,000 feet of the proposed well or boundary of multiple well site not
owned by or under lease to the operator.
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(Ord. 18449-02-2009, § 1, passed 2-3-2009, eff. 2-10-2009; Ord. 19402-10-2010, § 3, passed 10-12-2010)

(4) All notice provisions contained herein shall be deemed sufficient upon substantial compliance with this section.

c. The sign shall remain posted at the pad site for the duration of the gas well permit.

b. The continued maintenance of any such sign(s) shall not be deemed a condition precedent to the holding of any
public hearing or to any other official action concerning this article.

a. The sign(s) shall substantially indicate that a gas well permit to drill for gas has been requested and shall further set
forth that additional information can be acquired by telephoning the operator at the number indicated on the sign.

(3) At least ten days prior to, but not more than 30 days, the date of filing of an application for a gas well permit under
this article with the gas inspector, the operator, at operator’s expense, shall erect at least one sign, as approved by the gas
inspector, no less than three feet by three feet, upon the premises upon which a gas well permit has been requested. Where
possible, the sign or signs shall be located in a conspicuous place or places upon the property at a point or points nearest rightof-way, street, roadway or public thoroughfare adjacent to such property. The gas inspector may require additional signage if
the premises fronts on more than one right-of-way, street, roadway or public thoroughfare.

(2) At least ten days prior to the date of filing of an application for a gas well permit under this article with the gas
inspector, operator shall publish a notice at the expense of the operator, in one issue of the local section of a newspaper of
general circulation in the city for ten consecutive days. An affidavit by the printer or publisher of the newspaper indicating
publication of the notice shall be filed with the application and will be prima facie evidence of such publication. All notices
shall follow a format required by the city.

b. The notice shall contain the information as outlined below and shall also include the date and time of the next
monthly informational meeting at city hall, an internet link for information on gas drilling, the number of wells requested by
the applicant, that drilling may commence within 180 days from the issuance of the permit and contact telephone numbers for
city staff and operator/applicant. Notice shall be sent to all registered neighborhood associations within one-half mile of the
proposed drill site.

(1) a. At least ten days after the date of filing of an application for a gas well permit with the gas inspector under this
article, city shall notify, at the expense of the operator, each surface owner of property, as shown by the current City of Fort
Worth Fire Department address system and current tax roll within 1,000 feet of the proposed well not owned by or under lease
to the operator. Such notice, as outlined below, shall be by depositing the same, properly addressed and postage paid, in the
United States mail.
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15.20.030 Well Setbacks

Search

Print

Within 100 feet of any building not necessary to the operation of the well, or

C.

No Frames

www.qcode.us/codes/huntingtonbeach/?view=desktop&topic=municipal_code-15-15_20

View the mobile version.

F. The distances set out in subsections C, D and E of this section may be reduced if additional fire protection is provided in
accordance with the requirements imposed by the Fire Chief. (3037-5/90)

E. Within 25 feet of any public street, road or highway or future street right-of-way. Setbacks shall conform to appropriate
provisions of the Huntington Beach Municipal Code.

D. Within 300 feet of any building used as a place of public assembly, institution or school, or

From any recovery heater, oil storage tank, or source of ignition, or

B.

A. From any property boundary line, or

It shall be unlawful to drill any well, the center of which at the surface of the ground is located within 25 feet

15.20.030 Well Setbacks
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ZONING ORDINANCE OF THE TOWNSHIP OF KENNEDY
ORDINANCE NO. 478
ADOPTED JULY 8, 2014

An Ordinance to address all aspects of zoning, development, and all related matters, including the
need to regulate and restrict, as appropriate, development, building, and the like, including, as of necessity, to
regulate and restrict the height, number of stories, bulk and size of buildings and other structures; the portion
of lot that may be occupied; the size, depth and width of yards and other open spaces; the density of
population and the location and use of buildings, structures and land for trade, industry, residence or other
purposes; to divide the Township into districts and to provide boundaries thereof for the purpose of carrying
out these regulations; to provide for the amendment of these regulations and the revision of the district
boundaries; to create a Zoning Hearing Board and prescribe the powers and duties thereof; to provide for the
enforcement of the aforesaid regulations and penalties for violation; and as a consequence of, and necessary
to, repealing Ordinance 171, adopted by the Board of Commissioners of the Township of Kennedy, along
with all amendments thereto, setting forth a full and complete zoning ordinance, in consideration of all issues
existing under applicable law, at the time of adoption.
WHEREAS, the Board of Commissioners of the Township of Kennedy, acting pursuant to applicable
law, and in consideration of their duties and obligations to the residents of the Township of Kennedy, deem it
necessary, in order to protect and encourage the most appropriate use of land; to secure safety from fire and
other dangers; to insure the provision of adequate light, air and amenity; to prevent undue concentration of
population and crowding of land; to conserve the value of property; to facilitate the provision of public and
private development in harmony with these purposes; and to promote the health, safety, general welfare,
morality and convenience of the community.
NOW, THEREFORE, be it Ordained and Enacted by the Board of Commissioners of the Township of
Kennedy, County of Allegheny, and the Commonwealth of Pennsylvania, and it is hereby Ordained and
Enacted under the authority of applicable laws, that the within is adopted as Kennedy Township Ordinance
No. 478, as the Zoning Ordinance of the Township, as set forth further herein.
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Article I
SECTION 101: TITLES:
This Ordinance shall be known and may be cited as the “Zoning Ordinance of the Township of
Kennedy.” The Map, showing the division of the Township into the designated zoning districts,
shall be known as the “Zoning District Map”, which shall be the official zoning map of the Township
of Kennedy. The said Map shall be an integral part of this Ordinance, and is incorporated herein by
reference.

SECTION 102: VALIDITY:
Should any Court of competent jurisdiction declare any portion of this ordinance to be invalid, such
declaration shall not affect the validity of the ordinance as a whole or of any part thereof, other than
the specific portion declared to be invalid.

SECTION 103: PREDOMINATION OVER OTHER LAWS:
The provisions of this ordinance shall control wherever they impose greater restrictions (on the use
of land, or on the use of height of structures, or on the size of yards or other open spaces, or on the
density of population or on any other matters set forth herein) than those imposed by other laws,
ordinances, rules, regulations or permits, or by easements, agreements or covenants.

SECTION 104: COMMUNITY DEVELOPMENT OBJECTIVES
104.1

Community Development Objectives on which this Ordinance is based are:
A.

To promote the interest of public health, safety, morals, and the general
Welfare.

B.

To secure safety from fire or other conditions, and to provide adequate
open space for light and air.

C.

To conserve and stabilize property values;

D.

To preserve woodlands, open space, recreational, agricultural, and
environmentally sensitive lands from conflict with urban development;

E.

To facilitate the economic provision of adequate transportation, water,
sewage, schools, parks, and other public requirements;

F.

To prevent the overcrowding of land, blight, danger and congestion in
travel and transportation, loss of health, life or property from fire, flood,
panic or other dangers;

G.

To promote storm water management, soil and water conservation;
9

104.2

H.

To set forth population density controls;

I.

To promote coordinated and practical community development; and

J.

To promote the utilization of renewable energy sources.

Interpretation
In interpreting and applying the provisions of this Ordinance, they shall be held to be the
minimum requirements for the promotion of the health, safety, morals and general welfare
for, of, and in the Township of Kennedy. It is not intended to interfere with or abrogate or
annul other rules, regulations or ordinances of the Township of Kennedy, except that where
this Ordinance imposes a greater restriction upon the use of buildings or premises or upon
the height of a structure, or requires larger open spaces than are imposed by such other
rules, regulations or ordinances, in which situation(s) the provisions of this ordinance shall
control.
In the event of conflicts between the provisions of this ordinance and any other ordinance
or regulation, the more restrictive provisions shall apply.
In interpreting the language of this ordinance to determine the extent of the restriction upon
the use of property, the language shall be interpreted, where doubt exists, as to the intended
meaning of the language written and enacted by the Board of Commissioners, in favor of the
property owner and against any implied extension of the restriction.

SECTION 105: PREAMBLES NOT PART OF THE ORDINANCE:
The preambles used in this Ordinance are to be considered explanatory and directive only, to be
used in interpreting the intent of those Articles, but not to be considered a part of this Ordinance in
establishing applicable regulations or provisions.

SECTION 106: CONFLICT WITH OTHER ORDINANCES:
Ordinance No. 171, Ordinance 111, and all supplements and amendments thereto shall be, and
the same are hereby, repealed. Any other Ordinance or part of any Ordinance, in conflict with the
provisions of this Ordinance, is hereby repealed, insofar as it affects this Ordinance.

SECTION 107: EFFECTIVE DATE:
The effective date of this Ordinance shall be ten (10) days after passage and upon being signed by
the Township Commissioners and being attested by the Secretary, or Manager, of the Township.
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SECTION 108: ORDINANCE ON FILE FOR PUBLIC RECORDS:
This Ordinance, including the Zoning District Map, together with any succeeding amendments
thereto, shall be on file and may be viewed by any interested person in the office of the Township
Officials.

SECTION 109: AUTHORITY
This ordinance is adopted by virtue of the authority granted to the Township by the Commonwealth of
Pennsylvania in the Pennsylvania Municipalities Planning Code, Act 247 of 1968, as amended by Act
170 of 1988 (53 P.S. 10101 et. seq.,) and applicable law.

SECTION 110: COMPLIANCE
No structure shall be located, erected, constructed, reconstructed, moved, converted or enlarged,
nor shall any structure or land be used or designed to be used, except in full compliance with all the
provisions of this ordinance and after the lawful issuance of all permits and certificates required by
this ordinance.
SECTION 111: PROTECTION OF ASSETS
It is recognized that the Allegheny County Office of Economic Development, in conjunction with
matters identified in “Allegheny Places”, as well as addressed and concerned by other governmental
agencies, have stressed the need to promote and protect areas that are significant assets. As a
consequence of the same, the Township of Kennedy recognizes that uses should be developed and
located so as to:
1.

Promote and protect the county’s historic and cultural resources.

2.

Provide for the protection and extension of green space, greenways, the
recognized Allegheny Land Trust “Green Print”, regionally significant parks, and
other appropriate areas that provide a similar benefit.

3.

Preserve and protect existing and proposed trails, as identified in “Allegheny
Places”, or other trail developments.

4.

Preserve and protect significant natural heritage inventory sites, such as those
along waterways, and other sites of significance.
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5.

Protect ecologically sensitive areas, such as wooded steep slopes, stream
headwaters, woodlands, wildlife corridors, and the like.

6.

Protect and restore critical stream valleys, flood plains, wetlands, and other
similar areas, so as to preserve their functions and functionality for flood water
storage, water supply, ground water recharge, and similar ecological and
scientific concerns.

ARTICLE II
RULES AND DEFINITIONS
SECTION 201: RULES:
The following rules of construction shall apply to this Ordinance:
a. For the purpose of this Ordinance, certain terms and words are herein defined. Whenever used
in this Ordinance, they shall have the meaning indicated in this Article, except where there is
indicated in contrast a clearly different meaning.
b. The particular shall control the general.
c.

In case of any difference in meaning or implication between the text of this Ordinance, and any
caption or illustration, the text shall control.

d. The word “shall” is mandatory and not discretionary. The word “may” is permissive.
e. Words used in the present sense shall include the future; words used in the singular number
shall include the plural, and the plural the singular, unless the context clearly indicates the
contrary.
f.

The phase “used for” includes “arranged for”, “designed for”, “intended for”, “maintained for”,
and/or “occupied for”.

g. In any and all zoning districts depicted by the map attached hereto, or described by
any language contained herein, where streets, alleys or roads serve as the boundaries,
the actual street, alley or road location shall serve as the zoning district boundary.
Wherever the actual street, alley or road shall be inconsistent with any proposed
or previously plotted street, alley or road, the actual location of such street, alley or
road shall be utilized for the purpose of establishing the zoning district boundary.

SECTION 202: DEFINITIONS:
Abandonment: The plugging of the well and the restoration of any well site as required by this
ordinance.
Access: A means of providing vehicular or pedestrian ingress and egress to and from a property.
Accessory Structure: A detached subordinate structure, the use of which is clearly incidental to the main
structure or use of the land. An accessory structure includes, but is not limited to, the following:
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a. Children’s playhouse, garden house, or private green house
b. Civil defense shelter serving not more than two families
c.

Garage, shed or building for domestic storage

d. Servants’ quarters or servants’ house
e. Screened wall or fence
Accessory Use: A use customarily incidental and subordinate to the principal use and located on the same
lot as the principal use, but not a dwelling unit or structure.
Accredited Standard Lot: A lot in an “R” District which fronts a One-Family dwelling, and by documentary
evidence is shown to be, prior to and continuously since, the effective date of this Ordinance, in separate
and distinct ownership from all abutting land.
Adult Arcade: Any place where the public is permitted or invited wherein coin-operated or electronically,
electrically or mechanically controlled still or motion picture machines, projector or other image-producing
devices are maintained to show images to five or fewer persons per machine at any one time and where
the images displayed are sexually explicit or depict nudity or sexual conduct, as defined herein.
Adult Bookstore or Video Store: An establishment having a substantial or significant portion of its stock-intrade, including but not limited to videocassettes, movies, books, magazines and other periodicals, which
is distinguished or characterized by its emphasis on matters depicting, describing or relating to nudity or
sexual conduct, as defined herein, or an establishment or with a segment or section devoted to the sale
or display of such material.
Adult Business: An adult arcade, adult bookstore or video store, adult motel, adult mini-motion-picture
theater, adult motion-picture theater, adult news rack, adult nightclub, body-painting studio, bathhouse,
escort service, massage parlor, or any other business establishment or private club offering adult
entertainment, as defined herein.
Adult Entertainment: Movies, videos, still or motion pictures, photographs, slides, films or other visual
representations, books, magazines or other printed material or live dramatic, musical or dance
performances which are sexually explicit or depict nudity or sexual conduct, as defined herein.
Adult Mini-Motion-Picture Theater: An enclosed building with a capacity for accommodating fewer than 50
persons, used for presenting material distinguished or characterized by an emphasis on matter depicting,
describing or relating to nudity or sexual conduct, as defined herein, for observation by patrons therein.
Adult Motel: A hotel or motel presenting adult motion pictures by means of closed-circuit television, the
material being presented having as a dominant theme or presenting material distinguished or
characterized by an emphasis on matter depicting, describing or relating to nudity or sexual conduct, as
defined herein, for observation by patrons therein.
Adult Motion-Picture Theater: An enclosed building with a capacity for accommodating 50 or more persons
used for presenting material distinguished or characterized by an emphasis on matter depicting,
describing or relating to nudity or sexual conduct, as defined herein, for observation by patrons therein.
Adult News Rack: Any coin-operated machine or device which dispenses printed material substantially
devoted to the depiction of nudity or sexual conduct, as defined herein.
Adult Nightclub: Any nightclub, as defined herein, which offers adult entertainment, as defined herein.
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Allowable Drilling Area: The area within the well pad that is approved for wells to be drilled.
Alterations: As applied to a building or structure, a change or rearrangement in the structural parts or in the
exit facilities, or an enlargement, whether by extending on a side or by increasing in height, or the moving
from one location to another, or any change in use from than of one zoning district classification to
another.
Alterations, Structural: Any change in the supporting members of a building such as bearing walls,
columns, beams, girders, or foundations.
Ambient Noise Level: The all-encompassing noise level associated with a given environment, being a
composite of sounds from all sources at the location, constituting the normal or existing level of
environmental noise at a given location.
Apartment: A room or suite of rooms in a multiple-family structure which is used as a single housekeeping
unit, and which contains complete kitchen, bath and toilet facilities, permanently installed.
Apartment House: A building used by three or more families living independently of each other and
containing dwelling units.
Area, Building: The total of areas taken on a horizontal plane at the main grade level of the principal
building exclusive of uncovered porches, terraces, steps, garages and other accessory buildings.
Automobile Repair, Major: Engine building or major reconditioning of worn or damaged motor vehicles or
trailers; collision service, including body, frame or fender straightening or repair, overall painting of
vehicles.
Automobile Wrecking: The dismantling or wrecking of used automobiles or trailers, or the storage, sale or
dumping of dismantled, partially dismantled, obsolete or wrecked vehicles or their parts.
Basic Grade: The average elevation of the proposed grade line of the ground at the front of the structure as
shown on the construction plans; in the case of a structure as shown on the construction plans; in the
case of a structure abutting the front property line, the elevation of the curb in front of the center of the
structure, or if there be no curb, the elevation of the proposed grade line at the center of the front lot line;
in case no grade line is established, the actual existing grade of the traveled roadway shall apply.
Billboard: Structure, building wall, or other outdoor surface used to display lettered, pictorial, sculptured, or
other matter which directs attention to any product, commodity or service offered only elsewhere than on
the premises or as a minor and incidental service on the premises.
Buffer Area: A strip of land which is planted and maintained in shrubs, bushes, trees, grass, or other
landscaping material and within which no structure is permitted except a wall or fence.
Building: A structure having a roof supported by columns or walls, for the shelter of persons, animals,
chattels, or property. When separated by walls which are common with the walls of adjoining dwellings,
each portion of such structure shall be considered a separate building.
Building Inspector: See Zoning Officer.
Building Line: The line of that face of the building nearest the front line of the lot. This face includes sun
parlors and covered porches whether enclosed or unenclosed, but does not include walks, steps, or
terraces.
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Building Height: The vertical distance measured from the average elevation of the proposed finished grade
at the front of the building to the highest point of the roof for flat roofs, to the deck line of mansard roofs,
and to the mean height between eave and ridge for gable, hip, and gambrel roofs.
Clinic: An establishment which provides to ambulatory patients diagnostic health, medical,
surgical and/or psychiatric services and/or treatment on an out-patient basis.
Community Club: An organization comprised mainly of residents of the neighborhood in which it is located,
the primary purpose of which is the advancement of its members or of the community in educational,
cultural, or civic pursuits and activities.
Community Service, Institution or Facility: A use of a structure or portion thereof, operated by
neighborhood groups such as a chartered social, fraternal, business or professional organization, in
which building lectures and amateur plays may be given, citizens-organizations may meet, and social and
recreational activities may be conducted; where the premises and the major portion of the services are
not restricted to members and their personal guests; and in connection therewith, there is neither the sale
nor dispensation of intoxicating beverages on the premises.
Court: An open, unoccupied, and unobstructed space, other than a yard, on a zoning lot, bounded by two or
more sides of a building; including similar area fully open to the sky but not necessarily beginning at the
ground level.
County Planning Agency. The Allegheny County Department of Economic Development, or its successor
entity to agency designated by the County of Allegheny.
Decibel (db): A unit for measuring the intensity of a sound/noise and is equal to 10 times the logarithm to
the base 10 of the ration of the measured sound pressure squared to a reference pressure which is 20
micropascals.
Demobilization: Those activities when the drilling has ceased and the rig equipment and related pad site
equipment is being dismantled for the purpose of moving off the drill pad site.
Derrick: Any portable framework, tower, mast and/or structure which is required or used in connection with
drilling or re-working a well for the production of gas.
District, Zoning: A section of the Municipality for which uniform regulations governing the use, height, area
and intensity of use of buildings and land and open spaces about buildings are herein established.
Drilling: Digging or boring a new well for the purpose of exploring for, developing or producing gas or other
hydrocarbons, or for the purpose of injecting gas, water or any other fluid or substance into the earth.
Drilling Equipment: The derrick, together with all parts of and appurtenances to such structure, as well as
every piece of apparatus, machinery or equipment used or erected or maintained for use in connection
with drilling.
Drive-in Restaurant: An establishment where refreshments, meals or prepared foods may be obtained by
the public; where customers thereof customarily arrive at the premises via motor vehicle; and where less
than ninety percent of the persons consume the food or drink served to them within the main building on
the premises. This definition shall include, inter-alia, such enterprises as drive-ins, ice-cream or custard
stands, hot or cold drinks or sandwich establishments, and the like. It shall not include enterprises selling
canned or bottled beverages, dairy stores, or grocery stores, where such beverages or food products are
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sold in their original closed containers. Where more than twenty-five percent of the gross business of
any establishment is covered under this definition, such establishment shall be considered a drive-in
restaurant for purposes of this Ordinance.
Dwelling: A building designed or used exclusively as the living quarters of one or more families.
Dwelling, Single-Family: A separate, detached building designed for or occupied, exclusively as a
residence by one family.
Dwelling, Two-Family: A separate, detached building designed for or occupied, exclusively as a residence
by two families.
Dwelling, Multiple-Family: A dwelling, designed or occupied otherwise than as a one-family dwelling or a
two-family dwelling. The term “multiple-dwelling” shall be understood to include apartment houses, row
houses, and all other family dwellings of similar character, where apartments or suites are occupied and
used as a separate complete housekeeping unit, but not to include hotels or motels.
Dwelling, Row: A multiple-family dwelling divided by party walls into distinct and non-communicating units,
each dwelling unit of which has direct access to the outdoors through separate exterior entrance doors.
Educational Institution: A school including a public school, parochial school, private school, college,
university and a private nursery school or pre-school, having regular sessions, with regularly employed
instructors, which teaches those subjects that are fundamental and essential in elementary, secondary,
or higher education under the supervision of the Commonwealth of Pennsylvania or a lawfully constituted
ecclesiastical governing body, or a corporation meeting the requirements of the Commonwealth.
Electronic Notice: Notice given by a municipality through the internet of the time and place of a public
hearing and the particular nature of the matter to be considered at the hearing.
Facility: The primary building(s), support structure(s) and associated appurtenances designed, constructed
and maintained to operate a Natural Gas Well Pad, Compressor Station or Processing Plant
Facility Operator: Any person or entity partnership, company, corporation and its subcontractors and
agents who has a desire to install and/or operate a Natural Gas Compressor Station.
Facility Work: The construction of, alteration, improvement, upgrade, or expansion to a Natural Gas
Compressor Station or Processing Plant that results in an increase of the gross floor area of the primary
building and the paved area of the pad area which, in combination, totals 2,000 s.f. or more. The term
"Facility Work" shall include the initial construction of the facility, but shall not include typical maintenance
to or operation of an existing facility. Any construction of, alteration, improvement, upgrade, or expansion
to a facility that results in a less than s.f. figure presented shall not be considered Facility Work.
Family: One or more persons related by blood, marriage, or adoption, or three unrelated persons living as a
household in a dwelling unit. May also include domestic servants and gratuitous guests.
Farm Animal: Farm animal shall include, but not necessarily be limited to, any animal commonly found on
what would be considered to be a farm, such as horses, cows, cattle, bulls, pigs, chickens, and any
similar, or related by species, animal.
Floor Area: The sum of the gross horizontal areas of the several floors of a building or buildings, measured
from the exterior faces of exterior walls, or from the centerline of common walls separating buildings. For
purposes of determining parking and loading space requirements for the several zoning districts herein,
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the “floor area” of a building or buildings shall include: basement space, penthouses, attic space
providing structural headroom of seven and one-half feet or more, interior balconies and mezzanines,
enclosed porches, accessory uses other than accessory off-street parking and loading space
requirements. The following areas shall not be included: cellar space, elevator shafts and stairwells,
floor space for mechanical equipment as necessary to service the needs of the building, uncovered
steps, terraces, breezeways, open spaces unroofed unless specifically required in the parking regulations
herein, and fitting and dressing rooms.
Flowback: The process of flowing in, from, or to a completed/fractured well for the purpose of recovering
water and residual sand from the gas stream prior to sending gas down a sales line, transmission line, or
distribution line.
Forestry: the management of forests and timberlands when practiced in accordance with accepted
silvicultural principles, through developing, cultivating, harvesting, transporting and selling trees for
commercial purposes, which does not involve any land development
Fracture or Fracturing: The process of injecting water, sand, customized fracking fluid, steam, or gas into a
gas well to allow or to improve gas recovery, from or of a rock formation.
Freshwater Fracture Pit: A pit used for the collection and storage of Water or other liquids for the purpose
of fracture stimulation of Gas Wells.
Garage: A building or portion thereof, used for the storage and/or service of motor vehicles.
Gas: Any fluid, either combustible or noncombustible which is produced in a natural state from the earth and
which maintains a gaseous or rarified state.
Gas Well: Any well drilled, to be drilled, or used for the intended or actual production of natural gas.
Group Residence Facility: An establishment that provides room and board to persons who are residents by
virtue of receiving supervised specialized services limited to health, social and/or rehabilitative services
provided by a governmental agency, their licensees, or certified agents or any other responsible nonprofit social service corporation. These services shall be provided in a family environment and only to
persons who are children under eighteen years of age; physically or mentally handicapped of any age; or
elderly, sixty-two or more years of age, who are in need of supervision and specialized services. This
category shall not include facilities for persons nineteen or more years of age who have been released
from or who are under the jurisdiction of the Government Bureau of Corrections or similar institutions, or
for persons less than age nineteen who are under the jurisdiction or who have been released from the
jurisdiction of governmental institutions whose function involves the maintenance and supervision of
juvenile offenders of the law. This category also does not include, and positively excludes, facilities
which function as “half-way” homes or rehabilitative operations for alcohol and/or drug abuses or for
convicted felons who have been released by penal institutions or are on probation. Supervision shall be
provided by responsible adults whose number shall be determined and certified by the sponsoring
agency. However, one responsible adult shall always be in actual residence on a twenty-four hour a day
basis while any resident-clients are on the premises. The number of residents shall be limited in
accordance with the provisions of the zoning district wherein the property is located. The number of
residents shall not exceed eight persons, including supervisory adults and the children of supervisory
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adults, occupying a dwelling unit in an R-4”, Planned Unit Development District. The residents in a group
residence facility in a C-1, Convenience Commercial must number at least eight persons and may not
exceed sixteen persons including supervisory adults and the children of supervisory adults.
GVWR: (Gross Vehicle Weight Rating) The weight of a vehicle plus the weight of the maximum load as
recommended by the manufacturer. The maximum allowable weight for a fully loaded truck, including
passenger and cargo CLASS1 TRK – maximum 6,000 pounds.
Hearing: An administrative proceeding conducted by a Board.
Hobby: An activity or interest pursued solely for pleasure or relaxation and not as a main or secondary
occupation, nor one which would provide pecuniary gain.
Home-Based Business, No-Impact: A business or commercial activity administered or conducted as an
accessory use which is clearly secondary to the use of a dwelling for residential purposes and which
involves no customer, client or patient traffic, whether vehicular or pedestrian, and no pickup, delivery or
removal functions to or from the premises in excess of those normally associated with residential use.
Home Occupation: A commercial activity that is conducted by a person on the same lot where such person
resides, and can be conducted without any significantly adverse impact on the surrounding
neighborhood. An accessory use of a service character customarily conducted within a dwelling by the
residents, which is clearly secondary to the use of the dwelling for living purposes and does not change
the character thereof or have any exterior evidence of such secondary use other than a small nameplate,
and in connection therewith there is not involved the keeping of or exhibition of stock in trade.
The office of a physician, surgeon, dentist, attorney or other professional person each with not
more than one paid assistant shall be deemed to be a Home Occupation. The occupations of
dressmaker, watchmaker, milliner, hairdressing, seamstress, or other persons who offer skilled services
to clients, and are not professionally engaged in the purchase or sale of economic goods, and who have
not more than one paid assistant, shall be deemed to be Home Occupations.
Dancing instruction, band instrument instruction in groups, barber shops, beauty shops, tea rooms,
tourist homes, real estate offices, convalescent homes, mortuary establishments, and stores trades, or
business of any kind not herein above listed shall not be deemed to be Home Occupations.
The listings set forth in this definition are not to be considered a full list of acceptable, or excluded
occupations, nor should the definition set forth herein be deemed to overrule or obviate the notion of a
"no impact home-based business", as the same is considered under applicable law, including the MPC or
any amendment thereof. Should there be any question relative to whether a particular occupation fits
within the considerations of this Ordinance, the matter may be submitted to the Planning Commission for
determination.
Hospital: An establishment which provides diagnostic health services and extensive medical, surgical
and/or psychiatric services and/or treatment either through in-patient care or an emergency out-patient
basis.
Hotel: A building in which primarily temporary lodging is provided and offered to the public for
compensation with and in which ingress and egress to and from rooms is made from an inside lobby or
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office supervised by a person in charge at all hours, in contradistinction to a boarding house, lodging
house, or rooming house and wherein incidental business may be conducted.
Hotel, Motor: A building in which lodging is provided and offered to the transient public for compensation
and in which egress and ingress to and from rooms may be made either through an inside lobby or office
supervised by a person in charge at all times or directly from the exterior and wherein incidental business
may be conducted.
Job Training and Vocational Rehabilitation Services: An establishment providing rehabilitation training,
rehabilitation services or job counseling and/or related services.
Junk: Junk shall include scrap iron, scrap tin, scrap brass, scrap copper, scrap lead or scrap zinc and all
other scrap metals and their alloys, and bones, rage, used cloth, used rubber, used rope, used tinfoil,
used bottles, old or used machinery, used tools, used appliances, used fixtures, used utensils, used
lumber, used tires, used boxes or crates, used pipe or pipe fittings, and other manufactured goods that
are so worn, deteriorated or obsolete as to make them unusable in their existing condition, but are
subject to being dismantled.
Junk Yard: Junk yards shall consist of buildings, structures or premises where junk, waste, discarded or
salvage materials are bought, sold, exchanged, stored, baled, packed, disassembled or handled,
including automobile wrecking, and structural steel materials and equipment yards, but not including the
purchase or storage of used furniture and household equipment or used cars in operable condition.
Lift Compressor: A device that raises the pressure of a compressible fluid (gas) in order to lift gas from the
well.
Line Compressor: A device that raises the pressure of a compressible fluid (gas) in order for the gas to be
transported through a pipeline.
Lodging House: A building containing lodging rooms which accommodate persons who are not family
members. Lodging or meals or both are provided on a weekly or monthly basis. A lodging house shall
not include dormitories, fraternity house, sorority houses or any residence that provides those services of
a personal care and group residence facility.
Lodging Room: A room rented as a sleeping and living quarters without an individual bathroom.
Where a lodging room contains more than one (1) bed, each bed shall be counted as a separate lodging
room for purposes of lot area and parking measurement in this Zoning ordinance.
Loading Space: A space within the main building or on the same lot therewith providing for the standing,
loading or unloading or vehicles.
Lot: A parcel of land occupied or capable of being occupied by one or more structures.
Lot Area: The total area within the lot lines, excluding the area within any street right-of-way.
Lot, Depth of: The mean horizontal distance between the front line and the rear lot line, measured midway
between the side lot lines.
Lot, Width of: The dimension of a lot, measured between the side lot lines of the building line.
MPC: Municipalities Planning Code, short reference for applicable Pennsylvania law.
Mailed Notice: Notice given by a municipality by first class mail through the internet of the time and place of
a public hearing and the particular nature of the matter to be considered at the hearing.
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Major Excavating, Grading or Filling: Any operation (other than in connection with a foundation for
structure), involving:
a. Strip or other mining of coal or other minerals, excavating of sand or rock and the crushing of
rock, sanitary and other fills, drilling for gas or oil, recovery of metal or natural resources and
similar operations; or
b. Material alteration of the ground surface so as to affect streets and recreation sites and other
public facilities, or physically affect private property within one thousand (1000) feet of the
operation; or
c. A volume of earth movement exceeding sixteen thousand (16,000) cubic yards; or
d. A change in ground elevation exceeding twenty (20) feet.
Membership Club: A chartered, non-profit organization, the primary purpose of which is the advancement of
its members of the community in educational, fraternal, cultural or civic pursuits and activities.
Mobile Home: A transportable, single family dwelling intended for permanent occupancy, contained in one
unit, or in two units designed to be joined into one integral unit capable of again being separated for
repeated towing, which arrives at a site complete and ready for occupancy except for minor and
incidental unpacking and assembly operations, and constructed so that it may be used without a
permanent foundation.
Mobile Home Lot: A parcel of land in a mobile home park, improved with the necessary utility connections
and other appurtenances necessary for the erections thereon of a single mobile home, which is leased by
the park owner to the occupants of the mobile home erected on the lot.
Mobile Home Park: A parcel of land having at least ten (10) contiguous acres in size under single ownership
which has been planned and improved for the placement of mobile homes for non-transient use,
consisting of two or more mobile home lots.
Mobilization: Those activities when the drilling rig and related equipment and personnel arrive at the well
site and are conducting activities to rig up or position the rig equipment at the well and prepare for drilling.
This includes all activities and services prior to the drill bit being lowered below the rotary table and
entering the conductor pipe in an attempt to make hole (“spud in”) for the first time at the pad site.
Motel: A building in which lodging is provided and offered to the transient public for compensation and in
which egress and ingress to and from rooms may be made either through an inside lobby or office
supervised by a person in charge at all times or directly from the exterior and wherein incidental business
may be conducted.
Multiple Well Site Permit: The permit issued for the sole purpose of allowing future wells to be drilled on an
existing pad site and within six hundred (600) feet of Protected Uses without obtaining waivers and/or
variances.
Natural Gas Compressor Station: A facility designed and constructed to compress natural gas that
originates from an Oil and Gas well or a collection of such wells operating as a midstream facility for
continued delivery of Oil and Gas to a transmission pipeline, distribution pipeline, Natural Gas Processing
Plant or underground storage field, including one or more natural gas compressors, associated buildings,
pipes, valves, tanks and other equipment.
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Natural Gas Processing Plant: A facility designed and constructed to remove materials such as ethane,
propane, butane, and other constituents or similar substances from natural gas to allow such natural gas
to be of such quality as is required or appropriate for transmission or distribution to commercial markets
but not including facilities or equipment that are designed and constructed primarily to remove water,
water vapor, oil or naturally occurring liquids from natural gas.
No-Impact Home-Based Business: As set forth pursuant to MPC. (See “Home-Based Business, No
Impact,” Supra.) The business or commercial activity must satisfy the following requirements:
1. The business activity shall be compatible with the residential use of the property and surrounding
residential uses.
2. The business shall employ no employees other than family members residing in the dwelling.
3. There shall be no display or sale of retail goods and no stockpiling or inventory of a substantial
nature.
4. There shall be no outside appearance of a business use, including, but not limited to, parking,
signs or lights.
5. The business activity may not use any equipment or process which creates noise, vibration,
glare, fumes, odors or electrical or electronic interference, including interference with radio or television
reception, which is detectable in the neighborhood.
6. The business activity may not generate any solid waste or sewage discharge, in volume or type,
which is not normally associated with residential use in the neighborhood.
7. The business activity shall be conducted only within the dwelling and may not occupy more than
25% of the habitable floor area.
8. The business may not involve any illegal activity.
Nonconforming Lot: Any lot, the area or dimension of which was lawful prior to the adoption or amendment
of this Ordinance, but which fails to conform to the requirements of the zoning district in which it is
located by reasons of such adoption or amendment.
Nonconforming Sign: Any sign which was lawfully erected and maintained prior to the adoption or
amendment of this Ordinance, which fails to conform to all applicable regulations and restrictions of this
article.
Nonconforming Structure: A structure or part of a structure which does not comply with the applicable area
and bulk provisions of this Ordinance or amendment heretofore or hereafter enacted, where such
structure lawfully existed prior to the enactment of this Ordinance or an amendment thereto, or prior to
the application of this Ordinance or amendment to its location by reason of annexation. Nonconforming
signs are included in this definition.
Nonconforming Use: A use, whether of land or of a structure, which does not comply with the applicable
use provisions in this Ordinance or amendment heretofore or hereafter enacted, where such use was
lawfully in existence prior to the enactment of this Ordinance or an amendment thereto, or prior to the
application of this ordinance or amendment to its location by reason of annexation.
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Nursing Home: An establishment engaged in providing in-patient nursing and health-related personal care,
utilizing in whole or part licensed and/or registered nurses, excluding hospital services and excluding dayto-day personal care which is not health care by licensed or registered nurses.
Oil and Gas Development: The well site preparation, well site construction, drilling hydraulic fracturing,
and/or site restoration associated with an oil and gas well of any depth; water and other fluid storage,
impoundment and transportation used for such activities; and the installation and use of all associated
equipment, including tanks, meters, and other equipment and structures whether permanent or
temporary; and the site preparation, construction, installation, maintenance and repair of oil and gas
pipelines and associated equipment and other equipment and activities associated with the exploration
for, production and transportation of oil and gas, but excluding any structure, facility or use constituting a
natural gas compressor station or a natural gas processing plant.
Operator or Well Operator. Any person or entity partnership, company, corporation and its subcontractors
and agents who has an interest in real estate for the purpose of exploring or drilling for, producing, or
transporting Oil or Gas. It is also the person or entity designated as the operator on the applicable permit
application or well/facility registration.
Outer Boundary Surface Property Line: The outer boundary of any property for which a preliminary plat or
concept plan has been filed with Kennedy Township.
Parking: Any lot, parcel, or yard used in whole or in part for the storage or parking of two or more vehicles
where such usage is not incidental to or in conduction with a one-family or two-family dwelling.
Parking Space: An off-street space available for the parking of one motor vehicle and having an area of not
less than one hundred eighty (180) square feet exclusive of passageways and driveways appurtenant
thereto and giving access thereto and having direct access to a street or alley, but inclusive of a garage
and driveway appurtenant to the garage.
Personal Care Home: A facility licensed as a personal care home by the Commonwealth of Pennsylvania
and that provides room and board to persons who are residents by virtue of receiving supervised
specialized service limited to health, social and/or rehabilitative services provided by governmental
agencies, their licensed or certified agents or any responsible non-profit social service corporation.
Supervision shall be provided by responsible adults whose number shall be determined and certified by
the sponsoring agency. However, one responsible adult shall always be in actual residence on a twentyfour hour a day basis. The number of residents shall not exceed eight persons, including supervisory
adults, occupying a dwelling unit in an “R-4” Planned Unit Development District. The residents in a
Personal Care Home in a “C-1” Convenience Commercial District must number at least eight persons
and may not exceed sixteen persons, including supervisory adults and the children of supervisory adults.
Pipeline: All parts of those physical facilities through which gas, liquids, hazardous liquids, fresh water, salt
water, or chemicals move in transportation, including but limited to, pipe, valves and other appurtenance
attached to pipe, whether or not laid in public or private easement or public or private right-of-way within
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the Township, including but not limited to gathering lines, production lines and transmission lines. This
definition does not include pipelines associated with franchise utilities.
Pipeline Construction: The initiation of any excavation or other disturbance of property for the purpose of
installation, construction, maintenance, repair, replacement, modification or removal of a pipeline.
Pipeline Permit: A permit for the movement of gas, oil, water or other products.
Pipeline Operator: Any person owning, operating or responsible for operating a pipeline.
Planning Agency: The Planning Commission of the Township of Kennedy.
Principal Building or Structure: The building or structure in which the principal use is conducted.
Principal Use: The primary or predominant use to which the property is or may be devoted, and to which all
other uses on the premises are accessory.
Professional Consultant: A person who gives professional advice or services to companies for a fee.
Protected Structure: Any full-time occupied residence, commercial business, school, religious institution or
other public building that may be impacted by noise generated from activity associated with Oil and Gas
Well Development and/or Natural Gas Compressor Station or Processing Plant. This term shall not
include any structure (i) owned by a grantor or lessor who has signed an agreement granting surface
rights to drill a well and/or erect and maintain a Natural Gas Compressor Station or Processing Plant,
or (ii) whose owner (or occupants) has (have) signed a waiver relieving the Operator(s) from
implementation of the measures established in this Ordinance for the owner’s (occupants’) benefit.
Public Hearing: A proceeding wherein the chair will ensure that the parties have an opportunity to be heard
and that the members of the board have an opportunity to question the parties so that they have all of the
information they need to make a decision in the matter.
Public Meeting: A forum held pursuant to notice under applicable law, such as 65 Pa. C.S. CH. 7 (relating to
open meetings).
Public Notice: Notice published once each week for two successive weeks in a newspaper of general
circulation in the municipality. Such notice shall state the time and place of the hearing and the particular
nature of the matter to be considered at the hearing. The first publication shall not be more than 30 days
and the second publication shall not be less than seven days from the date of the hearing.
Recreational Vehicle:. A van or utility vehicle used for recreational purposes, such as for camping, and often
equipped with living facilities. As relates to any references for parking under this ordinance, a recreational
vehicle also includes a boat, snowmobile, or similar instrument.
Rooming House: A building or portion thereof, other than an apartment hotel or a hotel, containing not more
than one (1) dwelling unit, where lodging is provided without meals for three (3) or more persons in
addition to the family unit.
Schools: A public, sectarian or private not-for-profit establishment approved by the state to provide formal
academic education at the kindergarten, elementary, secondary, junior college or university level.
Self-Service Laundry: A business that provides home-type washing, drying or ironing machines, or drycleaning machines for hire to be used by customers on the premises.
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Service Station: A building(s), premises or portions thereof which are used, arranged, designed or intended
to be used for the retail sale of gasoline or other fuel for motor vehicles, boats or aircraft, as well as for
minor automobile repair, including State inspection.
Social Service Agency: An establishment providing one or more social services for an individual or family
limited to counseling, referral, temporary or disaster relief, welfare service or similar human support
services.
Story: That portion of a building included between the surface of any floor and the surface of the floor next
above it, or if there is no floor above it, then the space between the floor and the ceiling next above it.
Street: A public or private way other than an alley which affords the principal means of access to abutting
properties. If there is not established grade, the Township Engineer shall establish same.
Structure: Anything constructed or erected, the use of which requires a fixed location on the ground or an
attachment to something having a fixed location on the ground or in water, including, in addition to
buildings, billboards, carports, porches, mobile homes which have been detached from their source of
motivation, and other building features, but not including sidewalks, drives, fences and patios.
Temporary/Portable Storage Unit: Any stand-alone container, storage unit, shed or other portable structure
than can be or is used for the storage and/or disposal of personal property of any kind and which is
located for such purposes accessory to a permitted principal use on a non-permanent basis for a set
period of time until the portable storage unit is moved to an off-site location.
Temporary Structure: Any structure which is easily movable and placed in a location for a short duration,
not to exceed ninety (90) days.
Townhouse: A single-family dwelling constructed as part of a series of dwellings, all of which are either
attached to the adjacent dwelling or dwellings by party walls or are located immediately adjacent thereto
with no visible separation between walls or roofs.
Trade, Vocational, Business and Commercial Schools: An establishment providing non-academic
training educational courses and/or programs.
Operator or Well Operator: Any person or entity partnership, company, corporation and its subcontractors
and agents who has an interest in real estate for the purpose of exploring or drilling for, producing, or
transporting Oil or Gas. It is also the person or entity designated as the operator on the applicable permit
application or well/facility registration.
Well: A bore hole drilled or being drilled for the purpose of or to be used for producing extracting or injecting
any gas, petroleum or other liquid related to oil or gas production or storage, including brine disposal, but
excluding bore holes drilled to produce potable water to be used as such.
Well Site: A graded pad designed and constructed for the drilling of one or more Oil and Gas wells.
Yard: An open space adjacent to a lot line, open and unobstructed from the ground to the sky, except as
otherwise provided herein.
a. Front: A yard extending across a full width of the lot and extending back in depth the required
minimum distance from the front lot line to a line parallel thereto on the lot.
b. Rear: A yard extending across the full width of the lot and extending forward in depth the
required minimum distance from the rear line to a line parallel thereto on the lot.
24

c.

Side: A yard between the building and the adjacent side line of the lot extending from the front
yard to the rear yard.

Zoning Amendment: A change to the text of this ordinance or to the Zoning District Map proposed for
adoption by the Board of Commissioners pursuant to the procedures specified in this ordinance.
Zoning Certificate: A document issued by the Zoning Officer indicating that approval of a conditional use
has been granted by the Board of Commissioners or approval of a use by special exception has
been granted by the Zoning Hearing Board or approval has been granted by the Zoning Officer
for a permitted use by right, pursuant to the procedures of this ordinance indicating compliance
with all applicable requirements of this ordinance, which approval is prerequisite to the issuance
of a building permit and/or zoning certificate of occupancy.
Zoning District: An area accurately defined as to boundaries and location on the Zoning District Map and
within which area only certain types of land uses are permitted and within which other types of
land uses are excluded, as set forth in this ordinance.
Zoning District Map: The official map delineating the zoning districts of Kennedy Township, Allegheny
County, Pennsylvania, together with all amendments subsequently adopted which is incorporated
in and made a part of this ordinance by reference thereto.
Zoning Hearing Board: The Zoning Hearing Board of the Township of Kennedy, Allegheny County,
Pennsylvania.
Zoning Officer: That person or persons, agency or corporation appointed by the Kennedy Township Board
of Commissioners and charged with the responsibility of administering and enforcing this
ordinance. This person may also be known or referred to as Building Inspector, as may be
referred herein, or in other municipal ordinances or resolutions, or in common usage.

ARTICLE III
CLASSIFICATION OF DISTRICTS
SECTION 301: CLASSES OF DISTRICTS:
The Township of Kennedy is hereby divided into three (3) types of districts and ten (10) zoning district
classifications, for the purpose of applying the provisions of this Ordinance. These districts are:

TYPE

FULL NAME

SHORT NAME

R

“R-1”-One-Family Residence District

“R-1” District

400

“R-2”-Two-Family Residence District

“R-2” District

420

“R-3”-Multiple-Family Residence

“R-3” District

440
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C

“R-4”-Planned Unit Development
(PUD)
“R-5”-Multiple Family Residential
District and Mobile Home Park

“R-4” District

450

“R-5” District

470

“C-1”-Convenience Commercial

“C-1” District

500

“C-2” District

510

“C-3” District

520

“M-1”-Limited Industrial District

“M-1” District

600

“M-2”-General Industrial District

“M-2” District

610

District
“C-2”-Planned Shopping
Commercial District
“C-3”-Highway Commercial District

M

The term “R” District or “C” District or “M” District (whenever used herein) are deemed to mean a
type of district including every district classification having the same initial letter in the first part of the name
regardless of the numeral that follows. For example, the term “C” District shall include the “C-1”, “C-2” and
“C-3” Districts.
Among the three (3) types of districts - “R”, “C”, and “M” - each type is recognized herein as “most
protected” within itself and is subject to lessening of such protection if uses of either of the other two (2) types
are introduced therein.

SECTION 302: ZONING DISTRICT MAP:
The boundaries of the districts listed above are designated on the Zoning District Map, which
together with all the information recorded thereon, is hereby made a part of this Ordinance, and any
changes in the district designation are hereinafter more specifically set forth on Exhibit “A:.

SECTION 303: BOUNDARIES OF DISTRICTS:
Where uncertainty exists with respect to the boundaries or the various districts, as shown on the
Zoning District Map, the following rules shall apply:
303.1

Where the indicated boundaries on the Zoning District Map are approximately lot lines or
property lines, said lines shall be construed to be the boundaries of such districts, unless
otherwise indicated.

303.2

Where the indicated boundaries on the Zoning District Map are approximately public Rightof-Way, the center lines of said public Right-of-Way shall be construed to be the boundaries.

303.3

Where the indicated boundaries are dimensioned on the Zoning District Map, said
dimensions shall determine the boundaries.
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303.4

Where the indicated boundaries are not approximately lot or property lines or public Right-ofWay, and where said boundaries are not dimensioned, the boundaries shall be determined
by scaling on the Zoning District Map.

ARTICLE IV
PROVISIONS GOVERNING RESIDENTIAL DISTRICTS
SECTION 400
“R-1” ONE-FAMILY RESIDENCE DISTRICT

SECTION 400: “R-1” ONE-FAMILY RESIDENCE DISTRICT:
The R-1 One -Family Residence District is composed of certain quiet, low-density residential areas of
the Township, plus certain open areas where similar residential development appears likely to occur.
The regulations for this district are designed to stabilize and protect the essential characteristics of
the District; to protect the amenities of certain areas of the Township where the pattern has already
been established with single-family development on relatively large lots; to promote and encourage a
suitable environment for family life where children are members of most families and to prohibit all
activities of commercial nature except home offices of doctors or ministers and certain home
occupations, controlled by specific limitations governing the size and extent of such non-residential
activities. To these ends, development is limited to a relatively low concentration with relatively large
lot size, and permitted uses are limited basically to single-family dwellings, providing homes for the
residents, plus certain public facilities which serve the residents of the district.

SECTION 401: AUTHORIZED USES:
The following uses are authorized in the R-1 District:
401.1

Permitted uses by right
a. One-Family dwelling
b. General gardening, and growing of trees and nursery stock; not including roadside
displays or commercial signs. Sales are not permitted, except as may be provided for
elsewhere.
c. Publicly-owned recreation area

401.2

Conditional uses permitted by the Township Commissioners (see Article XVI)
a. Philanthropic or religious institution
b. Government use or structure, including schools
c. Community Club

401.3

Special exceptions permitted by the Zoning Hearing Board (see Article XVI)
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a. Extension of a non-conforming use within a non-conforming structure or the change of
such use within a non-conforming structure to a conforming use, or to another nonconforming use that is determined to be no more detrimental to the neighborhood
b. Home occupation carried on within a dwelling unit by a resident thereof
c. Limited enlargement of non-conforming structure
d. Temporary structure or use in connection with an authorized use

SECTION 404: ACCESSORY USE AND STRUCTURES:
The following are permitted in an R 1 district.
404.1 Accessory structures, as defined in this Ordinance.
404.2 Accessory parking, provided a garage or parking area is used exclusively for the parking of
non-commercial vehicles, with the exception of not more than one cargo van, which may bear
commercial identification, and which shall not include any form of "box truck" or "box van". Any such
vehicle must be strictly job-related and used exclusively by a person residing at the address where
such vehicle is parked. The vehicle must be parked off of the street and in the driveway of the
property. Alternatively, and in lieu of but not in addition to any such cargo van, such resident may
have a pick-up truck bearing commercial identification, or a dump truck not to exceed a one ton
capacity.
404.3 Exceptions as may be related to any approved home occupation may be considered, upon
petition to or of the Board of Commissioners. In conjunction with any such petition, it is a recognized
interest and concern, and applicable standard, that any exception will be considered solely if the area
in question is of sufficient acreage, so as not to allow any form of immediate distraction or nuisance
to any adjacent properties.
404.4 No-impact home-based businesses shall be permitted in all residential zones of the
municipality as a use permitted by right, except that such permission shall not supersede any deed
restriction, covenant or agreement restricting the use of land, nor any master deed, bylaw or other
document applicable to a common interest ownership community.

SECTION 405: SIGNS:
Signs, as prescribed further herein, may be permitted.

SECTION 406: PARKING:
Required automobile parking space, as prescribed further herein, shall be provided.
406.1

Commercial related motorized construction equipment such as front loaders,
backhoes, rollers and similar equipment are not permitted to be parked in
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Residential Zones, with exception of as it relates to authorized construction being
conducted on the premises.
406.2

Motorized vehicle shall be parked in driveways or on streets in accordance with
Township ordinances. Parking on lawns is prohibited.

406.3

Recreational vehicles and boats shall be parked off of the road and on driveways
or other approved areas. On-site preventive maintenance shall be permitted on such
vehicles and boats providing that such maintenance does not create unreasonable noise,
dust, dirt or the accumulation of related parts or supplies on the property. Such vehicles
and boats shall be kept in good repair at all times, shall be registered and inspected as
required by State law, and shall not be used as “storage units” nor shall they be used as
on-site living quarters at any time.

SECTION 407: HEIGHT:
The maximum height of structures, except as otherwise provided, in this district shall be:
407.1

Thirty-five (35) feet (not exceeding 2 1/2 stories) for a one-family dwelling.

407.2

Forty-five (45) feet (not exceeding three (3) stories) for other main structures.

407.3

Fifteen (15) feet (not exceeding one (1) story), for accessory structures.

SECTION 408: AREA
Each lot in this district shall comply with the following minimum requirements, except as
otherwise provided:
Lot Area: The minimum lot area for every building hereafter erected or altered shall be
as follows:
408.1

One-family detached dwelling, convent, monastery, rectory or parish house - where no
approved central sewage system exists, a minimum of fifteen thousand (15,000) square feet
and a width at the building line of seventy-five (75) feet.

408.2

One-family detached dwelling, convent, monastery, rectory, or parish house - when an
approved central sewage system exists, a minimum of eight thousand (8,000) square feet
and a width at the building line of sixty (60) feet and fifty-five (55) feet as measured along the
street or highway upon which the lot fronts.

408.3

Church and similar places of worship, philanthropic institutions, government structures,
community club - one and one-half (1 1/2) acres and a width at the building line of not less
than two hundred (200) feet.

408.4

Public or Private school:
Elementary School: Ten (10) acres plus one (1) acre for every one hundred (100) students
at design capacity.
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Junior High School: Thirty (30) acres plus one (1) acre for every one hundred (100) students
at design capacity.
High School: Fifty (50) acres plus one (1) acre for every one hundred (100) students at
design capacity.

SECTION 409: YARD AREAS:
In “R-1” areas, no building or structure shall be erected or enlarged unless the following yards are
provided and maintained in connection with such building, structure or enlargement:


Front Yard: Not less than thirty (30) feet.



Side Yard: On each side, not less than nine (9) feet. However, notwithstanding the
above, a side yard for one side of any structure may be a minimum of nine (9) feet so
long as the opposite side yard is nine (9) feet, for a total of combined side yard of
eighteen (18) feet. The combined total of the side yard for interior lots shall not be less
than eighteen (18) feet, and the combined total yards for corner lots shall not be less
than thirty (30) feet. For a church or similar place of worship, not less than thirty (30) feet
on each side of the principal building.



Rear Yard: Not less than twenty-five (25) feet.

409.1 Any accessory structure erected or enlarged shall maintain the following yard
areas:


Front Yard: Not less than forty (40) feet with the exception of fences where the front
yard area setbacks will be not less than two (2) feet. *Fences erected in yards which
abut an intersection will be restricted by a clear sight triangle of at least seventy-five (75)
feet from the center of the intersection so as not to

obstruct the view of oncoming

traffic.


Side Yard: Not less than two (2) feet.



Rear Yard: Except a garage for the storage of vehicles, not less than two (2) feet. The
rear yard for the storage of vehicles shall be the same as for other structures included in
the R-1 District.

SECTION 410: PERCENTAGE OF LOT COVERAGE:
All buildings, including accessory uses, shall cover not more than fifty percent (50%) of the area of
the lot.
410.1 Dwelling Standards:
Every one -story dwelling hereafter erected or altered shall have a building area of not less
than one thousand (1,000) square feet. Every dwelling of more than one-story hereafter
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erected or altered shall have a total first-floor area of not less than six hundred (600) square
feet.
410.2 Area Exceptions:
Lot area requirements shall not be held to prohibit the erection of a one-family dwelling on
an accredited substandard lot, in which instance, the following shall be applicable:
a. On a lot less than seventy (70) feet in depth, of a required front yard, the rear yard
depth may be reduced, provided it is at least fifty-seven percent (57%) of said lot
depth, exclusive of required front yard.
b. On a corner lot less than sixty-five (65) feet in width, side yard widths may be
reduced, provided the width of said yard abutting the street is at least forty-six
percent (46%) of the lot width, and the width of side yard not abutting the street is
at least fifteen percent (15%) of the lot width.
c.

On an interior lot less than forty-five (45) feet in width, side yard width may be
reduced, provided each is at least twenty-two percent (22%) of the lot width.
(See General Area Provisions and Exceptions, Section 902).

410.3 Community Club
If a Community Club is erected in this district, the following must be complied with:
a. The Club is a chartered, non-profit organization other than a social, fraternal,
business or professional organization.
b. There is neither the sale nor the dispensation of intoxicating beverages on the
premises.
c.

All activities conducted on the premises are non-commercial and non-profit, and in
each instance, the Board of Township Commissioners determines that those
activities will not be detrimental to the neighborhood, taking into consideration the
physical relationship of the proposed use to the surrounding structures, the probable
hours of operation, social activities to be conducted, and the number of people to be
assembled or to use the premises at any one time.

SECTION 415: NO IMPACT HOME BASED BUSINESS:
No-impact home-based businesses, as defind by the MPC and herein, shall be permitted by right in
all residential zone districts. A no-impact home-based business shall comply with the following:
a.

The business activity shall be compatible with the residential use
of the property and surrounding residential uses.

b.

The business shall employ no employees other than family members
residing in the dwelling.

c.

There shall be no display or sale of retail goods and no stockpiling of
inventory of a substantial nature.
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d.

There shall be no outside appearance of a business use, including, but
not limited to, parking, signs or lights.

e.

No on-site parking of commercially identified vehicles shall be permitted.

f.

The business activity shall not use any equipment or process which
creates noise, vibration, glare, fumes, odors or electrical or electronic
interference, including interference with radio or television reception,
which is detectable in the neighborhood.

g.

The business activity shall not generate any solid waste or sewage
discharge, in volume or type, which is not normally associated with
residential use in the neighborhood.

h.

The business activity shall be conducted only within the dwelling and shall
not occupy more than 25% of the habitable floor area of the dwelling.

i.

The business shall not involve any illegal activity.
PAGE LEFT BLANK INTENTIONALLY
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SECTION 420
“R-2” TWO-FAMILY RESIDENCE DISTRICT

SECTION 420: “R-2” TWO-FAMILY RESIDENCE DISTRICT:
The R-2 Two-Family Residence District is composed of certain quiet, low-density residential areas of
the Township, plus certain open areas where similar residential development appears likely to occur.
The regulations for this district are designed to stabilize and protect the essential characteristics of
the district; to promote and encourage a suitable environment for family life, where children are
members of most families, and to prohibit all activities of a commercial nature except home offices of
doctors or ministers and certain home occupations controlled by specific limitations governing the
size and extent of such non-residential activities. To these ends, development is limited to a
relatively loose concentration, and permitted uses are limited basically to single and two-family
dwellings, providing homes for the residents, plus certain additional uses such as schools, parks,
churches and certain public facilities which serve the residents of the district.

SECTION 421: AUTHORIZED USES
In this district, the land and structures may be used and structures may be erected, altered, enlarged
and maintained by right for the following permitted uses:
421.1

Any use permitted in the R-1 District, Section 401.

421.2

Two-Family Dwellings

421.3

Non-profit recreation area

SECTION 422: CONDITIONAL USES
The following conditional uses may be permitted by the Kennedy Township Board of Commissioners:
422.1

Public utility corporation buildings, structures, facilities and installations.

422.2

Home occupation carried on within a dwelling unit by a resident thereof, in conformance with
the requirements of Section 904.

SECTION 423: SPECIAL EXCEPTIONS:
Special exceptions may be permitted by the Zoning Hearing Board, as follows:
423.1

Extension of a non-conforming use within a non-conforming structure or the change of such
use within a non-conforming structure to a conforming use, or to another non-conforming
use that is determined to be no more detrimental to the neighborhood.
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423.2

Limited enlargement of a non-conforming structure.

423.3

Temporary structure of a non-conforming structure.

SECTION 424: ACCESSORY USE:
Accessory uses (see Definition) may be permitted, such as a garage or parking area, provided a
minor garage or minor parking area is used exclusively for the parking of non-commercial
automobiles.
Exceptions as may be related to any approved home occupation may be considered, upon petition of
or to the Board of Commissioners. In conjunction with any such petition, it is a recognized interest
and concern, and applicable standard, that any exception will be considered solely if the area in
question is of sufficient acreage, so as not to allow any form of immediate distraction or nuisance to
any adjacent properties.

SECTION 425: SIGNS:
Signs, as prescribed herein, may be erected.

SECTION 426: PARKING SPACE/PARKING RESTRICTIONS
Required automobile parking space, as prescribed herein, must be provided. As prescribed in
Section 406.

SECTION 427: HEIGHT:
Height restrictions and provisions are the same as in the “R-1” District.

SECTION 428: AREA:
Same as in the “R-1” District

SECTION 429: YARD AREA:
Same as in the “R-1” District, except for two-family dwellings, for which the side yards shall be twenty
(20) feet on each side.

SECTION 430: PERCENTAGE OF LOT COVERAGE AND SPACE:
All buildings, including accessory uses, shall cover not more than fifty percent (50%) of the area of
the lot.
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430.1 Dwelling Standards:
Every one-story dwelling hereafter erected or altered shall have a building area of not less
than nine hundred (900) square feet; two-family structures shall have a minimum of eighteen
hundred (1,800) square feet. Every dwelling of more than one-story hereafter erected or
altered shall have a total minimum first floor area of six hundred (600) square feet; two-family
structures shall have a minimum first floor area of twelve hundred (1,200) square feet.

SECTION 440
“R-3” MULTIPLE-FAMILY RESIDENCE DISTRICT

SECTION 440: “R-3” MULTIPLE-FAMILY RESIDENCE DISTRICT:
The R-3 Multiple-Family Residence District is composed of certain medium-density residential areas
of the Township representing a compatible co-mingling of a single-unit and multiple-unit dwellings,
plus certain open areas where similar residential development appears likely to occur. The
regulations for this district are designed to stabilize and protect the essential characteristics of the
district, to promote and encourage a suitable environment for family life, and to prohibit all activities
of a commercial nature except those having some aspects of residential use such as home offices
of doctors or ministers, funeral homes, membership clubs, rooming houses and tourist homes
controlled by specific limitations governing the size and extent of such semi-commercial activities.
To these ends, development is limited to a medium concentration, and permitted uses are typically
single and lose-rise apartments, providing homes for the residents in a variety of dwelling types, plus
certain public facilities which serve the residents of the district. However, high-rise apartments and
other multiple-family dwellings, with corresponding proportions of open space, also may be
developed under prescribed standards of density and open space.

SECTION 441: USE:
In this district, the land and structure may be used, and structures may be erected, enlarged, altered,
and maintained by right for the following uses:
441.1

Any use permitted in the R1 and R2 Districts.

441.2

Multiple-family dwelling

441.3

Membership Club

441.4

Funeral Home

441.5

Educational Institutions
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SECTION 442: HEIGHT
The maximum height of structures, except as otherwise provided, in this District, shall be:
442.1

Thirty-five (35) feet (not exceeding two-and-one-half (2 1/2) stories) for a multiple-family
dwelling.

442.2

For other structures, those requirements found in Section 407 shall apply.

SECTION 443: HEIGHT EXCEPTIONS
443.1

The height of a multiple family dwelling may be increased, provided:
a.

The building is set back from the permitted side and rear building lines, five (5) feet,
plus three (3) feet for each story over thirty-five (35) feet, or five (5) feet plus one (1)
foot for each three (3) feet or fraction thereof of building height over forty-five (45)
feet, whichever results in the greater dimension.

b.

The building is set back from the permitted front building line, three (3) feet for each
story over three (3) feet or one (1) foot for each three (3) feet or fraction thereof of
building height over forty-five (45) feet, whichever results in the greater dimension.

c.

No portion of the building is closer than one hundred (100) feet to any property in
any R1 and R2 District.

SECTION 444: AREA:
Each lot in this District shall comply with the following minimum requirements, except as otherwise
provided:
Lot Area: The minimum lot area for every structure hereafter erected or altered shall be as follows:
444.1

One-Family detached dwelling, convent, membership club, home, monastery, rectory or
parish house, as required or permitted in R-1 District.

444.2

Multiple-family dwelling - for each dwelling unit with (amended Ordinance No. 383)
Four (4) ore more bedrooms - 3,500 square feet
Three (3) bedrooms - 3,000 square feet
Two (2) bedrooms - 2,500 square feet
One (1) bedroom - 2,000 square feet

444.3

Church and similar place of worship, community club - as required in the R-1 District.

444.4

Public or private school - as required in the R-1 District

SECTION 445: YARD AREAS:
Front Yard: Not less than 40 feet
Side Yard: Not less than 20 feet, the combined total for interior lots shall not be less than
40 feet
Rear Yard: Not less than 30 feet
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SECTION 446: PERCENTAGE OF LOT COVERAGE AND SPACE:
All buildings, including accessory uses, shall cover not more than forty-five percent (45%) of the area
of the lot.
446.1

Each structure under one roof shall have the following minimum criteria:
a.

A minimum of twenty (20) feet width per dwelling unit, exclusive of common entrance
halls, hallways, stairwells, and/or corridors

b.

No more than five (5) dwelling units adjacent to one another.

SECTION 447: OFF-STREET PARKING FACILITIES/PARKING RESTRICTIONS
Shall be provided as required or permitted under this Ordinance. As prescribed in Section 406.

SECTION 448: COMMUNITY CLUB:
A community club or membership club, if constructed and maintained in this area, shall conform with
the same requirements as those required in R-1, and in addition, a membership club shall provide
neither residence, public restaurant, nor bar facilities, and its operation shall not be disturbing to
adjacent residential communities.

SECTION 449: FUNERAL HOME:
A funeral home erected in this or any other permitted District shall have the following:
a.

A lot having a minimum area of ten thousand (10,000) square feet, plus three
hundred (300) square feet for each reposing room, provided:
the prescribed yard, lot width and height requirements for a one-family dwelling
are met; the main building shall be located not nearer than one hundred (100)
feet to property in an R-1 or R-2 District; there shall be no crematory, receiving
vault, preparation room or display of merchandise or advertising visible from
outside the main or accessory building; there shall be no loading or unloading
of merchandise or bodies of deceased persons on public property; there shall
be no parking or standing of motor vehicles on public property.
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SECTION 450
“R-4” PLANNED UNIT DEVELOPMENT DISTRICT
SECTION 450: PLANNED UNIT DEVELOPMENT DISTRICT:
Provision is hereby made for Planned Unit Development Districts, as authorized under applicable
law, including specifically the Municipalities Planning Code, to permit establishment of areas in which diverse
uses may be brought together as a compatible and unified plan of development which shall be in the interest
of the general welfare of the public. In Planned Unit Development Districts, land and structures may be used
for any lawful purpose in accordance with the provisions set forth herein. It is specifically noted that the
purpose for such development include: To encourage innovations in the type, design, and layout of
residential buildings, to promote more efficient use of lots and space, and conservation of open space, to
permit authorized mixed uses such as normally considered within planned residential developments, to
provide greater flexibility in the application of site development and use regulations and to otherwise promote
the goals of the comprehensive plan and the Kennedy Township community development objectives, as set
forth in this ordinance.
450.1

GENERAL REGULATIONS

The Planning Commission shall administer the provisions and procedures for planned residential
developments. The Commission shall consider whether proposed modifications in any of the
requirements of this chapter for each zoning district, as may be contained in an application for
development of a planned residential development, will make for a more efficient, attractive and
harmonious development. If such modifications, in the judgment of the Planning Commission,
constitute a more beneficial use of the site, than provided for under the requirements of the
applicable zoning regulations in which the site of the planned development is located, then the Board
may grant the modifications.
450.2

STANDARDS FOR CONSIDERATION

The purposes of Planned Unit Development Standards are to provide for the development of land to
residential and commercial development zones in conformance with provisions and standards
which insure compatibility among all the land uses, foster innovation in site planning and
development, and encourage sound development in the interest of safety and general welfare
of the public. The standards for Planned Unit Development Districts are to provide the Planning
Commission and the Commissioners with a means to evaluate applications for these Districts
consistent with the provisions and general intent and in conjunction with the Zoning Ordinance
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and amendments thereto. The following standards are intended to strengthen public control over
development, while providing the necessary latitude for the developer to make creative and efficient
use of his property.
a. the Planned Unit Development area must be a minimum of ten (10) acres.
b. Any unit density for the planned development may not exceed that density permitted in the
zoning district in which the planned development is proposed.
c. All common areas of the development are reserved as permanent open space, except
where particular structures are required to fulfill the educational, cultural, recreational or civic
pursuits of the residents of the planned development
d Any authorized use is limited to those specified for the given zoning district in which such
development is being proposed.
e. A buffer area of at least twenty five (25) feet in depth, as measured from the lot line or any
public right of way, must be provided within all perimeter setbacks of the planned
development which contains multi-family dwellings or authorized mixed uses, where the
multifamily dwellings or authorized mixed uses adjoin a single-family zoning district.
f. Pedestrian walkways must be included in each planned development.
g .All provisions for all planned developments must be in accordance with the provisions of
the Pennsylvania Municipalities Planning Code.
h. No modification may be granted for any construction, development, use or activity that
would impact any floodplain areas, and any such development must take into consideration
the applicable
450.3

Township floodplain ordinance(s).

COMMUNICATIONS

All official written communications, from the Township to an applicant (developer), regarding
tentative approval of a planned residential development, shall be certified by the Township
Secretary, Manager, or Clerk, in accordance with applicable law, including specifically the
Municipalities Planning Code.

SECTION 451: PROCEDURE FOR APPROVAL
451.1

PREAPPLICATION CONFERENCE

Before submission of an application for tentative approval, the developer of the planned
development must meet with the Planning Commission, the Zoning Officer, and such other
personnel as may be necessary to determine the feasibility, suitability, and timing of the
application. This step is intended so that the developer may obtain information and guidance
from the Township personnel before entering into any commitments or incurring substantial
expenses with regard to the site and preliminary plan preparation.
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451.2

APPLICATION FOR TENTATIVE APPROVAL. Submission of application.

Ten (10) copies of an application for tentative approval, including the preliminary development
plan, shall be submitted to the Zoning Officer. The application must meet the requirements for the
preliminary application for development. All information must be submitted in writing and must
include:
a. The nature of the applicant's interest in the site proposed to be developed.
b. A written statement by the developer setting forth the reasons he believes a planned
development would be in the best interests of Kennedy Township, specifically being
consistent with the public interests and consistent with the comprehensive plan and
development objectives of the Township.
c. A map showing and identifying with appropriate identification (such as block and lot
numbers and street addresses) all LOTS within two hundred (200) feet of the site for which
the planned development is proposed.
d. Complete lists of the block and lot numbers of all lots adjacent to and all lots otherwise
within two hundred (200) feet of the site for which the planned development is
proposed, including the names and addresses of the owners thereof from the most current
records of the Allegheny County Tax Assessment Office.
e. In the case of plans which call for development over a period of years, a schedule showing
the proposed times within which any and all applications for final development of all sections
of the planned development are intended to be filed. (It is noted that such schedule must be
updated annually, on the anniversary of its approval, until the planned development is
completed and accepted.)
f. An environmental impact statement.
g. If necessary, supplemental materials necessary to clarify required modifications to this
Ordinance, otherwise applicable to the particular site.
h. In addition, the developer shall provide a preliminary development plan, which must
include a formal plan of the proposed development, showing the name of the planned
development, any and all proposed covenants relating to use; the location, size, height and
bulk of building and other structures; use of dwelling unit density; parking areas; location and
size of common areas; and all anticipated uses being submitted for tentative approval in
accordance with this Ordinance and applicable law, including specifically the Municipalities
Planning Code. The preliminary development plan must also include the following
information: the location and size of any common open space, and the form of the
organization proposed to own and maintain the common areas; the location, layout, widths,
and percent of grades of all proposed public or private improvements, and the proposed
method of connecting the proposed public or private improvements to existing public
improvements and facilities; a preliminary delineation of grading, showing existing and
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proposed contours at intervals not to exceed two-foot contour lines, based on United States
Geological Survey datum, and a grading plan.

451.3 ACTION BY THE PLANNING COMMISSION
The developer shall submit a specific development plan to the Planning Commission for review,
together with the application for a change of district classification, if applicable At the first regular
meeting of the Planning Commission after the submission of the application for tentative approval,
the Planning Commission shall hold an open meeting where the public will be heard on the
application, and, within thirty (30) days of the meeting, the Planning Commission shall make a written
recommendation to the Board of Commissioners on any application for tentative development. In the
recommendation, the Planning Commission shall set forth, with specificity, the explicit reasons for its
recommendation either that the proposal be approved or denied. The Planning Commission may
recommend the establishment of the development, provided that they find the facts submitted with
the development plan establish that: the uses proposed will not be detrimental to present and
potential surrounding areas, but will have a beneficial effect which could not be achieved under any
other district; any exception from the Zoning Ordinance requirements is warranted by the design and
amenities incorporated in the development plan; the land surrounding the proposed development can
be planned in coordination with the proposed development and that it be compatible in use; the
proposed development is in conformance with the general intent of the Comprehensive Master Plan,
and/or applicable ordinances, and/or the MPC; the existing and proposed streets are suitable and
adequate to carry anticipated traffic within the proposed district and in the vicinity of the proposed
district; the existing and proposed utility services are adequate for the proposed development; and
each phase (if applicable) of the proposed development, as it is proposed to be completed, contains
the required parking spaces, landscaping and utility areas necessary for creating and sustaining a
desirable and stable environment.
451.4 PUBLIC HEARING
The Board of Commissioners shall hold a public hearing on the application for tentative approval
within sixty (60) days of the filing of same pursuant to the provisions of applicable law, including
specifically the Municipalities Planning Code. Public notice of this hearing shall be provided, and
will state the general nature of the proposed planned development The Board of Commissioners
may, as provided by the MPC, continue the hearing from time to time and may refer the matter
back to the Planning Commission, provided that the hearing(s) must be concluded within sixty (60)
days of the date of the first public hearing. Any and all hearings shall be in accordance with the
provisions and procedures dictated by applicable law, including specifically the MPC.
451.5

FINDINGS. The Board of Commissioners shall, within sixty (60) days following the

conclusion of the public hearing(s), or within 180 days after the date of filing of the application,
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whichever comes first, by official written communication to the Developer, either grant approval of
the application as submitted or grant approval subject to specific conditions; or deny approval of the
application. The written communications will include a statement of findings of fact and the reasons
for the grant or denial of the application and will set forth in detail the manner in which the proposed
planned development would or would not serve the public interest, in accordance with provisions of
the MPC.
451.6 TENTATIVE APPROVAL
Where tentative approval has been granted, the written communications will also state a specified
period of time by which the Developer must submit his Application for Final Approval, or in the case
of a development proposed over a period of years, specified periods of time for the filing of such
applications. If no such time is stated in the official written communication, then the time for filing
of the application for final approval will be deemed to be one (1) year from the date of the official
written communications.
451.7 APPLICATION FOR FINAL APPROVAL
The application for final approval shall meet the requirements for a final application for a land
development, and must be submitted to the Zoning Officer by the filing deadline and within one (1)
year after tentative approval, unless the Board of Commissioners grants an extension upon written
request of the developer to a date not to exceed eighteen (18) months from date of tentative
approval. The application shall include the items hereinafter set forth:
a. Ten (10) copies of the application.
b. Final drawing(s) for all structures and buildings, other than specific single family dwellings, such
drawings to be prepared by a registered architect.
c. Proposed signs, including any proposed illumination
d. All exterior illumination.
e. All outside storage areas.
f. Final drawings prepared by a registered engineer for all public improvements.
g. Final landscape drawings prepared by a registered engineer or surveyor.
h, Final grading drawings prepared by a registered engineer or surveyor.
i. Delineation and indication of all public improvements to be dedicated, including names of
streets or the like.
j. Proposed lot lines.
k. Nonresidential uses, common areas and common elements, if applicable.
l. Vehicular and pedestrian ways, including vehicular entrances and exits from the site, showing
directional flows.
m. Parking areas, showing all detail as to the same, and parking spaces.
n. Any existing public improvements adjacent to the site.
o. Any and all public and private rights of way and easements.
p. Any and all other physical features that relate to development of the site.
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q. A detailed development schedule, showing the proposed date(s) for beginning and completing
construction on all projects, as well as the order of construction for such projects.
r. The proposed schedule for the construction and improvement of the common areas.
s. A landscape plan.
t. A grading plan which shall show a plan to re-seed the graded area within two (2) weeks
of the completion of grading where grading occurs between April 1 and October 31, or a plan to
re-seed the graded area during the next month of April where grading occurs between November 1
and May 31. It is noted that were a hillside exceeding twenty-five percent (25%) in slope is to be
graded, that no more than twenty percent (20%) by area of the natural vegetative cover may be
removed and that all natural cover together with any additional cover or trees necessary for
conservation and other environmental purposes may be planted after grading is complete.
u. Deed restriction proposals to preserve the character of the common area.
v. If the developer has elected the association or nonprofit corporation method of administering
common areas, the proposed bylaws of the association or the certificate of incorporation and the
incorporated bylaws of the nonprofit corporation.
w. If the developer has elected the condominium method of ownership of common areas, the
proposed declaration of condominium bylaws and related documents.
Instruments dedicating all public and private rights or way, easements, and other matters, shown
on the plan, from all persons having any interest in the subject property.
x. Preliminary engineering feasibility studies of any anticipated problems which might arise due to
the proposed development, as may be required by the Planning Commission and/or Board of
Commissioners.
y. Mine study and/or core boring study with the requirement that the developer must comply with the
recommendations of the engineering study if required by the Planning Commission or Board of
Commissioners.
z. A title insurance policy or an attorney’s certificate of title showing the status of the title to the site
encompassed by the final development plan and all liens, encumbrances and defects, if any.
aa. Tax receipts, that being paid receipts from the taxing bodies indicating taxes have been paid in
full up to and including the current period.
bb. Evidence that a commitment from a responsible financial institution has been issued to the
applicant for construction financing.
451.8

SECURITY

The developer shall guarantee the installation of the private and public improvements specified in
the final development plan through one (1) of the following methods:
1.

Filing of a performance bond, naming the Township as obligee, by the developer, in the
amount of one hundred ten percent (110%) of the estimated construction cost of the
improvements, as determined by the Township. Any bond required must be from a
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company licensed as a surety in the Commonwealth of Pennsylvania listed by the United
States Treasury Department. Upon acceptance of all public improvements by the Township,
the performance and payment bond will be released.
2..

Depositing or placing in escrow a certified check, cash or other acceptable pledge in the
amount of one hundred ten percent (110%) of the estimated construction costs, as
determined by the Township.

3.

Providing such other security as may be acceptable to the Township.

SECTION 452: FINAL APPROVAL:
452.1

The Planning Commission shall, at its next regular meeting after the filing of the application

for final approval, examine the application and determine if the application meets the criteria and
includes the items hereinafter set forth and if the application for final approval complies with the
conditions of tentative approval.
The Commission shall forward its written report to the Board of Commissioners within twenty (20)
days of the filing of the application for final approval, setting forth its findings and recommendations.
452.2

ACTION BY THE BOARD OF COMMISSIONERS

In the event the application for final approval complies with the conditions of the tentative approval,
the Board of Commissioners shall grant final approval within forty-five (45) days of the filing of the
application. In the event the application does not conform to the conditions of tentative approval, the
Board of Commissioners shall refuse final approval and the applicant may take such action as is
provided for under the MPC.
452.3

Recording of the final development must be in accordance with applicable law, including

specifically the MPC.
453.3

No zoning approval will be issued until the final development plan has been approved and

recorded. Upon proof of recording and certification of final approval by the Board of
Commissioners, zoning approval may be issued by the Zoning Officer.
.
452.4

AMENDMENTS.

Procedure for approval of amendments to planned developments after final approval or recording.
Any amendment to a planned development, which is submitted after final approval or recording,
which does not violate any of the conditions or requirements of the tentative approval, or of the
zoning classification, may be approved at an open meeting of the Board of Commissioners, after
recommendation by the Planning Commission provided, if the amendment entails only a minor
adjustment to the location of a structure or to an improvement of a minor lot
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line change but does not entail any enlargement of a structure or any increase in the number of
dwelling unit, then such amendment may be approved by the Zoning Officer. Amendments involving
substantive changes or modifications to conditions must require a public hearing following public
notice. Upon approval of the amendment, the recorded final plan must be amended and rerecorded
to conform to the amendment.

SECTION 453: AREA, YARD, COVERAGE AND SUPPLEMENTARY REGULATIONS:
The following standards shall apply to all developments, under this section (450).
District Area Minimum:

1 acre

District Width Minimum:

150 feet

District Depth Minimum:

150 feet

Lot Area Minimum:

Single-family dwelling 7,000 square feet;
Two-Family dwelling 8,000 square feet,
Multi-family dwellings 4,000 square feet per dwelling unit.

Yards required:

Permitted residential uses:
Front Yard, rear yards and side yards for residential uses shall be designed
so that no building is closer than 20 feet to any other building, and no
building is closer than 25 feet to any boundary line of the district or
public street.

Other permitted uses:

Front, side, rear yards to be at least 40 feet.

Coverage Maximum:

The structure cannot cover more than 40% of the district area
minimum.

SECTION 455: ENFORCEMENT UNDER THIS SUB CHAPTER:
455.1 Jurisdiction.—As provided under the Municipalities Planning Code, District Justices shall
have initial jurisdiction over proceedings brought to enforce the provisions relating to planned
developments
455. 2 Enforcement Remedies.a. Any person, partnership or corporation, who or which has violated the planned residential
development provisions of any ordinance enacted under this act or prior enabling laws shall, upon
being found liable therefore in a civil enforcement proceeding commenced by a municipality, pay a
judgment of not more than $500 plus all court costs, including reasonable attorney fees incurred by a
municipality as a result thereof. No judgment shall commence or be imposed, levied or payable until
the date of the determination of a violation by the district justice. If the defendant neither pays nor
timely appeals the judgment, the municipality may enforce the judgment pursuant to the appropriate
Rules of Civil Procedure and applicable law. Each day that a violation continues shall constitute a
separate violation, unless the district justice determining that there has been a violation further
determines that there was a good faith basis for the person, partnership or corporation violating the
ordinance to have believed that there was no such violation, in which event there shall be deemed to
have been only one such violation until the fifth day following the date of the determination of a
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violation by the district justice, and thereafter each day that a violation continues shall constitute a
separate violation. All judgments, costs and reasonable attorney fees collected for the violation of
planned residential development provisions shall be paid over to the municipality whose ordinance
has been violated.
455.3 Nothing contained in this section shall be construed or interpreted to grant to any person or entity
other than the municipality the right to commence any action for enforcement pursuant to this
section.

SECTION 470
“R-5” MULTIPLE-FAMILY DWELLINGS AND MOBILE HOME PARKS

SECTION 470: MULTIPLE FAMILY DWELLINGS AND MOBILE HOME PARKS:
The R-5 Multiple-Family Residence District is composed of certain medium-density residential
areas of the Township representing a compatible co-mingling of single-unit and multiple-unit
dwellings, and mobile home parks, plus certain open areas where similar residential development
appears likely to occur. The regulations for this district are designed to stabilize and protect the
essential characteristics of the district, to promote and encourage a suitable environment for family
life and to prohibit all activities of a commercial nature except those having some aspects of
residential use.

SECTION 471: USE:
In this district, the land and structure may be used, and structures may be erected, enlarged, altered
and maintained for the following permitted uses:
471.1

Any use permitted in an R-3 district.

471.2

Mobile Home Parks

471.3

Educational Institutions

471.4

Other uses may be authorized provided that they shall have been approved by the Planning
Commission and the Board of Commissioners, and which are determined to be for special
exceptions permitted by the Zoning Hearing Board.

SECTION 472: DEVELOPMENT STANDARDS:
For development of any use permitted in an R-3 area, those standards prescribed in R-3 shall apply,
except as noted further herein for mobile home parks.

SECTION 473: MOBILE HOME PARKS:
473.1

Development Standards:
a.
Minimum size of site: Ten (10) contiguous acres
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b.

Minimum lot area: 6,000 square feet

c.

Minimum setback from site property line to side or rear of closest mobile home:
Fifty (50) feet

d.

Minimum setbacks from public road Right-of-Way to side of mobile home:
Thirty (30) feet

e.

Minimum setbacks within the site:
(i)

Between edge of access street and end or side of mobile home:
Thirty (30) feet

(ii)

Between parallel ends of adjacent mobile homes: Thirty (30) feet

(iii)

Between parallel sides of adjacent mobile homes: Thirty (30) feet

(iv)

Between the end of one mobile home and the parallel side of and adjacent
mobile home: Thirty-five (35) feet

(v)

Determination of relationship of adjacent mobile home: Sides or ends of
adjacent mobile homes shall be considered parallel if they form an angle,
when the adjacent sides or ends are extended to intersect, of not less than
forty-five (45) nor more than one hundred thirty-five (135) degrees.

473.2 Circulation
a.

Each mobile home location on the site shall abut an access road which shall lead
directly to the public road serving the property.

b.

All access roads in the site shall be constructed to meet Kennedy Township design
standards and shall be approved as to construction in the same manner as streets in
a subdivision.

c.

Access roads shall be at least thirty-four (34) feet of width, including stabilized berms
if no curbs are installed, or twenty-two (22) feet if curbs are installed.

d.

Parking, if provided in group lots serving mobile homes, shall be no further distant
than one hundred (100) feet from the farthest mobile home thus served. Otherwise,
each mobile home location shall be provided with two off-street parking spaces with
dust-free stabilized surfaces.

e.

Pedestrian circulation ways through the park shall be surfaced with a permanent
non-skid material.

473.3 Site preparation, drainage and foundations
a.

The requirements for grading and drainage contained in the Township Slope
Ordinance shall be adhered to in preparing a mobile home park site.

b.

Mobile homes shall be supported on a concrete block or reinforced concrete
foundation extending at least three (3) feet below finished grade, such foundation
capable of bearing the mobile home weight without settlement.
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c.

Mobile homes shall be securely fastened to their foundation and the area below the
mobile home extending to the ground shall be enclosed with metal or other skirting.

473.4 Utilities
a.

Every mobile home location shall be connected to a public sewage disposal system
and public water supply system

b.

If the park is too far removed for connection to an existing public sewage disposal
system, it shall be served by an interim disposal plant of the Pennsylvania and
Allegheny County Departments of Health

c.

Water may be obtained by one or more wells providing a supply of sufficient quality,
quantity and reserve capacity to meet the requirements of the Pennsylvania
Department of Health, if it is not feasible to connect to a public water supply.

473.5

Attachments to Mobile Homes
No enclosed permanent addition to a mobile home shall be permitted in a park. Concrete
slabs on grade covered by overhead structures attached to a mobile home to provide a patio
are allowed, provided such structures are securely fastened to the mobile home and the
ground.

473.6 Recreation
a.

A recreation area or areas totaling at least 5,000 square feet in area or at least 500
square feet in area for each mobile home served, whichever is greater, shall be
provided in each mobile home park.

b.

The recreation area or areas shall be centrally located and so placed that all portions
are on land that does not slope in excess of ten (10) percent in any direction

c.

Recreation areas shall be equipped with appropriate play apparatus, benches and
landscaping and shall be maintained by the land owner.

473.7

Other uses within the Park
An office and residence of the owner, operator or manager of the park may be constructed
within the park, but no other uses, except central washing and/or laundry facilities, will be
permitted.

473.8

Sale of portions of the Mobile Home Park
No portion of an approved mobile home site shall be served for separate sale unless the
portion to be sold abuts a public street, unless requirements for setbacks from property lines
in a mobile home park are maintained in the original and severed sections and unless
access and utilities are separated in each site and neither site is dependent upon the other
for any services.

473.9

Procedure
a.

The owner of the land proposed for development as a mobile home park shall
submit the following:
i.

A survey map showing the site boundaries, adjacent streets, public sewer,
water, gas and electric systems adjacent to the site or proposed to serve the
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site; contours at two (2) foot intervals throughout the site; and location, width
and purpose of any easements across the site.
ii.

A plan showing the location of each mobile home, proposed sewer, water,
gas and electric lines, proposed storm drainage system, proposed
circulation system, including access roads, parking areas and pedestrian
ways, location of recreation area or areas, proposed alteration of contours at
two (2) foot intervals, and location of any proposed easements, indicating
width and purpose.

iii.

Written documentation indicating that existing public sewer and water
systems are capable of accepting the proposed plan or approvals of the
Pennsylvania Department and County Department of Health, indicating
adequacy of the park’s sewage disposal and water supply plans; and that a
bond equal to the anticipated cost of the improvements as determined by the
Township Engineer has been posted in favor of Kennedy Township.

473.10 Occupancy of a Mobile Home Park
a.
The owner or operator shall have in his possession a valid permit of the
Pennsylvania and Allegheny County Departments of Health for operating a mobile
home park before an occupancy permit for any mobile home in the park may be
issued.
b.

At least ten (10) mobile home locations in the park shall be constructed with all
utilities, access and parking before the permit of occupancy for the first mobile home
shall be issued.

c.

The owner and operator of any mobile home park shall not refuse entrance into the
park of any Township officer on official business for the purpose of inspecting the
premises for compliance with this Ordinance.

d.

The owner or operator of a mobile home park shall be responsible to Kennedy
Township for any delinquent taxes owned the Township by former residents of the
park no longer living there.

473.11 Mobile Home Standards Code
Any mobile home shall and must be in compliance with:
“Uniform Standards Code for Mobile Homes”, Act of May 11, 1972 (No. 69) (35 Purdons
Statutes, Sec. 155.1 et. seq.), and the “Industrialized Housing Act”, Act of May 11, 1972
(No. 70) (35 Purdons Statutes, Sec. 1651, et. seq.).

SECTION 480: SPECIFIC RESTRICTIONS TO RESIDENTIAL DISTRICTS:
480.1

In any residential district, should the property owner own any form of recreational
vehicle, and/or boat, which vehicle or boat is kept on or located on the property in
any such residential district, no maintenance, other than preventive maintenance,
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shall be permitted to be done on any vehicle or boat. It is a specific finding of
Board of Commissioners, in consideration of the standards of the community and
general interest of public welfare and safety, that only preventative, and thus
minor, maintenance is to be done on any recreational vehicle and/or boat that is
stored on or located on any property in any residential district.
480.2

As set forth elsewhere in this ordinance, it is a specific finding of the Board of
Commissioners, in consideration of the interests of public welfare and safety,
that, should any property owner desire to construct any form of accessory shed
or similar structure, such shed/structure must be constructed of materials
approved by the Township. Any form of converted truck trailer, converted truck
bed, and/or vehicle, is not to be considered any form of accessory shed or
structure, and the use thereof, for storage purposes, is prohibited.

ARTICLE V
COMMERCIAL DISTRICTS
SECTION 500
“C-1” CONVENIENCE COMMERCIAL DISTRICT
SECTION 500: “C-1” CONVENIENCE COMMERCIAL DISTRICT:
The “C-1” Convenience Commercial District is designed to encourage the construction of new
shopping facilities and continued use of land for neighborhood commercial service purposes; to
prohibit residential, heavy commercial and industrial use of land; to prohibit any other use which
would substantially interfere with the development of continuation of the commercial uses and
structures in the district; and to discourage any use which because of its character and size would
interfere with the use of land in the districts as a shopping and service center for the surrounding
residence districts.This district classification is intended to be applied to areas largely surrounded
by residential classifications. Because the locations of the “C-1” District and the arrangement of
the uses within them are expected to have a close relationship to the over-all plan and protection to
residential districts, it is deemed that the exercise of planning judgment on location and site plans is
essential.
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SECTION 501: USE:
In this district, the land and structures may be used, and structures may be erected, aItered,
enlarged and maintained for limited commercial use, listed hereunder. Each enterprise shall:
a. Be conducted entirely within an enclosed building, unless otherwise specifically stated.
b. Not be objectionable because of odor, smoke, dust, noise, vibration, glaring lights, or similar
causes.
c.

Not exceed a gross floor area of ten thousand (10,000) square feet.
In any “C-1” District the uses shall, in addition to conforming to any and all regulations
pertaining thereto that are specifically set forth in this ordinance, be in accordance with a site
plan or plans approved by the Planning Commission. The site plan shall be submitted and
governed by the requirements of applicable Township Ordinances and procedures.

SECTION 502: AUTHORIZED USES:
The following uses are authorized in the C-1 District:
502.1

Permitted uses by right. In this district, the land and structures may be used, and
structures may be erected, altered, enlarged, and maintained by right for the
following uses only:
a. Any use permitted in R-3
b. Shopping centers
c.

Retail stores

d. Service shops including, but not limited to, laundry, dry cleaning
establishments, beauty and barber shops
e. Banks
f.

Eating and drinking places

502.2 Conditional uses permitted by the Township Commissioners
a.

Group residence facility and personal care home (subject to reference to
specific standards)

b. Oil and gas development (reference to specific standards)
502.3

502.4

Special exceptions permitted by the Zoning Hearing Board
a.

extension of a non-conforming use within a non-conforming structure

b.

limited enlargement of a non-conforming structure

c.

temporary structures

In addition to provisions set forth in this Ordinance relative to C-1 uses R

51

abutting districts, the following shall apply with regard to automobile care washing facilities,
both automated and sef-service:
a. Their hours of operation shall be confined to the hours of 7:00 a.m. to
11:00 p.m. daily.
b. At all times during their operation, there must be an attendant employed by
the owner or tenant of the carwashing facility on the premises.
502.5

Notwithstanding any other provision of this Ordinance to the contrary, no automated car
washing facility shall exist in any district where the lot and/or land on which it is contructed
would abut any R district. An automated car washing facility is one defined as a facility
utilized for the purposed of washing any motor vehicle for which it does not require the
services and assistance of the owner and/or operator of the motor vehicle in order to wash,
clean or service that motor vehicle.

SECTION 503: SIGNS
Signage may be utilized as set forth elsewhere in this Ordinance.

SECTION 504: PARKING:
Required automobile parking space and loading space, as prescribed in this Ordinance,
shall be part of any development.

SECTION 505: HEIGHT:
The maximum heights of structures, except as otherwise provided, in this district shall be:
505.1

Thirty-five (35) feet (not exceeding two and one-half (2 1/2) stories) for a main structure

505.2

Fifteen (15} feet (not exceeding one (1) story) for accessory structures (See General Height
Provisions and Exceptions, further herein)

SECTION 506. AREA:
506.1

The minimum lot area for every building hereafter erected or altered shall contain a minimum
lot area of twenty thousand (20,000) square feet:
Front Yard Depth: Ten (10) feet, except as provided in Section 506.2.
Side Yard Width: Five (5) feet, except as provided in Section 506.2.
Rear Yard Depth: Ten (10) feet, except as provided in Section 506.2.

506.2

When a side, front or rear yard abuts property in an “R” District:
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a. It shall be screened from such “R” District by a fence, masonry wall or solid fence, six and-one-half (6 1/2) feet high extending along the property line adjoining the abutting “R”
District but not closer to a street than the buildable area of the Iot, and have a side and rear
yard of at least thirty-five (35) feet.
b. The said abutting side or rear yard shall be planted and maintained with shrubbery so as
to provide a visual screen approximately six-and-one-half (6 1/2) feet high, between the
concerned “C” District and the abutting “R” District, and have a side and rear yard of at least
thirty-five (35) feet.

SECTION 510
“C-2” - PLANNED SHOPPING COMMERCIAL DISTRICT
SECTION 510: “C2” - PLANNED SHOPPING COMMERCIAL DISTRICT:
The “C-2” Planned Shopping Commercial District is intended as the primary business district of the
community for the conduct of general business to which the public requires direct and frequent
access, but which is not characterized either by constant heavy trucking other than stocking and
delivery of light retail goods, or by any nuisance factors other than occasioned by iIncidental light and
noise or congregation of people and passenger vehicles. This includes such uses as retail stores,
theatres, business offices, newspaper offices and printing presses, restaurants, bars, and community
garages or community parking areas subject to special regulations.

Industrial use of land is

prohibited as well as any other use which would substantially interfere with the development or
continuation of the commercial structures and uses in the district.
This district classification to intended to be centrally located on or at the confluence of major access
highways, so as to serve its purpose. Because the locations of the “C-2” Districts, and the
arrangement of the uses within them are expected to have a close relationship to the overall plan and
protection of the highways, it is deemed that the exercise of planning judgment on location site plan
is essential.

SECTION 511: USE:
In this district, the land and structures may be used, and structures may be erected, aItered,
enlarged, and maintained for commercial uses listed hereunder. Each enterprise shall not be
noxious or offensive by reason of emission of odor, smoke, dust, noise, vibration, glaring light, or
similar causes, and there shall be no outdoor storage or display of merchandise or material except
that offered for sale on the premises.
In any “C-2” District, the use shall, in addition to conforming to any and all regulations pertaining
thereto that are specifically set forth in this Ordinance, be in accordance with a site plan or plans

53

approved by the Planning Commission. The site plan shall be submitted and governed by provisions
of applicable Township ordinances.

Section 512: Permitted Use:
In this district, the land and structures may be used, and structures may be erected, altered,
enlarged, and maintained for the following uses only:
512.1
512.2

Any use permitted in C-1
Motels, auto sales, auto service and repair, commercial schools, theatres, shopping centers,
wholesale distributing, drive-in restaurants, public speaking garage, and office centers.

512.3

Helicopter landing and operational area and terminal facilities as provided in this Ordinance.

Section 513: Signs
Signs may be erected as prescribed elsewhere in this Ordinance.

Section 514: Parking
Required automobile parking space and loading spaces, as prescribed in this Ordinance,
must be provided for any development.

Section 515: Height
The maximum height of structures, except as otherwise provided, in this district:
515.1

Forty-five (45) feet (not exceeding three (3) stories) for main structures.

Section 516: Height Exceptions
516.1 The height of a main building may be increased, provided:
a. The building or increased height portion thereof is set back from the permitted building
lines one (1) foot for each four (4) feet of building height over forty-five (45) feet, or two
and one quarter (2 1/4) feet for each story over three (3), whichever results in the greater
dimension.
b. The cubical content of the building does not exceed the cubical content of a solid having
a base equal to the buildable area of the lot and a height of forty-five (45) feet.
(See General Provisions and Exceptions, further herein).

Section 517: Area
No “C-2” District planned shopping use or complex shall comprise an area of less than two (2) acres.
Each lot in this district shall comply with the following minimum requirements, except as otherwise
provided:
Front Yard Depth:

Ten (10) feet
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Side Yard Depth:

Five (5) feet except in the following instances:

a. When side lot line abuts an “R” District - See Section 517.1
b. A side yard abutting a street - not less in width than the depth of front yard
required on the adjoining lot on that street.
Rear Yard Depth:
517.1

Same as side yard requirement.

When a side or rear yard abuts property in an “R” District:
a. It shall be screened from such “R” District by a masonry wall or solid fence, six
and one-half (6 1/2) feet high extending along the property line adjoining the
abutting “R” District but not closer to a street than the buildable area of the lot,
and have a side and rear yard of at least thirty-five (35) feet.
b. The said abutting side or rear yard shall be planted and maintained with
shrubbery so as to provide a visual screen approximately six and one-half (6 1/2)
feet high, between the concerned “C” District and the abutting “R” District, and
have a side and rear yard of at least thirty-five (35) feet.

SECTION 520
“C-3” HIGHWAY COMMERCIAL DISTRICT
SECTION 520: “C-3” HIGHWAY COMMERCIAL DISTRICT:
The “C-3” Highway Commercial District is intended to encourage highway oriented commercial-type
facilities; to prohibit residential, or heavy industrial use of land which could substantially interfere with
traffic flow.
This district classification is intended to be placed along major riadways or highways so as to serve
its purpose because the locations of the C-1 District, and the arrangement of the uses within them
are expected to have a close relationship to the overall plan and protection of the highway and
adjacent residential areas, it is deemed that the exercise of planning judgment and site plan is
essential.

SECTION 522: USE
In this district, the land and structures may be erected, altered, enlarged, and maintained for
commercial uses listed hereunder. Each enterprise shall not be noxious or offensive by reason of
emission on odor, smoke, dust, noise, vibration, staring light, or similar causes, and there shall be no
outdoor storage or display of merchandise or material except that offered for sale on the premises.
In any “C-3” District, the uses shall, in addition to conforming to any and all regulations pertaining
thereto that are specifically set forth in this ordinance, be in accordance with a site plan or plans
approved by the Planning Commission. The site plan shall be submitted and govern by the
provisions of Ordinance No 348.
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SECTION 523: PERMITTED USES:
In this district, the land and structures may be used, and structures may be erected, altered,
enlarged, and maintained for the following permitted uses only:
523.1 Any use permitted in “C-2” Districts.
523.2 Amusement enterprise, including the following: Billard, bowling alley, theater or
cinema (other than drive-in theater), when conducted entirely within a completely
enclosed buildings
523.3 Automobile truck and house trailer sales and supply business with incidental service,
provided sales area is located and developed as required in Section 900.3.
523.4 Automobile service station, including automobile car washing enterprises, automobile and
truck storage end repairing provided:
a. Such activities and storage shall be conducted entirely within an enclosed building;
b. No stand, rack or other paraphernalia other than in direct connection wIth
merchandise offered for sale shall be manifest outside a completely enclosed
building.
523.5 Health clubs
523.6 Beverages, retail or wholesale distribution of
523.7 Business college; trade or proprietary school
523.8 Garden suppliers, nursery
523.9 General photography (including blueprinting and photostating)
523.10 Hospital for small animals (dogs and the like), including kennell, provided yards are
enclosed and a Iot area of at least three (3) acres
523.11 Printing plants
523.12 Recreation uses in the district need not be within an enclosed building
523.13 Restaurant and bar (with or without dancing and live entertainment)
523.14 Conditional use for storage facility, storage facilities, so long as such storage is entirely
within an enclosed structure, may be authorized by the Board of Commissioners. It is
specifially noted, however, that storage is not permitted for the following:
a.

Celluloid

b.

Coal and coke

c.

Garbage, offal, dead animals or refuse

d.

Gas (in its various forms except propane) in excess of ten thousand (10,000)
cubic feet

e.

Gasoline in excess of an amount necessary for use on the premises or to
supply retail trade at service stations

f.

Gunpowder, fireworks or other explosives or nuclear reactive materials

g.

Junk, scrap, metal, paper, rags, or junk automobile parts
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h.

Petroleum and petroleum by-products in excess of an amount necessary for
use on the premises.

i.

Raw hides or skins.

SECTION 524: SIGNS:
Signs, as prescribed elsewhere in this Ordinance, may be erected.

SECTION 525: PARKING:
Developments in this district shall provide required automobile parking space and
loading space as prescribed further herein.

SECTION 526: HEIGHT:
Same as in “C-2” Districts.

SECTION 527: HEIGHT EXCEPTIONS:
Same as in “C-2” Districts.

SECTION 528: AREA:
Same as in “C-2” Districts

ARTICLE VI
PROVISIONS GOVERNING INDUSTRIAL DISTRICTS
SECTION 600
“M-1” LIMITED INDUSTRIAL DISTRICT

SECTION 600: “M-1” LIMITED INDUSTRIAL DISTRICT:
The “M-1”Limited Industrial District is intended to permit and encourage industrial development that
will be so located and designed as to constitute a harmonious and appropriate part of the physical
development of the Township, contribute to the soundness of the economic base of the Township,
provide opportunities for local employment close to residential areas, thus reducing travel to and from
work and otherwise further the purposes set forth in the initial paragraphs of this Ordinance. The
limitations on use height and lot coverage are intended to provide for modern light industrial
development in a suburban landscaped setting; residential and the more general commercial uses
not conmpatible or continuation of the industrial uses and structures in the district.
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Because the nature of the uses, the locations of the “M-1” Districts and the arrangement of the uses
within them are expected to have a close relationship to the overall plan, it is deemed that the
exercise of planning judgment on location and site plan is essential.

SECTION 601: USE:
In this district, the land and structures may be used, and structures may be erected, aItered, enlarged
and maintained for limited light industrial uses listed hereunder when conducted within an enclosed
building unless otherwise specifically stated, provided:
a. No explosive or radioactive materials or processes are involved
b. No smoke, fumes, odor, dust, noise, vibration or glaring light is noticeable from outside any
lot in the district
c.

The use is not offensive by reason of emission of refuse matter or water-carried waste.

In an “M-1” District, the uses shall, in addition to conforming to any and all regulations pertaining
thereto that are specifically set forth in this Ordinance, be in accordance with a site plan or plans
approved by the Planning Commission. The site plan shall be submitted •and governed by the
provisions of Ordinance No. 348.

SECTION 602: PERMITTED USES:
Permitted uses are:
602.1

Any use permitted in “C-3”.

602.2

Assembly of small electrical appliances.

602.3

Community garage, garage for major automobile repair, painting, upholstering, tire
retreading recapping, battery manufacture, and the like, provided (See Section
a. Sale and service of fuel and lubricating oil need not be within an enclosed
building.
b. No stand or other paraphernalia, other than, or in direct connection with,
merchandise offered for sale, is manifest outside a completely enclosed building.

602.4

Boatbuilding, of only small boats.

602.5

Building materials sales establisment need not be within an enclosed building.

602.6

Distribution plan, including parcel delivery storage plant, bottling plant, and food
commissary or catering establishment.

602.7

Laboratory - experimental, photo, or motion picture, film or testing.

602.8

Machinery, sales and display - need not be within an enclosed building.

602.9

Manufacturing, fabricating, compounding, assembilng, or treatment of articles of
merchandise from the following previously prepared materials: bone, canvas,
cellophane, clay, cloth, cork, feathers, felt, fiber, fur, glass, hair, horn, leather, paint, not
employing a boiling process, paper, rubber, plastics, precious or semi-precious metals or
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stones, shell, straw, textiles, tobacco, wood, but not including heavy woodworking shop,
and yarns.
602.10 Manufacture of pottery and figurines or other similar ceramic products, using only
previously pulverized clay.
602.11 Manufacture, fabrication and maintenance of electric and neon signs, billboards,
commercial advertising structures, metal products of a light nature, including heating and
ventilating ducts and equipment, cornices, eaves, and the life, and also including
plumbing, heating or electrical contracting business.
602.12 Manufacture of musical and small precision instruments, watches and clocks, toys,
novelties rubber and metal hand stamps.
602.13 Manufacture, processing, canning, packaging or treatment of such products, as
beverages, cosmetics, drugs, perfumed toilet soap, perfumes, pharmaceuticals, and
food products, not including fish smoking, curing or canning, rendering of fats and oils, or
the slaughter of animals.

SECTION 603: PARKING:
Required automobile parking space and loading space, as prescribed in this Ordinance, need not be
within an enclosed building, and shall be available as set forth herein.

SECTION 604: SIGNS:
Signs, as prescribed in this Ordinance-need not be within an enclosed building, and shall comply with
this Ordinance.

SECTION 605: HEIGHT:
The maximum heights of structures, except as otherwise provided in this district, shall be:
605.1

Forty-five (45) feet (not exceeding three (3) stories) for main structures

605.2

Fifteen (15) feet (not exceeding one (1) story) for accessory structures
(See General Height Provisions and Exceptions, Section 901)

SECTION 606: AREA:
Each lot in this district shall comply with the following minimum requirements, except as otherwise
provided:
606.1

Front yard depth Thirty-five (35) feet

606.2

Side yard width none required except in the following instances:
a.

When side lot line abuts an “R” District seventy (70) feet

b.

A side yard abutting a street - not less in width than the depth of front

yard required on the adjoining lot on that street
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606.3

Rear yard depth Seventy (70) feet, when rear lot line abuts an R District, otherwise, none
required.

606.4

When a side or rear yard abuts property in an “R” District
a.

It shall be screened from such “R” District by a masonry wall or solid fence, six and
one-half (6 1/2) feet high extending along the property line adjoining the abutting “R”
District but not closer to a street than the buildable area of the lot; or

b.

The said abutting side or rear yard shall be planted and maintained with shrubbery
so as to provide a visual screen approximately six and one-half (6 1/2) feet high,
between the concerned “R” District and the abutting property.

SECTION 610
“M-2” GENERAL INDUSTRIAL DISTRICT
SECTION 610: “M-2” GENERAL INDUSTRIAL DISTRICT:
The “M-2” General Industrial District is intended to permit and encourage industrial development that
will be so located and designed as to constitute a harmonious and appropriate part of the physical
development of the Township, contribute to the soundness of the economic base of the Township,
provide opportunities for local employment close to residential areas, thus reducing travel to and from
work, and otherwise further the purposes set forth in the initial paragraphs of this Ordinance. The
limitations on use, height, and lot coverage are intended to provide for modern light industrial
development in suburban landscaped setting; residential and the more general commercial uses are
considered not compatible or continuation of the industrial uses and structures in the district.
Because the nature of the uses, the location of the M-2 Districts, and the arrangement of the uses
within them are expected to have a close relationship to the overall plan, it is deemed that the
exercise of planning judgment on location and site plan is essential.

SECTION 611: USE:

In this district, the land and structures may be used, and structures may be erected, aItered,
enlarged, and maintained for limited light industrial uses listed hereunder vhen conducted within an
enclosed building unless otherwise specifically stated, provided:
a. No explosive or redioactive materials or processes are involved.
b. No smoke, fumes, odor, dust, noise, vibration, or glaring Iight is noticeable from outside any
lot in this district.
c.

The use is not offensive by reason of emission of refuse matter or water-carried waste.

In an M-2 District, the uses shall, in addition to conforming to any and all regulations pertaining
thereto that are specifically set forth in this Ordinance, be in accordance with a site plan or plans
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approved by the Planning Commission. The site plan shall be submitted and governed by the
provisions of Ordinance No 348.

SECTION 612: PERMITTED USES:
The permitted uses are:
612.1

Any use permitted in M-1

612.2

Junk yard

SECTION 613: PARKING:
Any development shall provide required automobile parking space and loading space, as prescribed
this Ordinance, it being specifically noted that the parking need not be within an enclosed building.

SECTION 614: HEIGHT AND AREA:
Same as in M-1 District, except that if a junk yard is established in this District, the junk yard operator
must have at least ten (10) contiguous acres and must not have any storage of junk any closer than
three hundred (100) feet from any of its boundaries.

SECTION 620: JUNK YARDS:
It is further provided that any use of land for a junk yard must be conducted with a solid board fence
sufficiently high to screen effectively the contents from public view, the maintenance of which is in
good repair shall be prerequisite to the continued conduct of the activity conducted therein. Two or
more abandoned automobiles not removed for one month shall be deemed to be a junk yard.

SECTION 630: ADULT BUSINESSES:
The provisions of this section shall specifically apply to any adult business that is to be developed
within the township. As considered herein, such business operation is specifically considered to be
one which the average person, in applying the contemporary community standards of the Township
of Kennedy, would find appeals to individuals prurient interests, and which involves, in any manner,
the sale, display, provision, or other involvement with material which depicts, or in any way describes,
sexual acts, whether actual or simulated, the exhibition of genitals, or the genital area, excretory
functions of any manner, or other forms of matters generally and reasonably recognized as being
such matters as applied to the general concept of “adult entertainment”, or the like. It is specifically
recognized, by the Board of Commissioners of the Township of Kennedy, that any and all forms of
“adult entertainment” are contrary to the senses and public morals of the residents of Kennedy
Township, and impact on the health, safety, convenience, good morals, and general welfare of the
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Township and of the residents, citizens, inhabitants, schools, churches, and businesses located in
the Township. As such, any such business may only exist in an Industrial District.

SECTION 631: SIGNS:
Any such business may have signage as prescribed in this Ordinance.

SECTION 632: PARKING:
Required automobile parking space and loading space, as prescribed in this Ordinance must be
provided.

SECTION 633: HEIGHT:
The maximum height of structures hereunder shall be twenty-five (25) feet (not exceeding
one and one half (1½) stories).

SECTION 634: AREA, YARD COVERAGE AND SUPPLEMENTARY REGULATIONS:
Lot Area Minimum:

Fifteen Thousand (15,000) square feet.

Width Minimum:

One Hundred (100) feet at the building line.

Yards Required:Front Yard Minimum:
Side Yard Minimum:

Forty (40) Feet

Thirty (30) feet, the combined total for interior lots shall not be less
than sixty (60) feet.

Rear Yard Minimum:

Thirty (30) feet.

Coverage Maximum:

The structure cannot cover more than thirty-five percent (35%) of
the area minimum.

Location:

A.

An adult business shall not be, or cause to be, established,
operated and/or maintained within one thousand (1,000) feet of:

(i)

A church;

(ii)

A public or private educational institution;

(iii)

A public library;

(iv)

A child care facility or nursery school;

(v)

A child oriented business; or

(vi)

A public park adjacent to any residential district.
For the purpose of this section of the ordinance,
measurement shall be made in a straight line, without
regard to intervening structures or objects, from the
of the building or structure used as a part of the
premises where an adult business is conducted, to the
62

nearest property line of the premises of a church, public
or private educational institution, public library, child care
facility or nursery school, child oriented business or
public park adjacent to any residential district.
B. Only one adult business may be established, operated and/or
maintained in the same building, structure or portion thereof.
C. An adult business shall not be, nor cause to be, established,
operated and/or maintained within one thousand (1,000) feet of
another adult business. For the purpose of this section of this
Ordinance, measurement shall be made in a straight line, without
regard to intervening structures or objects, from the nearest
portion of the building or structure used as a part of the premises
where an adult business is conducted to the nearest property line
of the premises of another adult business.

SECTION 650: USES NOT AUTHORIZED:
650.1

In recognition of applicable law, which would require the township to provide for
all reasonable, and legal, uses, the township recognizes that future, potential
uses may occur, that have not been considered or complicated, or which may
have not been provided for under the provisions of this Ordinance.

650.2

Any uses not expressly authorized in any of the districts set forth under this
Ordinance, shall be a conditional use in any manufacturing or industrial district,
subject to the criteria, guidelines, concerns, and conditions set forth under the
provisions of this ordinance.

ARTICLE VII
NON-CONFORMING USES AND STRUCTURES
SECTION 700

SECTION 700: NONCONFORMING USE OF LAND OR BUILDING:
Except as hereinafter provided in this article the Iawful use of a building or structure or of any land or
premises existing at the time of the effective date of this ordinance or at the time of a change in the
district map may be continued aIthough such use does not conform to the provision hereof.
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SECTION 701: CHANGES:
A non-conforming use may be changed only to a use permitted in the district in which it is located.
Once changed to a conforming use no building or land shall be permitted to revert to a nonconforming use.

SECTION 702: REPAIRS AND ALTERATIONS:
May be made to a non-conforming building or structure, provided that in a building or structure which
is non-conforming no enlargement shalI be made.

SECTION 703: RECONSTRUCTION OF STRUCTURE USED BY A NON-CONFORMING USE:
A structure used by a non-conforming use at the time of the passage of this amending Ordinance
may not be reconstructed or structurally aItered to an extent exceeding in aggregate cost fifty (50%)
percent of the assessed valuation of the structure as assessed for County taxes, unless the use of
said structure is changed to a conforming use.

SECTION 704: REPAIRS AND ALTERATIONS TO NON-CONFORMING USES:
This section shall not prohibit minor repairs or aIterations to a non-conforming building or use, which
aIterations or repairs do not require the removal or replacement of any structural member, increase
the floor area of the building or change the use thereof.

SECTION 705: RECONSTRUCTION OF DAMAGED STRUCTURES:
When a non-conforming structure or a structure containing a non-conforming use is damaged by fire,
flood, wind, or act of God, such structure may be reconstructed and used as before any such
calamity, provided such reconstruction takes place within one year of the calamity.

SECTION 706: DISCONTINUANCE OF USE:
In the event that a non-conforming use of any building, structure, or land is discontinued for a period
of one (1) year, the use of the same shall thereafter conform to the use permitted in the district in
which it is located.
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ARTICLE VIII
EXTERIOR WALL SURFACES, FENCING, AND THE LIKE
SECTION 800
SECTION 800: “C” DISTRICT EXTERIOR WALL SURFACES, FENCING, AND THE LIKE:
In all “C” Districts, the following exterior wall surfaces shall apply:
No building shall be erected in these districts, whether main or accessory, which has any part of its
exposed exterior wall surface composed of concrete block or cinder block except as hereinafter set
forth. Exposed exterior surfaces on such buildings shall be composed of the following materials only,
unless an additional material is approved by the Board of Township Commissioners to be of equal or
superior quality when used under the circumstances proposed:
a.

Brick

b.

Stone;

c.

Glass;

d.

Metal, only as approved by the Board of Township Commissioners;

e.

Marble;

f.

Wood;

g.

Concrete block may be used for exposed exterior wall surfaces on the rear wall
only where upon approval of the Board of Commissioners; such building is so
located that such rear wall would not be viewable by passersby or any part of the
general public.

SECTION 801: RETAINING/LANDSCAPE WALLS:
a.

No person shall construct a Retaining or Landscape Wall in the Township
without first obtaining any and all necessary permits, including zoning and
building permits, from the Township.

b.

Retaining and/or Landscape Walls shall be constructed and maintained so as not
to create a physically hazardous nor otherwise offensive condition.

c.

In all zoning districts, only the following materials shall be used in the construction
of retaining and/or landscape walls.
1. Brick
2. Stone
3. Metal (Retaining walls only), as approved by the Planning Commisison
and Board of Commissioners).
4. Landscape Ties
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5. Concrete block (as approved by the Planning Commission and the
Board of Commissioners).

SECTION 802: FENCES, EXTERIOR WALLS, SHRUBS and BARRIERS:
802.1 PERMIT REQUIRED: In consideration of the health, safety and welfare of the
residents of Kennedy Township, no person, corporation, partnership,
company or other entity shall construct, install, add to, or alter a fence,
wall or other barrier unless any and all permits are first secured.
802.2

DRAWING REQUIRED: A drawing with precise dimensions and materials to be
used shall be submitted with the permit application. Any fence, wall or
barrier or combination thereof which is erected and does not comply
with the drawing submitted by the applicant shall be deemed a violation of
Ordinance 478.

802.3 SETBACKS: Subject to the following conditions, fences may be erected
along the boundaries of a lot. It is specifically noted that consideration of a “fence”
shall be considered to be any form of fence, wall, and/or the utilization of shrubbery
that is designed to separate properties.
1.

Any fence, wall, and/or shrubbery utilized as a fence/wall/divider shall be erected
along the boundaries of a lot with a setback of not less than two (2) feet.

2.

Front Yard Fences shall be no more than four (4) feet in height, shall have an area
setback of not less than two (2) feet. A fence, wall, shrub or other plantings or
objects which abut an intersection will be restricted by a clear sight triangle of
at least seventy-five (75) feet so as not to obstruct the view of oncoming traffic.

3.

Side and Rear Yard Fence not more than seven (7) feet in height may be erected
in any required side or rear yard within the buildable area. A fence not more
than ten (10) feet in height may be built in any required yard for schools,
playgrounds, or parks; or in any required side or rear yard in commercial or
industrial districts.

4.

Any fence that is erected shall be of durable material and shall be
constructed so as to be compatible with the characteristics of the
neighborhood and constructed of materials in use within the zoning
district. Such fences include but are not limited to cyclone fences,
redwood or similar wood material fences and fences constructed
of plastic or approved non-wood material.

802.4 PROHIBITED FENCES, WALLS OR OTHER BARRIERS:
1.

Barbed wire and all other fencing, walls or barriers that are designed to
cut or injure are prohibited in all residential districts. In zoning districts
other than Residential, such fencing, wall or barrier shall not be
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permitted, unless a request is made to the Board of Commissioners and
approved by a majority vote at a public meeting.
2.

No fence, wall or other barrier or any combination thereof of any type
shall be erected or permitted to remain in any public or utility right of way.
If a fence, wall or other barrier or any combination thereof of any type is
erected or permitted to remain in any public or utility right of way, the
property owner shall be deemed to have consented to the Township to
remove the same and the costs therefore assessed to the property
owner as a confession of judgment.

3.

Fences, walls or other barriers or any combination thereof shall not be
constructed of Jersey Barriers, I-Beams (except when used for weight
bearing), Barrels or Drums, Wooden Pallets, Plywood Sheets or any
other materials not generally utilized or accepted in the industry as
appropriate for said purpose.

802.5

CONSTRUCTION STANDARDS:
1.

All fences, walls or other barriers erected must be of good quality and
workmanship and must be firmly and sturdily footed in the ground. Only
those materials regularly used in the industry for the construction of
fences may be utilized.

2.

The finished surface of materials used construct a fence shall face the
abutting property or where, because of the method of construction, there
is no distinction in surface treatment, the material shall be placed at the
discretion of the property owner who secured the permit.

802.6

TREATMENT OF METAL FENCES:
1.

Any fence erected which is made of a metal fabric or which is partially
made of any metal fabric, shall be galvanized or otherwise treated
to prevent the formation of rust, and the metal used in the fabric
shall be at least eleven (11) gauge or heavier.

2.

Any fence which becomes more rusted than not shall be repaired or
replaced by the property owner within sixty (60) days notice thereof.

802.7 MAINTENANCE; STURDINESS:
1.

All fences, walls, or other barriers shall be maintained in a sturdy and
good condition. Fences, walls or other barriers which overturn, collapse,
fall, deteriorate or become loose, rusted or rotted, whether in whole or in
part, shall be repaired, replaced or removed with (60) sixty days notice
thereof. To the extent that shrubbery is involved with the fences, or is utilized
as a fence to divide properties, such shrub shall be maintained so as to not
encroach upon the adjacent property.
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2.

Any fence, wall or other barrier that cannot support a weight equal to
one hundred (100) pounds without bending, breaking, leaning or moving
shall be deemed not to be sturdy.

802.8 NOTIFICATION OF VIOLATION
1.

A letter to notify violators of this provision may be sent by the Manager,
Police Department or if so directed, the designated Building Inspector.

802.9 VIOLATION, PENALTY
As noted in section 1402, an appropriate fine, along with costs, or other relief,
may be imposed for any violation of this subsection of the Ordinance.

ARTICLE IX

GENERAL PROVISIONS
SECTION 900
CONFORMANCE AND PERMITS
SECTION 900: CONFORMANCE AND PERMITS:
900.1

No building or land shall, after effective date of this Ordinance, except for existing nonconforming uses, be used or occupied and no building or part thereof shall be erected,
moved, or aItered unless in conformity with the regulations herein specified for the district in
which it is located, and then only after applying for and securing all permits and licenses
required by all laws and Ordinances.

900.2

No part of a yard or other open space about any building required for the purpose of
complying with the provisions of this Ordinance shall be included as a part of a yard or open
space similarly required for another building.

900.3

Any use involving as a principal part of the conduct of business, the use or servicing of motor
vehicles, such as an automobile service station or sales area, community or major garage or
parking area, distribution plant, or freighting or trucking terminal shall be so located that no
vehicular entrance or exit shall be closer than three hundred (300) feet to an entrance or exit
of any elementary or secondary or vocational school, playgrounds, church, or public library
located on the same side of a street or way. Similarly, no entrance or exit to any elementary
or secondary or vocational school, pIayground, church, or public library shall be located
closer than three hundred (300) feet to a vehicular entrance or exit of such use as above
noted.

900.4

No lodgers, or roomers shall be permitted in any dwelling unit within the Township of
Kennedy.
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900.5

Where approval of site plan or plans by the Planning Commission is prerequisite to the
issuance of a permit, other than in a PUD district, in which event the provisions in the PUD
Section of this Ordinance shall control, action shall be taken by the Planning Commission in
accordance with the requirements of Ordinance No. 348.

900.6

Where one (1) parcel of property is divided into two (2) or more portions by reason of
different zoning district classifications, each of these portions shall be used independently of
the others in its respective zoning classification; and for the purposes of applying the
regulations of this Ordinance, each portion shall be considered as if in separate and different
ownership.

900.7

A temporary structure or use, purely incidental to an authorized use, may be permitted for a
period not exceeding ninety (90) days, provided such structure shall be complete in itself,
and not a part of a future building, without basement and intended only for a temporary
storage of materials and/or tools or as a construction or sales office and not for use as a
dwelling or garage. The use shall be construed to include construction trailers limited to the
aforesaid storage or office use.

900.8

Nothing in the district regulations shall be held to prohibit the erection of a one-family
dwelling upon a lot whose size is inadequate to meet the lot area regulations set for the
district, provided such lot on the effective date of this ordinance was held under separate
ownership from the adjoining lots or is a lot in a recorded plan which complies with all district
regulations except lot area requirements.

900.9

A site restoration bond to assure restoration of the site to an approved condition in the event
that construction of a proposed development in accordance with approved plans and zoning
requirements does not occur may be required by the Municipality in "R-2", "R-3", “C” and 'M"
zoning districts.

SECTION 901: GENERAL HEIGHT PROVISIONS AND EXCEPTIONS:
901.1

The permitted heights of structures shall be measured from the basic grade as hereto
defined. On a corner lot the basic grade shall be the mean of the basic grades of both
frontages. On a through lot, the basic grades of each frontage shall control the permitted
height of the structure to one-half (1/2) the depth of the zoning lot.

901.2

A structure conforming as to use, but not complying with the height regulations, of the district
in which it is located, may be restored if damaged or partially destroyed by fire, flood, wind, or
other calamity or act of God, in the same location, not exceeding the same height, and for
the same use, as it was before the occurrence.

901.3

A structure conforming as to use, but not complying with the height (or area) regulations,
may be enlarged, provided the enlarged portion thereof complies with all the regulations of
this Ordinance.
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901.4

The following structures or portions thereof may extend above the height limit of the district in
which the same is located, provided every portion of such structure above the height limit is
at least as many feet distant from bordering or opposite properties as that portion of the
structure is in height.
a. Church towers and spires
b. Penthouse or roof structures for the housing of elevators, stairways, tanks,
ventilating fans, or similar equipment required to operate and maintain the building
c.

Fire or parapet walls, skylights, towers, steeples, flag poles, chimneys, smokestacks,
wireless masts, water tanks, silos, or similar structures.

901.5

In measuring the height of a building in stories, a basement shall be counted as a story, only
when sixty (60%) percent or more of the front wall surface thereof, between the floor and
ceiling is above the grade level of the ground, abutting the front wall of the structure, as
shown on the construction plans.

SECTION 902: GENERAL AREA PROVISIONS AND EXCEPTIONS:
902.1

Any portion of a Iot once used as a yard, or as a Iot area in compliance with the area
requirements of the district regulations of this Ordinance, shall not be counted again as
required yard or lot area for another structure.

902.2

On a through lot, the rear yard depth shall not be less than, but need not exceed, the
required depth of front yard in the district in which such lot is located.

902.3

A buttress, chimney, cornice, pier, or pilater, projecting no more than twenty-four (24) inches
from the wall of the building may project into a required yard.

902.4

A screening wall, shrubbery and/or fence, no more than four (4) feet in height, may be
erected in any required side or rear yard or within the buildable area,
exceeding ten (10) feet in height, may be built in any required yard for schools, playgrounds,
or parks; or in any required side or rear yard in commercial or industrial districts.

902.5

Public service lines for the transportation and distribution and control of water, electricity,
gas, oil, steam, telegraph and telephone communication, or railroad trackage, and
supporting members other than buildings, shall not be required to be located on an individual
building lot nor be held to reduce the required yard dimensions for other structures on a Iot.

902.6

Landscape features, such as trees, shrubs, or flowers, soil cultivation, plants, and plantings,
shall be permitted in any required yard provided that when in a front yard they do not
constitute a hedge effect more than one and one-half (1 1/2) feet in height above the ground
level adjacent thereto.

902.7

A group residence facility in “R-4” Planned Unite Development District or personal care home
located in a “C-1” Convenience Commercial District shall be located not less than one mile
from any other group residence facility, personal care home, nursing home, drug and/or
alcohol residential or out-patient clinic, or similar facility, half-way house or agency. This one
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mile separation distance is measured by drawing a circle with one mile radius where the
center of the circle is the proposed facility.

SECTION 903: FARMS:
No farm animal shall be kept on any property in any district unless the owner or keeper of the animal
has at least five (5) contiguous acres on which the animal is to be kept.

SECTION 904: HOME OCCUPATION:
In an “R” District, a home occupation (including home office) carried on within a dwelling unit by a
resident thereof as a customary secondary use, shall be authorized, provided:
a. In connection with an occupation which there is no person employed, no display, no sign
other than a name plate, no mechanical equipment used other than normal domestic or
household equipment, and no selling of a commodity or non-professionaI service on the
premises
b. In connection with a home office, not more than one (1) assistant is employed and no
colleagues or associates use such office
c. The use does not occupy more than twenty-five (25%) percent of the total floor area of one
(1) floor, and does not require internal or external alterations or involve construction features
not customary in dwellings
d. In addition to automobile parking space required for the dwelling use, parking space shall be
required for the home occupation according to the nature of the use and the need as
determined by the Board, at the rate of one (1) parking stall for every two hundred (200)
square feet of home occupation floor area.
e. Reasonable safeguards are established against possible detriment to the neighboring
properties through emission of smoke, fumes, odors, dust, noise, vibration, or glaring light,
as determined by the Board.
f.

Exceptions as may be related to any approved home occupation may be considered, upon
petition of the Board of Commissioners. In conjunction with any such petition, it is a
recognized interest and concern, and applicable standard, that any exception will be
considered solely if the area in question is of sufficient acreage, so as not to allow any form
of immediate distraction or nuisance to any adjacent properties.

g. Only residents of the dwelling may be engaged in the home occupation.
h. The home occupation shall be clearly incidental to the residential use of the dwelling and
shall not change the essential residential character of the building.
i.

There shall be no display, stock in trade, or commodity sold on the premises, and no
mechanical equipment used except such as is commonly used for purely domestic
household purposes.
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j.

Use of the building for a home occupation shall not exceed thirty percent (30%) of one (1)
floor of the principle building (excludes a family day care use).

k. No alterations inconsistent with the residential use of the building shall be permitted.
l.

The occupation shall not constitute a nuisance in the neighborhood.

m. No accessory buildings or outside storage shall be used in connection with the
occupation.
n. Instructions in music shall not create sound at an audible level which may be a nuisance
to neighboring properties.
o. Vehicles used primarily as passenger vehicles only shall be permitted in connection with
the conduct of the home occupation.
p. No commercial equipment such as landscaping equipment or machinery associated with
construction, grading, or hauling shall be allowed to be stored or parked on the property.
q. The following and similar uses shall be considered customary home occupations: art
instruction, beauty shop (with no more than one stylist), doctor's office, drafting,
dressmaking, insurance agency, manufacturing agent, music instruction, notary public,
photography, real estate agency, tax consultant, or any other home office consisting of a
personal computer, FAX machine, phone, or any other accessory office equipment
typically used to establish a home office.
r.

All home occupations must have an occupational tax certificate

SECTION 905: AIR-TERMINAL FACILITIES:
In any district where a helicopter landing and operational area and terminal facilities are allowed, the
following must be adhered to:
a. The landing and operational area shall not be less in size than the minimum recommended
by such state and/or federal agencies authorized to advise or regulate such aircraft
installations.
b. The landing area shall be located not closer than three hundred (300) feet to any property in
an “R” or “C-1” District and shall be located not closer than one hundred (100) feet to any
street.
c. Minor servicing shall be permitted in any of the districts, but major servicing and repair
facilities shall be permitted in M District only.

Section 906: Temporary/Portable Storage Units:
906.1

A Kennedy township temporary portable storage unit permit shall be required whenever a
temporary portable storage unit is placed on private, commercial, industrial or residential
property for every thirty (30) days or portion thereof for a maximum period of sixty (60)
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days. The permit holder may, due to special circumstances, apply for an extension of
the placement of a temporary portable storage unit in excess of sixty (60), provided the
extension request is filed prior to the expiration of the sixty (60) day period of the permit.
The permit holder may, due to special circumstances, apply for an exemption from the
temporary portable storage unit placement requirements. The Township, when considering
the request for an extension of the allowed sixty (60) day period or an exemption from the
temporary portable placement requirements, may set conditions of approval and establish
a special fee. No permit extension shall exceed one hundred twenty (180) days.
906.2

The maximum size of any temporary portable storage unit shall not exceed eight (8) feet
in width, eight (8) feed in height and sixteen (16) feet in length. The maximum number
of placements per lot is two (2) per calendar year for a maximum number of sixty (60)
consecutive days per placement or one hundred twenty (120) days per calendar year,
unless an extension is obtained pursuant to Section 906.1 above. The maximum number
of temporary portable storage units that can be on a lot at one given time is one (1) unless
an exemption and approved conditions are first obtained from the Township.

906.3

The temporary portable storage unit cannot encroach on Township property, Township
rights-of-way, neighboring property, sidewalks or any other right-of-way whether private
or public. The unit must be sited on asphalt, concrete, gravel or other hard surface
between the front property line and the rear building line of the principal structure. The site
distance between the temporary portable storage unit and the side yard property line is ten
(10) feet. The ten (10) foot side yard setback may be waived if the applicant’s neighbor(s)
consent, in writing, to a side yard setback placement that is less than ten (10) feet and the
Code Enforcement Official confirms the neighbor’s consent.

906.4

All temporary portable storage units shall be free of rust, peeling paint, or other visible forms
of deterioration and shall be painted or covered in a manner that is aesthetically consistent
with nearby and surrounding structures so as not to diminish the quality of living, property
values, and health, safety and welfare of the residents of Kennedy Township. Temporary
portable storage units shall not be used to house animals or humans.

906.5

Temporary portable storage units shall only be allowed upon application and the issuance
of a permit. The permit shall be displayed either on the front exterior surface of the unit in
a plastic liner or in the front window of the residence or front window of the premises’
principal structure. The Code Enforcement Official or designated representative shall have
the discretion to grant a grace period not to exceed five (5) days for a new, first time
residential property owner or residential tenant.

906.6

Responsibilities of Lessor/Lessee and User: The Lessor/Lessee and User of the temporary
portable storage unit shall be jointly responsible to ensure that the portable storage unit is in
good condition, free from evidence of deterioration, weathering, discoloration, rust, ripping,
tearing or other holes or breaks. When not in use, the portable storage unit shall be kept
locked. Lids and doors shall be kept tightly and completely closed when not in use. No
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hazardous substances are permitted to be stored or kept within a portable storage unit.
The area surrounding the portable storage unit shall be kept clean and free of loose debris.
The Lessor/Lessee and User shall clearly indicate their name and contact telephone number
on the temporary portable storage unit.
906.7

Any temporary portable storage unit placed on a property without the issuance of a permit
shall be subject to a fine of Five Hundred ($500.00) Dollars for every day that such illegal
use continues as well as reasonable attorney fees and Court costs incurred by Kennedy
Township in pursuing the enforcement of this Ordinance. Both the owner of the real
property and the owner of the temporary portable storage unit are subject to the
requirements and sanctions set forth in this Ordinance.

ARTICLE X
SIGNS
SECTION 1000
SECTION 1000: “R” DISTRICT SIGN REGULATIONS:
In "R" Districts, the following signs shall be permitted and the following regulations shall apply:
1000.1 One (1) identification sign for a multi-family dwelling or a home occupation. When for a
multi-family dwelling, not to exceed twelve (12) square feet; when for a home occupation,
not to exceed one and one-half (1 1/2) square feet.
1000.2 One (1) bulletin board per street for church or similar place of worship, each not to exceed
thirty (30) square feet.
1000.3 Temporary unlighted real estate sign, not to exceed thirty (30) square feet.
1000.4 Directional sign, not exceeding one and one-half (1 1/2) square feet.
1000.5 In connection with a parking facility, directional signs not to exceed eight (8) square feet
each.
1000.6 Traffic control signs installed and maintained by the Municipality,County of Allegheny,
Commonwealth of Pennsylvania or any governmental authority.
1000.7 Any use other than specified in Paragraphs 1000.1-1000.6 herein, not to exceed twelve (12)
square feet per principal building or use.
1000.8 Billboards are specifically prohibited in any "R" District.
1000.9 All signs in any "R" District shall be non-flashing and non-animated; those not attached to a
building shall be set back at least fifteen (15) feet from lot or street line; and no sign shall
project above the roof or be mounted on a building above the eave line of a roof.
1000.10 No merchandise or pictures of the adult businesses’ products or entertainment available
on the premises shall be displayed on any sign or in any window areas or in any area
where they can be viewed from the public right-of-way abutting the premises.
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SECTION 1001: “C-1” DISTRICT SIGN REGULATIONS:
In the "C-1" District, the following signs shall be permitted and the following regulations shall apply:
1001.1 Any sign permitted in an "R" District.
1001.2 Business sign or identification sign, not to exceed two (2) square foot for every one (1) lineal
feet of frontage occupied, but not to exceed sixty (60) square feet for any one business.
1001.3 One (1) business or identification sign for a group of three or more businesses on one parcel
or tract, not to exceed one hundred twenty (120) square feet
1001.4 Billboards are specifically prohibited in any "C-1" District
1001.5 All signs in any "C-1" District shall be non-flashing and non-animated, if illuminated, they
shall utilize reflected or refracted light in such manner as to not detrimentally affect any
property in an "R" District.
1001.6 Signs not attached to a building shall be set back at least five (5) feet from a lot or street line,
or any required buffer area. A freestanding sign shall not exceed twenty (20) feet in height.
No sign mounted on a building shall project above the ridge line of a sloping roof nor above
the eave line of a flat roof.

SECTION 1002: “C” AND “M” SIGN REGULATIONS:
In all other "C" Districts and “M" Districts, the following signs shall be permitted and the following
regulations shall apply:
1002.1 Any sign permitted in "R" and "C-1" Districts.
1002.2 Business sign or identification sign, not to exceed one (1) square foot for every one (1) lineal
foot of frontage occupied, but not to exceed one hundred twenty (120) square feet for any
one business.
1002.3 One (1) business or identification sign per street for a group of three or more businesses on
one parcel or tract, not to exceed two hundred forty (240) square feet per sign.
1002.4 Signs not attached to a building shall be set back at least five (5) feet from a lot or street Iine,
or any required buffer area. A free-standing sign shall not exceed forty (40) feet in height. No
sign mounted on a building shall project above the ridge line of a sloping roof nor above the
eave line of a flat roof.
1002.5 All signs in any "C-2", "C-3", or "M" District shall be non-flashing and non-animated if
illuminated, they shall utilize reflected or refracted light in such manner as to not detrimentally
affect any property in another zoning district.
1002.6 Billboard not to exceed three hundred (300) square feet may be permitted by the Municipal
Officials, provided that it shall be located so as to:
a. Not be located closer than fifty (50) feet to a public right-of-way.
b. Not project above the ridge line of a sloping roof nor the eave line of a flat roof, if it is
attached to a building.
75

c. If free-standing, not exceed twenty (20) feet in height.
d. Be on a parcel or lot not abutting or opposite a frontage in an "R" District, unless the
advertising face is not visible from the "R" District.
e. Be no nearer than three hundred (300) feet to any "R" District if illuminated, unless
the advertising face is not visible from the “R” District.
f.

Be no nearer than three hundred (300) feet to any church school, park, playground,
or recreational area owned and operated by a public authority.

g. Be no nearer than four hundred (400) feet to the centerline of any restricted or
limited access highway or the access ramps thereto, if the face of the sign is visible
therefrom.

SECTION 1003: ADDITIONAL AND GENERAL REGULATIONS:
1003.1 Where a sign is permitted by any provision of this Ordinance, it shall be construed to permit a
double-faced sign. Each face of a double-faced sign may equal the maximum size permitted
for the particular type of sign under this Ordinance.
1003.2 A building permit shall be required for any sign or billboard in excess of three (3) square feet.
1003.3 The requirements of this Article shall not be held to prohibit the erection of a marquee or
canopy provided it bears no sign other than an identification sign which does not project
above or below the marquee or canopy nor exceed twelve (12) inches in vertical dimension.

ARTICLE XI
OFF-STREET PARKING AND LOADING REQUIREMENTS
SECTION 1100
SECTION 1100: GENERAL PROVISIONS:
1100.1 Procedure:
An application for a building permit for a new or enlarged building, structure, or use, shall
include therewith a plot plan drawn to scale and fully dimensioned, showing any off-street
parking or loading facilities to be provided in compliance with the requirements of this
Ordinance.
1100.2
Extent of Control:
The off-street parking and loading requirements of this ordinance apply as follows:
a. All buildings and structures erected and all land uses initiated after the effective date
of this ordinance shall provide accessory off-street parking or loading facilities as
required hereinafter for the use thereof.
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b. When a building or structure undergoes any increase in number of dwelling units,
gross floor area, seating capacity, or other unit of measurement specified hereinefter
for required off-street parking or loading facilities, and further, when said increase
would result in a requirement for additional total off-street parking or loading spaces
through application of the provisions of this ordinance parking and loading facilities
shall be increased to that the facilities will at least equal or exceed the off-street
parking or loading requirements resulting from application of the provisions of this
Ordinance to the entire building or structure as modified.
1100.3 Existing Off-Street Parking and Loading Spaces:
Accessory off-street parking and loading spaces in existance on the effective date of this
Ordinance may not be reduced in number unless already exceeding the requirements of this
Article for equivalent new construction; in which event, said spaces shall not be reduced
below the number required herein for such equivalent new construction.

SECTION 1101: DESIGN AND MAINTENANCE:
1101.1 Parking Space-Description:
A required off-street parking space shall be an area of not less than one hundred eighty (80)
square feet, nor less than nine (9) feet wide by twenty (20) feet long measured
perpendicularly to the sides of the parking space exclusive of access drives or aisles, ramps,
columns, and shall comply with the requirements of Ordinance No. 348.
1101.2 Measurement of Space:
When determination of the number of required off-street parking spaces results in a
requirement of a fractional apace, any fraction up to and including one-half (1/2) may be
disregarded, and fractions over one-half (1/2) shall be interpreted as one parking space.
1101.3 Access Parking Facilities:
Access Parking facilities shall be designed with appropriate means of vehicular access to a
street or alley in such manner as will least interfere with the movement of traffic. No
driveway or curb cut in any district shall exceed thirty (30) feet in width for one-way
movement.
1101.4 Signs:
No signs shall be displayed in any parking area within any residential district, except such as
may be necessary for the orderly use of the parking facilities. All signs in other parking areas
shall conform to this Ordinance.
1101.5 Striping:
All parking spaces in “C” and “M” Districts shall be approved by the Planning Commission.
1101.6 Required Setbacks:
No parking space or portion thereof established on a lot shall be located within a required
front yard except in “C” and “M” Districts, where off-street parking areas may be installed and
maintained, in the required front yard, provided such parking areas do not occupy the first
five (5) feet of front yard nearest the street or alley.
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1101.7 Surfacing:
All open off-street parking areas shall be in accordance with Ordinance No. 348.
1101.8 Lighting:
Any lighting used to illuminate an off-street parking area shall be in accordance with
Ordinance No. 348.
1101.9 Storm Water:
In addition to Ordinance No. 348, adequate storm water drainage facilities shall be installed
in order to insure that storm water does not flow onto abutting property or abutting sidewalks
is such a way or quantity that pedestrians using the sidewalk would be detrimentally affected
or inconvenienced. The Township Engineer shaIl approve all such facilities.
1101.10

Walls or Planting Strip:
See Section 800 of this Ordinance, and Ordinance No. 348.

SECTION 1102: SCHEDULE OF OFF-STREET PARKING REQUIREMENTS:
1102.1 One and two-family dwellings:
Two parking spaces for each family dwelling unit.
1102.2 Three or more family dwellings:
Two parking spaces for each family dwelling unit.
1102.3 Bowling alleys, recreation centers, swimming pools, skating rinks, outdoor commercial
recreation enterprises and other recreation and amusement facilities:
One parking space for every three (3) customers computed on the basis of maximum
servicing capacity at any one time plus one (1) additional space for every two (2) persons
regularly employed during peak shift on the premises.
1102.4 Club houses and meeting places of veterans, business, civic, fraternal, labor and
similar organizations:
One (1) parking space for every fifty (50) square feet of aggregate floor area in the
auditorium, assembly hall, and dining rooms of such building plus one (1) additional space
for every two (2) persons regularly employed during peak shift on the premises.
1102.5 Dormitories, fraternity houses, and sorority houses:
One (1) parking space for every two (2) beds occupied at a maximum capacity. This
requirement is in addition to the parking space requirements for educational establishments
set forth elsewhere herein.
1102.6 Drive-in facilities:
Five (5) per one hundred (100) square feet floor space.
1102.7 Funeral homes and undertaking establishments:
Parking or storage space for all vehicles used directly in the conduct of the business plus
one (1) parking space for every two (2) persons regularly employed on the premises during
peak shift and one (1) space for every six (6) seats in the establishment.
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1102.8 Hospital:
One (1) parking space for each four (4) beds intended for patients excluding bassinets, plus
one (1) per doctor, plus one (1) per two (2) employees on peak shift, plus one (1) per
hospital vehicle.
1102.9 Indoor Retail Businesses:
Parking or storage space for all vehicles used directly in the conduct of such business plus
one (1) parking space for each one hundred twenty-five (125) square feet of sales area.
1102.10 Industrial plants and facilities:
Parking or storage space for all vehicles used directly in the conduct of such industrial use
plus one (1) parking space for every three (3) employees on the premises at maximum
employment on the peak shift.
1102.11 Junior and Senior high schools:
One (1) parking space for every six (6) seats available at maximum capacity in the assembly
hall, auditorium, stadium or gymnasium of greatest capacity on the school grounds or
campus. If the school has no assembly hall, auditorium, stadium, or gymnasium, one (1)
parking space shall be provided for each person regularly employed at such school plus two
(2) additional spaces for each classroom.
1102.12 Libraries, museums, post-offices and similar establishments:
Parking or storage space for all vehicles used directly in the operation of such establishment
plus one (1) parking space for each two hundred fifty (250) square feet of total floor area.
1102.13 Medical and dental clinics:
Three (3) parking spaces for each doctor plus one (1) additional space for every two (2)
regular employees.
1102.14 Nursing Homes:
One (1) parking space for every two (2) beds occupied at maximum capacity. This
requirement is in addition to the parking space requirements for hospitals set forth herein.
1102.15

Offices:
One (1) parking space for every two hundred (200) square feet of office space.

1102.16

Outdoor Retail Businesses:
Parking or storage space for all vehicles used directly in the conduct of such business plus
two (2) parking spaces for each person employed on the premises based on maximum
seasonal employment plus one (1) parking space for every five hundred (500) square feet of
lot area used for business purposes.

1102.17

Public and private elementary schools:
One (1) parking space for each person regularly employed at such school plus one (1)
additional space for each classroom.

1102.18

Public garages:
Indoor or outdoor parking or storage space for all vehicles used directly in the conduct of
such business plus three (3) parking spaces for each person regularly employed on the
premises.
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1102.19

Repair shops, plumbing shops, electrical shops, roofing shops, and other service
establishments:
Parking or storage space for all vehicles used directly in the conduct of the business plus two
(2) parking spaces for each person regularly employed on the premises.

1102.20

Restaurants, indoor, and other eating and drinking establishments:
One (1) parking space for each table or booth plus one (1) parking space for every two
stools at bar or counter, plus one (1) parking space for every two (2) employees on peak
shift.

1102.21

Service Stations:
Parking or storage space for all vehicles used directly in the conduct of the business plus
one (1) parking space for each gas pump, three (3) spaces for each grease rack or similar
facility, and one (1) space for every two (2) persons employed on the premises at maximum
employment on a single shift.

1102.22

Theaters, auditoriums, churches, stadiums, and other places of public assembly:
One (1) parking space for every six (6) seats avsailable at maximum capacity.

1102.23

Motels and hotels:
One (1) parking space each sleeping room offered for tourist accommodation

plus one (1)

space for each dwelling unit on the premises plus one (1) additional space for every two (2)
persons regularly employed on the premises during peak shift.
1102.24 Transportation terminals:
One (1) parking space for every one hundred (100) square feet of waiting room plus one
additional space for every two (2) persons regularly employed on the premises during peak
shift.
1102.25 Universities, colleges, academies, and similar institutions of higher learning:
One (1) parking space for every four (4) seats occupied at maximum capacity in the
assembly hall, auditorium, stadium, or gymnasium of greatest capacity on the campus. If the
institution has no assembly hall, auditorium, stadium, or gymnasium, one (1) parking space
shall be provided for each person regularly employed at such institution plus four (4)
additional spaces for each classroom.
1102.26 Warehouses, freight, terminals and trucking terminals:
Parking or storage space for all vehicles used directly in the conduct of such business plus
two (2) parking spaces for each person regularly employed on the premises during peak
shift.
1102.27 Group residence facility and personal care home:
On-site parking facilities shall be provided at the ratio of one stall for every two
full-time staff members and an additional stall for every two noon-staff residents who are
eligible and are permitted by sponsor to operate a vehicle.
1102.28 Adult Businesses:
Off street parking facilities shall be provided for adult businesses as follows:
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(i) Adult arcade, adult bookstore, adult video store, escort agency, nude model studio and
sexual encounter center:
Parking or storage space for all vehicles used directly in the conduct of such business,
plus one (1) parking space for each one hundred twenty-five (125) square feet of total
floor area of the premises, plus one (1) parking space for every two (2) persons regularly
employed during peak shift.
(ii) Adult cabaret: One (1) parking space for each table or booth, plus one (1) parking
space for every two (2) persons regularly employed during peak shift.
(iii) Adult motel: One (1) parking space for each sleeping room offered for clientele
accommodation plus one (1) parking space for each dwelling unit on the premises, plus
one (1) parking space for every two (2) persons regularly employed on the premises
during peak shift.
(iv) Adult motion picture theater and adult theater: One (1) paring space for every
four (4) seats available at maximun capacity, plus one (1) parking space for
every two (2) persons regularly employed on the premises during peak shift.
SECTION 1103:

LOCATION OF PARKING AREAS:

Off-street automobile parking facilities shall be located hereinafter specified; where distance is
specified such distance shall be walking distance measured from the nearest point of the parking
area to the nearest entrance of the building that said parking area is required to serve.
1103.1

For one and two-family dwellings:
On the same lot with the building they are required to serve.

1103.2

For three and four-family dwellings not over two stories in height:
On the same lot or parcel of land as the building they are required to serve. For the
purpose of this requirement, a group of such uses constructed and maintained under a
single ownership or management shall be assured to be on a single lot or parcel of land.

1103.3

For clubs, hospitals, sanitariums, orphanages, homes for the aged, convalescent homes
and for other similar uses:
On the same lot or parcel of land as the main building or buildings being served, or upon
properties contiguous to the zoning lot upon which to located the building or buildings they
are intended to serve.

1103.4

For multiple-family dwellings containing more than four dwelling units and all other uses:
On the same lot or parcel of land as the building they are required to service or on a separate
lot or parcel of land not more than three hundred (300) feet from the nearest entrance to the
main use being served, provided the lot or parcel of land selected for the parking facilities is
located on an “R-3”, “C”, or “M-1” District.
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1103.5

Notwithstanding paragraphs 1103.1 - 1103.4 above, no parking area accessory
to a “C” or “M-1” use shall be located in an “R” District.

SECTION 1104: ADDITIONAL REGULATIONS - PARKING:
Nothing contained herein should be seen to limit any other provisions of this ordinance, including
specifically section 406.
1104.1

Use of Off-Street Parking Facilities
Off-street parking facilities, accessory to residential use and development in any residential
district in accordance with the requirements of this Article, shall be used solely for the parking
of passenger automobiles, with the exception of not more than one cargo van, which may bear
commercial identification, and which shall not include any form of “box truck” or “box van”.
Any such vehicle must be strictly job-related and used exclusively by a person residing at
the address where such vehicle is parked. The vehicle must be parked off of the street
and in the driveway of the roperty. Alternatively, and in lieu of but not in addition to any
such cargo van, such residnet may have a pick-up truck bearing commercial identification,
or a dump truck not to exceed a GVWR Class 1 Truck as described in definitions.

1104.2 Joint Parking Facilities
Off-street facilities for different buildings, structures, or uses, or for mixed uses, may be
provided collectively in any zoning district in which separate off-street parking facilities for
each constituent use are permitted provided that the total number of spaces requirements
for each use of which normal hours of operation coincide and not more than three hundred
(300) feet from and contiguous to the lot on which the main building is located.
In any case, where the required parking spaces are not located on the same lot with the building
or use served, or where such spaces are collectively or jointly provided and used, a written
agreement thereto assuring their retention for such purposes shall be properly drawn and
executed by the parties concerned approved as to form and execution by the Municipal Solicitor
and shall be filed with the application for a building permit.
1104.3 Control of Off-Site Facilities:
When required accessory off-street parking facilities are provided elsewhere than on the lot on
which the principal use is located, they shall be in the same possession either by deed or longterm lease as the property occupied by such principal use and the owner shall be bound by
covenants of record filed in the office of the Municipal Secretary requiring the owner and his or
her heirs and assigns to maintain the required number of off-street parking spaces during the
existence of said principal use.
1104.4 Non-residential Parking in Residential Districts:
Accessory off-street parking facilities serving non-residential uses of property is prohibited in an
“R” District.
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SECTION 1105: DESIGN MAINTENANCE AND SCHEDULE OF OFF-STREET LOADING SPACE:
1105.1 Design:
a. Loading Space: - Description: An off-street loading space shall be a hard-surfaced area of
land, open or enclosed, other than a street or public way, used principally for the standing,
loading or unloading of motor trucks, tractors and trailers so as to avoid undue interference
with the public use of streets and alleys. A required loading space shall not be less than
twelve (12) feer in width, fourteen (14) feet in height and of adequate length to suit the
specific use exclusive of access aisles and maneuvering space, except as otherwise
specifically dimensioned herein.
b. Location: No permitted or required loading space shall be closer than seventy-five (75) feet
to any property in a residential district, unless completely enclosed by building walls or an
ornamental fence or wall, or any combination thereof not less than six (6) feet in height. No
permitted or required loading space shall be located within fifty (50) feet of the nearest point
of intersection of any two streets. Loading space open to the sky may be located in any
required yards.
c. Measurement of Spaces: When determination of the number of required off-street loading
spaces results in a requirement of a fractional space any fraction up to and including one-half
(1/2) may be disregarded, and fractions over one-half (1/2) shall be interpreted as one
loading space.
d. Surfacing: All open off-street loading berths shall be improved with a compacted base,
surfaced with all-weather dustless material, of adequate thickness to support the weight
of a fully-loaded vehicle.
1105.2

Loading and Unloading Space:
Every building or structure used for business, trade, or industry shall provide space as herein
indicated for the loading and unloading of vehicles off the street or public alley. Such space
shall have access to a public alley, or, if there is no alley, to a street. Off-street loading and
unloading space shall be in addition to and not considered as meeting a part of the
requirements for off-street parking space. Off-street loading and unloading space shall not be
used or designed, intended, or constructed to be used in a manner to obstruct or interfere with
the free use of any street, alley, or adjoining property. The following off-street loading and
unloading space requirements for specific requirements for specific uses shall be provided:
a. Multi-story, Multiple-family dwellings: One (1) off-street loading and unloading space at
least ten (10) feet wide for every three thousand (3,000) square feet of total floor area.
b. Industrial plants: One (1) off-street loading and unloading space at least twelve (12) feet
by fifty (50) feet for every ten thousand (10,000) square feet of total floor area.
c. Warehouses and wholesale storage facilities: One (1) off-street loading and unloading
space at least twelve (12) feet by fifty (50) feet for every five thousand (5,000) square feet
of total floor area.
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ARTICLE XII
ZONING HEARING BOARD
SECTION 1200
POWERS
SECTION 1200: POWERS
1200.1 The Zoning Hearing Board
Created and existing pursuant to Ordinance No 126, shall, in addition to the duties and
authority vested in them by that Ordinance and the Pennsylvania Municipal Planning Code,
have the authority to grant specific exceptions and perform other duties as provided herein:
1200.2

Special Exceptions
To hear and decide the following special exceptions to the terms of this Ordinance and to
authorize a permit:
A. In any district, for:
(1) A temporary structure and use in connection with an authorized use, provided
a. The structure shall be complete in itself and not a part of a future building,
without basement, and intended only for temporary storage of materials
and/or tools, or as a temporary construction or sales office and not for use
as a dwelling or garage. The use shall be construed to include construction
trailers, limited to the aforesaid storage or office uses.
b.

The use shaIl be purely incidental to the authorized use

c.

It shall be demonstrated to the Board that such structure and use are
reasonably necessary and that safeguards are established to preserve the
amenities of surrounding properties

d.

The permit shall be issued for a period not exceeding six (6) months but the
period may be extended under like conditions.

(2) The extension of a non-conforming use within a non-conforming structure, or for
the change of such use within a non-conforming structure to a conforming use,
provided that in each case:
a.

A report and recommendation is requested from the Planning Commission
which shall indicate, among other things, whether the effected area is an
appropriate one for clearance and redevelopment, renewal or conservation.

b.

No structural alterations are made other than those ordered by an authorized
public officer to assure the safety of the structure and the occupants thereof,
or those provided for under Section below

c. No living-quarter use shall be located in the same story of a building in which
an industrial establishment is located, and vice-versa.
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d.

All technical advances pertaining to such non-conforming use are utilized,
and the time of operation of such use is so scheduled as to minimize the
detrimental effect of such use on the adjacent structures and uses.

e. The use may be continued only so long as the structure remains.
(3). The enlargement of a non-conforming commercial or industrial structure other
than a sign, and the extension of a non-conforming use throughout said structure
provided:
a. The gross floor area of the enlargement shall not exceed fifty percent (50%)
of the gross floor area of the non-conforming structure, or non-conforming
portion thereof, on the effective date of this ordinance which later makes such
structure or portion thereof, non-conforming.
b. It shall be demonstrated to the satisfaction of the Board that such extension
or enlargement is reasonably necessary at the concerned location because
of normal growth of business.
c. All other applicable regulations and requirements of this Ordinance shall be
complied with.
d. The Board shall impose such conditions and safeguards as it deems necessary
in order to protect adjacent conforming uses and structures against the adverse
effects of such non-conformity.

ARTICLE XIII

ADMINISTRATION
SECTION 1300
SECTION 1300: BUILDING PERMIT:
a.

No building or structure shall be erected, added to, or structurally altered until
a permit therefor has been issued by the Building Inspector. No such building
permit shall be issued for any building where said construction, addition, or
alteration or use thereof would be in violation of any of the provisions of this
Ordinance, except upon written order of the Zoning Hearing Board.

b.

There shall be submitted with all applications for building permits two copies
of a layout or plot plan drawn to scale showing actual dimensions of the lot,
the exact size and location on the lot of the building and accessory buildings
and such other information as may be necessary to determine and provide
for the enforcement of this Ordinance.
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c.

One copy of such layout or plot plan shall be returned when approved by the
Building Inspector, together with such permit to the applicant, and one copy
attached to and made a part of the application.

d.

The Building Inspector shall issue a Building Permit only after it has been
determined that the proposed construction will be in conformance with all
applicable requirements and regulations, and in no event shall any Permit
be issued until at least seven (7) days after application has been made in
accordance with this Ordinance.

SECTION 1301: CERTIFICATE OF OCCUPANCY:
a. After completion of a building or structure for which a building permit has been issued
and inspection has determined that all requirements of all codes and ordinances of the
Municipality have been met, a Certificate of Occupancy shall be issued by the Building
Inspector, stating that the building and proposed use thereof comply with the provisions
of the ordinance.
b. No non-conforming use shall be maintained, renewed or changed without a

Certificate

of Occupancy having been secured from the Building Inspector within one (1) year from
the effective date of this Ordinance.
c. All Certificates of Occupancy shall be applied for prior to the occupancy at any structure.
Said Certificate will be issued if the building or use is found to be in accordance with all
codes and ordinances.
d. The Building Inspector shall maintain a record of all Certificates and copies which will
befurnished upon request to any person having proprietary or tenancy interest in the
building affected.
e. No permit for excavation for, or the erection or aIteration of, or repairs to any building
shall be issued until an application has been made for a Certificate of Occupancy.
f. No changes will be permitted in parking areas or striping of parking areas after an
occupancy permit has been issued. Failure to comply will result in revocation of
occupancy permit.
g. Whenever a party or parties seeks to occupy a dwelling or other building as a group
residence facility or personal care home, the party or parties shall file a detailed statement
of intent describing the proposed use of the dwelling or building, which statement shall
detail the proposed number and nature of the anticipated occupants, with the Township
Office. A license or certification shall also be obtained from the Comonwealth or County
prior to issuance of a certificate of occupancy. If an appropriate licensing or certifying
agency does not exist, the applicant shall demonstrate to the Board of Commissioners
that the proposal satisfies a demonstrative need and shall be conducted in a repsponsible
manner without detriment to surrounding properties.
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The sponsor shall file annually with the Township Building Inspector information indicating
that the facility continues to satisfy the conditions of original approval. The sponsoring
agencies shall be notified by mail of the annual filing date thirty days prior
to such date. Ten days after the filing date, and advertisement shall be placed in a
local newspaper for one day, listing those agencies that have applied for recertification
or requesting comments from residents in community organizations within thirty days
from the date of advertisement. Individuals or organizations wishing to file a complaing
shall do so in writing to the Township Building Inspector. Change in sponsorship or any
conditions of original approval shall constitute a new use and the full procedure for
obtaining a new use shall be exercised.

ARTICLE XIV
ADMINISTRATION, ENFORCEMENT, AMENDMENTS
SECTION 1400
SECTION 1400: PROCEDURES FOR CHANGES AND AMENDMENTS:
The Board of Commissioners may introduce and/or consider amendments to this ordinance and
to the Zoning District Map, as proposed by the Board of Commissioners, or by the Planning
Commission or by a petition of landowners of property within the township. It is recognized that
amendments must be pursuant to and comply with applicable law, including the MPC.

SECTION 1401: PROCEDURE:
Whenever the public necessity, convenience, or general welfare indicates, the Township
Commissioners may, by Ordinance, after report thereon by the Planning Commission and subject
to the procedure provided in this section, amend, supplement, or change the regulations, district
boundaries, or classifications of property, as the same are established by this Ordinance (or may
hereafter be made a part thereof). Such ordinances for amendment, supplement, reclassification, or
change, may be initiated by request of one (1) or more

members of the Township Commissioners,

either upon its own initiative or in response to petition as set further herein, or by request from the
Township Planning Commission.
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SECTION 1402: PETITIONS, REFERRALS, PLANNING COMMISSION ACTION:
1402.1 Petitions.
Petitions for amendments by landowners shall be filed with the Planning
Commission at least 45 calendar days prior to the meeting at which the petition
is to be heard. In the case of the petition for reclassification of property, the
petitioners, upon such filing, shall submit a legal description of the property
proposed to be rezoned. All petitions shall include a statement justifying the
request and documenting consistency with the Township’s Comprehensive
Plan and a filing fee, in accordance with the Fee Schedule of the Township.
1402.2 Referral.
Any proposed amendment presented to the Board of Commissioners without
written findings and recommendations from the Township Planning Commission
and the Allegheny County Department of “Economic Development shall be
referred to these agencies for review at least 45 days prior to the public hearing of
the Board of Commissioners. The Board of Commissioners shall not hold a
public hearing upon such amendments until the required reviews are received or
the expiration of 45 days from the date of referral, whichever comes first.
1402.3 Planning Commission Review
The Planning Commission shall make a report and recommendation on each request
for zone change (petition or otherwise) within forty five (45) days from the date of said
request, setting forth in detail reasons wherein public necessity, convenience, general
welfare and the objectives of the overall comprehensive plan do or do not justify the
proposed change, and shall forward its findings and recommendations, to the Township
Commissioners. At its discretion, the Planning Commission may hold a public hearing
before making such report and recommendation.
A. It is specifically noted that, should a comprehensive plan be in place, the review period,
as provided for under the Municipalities Planning Code, is 45 days.

SECTION 1403: POSTING OF PROPERTY:
If the proposed amendment involves a change to the Zoning District Map, notice of
the public hearing shall be conspicuously posted by the Township at points deemed
sufficient by the Township along the tract to notify potentially interested citizens at least
seven (7) days prior to the date of the public hearing.
1403.1 Mailing of Notices.
In addition to posting the property, if the porposed amendment involves a change to
the Zoning District Map, notice of the public hearing shall be mailed and/or sent by
electronic transmission by the Township at least thirty (30) days prior to the date of
the hearing, by first class mail to the addresses to which real estate tax bills are sent

88

for all real property located within the area being reezoned, as eveidenced by tax records
within the possession of the Township. The notice shall include the location, date and
time of the public hearing. A good faith effort and substantial compliance shall satisfy
the requirements of this subsection. This subsection shall not apply when the rezoning
constitutes a comprehensive rezoning.

SECTION 1404: PUBLIC NOTICE AND PUBLIC HEARING:
Before acting on a proposed amendment, the Board of Commissioners shall hold a public hearing
thereon. Public notice, as defined by this ordinance, shall be given containing a brief summary of the
proposed amendment and reference to the place where copies of the same may be examined.
1404.1 Readvertisement.
If after any public hearing is held upon a proposed amendment the amendment is
substantially changed orrevised to include land not previously affected by the amendment,
the Board of Commisisoners shall hold another public hearing, pursuant to public notice,
before proceeding to vote on the amendment.

SECTION 1405: PUBLICATION, ADVERTISEMENT AND AVAILABILITY:
(1)

Proposed amendments shall not be enacted unless the Board of
Commissioners gives notice of the proposed enactment, including the
time and place of the meeting at which passage will be
considered, and a reference to the place in the Township where
copies of the proposed amendment may be examined without
charge or obtained for a charge not greater than the cost thereof.

(2)

The Board of Commissioners shall publish the proposed amendment
once in a newspaper of general circulation in the Township not more than
sixty (60) nor less that seven (7) days prior to passage. Ppublication of
the proposed amendment shall include either the full text thereof or the
title and a brief summary prepared by the Township Solicitor setting forth
all the provisions in reasonable detail. If the full text is not included:
(a) A copy thereof shall be provided to the newspaper at the time public
notice is published.
(b) An attested copy of the proposed ordinance shall be filed in the
Allegheny County Law Library.
(c) A copy shall be available for inspection at the Township Offices.

89

SECTION 1406: ACTION:
Within ninety (90) days of the date when the public hearing on the proposed amendment is
officially closed, the Board of Commissioners shall vote on the proposed amendment. In the
event substantial amendments are made in the proposed amendment, the Board of Commissioners
shall readvertise in one newspaper of general circulation in the Township a brief summary of the
amendments at least ten (10) days prior to enactment.

SECTION 1407: FILING AMENDMENTS WITH COUNTY PLANNING AGENCY:
Within thirty (30) days after enactment, a copy of the amendment ot this ordinance
shall be forwarded to the Allegheny County Planning Agency, and any other required agency.

SECTION 1408: LANDOWNER CURATIVE AMENDMENTS:
A curative amendment may be filed by a landowner who desires to challenge, on substantive
grounds, the validity of this ordinance or the Zoning District Map or any provision thereof which
prohibits or restricts the use or development of land in which he has an interest.
A.

Procedure. The landowner may submit a curative amendment to the Board
of Commissioners with a written request that his challenge and proposed
amendment be heard and decided as provided in the Pennsylvania Municipalities
Planning Code, as amended. As with other proposed amendments, the
curative amendment shall be referred to the Township Planning Commission and the
Allegheny County Department of Economic Development at least thirty (45) days
before the hearing is conducted by the Board of Commissioners. Public notice shall
be given in accordance with applicable Pennsylvania law.

B.

Evaluation of Merits of Curative Amendment. If the Board of Commissioners
determines that a validity challenge has merit, the Board of Commissioners may
accept a landowner’s curative amendment, with or without revision, or may adopt
an alternative amendment which will cure the alleged defects. The Board of
commissioners shall consider the curative amendments, plans and
explanatory material submitted by the landowner and shall also consider:
(1)

The impact of the proposal upon roads, sewer facilities, water
supplies, schools and other public service facilities:

(2)

If the proposal is for a residential use, the impact of the
proposal upon regional housing needs and the effectiveness of
the proposal in providing housing units of a type actually available
to and affordable by classes of persons otherwise unlawfully
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excluded by the challenged provisions of this ordinance or Zoning
District Map;
(3)

The suitability of the site for the intensity of the use proposed by
the site’s soils, slopes, woodlands, wetlands, floodplains,
aquifers, natural resources and other natural features;

(4)

The impact of the proposed use on the site’s soils, slopes,
woodlands, wetlands, floodplains, aquifers, natural resources and
other natural features, to which these are protected or destroyed,
the tolerance of the resources to development and any adverse
environmental impacts; and

(5)

The impact of the proposal on the preservation of agriculture and
other land uses which are essential to public health and welfare.

C.

Declaration of Invalidity by Court.

If the Township does not accept a landowner’s

curative amendment brought in accordance with this section and a court
subsequently rules the challenge has merit, the court’s decision shall not result
in a declaration of invalidity for this entire ordinance, but only for those provisions
which specifically relate to the landowner’s curative amendment challenge.

SECTION 1410: ZONING OFFICER POWER AND DUTIES:
A.

The provisions of this ordinance shall be administered and enforced by
a Building Inspector or a Zoning Officer who shall be appointed by the
Board of Commissioners. The Zoning Officer shall hold no elective office
in the Township. The Building Inspector or Zoning Officer shall meet the
qualifications established by the Township and shall be able to demonstrate,
to the satisfaction of the Township, a working knowledge of municipal zoning.

B.

The Building Inspector or Zoning Officer shall have all the powers and
duties conferred upon him by this ordinance and the Pennsylvania
Municipalities Planning Code. The Zoning Officer’s duties shall include
the following:
(1)

Receive and examine all applications for zoning certificates and
certificates of occupancy;

(2)

Notify applicants of any deficiencies in applications and request
additional information.

(3)

Process applications for zoning certificates and certificates of
occupancy for all permitted uses.
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(4)

Receive applications for uses by special exception and variances
and forward these applications to the Zoning Hearing Board for
action prior to considering issuance of zoning certificates or
certificates of occupancy for the proposed use.

(5)

Receive applications for conditional uses and forward these
applications to the Planning Commission and Board of
Commissioners for recommendation and action prior to
considering issuance of zoning certificates or certificates of
occupancy for the proposed use.

(6)

Receive and process all requests for reasonable accommodation
under the Fair Housing Act Amendments and the Americans with
Disabilities Act (ADA).

(7)

Issue permits only where there is compliance with the provisions
of this ordinance, with other Township ordinances and the laws of
the Commonwealth.

(8)

Issue denials of zoning certificates or certificates of occupancy
and refer any appeal of the denial to the Zoning Hearing Board
for action thereon.

(9)

Conduct inspections and surveys to determine compliance or
noncompliance with this ordinance.

(10)

Issue notices of violation in accordance with the requirements of
this ordinance.

(11)

With the approval of the Board of Commissioners, or when directed by
the Board of Commissioners, institute in the name of the Township any
appropriate action or proceeding to prevent unlawful erection,
construction, reconstruction, alteration, repair, conversion, maintenance or
use; to restrain, correct or abate such violation so as to prevent the
occupancy or use of any building, structure or land; or to prevent any illegal
act, conduct, business or use in or about such premises.

(12)

Revoke any order or permit issued under a mistake of fact or contrary to
the law or the provisions of this ordinance.

(13)

Record and file all applications for zoning certificates and certificates of
occupancy with accompanying plans and documents, and maintain those
files as public records.

(14)

Maintain the official Zoning District Map for the Towsnship.

(15)

Register nonconforming uses, structures and lots in accordance with this
ordinance.
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(16)

Submit a monthly written report to the Board of Commissioners of all
zoning certificates, certifcates of occupancy, sign permits, temporary use
permits and all notices of violation and orders issues.

(17)

Meet with the Planning Commission no less frequently than quarterly to
advise the Commission regarding potential developments and to discuss
any problems in administering this ordinance and/or recommend
amendments to this ordinance.

SECTION 1411: ENFORCEMENT OF THIS ORDINANCE:
1411.1

Violations. Failure to comply with any provisions of this ordinance; failure to secure
zoning approval or certificate of occupancy prior to the erection, construction,
extension, structural alteration, addition or occupancy of a building or structure;
or failure to secure a certificate of occupancy for the use or change of use or
occupancy of structures or land shall be a violation of this ordinance.

1411.2

Enforcement notice. The enforcement notice shall contain the following
information:
(1)

The name of the owner of record and any other person against whom
the Township intends to take action.

(2)

The location of the property in violation.

(3)

The specific violation with a description of the requirements which have
not been met, citing in each instance the applicable provisions of this
ordinance.

(4)

The date before which steps for compliance must be commenced and
the date before which the steps must be completed.

(5)

That the recipient of the notice has the right to appeal to the zoning
Hearing Board within a prescribed period of time in accordance with the
procedures set forth in this ordinance.

(6)

That failure to comply with the notice within the time specified, unless
extended by appeal to the Zoning Hearing Board, constitutes a violation,
with possible sanctions clearly described.

1411.3 Causes of Action. In case any building or structure is erected, constructed, reconstructed,
structurally altered, repaired, converted or maintained or any building or structure or land is
used in violation of this ordinance, the Board of Commissioners or, with approval of the
Board of Commissioners, the Zoning Officer or other proper official, in addition to other
remedies, may institute in the name of the Township any appropriate action or proceeding
to: prevent, restrain, correct or abate such unlawful erection, construction, reconstruction,
structural alteration, repair, conversion, maintenance or use; to prevent the occupancy of
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any building, structure or land; or to prevent any illegal act, conduct, business or use which
constitutes a violation. Any person, firm or corporation violating any of the provisions of this
Ordinance shall be subject to, fines not to exceed five hundred dollars ($500.00) for any
one (1) offense, recoverable with costs, and /or other relief. Each day that a violation is
permitted to exist shall constitute a separate offense. Proceedings against violators shall
be instituted by the Building Inspector upon his own or upon direction of the Township
Commissioners, the Planning Commission or the Zoning Hearing Board. It shall be the
duty of the Zoning Officer or Building Inspector to investigate any complaint, filed in writing
by a citizen or any public or private agency or corporation touching violations of this
Ordinance, and to act thereon if the facts so warrant.
1411.4

Any person, partnership or corporation who or which has violated or permitted the violation
of the provisions of this ordinance shall, upon being found liable therefore in a civil
enforecement proceeding commenced by the Township, pay a judgment of not more than
$500 plus all Court costs, including reasonable attorney fees incurred by the Township as a
result thereof. No judgment shall commence or be imposed, levied or be payable until the
date of the determination of a violation by the District Justice. If the defendant neither pays
nor timely appeals the judgment, the Township may enforce the judgment pursuant to the
applicable rules of civil procedure.

1411.5

Each day that a violation continues shall constitute a separate violation, unless the District
Justice, determining that there has been a violation, further determines that there was a good
faith basis for the person, partnership or corporation violating this ordinance to have believed
that there was no such violation, in which event there shall be deemed to have been only one
such violation until the fifth day following the date of the determination of a violation by
the District Justice, and thereafter each day that a violation continues shall constitute a
separate violation. All judgments, costs and reasonable attorney fees collected for
the violation of this ordinance shall be paid over to the Township.

1411.6

Nothing contained in this subsection shall be construed or interpreted to grant to any person
or entity, other than the Township, the right to commence any action for enforcement
pursuant to this subsection.

SECTION 1420: COORDINATION WITH OTHER REQUIREMENTS AND PERMITS:
In all cases, any application for a permit of any of the types described in this ordinance, shall be
decided not only on the basis of compliance with this Zoning Ordinance, but alson on the basis
of compliance with all other applicable Township ordinances and all other applicable rules and
regulations of the various Township authorities and agencies which might be concerned, as
well as state and federal requirements and permits.
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SECTION 1422: REASONABLE ACCOMMODATION AND CRITERIA
1422.1

Persons with a claim for a reasonable accommodation under the Fair Housing Amendments
Act or the Americans with Disabilities Act shall submit their request in writing to the Zoning
Officer on an application form which shall require that the following information, and such
other information as may be reasonably needed to process the request, be provided:
a.

Specific citation of the Zoning Ordinance provision from which
reasonable accommodation is requested;

b.

The name and address of the applicants;

c.

The specific description of the reasonable accommodation sought and
the particulars, includin exact dimensions of any proposed structural or
locational accommodation;

d.

The condition of the applicants for which reasonable accommodation is
sought;

e.

A description of the hardship, if any, that the applicants will incur absent
provision of the reasonable accommodation requested;

f.

A description of any alternative methods of relieving the claimed hardship
that have been considered and the reason, if any, why applicants have
rejected such alternatives;

g.

A statement describing why the requested accommodation is necessary
to afford the applicants an opportunity equal to a nonhandicapped or
nondisabled person to use and enjoy the property in question;

h.

A description of the manner in which the accommodation, if granted, will
be terminated or removed if no longer required to afford equal housing
opportunity to handicapped or disabled persons; and

i.

A statement of any facts indicating whether or not nonhandicapped or
nondisabled persons would be permitted to utilize the property in question
in a manner similar to that sought by applicants.

1422.2

The Zoning Officer may hold any meetings and/or hearings necessary in his
discretion to elicit information or argument pertinent to the request for
accommodation.

1422.3

The Zoning Officer's decision shall be in writing and shall state the reasons for
the decision.

1422.4

The Zoning Officer shall issue his written decision to the applicants and the
Township within 30 days of filing of the request for accommodation.

1422.5

A request for reasonable accommodation should be directed in the first instance
to the Zoning Officer. In considering a request for reasonable accommodation,
the Zoning Officer shall, with the advice and counsel of the Township Solicitor,
apply the following criteria:
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a.

Whether the applicants are handicapped or disabled within the meaning
of the Federal Fair Housing Act Amendments or the Americans with
Disabilities Act;

b.

The degree to which the accommodation sought is related to the
handicap or disability of the applicants;

c.

A description of the hardship, if any, that the applicants will incur absent
provision of the reasonable accommodation requested;

d.

The extent to which the requested accommodation is necessary to afford
the applicants an opportunity equal to a nonhandicapped or nondisabled
person to use and enjoy the dwelling in question;

e.

The extent to which the proposed accommodation may impact other
property owners in the immediate vicinity;

f.

The extent to which the requested accommodation may be consistent
with or contrary to the zoning purposes promoted by the Zoning
Ordinance, the Comprehensive Plan and the community development
objectives set forth in the Zoning Ordinance;

g.

The extent to which the requested accommodation would impose
financial and administrative burdens upon the Township;

h.

The extent to which the requested accommodation would impose an
undue hardship upon the Township;

i.

The extent to which the requested accommodation would require a
fundamental alteration in the nature of the Township's regulatory policies,
objectives and regulations;

j.

The extent to which the requested accommodation would result in a
subsidy, privilege or benefit not available to non-handicapped or
nondisabled persons;

k.

The permanency of the requested accommodation and the conditions
under which such accommodation will be removed, terminated or
discontinued when no longer needed to provide handicapped or disabled
persons with equal opportunity to use and enjoy the property in question; and

l.

The extent to which the requested accommodation will increase the value
of the property during and after its occupancy by applicants.

SECTION 1430: ZONING CERTIFICATE REQUIRED
SECTION 1431: WHEN REQUIRED:
1431.1 No land use may be established or changed; no structure or
building may be erected, constructed, reconstructed, structurally altered,
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razed or removed; and no building or structure may be used or occupied
or the use changed until a Zoning Certificate has been obtained from the
Zoning Officer.
1431.2 In the instances where a Building Permit is required, a Zoning Certificate
shall be prerequisite to the Building Permit. In those instances where no
Building Permit is required, an application for a Certificate of Occupancy for
a new or changed use of land or structure shall include an application for a
Zoning Certificate.
1431.3 In the case of a conditional use or use by special exception, the Zoning
Officer shall refer the application to the Planning Commission and Board
of Commissioners or to the Zoning Hearing Board, whichever is
applicable, for a decision granting zoning approval, prior to issuing a
Zoning Certificate. Whenever the approval of a conditional use or use by
special exception includes conditions attached to the approval, said
conditions shall be incorporated into the Zoning Certificate.
1431.4 In the case of a permitted use, the Zoning Officer shall not issue the Zoning
Certificate unless and until all applicable regulations of this ordinance have been
met and, in the case of a use for which land development plan approval is required
by the Township Subdivision and Land Development Ordinance, unless and until
Final Approval of the Land Development Plan has been granted by the Board of
Commissioners. Whenever final approval of a land development plan is subject
to conditions, those conditions shall be incorporated into the Zoning Certificate.

SECTION 1432: APPLICATION FOR ZONING CERTIFICATE:
1432.1 All applications for Zoning Certificates shall be made in writing by the
owner or his authorized agency on a form furnished by the Township and
shall include a statement of the intended use of the building or lot and a
property survey both prepared in duplicate and drawn to scale; and
copies of all required county, state and/or federal permits as approved by
the appropriate agency and shall include the following information at a
minimum:
a.

All applications for a Zoning Certificate shall be accompanied by
two copies of a property survey, drawn to scale, showing: key
location map; graphic scale; North arrow; closest intersecting
public street; exact dimensions and total acreage of the lot(s) or
parcel; zoning of lot(s) and zoning of all abutting properties; exact
location and exterior dimensions of the existing and proposed
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building(s) or other structure(s); exact location and area of all
existing and proposed water courses; drainage ways, rights-ofway and easements; exact location of existing and proposed
driveways, streets within, adjacent and opposite to the lot(s) or
parcel; exact location of existing and proposed off-street parking,
loading and pedestrian movement facilities; exact dimensions of
front, side and rear yards for all principal and accessory uses;
and any other additional data as may be deemed necessary and
be requested by the Zoning Officer to determine compliance with
this ordinance.
b.

The Zoning Officer may require an applicant to furnish a survey
of the property by a Pennsylvania Registered Land Surveyor
when complete and accurate information is not readily available
from existing records.

c.

The Zoning Officer may require additional data to determine
compliance with this ordinance.

1432.2 It shall be the duty of the Zoning Officer to review the application to determine
if all necessary information has been submitted and request more information
of the applicant or officially receive the application for review by the appropriate
Township agencies.
1432.3 Unless such requirement is waived by the Board of Commissioners, all applications
for a Zoning Certificate shall be accompanied by a fee, to be based upon the fee
schedule of the Township, as provided for in Section 2109 of this ordinance.

SECTION 1433: ZONING CERTIFICATE:
Upon approval of the application for a Zoning Certificate, one copy of the approved Certificate
shall be returned to the applicant. One copy of such Certificate shall be kept on file in the Township
Office.

SECTION 1434: DENIAL OF ZONING CERTIFICATE:
In the event of a denial, the Zoning Officer shall state in writing the reason(s) for such denial
including the citation of the specific section(s) of this or other pertinent ordinances that have
not been met.
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SECTION 1435: INSPECTION:
The Zoning Officer, or his duly appointed representative, may make
inspections on the property for which an application for a Zoning Certificate has
been submitted or issued.

SECTION 1436: FAILURE TO OBTAIN ZONING CERTIFICATE:
Failure to obtain a Zoning Certificate shall be a violation of this ordinance and shall be subject to the
enforcement remedies of this ordinance.

SECTION 1440: EVIDENCE OF ZONING COMPLIANCE FOR CONSTRUCTION:
When a zoning certificate is prerequisite to obtaining a building permit, once the construction is
underway, a foundation survey shall be required to verify compliance with the approved Zoning
Certificate.
A.

Within 72 hours of forming the footer for the foundation of a proposed structure, the
person to whom the zoning certificate has been issued shall notify the Zoning Officer
and shall provide a certification of the location of the foundation. Within three business
days, the Zoning Officer shall notify the holder of the zoning certificate whether the
foundation survey is in compliance with this chapter. Failure of the Zoning Officer to act
within the time specified shall result in deemed approval of the footer location. If the
permittee proceeds with construction during the three-day review period, work shall be
at the permittee's own risk.

B.

Failure to submit the required foundation certification shall be grounds for the Zoning
Officer to issue a cease and desist order.

C.

If the Zoning Officer finds that the foundation certification is not in compliance with the
provisions of this chapter and the approved zoning certificate, the Zoning Officer
shall require the removal of the foundation, or the portion thereof that is not in compliance,
by issuing a notice of violation in accordance with the procedures specified in this ordinance.

SECTION 1445: CERTIFCATE OF OCCUPANCY:
A certificate of occupancy indicating compliance with the provisions of this ordinance shall be
required prior to: occupancy of any structure following completion of construction, reconstruction
or enlargement of the structure governed by an approved building permit; a change in the use of
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an existing building, structure, water body or land area except for the same use operated by a
different owner; a change of a nonconforming use, building or structure authorized by the Zoning
Hearing Board.
A.

Application for permit. All requests for a certificate of occupancy shall be made, in
writing, on a form furnished by the Township, completed by the owner or other
authorized agent, and shall include a statement of the type of proposed use
intended for the building, land or water body.
(1)

A certificate of occupancy for a change of use in an existing building shall
be applied for and shall be issued before the new use is established.

(2)

It shall be the duty of the Zoning Officer to review the application to
determine if all necessary information has been submitted, to request
more information of the applicant or officially receive the application.

(3)

Unless such requirement is waived by the Board of Commissioners, all
applications for a certificate of occupancy shall be accompanied by a fee
to be based upon the Fee Schedule of the Township, as provided for in
this ordinance.

B.

Issuance of certificate of occupancy.
(1)

Applications for a certificate of occupancy shall be reviewed by the
Zoning Officer. The Zoning Officer shall issue the findings or approval of
the application.

(2)

Upon approval of the request for a certificate of occupancy, one copy of
the certificate shall be given to the applicant and one copy of the
certificate shall be kept on file in the Township Office.

C.

Denial of certificate of occupancy. In the event of denial, the Zoning Officer shall
forward to the applicant a written statement containing the reason(s) for such denial
and shall cite the specific requirements of this ordinance that have not been met.

D.

Time limitations. A certificate of occupancy shall remain valid for as long as the
structure or building is used in the manner the certificate has been issued for.

E.

Temporary certificate of occupancy. A temporary certificate of occupancy may be
issued by the Zoning Officer for a period not exceeding six months to permit
partial occupancy of a building while work is being completed, provided such
temporary certificate of occupancy may require such conditions and safeguards
as may be warranted, including posting of surety, to protect the health and safety
of the occupants and the public and guarantee compliance with the provisions of
this ordinance or any conditions attached to the zoning certificate.

F.

Failure to obtain a certificate of occupancy. Failure to obtain a certificate of
occupancy shall be a violation of this ordinance and shall be subject to enforcement
remedies as provided in this ordinance.
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SECTION 1446: TEMPORARY USE PERMITS:
A temporary use permit shall be required prior to the initiation of a permitted temporary use of
a structure, land or water body and shall meet the following requirements.
1446.1 Approvals required.
(1)

Temporary uses such as festivals, fairs or other similar activities
sponsored by a governmental, local nonprofit, community or charitable
organization shall be exempt from obtaining approval of a use by special
exception from the Zoning Hearing Board, provided the Zoning Officer
determines compliance with the standards of this ordinance as a
condition precedent to obtaining the temporary use permit under this
section.

(2)

Sidewalk sales, carload sales and other special promotions conducted on
the site of an existing retail business with the permission of the landowner
for a period of not more than 72 consecutive hours shall be exempt from
obtaining a temporary use permit. Any such activity which exceeds 72
consecutive hours in duration shall be subject to approval by the Zoning
Officer of a temporary use permit under this section, provided the Zoning
Officer determines compliance with all applicable standards of this
ordinance.

(3)

Temporary construction trailers, model homes or sales offices shall be
subject to conditional use approval by the Board of Commissioners in
accordance with the criteria of this ordinance as a condition precedent to
obtaining a temporary use permit by the Zoning Officer under this
ordinance.

(4)

All other temporary uses shall be subject to approval by the Zoning
Hearing Board of a use by special exception in accordance with the
criteria of this ordinance as a condition precedent to obtaining a
temporary use permit from the Zoning Officer under this section.

1446.2 Application for permit. All requests for temporary use permits shall be made in
writing on a form furnished by the Township and shall include a full description of
the type of use for which such permit is being sought and the dates during which
this use shall be in existence.
(1)

It shall be the duty of the Zoning Officer to review the application for
compliance, request more information of the applicant or officially receive
the application.

(2)

Unless such requirement is waived by the Board of Commissioners, all
applications for a temporary use permit shall be accompanied by a fee, to
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be based upon the Fee Schedule adopted by the Township, as provided
for in this ordinance.
(3)

Any temporary use permit that requires approval of a use by special
exception by the Zoning Hearing Board in accordance with the express
standards and criteria of this ordinance shall not be issued until the
favorable decision of the Zoning Hearing Board is received.

(4)

Any temporary use permit that requires approval of a conditional use by
the Board of Commissioners in accordance with the express standards
and criteria of this ordinance shall not be issued until the favorable
decision of the Board of Commissioners is received.

1446.3 Issuance of permit.
(1)

Applications for a temporary use permit shall be reviewed by the Zoning
Officer. The Zoning Officer shall issue approval or denial of the
temporary use permit.

(2)

Upon approval of the request for a temporary use permit, one copy of the
permit shall be given to the applicant. The copy of the permit must be
publicly displayed at the site of the temporary use during the existence of
the use. One copy of the permit shall be kept on file in the Township
Office.

1446.4 Denial of permit. In the event of denial, the Zoning Officer shall forward to the
applicant a written statement containing the reason(s) for such denial and
shall cite the specific requirements of this ordinance that have not been met.
1446.5 Time limitations. Temporary use permits are valid for the time period(s)
specified in this ordinance or in the decision granting approval of the conditional
use or use by special exception.
1446.6 Inspections.
(1)

The Zoning Officer, or his fully appointed representative, may make an
inspection of the property on which such temporary use is to be located
to determine the suitability of the site for the use. This inspection shall be
made prior to issuing a permit, prior to initiation of the use or, in the event
a renewal of the permit is requested, during the time the use is in
existence.

(2)

In the event of such inspection, a record shall be made indicating the time
and date of inspection, the findings of the Zoning Officer in regard to
conformance with this ordinance and other Township Ordinances, and
the opinion of the Zoning Officer in regard to the suitability of the site for
this use.
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SECTION 1447: FAILURE TO OBTAIN A TEMPORARY USE PERMIT:
Failure to obtain a temporary use permit shall be a violation of this ordinance and shall be subject to
enforcement remedies as provided in this ordinance.

SECTION 1450: SIGN PERMITS:
A sign permit shall be required prior to the erection or structural alteration of any sign, either
permanent or temporary, except for those signs exempted elsewhere under this ordinance. It shall
be unlawful for any person to commence work for the erection or alteration of any sign until a permit
has been issued.

SECTION 1451: APPLICATION FOR PERMIT:
All requests for sign permits shall be made in writing on a form furnished by the Township
and shall include a full description of the proposed sign, a description of the lot upon which such
proposed sign is to be located and a description of any other existing signs on the same lot.
(1)

All applications for a sign permit shall be accompanied by two copies of a
drawing showing: width of sign; height of sign; gross surface area of sign;
total height of sign above adjacent ground level; clearance between
bottommost part of sign and ground level; distance between front edge of
sign and adjacent street right-of-way; and distance between front edge of
sign and inside edge of adjacent sidewalk, if applicable.

(2)

It shall be the duty of the Zoning Officer to review the application for
completeness and compliance, request more information of the applicant
or officially receive the application for the sign.

(3)

All applications for a sign permit shall be accompanied by a fee, to be
based upon the Fee Schedule of the Township, unless such requirement
is waived by the Board of Commissioners.

1451.1 Issuance of permit.
(1)

Applications for a sign permit shall be reviewed by the Zoning Officer.
The Zoning Officer shall issue the findings or approval of the application.

(2)

Upon approval of the sign permit, one copy of the permit shall be given to
the applicant and one copy of the permit shall be kept on file in the
Township Office.

1451.2 Denial of permit. In the event of denial, the Zoning Officer shall forward to the
applicant a written statement containing the reason(s) for such denial and
shall cite the specific requirements of this ordinance that have not been met.
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1451.3 Inspections. For a sign permit, the Zoning Officer or his duly appointed
representative may make the following inspections on property which the
permanent sign is to be located: prior to installation of the sign, following
installation of the sign, occasionally to determine continued maintenance and
compliance with this ordinance, in response to any written complaint, whenever the
sign is proposed to be replaced or modified and upon cessation of the use for
which the sign was erected.
1451.4 Failure to obtain a sign permit. Failure to obtain a sign permit shall be a violation
of this ordinance and shall be subject to enforcement remedies as provided in
this ordinance.

SECTION 1470: ENFORCEMENT AND REMEDIES:
a.

If it appears to the township that a violation of any zoning ordinance enacted under this act
or prior enabling laws has occurred, the township shall initiate enforcement proceedings by
sending an enforcement notice as provided in this section.

b.

The enforcement notice shall be sent to the owner of record of the parcel on which the
violation has occurred, to any person who has filed a written request to receive enforcement
notices regarding that parcel, and to any other person requested in writing by the owner of
record.

c.

An enforcement notice shall state at least the following:
(1)

The name of the owner of record and any other person against whom the
municipality intends to take action.

(2)

The location of the property in violation.

(3)

The specific violation with a description of the requirements which have not been
met, citing in each instance the applicable provisions of the ordinance.

(4)

The date before which the steps for compliance must be commenced and the date
before which the steps must be completed.

(5)

That the recipient of the notice has the right to appeal to the zoning hearing board
within a prescribed period of time in accordance with procedures set forth in the
ordinance.

(6)

That failure to comply with the notice within the time specified, unless extended by
appeal to the zoning hearing board, constitutes a violation, with possible sanctions
clearly described.

d.

In any appeal of an enforcement notice to the zoning hearing board the township shall have
the responsibility of presenting its evidence first.

e.

Any filing fees paid by a party to appeal an enforcement notice to the zoning hearing board
shall be returned to the appealing party by the municipality if the zoning hearing board, or any
court in a subsequent appeal, rules in the appealing party’s favor.
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1470.1 Causes of Action. In case any building, structure, landscaping or land is, or is proposed to
be, erected, constructed, reconstructed, altered, converted, maintained or used in violation
of any ordinance enacted under this act or prior enabling laws, the governing body or, with
the approval of the governing body, an officer of the municipality, or any aggrieved owner or
tenant of real property who shows that his property or person will be substantially affected by
the alleged violation, in addition to other remedies, may institute any appropriate action or
proceeding to prevent, restrain, correct or abate such building, structure, landscaping or l
and, or to prevent, in or about such premises, any act, conduct, business or use constituting
a violation. When any such action is instituted by a landowner or tenant, notice of that action
shall be served upon the municipality at least 30 days prior to the time the action is begun by
serving a copy of the complaint on the governing body of the municipality. No such action
may be maintained until such notice has been given.
1470.2 Jurisdiction. The local District Justice shall have initial jurisdiction over proceedings
brought under this section.

SECTION 1471: PENALTIES FOR VIOLATION:
a.

Any person, partnership or corporation who or which has violated or permitted the violation
of the provisions of any zoning ordinance enacted under this act or prior enabling laws shall,
upon being found liable therefore in a civil enforcement proceeding commenced by the
township, pay a judgment of not more than $500 plus all court costs, including reasonable
attorney fees incurred by a municipality as a result thereof. No judgment shall commence or
be imposed, levied or payable until the date of the determination of a violation by the district
justice. If the defendant neither pays nor timely appeals the judgment, the municipality may
enforce the judgment pursuant to the applicable rules of civil procedure. Each day that a
violation continues shall constitute a separate violation, unless the district justice determining
that there has been a violation further determines that there was a good faith basis for the
person, partnership or corporation violating the ordinance to have believed that there was no
such violation, in which event there shall be deemed to have been only one such violation
until the fifth day following the date of the determination of a violation by the district justice
and thereafter each day that a violation continues shall constitute a separate violation.
All judgments, costs and reasonable attorney fees collected for the violation of zoning
ordinances shall be paid over to the municipality whose ordinance has been violated.

b.

The Court of Common Pleas, upon petition, may grant an order of stay, upon cause shown,
tolling the per diem fine pending a final adjudication of the violation and judgment

c.

Nothing contained in this section shall be construed or interpreted to grant to any person or
entity other than the township the right to commence any action for enforcement pursuant
to this section.
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SECTION 1472: TOWNSHIP’S ABILITY TO SEEK RELIEF:
Nothing contained in the preceding section shall be considered to limit the ability of the Township to
seek appropriate relief, including injunctive relief, in accordance with the provisions of applicable
Pennsylvania law.

SECTION 1480: FEES:
The Board of Commissioners shall establish and revise, from time to time, a schedule of fees by
resolution, as well as a collection procedure, for all applications submitted under the provisions
of this ordinance. The fees shall be deposited in escrow for payment of review and inspection
fees of the Township Engineer and professional consultants. The schedule of fees shall be
available to the public from the Zoning Officer or Township Manager.

SECTION 1500
OIL AND GAS DEVELOPMENT
SECTION 1500: OIL AND GAS DEVELOPMENT (See Article XVI Cross Reference)
1500

It is specifically declared and ordained that any use for oil and gas development is
conditional use, and that formal application(s) must be made, as set forth herein.
Reference is also made to the other provisions of this ordinance, including
specifically Section 1600.

SECTION 1501: APPLICATION REQUIREMENTS:
1501.1 A conditional use application in accordance with Kennedy Township regulations.
The application will include a survey of the proposed well site showing all permanent
structures and facilities (including locations and distances) within 3,000 feet of the site.
Upon approval of the conditional use application, the Operator will be required to obtain
a “Land Operations Permit” for each well proposed on the Well Site.
1501.2 The Well Operator desiring approval of a conditional use application pursuant to this
ordinance shall submit a written application. The application shall not be considered to
be complete and properly filed unless and until all items required by this section, including
the application fee, have been received. Such application shall include the following
information and plans:
a.

Payment of an application fee of $5,000, or such fee that may subsequently
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be set by action by the Township Board of Commissioners. The applicant
shall also provide to the Township the sum of $5,000, or such additional
amount as may be established by action of the Board of Commissioners,
to be deposited into an escrow account from which the Township may draw
from/be reimbursed for administrative expenses and engineering costs and
fees for review and inspections to ensure compliance ordinance. The Township
may adjust the escrow amount from time to time as may reasonably be required
to cover administrative and engineering expenses. The Township shall be
reimbursed for any costs over and above the escrow amount along with a
ten percent administrative and overhead charge within thirty days of invoicing
by the Township. It is specifically noted, as set forth elsewhere in this
ordinance, the Board of Commissioners may set various fees, including the
fees required herein, by appropriate action.
b.

Fourteen (14) paper copies and one electronic copy of the completed
application form supplied by the Township along with supporting
documentation as identified in this section.

c.

Copies of any and all permits and applications submitted to the various
local, county, state and federal agencies. Permits and plans shall include
but not be limited to the Pennsylvania Department of Environmental
Protection well application and permit, ESCGP-1 or other erosion and
sedimentation permits and all air, water and waste management permits.

d.

Applicant shall comply with all applicable Township codes including but
not limited the subdivision and land development code.

e.

Written authorization from the property owner(s) who has legal or equitable
title in and to the surface of the proposed development or facility.

f.

A site plan prepared by a licensed engineer shall be provided to establish
compliance with all applicable regulations. All drilling and production
operations, including derricks, vacuum pumps, storage tanks, vehicle
parking, structures, machinery, temporary housing, ancillary equipment
and Facilities shall be located not less than 1,000 feet from any Protected
Structure and not less than 200 feet from the nearest property line. (A
specific list of setbacks is included further herein.)

g.

Traffic Impact Study - The applicant shall provide a traffic impact study
and shall include particular emphasis on the following:
• A description of plans for the transportation and delivery of equipment,
machinery, water, chemicals, products, materials and other items to be
utilized in the sitting, drilling stimulating, completion, alteration and
operation of the Development or Facility. Such description shall include a
map showing the planned vehicular access route to the development site,
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indicating all state, county, and local roads, and transportation
infrastructure that may be used and the type, weight, number of trucks
and delivery necessary to support each phase of the development.
• An inventory, analysis, and evaluation of existing road conditions on
Township roads along the proposed transportation route identified by the
applicant, including photography, video and core boring as determined to
be necessary by the Township Engineer.
h.

The applicant shall provide a water withdrawal plan for the Development
identifying the source of water, how many gallons will be used and
withdrawn each day, the origination of the water, proposed truck routes
and all permits issued by the Commonwealth of Pennsylvania or any
other governmental body. The site for the treatment and disposal of the
water will also be identified.

i.

The applicant shall identify the means and availability of the site for
disposal of cuttings, fracturing fluids, oil, toxic materials, hazardous materials
and other waste products.

j.

The applicant shall provide a plan for the transmission of gas from the
Development. The plan will identify but not be limited to gathering lines,
compressors and other mid and downstream facilities located within the Township
and extending 800 ft beyond the Township boundary.

k.

The applicant shall provide to the Township a Preparedness, Prevention and
Contingency (“PPC”) Plan as defined in the PADEP document Guidelines for
the Development and Implementation of Environmental Emergency Response
Plans or the most recent applicable guidance document.

l.

The applicant shall provide the GIS location and 911 address of the Well
Site.

m.

Noise Management Plan - The Noise Management Plan shall detail how the
equipment used in connection with the Development or Facility, including but not
limited to the drilling, completion, transportation, or production of a well complies
with the maximum permissible noise levels as defined by the applicable codes.
The Noise Management Plan must:
•

Identify the sound power level of all major equipment and/or processes
including the identification of maximum sound power levels at all points designated
by the Township.
• Provide documentation establishing the Ambient Noise Level, as defined in
Section 202 (Section 1 herein).
• Provide documentation including computer modeling in form and substance
satisfactory to the Township and performed by a qualified person approved by the
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Township, establishing compliance with this section during the construction and
operation of the applicable Development or Facility.
• Detail how noise impacts will be mitigated. In determining noise mitigation, specific
site characteristics shall be considered, including but not limited to the following:
i.

Nature and proximity of adjacent development, location, and type;

ii.

Seasonal and prevailing weather patterns, including wind
directions;

iii.

Vegetative cover on or adjacent to the site;

iv.

Topography;

v.

Operation and site noise management measures, which may
include, but not be limited to: Use of critical grade mufflers on
generators and motors; equipment or process substitution with a
lower sound power level; use of structural noise curtains, walls,
or enclosures; and best management practices by utilizing best
available control technology to limit or eliminate noisier
operations, such as tripping, deliveries of pipe, casing and heavy
loads, use of horns for communication, and operation of vehicle
audible back-up alarms at night.

vi.

Ability to increase setbacks;

vii.

Erection of sound barriers; and

viii.

Altering the direction, size, proximity, duration and extent of the
operations associated with the applicable Development or
Facility.

n.

Community and Environmental Impact Analysis - An environmental
impact analysis statement shall be submitted to the Township prior to
approval of any Development or Facility. The person(s) drafting the
statement shall be qualified and have prior approval by the Township.
The purpose of the statement is to determine the impact of the project
on the environment of the existing site and the resultant changes the
proposal will have on the immediate site and surrounding area. This
information will allow the Township to make more informed decisions
relating to the proposed action. At a minimum, the written statement
shall provide of the following information:
• A description of the proposed Development or Facility, its purpose, a
schedule of construction and length of operation and its interrelationship
with other oil and gas developments within the Township. This information
and technical data must be sufficient to allow a thorough assessment of the
proposed development or facility’s environmental impact.
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• A comprehensive description of baseline environmental conditions identified
before any activities associated with the Development or Facility and then
probable environmental impacts both during and after complete build out of the
proposed Development or Facility. This description should focus both on the
environmental details most likely to be affected by the Development or Facility
proposal and on the broader regional aspects of the environment, including
ecological interrelationships.
• A description of the environmental impacts of the proposed Development or
Facility. These impacts are defined as direct or indirect changes in the existing
environment, either beneficial or detrimental. Whenever possible, these impacts
should be quantified. This discussion should include the impact not only upon the
natural environment, but upon land use as well. Provide separate discussion for
such potential impacts as man-caused accidents and natural catastrophes and
their probabilities and risks with supporting statistics developed by an analysis of
similar Developments or Facilities in similar locations. Specific mention should also
be made of partially understood impacts.
• A discussion of measures which are required to or may enhance, protect, or
mitigate impacts upon the environment, including any associated research or
monitoring. Include sufficient documentation and supporting material to
demonstrate that the proposed measures will function as expected.
• A discussion of the unavoidable adverse impacts described above, the relative
values placed upon those impacts, and an analysis of who or what is affected and
to what degree affected.
• A discussion of the short term impacts (i.e. those occurring during build out of the
Development or Facility), long term impacts and cumulative impacts to the
environment. Particular attention should be paid to the Development or Facility’s
relationship to trends of similar Developments or Facilities (i.e. cumulative noise
degradation poised by similar Developments or Facilities).
• A discussion, quantified where possible, of any irrevocable uses of resources,
including such things as resource extraction, erosion, destruction of archaeological
or historical sites, elimination of endangered species’ habitat, and significant
changes in land use.
• A description of the environmental impacts, both beneficial and adverse, of the
various alternatives considered.
• Hydrologic analysis and information, including but not limited to a description,
inventory, analysis, and evaluation of the existing groundwater conditions. This
analysis must be focused in terms of both surface water and groundwater quality
and quantity, a discussion of likely and possible changes to these resources and a
discussion of measures to reduce or mitigate the identified impacts.
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o.

The applicant shall provide any and all waivers from owners of Protected
Structures.

1501.3

a.

Oil and Gas Development Well Sites shall be permitted to occur
on property that is a minimum of ten (10) acres. Multiple property
owners can combine adjoining parcels to achieve the minimum
acreage required.
Recognizing that the specific location of equipment and facilities
is an important and integral part of Oil and Gas Development, as
part of the planning process, Operator shall locate the proposed
temporary and/or permanent operations so as to minimize
interference with Township residents, and future Township
development activities as authorized by the Township’s Board of
Commissioners. Reference is made to the table below, which
lists the minimum offset distance from the existing or proposed
well, to the existing or proposed protected structure.
SET BACK DISTANCES (Minimum)
from PROTECTED STRUCTURES

RESIDENCES

250 FEET

HOSPITAL

SCHOOL

500 FEET

POND/LAKE

STREAM

500 FEET

NURSING HOME

WETLAND (2 ACRES)

500 FEET

DAY CARE

GAS STATION

500 FEET

MOBILE PARK HOME

500 FEET

b.

1,000 FEET
500 FEET
1,000 FEET
500 FEET

Oil and Gas Development in the floodway of any regulated
floodplain and/or within the remainder of the 100 year floodplain
is prohibited.

c.

As part of the Land Operations Permit, the Operator shall submit
the following to the Township for review:
1) A copy of all permits (General, ESCGP-1, etc.) required and
issued by the Pennsylvania Department of Environmental
Protection (PADEP) and Allegheny County Conservation
District (ACCD);
2)

A map showing the planned access routes to the Well Site(s);
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3)

A completed ‘Excess Maintenance Agreement’ for the
particular well site; or bonding of roads in an amount
acceptable to the Township;

4)

The well survey plat showing the planned surface location(s)
of the well(s);

5)

All applicable contact information for the Operator, including
phone number of supervisor that can be reached twenty-four
(24) hours a day.

d.

Mobilization/Demobilization of equipment for development of an
Oil or Gas Well site(s) shall be subject to all regulations (i.e.
roadway bonding, etc.) adopted by Kennedy Township and
Pennsylvania Department of Transportation (Penn DOT).
Access of a well site directly onto a state road(s) shall require the
issuance of a Highway Occupancy Permit from PennDOT.

e.

The Operator shall take the necessary safeguards to ensure that
the roads utilized, be it PennDOT, County or Township owned,
remain free of dirt, mud and debris; and/or are promptly swept or
cleaned if dirt, mud and debris occur. In addition, prior to start of
development of the well site, the Operator shall execute an
Excess Maintenance Agreement’ with Kennedy Township.
The agreement is to guarantee restoration of state, county, and
township roads damaged as a result of Oil and Gas Development
traffic.

f.

The contractor will be required to construct an access road. The
subject access road is to be designed to withstand the repeated
equipment loads required for the development process, and must
be approved by the Township Engineer. Additionally, the width of
the access must be such to permit two-way traffic. A rock
construction entrance, in accordance with PADEP regulations, is
to be constructed at the end of the access road and maintained
for the duration of the development process.

g.

The access drive shall be gated at the entrance. The well site
address shall be clearly visible on a sign posted on the access
gate for emergency 911 purposes. In addition, the subject sign
shall include the well name/number and an emergency contact
telephone number.

h.

The Operator shall take all necessary precautions to ensure the
safety of all pedestrians in road crossing areas and/or adjacent to
roadways. When deemed necessary, or at the direction of the
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Township, the Operator will provide flagmen to ensure the safety
of children at or near schools or school bus stops, and include
adequate signs and/or other warning measures for truck traffic
and vehicular traffic.
i.

Prior to drilling, the Operator shall provide a copy of its
Preparedness, Prevention and Contingency (“PPC”) Plan to the
Township’s Fire, Emergency Medical Service, and Police
Department, for review. Included with the PPC Plan shall be a list
of all chemicals or waste products to be used or produced during
development procedures.
Upon review of the PPC Plan, a meeting between all parties will be held
to discuss Emergency and First Response procedures; and determine
which First Response personnel have secured adequate training (5 hours
minimum per year) to deal with any potential dangerous conditions that
may result due to development activities. Operator shall arrange visit to
site by Township emergency service providers for the purpose of
orientation to the location of equipment and materials.
Should First Response training become necessary, prior to drilling, the
Operator will make available an appropriate training program for First
Responders. This training program will be at the sole expense of the
Operator, and shall be made available annually for the duration of the
drilling activities in the Township.

j.

The Operator shall grant the right of inspection to the Township
for all phases of construction and during drilling production and in
the reclamation, both in relation to the enforcement of this
ordinance and pursuant to the Township of Kennedy’s
enforcement rights under 58 P.S. 601.504(b) of Pennsylvania’s
Oil and Gas Act and any other relevant Pennsylvania Statute.

k.

Recognizing that adequate and appropriate lighting is essential to
the safety of those involved in the Development of Oil and Gas,
the Operator shall take steps, to the extent practicable, to direct
site lighting to minimize glare on public roads and adjacent
buildings within three hundred (300) feet of the drill site,
wellhead, or other area being developed.

l.

Prior to the commencement of drilling activities, all construction
activities involving any facet of excavation or preparation of the
Well Site shall be performed in accordance with the normal
construction activity hours as outlined in the Township
Construction Standards.
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m.

Prior to any Oil and Gas Development well(s) at a location, the
Operator shall provide notice of such to each resident within
3,000 feet of the planned surface location, and shall, upon
request, provide the following information to each resident
within 3,000 feet of the planned surface location:
• A copy of the well survey plat showing the location(s) of the
planned well(s);
• A general description of the planned operations and associated
equipment;
• All applicable contact information for the Operator;
• If requested by the Township, the Operator will hold a meeting
with such residents to present Operator’s various plans for the
well(s), and to allow for questions and answers.

n.

All well sites and off-site fracture ponds shall be screened,
fenced and secured with a gate as follows:

•

All well sites are to be constructed to minimize disturbance and maintain
as much “natural” screening as possible.

•

Temporary chain link fencing at least six (6) feet in height with eleven (11)
gauge minimum thickness. Support posts must be set in concrete and
imbedded into the ground to a depth sufficient to maintain stability.

•

Screening shall be green fabric mesh, or other material type approved by
the Township.

•

Each gate opening shall be not less than twelve (12) feet wide and be
comprised of two (2) separate gates, each of which is not less than six (6)
feet wide. All gates shall be latched and locked at the center.

•

For each entrance gate, the Operator shall provide the Township with a “lock
box and key” to access the well site in case of emergency.

•

Warning signs shall be install at one hundred (100) foot spacing to provide
notice of the potential dangers.

•

Operator shall provide at least one security guard at all times (i.e. 24 hours
per day, 7 days per week) when a drilling rig or hydraulic fracturing
equipment is on the Well site.

o.

Township recognizes and acknowledges that Oil and Gas
Development is accompanied by inherent noise. However, the
Operator shall take the necessary steps to minimize, to the
extent practicable, the noise resulting from the Oil and Gas
Development. Be advised that – when requested by the
Township – the Operator shall install sound attenuation devices
such as acoustical blankets, sound walls, mufflers, etc. to ensure
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compliance with the Township noise regulations, especially
when well sites are located adjacent to residential developments
and public facilities.
If public complaint(s) regarding noise are received by the Township,
the Operator shall, within twenty-four (24) hours of receipt of the
direction from the Township, continuously monitor the noise levels
for a forty-eight (48) hour period at a point acceptable to the Township.
p.

Exhaust from any internal combustion engine or compressor
used in connection with any Development operation shall not be
discharged into the open air unless it is equipped with (1) an
exhaust muffler, or (2) an exhaust box. The exhaust muffler or
exhaust box shall be constructed of non-combustible materials
designed and installed to suppress noise and disruptive vibrations.
Moreover, all such equipment with an exhaust muffler or exhaust
box shall be maintained in good operating condition according to
manufacturer’s specifications.

q.

Paragraphs f), g), h), n, and n), and o) of this Ordinance shall not
apply to conventional oil and gas well drilling and completion activities.
Examples of conventional oil and gas drilling activities are:

•

Oil and gas wells drilled to depths shallower than the base of the Elk
Sandstone or its stratigraphic equivalent;

•

Oil and gas wells that are planned to involve drilling of a single well on a site
for no more than seven (7) consecutive days total in any calendar year.

r.

Upon completion of the development operations, the Operator will be required to
restore the site area in a manner acceptable to the Township, assuring compliance
with the Oil and Gas Act, or other applicable law. This may include one or more of
the following:
•

The submission of a landscaping plan, to be reviewed
and approved by the Township, which outlines the
proposed methods of restoration.

•

The installation of Buffer Areas

•

Construction of other similar restoration measures either
requested during the Conditional Use Application
process, or deemed necessary by the Township
at the time of final restoration.

s.

All other criteria, standards and regulations of oil and gas exploration
and production are under the control of the Department of Environmental
Resources and subject to the Oil and Gas Act Sections 601.101 through
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601.605 as amended and other relevant Commonwealth of Pennsylvania
Statutes.
t.

The proposed truck route plan must be designed to minimize the impact on
collector, connector and local streets within the Township. The Township
reserves the right to designate required truck routes throughout the Township.

SECTION 1550: CONSTRUCTION NEAR GAS WELLS:
1550.1 Due to the potential for harm, and in consideration of the overall safety
and health of the residents of Kennedy Township, it is specifically
mandated that no new construction may occur closer than the minimum
set back distances listed in section 1501.3. In the event that new
construction is to occur in the area of an existing gas well, appropriate
buffers must be created, so as to isolate the specific location of the well.
The well may not, in any manner be hidden, although, if approved by the
township, appropriate landscaping may be placed for aesthetic purposes.
1550.2 In all respects, any proposed development, to occur within two hundred
fifty (250) feet of an existing gas well, must disclose the existence of and
location of, any such gas well, and such wells shall be showed on any
plans for development.

ARTICLE XVI
EXPRESS STANDARDS AND CRITERIA FOR
GRANTING CONDITIONAL USES AND USES
BY SPECIAL EXCEPTION

SECTION 1601: APPLICABILITY:
The following procedures shall apply to all applicants for approval of a conditional use or use by
special exception in all zoning districts.
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SECTION 1602: PROCEDURES FOR APPROVAL:
1602.1 Approval of conditional use. The Board of Commissioners shall hear and decide requests
for conditional uses. However, the Board of Commissioners shall not approve a conditional
use application unless and until:
(1)

A written application for conditional use approval is submitted to the
Zoning Officer no less than 28 calendar days prior to the regular meeting
of the Planning Commission. The application shall indicate the section of
this ordinance under which conditional use approval is sought and shall
state the grounds upon which it is requested. The application shall
include the following:
a.

A preliminary land development plan, if required by the Township
Subdivision and Land Development Ordinance or, if a land
development plan is not required, a current property survey
indicating all existing and proposed structures and all proposed
construction, additions or alterations on the site in sufficient detail
to determine the feasibility of the proposed development and
compliance with all applicable requirements of this ordinance.

b.

A written statement showing compliance with the applicable express
standards and criteria of this article for the proposed use.

c.

A traffic impact study prepared in accordance with the requirements
of Township ordinance or other government requirement.

d.

The application fee required by the Township. The requirement for a
payment is to be placed in escrow for reviews and inspections by the
Township Engineer and professional consultants.

(2)

A written recommendation is received from the Township Planning Commission
or 45 days has passed from the date of the Planning Commission meeting at
which the application is first considered as complete and properly filed for approval.

(3)

Notice of the public hearing is conspicuously posted by the Township at points
deemed sufficient by the Township on and around the property to notify potentially
interested citizens at least seven days prior to the date of the public hearing.

(4)

A public hearing is conducted by the Board of Commissioners pursuant to public
notice and said hearing is scheduled no more than 60 days following the date of
submission of a complete and properly filed application, unless the applicant has
agreed in writing to an extension of time.
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(5)

Each subsequent hearing before the Board of Commissioners shall be held within
45 days of the prior hearing, unless otherwise agreed to by the applicant in writing or
on the record. An applicant shall complete the presentation of his case-in-chief within
one 100 days of the first hearing. Upon the request of the applicant, the Board of
Commissioners shall assure that the applicant receives at least seven hours of
hearings within the 100 days, including the first hearing. Persons opposed to the
application shall complete the presentation of their opposition to the application
within 100 days of the first hearing held after the completion of the applicant's
case-in-chief. And the applicant may, upon request, be granted additional hearings
to complete his case-in-chief, provided the persons opposed to the application are
granted an equal number of additional hearings. Persons opposed to the application
may, upon the written consent or consent on the record by the applicant and the
Township, be granted additional hearings to complete their opposition to
the application, provided the applicant is granted an equal number of additional
hearings for rebuttal.

(6)

The Board of Commissioners shall render a written decision within 45 days after the
last public hearing. Where the application is contested or denied, the decision shall
be accompanied by findings of fact and conclusions based thereon. Conclusions
based on any provision of this ordinance or any other applicable rule or regulation
shall contain a reference to the provision relied upon and the reasons why the
conclusion is deemed appropriate in light of the facts found.

(7)

Where the Board of Commissioners fails to render a decision within the required
45 days or fails to commence, conduct or complete the required hearing as
specified above, the decision shall be deemed to have been rendered in favor of the
applicant, unless the applicant has agreed in writing or on the record to an extension
of time. The Board of Commissioners shall give public notice, as defined herein, of
said deemed approval within 10 days from the last day it could have met to render a
decision. If the Board of Commissioners shall fail to provide such notice, the
applicant may do so. Nothing in this subsection shall prejudice the right of any party
opposing the application to appeal the decision to a court of competent jurisdiction.

(8)

In approving an application for conditional use approval, the Board of
Commissioners may attach such reasonable conditions and safeguards, other
than those related to offsite transportation or road improvements, in addition to
those expressed in the ordinance, as it may deem necessary to implement the
purposes of this ordinance and the MPC. A violation of such conditions and
safeguards, when made a part of the terms and conditions under which conditional
use approval is granted, shall be deemed a violation of this ordinance and shall be
subject to the enforcement provisions of this ordinance.
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(9)

It is specifically noted that notice of a decision will be provided in accordance
with the applicable provisions of the Municipalities Planning Code, and/or other
applicable law.

1602.2 Expiration of conditional use approval. Conditional use approval shall expire automatically
without written notice to the applicant if no application for a grading permit, a building
permit or a certificate of occupancy to undertake the construction or authorize the
occupancy described in the application for conditional use approval is submitted within
twelve (12) months of said approval, unless the Board of Commissioners, in its sole
discretion, extends conditional use approval upon written request of the applicant
received prior to its expiration. The maximum extension permitted shall be one
twelve-month extension.

SECTION 1603: ZONING HEARING BOARD:
1603.1 Zoning Hearing Board's Functions; Special Exception. Special exceptions may be
granted or denied by the Board pursuant to express standards and criteria, the Board
shall hear and decide requests for such special exceptions in accordance with such
standards and criteria. In granting a special exception, the Board may attach such
reasonable conditions and safeguards, in addition to those expressed in the ordinance,
as it may deem necessary to implement the purposes of the MPC and the zoning ordinance.
1603.2 Approval of uses by special exception. The Zoning Hearing Board shall hear and decide
requests for uses by special exception. The Zoning Hearing Board shall not approve an
application for a use by special exception unless and until:
(1)

A written application for approval of a use by special exception is
submitted to the Zoning Officer. The application shall indicate the section
of this ordinance under which approval of the use by special exception is
sought and shall state the grounds upon which it is requested. The
application shall include the following:
a.

A current property survey indicating all existing and proposed
structures and all proposed construction, additions or alterations
on the site in sufficient detail to determine the feasibility of the
proposed development and compliance with all applicable
requirements of this ordinance.

b.

A written statement showing compliance with the applicable express
express standards and criteria of this article for the proposed use.

c.

In the case of a plan that meets the criteria of the Township's
current Traffic Impact Study Ordinance (Ordinance No. 4 of 2001
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as now or hereafter amended), a traffic impact study prepared in
accordance with the requirements of this ordinance.
d.
(2)

The application fee required by the Township.

Written notice of the hearing shall be sent by first class mail or email to all
property owners within 300 feet of the perimeter of the property for which
the application is submitted.

(3)

A hearing pursuant to public notice is conducted by the Zoning Hearing Board
within 60 days of submission of a complete and properly filed application unless
the applicant has agreed in writing to an extension of time. Said hearing shall be
conducted in accordance with the procedures specified by this ordinance.

(4)

In proceedings involving a request for a use by special exception, both the duty
initially presenting evidence and the burden of persuading the Zoning Hearing
Board that the proposed use is available by special exception and satisfies the
specific or objective requirements for the grant of a use by special exception as
set forth in this ordinance rest upon the applicant. The burden of persuading the
Zoning Hearing Board that the proposed use will not offend general public interest,
such as the health, safety and welfare of the neighborhood, rests upon the applicant.

(5)

In considering an application for approval of a use by special exception, the
Zoning Hearing Board may prescribe appropriate conditions and safeguards in
conformity with the spirit and intent of this article. A violation of such conditions and
safeguards, when made a part of the terms and conditions under which approval of
a use by special exception is granted, shall be deemed a violation of this ordinance
and shall be subject to the enforcement provisions of this Ordinance.

(6)

If land development plan approval is required for the use by special exception, the
application for approval of a land development required by the Township Subdivision
and Land Development Ordinance shall be submitted to the Township Planning
Commission following approval of the use by special exception by the Zoning
Hearing Board.

1603.3

Hearings. The Zoning Hearing Board shall conduct hearings and make decisions
in accordance with the following requirements:
(1)

Public notice shall be given and written notice shall be given to the applicant,
the zoning officer, such other persons as the governing body shall designate
by ordinance and to any person who has made timely request for the same.
Written notices shall be given at such time and in such manner as shall be
prescribed by ordinance or, in the absence of ordinance provision, by rules
of the Board. In addition to the written notice provided herein, written notice
of said hearing shall be conspicuously posted on the affected tract of land at
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least one week prior to the hearing.
(1.1)

The governing body may prescribe reasonable fees with respect to hearings
before the zoning hearing board. Fees for said hearings may include
compensation for the secretary and members of the Zoning Hearing Board,
notice and advertising costs and necessary administrative overhead
connected with the hearing. The costs, however, shall not include legal
expenses of the Zoning Hearing Board, expenses for engineering, architectural
or other technical consultants or expert witness costs.

(1.2)

The first hearing before the Board or hearing officer shall be commenced
within 60 days from the date of receipt of the applicant's application, unless
the applicant has agreed in writing to an extension of time. Each subsequent
hearing before the board or hearing officer shall be held within 45 days of the
prior hearing, unless otherwise agreed to by the applicant in writing or on the
record. An applicant shall complete the presentation of his case-in-chief within
100 days of the first hearing. Upon the request of the applicant, the Board or
hearing officer shall assure that the applicant receives at least seven hours
of hearings within the 100 days, including the first hearing. Persons opposed
to the application shall complete the presentation of their opposition to
the application within 100 days of the first hearing held after the completion
of the applicant's case-in-chief. An applicant may, upon request, be granted
additional hearings to complete his case-in-chief provided the persons
opposed to the application are granted an equal number of additional hearings.
Persons opposed to the application may, upon the written consent or consent
on the record by the applicant and municipality, be granted additional hearings
to complete their opposition to the application provided the applicant is granted
an equal number of additional hearings for rebuttal.

(2)

The hearings shall be conducted by the Board or the Board may appoint any
member or an independent attorney as a hearing officer. The decision, or, where
no decision is called for, the findings shall be made by the board; however, the
appellant or the applicant, as the case may be, in addition to the municipality,
may, prior to the decision of the hearing, waive decision or findings by the Board
and accept the decision or findings of the hearing officer as final.

(3)

The parties to the hearing shall be the municipality, any person affected by the
application who has made timely appearance of record before the Board, and
any other person including civic or community organizations permitted to
appear by the board. The Board shall have power to require that all persons
who wish to be considered parties enter appearances in writing on forms
provided by the Board for that purpose.
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(4)

The chairman or acting chairman of the board or the hearing officer
presiding shall have power to administer oaths and issue subpoenas
to compel the attendance of witnesses and the production of relevant
documents and papers, including witnesses and documents requested
by the parties.

(5)

The parties shall have the right to be represented by counsel and shall
be afforded the opportunity to respond and present evidence and
argument and cross-examine adverse witnesses on all relevant issues.

(6)

Formal rules of evidence shall not apply, but irrelevant, immaterial, or
unduly repetitious evidence may be excluded.

(7)

The Board or the hearing officer, as the case may be, shall keep a
stenographic record of the proceedings. The appearance fee for a
stenographer shall be shared equally by the applicant and the Board.
The cost of the original transcript shall be paid by the board if the
transcript is ordered by the Board or hearing officer or shall be paid
by the person appealing from the decision of the Board if such appeal
is made, and in either event the cost of additional copies shall be
paid by the person requesting such copy or copies. In other cases
the party requesting the original transcript shall bear the cost thereof.

(8)

The Board or the hearing officer shall not communicate, directly or
indirectly, with any party or his representatives in connection with
any issue involved except upon notice and opportunity for all parties
to participate, shall not take notice of any communication, reports,
staff memoranda, or other materials, except advice from their
solicitor, unless the parties are afforded an opportunity to contest
the material so noticed and shall not inspect the site or its surroundings
after the commencement of hearings with any party or his representative
unless all parties are given an opportunity to be present.

(9)

The Board or the hearing officer, as the case may be, shall render a
written decision or, when no decision is called for, make written findings
on the application within 45 days after the last hearing before the Board
or hearing officer. Where the application is contested or denied, each
decision shall be accompanied by findings of fact and conclusions based
thereon together with the reasons therefore. Conclusions based on any
provisions of this act or of any ordinance, rule or regulation shall contain
a reference to the provision relied on and the reasons why the conclusion
is deemed appropriate in the light of the facts found. If the hearing is
conducted by a hearing officer and there has been no stipulation that
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his decision or findings are final, the Board shall make his report and
recommendations available to the parties within 45 days and the parties
shall be entitled to make written representations thereon to the board
prior to final decision or entry of findings, and the board's decision
shall be entered no later than 30 days after the report of the hearing
officer. Except for challenges filed under section 916.1 of the MPC where
the Board fails to render the decision within the period required by this
subsection or fails to commence, conduct or complete the required
hearing as provided in subsection (1.2), the decision shall be deemed
to have been rendered in favor of the applicant unless the applicant has
agreed in writing or on the record to an extension of time. When a
decision has been rendered in favor of the applicant because of the
failure of the Board to meet or render a decision as hereinabove provided,
the Board shall give public notice of said decision within ten days from the
last day it could have met to render a decision in the same manner as
provided in subsection (1) of this section. If the Board shall fail to provide
such notice, the applicant may do so. Nothing in this subsection shall
prejudice the right of any party opposing the application to appeal the
decision to a court of competent jurisdiction.
(10)

A copy of the final decision or, where no decision is called for, of
the findings shall be delivered to the applicant personally or mailed
to him not later than the day following its date. To all other persons
who have filed their name and address with the board not later than
the last day of the hearing, the Board shall provide by mail or otherwise,
brief notice of the decision or findings and a statement of the place at
which the full decision or findings may be examined.

1603.4 Jurisdiction.
(a)

The Zoning Hearing Board shall have exclusive jurisdiction to hear and
render final adjudications in the following matters:
(1)

Substantive challenges to the validity of any land use ordinance,
except those brought before the governing body pursuant to sections
609.1 and 916.1(a)(2) of the MPC.

(2)

Appeals from the determination of the zoning officer, including, but
not limited to, the granting or denial of any permit, or failure to act on the
application therefore, the issuance of any cease and desist order or the
registration or refusal to register any nonconforming use, structure or lot.

(3)

Appeals from a determination by a municipal engineer or the zoning
officer with reference to the administration of any flood plain or flood
hazard ordinance or such provisions within a land use ordinance.
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(4)

Applications for variances from the terms of the zoning ordinance and
flood hazard ordinance or such provisions within a land use ordinance,
pursuant to section 910.2 of the MPC.

(5)

Applications for special exceptions under the zoning ordinance or flood
plain or flood hazard ordinance or such provisions within a land use
ordinance, pursuant to section 912.1 of the MPC.

(6)

Appeals from the determination of any officer or agency charged with the
administration of any transfers of development rights or performance density
provisions of the zoning ordinance.

(7)

Appeals from the zoning officer's determination under section 916.2 of
the MPC.

(8)

Appeals from the determination of the zoning officer or municipal engineer
in the administration of any land use ordinance or provision thereof with
reference to sedimentation and erosion control and storm water management
insofar as the same relate to development not involving MPC Article V or VII
applications.

(9)

The planning agency, if designated, shall have exclusive jurisdiction
to hear and render final adjudications in the following matters:

(b)

The governing body or, except as to clauses (2), (3) and
(1)

All applications for approvals of planned residential developments
under Article VII pursuant to the provisions of section 702 of the MPC.

(2)

All applications pursuant to section 508 of the MPC for approval
of subdivisions or land developments under Article V. Any provision
in a subdivision and land development ordinance requiring that final
action concerning subdivision and land development applications be
taken by a planning agency rather than the governing body shall vest
exclusive jurisdiction in the planning agency in lieu of the governing
body for purposes of the provisions of this paragraph.

(3)

Applications for conditional use under the express provisions of
the zoning ordinance pursuant to section 603(c)(2) of the MPC of this
ordinance.

(4)

Applications for curative amendment to a zoning ordinance pursuant
to sections 609.1 and 916.1(a)(2) of the MPC and this ordinance.

(5)

All petitions for amendments to land use ordinances, pursuant to the
procedures set forth in MPC section 609. Any action on such petitions
shall be deemed legislative acts, provided that nothing contained in this
clause shall be deemed to enlarge or diminish existing law with reference
to appeals to court.

(6)

Appeals from the determination of the zoning officer or the municipal
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engineer in the administration of any land use ordinance or provisions
thereof with reference to sedimentation and erosion control and storm
water management insofar as the same relate to application for land
development under Articles V and VII of the MPC. Where such
determination relates only to development not involving an Article V or VII
application, the appeal from such determination of the zoning officer
or the municipal engineer shall be to the zoning hearing board pursuant
to subsection (a)(9). Where the applicable land use ordinance vests
jurisdiction for final administration of subdivision and land development
applications in the planning agency, all appeals from determinations under
this paragraph shall be to the planning agency and all appeals from the
decision of the planning agency shall be to court.
(7)

Applications for a special encroachment permit pursuant to MPC
section 405 and applications for a permit pursuant to MPC section 406.

1603.5

Zoning Hearing Board's Functions;
Variances.
a.

The board shall hear requests for variances where it is alleged that the
provisions of the zoning ordinance inflict unnecessary hardship upon the
applicant. The board may by rule prescribe the form of application and
may require preliminary application to the zoning officer. The board may
grant a variance, provided that all of the following findings are made where
relevant in a given case:
(1)

That there are unique physical circumstances or conditions, including
irregularity, narrowness, or shallowness of lot size or shape, or
exceptional topographical or other physical conditions peculiar to
the particular property and that the unnecessary hardship is due to
such conditions and not the circumstances or conditions generally
created by the provisions of the zoning ordinance in the neighborhood
or district in which the property is located.

(2)

That because of such physical circumstances or conditions, there
is no possibility that the property can be developed in strict conformity
with the provisions of the zoning ordinance and that the authorization
of a variance is therefore necessary to enable the reasonable use
of the property.

(3)

That such unnecessary hardship has not been created by the appellant.

(4) That the variance, if authorized, will not alter the essential character
of the neighborhood or district in which the property is located, nor
substantially or permanently impair the appropriate use or development
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of adjacent property, nor be detrimental to the public welfare.
(5)

That the variance, if authorized, will represent the minimum variance
that will afford relief and will represent the least modification possible
of the regulation in issue.

b.

In granting any variance, the board may attach such reasonable conditions
and safeguards as it may deem necessary to implement the purposes of
this act and the zoning ordinance.

1603.6 Parties Appellant Before the Board.
Appeals under section 1603.4 may be filed with the board in writing by the
landowner affected, any officer or agency of the municipality, or any person
aggrieved. Requests for a variance and for special exception may be filed
with the board by any landowner or any tenant with the permission of such
landowner.
1603.5 Time Limitations.
a.

No person shall be allowed to file any proceeding with the board later
than thirty (30) days after an application for development, preliminary or final,
has been approved by an appropriate municipal officer, agency or body if
such proceeding is designed to secure reversal or to limit the approval in any
manner unless such person alleges and proves that he had no notice,
knowledge, or reason to believe that such approval had been given. If such
person has succeeded to his interest after such approval, he shall be bound
by the knowledge of his predecessor in interest. The failure of anyone other
than the landowner to appeal from an adverse decision on a tentative plan
pursuant to MPC section 709 or from an adverse decision by a zoning officer
on a challenge to the validity of an ordinance or map pursuant to section
916.2 shall preclude an appeal from a final approval except in the case where
the final submission substantially deviates from the approved tentative
approval.

b.

All appeals from determinations adverse to the landowners shall be filed
by the landowner within thirty (30) days after notice of the determination is
issued.

1603.6 Stay of Proceedings.
a.

Upon filing of any proceeding referred to in section 1603.6 and during its
pendency before the board, all land development pursuant to any challenged
ordinance, order or approval of the zoning officer or of any agency or body,
and all official action thereunder, shall be stayed unless the zoning officer or
any other appropriate agency or body certifies to the board facts indicating
that such stay would cause imminent peril to life or property, in which case
the development or official action shall not be stayed otherwise than by a
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restraining order, which may be granted by the board or by the court having
jurisdiction of zoning appeals, on petition, after notice to the zoning officer or
other appropriate agency or body. When an application for development,
preliminary or final, has been duly approved and proceedings designed to
reverse or limit the approval are filed with the board by persons other than
the applicant, the applicant may petition the court having jurisdiction of zoning
appeals to order such persons to post bond as a condition to continuing the
proceedings before the board.
b.

After the petition is presented, the court shall hold a hearing to determine if
the filing of the appeal is frivolous. At the hearing, evidence may be
presented on the merits of the case. It shall be the burden of the applicant
for a bond to prove the appeal is frivolous. After consideration of all evidence
presented, if the court determines that the appeal is frivolous, it shall grant
the petition for a bond. The right to petition the court to order the appellants
to post bond may be waived by the appellee, but such waiver may be revoked
by him if an appeal is taken from a final decision of the court.

c.

The question whether or not such petition should be granted and the amount
of the bond shall be within the sound discretion of the court. An order denying
a petition for bond shall be interlocutory. An order directing the responding
party to post a bond shall be interlocutory.

d.

If an appeal is taken by a respondent to the petition for a bond from an order
of the court dismissing a zoning appeal for refusal to post a bond and the
Appellate Court sustains the order of the court below to post a bond, the
respondent to the petition for a bond, upon motion of the petitioner and after
hearing in the court having jurisdiction of zoning appeals, shall be liable for all
reasonable costs, expenses and attorney fees incurred by the petitioner.

1603.7

Expiration of approval of a use by special exception. Approval of a use by special
exception shall expire automatically without written notice to the applicant if no
application for a land development plan, a grading permit, a building permit or a
certificate of occupancy to undertake the construction or authorize the occupancy
described in the application for approval of the use by special exception is
submitted within twelve (12) months of said approval, unless the Zoning Hearing
Board, in its sole discretion, extends approval of the use by special exception upon
written request of the applicant received prior to its expiration. The maximum
extension permitted shall be one twelve-month extension.
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SECTION 1604: GENERAL STANDARDS:
In addition to the specific standards and criteria listed for each use in 1605 below, all applications
for conditional uses and uses by special exception listed in each zoning district shall demonstrate
compliance with all of the following general standards and criteria:
A.

The use shall not endanger the public health, safety or welfare nor
deteriorate the environment as a result of being located on the property
where it is proposed.

B.

The use shall comply with the performance standards of this Ordinance.

C.

The use shall comply with all applicable requirements of the Ordinance
governing parking and loading; the Ordinance governing signs; the
ordinance governing screening and landscaping; and the Ordinance
governing storage.

D.

Ingress, egress and traffic circulation on the property shall be designed to
ensure safety and access by emergency vehicles and to minimize
congestion and the impact on local streets.

E.

Outdoor lighting, if proposed, shall be designed with cutoff luminaires that
direct and cut off the light at a cutoff angle of 60° or less. Illumination
shall not exceed 0.2 foot-candle at the property line.

F.

For all uses which are subject to the requirements of the Americans with
Disabilities Act (ADA), the applicant shall certify that all applicable ADA
requirements have been met in the design.

SECTION 1605: STANDARDS FOR SPECIFIC USES:
In addition to the general standards and criteria for all conditional uses and uses by special exception
listed in 1603 above, an application for any of the following uses which are listed in any zoning district
as a conditional use or use by special exception shall comply with the applicable standards and
criteria specified below for that use.
1605.1

Proposed Conditional use for Group Residence Facilities and Personal Care Homes
in “R-4” and “C-1” Districts
The standards of review for dealing with proposed conditional use for group
residence facilities and personal care homes in the “R-4” and “C-1” Districts are as
follows:
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a.

Whether the establishement, maintenance, location and
operation of the proposed use will be detrimental to or endanger
the public health, safety, morals, comfort or general welfare.

b.

Whether the proposed use will be injurious to the use and
enjoyment of other properties in the immediate vicinity for the
purposes permitted.

c.

Whether the establishment and proposed use wil impede the
normal and orderly development and improvements of
surrounding properties for uses permitted in that district.

d.

Whether adequate facilities, access roads, drainage or other
necessary facilities have been or will be provided.

e.

Whether adequate measures have been or will be taken to
provide ingress and egress so as to minimize traffice congestion
in the public streets.

f.

Whether the propsed use will, in all other respects, conform to
the applicable regulations or to the district in which it is located.

1605.2

Animal hospital, subject to:
a.

The minimum lot area required for an animal hospital shall be
20,000 square feet, unless the animal hospital is located within
a planned shopping center.

b.

Outdoor kennels or runs shall not be permitted.

c.

Overnight boarding of animals, other than for medical
supervision, shall be permitted, if the animals are housed
overnight within a completely enclosed building.

d.

Kennels associated with animal hospitals shall be licensed by the
commonwealth and shall continue to maintain a valid license
throughout their operation. Any suspension of the license shall be
a violation of this ordinance and shall be subject to the enforcement
provisions of this Ordinance.

e.

Odors shall be controlled so as to comply with the performance
standards of this Ordinance and applicable law.

1605.3

Apartment in combination with business, subject to:
a.

Dwelling units shall be located on the second floor or, if located
on the first floor, shall be in a separate unit from the business.

b.

Dwelling units shall have a minimum habitable floor area of 800
square feet.

c.

Dwelling units in basements or accessory garages shall not be
permitted.
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d.

Each dwelling unit shall have a separate entrance which does not
require passing through any area devoted to office or retail use.

e.

One and one-half off-street parking spaces shall be provided for
each dwelling unit, with a minimum of two spaces. Shared
parking for residential and commercial uses shall not be
permitted.

1605.4

Bed-and-Breakfast, subject to:
a.

The operator shall be a full-time resident of the dwelling in which
the bed-and-breakfast is located.

b.

The lot shall have frontage on and direct vehicular access to an
arterial or collector street, as defined herein.

c.

The minimum lot area required in the R-1 and R-2 Districts shall
be two acres. The minimum lot area required in the R-4 District
shall be 6,000 square feet.

d.

No meals, other than breakfast, shall be served on the premises.
Food may be prepared on the premises for consumption off the
premises by overnight guests. Food shall not be served to any
customers who are not overnight guests.

e.

The maximum length of stay for any guest shall be 14 days in
any calendar year.

f.

One identification sign shall be permitted and such sign may
either be attached to the wall of the building or may be
freestanding in the front yard, provided the surface area of the
sign shall not exceed six square feet, the height of the
freestanding sign shall not exceed four feet and the freestanding
sign is located at least five feet from any property line.

g.

The identification sign shall contain no information other than one
or more of the following items:
[1] The street address.
[2] The name of the establishment.
[3] The name of the proprietor.
[4] A small logo or other decorative symbol.

h.

In addition to the parking required for the dwelling, one parking
space shall be provided for each sleeping room offered to
overnight guests.

i.

Off-street parking shall not be located in any required front or
side yard. Parking located in the rear yard shall be screened from
adjoining residential properties by a compact six-foot evergreen
hedge.
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1605.5 Billboards and projections signs, subject to:
a.

All billboards shall be subject to the express standards and
criteria contained in this Ordinance.

b.

Projection signs, as defined in this Ordinance shall be subject to
the express standards and criteria contained in this ordinance.

1605.6 Car wash, subject to:
a.

All automated washing facilities shall be in a completely enclosed
building, as defined by this ordinance. All other car washing
facilities shall be under a roofed structure which has at least two
walls.

b.

Drainage water from the washing operation shall be controlled so
that it does not flow or drain onto berms, streets or other property.

c.

Standing spaces shall be provided in accordance with the
requirements specified in this Ordinance for drive-through
facilities.

d.

The facility shall be connected to public sanitary and storm
sewers.

e.

Driveway entrances shall be located at least 30 feet from the
right-of-way line of the intersection of any public streets.

1605.7 Cemetery, subject to:
a.

A minimum site of 10 acres is required.

b.

A drainage plan shall be submitted with the application for the
use, showing existing and proposed runoff characteristics.

c.

A groundwater study prepared by a hydrologist or registered
engineer qualified to perform such studies shall be submitted
with the application.

d.

Plans for ingress/egress to the site shall be referred to the
Township Police Department for comments regarding public
safety.

e.

All property lines adjoining residential use or zoning classification
shall be screened by a Buffer Area.

f.

All maintenance equipment shall be properly stored in an
enclosed building when not in use.

g.

Burial sites shall comply with the setbacks required for principal
structures in the Zoning District and burial structures shall not be
located within 100 feet of any property line adjoining residential
use or Zoning District classification.

1605.8 Churches, schools (public and private), museums, libraries, firehouses and public
buildings, other than Township-related facilities, subject to:
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a.

The minimum lot area required for a postsecondary school shall
be 10 acres. The minimum lot area required for all other uses
shall be one acre.

b.

If a residential facility (such as a convent or monastery) is
proposed as part of a church, no more than 10 persons shall be
housed.

c.

A dwelling (such as a manse or parsonage) may be located on
the same lot with a church, provided all requirements of this
ordinance for single-family dwellings in the zoning district can be
met in addition to the minimum lot area, lot width and yard
requirements applicable to the church.

d.

All property lines adjoining single-family use or zoning district
classification shall be screened by a Buffer Area.

e.

Ingress and egress to and from police and fire stations shall be
located so as to maximize sight distance along adjacent public
streets and enhance safety for vehicles exiting the property.

f.

Fire stations, police stations and municipal maintenance facilities
shall be located so that vehicles and equipment can be
maneuvered on the property without interrupting traffic flow or
blocking public streets.

g.

All schools shall be designed to provide convenient access for
emergency vehicles and access to all sides of the building by
fire-fighting equipment.

h.

All outside storage, including trash dumpsters, shall be
completely enclosed by a six-foot hedge or solid fence.

i.

The proposed use shall have direct access to a public street with
sufficient capacity to accommodate the traffic generated by the
proposed use.

1605.9

Communication tower, subject to:
a.

The applicant shall demonstrate that it is licensed by the Federal
Communications Commission (FCC) to operate a communications
tower.

b.

Any applicant proposing a new freestanding communications
tower shall demonstrate that a good faith effort has been made to
obtain permission to mount the antenna on an existing building or
other structure or an existing communications tower. A good faith
effort shall require that all owners within a one-quarter-mile radius
of the proposed site be contacted and that one or more of the
following reasons for not selecting an alternative existing building
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or communications tower or other structure apply:
[1]

The proposed equipment would exceed the structural
capacity of the existing building, communications tower
or other structure and reinforcement of the existing
building, tower or other structure cannot be
accomplished at a reasonable cost.

[2]

The proposed equipment would cause RF (radio
frequency) interference with other existing or proposed
equipment for that building, tower or other structure and
the interference cannot be prevented at a reasonable cost.

[3]

Existing buildings, communications towers or other
structures do not have adequate space to accommodate
the proposed equipment.

[4]

Addition of the proposed equipment would result in NIER
(nonionizing electromagnetic radiation) levels which exceed
any adopted local, federal or state emission standards.

c.

The applicant shall demonstrate that the proposed communications
tower and the electromagnetic fields associated with the antennas
proposed to be mounted thereon comply with safety standards now
or hereafter established by the Federal Communications Commission
(FCC).

d.

The applicant for the communications tower shall demonstrate
compliance with all applicable Federal Aviation Administration
(FAA) and any applicable airport zoning regulations.

e.

In the C-2 District, the maximum height of a communications tower
shall be 100 feet. In the other commercial and industrial districts, the
maximum height of a communications tower shall be 150 feet.

f.

The applicant shall demonstrate that the proposed height of the
communications tower is the minimum height necessary to
function effectively.

g.

In the commercial or industrial districts, all parts of the
communications tower, including guy wires, if any, shall be set
back from the property line at least 50 feet, except for guyed
towers which shall be set back a distance equal to the height of
the tower. If the tower is located on property which adjoins any R
Residential Zoning District, the setback shall be at least 200 feet.
Where the communications tower is located on a leased parcel
within a larger tract, the setback shall be measured from the
property line which separates the adjoining residentially zoned
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property from the larger tract controlled by the lessor, rather than
from the boundaries of the leased parcel, provided the larger tract
is either vacant or developed for a use other than single-family
dwellings.
h.

The tower and all appurtenances, including guy wires, if any, and the
equipment cabinet or equipment building shall be enclosed by a
minimum ten-foot-high chain link security fence with locking gate.

i.

The applicant shall submit evidence that the communications
tower and its method of installation has been designed by a
registered engineer and is certified by that registered engineer to
be structurally sound and able to withstand wind and other loads
in accordance with the Township Building Code and accepted
engineering practice.

j.

Equipment cabinets and equipment buildings shall comply with
the height and yard requirements of the zoning district for
accessory structures.

k.

Access shall be provided to the communications tower and
equipment cabinet or equipment building by means of a public
street or right-of-way to a public street. The right-of-way shall be
a minimum of 20 feet in width and shall be improved with a dustfree, all-weather surface for its entire length.

l.

Recording of a plat of subdivision shall not be required for the
lease parcel on which the communications tower is proposed to
be constructed, provided the equipment building is proposed to
be unmanned and the required easement agreement for access
is submitted for approval by the Township.

m.

Approval of a land development plan, prepared in accordance with
the requirements of the Township Subdivision and Land Development
Ordinance, shall be required for all communications towers.

n.

The owner of the communications tower shall be responsible for
maintaining the parcel on which the communications tower is
located, as well as the means of access to the tower, including
clearing and cutting of vegetation, snow removal and
maintenance of the access driveway surface.

o.

The owner of any communications tower which exceeds 50 feet
in height shall submit to the Township proof of an annual
inspection conducted by a structural engineer at the owner's
expense and an updated communications tower maintenance
program based on the results of the inspection. Any structural
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faults shall be corrected immediately and reinspected and
certified to the Township by a structural engineer at the owner's
expense.
p.

The owner of the communications tower shall notify the
Township immediately upon cessation or abandonment of the
operation. The owner of the communications tower shall
dismantle and remove the communications tower within six
months of the cessation of operations, if there is no intention to
continue operations, evidenced by the lack of an application to
the Township to install antennas on the existing communications
tower. If the owner of the communications tower fails to remove
the communications tower, then the landowner shall be
responsible for its immediate removal. Failure to remove an
abandoned communications tower shall be subject to the
enforcement provisions of this Ordinance.

q.

All communications tower structures shall be fitted with
anti-climbing devices as approved by the manufacturer for the
type of installation proposed.

r.

All communications antennas and communications tower
structures shall be subject to all applicable Federal Aviation
Administration (FAA) and airport zoning regulations.

s.

No sign or other structure shall be mounted on the
communications tower structure, except as may be required or
approved by the FCC, FAA or other governmental agency.

t.

The exterior finish of the communications tower shall be compatible
with the immediate surroundings. The communications tower, the
equipment cabinet or equipment building and the immediate
surroundings shall be properly maintained.

u.

The base of the communications tower shall be landscaped
suitable to the proposed location of the communications tower, if
the base of the communications tower is visible from adjoining
streets or residential properties.

v.

At least one off-street parking space shall be provided on the site
to facilitate periodic visits by maintenance workers. Manned
equipment buildings shall provide one parking space for each
employee working on the site.

w.

No communications antenna or communications tower structure
shall be illuminated, except as may be required by the Federal
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Aviation Administration (FAA) or the Federal Communications
Commission (FCC).
1605.10

Adult Businesses, subject to:
a.

Adult businesses, as defined by this ordinance, shall not be
permitted in any zoning district other than the M1 Industrial
District.

b.

An adult business shall not be located within 1,000 feet of any of
the following uses: a church; public or private pre-elementary,
elementary, or secondary school; public library; day-care center
or nursery school; public park or residential dwelling. The
distance shall be measured in a straight line from the nearest
portion of the building or structure containing the adult business
to the nearest property line of the premises of any of the above
listed uses.

c.

Any adult business, other than an adult motel, which exhibits on
the premises in a viewing room (a separate compartment or
cubicle) of less that 150 square feet of floor space, a film or
videocassette or other video or image production which depicts
nudity or sexual conduct shall comply with the following:
[1]

At least one employee shall be on duty and shall be
situated in each manager’s station at all times that any
patron is present inside the premises.

[2]

The interior of the premises shall be configured in such a
manner that there is an unobstructed view from the
manager’s station of every area of the premises to which
any patron is permitted access for any purpose,
excluding restrooms. Restrooms shall not contain video
reproduction or viewing equipment. If the premises has
two or more manager’s stations designated, then the
interior of the premises shall be configured in such a
manner that there is unobstructed view of each area of
the premises to which any person is permitted access for
any purpose from at least one of the manager’s stations.
The view require by this subparagraph shall be by direct
line of sight from the manager’s station.

[3]

It shall be the duty of the owners and operators and any
agents and employees present on the premises to
ensure that the viewing area remains unobstructed by
any doors, walls, merchandise, display racks or other
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material at all times and to insure that no patron is
permitted access to any area of the premises which has
been designated in the application submitted to the
Township as an area in which patrons will not be
permitted.
[4]

No viewing room shall be occupied by more than one
person at a time. No connections or openings to an
adjoining viewing room shall be permitted.

[5]

The premises shall be equipped with overhead lighting
fixtures of sufficient intensity to illuminate every place in
which patrons are permitted access at an illumination of
not less than one foot-candle as measured at the floor
level. It shall be the duty of the owners and operators
and any agents and employees present on the premises
to ensure that the illumination is maintained at all times
that any patron is present on the premises.

[6]

If live performances are to be given, the premises in
which such live performances are to be offered shall
contain a stage separated from the viewing area and the
viewing area shall not be accessible to the performers.

d.

If the adult business involves live performances, the performers
shall not have easy access to the viewers present.

e.

The owner and operator of any adult nightclub shall provide
security officers, licensed under the laws of the Commonwealth,
if the maximum permitted occupancy exceeds 20 persons.

f.

No stock-in-trade which depicts nudity or sexual conduct shall be
permitted to be viewed from the sidewalk, street or highway.

g.

No signs or other displays of products, entertainment or services
shall be permitted in any window or other area which is visible
from the street or sidewalk.

h.

Windows shall not be covered or made opaque in any way.

i.

Notice shall be given at the entrance stating the hours of
operation and restricting admittance to adults only. The term
“adult” shall have the meaning provided by applicable law.

j.

Owners and operators of adult businesses shall obtain a license
to operate from the Township. In addition, such owners or
operators shall supply to the Township such information
regarding ownership and financing of the proposed business as
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is required by the Township’s licensing application. Applications
for licensing shall be filed with the Township Manager.
k.

The adult business shall be initially licensed upon compliance
with all requirements of this section and provisions of the
required licensing application. For each year thereafter that the
adult business intends to continue, the owner or operator shall
seek a renewal of the license. The application for renewal shall
be submitted to the Township Manager by November 1 of the
year preceding the year for which renewal is sought. The lack of
license or failure to renew such license in a timely manner shall
be a violation of this ordinance and shall be grounds for denial or
revocation of the certificate of occupancy for the adult business.

END OF DOCUMENT

ATTEST:

TOWNSHIP OF KENNEDY

__________________________

_____________________________

Township Manager
Gerald G. Orsini

Anthony Mollica, Chairman

APPROVED AS TO FORM:
__________________________________
Township Solicitor
Joseph M. Kulik, Esq.
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B.

A.
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That comply with the requirements in this Subsection C; or

of Oil, Gas, and Geothermal Resources; and

In established oil fields as delineated on maps published by the California Department of Conservation, Division

Notwithstanding Subsection C.3, below, in Zone M-2, if located within 300 feet of any public school or park, or any

iii.

4.

following standards:

except for a residence on the same land that is owned or leased by the person drilling the oil well, shall comply with the

Additional Standards for Setbacks Less Than 500 Feet From Residences. Drilling within 500 feet of one or more residences,

that is owned or leased by the person drilling the oil well.

Setback From Residences. No oil drilling shall be within 300 feet of any residence, except for a residence on the same land

3.

Residential Zone or Zone A-1.

That request a modification to any of the standards in this Subsection C; or

Division of Oil, Gas, and Geothermal Resources;

Outside established oil fields as delineated on maps published by the California Department of Conservation,

ii.

i.

A Conditional Use Permit (Chapter 22.158) application is required for oil wells:

ii.

i.

A Ministerial Site Plan Review (Chapter 22.186) application is required for oil wells:

Setback From Highway. A well hole, derrick, or tank shall not be placed within 20 feet of any public highway.

b.

a.

Application Requirements.

2.

1.

and M-2:

Development Standards in Zones A-2, M-1, M-1.5, and M-2. This Subsection C applies to oil wells located in Zones A-2, M-1, M-1.5,

well.

Prohibition. Unless otherwise permitted in the zone, no refineries or absorption plants are permitted in conjunction with an oil

and from the property.

initial separation of oil, gas, and water, and for the storage, handling, recycling, and transportation of such oil, gas, and water to

drilling and producing operations customarily required or incidental to usual oil field practice; including, but not limited to, the

Purpose. This Section regulates oil wells, including the installation and use of such equipment, structures, and facilities for oil

22.140.400 - Oil Wells.

9/25/2020
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13.

12.

11.

10.

9.

Number of Tanks Allowed. Not more than two production tanks, neither to exceed 1,000 barrels capacity, shall remain on

8.

Restoration Upon Abandonment. Within 90 days after abandonment of any well, earthen sumps used in drilling or

drill any completed or drilling well, shall be removed within 90 days after completion or abandonment of any well.

Removal Upon Completion or Abandonment. The derrick used to drill any well hole or to repair, clean out, deepen, or re-

sanitary condition at all times.

Toilet Facilities. Suitable and adequate sanitary toilet and washing facilities shall be installed and maintained in a clean and

required by law or ordinance to be displayed in connection with the drilling or maintenance of the well.

Signs. Signs shall not be constructed, erected, maintained, or placed on the property, or any part thereof, except those

from time to time, available if capable of reducing factors of nuisance and annoyance.

nuisance. Proven technological improvements in drilling and production methods shall be adopted as they may become,

No Public Nuisance. All drilling and production operations shall be conducted in such a manner as not to constitute a public

maintenance of additional tanks for storage and shipping.

the property following completion of production tests at each well; provided that this condition shall not restrict the

Fire and Safety. All drilling and producing operations shall conform to all applicable fire and safety regulations.

public highway, or of an existing residence, shall be oiled or surfaced.

Roads. When private roads to wells are constructed, that portion of such roads lying within 200 feet of an oiled or surfaced

of not greater than six-inch mesh.

less than three strands of barbed wire around the top. Such fence shall be constructed of woven wire fencing or equivalent

mile) of 20 or more residences shall be enclosed with a fence not less than five feet high, mounted on steel posts with not

Enclosures. Any unattended earthen sump located within 1,320 feet of the nearest highway, or within 2,640 feet (one-half

in the case of emergency.

7.

6.

5.

Materials, equipment, tools, or pipe used for either drilling or producing operations at the well hole shall not be

c.

delivered to or removed from the drilling site except between the hours of 8:00 a.m. and 6:00 p.m. of any day, except

All drilling and pumping equipment shall be operated by muffled internal-combustion engines or by electric motors.

of this Subsection C.3, above, file a written waiver with the Commission or Hearing Officer.

2/5

all families occupying any residence within 1,320 feet (one-quarter mile) of the drilling site, other than of a residence desc

All derricks used in connection with the drilling of the well shall be enclosed with fire-resistant and soundproofing materia

b.

a.

Los Angeles County, CA Code of Ordinances

9/25/2020

D.

or policy of insurance.

part from such certificates or shares, any final judgment, the payment of which would have been guaranteed by such bond

Subsection, the operator also shall file a written agreement with the Board that the County may satisfy, either in whole or in

bond required by Subsection C.14, above, and does not file with the Board the policy of insurance described in the same

Insurance Agreement. If an oil well operator deposits and assigns savings and loan certificates and shares in lieu of filing the

Code.

provisions and conditions of Section 4.36 (Assignment of Savings and Loan Certificates and Shares) of Title 4 of the County

shares equal in amount to the required amount of the bond. Such deposit and assignment shall comply with all the

operator may deposit with the Executive Officer-Clerk of the Board and assign to the County savings and loan certificates or

Assignment of Savings and Loan Certificates and Shares. In lieu of the bond required by Subsection C.14, above, the oil well

bond, directly insuring all persons who may be damaged or annoyed by such use.

of insurance shall be filed with the Board having a maximum amount of recovery not less than the amounts required of a

operators. Either such bond shall include as obligees all persons who may be damaged or annoyed by such use, or a policy

each well for the first five wells. Where more than five wells are drilled, $10,000 in bonds shall be the total required of all oil

Bonds. Except as provided in Subsection C.15, below, a faithful performance bond of $2,000 shall be filed with the Board for

i.

soundproofing material maintained in a serviceable condition.

All derricks used in connection with the drilling of the well shall be fully enclosed with fire-resistant and

residential, educational, or health care facility; the following standards shall apply:

If the proposed drilling is within 500 feet of a dwelling unit, hospital, school, rooming house, or other similar

Additional Setbacks Less Than 500 Feet From Sensitive Uses.

3.

a.

Uses Permitted. Oil wells shall be limited to gas drilling operations, including accessory storage tanks and equipment.

groundwater are permitted.

Subsection D, except that sumps which are containerized or otherwise lined and covered to protect wildlife and

on any oil well site or at any other place in connection with the operation of any oil well approved pursuant to this

Restrictions on Sumps. On or after December 24, 1982, no person shall dig, excavate, construct, or establish any open sump

2.

1.

operated in compliance with the following standards:

Development Standards in Zone O-S. All oil and gas drilling operations proposed in Zone O-S shall be located, developed, and

16.

15.

14.

production, or both, shall be filled, and the drilling site restored as nearly as practicable to its original condition.

Los Angeles County, CA Code of Ordinances
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13.

12.

11.

10.

9.

8.

7.

6.

5.

4.

residential, educational, or health facility.

A well hole, derrick, or tank shall not be placed within 300 feet of any dwelling unit, school, or hospital or other similar

alternative transport system may be approved with a Conditional Use Permit (Chapter 22.158) application.

All oil, gas, or other produced substances shall be transported from any site by buried pipeline, except that an

to prevent the emission of sound, sparks or ignited carbon, or soot.

All engines or motors used in connection with the drilling of the well shall be either electric or adequately muffled

Screening. All visible structures shall be painted or otherwise surfaced with a color compatible with the surrounding area.

those required by law or ordinance to be displayed in connection with the drilling or maintenance of any well.

Signs. No signs shall be placed, constructed, or used on the drilling site except those required for public safety, and except

Code is required. Such fence shall enclose all drilling equipment or machinery, tanks, and vehicular parking.

Fences and Walls. Fences or walls in compliance with Chapters 11.46 and 11.48 of Title 11 (Health and Safety) of the County

access road shall be wet down during use, oiled, hard-surfaced, or maintained in such other fashion to limit dust.

less than three inches thick for the first 50 feet of the access road from the public street or highway. The remainder of the

Roads. All private access roads leading off any surfaced public street or highway shall be paved with asphalt or concrete not

Discharge. All oil field waste shall be discharged into a suitable container for removal from the site.

equipment that is not essential to the daily operation of the oil well located on the site shall not be stored on the site.

Equipment Storage. Accessory tanks and equipment shall be stored within the fenced or walled area of the site. Any other

a Significant Ecological Area or a similar natural resource area.

of established oil fields, the Commission or Hearing Officer may require additional measures if a spill may potentially affect

Containment. Adequate measures shall be designed and constructed to insure containment of spills. For operations outside

the limits as specified in Chapter 12.08 (Noise Ordinance) of Title 12 of the County Code.

shall be designed or housed and operated so that odor is limited to a minimum and so that noise and vibrations conform to

Noise, Odor, and Vibrations. Any machinery or equipment used in the production or processing of substances within the site

separation of oil, gas, and water and the storage, handling, recycling, and transportation of such materials is permitted.

Refining Not Permitted. Refining shall not take place on-site, except that normal production operations including the initial

barrels per well.

Production. Production tanks shall not exceed a capacity of 1,000 barrels per tank, nor total more than a capacity of 2,000

b.

iii.

ii.

Los Angeles County, CA Code of Ordinances
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19.

18.

Abandonment. Within 90 days from the date of abandonment, the oil well site shall be cleared of all equipment and

17.

the well in the event of a failure to rehabilitate the site.

of deposit shall be executed in favor of the County to cover all costs of rehabilitating the drilling site after abandonment of

each well drilled; or at the election of the applicant, $25,000 for five or more wells. Such bond, cashier's check, or certificate

Bonding. A faithful performance bond, cashier's check, or certificate of deposit of $5,000 shall be filed with the Board for

ordinances, and regulations.

Other Regulations. The drilling operation and development of the site shall be compatible with all other applicable laws,

restored as nearly as practicable to its original condition.

Maintenance. The drilling site and access to the site shall be maintained in a neat and orderly fashion.

in a clean and sanitary condition at all times.

Toilet Facilities. Suitable and adequate sanitary toilet and washing facilities shall be installed on-site, and shall be maintained

topography to the satisfaction of the Director, such may be used in lieu of required landscaping.

5/5

equipment, and facilities are effectively screened from view due to their isolation or with existing trees and shrubs or by interv

the property for screening of the operations from adjoining or adjacent public streets or highways or Residential Zones. If the o

submitted in conjunction with the landscape plan. The plan shall show the placement of all trees and shrubs plantings around

irrigation facilities, shall be submitted for review and approval by the Director. A phasing plan indicating the time schedule of p

Landscaping. A landscaping plan indicating the size, type, and location of all vegetation to be planted, as well as topographic fe
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15.

14.

(Ord. 2019-0004 § 1, 2019.)
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§ 14-112. Location of wells, MD ENVIR § 14-112

West's Annotated Code of Maryland
Environment
Title 14. Gas and Oil (Refs & Annos)
Subtitle 1. In General
MD Code, Environment, § 14-

112

§ 14-112. Location of wells
Currentness
Distance from property boundary
(a)(1) Except as provided in paragraph (2) of this subsection, a well for the production or underground storage of gas or oil
may not be drilled on any property nearer than 1,000 feet to the boundary of the property except by agreement with the owners
of the gas and oil on adjacent lands.
(2) A well for the production of coalbed methane may not be drilled on any property nearer than 500 feet to the boundary of
the property except by agreement with the owners of coalbed methane on adjacent lands.
Exceptions
(b) On property on which it is impossible to locate a well the required minimum distance from the boundary, and where no
agreement with the owners of the gas and oil or coalbed methane on adjacent lands has been made, a well may be located nearer
than the required minimum distance under subsection (a) of this section to the boundary with the consent of the Department.
However, when any permit to drill a well nearer than the required minimum distance to the boundary has been applied for, the
Department shall notify every landowner, royalty owner, or leaseholder within the required minimum distance of the location
of the proposed well, giving them a reasonable opportunity to file objections to the issuance of the permit. The Department
then shall hold a hearing. If the Department determines that it is necessary for the well to be located nearer than the required
minimum distance to the boundary, it may issue the permit. If a permit is issued, any landowner, royalty owner, or leaseholder
within the required minimum distance of the proposed well has the right to a rehearing and appeal to the courts provided in this
subtitle. A request for a rehearing or an appeal to the courts stays the authority granted under the permit until final determination
of the issued permit is made.
Distance between wells
(c) The Department, by rule or regulation, shall prescribe the distance between any two wells on any property.
Credits
Added by Acts 1973, 1st Sp. Sess., c. 4, § 1. Amended by Acts 1977, c. 185, § 1; Acts 1988, c. 777. Renumbered from Natural
Resources § 6-106 by Acts 1995, c. 488, § 2, eff. July 1, 1995. Amended by Acts 2006, c. 399, § 1, eff. Oct. 1, 2006.
Formerly Art. 66C, § 679.

© 2020 Thomson Reuters. No claim to original U.S. Government Works.
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MD Code, Environment, § 14-112, MD ENVIR § 14-112
Current through legislation effective July 1, 2020, from the 2020 Regular Session of the General Assembly.
End of Document

© 2020 Thomson Reuters. No claim to original U.S. Government Works.
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§ 38-08-05. Drilling permit required, ND ST 38-08-05

West's North Dakota Century Code Annotated
Title 38. Mining and Gas and Oil Production
Chapter 38-08. Control of Gas and Oil Resources
NDCC, 38-08-05

§ 38-08-05. Drilling permit required
Currentness
1. A person may not commence operations for the drilling of a well for oil or gas without obtaining a permit from the industrial
commission under rules as may be adopted by the commission and paying to the commission a fee for each well in an amount
to be determined by the commission. The applicant shall provide notice to the owner of any permanently occupied dwelling
located within one thousand three hundred twenty feet [402.34 meters] of the proposed oil or gas well.
2. Unless waived by the owner or if the commission determines that the well location is reasonably necessary to prevent
waste or to protect correlative rights, the commission may not issue a drilling permit for an oil or gas well that will be located
within five hundred feet [152.4 meters] of an occupied dwelling. If the commission issues a drilling permit for a location
within one thousand feet [300.48 meters] of an occupied dwelling, the commission may impose conditions on the permit:
a. For wells permitted on new pads built after July 31, 2013, the conditions imposed under this subdivision may include,
upon request of the owner of the permanently occupied dwelling, requiring that the location of all flares, tanks, and treaters
utilized in connection with the permitted well be located at a greater distance from the occupied dwelling than the oil and
gas well bore if the location can be accommodated reasonably within the proposed pad location; or
b. As the commission determines reasonably necessary to minimize impact to the owner of the occupied dwelling.
Credits
S.L. 1953, ch. 227, § 6; S.L. 1977, ch. 318, § 1; S.L. 1981, ch. 365, § 2; S.L. 1983, ch. 396, § 4; S.L. 2007, ch. 311, § 1, eff.
Aug. 1, 2007; S.L. 2013, ch. 278, § 1, eff. Aug. 1, 2013.
Codifications: R.C. 1943, 1957 Supp., § 38-0805.
NDCC 38-08-05, ND ST 38-08-05
Current through the 2019 Regular Session of the 66th Legislative Assembly.
End of Document

© 2020 Thomson Reuters. No claim to original U.S. Government Works.
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Sec. 7-8-34. - Drilling and operating.
(a)

Location of oil wells.
(1)

No oil well shall be drilled within the following distances measured from the centerline of any local
street or any highway shown on the Master Plan of Arterial Highways, as amended:

Major highways

210 feet

Primary highways

200 feet

Secondary highways

190 feet

Local streets

180 feet, except

that in the case of a local street, the right-of-way of which is more than sixty (60) feet in width, the
distance shall be one hundred fifty (150) feet plus one-half of the existing right-of-way of which is more
than sixty (60) feet in width, the Director may determine that because of the degree of slope or other
feature of the topography, a lesser distance than one-half of the right-of-way in addition to the one
hundred fifty (150) feet is reasonable to insure the safety of the traveling public in conformity with the
purpose and intent of this provision, in which case the distance thus set by the Director shall prevail.
No oil well shall be drilled within one hundred fifty (150) feet of the nearest rail of a railway which
carries passengers for hire.
(2)

No oil well shall be drilled within one hundred fifty (150) .feet of any building used for human
occupancy, nor shall any such buildings be erected within one hundred fifty (150) feet of any oil well not
abandoned, except buildings incidental to the operation of the well. No oil well shall be drilled within
one hundred fifty (150) feet from the outer boundary line.

(3)

No oil well shall be drilled within three hundred (300) feet of any building used as a place of public
assemblage, institution or schools; nor shall any such building be erected within three hundred (300)
feet of any oil well not abandoned.

(4)

No oil well shall be drilled within the following areas which are hereby declared scenic and recreational
areas:
a.

The area within one-quarter mile of the boundary of O'Neill Park and of Irvine Park;

b.

The area within one mile landward of the line of Upper Newport Bay as established and
adjudicated by Superior Court Case No. 20436;

c.

The area within one mile landward of the coastline measured from mean low water datum as
established by the U.S. Coast and Geodetic Survey from the easterly jetty of the harbor entrance at
Newport Beach to the San Diego County line.

(5)

Permitted, subject to conditions.
a.

Within any district not designated with (O) on the Orange County Zoning Map and not above
described as a scenic and recreational area, the use of land for the drilling and production of oil,
gas and other hydrocarbon substances, is permitted upon the hereinafter described "primary
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conditions," if at the time of the application for a permit to drill there exists either:
1.

Twenty-five (25) or more dwellings within one thousand three hundred twenty (1,320) feet of
the proposed location of the well; or

2.

Six (6) or more dwellings within six hundred sixty (660) feet of the proposed location of the
well; or

3.

Any legally established structure used for housing of mentally or physically ill or aged
persons having five (5) or more beds, is within six hundred sixty (660) feet of the proposed
location of the well; or

4.

In the determination of conditions applicable outside of the (O) Districts, improvements and
oil wells located within (O) Districts shall not be considered.

b.

Within any district not designated with (O) on the Orange County Zoning Map and not above
described as a scenic and recreational area, the use of land for the drilling and production of oil,
gas and other hydrocarbon substances is permitted upon the hereinafter described "secondary
conditions," if at the time of the application for a permit to drill neither 1. nor 2. nor 3., as
described in subsection (a) above exists. In the determination of conditions applicable outside of
the (O) Districts, improvements and oil wells located within (O) Districts shall not be considered.

c.

The word "dwelling" as used in this section means any building or structure which has for its
primary purpose human residence.

d.

Primary conditions.
1.

For site selection and preparation.
A.

Drill site location: No drill site shall be located closer than one thousand three hundred
twenty (1,320) feet from any drill site other than a drill site located in an (O) District. For
the purpose of this article, the drill site for an oil well existing on May 28, 1958, shall be
deemed to be all of the area within one hundred (100) feet from the center of the oil
well.

B.

Drill site area: No drill site shall contain more than two and one-half (2½) acres or be of
such size or shape that it cannot be contained within a square three hundred thirty
(330) feet by three hundred thirty (330) feet.

C.

Number of wells: The number of wells which may be drilled shall not exceed one (1) well
to each five (5) acres in the leased area.

D.

Distance from dwelling: No oil well shall be drilled within one hundred seventy-five (175)
feet of any dwelling.

E.

Hours of operation: All work in preparation of the site for drilling shall be conducted
only between the hours of 7:00 a.m. and 7:00 p.m.

F.

Roads and excavations: Roads and other excavations shall be planned, constructed and
maintained so as to provide stability of fill, minimize disfigurement of the landscape,
maintain natural drainage and minimize erosion.

G.

Cut and fill slopes: No slope of cut or fill shall have a gradient steeper than one foot rise
in one foot horizontal measurement. Where by reason of the soil condition, the
condition of the terrain or size or length of the cut required it is impractical to provide
such gradient, the Superintendent of Building and Safety may grant an exception to
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such requirement provided he first finds that compliance with said requirement is
impractical and that the integrity of the neighborhood will be maintained if such
exception is granted.
H.

Slope planting: All excavation slopes, both cut and fill, shall be planted and maintained
with grasses, plants or shrubs during drilling and production operations, but only to an
extent reasonably comparable with the general status of undisturbed surfaces in the
vicinity.

I.

Fencing:
aa.

Drilling. Prior to the commencement of drilling operations, the drill site shall be
enclosed by an eight-foot-high solid fence to reduce sound.

bb.

Production. Upon completion of the drilling operation, the drill site shall be
enclosed by a solid redwood fence or a solid masonry wall eight (8) feet high on all
sides, except those sides on which exists a natural or artificial barrier of equal or
greater solidity and height. Solid redwood board gates shall be installed and be
equipped with keyed locks and shall be kept locked at all times when unattended.
Any and all supporting members of the fence shall be on the interior of said fence.
Such fence or wall shall be in lieu of any other fencing requirements.

J.
K.

Pipelines: All off-site pipelines serving the drill site shall be buried underground.
Parking: Parking for all vehicles including those of employees shall be provided on the
drill site. Such parking areas shall be surfaced and maintained to prevent dust and mud.

L.

Sanitary facilities: Sanitary facilities shall be provided at the drill site and shall be in
accordance with Standards of the Orange County Health Department.

2.

For drilling. Drilling operations shall be subject to the following limitations:
A.

Soundproofing:
aa.

When drilling operations are limited to the hours of 7:00 a.m. to 7:00 p.m., with no
operation on Sunday, only minimum soundproofing, as determined by the
Director of Building and Safety, shall be required.

bb.

When drilling operations are to be conducted continuously, the derrick and all
machinery shall be enclosed in soundproofing material or otherwise made
soundproof to the satisfaction of the Director of Building and Safety.

B.

Lights: All lights shall be directed or shielded so as to confine direct rays to the drill site.

C.

Delivery of equipment: The delivery or removal of equipment or material from the drill
site shall be limited to the hours between 7:00 a.m. and 7:00 p.m., except in case of
emergency.

D.

Drill pipe storage: No drill pipe shall be racked and made up except between the hours
of 7:00 a.m. and 7:00 p.m., Monday through Saturday, except within the derrick when
soundproofed as specified in bb. above.

E.

Power sources: All power sources shall be electric motors or muffled internalcombustion engines.

F.

Maintenance: The drill site and all facilities shall be maintained in a neat, clean and
orderly condition.

3.

For production operation.
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A.

Underground installation: All wellhead equipment shall be installed in cellars and no
portion of such equipment shall be or project above the surface of the surrounding
ground.

B.

Motive power soundproofing: Motive power for production operations shall be
completely enclosed in a building or buildings insulated with sound-deadening
materials. Such buildings shall be of residential appearance and no portion thereof shall
exceed sixteen (16) feet in height.

C.

Motive power location: Motive power for production operations shall be located on a
drill site.

D.

Height of installation: Except as otherwise herein specifically permitted, no permanent
installations at the drill site shall be or project more than eight (8) feet above the
surface of the surrounding ground.

E.

Storage of equipment: There shall be no storage of material, equipment, machinery or
vehicle which is not for immediate use or servicing of an installation on the drill site.

F.

Maintenance: The drill site and all permanent installations shall be maintained in a neat,
clean and orderly condition.

G.

Storage tank location: Storage tanks shall be located on a drill site.

H.

Storage tank capacity: Storage tank capacity at the drill site shall not exceed a total
aggregate of two thousand (2,000) barrels exclusive of processing equipment.

I.

All surfaces of permanent installations within the drill site shall be painted flat dark
green or flat brown.

J.

Removal of oil: Oil produced at the drill site shall be removed therefrom by an
underground pipeline or pipeline at all times more than one hundred eighty (180) days
from and after the date the first well in the drill site is completed.

K.

Refineries: No refinery, dehydrating or absorption plant of any kind shall be
constructed, established or maintained on the drill site or within the outer boundary
line.

L.

Gas burning: Natural gas shall not be vented to the atmosphere nor burned by open
flare.

M.

Well servicing: No well servicing shall be done except between the hours of 7:00 a.m. to
7:00 p.m. except in case of emergency.

N.

Signs: No sign which is visible from outside of the drill site shall be caused, permitted or
allowed to be or remain any place on the drill site except: (a) Such signs as are required
by law, (b) warning signs, (c) no trespassing signs.

O.

Landscaping: Shrubs shall be planted and maintained along the exterior of the fence or
wall enclosing the drill site to relieve its monotonous appearance. This requirement
shall not be construed to limit or prohibit additional site beautification by landscaping
or other planting.

P.

Off-site pipelines: Within thirty (30) days from and after completion of the drilling of the
first well on a drill site, the work of burying all off-site pipelines shall be commenced
and completed within a reasonable time thereafter.

e.

Secondary conditions:
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1.

For site selection and preparation.
A.

Drill site location: No drill site shall be located closer than one thousand three hundred
twenty (1,320) feet from any other drill site. For the purpose of this article the drill site,
for an oil well existing on the effective date of Ordinance No. 1096 shall be deemed to
be all of the area within one hundred (100) feet from the center of the oil well.

B.

Drill site area: No drill site shall contain more than two and one-half (2½) acres or be of
such size or shape that it cannot be contained within a square three hundred thirty
(330) feet by three hundred thirty (330) feet.

C.

Roads and excavations: Roads and other excavations shall be planned, constructed and
maintained so as to provide stability of fill, minimize disfigurement of the landscape,
maintain natural drainage and minimize erosion.

D.

Cut and fill slopes: No slope of cut or fill shall have a gradient steeper than one foot rise
in one foot horizontal measurement. Where by reason of the soil condition of the
terrain or size or length of the cut required it is impractical to provide such gradient, the
Superintendent of Building and Safety may grant an exception to such requirement
provided he first finds that compliance with said requirement is impractical and that the
integrity of the neighborhood will be maintained if such exception is granted.

E.

Slope planting: All excavation slopes, both cut and fill, shall be planted and maintained
with grasses, plants or shrubs during drilling and production operations, but only to an
extent reasonably comparable with the general status of undisturbed surfaces in the
vicinity.

F.

Off-street parking: An off-street parking area containing not less than five (5) parking
spaces, each of which shall be at least ten (10) feet by twenty (20) feet, shall be provided
for each well being drilled and shall be surfaced and maintained in accordance with the
requirements of the Orange County Oil Code.

G.

Sanitary facilities: Sanitary facilities shall be provided at the drill site and shall be in
accordance with standards of the Orange County Health Department.

2.

For drilling.
A.

Lights: All lights shall be directed or shielded so as to confine direct rays to the drill site.

B.

Power sources: All power sources shall be electric motors or muffled internalcombustion engines.

3.

For production operations.
A.

Motive power locations: Motive power for production operations shall be located on a
drill site.

B.

Height of pumping equipment: No walking beam type pumping equipment shall project
more than ten (10) feet at its highest point of rise above the surrounding ground levels.

C.

Storage tank location: Storage tanks shall be located on the drill site.

D.

Height of storage tanks: No oil storage tank shall exceed eighteen (18) feet in height
above the ground level.

E.

Height of wash tanks: No wash tank shall exceed twenty-four (24) feet in height nor
exceed eight (8) feet in diameter.

F.

Fencing: Within thirty (30) days from completion of the first well on a drill site, such site
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shall be enclosed by a solid redwood fence or solid masonry wall eight (8) feet high on
all sides, except those sides on which exists a natural or artificial barrier of equal or
greater solidity and height. Solid redwood board gates shall be installed and be
equipped with keyed locks and shall be kept locked at all times when unattended. Such
fence or wall shall be in lieu of any other fencing requirements.
(6)

The Director may suspend any provision of subsection (a) in whole or in part, or impose less restrictive
requirements if such provisions or requirements are rendered unnecessary or unreasonable by the
then existing special features, such as: Topography, nature of the use and occupancy of and the
proximity to buildings on adjoining property, the height, character and structure of such buildings, the
type and character of oil field development and may impose additional safety requirements rendered
necessary because of such special features.

(Code 1961, § 77.018; Ord. No. 2613, § 1, 8-2-72; Ord. No. 3385, § 8, 5-17-83; Ord. No. 99-3, § 1, 1-26-99)
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Township of Penn, PA
Monday, September 28, 2020

Chapter 190. Zoning
Article II. General Terminology
§ 190-202. Definitions.
Unless otherwise expressly stated, the following words shall, for the purpose of this
chapter, have the meanings herein indicated:
ABANDONED SIGN
A sign structure that has ceased to be used for six months.
ACCESSORY USE OR STRUCTURE
A use or structure customarily incidental to the principal use of the land or the
principal building, located on the same lot with the principal use or principal
building. A home office is an example of an accessory use; however, a homebased business is not deemed an accessory use for purposes of this definition.
A detached garage or storage shed are examples of accessory structures.
ADULT BOOKSTORE or ADULT VIDEO STORE
A commercial establishment which, as one of its principal business purposes,
offers for sale or rental for any form of consideration any one or more of the
following:
A.

Books, magazines, periodicals or other printed matter or photographs,
films, motion pictures, video cassettes or video reproductions, slides or
other visual representations which depict or describe specified sexual
activities or specified anatomical areas; or instruments, devices or
paraphernalia which are designed for use in connection with specified
sexual activities, whether used to view such materials or for use on or off
the premises.

B.

A commercial establishment may have other principal business purposes
that do not involve the offering for sale or rental of material depicting or
describing specified sexual activities or specified anatomical areas and still
be categorized as "adult bookstore or adult video store." Such other
business purposes will not serve to exempt such commercial establishment
from being categorized as an "adult bookstore or adult video store" so long
as one of its principal business purposes is the offering for sale or rental for

https://ecode360.com/print/PE1662?guid=9968317
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consideration the specified materials which depict or describe specified
sexual activities or specified anatomical areas.
ADULT CABARET
A nightclub, bar, restaurant or similar commercial establishment which regularly
features: persons who appear in the state of nudity; or live performances which
are characterized by the exposure of specified anatomical areas or by specified
sexual activities; or films, motion pictures, video cassettes, slides, or other
photographic reproductions which are characterized by the depiction or
description of specified sexual activities or specified anatomical areas.
ADULT ENTERTAINMENT
A.

An exhibition of any sexually oriented motion pictures, meaning those
distinguished or characterized by an emphasis on matter depicting,
describing or relating to specified sexual activities or specified anatomical
areas.

B.

A live performance, display or dance of any type which has as a significant
or substantial portion of the performance any actual or simulated
performance of specified sexual activities or exhibition and viewing of
specified anatomical areas, removal of articles of clothing or appearing
unclothed, pantomiming, modeling or any other personal services offered
customers.

ADULT MOTEL
A hotel, motel or similar commercial establishment which:
A.

Offers accommodations to the public for any form of consideration;
provides patrons with closed-circuit television transmissions, films, motion
pictures, videocassettes, slides or other photographic reproductions which
are characterized by the depiction or description of specified sexual
activities or specified anatomical areas; and has a sign visible from the
public right-of-way which advertises the availability of this adult-type of
photographic reproductions; or

B.

Offers sleeping rooms for rent four or more times in one calendar day
during five or more calendar days in any continuous thirty-day period.

ADULT THEATER
A theater, concert hall, auditorium or similar commercial establishment which
regularly features persons who appear in a state of nudity or live performances
which are characterized by the exposure of specified anatomical areas or
specified sexual activities.
ADULT-ORIENTED ESTABLISHMENT
A.

The term includes, without limitation, the following establishments when
operated for profit, whether direct or indirect:

https://ecode360.com/print/PE1662?guid=9968317
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(1) Adult bookstores.
(2) Adult motion-picture theaters, regardless of seating capacity.
(3) Any premises to which the public, patrons or members are invited or
admitted and which are so physically arranged as to provide booths,
cubicles, rooms, studios, compartments or stalls separate from the
common areas of the premises for the purpose of viewing sexually
oriented motion pictures or where an entertainer provides adult
entertainment to a member of the public, a patron or a member.
(4) An adult entertainment studio or any premises that are physically
arranged and used as such, whether advertised or represented as an
adult entertainment studio, exotic dance studio, encounter studio,
sensitivity studio, modeling studio or any other term of like import.
B.

The term "booths, cubicles, rooms, studios, compartments or stalls" for
purposes of defining sexually oriented establishments does not mean
enclosures which are private offices used by the owner, manager or
persons employed on the premises for attending to the tasks of their
employment and which are not held out to the public for the purpose of
viewing motion pictures or other entertainment for a fee, and which are not
open to any persons other than employees.

AGRICULTURAL OPERATION
An enterprise that is actively engaged in the commercial production and
preparation for market of crops, livestock and livestock products and in the
production, harvesting and preparation for market or use of agricultural,
agronomic, horticultural, silvicultural and aquacultural crops and commodities.
The term includes an enterprise that implements changes in production
practices and procedures or types of crops, livestock, livestock products or
commodities produced consistent with practices and procedures that are
normally engaged by farmers or are consistent with technological development
within the agricultural industry.
AGRICULTURAL PRODUCTS
Includes, but is not limited to, crops (corn, wheat, hay, potatoes); fruit (apples,
peaches, grapes, cherries, berries); cider; vegetables (sweet corn, pumpkins,
tomatoes); floriculture; herbs; forestry; husbandry; livestock and livestock
products (cattle, sheep, hogs, horses, poultry, ostriches, emus, farmed deer,
farmed buffalo, milk, eggs, and fur); aquaculture products (fish, fish products,
water plants and shellfish); horticultural specialties (nursery stock, ornamental
shrubs, flowers and Christmas trees); maple sap.
AGRICULTURAL SUPPLY AND EQUIPMENT SALES
A retail establishment which sells equipment and supplies used in the pursuit of
agriculture.
AGRICULTURALLY RELATED PRODUCTS
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Items sold at a farm market to attract customers and promote the sale of
agricultural products. Such items include, but are not limited to, all agricultural
and horticultural products, animal feed, baked goods, ice cream and ice creambased desserts and beverages, jams, honey, gift items, food stuffs, clothing and
other items promoting the farm and agriculture in Pennsylvania and valueadded agricultural products and production on site.
AGRICULTURALLY RELATED USES
Those activities that predominantly use agricultural products, buildings or
equipment, such as pony rides, corn mazes, pumpkin rolling, barn dances,
sleigh/hay rides, and educational events, such as farming and food preserving
classes, etc.
AGRITOURISM
The practice of visiting an agribusiness, horticultural, or agricultural operation,
including, but not limited to, a farm, orchard, winery, greenhouse, hunting
preserve, a companion animal or livestock show, for the purpose of recreation,
education, or active involvement in the operation, other than as a contractor or
employee of the operation.
AIRCRAFT
Any contrivance, except an unpowered hang glider or parachute, used for
manned ascent into or flight through the air. See 74 Pa.C.S.A. § 5102.
AIRPORT
The Pittsburgh-Bouquet Airport and is defined as any of land or any appurtenant
areas which are used or intended to be used for airport buildings or air
navigation facilities or rights-of-way, together with all facilities thereon. See 74
Pa.C.S.A. § 5102. As used herein, the term "airport" shall not include heliports.
AIRPORT ELEVATION
The highest point of an airport's usable landing area, measured in feet from sea
level; here, 1,188 feet above mean sea level.
AIRPORT HAZARD AREA
Any area of land or water upon which a hazard to air navigation (an airport
hazard) might be established if not prevented as provided by these regulations
and the Act of October 10, 1984, P.L. 837, No. 164.
ALTERATION, STRUCTURAL
See "structural alteration."
AMATEUR RADIO ANTENNA
An antenna used for the transmission or reception of wireless signals by
amateur radio operators.
[Added 2-21-2018 by Ord. No. 919]
ANIMAL HOSPITAL
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An establishment where animals are examined and treated by veterinarians and
which may include kennels in a completely enclosed building for temporary
boarding of animals during treatment.
ANIMATED SIGN
A sign employing actual motion or the illusion of motion. Animated signs, which
are differentiated from changeable signs as defined and regulated by this
chapter, include the following types:
A.

Electrically activated. Animated signs producing the illusion of movement
by means of electronic, electrical or electro-mechanical input and/or
illumination capable of simulating movement through employment of the
characteristics of one or both of the classifications noted below:
(1) Flashing. Animated signs or animated portions of signs whose
illumination is characterized by a repetitive cycle in which the period of
illumination is either the same as or less than the period of
nonillumination. For the purposes of this article, flashing will not be
defined as occurring if the cyclical period between on-off phases of
illumination exceeds 10 seconds.
(2) Patterned illusionary movement. Animated signs or animated portions
of signs whose illumination is characterized by simulated movement
through alternate or sequential activation of various illuminated
elements for the purpose of producing repetitive light patterns
designed to appear in some form of constant motion.
(3) Environmentally activated. Animated signs or devices motivated by
wind, thermal changes or other natural environmental input. Includes
spinner, pinwheels, pennant strings, and/or devices or displays that
respond to naturally occurring external motivation.
(4) Mechanically activated. Animated signs characterized by repetitive
motion and/or rotation activated by a mechanical system powered by
electric motors or other mechanically induced means.

ANTENNA
Any system of wires, rods, discs, panels, flat panels, dishes, whips, or other
similar devices used for the transmission or reception of wireless signals. An
antenna may include an omnidirectional antenna (rod), directional antenna
(panel), parabolic antenna (disc) or any other wireless antenna. An antenna
shall not include tower-based wireless communications facilities as defined
below.
[Added 2-21-2018 by Ord. No. 919]
APARTMENT
A dwelling unit in a multifamily building, other than a townhouse.
APPROACH SURFACE
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A surface longitudinally centered on the extended runway center line, extending
outward and upward from the end of the primary surface and at such slope as
the approach surface zone height limitation slope set forth in the airport overlay
district provisions. In plan, the perimeter of the approach surface coincides with
the perimeter of the Approach Zone.
APPROACH, TRANSITIONAL, HORIZONTAL AND CONICAL ZONES
These zones are shown in the illustration entitled "Isometric View of Airport
Zones" set forth in the airport overlay district provisions.
ARCHITECTURAL PROJECTION
Any projection that is not intended for occupancy and that extends beyond the
face of an exterior wall of a building, but that does not include signs as defined
herein. See also "awning;" "backlit awning;" and "canopy, attached" and
"canopy, freestanding."
ARTERIAL ROAD
A public road which serves large volumes of pass-through and long-distance
traffic. Roads classified as arterial in the Township include 1-76, the
Pennsylvania Turnpike, State Route 66, State Route 130, State Route 993,
Harrison City/Export Road, Murrysville Road (State Route 4033), Nike Site
Road (State Route 4025), Claridge/Elliott and Claridge/Export Roads (State
Route 4037), Pleasant Valley/Sandy Hill Roads, and Mellon Road (State Route
4026).
AUTOMOTIVE CONVENIENCE FACILITY
A retail store selling groceries, household goods and prepackaged and
prepared food-related products, for off-site consumption, and which may or may
not include the dispensing and sale of gasoline.
AUTOMOTIVE SALES
The sales or rental of new or used motor vehicles or trailers, including outdoor
display areas, service areas within a completely enclosed building and a
showroom and offices within the building.
AWNING
An architectural projection or shelter projecting from and supported by the
exterior wall of a building and composed of a covering of rigid or nonrigid
material and/or fabric on a supporting framework that may be either permanent
or retractable, including such structures that are internally illuminated by
fluorescent or other light sources.
AWNING SIGN
A sign displayed on or attached flat against the surface or surfaces of an
awning. See also "wall or fascia sign."
BACKLIT AWNING
An awning with a translucent covering material and a source of illumination
contained within its framework.
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BAKERY
A retail establishment which sells baked goods to the general public and which
may include the on-site preparation of baked goods in quantities adequate to
supply the establishment and its retail customers, but not including preparation
of products to be supplied to other establishments for sale or to wholesale
customers.
BANNER SIGN
A temporary sign painted or printed on a strip of cloth, vinyl, plastic or paper
designed to be hung from poles, across the wall of a building or in a window.
BANQUET FACILITY
A location where public and private events such as weddings, catered
receptions, rehearsal dinners, business meetings/retreats and similar events are
held. A banquet facility can be a principal or accessory use.
BASEMENT
The space enclosed by the foundation or ground-floor walls of a building which
is at least 50% above the average level of the adjacent ground and which has a
floor-to-ceiling height of at least seven feet.
BED-AND-BREAKFAST
A dwelling in which rooms are rented to guests with no more than one meal
served daily, and the entire service, food and lodging are to be included in one
stated price. Banquet facilities for persons not staying at the facility are not
permitted as part of the bed-and-breakfast.
BILLBOARD
See "off-premises sign" and "outdoor advertising sign."
BLACKSMITH
A business which is either a principal or accessory use in an agricultural area
for the purpose of providing services to farm equipment or farm animals.
BOARD
The Zoning Hearing Board of Penn Township, Westmoreland County.
BOARDING STABLE
A lot, with or without a building, where horses and/or ponies owned by someone
other than the lot owner are kept, regardless of whether or not compensation is
paid to the lot owner for boarding of the horses and/or ponies.
BUFFER AREA
A landscaped area of a certain depth specified by this chapter which shall be
planted and maintained in accordance with standards set forth in § 190-630 of
this chapter.
BUILDING
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Any permanent structure having a roof supported by columns or walls erected
permanently and intended for the shelter, housing and/or enclosure of persons,
animals or other property.
BUILDING ELEVATION
The entire side of a building, from ground level to the roofline, as viewed
perpendicular to the walls on that side of the building.
BUILDING LINE
An imaginary line located a fixed distance from the front lot line and interpreted
as being the nearest point that a building may be constructed to the front lot
line. The building shall include patios and similar construction features except
those permitted projections authorized by Article VI of this chapter.
BUILDING OR STRUCTURE, PRINCIPAL
A building or structure in which is conducted the principal use of the lot on which
said building or structure is situated.
BUILDING, HEIGHT OF
The vertical distance from the average finished grade at the front of the building
to the highest point of the coping of a flat roof or to the deckline of a mansard
roof or to the mean height level between the eaves and the ridge for gable, hip
and gambrel roofs.
BUSINESS OFFICES
Offices, other than professional offices, of a corporation, partnership or sole
proprietorship, used primarily for the conduct of commerce or trade, including
accounting, correspondence, research, editing or other administrative functions
of the business, but not including any industrial, processing or storage of
machinery or heavy equipment.
BUSINESS SERVICES
Any activity conducted for gain which renders services primarily to other
commercial or industrial enterprises or which services and repairs appliances
and machines used in homes or businesses, other than heavy equipment,
including advertising, public relations, management and consulting services;
employment services; building maintenance and security services; equipment
servicing, rental, leasing and sales; computer and data processing services;
mailing, photocopying, quick-printing and fax services; sale of office supplies;
and similar services.
CANOPY (ATTACHED)
A multisided overhead structure or architectural projection supported by
attachments to a building on one or more sides and either cantilevered from
such building or also supported by columns at additional points. The surface(s)
and/or soffit of an attached canopy may be illuminated by means of internal or
external sources of light. See also "marquee sign."
CANOPY (FREESTANDING)
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A multisided overhead structure supported by columns, but not enclosed by
walls. The surface(s) and/or soffit of a freestanding canopy may be illuminated
by means of internal or external sources of light.
CANOPY SIGN
A sign affixed to the visible surface(s) of an attached or freestanding canopy.
For reference, see Article VII.
CAR WASH
A facility, whether automatic, semiautomatic or manual, for washing vehicles.
CARE FACILITY
A facility, licensed to operate as such by the Commonwealth of Pennsylvania,
including county-operated facilities, for the purpose of providing assisted care,
skilled or intermediate nursing care or both levels of care to two or more
patients who are unrelated to the facility administrator for a period exceeding 24
hours.
CELLAR
The space enclosed by the foundation or ground-floor walls of a building, which
is at least 50% below the average level of the adjacent ground and/or which has
a floor-to-ceiling height of less than seven feet.
CEMETERY
Property used for interring of the dead, including mausoleums and columbaria,
but not including crematoriums or family plots.
CHANGEABLE SIGN
A sign with the capability of content change by means of manual or remote
input, including signs which are:
A.

Electrically activated. Changeable sign whose message copy or content
can be changed by means of remote electrically energized on-off switching
combinations of alphabetic or pictographic components arranged on a
display surface. Illumination may be integral to the components, such as
characterized by lamps or other light-emitting devices; or it may be from an
external light source designed to reflect off the changeable component
display. See also "electronic message sign or center."

B.

Manually activated. Changeable sign whose message copy or content can
be changed manually.

CHICKEN COOP
A structure for housing chickens made of wood or other similar materials that
provides shelter from the elements.
[Added 2-21-2018 by Ord. No. 919]
CLINIC
See "medical clinic."
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CLUB, PRIVATE
A building or portion thereof or premises owned or operated by a corporation,
association, person or persons for a social, fraternal, educational or recreational
purpose, but not primarily for profit or to render a service which is customarily
carried on as a business, the use of which is limited to members of that
corporation, association, person or persons and their guests.
COLLECTIVE FREE-STANDING SIGN
A freestanding sign identifying a multiple-occupancy development, such as a
shopping center or planned industrial park, which is controlled by a single owner
or landlord, approved in accordance with Article VII.
COLLECTOR ROAD
A public road which, in addition to giving access to abutting lots, intercepts local
streets and provides a route for carrying considerable volumes of local traffic to
community facilities and arterial roads. Collector roads, for purposes of
administering this chapter, in the Township are Penn Woods Drive (State Route
4027), Blank Road (State Route 4024), Paintertown Road (State Route 4029),
Baker School Road (State Route 4031), Raymaley Road (State Route 4043),
Ridge Road (State Route 4007), Boxcartown Road (State Route 4047), Long
Drive, Seanor Drive, Waugaman Drive, Hyland Road (State Route 4045),
Meadowbrook Road, Campbell Road, Sarver Road, School Road South, Watt
Road, Main Street, Dutch Hollow Road (State Route 4022).
COLLEGE, TRADE OR COMMERCIAL SCHOOL
An accredited public or private institution of higher learning which offers postsecondary instruction and which offers certificates, associate, bachelor or higher
degrees in the several branches of learning required by the Commonwealth of
Pennsylvania.
CO-LOCATION
The mounting of one or more WCFs, including antennae, on an existing towerbased WCF, or on any structure that already supports at least one nontower
WCF.
[Added 2-21-2018 by Ord. No. 919]
COMBINATION SIGN
A sign that is supported partly by a pole and partly by a building structure.
COMMERCIAL CORRIDOR (CC) ZONING DISTRICT
Zoning district indicated on the Official Zoning Map of Penn Township. The
purpose of this district is indicated in § 190-405 of this chapter.
COMMERCIAL RECREATION
See "recreation, commercial."
COMMERCIAL SCHOOL
A privately operated, for-profit establishment providing technical or skilled
training, vocational or trade educational courses and programs.
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COMMISSIONERS, BOARD OF
The Board of Township Commissioners of Penn Township, Westmoreland
County.[1]
COMMUNITY CENTER
A facility operated by a government agency, a nonprofit organization or a
homeowners' association which provides civic, educational, recreational or
social services and programs for the residents of the Township.
CONDITIONAL USE
A use permitted in a particular zoning district pursuant to the provisions in
Article VI of the Pennsylvania Municipalities Planning Code[2] and pursuant to
express standards and criteria set forth in this chapter.
CONDOMINIUM
Real estate, portions of which are designated for separate ownership and the
remainder of which is designated for common ownership solely by the owners of
those portions. Real estate is not a condominium unless the undivided interests
in the portions of real estate designated for common ownership are vested in
the unit owners.
CONICAL SURFACE
A surface extending outward and upward from the periphery of the horizontal
surface at a slope of 20 to one for a horizontal distance of 4,000 feet.
CONSTRUCTION TRAILER
A temporary structure used to provide temporary offices for land sales or
construction supervision on the site of an approved subdivision or land
development only during that time that valid grading or building permits are in
effect.
CONTRACTOR'S YARD
A lot or parcel used for the permanent storage of construction equipment and
supplies, not including the sale of supplies or the repair or sale of heavy
equipment.
CONVENTIONAL DRILLING
A bore hole drilled or being drilled for the purpose of or to be used for
construction of a well regulated under 58 PA.C.S.A. §§ 3201-3274 (relating to
development) that is not an unconventional well, irrespective of technology or
design.
A.

The term includes, but is not limited to:
(1) Wells drilled to produce oil.
(2) Wells drilled to produce natural gas from formations other than shale
formations.
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(3) Wells drilled to produce natural gas from shale formations located
above the base of the Elk Group or its stratigraphic equivalent.
(4) Wells drilled to produce natural gas from shale formations located
below the base of the Elk Group where natural gas can be produced at
economic flow rates or in economic volumes without the use of vertical
or nonvertical well bores stimulated by hydraulic fracture treatments or
multilateral well bores or other techniques to expose more of the
formation to the well bore.
(5) Irrespective of formation, wells drilled for collateral purposes, such as
monitoring, geologic logging, secondary and tertiary recovery or
disposal injection.
CONVERSION APARTMENT
A dwelling unit created within an existing single-family dwelling in accordance
with all applicable requirements of this chapter.
COPY
Those letters, numerals, figures, symbols, logos and graphic elements
comprising the content or message of a sign, excluding numerals identifying a
street address only.
CORNER LOT
A lot bounded on at least two sides by streets and which shall provide two front
yards along the street frontages and two side yards but which shall not be
required to have a rear yard.
CREMATORIUM
A location containing properly installed and certified apparatus intended for use
in the act of cremation.
DAY-CARE CENTER
A facility, licensed by the commonwealth, located within a building which is not
used as a dwelling unit, for the care during part of a twenty-four-hour day of
children under the age of 16 or handicapped or elderly persons.
DAY-CARE HOME
A facility, licensed by the commonwealth, located within a dwelling, for the care
on a regular basis during part of a twenty-four-hour day of not more than six
children under 16 years of age, excluding care provided to children who are
relatives of the provider, or not more than six elderly or handicapped persons of
any age who are not in need of specialized nursing care. Such use shall be
secondary to the use of the dwelling for living purposes, and persons who do
not reside in the dwelling shall not be employed therein.
dBA
A unit of weighted sound level; the weighted sound-pressure level by the use of
the A-metering characteristic and weighting specified in ANSI Specifications for
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Sound Level Meters.
DEVELOPMENT INFILL OVERLAY (DIO) ZONING DISTRICT
An overlay zoning district indicated on the Official Zoning Map of Penn
Township. The purpose of this district is indicated in § 190-408 of this chapter.
DEVELOPMENT MODEL
A prototype for development containing parameters governing character and
design, site layout, lot types, mix of lot types, and roads and streets.
DIRECTIONAL SIGN
Any sign that is designed and erected for the purpose of providing direction
and/or orientation for pedestrian or vehicular traffic.
DISTRIBUTED ANTENNA SYSTEMS (DAS)
Network of spatially separated antenna sites connected to a common source
that provides wireless service within a geographic area or structure.
[Added 2-21-2018 by Ord. No. 919]
DISTRICT, ZONING
An administrative tract designating the use to which land can legally be utilized.
DOUBLE-FACED SIGN
A sign with two faces, back to back.
DRINKING ESTABLISHMENT
A business which sells alcoholic beverages for consumption on the premises as
the principal use and offers food for consumption on the premises as an
accessory use.
DRIVE-THROUGH FACILITIES
Any retail commercial use, catering primarily to vehicular trade, where services
are provided to occupied vehicles, such as drive-through restaurants, drivethrough banks, drive-through windows or automated teller machines (ATMs) as
accessory uses, and similar uses.
DWELLING
Any building or portion thereof which is designed for or used for permanent
residential occupancy, including single-family dwellings, two-family dwellings
and multifamily dwellings but not including hotels or boardinghouses, as defined
by this chapter.
DWELLING UNIT
One or more rooms which are used as living quarters for one family and which
contain separate sleeping, cooking and sanitary facilities.
DWELLING, DUPLEX
A building or structure containing two independent dwelling units, each having a
separate entrance, and which is the only principal building on the lot, including
https://ecode360.com/print/PE1662?guid=9968317
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duplexes and double houses.
DWELLING, MULTIFAMILY
A building containing three or more dwelling units, including conversion
apartments, garden apartments and townhouses.
DWELLING, SINGLE-FAMILY DETACHED
A building designed for or occupied exclusively by one family. Manufactured,
modular or mobile homes which are anchored and securely tied into a
permanent, enclosed foundation and which are connected to available public
utilities or permitted well and on-site sewage disposal systems shall be
regarded as a single-family detached dwelling.
ELECTRIC SIGN
Any sign activated or illuminated by means of electrical energy.
ELECTRONIC MESSAGE SIGN OR CENTER
A sign capable of displaying words, symbols, images or video that can be
electronically or mechanically changed by remote or automatic means.
EMERGENCY
A condition that constitutes a clear and immediate danger to the health, welfare,
or safety of the public, or has caused or is likely to cause facilities in the rightsof-way to be unusable and result in loss of the services provided.
[Added 2-21-2018 by Ord. No. 919]
EMPLOYEE
Any and all persons, including independent contractors, who work in or at or
render any service directly related to the operation of a sexually oriented
establishment.
ENTERTAINER
A person who provides entertainment within a sexually oriented establishment,
whether or not a fee is charged or accepted for entertainment and whether or
not entertainment is provided as an employee or an independent contractor.
ENTERTAINMENT FACILITY AND INDOOR RECREATION
A facility within an enclosed building which provides amusement or
entertainment activities usually for a fee or admission charge, including such
establishments as indoor theaters, concert halls, dance halls, skating rinks,
bowling alleys, billiard and pool halls, video and game arcades and similar
establishments not otherwise defined and regulated under the provisions of
§ 190-503A of this chapter, regarding adult business.
ESCORT
A person who, for consideration, agrees or offers to act as a companion, guide
or date for another person or who agrees or offers to privately model lingerie or
to privately perform a striptease for another person.
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ESCORT AGENCY
A person or business association who or which furnishes, offers to furnish or
advertises to furnish escorts as one of its primary business purposes for a fee,
tip or other consideration.
ESSENTIAL SERVICES
The erection, construction, alteration or maintenance, by public utilities or
municipal or other governmental agencies, of underground or overhead gas,
electrical, steam or water transmission or distribution systems or collection,
communication, supply or disposal systems, including poles, wires, mains,
drains, sewers, pipes, conduit cables, fire alarm boxes, police call boxes, traffic
signals, hydrants and other similar equipment and accessories in connection
therewith which are reasonably necessary for the furnishing of adequate service
by such public utilities or municipal or other governmental agencies or for the
public health or safety or general welfare, but not including buildings.
EXTERIOR SIGN
Any sign placed outside a building.
FAA
The Federal Aviation Administration of the United States Department of
Transportation.
FADE
A mode of message transition on an electronic message center or changeable
sign accomplished by varying light intensity, where the first message gradually
reduces intensity to the point of not being legible and the subsequent message
gradually increases intensity to the point of legibility.
FALL ZONE
The potential fall area for the small wind energy system. It is measured by using
110% of the total height as the radius around the center point of the base of the
tower.
FAMILY
One or more persons related by blood, marriage, adoption or foster care, or a
group of not more than five unrelated individuals living together and maintaining
a common household.
FARM MARKET
A retail establishment operated by the owner of an active farm, located within
the Township for the sale of products raised or produced on that farm and which
may include, as an accessory use, the sale of related products produced
elsewhere.
FARM MARKET/ON-FARM MARKET/ROADSIDE STAND
The sale of agricultural products or value-added agricultural products, directly to
the consumer from a site on a working farm or any agricultural, horticultural or
agribusiness operation or agricultural land.
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FASCIA SIGN
See "wall or fascia sign."
FCC
Federal Communications Commission.
[Added 2-21-2018 by Ord. No. 919]
FINANCIAL INSTITUTION
Banks, savings and loan associations and similar institutions that lend money or
are engaged in a finance-related business.
FIRE STATION
A public or private, nonprofit establishment which houses firefighting equipment
to serve the Township and which may or may not include a social hall, meeting
rooms, kitchen facilities and other support facilities approved by the firefighters
which do not conflict with Township zoning regulations.
FLASHING SIGN
See "animated sign, electrically activated."
FLOOR AREA, GROSS
The sum of the gross horizontal area of the several floors of a building,
measured between the exterior faces of walls.
FLOOR AREA, HABITABLE
The total floor area of a dwelling devoted to living purposes, excluding storage
spaces, garage and basement recreation areas.
FLOOR AREA, NET LEASABLE
See "net leasable floor area."
FLYWAY BARRIER
A solid wall, fence, dense vegetation or combination thereof that forces bees to
fly at a higher elevation above ground level over the property lines in the vicinity
of the apiary.
[Added 2-21-2018 by Ord. No. 919]
FOOD PROCESSING
The preparation of food products for retail sale on the premises.
FREESTANDING SIGN
A sign principally supported by a structure affixed to the ground and not
supported by a building, including signs supported by one or more columns,
poles or braces placed in or upon the ground.
FRONT YARD
See "yard, front."
FRONTAGE (BUILDING)
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The length of an exterior building wall or structure of a single premises with the
primary entrance orientated to the public right-of-way or other properties that it
faces.
FRONTAGE
All the property on one side of a street between two intersecting streets
(crossing or terminating), measured along the line of the street, or if the street is
dead-ended, then all the property abutting on one side between an intersecting
street and the dead end of the street.
FUNERAL HOME
A building used for the embalming of deceased human beings for burial, but not
including cremation, and/or for the display of the deceased and ceremonies
connected therewith before burial or cremation.
GARAGE, PRIVATE
An accessory building designed or used for the storage of motor-driven vehicles
and personal property owned and used by the occupants of the building to
which it is accessory. Not more than one of the vehicles may be a commercial
vehicle or of more than two tons' capacity.
GARDEN APARTMENT
A multifamily residential building no more than three stories in height, containing
three or more dwelling units which share a common entrance to the outside,
usually through a common corridor, and which dwelling units may have other
dwelling units either above or below them
GOLF COURSE
An area devoted to playing miniature, par-three or regulation golf, improved with
tees, greens, fairways and hazards, and which may include a clubhouse and
shelters.
GOVERNMENT FACILITIES
Any use or structure operated by an agency of the Township, county, an
authority, commonwealth or federal government for a public purpose.
GREEN AREA
See "open space."
GREENHOUSE or NURSERY
A glass-enclosed building or area of land devoted to the cultivation and sale of
plant materials and the products which aid their growth and care.
GROUP HOME
A dwelling where room and board is provided to not more than six permanent
residents (excluding those adjudicated by the Juvenile Court system),
developmentally challenged or physically handicapped persons of any age or
elderly persons, 62 or more years of age, who are in need of supervision and
specialized services, plus no more than two supervisory staff on any shift who
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may or may not reside in the dwelling and who provide health, social and/or
rehabilitative services to the residents. The services shall be provided only by a
governmental agency, its licensed or certified agents or any other responsible
nonprofit social services corporation, and the facility shall meet all minimum
requirements of the sponsoring agency.
HABITABLE FLOOR AREA
See "floor area, habitable."
HAMLET
A development which incorporates residential, small-scale commercial and
personal service or institutional uses in single- or mixed-use structures, in a
compact site design with pedestrian circulation, open space and recreation
opportunities.
HAZARD TO AIR NAVIGATION
Any object, natural or man-made, or use of land which obstructs the airspace
required for flight or aircraft in landing or taking off at an airport or is otherwise
hazardous as defined by "airport hazard" in 74 Pa.C.S.A. § 5102.
HEALTH CLUB
A commercial recreational enterprise or private club which has, as a principal
use, a gymnasium, swimming pool or other sports facility and which may offer
massages, whirlpool baths, steam rooms, saunas and/or medical facilities as
accessory uses to the principal use.
HEAVY EQUIPMENT REPAIR AND SALES
The sale, repair, rebuilding or reconditioning of motor vehicles in excess of
26,000 pounds gross vehicle weight (GVW) and/or other heavy equipment,
whether or not the equipment is classified as a motor vehicle.
HEIGHT
For the purpose of determining the height limits in all zones set forth in this
article and shown on the Zoning Map, the datum shall mean sea level elevation
unless otherwise specified.
HEIGHT OF A TOWER-BASED WCF
The vertical distance measured from the ground level, including any base pad,
to the highest point on a tower-based WCF, including antennae mounted on the
tower and any other appurtenances.
[Added 2-21-2018 by Ord. No. 919]
HIGHWAY
A highway within this commonwealth designated by the Secretary of
Transportation, a highway designated as a public road duly adopted by the
Commissioners of Penn Township or a private road within the corporate limits of
Penn Township.
HOBBY FARM
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A lot, with a minimum area of at least three acres but less than 10 acres, where
agricultural activities are conducted by the residents thereof but where such
activities are not the principal source of employment or income.
HOME GARDENING
The raising of flowers, fruits and vegetables for personal use and enjoyment on
a residential lot, not involving any sale or other profit-making activity.
HOME-BASED BUSINESS
A business or commercial activity administered or conducted as an accessory
use which is clearly secondary to the use as a residential dwelling and which
involves no customer, client or patient traffic, whether vehicular or pedestrian,
pickup, delivery or removal functions to or from the premises, in excess of those
normally associated with residential use. The business or commercial activity
must satisfy the following requirements:
A.

The business activity shall be compatible with the residential use of the
property and surrounding residential uses.

B.

The business shall employ no employees other than family members
residing in the dwelling.

C.

There shall be no display or sale of retail goods and no stockpiling or
inventory of a substantial nature.

D.

There shall be no outside appearance of a business use, including, but not
limited to, parking, signs or lights.

E.

The business activity may not use any equipment or process which creates
noise, vibration, glare, fumes, odors or electrical or electronic interference,
including interference with radio or television reception, which is detectable
in the neighborhood.

F.

The business activity may not generate any solid waste or sewage
discharge, in volume or type, which is not normally associated with
residential use in the neighborhood.

G. The business activity shall be conducted only within the dwelling and may
not occupy more than 25% of the habitable floor area.
H.

The business may not involve any illegal activity.

HONEYBEE APIARY
A place where honey bee colonies and/or hives, and other beekeeping
equipment, are kept.
[Added 2-21-2018 by Ord. No. 919]
HORIZONTAL SURFACE
A horizontal plane 150 feet above the established airport elevation, the
perimeter of which, in plan, coincides with the perimeter of the Horizontal Zone.
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HOSPITAL
An establishment which has an organized medical staff and which provides
equipment and services primarily for inpatient care to persons who require
definitive diagnosis or treatment or both for an injury, illness, pregnancy or other
disability, but not including a narcotics addiction or for those found to be
criminally insane.
HOTEL
A building in which lodging or boarding is provided and offered to the public for
compensation and in which ingress and egress to and from all rooms is made
through an inside lobby or office supervised by a person in charge at all hours,
not including a boardinghouse, a tourist home or an apartment, which are herein
separately defined.
ILLUMINATED SIGN
A sign characterized by the use of artificial light, either projecting through its
surface(s) (internally illuminated); or reflecting off its surface(s) (externally
illuminated).
INDUSTRIAL
Any process, other than light industrial, involving the mechanical or chemical
transformation of materials or substances into new products, including the
assembling of component parts and the blending of raw materials.
INDUSTRIAL COMMERCE (IC) ZONING DISTRICT
Zoning district indicated on the Official Zoning Map of Penn Township. The
purpose of this district is indicated in § 190-406 of this chapter.
INDUSTRIAL, LIGHT
The processing and fabrication of certain materials and products where no
process involved will produce noise, vibration, water pollution, fire hazard or
noxious emissions which will disturb or endanger neighboring properties. Light
industrial includes, but is not limited to, the production of the following goods:
home appliances, electrical instruments, office machines, precision instruments,
electronic devices, timepieces, jewelry, optical goods, musical instruments,
novelties, wood products, printed material, lithographic plates, type composition,
machine tools, dies and gauges, ceramics, apparel, lightweight nonferrous
metal castings, film processing, light sheet metal products, plastic goods,
pharmaceutical goods, food products, not including animal slaughtering, curing
or rendering of fats, and similar activities.
INJECTION WELL
A device which helps in placing fluids underground in porous rock formations
like limestone and sandstone, or below in the shallow soil layer. For the
purposes of this definition, an injection well is limited to a Class II Oil and Gas
Related Injection Well as defined by the Environmental Protection Agency's
Underground Injection Control program. The fluids could be wastewater, brine,
water, or water mixed with chemicals.
[Added 5-16-2018 by Ord. No. 920]
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INSPECTOR
An employee of Penn Township authorized and designated by the Board of
Commissioners of Penn Township, an employee of the Penn Township Police
Department authorized by the commanding officer of the Police Department or
other persons designated by Penn Township to inspect premises regulated
under this article, to cooperate in taking required actions authorized by this
article where violations are found on the premises and to request correction of
the unsatisfactory conditions found on a premises and not permitted under this
article.
INTERIOR SIGN
Any sign placed within a building, but not including "window signs" as defined by
this article. Interior signs, with the exception of window signs as defined, are not
regulated by this chapter.
JUNK
Scrap, copper, brass, rope, rags, batteries, paper, trash, rubber debris, waste,
iron, steel and other old or scrap ferrous or other nonferrous materials, including
wrecked, scrapped, ruined, dismantled or junked motor vehicles or parts
thereof, including motors, bodies of motor vehicles and vehicles which are
inoperable and do not have a current and valid inspection sticker as required by
the Motor Vehicle Code of the Commonwealth of Pennsylvania, but not
including garbage or other organic waste or farm machinery, provided that said
farm machinery is used in connection with a bona fide farming operation.
JUNK YARD
Any outdoor establishment or place of business which is maintained, used or
operated for storing, keeping, buying or selling junk, and the term shall include
garbage dumps, sanitary landfills, recycling facilities, resource-recovery
facilities, transfer stations and scrap metal reprocessing facilities and
automotive dismantlers and reprocessors.
KENNEL, COMMERCIAL
An establishment, including any dwelling, where five or more dogs and/or seven
or more cats or any combination of cats and dogs totaling six animals who are
six months old or older are kept, bred, trained or boarded at any one time,
whether for profit or not.
LOADING SPACE
A space within the principal building or on the same lot therewith, providing for
the standing, loading or unloading of trucks.
LOT
A portion of a subdivision or other parcel of land intended as a unit of transfer of
ownership or for development which has frontage on a public or private street.
LOT AREA
See "lot, minimum area of."
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LOT COVERAGE
The ratio of enclosed ground floor area of the principal and accessory buildings
to the horizontally projected total area of the lot, expressed as a percentage.
LOT LINE, FRONT
That line which bounds the lot contiguously with the street right-of-way line.
LOT LINE, REAR
That line which is generally opposite to the front lot line.
LOT LINE, SIDE
Any lot line which is not a front lot line nor a rear lot line.
LOT OF RECORD
Any lot which individually or as a part of a subdivision has been recorded in the
office of the Recorder of Deeds of Westmoreland County prior to July 20, 1964,
and all subsequent lots given final approval by the Township Board of
Commissioners and duly recorded.
LOT WIDTH
The mean horizontal distance across the lot between the side lot lines,
measured along the building line at right angles to the depth. At least 60% of the
required width must be located on a public right-of-way boundary. On corner
lots, lot width shall be measured between one side lot line and the street rightof-way line which is opposite to that side lot line.
LOT, MINIMUM AREA OF
The area of a lot exclusive of any portion of a right-of-way of any public or
private street.
MANSARD
An inclined decorative roof-like projection that is attached to an exterior building
facade.
MARQUEE SIGN
An alternate designation of a "canopy sign."
MEDIATION
A voluntary negotiating process in which parties to a dispute mutually select a
neutral mediator to assist them in jointly exploring and settling their differences,
culminating in a written agreement which the parties themselves create and
consider acceptable.
MEDICAL CLINIC
An establishment where patients who are not lodged overnight are admitted for
examination and treatment on an outpatient basis by a group of physicians,
dentists, psychologists, medical personnel or social workers.
MENU BOARD
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A freestanding sign oriented to the drive-through lane for a restaurant that
advertises the menu items available from the drive-through window, and which
has no more than 20% of the total area for such a sign utilized for business
identification.
METEOROLOGICAL TOWER (MET TOWER)
Includes the tower, base plate, anchors, guy wires and hardware, anemometers
(wind speed indicators), wind direction vanes, booms to hold equipment for
anemometers and vanes, data loggers, instrument wiring, and any telemetry
devices that are used to monitor or transmit wind speed and wind flow
characteristics over a period of time for either instantaneous wind information or
to characterize the wind resource at a given location.
MINE VENTILATING SHAFT
An accessory structure to deep mining operations necessary to the proper
ventilation of the underground mineral removal areas.
MINERAL EXTRACTION OVERLAY (MEO) ZONING DISTRICT
An overlay zoning district indicated on the Official Zoning Map of Penn
Township. The purpose of this district is indicated in § 190-407 of this chapter.
MINERALS
Any aggregate or mass of mineral matter, whether or not coherent. The term
includes, but is not limited to, limestone and dolomite, sand and gravel, rock and
stone, earth, fill, slag, iron ore, zinc, ore, vermiculite and clay, anthracite and
bituminous coal, coal refuse, peat and crude oil and natural gas.
MINI WAREHOUSE OR SELF-STORAGE BUILDING
A building or group of buildings in a controlled-access and fenced compound
that contains various sizes of individualized, compartmentalized and controlled
access stalls and/or lockers leased by the general public for a specified period
of time for the storage of personal property.
MIXED DENSITY RESIDENTIAL (MDR) ZONING DISTRICT
Zoning district indicated on the Official Zoning Map of Penn Township. The
purpose of this district is indicated in § 190-403 of this chapter.
MIXED-USE STRUCTURE
The occupancy within the same building of two differing uses, one on the grade
or first floor of commercial or service use, and the second of office or residential
use on floors above.
MOBILE HOME
A transportable, single-family dwelling intended for permanent occupancy,
contained in one unit, or in two or more units designed to be joined into one
integral unit capable of again being separated for repeated towing, which arrives
at a site complete and ready for occupancy except for minor and incidental
unpacking and assembly operations, and constructed so that it may be used
without a permanent foundation in accordance with the requirements of the
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American National Installation of Mobile Homes Requirements (NFPA No. 501AI 974, ANSI AI 19.3-1975), as amended, and which is connected to all
available utilities and shall be regarded as a single-family detached dwelling.
MOBILE HOME LOT
A parcel of land in a mobile home park, improved with the necessary utility
connections and other appurtenances necessary for the erection thereon of a
single mobile home.
MOBILE HOME PARK
A parcel or contiguous parcels of land which has been so designated and
improved that it contains two or more mobile home lots for the placement
thereon of mobile homes.
MONOPOLE
A WCF or site which consists of a single pole structure, designed and erected
on the ground or on top of a structure, to support communications antennae and
connecting appurtenances.
[Added 2-21-2018 by Ord. No. 919]
MONUMENT SIGN
A freestanding sign supported primarily by an internal structural framework or
integrated into landscaping or other solid structural features other than support
poles.
MOTEL
An establishment, other than a hotel, which provides transient lodging
accommodations to the general public and which may provide such additional
supporting services as restaurants, meeting rooms, recreation facilities and
living quarters for a resident, manager or proprietor.
MOTOR VEHICLE REPAIR GARAGE
Any establishment for the repair, rebuilding or reconditioning of motor vehicles,
excluding those in excess of 26,000 pounds gross vehicle weight (GVW) or
parts thereof, including engine overhaul, collision service, painting, steamcleaning of vehicles and recapping or retreading of tires.
MULTIPLE-FACED SIGN
A sign containing three or more faces.
NATURAL GAS COMPRESSOR STATION
A facility designed and constructed to compress natural gas that originates from
an oil and gas well or collection of such wells operating as a midstream facility
for delivery of oil and gas to a transmission pipeline, distribution pipeline, natural
gas processing plant or underground storage field, including one or more
natural gas compressors, associated buildings, pipes, valves, tanks and other
equipment.
NATURAL GAS PROCESSING PLANT
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A facility designed and constructed to remove materials such as ethane,
propane, butane, and other constituents or similar substances from natural gas
to allow the natural gas to be of such quality as is required or appropriate for
transmission or distribution to commercial markets, but not including facilities or
equipment that are/is designed and constructed primarily to remove water,
water vapor, oil or naturally occurring liquids from natural gas.
NEIGHBORHOOD COMMERCIAL (NC) ZONING DISTRICT
Zoning district indicated on the Official Zoning Map of Penn Township. The
purpose of this district is indicated in § 190-404 of this chapter.
NEIGHBORHOOD RETAIL BUSINESS
Business establishments located entirely within an enclosed building, containing
one or more of the permitted uses listed in this chapter, which have a total floor
area of 10,000 square feet or less and which are designed to serve the needs of
the surrounding residential neighborhoods.
NET LEASABLE FLOOR AREA
The total floor area of a building designed for tenant occupancy, excluding halls,
corridors, stairwells, elevator shafts, equipment rooms, interior vehicular parking
and loading areas and other areas used in common by tenants of the building,
expressed in square feet and measured from the center line of joint partitions
and exteriors of outside walls.
NET METERING
The difference between the electricity supplied over the electric distribution
system and the electricity generated by the small wind energy system which is
fed back into the electric distribution system over a billing period.
NO-IMPACT HOME-BASED BUSINESS
A business or commercial activity administered or conducted as an accessory
use which is clearly secondary to the use as a residential dwelling and which
involves no customer, client or patient traffic, whether vehicular or pedestrian,
pickup, delivery or removal functions to or from the premises, in excess of those
normally associated with residential use. The business or commercial activity
must satisfy the following requirements:
A.

The business activity shall be compatible with the residential use of the
property and surrounding residential uses.

B.

The business shall employ no employees other than family members
residing in the dwelling.

C.

There shall be no display or sale of retail goods and no stockpiling or
inventory of a substantial nature.

D.

There shall be no outside appearance of a business use, including, but not
limited to, parking, signs or lights.

E.

No on-site parking of commercially identified vehicles shall be permitted.
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F.

The business activity may not use any equipment or process which creates
noise, vibration, glare, fumes, odors, or electrical or electronic interference,
including interference with radio or television reception, which is detectable
in the neighborhood.

G. The business activity may not generate any solid waste or sewage
discharge, in volume or type, which is not normally associated with
residential use in the neighborhood.
H.

The business activity shall be conducted only within the dwelling and may
not occupy more than 25% of the habitable floor area.

I.

The business may not involve any illegal activity.

NONAGRICULTURALLY RELATED PRODUCTS
Those items not connected to farming or the farm operation, such as novelty tshirts or other clothing, crafts and knick-knacks imported from other states or
countries, etc.
NONAGRICULTURALLY RELATED USES
Activities that are part of an agritourism operation's total offerings but not tied to
farming or the farm's buildings, equipment, fields, etc. Such nonagriculturally
related uses include amusement rides, concerts, etc., and are subject to special
use permit.
NONCOMMERCIAL SIGN
A sign expressing a political point of view
NONCONFORMING LOT
Any lot which does not comply with the applicable area and bulk provisions of
this chapter or an amendment hereafter enacted and which lawfully existed prior
to the enactment of this chapter or any subsequent amendment.
NONCONFORMING STRUCTURE
Any lawful structure or building existing at the effective date of adoption or
amendment of this chapter and which does not conform to the area and bulk
regulations of the district in which it is situated.
NONCONFORMING USE
A use, whether of land or of structure, which does not comply with the
applicable use provisions in this chapter or an amendment heretofore or
hereafter enacted, where such use was lawfully in existence prior to the
enactment of such Chapter or amendment or prior to the application of such
Chapter or amendment to its location by reason of annexation.
NONTOWER WIRELESS COMMUNICATIONS FACILITY (NONTOWER WCF)
All nontower wireless communications facilities, including, but not limited to,
antennae and related equipment. Nontower WCF shall not include support
structures for antennae or any related equipment that is mounted to the ground
or at ground level.
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[Added 2-21-2018 by Ord. No. 919]
NUDE MODEL STUDIO
Any place where a person who appears in a state of nudity or displays specified
anatomical areas is provided to be observed, sketched, drawn, painted,
sculptured, photographed or similarly depicted by other persons who pay money
or any form of consideration.
NUDITY or STATE OF NUDITY
The appearance of a human bare buttock, human anus, human male genitals,
human female genitals or human female breast.
NURSERY SCHOOL
A school designed to provide daytime care or instruction for two or more
children of preschool age.
OCCUPIED STRUCTURE
A structure with walls and a roof within which individuals live, customarily work
and such other "vulnerable structures" which include schools, hospitals, clinics,
daycare centers and intermediate care facilities.
OFF-PREMISES SIGN
See "outdoor advertising sign."
OIL AND GAS
Crude oil, natural gas, methane gas, coal bed methane gas, propane, butane
and/or any other constituents or similar substances that are produced by drilling
a well of any depth into, through, and below the surface of the earth.
OIL AND GAS OPERATIONS
The term includes the following:
A.

Well location assessment, including seismic operations, well site
preparation, construction drilling, hydraulic fracturing and site restoration
associated with an oil or gas well of any depth;

B.

Natural gas processing plants or facilities performing equivalent functions;

C.

Water and other fluid storage or impoundment areas used exclusively for oil
and gas operations;

D.

Construction, installation, use, maintenance and repair of:
(1) Oil and gas pipelines;
(2) Natural gas compressor stations; and
(3) Natural gas processing plants or facilities performing equivalent
functions;

https://ecode360.com/print/PE1662?guid=9968317

27/43

9/28/2020

Township of Penn, PA Ecode360

E.

Construction, installation, use, maintenance and repair of all equipment
directly associated with activities specified in Subsection A, B, and C, to the
extent that:
(1) The equipment is necessarily located at or immediately adjacent to a
well site, impoundment area, oil and gas pipeline, natural gas
compressor stations or natural gas processing plan; and
(2) The activities are authorized and permitted under the authority of a
federal or commonwealth agency.

ON-PREMISES SIGN
A sign erected, maintained or used in the outdoor environment for the purpose
of the display of messages appurtenant to the use of, products sold on, or the
sale or lease of, the property on which it is displayed.
OPEN SPACE
A lot or parcel or portion thereof or body of water or combination thereof within a
development site, which is dedicated or reserved for the use of the general
public or the owners or tenants of the development.
OPERATOR
A person, partnership or corporation operating, conducting or maintaining an
adult-oriented establishment, or any commercial or service enterprise doing
business in Penn Township.
OUTDOOR ADVERTISING SIGN
A permanent sign erected, maintained or used in the outdoor environment for
the purpose of the display of commercial or noncommercial messages not
appurtenant to the use of, products sold on, or the sale or lease of, the property
on which it is displayed.
OUTDOOR RECREATION, COMMERCIAL
An enterprise, not otherwise defined herein, operated by an individual, group of
individuals or nonprofit association or corporation, other than a public entity, for
the pursuit of sports and recreational activities, which may be advertised to the
general public.
OVERLAY ZONE
Zoning districts that extend on top of one or more underlying base zoning
districts and are intended to protect certain critical features and resources or to
achieve a narrow planning objective.
PARAPET
The extension of a building facade above the line of the structural roof.
PARKING AREA
An off-street area including two or more parking spaces, aisles and driveways,
either within a structure or in the open, which is accessory to the principal use of
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the lot.
PERMITTEE and/or LICENSEE
A person in whose name a permit and/or license to operate a sexually oriented
business has been issued, as well as the individual listed as an applicant on the
application for a permit and/or license.
PERSON
An individual, proprietorship, firm, partnership, corporation, company,
association, joint-stock association or governmental entity, including a trustee, a
receiver, an assignee or a similar representative of any of the above.
PERSONAL SERVICES
Any enterprise conducted for gain which primarily offers services to the general
public, such as shoe repair, tailoring, clothes cleaning, valet service, watch
repairing, barbershop, beauty parlors and activities related to individuals, their
apparel and their personal effects.
PHOTOVOLTAIC SYSTEM
An active solar energy system that converts solar energy directly into electricity.
PLACES OF WORSHIP
A building, other than a dwelling, used by a nonprofit group or organization,
which is created and exists for the sole purpose of regularly conducting worship
services without pecuniary benefit to any officer, member or shareholder, except
as reasonable compensation for actual services rendered to the organization,
and which may also include, as accessory uses, religious education, social and
recreational activities and administrative offices.
PLANNED INDUSTRIAL PARK
An industrial development which may include support uses which is under
single ownership and control at the time of an application for development and
which is planned and developed as a single unit wherein several buildings or
lots utilize a common means of access and may share other common facilities,
such as parking and signs.
PLANNED MIXED-USE COMMERCE PARK
An area of land, 10 acres minimum in size, planned, developed, operated and
maintained as a single entity, and containing two or more structures designed to
accommodate office, service, retail or commercial uses, or a combination of
such uses and appurtenant common exterior open space areas and accessory
uses incidental to the permitted principal uses.
PLANNING COMMISSION
The Planning Commission of Penn Township, Westmoreland County.
POLE SIGN
See "freestanding sign."
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POLITICAL SIGN
Any sign which advocates a candidate for public office, or which supports a
particular political party, or a position on an issue to be determined by an
election. Political signs are not to be classified as temporary or permanent. A
legally permitted outdoor advertising sign shall not be considered to be a
political sign.
PORTABLE SIGN
Any sign not permanently attached to the ground, affixed to a mounting
structure or to a building or building surface.
PRIMARY SURFACE
A surface longitudinally centered on a runway. When the runway has a specially
prepared hard surface, the primary surface extends 200 feet beyond each end
of that runway for military runways or, when the runway has no specially
prepared hard surface or planned hard surface, the primary surface is set forth
in the airport overlay district provisions. The elevation of any point on the
primary surface is the same as the elevation of the nearest point on the runway
center line.
PRIVATE
Owned, operated or controlled by any person, partnership, corporation,
association or entity other than a federal, commonwealth, county or local
government agency.
PRIVATE AIRPORT
An airport which is privately owned and which is not open or intended to be
open to the public, as defined in 74 Pa.C.S.A. § 5102.
PROFESSIONAL OFFICES
Any offices of recognized professions, such as doctors, lawyers, architects,
engineers, real estate brokers, insurance agents and others who, through
training, are qualified to perform services of a professional nature.
PROJECTING SIGN
A sign other than a wall sign that is attached to or projects more than 18 inches
(457 mm) from a building face or wall or from a structure whose primary
purpose is other than the support of a sign. For visual reference, see Figure
1003.[3]
PROTECTED STRUCTURE
Any occupied structure measured horizontally on the ground, within 600 feet of
the vertical wellbore of an unconventional oil natural gas well, or in the case of a
natural gas processing facility, within 1,200 feet thereof, also measured
horizontally on the ground. The term shall not include any structure occupied by
individuals, and such facilities as for the storage for construction material or
equipment. The term shall not include any structure whose owner has signed a
waiver relieving the operator from implementation of the measures established
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herein or other applicable provisions of any current Penn Township ordinance.
In addition, a waiver shall not be required from the owners of any protected
structure which may be situate within the setback area of those situations where
such owner has a valid and sustaining oil and gas lease with the party
proposing the oil and/or gas well.
PUBLIC
Owned, operated or controlled
commonwealth, county or local.

by

a

government

agency,

federal,

PUBLIC AIRPORT
An airport which is either publicly or privately owned and which is open to the
public, as defined in 74 Pa.C.S.A. § 5102.
PUBLIC HEARING
A formal meeting held pursuant to public notice by the Board of Commissioners
or the Planning Commission and Zoning Hearing Board to inform and obtain
public comment prior to taking action in accordance with this chapter.
PUBLIC MEETING
A forum held pursuant to notice under 65 Pa.C.S.A. Ch. 7, the Act of July 3,
1986, P.L. 729, No. 93.
PUBLIC NOTICE
Notice published once each week for two successive weeks in a newspaper of
general circulation in the Township. Such notice shall state the time and place of
the hearing and the particular nature of the matter to be considered at the
hearing. The first publication shall not be more than 30 days and the second
publication shall not be less than seven days from the date of the hearing.
PUBLIC PARKS AND PLAYGROUNDS
An enterprise operated by a public entity, available to the general public,
whether or not an admission fee is charged, which provides outdoor facilities for
the pursuit of sports, recreation or leisure activities, including but not limited to
play equipment, playing fields, golf courses, golf or batting practice facilities,
pavilions, ice rinks, tennis courts, swimming pools, street hockey, basketball
courts and similar facilities.
PUBLIC UTILITY/UTILITIES
Any business activity regulated by a government agency in which the business
is required by law to register as a public utility.
REAL ESTATE SIGN
A temporary sign advertising the sale, lease or rental of the property or
premises upon which it is located.
RECREATION, COMMERCIAL
An activity conducted for gain and which is generally related to the
entertainment field, such as motion-picture theaters, bowling alleys, rollerhttps://ecode360.com/print/PE1662?guid=9968317
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skating rinks, golf courses as defined herein, commercial swimming pools and
related uses.
RECREATIONAL FACILITIES, MEMBERSHIP
Country clubs, fitness clubs, golf courses and other private recreation areas and
facilities not available to the general public, including private community
swimming pools but excluding sportsmen's clubs, as defined by this chapter.
RECREATIONAL VEHICLE
A single-axle or multiple-axle vehicle mounted on wheels or otherwise capable
of being made mobile, either with its own motive power or designed to be
mounted on or drawn by an automobile vehicle, for the purpose of travel,
camping, vacation and recreational use, including but not limited to travel
trailers, mobile homes, motor homes, tent trailers, boats, boat trailers, pickup
campers, horse trailers, snowmobiles and all-terrain vehicles. A recreational
vehicle as defined herein must have a current and valid inspection and
registration.
RECREATIONAL VEHICLE CAMPGROUND
A seasonal recreational facility, operated for profit, which offers spaces for rent
for overnight occupancy by campers utilizing trailers or recreational vehicles and
which includes sanitary facilities and recreational facilities for the use of the
campers.
RELATED EQUIPMENT
Any piece of equipment related to, incidental to, or necessary for the operation
of a tower-based WCF or nontower WCF. By way of illustration, not limitation,
related equipment includes generators and base stations.
[Added 2-21-2018 by Ord. No. 919]
RESEARCH AND DEVELOPMENT FACILITY
Any establishment which carries on investigation in the natural, physical or
social sciences or engineering and development as an extension of such
investigation with the objective of creating end products and which may include
pilot manufacturing as an accessory use where concepts are tested prior to fullscale production.
RESTAURANT
An establishment whose principal use is the sale of food and beverages for
consumption on the premises and/or takeout and/or delivery and which may or
may not include the sale of alcoholic beverages as an accessory use.
RETAIL
Any establishment not otherwise specifically defined in this article that sells
commodities and/or services on the premises directly to consumers, but not
including the on-site industrial activity or processing of any product or any
wholesale sales.
REVOLVING SIGN
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A sign that revolves 360° (6.28 rad) about an axis. See also "animated sign,
mechanically activated."
ROOF LINE
The top edge of a peaked roof or, in the case of an extended facade or parapet,
the uppermost point of said facade or parapet.
ROOF SIGN
A sign mounted on, and supported by, the main roof portion of a building, or
above the uppermost edge of a parapet wall of a building and which is wholly or
partially supported by such a building. Signs mounted on mansard facades,
pent eaves and architectural projections such as canopies or marquees shall
not be considered to be "roof signs."
RUNWAY
A defined area on an airport prepared for landing and takeoff of aircraft along its
length.
RUNWAY, LARGER THAN UTILITY
A runway that is constructed for and intended to be used by propeller-driven
aircraft of greater than 12,500 pounds maximum gross weight and jet-powered
aircraft.
RUNWAY, NONPRECISION INSTRUMENT
A runway having an existing instrument approach procedure utilizing air
navigation facilities with only horizontal guidance or area-type navigation
equipment and for which a straight-in nonprecision instrument approach
procedure has been approved or planned.
RUNWAY, PRECISION INSTRUMENT
A runway having an existing instrument approach procedure utilizing an
instrument landing system (ILS) or a precision approach radar (PAR). It also
means a runway for which a precision approach system is planned and is so
indicated on an approved airport layout plan or any other planning document.
RUNWAY, UTILITY
A runway that is constructed for and intended to be used by propeller-driven
aircraft of 12,500 pounds maximum gross weight and less.
RUNWAY, VISUAL
A runway intended solely for the operation of aircraft using visual approach
procedures.
RURAL RESOURCE DISTRICT
A zoning district indicated on the Official Zoning Map of Penn Township. The
purpose of this district in indicated in § 190-402 of this chapter.
SANITARY LANDFILL
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Any site licensed by the Pennsylvania Department of Environmental Protection
(DEP) for the disposal of municipal solid waste, other than hazardous waste, as
defined and regulated by federal statute.
SCHOOL, PUBLIC AND PRIVATE
An accredited institution of learning which offers elementary and secondarylevel instruction or which offers associate, bachelor or higher degrees in the
several branches of learning required by the Commonwealth of Pennsylvania.
SCREENING
A method of visually shielding or obscuring one abutting or nearby structure or
use from another by fencing, walls, berms or densely planted vegetation. (See
§ 190-630 of this chapter and Article V of the Penn Township Subdivision and
Land Development Ordinance, Chapter 156.)
SCROLLING
On an electronic message center, changeable or animated sign, a form of
animation whereby elements of copy are sequentially displayed so as to give
the appearance of movement on or across the sign, whether vertically or
horizontally.
SEASONAL
A recurrent period characterized by certain occurrences, festivities, or crops;
harvest, when crops are ready; not all year round.
SEASONAL SIGN
A sign erected for a limited period of time during the year when retailing
activities for a particular farm product is available to the public.
SEMIPUBLIC USES
Land uses including but not limited to churches, Sunday schools, parochial
schools, colleges, hospitals and other institutions of an educational, religious,
charitable or philanthropic nature.
SERVICE STATION
Any building, structure or land used for the dispensing, sale or offering for sale
at retail of any automobile fuels, oils or accessories, including lubrication of
automobiles and replacement or installation of minor parts and accessories, but
not including major repair work, such as engine overhaul, motor replacement,
body and fender repair or spray-painting or recapping or retreading of tires.
SEWAGE DISPOSAL SYSTEM, OFF-SITE
An approved system, whether privately or publicly operated, for the collection
and disposal of sewage that serves two or more dwelling units but which does
not include septic tanks.
SEWAGE DISPOSAL SYSTEM, ON-SITE
A system including but not limited to a septic tank or sand mound on an
individual lot, which utilizes an aerobic bacteriological process for the
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elimination of solid wastes and provides for the proper and safe disposal of the
effluent, subject to the approval of health and sanitation officials having
jurisdiction.
SEXUAL ENCOUNTER CENTER
A business or commercial enterprise that, as one of its primary business
purposes, offers for any form of consideration:
A.

Physical contact in the form of wrestling or fondling between persons of the
opposite sex; or

B.

Activities between male and female persons and/or persons of the same
sex when one or more of the persons is in a state of nudity or semi-nudity.

SEXUALLY ORIENTED BUSINESS
An adult arcade, adult bookstore or adult video store, adult cabaret, adult motel,
adult motion-picture theater, adult-oriented business, adult theater, escort
agency, nude model studio or sexual encounter center.
SIDE YARD
See "yard, side."
SIGN
Any device visible from a public place that displays either commercial or
noncommercial messages by means of graphic presentation of alphabetic or
pictorial symbols or representations. Noncommercial flags or any flags
displayed from flagpoles or staffs will not be considered to be signs.
SIGN AREA
The area of the smallest geometric figure, or the sum of the combination of
regular geometric figures, which comprise the sign face. The area of any
double-sided or "V" shaped sign shall be the area of the largest single face only.
The area of a sphere shall be computed as the area of a circle. The area of all
other multiple-sided signs shall be computed as 50% of the sum of the area of
all faces of the sign.
SIGN COPY
Those letters, numerals, figures, symbols, logos and graphic elements
comprising the content or message of a sign, exclusive of numerals identifying a
street address only.
SIGN FACE
The surface upon, against or through which the sign copy is displayed or
illustrated, not including structural supports, architectural features of a building
or sign structure, nonstructural or decorative trim, or any areas that are
separated from the background surface upon which the sign copy is displayed
by a distinct delineation, such as a reveal or border.
A.

In the case of panel or cabinet-type signs, the sign face shall include the
entire area of the sign panel, cabinet or face substrate upon which the sign
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copy is displayed or illustrated, but not open space between separate
panels or cabinets.
B.

In the case of sign structures with routed areas of sign copy, the sign face
shall include the entire area of the surface that is routed, except where
interrupted by a reveal, border, or a contrasting surface or color.

C.

In the case of signs painted on a building, or individual letters or graphic
elements affixed to a building or structure, the sign face shall comprise the
sum of the geometric figures or combination of regular geometric figures
drawn closest to the edge of the letters or separate graphic elements
comprising the sign copy, but not the open space between separate
groupings of sign copy on the same building or structure.

D.

In the case of sign copy enclosed within a painted or illuminated border, or
displayed on a background contrasting in color with the color of the building
or structure, the sign face shall comprise the area within the contrasting
background, or within the painted or illuminated border.

SIGN STRUCTURE
Any structure supporting a sign.
SOLAR COLLECTOR
A device, structure or a part of a device or structure (array, panel or similar
device) installed for the sole purpose of the collection, inversion, storage, and
distribution of solar energy. This device may be roof-mounted or groundmounted as an accessory use.
SOLAR ENERGY
Radiant energy received from the sun that can be collected in the form of heat
or light.
SOLAR FARM
A use where a series of solar collectors are placed in an area for the purpose of
generating photovoltaic power for an area greater than the principal use on the
site or as the principal use on the site for off-site energy consumption. The use
of solar collectors for personal or business consumption that occurs on-site is
not considered a "solar farm."
SPECIAL EXCEPTION
A use which is subject to approval by the Zoning Hearing Board when there is a
specific provision for such special exception made in this chapter.
SPECIFIED ANATOMICAL AREAS
A.

Less than completely and opaquely covered:
(1) Human genitals or pubic region;
(2) Buttocks; or
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(3) Female breasts below a point immediately above the top of the areola.
B.

Human male genitals in a discernible turgid state, even if completely
opaquely covered.

SPECIFIED SEXUAL ACTIVITIES
Includes any of the following:
A.

The fondling or other erotic touching of human genitals, pubic region,
buttocks, anus or female breasts;

B.

Sex acts, normal or perverted, actual or simulated, including intercourse,
oral copulation or sodomy;

C.

Masturbation, actual or simulated; or

D.

Excretory functions as part of or in connection with any of the activities set
forth in Subsections A through C herein.

SPORTSMEN'S CLUB
A private recreational facility which may or may not include a clubhouse with
kitchen and/or toilet facilities, and which may include but is not limited to the
following activities: archery, target shooting, skeet or trap shooting, and fishing.
STABLE
A lot, with a minimum area of three acres, where horses and/or ponies are kept
for the personal use of the residents of the lot, not including any profit-making
activities.
STEALTH TECHNOLOGY
Camouflaging methods applied to wireless communications towers, antennae
and other facilities which render them more visually appealing or blend the
proposed facility into the existing structure or visual backdrop in such a manner
as to render it minimally visible to the casual observer. Such methods include,
but are not limited to, architecturally screened roof-mounted antennae, buildingmounted antennae painted to match the existing structure and facilities
constructed to resemble trees, shrubs, and light poles.
[Added 2-21-2018 by Ord. No. 919]
STORY
That portion of a building included between the surface of any floor and the
surface of the floor next above it or, if there is no floor above it, then the space
between the floor and the ceiling next above it. A basement shall be counted as
a story if it is used for living quarters or if 2/3 of its volume is above the average
level of the adjacent ground.
STREET
Includes street, avenue, boulevard, road, highway, freeway, parkway, lane, alley,
viaduct and any other ways used or intended to be used by vehicular traffic or
pedestrians, whether public or private.
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STREET RIGHT-OF-WAY LINE
A recorded dividing line between a lot, tract or parcel of land and a contiguous
street.
STRUCTURAL ALTERATION
Any change in a supporting member of a structure, such as bearing walls,
columns, beams or girders.
STRUCTURE
Any man-made object having an ascertainable stationary location on or in land
or water, whether or not affixed to the land.
SUBSTANTIALLY CHANGE or SUBSTANTIAL CHANGE
A modification to an existing wireless communications facility substantially
changes the physical dimensions of a tower or base station if it meets any of the
following criteria:
A.

For tower-based WCF outside the public rights-of-way, it increases the
height of the facility by more than 10%, or by the height of one additional
antenna array with separation from the nearest existing antenna, not to
exceed 20 feet, whichever is greater; for tower-based WCF in the rights-ofway, it increases the height of the facility by more than 10% or 10 feet,
whichever is greater;

B.

For tower-based WCF outside the public rights-of-way, it protrudes from the
edge of the WCF by more than 20 feet or more than the width of the towerbased structures at the level of the appurtenance, whichever is greater; for
those tower-based WCF in the public rights-of-way, it protrudes from the
edge of the structure by more than six feet;

C.

It involves installation of more than the standard number of new equipment
cabinets for the technology involved, but not to exceed four cabinets;

D.

It entails any excavation of deployment outside the current site of the towerbased WCF; or

E.

It does not comply with conditions associated with prior approval of
construction or modification of the tower-based WCF unless the
noncompliance is due to an increase in height, increase in width, or
addition of cabinets.
[Added 2-21-2018 by Ord. No. 919]

SUPPLY YARD
A building and/or a lot which is used for the storage and sale of construction
materials or similar supplies to individuals and contractors, where no industrial
activity is done and no vehicles or equipment are repaired, displayed or sold.
SURFACE MINING
Any extraction of any mineral excluding oil and gas or fill material which involves
removal of the surface of the earth or exposure of the mineral or subsurface of
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the earth to wind, rain, sun or other elements of nature. Mining activities carried
out beneath the surface by means of shafts, tunnels or other underground mine
openings are not included in this definition.
TEMPORARY SIGN
A sign intended to display either commercial or noncommercial messages of a
transitory or temporary nature. Portable signs or any sign not permanently
embedded in the ground, or not permanently affixed to a building or sign
structure that is permanently embedded in the ground, are considered
"temporary signs."
THEATER, INDOOR
An establishment inside a completely enclosed building, devoted to showing
motion pictures and/or live dramatic, comedic or musical performances.
TIMBER HARVESTING
The cutting or harvesting of live or dead, standing or fallen trees for cordwood,
for timber, for pulp or for any commercial purpose, when practiced in
accordance with accepted silviculture principles, excluding the clearing of trees
by the landowner for his own use, clearing for the development of building sites
as part of an approved subdivision, land development or building permit,
clearing for farming operations or selective removal of individual trees which are
dead, damaged, diseased or constitute a danger to neighboring properties or
the general public.
TOWER-BASED WIRELESS COMMUNICATIONS FACILITY (TOWER-BASED
WCF)
Any structure that is used for the purpose of supporting one or more antennae,
including, but not limited to, self-supporting lattice towers, guy towers and
monopoles, utility poles and light poles. DAS hub facilities are considered to be
tower-based WCF.
TOWNHOUSE
A multifamily dwelling which contains at least three but not more than eight
dwelling units, each for the exclusive use by one family, where each unit has a
separate entrance and is attached to another unit by continuous vertical walls
without opening from basement to roof.
TOWNSHIP COMMISSIONERS
The Board of Commissioners of Penn Township, Westmoreland County,
Pennsylvania.[4]
TRANSFER OF OWNERSHIP OR CONTROL OF A SEXUALLY ORIENTED
BUSINESS
Includes any of the following:
A.

The sale, lease or sublease of the business;
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B.

The transfer of securities which constitute a controlling interest in the
business, whether by sale, exchange or similar means; or

C.

The establishment of a trust, gift or other similar legal device which
transfers the ownership or control of the business, except for transfer by
bequest or other operation of law upon the death of the person possessing
the ownership or control.

TRANSITIONAL SURFACES
These surfaces extend outward at ninety-degree angles to the runway center
line and the runway center line extended at a slope of seven feet horizontally for
each foot vertically from the sides of the primary and approach surfaces to
where they intersect the horizontal and conical surfaces. Transitional surfaces
for those portions of the precision approach surfaces which project through and
beyond the limits of the conical surface extend a distance of 5,000 feet,
measured horizontally from the edge of the approach surface and at ninetydegree angles to the extended runway center line.
TRUCK TERMINAL
A building and adjacent area which may or may not include facilities for
maintenance, fueling, repair, storage or dispatching of the vehicles.
UNCONVENTIONAL DRILLING
A bore hole drilled or being drilled in a geological shale formation existing below
the base of the Elk sandstone or its geologic equivalent stratigraphic interval
where natural gas generally cannot at economic flow or in economic volumes
except by vertical or horizontal well bores stimulated by hydraulic fracturing
treatment or by using multilateral well bores or other techniques to expose more
of the formation to the well bore.
UNDER CANOPY SIGN or UNDER MARQUEE SIGN
A sign attached to the underside of a canopy or marquee.
USE
Any activity, business or purpose for which any lot or structure is utilized.
USE NOT SPECIFICALLY LISTED
Any use which is not listed in a given zoning district but which may be approved
as a conditional use by the Board of Commissioners if the Board determines the
use is comparable to other uses listed in the district in accordance with express
standards and criteria in this chapter.
V SIGN
Signs containing two faces of approximately equal size erected upon common
or separate structures, positioned in a "V" shape with an interior angle between
faces of not more than 90° (1.57 rad).
VARIANCE
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A relaxation of requirements where such variance will not be contrary to the
public interest and where, owing to conditions peculiar to the property and not
the result of actions of the applicant, a literal enforcement of this chapter would
result in unnecessary and undue hardship. A variance is administrated by the
Zoning Hearing Board.
WALL OR FASCIA SIGN
A sign that is in any manner affixed to any exterior wall of a building or structure
and that projects not more than 18 inches (457 mm) from the building or
structure wall, including signs affixed to architectural projections from a building,
provided the copy area of such signs remains on a parallel plane to the face of
the building facade or to the face or faces of the architectural projection to which
it is affixed. For a visual reference and a comparison of differences between
wall or fascia signs and roof signs, see Article VII.
WAREHOUSING
The storage and handling of freight or merchandise, but not including the
maintenance or fueling of commercial vehicles.
WASTEWATER (UNCONVENTIONAL WELL)
The post-drilling liquids or fluids used in the fracking or extraction process.
WBCA
Pennsylvania Wireless Broadband Collocation Act (53 P.S. § 11702.1 et seq.).
[Added 2-21-2018 by Ord. No. 919]
WHOLESALE BUSINESS
A business primarily engaged in selling merchandise to retailers or institutional,
commercial or professional business customers or other wholesalers, rather
than to the general public, which includes the warehousing of merchandise and
which may include distribution of such merchandise on the site of the principal
business.
WIND TURBINE FLICKER
The moving shadow created by the sun shining on the rotating blades of the
wind turbine.
WINDMILL
A small wind energy system consisting of a wind turbine, a tower, and
associated control and conversion electronics, and will be used primarily for onsite consumption.
WINDOW SIGN
A sign affixed to the surface of a window with its message intended to be visible
to and readable from the public way or from adjacent property. Signs painted on
the interior or the exterior of the surface of a window shall not be considered
window signs.
WIRELESS
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Transmissions through the airwaves, including, but not limited to, infrared line of
sight, cellular, PCS, microwave, satellite, or radio signals.
[Added 2-21-2018 by Ord. No. 919]
WIRELESS COMMUNICATIONS FACILITY (WCF)
The antennae, nodes, control boxes, towers, poles, conduits, ducts, pedestals,
electronics and other equipment used for the purpose of transmitting, receiving,
distributing, providing, or accommodating wireless communications services.
[Added 2-21-2018 by Ord. No. 919]
WIRELESS COMMUNICATIONS FACILITY APPLICANT (WCF APPLICANT)
Any person that applies for a wireless communication facility building permit,
zoning approval and/or permission to use the public right-of-way (ROW) or other
Township-owned land or property.
[Added 2-21-2018 by Ord. No. 919]
WIRELESS SUPPORT STRUCTURE
A freestanding structure, such as a tower-based wireless communications
facility or any other support structure that is constructed primarily to support the
placement or installation of a wireless communications facility if approved by the
Township.
[Added 2-21-2018 by Ord. No. 919]
YARD
An open space between a building and the adjoining lot lines, unoccupied by
any use other than a parking area or driveway, when specifically authorized by
this chapter, or by any portion of a structure from the ground upward, except as
otherwise provided herein. In measuring a yard for the purpose of determining
the width of a side yard, the depth of a front yard or the depth of the rear yard,
the minimum horizontal distance between the lot line and the principal building
shall be used.
YARD, FRONT
A yard extending across the full front width of a lot between the side lot lines
and being the minimum horizontal distance between the street right-of-way line
and the principal building or any projection thereof, other than the projections of
the usual uncovered steps, uncovered balconies or uncovered porches with a
maximum floor area of 25 square feet.
YARD, REAR
A yard extending across the full width of the rear of a lot between the side lot
lines and being the required minimum horizontal distance between the rear lot
line and the rear of the principal building or any projection thereof, other than
the projections of uncovered steps, unenclosed balconies or unenclosed
porches.
YARD, SIDE
A yard between the principal building and the side line of the lot and extending
from the required front yard to the required rear yard and being the minimum
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horizontal distance between a side lot and the side of the principal building or
any projections thereto.
ZONING DISTRICT
See "district, zoning."
ZONING DISTRICT MAP
The zoning district map or maps of Penn Township, together with all
amendments.[5]
ZONING LOT
A lot conforming to all zoning requirements of the district in which it is located,
including utilities, area and any special or supplementary requirements, or a
legally existing lot of record recorded prior to passage of this chapter and
subsequent amendments.
ZONING OFFICER
An administrative official or his authorized representative appointed by the
Board of Commissioners to administer and enforce this chapter.
ZONING PERMIT
The document issued by the Zoning Officer, authorizing the use of the land.
[1]
[2]
[3]
[4]
[5]

Editor’s Note: The former definition of “communications facilities,” which
immediately followed, was repealed 2-21-2018 by Ord. No. 919.
Editor's Note: See 53 P.S. § 10101 et seq.
Editor's Note: Said figure is on file in the Township offices.
Editor’s Note: The former definition of “traditional neighborhood development,”
which immediately followed, was repealed 2-21-2018 by Ord. No. 919.
Editor's Note: Said maps are on file in the Township offices.
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Township of Penn, PA
Monday, September 28, 2020

Chapter 190. Zoning
Article IV. District Regulations
§ 190-407. MEO Mineral Extraction Overlay District.
A.

Purpose. The purpose of the MEO Mineral Extraction Overlay District is to
provide areas for the extraction of minerals as defined by the commonwealth,
where the population density is low and significant development is not projected
for the near future. Uses permitted in the MEO District shall comply with the
provisions of § 190-635, Performance standards, and § 190-641, where
applicable, as well as with the Surface Mining Conservation and Reclamation
Act (P.L. 1198, No. 418), the Noncoal Surface Mining Conservation and
Reclamation Act (P.L. 1093, No. 219), the Oil and Gas Act (P.L. 1140, No. 223),
and the Bituminous Mine Subsidence and Land Conservation Act (P.L. 31, No.
1).[1]
[1]

B.

Location of overlay district boundaries: As identified on the Official Township
Zoning Map.[2]
[2]

C.

Editor's Note: See 52 P.S. § 1396.1 et seq., 52 P.S. § 3301 et seq., 58
Pa.C.S.A. § 3201 et seq., and 52 P.S. § 1406.1 et seq., respectively.

Editor's Note: The Zoning Map is included as an attachment to this chapter.

Permitted principal overlay district uses:
(1) All those uses listed as permitted or conditional in the underlying zoning
district.
(2) Deep mining and surface mining.
(3) Sand and gravel and limestone excavation.
(4) Oil and natural gas drilling (conventional).

D.

Permitted accessory overlay district uses/structures:
(1) All those accessory uses customarily incidental to any permitted principal
use and listed in the underlying zoning districts.
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(2) The storage of explosives, gasoline, oil, chemicals listed as hazardous or
toxic by federal or commonwealth agencies, and other regulated material
used in conjunction with the operation of any permitted or conditional use
shall be placed in approved, industry standard structures or impoundment
areas to provide maximum safety.
(3) Equipment buildings used for material and vehicle storage or to enclose
machinery.
E.

Special exceptions:
(1) Oil and natural gas drilling (unconventional). (See § 190-641, oil and gas
operations.)

F.

Dimensional standards:
(1) Dimensional standards for all permitted principal, conditional and accessory
uses listed in the underlying zoning district shall be applicable to those
uses.
(2) Minimum lot area: 10 acres for oil and gas operations, except as otherwise
specified.
(3) Minimum required yards:
(a) Front yard: 250 feet from street right-of-way line.
(b) Rear yard: 250 feet.
(c) Side yard: 50 feet; two required.
(d) Accessory structures: 250 feet.
(4) Minimum frontage: 50 feet for purposes of establishing a right-of-way for
access to the extractive industry site.
(5) Design standards:
(a) Height:
[1] Principal structures and mechanical equipment: none.
[2] Accessory structures: none.
(6) Lot coverage, all structures and impervious surface combined: 70%.
(7) Parking: see § 190-623.

G. Development standards: In addition to the applicable performance standards in
§ 190-635, any permitted principal, conditional use, special exception or
accessory use shall be subject to the following:
https://ecode360.com/print/PE1662?guid=9968737

2/4

9/28/2020

Township of Penn, PA Ecode360

(1) All permitted, conditional use, special exception and accessory uses in the
MEO Mineral Extraction Overlay District shall comply with the provisions of
§ 190-641 of this chapter where applicable. In no case shall wastewater be
dumped or permitted to flow or seep into a stream or drainage way.
(2) All permitted, conditional use, special exception or accessory uses within
the MEO Mineral Extraction Overlay District shall comply with the
provisions of Chapter 156, Subdivision and Land Development Ordinance,
Article III §§ 156-18 and 156-23 where such provisions have not been
superseded by the provisions of § 190-641.
(3) Wastewater: Copies of all required Pennsylvania DEP permits or permits
from the Municipal Authority with jurisdiction agreeing to accept any effluent
produced shall be provided that cannot be treated on-site shall not be
permitted to accumulate and shall be disposed of on a regular basis as
required.
(a) In no case shall wastewater be dumped or permitted as flow or seep
into a stream or drainageway.
(b) Wastewater that cannot be treated on-site shall not be permitted to
accumulate and shall be disposed of on a regular basis as required.
(4) Hazardous or toxic waste: Hazardous or toxic waste shall not be permitted
to accumulate on any property, and disposal shall be in compliance with
applicable Commonwealth of Pennsylvania hazardous or toxic waste
handling regulations.
(5) Property maintenance: All areas of any property upon which mineral
extraction activities are being conducted shall be maintained free from the
exterior accumulation of material and machine parts.
(6) All drilling and production operations, including but not limited to derricks,
vacuum pumps, compressors, storage tanks, freshwater impoundment
areas, vehicle parking areas, structures, machinery, ponds and pits, and
ancillary equipment, shall be located and set back not less than 600 feet
from any protected structure and not less than 200 feet from any adjoining
property line. Wastewater impoundment areas shall be prohibited.
(7) This provision shall not apply to any structure whose owner has signed a
waiver relieving the operator from the implementation of the measures
established or herein or any applicable provisions of the Penn Township
Ordinance.
(8) Permanent structures of the oil and gas developments and facilities (both
permitted principal and accessory) shall comply with the height regulations
of the zoning district in which they are located. This does not include
temporary structures such as derricks or rigs used in the drilling process.
However, in the event temporary structures exceed maximum height
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regulations in the Airport Overlay Zone, permission from the FAA is
required for the construction, use and operation of the same.
(9) Air quality: Air-contaminant emissions shall comply with all municipal,
county, commonwealth and federal regulations, and all applicable
regulations for smoke, ash, dust, fumes, gases, odors and vapors.
(10) Storage of equipment: It shall be illegal and a violation of this chapter to
park or store any vehicle or item of machinery on any street, right-of-way or
in any driveway or alley which (a) constitutes a fire hazard, or (b) creates
an obstruction to or interferes with fighting or controlling fires, except that
equipment which is necessary for the maintenance of the development site
or for the gathering or transporting of hydrocarbon substances may remain
on the site.
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BOARD OF COUNTY COMMISSIONERS
OF RIO ARRIBA COUNTY, NEW MEXICO
ORDINANCE NO. 2009-01
AN ORDINANCE INTENDED TO ADDRESS OIL AND GAS EXPLORATION,
DRILLING, PRODUCTION, TRANSPORTATION, ABANDONMENT AND
RECLAMATION WITHIN RIO ARRIBA COUNTY REQUIRING THE APPROVAL OF
AN EXPLORATORY PERMIT FOR EXPLORATION ACTIVITIES RELATED TO OIL
AND GAS AND PROVIDING FOR THE DIVISION OF THE COUNTY INTO TWO
ENERGY RESOURCE DISTRICTS; THE ENERGY RESOURCES DEVELOPMENT
DISTRICT, REQUIRING A DEVELOPMENT PERMIT FOR THE INSTALLATION,
CONSTRUCTION, DEVELOPMENT AND OPERATION OF OIL AND GAS
FACILITIES IN THAT DISTRICT, AND THE FRONTIER DISTRICT, REQUIRING
THE APPROVAL OF A SPECIAL USE PERMIT AND SUBSEQUENT NOTICE TO
PROCEED FOR THE INSTALLATION, CONSTRUCTION, DEVELOPMENT AND
OPERATION OF OIL AND GAS FACILITIES WITHIN THAT DISTRICT, AND
FURTHER PROVIDING FOR THE PROCESSES AND CRITERIA FOR REQUESTING
AND OBTAINING SUCH APPROVALS AND FEES FOR THE SAME, STANDARDS
FOR OIL AND GAS FACILITIES, VARIANCES, APPEALS, THE ENFORCEMENT OF
THIS ORDINANCE AND OTHER RELATED MATTERS
BE IT ORDAINED BY THE BOARD OF COUNTY COMMISSIONERS OF RIO
ARRIBA COUNTY, NEW MEXICO:
ARTICLE 1
GENERAL
1.1 SHORT TITLE
This Ordinance shall be officially cited as the “Rio Arriba County Oil and Gas Ordinance.”
1.2 AUTHORITY, APPLICABILITY
This Ordinance is promulgated pursuant to the authority set forth in Art. X and XIII of the New
Mexico Constitution (1912); N.M.S.A. 1978, § Section 4-37-1 (1975), N.M.S.A. 1978, §§
Sections 3-21-1 et seq., N.M.S.A. 1978, §§ Sections 3-19-1 et seq.; N.M.S.A. 1978, §§ Sections 318-1 et seq., and N.M.S.A. 1978, §§ 19-10-4.1, 4.2 and 4.3 (1985). This Ordinance constitutes an
exercise of the County’s independent and separate but related police, zoning, planning and public
nuisance powers for the health, safety and general welfare of the County and applies to all areas
within the exterior boundaries of the County that lie outside of (1) the incorporated
boundaries of a municipality; (2) any tribal and tribal trust lands owned by Santa Clara Pueblo,
Ohkay Owingeh Pueblo, or the Jicarilla Apache Nation; (3) lands owned by the state of New
Mexico; and (4) lands owned by the United States, including, but not limited to lands that are
managed by the Forest Service and the Bureau of Land Management. Additionally, this
Ordinance does not apply to the construction and operation of Oil or Gas Facilities where the

mineral right(s) associated with such Facilities are owned partially or in their entirety by the
United States government, the State of New Mexico, or a Tribe or Pueblo.
1.3 SCOPE
(A) This Ordinance is intended to address oil and gas exploration, drilling, production,
transportation, abandonment and reclamation within the County.
(B) Nothing herein shall be deemed to waive the requirement of the Applicant to apply for,
and receive, all other applicable permits and authorizations from other regulatory agencies. Where
variations exist between this Ordinance and any other statute, regulation, or ordinance of another
regulatory agency, the more stringent regulation shall apply.
1.4 PURPOSE
(C) This Ordinance is a zoning and public nuisance ordinance enacted to protect and
promote the health, safety and general welfare of present and future residents of the County
while at the same time providing for the responsible and economically viable extraction of oil and
gas minerals. This Ordinance is a police power, public nuisance and land use regulation designed
to establish separate land use, environmental, traffic, cultural, historical and archeological,
emergency service and preparedness, health and safety, and other standards to protect from any
possible adverse public nuisance effects and impacts resulting from oil and gas exploration,
drilling, extraction or transportation in the County.
(D) No oil or gas development shall take place in the County without a permit or prior
authorization in accordance with the provisions of this Ordinance. Prior to authorizing any oil or
gas development operation, the County shall require the Operator, owner of the mineral estate,
oil or gas Lessee of the mineral estate, to apply for, and obtain the approvals, permits,
and/or authorizations required herein.
1.5 FINDINGS
All forms of development have the potential to negatively impact County resources and the
environment through the introduction of contaminants and surface disturbance, which can lead to
habitat degradation, fragmentation, and loss as well as degraded qualities of air, soil, and water.
Considering oil and gas activities as a form of development, the County designs this Ordinance as
a means to allow for the economically feasible development of oil and gas resources, which
benefits the economy of the County, while ensuring the minimum possible impact on the
environment and fulfilling the County’s interest of protecting the health and welfare of County
residents.
The Board hereby finds, declares, and determines that this Ordinance:
(A) promotes the health, safety, and welfare of the County, its residents, and its environment
by regulating adverse public nuisance impacts and effects resulting from the exploration, drilling,
operation and transportation of oil and gas;
(B)

protects traditional communities and traditional lifestyles, as defined in the Rio Arriba

2

Comprehensive Plan, within the County;
(C) prevents the occurrence of adverse public nuisance effects and impacts resulting from the
abandonment of oil and gas activities within the County;
(D)

Protects the rights of Surface Property Owners.

(E) protects the priceless, unique, and fragile ecosystem of the County, including
the Headwaters, Riparian/Floodplain, and Irrigated Agricultural Lands Critical Management Area
Zoning Overlay Districts, as identified and defined within the Rio Arriba Comprehensive Plan, the
preservation of which is of significant value to the citizens of the County and State;
(F) allows for the responsible and economically feasible development of oil and gas
mineral resources;
(G) protects the County’s unique and irreplaceable historic, cultural and archaeological, water
and other natural resources;
(H) implements the goals and objectives of, and is otherwise in accordance with, the
County’s Comprehensive Plan and the Rio Chama Regional Water Plan; and
(I) attains the foregoing objectives while also promoting the efficient and appropriate
regulation of the oil and gas industry in the County.
1.6

STATE AND FEDERAL PREEMPTION

This Ordinance is supplementary to, does not replace, enhances and is consistent with the
following Federal and State statutes:
(A)

the Surface Owners Protection Act, N.M.S.A. 1978, §§ 70-12-1 et. seq.;

(B)

the Oil and Gas Act, N.M.S.A. 1978, §§ 70-2-1 et seq.;

(C)

the Water Quality Act, N.M.S.A. 1978, §§ 74-6-1 et seq.;

(D)

the Solid Waste Act, N.M.S.A. 1978, §§ 74-9-1 et seq.;

(E)

the Rangeland Protection Act, N.M.S.A. 1978, §§ 76-7B-1 et seq.;

(F)
et seq.;

the Emergency Planning and Community Right To Know Act, 42 U.S.C.A. §§ 11001

(G)

the New Mexico Public Health Act, N.M.S.A. 1978 §§ 24-1-1 et seq.;

(H)

the Wildlife Conservation Act, N.M.S.A. 1978, §§ 17-2-37 et seq.;

(I)

the Cultural Properties Act, N.M.S.A. 1978, §§ 18-6-1 et seq.;
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(J)

the National Historic Preservation Act, 16 U.S.C.A §§ 470 et seq.;

(K)

the Uniform Trade Secret Act N.M.S.A. 1978, §§ 57-3A-1 et seq.;

(L)

the Prehistoric and Historic Sites Act, N.M.S.A. 1978, §§18-8-1 et seq.;

(M) the Cultural Properties Protection Act, N.M.S.A. 1978, §§ 1 8-6A- 1 et seq.;
(N)

the Archaeological Resources Protection Act, 16 U.S.C.A. § 470 aa et seq.; and

(O)

the Energy Policy Act, 42 U.S.C.A. § 6201 et. seq.
ARTICLE 2
DEFINITIONS

2.1 RULES OF INTERPRETATION
(A) Words, phrases, and terms defined in this Ordinance shall be given the meanings set
forth below. Words, phrases, and terms not defined in this Ordinance shall be given their usual
and customary meanings except where the context clearly indicates a different meaning.
(B)

The text shall control captions, titles, and maps.

(C) The word “shall” is mandatory and not permissive; the word “may” is permissive and
not mandatory.
(D) Words used in the singular include the plural; words used in the plural include the
singular.
(E) Words used in the present tense include the future tense; words used in the future tense
include the present tense.
(F) Within this Ordinance, sections prefaced “purpose” and “findings” may be included.
Each purpose statement is intended as an official statement of legislative purpose or findings.
The “purpose” and “findings” statements are legislatively adopted, together with the formal text
of the Ordinance. They are intended as a legal guide to the administration and interpretation of
the Ordinance and shall be treated in the same manner as other aspects of legislative history.
Additionally, such purposes and findings shall be considered part of the County’s
Comprehensive Plan.
(G) In their interpretation and application, the provisions of this Ordinance are considered
minimal in nature.
(H) In computing any period of time prescribed or allowed by this Ordinance, the day of
the notice or final application, after which the designated period of time begins to run, is not to
be included. Further, the last day is to be included unless it is a Saturday, Sunday or holiday
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recognized by the State of New Mexico or the federal government, in which event the period
runs until the next day that is not a Saturday, Sunday or such holiday.
2.2 DEFINITIONS
Words with specific defined meanings are as follows:
Abandoned. The permanent abandonment of an Oil or Gas Facility, as established by
filings of the Operator with the NMOCD, from production records maintained by the NMOCD,
and from information gathered by the Director. The County may presume abandonment of an Oil
or Gas Facility based upon: (i) plugging and abandonment of an Oil or Gas Well pursuant to
NMOCD Rule 19.15.25.1 N.M.A.C. et. seq.; (ii) any other evidence that the Oil or Gas Facility
has been abandoned or plugged and abandoned as established by filings of the Operator with the
NMOCD or other records maintained by the NMOCD; or (iii) non-use or lack of production for
one year plus ninety (90) days, unless NMOCD records indicate the Oil or Gas Facility has not
been abandoned. An Oil or Gas Facility which has been temporarily abandoned as approved by
the NMOCD or the BLM is not considered permanently abandoned for purposes of this
Ordinance.
Adverse Effect or Impact. A negative change or degradation in the quality of the
environment, floodplains, floodways, watercourses, creeks, streams, wetlands, hillsides and
steep slopes, wildlife or vegetation habitats, air and water quality, public facilities and
services, transportation capacity, health and safety, quality of life, or the historical,
architectural, archaeological, or cultural significance of a resource.
Applicant. The owner of a mineral estate, oil and gas lessee, or duly designated
representative who shall have express written authority to act on behalf of the owner or oil
and gas Lessee. Consent shall be required from the legal owner of the mineral estate and any
person, corporation, partnership, trust, business entity in the same ownership.
Best Management Practices. Practices that provide for mitigation of specific impacts that
result from surface disturbances. In the case of an application, the proposed use of Best
Management Practices may facilitate reduced processing times and limit the number of
conditions of approval.
Board. The Board of County Commissioners of Rio Arriba County, State of New
Mexico.
Co-location. The placement of two or more well bores on a single well pad as described on
a plat prepared by a licensed land surveyor.
Comprehensive Plan. The Rio Arriba County Comprehensive Plan adopted by the
Board, as amended from time to time.
County. Rio Arriba County, New Mexico.
Critical Management Area Zoning Overlay Districts. Areas of the County, mapped and
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defined in the Comprehensive Plan, which contain unique and essential resources and habitat,
and which require higher standards for development and impact mitigation.
Cumulative Impact. The impact on the environment which results from the incremental
impact of the action when added to other past, present, and reasonably foreseeable future actions
regardless of what group or person undertakes such other actions. Cumulative impacts can result
from individually minor but collectively significant actions taking place over a period of time.
Decibel (dB). A unit of measurement used to measure the intensity of sound/noise and
is equal to ten (10) times the logarithm to the base ten (10) of the ratio of the measured sound
pressure squared to a reference pressure of twenty (20) micropascals.
Derrick. Any portable framework, tower, mast, and/or structure which is required or
used in connection with drilling or re-working an Oil or Gas Well for the production of oil or
gas.
Design and Performance Standards. The design and performance standards set forth
in Article 5 and Article 11 of this Ordinance.
Development. Any man-made physical change in improved or unimproved sub-surface
mineral and surface estates, including, but not limited to: buildings or other structures; oil
and gas drilling, dredging, filling, extraction or transportation of oil and gas, grading, paving,
diking, berming, excavation, exploration, or storage of equipment or materials, whether
in structures, ponds, containers, land fills or other detention facilities.
Director. The Director of the Rio Arriba Planning and Zoning Department
or any person or persons assigned or delegated to perform some portion of the functions
exercised by the Director.
Drilling. Digging or boring a new Oil or Gas Well for the purpose of exploring for,
developing or producing oil, gas, or other hydrocarbons, or for the purpose of injecting gas,
water, or any other fluid or substance into the earth.
Easement. Authorization by a property owner for another to use the owner’s property
for a specified purpose.
Endangered Species. Plant or animal species defined and identified as endangered by
the United States pursuant to the Endangered Species Act, 16 U.S.C. § 1531 et. seq., and by
the New Mexico Department of Game and Fish pursuant to the New Mexico Wildlife
Conservation Act, N.M.S.A. 1978, § 17-2-37 et. seq., at the time an application is submitted.
Erosion. The process by which land surface materials, such as rock or soil, are worn
away or removed.
Existing Structure. A structure that is built and completed as of the effective date of this
code.
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Exploratory Activities. All activities for which an exploratory permit is required,
including, but not limited to, geophysical surveys, seismic surveys, core testing, gravity
surveys, magnetic surveys, and any other exploratory activity that may cause surface
disturbance. An exploratory permit will not be required for aerial surveys, mapping activities,
and any other exploratory activities that do not result in surface disturbance. Exploratory drilling
will require approval of a development permit within the Energy Resource Development District,
and a special use permit within the Frontier District.
Flood or Flooding. A general and temporary condition of partial or complete
inundation of normally dry land areas from the overflow of inland or tidal waters or the
unusual and rapid accumulation of run-off of surface waters from any source.
Floodplain. Any land area susceptible to being inundated by water from any source.
See Flood or Flooding and 100-year floodplain.
Floodway. A channel, river, stream, creek or other watercourse and the adjacent land
areas that must be reserved in order to discharge the base flood; the 100-year floodplain.
Fresh Water. Surface and ground waters to be protected including: the water in lakes and
playas, regardless of quality, unless the water exceeds 10,000 mg/lTDS and it can be shown that
degradation of the particular water body will not adversely affect hydrologically connected fresh
ground water; the surface waters of streams regardless of the water quality within a given reach,
and underground waters containing 10,000 mg/l or less of TDS except for which, after notice and
hearing by the OCD, it is found there is no present or reasonably foreseeable beneficial use that
contamination of such waters would impair.
Gas. Any fluid, either combustible or noncombustible, which is produced in a natural
state from the earth and which maintains a gaseous or rarefied state at standard temperature
and pressure conditions and/or the gaseous components or vapors occurring in or derived from
petroleum or natural gas, or any gaseous derivatives of those extraction processes, such as
carbon dioxide; whenever “gas” is used in this Ordinance it includes “natural gas” and/or
“methane.”
Habitat. The natural place or environment of a species of plant or animal
Habitat Degradation. The condition where the natural, pre-development conditions
necessary for the survival of plants and animals are degraded in quality or function due to the
impacts associated with a development.
Habitat Fragmentation. The condition where the introduction of new development causes
formerly contiguous landscapes to become fragmented and isolated. Habitat fragmentation
causes increased isolation of populations or species, which leads to decreased genetic diversity
and increased potential for extirpation of localized populations or even extinction. Habitat
fragmentation alters vegetative composition and cover and the type and quality of the food base.
Further, habitat fragmentation changes microclimates by altering temperature and moisture
regimes and changing nutrient and energy flows.
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Habitat Loss. The condition where a development or action degrades existing
environmental conditions necessary for the survival of plants and animals to the point where that
environment is no longer hospitable to the plant and animal life existing there prior to
development.
Historical, Cultural, or Archaeological Resource. Historic Sites, Cultural Sites,
Archeological Sites, Artifacts, and Landmarks that are designated (or eligible for designation)
by the State of New Mexico Historic Preservation Division, or cultural and historical resources as
identified with in the Rio Arriba County. A list, called the Official Register of Cultural Properties,
and the list of the National Register for Historic Places, are on file with the Director.
Injection Well. A NMOCD permitted well through which fluids or gasses are injected
into a subsurface formation to increase reservoir pressure and to displace oil (e.g., during oil
enhancement or water flooding operations), for disposal of produced water, for storage
purposes, or any other NMOCD permitted purpose.
Interim Reclamation. The activity of reclaiming surface disturbed within the Well Site
during previous phases of development which will no longer be utilized for future phases of
development.
In the County, within the County. Areas within the boundaries of the County, but not
within the limits of any incorporated municipality, any tribal or tribal trust lands, lands owned
by the state of New Mexico, and lands owned by the United States or lands where the mineral
rights associated with such surface property are owned partially, or in their entirety, by the
United States.
Irrigated Agricultural Land. Lands which are either listed as “Irrigated Agricultural
Land” by the Rio Arriba County Assessor by the effective date of Rio Arriba County Land
Subdivision Regulations Ordinance, or lands identified by hydrographic survey which will
describe if the said land has been historically used for irrigated agriculture, or, those lands which
are shown to be irrigated in the records of the acequia.
Lessee. A person, corporation or other legal entity that has been granted an oil or gas
lease from the Owner of a mineral estate or who has received an assignment of all or a portion
of a previously granted oil or gas lease. For the purposes of this Ordinance the Lessee is used
interchangeably with mineral lease owner.
Level of Service. As defined by the American Association of State Highway Transportation
Officials (AASHTO) Regulations.
Lot. A tract, parcel, or portion of a subdivision or other parcel of land intended as a
unit for the purpose, whether immediate or future, of transfer of ownership, or possession, or
for development.
Lot Line. The boundary of a recorded lot.
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Mineral Rights Owner. The record owner of the fee sub-surface mineral estate, a
contract purchaser holding equitable title, an oil and gas Lessee, or a vendee in possession,
including any person, group of persons, firm or firms, corporation or corporations, or any
other legal entity having legal title to or sufficient proprietary interest in an Oil or Gas
Lease.
New Mexico Oil Conservation Division (NMOCD). The Oil Conservation
Division of the Energy, Minerals and Natural Resources Department of the State of
New Mexico.
Nuisance. As defined in the Rio Arriba County Design and Development Regulation
System Ordinance 2009-09.
Oil. A produced simple or complex mixture of hydrocarbons, in a liquid state
at standard pressure and temperature, which can be refined to yield gasoline, kerosene,
diesel fuel, and various other products.
Oil or Gas Facility or Facilities. A new well or wells and the surrounding Well Site and
well pad, constructed and operated to explore for or produce crude oil and/or gas and includes
auxiliary and associated equipment and facilities, such as derricks, separators; dehydrators;
pumping units; tank batteries; tanks; metering stations and equipment; any equipment for the reworking of an existing well bore; workover rigs; compressor stations and associated engines,
motors, facilities and equipment; water or fluid injection stations and associated facilities and
equipment; storage or construction staging yards; gathering systems and associated facilities and
equipment, collection lines, drip stations, vent stations, pigging facilities, chemical injection
station, transfer pump stations and valve boxes; any other structure, building or facility,
temporary or permanent, mobile or stationary, associated with or used in connection a new Oil or
Gas Well or the installation, construction or operation of the Oil or Gas well; and the roads used
for ingress and egress to and from a new Oil or Gas Well or surrounding Well Site.
Oil or Gas Well. Any hole or holes, bore or bores, to any sand, formation, strata or
depth for the purpose of exploring for, producing, and recovering any oil, gas, liquid,
hydrocarbon, or any combination thereof.
100-year Floodplain. The land in the floodplain within a community subject to a one (1)
percent or greater chance of flooding in any given year, and the area designated as a
Federal Emergency Management Agency Zone A, AE, All, or AO on the Flood Insurance
Rate Maps.
Onsite Visit. The meeting conducted at the proposed Oil or Gas Well Site before
consideration of a decision on a development permit, exploratory permit, or special use permit.
The purpose of the Onsite Visit for the County is to verify information presented on an
application, and to work with the Surface Property Owner and the Applicant to identify site
specific concerns and potential environmental impacts associated with the proposed
development, and to discuss possible conditions of approval and Best Management Practices to
be used in mitigating the identified impacts. The Onsite Visit shall be arranged by the Applicant
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and shall include the County, Surface Property Owner(s), and the Applicant.
Operator. Any person or entity including but not limited to the Lessee or operating
rights owner, who has stated in writing to the Director that it is responsible under the terms and
conditions of a lease for the operations conducted on the leased lands or a portion thereof.
Person. Any natural person, corporation, partnership, trust, entity, organization, joint
venture, association (including homeowners’ or neighborhood associations), trust, or any other
entity recognized by law.
Pit. A NMOCD permitted surface or subsurface impoundment, man-made or natural
depression or diked area on the surface that is constructed with the conditions and for the
duration provided in its permit. This does not include berms constructed around tanks or
other facilities for the purpose of safety, secondary containment, and storm water or run on
control.
Police Power. Inherent, delegated, or authorized legislative power for purposes of
regulation to secure health, safety, and general welfare and to prevent public nuisances.
Pollution. The contamination or other degradation of the physical, chemical or
biological properties of land, water or air, including a change in temperature, taste, color, turbidity or
odor, or such discharge of any liquid, gaseous, solid, radioactive or other substance onto the land or
into the water or air that will, or is likely to, create a nuisance or render such land, water or air
harmful, detrimental or injurious to the public health, safety or welfare, or harmful, detrimental or
injurious to domestic, commercial, industrial, agricultural, recreational or other beneficial
uses, or to livestock, wildlife, birds, fish or other aquatic life.
Produced Water. Water produced in conjunction with the production of oil or gas, the
collection and disposal of which is regulated and permitted by the NMOCD.
Projected Traffic. The traffic that is projected to develop in the future on an
existing or proposed road.
Public Hearing. A proceeding preceded by published notice and actual notice to
certain persons and at which certain persons, including the Applicant, may present oral
comments or documentation. In a quasi-judicial or administrative hearing, witnesses are
sworn in and are subject to cross-examination.
Reclamation. The employment during and after an oil or gas operation of procedures
reasonably designed to minimize or reverse, as much as practicable, the surface disturbance from
the Oil or Gas Facility and to provide for the rehabilitation of affected land through the use of any
number of the following techniques: re-contouring of the land, reseeding, stabilization of the soil,
and any other measures deemed, by the Director, appropriate to the subsequent beneficial use of such
reclaimed lands.
Sensitive Species. Plant or animal species defined and identified as sensitive by the
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United States pursuant to the Endangered Species Act, 16 U.S.C. § 1531 et. seq., and by the
New Mexico Department of Game and Fish pursuant to the New Mexico Wildlife
Conservation Act, N.M.S.A. 1978, § 17-2-37 et. seq., at the time an application is submitted.
Slope. The ratio of elevation change to horizontal distance, expressed as a percentage.
Computed by dividing the vertical distance by the horizontal distance and multiplying the
ratio by one hundred (100).
Substantial Modification. Any modification to an Oil or Gas Well Site or to an Oil
or Gas Facility beyond normal operation, reworking, recompleting, monitoring and
maintaining that results in an increase in the size or area of the surface disturbance for
which approval was granted under this Ordinance.
Storage Tank (or Tank). Any tank, excluding sumps and pressurized pipeline drip traps,
used for the storage of condensate and crude oil or other liquids produced by and/or used in
conjunction with any oil or gas productions. There are below-grade tanks where a portion of the
tank’s sidewalls is below the surrounding ground surface’s elevation, and above ground storage
tanks where the tank is located above or at the surrounding ground surface’s elevation and is
surrounded by berms.
Structure. Anything constructed or a combination of materials that form a
construction for use, occupancy, or ornamentation, whether installed on, above, or below
the surface of land or water.
Surface Disturbance. Any activity that disturbs the surface of the land (a) as a result of
exploration for, drilling for, and production of oil or gas or (b) as a result of the construction,
development, operation, or abandonment and plugging of an Oil or Gas Facility.
Surface Property Owner. A person that hold legal or equitable title, as shown in the
records of the County Clerk to the surface of the real property on which oil and gas operations
are to take place.
Surface Use Agreement. An agreement between an Operator and Surface Property Owner
specifying the rights and obligations of the Surface Property Owner and the Operator concerning
oil or gas operations.
Surface Water Features. Any geographic surface feature which contains water at least
seasonally, including but not limited to, perennial, seasonal, or ephemeral watercourses, streams,
rivers, springs, wetlands, ponds, lakes, playas, creeks, arroyos, acequias, irrigation ditches, stock
ponds and any other surface water impoundments.
Tenant. As defined in the the Surface Owners Protection Act, N.M.S.A. 1978, §§ 70-121 et. Seq; a person who occupies land or premises belonging to another in subordination to the
owner’s title and with the owner’s assent, express or implied.
Threatened Species. Plant or animal species defined and identified as threatened by the
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United States pursuant to the Endangered Species Act, 16 U.S.C. § 1531 et. seq., and by the
New Mexico Department of Game and Fish pursuant to the New Mexico Wildlife
Conservation Act, N.M.S.A. 1978, § 17-2-37 et. seq., at the time an application is submitted.
Watercourse. A river, creek, arroyo, canyon, draw or wash or other channel having
definite banks and bed with visible evidence of the occasional flow of water.
Well Site. That portion of the surface of land used for the drilling, development,
production, operation, abandonment, and plugging of an Oil or Gas Well or co-located oil and
gas wells, including, but not limited to, the area of land in which all equipment, excavations, and
facilities used for oil and gas operations are located. A Well Site shall include, at a minimum,
the area of surface disturbance associated with such uses but excluding the area of surface
disturbance necessitated for the construction and use of roads.
Wetland. Land that has a predominance of hydric soil, is inundated or saturated by
surface or groundwater at a frequency and duration sufficient to support a prevalence of
hydrophytic vegetation typically adapted for life in saturated soil conditions, and under
normal circumstances supports a prevalence of that vegetation. Wetlands include, but are not
limited to, all wetlands as defined and mapped by the United States Army Corps of Engineers.
Workover. An operation on a producing Oil or Gas Well or a Well capable of
commercial production to restore or increase production. A workover is typically performed
for routine maintenance or repair of downhole equipment.
ARTICLE 3
ENERGY RESOURCE DEVELOPMENT DISTRICT: CREATION OF DISTRICT AND
GENERAL APPROVAL REQUIREMENTS
3.1 FINDINGS
The Board hereby finds, declares and determines as follows:
(A) The County includes portions of the San Juan Basin, a geologic basin with
uniform and explored geology that contains oil reserves, and large natural gas reserves
which have been in development for more than fifty years.
(B) More than one third of the San Juan Basin lies within the County, and there are
currently more than 11,000 Oil and Gas Wells in the County’s portion of the San Juan
Basin.
(C) The presence of oil and gas development within that portion of the San Juan
Basin that lies within the County pre-dates the County’s land-use regulations.
(D) The County recognizes the state and national interest in the San Juan Basin as
a major energy producing region, one which has the potential to benefit the local
economies of the County’s rural communities.
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(E) Within that portion of the San Juan Basin that lies within the County, there is a
need to balance the regulation of oil and gas development, so that it allows for the
protection of the County’s unique and invaluable cultural and natural resources, while
still promoting the responsible and economically feasible development of oil and gas
resources which significantly contribute to the rural economies of the County, as further
explained in the Comprehensive Plan. In order to attain such balance, there is created by
this Ordinance the Energy Resource Development District overlay zone, the boundaries
for which are described in Exhibit A attached hereto. Exploratory oil or gas activities
within the Energy Resource Development District, which do not involve drilling, shall be
subject to an exploratory permit approval process and subsequent notice to proceed, as set
forth in this Ordinance and subject to those regulations also set forth in this Ordinance. Oil
and gas development within the Energy Resource Development District, which include
drilling activities or the construction of Oil or Gas Faciltiies shall be subject to an
administratively approved development permit process, as set forth in this Ordinance and
subject to those regulations also set forth in this Ordinance.
3.2 CREATION OF DISTRICT
There is hereby created the Energy Resources Development District, the boundaries for which
are shown on Exhibit A attached hereto.
3.3 AREA AND BOUNDARY OF DISTRICT
(A) The area of the County included within the Energy Resource Development District
overlay zone is fully described on Exhibit A attached hereto, which exhibit is incorporated by
this reference. The Official Zoning Map of the County is hereby amended to include and reflect
the designation and boundary of the Energy Resource Development District overlay zone.
(B) Where the Energy Resource Development District boundary line intersects fee surface
property, the entire fee surface property shall be considered within the Energy Resource
Development District.
3.4 DEVELOPMENT PERMITTED
DEVELOPMENT DISTRICT

WITHIN

THE

ENERGY

RESOURCE

(A) No Oil or Gas Facility shall be constructed or operated anywhere in the County, within
the Energy Resource Development District, unless a development permit for such Oil or Gas
Facility has been approved by the Director in accordance with this Ordinance.
(B) No exploratory activities related to oil or gas development shall be permitted
anywhere within County unless an exploratory permit for such activities has been approved by
the Director in accordance with this Ordinance.
3.5 ONSITE VISIT
(A) The County retains the right to request or participate in an Onsite Visit prior to the
consideration of a development permit application. Upon submission of the application, the
Director shall determine whether or not an Onsite Visit is necessary based on the site specific
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information presented in the application.
(B) The County retains the right to request and participate in an Onsite Visit prior to the
consideration of an application for an exploratory permit. Upon submission of the application,
the Director shall determine whether or not an Onsite Visit is necessary based on the site specific
information presented in the application.
(C) Where an Onsite Visit shall be required, the Director shall provide the Applicant with
a written request for an Onsite Visit.
(D) Prior to the Onsite Visit for a development permit application, the Operator shall flag
all proposed access roads along the center line, and stake, with wooden staking, the proposed Oil
or Gas Well Site, two (2), two-hundred (200) foot directional reference stakes from the Well
Site, the exterior dimensions of the proposed drill pad, proposed cuts and fills, and the outer
limits of the area proposed to be disturbed.
3.6 REVIEW FOR ADMINISTRATIVE COMPLETENESS OF APPLICATION
(A)

The County shall review submitted applications for completeness within:
(1) ten (10) days of receipt for a development permit application; and
(2) ten (10) days of receipt for exploratory permits.

(B) If an application for a permit is deemed incomplete the County shall provide a written
determination to the Applicant explaining why the application is incomplete and the manner in
which the application can be made complete.
(C) Applicants have thirty (30) days to submit the additional required materials unless the
County agrees in writing to a longer time period.
(D) If the required materials are not submitted within the given time period, the
application shall be deemed withdrawn and the Applicant will not be entitled to a refund of their
application fees.
(E) Upon submission of the required submittals, the application shall be reviewed again
for completeness according to appropriate review schedule and the Applicant shall have another
opportunity to complete the application according to subsections A through D of this section.
(F) After an application is complete, the County may nevertheless request additional
information or studies if the Director determines that new or additional information is required in
order to assess the application for compliance with this Ordinance or if there is a substantial change
in the proposed development that is the subject of a pending application.
3.7 REVIEW PROCESS AND CRITERIA FOR EXPLORATORY PERMITS
(A) Completed applications for exploratory permits shall be reviewed by the
Director, within thirty (30) days, for compliance with the design and performance
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standards of this Ordinance, compatibility with existing land use, suitability of the land to
contain the proposed development, and the proposed Best Management Practices and
mitigation measures. In making a decision, the Director may also consider the needs or
preferences of the Surface Property Owner.
(B) Any decision by the Director denying an application for an exploratory permit
shall be in writing, and the Applicant shall be given the opportunity to cure or correct, if
possible, those grounds given as the basis for denial. In the event that the Applicant
cannot cure or correct the grounds of denial within the time frame established by the
Director in the initial letter of denial, a final decision indicating denial shall be provided
to the Applicant upon the expiration of that period.
3.8 REVIEW PROCESS AND CRITERIA FOR DEVELOPMENT PERMITS
(A) Completed applications for development permits for Oil or Gas Facilities
located within the Energy Resources Development District shall be reviewed by the
Director within thirty (30) days for compatibility with existing land use and compliance
with the design and performance standards of this Ordinance, suitability of the land to
contain the proposed development, and whether the proposed Best Management Practices
and mitigation measures are adequate.
(B) Any decision by the Director denying an application for a development permit
shall be in writing, and the Applicant shall be given the opportunity to cure or correct, if
possible, those grounds given as the basis for denial. In the event that the Applicant
cannot cure or correct the grounds of denial within the time frame established by the
Director in the initial letter of denial, a final decision indicating denial shall be provided
to the Applicant upon the expiration of that length of time.
3.9 CONSULTANTS
If the Director determines that the application for a development permit may present a negative
impact on archeological resources, ground or surface water quality, or the environment, the
Director may, at the expense of the Applicant, hire experts to review an application or to evaluate
specific technical issues related to archeological resources, surface or ground water quality or the
environment. If the Director determines that the County should retain such experts, the Director
shall notify the Applicant and the Applicant shall have the opportunity to to provide
recommendations of experts to the County. The Applicant shall make a company check, cash,
certified or bank check, or letter of credit, deposit in an amount to be determined by the Director
for each application submitted, to cover all of the County’s expenses incurred to engage such
consultants and experts as the Director considers necessary and appropriate.
3.10 REFERRALS
The Director may refer an application to other government agencies, cities, counties or entities
having a statutory or regulatory interest in the matter, or otherwise affected by the application, for
review and comment. The application review process shall not be delayed pending review or
commentary from a referral agency(ies).
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3.11 OTHER AUTHORIZATIONS
The Applicant may proceed with other necessary regulatory approvals with the NMOCD and
other applicable regulatory agencies concurrently with the filing of an application for a
development permit with the County.
3.12 AUTHORITY
(A) The Director is granted the authority to approve and grant an exploratory permit and
notice to proceed in accordance with the requirements and standards of this Ordinance.
(B) The Director is granted the authority to impose any conditions in the approval and
granting of an exploratory permit as necessary to carry out the intent and purpose, and to
implement the requirements and standards, of this Ordinance, to protect the public health and
welfare, and to ensure that any exploratory permit, when implemented, complies with the criteria
for the granting of an exploratory permit.
(C) The Director is granted the authority to approve and grant a development permit in
accordance with the requirements and standards of this Ordinance.
(D) The Director is granted the authority to impose any conditions in the granting of any
development permit as necessary to carry out the intent and purpose, and to implement the
requirements and standards of this Ordinance, to protect the public health and welfare, to ensure
that any development permit, when implemented, complies with the criteria for the granting of a
development permit and any mitigation measure required or approved with a development
permit.
3.13 EFFECT OF APPROVALS
(A) When an exploratory permit has been granted for oil or gas exploration activities that do
not include drilling, within the County, in accordance with this Ordinance, such exploratory
permit, along with any other required County permits and any conditions associated therewith,
shall constitute sufficient authority for the commencement of the approved exploratory activity.
(B) When a development permit has been granted for an Oil or Gas Facility or Facilities,
within the Energy Resource Development District and in accordance with this Ordinance, such
development permit, along with any other required County permits and any conditions associated
therewith, shall constitute sufficient authority for the commencement of the approved
development.
3.14 APPLICATION FEES
Each application shall be accompanied by a nonrefundable application fee in the amount set
forth. The application fee shall be paid by company check, cashier's check, wire transfer or
certified funds. The Board shall have authority to adjust from time to time with fees set forth in
this Section:
(A)

Exploratory Permit – Fifty dollars ($50.00)
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(B)

Development Permit – Fifty dollars ($50.00)

3.15 APPEAL
(A) The decision by the Director to approve or deny an exploratory permit is
subject to appeal in the same manner and in accordance with the procedures outlined in
the Rio Arriba County Design and Development Regulation System Ordinance 2009-09.
(B) The decision by the Director to approve or deny a development permit is
subject to appeal in the same manner, and in accordance with the procedures outlined in
the Rio Arriba County Design and Development Regulation System Ordinance 2009-09.
3.16 EXPIRATION OF EXPLORATORY PERMIT AND DEVELOPMENT
PERMIT
(A) An exploratory permit issued pursuant to this Ordinance shall expire if exploratory
activities have not commenced within two (2) years of the date on which the development permit
was issued. This two (2) year period shall be tolled pending the exhaustion of any administrative
and judicial appeals.
(B) A development permit issued pursuant to this Ordinance shall expire if construction
of the Oil or Gas Facility is not commenced within two (2) years of the date on which the
development permit was issued. This two (2) year period shall be tolled pending the exhaustion of
any administrative and judicial appeals.
3.17 ACTIVITIES FOR WHICH APPROVAL IS NOT REQUIRED WITHIN THE
ENERGY RESOURCE DEVELOPMENT DISTRICT
The following activities do not require the issuance of an exploratory permit or a development
permit under this Ordinance:
(A)
land.
(B)

Mapping or surveying activities that do not cause or result in any disturbance of the
Any planning activities that do not disturb the land or adjacent properties.

ARTICLE 4
EXPLORATORY PERMIT APPLICATION CONTENTS AND SUBMITTALS
4.1 GENERAL SUBMITTALS
Applications for an exploratory permit shall be made by completing an application form(s) that
will be prepared and approved by the Director and will also include the following required
submittals:
(A) Proof of compliance with the Surface Owners’ Protection Act (“SOPA”), N.M.S.A.
1978, § 70-12-1 (2007). Proof of compliance may be satisfied by submitting a copy of the
Surface Use Agreement or a letter signed by the applicant statement, the Surface Property Owner
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stating the Operator has complied with SOPA or proof of bonding as required by SOPA.
(B) A vicinity map of the project area, drawn at a scale 1:2000 feet and depicting the
following features:
(1) section, township, range;
(2) north arrow and scale;
(3) major geographic features such as, slopes, drainage areas, and floodplains;
(4) major surface water features;
(5) topographic features;
(6) all state, county and private roads, existing and proposed access, and existing
proposed pipeline routes, including gathering lines and transmission lines;
(7) the location of all fire, police, and emergency response service facilities. If these
facilities are not located on the vicinity map, the Applicant shall provide the contact information,
address, direction, and mileage to the nearest emergency response service facility.
(C)

A copy of the Operator’s County Business License, where applicable.

(D) A narrative of proposed exploration activities including a description of how those
activities might disturb the surface and an estimation of the number of acres to be disturbed.
(E) A narrative of proposed reclamation activities and methods including a description and
source of any materials to be used such as topsoils or reseeding mixtures.
(F)

Additional information as determined by the Director.

ARTICLE 5
DEVELOPMENT PERMIT APPLICATION CONTENTS AND SUBMITTALS
5.1 GENERAL SUBMITTALS
Applications for a development permit shall be made by completing an application form(s) that
will be prepared and approved by the Director and will also include the following required
submittals:
(A) Proof of compliance with the Surface Owners’ Protection Act (“SOPA”), N.M.S.A.
1978, § 70-12-1 (2007). Proof of compliance may be satisfied by the applicant statement,
submitting copy of the Surface Use Agreement or a letter signed by the Surface Property Owner
stating the Operator has complied with SOPA or proof of bonding as required by SOPA.
(B) A vicinity map of the Well or Facility Site, drawn at a scale 1:2000 feet and depicting the
following features:

18

(1) section, township, range;
(2) Well or Facility Site boundary;
(3) north arrow and scale;
(4) major geographic features such as, slope, drainage areas, and floodplains;
(5) major surface water features;
(6) topographic features;
(7) all state, county and private roads, existing and proposed access, and existing
proposed pipeline routes, including gathering lines and transmission lines;
(8) the location of all fire, police, and emergency response service facilities. If these
facilities are not located on the vicinity map, the Applicant shall provide the contact information,
address, direction, and mileage to the nearest emergency response service facility.
(C)

A copy of the Operator’s County Business License, where applicable.

(D) A site plan of the Well or Facility Site with the following information, if not already
required by a permitting agency:
(1) north arrow and scale;
(2) the location, size, and orientation of existing and proposed structures and facilities;
(3) recorded utility and access easements;
(4) existing water wells;
(5) all surface water features.
(E) A photograph of the Well or Facility Site which clearly depicts the physical condition
of the Well Site from all four coordinate directions.
(F) A Surface Disturbance Plan submitted in accordance with Section 5.2 of this
Ordinance.
(G)

A Visual Mitigation Plan submitted in accordance with Section 5.3 of this Ordinance.

(H) Emergency Response Information submitted in accordance with Section
5.4 of this Ordinance.
(I) A description of the source and access route for all water anticipated for use during
development and operation of the oil or gas development, and the disposal location and
transportation method for produced water.
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(J) A solid waste management plan including a description of anticipated solid wastes to
be created during development and operation of the oil or gas development and the proposed
disposal location and method of transportation.
(K) The following information regarding the Applicant and the Operator of the proposed
Oil or Gas Facility:
(1) name, business address and telephone numbers of the Applicant and Operator
responsible for proposed Oil or Gas facilities;
(2) the name, title, address and telephone numbers of those persons appointed by the
Applicant to serve as the contact persons with the County for purposes pertaining to the
submission and processing of the Applicant, including, if applicable, a description of the areas or
issues for which each such person is responsible.
(L)
Copies of all applicable NMOCD documents to be filed in conjunction with the
proposed Oil or Gas Facility, provided upon the Director’s request.
(M) Proof of insurance as required in Section 6.20 of this Ordinance.
(N) Such additional information as is required by the Director to determine the application’s
and the proposed development’s compliance with this Ordinance.
5.2 SURFACE DISTURBANCE PLAN
The Surface Disturbance Plan shall provide for safe operations and adequate protection of
surface resources, groundwater, and other environmental concerns. The Surface Disturbance
Plan shall contain a narrative or depiction, where appropriate, of the following elements and
should disclose any Best Management Practices to be used by the Operator:
(A) Number of acres disturbed during each phase of development and a description of current
land use and reasonably foreseeable future land use on the property. The description of
current land use should, at a minimum, list the current land use designation of the
property as designated by the County Planning and Zoning Department.
(B) A description of roads including:
(1) existing access roads and their current level of service;
(2) anticipated traffic related to the development including types of vehicles and
estimated trips per day;
(3) any improvements or scheduled maintenance of existing roads, including a list of
materials to be used, demonstrating that the Operator will improve or maintain
existing roads in a condition the same as or better than before development began;
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(4) a schedule of any surface disturbance activity that may cause dust, and the proposed
dust mitigation or remediation techniques, including, but not limited to, watering,
surfacing, and speed control; and
(5) new roads to be constructed, including, where appropriate, the following information:
(a) description of road width, maximum grade, and crown design;
(b) description of horizontal and vertical radii for all curves needed to
accommodate intended traffic;
(c) location of turnouts;
(d) description and location of major cuts and fills;
(e) description and location of all fence cuts and cattle guards;
(f) description and location of topsoil excavation and topsoil storage sites;
(g) description of surface materials used if any;
(h) plans for soil and topographic dependent drainage including location and sizes
of ditches, culverts, bridges, and any other drainage methods employed; and
(i) a description and schedule of maintenance and upkeep plans for proposed
roads.
(C) A description of the noxious and invasive plant species of concern within the vicinity of
the Well Site and the proposed mitigation techniques to prevent the appearance or spread
of these species. The Applicant should consult the local agricultural extension office and
the local Natural Resource Conservation Service office for information about noxious
and invasive plant species that exist in the area and the best methods available to contain
or eliminate them.
(D) A description of soil characteristics, a discussion of the limitations those characteristics
may pose to the proposed development, and a description of any erosion mitigation
techniques to be used including, but not limited to, the following where appropriate:
(1) silt fencing;
(2) berms;
(3) seeding and vegetation;
(4) vegetative buffers;
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(5) water bars; and
(6) seasonal road closures and speed limits.
(E) A drainage map identifying natural drainage and how storm water will be managed
within the project area to prevent the travel of runoff. Where appropriate, the drainage
map shall include a watershed map showing all the upper watershed area draining into or
through the site.
(F) A Reclamation Plan shall include a narrative describing clear goals for reclamation and
how those goals are to be achieved. A Reclamation Plan should address the reclamation
of roads, the pad site, and all other areas of the development where the surface was
disturbed. A NMOCD Closure Plan may be submitted as part of the Reclamation Plan.
The Reclamation Plan should include, but not be limited to, the following information:
(1) schedule and description of interim reclamation activities to be conducted
following the completion of each phase of development within the Well Site; and
(2) schedule and description of proposed final reclamation activities to be completed
upon the final plugging and abandonment of the Oil or Gas Well and a discussion
of how those reclamation activities will impact the anticipated future uses of the
property.
(3) Reclamation activities described in the Reclamation Plan may include the
following, but not limited to, where appropriate;
(a) configuration of the reshaped topography and restored drainage;
(b) soil treatments;
(c) reseeding materials and revegetation methods;
(d) backfill or grading requirements;
(e) soil stabilization techniques; and
(f)

pit reclamation.

5.3 VISUAL MITIGATION PLAN
(A) A Visual Mitigation Plan may be required when a proposed development is located
within immediate view of a scenic byway or BLM or USDA Forest Service identified visual
resource, if determined necessary by the Director at the Onsite Visit.
(B) The Visual Mitigation Plan shall be developed by the Operator with opportunity for the
Surface Property Owner to provide feedback. The Director shall assess the Visual Mitigation Plan
based on the proposed visual mitigation techniques, considering the site specific natural and visual
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resources, and the existence of any surface use agreement.
(C) The Visual Mitigation Plan shall contain a narrative describing one or more of the
following visual mitigation techniques which should be used on a site specific basis and
considering the site’s available natural resources:
(1) establishment of berms, ground covers, shrubs and trees;
(2) shaping slopes (cuts and fills) to appear as natural forms;
(3) designing the facility to utilize natural screens or fencing;
(4) vegetation and vegetative screening;
(5) low-profile pumping units and tanks; and
(6) any other visual mitigation techniques approved by the County.
5.4 EMERGENCY RESPONSE INFORMATION
(A) Emergency Response Information submitted to the County should
include, but not be limited to the following requirements, and will be kept on file
with the County Fire Marshall, reviewed annually, and updated as necessary:
(1) Name, address and phone number, including a twenty-four (24) hour manned
emergency number of person(s) or facility responsible for emergency field operations.
(2) A list of the Operator’s Oil or Gas Facilities in the County identified by
corresponding longitude and latitude.
ARTICLE 6
DESIGN AND OPERATIONAL STANDARDS FOR OIL AND GAS DEVELOPMENT
6.1 GENERAL REQUIREMENT
All drilling and other operations conducted at an Oil or Gas Facility or construction of structures
associated with, or serving an Oil or Gas Facility, for which an exploratory permit or a
development permit is required, shall strictly comply with the requirements of this Ordinance
applicable to such Oil or Gas Facility or Facilities, including, but not limited to those set forth
in this Article, and shall be conducted at all times in accordance with the Best
Management Practices of a reasonable and prudent Operator.
6.2 SETBACKS
(A) No Oil or Gas Facility shall be permitted within a floodplain as mapped and
designated by the Federal Emergency Management Agency (FEMA).
(B) Setbacks shall not apply to roads used solely for the purpose of accessing Oil or Gas
Facilities.
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(C) Setbacks shall be measured from the center of roads and from the seasonal high water
mark of watercourses, or the outer boundary of the affected Surface Water Feature.
(D) No Oil or Gas Facility shall be permitted within the following distances of the following
geographic features and structures:
(1) inhabited dwelling - 650 feet;
(2) structure used as a place of assembly, school or institution - 1000 feet;
(3) non-residential structure - 200 feet;
(4) any state, federal or county publicly dedicated road or highway - 200 feet;
(5) surface water features - 300 feet;
(6) existing water well permitted by the State Engineer and used by less than five (5)
households - 200 feet;
(7) existing water well permitted by the State Engineer used by five (5) or more
people -1000 feet;
(8) within a designated cultural, historic or archeological resource as recommended
according to the applicable surface management agency [ e.g. SHPO].
(E) The Director has the discretion to permit deviation from the prescribed setbacks based
on the Operator’s demonstrated ability to protect and/or mitigate the impacts on the foregoing
features, and with the written agreement of the Surface Property Owner or tenant, or, where
applicable, the Adjacent Surface Property Owner or tenant, and/or the appropriate surface
management agency. The Director shall provide written justification for any case requiring a
deviation from the prescribed setbacks.
6.3 STORAGE TANKS
Except as otherwise mandated by the NMOCD, tanks used for the storage of condensate, crude
oil, or other liquid hydrocarbons produced by and/or used in conjunction with any Oil or Gas Facility
shall conform to the American Petroleum Institute (A.P.I.) standards for such tanks. All above
ground storage tanks shall be equipped with a secondary containment system, constructed
and maintained according to applicable current Best Management Practices. All belowgrade tanks shall be constructed and maintained according to NMOCD regulation.
6.4 WELL SITES AND FACILITIES
(A) The Well Site shall not be used for the storage of pipe or other equipment or materials
except during the drilling, operating, or servicing of Oil or Gas Wells. Where not already
required by another permitting agency, the Operator may seek a written exception/permission for
staging of pipe or other equipment from the Director which shall be approved upon a
demonstration of need, for a length of time to be determined by the Director and the Surface
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Property Owner. Where storage permitting is authorized by another permitting agency, a copy of
the storage permit or authorization may be required at the request of the Director.
(B) Site dimensions for an Oil or Gas Facility or Facilities, shall be the size necessary to
provide a safe work area and minimize surface disturbance.
(C) Following the completion of an Oil or Gas Well, the pad shall be reduced to the minimal
size required to operate the site, and the surrounding disturbed surface shall be reclaimed.
6.5 CO-LOCATION OF OIL OR GAS WELLS
The County strongly encourages multiple wells be co-located on a single well pad. Well pad size
may be increased where there are multiple wells co-located on a single pad but only to the extent
required to accommodate safe operation of the multiple Oil or Gas Wells.
6.6 PLUGGING AND ABANDONMENT
The Operator shall comply with all NMOCD regulations and any other relevant Federal and State
regulations applicable to the plugging and abandonment of an Oil or Gas Well.
6.7 FIRE PREVENTION AND EMERGENCY RESPONSE
(A) The Operator shall insure that firefighting apparatus and supplies are provided, as
required by any applicable Federal, State, or County law.
(B) The Operator shall conform to all red flag days as designated by the New Mexico State
Forestry Division.
(C) The Operator shall place a sign at the Well Site, constructed and displayed pursuant
to NMOCD regulation 19.15.17.11 N.M.A.C.
6.8 LIGHTING
All permanent lighting fixtures shall comply with the Rio Arriba County Night Sky Protection
Ordinance 2009-02.
6.9 CULTURAL, HISTORICAL, OR ARCHEOLOGICAL SITES
In the event that a cultural, historical, or archeological site is discovered or identified during any
phase of development within the Well Site, or the construction of roads, the Operator shall
comply with all applicable local, state and federal regulations.
6.10 AIR QUALITY
All Oil and Gas Facilities shall comply with the New Mexico Environment Department’s Air
Quality Bureau standards pursuant to N.M.A.C. 20.2.1.
6.11 WASTE
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(A) All solid and sewage waste shall be securely contained on the site and properly
disposed of according to all applicable Federal, State, and County regulations.
(B) All drilling wastes and produced water shall be disposed of according to NMOCD
regulations.
(C) An Operator shall not inject produced water or any other fluid into a reservoir or
formation to maintain reservoir pressure, for secondary or other enhanced recovery, or for
storage or disposal except pursuant to an approved NMOCD permit.
6.12 SURFACE DISTURBANCE AND RECLAMATION
(A)

Soils and terrain management:

(1) Soils having severe limitations, or which are shown as unsuitable for the intended
purposes shall not be used for those purposes unless the Operator has clearly demonstrated in the
Surface Disturbance Plan how the soil limitations are to be overcome or mitigated.
(2) All topsoil stripped from the surface and retained on the site shall be carefully
stockpiled in a manner to prevent erosion and to facilitate its re-application to the disturbed areas
during reclamation.
(3) Any necessary grading or clearing should, to the extent possible, follow, preserve,
match, or blend with the natural contours and vegetation of the land and should not increase the
possibility for erosion.
(4) The Operator shall take sufficient measures to prevent dust arising from any area
where the surface is disturbed.
(5) All changes made to the existing soil composition and arrangement should be
compatible with the soil stability and erodability as demonstrated in the soil survey, if a soil
survey was required in the application.
(B)

Drainage and Erosion:

(1) To the extent possible, the Operator shall preserve natural drainage existing on the
site prior to development.
(2) Water that drains from the Well Site shall not contain pollutants or sedimentary
materials at a greater concentration than would occur without the presence of the development.
(3) Drainage from the Well Site shall not cause erosion outside of the site to a greater
degree than would occur without the presence of the development.
(C)

Roads and Traffic:

(1) Chains on heavy equipment shall not be permitted on paved County roads. All
damage to County roads directly attributable to the installation, construction and operation of Oil
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or Gas Facilities shall be promptly repaired at the Applicant’s expense.
(2) Heavy equipment shall not be used on roads with ruts measuring six (6) inches or
more in depth.
(3) Speed limits shall be set at a minimum level possible to prevent the creation of
dust and erosion.
(4) The amount of traffic generated by the proposed development shall not cause
public roads to operate at a level less than what can be met by current capacity and structural
conditions.
(5) In the event that traffic generated by the development increase the burden on or
cause a deterioration of County Roads, the Operator shall be required to pay a pro-rata share of
the costs incurred to improve the County Road. The pro-rata share shall be determined by the
County’s Public Works Director and the Applicant.
(D)

Vegetation:

(1) During development and operation, the Operator shall minimize damage to
existing vegetation.
(2) There shall be no introduction of or increase in the prevalence of invasive or
noxious plant species within the Well Site as a result of oil or gas activity.
(3) Operators should consult the local agricultural extension office or the local
Natural Resources Conservation Service to determine the appropriate materials needed to
prevent or contain the spread of noxious and invasive plant species. Any materials used should
be listed in the Surface Disturbance Plan.
(E)

Reclamation:

(1) The Operator shall begin interim and final reclamation activities as soon as
practicable upon completion of each phase of development.
(2) The operator shall reseed by drilling on the contour, or another method as
approved by the Director.
(3) The Operator shall obtain vegetative cover that equals seventy (70%) percent of
the native perennial vegetative cover, which has not been impacted by overgrazing, fire, or some
other damaging intrusion, and shall maintain that vegetative cover for at least two (2) successive
growing seasons.
(4) The Operator shall notify the County at least ten (10) days in advance of the date
that final reclamation activities are to begin and the Operator shall also notify the County as soon
as final reclamation activities have been completed.
6.13 VISUAL IMPACTS
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(A) To the extent possible, facilities shall not be located within immediate view of a scenic
byway or visual resource, as identified and mapped by the County or in the BLM Resource
Management Plan or the USDA Forest Service Plan.
(B) Oil or Gas Facilities shall be painted or otherwise made to be harmonious with the
surrounding environment as follows:
(1) uniform or camouflaging, noncontrasting, nonreflective color tones, similar to
BLM Standard Environmental and Supplemental Colors coding system;
(2) color matched to land, not sky, slightly darker than adjacent landscape;
(3) any other color scheme as agreed upon by the Operator and Surface Property
Owner.
6.14 FENCING
(A) Perimeter fencing and a locked gate for an Oil or Gas Facility or Facilities shall be required
where:
(1) there is a structure used as a place of assembly, school, or institution within onethousand (1000) feet of the facility or facilities;
(2) there are four (4) or more existing residences within one-thousand (1000) feet of the
facility or facilities;
(3) there is an existing non-residential or commercial structure within six hundred (600)
feet of the facility or facilities; or
(4) there is a determination by the Director that public safety so requires.
(B) The design and construction of the required fencing shall be a chain link fence to a
minimum height of six (6) feet and should be topped by a minimum of two strands of
barbed wire, or any other design approved by the Director.
(C) The Operator shall, at a minimum, comply with NMOCD requirements for fencing to
protect livestock and wildlife for Oil and Gas Facilities that include a pit.
6.15 NOISE
(A) All construction, maintenance, and operations of any Oil or Gas Facility shall be
conducted in a manner to minimize the noise created to the greatest extent possible.
(B) Noise will be measured on the “A” scale, using an industry approved protocol. Sound
measurement instruments will be either a Type I or Type II, SPL instrument that meet or exceed
established ANSI standards.
(C)

Oil and gas operations at any Well Site, production facility, or gas facility shall
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comply with the following maximum permissible noise levels measures at six hundred and fifty
(650) feet from the source or at the receptor, unless another standard has been established in a
surface use agreement.
(D) Noise standards for continuous operations shall apply to all oil or gas operations that
operate on a continual (>8 hours/day), long-term basis (>3 weeks) in duration. In the hours
between 7:00 a.m. and the next 7:00 p.m. the noise levels permitted below may be increased ten
(10) db(A) for a period not to exceed fifteen (15) minutes in any one (1) hour period.
(E) Noise standards for temporary operations shall apply to all operations involving
pipeline or gas facility installation or maintenance, the use of a drilling rig, completion rig,
workover rig, or stimulation.
Duration

7:00 am to next 7:00
pm

7:00 pm to next 7:00
am

Continuous Operations

60 db(A)

55 db(A)

Temporary Operations

90 db(A)

85 db(A)

(F) The exhaust from all engines, motors, coolers and other mechanized equipment,
including compressor station fans, shall be vented in a direction away from the closest existing
building units or platted subdivision lots.
6.16 CHANGE OF OPERATOR
(A) If a permitted facility undergoes a change of Operator or a change of Operator
name, the new Operator shall submit a copy of the applicable NMOCD permits to the County
within ten (10) business days of the permit being approved by the NMOCD.
(B) The new Operator must also present proof of adequate insurance as required by
Section 6.20 of this Ordinance, if applicable.
6.17 WATER QUALITY AND QUANTITY
(A) No oil or gas development shall degrade the quality or quantity of ground water or
surface water, from the addition of point or non-point source pollution, beyond any and all
standards enforced by the New Mexico Water Quality Control Commission pursuant to
20.6 N.M.A.C. et. seq.
(B) No oil or gas development shall cause significant degradation in the water quality,
quantity, or pressure of any water wells in accordance with the New Mexico Office of the State
Engineer.
(C) No oil or gas development shall interfere with the operation of infrastructure
associated with existing water rights such as water wells, stock ponds, and acequias, and any
other associated infrastructure.
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6.18 GROUND WATER MONITORING REQUIREMENTS
(A) For all Oil or Gas Wells permitted, by this Ordinance, within a Critical Management
Area Overlay Zone District any where in the County, the Operator shall be required to drill and
maintain a ground water monitoring well prior to initiating construction of the Oil or Gas Facility
or Facilities.
(B) The Director, in the case of development permits applications, and the Board of
County Commissioners, in the case of special use permit applications, may waive the
requirement of the ground water monitoring well, if, the Applicant can demonstrate, in the
application, the ability of the proposed development to sufficiently protect ground and surface
waters, and any other environmental features that may be negatively impacted by the
development.
(C) The ground water monitoring well shall be constructed, operated, and maintained
according to the following standards and requirements:
(1) The ground water monitoring well shall be designed and constructed in
accordance with the New Mexico Environment Department’s Monitoring Well Guidelines (July
2008).
(2) The ground water monitoring well should be located one hundred (100) horizontal
feet away from the Well Pad along the down gradient slope of the ground water as determined by
a Hydrologist.
(3) The ground water monitoring well shall be drilled to first water and screened to
the depth determined by a Hydrologist.
(D) Ground water samples drawn from a ground water monitoring well shall be collected,
analyzed, and prepared in the manner described in Section 6.19(C) of this Ordinance.
6.19 GROUND WATER SAMPLING AND REPORTING
(A) As soon as practicable upon completion of the ground water monitoring well, and
prior to commencement of construction on the Oil or Gas Facility, the Operator shall submit an
initial ground water sample to establish the site specific baseline ground water quality data prior
to development.
(B) Subsequent ground water samples from the ground water monitoring well shall be
collected, analyzed, and submitted to the County, at a minimum, once year for the life of a well
and an additional ground water sample or samples taken one year after the Oil or Gas Well has
been designated as plugged and abandoned pursuant to NMOCD regulations. The annual ground
water monitoring schedule shall be determined by the Director.
(C) Ground water samples should be collected by a qualified environmental consultant,
analyzed in a certified laboratory, and should, at a minimum, include the following information:
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(1) Field measurements, taken at the Well Site, of the following elements:
(a) depth to groundwater;
(b) depth of the screen;
(c) specific conductance;
(d) pH; and
(e) temperature.
(2) Laboratory analysis of the following elements:
(a) total dissolved solids (TDS);
(b) chloride;
(c) sulfate;
(d) nitrate as total nitrogen;
(e) calcium;
(f)

magnesium;

(g) sodium;
(h) volatile organic compounds, using EPA method 8260B; and
(i)

total recoverable petroleum hydrocarbon using EPA method 4181.

(D) The Operator shall submit the results of the ground water analysis along with a
summary of the analysis results which shall be in narrative form and shall describe any change or
variation between the baseline ground water quality data and the ground water sample. The
Operator shall report, in the summary to the County, any increases in concentrations of the
compounds analyzed pursuant to Section 6.19(C) and which are above those previously
reported.
6.20 INSURANCE REQUIREMENTS FOR OIL AND GAS WELLS WITHIN CRITICAL
MANAGEMENT AREA OVERLAY ZONE DISTRICTS
(A) For all Oil and Gas Wells permitted within a Critical Management Area Overlay Zone
District, the Operator shall be required to purchase and maintain in force, for the duration of the
permit, an Environmental Pollution Liability insurance policy.
(B)

The Environmental Pollution Liability policy shall, at a minimum, meet the following
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requirements:
(1) the policy shall be issued by an insurer with an A- Class VIII or better rating by
the A, M, Best Key Rating guide or with such financially sound insurance carriers acceptable to
the County;
(2) the County, its officials, employees, agents, and officers shall be endorsed as an
additional insured or coinsured on the policy;
(3) all policies shall be written on a claims made basis with a retroactive date that is
the same date as the issuance of the Oil or Gas permit, or a date prior to that. The policy and the
same retroactive date must be maintained in force for the duration of the permit or until the well
is plugged and abandoned pursuant to OCD records;
(4) policies shall be maintained in the amount of at least one million dollars
($1,000,000) per occurrence, with an annual aggregate of at least two million dollars
($2,000,000) and shall be written to cover, at a minimum, the following occurrences;
(a) Sudden and accidental pollution resulting from the seepage, escape, spill, or
release of smoke, vapors, fumes, acids, alkalis, toxic or hazardous chemicals, waste material, or
any other irritant, contaminant, or pollutant;
(b) bodily injury;
(c) property damage, including loss of use of damaged property or property that
has not been physically injured or destroyed;
(d) cleanup costs;
(e) defense costs, including costs and expenses incurred in the investigation,
defense, or settlement of claims.
(5) deductibles shall be listed on the Certificate of Insurance and shall not exceed
twenty-five thousand ($25,000) dollars and shall be on a per occurrence basis;
(6) all policies shall be endorsed with a waiver of subrogation providing rights of
recovery in favor of the County; and
(7) each policy shall be endorsed to provide the County a minimum thirty (30) day
notice of cancellation except when the policy is being cancelled for non-payment in which case,
ten (10) days advance notice is required.
(C) A separate Environmental Pollution Liability insurance policy shall not be required if
environmental pollution liability coverage is included in the Applicant’s general liability policy,
provided that the provisions of that coverage meet all of the requirements described in this
Section, or the policy is reviewed and approved by the Director, the County Attorney, and the
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County’s Risk Management Office.
(D) Applicant’s representing companies with a net worth of not less than twenty-five
million dollars ($25,000,000) as shown in the company’s most recent financial statements, may
be exempted from the insurance requirements of this Section. The Director may request copies
of the company’s most recent financial statements to ensure compliance with this provision.
(E) Upon request, certified copies of the Environmental Pollution Liability insurance
policy shall be submitted to the County, Any failure on the part of the County to request
documentation of the required insurance shall not constitute a waiver of the insurance
requirement provided in this Section.
ARTICLE 7
FRONTIER DISTRICT: CREATION OF DISTRICT AND GENERAL APPROVAL
REQUIREMENTS
7.1 FINDINGS
The Board hereby finds, declares, and determines as follows:
(A) There is potential for oil and gas development in other parts of the County, outside the
Energy Resource Development District, such as in the Frontier District. The Frontier District
contains the Chama Basin which has been designated as a frontier or wildcat basin. Frontier basins
are defined as regions that are currently nonproductive and largely unexplored.
(B) Portions of the surface of the Frontier District contain critical natural resources and
habitat for the County, including Critical Management Area Overlay Zone Districts as identified
by the Comprehensive Plan. The Frontier District has some of the highest elevation, and
precipitation levels in the County and acts as a natural reservoir, catching precipitation in the high
elevations and distributing that water across the County and regions further south of the County via
streams, rivers, and aquifer recharge. Both the Headwaters Critical Management Area Overlay
Zone District and large portions of the Riparian/ Floodplain Critical Management Area Overlay
Zone District are located in the Frontier District and these overlay districts contain essential
wildlife habitat such as trout streams, riparian corridors and aquatic habitat, elk calving habitat, and
habitat for endangered, threatened, and sensitive species. The Frontier District also contains
historical, cultural, and archeological resources, as defined in the Comprehensive Plan, that the
County wishes to protect in these areas.
(C) The sensitive habitats and resources found in the Critical Management Area Overlay
Zone Districts of the Frontier District are threatened by all forms of development, not just oil and
gas development. However, new development can play an important role in providing residents
with economic opportunity and can contribute to the overall economic viability of the County.
(D) The County recognizes that oil and gas development will expand into areas outside of
the Energy Resource Development District and into the Frontier District. The County also
recognizes that it is the right and economic interest of private Surface Property Owners and
mineral right owners to develop mineral rights, and that the development of these resources can
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provide County residents with jobs and economic opportunity, and taxes received from oil and gas
development can be a significant source of revenue for the County. As directed by the
Comprehensive Plan, the County intends that this Ordinance will foster sustainable economic
opportunity for County residents of the Frontier District, through oil and gas development and at
the same time protect unique and essential natural resources, habitat, and wildlife from the
potential impacts of that development.
(E) In order to accomplish these objectives, there is created by the Ordinance, the Frontier
District overlay zone, the boundaries for which are described in Exhibit A attached hereto.
Exploratory oil and gas activities within the Frontier District, which do not involve drilling, shall
be subject to an exploratory permit approval process and subsequent notice to proceed, as set forth
in this Ordinance and subject to those regulations also set forth in this Ordinance. All other oil and
gas development in the Frontier District shall be subject to a special use permitting process, as set
forth in this Ordinance and subject to those regulations also set forth in this Ordinance.
(F) In order to promote the efficient and cost-effective review and consideration of
applications for special use permits in accordance with the purposes and goals of this
Ordinance, the County encourages Applicants for special use permits to avail themselves
of the procedures provided herein for the submission of combined applications for special
use permits where Applicants intend to explore or develop oil and gas resources with
multiple Oil or Gas Wells as part of a coordinated plan that may be implemented in one
or multiple phases.
7.2 CREATION OF DISTRICT
There is hereby created the Frontier District, the boundaries for which are shown on Exhibit A
attached hereto.
7.3 AREA AND BOUNDARY OF DISTRICT
(A) The area of the County included within the Frontier District overlay zone is fully
described on Exhibit A attached hereto, which exhibit is incorporated by this reference. The
Official Zoning Map of the County is hereby amended to include and reflect the designation and
boundary of the Frontier District overlay zone.
(B) Where the Frontier District boundary line intersects fee surface property, the entire fee
surface property shall be considered within the Energy Resource Development District, not
within the Frontier District.
6.4 DEVELOPMENT PERMITTED WITHIN THE FRONTIER DISTRICT
(A) Oil and gas development, within the Frontier District, shall be considered as an
industrial land use according to Article II Section IV of the Rio Arriba County Design and
Development Regulation System Ordinance 2009-09.
(B) No Oil or Gas Facility shall be constructed or operated anywhere in the County, within
the Frontier District, unless a special use permit and subsequent notice to proceed for such Oil or
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Gas Facility has been approved and granted in accordance with this Ordinance.
(C) No exploratory activities related to oil or gas development shall be permitted
anywhere within County, unless an exploratory permit for such activities has been approved by
the Director in accordance with this Ordinance.
6.5 PRE-APPLICATION MEETING
No less than thirty (30) days prior to the submission of an application for a special use permit
within the Frontier District, the Applicant shall meet with the Director and such other employees,
representatives or consultants of the County in order to discuss the anticipated submission of the
application, including, but not limited to, a general discussion of the application process, the
materials to be included in the application, the coordination of the required Onsite Visit, and the
manner in which the Applicant intends to comply with the requirements for the submission and
processing of its application.
6.6 ONSITE VISIT
(A) All special use permit applications require an Onsite Visit to be arranged and
conducted by the Operator prior to the consideration of the application.
(B) Prior to the Onsite Visit, the Operator shall flag all proposed access roads along the
center line, and stake, with wooden staking, the proposed Oil or Gas Well Site, two (2), twohundred (200) foot directional reference stakes from the Well Site, the exterior dimensions of the
proposed drill pad, proposed cuts and fills, and the outer limits of the area proposed to be
disturbed.
6.7 REVIEW PROCESS AND CRITERIA FOR SPECIAL USE PERMITS
(A) Once the Pre-application Meeting and the Onsite Visit have been held, the
Applicant may submit their application to the County. The application for a special use
permit shall be processed and reviewed as per the procedure set forth in Article II,
Section VI of the Rio Arriba County Design and Development Regulation System
Ordinance 2009-09.
(B) In addition to the goals, policies, and assessment criteria listed in the Rio
Arriba County Design and Development Regulation System Ordinance 2009-09 and the
Comprehensive Plan, the following additional assessment criteria shall be used in the
consideration of application for special use permits for oil or gas development:
(1)

compliance with the design and performance standards of this Ordinance;

(2) the proposed Best Management Practices and mitigation measures; and
(3) any Surface Use Agreement between the Surface Property Owner and the
Operator.
6.8 COMBINATION OF APPLICATIONS FOR MULTIPLE SPECIAL USE PERMITS
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(A) Applicants for special use permits are encouraged to combine applications for special
use permits, to be reviewed and considered simultaneously for approval under this Ordinance
where the simultaneous submission, review, and consideration of combined applications, that
encompass multiple Oil or Gas Facilities and Well Sites, would satisfy and promote the following
goals:
(1) The Oil and Gas Facilities that would be subject to such combined applications are
intended to explore or develop a resource in such a manner that the facilities are expected to be
constructed and developed simultaneously or in phases as part of a coordinated plan.
(2) The size of geographic area in which such Oil and Gas Facilities are proposed to
be located is such that simultaneous review and consideration of combined applications for such
facilities can be effectively and efficiently accomplished and in a manner that is consistent with
the purposes, goals, and provisions of this Ordinance.
(3) The number of proposed Oil and Gas Facilities is of a number that the
simultaneous review and consideration of combined applications for such facilities can be
effectively and efficiently accomplished and in a manner that is consistent with the purposes,
goals and provisions of this Ordinance.
(4) The impacts associated with such Oil and Gas Facilities are or may be cumulative
in nature such that they can be effectively and efficiently reviewed and considered in a manner
that is consistent with the purposes, goals and provisions of this Ordinance.
(B) Whether applications for special use permits may be combined shall be discussed at the
pre-application meeting. The Director shall have the discretion in determining whether
applications for special use permits may be combined as provided by this section.
(C) In cases where applications for special use permits are combined in accordance with
this Section, the Applicant may, where practicable, consolidate versions of the special use permit
application submittal requirements so long as there is adequate information presented about each
individual Oil or Gas Well combined within the special use permit application so that the impact
of that individual Oil or Gas Well can be reasonably assessed.
(D) In cases where applications for special use permits are combined and receive
simultaneous review and consideration, the subsequent notice to proceed permit application must
be filed for each individual Oil or Gas Well that was encompassed within the combined special
use permit application. Notices to proceed may be issued separately and at different times for the
different individual Oil and Gas Wells for which a special use permit has been granted as part of a
combined application.
6.9 NOTICE TO PROCEED
(A) Upon the approval and granting of a special use permit, the Applicant may apply for a
notice(s) to proceed for any number of Oil or Gas Wells approved under that special use permit
application. An application for a notice to proceed may be made at any time for the duration of
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the special use permit provided that the special use permit has not expired or been revoked, and
is still valid.
(B) An application for a notice to proceed shall be made using an application form(s) to be
prepared and approved by the Director.
(C) In addition to the application for a notice to proceed, the Applicant shall submit adequate
documentation to the Director demonstrating compliance with any conditions of approval
associated with the approval and granting of the special use permit.
(D) Within fifteen (15) calendar days of the application and application materials being
submitted, the Director shall verify that the conditions of approval have been satisfied and shall
either grant or deny the application for notice to proceed and shall provide the Applicant with a
written notice of the decision.
(E) Each individual Oil or Gas Well approved under the special use permit shall have a
unique notice to proceed attached to it. If an Operator is found to be non-compliant with the
design and development standards in this Ordinance, the notice to proceed for that non-compliant
Oil or Gas Well shall be revoked and that Oil or Gas Well shall no longer be legally authorized
to operate.
6.10 REFERRALS
The Director may refer an application to other government agencies, cities, counties or entities
having a statutory or regulatory interest in the matter, or otherwise affected by the application, for
review and comment. The application review process shall not be delayed pending review or
commentary from a referral agency(ies).
6.11 CONSULTANTS
If the Director determines that the application for a development permit may present a negative
impact on archeological resources, ground or surface water quality, or the environment, the
Director may, at the expense of the Applicant, hire experts to review an application or to evaluate
specific technical issues related to archeological resources, surface or ground water quality or the
environment. If the Director determines that the County should retain such experts, the Director
shall notify the Applicant and the Applicant shall have the opportunity to to provide
recommendations of experts to the County. The Applicant shall make a company check, cash,
certified or bank check, or letter of credit, deposit in an amount to be determined by the Director
for each application submitted, to cover all of the County’s expenses incurred to engage such
consultants and experts as the Director considers necessary and appropriate.
6.12 OTHER AUTHORIZATIONS
The Applicant may proceed with other necessary regulatory approvals with the NMOCD and
other applicable regulatory agencies concurrently with the filing of an application for a special
use permit with the County.
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6.13 AUTHORITY
(A) The Board of County Commissioners is granted the authority to approve and grant a
special use permit in accordance with the requirements and standards of this Ordinance.
(B) The Board of County Commissioners is granted the authority to impose any
conditions, in the approval and granting of any special use permit as necessary to carry out the
intent and purpose, and to implement the requirements and standards, of this Ordinance, to
protect the public health and welfare, and to ensure that any special use permit, when
implemented, complies with the criteria for the approval and granting of a special use permit.
6.14 EFFECT OF APPROVALS
When a special use permit has been granted for an oil or gas development within the Frontier
District, in accordance with this Ordinance, such special use permit and subsequent notice to
proceed, together with any other required County permits and any conditions associated therewith,
shall constitute sufficient authority for commencement of drilling, operation, production,
maintenance, repair and testing and all other usual and customary activities associated with oil
and gas development.
6.15 APPLICATION FEES
Each application shall be accompanied by a nonrefundable application fee in the amount set
forth. The application fee shall be paid by company cashier's check, wire transfer or certified
funds. The Board shall have authority to adjust from time to time the fees set forth:
(A)

Special Use Permit – Seventy-five dollars ($75.00)

(B)

Notice to Proceed – Fifty dollars ($50.00)

6.16 APPEAL
(A) The decision by the Director to approve or deny an exploratory permit or
notice to proceed is subject to appeal in the same manner and in accordance with the
procedures outlined in the Rio Arriba County Design and Development Regulation
System Ordinance 2009-09.
(B) The decision by the Board of County Commissioners to approve or deny a
special use permit is subject to appeal in the same manner and in accordance with the
procedures outlined in the Rio Arriba County Design and Development Regulation
System Ordinance 2009-09.
6.17 EXPIRATION OF SPECIAL USE PERMIT
(A) A special use permit issued pursuant to this Ordinance shall expire if construction
of at least one of the Oil or Gas Facilities approved under the special use permit has not
commenced within three (3) years of the date on which the special use permit was approved by the
Board. This three (3) year period shall be tolled pending the exhaustion of any administrative and
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judicial appeals.
6.18 ACTIVITIES FOR WHICH APPROVAL IS NOT REQUIRED WITHIN THE
FRONTIER DISTRICT
The following activities do not require the issuance of an exploratory permit or a special use
permit under this Ordinance:
(A)
land.
(B)

Mapping or surveying activities that do not cause or result in any disturbance of the
Any planning activities that do not disturb the land or adjacent properties.

ARTICLE 8
SPECIAL USE PERMIT APPLICATION CONTENTS AND SUBMITTALS
8.1 GENERAL SUBMITTALS
Applications for a special use permit for an oil or gas development within the Frontier District
shall be made by completing an application form(s) that will be prepared and approved by the
Director and will also include the following required submittals:
(A) Proof of compliance with the Surface Owners’ Protection Act (“SOPA”), N.M.S.A.
1978, § 70-12-1 (2007). Proof of compliance may be satisfied by submitting a copy of the
Surface Use Agreement or a letter signed by the applicant statement, the Surface Property Owner
stating the Operator has complied with SOPA or proof of bonding as required by SOPA.
(B) A vicinity map of the Well or Facility Site, drawn at a scale 1:2000 feet and depicting the
following features:
(1) section, township, range;
(2) Well or Facility Site boundary;
(3) north arrow and scale;
(4) major geographic features such as, slopes, drainage areas, and floodplains;
(5) major surface water features;
(6) topographic features;
(7) all state, county and private roads, existing and proposed access, and existing
proposed pipeline routes, including gathering lines and transmission lines;
(8) the location of all fire, police, and emergency response service facilities. If these
facilities are not located on the vicinity map, the Applicant shall provide the contact information,
address, direction, and mileage to the nearest emergency response service facility.
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(C)

A copy of the Operator’s County Business License, where applicable.

(D) A site plan of the Well or Facility Site with the following information, if not already
required by a permitting agency:
(1) north arrow and scale;
(2) the location, size, and orientation of existing and proposed structures and facilities;
(3) recorded utility and access easements;
(4) existing water wells;
(5) all surface water features.
(D) A photograph of the Well or Facility Site which clearly depicts the physical condition
of the Well Site from all four coordinate directions.
(F) A Surface Disturbance Plan submitted in accordance with Section 5.2 of this
Ordinance.
(G)

A Visual Mitigation Plan submitted in accordance with Section 5.3 of this Ordinance.

(H) Emergency Response Information submitted in accordance with Section
5.4 of this Ordinance.
(I) A description of the source and access route for all water anticipated for use during
development and operation of the oil or gas development, and the disposal location and
transportation method for produced water.
(J) A solid waste management plan including a description of anticipated solid wastes to be
created during development and operation of the oil or gas development and the proposed
disposal location and method of transportation.
(K) An Environmental Report prepared in accordance with Section 8.2 of
this Ordinance.
(L) The following information regarding the Applicant and the Operator of the proposed
Oil or Gas Facility:
(1) name, business address and telephone numbers of the Applicant and Operator
responsible for proposed Oil or Gas Facilities;
(2) the name, title, address and telephone numbers of those persons appointed by the
Applicant to serve as the contact persons with the County for purposes pertaining to the
submission and processing of the Applicant, including, if applicable, a description of the areas or
issues for which each such person is responsible.
(M) Copies of all applicable NMOCD documents to be filed in conjunction with the
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proposed Oil or Gas Facility, provided upon the Director’s request.
(N)

Proof of insurance as required in Section 6.20 of this Ordinance.

(O) Such additional information as is required by the Director to determine the application’s
and the proposed development’s compliance with this Ordinance.
8.2 ENVIRONMENTAL REPORT
(A) For the purposes of this Ordinance, the Environmental Report shall be similar in
format to the Environmental Assessment as described in the National Energy Policy Act (40
CFR 1508.9). The information used to compile the environmental report should be gathered
from the appropriate Federal and State agencies and the Applicant may also consult data and
information compiled by the local surface management agency, such as the BLM’s Resource
Management Plan or the USDA Forest Service’s Forest Plan.
(B) Organized by section, the Environmental Report should be a narrative that identifies,
based on the available Federal and State data, existing soil, water, air, and habitat quality, and
should discuss all possible environmental impacts of the proposed development, the proposed
development alternatives, the proposed mitigation measures for the development, and the
cumulative impacts the development may have on the environment over the life cycle of the
development. The Environmental Report shall discuss, at a minimum, the following:
(1) A wildlife and habitat quality report containing at a minimum:
(a) An inventory of sensitive, threatened, and endangered species found in the
area, as identified on both Federal and State registries.
(b) A review of whether or not the development is located in a key conservation
area, as mapped and defined by the New Mexico Department of Game and Fish and the United
States Fish and Wildlife Service.
(c) An analysis of how the development will impact other wildlife and habitat in
the area including a discussion of how the development might contribute to local habitat
degradation, fragmentation and loss.
(d) A description of rangeland quality.
(2) A hydrologic report containing at a minimum:
(a) a description of the local hydrology and water quality as established by the
New Mexico Office of the State Engineer, any available cathodic well data, the Rio Chama
Regional Water Plan, the Jemez y Sangre Regional Water Plan, and or the United States Army
Corps of Engineers;
(b) depth to ground water and a description of the geology existing between the
surface and first ground water; and
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(c) a depiction of all possible contaminant pathways leading from the Well Site to
surface and ground water within a half (0.5) mile of the Well Site. This depiction should include
pathways leading to all down gradient water courses (perennial, ephemeral, and dry) within
1,000 feet of the Well Site and any down gradient ground water measured at a depth to ground
water of less than or up to five hundred (500) feet.
(3) A description of local air quality as defined by the New Mexico Air Quality
Bureau and the United States Environmental Protection Agency, and an analysis of the project’s
anticipated impacts on local air quality.
(4) A soil survey including a description of soil type and prevalence as determined by
the Natural Resource Conservation Service and an analysis of the ability of the soil to support the
proposed development and the project’s anticipated impacts on soil.
(5) A discussion of designated historical, cultural, and archeological resources, if
applicable.
(C)

A discussion of all proposed mitigation techniques to be used.

ARTICLE 9
DESIGN AND DEVELOPMENT STANDARDS FOR OIL AND GAS DEVELOPMENT
WITHIN THE FRONTIER DISTRICT
9.1 GENERAL REQUIREMENT
All drilling and other operations conducted at an Oil or Gas Facility or construction of structures
associated with, or serving an Oil or Gas Facility, for which a special use permit are
required, shall strictly comply with the requirements of Article 6 and this Article, Article 9, of
this Ordinance and shall be conducted at all times in accordance with the Best
Management Practices of a reasonable and prudent Operator.
9.2 WATER MONITORING REQUIREMENTS FOR THE FRONTIER DISTRICT
(A) For all Oil and Gas Wells permitted within the Frontier Basin District, from which the
depth to ground water is measured at one hundred (100) feet or less from the bottom of pit or the
below-grade tank, whichever is lower, the Operator shall be required to drill and maintain a
water monitoring well prior to initiating construction of the Oil or Gas Facility or Facilities.
(B) The water monitoring well shall be constructed, operated, and maintained according to
the standards and requirements set froth in Section 6.18 of this Ordinance.
(C) All ground water sampling shall be conducted according to the schedule and
requirements set forth in Section 6.19(C) of this Ordinance.
(D)

If the depth to ground water cannot be determined based on existing data, the
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Applicant shall be required to drill a temporary bore hole, of minimum diameter size necessary,
prior to consideration of the application to prove the depth to ground water. If ground water has
not been reached once the temporary bore hole has been drilled to one hundred (100) feet, the
Applicant will not be required to drill the bore hole deeper. (reconcile so it is a condition of
approval
(E) As soon as practicable, after the temporary bore hole has been drilled to one hundred
(100) feet, or first ground water has been reached in the temporary bore hole, the Applicant shall
submit to the County a summary of the drilling results which shall be prepared by a qualified
environmental consultant and, at a minimum, include the following information:
(1) a depiction the location of the temporary borehole on the site map;
(2) a copy of the ground water monitoring well (construction) log, where available;
(3) a copy of the lithologic log, where available; and
(4) the depth to ground water or final depth of the temporary bore hole if ground
water is not reached.
ARTICLE 10
ENFORCEMENT
10.1 VIOLATIONS, ENFORCEMENT, PENALTIES
(A) It shall be unlawful to engage in any exploratory activities related to oil or gas anywhere
within the County without an approved exploratory permit.
(B) It shall be unlawful to construct, install, or operate or cause to be constructed, installed,
or operated any Oil or Gas Facility or Facilities in the County without (a) the issuance of a
development permit for any Oil or Gas Facilities that are located in the Energy Resource
Development District, or (b) or the issuance of a special use permit for any Oil or Gas Facilities
located in the Frontier District.
(C) Any Operator, person, firm, corporation or legal entity that violates any provision of
this Ordinance, any provision or condition of any special use permit or development permit
for an Oil or Gas Facility or Facilities or a valid directive or order of the Director, shall be
subject to the penalties set forth Article III, Section I of the Rio Arriba County Design and
Development Regulation System Ordinance 2009-09.
ARTICLE 11
APPLICATION FOR VARIANCE
11.1 GENERAL PROVISION
Applications for variance of any of the standards associated with any permit contained within
this Ordinance shall be submitted in accordance with Article II, Section VI of the Rio Arriba
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County Design and Development Regulation System Ordinance 2009-09.
ARTICLE 12
APPEALS
12.1 GENERAL PROVISION
Any person aggrieved by a formal decision of the Director under this Ordinance may appeal the
decision in accordance with Article III, Section II of the Rio Arriba County Design and
Development Regulation System Ordinance 2009-09.
ARTICLE 13
NONCONFORMING USES
13.1 NONCONFORMITIES
Within the County, there are Oil or Gas Facilities that were legally established and existing before
the effective date of this Ordinance that do not conform to the requirements of this Ordinance. The
purpose of this Article is to regulate such nonconforming uses to the full extent permitted by law.
13.2 PERMITTED CONTINUANCE
Unless otherwise stated herein, nonconforming Oil or Gas Facilities located anywhere within the
County, that were legally permitted and have drilled an oil or gas bore hole of at least two hundred
(200) feet before the effective date of this Ordinance shall be permitted to continue. Legally
permitted Oil or Gas Facilities which do not have an oil or gas bore hole of at least two hundred
(200) feet shall be required to apply for the appropriate County permit(s) as required by, and as set
forth in this Ordinance.
13.3 PROHIBITION ON THE EXPANSION OF NONCONFORMING USES
(A) Legal nonconforming Oil or Gas Facilities shall not be expanded, substantially modified, or
increased without first obtaining all applicable permits and approvals required by this Ordinance,
including, but not limited to, a special use permit if located within Frontier District or a
development permit if located within the Energy Resource Development District. Examples of
expansions, modifications and increases of a legal nonconforming use for which applicable
permits and approvals must be obtained include, but are not limited to:
(1) the substantial modification of an Oil or Gas Well.
(B) The following do not constitute substantial modifications to a legally nonconforming Oil or Gas
Facility requiring permits or approvals under this Ordinance:
(1) routine repairs and maintenance that will not result in an increase of the area of
surface disturbed;
(2) activities associated with the planning of Oil or Gas Facilities or the preparation of
applications for approvals under this Ordinance that do not result in the disturbance of the surface of
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the ground.
13.4 ABANDONMENT OF NONCONFORMING USES
If any legal nonconforming Oil or Gas Facility is permanently abandoned as defined in this
Ordinance, the use of such Facility thereafter shall not be allowed without first obtaining all
applicable permits and approvals required by this Ordinance, including, but not limited to, a special
use permit if located within the Frontier District or a development permit if located within the Energy
Resource Development District
13.5 DAMAGE OR DESTRUCTION OF A NONCONFORMING USE
A legal nonconforming use of an Oil or Gas Facility that is demolished or destroyed by an act of
nature or as the result of actions not intended and over which the owner of such facility had no
control, the status of such facility as a legal nonconforming use shall be allowed to continue provided
that the replacement of such facility is completed in accordance with applicable Federal and State
regulations.
ARTICLE 14
MISCELLANEOUS
14.1 INDEMNITY AND EXPRESS NEGLIGENCE
Each permit issued for an Oil or Gas Facility shall include the following language:
“THE OPERATOR DOES HEREBY EXPRESSLY RELEASE AND DISCHARGE, ALL
CLAIMS, DEMANDS, ACTIONS, JUDGMENTS, AND EXECUTIONS WHICH IT EVER
HAD, OR NOW HAS OR MAY HAVE, OR ASSIGNS MAY HAVE, OR CLAIM TO HAVE,
AGAINST THE COUNTY OF RIO ARRIBA AND/OR ITS DEPARTMENTS, AGENTS,
OFFICERS, SERVANTS, SUCCESSORS, ASSIGNS, SPONSORS, VOLUNTEERS, OR
EMPLOYEES, CREATED BY, OR ARISING OUT OF PERSONAL INJURIES, KNOWN OR
UNKNOWN, AND INJURIES TO PROPERTY, REAL OR PERSONAL, OR IN ANY WAY
INCIDENTAL TO OR IN CONNECTION WITH THE PERFORMANCE OF THE WORK
PERFORMED BY THE OPERATOR UNDER ANY OIL OR GAS PERMIT GRANTED
UNDER, AND IN ACCORDANCE WITH THIS ORDINANCE.
THE OPERATOR SHALL FULLY DEFEND, PROTECT, INDEMNIFY, AND HOLD
HARMLESS THE COUNTY OF RIO ARRIBA, NEW MEXICO, ITS DEPARTMENTS,
AGENTS, OFFICERS, SERVANTS, EMPLOYEES, SUCCESSORS, ASSIGNS, SPONSORS,
OR VOLUNTEERS FROM AND AGAINST EACH AND EVERY CLAIM, DEMAND, OR
CAUSE OF ACTION AND ANY AND ALL LIABILITY, DAMAGES, OBLIGATIONS,
JUDGMENTS, LOSSES, FINES, PENALTIES, COSTS, FEES, AND EXPENSES INCURRED
IN DEFENSE OF THE COUNTY OF RIO ARRIBA, NEW MEXICO, ITS DEPARTMENTS,
AGENTS, OFFICERS, SERVANTS, OR EMPLOYEES, INCLUDING, WITHOUT
LIMITATION, PERSONAL INJURIES AND DEATH IN CONNECTION THEREWITH
WHICH MAY BE MADE OR ASSERTED BY OPERATOR, ITS AGENTS, ASSIGNS, OR
ANY THIRD PARTIES ON ACCOUNT OF, ARISING OUT OF, OR IN ANY WAY
INCIDENTAL TO OR IN CONNECTION WITH THE PERFORMANCE OF THE WORK
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PERFORMED BY THE OPERATOR UNDER ANY OIL OR GAS PERMIT GRANTED
UNDER AND IN ACCORDANCE WITH THIS ORDINANCE.”
14.2 SEVERABILITY
If any provision of this Ordinance shall be held invalid or non-enforceable by any court of
competent jurisdiction for any reason, the remainder of this Ordinance shall not be affected and
shall be valid and enforceable to the fullest extent of the law.
14.3 EFFECTIVE DATE
As necessary to protect the public health and safety, this Ordinance proposed for adoption shall
take effect immediately upon its recordation by the County Clerk.
REVIEWED, APPROVED, AND ADOPTED ON THIS 20TH DAY OF MAY, 2009, BY
THE RIO ARRIBA BOARD OF COUNTY COMMISSIONERS:

_______________________________________
ELIAS CORIZ, CHAIRPERSON
DISTRICT I COMMISSIONER

_______________________________________
ALFREDO MONTOYA
DISTRICT II COMMISSIONER

_______________________________________
FELIPE MARTINEZ
DISTRICT III COMMISSIONER
ATTEST:

_________________________________________
MOISES A. MORALES, JR., RIO ARRIBA COUNTY CLERK
CERTIFICATE OF FILING
I, MOISES A. MORALES, JR., County Clerk, do hereby certify that the foregoing ordinance
designated as Ordinance 2009-01 was filed in my office on the ___________day of
______________2009 in Book Number __________ Pages ____________
____________________________
MOISES A. MORALES, JR., COUNTY CLERK
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SECTION 11.26.

SETBACKS

11.26.l. No Oil or Gas Facility shall be located closer than the setbacks permitted in the Board's development order approving the
or the following distances to the following types of land uses; whichever is greater.
(a)

Inhabited Dwelling - 750 feet

(b)

Building Used as a Place of Assembly, School or Institution - 750 feet

(c)

Nonresidential Use or Building - 400 feet

(d)

Public Road or Highway - 200 feet

(e)

Lot Line for a Lot Designated for Residential Use on Approved Plat - 600 feet

(f)
Groundwater Re-charge Area, Alluvial Aquifer, Acequia, Perennial, Seasonal or Ephemeral Water Course, Cree
Lake or Wetland as Defined by the United States Corps of Engineers - 1000 feet
(g)

100-year Floodplain Line as Designated by the Federal Emergency Management Agency - 500 feet

(h)

Existing Water Well Permitted by the State Engineer - 750 feet

(i)

Cultural, Historic or Archeological Resource -750 feet

(j)

County Trail or Designated Open Space - 200 feet

(k)

Parks, trails, and recreation areas - 250 feet

11.26.1.1.
The setbacks listed above are intended to be “minimum” protections for the listed structures and resources. Individua
will be taken into account throughout the Overlay Zoning and SUDP application processes. The Board of County Commission
responsible for deciding where drill sites may be located on an individual property. At the Board's discretion, these setbacks may be
site by site basis. The Board should also pay particular attention to protecting sensitive neighboring uses such as residences wh
sites.

11.26.2.
Setback Exceptions. When an Applicant cannot locate an Oil or Gas Facility anywhere on the surface because doing
the setback requirements, the Application for the SUDP shall be denied and an Application for a Beneficial Use and Value Determ
required in accordance with Section 12.

https://z2codes.franklinlegal.net/franklin/Z2Browser2.html?showset=santafecountyset
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16.16.030 Setbacks and minimum drill site dimensions.
A. No new drill site shall have a dimension less than two hundred feet in any direction unless the minimum
dimension is reduced by the director. Upon a written request from the operator, the oil services coordinator may
reduce the minimum dimension to not less than the height of the proposed drilling derrick, and may impose
additional conditions he may deem necessary to protect the public health, safety, and general welfare, upon finding
that both of the following conditions are met:
1. That the reduced minimum dimension will not be materially detrimental to the public welfare or injurious to
adjacent property.
2. Because of special circumstances applicable to the property, including size, shape, topography, location, or
surrounding buildings, the strict application of the two hundred foot dimension would deprive such property of
privilege enjoyed by other property in the vicinity.
B. No well shall be drilled where the center of the well bore, at ground surface, will be less than the following
prescribed distances:
1. Fifty feet to any adjacent interior property line not part of an oil and gas surface leasehold;
2. One hundred feet from a non-oil-related building for human occupancy;
3. One hundred feet from existing tanks, tank farms, or tank batteries used for storage of flammable materials;
4. Seventy-five feet from any public right-of-way shown on the city's official plan lines map, general plan, or any
specific plan;
5. Three hundred feet from any place of public assemblage, institution, hospital, or school;
6. Two hundred feet from any public park.
C. The oil services coordinator may suspend any provision contained in subsections (A) or (B) of this section for
a redrill in whole or part, if the oil services coordinator deems such provisions or requirements unnecessary;
provided; that in such event the oil services coordinator may impose additional conditions on a redrill as he deems
necessary to protect the public health, safety, and general welfare. Such conditions may include, but shall not be
limited to, the following:
https://export.amlegal.com/api/export-requests/52c9292b-a52e-4935-a7b8-060e2db81a77/download/
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1. Installation of special guy wire supports during the redrilling operation;
2. Installation of acoustical blankets or panels around drilling equipment.
D. No structures shall be constructed closer than fifty feet to the center of a well other than buildings necessary
for oil production, except that the distance of separation between a building and a well may be reduced to thirty-five
feet if all walls of the building are of two-hour fire resistive construction and have no openings.
E. With the exception of engines used in the drilling or servicing of wells no internal combustion engine, storage,
tank or boiler, fired heater, open flame device, or other source of ignition, except welding supervised by the
operator, shall be located within twenty-five feet of any well.
(Ord. 90-08-1074 § 4 (part))

https://export.amlegal.com/api/export-requests/52c9292b-a52e-4935-a7b8-060e2db81a77/download/

2/2

9/28/2020

Stillwater, OK Code of Ordinances

Sec. 23-410.2. - De nitions.
All technical industry words or phrases related to the drilling and production of gas
wells not specifically defined shall have the meanings customarily attributable thereto by
prudent operators in the gas industry. For the purposes of this article the following
definitions, without regard to whether the defined terms are capitalized when used, shall
apply unless the context clearly indicates or requires a different meaning. Except as
otherwise provided, these definitions shall be applicable only to this article.

City means the City of Stillwater, Oklahoma.
Commercial disposal well means a well where the owner/operator receives and
disposes of produced water or any other deleterious substance from multiple well
owners/operators and receives compensation for these services and where the
owner/operator's primary business objective is to provide these services. This definition
does not include those private wells established for on-site disposal of produced water
from wells within a common unit established by the OCC.

Completion operations or completion means that portion of the drilling activities that
includes the work that is performed after initial drilling activities and prior to production
activities for the purpose of optimizing the production of a well.

Drilling means the process by which the earth is bored to create a pathway to
formations containing hydrocarbons to allow for their production to the surface.

Drilling activities means those activities commonly performed at the drilling and
production site necessary or incidental to getting hydrocarbons to market, including
completion, re-drilling, re-completion or re-working operations, but not including
production activities or establishment of a commercial disposal well as defined in this
article.

Drilling and production site means the area dedicated to all gas well drilling or
production activities, or both, including the drilling and production area, all structures,
dehydrators, parking areas, security cameras, lighting, tanks, tank battery (or any other
tank grouping area), drilling rigs, separators, compressors as associated with gathering
lines, perimeter walls, utilities, and all other features or objects contemplated for use
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during and after gas well drilling or production activities, as designated on the specific use
permit site plan. Excluded from this definition are gathering and transmission lines and
compressor stations and commercial disposal wells as defined in this article.

EPA means the United States Environmental Protection Agency or successor agency.
Gas means gas or natural gas, as such terms are used in the rules, regulations, or
forms of the Oklahoma Corporation Commission. Typically, a naturally-occurring gaseous
substance primarily composed of methane and other light, gaseous hydrocarbons.

Gas production means the phase that occurs after successful exploration, drilling and
development involving operations including, but not limited to, gas wells, tanks,
dehydrators, separators, mud pits, ponds, tank batteries or associated mechanical
equipment, and during which hydrocarbons are extracted from the gas field, but does not
include the operation of a commercial disposal well as defined in this article.

Gas well means any well drilled for the production of gas or classified as a gas well
under Oklahoma Statutes or Oklahoma Corporation Commission Regulations.

Hazardous materials management plan means the hazardous materials management
plan and hazardous materials inventory statements required by the Fire Code.

OCC means "Oklahoma Corporation Commission" or successor agency.
ODEQ means "Oklahoma Department of Environmental Quality" or successor agency.
Oil means oil or crude oil as such terms are used in the rules, regulations, or forms of
the Oklahoma Corporation Commission.

Oil and gas inspector or inspector means an inspector designated by the city that is
responsible for primary enforcement of this article.

Oil production means the phase that occurs after successful exploration, drilling and
development involving operations including, but not limited to, oil wells, tanks,
dehydrators, separators, mud pits, ponds, tank batteries or associated mechanical
equipment, and during which hydrocarbons are extracted from the oil field, but does not
include the operation of a commercial disposal well as defined in this article.
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Operator means the person(s) in charge and in control of drilling, maintaining,
operating, pumping, or controlling any well or pipeline including without limitation, a unit
operator.

Pit means a temporary or permanent containment for circulated fluids and drilling
products or waste.

Plugging and abandonment means "plugging" as defined by the Oklahoma
Corporation Commission and includes the plugging of the well, abandoned, orphaned or
otherwise, and restoration of the drilling and production site as required by this article.

Producing well means a well that has been completed and is presently capable of
yielding oil or gas in paying quantities.

Production activities or production means the extraction of hydrocarbons from a well
after drilling and completion, but does not include the operation of a commercial disposal
well as defined in this article.

Production site means that area of the drilling and production site utilized for
production activities after well completion.

Protected use means any dwelling, church, public park, public library, medical facility,
pre-kindergarten, kindergarten or elementary, middle or high school, public pool, senior
center, or public recreation center. This definition does not apply to any structure
constructed in the proximity of a producing well drilled after the effective date of this
ordinance as set forth under subsection 23-410.6(A)(5).

Separation boundary means the location of the property line of the nearest protected
use, nearest lot line of a previously platted residential subdivision, or closest property line
of an adjoining use that is not defined as a protected use, as measured from the drilling
and production site.

Tank means a natural or man-made container, covered or uncovered, in which to
store, contain or mix liquids or hydrocarbons used or produced in conjunction with the
drilling, stimulation or production operations of an oil or gas well.

3/9

9/28/2020

Stillwater, OK Code of Ordinances

Well means a hole or bore drilled to any horizon, formation, or strata for the purpose
of producing natural gas, or liquid hydrocarbons.
( Ord. No. 3310, § 2, 7-20-2015 )
Sec. 23-410.6. - Standards for oil and gas well drilling and completion.
A.

Separation.
1.

No well, or any rig, platform, tower, equipment, device, trailer,
structure, tank, pit, chemical, or substance used for drilling,
completion, production, re-drilling, re-completion, maintenance, or
storage of or from the well, shall be located within 660 feet of the
nearest property line of any protected use or any lot located within a
previously platted residential subdivision.

2.

No well, or any rig, platform, tower, equipment, device, trailer,
structure, tank, pit, chemical, or substance used for drilling,
completion, production, re-drilling, re-completion, maintenance, or
storage of or from the well, shall be located within 660 feet of the
nearest outside wall of any protected use located on the same parcel
as the well.

3.

No well, or any rig, platform, tower, equipment, device, trailer,
structure, tank, pit, chemical, or substance used for drilling,
completion, production, re-drilling, re-completion, maintenance, or
storage of or from the well, shall be located within 400 feet of the
nearest outside wall of any structure other than those defined as a
protected use.

4.

The city council may, upon application, reduce the separation distance
set forth in subsection 23-410.6(A) if:
(a)

The operator demonstrates that due to size or shape alone, said
requirement will prevent any oil and gas drilling and production
on the A or IG zoned parcel, provided, no such reduction of
separation distance shall be granted unless the operator
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demonstrates that additional or enhanced mitigation measures
will adequately offset any increased negative impact to adjoining
property caused by the separation reduction; or
(b)

The operator produces notarized written consent to a separation
reduction from each owner of a protected use or platted
residential subdivision parcel located within or immediately
adjacent to the separation boundary; a notarized written consent
to a separation reduction from each owner of an adjoining use
other than a protected use; or, a notarized written consent to a
separation reduction from each owner of a structure located on
the same parcel as the drilling and production site; as applicable.

5.

No structure shall be constructed within 400 feet of a producing well
drilled after the effective date of this article, except with written
consent of the well operator. Said distance shall be determined in the
same manner as set forth in subsection 23-410.6(A)(3), except that the
closest permanent structure located on the production site shall serve
as the initial point of measurement.

B.

On-site requirements.
1.

All drilling and completion operations proposed within the FEMA One
Hundred Year Designated Floodplain shall comply with the adopted
Flood Hazard Regulations and shall be fully flood proofed.

2.

All drilling and production sites shall be screened with an opaque
temporary fencing of sufficient size and dimension to secure the area
where drilling activities are conducted and to protect adjoining uses
from the deleterious effects of noise, light, dust, and other nuisances
associated with such activities, consistent with the standards set forth
in this Code.

3.

The ambient noise level shall be 69 dB. No operation conducted on the
drilling and production site shall create any noise which causes an
exterior noise level when measured at the separation boundary for a
protected use that:
(a)

Exceeds the ambient noise level by more than five decibels
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during daytime hours and more than three decibels during
nighttime hours;
(b)

Creates pure tones where one-third octave band sound-pressure
level in the band with the tone exceeds the arithmetic average of
the sound-pressure levels of two contiguous one-third octave
bands by five dB for center frequencies of 500 Hertz and above,
and by eight dB for center frequencies between 160 and 400
Hertz, and by 15 dB for center frequencies less than or equal to
125 Hertz; or

(c)

Creates low-frequency outdoor noise levels that exceed the
following dB levels:

16 Hz octave band

69 dB

31.5 Hz octave band

69 dB

64 Hz octave band

69 dB

(d)

Adjustments to the noise standards as set forth above may be
permitted intermittently in accordance with the following:

Permitted Increase (dBA)

Duration of Increase (minutes)*

10

5

15

1

20

Less than 1
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* Cumulative minutes during any one hour.
(e)

The exterior noise level generated by operations at the drilling
and production site shall be continuously monitored for
compliance. The cost of such monitoring shall be borne by the
operator. If a complaint is received by either the operator or the
city from the occupant of any protected use, the operator shall,
within 24 hours of notice of the complaint, continuously monitor
for a 72-hour period the exterior noise level generated by
operations at the drilling and production site at the nearest
property line of the source of the complaint.

(f)

Acoustical blankets, sound walls, mufflers, landscaping or other
alternative methods may be used to ensure compliance. All
soundproofing shall comply with accepted industry standards
and applicable fire codes.

(g)

The sound level meter used in conducting noise evaluations shall
meet the American National Standard Institute's Standard for
sound meters or an instrument and the associated recording and
analyzing equipment which will provide equivalent data.

(h)

A citation may be immediately issued for failure to comply with
the provisions of this subsection. However, if the operator is in
compliance with the approved drilling/completion mitigation
plan, and a violation still occurs, the operator will be given 24
hours from notice of noncompliance to correct the violation from
an identified source before a citation is issued. Additional
extensions of the 24-hour grace period may be granted in the
event that the source of the violation cannot be identified after
reasonable diligence by the operator.

4.

Exhaust from any internal combustion engine, stationary or mounted
on wheels, used with the drilling of any well shall not be discharged
into the open air unless it is equipped with an exhaust muffler or
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mufflers, or an exhaust muffler box constructed of noncombustible
materials sufficient to suppress noise and prevent the escape of
noxious gases, fumes, or ignited carbon or soot.
5.

The operator shall minimize the escape of toxic, noxious or offensive
odors, fumes, and emissions from the drilling and production site
during drilling and completion operations. Gas emissions shall be
shielded from the direction of any protected use located adjacent to
the drilling and production site. Air quality at the separation boundary
of an adjoining protected use shall meet applicable EPA or ODEQ
standards during such operations. The oil and gas inspector may
require the installation of air quality monitoring devices at the
separation boundary upon receipt of a complaint or whenever
conditions warrant such action. The cost of monitoring may be
assessed against the operator.

6.

The operator shall minimize the escape of dust from the drilling and
production site during drilling and completion operations. Clean water
shall be applied to the drilling and production Site and all unpaved
points of access to said site to prevent dust migration to adjoining
properties, as necessary. The operator may utilize a chip seal or
equivalent best management practice approved by the city in lieu of
watering for dust mitigation.

7.

All electric lines to drilling and production facilities shall be located in a
manner compatible to those already installed in the surrounding area.

8.

No operator shall excavate or construct any lines for the conveyance
of fuel, water, or minerals on, under, or through the streets or alleys or
other land of the city without an easement or right-of-way agreement
from the city.

9.

The operator shall utilize secondary containment measures in
accordance with OCC Regulations. In the absence of such regulations,
outside storage areas shall be equipped with a secondary containment
system designed to fully contain a spill quantity equal to the aggregate
rated capacity of all tanks and vessels located on the drilling and
8/9
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production site. Secondary containment shall be designed to include
the volume of a 24-hour rainfall as determined by a 25-year storm and
provision shall be made to drain accumulations of ground water and
rainfall.
10.

The city manager may designate specific routes to and from the
drilling and production site for trucks and other vehicles used in
conjunction with drilling and completion operations to minimize
excessive wear and tear or damage to city streets.

11.

The drilling and production site shall remain free of all weeds, rubbish,
brush, trash or debris at all times.

12.

A hazardous materials management plan shall be on file with the fire
marshal. Any updates or changes to this plan shall be provided to the
fire marshal within three working days of the change. All chemicals
and/or hazardous materials shall be stored in such a manner as to
prevent, contain, and facilitate rapid remediation and cleanup of any
accidental spill, leak, or discharge of a hazardous material. Operator
shall have all material safety data sheets (MSDSs) for all hazardous
materials on-site. All applicable federal and state regulatory
requirements for the proper labeling of containers shall be followed.

13.

The operator shall remove or cause to be removed all contamination
and associated waste materials after any spill, leak or discharge. Cleanup operations shall begin immediately.

( Ord. No. 3310, § 2, 7-20-2015 )
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2. Require discretionary development proposed to be located adjacent to existing mining
operations to provide a buffer between the development and mining operations to minimize
land use incompatibility and avoid nuisance complaints.
3. Establish a buffer distance based on an evaluation of noise, community character,
compatibility, scenic resources, drainage, operating conditions, biological resources,
topography, lighting, traffic, operating hours, and air quality.
(RDR)

COS-6.6

6.6

In-River Mining
The County shall require discretionary development for in-river mining to incorporate all feasible
measures to mitigate water, biological resource, flooding, and erosion impacts. (RDR)

Oil and Gas Resources

Oil and gas are major energy resources in Ventura County. There are currently (2018) 57 oil companies operating
in Ventura County under the authority of 135 conditional use permits granted by the County to authorize oil and
gas activities. Oil and gas are produced in Ventura County using both traditional and enhanced recovery
techniques. While there is significant oil and gas production in Ventura County, no new offshore oil and gas
development is anticipated in the county or nearby Federal waters because of regulation and opposition from the
California State Lands Commission.

To effectively and safely manage the exploration, production, and drilling of oil and
gas resources in Ventura County.
COS-7.1


Minimum Site Area
The County shall only approve discretionary development for oil and gas development if the
area of ground disturbance constitutes the minimum necessary to accomplish the project
objectives. (RDR)

COS-7.2

Oil Well Distance Criteria
The County shall require new discretionary oil wells to be located a minimum of 1,500 feet from
residential dwellings and 2,500 from any school. (RDR)

COS-7.3


Compliance with Current Policies, Standards, and Conditions
The County shall require new or modified discretionary development permits for oil and gas
exploration, production, drilling, and related operations be subject to current State and County
policies, standards, and conditions. (RDR)

COS-7.4


Electrically-Powered Equipment for Oil and Gas Exploration and Production
The County shall require discretionary development for oil and gas exploration and production
to use electrically-powered equipment from 100 percent renewable sources and cogeneration,
where feasible, to reduce air pollution and greenhouse gas emissions from internal combustion
engines and equipment. (RDR)
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Chapter 3. Section 47. Surface Setbacks.
(a)
A well, as measured to the center of the wellhead, and Production
Facilities, as measured to the nearest edge, corner or perimeter, shall be located no closer than
five hundred feet (500’) to an existing Occupied Structure(s) as measured from the closest
exterior wall or corner of the Occupied Structure(s). It is preferable that Production Facilities are
located at a greater distance from Occupied Structure(s) where technically feasible.
(b)
requirements if:

The Supervisor may approve a variance to decrease the setback

(i)
The owner(s) of an Occupied Structure(s), as identified on county
assessor tax records, waives this requirement, in writing, on a form approved by the
Commission.
(ii)
Good cause is shown. If for any reason the Supervisor shall grant
or deny a variance, the owner(s) of an Occupied Structure(s) or the Owner or Operator may
request the Commission, after notice and hearing, consider the variance.
(c)
The Supervisor may approve a variance to increase the setback
requirements for good cause. If, for any reason, the Supervisor shall grant a variance, the Owner
or Operator may request the Commission, after notice and hearing, consider the variance.
(d)
If a well is not spud, a variance granted by the Supervisor or the
Commission under subsection (b) or (c) shall expire one (1) year from the date the variance is
granted.
(e)
Where a Well(s), as measured to the center of the wellhead, or Production
Facilities, as measured to the nearest edge, corner or perimeter, are proposed for location within
one thousand feet (1,000’) of an existing Occupied Structure(s), as measured from the closest
exterior wall or corner of an Occupied Structure(s), the Owner or Operator shall:
(i)
Inform the owner(s) of an Occupied Structure(s), as identified on
county assessor tax records, no more than one hundred and eighty (180) days nor less than thirty
(30) days prior to the construction of a drilling pad or site for Production Facilities, in writing,
of:
(A)

The Owner or Operator name and contact information;

(B)
Its plan to drill a new Well(s) and the estimated
construction, drilling and completion timeline;
(C)
The legal location of the Well(s), including QuarterQuarter, Section, Township, Range, County;
(D)

pipeline.wyo.gov/wogcchelp/commission.html

The name and API Number of the new Well(s); and
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(E)
A description of the best management practices and site
specific measures the Owner or Operator plans to undertake to mitigate reasonably foreseeable
impacts to the owner(s) of Occupied Structure(s). At a minimum, the Owner or Operator shall
consider noise, light, dust, orientation of the drilling pad, and traffic in developing its plans.
(ii)
Provide for the Supervisor’s review and consideration, fifteen (15)
days prior to construction of a drilling pad or site for Production Facilities, a report which details
the actions taken by the Owner or Operator to communicate with the owner(s) of an Occupied
Structure(s) in accordance with subsection (e)(i) and any comments received from the owners(s)
of an Occupied Structure(s) regarding the best management practices and mitigation measure to
be undertaken at the location. The report shall include the best management practices and site
specific measures the Owner or Operator will undertake to mitigate foreseeable impacts.
Nothing in this subsection is intended, and shall not be construed, to compel or to preclude the
Supervisor from requiring other site specific measures to mitigate foreseeable impacts. The
Supervisor may waive this requirement for an Owner or Operator if the owner(s) of all Occupied
Structure(s) within this zone waive this requirement, in writing, on a form approved by the
Commission.
(f)
The Owner or Operator, in consultation with the Supervisor, shall schedule
meetings to facilitate necessary information sharing with owners of Occupied Structures in an
area in which an Owner or Operator has an approved Application for Permit to Drill or Deepen a
Well (Form 1) located within one thousand feet (1,000’) of an existing Occupied Structure(s), as
measured from the closest exterior wall or corner of the Occupied Structure(s) to the center of
the wellhead or nearest edge, corner or perimeter of Production Facilities within the existing
corporate limits of an incorporated municipality or within the boundary of an existing platted
subdivision established in compliance with all applicable state and county laws and regulations.
The Owner or Operator shall notify the appropriate county commission, by and through the
county clerk’s office, of any meetings scheduled pursuant to this subsection. The Supervisor may
waive this requirement for an Owner or Operator if the owner(s) of all Occupied Structures
within this zone waive this requirement, in writing, on a form approved by the Commission.
(g)
If additional development requiring an Application for Permit to Drill or
Deepen a Well (Form 1) occurs at an existing well location, an Owner or Operator shall be
required to comply with all provisions of Chapter 3, Section 47. Surface Setbacks. (e).
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k. Closed System

j. Client Company

i. Class II Well

h. Casing Pressure

g. Barrel

f. Average Daily Production

e. Available Water Source

d. Authorized Agent

c. Agent

b. Abandoned Oil Field Equipment

a. Aquifer

Section 2. Definitions

Section 1. Authority

Chapter 1: Authority and Definitions

Rules and Regulations

Rules Reports, Forms and Notices

9/28/2020

Occupied Structure shall mean a
building that was specifically constructed
and approved for human occupancy such as
a residence, school, office, or other place of
work, or hospital. Occupied structure shall
not mean outbuildings such as, but not
limited to sheds, barns or garages.

Chapter 1. Section 2. (gg)
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October 2, 2020
Via Email and Federal Express
Kern County Planning and Natural Resources Department
Attn: Cindi Hoover, Lead Planner
2700 “M” Street, Suite 100
Bakersfield, CA 93301
hooverc@kerncounty.com
planning@kerncounty.com
Re:

Supplemental Comments on the Draft Supplemental Recirculated Environmental Impact
Report for Revisions to Title 19-Kern County Zoning Ordinance (2020-A) Focused on Oil
and Gas Local Permitting (SCH # 2013081079)

Dear Ms. Hoover:
On behalf of Center for Biological Diversity, Center on Race, Poverty & the
Environment, Comité Progreso de Lamont, Comité de Lost Hills en Acción, Committee for a
Better Arvin, Committee for a Better Shafter, Earthjustice, Greenfield Walking Group, Natural
Resources Defense Council, and Sierra Club, we are writing to submit the following
supplemental comments regarding the Draft Supplemental Recirculated Environmental Impact
Report (the Draft SREIR) for “Revisions to Title 19-Kern County Zoning Ordinance (2020-A)
Focused on Oil and Gas Local Permitting” (the Ordinance). These comments contain new
information that has arisen since we filed a comment letter regarding the Draft SREIR on
September 16, 2020 (the September 16 Letter), as well as some further discussion of issues that
require Kern County (the County)’s consideration to ensure the Ordinance complies with the
California Environmental Quality Act (CEQA) 1 and CEQA Guidelines. 2 We trust the County
will consider and provide responses to these supplemental comments, which are timely filed. 3
I.

Drilling in the County Disproportionately Affects Low-Income, Already OverBurdened, and Linguistically Isolated Hispanic/Latinx Community Members.

In sections II and VIII.A.2 of the September 16 Letter, we discussed how upstream oil
and gas development activities frequently and disproportionately are located in close proximity
to low-income, Hispanic or Latinx, 4 and Spanish-speaking communities in Kern County. We
continue to urge the County to take immediate steps to make the public process for the
Ordinance accessible in Spanish. All Kern County residents, especially its Hispanic and Spanishspeaking populations, low-income communities, and other vulnerable residents, deserve a

1

Pub. Resources Code § 21000 et seq.
California Code of Regulations, title 14, § 15000 et seq.
3
Berkeley Keep Jets Over the Bay Com. v. Bd. of Port Commissioners (2001) 91 Cal.App.4th 1344, 1370,
fn. 14 (“it has been held that objections are timely raised anytime before certification of the final EIR”).
4
We appreciate that many community members prefer to refer to themselves as Latinx rather than
Hispanic. These comments include the term Hispanic to reflect the terminology used by the U.S. Census.
2

1

reasonable opportunity to provide meaningful input on a decision that will disproportionately
affect them.
A recent analysis by the FracTracker Alliance highlights the disparate impact of
expanded oil and gas development in Kern County on low income, already over-burdened,
Hispanic, and linguistically isolated residents. For example, from 2015 through May 18, 2020,
the California Geologic Energy Management Division (or CalGEM) issued 18,356 drilling and
reworking permits for operations in Kern County; remarkably, 17,978 of these permits (97.9
percent) were issued in census block groups where the median income was at least 20% lower
than that of the County as a whole. 5 These same areas are already disproportionately harmed by
pollution: 18,298 of the permits (99.7 percent) were issued in census blocks designated “as the
above the 60th percentile of those suffering from existing pollution burden by CalEnviroScreen
3.0.” 6
New oil and gas development in Kern County also disproportionately affects and harms
linguistically isolated and Hispanic community members. As explained by FracTracker:
[T]he majority of Kern County ranks high in “linguistic isolation” according to
CalEnviroScreen 3.0. Our analysis shows that 11,244 permits [of 18,356] were
issued in block groups that CalEnviroscreen 3.0 has ranked in the top 60th
percentile for linguistic isolation. A total 16,143 permits were issued in block
groups that are 40% or more Hispanic, and that number increases to 18,000 (98.1%)
permits if you include the permits issued in the Midway-Sunset Field, located on
the border of one of Kern’s largest, and predominantly “Hispanic,” census block
groups. 7
In light of this heavy and disproportionate burden on linguistically isolated and Hispanic
residents, the County can and must take immediate steps to make the public process for the
Ordinance accessible in Spanish.
The pronounced burden on low-income, linguistically isolated, Hispanic communities
means that, conversely, very few permits for new oil and gas development have been issued
since 2015 in census blocks that are predominantly white, with median incomes above the
median, and with low rankings of linguistic isolation. In other words, reflecting systemic racism,
Kern County’s low-income, Spanish-speaking, Hispanic communities have become “sacrifice
zones” that are forced to bear the burden of pollution from the County’s oil and gas industry. The
County’s practices—reflected in its administration of the 2015 Ordinance, which it is proposing
for re-adoption—run afoul of California’s anti-discrimination statute. Government Code section
11135 prohibits recipients of state funds (like the County) from intentional or unintentional
discrimination on the basis of race, color, or national origin. Further, implementing regulations
specify that “discrimination” includes practices that result in disparate impacts, and prohibit
5

Kyle Ferrar, MPH, “Systematic Racism in Kern County Oil and Gas Permitting Ordinance” (June 8,
2020), https://www.fractracker.org/2020/06/systematic-racism-in-kern-county-oil-and-gas-permittingordinance/.
6
Id.
7
Id.
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practices that “utilize criteria or methods of administration that[] have the purpose or effect of
subjecting a person to discrimination.” 8 The County must address this discrimination and should
not adopt an ordinance and SREIR that perpetuates it.
II.

The Draft SREIR May Not Evade Evaluation of Oil and Gas Impacts by Relying on
Ecological Harm Caused by Livestock Grazing.

The Draft SREIR cites a Center for Biological Diversity (Center) webpage explaining the
ecological harm caused by livestock grazing. Draft SREIR at 4.2-24. The Draft SREIR attempts
to use these significant impacts to avoid an evaluation of oil and gas impacts. While the Center’s
comments pertain to converting natural habitat to grazing land, the Draft SREIR attempts to use
this real concern and misapply it to converting grazing land into oil and gas development. As our
comment letters have discussed, oil and gas activities are harmful to biological resources. 9
Depending on the species in question, oil and gas may be more harmful or have different impacts
than grazing. In any event, it is improper to foreclose analysis of the impacts of oil and gas that
happen to displace grazing land.
III.

The Draft SREIR Fails to Consider Evidence Showing Flaws in the San Joaquin
Valley’s Emission Reduction Credit Program.

The Draft SREIR recognizes that emissions caused by the Ordinance from permitted
sources would exceed applicable significance thresholds for air quality. E.g., Draft SREIR at 4.386, 4.3-94. “The annual contribution [from permitted stationary equipment] of PM10 and PM2.5
would be almost 30 times the threshold. The emissions of ozone precursors (NOX, VOC, and
CO) would exceed their respective thresholds: NOX would be almost 50 times the threshold,
VOC more than 170 times the threshold, and CO more than eight times the threshold.” Id. at 4.394. The Draft SREIR also concludes the Ordinance will result in significant and unavoidable
cumulative impacts on greenhouse gas emissions, even with mitigation measures in place. Id. at
4.18-35. In both contexts, however, the Draft SREIR reasons that because any increases would
be offset, there would be no net increase in emissions. Id. at 4.3-94, 4.18-36.
One method by which these emissions may be offset is through the San Joaquin Valley
Air Pollution Control District (SJVAPCD or the District)’s Emission Reduction Credit (ERC)
Program. The Draft SREIR relies on use of ERC Program credits explicitly with regard to
emissions impacting air quality. Id. at 4.3-86, 4.3-93. And the Draft SREIR appears as though it
may also intend to rely on use of ERC Program credits for greenhouse gas offsets. See id. at
4.18-36.

8

Cal. Code Regs., tit. 2, § 11154, subd. (i).
See, e.g., September 16 Letter, section IX.B.4; Letter from Petra Pless, D.Env. to Will Rostov, Re:
Review of Final Environmental Impact Report for Revisions to the Kern County Zoning Ordinance –
2015(C), Focused on Oil and Gas Local Permitting, SCH# 2013081079, at pp. 25-27 (Nov. 9, 2015)
(AR159196-98); Letter from Hollin Kretzmann to Christopher B. Mynk, AICP, Re: Comments on the
Draft Environmental Impact Report for Revisions to the Kern County Zoning Ordinance 2015 C, at pp.
18-30 (Sept. 11, 2015) (AR010365-77).

9
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Pursuant to the ERC Program, credits may be awarded to facilities in certain
circumstances where the facility voluntarily reduces air emissions in excess of reductions
required by law. 10 The credits are then “banked” by the District and can be used later by the
facility to allow new pollution, or sold to other companies to offset their pollution. 11 In order to
receive credit for reductions, the facility must timely file its credit banking application and the
facility must prove that the pollution reduction is permanent, enforceable, and surplus to
pollution reductions already required by law. 12 Because SJVAPCD’s accounting differs from
that used by the federal government, SJVAPCD is required to demonstrate its compliance by
showing “equivalency” in emission reductions. 13
The Draft SREIR assumes ERCs purchased through this program will offset emissions
and contribute to preventing any net increase of emissions. Draft SREIR at 4.3-93, 4.18-36. 14
Recent evidence demonstrates, however, that many offsets obtained pursuant to this program
may be invalid or over-credited.
In June 2020, the California Air Resources Board (CARB) released a report containing
findings from an audit of the ERC Program. 15 This audit reviewed 52 ERC projects for their
compliance with SJVAPCD rules and federal and state requirements. 16 The audit demonstrates
that credits were overvalued and issued under circumstances that do not meet legal
requirements. 17 CARB’s report contained the following findings, among others:
•

“In about half of (27 of 52) ERC projects reviewed, the District’s project files lacked
sufficient supporting documentation that would be necessary to replicate or verify the
information used in the District evaluation or provided in the facility application.” 18

•

“In 15 of the 52 projects reviewed, the District granted ERCs for reductions generated by
a facility shutdown that occurred more than 180 days before submission of the ERC
application” in violation of SJVAPCD’s banking rule. 19

10

Steinzor, Nadia and Baizel, Bruce, “Undeserved Credit,” Earthworks, at p. 5 (Nov. 2018),
https://www.earthworks.org/publications/undeserved-credit-why-emissions-banking-in-californias-sanjoaquin-valley-puts-air-quality-at-risk/.
11
Id. at pp. 4-5
12
Id. at p. 6.
13
Id. at p. 7.
14
See also, e.g., 2015 Final EIR, section 7.2.4 (AR010646) (“The County assumes that SJVAPCD will
enforce its own rules and regulations, and thus will assure that any offsets or credits used to satisfy Rule
2201 meet these requirements.”).
15
Enforcement Division, California Air Resources Board, “Review of the San Joaquin Valley Air
Pollution Control District Emission Reduction Credit System” (June 2020),
https://ww2.arb.ca.gov/sites/default/files/2020-06/SJV_ERC_FINAL_20200604.pdf (CARB Audit
Report).
16
Id. at pp. 22-32.
17
Letter from Catherine Garoupa White et al. to Mary Nichols et al., “RE: CARB Enforcement Division’s
Review of the San Joaquin Valley Air Pollution Control District’s Emission Reduction Credit Program,”
at pp. 2-3 (June 25, 2020) (CVAQ Letter).
18
CARB Audit Report, at p. 25.
19
Id. at p. 26.
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•

“In 10 projects . . . the reductions may not have been real and permanent as the pollution
activity and emissions may have shifted to a different facility.” 20

•

“In four of the 52 ERC applications reviewed . . . , it is unclear whether a portion of the
reductions issued an ERC were not surplus,” or in excess of emissions reduction that is
otherwise required through existing regulations or in a state implementation plan, as is
legally required. 21

The audit further analyzed the federal offset equivalency demonstration. 22 This analysis
revealed a similar pattern of overvaluing emission reductions and failing to retain documentation
adequate for meaningful review. 23 The audit report contained the following findings, among
others:
•

“The District’s equivalency database is not a self-contained, relational database and lacks
a complete data dictionary and technical documentation. CARB staff noted a number of
stranded records, data-handling discrepancies, and transparency concerns related to these
issues.” 24

•

SJVAPCD over-credited the amount of emission reductions claimed for equivalency
from certain projects, including Agricultural Internal Combustion Engine (AG-ICE)
incentive program electrification projects and orphan shutdowns (operations that cease
and no entity applied for credits). 25

•

SJVAPCD relied on projects that that may not have been appropriate for use in the
equivalency determination. 26

•

SJVAPCD incorporated emission reductions that may not have met the enforceability
and permanence criteria required by law. 27

These systemic issues with the program impacted types of projects—including orphan
shutdowns and electrification projects generated through the AG-ICE incentive program—on
which SJVAPCD has “heavily relied” to demonstrate equivalency, 28 and the relatively narrow
scope of the audit suggests the results are only the tip of the iceberg. 29
20

Id. at p. 28.
Id. at p. 30.
22
Id. at pp. 33-59.
23
CVAQ Letter, at pp. 3-6.
24
CARB Audit Report, at p. 33.
25
Id. at pp. 33-34.
26
Id. at p. 33.
27
Ibid.
28
Id. at pp. 63-64; see also id. at p. 19 (“[B]etween 2010 and 2018, half of all VOC reductions, and 75%
of all NOx reductions included in the District’s equivalency demonstrations were provided by orphan
shutdowns and electrification projects . . .”).
29
CVAQ Letter, at p. 4.
21
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In response to the significant concerns raised in the report, SJVAPCD’s Governing Board
took action on September 17, 2020 to “[p]rovisionally remove all emission reductions from AgICE and orphan shutdown projects from the equivalency system.” 30 SJVAPCD is currently
considering next steps. 31
In light of the status of the ERC Program, the County’s facile assumption that use of this
program will effectively mitigate emissions is unwarranted. The County must analyze the CARB
audit report and related documents and consider their impact on the Draft SREIR’s air quality
and greenhouse gas analyses.
IV.

The County Proposed Arbitrary, Inconsistent, and Unenforceable Setback
Requirements in the Proposed Ordinance and the Draft SREIR.

A lead agency must evaluate and disclose the exposure of “sensitive receptors” to
“substantial pollutant concentrations” in addition to its general duty to analyze and discuss health
and safety impacts that may result from the project. 32 A memorandum from the Office of the
Attorney General emphasizes that “[a] lead agency therefore should take special care to
determine whether the project will expose ‘sensitive receptors’ to pollution; if it will, the impacts
of that pollution are more likely to be significant.” 33 Where a project’s health impacts are
significant, the lead agency must disclose both the nature and the magnitude of the impacts on
the affected community or communities. 34
The memorandum from the Office of the Attorney General also provides: “[w]here a lead
agency has determined that a project may cause significant impacts to a particular community or
sensitive subgroup, the alternative and mitigation analyses should address ways to reduce or
eliminate the project’s impacts to that community or subgroup.” 35 Feasible alternatives and
mitigation measures may include alternative project locations or changes to a project’s scope or
design that could reduce or eliminate the effects of the project on the affected community. 36

30

San Joaquin Valley Air Pollution Control District, “Emission Reduction Credit Program Public
Advisory Workgroup Kick-Off Meeting,” at p. 6 (September 18, 2020),
https://valleyair.org/Workshops/postings/2020/09-18-20_ERC/presentation.pdf.
31
Ibid.
32
CEQA Guidelines, App. G; see also Sierra Club v. County of Fresno (2018) 6 Cal.5th 502, 522 (citing
CEQA Guidelines § 15126.2(a)).
33
State of California Department of Justice, Office of the Attorney General, “Environmental Justice at the
Local and Regional Level - Legal Background,” at p. 3 (July 10, 2012) (Attorney General Environmental
Justice Memo) (internal citation omitted),
https://oag.ca.gov/sites/all/files/agweb/pdfs/environment/ej_fact_sheet.pdf?.
34
Sierra Club v. County of Fresno (2018) 6 Cal.5th 502, 519-23 (emphasizing that “a sufficient
discussion of significant impacts requires not merely a determination of whether an impact is significant,
but some effort to explain the nature and magnitude of the impact”).
35
Attorney General Environmental Justice Memo at p. 4 (citing CEQA Guidelines § 15041(a)).
36
Id. at pp. 4-5 (citing Laurel Heights Improvement Assn. v. Regents of University of California (1988) 47
Cal.3d 376, 404; Citizens of Goleta Valley v. Board of Supervisors (1988) 197 Cal.App.3d 1167, 1183).
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In the Ordinance and Draft SREIR, the County proposes to institute minimum setback
distances between oil and gas wells and (1) highways; (2) certain buildings and facilities; and (3)
“sensitive receptors,” which the County defines as a “single or multi-family dwelling unit, place
of public assembly, institution, school or hospital.” See Ordinance § 19.98.060(A); Draft SREIR
at 4.3-136 to 4.3-137 (Mitigation Measure 4.3-5); 4.12-36 to 4.12-38 (Mitigation Measures 4.121 and 4.12-2).
The setback distances proposed in the Draft SREIR are inadequate and unlawful for the
myriad reasons described below. Most fundamentally, they are based on minimal and flawed
analysis, which fails to consider the growing body of scientific evidence on the risks and impacts
that oil and gas drilling operations pose on the environment and human health. As discussed in
depth in section VIII.A of the September 16 Letter, a large body of science makes clear that
2,500 feet is the minimum necessary setback distance to protect sensitive receptors from the
multiple risks associated with proximity to oil and gas upstream development activities.

A. Setback Distances Established by the Ordinance Are Unsupported and
Inadequate.
Section 19.98.060 of the proposed Ordinance would establish certain “implementation
standards and conditions” for all oil and gas exploration and production activities. With respect
to setback distances from other land uses, section 19.98.060(A) states:
No oil or gas well shall be drilled within:
1. One hundred (100) feet of any public Major or Secondary highway or building
not necessary to the operation of the well;
2. Two hundred and ten (210) feet of any sensitive receptor (single or multi-family
dwelling unit, place of public assembly, institution, school or hospital); or
3. One hundred (100) feet of any building utilized for commercial purposes, not
used for oil and gas operations.
Draft SRIER, Vol. 1, Chapter 1, Attachment A at 7. This proposal differs from the setback
distances that preceded the 2015 Ordinance. In particular, section 19.98.050 of the predecessor
(and now current) Zoning Ordinance (Title 19) states:
No oil or gas well shall be drilled within one hundred (100) feet of any public
highway or building not necessary to the operation of the well, or within one
hundred and fifty (150) feet of any dwelling, or within three hundred (300) feet of
any building used as a place of public assembly, institution, or school, or within
fifty (50) feet of any building utilized for commercial purposes constructed prior to
the commencement of such drilling, without the written consent of the owner of
such structure.
See Draft SRIER, Vol. 1, Chapter 1, Attachment A at 27; accord id. at 3-15 to 3-18. Under the
current Zoning Ordinance, these same setbacks also apply within “Drilling Island” (DI) specialty
districts and, within “Petroleum Extraction” (PE) districts,” oil and gas wells must be located
more than 300 feet from all existing dwellings and most existing commercial buildings—though
7

it appears the Draft SREIR summarizes these requirements incorrectly. Compare id., Vol. 1,
Chapter 1, Attachment A at 30 (showing redline of existing section 19.48.130 for DI District)
and 34 (showing redline of existing section 19.66.020(A) for PE District) with id. at 3-16 to 17
(Table 3-3, summarizing zoning provisions). Thus, the proposed 210-foot setback is less
stringent than what is required under current law.
The setback distances proposed under section 19.98.060(A) are not based on substantial
evidence.
First, nothing in the Draft SREIR explains the basis for these proposed distances, let
alone supports their adoption. The Draft SREIR mentions that oil-industry sponsors of the
Ordinance—back in 2013—proposed certain setbacks as “best management practices” (id. at 378), but neither the origin nor basis for those numbers is explained and the text of the proposed
Ordinance does not adhere to the industry proposal except for the minimum setback distance for
highways. The Draft SREIR also briefly discusses the setbacks established by the current Zoning
Ordinance, but merely notes that they are insufficient to protect sensitive receptors from
construction noise. Id. at 4.12-30 (“If oil and gas activities were to occur within 150 feet of a
residence or 300 feet of a place of assembly, construction noise levels could exceed audible
levels if construction were to occur outside of the 6:00 a.m. to 9:00 p.m. framework”). The
setbacks in the proposed Ordinance, however, would not address this inadequacy since the
County’s proposal of a 210-foot setback between wells and public places of assembly is even
smaller than what is currently in law.
A comparison of the current Zoning Ordinance and proposed Ordinance highlights a
second failure of the Draft SREIR: nothing in the Draft SREIR explains—let alone supports—
the County’s proposal to change the Ordinance from what was adopted previously. In particular,
the Draft SREIR neglects to discuss why the County is proposing to decrease the setback
distance for sensitive receptors such as places of public assembly, schools, and hospitals from
300 feet to 210 feet, or how this would alter the health and safety risks that wells would impose
on sensitive receptors. Similarly, the Draft SREIR neglects to discuss why the County is
proposing to decrease the setback distance between oil and gas wells and existing residences
from 300 feet to 210 feet for wells proposed in a PE or DI specialty district.
Finally and most importantly, the Draft SREIR fails to and must consider the substantial
body of scientific evidence demonstrating that a 2,500-foot and other setback distances between
wells and sensitive receptors will minimize or substantially lessen the impacts of oil and gas
activities and sensitive receptors. We previously discussed these studies in detail in section
VIII.A of the September 16 Letter.

B. Setback Distances Established by Mitigation Measure 4.3-5 Are Unsupported
and Inadequate.
The Draft SREIR sets forth setback distances in Mitigation Measure 4.3-5 to reduce
exposing sensitive receptors to the substantial concentrations of air pollution that would occur
under the Ordinance (i.e., Impact 4.3-3). Draft SREIR at 1-42, 4.3-136 to 4.3-137. Even with the
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implementation of Mitigation Measure 4.3-5, the Draft SREIR concludes that this impact will
still be significant and unavoidable. Id. at 4.3-137.
Under Mitigation Measure 4.3-5, an applicant must provide a “Site Vicinity Figure
showing the location of any sensitive receptor(s) within 3,000 feet of the construction site
(impact area) for the proposed new well or other ancillary facility or equipment (excluding
pipelines).” Draft SREIR at 4.3-136. If any sensitive receptors are present within that impact
area, “then additional information must be provided” showing the well is set back at the specified
distances from the nearest sensitive receptor, depending on the area of the County and well
depth. Id. In the Western and Central Subareas delineated by the Draft SREIR, wells from 5,000
to 9,999 feet in depth are subject to a minimum setback of 116 feet from sensitive receptors;
wells 10,000 feet deep or more are subject to a bigger setback distance of 367 feet. Id. at 1-42,
4.3-136. In the Eastern Subarea, wells that are 10,000 feet deep or more only have to meet a 296foot minimum setback; the Draft SREIR does not propose any setback for wells less than 10,000
feet in depth. Id. at 1-42, 4.3-136.
The setback distances proposed under Mitigation Measure 4.3-5 are not based on
substantial evidence. The County appears to rely solely on the flawed, single-well health risk
assessment conducted in June 2015 (June 2015 single-well HRA) to determine these distances.
Draft SREIR at 4.3-127. This health risk assessment is not credible and likely significantly
understates the risk to sensitive receptors. 37 But even if the June 2015 single-well HRA were
credible (it is not), the Draft SREIR ignores its conclusion that, when air pollution concentrations
are estimated for a well and related oil processing equipment (including oil tanks, a truck loading
rack, an underground sump, a flare, and fugitive volatile organic compounds), larger minimum
setbacks are needed to avoid exceeding a cancer risk of 10 in one million. Draft SREIR at 4.3128, 4.3-129 (Table 4.3-35b). The minimum setback distances in Mitigation Measure 4.3-5 are
also contradicted by the Draft SREIR’s statement that “cancer risk levels exceed thresholds at
locations where receptors are located closer than 200 meters [656 feet] from a well.” Id. at 4.3134. And these proposed distances are also inconsistent with a large and growing body of peerreviewed scientific evidence showing much greater distances are needed to protect public
health, which the County completely disregards—as discussed in the September 16 Letter.
Even if one were to accept the County’s flawed and inadequate health risk assessments,
Mitigation Measure 4.3-5 still fails to meet CEQA’s requirements. According to the Draft
SREIR, “the cancer risk from all oil processing equipment would exceed 10 in one million from
the fenceline to 295 to 701 feet, depending on the Subarea and HRA assumptions.” Id. at 4.3131. Mitigation Measure 4.3-5, however, only focuses on the risk presented by a single well and
is not intended to address the entirety of the cancer risk posed by the Ordinance. According to
the Draft SREIR:
The oil processing equipment would require operating permits from the SJVAPCD
(except possibly the loading rack for which there may be a Rule 2020 Exemption)
and, as such, total risk from the facility would be modeled at that time. Emissions
37

See generally Report on Final Environmental Impact Report for Revisions to the Kern County Zoning
Ordinance - 2015(C) (Focused on Oil and Gas Local Permitting) prepared by Phyllis Fox, Ph.D., PE at
pp. 56-73 (AR155664-81).
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and risk from any future proposed facilities would be required to meet the Air
District’s risk threshold which is currently 10 in one million. Therefore, impacts
would be significant.
Id.
In other words, the Draft SREIR merely assumes that the District will itself re-model
total facility risk at some point in the future, and institute controls or mitigation—even though
the County is aware of the risks now and could institute setbacks that account for the cumulative
risks and establish protective buffers for other equipment. The County’s approach is unlawful for
several reasons. First, because the Draft SREIR concedes that the Ordinance will result in
significant health impacts, the County must adopt all feasible mitigation; setbacks that account
for total facility risk—and that establish protective distances from both wells and other pollutionemitting equipment—are practical and feasible and nothing in the Draft SREIR says or suggests
otherwise. Second, the County should not and cannot defer mitigation until future permitting
processes by the District when the Draft SREIR has already characterized the risk and the
County possesses the authority to mitigate it—there is no reason to postpone mitigation in this
way. Third, the County cannot abdicate its authority to the District in the manner it proposes. As
the lead agency, the County “shall be responsible for considering the effects . . . of all activities
involved in a project.” 38 As a responsible agency, the District is responsible for “considering only
the effects of those activities involved in a project which it is required by law to carry out or
approve.” 39 Consequently, the District would seem to lack the County’s full authority to analyze
and mitigate total facility risks—i.e., authority to address risks from both permitted and
unpermitted emissions. See Draft SREIR at 4.3-65, 4.3-68, 4.3-72, 4.3-93 to 4.3-94.
Mitigation Measure 4.3-5 is also deficient because it is unclear how, as a practical matter,
the County will implement and enforce the measure. For setbacks to be effective, it is crucial that
sensitive receptors are accurately identified and mapped, and that oil and gas sites are monitored
to ensure that equipment and activities do not encroach into the protective buffer. The County
should clarify how it would ensure that applicants comply with the setback requirements, for
instance through Google Maps assessments and on-site inspections prior to and after it issues a
permit.
Ultimately, it is clear that the County must consider establishing a setback distance of
2,500 feet in order to minimize or substantially lessen the significant health and safety risks that
oil and gas activities would pose to sensitive receptors. A lead agency must consider all feasible
mitigation measures. 40 As we noted in section VIII.A of the September 16 Letter, numerous
scientific studies demonstrate that locating oil and gas wells and related activities within 2,500
feet from sensitive receptors is likely to expose sensitive receptors to significant air pollution
concentrations.
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Pub. Resources Code § 21002.1(d) (emphasis added); see also CEQA Guidelines § 15041(a).
Pub. Resources Code § 21002.1(d); see also CEQA Guidelines § 15041(b).
40
Pub. Resources Code §§ 21002.1(b), 21100(b)(3); CEQA Guidelines § 15126.4(a)(1); Mountain Lion
Foundation v. Fish and Game Commission (1997) 16 Cal.4th 105, 134.
39
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Not only does the Draft SREIR ignore studies that show a far greater cancer risk than the
County’s risk benchmark of 10 in one million, at greater distances from the well site, 41 it also
ignores studies that demonstrate a myriad other risk associations. For example, the Draft SREIR
cursorily references studies pertaining to birth outcomes, but specifically looks at only one such
study, and misinterprets it. Draft SREIR at 4.3-134 to 4.3-135. The County states that the cited
study, Gonzalez et al. (2020), 42 did not “account for other contributors to preterm birth besides
air pollution (such as prenatal care).” Draft SREIR 4.3-135. However, Gonzalez et al. (2020)
specifically states that it fit models adjusted for prenatal care as a variable. 43 The Draft SREIR
also asserts that the study was “not able to account for other sources of ambient air pollution in
the study region” (id. at 4.3-135), but Gonzalez et al. (2020) was not designed to identify the
source of the association at all. The Draft SREIR sites one meta-study concerning birth outcomes
(id. at 4.3-135), but ignores the raft of other meta-studies demonstrating the risks associated with
proximity to production activity; and makes no effort to draw a risk conclusion based on the
limited data it does cite.
Consistent with the strong and ever-growing body of science on the harmful health
effects of upstream oil and gas development, much larger setbacks than those proposed in
Mitigation Measure 4.3-5 are commonplace in other jurisdictions where such upstream oil and
gas development activities occur. Appended to these comments as Addendum A is a list of
setbacks adopted by other jurisdictions.

C. Setback Distances Established by Mitigation Measure 4.12-1 Are Unsupported
and Inadequate.
The County has determined that temporary noise impacts from oil and gas well
construction activities are significant and unavoidable. Draft SREIR at 4.12-30. To make this
determination, the Draft SREIR states that noise effects are “considered significant if any of the
following” occur: (1) the noise from activities authorized by the Ordinance exceeds 65 decibels
(dB) at the property line of a sensitive receptor; (2) where the existing ambient noise level is
below 65 dB, the noise results in a greater than 5 dB increase; or (3) where the existing ambient
noise level is at or above 65 dB, the noise causes a greater than 1 dB increase. Id. at 4.12-24.
These same three criteria have also been incorporated into Mitigation Measure 4.12-1 as the
“Noise Standard.” Mitigation Measure 4.12-1 establishes setbacks from sensitive receptors; if the
setbacks cannot be met, an applicant must employ noise reduction measures sufficient to avoid
exceeding the three thresholds.

41

See, e.g., McKenzie, L.M., Blair, B.D., Hughes, J., Allshouse, W.B., Blake, N., Helmig, D., Milmoe, P.,
Halliday, H., Blake, D.R., Adgate, J.L. (2018). Ambient Non-Methane Hydrocarbon Levels Along
Colorado’s Northern Front Range: Acute and Chronic Health Risks. Environmental Science &
Technology. https://doi.org/10.1021/acs.est.7b05983.
42
Gonzalez, D.J.X., Sherris, A.R., Yang, W., Stevenson, D.K., Padula, A.M., Baiocchi, M., Burkee, M.,
Cullen, M.R., Shaw, G.M. (2020). Oil and gas production and spontaneous preterm birth in the San
Joaquin Valley, CA. Environmental Epidemiology, 4(4).
https://journals.lww.com/environepidem/Fulltext/2020/08000/Oil_and_gas_production_and_spontaneous
_preterm.1.aspx?context=LatestArticles.
43
Id.
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1. The Draft SREIR’s Thresholds of Significance for Noise and its Noise Standard
Are Ambiguous.
The Draft SREIR does not specify whether or not the noise thresholds of significance
and/or the Noise Standard are based on average day-night level (DNL) or community noise
equivalent level (CNEL), although it appears that the Noise Standard is based on either or both
measurement standards. See id. at 4.12-3, 4.12-23. This detail must be clarified both to make
sure that the public and decision makers are fully and accurately informed by the SREIR’s
analysis and to ensure that Mitigation Measure 4.12-1 is enforceable.
2. The Draft SREIR’s Analysis of Noise Impacts Is Inadequate.
Under CEQA, a lead agency must make “a reasoned and good faith effort to inform
decisionmakers and the public” about a project’s potential impacts. 44 In particular, a lead agency
must clearly identify and describe significant direct and indirect environmental impacts both
short-term and long-term, and health and safety impacts resulting from environmental impacts. 45
And this analysis must address all phases of a project. 46
Unfortunately, the Draft SREIR’s analysis is incomplete: it fails to consider hourly
impacts; it ignores the impacts on noise levels experienced indoors; it does not analyze noise
impacts from the multiple activities that this Ordinance would allow to simultaneously take place
next to one another; and it neglects to address well decommissioning and abandonment.
The thresholds of significance that the Draft SREIR uses to analyze noise impacts (and
the related Noise Standard) differ from the analytical thresholds recommended in the
“Environmental Noise Assessment Noise Study Technical Report” prepared by Brown-Buntin
Associates, Inc. in 2015 (the 2015 Noise Assessment). Draft SREIR at 4.12-1. In particular, the
2015 Noise Assessment states:
The precedent for using cumulative noise exposure metrics such as the [average
day-night level or] DNL and [community noise equivalent level or] CNEL has been
well established for land use compatibility planning purposes. However, from a
CEQA standpoint, it has been successfully argued that the DNL or CNEL do not by
themselves adequately define the potential noise impacts resulting from intermittent
sources of noise that may occur at different times of the day or night. For that
reason, hourly noise level standards are recommended to determine if a projectrelated activity will result in a significant impact and the need for noise mitigation.
2015 Final EIR, Appendix V, at 14 (AR006730) (emphasis added). Yet inexplicably, the County
completely ignores this analytical requirement. Hourly standards should be used to evaluate

44

CEQA Guidelines § 15151; Berkeley Keep Jets Over the Bay Com. v. Bd. Of Port Comm’rs (2001) 91
Cal.App.4th 1344, 1367.
45
CEQA Guidelines § 15126.2(a) & (c); CEQA Guidelines, App. G.
46
CEQA Guidelines § 15126 (“All phases of a project must be considered when evaluating its impact on
the environment”).
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impacts as specified under the 2015 Noise Assessment—and they should be incorporated into the
Draft SREIR’s mitigation measures as well.
Similarly, the County does not even attempt to—but must—analyze noise impacts on
indoor noise levels. Various policies and implementation measures in the current Kern County
and metropolitan Bakersfield general plans already have established an indoor noise threshold of
at 45 dB. See, e.g., Draft SREIR at 4.12-12 to 4.12-13; 4.12-15 to 4.12-16; 4.12-23; 2015 Final
EIR, Appendix V, at 3-5, 14 (AR006719-21, AR006730). The County must address whether the
Ordinance is consistent with these local plans, whether indoor noise impacts otherwise are
significant and, if so, must adopt all feasible mitigation.
The Draft SREIR also is deficient because it does not analyze (or mitigate) the noise
impacts that would result from the occurrence of construction activities at more than one site.
According to the Draft SREIR: “[a]lthough construction activities for a particular well, group of
wells, or storage tank area may be temporary and somewhat brief (i.e., on the order of several
weeks to several months), staggered development of multiple wells or other oil and gas facilities
within a particular area could occur over the course of several years.” Draft SREIR at 4.12-21.
Beyond this durational concern, the Draft SREIR does not discuss the additive impacts of more
than one activity taking place simultaneously in close physical proximity. The County’s 2015
Noise Assessment specifically cautioned that it “does not address the additive nature of multiple
noise sources,” and advised that protective setback distances would need to increase if more than
one activity occurred in close proximity (e.g., if well workover also occurred near a well that is
being drilled). 2015 Final EIR, Appendix V, at 17 (AR006733). The County’s failure to address
successive noisy activities and activities from multiple nearby sites is inexcusable, as the
Ordinance authorizes decades of future development and communities often live next to tens to
thousands of wells, where any given number of wells are being constructed, reworked,
stimulated, or operated. 47
Finally, the Draft SREIR also fails to analyze (or mitigate) other noise impacts that it has
admitted are significant. More specifically, the Draft SREIR acknowledges that “[w]ell plugging,
abandonment, and decommissioning activities . . . would be similar to, and therefore have been
determined to, produce noise levels that are equivalent to or less than construction-phase
activities.” Draft SREIR at 4.12-20. Yet these activities are not discussed further, nor are they
addressed by a mitigation measure.
3. The Setback Distances Proposed Under Mitigation Measure 4.12-1 Are
Inconsistent with or Contradict Other Findings in the Draft SREIR.
The Draft SREIR proposes Mitigation Measure 4.12-1 to mitigate construction noise
impacts. It establishes setback distances between certain construction activities and any sensitive
receptors as follows: 1,550 feet for drilling (well advancement); 820 feet for drilling (pull out of
well/borehole); 3,270 feet for large scale exploratory drilling; 930 feet for well workover; and
1,090 feet for hydraulic fracturing. Draft SREIR at 4.12-37. Pursuant to Mitigation Measure
47

Kyle Ferrar, MPH, “Recommendations for an EIR to Prioritize Kern County Frontline Community,”
(Sept. 16, 2020), https://www.fractracker.org/2020/09/kern-eir-ej/ (the communities of Lost Hills,
Bakersfield, and Taft are near or surrounded by thousands of wells).
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4.12-1, if a sensitive receptor is located within an applicable setback distance, then “the activity
location must either be relocated to achieve the setback or a Site Vicinity Map and mandatory
noise reduction measures will be required in order to achieve the Noise Standard.” Id. at 4.1236.
Unfortunately, the Draft SREIR does not clearly explain the basis for the setback
distances proposed under Mitigation Measure 4.12-1. For example, the setback distances
proposed under Mitigation Measure 4.12-1 are different from the construction noise contour
distances calculated in the 2015 Noise Assessment. 2015 Final EIR, Appendix V, at 17
(AR006733) (Table X) (summarizing the distance from each oil and gas activity assessed to the
50, 55, and 60 dB contours). The County does not explain how it arrived at the setback distances
proposed against its stated threshold of 65 dB DNL/CNEB.
Even more concerning, the setback distance proposed for hydraulic fracturing (1090 feet)
does not appear to be consistent with related distances discussed elsewhere in the Draft SREIR.
Although the Draft SREIR concludes that noise levels from hydraulic fracturing would still
produce 67-72 dBA (A-weighted decibel) of noise (exceeding EPA’s outdoor recommended
noise limit of 55 dBA) at 2,000 feet away from the drill site (see Draft SREIR at 4.12-27 (Table
4.12-11), it does not propose 2,000 feet as the setback distance in Mitigation Measure 4.12-1, or
explain why this distance is not feasible. The Draft SREIR also concludes that hydraulic
fracturing will result in 69-74 dBA noise impact at 1,500 feet (and 73-78 dBA impact at 1,000
feet). Id. at 4.12-27. Despite knowing that hydraulic fracturing would still impose significant
noise impacts even if it is located 1,500 feet away from a sensitive receptor, the County
inexplicably proposes the even closer 1,090 feet setback distance between fracking wells and
sensitive receptors in Mitigation Measure 4.12-1. Id. at 4.12-37; see also id. at 4.12-25 (Table
4.12-8 also provides that even if sensitive receptors are 1,760 feet from hydraulic fracturing/well
stimulation activities, they would still be exposed to 60 dB of related construction noise).
The County should update its analysis of the proposed Ordinance’s noise impacts and
increase the setback requirements in Mitigation Measure 4.12-1. As part of this further analysis,
it must also take into consideration recent studies demonstrating that a 2,500-foot setback is
necessary to reduce the multiple risks and impacts of oil and gas drilling activities near sensitive
receptors.
4. Mitigation Measure 4.12-1 Should Be Clarified to Ensure Compliance.
The Draft SREIR fails to provide clear direction to applicants regarding within what
distance(s) from a well sensitive receptors need to be mapped. Confusingly, the
County tells applicants to map sensitive receptors “within the distance shown for the specific
activity” and also “in no case more than 3,270 feet.” Draft SREIR at 4.13-37. Sensitive receptors
will not be protected if they are not thoroughly and accurately mapped. To eliminate any
confusion and the potential oversight of sensitive receptors, the County should clarify that all
applicants must map the location of any and all sensitive receptors within 3,270 feet from a
proposed well (of any depth) and/or ancillary equipment. Further, the County must ensure the
accuracy of the all applicant submission through use of Google Earth and the performance of onsite inspections prior to and after issuance of a permit.
14

D. Setback Distances Established by Mitigation Measure 4.12-2 Are Unsupported
and Inadequate.
The Draft SREIR also proposes setback distances under Mitigation Measure 4.12-2 to
reduce noise impacts from oil and gas operational activities on sensitive receptors. For instance,
Mitigation Measure 4.12-2 proposes a setback distance of only 210 feet between new oil and gas
wells and a sensitive receptor. Draft SREIR at 4.12-36. However, this distance is much shorter
than any of the distances proposed to mitigate construction noise impacts proposed under
Mitigation Measure 4.12-1, and nowhere does the County explain the difference. The Draft
SREIR suggests that there should be no difference, since many construction activities are also
considered operational activities as well. See id. at 3-1 (the proposed Ordinance intends to
address the environmental impacts of pre-drilling exploration, well drilling, and the operation of
wells and related activities. Operation includes exploration, production, completion, stimulation,
re-working, monitoring, and plugging and abandonment).

E. The County Also Fails to and Must Explain How the Setback Distances
Proposed Under the Ordinance, Mitigation Measure 4.3-5, and Mitigation
Measure 4.12-1 Would Be Applied in a Consistent and Clear Manner.
The Ordinance and Draft SREIR propose several different setbacks, and the County fails
to explain how each applicant is expected to comply with the combination of different
distances—which are also expressed inconsistently. The County’s failure to explain how the
setbacks apply and interrelate requires the County to exercise discretion without any requirement
for consistency, creates confusion that likely will undermine compliance, and may preclude
enforcement.
As an initial matter, the County fails to specify the relevant end points for measuring each
of the four setback distances in a clear and consistent manner. Mitigation Measure 4.3-5 is the
most precise: setback distances are to be calculated from the “closest edge of the well pad to the
property line of the nearest sensitive receptor.” Draft SREIR at 4.13-136. Mitigation Measure
4.12-1, specifies that construction noise setbacks are measured from the “exterior wall facing the
well pad site of the closest sensitive receptor”—but does not explicitly prescribe an end point at
the well site. Id. at 4.12-36. For section 19.98.060(A) of the proposed Ordinance and Mitigation
Measure 4.12-2, there are no measurement specifications whatsoever.
The variable proposed setback distances also collectively present a logical gap. The
County does not explain how a proposed well that must comply with the 210-foot setback
distance in section 19.98.060(A) of the Ordinance and Mitigation Measure 4.12-2 should also
comply with the 1,550-foot setback distance for drilling (well advancement). Presumably, all oil
and gas operators must comply with the largest, most conservative setback explicable. If this is
the intention, the County must make this requirement clear and explicit.
In any case, we maintain that all of these setback proposals are deficient for the reasons
we provide above and in the September 16 Letter. The County must first fix all of these
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deficiencies. Once it does so, the County then must also explain how the different setback
proposals should be applied in the context of one another.
V.

The Draft SREIR Fails to Implement All Feasible Measures to Mitigate Greenhouse
Gas Impacts.

Despite suffering from heatwaves, drought, wildfires, and other extreme weather events
caused or exacerbated by climate change since the 2015 Final EIR, the 2020 Draft SREIR
changes nothing about its greenhouse gas mitigation measures.
California cannot hope to achieve its greenhouse gas production goals while Kern County
continues to produce massive quantities of oil and gas and drill thousands of new wells each
year. The County must stop issuing new permits and begin a rapid phase out of oil and gas
production to save our communities and environment from catastrophic, irreversible climate
change.
In pushing for expediting permitting and expanding oil and gas production, the County
has rejected this necessary commonsense approach. It has explicitly rejected alternatives
prohibiting new wells or even a cap on the number of total wells allowed.
The mitigation measures are entirely inadequate to offset the greenhouse gas emissions
attributable to more than 67,000 new oil and gas wells and other oil and gas activity over the
next 20 years. As a preliminary matter, the mitigation measures achieve “no net increase”
(Mitigation Measure 4.7-4, Draft SREIR at 4.18-36) in greenhouse gas emissions, but ignore the
emissions from combustion, which is omitted from greenhouse gas calculations. CEQA
mandates that all direct and indirect impacts be included, so long as they are reasonably
foreseeable. Here, combustion is the entire purpose of the production process, an easily
foreseeable consequence of oil and gas development.
With no changes made to this section of the SREIR, the greenhouse gas mitigation
measures suffer from the same deficiencies as in 2015. Namely, the SREIR still maintains,
without support, that the project will result in no net increase of emissions by relying on the capand-trade program, and for emissions not covered, offsets from the California Air Pollution
Control Officers Association, unnamed “third party greenhouse gas reductions,” or Emission
Reduction Agreements. Draft SREIR 4.18-36. Five years after the implementation of the
Ordinance, the Draft SREIR still provides no information on what third party offset programs
even exist. Nor is there an updated description on what an Emission Reduction Agreement for
greenhouse gas would entail or whether a program large enough to handle the volume of such
agreements exists. The Draft SREIR also fails to provide evidence that enough credits are
available to offset the massive amount of greenhouse gas that this project will generate.
The Draft SREIR’s greenhouse gas analysis is also deficient because it omits a critical
piece of information for understanding whether the mitigation measures will work—a record of
how these mitigation measures have worked (or not worked) over the last five years. The County
should easily be able to provide evidence for its assertion that greenhouse gas emissions have in
fact been “net zero” from 2015 to March 25, 2020, when the Ordinance and EIR were
16

invalidated. During that period, the County issued over 9,000 permits (Draft SREIR 3-2), each
directly and indirectly leading to greenhouse gas emissions. A record of compliance with the
mitigation measures, or enforcement where operators fail to comply, should be provided to the
public for review along with the Draft SREIR. The past five years will also show whether these
mitigation measures are implemented in a timely manner or are unlawfully deferred. The Draft
SREIR lacks any support for the conclusion that these five-year-old mitigation measures are
feasible, effective, or enforceable.
Moreover, the Draft SREIR fails to consider additional feasible mitigation measures that
would likely reduce the greenhouse gas emissions of oil and gas development.
For example, the Draft SREIR does not consider mitigating greenhouse gas emissions by
oil field. Kern County has some of the most carbon-intensive oil fields in the world. 48
Considering the per-barrel energy required to produce oil in these fields and the massive
quantities produced, the most climate-polluting fields are Midway-Sunset, Kern Front, Kern
River, Cymric, South Belridge, McKittrick, Buena Vista, Round Mountain, Mount Poso and
Poso Creek. 49 There is a 60 percent gap between the most and least carbon-intensive oil fields. 50
The Draft SREIR failed to consider mitigation measures that would restrict production at
locations containing the most carbon-intense crude. As discussed previously, the most carbonintense crude is produced through methods that also generate heightened conventional pollutant
impacts and other impacts such as spills.
As described in section IX.B.5 of the September 16 Letter, idle and unattended wells are
a significant source of greenhouse gases. Idle wells can leak methane, a potent greenhouse gas,
and the longer idle wells are left unattended, the greater the risk that the well will corrode and
allow methane to reach the surface. To mitigate this impact, the SREIR must adopt a measure
that requires operators to plug and abandon oil and gas wells within a short period of time. In so
doing, the County should accelerate remediation and prioritize wells close to sensitive receptors.
The state currently has no deadline by which idle wells must be plugged. Thus, there is no state
preemption, and regardless, the County may adopt these public health and safety measures under
its police power.
In addition, ensuring that operators have sufficient financial resources set aside to plug
and abandon their wells will help mitigate greenhouse gas emissions. California Resources
Corporation, for example, filed for Chapter 11 bankruptcy in July 2020, leaving questions
48

California Air Resources Board, “Calculation of 2019 Crude Average Carbon Intensity Value” (June
15, 2020), https://ww2.arb.ca.gov/sites/default/files/classic/fuels/lcfs/crudeoil/2019_crude_average_ci_value_final.pdf.
49
Wolf, Shaye and Siegel, Kassie, “Oil Stain, How Dirty Crude Undercuts California’s Climate
Progress,” Center for Biological Diversity (Nov. 2017),
https://www.biologicaldiversity.org/programs/climate_law_institute/energy_and_global_warming/pdfs/Oi
l_Stain.pdf.
50
Gordon, Deborah and Wojcicki, Samuel, “Need to Know: The Case for Oil Transparency in
California,” Carnegie Endowment for Int’l Peace (March 15, 2017),
https://carnegieendowment.org/2017/03/15/need-to-know-case-for-oil-transparency-in-california-pub68166.
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whether it will be able to pay for the cleanup of its 18,500 wells. 51 The County can mitigate the
risk of creating “orphaned” wells—which no operator is able to remediate—by requiring
operators to submit a bond that fully covers the cost of well plugging and abandonment and full
site remediation.
Mitigating greenhouse gas emissions will also help reduce impacts to biological
resources, water quality, and water supply, which are all adversely affected by climate change.
VI.

New Reports Reveal the Significant Impacts of Repeated Large-Scale Oil Spills in
Kern County.

On September 18, 2020, ProPublica and The Desert Sun published a shocking report on
dangerous large-scale spills affecting Kern County. 52 The report found the following alarming
details, which must be examined and addressed in the SREIR:
The report details the magnitude of harm caused by “surface expressions,” spills at the
surface caused by oil migrating to the surface, often attributable to enhanced oil recovery
techniques such as steam injection. “Hundreds” of onshore spills have occurred in California:
“Geysers of oil, rock and mud have shot skyward 100 feet, and slopes have collapsed under
smoking waterfalls of crude and wastewater.” 53 CalGEM (then-DOGGR) staff also warned that
steam injection-induced spills “might never stop” and “will remain a potential threat” without
stronger regulation.
Accidents and spills caused by steam injection have been deadly. In 2011, Robert “Dave”
Taylor died after falling into a sinkhole of hot oil and hydrogen sulfide that opened up
underneath his feet. Air pollutants were released in dangerous volumes: “Failed wellbores [in the
Midway-Sunset field] were emitting up to 7,000 parts per million, more than three times the
threshold for immediate death.” 54
Spills have caused significant environmental damage. Aera Energy spilled oil into the
Sandy Creek streambed in 1998. The same spill continues 22 years later. In 2010, rains pushed
the oil and toxic wastewater through 10 miles of streambed. A scientist from the California
Department of Fish and Wildlife was “shocked” after seeing the destruction. 55 Wildlife that live
in burrows near spills are “entombed” by the spilled crude oil. 56 Endangered species have been
found dead near oil spills, and coastal live oaks have been destroyed as part of containment
51

See September 16 Letter, section IX.A; see also generally Sierra Club, “The Risk of Unplugged Wells
for California’s Taxpayers” (2020),
https://www.sierraclub.org/sites/www.sierraclub.org/files/blog/2335%20CRCWells_Report_02_high.pdf.
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Wilson, Janet and Younes, Lylla, “Oil Companies Are Profiting From Illegal Spills. And California
Lets Them.” ProPublica and The Desert Sun (Sept. 18, 2020), https://www.propublica.org/article/oilcompanies-are-profiting-from-illegal-spills-and-california-lets-them.
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efforts. Records show “dozens of dead and decaying birds and small mammals around spill
sites.” 57
Many steam injection spills occur in the Midway-Sunset oil field, which has “emitted
more greenhouse gases than any oil field in the nation.” 58
Previously, operators were prohibited from injecting fluids above the fracture gradient of
the formation. California Code of Regulations, section 1724.10, subdivision (i) mandated that the
“maximum allowable surface injection pressure shall be less than the fracture pressure.” 59 In
2019, CalGEM adopted regulations expressly permitting “steam fracking,” allowing operators to
inject steam down wellbores at pressures high enough to crack underground formations. 60 Spills
have increased since CalGEM loosened restrictions on the maximum allowable surface pressure
for injection wells.
Incredibly, the report also details how there is no disincentive for operators that would
prevent these sorts of spills from happening in the future. In fact, many become a financial
windfall. Operators have “commercialize[d] surface expressions, despite warnings by staffers
about environmental and human harm.” 61 Chevron’s GS-5 spill started in 2003 and has so far
spilled 16.8 million gallons of oil, more than the amount spilled by the Exxon Valdez. The report
noted, “In the last three years alone, the crude collected from GS-5 has generated an estimated
$11.6 million.” 62 Chevron alone reported 64 spills between 1997 and 2010. 63 Over the past 20
years, 14 of those sites have spilled a combined 20 million gallons of oil, worth more than $19
million.64
The SREIR must incorporate the findings of this new report in its environmental review
of the impacts of the Ordinance. The enormous impact of unchecked spills requires that the
County consider and implement mitigation measures to address them, including without
limitation containment requirements, public notification requirements, and a prohibition on sale
of the spilled oil for profit.
VII.

Conclusion

For the reasons set forth above and those described in the September 16 Letter, we urge
the County to reopen the comment period, to institute measures to allow Spanish-speaking
residents to participate meaningfully in the public process, and, ultimately, to reject the
Ordinance.
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We reserve the right to identify new issues, provide additional information, and propose
additional mitigation measures during the County’s ongoing decision-making process for the
Ordinance.
Sincerely,

Hollin Kretzmann
(HKretzmann@biologicaldiversity.org)
Center for Biological Diversity

Estela Escoto
Committee for a Better Arvin

Chelsea Tu (ctu@crpe-ej.org)
Caroline Farrell (cfarrell@crpe-ej.org)
Center on Race, Poverty & the
Environment

Colin O’Brien (cobrien@earthjustice.org)
Michelle Ghafar (mghafar@earthjustice.org)
Greg Muren (gmuren@earthjustice.org)
Earthjustice

Jose Mireles
Comité Progreso de Lamont

Gema Perez
Greenfield Walking Group

Saul Ruiz
Comité de Lost Hills en Acción

Ann Alexander (aalexander@nrdc.org)
Natural Resources Defense Council

Anabel Marquez
Committee for a Better Shafter

Elly Benson (elly.benson@sierraclub.org)
Sierra Club
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Addendum A

SETBACKS IN OTHER JURISDICTIONS
The below citations provide examples of oil and gas setbacks in
other jurisdictions across the country.
California
Cal. Code Regs., tit. 14, §§ 1720(a)(A), 1722(c), 1724.3
City of Arvin Mun. Code, tit. 17, ch. 17.46, § 17.46.022(A)(1), (A)(2), (C)
City of Carson Mun. Code, art. IX, ch. 5, § 9521(A)(1), (C)
Huntington Beach Mun. Code, tit. 15, ch. 15.20, § 15.20.030(D)
Los Angeles County Code, tit. 22, ch. 22.140, § 22.140.400(C)(3)
Orange County Code of Ordinances, tit. 7, div. 8, art. 1, § 7-8-34(a)(3)-(4)
Signal Hill Mun. Code, tit. 16, ch. 16.16, § 16.16.030(B)(5)
Ventura County 2040 General Plan (Sept. 2020) at p. 6-12
Colorado
2 Colo. Admin. Code,§404-1:604(a)(1), (a)(3), (a)(4) [Colorado’s Oil and Gas Conservation
Commission approved a preliminary final vote establishing new 2,000-foot setback rules for
drilling and fracking operations statewide, effective January 1, 2021]
Maryland
Md. Code, Environment, tit. 14, § 14-112(a)
New Mexico
Rio Arriba County Oil & Gas Ordinance, art. 6, § 6.2(D)
San Miguel County Ordinance No. 11-12-14-O&G, art. II, § 2124.12.1
Santa Fe County Code of Ordinances, tit. 15, ch. 150, § 11.26.1(a)-(b)
North Dakota
N.D. Stats. § 38-08-05(2)

1

Oklahoma
Stillwater City Code, ch. 23, art. XXI, §§ 23-410.2, 23-410.6(A)(1)
Pennsylvania
Kennedy Township Zoning Ordinance, art. XIV, § 1501.3(a)
Penn Township Zoning Ordinance No. 912-2016, art. 4, §§ 190-202, 190-407(G)(6)
Texas
City of Arlington Code of Ordinances, Gas Drilling & Production ch., art. II, § 2.01; art. VII, §
7.01(B)(1)
City of Colleyville Code of Ordinances, ch. 3.1, § 3.1-145(D)(1)
City of Coppell Code of Ordinances, ch. 9, art. 9-26, § 9-26-14(A)(40)
City of Dallas Code of Ordinances, vol. III, ch. 51A, art. IV, § 51A-4.203(b)(3.2)(F)(ii)(aa), (ee)
City of Fort Worth Code of Ordinances, pt. II, ch. 15, art. II, div. V, § 15-36(a)
City of Mansfield Zoning Ordinance, § 7960(1)-(3)
Town of Flower Mound Code of Ordinances, pt. I, subpart A, ch. 34, art. VII, § 34-422(d)(1)
Wyoming
Wyo. Oil & Gas Conservation Com. Rules, ch. 1, § 2(gg); ch. 3, § 47(a)
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